UNIVERSITA
DEGLI STUDI
DI PADOVA

Sede amministrativa: Universita degli Studi di Padova

Dipartimento di Matematica Pura e Applicata

SCUOLA DI DOTTORATO DI RICERCA IN: MATEMATICA
INDIRIZZO: MATEMATICA
CICLO: XXIII

Direct sum decomposition
and weak Krull-Schmidt
Theorems

Direttore della Scuola: Ch.mo Prof. PAOLO DAI PRA
Coordinatore d’indirizzo: Ch.mo Prof. FRANCO CARDIN

Supervisore: Ch.mo Prof. ALBERTO FACCHINI

Dottorando: MARCO PERONE






Abstract

In this thesis we discuss the behaviour of direct sum decomposition in addi-
tive categories and in particular in categories of modules.

In the first part of the thesis, we investigate the ring theoretical properties
that play a main role in the theory of factorization in additive categories, like the
exchange property, semilocality and Goldie dimension. We stress the importance
of the latter and we investigate with care the infinite case of the dual Goldie
dimension of rings.

In the rest of the thesis, we use a more categorical approach, studying the
behaviour of direct sum decomposition in additive categories. Given an additive
category C, its skeleton V' (C) has the structure of a commutative monoid under
the operation of direct sum, and all the information about the regularity of the
direct sum decomposition in the category C are traceable from the monoid V'(C).
We study classes of categories where the direct sum decomposition behaves
quite regularly; mainly we restrict to categories C whose monoid V(C) is a
Krull monoid, underlining the prominent role played by semilocal endomorphism
rings. We analyze the peculiar behaviour of direct sum decomposition in some
categories of modules, where the uniqueness of the decomposition is obtained
up to two permutations, and we notice how this phenomenon is due to the
presence of endomorphism rings of type two. In the last chapter we investigate
what happens when we pass from finite direct sum of indecomposable objects to
infinite direct sums, and we develop the setting for the phenomena we studied
in the finite case to appear, both at a monoid theoretical and at a categorical
level.

Sommario

In questa tesi discutiamo il comportamento della decomposizione in somma
diretta in categorie additive e in particolare in categorie di moduli.

Nella prima parte della tesi, investighiamo le proprieta degli anelli che gio-
cano un ruolo prominente nella teoria della fattorizzazione nelle categorie addi-
tive, come per esempio la proprieta di scambio, la semilocalita e la dimensione
di Goldie. Vogliamo sottolineare 'importanza di quest’ultima e investighiamo
con attenzione il caso infinito della dimensione duale di Goldie di un anello.

Nel resto della tesi, utilizziamo un approccio piu categoriale, studiando il
comportamento della decomposizione in somma diretta nelle categorie addi-
tive. Data una categoria additiva C, il suo scheletro V(C) ha la struttura di
un monoide commutativo rispetto all’operazione di somma diretta, e tutte le
informazioni riguardo la regolarita della decomposizione in somma diretta nella
categoria C sono rintracciabili attraverso il monoide V(C). Studiamo classi di
categorie in cui la decomposizione in somma diretta assume un comportamento
abbastanza regolare; principalemente ci restringiamo a categorie C il cui monoide



V(C) & un monoide di Krull, evidenziando il ruolo prominente occupato da parte
degli anelli degli endomorfismi semilocali. Analizziamo il comportamento pe-
culiare della decomposizione in somma diretta in alcune categorie di moduli,
dove 'unicita della decomposizione ¢ garantita a meno di due permutazioni, e
notiamo come questo fenomeno sia dovuto alla presenza di anelli degli endo-
morfismi di tipo due. Nell’ultimo capitolo investighiamo cosa succede quando
passiamo da somme dirette finite di oggetti indecomponibili a somme dirette
infinite, e sviluppiamo ’ambiente in cui i fenomeni studiati precedentemente
nel caso finito si manifestano, sia ad un livello di teoria dei monodi sia ad un
livello categoriale.
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Introduction

In the determination of a complex structure, there are two key steps: first it
is necessary to identify the simplest elements, the basic constituents, the ele-
mentary pieces. Then one has to analyze how these elements interacts between
them to give rise to more complicated structures. In various fields of knowledge,
we have examples of this procedure.

e The first example that comes in mind is given by nature itself, since we
understand matter as constituted by aropos. The idea that matter is
composed of elementary particles dates back to ancient Greece, thanks
to philosophers as Leucippus, Democritus and Epicurus. Only from the
19" century, though, this approach was backed by some physical experi-
ment. Nowadays, particle physics is the branch of physics that studies the
elementary subatomic constituents of matter and radiation, and the inter-
actions between them. Strictly speaking, in this context, the term particle
is a misnomer because the dynamics of particle physics are governed by
quantum mechanics and, as such, they exhibit wave-particle duality dis-
playing particle-like behaviour under certain experimental conditions and
wave-like behaviour in others (more technically they are described by state
vectors in a Hilbert space).

e In the investigation of human kinds and their society, psychology studies
the behaviour of individuals and their mental processes. Such a study
regards the internal dynamics of a person, the links that intervene be-
tween him and what surrounds him, the human behaviour and the mental
processes that exist between external stimulation and related answers. So-
ciology instead is the science that studies social structures, their organiza-
tions, the norms and the processes that unite, or separate, people not only
as individuals but as exponents of associations, groups and institutions.

e In the LEGO construction game, the player is given a precise amount of
building blocks and he has to follow closely the instructions to combine
the pieces to construct a model. More generally, one can try, given a fair
amount of bricks, to combine them appropriately to create a new model.

e A quite interesting example is provided by linguistics. On the one hand,
this subject studies how phonemes, i.e. the smallest segmental units of



sound, are used in the different languages to construct words and hence
to communicate verbally. On the other hand, it investigates how differ-
ent alphabets are used by different cultures to produce, by juxtaposition,
words, and, composing them, sentences and written texts. Moreover, it
analyzes also how one aspect translates into the other, that is how it is
possible to pass from oral to written communication and viceversa.

Now we provide some mathematical examples.

e In mathematical logic, an atomic formula is a formula with no deeper
propositional structure, that is, a formula that does not contain logical
connectives or equivalently that has no strict sub-formulas. Using logical
connectives and quantifiers it is possible to construct propositions starting
from atomic formulas. On an higher level, the rules of inference allow then
to deduce conclusions from assumed axioms.

e Every finite group G has a composition series, i.e. a subnormal series

1 =Hy < Hy « ... < H, = G such that each H; is a maximal nor-
mal subgroup of H;,;. Equivalently H;,1/H; is a simple group for every
i=0,...,n—1. This allows us to decompose any finite group as a family of

finite simple groups. The latter have been classified completely, providing
a complete list of the building blocks that give rise to all finite groups
through composition series. Moreover the Jordan-Hélder Theorem states
that any two composition series of a given group are equivalent. That is,
they have the same composition length and the same composition factors,
up to permutation and isomorphism. Anyhow, this is not enough to con-
clude the classification of all finite groups, since a composition series does
not determine the group itself.

e An integral domain R is atomic if every non-zero non-unit element can be
written as the product of finitely many irreducible elements. If this can be
done in a unique way, up to the multiplication by a unit and a reordering
of the factors, R is said to be a unique factorization monoid.

Now we try to summarize in an abstract way what we are trying to illustrate
with the above examples. Let M be an atomic monoid, i.e. every element is the
sum of finitely many atoms. To study the behaviour of its operation, we can go
through three steps:

1. identify the atoms of M;
2. determine when the sum of two finite families of atoms coincide;
3. determine all the possible factorizations for every element of the monoid.

. . . S I
In the easiest case, M is a free commutative monoid, i.e. M N(() ) for some

set I. In fact, the atoms of a free commutative monoid N(()I) are the elements
with a unique non-zero entry equal to 1. Moreover, the sum of two finite families



{m;}k | and {n; }§‘=1 of atoms of N(()I) coincide if and only if k = [ and there exists
a permutation o of {1,...,k} such that m; = ny(; for every i =1,... k.

We are particularly interested in the monoids that describe the behaviour
of the direct sum decomposition for some additive category C. This monoids
are defined as follows. Given an additive category C, any skeleton of C has the
structure of a commutative monoid V(C), where the operation is the direct sum
of objects.

In this case, the atoms of the monoid V' (C) are the indecomposable objects
of the category C. It is of clear interest to know for which additive categories C
the monoid V(C) is free. The theorems that prove that the monoid V(C) is free
for some additive category C are generally known as Krull-Schmidt theorems.

The Krull-Schmidt Theorem and its weaker ver-
sions

The starting point of the history of the Krull-Schmidt Theorem is the well known
result of Frobenius and Stickelberger, that states that every finitely generated
abelian group is isomorphic to a direct sum of primary cyclic groups and infinite
cyclic groups, and this decomposition is unique [28].

The next step came in 1909, when Wedderburn proved that any two direct
product decompositions of a finite group G into indecomposable factors G =
Hyx...x H. = K1 x...x K are isomorphic [53]. Wedderburn’s Theorem is
stated as an exchange property between direct decompositions of maximum
length. However, his proof makes no use of automorphisms.

Two years later, Remak [46] derived the same result showing also that the
indecomposable factors are centrally isomorphic, i.e. there is an automorphism
o of G that is the identity modulo the center Z(G) of G such that, after suitable
relabeling of the indexes, o(H;) = K.

Subsequently, Krull [38] and Schmidt [49] extended this result to modules
with finite length, obtaining the following Theorem.

Theorem 0.0.1 (Krull-Schmidt) Let R be a ring and Mpr a right R-module
of finite length. Then there exists a decomposition

M=M@®...& M,

where each M;, i=1,...,r, is an indecomposable submodule of M. Moreover, if
M =N ®...® Ny is another decomposition of M into indecomposable modules,
then r = s and there exists a permutation o of {1,...,r} such that M; = No(iy
for everyi=1,...,r.

In 1950 Azumaya [6] extended the Theorem to the case of arbitrary direct
sums of modules with local endomorphism ring. This result goes under the
name of Krull-Schmidt-Azumaya Theorem (Theorem 1.2.8).

After proving the Theorem for the class of modules of finite length, Krull
asked in 1932 whether a similar theorem holds also for the class of artinian



modules. During the years, many partial results were obtained. For example,
in 1969 Warfield [51] proved that such a theorem holds if the ring R is either
commutative or noetherian. Anyhow, in 1995, in [21] it was proven that a Krull-
Schmidt theorem cannot hold in general for the class of artinian modules over
a ring R.

A problem similar to that of Krull was posed in 1975 by Warfield [52]. He
proved that every finitely presented module over a serial ring is a direct sum of
uniserial modules, and asked if such a decomposition is unique. In other words,
Warfield asked if a Krull-Schmidt theorem holds for serial modules. The solution
to this problem, a negative answer again, was provided in 1996 by Facchini [13].
Anyway, a certain regularity in the possible direct sum decompositions can still
be observed. To be precise, there are two invariants under isomorphism ~,,
and ~. on the class of uniserial modules such that the following holds: given
uniserial modules Uy, ..., Uy, Vi ..., V;n, wehave U1 & ...0 U, 2Vi®...0V,, if
and only if m = n and there are two permutations o, 7 of {1,...,n} such that
Ui ~m Vy@iy and U; ~ V() for every i = 1,...,n. We can say then that the
uniqueness of the decomposition is given not up to one permutation, but up to
two permutations.

In the following years, other classes where such a weak Krull-Schmidt theo-
rem holds were found. For instance the class of uniserial modules can be gen-
eralized to the class of biuniform modules, i.e. modules that are both uniform
and couniform. Other classes are kernels of morphisms between indecomposable
injective modules [11], cyclically presented modules over local rings [2], couni-
formly presented modules [17], artinian modules whose socle is isomorphic to
the direct sum of two non isomorphic simple modules.

Following the evolution of the classical Krull-Schmidt Theorem into the
Krull-Schmidt-Azumaya Theorem, a natural question to ask, investigating di-
rect sum decompositions, is what happens when one considers arbitrary direct
sums instead of finite ones. In the above mentioned examples, where a weak
Krull-Schmidt theorem holds, one notices how some form of regularity is pre-
served in the infinite case. In the case of cyclically presented modules over a
local ring, the behaviour is analogous to the finite case; in fact the uniqueness
of the direct sum decomposition is still granted up to two bijections [3]. When
we consider the case of uniserial modules, the situation becomes more com-
plicated. We don’t have anymore a completely symmetrical behaviour for the
presence of the so-called non-quasi-small modules [42]. Anyway, we can still give
a complete description of the direct sum decomposition. In fact, the following
happens: given two families {U; | i € I} and {V; | j € J} of uniserial modules,
we have @;e;U; = @7V} if and only if there are two bijections o:1 - J and
71" = {i € I | U; is quasi-small } - J' = {j € J | V; is quasi-small } such that
Us ~m Vy(iy for every i € I and Vj ~, V,(;) for every i e I' [45].

This thesis aims to present a collection, definitely not comprehensive, of
recent results in the field obtained by the author and others. We combine
together some well-known theorems and techniques, some results among the
recent ones and some aside results which show how the literature is, as it is
natural, full of material that could help spreading our comprehension and finding



new approaches and ideas. Particular care is given, obviously, in pointing out
the authors own contribution to the research in the field.

Organization of the thesis

The thesis is organized as follows.

In chapter 1, we collect the classical results that we need in ring theory. In
particular we provide a proof of the Krull-Schmidt-Azumaya Theorem using the
exchange property and we investigate semilocal rings. The latter would turn out
to be a key concept for the regularity of the direct sum decomposition and, as a
first evidence of this, we prove that a module with semilocal endomorphism ring
cancels from direct sum. We also dedicate a whole section to Goldie dimension
and dual Goldie dimension and we present their relation with the structure of
rings.

In chapter 2, we generalize the Goldie dimension to the infinite case, trying
to reprove in this setting the results we obtained in the finite case. We are
particularly interested in the dual Goldie dimension, since its finiteness is strictly
related to the cancellation of modules from direct sum. Making use of lattice
theoretical techniques, we compute the dual Goldie dimension of some classes of
rings, as Boolean rings, rings of continuous functions and abelian von Neumann
regular rings.

Chapter 3 deals with the concepts of monoid theory that we need. This
is very useful, since monoids are the proper setting to investigate factorization
problems. In particular, the skeleton V(C) of an additive category C has the
structure of a monoid, when we consider the direct sum as operation, and the
information about the regularity of the direct sum decomposition in the category
C are traceable from the monoid V' (C). The correct family of monoids to consider
to investigate the weak versions of the Krull-Schmidt theorem that we illustrated
above are Krull monoids. By definition these are the monoids M that admit a
divisor homomorphism into a free commutative monoid; this means that we can
read the divisibility, and hence the factorization of the elements, of M looking
at the divisibility in some free commutative monoid. Applying the theory of
Krull monoids to the case of direct sum decomposition in additive categories,
we provide a strategy to identify additive categories whose skeleton is a Krull
monoid.

In chapter 4, we merge methods from category theory with the instruments
developed in the previous chapter. With an high resemblance to what it is widely
known for rings, we study maximal ideals of preadditive categories and the
related simple categories. Maximal ideals do not exist in general for an arbitrary
preadditive category C, but they do always exist when C is semilocal, i.e. when
C is a preadditive category with a non-zero object in which the endomorphism
ring of every non-zero object is a semilocal ring. If C is a semilocal category, we
get an isomorphism reflecting functor F:C — @ yremax(c)C/ M, where Max(C) is
the class of all maximal ideals of C, which allows us to get a good representation
of the structure of semilocal categories. For an additive semilocal category C,



the functor F' induces a monoid homomorphism V(F') of the monoid V(C)

into the free commutative monoid V(@ rqemax(c)C/M) = N(()Max(c)). If moreover
idempotents split in C, as V(F) turns out to be a divisor homomorphism, the
monoid V' (C) is necessarily a Krull monoid.

In chapter 5, we describe with accuracy the phenomenon of the weak Krull-
Schmidt theorems. The key concepts here are those of ring and object of finite
type. A ring R is said to be of finite type if R/J(R) is isomorphic to a product
of division rings and an object A of a preadditive category C is of finite type
if its endomorphism ring End¢(A) is so. Categories which have all objects
of finite type are the natural setting where the so called weak Krull-Schmidt
theorems hold. To underline this, we provide a fair number of examples. We
conclude this chapter investigating categories C in which every object is of type
< 2. It turns out that the behaviour of direct sums of finitely many objects
of type 2 is completely described by a graph whose connected components are
either complete graphs or complete bipartite graphs. The vertices of the graphs
are ideals in C. The edges are isomorphism classes of objects. The complete
bipartite graphs give rise to a behaviour described by a weak Krull-Schmidt
theorem.

Chapter 6 is dedicated to generalize the weak Krull-Schmidt theorems to
the infinite case. To follow a similar path to the one we took in the finite
case, we first investigate the problem at a monoid theoretical level. Since usual
monoids do not allow infinite sums, we introduce a new algebraic structure,
that we call commutative infinitary monoid, where arbitrary infinite sums are
possible. We look at the first properties of this structure, showing that there
is a canonical way to pass from usual commutative monoids to infinitary ones.
With this in hand, we define properly the Infinite 2-Krull-Schmidt Property,
we give a complete description of the phenomenon and we apply our results to
the skeleton V' (C) of a cocomplete category C, endowed with the coproduct as
operation. At this point we notice that we need some more generality to include
the case of uniserial modules, where the existence of non-quasi-small modules
ruins the symmetry of the Infinite 2-Krull-Schmidt Property. Therefore we need
to go back to the monoid theoretical level and define a more general Infinite
Quasi 2-Krull-Schmidt Property. Eventually we apply our results to the case of
a preadditive category, obtaining a theorem that includes and generalizes the
uniserial case.

For what concerns the fatherhood of the results, chapters 1, 3 and 5 are
extracted from already known results, to give the appropriate setting for the
author’s own results. Generally, for each result, the reference from where it is
taken is cited in the text. Chapter 2 is taken from [40] and chapter 4 from [22].
Chapter 6 is a personal work of the author not published yet.

Notations

For the reader convenience, we record here the assumptions we will taking for
granted throughout the thesis and the use of the symbols that could be misin-



terpreted.

All rings we consider are associative rings R with 1 # 0g. Anyhow, we will
sometimes call ring also the endomorphism ring of the zero object of a category.
We will try to be careful about this. Modules are, if not differently stated,
unital right R-modules. All our monoids are commutative additive monoids,
i.e. commutative additive semigroups with an identity element 0.

Subsets will be denoted by ¢ and proper subsets by ¢. In general < will
denote a preorder and a < b means a < b and a # b.

The symbols N, Ny, Z,Q,R will denote respectively the set of positive inte-
gers, of the non-negative integers, of the integers, of the rationals and of the
real numbers.

When writing Mod-R and mod-R we will mean the category of right R-
modules and of finitely generated right R-modules, respectively.

We will use calligraphic letters (A, B,C,...) to denote categories and ideals
of categories, capital letters (A, B,C,...) to denote rings, modules and objects
of a category and small letters (a,b,c,...) to denote elements. Moreover, to
denote cardinal numbers we will use Hebrew letters (R,2,3,...).

Foundations

In these years of research in subjects strictly related with category theory, I
came across with several problems concerning the largeness of the structures
I was working with. This is strictly related with the foundations of category
theory. It is clear that the usual set theory, i.e. Zermelo-Fraenkel with the
axiom of choice, which is denoted by ZFC, is not sufficient because category
theory deals often with collections that are not sets but proper classes. Hence
there is the need of a more powerful axiomatic set theory to work with. The
requirements that one would ask for such a theory are the following.

e There should exist all the natural categories, as the category of all sets
(with functions), the category of all groups (with group morphisms), the
category of all topological spaces (with continuous maps) and even the
category of all categories (with functors).

o If A and B are two categories, then there should be a category of all
functors from A to B, with natural transformations as functors.

e Standard set-theoretic operations used throughout mathematics, as taking
unions and intersections of a set of sets or constructing powersets and order
pairs, should be possible.

e The framework should be provably consistent from some standard set-
theoretic background.

Many different approaches to the construction of such an axiomatic system exist,
but none of them in fact satisfy all the above requirements. We just mention
two paths that we do not follow: the first is the so called Grothendieck aziom of



universe, that add to the usual ZFC the axiom that every set is contained in a
universe. A universe is just a transitive set, which also contains the powerset of
any of its members, and also contains the range of any definable function applied
to any set inside the universe. The main negative aspect of this assumption is
that the categories of all sets, all groups, etc. do not exist, but we are restricted
to consider the categories of sets and groups inside a given universe.

The second approach is the one followed by Feferman, based on Quine’s New
Foundations (NF). NF is an axiomatic set theory that constitutes only of two
axioms, extensionality and a comprehension schema, that solves the standard
set-theoretical paradoxes using the concept of stratified formula. Doing so, there
are no more problems in constructing big sets; in this theory, we have a set of
all sets, a set of all groups, etc. The negative aspect of this theory is that some
weird things happen at the basic set theoretical level. For example, it is no more
true that the cardinality of the powerset must be bigger than the one of the set
itself, and in fact it can be lower. From the point of view of a non-expert of
the field as I am, this seems to be the most interesting way to find a satisfying
axiomatization for category theory. Anyhow, due to the scarce understanding
of it, I preferred to follow a most usual path.

We trail the most common road, following the approach of MacLane that
distinguishes between small and large objects. This means that we have to
consider an ontology that consists not only of sets, but also of classes. Lousily
speaking, classes are the collections that are too big to be sets. Being more
precise, sets are classes that are elements of other classes. The two most common
axiomatic set theories, that are extensions of ZFC and add classes to their
ontology, are Von Neumann-Bernays-Godel set theory (NBG) and Morse-Kelley
set theory (MK). The former is a conservative extension of ZFC and can be
finitely axiomatized; by contrast, the latter is a proper extension of ZFC and
cannot be finitely axiomatized. MK’s strength stems from its axiom schema
of Class Comprehension being impredicative, meaning that quantified variables
can range over classes. This means that, for instance, we can have unions or
intersections of classes of classes.

Anyway, there still are some problems with the use of MK. The difficulties
arise from the fact that a class cannot be a member of another class. Hence, for
examples, we cannot consider a class having as elements functors from a large
category, or we cannot have classes with ideals of large categories as elements.
Also, many times we had the need to consider the quotient class of a proper
class with respect to an equivalence relation. It turns out that the quotient
class, defined as the class of all the equivalence classes, cannot exist in MK,
since an equivalence class can be a proper class and a class can have only sets
as its elements. The solution to this problem is the use of a choice function,
which chooses a representative element for every equivalence class, to construct
a class of representatives of the equivalence classes.

Throughout the thesis we generally assume MK, whose axiomatization can
be found well described in the appendix of the original book by Kelley [37]. The
ad hoc solutions of the set-theoretical problems, that arose during the writing
of this thesis, will be explained when they are needed.



Chapter 1

Semilocal endomorphism
rings and Goldie dimension

1.1 Semisimple rings and modules

Let R be an associative ring with identity 1 # 0. An R-module M is called a
simple module if M # 0 and M has no other submodules than 0 and M itself. An
R-module M is called semisimple if every submodule of M is a direct summand.

By these definitions, note that the zero module is semisimple but not simple.
Clearly, every simple module is semisimple.

Lemma 1.1.1 Every submodule and every quotient module of a semisimple
module is semisimple.

PRrROOF. Let M be a semisimple module and N a submodule of M. If N’ is
a submodule of N, by the semisimplicity of M we have M = N’ @ N for some
submodule N"" of M. Hence

N=NnM=Nn(N'@N")=N"® (N nN").

Now let N = M/M; be a factor module of the semisimple module M. Let
Ms be a submodule of M such that M = M; & My. Then M> is semisimple and
N is isomorphic to M>. Hence N is semisimple. =

There is a close relation between simple an semisimple modules. To under-
stand it we first prove the following.

Lemma 1.1.2 Any non-zero semisimple module contains a simple module.

PROOF. Let m be a non-zero element of M. By our previous Lemma, it
suffices to prove our statement for the case M = mR. By Zorn’s Lemma, there
exists a submodule N of M maximal with respect to the property that m ¢ N.
Take a submodule N’ of M such that M = N & N’'. To conclude we prove that



N’ is simple. Indeed if N” is a non-zero submodule of N/, then N & N” must
contain m and so N @ N = M, which implies that N = N’ as desired. =

Now we prove two other characterizations of semisimple modules, that are
often used as definition of semisimplicity.

Proposition 1.1.3 Let R be a ring and M an R-module. The following are
equivalent:

1. M is semisimple;
2. M is the sum of a family of simple submodules;

8. M is the direct sum of a family of simple submodules.

PROOF.

(1)=(2) Let M; be the sum of all the simple submodules of M, and write
M = My ® My, where Ms is a suitable submodule of M. If M, is different from
the zero module, then it must contain a simple submodule. But this must be
also in M. Hence M5 =0 and M = M;.

(2)=(1) Let {M; | i € I} be a family of simple modules such that M = Y,.; M;
an let N be any submodule of M. Consider the subsets J <€ I satisfying the
following conditions:

® >y Mj is a direct sum;
[ ] NOZJEJM]:O

It is easy to check that Zorn’s Lemma applies to the family of all such J’s, with
respect to ordinary inclusion. Thus we can pick a J to be maximal. For this J,
let
M,:N+ZM]‘:N@®M]‘.
jedJ jeJ

To conclude the proof we need o show that M’ = M. For this, it suffices to prove
that M’ 2 M; for every i € I. If some M; ¢ M’, the simplicity of M; implies that
M’ n M; =0. From this we have

M’+Mi=N®®Mj®Mi
jedJ

that contradicts the maximality of J.
(2)=(3) Follows form the argument above applied to N = 0.
(3)=(2) Obvious. =

For a module M the (Jacobson) radical of M is defined to be the intersection
of all maximal submodules of M, and is denoted by Rad(M). If M has no
maximal submodules, we define Rad(M) = M.

Lemma 1.1.4 Let M and N be two R-modules. Then:
1. given an R-homomorphism f: M — N, we have f(Rad(M)) < Rad(N);
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2. if M — N is an epimorphism and ker(f) ¢ Rad(M), then Rad(N) =
f(Rad(M)). In particular Rad(M /Rad(M)) = 0.

PROOF.

1. Let N’ be a maximal submodule of N. It is enough to show that there
exists a maximal submodule M’ of M such that f(M’) ¢ N'. The homo-
morphism f composed with the canonical projection m: N - N /N’ induces
an homomorphism 7 f from M to the simple module N/N'. If 7 f(M) =0,
then f(M) is contained in N'. If wf(M) # 0, it must be equal to N/N’
since this module is simple. Hence ker(7f) is a maximal submodule of M
such that f(ker(wf)) c N'.

2. Since the submodules of the quotient module M/Rad(M) correspond to
the submodules of M containing Rad(M) it is clear that the maximal
submodules of M /Rad(M) correspond to the maximal submodules of M
and hence Rad(M/Rad(M)) = 0. If f:M — N is an epimorphism and
ker(f) ¢ Rad(M), we have an isomorphism M /Rad(M) = N/ f(Rad(M)).
We obtain that Rad(N/f(Rad(M))) =0 and this implies that Rad(N) ¢
f(Rad(M)).

Lemma 1.1.5 If {M; | i € I} is a family of R-modules, then Rad(®;erM;) =
®;c;Rad(M;). In particular, if e is an idempotent of R, Rad(eR) = eRad(R).

PROOF. By our previous Lemma we have that Rad(®;c; M;) 2 @;c;Rad(M;).
Now let m = (m;)ier € Rad(®;e1 M;). Consider an index j € I. For any maximal
submodule N of Mj;, N & @jer(;) M is a maximal submodule of ®;e1M;, so
m € N & @jer.qj3 M;, which implies that m; € N. Therefore we have m; €
Rad(M;) and similarly we can prove m; € Rad(M;) for any ¢ € I. This shows
that Rad(@ieIMi) c @iE[Rad(Mi).

The last sentence is justified from the fact that R = eR @ (1 - €)R for any
idempotent e€ R. m

For a ring R we define its Jacobson radical to be Rad(Rg) and we denote
it by J(R).

Lemma 1.1.6 Let y be an element of a ring R. Then the following are equiv-
alent:

1. ye J(R);
2. 1 —yx is right invertible for any x € R;
8. My =0 for any simple right R-module M .
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PROOF. (1)=(2) Let y € Rad(M). If 1 - yx is not right invertible for some
x € R, then (1 -yx)R ¢ R is contained in a maximal right ideal M of R. But
1-yx e M and y € M implies that 1 € M, a contradiction.

(2)=(3) Assume my # 0 for an element m € M. Then we must have myR =
M. In particular m = myz for some x € R, so m(1 —yz) = 0. Using (2) we get
that m =0, a contradiction.

(3)=(1) For any maximal ideal M of R, the quotient module R/M is simple.
By (3) we have (R/M )y = 0, which implies that y ¢ M. By the very definition
we get ye J(R). m

For any R-module M, the annihilator of M is defined to be
Ann(M) ={reR| Mr=0}.

It is easy to see that it is a two-sided ideal of R. From (3) of Lemma 1.1.6 it
follows immediately the following characterization of the Jacobson radical.

Corollary 1.1.7 For any ring R, the Jacobson radical J(R) equals the inter-
section of all the annihilators Ann(M ), where M ranges among all the simple
modules of R.

The main consequence of this characterization is that in fact J(R) is a two-
sided ideal of R.

Lemma 1.1.8 The following are equivalent for an element y of a ring R:
1. ye J(R);
2. 1—=xy is left invertible for any = € R;
3. 1—xyz is two-sided invertible for any x,z € R.

PROOF. It is enough to prove that (1)<>(3). The equivalence with (2)
follows by symmetry. The implication (3)=(1) is obvious.

(1)=(3) Let y € J(R) and x,z € R. Since J(R) is a two-sided ideal, zy €
J(R) and hence there exists u € R such that (1 -xyz)u = 1. Also zyz € J(R)
and hence u = 1 + (xyz)u is right invertible. Since it is also left invertible, we
have that u is two-sided invertible and therefore 1 — zyz is two-sided invertible.
]

Lemma 1.1.9 Let I be a two-sided ideal of a ring R. Then:
1. if I < J(R), then J(R/T)=J(R)/I;
2. if J(R/I) =0, then J(R)c .
PROOF.

1. The Jacobson radical of R/I is the intersection of all the maximal ideals
of R containing I.
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2. If x ¢ I, there exists a maximal ideal M of R containing [ such that = ¢ M,
sox ¢ J(R).

Now we prove Nakayama’s Lemma, which will turn out quite helpful.
Lemma 1.1.10 If M is a right module over a ring R, then M J(R) < Rad(M).

PROOF. Let N be any maximal submodule of M. Since J(R) annihilates
all simple R-modules, (M/N)J(R) = 0. Therefore MJ(R) € N. But N is an
arbitrary maximal submodule of M, hence MJ(R) < Rad(N). =

Corollary 1.1.11 (Nakayama’s Lemma) Let M be a finitely generated R-
module and let N be a submodule of M such that N + MJ(R) = M. Then
N=M.

PrOOF. Let M be a finitely generated R-module and let N be a proper sub-
module of M. Every non-zero finitely generated module has maximal submod-
ules, so that Rad(M/N) is strictly contained in M/N. Lemma 1.1.10 implies
that (M/N)J(R) ¢ M/N, so that MJ(R)+ N ¢ M. =

We say that a ring R is J-semisimple or semiprimitive if J(R) = 0. It is
clear that for any ring R, the quotient ring R/J(R) is semiprimitive. The rings
R and R/J(R) share some important properties.

Lemma 1.1.12 The rings R and R/J(R) have the same simple modules. An
element © € R is left invertible (resp. right invertible, invertible) if and only if
x+ J(R) is left invertible (resp. right invertible, invertible) in R/J(R).

PrOOF. Every simple module of a ring S is of the form S/M for some
maximal ideal M of S. Since every maximal ideal of R/J(R) is of the form
M/J(R) for some maximal ideal M of R, all the simple R/J(R)-modules are
of the form (R/J(R))/(M/J(R)) = R/M.

For the second statement, let y € R such that (y + J(R))(x + J(R)) =1 in
R/(J(R)). Then 1-yx € J(R), so 1-(1-yx) = yx is left invertible. This clearly
implies that z is left invertible in R. =

Now we relate the Jacobson radical of a ring with semisimplicity.
Proposition 1.1.13 Let R be a ring. The following conditions are equivalent:

1. Rg is a semisimple module;

2. every right R-module is semisimple;

3. every short exact sequence of right R-modules splits;
4. every right R-module is projective;
5

. every right R-module is injective;
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6. the ring R is right artinian and J(R) = 0.

PrOOF. (1)<(2) It is clear that (2) implies (1). Assume Rp is semisimple
module. Hence every cyclic module is semisimple and every module M is the
sum of its cyclic submodules.

(2)<>(3) Clear from the definition of semisimple module.

(3)«<=(4)<=(5) Clear by the homological characterization of injective and
projective modules.

(1)= (6) Let Rg = ¥,e; M;, where M; are simple ideals. Since 1 € R, this
sum must be finite. Hence Rp has finite composition length and therefore it is
artinian (in fact it follows that it is also noetherian).

Since Rp is semisimple, there exist a right ideal I of R such that Rp =
J(R) ® I and idempotents e, f € R such that J(R) =eR, [ = fRand e+ f = 1.
Then f =1-e is invertible since e € J(R). Since it is also idempotent, it follows
f =1 and hence e = 0. In particular J(R) = eR = 0.

(6)= (1) Since R is right artinian it is clear that every non-zero right ideal
contains a minimal right ideal. Moreover, every minimal right ideal I is a direct
summand of Rp. Indeed, since I # 0= J(R), there exists a maximal right ideal
M not containing I. Then InM =0 and Rp=1& M.

Now suppose that Rp is not semisimple. Take a minimal right ideal I; of
R, and write R = I; ® J;. Since Rg is not semisimple J; # 0 and hence there
exists a minimal right ideal I3 € J;. The ideal I5 is a direct summand of Rp
and hence also of Ji, so we can write J; = I & J5. Continuing in this fashion,
we get a descending chain of right ideals

Ji2Jy2...

This contradicts the fact that R is right artinian and therefore Rp must be
semisimple. m

A ring satisfying the equivalent conditions of Proposition 1.1.13 is said to be
(right) semisimple artinian. It is possible to describe in a easy way the structure
of semisimple artinian rings. We denote by M,,(R) the ring of n x n matrices
over a ring R.

Theorem 1.1.14 (Wedderburn-Artin) A ring R is semisimple artinian if
and only if there exist a finite number of division rings D1, ..., Dy and positive
integers ny,...,ny such that R = szl M., (D;).

PRrROOF. First we prove that a ring of the form R = [T'_, M,,,(D;) is semisim-
ple artinian. To do this we show that M, (D) is a simple ring, right semisimple,
for every division ring D and every positive integer n, and that the finite product
of semisimple artinian rings is again a semisimple artinian ring.

Let D be a division ring. It is simple and hence, since every ideal of M, (D)
is of the form M, (I) for an ideal I of D, also M, (D) is simple. Let V be the
n-tuple row space D™. The ring M, (D) acts on the right by matrix multipli-
cation, so we can view V as a right M, (D)-module. Elementary linear algebra
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shows that V is a simple right M,,(D)-module. Now consider the direct sum
decomposition
M,(D)=R1®...®R,

where R; is the right ideal o M, (D) consisting of matrices all of whose rows are
zero except for the i-th one. As a right M, (D)-module, every R; is isomorphic
to V, hence M,,(D) 2 nV. This shows that the ring M, (D) is right semisimple.

Now let Ry,..., R, be (right) semisimple artinian rings and let R be their
direct product. We can write R; = I;1 @...® I;;,, as a sum of simple right ideals.
Viewing R; as an ideal in R, every I;; can be seen a simple right ideal of R.
From

Rr=R:®...®R, = @@j[@j,

we conclude that R is right semisimple.

To prove the other implication, let R be a right semisimple artinian ring.
Decompose Rp into a finite direct sum of simple right ideals. Grouping these
according to their isomorphism type as right R-modules, we can write

RR:anle)...EBntV},

where V1,...,V; are mutually non-isomorphic simple right R-modules. Let us
now compute the endomorphism ring of the two R-modules in the above equality.
On one side we have Endr(R) = R. On the other side, let D; = Endr(V;). By
Schur’s Lemma, it is a division ring. Moreover we have that Endgr(nV;) =
M, (D;) and that there are no non-zero morphisms between V; and V; if i # j.
Hence we have

Endp(miVi®...en V) Endg(niVh) x ... x Endg(n:V;)

My, (D1) % ... x My, (Dy).

Thus, we get a ring isomorphism R = M,,,(D1) x ... x M,,(D;). =

Since the condition in the Wedderburn-Artin Theorem is right-left symmet-
ric it follows that “right” can be replaced by “left” everywhere in Proposition
1.1.13 and we can remove the adjective “right” from the definition of semisimple
artinian ring.

1.2 Local rings and the exchange property

Proposition 1.2.1 The following conditions are equivalent for a ring R:
1. R/J(R) is a division ring;
2. J(R) is a mazimal right ideal;
3. R has a unique mazimal right ideal;

4. the sum of two mon-invertible elements of R is non-invertible;
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5. J(R) is the set of non-invertible elements of R.

PROOF.

(1)=(2) A ring is a division ring if and only if it has no non-trivial right
ideals. Hence a quotient ring R/I is a division ring if and only if T is a maximal
ideal.

(2)=(3) Every maximal ideal M of R contains J(R). Hence if J(R) is
maximal, it must be the unique one.

(3)=(4) Every non-invertible element is contained in a maximal right ideal.
Since there is only one maximal right ideal, every non-invertible element belongs
to it.

(4)=(5) Our hypothesis says that the set of non-invertible elements is an
ideal. It is clearly the unique maximal right ideal and henceforth equal to
J(R).

(5)=(1) Let = + J(R) be a non-zero element of R/J(R). Then there exist
y € R such that (z+J(R))(y+J(R)) =1+ J(R) and R/J(R) is a division ring.

Condition (1) is left/right symmetric and hence we can replace “right” with
“left” in the other conditions of our proposition. A ring satisfying these equiv-
alent conditions is called local.

The main role played by local rings in non-commutative algebra is as en-
domorphism ring of modules. The first easy observation is that a module with
local endomorphism ring is indecomposable, i.e. it has no non-trivial direct sum
decomposition. Now our aim is to prove the Krull-Schmidt-Azumaya Theorem,
which shows the importance of local endomorphism rings in the decomposition
of modules. We begin with a definition.

Definition 1.2.2 Given a cardinal X, an R-module M is said to have the R-
exchange property if for any R-module G and any two direct sum decompositions

G=M &N =4,

where M' = M and |I]| < R, there are R-submodules B; of A;, i € I, such that
G:M’@@iE[Bi.

It is easy to prove that in fact the R-submodule B; of A; is a direct summand
of A; for every i € I. A module has the exchange property if it has the R-exchange
property for every cardinal R. It has the finite exchange property if it has the
R-exchange property for every finite cardinal X. The class of modules with the
R-exchange property is closed under finite direct sums and direct summands.

Lemma 1.2.3 Let My and M be two R-modules and M = My ® My their direct
sum. Then, for any cardinal R, the direct sum M has the R-exchange property
if and only if My and My have the R-exchange property.

PRrROOF. Suppose M = M; & M> has the R-exchange property,
G = M{ ®N = ®ieIAi7
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M{ = M; and |I| < R. Then G' = Mo ® G = M' & N = My & @;; Ai, where
M' = M{ & M, = M. Fix an element k € I and set I’ = I ~ {k}. Then G’ =
M'@&N =(Ms® Ay) ® ®;epr A;. Hence there exist submodules B € My ® Ay, and
B; ¢ A; for every i € I' such that

G'=MeBe @ B,.
iel’
Since My € My @ B € My @ Ay, it follows that My & B = My & By, where
By =(Mx®B)nAy,. Thus M'®B = M| ® M@ B = M| ® Ms® Bj,. Substituting
this into the above equality we obtain

G' =M/ o MyoP B;.

i€l
An application of the modular identity to the modules M{ ® @®;; B; € G and
My yields Gn (Ma + (M] @& @1 B;)) = (Gn M) + (M] ® @1 Bi), that is,
G = M| & @;c; B;. Thus M; has the R-exchange property.
Conversely suppose M7 and Ms have the X exchange property and

G=M{®Myd N =a,A,,

where M| = My, M} = M and |I| < R. Since M; has the R-exchange property
there are submodules A} ¢ A; such that G = M{ & M5 & N = M{ & @;.; A;. This
implies that

G/Mj = (M3 + M{/My) & (N + M{/My) = @ic (A} + M{/My).

By the R-exchange property of My = M3 + M{/M], we obtain that there exist
submodules B; ¢ A} such that

G[M; = (M + M;[M7) & G?(Bi + My/My).

From this we deduce that G = M| + M + ¥;.; B;. In order to show that the
sum is direct, suppose mi + ma + Y;c; b; = 0, where my € My, mo € M) and
b; € B; almost all zero. We have (mg+ M) + ¥, (b; + M{) =0 in G/M] so that
mg € M{ and b; € M{ for every i € I. Then we get that ms € M n M{| =0 and
b; € B;n M{ = 0. Therefore also my = 0. This proves that

G=M{eM,oP B;.

iel
Thus M = M; & M has the R-exchange property. =m

Every module has the l-exchange property. Now we show that the 2-
exchange property is equivalent to the finite exchange property.

Lemma 1.2.4 If an R-module M has the 2-exchange property, then it has also
the finite exchange property.
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PRrROOF. 1t is sufficient to show, for an arbitrary integer n > 2, that if M has
the n-exchange property, then it has also the (n + 1)-exchange property. Hence,
let M be a module with the n-exchange property (n > 2) and suppose

G=MoN=A10...0 A1,

where M'= M. Set P=A1®...®A,,sothat G=M®©N=P®A,,1. Since M
has the 2-exchange property, there exist submodules P’ € P and B,,1 € Ani1
such that G = M' @ P' @ By41. From P'c Pc P'® (M’ ® Bp41) and Bpy1 S
Aps1 € Bpi1i® (M @ P') we get P=P @ P" and Apy1 = By ® A1, where
P'"=(M'®Bp1)nPand A, =(M'®P")® Api1. From the decompositions

G=Me®P ®B,,1=(P'®A,,)® (P ®B,1)

we infer that P" is isomorphic to a direct summand of M’. Therefore P” has
the n-exchange property by Lemma 1.2.3. Since

P=PoP'=A1®...0A,,
there exist submodules B; € A;, i =1,...,n, such that
P=P'eB,o®...0B,.

From P” ¢ M' @ Byp41 € G = P" & (P’ @ A,41) we deduce that M’ @ By =
P" @ P" where P" = (M’ ® Bp41) N (P’ ® Apy1). Therefore

G = M’@P’@Bn+1=P,@P"®P,":P®Pm
= Bie...oB,eP'eP"=Beo...eB,9B,_1oM’

that is, M has the (n + 1) exchange property. =m

Now we show a relation between the exchange property and local rings.

Proposition 1.2.5 The following conditions are equivalent for an indecompos-
able R-module M :

1. M has local endomorphism ring;
2. M has the finite exchange property;

8. M has the exchange property.

PROOF. (1)=(2) Suppose M is a module with local endomorphism ring
Endgr(M). By Lemma 1.2.4 it is enough to show that M has the 2-exchange
property. Hence suppose that G=M & N = A; & A;. We obtain

I =mmens = Tar(€a, A, + €A, TTA, )EM = TAMEA, TA €M + TAEA,TALEM,

where with ¢ and 7 we denote the canonical injections and projections, re-
spectively. Since M has local endomorphism ring, one of the two summands,
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say mar€aA,TA, €0, must be an automorphism. Let H be the image of the
monomorphism €4, 74, €p so that €4, 74, €p induces an isomorphism M — H
and mps|g: H — M is an isomorphism. This implies that G = N @ H and the
projection G - H with respect to this decomposition is (7as|g) 7. Since

H=epmaeqy(M)cAicHoN=G

it follows that A; = H & By, where By = N n A; and the projection A; - H
with respect to this decomposition is (7as|z) *mar|a,. Therefore G = A; @ Ay =
Ho(B1®As). With respect to the last decomposition of G the projection G - H
is (marlg) ' marla,ma, = (Tarle) T marea, ma,, and this mapping restricted to
M is (mar|pr) 'marea, ma, enr. This is an isomorphism and this implies that
G=M®a B, ® As.

(2)=(3) Let M be an indecomposable module with the finite exchange prop-
erty and suppose G =M & N = @5 A;. Fix a non-zero element x € M. There is
a finite subset F' of I such that x € ®@;cpA;, so that G=M & N = @;cpA; @ A’
where A’ = @7 rA;. Since M has the finite exchange property, there exist
direct sum decompositions A; = B;®C;,i=1,...,n, and A’ = B’®C’ such that

G=MeN=MeB,®..eB,o DB’

This implies that M 2 C1 ... C, & C. Since M is indecomposable it must be
isomorphic to one of the direct summands and all the other summands are zero.
It is not possible that M = C because this would imply that M n @,.r A; = 0.
Hence there is an index j € F' and a submodule B of A; such that

G=MeBe @ AieA=MeBe @ A
jrieF jriel
(3)=(1) Let M be an indecomposable module and suppose that Endg (M)
is not a local ring. Then there exist two elements ¢, 1) € Endg (M) which are not
automorphisms of M, such that ¢ —1 =1,;. Let A = My & My be the external
direct sum of two modules My, Mo, both equal to M, and let m;: A - M;,i=1,2,
be the canonical projections. The composition of the mappings

( 1‘2 ):M—>M169M2 and ((1a -la ):My@ My~ M

is the identity mapping of M. Hence, if M’ denotes the image of ( i ) and

K the kernel of ( 1y -1 ), we have A = M’ @ K. If the exchange property
were to hold for M, there would be direct summands By of M7 and By o M,
such that A= M'® K = M' @ B; ® Bs. Since M7 and M, are indecomposable,
we would have either A= M'@®M; or A=M'e& M. If A=M'® M, then ma|p

is an isomorphism. Therefore, the composite mapping o ( Z M - Ms is an
isomorphism. But 7 ( ;’z ) = 1), contradiction. Similarly if A=M'& M. =
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Now we relate the exchange property with the existence of common refine-
ments of direct sum decompositions. Let M be an R-module. Suppose that
{M;|ieI} and {N;|j e J} are two families of R-submodules of M such that
M = @1 M; = ®jegN;. These two decompositions are said to be isomorphic
if there is a bijection :I — J such that M; = N, for every i € I, and the
second decomposition is a refinement of the first if there exists a surjective map
¢:J > I such that N; ¢ M, for every j € J.

Proposition 1.2.6 Let X be a cardinal, let M be an R-module with the R-
exchange property and let M = @1 M; = @jegN; be two direct sum decomposi-
tions of M with I finite and |J| < R. Then these two direct sum decompositions
of M have isomorphic refinements.

PROOF. We assume I = {0,1,...,n}. We shall construct a chain N; 2 N ; 2
Ny ;2 N, ; for every j € .J such that
M = (@i‘ioMi) @ (@jEJNI;,j)

for every k =0,...,n. We do this by induction on k. For k =0, the module My
has the R-exchange property and hence there exist submodules N67 ; of Nj such
that M = Mo @ @,ec; N ;. Now suppose 1 <k <n and that the modules Ny _, ;
such that M = (¥ M;) ® (®jesNj_; ;) have been constructed. Consider the
direct sum decompositions

M = My, ® ()41 Mi) & (855 M;) = (®jes Ni_y ;) © (8120 M;).

Since M), has the R-exchange property, there exist submodules N; ; of Ny, ;
such that M = M, & (®;es Ny, ;) (@F1M;), which is what we had to prove.

For k = n, we have M = (&L, M;) ® (®jesN,, ;) so that N, ; =0 for every
j € J. Since the N ; are direct summands of M contained in Nj_, ; there is
a direct sum decomposition Ny_, ; = Ny . & Ny ; for every k and j. Similarly
N; = N67j ® Ny ;. Hence Nj = Ny ;& Ny ;@...8 N, ; for every j € J, so that
M = ®jeg @iy N; ; is a refinement of the decomposition M = @y Nj;.

As M = (@i‘c:_olMi) 3} (@jEJN];_Lj) = (®§=0Mi) 3} (@jg]N];’j) fork=1,2,...,n,
factorizing modulo (&X' M;) @ (®jes Ny, ;) we obtain that My = @jes Ny ; for
kE=1,2,...,n. Similarly My = ®;e7No,;. Hence for every i = 0,...,n there
is a decomposition M; = ijGJNi’fj with Ni’fj 2 N;; for every ¢ and j. Thus
@iy ®jes N/; is a refinement of the decomposition M = (®F ,M;) isomorphic to
M = Djeg @?:0 Ni’j. ]

Now we are almost ready to prove the Krull-Schmidt-Azumaya Theorem.
Before doing it, we need a last Lemma.

Lemma 1.2.7 If a module M is a direct sum of modules with local endomor-
phism ring, then every indecomposable direct summand of M has local endo-
morphism ring.
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PROOF. Suppose M = A® B = ®;;M;, where A is indecomposable and
all the modules M; have local endomorphism ring. Let F' be a finite subset
of I such that An @®;crpM; # 0 and set C = @;cpM;. The module C has the
exchange property, hence there exist direct sum decompositions A = A’ @ A"
and B = B’ @ B" such that M =C® A’ ® B’. Note that A’ is proper submodule
of A, because AnC #0 and A’'nC =0. Since A is indecomposable, it follows
that A’ =0. Thus M = Ce® B’ and C = A® B”. Hence A is isomorphic to a
direct summand of C. It follows that A has the exchange property by Lemma
1.2.3. Therefore A has local endomorphism ring by Proposition 1.2.5. =

Theorem 1.2.8 (Krull-Schmidt-Azumaya) Let M be a module that is a
direct sum of modules with local endomorphism rings. Then any two direct sum
decompositions of M into indecomposable direct summands are isomorphic.

Proor. Suppose that M = @1 M; = ®;c7M;, where the modules M; and
Nj; are indecomposable. By Lemma 1.2.7 all the modules M; and NN; have local
endomorphism rings. For I’ ¢ I and J' ¢ J let

M(I,) = @ M; and N(J,) = @jEJINj.

We know that M (I") and M (J') have the exchange property whenever I’ and J’
are finite. Since the summands N; are indecomposable, for every finite subset
I' ¢ I there exists a subset J' ¢ J such that M = M(I') ® N(J ~ J') and
hence M(I') = N(J'). By proposition 1.2.6 applied to the decompositions
M(I") =2 N(J"), the two decompositions M (I") = @;er M; and N(J') = @je N;
have isomorphic refinements. From the indecomposability of the M; and N; we
obtain that there is a bijection ¢:I" - J’ such that M; = N for every i e I'.
For every R-module A set

I(A)={iel|M;= A} and J(A) = {jeJ|N; = A).

From what we have just seen it follows that I(A) finite implies [[(A)| < |J(A)]
and if I(A) # 0 also J(A) # 0. Similarly J(A) finite implies that |J(A)| < |I(4)|
and if J(A) # 0 also I(A) # 0. In order to prove the theorem it suffices to show
that |I(A)| =|J(A)| for every R-module A.

Suppose first that I(A) is finite. In this case we argue by induction on
[I(A)]. If [I(A)| =0, then |[J(A)|=0. If |[(A)| = 1, fix an index i € [(A). Then
there is an index jg € J such that M = M ({io}) ® N(J ~ {jo}). If we factorize
modulo M ({ip}) we obtain

N(J~{ho}) = M(I ~ {io}).

From the inductive hypothesis we obtain [I(A) ~ {ig}| = |J(A4) ~ {jo}| and hence
[T(A)] =] (A)]

By symmetry we can conclude that J(A) finite implies |I(A)| = [J(A)| as
well.

Hence we can suppose that both I(A) and J(A) are infinite sets. By sym-
metry it is sufficient to show that |J(A)| < |I(A)| for an arbitrary module A.
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For each ¢ € I(A) set J; = {j e J| M = M;® N(J ~ {j})}. Obviously
J; € J(A). If x is a non-zero element of M;, then there is a finite subset J" of J
such that € N(J"). Hence M; n N(K) # 0 for every K ¢ J that contains J".
Thus J; € J”, so that J; is finite.

We claim that UjercayJi = J(A). In order to prove the claim, fix j € J(A).
Then there exists a finite subset I" of I such that N; n M (I’) # 0. Hence there
exists a finite subset J' of J such that M = M(I') ® N(J ~ J'). Note that
jeJ'. Since N(J'~{j}) has the exchange property, we obtain that for every
i € I' there exists a direct summand M/ of M; such that M = N(J'~ {j}) @
(®ierrM])® N(J N J'). Then Nj = @;c1- M/, so that there exists an index k € I’
with M; = My and M/ =0 for every i € I', i # k. Note that My 2 N; = A, so
that k € I(A). Thus

M=N(J'~ {j}) ® My @ N(J N J') = My @ N(J  {j}),

that is j € Ji. Hence j € Ujcr(a)Ji, which proves the claim.
It follows that

[T(A)| = | Vier(ay Jil < [T(A)[Ro = |[I(A)].

Now we provide some examples of classes of modules with local endomor-
phism ring, providing the proper setting where to apply the Krull-Schmidt-
Azumaya Theorem.

Lemma 1.2.9 Let M be a right R-module and f an endomorphism of M.

e If n is a positive integer such that f*(M) = f**1(M), then ker(f™) +
Fr(M) = M.

e If M is an artinian module, then f is an automorphism if and only if it
1S 1njective.

Proor. If f*(M) = f**1(M), then fi{(M) = f***(M) for every t > n,
so that f*(M) = f*(M). If x € M, then f"(z) e f*(M) = f*(M), so that
f™(z) = f*(y) for some y € f*(M). Therefore z = x —y is in ker(f™), and
x=y+ze f"(M)+ker(f").

Now suppose that M is artinian. If f is injective endomorphism of M, the

descending chain
M2 f(M)2fA(M)2...

is stationary, so that ker(f") + f*(M) = M by the above. As f" is injective,
ker(f™) =0, and therefore f*(M) = M. In particular, f is surjective. m
Proposition 1.2.10 FEvery artinian module with simple socle has local endo-

morphism ring.
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PROOF. Let M be an artinian module with simple socle. By previous
lemma, we have that an endomorphism f of M is not an automorphism if and
only if it is not injective. Since the socle of an artinian module is essential, this is
equivalent to f(soc(M)) = 0. Since the set of all endomorphisms of M with this
property form an ideal of Endg(M), we obtain that Endg(M) is a local ring
with unique maximal ideal J(Endg(M)) = {f € Endr(M) | f(soc(M)) =0}. =

In a similar way one can prove that noetherian modules with a unique max-
imal submodule have local endomorphism ring. Now we provide another class
of modules with local endomorphism ring. They are called Fitting modules due
to this Lemma by Fitting.

Lemma 1.2.11 If M is a module of finite length n and f is an endomorphism
of M, then M =ker(f™) e f™(M).

PRrROOF. Since M is of finite length n, both the chains
M2 f(M)2 F(M)2...

and
ker(f) ¢ ker(f?) cker(f*)c...

are stationary at the n-th step. Applying Lemma 1.2.9 and its dual version, we
obtain that M =ker(f™) e f*(M). =

We say that a right R-module is a Fitting module if for every endomorphism
f € Endgr(M), there is a positive integer n such that M = ker(f™) @ f™(M).
From Lemma 1.2.11 it is clear that modules of finite length are Fitting modules.
It is easily seen that direct summands of Fitting modules are Fitting modules.

Proposition 1.2.12 The endomorphism ring of any indecomposable Fitting
module s local.

Proor. If M is a Fitting module and f is an endomorphism of M, there
exists a positive integer n such that M = ker(f™) o f™(M). If M is indecompos-
able, two cases can occur. In the first case f"(M) = M and ker(f™) = 0. Then
f™ is an automorphism of M, so that f itself is an automorphism of M. In the
second case, (M) =0, that is, f is nilpotent. Hence every endomorphism of
M is either nilpotent or an automorphism.

In order to show that Endg(M) is local, we must show that the sum of two
non-invertible endomorphism is non-invertible. Suppose that f and g are two
non-invertible endomorphisms of M such that f +g is invertible. If h = (f+g)~*
is the inverse of f + g, then fh+gh =1. Since f and g are not automorphisms,
neither fh nor gh are automorphisms. Therefore there exists a positive integer
n such that (gh)™ = 0. Since

1=(1-gh)(1+gh+(gh)*+...+(gh)"™)

the endomorphism 1 — gh = fh is invertible. This contradiction proves the
Lemma. =m
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In particular, applying the Krull-Schmidt-Azumaya Theorem to the case of
modules with finite length, we can recover the classical Krull-Schmidt Theorem.

Proposition 1.2.13 Let M be an indecomposable injective R-module. Then:

e an endomorphism of M is an automorphism of M if and only if it is
injective;

e the endomorphism ring of M is local.

Proor. If f e Endg(M) is a monomorphism, then f(M) is a submodule
of M isomorphic to M. In particular f(M) is a non-zero direct summand of
M. Since M is indecomposable, f(M) =M and f is an automorphism.

To prove that Endr (M) is a local ring,we have to show that the sum of two
non-invertible endomorphisms f and g of M is non-invertible. By the above
ker(f) # 0 and ker(g) # 0. Since an irreducible injective module is uniform, we
have ker(f) nker(g) # 0. Now

ker(f) nker(g) cker(f +g),

so that ker(f + g) # 0. Therefore f + g is not invertible. m

1.3 Goldie dimension

In this section we treat the concept of Goldie dimension, both for modular
lattices and for modules, and we underline its connection with semilocal rings.

Throughout this section (L, v, A) will denote a bounded modular lattice, that
is a lattice with a smallest element 0 and a greatest element 1 such that aa(bve) =
(anb)vecfor every a,b,ce L with c<a. If a,be L, we call [a,b] ={zeL|ac<
x < b} the interval between a and b.

A finite subset {a; | i € I'} of L~ {0} is said to be join-independent if a; A
(Vizjer aj) = 0 for every i € I. The empty subset of L \ {0} is join-independent.
An infinite subset of L\ {0} is join-independent if all its finite subsets are join-
independent.

Lemma 1.3.1 Let A ¢ L\{0} be a join-independent subset of a modular lattice
L. For any non-zero element a € L such that a A (Vpepb) = 0 for every finite
subset B < A, we have that Au {a} is join-independent.

PrROOF. We have to prove that every finite subset of A u {a} is join-
independent. It is clear for finite subsets of A. Hence it suffices to show that
Bu{a} is join-independent for every finite subset B € A. Since aA (Vpepb) =0,
it remains to prove that b A (aV Vzepqpy ) = 0 for each be B. Now

(Vy)alav V ) (Vy)ra)v( V )
yeB zeB\{b} yeB zeB\{b}

Ov \/ X = \/ z,
zeB\{b} zeB\{b}
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so that

ba(av \/ z) bA(NV y)a(av '\ )
zeB\{b} yeB zeB\{b}
= ban \V z=0.
zeB\{b}

By Zorn’s Lemma, every join-independent subset of L \ {0} is contained in
a maximal join-independent subset of L \ {0}.

An element a € L is essential if anx =0 implies x = 0. Thus 0 € L is essential
if and only if L = {0}. If a < b are elements of L, the element a is said to be
essential in b if it is essential in [0, b].

Lemma 1.3.2 Let a,b and c be elements of L. If a is essential in b and b is
essential in c, then a is essential in c.

PRrROOF. Let x be a non-zero element of [0,¢]. Now bAzx # 0 since b is
essential in ¢. Hence a Ax =a A (bAx) #0 since a is essential in b. =

Lemma 1.3.3 Let ay,...,a, and by,..., b, be elements such that {by,... by}
1s join-independent. If a; is essential in b; for everyi=1,...,n, thenayVv...va,
is essential in by v ...V b,.

PRrROOF. Using induction, it is enough to prove the case with n = 2. Hence
we can suppose that we have elements a1,as and by,bs such that by A by = 0
and a; is essential in b; for i = 1,2. If any of the four elements is zero, then the
statement of the Lemma is trivial, hence we can assume they are all non-zero.

First we prove that a; v bs is essential in by v by. Assume the contrary. Then
there exists a non-zero element = € L such that x < by v by and (a1 v be) Ax =
0. Since {a1,bs} is join-independent, the set {a1,be, 2} is join-independent by
Lemma 1.3.1. In particular, a; A (b V) =0, so that a; Aby A (b2 vz) =0. Since
ay is essential in by, this implies that by A (b2 v 2) =0. Now {ba,z} € {a1,b2, 2}
is join-independent, and thus by A (ba v ) = 0 forces that {b1,be, 2} is join-
independent. In particular x A (by v by) = 0. But x < by v by, so that x = 0. This
contradiction proves the claim.

If we apply the claim to the four elements as, b2, a1,a; we obtain that a;vas
is essential in a1 v by. The conclusion now follows from Lemma 1.3.2. =

A lattice L # {0} is uniform if all its non-zero elements are essential in L.
An element a of L is called uniform if it is non-zero and the lattice [0, a] is
uniform.

Lemma 1.3.4 If a modular lattice L does not contain infinite join-independent

subsets, then for every non-zero element a € L there exists a uniform element
be L such that b<a.
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PROOF. Let a be a non-zero element of L and suppose that every element
b < a is not uniform. We shall define by induction a sequence a1,as, ... of non-
zero elements of [0,a] such that, for every n > 1, the set {a; | ¢ = 1,...,n} is
join-independent and V', a; is not essential in [0,a]. For n = 1, it is enough
to notice that a is not uniform and hence there exist two non-zero elements
ay,ay € [0,a] such that a; A aj =0, i.e. a; has the required properties. Now
suppose that ai,...,a,-1 have already been defined. Since a; Vv ...V a,-1 is not
essential in [0, a], there exists an elements b < a such that bA (a1 v...va,, ) =0.
This element b is not uniform, hence there exist non-zero elements a,,a!, < b
such that a, Aal, =0. Then a, A (a1 V... Vay-1) =0, so that {ai,...,a,} is
join-independent by Lemma 1.3.1. Moreover

apA(arv...vay) = a,AbAa((@1Vv...Van-1)Vay)
= a,A((ba(a1Vv...Van-1))Vay)
= a, A(0Ovay,)=0.

This completes the construction. Then we obtain an infinite join-independent
set {an|n>1}. =

Theorem 1.3.5 The following conditions are equivalent for a bounded modular
lattice L:

1. L does not contain infinite join-independent subsets;

2. L contains a finite join-independent subset {a1,...,a,} with a; uniform
foreveryi=1,... nandayVv...Va, essential in L;

3. the cardinality of every join-independent subset of L is < m for a non-
negative integer m;

4. if ag < a1 < ... is an ascending chain of elements of L, then there exists
an index i > 0 such that a; is essential in a; for every j >1i.

Moreover, if these equivalent conditions hold and {a1,...,a,} is a finite join-
independent subset of L with a; uniform for everyi=1,...,n and a1 Vv ...V ay,
essential in L, then any other join-independent subset of L has cardinality < n.

PrOOF. (1)=(2) Let F be the family of all join-independent subsets of
L consisting only of uniform elements. The family F is non-empty by Lemma
1.3.4 and hence by Zorn’s Lemma it has a maximal element X with respect
to inclusion. By (1), the set X is finite, say X = {a1,...,a,}. The element
a1 V...V a, must be essential in L, otherwise there would exist a non-zero
element x € L such that (a; v...va,) Az =0, and by Lemma 1.3.4 there
would be a uniform element b € L such that b < x. Hence (a1 Vv...va,)Ab=0
and {a1,...,a,,b} would be a join-independent subset of L strictly containing
{a1,...,a,}, a contradiction.

(2)=(3) Suppose that (2) holds, so that there exists a finite join-independent
subset {a1,...,a,} with a; uniform for every i = 1,...,n and a1 v...va, essential
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in L. Assume that there exists a join-independent subset {by,...,bx} of L of
cardinality £ > n. For every ¢t = 0,1,...,n we shall construct a subset X; of
{ai,...,a,} of cardinality ¢ and a subset Y; of {b1,...,bx} of cardinality k —¢
such that X; nY; = @ and X;UY; is a join-independent set. For t =0 set Xg =g
and Yy = {b1,...,b}. Now suppose that X; and Y; have been constructed for
some 0 <t <n. We shall construct Xyy1 and Yz41. Since |V =k-t>n-1¢>0,
there exists j = 1,...,k with b; € Y;. Set

c= \V Y.
yeXuYin{b;}
We claim that ¢ A a; =0 for some [ = 1,...,n. Otherwise, if ¢ A a; # 0 for every
i=1,...,n, then cAa; is essential in a; because a; is uniform, so that Vi ; cAa;
is essential in V}'; a; by Lemma 1.3.3. Since V] ; a; is essential in 1, it follows
that V7, c A a; is essential in 1. Then ¢ > VI, ¢ A a; is essential in 1, so that
cAbj #0. This contradicts the fact that X; uY; is join-independent and this
contradiction proves the claim. From Lemma 1.3.1 and the claim it follows
that (X; U {a;}) U (Y2~ {b;}) is join-independent, so that X1 = X; U {a;} and
Yii1 = Y, N {b;} have the required properties. This completes the construction
of the sets X; and Y;.
For ¢ =n we have a non-empty subset Y;, of {by,...,b;} such that

{a'la"';an}uyn

is a join-independent subset of cardinality &, so that (a1 v...va,) Ay =0 for
every y € Y,, and this contradicts the fact that a; v ...V a, is essential in L.
Hence every join-independent subset of L has cardinality < n.

(3)=(4) If (4) does not hold, there is a chain ag < a; < ... of elements of L
such that for every ¢ > 0, the element a; is not essential in a;41. Then for every
n > 0, there exists a non-zero element b,, < a,.1 such that a, A b, =0. The set
{bn | n >0} is join-independent, so (3) does not hold.

(4)=(1) If (1) is not satisfied, then L contains a countable infinite join-
independent subset {b; |7 > 0}. Set a,, = Vi-yb;. Then ag < a3 <ag <...and, for
every n > 0, the element a,, is not essential in a,+1 since a, A b,+1 = 0. Hence
(4) is not satisfied.

The last part of the statement has already been seen in the proof of (2)=(3).
m

Thus, for a modular lattice L, either there is a finite join-independent subset
{a1,...,a,} with a; uniform for i=1,...,n and a; V...V a, essential in L, and
in this case n is said to be the Goldie dimension of L, denoted by dim L, or
it contains an infinite join-independent subset, in which case it is said to have
infinite Goldie dimension.

Now we apply the concepts we just introduced above to the modular lattice
L(M) of all submodules of a given R-module M. The Goldie dimension of M,
denoted by dim M, is the Goldie dimension of the modular lattice L(M).

Since a module M is essential in its injective envelope E(M), we have that
dim M = dim E(M).
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We say that a module M is uniform if its lattice of submodules £(M) is
a uniform lattice. By Theorem 1.3.5 it is clear that a module M has finite
Goldie dimension if and only if contains an essential submodule that is the
direct sum of uniform submodules Uy, ...,U,. In this case E(M) = E(U;) &
...® E(U,) is the finite direct sum of n indecomposable modules. Since any
indecomposable injective module has local endomorphism ring, by the Krull-
Schmidt-Azumaya Theorem, we have that the number of summands in any
indecomposable decomposition of E (M) does not depend on the decomposition.
Hence a module M has Goldie dimension n if and only if its injective envelope
is the direct sum of n indecomposable modules.

Now we collect the basis properties of the Goldie dimension for a module
M. Their proof is elementary.

Proposition 1.3.6 Let M be a module.
1. dim M =0 if and only if M =0;
2. dim M =1 if and only if M is uniform;

8. if Nc M and M has finite Goldie dimension, then N has finite Goldie
dimension and dim N < dim M ;

4. if NS M and M has finite Goldie dimension, then dim N = dim M if and
only if N is essential in M;

5. if M and M’ are modules of finite Goldie dimension, then M & M’ has
finite Goldie dimension and dim M & M' = dim M + dim M’.

Artinian modules and noetherian modules have finite Goldie dimension. For
an artinian module M, the Goldie dimension of M equals the composition length
of the socle soc(M).

We shall now apply our results to the dual lattice of the lattice L(M) of
all submodules of a module M. The dual lattice of a modular lattice is also
modular, so we can apply the results of this section to the dual of the lattice
L(M) and translate them into the language of modules.

Let M be a right module. A finite set {N; | i € I} of proper submodules
of M is said to be coindependent if N; + N;zjer N; = M for every i € I. An
arbitrary set A of proper submodules of M is said to be coindependent if all its
finite subsets are coindependent. A submodule N of M is said to be superfluous
if it is essential in the dual of the lattice L(M), i.e. if N+ A ¢ M for every
proper submodule A ¢ M. An R-module M # 0 is said to be couniform if the
dual of the lattice £(M) is uniform. Every local module, that is, a module
with a unique maximal submodule, is clearly couniform. From Theorem 1.3.5
we obtain the following.

Theorem 1.3.7 The following conditions are equivalent for a module M :

1. there do not exist infinite coindependent sets of proper submodules of M ;
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2. there exists a finite coindependent set {Ny,..., N} of proper submodules
of M with M|N; couniform for everyi=1,...,n and Nyn...n N, super-
fluous in M;

3. the cardinality of the coindependent sets of proper submodules is < m for
a non-negative integer m;

4. if Ng2 N1 2 Ny 2.... is a descending chain of submodules of M, then there
exists i >0 such that N;/N; is superfluous in M|N; for every j >i.

Moreover, if these equivalent conditions hold and {Ny,...,N,} is a finite coin-
dependent set of proper submodules of M with M |N; couniform for all i and
Nin...nN, superfluous in M, then every other coindependent set has cardinality
<n.

We define the dual Goldie dimension of a module M, denoted by codim (M),
to be the Goldie dimension of the dual of the lattice L(M). It is clear, from (4) of
previous theorem, that every artinian module has finite dual Goldie dimension.
Dualizing Proposition 1.3.6, we obtain the following.

Proposition 1.3.8 Let M be a module.
1. codim(M) =0 if and only if M =0;
2. codim(M) =1 if and only if M is couniform;

3. if NS M and M has finite dual Goldie dimension, then M [N has finite
dual Goldie dimension and codim(M[N) < codim(M);

4. if N € M and M has finite dual Goldie dimension, then codim(M) =
codim(M/N) if and only if N is superfluous in M ;

5. if M and M' are modules with finite dual Goldie dimension, then M &
M’ is a module with finite dual Goldie dimension and codim(M & M") =
codim(M) + codim(M").

For a semisimple module, the dual Goldie dimension coincides with the com-
position length of the module. Hence for a semisimple artinian ring

dim(Rpr) = dim(rR) = codim(Rg) = dim(rR).

We shall denote this finite dimension dim(R).

1.4 Semilocal rings
A ring R is a semilocal ring if R/J(R) is a semisimple artinian ring. Since

J(R/J(R)) =0 for every ring R, it is clear that a ring R is semilocal if and only
if R/J(R) is a right artinian ring, if and only if R/J(R) is a left artinian ring.
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Proposition 1.4.1 If a ring R has finitely many maximal right ideals, then it
is semilocal. If R/J(R) is commutative, also the converse holds.

PROOF. It is clear that for both conclusions, we may assume J(R) = 0.
Assume that M;, ..., M, are all the maximal right ideals of R. Then n} ; M; =0
and hence we have a injection of right R-modules

The latter has a composition series; thus, so does the former. This implies that
the ring R is right artinian, and hence semilocal. Conversely, assume that R is
commutative and artinian. Since we have assumed that J(R) = 0, the ring R is
a direct product of a finite number of fields (for instance, by Theorem 1.1.14).
Then the number of maximal ideals o R equals the number of factors in this
decomposition. m

We remark that in general it is not true that a semilocal ring has finitely
many right ideals. For example, a matrix algebra over a field is semilocal, but
it may have infinitely many maximal right ideals.

Now we give some examples of semilocal rings.

e Any local ring is semilocal.
e Every right (or left) artinian ring is semilocal.

e If R is a semilocal ring, the ring M,, (R) of nxn matrices with entries in R is
semilocal. In fact J(M,(R)) = M, (J(R)) and hence M,,(R)/J(M,(R)) =
M, (R/J(R)). If R is semilocal, its quotient R/J(R) is semisimple ar-
tinian, and this implies that the matrix ring M, (R/J(R)) is semisimple
artinian.

e The direct product of two semilocal rings is semilocal.

e Every homomorphic image of a semilocal ring is a semilocal ring. In
fact, let I be an ideal of a semilocal ring R. Since every simple R/I-
module is a simple R-module, if m: R — R/I i the canonical projection,
then w(J(R)) ¢ J(R/I). Hence m induces a surjective homomorphism
R/J(R) - (R/I)/J(R/I). But every homomorphic image of a semisimple

artinian ring is a semisimple artinian ring, and thus R/I is semilocal.

With the next two propositions we provide some more examples of semilocal
rings.

Proposition 1.4.2 Let k be a commutative semilocal ring and R be a k-algebra
that is finitely generated as k-module. Then J(R) 2 J(k)R and R is a semilocal
Ting.

PRrOOF. In order to show that J(R) 2 J(k)R, it is sufficient to prove that
MJ(k) = 0 for every simple R-module M. Now MJ(k) is a submodule of M,
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because M J(k)R=MRJ(k)=MJ(k). Since M is simple, either MJ(K) =M
or MJ(k) =0. But Ry is finitely generated and M is an homomorphic image of
R, so that My, is finitely generated. By Nakayama’s Lemma (1.1.11), M J(k) =
M implies M =0, a contradiction. Therefore M J(k) = 0.

Then R/J (k)R is a module-finite algebra over the artinian commutative ring
k/J (k). Since k/J(k) is artinian, R/J(k)R is an artinian module. In particular
R/J(k)R is an artinian ring, so R is semilocal. m

Proposition 1.4.3 If R is a semilocal ring and e is a non-zero idempotent of
R, then eRe is a semilocal ring.

PROOF. It is enough to show that if R/J(R) is a right artinian ring, then
also eRe/J(eRe) is a right artinian ring. Suppose that there is a descending
chain J; 2 J3 2... of right eRe/J(eRe)-ideals. It is clear that J; R+J(R) 2 JoR+
J(R) 2...is a descending chain of right R/J(R)-ideals, hence it is stationary. If
we show that (IR+J(R))neRe = I for every right e Re-ideal containing J(eRe),
it is clear that also the initial chain must be stationary. Let Y. ixry +j = ere
be an element of (IR + J(R)) neRe, with ix € I, r,rp € R and j € J(R). Then
ere=e(Xpirry +j)e=Yeigerge+ejec leRe+eJ(R)ecl. m

Now we show that there is a strong connection between the semilocality of
a ring and its dual Goldie dimension.

Proposition 1.4.4 The following are equivalent for a ring R:
1. R is semilocal;
2. the right R-module Ri has finite dual Goldie dimension;
3. the left R-module rR has finite dual Goldie dimension.

Moreover, if these conditions hold,
codim(Rg) = codim(zR) = dim(R/J(R)).

PROOF. (1)=(2) Let R be a semilocal ring and suppose that Rp has infinite
dual Goldie dimension, i.e. there exists an infinite coindependent set {I, | n > 1}
of proper right ideals of R. Then R/nk_, I,, is a direct sum of k non-zero cyclic
modules for every k > 1. If C' is a non-zero cyclic module, C/CJ(R) is a non-
zero module. Therefore R/J(R) +nF_ I, is a direct sum of at least k& non-zero
modules for every k > 1. In particular R/J(R) can not have finite length, so
that R can not be semilocal.

(2)=(1) Suppose that Rg has finite dual Goldie dimension. Let Z be the set
of all right ideals of R that are finite intersection of maximal right ideals. Note
that if I, J € Z and I ¢ J then R/I and R/J are semisimple modules of finite
length and

codim(R/J) < codim(R/T).

31



Since codim(R/T) < codim(R) for every I, it follows that every descending chain
in 7 is finite, i.e. the partially ordered set Z is artinian. In particular Z has a
minimal element. Since any intersection of two elements of Z belongs to Z, the
set Z has a least element, which is the Jacobson radical J(R). Hence J(R) € T is
a finite intersection of maximal right ideals. Therefore R/J(R) is a semisimple
artinian right R-module, hence R is semilocal.

Since (1) is left-right symmetric, (1), (2) and (3) are equivalent. Finally,
J(R) is a superfluous module of Rr(Lemma 1.1.11), so that if (2) holds, then
codim(Rg) = codim(R/J(R)) by Proposition 1.3.8(4). =

Corollary 1.4.5 Let Pr be a finitely generated projective module over a semilo-
cal ring R. Then every surjective endomorphism of Pr is an automorphism. In
particular, every right or left invertible element of a semilocal Ting is invertible.

PrOOF. Sice R is semilocal, the right module Rp has finite dual Goldie
dimension, so that Pr has finite dual Goldie dimension. If f:Pr - Pg is a
surjective endomorphism of Pg, then ker(f) is a direct summand of Pg, and
ker(f) @ Pr = Pr. Thus codim(ker(f)) =0, so ker(f) = 0.

For the second part of the statement, we show that if x and y are elements
of R such that xy = 1, then also yx = 1. Since zy = 1, left multiplication by z is a
surjective endomorphism p,: Rgp - Rr. From zy = 1 it follows yRe@ker(u,) = R.
Hence yR = R and then y is also right invertible. Thus y is invertible and x is
its two-sided inverse. m

Now we want to prove another characterization of semilocal rings, due to
Camps and Dicks [9].

Lemma 1.4.6 Let M be a right module over a ring R and let f and g be two
endomorphisms of M. Then:

1 ker(f - fgf) = ker(f) @ ker(1 - gf);
2. coker(f - fgf) = coker(f) @ coker(1 - fg).

PRrROOF.

1. It is clear that ker(f) + ker(1 - gf) < ker(f — fgf). Conversely, if x ¢

ker(f — fgf), then (1 - gf)(z) € ker(f), gf(z) € ker(1 — gf) and z =
(1-gf)(x)+gf(x), so that ker(f) +ker(1—gf) =ker(f - fgf). It is easy
to verify that ker(f) nker(1-gf) =0.

2. Consider the mapping ¢: M — coker(f) @ coker(1 - fg) defined by p(x) =
(x+f(M),z+(1-fg)(M)), for every x € M. We show that ¢ is a surjective
mapping. Note that M = fg(M) + (1 - fg)(M) c f(M)+ (1- fg)(M).
Therefore for any y,z € M, there exist v e f(M) and w e (1- fg)(M) such
that y—z=v+w. Set x =y —v=2z+w. Then

p(x)=(y+f(M),z+(1- fg)(M)).
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This shows that ¢ is surjective. The kernel of ¢ is f(M)n (1 - fg)(M)
and thus we must show that f(M)n(1- fg)(M)=(f- fgf)(M). Now
if f(x)=(1-fg)(y), with z,y € M, then y = f(x) + fg(y), so that

fe) == f9)(y) == fo)(f (@) + Fg(y)) = (f = fa)(x +9(y))-

This proves that f(M)n (1 - fg)(M) c (f - fgf)(M). The opposite
inclusion is easily verified.

Theorem 1.4.7 (Camps and Dicks) The following conditions are equivalent
for a ring R:

1. R is semilocal;
2. There exist an integer n >0 and a function d: R — {1,...,n} such that

(a) for every a,be R, d(1-ab) +d(a) = d(a - aba);
(b) if a€ R and d(a) =0, then a e U(R).

8. There exists a partial order < on the set R such that

(c) (R,<) is an artinian poset;
(d) if a,be R and 1 —ab ¢ U(R), then a —aba < a.

PrOOF. (1)=(2) If R is a semilocal ring, then Rp has finite dual Goldie
dimension. Let n = codim(Rg) and d:R — {1,...,n} be defined by d(a) =
codim(R/aR) for every a € R.

In order to prove that d has property (a), consider two elements a,b € R and
apply Lemma 1.4.6(2) to the two endomorphisms of the module Ry given by left
multiplication by a and b respectively. Then R/(a—aba)R = R/aR® R/(1-ab)R
implies that d(1 - ab) +d(a) = d(a — aba).

If a € R and d(a) =0, then R/aR =0, so that a is right invertible. Hence it
is clear that a € U(R) by Corollary 1.4.5.

(2)=(3) If (2) holds, define a partial order < on R by a < b if and only if
a=bor d(a)>d(b). Then (3) is easily verified.

(3)=(1) Let R denote R/J(R) and let 7 denote r+J(R) € R/J(R) for every
reR. Set

F={reR|7 =7and (I-7)R is a right ideal of finite length of R}.

Note that F # 0, because 1 € F. Since (R, <) is artinian, there exists an element
a € F minimal with respect to the order <.

Suppose @ # 0. Then a ¢ J(R), so that aR~ J(R) # @ and we can choose
an element ab € aR \ J(R) that is minimal with respect to the order <. Since
ab ¢ J(R), there exists ¢ € R such that 1 - abc ¢ U(R). Then by (d) we get
a—abca < a. Set a’ = a - abca, so that a’ < a. We show that a’ € F.
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We claim that if € R and 1 - abz ¢ U(R), then abzab = ab. In order
to prove the claim fix x € R with 1 - abx ¢ U(R). From property (d) we
get that ab — abxrab < ab. Since ab is minimal in aR \ J(R), it follows that
ab — abzab € J(R). Hence ab = abrab.

Now apply the claim to z = ¢. Then abcab = ab, so that abe is idempotent.
Then o is also idempotent, because

S — _ _
a’ =a-abca =a-abca— abca + abcabca =a — abca = a’.

Note that @ — a’ = abca also is idempotent.

It is easily verified that {1-a,a—a’,a’} is a complete set of orthogonal
idempotents in R. Therefore Ry = (I-a)R® (a—a’)R ® o’ R. We show that
(a—a’)R is a simple R-module. Since a - a’ = abca, we get that

(a —a’)R = abcaR = abR.

Moreover abR # 0, otherwise ab € J(R). Now consider any abd € abR \ J(R).
Since abd ¢ J(R), there exists e € R such that 1 —abde ¢ U(R). Applying the
claim with z = de, we see that abdeab = ab, so that abdR = abR. This shows that
(a—a")R is a simple R-module.

Now (T-a)R is a module of finite length, so that

(T-a)Re (a-a')R=(1-d)R

has finite length. Thus a’ € F.

But a’ < a and @ was minimal in F. This contradiction shows that @ = 0.
Therefore (I -a)R = Ry has finite length, that is, R is right artinian and the
proof of (1) is concluded.

Now suppose the equivalent conditions of the statement hold. We want to
show that if m = dim(R) = codim(R) and n is any integer satisfying condition
(2), then m < n. As m = dim(R), there are elements ey, ..., e, € R such that
{€1,...,@n} is a complete set of non-zero orthogonal idempotents of R. Define
ag,---,a, € R by induction as follows: ag = 1 and a; = a;—1 — aj_1€;a4—; for
1 =1,...,m. Note that a; = €1 + €32 + ... + &, for every i = 0,...,m, so
that T—a; 1e; = 1—¢; ¢ U(R). It follows that 1 —a;_je; ¢ U(R). Applying
property (b) we see that d(1 - a;_1e;) > 0, and applying property (a) we get
d(1 - aj-1e;) + d(ai-1) = d(a;), so that d(a;-1) < d(a;) for every i = 1,...,m.
from d(ap) <...<d(am) we obtain m<n. =m

The last characterization that we give of semilocal ring uses the concept of
local morphisms. Given two rings R and S, a ring morphism ¢: R — S is said to
be local if r is invertible whenever ¢(r) is invertible. For instance, if R is a ring
and I is an ideal of R contained in J(R), the canonical projection R - R/I is a
local morphism. In the following Lemma we collect the first properties of local
morphisms.

Lemma 1.4.8 Let p:R - S and ¥:S — T be two ring morphisms. Then:
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1. if ¢ is local, then ker(p) € J(R);
2. if ¢ and v are local, then Y is local;
3. if Yo is local, then ¢ is local.

PROOF.

1. Let y e ker(¢p). Since p(1r—zy) = 1g is invertible, also 1 p—xy is invertible,
for any x € R. This means that y € J(R).

2. Let r € R such that to(r) is invertible in T. Since 9 is local, ¢(r) is
invertible in S. Hence r is invertible in R since ¢ is local.

3. Let r € R such that ¢(r) is invertible. Then also p(r) is invertible and
hence r is invertible since ¥ is local.

Theorem 1.4.9 If o: R — S is a local morphism and codim(S) is finite, then
codim(R) < codim(S). In particular, a ring R is semilocal if and only if there
exists a local morphism of R into a semilocal ring, if and only if there exists a
local morphism of R into a semisimple artinian ring.

ProOOF. Let ¢:R — S be a local morphism. By Proposition 1.4.4 and
Theorem 1.4.7 there is a function d:S — {0,...,m}, where m = codim(95),
satisfying (a) and (b) of (2) of Theorem 1.4.7. We want to show that the
function dy: R — {0,...,m} satisfies (a) and (b) of (2) of Theorem 1.4.7 and
hence, always by Theorem 1.4.7, we have that codim(R) < codim(S). In fact
we have

d(1 = p(x)p(y)) +d(p(r))
d(p(x) —p(z)e(y)p())
do(x - zyx)

do(1 - zy) +do(z)

for any z,y € R, and
dp(x)=0= p(x) eU(S)=>zcU(R)

for any = € R, since ¢ is local. =

1.5 Semilocal endomorphism rings

In this section we prove some properties of objects that have a semilocal en-
domorphism ring. We say that a ring R has left stable range 1 if, whenever
Ra + Rb = R, there exists r € R such that a + rb is invertible.

Proposition 1.5.1 (Bass) FEvery semilocal ring R has left stable range 1.
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PROOF. Recalling that w € R is a unit if and only if w € R/J(R) is a
unit, we may replace R with R/J(R) and assume that R/J(R) is semisimple
artinian. Using the Wedderburn-Artin Theorem we may further assume that
R =Endp(V), where V is a finite dimensional right vector space over a division
ring D. Now suppose that Ra+Rb= R. The left ideal Rb gives rise to a subspace
W ={veV | Rbv=0}of V. In fact, we have that Rb = Ann(W) = {f € R |
f(W) =0}

Note that the restriction of the action of a on W gives an isomorphism W —
aW. To see this, write 1 = ra+r'b, where r, 7’ € R. If w € W is such that a(w) =0,
then w = (ra + r'b)w = r'b(w) = 0, as desired. Now pick a D-automorphism f
of V such that f(w) = a(w) for every w € W. Then f —a € Ann(W) = Rb, so
a + Rb contains the unit f of R. m

Using the above Proposition now we show that modules with semilocal en-
domorphism rings cancel from direct sums.

Proposition 1.5.2 Let A, B and C' be objects of a preadditive category C. Sup-
pose E =Endg(A) has left stable range 1. Then A® B~ A® C implies B = C.

PrOOF. Since A® B~ A® C there are two inverse morphisms

Fo 44 IBA ) A4epoAec
fac fs,c

and

G:(9“499A)A609A@B.
JdA,B Yc,B

Since GF' is the identity on A ® B we have

gaafan+goafac gaafpa+goafse \_[1a 0
gasfaa+tgonfac ganfsa+genfsc 0 1p )’

From gA,AfA,A + gC,AfA,C =14 it follows that EfAA + EQC,AfA,C = F. Hence
there exists ¢t € £ such that u = fa 4 +tgc afa,c is an automorphism of A.
Consider the mapping

G:(lA waAyA®BeA®G
gAa,B 9c,B

Then

r_ | W UBA
T

is clearly an automorphism of A@B. Since F: A®B — A&C' is an automorphism,
it follows that G': A@® B - A ® C is an automorphism as well. But then

1a 0 o la —tgoa Y _[ 1a 0
-ga,B 1B 0 1lc 0 gc,B-9a,Btgc,a
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and hence the homomorphism gc, B — ga,Btgc,a: C' = B is an isomorphism of C'
into B.
n

If Mg is a right R-modules, let add(Mpg) denote the full subcategory of
Mod-R whose objects are all the modules isomorphic to direct summands of
direct sums of finitely many copies of Mp. For example add(Rgr) = proj-R.

Lemma 1.5.3 Let Mp be a non-zero right R-module and let E = Endg(M) be
its endomorphism ring. The functors

Hompg(M,-):Mod-R > Mod-E  and -®gM:Mod-E - Mod-R

induce an equivalence between the full subcategory add(Mpg) of Mod-R and the
full subcategory proj-E of Mod-FE.

We use this Lemma to prove the following.

Proposition 1.5.4 Let A and B two right R-modules. If A has semilocal en-
domorphism ring and there exists an integer n such that A™ = B™, then A= B.

ProoF. We shall suppose that we have M = @] A; = @, B;, where each
A; 2 A and B; 2 B, A has local endomorphism ring, and prove that A; = Bj.
Note that M has semilocal endomorphism ring, since

Endg(M) = M, (Endg(A)).

Let €¢;:A; > M and n;: M — A;, i =1,...,n, be the canonical morphisms with
respect to the decomposition M = @&, A; and €;:B; - M and n;: M - B,
i = 1,...,n, be the canonical morphisms with respect to the decomposition

M = @1 B;. Denote by e; = ¢;m; and f; = eimi. Applying Lemma 1.5.3 we
obtain that there are monomorphism Hompg(M,¢;): Homg (M, 4;) - E, whose
image is e¢;F, and monomorphisms Hompg(M,e€,):Homgr(M,B;) — E, whose
image is f; . Therefore we have e;F 2 e1 E and f; F 2 f1 E for every i, so that
e;Ele;J(E)z e ElenJ(E) and f;E/f;J(E) = f1E/f1J(E). Hence

E/J(E) = EB?:leiE/eiJ(E) = ®?=1sz/fzJ(E)
Since F is semilocal, F/J(F) is a semisimple right E-module of finite length, and

therefore e1 E/e1 J(E) = f1E/fi1(E). By Proposition 3.3(b) of [14] e1 E = f1E,
so that A; 2 B; by Lemma 1.5.3, as desired. =

Proposition 1.5.5 Let A be a right R-module with semilocal endomorphism
ring such that codim(Endr(A)) =n. Then A has at most 2" isomorphic classes
of direct summands.

PrOOF. By Lemma 1.5.3 it is clear that direct summands of A corresponds
to direct summands of its endomorphism ring F = Endr(A). Hence it is enough
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to show that F has at most 2" non-isomorphic direct summands eE. By proposi-
tion 3.3(b) of [14] it suffices to show that E/J(F) has at most 2" non-isomorphic
direct summands. This is obvious because E/J(FE) is semisimple artinian and
dim(E/J(E)) =codim(E) =n. =

Now we want to give some examples of modules with semilocal endomor-
phism ring. To do this we first need the following useful criterion.

Proposition 1.5.6 (Herbera and Shamsuddin) Let Mg be a right module
over a ring R.

1.

If M has finite Goldie dimension and every injective endomorphism of
Mp is bijective, then the endomorphism ring Endg(M) is semilocal and

codim(Endg(M)) < dim(Mg);

if MR has finite dual Goldie dimension and every surjective endomorphism
of Mg is bijective, then the endomorphism ring Endg (M) is semilocal and

codim(Endg(M)) < codim(Mpg);

if Mg has finite Goldie dimension and finite dual Goldie dimension, then
the endomorphism ring Endgr(M) is semilocal and

codim(Endg(M)) < dim(Mpg) + codim(Mpg).

PROOF.

1.

If dim(Mp) is finite, set n = dim(Mpg) and define

di: Endgp(M) - {1,...,n}
f ~ dim(ker(f)).

By Lemma 1.4.6(1), the mapping d; satisfies conditions (a) and (b) of
Theorem 1.4.7. This proves (1).

. If codim(Mp) is finite, set m = codim(Mp) and define

dy: Endgp(M) - {1,...,m}
f ~ codim(coker(f)).

By Lemma 1.4.6(2), the mapping ds satisfies conditions (a) and (b) of
Theorem 1.4.7. This proves (2).

If dim(Mp) and codim(Mp) are both finite, set
d=dy +dy:Endg(M) - {1,...,m+n}.

From this (3) follows.
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Proposition 1.5.7 FEvery artinian module has semilocal endomorphism ring.

Proor. It is enough to apply (1) of previous Proposition, since every
artinian module has finite Goldie dimension and every injective endomorphism
is bijective. m

Dually, we have the following.

Proposition 1.5.8 Fvery noetherian module of finite dual Goldie dimension
has semilocal endomorphism ring.

PROOF. It is enough to apply (2) of Proposition 1.5.6. =

In the following chapters we will meet other relevant examples of objects
(mainly modules) with semilocal endomorphism ring.
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Chapter 2

Infinite dual Goldie
dimension

We saw in the previous chapter that the Goldie dimension and the dual Goldie
dimension play an important role in module theory. Till now we investigated
only the finite case, and we saw that a ring has finite dual Goldie dimension
if and only if it is semilocal. In this chapter we want to define and investigate
the infinite case, focusing mainly on the dual Goldie dimension of the right R-
module Rpr. We start from the most general setting where the Goldie and the
dual Goldie dimension makes sense, that is, the setting of bounded modular
lattices. First, we analyze which properties of the finite Goldie dimension still
hold in the infinite case and which do not. Then, we restrict our attention to
the case of the dual Goldie dimension of the right R-module Rg. For this study,
in which we are particularly interested, we can consider only the maximal right
ideals of R instead of the whole lattice of right ideals of R. Eventually, we
study in detail some relevant examples, computing their dual Goldie dimension.
These examples show the difficulties that arise in passing from the finite case
to the infinite one.

2.1 Goldie dimension on lattices

Let L be a bounded modular lattice, that is, a lattice L that satisfies the modular
law x <b=x Vv (aAb) = (x va)Aband has a greatest element 1 and a smallest
element 0. Recall that a subset {a; | i € I} of L~ {0} is said to be join-
independent if a; A (V;zjer aj) = 0 for every i € I and every finite subset I ¢ I
containing .

Generalizing the definition that we gave in the previous chapter, we say that
the Goldie dimension of L, denoted by dim(L), is defined as the supremum of
all cardinals R such that L contains a join-independent subset of cardinality RX.

Remember that a subset A = {a; |i €1} of L is coindependent if for every
finite subset F'c I and i € F' we have a; V (Ajser aj) = 1.
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The dual Goldie dimension of L, denoted by codim(L), is the Goldie di-
mension of L°P i.e. the supremum of all cardinals ® such that L contains a
coindependent subset of cardinality X.

Given a cardinal number R, say that R is attained in L if L contains a join-
independent subset of cardinality ®. We recall that an infinite cardinal R is called
reqular if R; < R for 4 € I with |I| < R implies Y ®; < R. Otherwise it is called
singular. An uncountable, regular, limit cardinal is said to be inaccessible. We
remind that the existence of inaccessible cardinals can not be proved in ZFC
(Zermelo-Fraenkel with the axiom of choice) and that there are no such cardinals
in the constructible universe (see for example [12]). In [48], Santa-Clara and
Silva proved, generalizing results in [10] and [12], that the Goldie dimension of
L can be not attained only if it is an inaccessible cardinal.

Definition 2.1.1 Let L be a bounded modular lattice and let A ={a; i€}
be a subset of L. A is called an essential subset if for every non-zero element
b e L, there exists a finite subset F' of I such that (Viepa;) Ab#0.

Similarly, A is a superfluous subset if for every 1 # b € L, there exists a finite
subset F' of I such that (Ajepa;) vb# 1. Obviously A is a superfluous subset
in L if and only if A is an essential subset in L°P.

Let a be an element of L and A ={a;|i€l} a subset of L such that a; <a
for every i € I. We say that A is essential in a if it is an essential subset of the
lattice [0, a].

A finite subset A = {a; | i € I } € L is essential if and only if ;. a; is essential
in L. Similarly, A is superfluous if and only if A;er a; is superfluous in L.

Theorem 2.1.2 Let L # 0 be a bounded modular lattice such that every non-
zero element of L contains a uniform element. Let R be a cardinal number.
Then the following are equivalent:

1. L does not contain join-independent subsets of cardinality > R;

2. L contains an essential join-independent subset {a; |i €I} of cardinality
strictly less than R, with a; uniform for every i el;

3. there exists a cardinal 2 <R such that every join-independent subset of L
has cardinality < 1.

Moreover, if these equivalent conditions hold, every essential join-independent
subset { a; | i € I}, with a; uniform for every i € I, attains the Goldie dimension
of L.

PROOF.

(1)=(2) Let F be the set of all join-independent subsets of L consisting only
of uniform elements. Since every element of L contains a uniform element, F
is non-empty. By Zorn’s lemma, F' has a maximal element X with respect to
inclusion. By (a), card(X) < ®. At this point, we claim that X is an essential
subset of L; otherwise there would exist a non-zero element x € L such that
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(Vyery) Ax =0 for every finite subset ' ¢ X and, by hypothesis, there would
be a uniform element b € L such that b < . Then X u {b} would be a join-
independent set of uniform elements strictly containing X, a contradiction to
the maximality of X.

(2)=(3) Suppose that there exists an essential join-independent subset A =
{a;|iel} with every a; uniform, card(l) = 2< X.
We claim that A is maximal between the join-independent subsets of L; other-
wise there exists a non-zero element b € L such that Au{b} is join-independent.
This means that for every finite subset F' of I we have that (V;epai) Ab =0,
but this clearly contradicts the hypothesis that A is an essential subset.
Then, by Theorem 1 of [33], we have

card(J) < card([)

for every join-independent subset {b; |j € J} of L.
(3)=(1) Obvious.
The final remark is clear form the proof (b) = (¢). =

The hypothesis that every non-zero element contains a uniform element is
not only necessary, but also sufficient to claim that the lattice has an essential
independent subset of uniform elements.

Proposition 2.1.3 Let L be a bounded modular lattice. If L contains an es-
sential join-independent subset {a; | i € I} with a; uniform for every i€ I, then
every non-zero element of L contains a uniform element.

PROOF. Let z be a non-zero element of L. Since {a; | i € I'} is an essential
set, there exists a finite subset F' ¢ I such that o A (V,epa;) #0. Now

dim([0,z A (V ai)]) <dim([0, \/ a;]) = |F.
el e
Hence, by Theorem 1.3.5, there is a uniform element v <z A (Viyepa;) <z. =

In the finite case one has that also the following statement is equivalent to
the ones in the theorem:

e if ap < a1 < as < ... 1s an ascending chain of elements of L, then there
exists ¢ > 0 such that a; is essential in a; for every j > 1.

One can try to generalize this to the infinite case and ask if the following con-
dition is equivalent to the ones in the theorem:

4. there does not exist an ascending chain X of elements of L of cardinality
R such that {be X | b< a} is not an essential set in a, for every a in the
chain.

What happens is that just one implication continues to hold. We have that
(3)=(4): if (4) does not hold, there exists an ascending chain X of elements of L
of cardinality R such that {be X | b<a} is not an essential set in a, for every a
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in the chain. Then, for every a in the chain, there exist a non-zero element ¢, < a
in L such that (Vgb) Ac, =0, for any finite subset F of {be X | b<a}. This
implies that these elements ¢, form a join-independent subset of L of cardinality
R. Thus (3) does not hold.

The problem is that the other implication is no longer true when we pass to
the infinite case. Let us show that the implication (4)=-(1) is false in general.
Let X be a set of cardinality ®; consider L to be the sublattice of (£(X),c
consisting of @&, X itself and all the finite subsets of X. It is clear that L is
modular, since it is a sublattice of a distributive lattice. Every singleton is an
uniform element in L, then every non-zero element of L contains a uniform
element.

Since z A (Vi z;) = 0 for x,x; singletons of X with © # z;, i =1,...,n, we
have that the set of the singletons is a join-independent subset of L.

On the other hand it is also obvious that every chain in L can have at most
countable cardinality.

Proposition 2.1.4 Let L be a bounded modular lattice and let E ¢ (L) be the
set of essential sets of L. If A is an independent essential set of L, then it is
minimal in E.

PRrROOF. Let A be an independent essential set of L. If A" is an essential set
strictly contained in A and a € A\ A’, there exists a finite set F' ¢ A’ such that
a A (Vier a;) #0. This clearly contradicts the fact that A is independent. =

Conversely, it is not true in general that a minimal essential set is indepen-
dent. To see this it is enough to look at the following example. Let L be the
lattice

[ ]
a e o\b\‘\
\</. c
It is clear that the set {a,b} is minimal essential but it is not independent.

In fact, Puczylowski proved in [41] that the one above is the only pathology that
can appear considering minimality of essential subsets of uniform elements.

Before stating the next proposition, if L and L’ are two bounded modular
lattices, we denote by L@ L’ the direct sum of L and L', which, as a set, consists
of the elements (I,{"), with [ € L and I’ € L’ and have the operations defined
componentwise.

Proposition 2.1.5 Let L be a bounded modular lattice.
1. dim(L) =0 if and only if L =0;
2. dim(L) =1 if and only if L is uniform;
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3. dim([0,a]) < dim(L) for every a € L;
4. dim([0,a]) = dim(L) if a is essential in L;

5. if L' is another modular lattice bounded, then dim(L & L") = dim(L) +
dim(L").

PRrROOF. The proofof (1), (2), (3) and (4) are elementary (the original article
of Alfred Goldie where these things were observed is [31]). To prove (5) it is
enough to observe that if {a; |7 € I} is an essential join-independent subset of
uniform elements of L; and {b; | j € J } is an essential join-independent subset
of uniform elements of Lo, then { (a;,0) |t€I}u{(0,b;)|j€J} is an essential
join-independent subset of uniform elements of L1 & L. =

We notice that the converse implication of (4) holds only in the finite case.

Remark 2.1.6 The hypothesis that every element of the lattice contains a
uniform element is always satisfied by the dual lattice of the right (left) ideals
of a ring, since every right (left) ideal is contained in a maximal one. Therefore
the dual Goldie dimension (left or right) of a ring is always attained.

2.2 Dual Goldie dimension of rings

In view of the previous remark, now we restrict to the case of the right dual
Goldie dimension of a ring R. We can easily observe here a certain number of
facts:

e the Jacobson radical is a superfluous ideal ([5], Prop. 9.18). This means
that codim(Rg) = codim(Rg/J(Rr)) and so we can restrict our attention
to semiprimitive rings;

e when we look for coindependent sets we can restrict to maximal right
ideals. If Iy,...,I, are coindependent right ideals, i.e. I + (N;x; 1) =
R, choosing maximal ideals M; 2 I;, we have that M; + (N;.; M;) = R,
which means that M;,..., M, are coindependent maximal right ideals.
Moreover My, ..., M, are all distinct; in fact, if M; = M;, we have that
M; = M; + M; 2 I; + I;, and this contradicts the fact that I; and I; are
coindependent.

Let us see now how the concepts that we introduced above translate in this
particular case. Let { M; |i € I} be a set of maximal right ideals.
The set { M; | i € I } is coindependent if for every finite subset F' € T and i € F,
we have M;+(N;zjer M;) = R, that is equivalent to saying that N;.jep M; ¢ M;;
this, thanks to the Chinese Remainder Theorem, is also equivalent to
R R

~

Nier Mi 7 M;
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We have that N;.; M; is a superfluous ideal in R if and only if it is equal to
the Jacobson radical J(R). It is clear that N;y M; 2 J(R), since J(R) is the
intersection of all maximal right ideals; on the other side the Jacobson radical
of a ring R is the biggest superfluous right ideal ([5], Prop. 9.18), and therefore
Nier M; must be contained in it.

The set { M; | i € I} is superfluous, by definition, if for any proper right ideal
J € Rp there exists a finite subset F' ¢ I such that J + N;cp M; #+ Rp. Clearly,
without loss of generality, we can take J to be a maximal ideal; therefore the
condition we get is that for any maximal right ideal M ¢ Rp there exists a
finite subset F' € I such that M + N;ep M; # Rp; this is equivalent to saying
that for every maximal right ideal there exists a finite subset F' ¢ I such that
Mier M; € M.

It is clear that if the set is superfluous, then N,y M; = J(R) is superfluous.
The converse implication is not true in general.

Example 2.2.1 Consider the polynomial ring Q[z] in one variable over the
rational numbers. It is a principal ideal domain and (p(z)) is a maximal ideal if
and only if p(z) is an irreducible polynomial. Let T = { (x —a) | a € Z }; we can
notice that, since (z —a) + [1;-; (x = b;) = Q[z] for any distinct a, by, ..., by, the
set T is coindependent. It is clear also that Ny (z-a) = (0) = J(Q[x]). Anyway,
if we take p(z) to be an irreducible polynomial of degree bigger than 1, there
does not exist a finite number of elements in 7" such that (p(z)) € N, (z —a;).

Example 2.2.2 In this example we will show that the cardinalities of a su-
perfluous coindependent set of maximal right ideals and of a coindependent set
of maximal right ideals with superfluous intersection can be different. Let us
consider the ring of continuous functions of the real numbers C'(R); for every
a € R, the subset M, ={feC(R) | f(a) =0} c C(R) is a maximal ideal. The
set { M, | a€Q} is a coindependent set of cardinality ®Rq, but it is not coinde-
pendent since none of the maximal ideals M,, with a € R\ QQ, contains a finite
intersection of maximal ideals in this set. Since Q is dense in R, the intersection
of {M,|aeQ} consists only of the zero function. On the other hand it is clear
that to have a coindependent superfluous set it is necessary that it contains all
the maximal ideals M,, with a € R, and therefore it has cardinality at least c.

We saw that if { M; | i € [} is a coindependent set we have, for any finite
subset F' € I, an isomorphism ﬁ 2 @ier Mﬂi. Therefore, in this situation,
{M; |iel} is a superfluous set if, for any maximal right ideal M of Rr, we
have that there exists a finite subset F' ¢ I such that ﬁ is a maximal ideal
of the semisimple ring @;cr Mi,

Now we show that in the case of the dual Goldie dimension of a ring R, the
converse of Proposition 2.1.4 holds.

Proposition 2.2.3 Let Mp be the set of all mazximal right ideals of a ring R
and F € P(MR) the set of all superfluous sets of mazimal ideals. If F has a
minimal element T*, then T* is coindependent and hence |T*| = codim(Rg).
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PROOF. Let T* be a minimal superfluous set of maximal ideals. To prove
that it is coindependent, we have to show that for any M, ..., M, € T, we have
that M; + (N;x M;) = R for any i = 1,...,n. Suppose not, i.e. there exists an
i such that we have M; + (Njx; M;) ¢ R; this means that M; + (N;x; M;) 2 M;
is contained in a maximal ideal, that clearly must be M; itself. From this it
follows that M;.; M; € M; contradicting the fact that T is minimal. Thanks to
Theorem 2.1.2, it is clear that |T”| = codim(Rg). =

It clearly follows that

Corollary 2.2.4 All minimal superfluous sets T of mazximal right ideals of a
ring R have the same cardinality.

2.3 Examples and computations

In this section we want to analyze some concrete examples of lattices and rings
and compute their dual Goldie dimension. We start with an example that will
turn out to be very helpful. First we need some definitions.

Definition 2.3.1 Let L be a lattice. An ideal I of L is a non-empty subset of
L such that:

o foreveryxelandyelL,xAyisin [;
e for every x,y € I, their join x vy is in 1.

An ideal I is mazimal if the only ideal that properly contains I is the whole
lattice L.
Dually, a filter F' of L is a non-empty subset of L such that:

o forevery xe Fandye L, x vy isin F;
e for every x,y € F, their meet x Ay is in F.

A filter F' is mazimal if the only filter that properly contains F' is the whole
lattice L. In this case it is called wltrafilter.

Given an element a of a lattice L, the set of all the elements b € L such that
b < a forms an ideal of L, called the principal ideal generated by a and denoted
by (a]. By Zorn’s Lemma it is clear that every ideal of a bounded lattice is
contained in a maximal ideal.

The set I(L) of all ideals of L is a bounded lattice, considering the intersec-
tion of ideals as meet and the ideal generated by I and J, i.e. the intersection
of all the ideals containing I and J, as the join of I and J. We have that if L
is modular or distributive, then so is I(L).

The same holds also for the set of all filters of L, since they are in fact the
ideals of the dual lattice L°P.

An ideal I is prime if it is proper and for every a,b € L such that aAnbe I,
then either a e I or bel.
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We recall that a complement for an element a of a bounded lattice L is an
element b such that anb=0 and avb=1. A bounded lattice L is complemented
if every element in L has a complement.

Lemma 2.3.2 1. If L is a distributive lattice, every mazimal ideal is prime;
2. if L is complemented, every prime ideal is mazimal;

8. if P is a prime ideal and I and J are ideals of a lattice L, then InJ < P
implies that either I € P or J c P.

PROOF.

1. Suppose I € L is a maximal ideal and let a,b € L be such that anbe I. If
a ¢ I, the ideal generated by I and (a] is the whole lattice, so that b<iva
for some element i€ I. Then b=bab< (iva)ab=(inb)v(anb)el.

2. Suppose [ is a prime ideal of L. We show that for any element a € L\ 1, the
ideal generated by I and (a] is the whole lattice. Let b be a complement
of a, then be I, since anb=0 and I is prime. Now 1 =a Vv b is in the ideal
generated by (a] and I.

3. Let P be a prime ideal containing the intersection of two ideals I and J.
If neither I € P nor J ¢ P there exist two elements i€ I~ P and je J\ P.
Then i Aj e InJc P and this contradicts the fact that P is prime.

The same observations we made about ideals of a ring hold for ideals of
a lattice. Hence, the dual Goldie dimension of the lattice I(L) of ideals of a
lattice L is always attained and to compute it, it is enough to find a superfluous
coindependent family of maximal ideals.

Proposition 2.3.3 If L is a bounded distributive lattice, the family of all mazx-
imal ideals is coindependent. Hence the dual Goldie dimension of I(L) equals
the cardinality of the set of mazximal ideals of L.

PROOF. A family of maximal ideals {M; };es is coindependent if and only if
for every 7€ I and every finite subset F' ¢ I we have that N;cp M; € M7 implies
that 7€ F. The maximal ideal M7 is prime and hence N;ex M; € M7 implies, by
(3) of Lemma 2.3.2, that there exists an ¢ € I such that M; € Mz. Since they are
both maximal ideals, they must coincide.

Since the set of all maximal ideals is clearly superfluous, it is clear that the
dual Goldie dimension of I(L) equals the cardinality of the set of maximal ideals
of L. m

If a lattice B is Boolean, i.e. distributive and complemented, it is usual
to express the concepts in terms of filters and ultrafilters instead of ideals and
maximal ideals. The situation does not change a lot since there is a one to one
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correspondence between maximal ideals and ultrafilters given by the comple-
ment. The set of ultrafilters is the underlying set of a topological space, called
the Stone space and denoted by S(B). The topology for S(B) is generated by
a basis consisting of all the sets of the form

{reS(B)|bex}

where b is an element of B.

Since the ring theoretical notion of ideal in Boolean rings corresponds to the
lattice theoretical notion of ideal in Boolean lattices, in the correspondence that
there is between the two categories, we have obviously the following.

Theorem 2.3.4 Given a Boolean ring B, its dual Goldie dimension is given
by the cardinality of its Stone space S(B).

As a particular case, using ([29],9.2), we get the following.

Corollary 2.3.5 Let X be a set. The dual Goldie dimension of the Boolean
ring (P(X),A,n) is equal to 22!,

The boolean ring ($(X),A,n) can be seen also as the ring 2% of functions
from the set X to the field with two elements. If we take any field K, what
we proved above holds also for the ring KX of functions from the set X to the
field K. To show this it is enough to establish an inclusion preserving bijection
between the set of proper ideals of KX and the set of proper filters of X.

Let I be a proper ideal of the ring KX, we want to show that the collection
Z(I) of zero sets of elements of I form a filter of X. To do this we observe the
following:

e the empty set is not a zero set, since the identity function does not belong
to I;

o if Ac X is a zero set of an element f € [ and A € B ¢ X, then B is
the zero set of the element f-xx.p € I, where with yy we denote the
characteristic function of the set Y ¢ X;

e let A and B be the zero set of two elements in /. Multiplying them by the
appropriate elements in the ring we find that also xx.a and xx.p are in
the ideal I; therefore we have that xx.a + xx<B — Xx-4 ‘- Xx.5 (the last
term is needed only when the characteristic of K is 2) is an element of the
ideal I, having as zero set An B.

On the other hand, let F' be a proper filter on X. We want to prove that the
set I(F)={f:X - K| Z(f) € F}, where Z(f) indicates the zero set of f, is a
proper ideal of the ring KX. To do this we notice the following:

e the identity of KX is not in I since the empty set is not in F;

e if feland ge K*, we have that fge I since Z(f) cZ(fg) c X;
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e if f and g are elements of I, then f+ge I since Z(f+g)2Z(f)n Z(g).

To check that these two maps are each other’s inverse, we observe that, for
any proper ideal I of KX

IZ(I)={fe KX | Z(f) e Z(I)} = {f e KX | 3g € I such that Z(f) = Z(g)}.

From the equality Z(f) = Z(g) we deduce that also f € I and so IZ(I)=1.
On the other hand, let F' be a proper filter of X. We have

ZI(F)={Z(f) s X | fe I(F)}={Z(f) X | Z(f) e F}.

It is clear that ZI(F) ¢ F. To check that the equality holds it is enough to
notice that every subset Y of X is of the form Z(f) for some function f e K.
Since the two maps are clearly order preserving, in this way we have a lattice
isomorphism between the lattice of ideals of K~ and the lattice of filters of the
lattice (X ). Hence we can conclude as follows.

Proposition 2.3.6 Let X ba a set and K any field. Then the dual Goldie
dimension of the ring KX is equal to 92!,

Now let X be a topological space and consider the ring C'(X) of continuous
functions from X to the reals. Let Z(f) be the zero set of an element f € C(X)
and let Z(X)={Z(f) | feC(X)}. Now we want to show that the set Z(X)
is in fact a sublattice of the distributive lattice £(X), and hence a distributive
lattice itself. Let Z(f) and Z(g) be the zero sets of two elements f,g ¢ C(X).
From the equalities

Z(f)vz(g) = 2(fg)

and
Z(H)nZ(g) = Z(f*+9g°) = Z(|f| +g])

we easily deduce what we wanted. Now we want to show that there is a bijection
between the set of ideals of the ring C(X) and the set of filters of the distributive
lattice Z(X).

Let I be an ideal of the ring C(X). The set Z(I) ={Z(f)| f € I} is an ideal
of Z(X) since

e if feland geC(X), then Z(f)uZ(g)=2Z(fg) e Z(I) since fgeI;
o if f.gel, then Z(f)nZ(g)=Z(f*+g*) e Z(I) since f2+g*el.

On the other hand, let F be a filter of Z(X). The set I(F) = {f ¢ C(X) |
Z(f) e F} is an ideal of C(X), in fact

o if Z(f)e F and ge C(X), then fge I(F) since Z(fg)2Z(f) € F;

o if Z(f) and Z(g) arein F, then f+g e I(F) since Z(f+g)2Z(f)nZ(g) €
F.

Lemma 2.3.7 Let X be a topological space.
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1. For every filter F of Z(X), we have ZI(F) = F;
2. for every ideal T if C(X), we have IZ(I)21.
PROOF.

1. Let F be a filter of Z(X). From

ZI(F) ={Z(f) | f e I(F)} ={Z(f) | f such that Z(f) ¢ F'}

follows that ZI(F') € F. Since every element of Z(X) is of the form Z(f)
for some f e C(X), it is clear that in fact the equality holds.

2. Let I be an ideal of C'(X). Form

{fec(X)2(f)ez()}
{feC(X)|3gelsuchthat Z(f)=2Z(g)}

1Z(I)

it becomes clear that IZ(I) 2 1.

In (2) the inclusion may be proper, as the following example shows.

Example 2.3.8 Consider the principal ideal I = (i) of C(R), where ¢ denotes
the identity function. This consists of all the functions f € C(R) such that
f(z) =zg(x) for some function g € C(R). Since Z(4i) = {0} and Z(I) is a filter
of Z(R), the filter Z(I) is the set of all subsets of R containing 0. Hence the
ideal M = IZ(I) clearly consists of all the functions in C'(R) that vanish at 0.
Hence M contains I. However M # I. For instance i'/3 € M ~ I. That i® € M is
obvious. If i'/3 € I, then i'/3 = ig for some g € C(R). But then g(z) = i~2/? for
x #+ 0, so that g can not be continuous at 0.

This example tells us that, for a generic topological space X, there is not
a bijection between the set of ideals of C'(X) and the set of filters of the dis-
tributive lattice Z(X). Anyway from Lemma 2.3.7 we can deduce that there is
a bijection between maximal ideals of C(X) and ultrafilters of Z(X). In fact,
if M is a maximal ideal of C'(X), the ideal IF (M) is proper and contains M,
hence it needs to be equal to M. Moreover, if M, M1, ..., M, are maximal ideals
of C(X), we have that

M2\ M — Z(M)2(\2(M,).

i=1 =1

To show this we need to prove that Z(NX,; M;) = Ny Z(M;). Tt is clear that
the inclusion ¢ holds. For the other inclusion, let Y € N, Z(M;); hence Y =
Z(f:), with f; € My, for every ¢ = 1,...,n. But then Y = Z(f;-...- f»), and
fi-oooofneMy-...- M, cN%; M;. Hence we have
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M;éMi R Z(M)QZ(éMi):éZ(Mi)
= M=12(M)2 () Z(M)) = IZ((\M;) 2 () M.
=1

i=1 i=1

From this we deduce that a set of maximal ideals of C'(X') is coindependent
if and only if the corresponding set of filters of X is coindependent. From this
we can conclude the following.

Proposition 2.3.9 Let X be a topological space. Then the dual Goldie dimen-
sion of the ring C(X) is equal to the cardinality of the set of ultrafilters of the
lattice Z(X).

PrOOF. To what we said above, it is enough to add that every ultrafilter
of Z(X) is prime, since the lattice Z(X) is distributive. Hence the set of all
ultrafilters of Z(X) is coindependent. =

For any topological space X, the set of all ultrafilters of the lattice Z(X)
gives rise to a topological space, with the same topology that we introduced
above for a general Stone space. This topological space is called the Stone-
Cech compactification of X, which is denoted by X . It is a compact Hausdorff
topological space endowed with a continuous map from X to 58X, having the
following universal property: any continuous map f:X — K, where K is a
compact Hausdorff space, lifts uniquely to a continuous map Sf: X - K.

Corollary 2.3.10 Let X be a topological space. Then the dual Goldie dimen-

sion of the ring C(X) is equal to the cardinality of the Stone-Cech compactifi-
cation BX of X.

Now we want to generalize what we did above to abelian von Neumann
regular rings.

Proposition 2.3.11 For a ring R, the following conditions are equivalent:
1. for every element x € R there exists y € R such that xyx = x;
2. every principal right (left) ideal of R is generated by an idempotent;

3. every finitely generated right (left) ideal of R is generated by an idempo-
tent.

Proor. (1)=(2) Given an element x € R, there exists y € R such that
zyx = x. Then zy is an idempotent of R such that 2R = zyR.

(2)=(3) Tt suffices to show that xR + yR is principal for any x,y € R. Now
xR = eR for some idempotent e € R, and since y — ey € xR + yR we see that
xR+yR = eR+(y—ey)R. There is an idempotent f € R such that fR = (y—ey)R
and we note that ef = 0. Consequently, g = f — fe is an idempotent orthogonal
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to e. Observing that fg = g and gf = f, we see that gR = fR = (y - ey)R,
whence zR + yR = eR + gR. Inasmuch as e and ¢ are orthogonal, we conclude
that ztR+yR = (e+g)R.

(3)=(1) Given z € R, there exists an idempotent e € R such that eR = zR.
Then e = zy for some y € Rand z =ex = zyr. m

A ring that satisfies these equivalent conditions is called a von Neumann
reqular ring. Such a ring is said to be abelian if all its idempotents are central.
It is a general fact that the central idempotents of a ring R form a boolean lattice,
where en f =ef = feand ev f = e+ f —ef for any two central idempotents
e, f € R. In the case of abelian von Neumann regular rings the lattice of central
idempotents is isomorphic to the lattice of finitely generated ideals. In fact we
have

eRnfR=efR and eR+ fR=(e+f-ef)R.

Moreover we notice that in abelian von Neumann rings, every one-sided ideal is
also two-sided, so we will talk just of ideals and not of right or left ideals.

As we did in our previous cases, we want to find a bijection between the
set of ideals of R and the set of ideals of a Boolean lattice. For an abelian von
Neumann regular ring R, the Boolean lattice of all the idempotents of R is what
we are looking for.

Theorem 2.3.12 Let R be an abelian von Neumann regular ring and let B(R)
be the Boolean lattice formed by all the idempotents of R. Then there is a
bijection between the set of ideals of R and the set of ideals of B(R). Hence
the dual Goldie dimension of the ring R is equal to the cardinality of the Stone
space of the lattice B(R).

PrOOF. Let R be an abelian von Neumann regular ring and let I be an
ideal of R. Then the set of idempotents ¢(I) = {e € B(R) | e € I} is an ideal of
B(R), in fact:

e ¢(I) is not empty since every principal ideal of R is generated by an
idempotent;

e ifecp(l) and fe B(R), then e f=efel,sothat en fep(l);
e ife fep(l), thenev f=e+f-efel, sothat ev fep(I).

Conversely, if J is an ideal of the Boolean lattice B(R), we can associate to it
the ideal ¥(I) generated by I.

Now we need to prove that ¢ and v are inverse mappings. To show this, let T
be an ideal of R. It is obvious that ¥¢(I) € I. The other inclusion is clear since
R is a von Neumann regular ring and hence every principal ideal is generated by
an idempotent. Conversely, let J be an ideal of the Boolean lattice B(R). It is
obvious that ¢y (J) 2 J. To prove the other implication, let e be an idempotent
in the ideal generated by J. Hence e belongs to the ideal generated by a finite
number of idempotents e;,...,e, in J. Since the ideal generated by e1,..., e,
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is equal to the ideal generated by e; v...Ve,, we have that e€ (e; v...ve,)R.
Hence e = e(e; v ... Vve,) belongs to the ideal J.
The last sentence clearly follows from Theorem 2.3.4. =
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Chapter 3

Krull monoids

One of the most natural problem to consider in module theory is the behaviour
of the direct sum decomposition of modules. We saw in chapter 1 the Krull-
Schmidt-Azumaya Theorem, which describes completely the direct sum decom-
positions of any module that is a direct sum of modules with local endomorphism
ring. If we consider the category of vector spaces over a division ring, it is well
known that the linear dimension is an invariant that completely describes the
behaviour of the direct sum of vector spaces up to isomorphism. In general the
situation is not so clear and it is of great interest to have some more insight.

The proper setting to investigate problems about the behaviour of the direct
sum in module categories, or more generally of additive categories, is the one
of commutative monoids. In fact, every category C has a skeleton V(C), that
is, a full, isomorphism-dense subcategory in which no two distinct objects are
isomorphic. It is well known that any two skeletons of C are isomorphic and
they are equivalent to C. If C is an additive category, or, in a particular case,
a subcategory of the category Mod-R of all R-modules closed under isomor-
phism and direct sum, any skeleton V(C) of C is endowed with the structure of
commutative monoid, with respect to the operation defined by

{(4) +(B) = (Ae B),

where with the angled brackets (A) we denote the element of the skeleton as-
sociated to A. We remark that, if the category C is not skeletally small, any
skeleton V' (C) of C is not a set, but a proper class. To include this case, we do
not require that a monoid is a set, but we allow it to be a proper class. It we
need the underlying class to be a set, we will call it a proper monoid.

We denote by U(M) the set of invertible elements of a monoid M. We call
the monoid M reduced if U(M) = {0}, that is, if a +b = 0 implies a = b = 0.
In any case, we denote by M,eq the factor monoid M /U(M) consisting of all
cosets x + U(M) with x € M. Note that Meq is a reduced monoid. If @ and b
are two elements of the monoid M, define a < b if there exists an element c € M
such that a + ¢ = b. The relation < is reflexive, transitive and invariant under
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translation, i.e. for any d € M, a < b implies a +d < b+ d. Thus < defines a
preorder on M, usually called the algebraic preorder of M.

Remark 3.0.1 Let C be an additive category. Then the monoid V(C) is re-
duced and (A) < (B) if and only if A is a direct summand of B in C.

An atom of a monoid M is an element a € M such that a = b + ¢ implies
b =0 or ¢ =0. For an additive category V(C), the atoms of the monoid V(C)
correspond exactly to the indecomposable elements of C. We say that a monoid
M is atomic if every element a € M is equal to the sum of finitely many atoms
and, similarly, an additive category C is atomic if its monoid V' (C) is so.

Let k£ be a division ring. We denote by Vect—k the category of all right
k-vector spaces and by vect—k the full subcategory of all finitely generated right
k-vector spaces. It is easy to see that V(vect—k) = Ny and V(Vect—k) = Card,
where Card is the class of cardinal numbers endowed with the operation given by
the sum of cardinals. Both isomorphism are provided by the dimension function
dim that associates to every vector space its linear dimension.

The Krull-Schmidt-Azumaya Theorem implies the following. Let R be a
ring and C the subcategory of Mod-R of modules which are finite direct sums of
modules with local endomorphism ring. Then the monoid V(C) is free on the
base given the class of modules with local endomorphism ring. Generally, an
additive category C is said to be a Krull-Schmidt category if the commutative
monoid V' (C) is free, that is, it is atomic and if Ay,..., A, and By,..., B, are
indecomposable objects in C such that &;%; A; = @7, B;, then m =n and there
exists a permutation o € S,, such that A; = B,; for every i=1,...,n.

Now we consider the category proj-R of finitely generated projective modules
over the ring R. Our aim is to understand the monoid V(proj-R). We know
that the monoid V'(C) is reduced and we notice that the module Ry is an order-
unit of the monoid V(C). A non-zero element u of a monoid M is an order-unit
if for every element a € M there exists an integer n > 0 such that a < nu. We
can define the category of monoids with an order-unit in the following way. Its
objects are the commutative monoids M with a distinguished element u € M,
which is an order-unit. A morphism f: M — M’ of commutative monoids with
order-units is a morphism of commutative monoids that sends the order-unit
u € M to the order-unit v’ € M’. The next Theorem, due to Bergman and Dicks
([7, Theorem 6.2 and Theorem 6.4] and [8, p. 315]), tells us that in fact the
monoids of the form V(proj-R) are exactly all reduced commutative monoids
with order unit.

Theorem 3.0.2 Let k be a field and let M be a reduced commutative proper
monoid with order unit w. Then there exists a right and left hereditary k-algebra
R such that V(proj-R) and M are isomorphic as monoid with order unit.

As a corollary of this result, we show that the theory of factorization in a
commutative integral domain can be interpreted as direct sum decomposition in
a suitable class of modules. Recall that if R is a commutative integral domain,
Q is its field of fractions, Q* is the multiplicative group of non-zero elements
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of @ and U(R) is the group of units of R, then the factor group G = Q*/U(R)
is a partially ordered abelian group, called the group of divisibility of R. Its
positive cone G, is R*/U(R), where R* = R~ {0}.

Corollary 3.0.3 Let R be a commutative integral domain and G, the positive
cone of the group of divisibility G of R. Then there exists a class C of finitely
generated R-modules over a suitable ring R, closed for finite direct sums, direct
summands and isomorphism, such that V(C) =z G..

PROOF. Set M = G, u{+o0}. The addition on G, extends to an associative
addition on M with a+(+00) = (+00)+a = +oo for every a € M. The element u =
+00 is an order-unit in the reduced commutative monoid M. By Theorem 3.0.2,
there exists a ring S with V(proj-S) @ M as monoids with order-unit. Hence
the class of all finitely generated projective right S-modules not isomorphic to
S has the required properties. m

This corollary makes clear the connection between factorization in commu-
tative integral domains and direct sum decomposition in additive categories and
in fact show how the latter is a wider problem than the former.

3.1 Krull monoids

The easiest class of monoids to handle is the one of free monoids. For what
concerns factorization problems, the next family to consider is the one of Krull
monoids, where we can control divisibility by looking in a free monoid anyway.

Let M be a monoid. A non-zero monoid homomorphism v: M — Ny is called
a valuation of M, and e(v) = ged(v(M)) is called its index. If v is a valuation,
then e(v)~tv(M) is a numerical monoid, that means, Noxe(v) tv(M) is a finite
set. A valuation v: M — Ny is essential if for all z,y € M such that v(z) < v(y),
there exists some s € M such that x < y+s and v(s) = 0. Obviously, v is essential
if and only if e(v)!v is essential.

A submonoid M’ of M is divisor-closed if for any x,y € M such that z <y,
y € M' implies x € M'. For any subset U ¢ M, we denote by [[U]] the smallest
divisor-closed submonoid containing U. A prime ideal of M is a proper subset
P ¢ M such that M \ P is a divisor-closed submonoid, that is, for any =,y € M
we have x +y € P if and only if z € P or y € P. If U is any subset of M, then
M N [[M ~U]] is the largest prime ideal contained in U. A prime ideal P of a
commutative monoid M is said to be a prime ideal of height one if it is minimal
among non-empty prime ideals of M [15].

If P is a prime ideal of M, then the localization Mp of M at P is the monoid
whose elements are all formal differences x — s, where x,s € M, s ¢ P and, for all
z,2' € M and s,s" € M\ P, we have x—s = x—s’ in Mp if and only if there exists
te M~ P suchthat z+s" +t=2"+s+tin M. In particular G(M) = My is the
Grothendieck group of M. The monoid (Mp)yeq is called the reduced localization
of M at P. f z,2' € M and s,s' €e M\ P, then x—s+U(Mp) =x' -5 +U(Mp)
in (Mp)yeq if and only if there exist elements ¢,¢’ € M\ P such that z+t = 2’ +t'.
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In particular, the homomorphism M — (Mp),eq, defined by x —» z-0+U(Mp),
is surjective.

A monoid M is called cancellative if, for all x,y,z € M, x + z = y + z implies
x =y. If M is cancellative, then it is contained in its Grothendieck group
G(M), usually called in this case the quotient group or the group of differences
of M. If R is aring, then the monoid V (proj-R) is reduced, and G(V (proj-R)) =
Ko(R) is the Grothendieck group of the isomorphism classes of finitely generated
projective R-modules.

A monoid M is called a discrete valuation monoid if M,eq is isomorphic to
Ny. If M is a discrete valuation monoid, then there is a unique isomorphism
0: Myeq =~ Ng and the map vp: M — Ny, defined by vy () = 0(x+U(M)), is an
essential surjective valuation. If v: M — Ny is any valuation of M, it is easy to
see that v =e(v)vas.

Lemma 3.1.1 Let M be a monoid, v: M — Ngy a valuation and P = {x € M |
v(zx) > 0}.

1. P is a prime ideal of M and v induces a surjective homomorphism
0:(Mp)rea = v(M)
defined by v(z —s+U(M,)) =v(x) for all z € M and s e M ~ P;
2. the following are equivalent:

(a) v is essential;
(b) v(M) =e(v)Ng and v is an isomorphism;

(¢) Mp is a discrete valuation monoid.

3. If v is essential, then P is a prime ideal of height one of M.

PROOF.

1. Tt is easy to check that P is indeed a prime ideal. If x,z’ € M and
s,s" € M N\ P are such that x — s+ U(Mp) = 2’ —s" + U(Mp), then there
exist ¢,t' € M ~ P such that x +t = 2’ +t', whence v(z) = v(2’). Hence v
induces a surjective homomorphism v as asserted.

2. (a)=(b) Set e = min(v(M) \ {0}) = v(=zo) for some xy € M. We shall
prove that v(M) = egNy. Suppose that z € M and v(z) = epk + r, where
k,r € Ny with r < eg. Since v(kxo) = keg < v(x), there exists some s € M
such that kxo < o+ s and v(s) =0. Thus z + s = kxg +y for some y € M,
from which v(y) =7, and therefore r = 0.

To prove that v is injective, let x,z’ € M and s,s’ € M \ P such that
v(r-s+U(Mp)) =v(2'—s"+U(Mp)). Then v(z) = v(x’') and thus there
exist elements y € M and t € M \ P such that z +y = 2’ +¢. It follows that
v(y)=0,hence ye M\ Pand x —-s+U(Mp) =2’ —s"+U(Mp).
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(b)=(a) Let x and y be elements of M such that v(xz) < v(y). Then
there exists an element a € M such that v(x) + v(a) = v(y), which means
v(x+a+U(Mp)) =v(y+U(Mp)). Therefore there exist elements s,t €
M ~\ P satisfying  + a+ s = y + ¢ and consequently x <y +¢ and v(t) = 0.

The equivalence of (b) and (c) follows directly from the definition of dis-
crete valuation monoid observing that v(M) =0((Mp)rea) by (1).

3. By (2), Mp is a discrete valuation monoid. Hence it possesses exactly one

non-empty prime ideal and therefore P is a prime ideal of height one of
M.

A divisor homomorphism between two monoids M and N is a monoid ho-
momorphism ¢: M — N such that ¢(z) < ¢(y) implies = <y for every x,y € M.
This means that we can read the algebraic preorder of M by looking at the
algebraic preorder of N using ¢. A commutative monoid M is a Krull monoid
if there exists a divisor homomorphism ¢: M — F' into a free monoid F. This
means that there exists a family of valuations v;, ¢ € I, given by the non-zero
components of the divisor homomorphism, such that, for every a,be M:

e v;(a)=v;(b) foreveryiel ifanonlyif a+ U(M)=b+U(M);
e a <bif and only if v;(a) < v;(b) for every i e I;
e v;(a) =0 for almost all i € I.
With the next Lemma we prove the first properties of Krull monoids.
Lemma 3.1.2 Let M be a commutative monoid.

1. FEvery divisor homomorphism @: M — F into a free monoid F induces an
isomorphism Myeq = @(M);

2. every reduced Krull monoid is cancellative;
8. M is a Krull monoid if and only if Myeq is a Krull monoid.
ProoFr.

1. Let ¢: M — F be a divisor homomorphism of M into a free monoid F'.
Since U(F') = {0} it is possible to define the induced homomorphism
©: Myeq — F. To prove that it is injective it is enough to notice that for
an element a € M, ¢(a) = 0r = ©(0y7) implies a < 0y, that is a € U(M).

2. If M is a reduced Krull monoid, from (1) we have that M is isomorphic
to a submonoid of a free monoid F'. Since F is cancellative, also M is so.
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3. It is clear that if ¢: M — F is a divisor homomorphism into a free monoid
F, also the induced homomorphism ©: M,eq = F is a divisor homomor-
phism. Conversely, suppose that 1: M;oq = F' is a divisor homomorphism
of Myeq into a free monoid F. We can define a monoid homomorphism
©: M — F by p(a) =1¢(a+U(M)) for every a € M, that turns out to be a
divisor homomorphism.

Since we know that V(C) is reduced for any additive category C, Lemma
3.1.2(2) tells us that a necessary condition for V(C) to be a Krull monoid is
that it must be cancellative.

Proposition 3.1.3 A monoid M is a reduced Krull monoid if and only if it is
isomorphic to N 0 G, where N is the free monoid on the basis I and G is
a subgroup of Z1.

PROOF. Since M is a reduced Krull monoid, there is an injective divisor
homomorphism ¢: M — N(()I) , for some class I. Hence we can suppose that
M c N(()I). The monoid M is cancellative and thus we can embed it in its
Grothendieck group G(M) ¢ Z!). Therefore M ¢ G(M) n N(()I). To prove the

opposite inclusion, let z—se¢ G(M)n N(()I). This means that ¢(x) > ¢(s) and
hence, since ¢ is a divisor homomorphism, we have x > s. This implies that
there exists an element y € M such that x =y +s, thus y =z - s in G(M). =

Proposition 3.1.3 tells us that a reduced Krull monoid has a very nice geo-
metrical behaviour. In fact it is the intersection of a lattice G ¢ Z{!) with the
positive cone NI, so that the failure of the uniqueness of the factorization is
minimal, due only to the presence of the border of N() n G.

Now we want to provide some examples of Krull monoids that are relevant
in the study of factorizations.

Example 3.1.4 The example that gave rise to the study of Krull monoids
is the following. An integral domain R is a Krull domain if and only if its
multiplicative monoid R®* = R\ {0} is a Krull monoid.

Example 3.1.5 A nonzero element a of a ring R is said to be a regular element
if it is neither a left nor a right zero divisor. An ideal a of R is called regular
if it contains a regular element of R. A Marot ring is a non-zero commutative
ring such that every regular ideal can be generated by regular elements. Then a
Marot ring R is a Krull ring, in the sense of [36], if and only if the multiplicative
monoid of regular elements of R is a Krull monoid.

Example 3.1.6 Let R be a Krull domain, I ¢ R a non-zero ideal and G ¢
(R/I)* a subgroup. Then the monoid

Hg={aeR'|a+1cG}

is a Krull monoid, called the (regular) congruence monoid defined in R modulo
I by G.
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Example 3.1.7 Let G be an abelian group and let Gy € G be a non-empty
subset. Denote by F(Gp) the free monoid on the basis Gg. Then

B(Go) ={ [] 9" € F(Go) | . ngg =0} € F(Go)

geGo geG

is called the block monoid over Gy. Clearly, the embedding i: B(Go) - F(Go)
is a divisor homomorphism and hence B(Gp) is a Krull monoid.

We now present an example that is not of purely algebraic nature and comes
from analytic number theory. We say that a submonoid H ¢ D is saturated if
a,be Hyce D and a=b+cimply ce H.

Example 3.1.8 A quasi-formation [D, H,|-|] consists of:
e a free monoid D = F(P) on the basis P,

e a homomorphism |- |: D - (N,-) such that |a| = 1 if and only if a = 0, and
the Dirichlet series

> |p[™® converges for Re(s) > 1,
peP

e a saturated submonoid H ¢ D such that G = D/H is finite, and for every
g € G the function v, defined by

1
-1

Ye(s)= > [~ - é log . for  Re(s)>1,

pePng
has a holomorphic extension to s = 1.

If [D,H,|-|] is a quasi-formation, then H is a Krull monoid.

For a concrete example of a quasi-formation, let R be the ring of integers
of an algebraic number field or a holomorphy ring in an algebraic function field
over a finite field and H = H(R) the multiplicative monoid of non-zero principal
ideals of R. Let D be the multiplicative monoid of all non-zero ideals of R, and
for I'e D, let [I|=(D:I). Then [D,H,|-|] is a quasi-formation.

3.2 Divisor theories

Throughout this section we suppose that M is a cancellative monoid.

A divisor homomorphism ¢: M — F' into a free monoid F' is a divisor theory
if for every u € F' there exist a finite family {z1,...,2,} of elements of M such
that u = min{¢(z1),...,¢(x,)}, where the minimum is taken with respect to
the algebraic preorder of F'. Every cancellative Krull monoid possesses a divisor
theory and if o: M — F and ¢©:M — F' are two divisor theories, then there
exists a unique isomorphism ®: F' — F" such that ® o ¢ = ¢’ [35, Theorems 23.4
and 20.4].
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Let oM - F N(()I) be a divisor theory. Then ¢ has a unique extension to
a group homomorphism G(p):G(M) - G(F) = Z). The cokernel of G () is
determined up to canonical isomorphism by ¢ and it is called the class group of
M, denoted by CI(M). If m:G(F) - CI(M) denotes the canonical projection,
we have that CI(M) = 7(F). It follows that M is free if and only if the divisor
theory ¢ is surjective, and CI(M) is a torsion group if and only if for every
u € F' there exists some g > 1 such that qu e p(M).

Given a divisor homomorphism ¢ = (¢;)ier: M — N(()I) into a free monoid,
there is a way to obtain from it a divisor theory. First, we observe that ¢’ =
(Nipi)ier: M — N((]I’), where i € I \ I’ implies ¢; = 0 and \; € e(p;)'Ng \ {0},

. . . L . I
is again a divisor homomorphism into a free monoid N((] ).

Proposition 3.2.1 Let M be a Krull monoid, and let ¢ = (¢;)ier: M — N(()I)
be a divisor homomorphism such that o; # 0 for every i € I and e(p;) i #
e(j) Yp; whenever i + j € I. Let J be the set of all the indices of j € I for
which @; is essential.

1. The map ¢* = (e(p;)  ¢;)jes: M — N(()J) is a divisor theory, and ¢ is a
divisor theory if and only if I =J and e(p;) =1 for every i e I.

2. If v: M — Ny is an essential valuation of M, then there exists some j € J
such that e(v)™ v = e(p;) ;.

PROOF. See [34, Satz 1, Satz 2 and Korollar]. =

We say that two valuations vy,ve: M — Ny of a monoid M are equivalent
if e(vi)™tv; = e(v2) tve. With the next proposition we prove that in Krull
monoids there is a strong connection between essential valuations and prime
ideals of height one.

Proposition 3.2.2 Let M be a cancellative Krull monoid. Then:

1. every non-empty prime ideal of M contains a prime ideal of height one of
the form P, = {x e M |v(x) >0} for some essential valuation v;

2. two essential valuations vi,ve: M — Ny are equivalent if and only if P, =
PUQ ;

3. a valuation v: M — Ny is essential if and only if P, = {x € M | v(z) > 0}
is a prime ideal of height one.

PRrROOF.

1. Let ¢ = (¢j)jes: M — N(()J) be a divisor theory for M, such that every
essential valuation of M is equivalent to some ¢;, j € J. If P is a prime
ideal of M and P 2 P, for every j € J, then for every j € J there exists
xj ¢ P such that ¢;(z;) > 0. Let p be a fixed element of P, so that
@;(p) >0 if and only if j belongs to a finite subset F' of J. Then

p< Y, pi(p)z; ¢ P,
jeF
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so that p ¢ P. This contradiction shows that P = @. Thus every non-empty
prime ideal of M contains a prime ideal of the form P,,. In particular,
every prime ideal of height one of M is of the type P,,.

We already know from Lemma 3.1.1 that for any monoid, P, is a prime
ideal of height one for every essential valuation v.

2. It is clear that two equivalent valuations vy,ve: M — Ny give rise to the
same ideal P,, = P,,. If v; and vy are two non-equivalent essential val-
uations, we can suppose that v; = ¢; and vy = ; for ¢ # j € J, where
¢ = (@j)jes: M — N(()J) is a divisor theory of M. Then there exists
x € M with ¢;(2) # 0 and ¢;(x) = 0 because ¢ is a divisor theory. Hence
P% # PSOJ"

3. It is true in any monoid that the ideal P, associated to an essential valua-
tion v is minimal non-empty, as we saw in Lemma 3.1.1. If v is a valuation
for which the ideal P, is a prime ideal of height one, we know by (1) and
(2) that v must be equivalent to an essential valuation, and hence it is
essential itself.

When a Krull monoid M has a divisor theory ¢: M — Ni*, for some m > 1,
we can describe prime ideals associated to non-essential valuations as the union
of prime ideals of height one. We notice that this is the case if and only if M;eq
is finitely generated and non-zero.

Proposition 3.2.3 Let M be a Krull monoid, m > 1, ¢ = (¢1,...,0m): M —
0 a divisor theory and P; = {x € M | ¢;(x) > 0}. Let v:M — Ny be any
valuation of M and P, = {x € M | v(x) > 0} its associated ideal. Then there
exist non-negative real numbers ci,...,cpy such that v = crp1 + ... + CPm- If
V=C1p1 F ..t Cnipm 18 any such representation of v, then Py =Ug;50 P;-

PROOF. Since ¢ induces an isomorphism M;eq = (M) and the canonical
homomorphism M — M,eq, defined by x — x + U(M), induces a bijection be-
tween the prime ideals of M and M,e.q and also between the valuations of M
and M;.q, we may assume that M is a submonoid of Ni* and that the divisor
theory ¢: M — N{* is the inclusion map.

Let U € R™ be the subspace generated by M, C = {¥,cp Aa® | Az € Rsp, Ay =
0 for almost all 2} the cone in U generated by M and Q = G(M) the subgroup of
Z™ generated by M. Let m;: R™ — R be the projection onto the j-th coordinate
and ¢; = m;: U — R its restriction to U. Since ¢ = (¢1jar, - - - Prmyas ): M — Ni* is
a divisor theory, it follows that C' = U7, ¢ 'Rsg, and by the H. Weyl’s Theorem
[47, Theorem 17.3] the dual cone C is the cone generated by ¢1,...,¢om € Rsg
in the dual space U* = Hom(U,R). If v: M — Ny is any valuation, then there
exists some @ € U* such that ¢, = v and therefore ¢ € C. Hence there exist

C1,---5Cm € Ryg such that ¢ = c1¢1 + ... + ¢y, and restriction to M implies
vV =cC11+. .. +Cn@m. The representation of P as a union of P;’s is now obvious.
m
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With the next Theorem we give an equivalent characterization of Krull
monoids as intersection of the localization at the prime ideals of height one.

Theorem 3.2.4 The following conditions are equivalent for any cancellative
monoid M :

1. M is a Krull monoid;

2. The localization Mp is a discrete valuation monoid for every prime ideal
of height one P, every x € M is contained in at most finitely many prime
ideals of height one, and M =npMp, where P varies among prime ideals
of height one.

Proor. (1)=(2) Let M be a Krull monoid and let ¢ = (@;)ier: M — N(()I) be
a divisor theory. If P is a prime ideal of height one, we know from Proposition
3.2.2 that P = P,, for some ¢ € I. Then Mp = Mpw is a discrete valuation
monoid by Lemma 3.1.1, and v induces an isomorphism o: (Mp),eq = €(v)Np.
As M is cancellative, M € Mp S My for every prime ideal of height one, so that
M < npMp, where P varies among prime ideals of height one.

For the opposite inclusion, suppose x—y € NnpMp S My with z,y € M. Then
wi(x-y) 20, so that p;(x) > v;(y), for every i € I. Thus ¢(x) > ¢(y) and hence
x > y. Therefore = —y belong to the cancellative monoid M. Finally, for every
x € M we have that p(x) € N(()I), so that ¢;(z) # 0 for at most finitely many
1€ 1. Thus z is contained in finitely many prime ideals of height one.

(2)=(1) Let M be a cancellative monoid satisfying the conditions stated
in (2). Then the canonical homomorphisms M — (Mp)red, P ranging among
prime ideals of height one, have the property that every x € M is mapped to zero
for almost all minimal non-empty primes P, and each (Mp);eq is isSomorphic
to Ng. Thus these canonical homomorphisms define a monoid homomorphism
oM - N((]I), where I is a class of indexes for the prime ideals of height one
of M. In order to show that ¢ is a divisor homomorphism, let =,y € M such
that ¢(z) < ¢(y). Then, for every prime ideal of height one P, there exists
sp € (Mp)yea such that  + sp =y in (Mp)rea. Thus for every prime ideal of
height one P, there exist up € M and tp € M \ P with y +tp = x + up. Then
y—x =up—tp € Mp for every prime ideal of height one P, from which y—x € M,
that is, z<yin M. =m

3.3 Additive categories and Krull monoids

In this section we want to apply the theory about Krull monoids we developed
in this chapter to the monoids of the form V(C), where C is an additive cate-
gory. We noticed already that such monoids are reduced and, if they are Krull
monoids, they must also be cancellative. To avoid set theoretical complications,
in this section we restrict to the case C skeletally small.

We say that idempotents split in a category C, or that C has splitting idem-
potents, if every idempotent morphism in C has a kernel. If {Cy | X\ € A} is
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a family of additive categories indexed in a set A, let [Tyea Cx be the product
category, whose objects are the sequences S = (A))xea With Ay € Cy, and whose
morphisms are given by Hompy, _, ¢, ((Ax)xea, (A )aea) = [Tyea Home, (Ar, AY).
Let [Tyea Ca be the full subcategory of [Ty.x Cx whose objects are the sequences
S = (Ax)rea with almost all Ay =0.

Since we want the monoid V(C) to be cancellative, it is natural to look at the
case when every endomorphism ring End¢(A) is semilocal, for any object A € C.
It is easier to start with the case when every endomorphism ring is semisimple
artinian.

Proposition 3.3.1 The following conditions are equivalent for any skeletally
small additive category C.

1. Idempotents splits in C and the endomorphism rings Endc(A) of all objects
A of C are semisimple artinian;

2. there exists a set {kyx | A € A} of division ring such that A is equivalent to
Ll ep vect—Fky.

PROOF. (1)=(2) Let C be a skeletally small additive category with splitting
idempotents in which every endomorphism ring is semisimple artinian. As C
is skeletally small, there exists a set {A) | A € A} of representatives of the
indecomposable objects of C up to isomorphism. Since idempotents split in C,
the endomorphism ring of every A) is a division ring k). Every object A of C
decomposes as a direct sum of finitely many objects whose endomorphism rings
are division rings, hence they are necessary indecomposable objects. Assume
that Ay and Ay are indecomposable objects and that Home(Ax, Ax) #0. We
have already remarked that the endomorphism rings of Ay and Ay, are division
rings. In the additive category C, the endomorphism ring of Ay & Ay is the
matrix ring

P ( Homc(Ax,Ax) Home(Ay, Ay) )
Home (Ax, Ax) Home(Ay, Ax)
which is a semisimple artinian ring. Let f: Ay — Ay be a non-zero morphism.
Then the element ( ? 8 ) € F is a non-zero element of E that induces by left
multiplication a non-zero morphism of right E-modules from the indecompos-
able right ideal

la, O
[ 0)e
into the indecomposable right ideal
0 0
(00 )e

As indecomposable right ideals are simple E-modules because E is semisimple
artinian, the non-zero morphism induced by left multiplication is an isomor-
phism, and thus it has an inverse isomorphism. The inverse isomorphism is
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given by left multiplication by an element o« € E, which is necessarily of the
8 (g) . S0 g: Ay - A is a morphism in C such that gf =14, and
fg=14,,. We have thus proved that if Ay and Ay are two objects whose endo-
morphism rings are division rings and there is a non-zero morphism Ay — Ay,
then Ay = Ay

As every object A of C decomposes as a direct sum of finitely many ob-
jects with local endomorphism rings, by the Krull-Schmidt-Azumaya Theo-
rem there are only finitely many \’s such that Home(Ax, A) # 0. Thus F =
[Trea Home (An, —):C — I ep vect—k)y is an equivalence.

(2)=(1) is obvious. =m

form o =

The skeletally small additive categories satisfying the equivalent conditions
of Proposition 3.3.1 are called amenable semisimple. They are necessarily
abelian.

For every additive category C, there exists a functor F:C — C into an additive
category C in which idempotents split, uniquely determined up to categorical
equivalence, with the following universal property: for every functor G:C — C’ of
C into an additive category C’ in which idempotents split, there exists a unique
functor H:C — C’' such that G = HF. The category C is called an idempotent
completion of C. To prove the existence of the idempotent completion of C, take
as objects of € the pairs (A,e), where A is an object of C and e in an idempotent
of End¢(A), and as morphisms (A,e) - (B, f) the morphisms ¢:A - B in C
such that fge = ¢. Define the functor F:C - C by F(A) = (A,14) for every
object A of C.

Corollary 3.3.2 The following conditions are equivalent for a skeletally small
additive category C:

1. The endomorphism ring Ende(A) of every object A € C is a semisimple
artinian ring;

2. there exist a set {ky | A € A} of division rings and a full and faithful functor
H:C — I yep vect—ka.

PrROOF. (1)=(2) Assume that (1) holds for the category C. Then (1) also
holds for the idempotent completion C. Apply Proposition 3.3.1 to the skeletally
small additive category C, so that there exist a set {ky | A € A} of division rings
and an equivalence G:C — [] sea Vect—ky. The composite functor H = GF of G
and the canonical functor F:C — C is full and faithful.

(2)=(1) is obvious. =m

The Jacobson radical of a preadditive category C is the ideal J of C defined,
for every pair A, B of objects of C, by J(A,B) = {f € Hom¢(A,B) | 14— gf
has a left inverse for all g € Hom¢ (B, A) }. The quotient category C/J has zero
Jacobson radical and there is a canonical functor G: A - A/J.

Let A and B be additive categories and F: A - B an additive functor. We
say that F' is:
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e isomorphism reflecting if for every pair A, A’ of objects of A, F(A) =
F(A") implies A= A';

o direct-summand reflecting if for every pair A, A" of objects of A with F'(A)
isomorphic to a direct summand of F'(A’), A is isomorphic to a direct
summand of A’;

e local if, for every pair A, A" of objects of A and every morphism f: A - A’
such that F(f): F(A) - F(A’) is an isomorphism, f is an isomorphism.

Lemma 3.3.3 Let C be an additive category and J its Jacobson radical. Then:

e the canonical functor G:C — C|J is a full, isomorphism reflecting, local
functor;

e if idempotents split in C, then G is also direct-summand reflecting.

PrROOF. It is clear that G is a full functor. If we prove that G is local,
then it is automatically also isomorphism reflecting. Hence let A, A’ be two
objects of A and f: A - A’ a morphism of C such that F(f):F(A) - F(A’) is
an isomorphism. This means that there exists a morphism ¢g: A’ - A in C such
that 14 —gf € J(A,A) and 14 - fg e J(A',A"). Using the definition of the
Jacobson radical it is straightforward to prove that in fact g is an inverse of f
in C.

Assume now that C is an additive category in which idempotents split. In
order to show that G is direct-summand reflecting, take two objects A, A" of
C with G(A) isomorphic to a direct summand of G(A’). Then there exist
morphisms f: A — A" and g: A > Asuch that 14-gf € J(A,A). Thusgf:A—> A
has a two-sided inverse, so that A is isomorphic to a direct summand of A’. =

Proposition 3.3.4 Let C be an additive category with Jacobson radical J. Let
G:C - C|T be the canonical functor of C into the idempotent completion C|J of
the factor category C|/J. Then G is a full, isomorphism reflecting, local functor.
If, moreover, idempotents split in C, then G is also direct-summand reflecting.

PrROOF. The objects of C’/T7 are the pairs (A,®), where A is an object of
C and ¢: A - A is an endomorphism of A in C such that ¥ =+ J(A, A) is an
idempotent of Ende(A)/J(Ende(A)). The morphisms (A,%) - (B, ) in C/J
are the cosets f = f+ J(A, B), where f: A — B is a morphism in C such that
¢f<P—f€«7(AyB)

The canonical functor G:C — C’/TY is the composite functor of:

e the functor C — C/J, which is full, isomorphism reflecting, local and, when
idempotents split in C, also direct-summand reflecting;

e the functor C/J — C’/T7 , which is full, faithful, isomorphism reflecting and
local.
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Then G is full, isomorphism reflecting and local.

Now assume that idempotents split in C. Let A, A’ be a pair of objects
of C with G(A) isomorphic to a direct summand of G(A"). Let (K,w) be an
object in C/J such that G(A) @ (K,©) = G(A’). Then there are morphisms
F= [+ (A A (ATR) » (A, Tw) and g = g + T(A', A): (A, Ta)) — (A, Tr)
with gf = T4 and ker(g) = ker(fg) = (K,@). Then 1 -gf € J(A,A), so that
gf is invertible in the ring Endc(A). Thus f(gf) tg: A - A’ is idempotent.
Write 14/ — f(gf) 19 = ki for some I: A’ - B and some k: B — A’ with lk =15,
so that k is the kernel of f(gf) 'g. Applying the functor G we get that, for
the idempotent f(gf)~lg = fg, one has 14 — fg = kl with kl = 1p, so that
k:G(B) - G(A’) is the kernel of fg. As kernels are unique up to isomorphism,
we conclude that G(B) 2 (K,w). In particular, this proves that G is direct-
summand reflecting, because k kernel of the idempotent f(gf)™1g implies A ®
Bz=A m

When the endomorphism rings Ende (A) are all semilocal, the functor G:C —
C /J maps to the particularly good category C /J as the next result shows.

Proposition 3.3.5 Let C be a skeletally small additive category with Jacobson
radical J and with the property that Ende(A) is a semilocal ring for every object
A of C. Then the idempotent completion CI/? of the factor category C/J is an
amenable semisimple category.

PROOF. As the endomorphism ring of every object in C is semilocal, the
endomorphism ring of every object in C/J is semisimple artinian, so that C/J
is an amenable semisimple category by Proposition 3.3.1. =

Eventually, we prove that, if C is a skeletally small additive category with
splitting idempotents has the property that End¢(A) is a semilocal ring for
every object A € C, then V(C) is a Krull monoid.

Theorem 3.3.6 Let C be a skeletally small additive category. Let F be an
additive functor of C into an amenable semisimple category D. If either

e [ is direct-summand reflecting, or

e idempotents split in C, and I is local,

then V(C) is a Krull monoid.
PrOOF. The functor F:C — D induces a monoid homomorphism
V(F):V(C) - V(D).

The monoid V(D) is free because D is amenable semisimple.

The functor F is direct-summand reflecting if and only if V' (F') is a divisor
homomorphism. If this is the case then V(C) is a Krull monoid.

If idempotents split in C and F' is local, then F' induces a local ring homo-
morphism End¢(A) - Endp(F(A)) for every object A of C. Thus the endomor-
phism rings of all objects of C are semilocal rings. By Proposition 3.3.5, there
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is a direct-summand reflecting functor G of C into the amenable semisimple
category C/J. Thus V(C) is a Krull monoid by the first case. m

To conclude the chapter we want to remark that, when one consider module
categories, it is possible to invert the implication that states that a skeletally
small full subcategory C of Mod-R closed under finite direct sums, direct sum-
mands and isomorphisms and such that Endgr(A) is semilocal for every A € C,
provides a reduced Krull monoid V' (C).

First, we notice that we can restrict to categories of finitely generated pro-
jective modules with semilocal endomorphism ring. Let C be a skeletally small
full subcategory of Mod-R closed under finite direct sums, direct summands
and isomorphisms and such that Endg(A) is semilocal for every A € C; let
Mp be the direct sum of the modules in V(C) and E = Endg(M) its endo-
morphism ring. For a ring R, denote with Sg the full subcategory of Mod-R
consisting of all finitely generated projective modules with semilocal endomor-
phism ring. The categories C and Sg turn out to be equivalent via the functors
Hompg(M,-):C - Sg and - ® g M:Sg — C. In particular, the monoids V(C)
and V(Sg) are isomorphic.

Our next Theorem [26, Theorem 2.1] states that we can realize every reduced
Krull monoid in the form V(Sg) for some ring R.

Theorem 3.3.7 Letk be a field, M a reduced Krull monoid, I a set andT: M —
N(()I) a divisor homomorphism. Then there exist a k-algebra R and two monoid
isomorphisms M — V(Sgr) and N(()I) - V(Sgys(r)) such that if 7:V(Sr) —
V(Srys(r)) is the homomorphism induced by the canonical projection m R —
R/J(R), then the diagram of monoids and monoids homomorphisms

M T N

V(Sr) —— V(Srjum)

commutes.
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Chapter 4

Maximal Ideals in
Preadditive Categories and
Semilocal Categories

In this chapter, our first aim is to study the maximal ideals of a preadditive
category C. To describe the maximal ideals of C, we make use of the ideal A; of
the category C associated to an ideal I of the endomorphism ring End¢(A) of an
object A of C. The ideal A; consists of all morphisms f: X — Y in C such that
Bfa eI for every pair of morphisms c: A > X and 8:Y — A in C. These ideals
Aj of the category C turn out to be an elementary, but useful and powerful,
tool. They were already introduced in [23] and [24] in the case in which C is a
category of modules.

When C is the category proj-R of all finitely generated projective right mod-
ules over a ring R, the maximal ideals of C are in one-to-one correspondence
with the maximal two-sided ideals of the ring R. We give a complete description
of simple preadditive categories, that is, the preadditive categories with exactly
two ideals, necessarily the trivial ones. An additive category C with splitting
idempotents is simple if and only if C is equivalent to the category proj-R for
some simple ring R. Maximal ideals do not exist in general for an arbitrary
preadditive category C, but they do always exist when C is semilocal, i.e. when
C is a preadditive category with a non-zero object in which the endomorphism
ring of every non-zero object is a semilocal ring. If C is a semilocal category and
M is a maximal ideal of C, the factor category C/M is not only simple, but also
equivalent to a full subcategory of Mod-R whose objects are finitely generated
semisimple right modules over a simple artinian ring R. Thus the objects B
of C are completely described by a set of natural numbers indexed in the class
Max(C) of all maximal ideals of C. The natural number corresponding to a
maximal ideal M of C is the Goldie dimension of B in the factor category C/M,
hence coincides with the dual Goldie dimension of the ring End¢(B)/M(B, B).
Thus we get an isomorphism reflecting functor F:C — @ yqemax(c)C/M, which
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allows us to get a good representation of the structure of semilocal categories.

When the category C is additive, any skeleton V(C) of C has the structure
of a large monoid, in which the operation is induced by coproduct. For an
additive semilocal category C with splitting idempotents, the functor F' induces
a monoid homomorphism V(F) of the monoid V' (C) into the free commutative
monoid V(@ pqemax(c)C/M) = N(()Max(c)). As V(F) turns out to be a divisor
homomorphism, one finds that the monoid V(C) is necessarily a Krull monoid.
For an additive semilocal category C with splitting idempotents, we can therefore
characterize the essential valuations of the monoid V(C) and give some natural
divisor homomorphisms and divisor theories of V' (C).

The associated ideals allow us also to study when there are canonical one-
to-one-correspondences between the two-sided ideals of the endomorphism rings
End¢(A) and Ende(B) of two objects A and B of a preadditive category
C. This condition is strictly stronger than the Morita-equivalence of the two
rings End¢(A) and End¢(B). For further information on modules with Morita-
equivalent endomorphism rings, see [1].

4.1 Associated ideals and maximal ideals

Let C be a preadditive category. For any object A of C and any two-sided ideal I
of End¢(A), let A; be the ideal of the category C defined as follows: a morphism
[ X ->Y inCisin A;(X,Y) if and only if Sfa € I for every pair of morphisms
a:A - X and 5:Y - Ain C. The ideal A is called the ideal of C associated to I
[23, 24]. The ideal A is the greatest of the ideals Z' of C with Z'(A,A) c I. Tt
is easily seen that A;(A, A) = I. Clearly, the ideals of the category C associated
to two distinct ideals of End¢(A) are distinct.

Lemma 4.1.1 Let A and B be non-zero objects of a preadditive category C, let
I be a mazimal ideal of Endc(A) and let Ar be the ideal of C associated to I.
Set I' = A;(B, B) and assume that I' # End¢(B). Then:

1. the ideal of C associated to I' is equal to Aj;
2. if Endc(B) is a semilocal ring, I' is a mazimal ideal of Endc(B).
PRrOOF.

1. Clearly, I' is an ideal of End¢(B). Let Aj be the ideal of C associated
to I'. We must show that A; = A;.. In order to prove that A; € Ay, fix
a morphism f € A;(X,Y). Then, for every a: B - X and :Y — B, one
has that Sfa e A;(B,B) =1'. Hence f e Ap(X,Y).
For the inverse inclusion, suppose that f: X — Y is a morphism in the
category C with f ¢ A;(X,Y). Then there are A - X and 8:Y - A
with g = Bfa ¢ I. Then End¢(A)gEnde(A) + I =Ende(A). Suppose that
ge Apr (A, A). Then

Hom¢ (A, B) Ende(A)Home (B, A)
=Hom¢ (A, B)(Ende(A)gEnde(A) + I)Home (B, A) c I'.
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It follows that the whole ring End¢(A) is contained in Aj (A, A). As
I' + End¢(B), we have that 15 ¢ I' = A;(B,B), so that there exist
¢:A - B and ¥:B — A with ¢ ¢ I. Then vpEndec(A)ep ¢ I be-
cause maximal ideals are prime. But ¢Endc¢(A)y ¢ I' = A;(B,B), so
that Yo Endc(A)y ¢ I, a contradiction. This shows that g ¢ Ar(A, A).
Hence there are homomorphisms a’: B - A and 3": A - B with 8'8fad’ ¢
I'. In particular, f ¢ Ay (X,Y).

Assume End¢(B) semilocal. The Jacobson radical J of the category C
is the greatest ideal of C such that J(A, A) coincides with the Jacobson
radical J(End¢(A)) of the ring Ende(A) for every non-zero object A in C.
Since every maximal ideal is primitive and J(End¢(A)) is the intersection
of all primitive ideals of End¢(A), it follows that J(A,A) ¢ I. As Aj is
the greatest of the ideals of C with this property, we get that J ¢ Aj.
Thus J (B, B) € A;(B, B), that is, J(End¢(B)) € I'. Now I’ is a proper
ideal of End¢(B). As Ende(B) is semilocal, it follows that Ende(B) /I is
a semisimple artinian ring. In order to show that I’ is maximal, we will
prove that End¢(B)/I’ is a simple artinian ring.

Assume the contrary, so that there exist elements f,g of Endc(B) such
that f+1',g+I" are non-trivial orthogonal central idempotents of the ring
End¢(B)/I'. Since these idempotents are non-zero, there exist «,a’: A —
B and 8, € B - A with ffa ¢ I and 'ga’ ¢ I. Then we have
B'ga’ Ende(A)Bfa ¢ I. As f+1',g+ I are orthogonal and central, we
know that g End¢(B)f € I'. Hence, a fortiori, go’ End¢(A)Bf € I'. Now
I' = A;(B,B) implies f'I'a c I. Thus f'ga’ Ende(A)Bfa c I, a contra-
diction that proves that I’ is a maximal ideal.

Lemma 4.1.2 Let A and A’ be two fized non-zero objects of a preadditive cat-
egory C, let M (resp. M') be a mazimal two-sided ideal of Endc(A) (resp.
Endc(A")) and let Ay (resp. Apir) be the ideal of C associated to M (resp.

M)
1.
2.
3.

4.

The following conditions are equivalent:

An 2 A

A (B, B) 2 Ay (B, B) for every object B in C;
M2 A (A A);

there exists an object C € Ob(C) such that

Endc(C) # Ay (C,C) 2 A (C,C).

PROOF. The implications (1) = (2) = (3) = (4) are obvious. To prove
(4) = (1), it is enough to observe that, by Lemma 4.1.1(1), the ideal of C
associated to Ay (C, C) is equal to Ajps and therefore Ay is the greatest of the
ideals 7 of C such that Ay (C,C)2Z(C,C). Thus Ay 2 Ay m
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Let A be an object of a preadditive category C. For every X,Y € Ob(C),
let Home(A,Y)Home (X, A) be the subgroup of Home(X,Y) generated by
all composite morphisms fg where f ranges in Hom¢(A,Y) and g ranges in
Home (X, A).

Proposition 4.1.3 Let A and A’ be two non-zero objects of a preadditive cat-
egory C, let M (resp. M') be a maximal two-sided ideal of End¢(A) (resp.
Endc(A")) and let Apr (resp. Apnir) be the ideal of C associated to M (resp.
M'). The following conditions are equivalent:

1. Ay = Amr;
2. Ay (B, B) = Ay (B, B) for every B ¢ Ob(C);
3. M=An (A A);
b M = Ap (A, A);
5. there exists an object C € Ob(C) such that
Ende(C) # An(C,C) = Ay (C,C);

6. Home (A, A")MHome(A’, A) € M’ and Home (A, A")Home (A’ A) ¢ M';
7. Home(A', A)YM'Home (A, A') € M and Home (A', A)Home (A, A”") ¢ M;
8. there exist two morphisms p: A — A’ ¢ A" > A such that

YEnde(A)p ¢ M, oEndc(A)y ¢ M', yM'o < M and oMy < M.

PRrROOF. The implications (1) = (2) = (3) = (5) and (2) = (4) = (5) are
obvious. The implication (5) = (1) follows from the previous lemma.

(3) = (6) Assume (3), so that Hom¢ (A, A")MHome(A’, A) ¢ M'.

If Home (A, A")Home (A, A) € M, then End¢(A) € Ay (A, A) = M, a contra-
diction.

(6) = (8) Suppose that (6) holds, so that there exist two morphisms ¢: A —
Al A" > A with pip ¢ M’ but oM € M'. From @i ¢ M’ using the fact that
M’ is a prime ideal, we get that @iy Endc(A")pp ¢ M'. From (6), it follows
that ¢ End¢(A")p ¢ M. Finally, o Endc(A)Y M @Ende(A)y € M’ because M’
is an ideal of End¢(A”), so that, o(Ende(A)yM'oEnde(A)+ M)y € M'. Using
(6) again, we get that Ende(A)yY M’ ¢Endc(A) € M, from which v M’p c M.

(8) = (1) Assume that (8) holds. Let X and Y be two objects of C and
f:X =Y be a morphism in Ay (X,Y). We want to show that f belongs to
Apr(X,Y). Fix arbitrary morphisms a: A’ - X and 8:Y — A’. We must prove
that Sfae M'. Now f e Ay (X,Y) implies that

(Endc(A)y Ende(A)B) f(aEnde (A" )pEndc(A)) € M.
By (8), we get that
©(Endc(A)y Ende(A")BfaEnde(A")pEnde(A))y € M,
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so that
Ende(A')( Ende(A) Ende(A) B faEnde(A ) Ende (A)y) Ende(A') € M’
This is the product of the three ideals
Ende(A')pEnde(A)y Ende(4’),  Ende(A)8faEnde(A')

and
End¢(A")¢ Ende(A)y Ende(A")

of the ring End¢ (A”) with Ende(A")pEnde(A)y Ende(A") ¢ M’ by (8). As M’
is prime, we get Bfa € M’. This proves that Ap; € Apyr.
The proofs that Ay € Aps and (4) = (7) = (8) are similar. =

We say that an ideal M of a preadditive category C is mazximal if the im-
proper ideal of C is the unique ideal of the category C properly containing M.
Clearly, if all objects of C are zero objects, maximal ideals do not exist in C.
The next lemma characterizes maximal ideals.

Lemma 4.1.4 Let C be a preadditive category and M be a proper ideal of C.
Then M is a mazimal ideal if and only if, for every object A of C with M (A, A) +
Endc(A), one has that: (1) M(A, A) is a mazimal ideal of Endc(A), and (2)
M is the ideal of C associated to M(A, A).

PROOF. Let M be a maximal ideal of C, and let A be an object of C with
M(A, A) # Endc(A). Clearly, M(A, A) is an ideal of End¢(A). If M(A, A) is
not a maximal ideal of End¢(A), let I be a maximal ideal of End¢(A) properly
containing it, and let A; be the ideal associated to I. Then M(A,A) ¢ I, so
that M ¢ A;. Thus A;j is the improper ideal, which is a contradiction because
Ar(AA) =1

Now let Ajs be the ideal of C associated to the maximal ideal M = M (A, A)
of End¢(A). Then M ¢ Ap. Since Ay is proper, it follows that M = Ay is
the ideal associated to M(A, A).

Conversely, let M be a proper ideal of C with the property that, for every
object A of C with M(A,A) + End¢(A), (1) and (2) hold. Let Z be an ideal
properly containing M. Then Z(A, A) 2 M(A, A) for every object A € Ob(C).
If Z(A,A) = M(A,A)) +# Endc(A) for some A € Ob(C), then Z ¢ M, because
M is the ideal associated to M(A, A), that is, the greatest of the ideals 7'
with Z'(A,A) ¢ M(A,A). This is a contradiction, because M is properly
contained in Z. Therefore, for every A € Ob(C), either Z(A, A) > M(A, A) or
Z(A,A) = M(A,A) =Endc(A). In both cases, Z(A, A) = End¢(A), so Z is the
improper ideal, as we wanted to prove. =m

For a ring R, let proj-R denote the full subcategory of Mod-R whose objects
are all finitely generated projective modules.

Proposition 4.1.5 For any ring R, the maximal ideals of the category proj-R
are exactly the ideals of proj-R associated to the mazimal two-sided ideals of the
ring R.
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PROOF. Let M be a maximal ideal in proj-R. Then M(Rg, Rr) is either
equal to Endg(R) = R or is a maximal ideal of Endg(R) = R (Lemma 4.1.4). If
M(RRr,Rr) = Endr(R), then M(Pg, Pr) = Endg(P) for every finitely gener-
ated projective module Pgr, and M is the improper ideal, contradiction. Hence
M(Rpg, Rr) is a maximal ideal M of Endg(R) 2 R, so that M is associated to
M by Lemma 4.1.4(2).

Conversely, let M be any maximal two-sided ideal of Endr(R) and let
Apr be the ideal of proj-R associated to M. Let Z be an ideal of proj-R
containing Ap;. Then Z(Rg,Rp) is an ideal of R = Endr(R) containing
Ay (Rr,Rr). If Z(Rr,Rr) = Endgr(R), then Z is the improper ideal. If
Z(Rgr,Rr) = Am(Rg, Rr), then Ay = Z by the maximality of the associated
ideal Ajp; among the ideals 7" with Z'(Rg, Rr) € Ay (Rgr, Rr). =

4.2 Simple additive categories

Let A be an object of a preadditive category C. Let add(A) denote the subclass
of Ob(C) consisting of all objects B € Ob(C) for which there exist n > 0 and
morphisms fi,..., fn:A—> Band gy,...,gn: B> Awith ¥ figi =15. When C
is additive with splitting idempotents, then add(A) is the class of objects of the
smallest additive full subcategory of C with splitting idempotents containing A
and closed under isomorphism. For example, if C = Mod-R, then add(Rpr) coin-
cides with the class proj-R of all finitely generated projective right R-modules.
We will denote as add(A) not only the subclass of Ob(C), but also the full
subcategory of C whose class of objects is add(A).

Lemma 4.2.1 Let A be a non-zero object of a preadditive category C, set R =
Endc(A) and consider the additive functor F' = Home(A,-):C - Mod-R. The
following properties hold:

1. the functor F induces a full and faithful functor add(A) — proj-R;

2. if C is an additive category with splitting idempotents, then F induces an
equivalence add(A) — proj-R.

PrOOF. Let B be an object of add(A), so that there exist f1,..., fn: A -
B and g1,...,9.:B - A with ¥, figi = 1. Applying F, we obtain that
S F(F)F(9:) = Ly, where F(f,): F(A) » F(B) and F(g,): F(B) — F(A).
Thus the module F(B) is a direct summand of F(A)"™ = R}, hence a finitely
generated projective right R-module. To see that the restriction of F' to add(A)
is faithful, let f:B — B’ be a morphism of add(A) such that F(f) = 0, i.e.
fh =0 for every h € Hom¢(A, B). Since 15 = Yiv; figi, we have f = flp =
Y 1(ffi)gi =0. In order to prove that the restriction of F is full, let B, B’ be
a pair of objects in add(A) and let ¢:Home (A, B) - Home (A, B') be a right
R-module morphism. Define f:B - B’ by f =Y, o(fi)g;- We want to show
that F(f) = ¢. The right R-module Hom¢ (A, B) is generated by the n elements
fi, because every g € Home (A, B) can be written as 1pg = Yi-; fig:g. Therefore

74



it suffices to show that F(f)(fx) = ¢(fx) for every k = 1,...,n. This is true,
because, by the Endc(A)-linearity of ¢, F(f)(fx) = ffx = Y1 o(fi)gifx =
(S, figife) = #(fi)- This proves (1).

Now assume C additive and with splitting idempotents. Let P be a finitely
generated projective right R-module. There are morphisms «;: P - Rr and
Bi:Rg — P such that 1p = Y, Bic;. Therefore the endomorphism of R},
defined by the matrix (o;3;) is an idempotent endomorphism with image P. As
C is additive and the restriction of F' to add(A) is full, there is an endomorphism
f of A" in C such that F(f) = (a;f;). Since the restriction of F' is faithful, f
must be idempotent, hence splits. Let g: A™ - B and h: B — A™ be morphisms
in C with hg = f and gh = 15. Then F(g):F(A") - F(B) and F(h):F(B) —
F(A™) are right R-module morphisms with F(h)F(g) = F(f) and F(g)F(h) =
1p(By. Hence F'(g) is onto, so that F'(h) and F'(f) have the same image. Now
the image of F'(f) = (a;f3;) is P, and F(g)F(h) = 1p(p) implies that the image
of F(h) is isomorphic to F'(B). Thus P 2 F(B), as desired. =

We say that a preadditive category is simple if it has exactly two ideals,
necessarily the trivial ones. Hence, a simple category has non-zero objects.
Clearly, the dual of a simple category is a simple category.

Theorem 4.2.2 The following conditions are equivalent for a preadditive cat-
egory C:

1. C is a simple category;

2. C has a non-zero object, the endomorphism ring of every non-zero object
of C is a simple ring, and, for every A, B,C € Ob(C) with A # 0 and every
fiB->C,if Bfa=0 for every a:A - B and every 8:C — A, then f=0;

3. C has a non-zero object, and every non-zero object of C is a generator and
a cogenerator for C and has a simple endomorphism ring;

4. C has a non-zero object and there exists a simple ring R such that C is
equivalent to a full subcategory of the category proj-R of all finitely gen-
erated projective right R-modules.

PrOOF. (1) = (2) follows immediately from Lemma 4.1.4, because if C
is simple, then, for every non-zero object A, the zero ideal of C is the ideal
associated to the zero ideal of End¢(A).

(2) = (3) Assume that (2) holds. Let A be a non-zero object. We must
show that A is a generator, that is, if f: B - C is a non-zero morphism in C,
then there exists a morphism a: A — B such that fa # 0. Now, by Condition
(2), f #0 implies that there exist a: A > B and 8:C' - A such that Sfa # 0. In
particular, fa.# 0. Thus A is a generator. Similarly, A is a cogenerator.

(3) = (4) Suppose that (3) holds. Let A be a fixed non-zero object of C,
so that the endomorphism ring R = End¢(A) of A is a simple ring. Let us
show that add(A) = C. Let B # 0 be an object of C. As B is a generator and
14 # 04, there exists axtB - A with 1o # 0gc, that is,  # 0. As B is a
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cogenerator, there exists 8: A - B with Sa # 0. As End¢(B) is simple, the
two-sided ideal of End¢(B) generated by Sa is the whole ring, that is, there
exist Y1,.. s Yn,V1s-- -5y € Ende(B) with 15 = Y7 v:B8ay). Hence B is an
object of add(A4), and add(A) = C. By Lemma 4.2.1(1), the additive functor
F =Home¢ (A, -):C - Mod-R is full and faithful.

(4) = (1) Let C be a full subcategory of proj-R for some simple ring R
and let Z be a non-zero ideal of C. We must show that Z is the improper
ideal. Fix a non-zero morphism f:A — B in Z. We must prove that every
morphism ¢: X — Y in C is in Z. There exist an epimorphism m4: R" - A
and a monomorphism ep: B - R™. Hence the morphism epfrs: R* - R™
is a non-zero morphism in Mod-R. Thus there exist morphisms ep: R - R"
and mr: R™ — R with mrepfrnacgr: R - R non-zero. As R is simple, there
exist endomorphisms f1,..., fn,91,---,9n of Rr With Y1, fiTrep fTAeRG: = 1R.
Now Y is a direct summand of R%, so that there exist a:Y — R’j% and S: R’j% -Y
with Ba = 1y. Let m,...,m:R' - R and &1,...,6¢:R - R! be such that
Z§»=1 g;mj = 1gt. Then g = fag = Blrrag = Z§»=1 Bejmiag = Z§'=1 Bejlpmiog =
Y Z;zl(ﬁﬁjfiﬂRﬁB)f(WAﬁRgiﬂjag) isinZ(X,Y). =m

Remark 4.2.3 By Condition (4) of Theorem 4.2.2, every simple preadditive
category is necessarily skeletally small.

By the same Condition (4), every full subcategory of a simple preadditive
category containing a non-zero object is a simple category.

Proposition 4.2.4 An additive category C with splitting idempotents is simple
if and only if it is equivalent to the category proj-R for some simple ring R.

Proor. If R is a simple ring, the category proj-R is simple by Theo-
rem 4.2.2, (4) = (1).

Conversely, let C be a simple additive category with splitting idempotents.
By Theorem 4.2.2, every non-zero object of C has a simple endomorphism
ring. In the proof of Theorem 4.2.2, (3) = (4), we have seen that if A is
a fixed non-zero object, then add(A) = C. By Lemma 4.2.1(2), the functor
F =Hom¢(A,-):C — proj-R is an equivalence. =

Remark 4.2.5 Maximal ideals of a preadditive category C coincide with ker-
nels of non-zero functors F:C — proj-R, where R ranges in the class of simple
rings. Let us show that it suffices to consider the simple rings R of the type
Endc¢(A)/M, where A is a non-zero object of C and M is a maximal ideal of
Endc(A). If M is a maximal ideal of a category C, then M is associated to a
maximal ideal M of the endomorphism ring End¢(A) of a non-zero object A
of C (Lemma 4.1.4). The image of A in the factor category C/M is a non-zero
object of C/M whose endomorphism ring is the simple ring End¢(A)/M. We
have seen in the proof of (3) = (4) in Theorem 4.2.2 that the functor

F =Homg/p(A, -):C/M — proj-(Endc(A) /M)
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is full and faithful. Hence the kernel of the functor
Home (A, -)/M(A,-) = Home/p(A, -):C - proj-(Ende (A) /M)

is M.

4.3 Existence of maximal ideals in a preadditive
category. Examples. The Jacobson radical.

We begin this section showing that maximal ideals do not necessarily exist in a
preadditive category C with a non-zero object, even in the case in which C is a
small abelian category.

Example 4.3.1 Let k be a division ring and V', a right vector space of infinite
dimension d. Let C be either the whole category Vect—k or the full subcategory
of Vect—k whose objects are all vector subspaces of Vi of dimension strictly
less than d. Recall that for any k-linear mapping f:Vy — Wy, the rank p(f)
of f is the dimension of the image im(f). Let X be an infinite cardinal, and
consider the ideal Zy of C defined, for every Vi, Wi € Ob(C), by Zx(Vi, W) =
{f e Homy(V,W) | p(f) < ®}. We leave to the reader the verification that, for
fiVi > Wy and f": V) - W/, there exist a: Vi, - V)/ and 8: W, — W}, such that
f=0f"aif and only if p(f) < p(f"). It follows that the ideals of C are the zero
ideal, the improper ideal and the ideals Zy for every infinite cardinal ® (clearly,
in the second case, in which C # Vect—k, the improper ideal and the ideals Zy
with ® > d coincide). An object V}, of C becomes the zero object in the factor
category C/Zy if and only if dim(V}) < ®. For the category Vect—k, maximal
ideals do not exist, and in the second case, in which C # Vect—k, maximal ideals
exist in C if and only if d is the successor of a cardinal d’ (and in this case C has
a unique maximal ideal, which is the ideal Zy). For instance, if d = R, then d is
not the successor of a cardinal, the ideals of the small abelian category C are the
two trivial ideals and the ideals Zx, with n finite ordinal, and maximal ideals
do not exist in C. If d = Ry, then d is the successor of the cardinal &y, and C has
Tx, as its unique maximal ideal. In this case, the canonical functor C — C/Zy, is
not isomorphism-reflecting, because all finitely-dimensional objects of C become
zero objects in the factor category C/Zy,.

This example also shows that, though every maximal ideal of a category C is
the ideal associated to a maximal ideal of the endomorphism ring of a non-zero
object of C (Lemma 4.1.4), the converse is not always true, even if the category
is small. In the previous example, if V), is a vector space of infinite dimension R
that is an object of C, the ideal Zy is the ideal associated to the maximal ideal
of End, (V') that consists of all the endomorphisms of Vj, of rank strictly less
than R. If Vi, # 0 is a vector space of finite dimension that is an object of C, the
zero ideal of C is the ideal associated to the maximal ideal of Endy(V'), which
is the zero ideal of Endy (V).
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Definition 4.3.2 A semilocal category is a preadditive category with a non-zero
object such that the endomorphism ring of every non-zero object is a semilocal
ring.

The rest of this chapter will be mainly devoted to describing the structure
of semilocal categories.

Proposition 4.3.3 Let C be a semilocal category. Then:

1. every ideal of C associated to a maximal ideal of the endomorphism ring
of a non-zero object of C is a maximal ideal of C;

2. in C, every proper ideal is contained in a mazximal ideal;

3. maximal ideals exist in C.

PRrROOF.

1. Let M be a maximal two-sided ideal of the endomorphism ring End¢(A)
for some non-zero object A € Ob(C). We will prove that the ideal Aps
associated to M is maximal. Let Z be an ideal in C properly containing
Apr. By Lemma 4.1.1(2), for any non-zero object B in the semilocal
category C, Ay (B, B) is always either End¢(B) or a maximal ideal of
End¢(B). Since Z properly contains Ay, the ideal Z(B, B) also must
be either End¢(B) or the maximal ideal Ay (B, B) of Ende(B). If we
suppose that Z(B,B) = Ay (B, B) is a maximal ideal of End¢(B), by
Lemma 4.1.1(1) we obtain that Z ¢ Ap;. This is not possible because T
properly contains Ajps;. Therefore Z is the improper ideal and so Ay is
maximal.

2. Let Z be a proper ideal of C, so that there exists a non-zero object A of C
with Z(A, A) # End¢(A). If M is a maximal ideal of End¢(A) containing
Z(A, A), Part (1) yields that the ideal associated to M is a maximal ideal
of C containing 7.

3. Follows from (2) applied to the zero ideal of C.

Recall that if R is a simple artinian ring, then R has a unique simple right
module S up to isomorphism, and all finitely generated right R-modules M are
semisimple and isomorphic to S™, where n is the Goldie dimension of M.

Corollary 4.3.4 Let C be a semilocal category and M a mazimal ideal of
C. Then there exist a simple artinian ring R and a full and faithful functor
F:C/M — fgss-R of the factor category C/M into the full subcategory fgss-R
of Mod-R whose objects are all finitely generated semisimple right R-modules.
Moreover, for every object B of C, the Goldie dimension of the semisimple right
R-module F(B) is equal to codim(End¢(B)/M(B, B)).
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PROOF.  Argue as in the proof of Theorem 4.2.2((3) = (4)) applying
Lemma 4.2.1(1). Let A be a non-zero object of the factor category C/M. The
ring R is the ring End¢(A)/M (A, A), which is simple artinian because M (A, A)
is a maximal ideal in the semilocal ring End¢(A). Over such a ring R, every
module is semisimple and projective. For every finitely generated semisimple
module M, the Goldie dimension of M coincides with the dual Goldie dimen-
sion of its endomorphism ring, so that for every object B of C, dim(F(B)) =
codim(Endg(F(B))) = codim(End¢/a(B)) = codim(Ende(B)/M(B, B)). m

If C is a semilocal category, we can consider the class of all pairs (A4, M),
where A ranges in the class of all non-zero objects of C and M is a maximal ideal
in the endomorphism ring End¢(A). Define an equivalence relation ~ on this
class by (A, M) ~ (A",M") if Ayr = Ayr. Cf. Proposition 4.1.3. Let Max(C)
be a class of representatives modulo ~. We call Max(C) the mazimal spectrum
of C. For a semilocal category, the class Max(C) collects all maximal ideals
of C but, since an ideal of a large category is not a set, we cannot define the
maximal spectrum as the class of all maximal ideal of C; we have then to give
this alternative definition, which is correct in MK.

Example 4.3.5 Let C be a preadditive category in which End¢(A) is a local
ring for every A € Ob(C). In particular, C has no zero objects. We will prove
that there is a bijection f between Max(C) and V(C), defined by f(A, M) = (A)
for every (A, M) € Max(C). To prove that f is injective, let (A, M), (A", M") €
Max(C) be such that A x A’. If ¢:A — A’ is an isomorphism, then, for every
morphism h: X - Y in C, h e Ay (X,Y) if and only if the endomorphism Sha
of A is not an automorphism of A for every a: X - A and every 3:Y — A, if and
only if the endomorphism gBhag~! of A’ is not an automorphism of A’ for every
a:X - A and every 5:Y - A’ if and only h € Ay (X,Y). Thus Ay = Ay
and (A, M) ~ (A’,M"), so that (A, M) =(A",M") in Max(C).

In order to show that f is onto, fix A € V(C). Then A is non-zero, so that
the local ring End¢(A) has a maximal ideal M. Let (A’, M') € Max(C) be such
that (A,M) ~ (A", M"). Then Ap; = Ay implies that there exist g: A - A’
h:A" - A and a: A" - A’ with hag an automorphism of A by Proposition 4.1.3,
(1) = (6). Thus there exists ¢ A > A with hagg’ = 14. Hence h is right
invertible and agg’h is a non-zero idempotent of End¢(B). As Ende(B) is
a local ring, its only non-zero idempotent is the identity. Thus h is also left
invertible, hence an isomorphism. Thus (A’) = (A) and f(A’, M') = (A).

Example 4.3.6 There are two standard operations that can be performed on
a preadditive category C. We can construct the category sum(C) whose objects
are formal direct sums of finitely many objects of C, so that sum(C) is an additive
category containing C, and we can construct the category C whose objects are all
pairs (A,e), with A € Ob(C) and e an idempotent in Ende(A), so that € turns
out to be a category with splitting idempotents containing C. As morphisms
between finite direct sums are matrices of morphisms, and a matrix is in an
ideal if and only if all entries of the matrix are in the ideal, it is clear that both
operations do not change the ideals of the category. Thus the maximal ideals
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are essentially the same for the three categories C, sum(C) and C. For instance,
if C is the category of Example 4.3.5, then sum(C) is a category in which every
object is a direct sum of finitely many objects with a local endomorphism ring,
and the maximal ideals of sum(C) correspond to the objects of V(C).

For a further example of maximal spectrum of a semilocal category, let R be a
ring and Si be the full subcategory of proj-R whose objects are the finitely gen-
erated projective R-modules with a semilocal endomorphism ring. Let us briefly
describe the structure of the objects of Sg. If Ag is a finitely generated projec-
tive module and Endg(A) is semilocal, then Ar/ArJ(R) is a finitely generated
projective R/J(R)-module and End g, j(g)(A/AJ(R)) = Endr(A)/J(Endg(A))
is semisimple artinian [5, Corollary 17.12], so that Ar/ArJ(R) is a direct
sum of finitely generated projective indecomposable R/J(R)-modules, that is,
Agr/ArJ(R) is a direct sum of finitely many simple R-modules (cf. the remark
after the statement of Theorem 2.1 in [4]). Let H be the full subcategory
of Mod-R whose objects are all simple homomorphic images of finitely gener-
ated projective modules with a semilocal endomorphism ring, and let V(H)
be a skeleton of H. Thus Ar/ArJ(R) = @gcy(3)S™e for suitable integers
ng > 0, almost all zero. For every S € V(H), there is a unique R-submodule
Ag of Ag, with Ag 2 AgJ(R) and Ag/ArJ(R) the S-socle of Ag/ArJ(R),
that is, As/ARJ(R) = Sns’ so that AR/ARJ(R) = ®SEV(H)AS/ARJ(R)' Now
Endgr(A)/J(Endr(A)) = Endgy(r)(A/AJ(R)) = sey (2) Endr(As/AJ(R)),
where each Endr(As/AJ(R)) is the zero ring if ng = 0 and is a simple artinian
ring otherwise. It follows that the maximal ideals of Endg(A) are the ideals
Mg ={f ¢ Endr(A) | f(As) € ArJ(R)}, where S ranges in the objects of
V(H) with ng > 0.

Theorem 4.3.7 Let R be a ring, Sg be the full subcategory of proj-R whose
objects are the finitely generated projective R-modules with semilocal endomor-
phism rings, and H be the full subcategory of Mod-R whose objects are all simple
homomorphic images of finitely generated projective modules with a semilocal
endomorphism ring. Then there is a bijection Max(Sgr) - V(H).

PROOF. We use the notation introduced in the paragraph immediately be-
fore the statement of the Theorem. Let (Agr, M) € Max(Sg), so that M is a
maximal ideal of the semilocal endomorphism ring of the finitely generated pro-
jective module Ag. Define a correspondence ®:Max(Sgr) — V(H) associating
to (Agr, M) the unique S € V(H) with ng >0 and M = Mg.

In order to show that the correspondence ® is onto, fix S € V(H). The
module S is a homomorphic image of an object Ar of Sg. Let (A%, M)
be the element of Max(Sg) with (AR, M') ~ (Ar,Ms). We will prove that
P(A%, M') = S. For this, we must show that M’ = { f € Endr(A") | f(AY) ¢
ALJ(R)}. Let N be the ideal in the right term of this equality. We know that
N is always either a maximal ideal or the improper ideal of Endg(A’). Hence
it suffices to prove that N ¢ M’'. By Proposition 4.1.3((1) < (3)), the condition
(A%, M") ~ (AR, Mg) implies that M’ = Aprg (AR, AR) ={ f € Endr(A") | Sfa e
Mg for every a: Ap - A and p: Ay - Ar} = {f € Endg(A4’) | Bfa(As) <
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ARrJ(R) for every v Ap — A, and p: Ay — Ar}. To show that N ¢ M’,
assume f € N, avAr - A, and 3: A, - Agr. Then a(As) ¢ Al, so that
Bfa(As) € Bf(Ay) € B(ARJ(R)) € ArJ(R). This proves that N ¢ M’, and ®
is onto.

In order to prove that ® is injective, fix two finitely generated projec-
tive modules Ar and A%, with semilocal endomorphism rings, let M and M’
be two maximal ideals of Endg(A) and Endg(A") respectively, and suppose
O(ARr, M) = ®(AR,M"). Then there exists S € V(H) such that M = Mg =
{feEndgr(A) | f(As) € ArJ(R)} and M' = Mg = { f" e Endr(A") | f'(A%)
ALJ(R)}. We must prove that Ay = App. By Propositions 4.1.3 and 4.3.3,
it suffices to show that Ay (A%, A%) = { f' € Endr(A’) | Bf'a(As) € ArJ(R)
for every av Ap — AR, B: AR — Agr} is contained in M’. Let f’ be a mor-
phism in Endg(A’) N\ M'. Then f'(As) ¢ ARJ(R), so that f’ induces a non-
zero endomorphism f’ of A5/A%J(R). Now Ag/ArJ(R) and A/A%J(R)
are direct sums of a non-zero finite number of copies of S, so that there exist
morphisms &: Ag/ApJ(R) » Alx/A%J(R) and B: Ay/A%LJ(R) —» As/ArJ(R)
with Bf’'a # 0. As Ag and A, are projective, @ and B can be lifted to mor-
phisms a: Ap - A, and 8: AR — Ap, so that Sf'a(As) ¢ ArJ(R). Thus
[ e An (AR, AR). =

Let C) be a preadditive category for every index A\ ranging in a class A.
We define the weak direct sum @xepCy of the categories Cy as follows. The
objects of ®)eaCy are the finite sets { (A1, A1), (A2, A42),...,(An, An) }, where
n > 0 is an integer, A1,...,\, are distinct elements of A and A; is a non-zero
object of Cy, for every i =1,2,...,n. The set of all morphisms between two ob-
jects { (A1, A1), (A2, A2),..., (A, An) } and { (u1,B1), (p2,B2)s -, (ftm, Bm) }
of the category @xeaC) is

@ Homc/\i(Ai,Bj).

The following remarks are probably redundant, but help clarify the notion
of weak direct sum, which we have just introduced.

(a) The weak direct sum @xeAC)y of preadditive categories Cy is a preadditive
category.

(b) The category @xeaCy has always a unique zero object, given by the empty
set.

(c¢) Any two objects

{()‘17‘41)7 (/\27A2)7 R ()‘naAn)} and {(:ulvBl)a (M27B2)a R (HmvBm)}

of ®xeaC) are isomorphic if and only if { A\1,..., Ap } ={p1,..., tm } and A; = B;
in Cy, for every i and j with \; = p;.

(d) Suppose that the class A is a set, so that we can construct the product
category [Iyea Ca. Assume that all the preadditive categories Cy have a zero
object. Then the weak direct sum ®xcACy is equivalent to the full subcategory
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of the product category [Tycp Cx whose objects are the sequences (Ay)xea of
objects Ay € Ob(Cy) with Ay a zero object of Cy for almost all A € A.

In (e) and (f) below, for any preadditive category C, let C* denote the cat-
egory obtained from C adjoining a further zero object (so that C* and C are
equivalent if C already has a zero object), and let C* denote the full subcategory
of C whose objects are all non-zero objects of C.

(e) Let M be a subclass of A. Then the categories @ eaCx and (®renCy) ®
(®xeawnCy) are isomorphic.

(f) Let Cy,...,Cpn be n > 1 preadditive categories. Then the category @ ,C;
is isomorphic to the category ([Ti=1 C;/)™*.

For every A\g € A, there is a canonical functor Ey,:Cy, = ®reaCx, which is
full and faithful. Moreover, let D be an additive category with a zero object
and G»:Cy — D be an additive functor for every A € A. Then there exists an
additive functor G:@®xepCy — D such that GE) is naturally isomorphic to G
for every A € A. The additive functor G with this property is unique up to
natural isomorphism.

Let D be a preadditive category and F\:D — C,, where A ranges in the
class A, be an additive functor. Assume that, for every object A € Ob(D), the
object F(A) is a zero object of Cy for almost all A € A. Define an additive
functor F:D — @xcACy in the following way. Consider the composite functors
E\EF\:D — ®)ACx, A € A. Let A be an object of D and let A,..., )\, be
the elements X € A such that F)(A) is a non-zero object of Cy. Let F(A) be
the coproduct in @xepCy of the objects Ex, Fi, (A),...,Ex, F),(A4). Now let
f:A - B be a morphism in D and let uq,..., g, be the elements p € A such
that F,(B) is a non-zero object of C,,. Then F maps f to the m x n matrix
having (¢, j)-entry equal to E,,, F),, (f) for u; = A;, and all the other entries equal
to zero.

We say that the functor F:D — @xcACy is induced by the collection of
functors F\:D — Cy, A€ A.

Theorem 4.3.8 Let C be a semilocal category. Then:

1. the Jacobson radical of C is the intersection of all maximal ideals of C
and, for every object A in C, there exist finitely many maximal ideals
My, ..., M, (n>0) such that, for every mazimal ideal M in C, A is a
non-zero object in C| M if and only if M = M, for some i€ {l,...,n};

2. the functor F:C — @ premax(c)C/ M, induced by the collection of canonical
functors C - C/M, M e Max(C), is isomorphism reflecting;

3. if C is additive with splitting idempotents, the functor F is direct-summand
reflecting.

PROOF.

1. Let A, B be objects of C. Let f be a morphism in J(A, B). Let M be a
maximal ideal of C. We want to prove that f € M(A, B). By Lemma 4.1.4,

82



either M(A, A) = Endc(A) or M(A, A) is a maximal ideal of End¢(A)
and M is the ideal of C associated to M(A, A). If M(A, A) =Endc(A),
then M(A, B) = Home¢ (A, B), so that f € M(A,B) and we are done.
Hence we can assume that M = M(A, A) is a maximal ideal of End¢(A)
and M is the ideal of C associated to M. Now f € J(A,B), so that
BfaeT(A,A)=J(Endc(A)) c M for every a: A - A and every 3: B - A.
Thus f is in the maximal ideal M associated to M.

Conversely, assume that f e M(A, B) for every maximal ideal M of C. If
A'is a zero object in C, then f =0¢ J(A, B). If A is not a zero object in C,
let M be any maximal ideal of the ring End¢(A). Let Ay be the ideal in
C associated to M, so that Ay is maximal by Proposition 4.3.3(1). Now
feAp(A, B) implies that gf € Ay (A, A) = M for every g: B - A. Since
this is true for every maximal ideal M of End¢(A), which is a semilocal
ring, it follows that gf € J(A, A) for every g: B - A. Thus 14 — gf has
a left inverse, and f € J(A,B). Thus J is the intersection of all the
maximal ideals of C.

Now let A be an object of C. If A =0 in C, then A =0 in C/M for all
maximal ideals M. Assume A non-zero. Then End¢(A) is a semilocal ring.
Let My,..., M, be the maximal ideals of End¢(A), and Apy,, ..., An,
be the corresponding associated ideals. Let M be a maximal ideal of
C different from Ay, for every ¢ = 1,...,n. As M is not associated to
My, ..., M,, we get that M(A, A) = End¢(A) by Lemma 4.1.4. Thus A
is the zero object in C/M.

This concludes the proof of (1). Notice that (1) allows us to say that the
collection of canonical functors C - C/M, M € Max(C) induces a functor
F into the weak direct sum category. It sends the object A of C into the
finite set {(M1,A1),...,(My, A,)}, where A; is the image of A in C/M,;.

. Let B be a non-zero object of C. By (1), there are only finitely many
maximal ideals M with B non-zero in C/M. Let My,..., M, be these
finitely many distinct maximal ideals. Thus M;(B, B) # End¢(B), so that
M, is the ideal associated to the maximal ideal M;(B, B) of End¢(B)
by Lemma 4.1.4. By Proposition 4.3.3(1), the maximal ideals of the ring
End¢(B) are exactly the n ideals M;(B, B). Since End¢(B) is semilocal,
we have a canonical isomorphism

Ende(B)/J(Ende(B)) = lﬁ[Endc(B)/Mi(B,B).
i=1

Hence there exists, for every i = 1,...,n, a §; € End¢(B) such that 6; =15
(mod M;(B,B)), 4; = 0g (mod M;(B,B)) for every j # i, and §;0; €
J(End¢(B)) for every i # j.

In order to prove (2), let A be an object of C with A 2 B in C/M for

every maximal ideal M of C. Then A also is non-zero in C, otherwise
B =0 in C/M for every maximal ideal M of C, so that B =0 in C/J,
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hence B = 0 in C, contradiction. Thus A and B are both non-zero in
C. Moreover, for every M, A =0 in C/M if and only if B =0 in C/M.
Hence we can apply the argument of the previous paragraph to A also,
and we find that there exist endomorphisms 47,...,6,, € End¢(A) such
that §; = 14 (mod M;(A,A)), d§; = 04 (mod M;(A,A)) for j # i, and
6;6; € J(Ende(A)) for i # j.

For every i =1,...,n, let f;: A - B be a morphism in C that becomes an
isomorphism in C/M; and g¢;: B > A be a morphism that lifts to C the
inverse of f; in C/M,. Set f =Y ,6!fi6; and g= Y7, 6;9:;0.. Then

gf = Z5igi5§5§fj5j = 0;9i0; fi0i = gifi =14 (mod M)
5]

for all 4, hence modulo J, so that f is left invertible in C. Similarly, the
composite morphism fg is invertible in C, so that f is right invertible.
Thus f is an isomorphism in C.

. In order to prove (3), assume C additive with splitting idempotents and
A an object of C with F(A) a direct summand of F(B). Now we have
morphisms f;: A > B and g¢;: B > A such that g;f; = 14 (mod M,), i =
1,...,m. Set f=30",06;f; and g =¥, gi6;. Then

9f =906 f;= Y. gibifi (mod J),
i,J i=1

so that gf = ¢;f; (mod M;), that is, gf = 14 (mod M;) for every ¢ =
1,...,n. As F(A) is a direct summand of F'(B) and M (B, B) = End¢(B)
for every maximal ideal M of C different from Mi,..., M, it follows
that M (A, A) = End¢(A) for every maximal ideal M of C different from
My, ..., My, so that gf =14 (mod M) for every M € Max(C). By (1),
gf =14 (mod J), so that gf is left invertible in End¢(A). Thus ¢'f =14
for a suitable g’. Hence A is isomorphic to a direct summand of B.

This theorem does not hold omitting the hypothesis that the category be

semilocal. For instance, if C is the category of all vector spaces of dimension
< Ry, then C has a unique maximal ideal M consisting of all morphisms of rank
< Rg, and all vector spaces of dimension < Rg turn out to be isomorphic modulo

4.4 The monoid V(C)

Let M), be a small monoid for every index A ranging in a class A. The direct sum
of the monoids M) is the large monoid @xcp M) defined as follows. Let @yep M)
be the class having as elements the finite sets { (A1, a1), (A2, a2),...,(An,an) },
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where n > 0 is an integer, A1,..., A, are distinct elements of A and a; is a non-
zero element of My, foreveryi=1,...,n. If Ay,..., A, pi1, o0 i, V1, .., Vp arE
distinct elements of A, define

{(/\1,&1), ) (/\nvan)a (:ulabl)v ) (:um)bm)}
+{(/\1,Cl), caay (/\n,cn), (l/l,dl), caay (Vp,dp)}
= {(/\1,&1 +Cl), ceey (/\n,an + Cn), (,ul,bl), ceey (,um,bm), (l/l,dl)7 ceey (Vp,dp)}.

Then @®yea M)y with this operation becomes a large commutative monoid. If
every monoid M, coincide with a single monoid M, we denote the direct sum
®reaM by MW

Let C be an additive semilocal category in which idempotents split. The
direct-summand reflecting functor F:C - @ pqentax(c)C/M of Theorem 4.3.8(3)
induces a unique monoid homomorphism V(F):V(C) = V(& pemax(c)C/M),
which is a divisor homomorphism. Moreover,

V(@MEMaX(C)C/M) = @MEMaX(C)V(C/M) = N((]Max(c))

by Corollary 4.3.4. Thus there is a divisor homomorphism of V' (C) into a free
commutative monoid, and the monoid V' (C) turns out to be a Krull monoid.

Let us show that this argument can be inverted. Let X be a set, N(()X)
the free commutative monoid with free set X of generators and ZX) the free

abelian group with free set X of generators. The elements of N(()X) will be
denoted as functions s: X - Ny with s(x) = 0 for almost all z. The support of

an element s € N(()X) is the finite set supp(s) = {x € X | s(z) # 0}. For every

preadditive category C let sum(C) and Add(C) = sum(C) denote the additive
category generated by C and the additive category with splitting idempotents
generated by C respectively. Notice that the maximal ideals of C, sum(C) and
Add(C) coincide as we saw in Example 4.3.6.

Theorem 4.4.1 Let X be a set and S be a subset of the monoid N(()X) such that

Uses supp(s) = X. Let NoS be the submonoid of N(()X) generated by S and Z.S be
the subgroup of ZX) generated by S. Then there exists a preadditive category
C such that the full and faithful embeddings C = sum(C) — Add(C) induce a
commutative diagram of sets and mappings

S - NS o zSnN{¥ o~ NV
|z )= I= 1=
V() = V(sum(C)) = V(Add(C)) < N(()Max(C)).

Here the vertical arrows represent bijections, and the squares in the middle and
on the right are commutative squares of monoids and monoid homomorphisms.

PrROOF. The embedding ZS n N(()X) > N(()X) is a divisor homomorphism,
so that ZS n N(()X) is a reduced Krull monoid. For any ring R, let Sp denote
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the full subcategory of Mod-R consisting of all finitely generated projective
right R-modules with semilocal endomorphism rings. Let k be a field. By [26,
Theorem 2.1}, there exist a k-algebra R and two monoid isomorphisms g:ZS n
NG V(Sg) and NS > V(Sgys(my) such that if 7V (Sg) - V(Sk/s(r))
is the homomorphism induced by the natural surjection m: R - R/J(R), then
the diagram of monoids and monoid homomorphisms

z5nN{Y o N(¥)
g ~L B h l, S
V(Sr) - V(SR/J(R))

commutes.
We claim that V(Sgys(r)) 2 N(()Max(SR)). In order to prove the claim, notice

that V(Sgys(r)) & N(()X). Hence it suffices to show that there is a one-to-one
correspondence between Max(Sg) and the class of atoms of V(Sg;s(r)). By
Theorem 4.3.7, Max(Sg) = V(H) (notation as in Theorem 4.3.7). By [26,
Proposition 2.5], the class of atoms of V(Sg;s(r)) consists of a class of repre-
sentatives of the simple projective R/J(R)-modules. Thus it suffices to prove
that a simple R-module M is a homomorphic image of a finitely generated
projective R-module with a semilocal endomorphism ring if and only if it is a
projective R/J(R)-module. Now if the simple R-module M is a homomorphic
image of a finitely generated projective R-module Ar with Endr(A) semilocal,
then M@ R/J(R) 2 M is a homomorphic image of Ap® R/J(R) = Ar/ArJ(R),
which is a direct sum of finitely many simple modules, as we have remarked in
the paragraph before the statement of Theorem 4.7. Hence, since Ag/ArJ(R)
is a projective R/J(R)-module, the R/J(R)-module M also is projective. Con-
versely, if M is a simple projective R/J(R)-module, then M corresponds to an
element z € X via the isomorphism h, so that x € supp(s) for some s € S. This
element s corresponds to a projective module Agr € V(Sg) via g and M is a
homomorphic image of Ag. Thus M € H. This concludes the proof of the claim.

Define the category C as the full subcategory of Sp whose class of objects
is g(5). Then Add(C) is equivalent to Sg and there is a monoid isomorphism
NoS 2z V(sum(C)). =

4.5 Comparing ideals of endomorphism rings of
distinct objects

This section is devoted to comparing the ideals of the endomorphism ring of
two objects A and B of a preadditive category C. The most natural way of
associating to every ideal of End¢(A) an ideal of End¢(B) is to associate to
the ideal I of End¢(A) the ideal A;(B, B) of End¢(B), where A; denotes the
ideal in the category C associated to I. Similarly, we can associate to each ideal
K of End¢(B) the ideal Ax (A, A) of End¢(A4). We will compare the ideals
of End¢(A) and those of End¢(B) via these correspondences. The lattice of
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all two-sided ideals of the endomorphism ring End¢(A) of an object A will be
denoted by L(Endc(A)).

Lemma 4.5.1 The following conditions are equivalent for two non-zero objects
A and B of a preadditive category C:

1. the mappings

a: L(End¢(A)) - L(Ende(B)),
I e L(Endc(A)) = Ar(B, B) € L(Ende(B)),

and
B:L(End¢(B)) — L(Endc(A)),
K e L(Ende(B)) » Ak (A, A) € L(Endc(A4)),

where Ay and Ak are the ideals associated to I and K respectively, are
such that aff = 12 (Endc(B));

2. Hom¢ (A, B)Home (B, A) = Ende(B);
3. add(B) cadd(A).

Moreover, if the category C is additive with splitting idempotents, the previous
conditions are also equivalent to:

4. there exists a non-negative integer n such that B is isomorphic to a direct
summand of A™.

PROOF. (1) = (2) Set K = Hom¢ (A, B)Hom¢ (B, A). The correspondence 3
sends K to 8(K) = End¢(A) and « sends End¢(A) to a(Ende(A)) = Ende(B).
Thus (1) implies that Hom¢ (A, B)Home (B, A) = Ende(B).

(2) = (3) Assume D € add(DB), so that there exist morphisms fi,..., fn,: B —
D and g1,...,9n: D » B with 1p = Y7, figi. If (2) holds, there exist morphisms
hi,...,hm:A— B and ly,...,l,,: B— A such that 1g = Zj”ll hjl;. Hence 1p =
Yic1 filpgi = X4 j filjljgi. Therefore D e add(A).

(3) = (1) The composition af sends an ideal K € L(End¢(B)) to the ideal
aB(K) = {g € End¢(B) | adgyB € K for every A - B,y:A - B,5:B —
A,6:B - A}. Obviously, K ¢ af(K). If (3) holds, then 15 = ¥i" fih; for
suitable f; € Hom¢(A, B) and h; € Home(B, A). Therefore g € af(K) implies
9=2i; fihigfih; € K.

(2) < (4) is trivial. =

Let A and B be non-zero objects of a preadditive category C. Consider the
bimodules

Ende (B) PEndc(4) = Home (A, B)  and  gnae(a)@Endc () = Home (B, A)

and the bimodule homomorphisms : Pe(Q — End¢(B), defined by (f®g) = fg,
and ¢:Q ® P — End¢(A), defined by ¢(g ® f) = gf for every f e P and g € Q.
Since 0(f® g)f' = fo(g® f') and gb(f® g') = d(g® f)g' for f,f € P.g,g9" € Q,
the couple (6, ¢) defines a Morita pair for (P, Q) [5, Exercise 22.5].

When 6 and ¢ are both epic, the rings Ende(A) and Ende(B) are Morita
equivalent [5, Exercise 22.7].
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Theorem 4.5.2 The following conditions are equivalent for two non-zero ob-
jects A and B of a preadditive category C:

1. the mappings

a: L(End¢(A)) - L(Ende(B)),
I e £L(Endc(A)) = A7 (B, B) € L(Endc(B)),

and
B:L(Endc(B)) — L(Ende(A)),
K € L(Ende(B)) = Ak (A, A) € L(End¢(A)),

are mutually inverse one-to-one correspondences;

2. the ideal Home (A, B)Home (B, A) equals the whole ring Ende(B) and
similarly Home (B, A)Home (A, B) = End¢(A);

3. add(A) = add(B);
4. in the Morita pair (0,¢) for the bimodules

Ende(B) PEnde(4) = Home (A, B)  and  gua.(4)Q@Ende () = Home (B, A),
both 0 and ¢ are epic.

Moreover, if the category C is additive with splitting idempotents, the previous
are equivalent also to:

5. there exist two non-negative integers n and m such that A is isomorphic
to a direct summand of B™ and B is isomorphic to a direct summand of
A™.

Proor. (1) < (2) < (3) < (5) follow immediately from Lemma 4.5.1.
(2) < (4) is obvious. =

Remark 4.5.3 Condition (4) is strictly stronger than the condition “The rings
End¢(A) and Ende(B) are Morita equivalent.” For instance, it is easy to con-
struct examples of abelian groups G that are not free, but whose endomorphism
ring is isomorphic to Z. The simplest example is probably the subgroup G of
Q generated by all p~', where p ranges in the set of all prime numbers. The
group G contains Z. As G is torsion-free of rank 1, its endomorphism ring
Endz(G) is a subring of Q, that is, consists of multiplications by rational num-
bers q. More precisely, Endz(G) consists of all ¢ € Q with ¢gp~' € G. Thus
Endz(G) = {qe Q| qeN,pG}. Now G/Z = @,Z[pZ, so that N, pG € Z. It
follows that Endz(G) 2 Z. In particular, Endz(G) and Z are Morita equivalent,
but add(Gz) # add(Zz).
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4.6 Trace ideals

Let C be a preadditive category. For any subclass U of Ob(C), define the trace
Tr(U) of U in C as the ideal of C given by

Tr(U)(B,C) = Y, Home(A,C)Home (B, A)
Aeld

for any pair B,C of objects of C. An ideal Z of C is called a trace ideal if it is
equal to Tr(U) for some subclass U of Ob(C). In particular, the improper ideal
is Tr(Ob(C)) and the zero ideal is Tr(@), so that they are both trace ideals.
By a maximal trace ideal, we mean a trace ideal that is maximal in the class
of all proper trace ideals. Notice that the trace of U, when U consists of a
unique object, has already appeared in Proposition 4.1.3, Conditions (5) and
(57) (cf. the paragraph before the statement of Proposition 4.1.3) and in the
previous section.

Remark 4.6.1 We call these ideals of the category C trace ideals, because
when C is a full subcategory of Mod-R and Rp is an object of C, the ideal
Tr(U)(Rg, Rr) of Endg(R) ~ R is what is usually called the trace of the class
U of modules. More generally, Anderson and Fuller define on Page 109 of [5]
the trace of a class U in a module Mp as the submodule of My generated by
U. This corresponds to the submodule Tr(U)(Rgr, Mg) of Hompr(R, M) = Mp.

Lemma 4.6.2 For any subclass U of Ob(C), the trace Tr(U) is the smallest
ideal T of C such that Z(B,B) = End¢(B) for every object B €eU. That is, it is
the ideal of C generated by the class {1 | B €U }.

PROOF. Let U be a subclass of Ob(C) and let Z be an ideal of C such
that Z(B, B) = End¢(B) for every object B € Y. If a morphism f:C — D is in
Tr(U), then f = fi1+...+ fn, where every f; is a morphism that factors through
an object A; of U. Since Z(A4;,A;) = End¢(4;) for every i = 1,...,n, it follows
that f; € Z for every ¢ = 1,...,n. Hence f € Z, and therefore Tr(U)CZ. =

Let C be a preadditive category and U be a subclass of Ob(C). Let add()
denote the subclass of Ob(C) consisting of all objects B € Ob(C) for which there
exist n > 0, Ay,...,A, € U and morphisms f;: A; - B and ¢g;: B — A; with
Y figi = 1. Clearly, U c add(U). We say that a subclass U of Ob(C) is
additively closed if U = add(U). The class add(U) when U consists of a unique
object A has already appeared at the beginning of Section 4.2 and in Section 4.5.

Let Z be an ideal of a preadditive category C. We will denote by Z(Z) the
class of all objects A € Ob(C) that become the zero object in the factor category
C/Z, that is, the objects A € Ob(C) with 14 € Z(A, A).

Proposition 4.6.3 Let C be a preadditive category.
1. If T is an ideal of C, then the subclass Z(I) of Ob(C) is additively closed;
2. Z(Tr(U)) 2U for every subclass U of Ob(C);
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a subclass U of Ob(C) is additively closed if and only if Z(Tr(U)) =U;
Tr(Z(Z)) € Z for every ideal T of C;
an ideal T of C is a trace ideal if and only if Tr(Z(Z)) =Z;

S v %

there is an inclusion-preserving one-to-one correspondence between the
trace ideals of C and the additively closed subclasses of Ob(C).

PROOF.
1. We must prove that add(Z(Z)) ¢ Z(Z). This is easily seen.
2. is trivial.

3. The implication (<) follows from (1). In order to prove the implication
(=), it suffices to prove that Z(Tr(U)) € U by (2). Hence, assume U
additively closed and A € Z(Tr(U)). As Tr(U) is the ideal of C generated
by {1p | B €U}, it follows that, for every X,Y € Ob(C), Tr(U)(X,Y) =
(X2, figi |n>0, Ay,..., A, €U, fi:A;i > Y, goX - A;}. Thus A«
Z(Tr(U)) implies 14 € Tr(U) (A, A), so that A e add(U) =U.

4. If 7 is an ideal, then Z(Z) counsists of the objects A with 14 € Z(A, A),
and the trace Tr(Z(Z)) is the ideal of C generated by these 14’s. Hence
Tr(2(Z)) c T.

5. The implication (<=) is trivial. For the reverse implication, let Z = Tr(Uf)
be a trace ideal. Here U is a subclass of Ob(C). The correspondences
Tr(-) and Z(-) are clearly inclusion-preserving, that is, & ¢ V implies
Tr(U) € Tr(V) and Z ¢ J implies Z(Z) ¢ Z(J). By (2), Z(Tr(U)) 2 U.
Hence Tr(Z(Tr(U))) 2 Tr(U), that is, Tr(Z(Z)) 2 7.

6. is now clear.

If C is any category, not necessarily preadditive, we can consider the class
V(C) of objects of a skeleton of the category C. The class V(C) is pre-ordered by
the pre-order < defined, for every A, B € V(C), by B < A if there exist morphisms
f:A—> Band ¢: B - A with fg=1p. If the category C is additive, then V(C)
is a large monoid via the operation induced by direct sum. Hence not only has
V(C) the pre-order <, but also the algebraic pre-order <. Clearly, B < A implies
B < A for every A, B € V(C). When the category C is additive and idempotents
split, the two pre-orders coincide. If, moreover, C is directly finite, then the two
equal pre-orders on V(C) are partial orders.

Let M be any monoid. Recall that a submonoid M’ of M is divisor-closed
if v,y e M, x <yin M and y € M’ implies x € M'. Clearly, if C is an addi-
tive category with splitting idempotents, there is a one-to-one correspondence
between additively closed subclasses of Ob(C) and divisor-closed submonoids of
V(C). The complements of the divisor-closed submonoids of a monoid M are
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the prime ideals of M. It follows that there is an order-reversing one-to-one cor-
respondence between trace ideals of C and prime ideals of V(C). Clearly, there
is a one-to-one correspondence between maximal trace ideals of C and prime
ideals of V(C) of height one.

For the rest of the chapter, assume that C is an additive semilocal category
with splitting idempotents. Then V(C) is a reduced Krull monoid, hence a
cancellative monoid. If v:V(C) — Ny is a valuation of V(C) and P, = {B ¢
V(C) | v(B) >0}, then P, is a prime ideal of V(C), and v is essential if and
only if the prime ideal P, has height one, by Lemma 3.2.2. In a Krull monoid M,
every non-empty prime ideal M contains a prime ideal of height one. Thus every
proper trace ideal of an additive semilocal category C with splitting idempotents
is contained in a maximal trace ideal.

In the next Proposition, we describe the valuations associated to the maximal
ideals of the category C. If M is a maximal ideal of an additive semilocal
category C with splitting idempotents, the associated valuation is wa: V(C) —
V(C/M) = Ng. Thus wa(A) is the Goldie dimension of the semisimple object
A of C/ M. Equivalently, waq(A) is the dual Goldie dimension of the semilocal
ring Ende(A)/ M(A, A) (Corollary 4.3.4).

Proposition 4.6.4 Let M be a mazimal ideal of an additive semilocal category
C with splitting idempotents. Let wa:V(C) - V(C/M) 2 Ny be the valuation
of the Krull monoid V(C) induced by the canonical projection C - C[/M. Let A
be a mon-zero object of C and M be a mazimal ideal of the endomorphism ring
of A such that the maximal ideal M is associated to M. Then:

1. the prime ideal P,,,, of V(C) associated to the valuation waq is

V()N Z(M)={BeV(C)|Hom¢(B,A)Hom¢(A,B) ¢ M };

2. the following conditions are equivalent:
(a) the valuation waq is essential;
(b) the prime ideal Py, is of height one;

(¢) the divisor-closed submonoid
Dy ={BeV(C)|Hom¢(B,A)Hom¢(A,B) < M }

of V(C) is maximal among the proper divisor-closed submonoids of

V(C);

(d) the additively closed subclass { B € C | Home (B, A)Home (A, B) ¢
M} of Ob(C) is mazimal among the additively closed proper sub-
classes of Ob(C).

PROOF.

91



1. An object B of V(C) is in P,,,, if and only if wa(B) > 0, that is, if and
only if B is not a zero object in C/M, i.e. if and only if B ¢ Z(M).
Moreover, B is not a zero object in C/M if and only if 15 ¢ M(B, B),
that is, if and only if there exist a: A — B and 5: B — A with Sa ¢ M, i.e.
if and only if Home (B, A)Home (A, B) ¢ M.

2. The equivalence of (a) and (b) is proved in Lemma 3.2.2. The equivalence
of (b), (c) and (d) follows from the one-to-one correspondences between
prime ideals of V(C), divisor-closed submonoids of V(C) and additively
closed subclasses of C.

In the next two results, we consider the valuations associated to the prime
ideals of the Krull monoid V(C). If P is a prime ideal of V(C), then Zp =
Tr(V(C) \ P) is a trace ideal of C, and we can define a valuation vp: V(C) - Ny
by vp(A) = codim(End¢(A)/Zp(A, A)) for every A € V(C). Recall that two
valuations v,v’ of a monoid M are said to be equivalent if e(v) v = e(v') 10’
For a reduced Krull monoid M, there is a one-to-one correspondence between
prime ideals of height one and essential valuations modulo equivalence.

Proposition 4.6.5 Let C be an additive semilocal category with splitting idem-
potents.

1. If P is a prime ideal of V(C), then P,, = P. In particular, P is of height
one if and only if the valuation vp is essential.

2. If :V(C) - Ny is any essential valuation, then P, is a prime ideal of
height one and vp, is equivalent to v.

PRrROOF.

1. Let P be a prime ideal of V(C). The prime ideal P,, consists of all the
objects A € V(C) such that Zp(A, A) # End¢(A), i.e. P,, consists of the
elements of V(C) ~ Z(Zp). Thus P,, = P. The second part follows by
Lemma 3.2.2.

2. follows from (1) and Lemma 3.2.2.

Thus, if C is an additive semilocal category with splitting idempotents, the
monoid V(C) is a Krull monoid, and therefore we can equivalently study essen-
tial valuations of V(C), prime ideals of height one in V(C) or maximal trace
ideals of C. In this correspondence, to every maximal trace ideal Z, we can as-
sociate an essential valuation wz of V(C) defined by wz(A) = v(v(cy.z(z))(4).
Notice that, if Z is a maximal M ideal of C, this last wz notation is consistent
with the valuations wa, which we had previously introduced.

In the next lemma, we consider small categories to avoid set-theoretical
problems.
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Theorem 4.6.6 IfC is an additive semilocal small category with splitting idem-
potents, then the mazimal trace ideals of C form a set Max(Tr) and the mapping
W = (W) zemax(r): V(C) — N(()MaX(Tr)), defined by wr = e(wr) twz for every
T € Max(Tr), is a divisor theory.

ProoF. We have Max(Tr) = {Zp | P is a prime ideal of height one in
the monoid V(C)}. By Proposition 4.6.5, every essential valuation of V(C) is
equivalent to a valuation of the form wz for some maximal trace ideal Z. Now
conclude by Proposition 3.2.1. =

Finally, we will consider the valuations associated to any ideal Z of an addi-
tive semilocal category C with splitting idempotents. For any such ideal Z, we
can define a valuation wz:V(C) — Ny by wz(A) = codim(End¢(A)/Z(A, A)).
Notice that this notation is consistent with the valuations wa4, which we had
previously introduced only in the case of M a maximal ideal of C, and with
the valuations wz, where 7 is a trace ideal. Moreover, we have vp = wz,. For
any ideal Z of C, the corresponding prime ideal V' (C) \ Z(Z) will be denoted
by ®(Z). In the next Proposition, we characterize for which ideals Z of C the
valuation wz is essential.

Proposition 4.6.7 Let C be an additive semilocal category with splitting idem-
potents. The following conditions are equivalent for a proper ideal T of C:

1. the valuation wz is essential;
2. the prime ideal ®(Z) of V(C) has height one;
3. the ideal T contains a maximal trace ideal.

PROOF. (1) < (2) The prime ideal ®(Z) = V(C) \ Z(Z) is equal to the
prime ideal P,,. We conclude by Lemma 3.2.2.

(2) = 3) If ®(Z) = V(C) ~ Z(Z) is a prime ideal of height one, then
V(C) n Z(Z) is a maximal divisor-closed submonoid of V(C), so that Z(Z)
is a maximal additively closed proper subclass of Ob(C). Thus the correspond-
ing trace ideal Tr(Z(Z)) is a maximal trace ideal of C. But Tr(Z(Z)) < T by
Proposition 4.6.3(4).

(3) = (2) Let Z be an ideal of C containing a maximal trace ideal J. Then
Z(T) 2 Z(J), so that ®(Z) = V(C)NZ(Z) c V(C)N Z(T) = ®(TJ). As T
is a maximal trace ideal, its corresponding prime ideal ®(J) has height one.
Since Z is a proper ideal, Z(Z) must be a proper subclass of Ob(C), so that
®(Z) =V (C) N\ Z(Z) is not the empty ideal. Thus ®(Z) =P(J). =

Example 4.6.8 Let R be the localization of the ring Z of integers at the mul-
tiplicatively closed subset of Z consisting of the integers prime with 6, so that
R is a commutative semilocal principal ideal domain with two maximal ideals
generated by 2 and 3 respectively. Let C be the full subcategory proj-R of
Mod-R. Then C is an additive semilocal category with splitting idempotents.
Since every finitely generated projective R-module is free, the monoid V(C) is
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isomorphic to Ny. By Proposition 4.1.5, C has exactly two maximal ideals, My
and M3. The canonical monoid homomorphism V' (C) — V(C/M3) @V (C/M3)
corresponds to the monoid homomorphism Ny - Ny @ Ny, n +~ (n,n). The two
valuations waq, and way, are essential and coincide. The monoid Ny has exactly
two prime ideals, which are the empty ideal and the ideal N of positive integers.
Correspondingly, C has exactly two trace ideals, necessarily the zero ideal and
the improper ideal. Thus C has only one maximal trace ideal, which is the zero
ideal, corresponding to the prime ideal N of Ny. The corresponding valuation
un: V(C) - Ny, defined by vny(A) = codim(End¢(A)) for every A € V(C), sends
the free module R™ to 2n.

We conclude giving a further divisor homomorphism of the monoid V(C)
into a free commutative monoid. Let C be a small additive semilocal category
with splitting idempotents. For every finite subset S of Ob(C), set

Ds= U 2.
ZeMax(Tr)
SNZ(T)=w

Let vs:V(C) — Ny be the valuation defined, for every A € V(C), by vs(A4) =
codim(End¢ (A)/ Tr(Ds)(A, A)). Notice that vs = wry(py)-

Theorem 4.6.9 Let C be a small additive semilocal category with splitting idem-
potents. Let £;(Ob(C)) be the set of all finite subsets of the set Ob(C). Then
the mapping v = (Vs)sep, (0b(c)) 15 a divisor homomorphism of the monoid V (C)
into the free commutative monoid N(()Pf(Ob(c))).

PRrROOF. We have seen in Theorem 4.6.6 that W = (Wz)zemax(r): V(C) —

N(()Max(ﬂ)) is a divisor theory. In order to prove the theorem, it suffices to
show that, for every Z € Max(Tr), there exists S € £;(Ob(C)) with wz and
vs equivalent valuations. Fix an ideal Z € Max(Tr). Let dz be the element
of N(()MaX(Tr) ) that is one in the coordinate indexed by Z and zero in all the
other coordinates. By the definition of divisor theory, there exists a finite set
T ={A1,...,An} of objects of V(C) such that 6z = min{w(A1),..., w(An)}.
We claim that Dr = Z(Z). To prove the claim notice that an object B of C is
in Dy if and only if there exists I € Max(Tr) with Tn Z(K) =@ and B € Z(K).
Now T'n Z(K) = @ if and only if wi(4;) > 0 for every i = 1,...,m, if and
only if wic(4;) > 0 for every ¢ = 1,...,m. Now 0z = min{w(A41),...,wW(An)}
implies that wic(A;) > 0 for every i = 1,...,m if and only if £ =Z. Thus B
belongs to Dy if and only if B € Z(Z). This proves our claim. In particular,
Dr is an additively closed subclass of Ob(C). In order to conclude the proof
of the theorem, it suffices to show that wz and vy are equivalent valuations.
For this, it is enough to show that P,, = { A € V(C) | wz(A) > 0} is equal to
P,.={AecV(C)|vr(A)>0}. (Notice that wz essential implies that vr also is
essential by Lemma 3.2.2 Now P,, ={AeV(C) |14 ¢Z(A,A)} =V (C)\ Z(T),
and P, ={AeV(C)|Endc(A) + Tr(Dr)(A,A) } =V (C) N\ Z(Tr(Dr)). Hence
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it remains to show that Z(Z) = Z(Tr(Dr)). But Z(Tr(Dr)) = Dr because Dr
is an additively closed subclass of Ob(C), and Dy = Z(Z) as we have seen in
the claim. Thus P,,, = P,, and wz is equivalent to v by Lemma 3.2.2. =
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Chapter 5

Weak Krull-Schmidt
Theorems

5.1 Rings and objects of finite type

In our previous chapters we investigated Krull monoids and issues concerning
factorizations in them, applying it mainly to the case of the monoid V(C) as-
sociated to an additive category C. Though the Krull-Schmidt Theorem does
not hold in general for Krull monoids, we saw that they still preserve a certain
regularity in the factorization. In this chapter we want to present a particular
class of categories C that provide examples of Krull monoids. In these categories
the uniqueness of the direct sum decomposition is not controlled by a single per-
mutation, as it is in the usual Krull-Schmidt Theorem, but by a finite number
of permutations. The meaning of this will be clarified in what follows.

We say that a ring R has type n if the factor ring R/J(R) is a direct product
of n division rings and we say that R has finite type if it has type n for some
integer n > 1. If a ring R has finite type, then the type n of R coincides with
the dual Goldie dimension codim(Rg) of Rg according to Proposition 1.4.4.

A ring R has type 1 if and only if it is a local ring, if and only if there
is a local morphism of R into a division ring. With the next proposition, we
generalize this fact.

Before stating the proposition, we need to recall that a completely prime
ideal P of a ring R is a proper ideal P of R such that for every x,y € R, zy € P
implies that either x € P or y € P. Recall that if R is a ring, P,..., P, are
completely prime two-sided ideals of R, and I is a right ideal of R contained in
Ui, P, then I ¢ P; for some i.

Proposition 5.1.1 The following conditions are equivalent for a ring R with
Jacobson radical J(R) and a positive integer n:

1. the ring R has type n;
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2. there exists a local morphism of the ring R into a direct product of m
division rings for some positive integer m, and n is the smallest of such
positive integers m;

3. R has ezactly n distinct mazimal right ideals, and they are all two-sided
ideals in R.

PROOF. (1)=(2) The canonical projection R - R/J(R) is always a local
morphism. From R/J(R) = Dy x ... x D, with D; a division ring for every i =
1,...,n we have that there is an onto local morphism R - R/J(R) = Dy x...xD,
with kernel J(R). For an arbitrary local morphism ¢: R — D} x...x D! of R into
the direct product of m division rings D7,..., D, ., the dual Goldie dimension
codim(R) = n must be less or equal than codim(D] x...x D, ) =m by Theorem
1.4.9.

(2)=(3) Assume that (2) holds. Let ¢: R — D1 x...xD,, be a local morphism
with Dy,..., D, division rings. Set P; = ker(m;p), where m; is the canonical
projection of Dy x ... x D, onto D;. Then P; is a completely prime two-sided
ideal of R, and U(R) = R~ (U, P;) because ¢ is a local morphism.

Any proper right ideal of R is contained in U]-; P;, hence in one of the P;’s.

In particular, the unique maximal right ideals of R are at most Pi,..., P, and
they are all two-sided ideals. Assume that the P;’s are not all distinct, or that
one of them is not maximal. In both cases there exist two indices 7,5 =1,...,n

with ¢ # j and P, ¢ P;. It is then easy to check that (m¢,...,me,..., The): R -
Dyx...x ﬁi x...x D, is a local morphism, which contradicts the minimality of
n.

(3)=(2) If Q4,...,Q, are all the maximal right ideals of R, then they are
pairwise comaximal, so that the canonical projection m R — &I R/Q; is a
right R-module morphism, which is onto by the Chinese Remainder Theorem.
Since they are all two-sided, 7 is a ring morphism, with kernel J(R). Hence
R/J(R) =TI R/Q;, and the rings R/Q; do not have non-trivial right ideals.
Therefore the R/Q;’s are division rings. m

Notice that the definition of having type n is a left/right symmetric con-
dition, so that it is equivalent also to: R has exactly n distinct maximal left
ideals, and they are all two-sided in R. Hence, for rings of finite type, the set
of all maximal right ideals, the set of all maximal left ideals and the set of all
maximal two-sided ideals coincide, and we will talk simply of maximal ideals,
without mentioning the side.

We say that an object A of a preadditive category C has type n if its endo-
morphism ring End¢ (M) is a ring of type n. It may be convenient to consider
the zero object of a category the unique object of type 0. We will say that an
object A has finite type if it has type n for some positive integer n. Objects of
type one are exactly the objects with a local endomorphism ring.

Lemma 5.1.2 Let A and B be two objects of a preadditive category C with split-
ting idempotents, with A of finite type. If A is isomorphic to a direct summand
of B¥ for some k> 1, then A is isomorphic to a direct summand of B.
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PrROOF. Let Pi,...,P, be all the maximal ideals of End¢(A). Suppose
there are morphisms f: A - B* and ¢: B¥ - A such that gf =14. Then 14 =
Zle ge;im; f, where ¢;: B — B* and #;: B¥ > B are the canonical injections and
projections, respectively. Since End¢(A)/J(Endc(A)) is canonically isomorphic
to H;»l:l End¢ A/P;, there exists, for every j = 1,...,n an endomorphism ¢; €
End¢(A) such that g; ¢ P; but g; € N;+; P,. Then Zle(qjgei)(quj) = qJQ- ¢ P;.
Hence for every j = 1,...,n there exists an index ¢ with (g;ge;)(mifq;) ¢ P;.
For this index i, set f; = m; fq; and g; = g;jg€;, so that f;: A - B and g;:B - A
are such that g;f; ¢ P; but g;f; € N;.; P,. Now consider the homomorphisms
f'*A~ B and g": B — A defined by f'=¥"", fjq; and g’ = ¥7_; ¢jg;. Obviously
g'f" is not contained in any maximal ideal of End¢(A), hence is left invertible.
If h is a left inverse of ¢’ f’, then (hg')f’ = 14. Therefore A is isomorphic to a
direct summand of B, since idempotents split in C. =

Let C be a preadditive subcategory and A an object of C of type n. If Z is
an ideal of C, we say that Z € V/(A) is Z is equal to the ideal Ap of C associated
to a maximal ideal P of the endomorphism ring End¢(A4).

Theorem 5.1.3 Let C be a preadditive category and A, B objects of C of type
m and n, respectively. Then A= B if and only if, for any ideal T of C, we have
TeV(A) < ZeV(B).

PrROOF. Assume that Z € V(A) < Z eV (B), for an ideal Z of C. Then
A and B have the same type n, and the n maximal ideals of End¢(A) and
End¢(B) can be labeled in such a way that if Py,..., P, are the maximal ideal
of Endc(A) and P7,..., P} are the maximal ideal of Endc(B), then Ap, = Ap
for every i=1,...,n. /

Suppose that we can find homomorphisms aq,...,a,: A - B and homomor-
phisms fi,...,8,: B - A such that o;8;, Bic; ¢ Ap, = AP{ but «;,3; € Ap, for
any 1,7 = 1,...,n with ¢ # j. Consider @ = Y1*; a; and 8 = Y1, B;- Then SBa
is not contained in any maximal ideal of End¢(A4) and af is not contained in
any maximal ideal of End¢(B). Therefore fa and of are automorphisms and
Az B.

It remains to explain how one can find those aq,...,a, and 81,...,05,. Let
h € End¢(A) be such that h ¢ P, and h € ﬂ?zQ Pj. Then the same relations
hold for h2. In particular h? ¢ Ap, = Ap;, therefore there are f:B - A and
g:A — B such that gh?f ¢ P]. Similarly, there are f*A — B and ¢":B — A
such that ¢’gh®ff’ ¢ P,. Put oy = f'g’gh and By = hf. Since h € N}, P,
we have that aq,81 € Nj5 Ap;. On the other hand neither aq3; = flg'gh?f
nor fiaq = hff'g'gh are in Ap, = Ap; because Py is completely prime and
(g'gh*ff')* = g'gh®ff'g' gh®ff" = g'gh® F(f'g'gh* [)f' = g'gh(hf f'g' gh)hf [ ¢

P;. Similarly we can find as,...,a, and Ba,...,5,. =

Proposition 5.1.4 Let C be an additive category whose objects are direct sums
of finitely many objects of finite type. For every object A of finite type, let P be
a mazimal ideal of Ende(A) and let Ap the ideal of C associated to P. Then
the categories C/Ap and vect—End¢(A)/P are equivalent.
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PROOF. Let F be the canonical functor F:C - C/Ap. We verify that
G = Homeya, (F(A),-) is a category equivalence of the category C/Ap into
the category of all right vector spaces over the division ring Endg(A)/P. From
Lemma 4.1.1 we deduce that every object of C/Ap is isomorphism to an object
of the form F(A"). Since G induces an isomorphism between the endomorphism
ring of F'(A) in C/Ap and the endomorphism ring of the vector space G(F(A)),
it is clear that G is a categorical equivalence. =

Now, following the approach of chapter 3, we prove our next Proposition.

Proposition 5.1.5 Let C be an additive category whose objects are direct sums
of finitely many objects of finite type. The canonical functor

U:C - azC/Z,

where I varies among the ideals of C of the form Ap for some mazimal ideal
P of the endomorphism ring Endc(A) of some object A of C of finite type, is
full. The ideal Ker(U) is the Jacobson radical of the category C and therefore
the functor U is local and isomorphism reflecting.

Moreover, if idempotents split in C, then U is direct-summand reflecting.

PrOOF. Let us prove that U is full. Let A, B be objects of C. There
exist objects A1,...,Ax and By,..., B; of finite type such that A = ®§=1Ai and
B = EBé-:lBj. Since U preserves finite direct sums, it is enough to consider
the case k =1 = 1. Thus suppose that A and B are modules of finite type.
Let f:U(A) - U(B) be a morphism in @7C/Z. We have to find a morphism
f:A - B such that U(f) = f. Recall that there are only finitely many ideals Z;,
1=1,...,n of C of the form Ap for some maximal ideal P of the endomorphism
ring End¢(C) of some object C' of C of finite type, such that A and B can
be non-zero objects in the quotient category C/Z;. For every such ideal Z;,
let f;:A - B be a morphism such that its image in the category C/Z; is the
corresponding component of f.

Since we have that End¢(A)/J(Endc(A)) is canonically isomorphic to the
direct product of End¢(A) modulo its maximal ideals, we have that, for ev-
ery ideal Z;, i = 1,...,n, there exists 0; € End¢(A) such that é; = 14 modulo
Z;(A, A), and §; = 04 modulo every other maximal ideal of End¢(A). Then put
f=% fidi.

To prove that Ker(U) is equal to the Jacobson radical J of C, let f:B - C
be a morphism in J(B,C). Since Sfa € J(A,A) = J(End¢(A)) for every
morphism a: A - B and 3:C — A, it clear that U(f) = 0. Conversely, suppose
that f ¢ J(B,C). This implies that there exist a morphism ¢g:C' - B such
that 15 — gf is not right invertible. Hence there exists a maximal ideal P of
End¢(B) with 15—gf € P. Thus gf ¢ P and this implies that f ¢ Ap and hence
féKer(U).

Let us prove now that U is a local functor. Let A and B be objects of C
and let f: A — B be a morphism such that U(f) is an isomorphism. Since U is
full, there exists g: B — A such that U(14 - ¢gf) =0 and U(1g - fg) = 0. That

99



is1a-gf e J(Endc(A)) and 15 - fg € J(Ende(B)). So fg and gf are both
automorphisms and then also f is an isomorphism. Any local and full functor
is isomorphism reflecting, so U must be so.

To prove the last sentence of the Proposition, suppose that C has splitting
idempotents. Let A and B be objects of C such that U(A) is isomorphic to a
direct summand of U(B). In particular, there are morphisms f:U(A) — U(B)
and g:U(B) - U(A) such that §f = 1y(a). Since U is full and local, there exists
f:A—- B and g: B - A such that ¢gf is an isomorphism. Since idempotents split
in C, it follows that A is a direct summand of Bin C. m

It is a direct consequence of our last Proposition and Theorem 3.3.6 that
the monoid V(C) is a Krull monoid, for any additive category C with splitting
idempotents whose objects are direct sums of finitely many objects of finite
type.

5.2 Examples of objects of finite type

With this section we want to provide various examples of modules of finite type,
that will provide the setting for the next section and the starting point for our
next, and last, chapter.

We will say that a module Mg over a ring R is heterogenous if for every
direct-sum decomposition Mg = My & My & Mz, My = My implies M1 = My = 0;
that is, if M does not have two distinct non-zero isomorphic direct summands.
For instance a semisimple module is heterogeneous if and only if it is a direct sum
of a family of pairwise non-isomorphic simple modules. Clearly, a heterogeneous
finitely generated semisimple module is a module of finite type.

For a projective module Pr we have the following.

Lemma 5.2.1 The following conditions are equivalent for a projective right
modules Pr over an arbitrary ring R:

1. Pg is couniform;

Pr is the projective cover of a simple module;

Pr has type 1;

there exists an idempotent e € R such that Pr 2 eR and eRe a local ring;

Pr is a local finitely generated module;

S o™ o e

Pr is finitely generated, non-zero and all its proper submodules are super-
fluous.

PrOOF. (1)=(2) By [5, Proposition 17.14] we know that Pg has a maximal
submodule @ r. Hence the module Pr/Qr is simple and, since P is couniform,
Qg is superfluous in Pg.
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(2)=(1) Clearly Pg is the projective cover of a simple module if and only if
Pr contains a superfluous maximal module Q). Hence every submodule of Pr
must be contained in Qg and so Pg is uniform.

(2)=(3) Let J = J(R) be the Jacobson radical of R. Since PJ is contained
in every maximal submodule of P and contains every superfluous submodule
of P, it turns out that P.J is a superfluous maximal submodule of P. By [5,
Corollary 17.12] we have

Endg(P)/J(Endg(P)) = Endr(P/P.J),

that is a division ring by Schur’s Lemma. Thus Endg(P) is local.

(3)=(2) Suppose that Endr(P) is a local ring. Thus Pg is non-zero and by
[5, Proposition 17.14] there is a maximal submodule K ¢ P. We claim that the
epimorphism p: P - P/K is a projective cover. To show this we have to prove
that K is superfluous in P. Suppose that K + L = P for some L ¢ P. Then

P/K = (L+K)/K =~ L/(LnK);

so there is a non-zero homomorphism f:P — L/(L n K). Thus, since P is
projective, there is an endomorphism s:P - L ¢ P such that ps = f. Since
f#0, im(s) ¢ K, from which it follows that im(s) is not superfluous in P.
Therefore s ¢ J(Endg(P)) and, by [5, Proposition 17.11], s is an invertible
endomorphism of P. Then L = P. We showed that K is superfluous in P.

(2)=(4) Every simple module is an epimorphic image of R so, by [5, Lemma
17.17], a projective cover of Pr must be isomorphic to a direct summand of Rp.
That is Pr = eR for some idempotent e € R. By (3) the endomorphism ring
Endr(eR) = eRe is a local ring.

(4)=(5) It is clear that Pr = eR is finitely generated and it is local since it
has a superfluous maximal submodule.

(5)=(6) In a finitely generated module, every proper submodule is contained
in a maximal submodule. Hence Pgr local implies that Pr has a greatest sub-
module, necessarily superfluous.

(6)=(2) Trivial. m

More generally, we can characterize finitely generated projective modules of
type n.

Proposition 5.2.2 The following conditions are equivalent for a finitely gen-
erated projective module P over a ring R:

1. Pg has type n;
2. P/PJ(R) is a heterogeneous semisimple module of Goldie dimension n;

8. Pr is the projective cover of a heterogeneous semisimple module of Goldie
dimension n.

PRrROOF. (1)=(2) Let E = Endgr(P). Since E is of type n, P has at most n
maximal submodules. Let My,..., M,, be the maximal submodules of Pr. Then
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P/PJ(R) is isomorphic to a submodule of P/M; & ...® P/M,,. So P/PJ(R)
is isomorphic to S1 @ ... ® Sk, where S1,..., S, are simple modules. Suppose
f:51 = Sy and ¢:S5 - S7 are mutually inverse isomorphisms. We know that
L ={feE|f(P/PJ(R))CS2@S3&...0S;} and Iy = {f e E| f(P/PJ(R)) <
S1@®S53@...®S;} cannot be contained in the same maximal right ideal of
E because I} + I = E. Let h € E be such that i = fegels, ®...01g,.
The homomorphism A is an isomorphism and hence h is an invertible element
of E. Clearly h(I;) € I» and so I; ¢ h™'(I3), and we have a contradiction,
because all the maximal ideals of E are two-sided. Thus Sy,...,S; are pairwise
non-isomorphic.

It remains to prove that k& = n. Clearly Endg(S; @ ... ® Si) has exactly k
maximal right ideals. But this ring is factor of E modulo the superfluous ideal
I={f<E|f(P)c PI(R)}.

(2)=(1) Suppose that P/PJ(R) =51 ® ... ® Sy, where the S; are pairwise
non-isomorphic simple modules. Then the ring Endg(P/PJ(R)) has exactly n
maximal right ideals and each maximal right ideal is two-sided. This ring is a
factor of E modulo a superfluous ideals. Thus (1) holds.

(2)<>(3) is analogous to the proof of (2)<>(5) of Lemma 5.2.1. =

Dually, an injective module of finite Goldie dimension is of finite type if and
only if it is a heterogeneous module, if and only if it is the direct sum of finitely
many pairwise non-isomorphic indecomposable injective modules.

Proposition 5.2.3 Let My be a module of finite Goldie dimension n with in-
jective envelope E(Mp) heterogeneous and with the property that every injective
endomorphism of Mg is bijective. Then Mg has type < n.

ProOOF. Counsider the ring homomorphism
o Endg(M) — Endg(E(M))/J(Endp(E(M)))

defined, for every f € Endr(M), by ¢(f) = fo+ J(Endr(E(M))), where
fo € Endg(E(M)) denotes any extension of f to E(Mg). Notice that ¢ is
well defined, that is, it does not depend on the choice of the extension fo,
because if f] is any other extension of f, then fy — fjj is zero on the essen-
tial submodule My of E(Mpg), hence belongs to J(Endgr(E(M))). The ring
morphism ¢ is a local morphism, because if f € Endg(M) and ¢(f) is invert-
ible in Endg(E(M))/J(Endr(E(M))), then fo is invertible in Endg(E(M)),
hence f is injective. Thus f is invertible in Endr(M) by hypothesis. Finally,
E(Mg) is heterogenous, that is F(Mpg) = E1®...® FE, with E1,..., E, pairwise
non-isomorphic indecomposable injective modules. Hence every homomorphism
E; - E; with i # j has non-zero kernel. Thus Endg(E(M))/J(Endr(E(M))) =
[T, Endg(E;)/J(Endr(F;)) is a product of division rings. m

Corollary 5.2.4 If Mg is an artinian module with an heterogeneous socle, then
Mg is a module of type n, where n < dim(Mg).
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PROOF.  Heterogeneous socle implies E(Mpg) heterogeneous. Moreover
every injective endomorphism of Mp is bijective. m

Consider the category (Mod-R)’" with the same objects as Mod-R and, for
right R-modules A and B, with

Hom \[od- gy (A; B) = limHomp (4, B/B'),

where the direct limit is taken over the upward directed family of superfluous
submodules B’ of B. Let F:Mod-R — (Mod-R)’ be the canonical functor. We

shall denote the image F'(A) in (Mod-R)" of a right R-module A by A, and the
image F'(f) of a morphism f by f.

Proposition 5.2.5 Let Mr a module of finite dual Goldie dimension n with
the property that every surjective endomorphism of Mg is bijective. If every
homomorphic image of Mg is heterogeneous, then Mg has type < n.

PROOF. The canonical functor F:Mod-R — (Mod-R)" induces a ring mor-
phism ¢:Endg(M) — End(Mod—R)'(F(M))7 defined, for every f € Endg(M),

by ¢(f) = f. The ring morphism ¢ is a local morphism, because if f € Endg (M)
and ¢(f) is invertible in End(MOd_R),(F(M)), then f is a surjective endomor-
phism of Mg, hence f is invertible in Endg(M) by hypothesis.

Since Mg has finite dual Goldie dimension n, there exist n submodules
Ni,...,N, of Mg such that every quotient M/N; is a couniform module, the
submodule N = n?"; N; is superfluous in My and the canonical injective mapping

MR/N%M/N1®...@M/NTL

is bijective. Hence F(Mg) ¥ F(Mgr/N) = F(M/N1) ® ... ® F(M/N,,) in
(Mod-R)', so that

End N od-py (F(M)) = End \[oqgy (F(M/N1) @ ... & F(M/N,)).
Now the endomorphism rings End(Mod—R)'(F(M/Ni)) are division rings, and
Hom 144 gy (F(M/Ni), F(M/N;)) = 0

for ¢ # j because every homomorphic image of Mp is heterogeneous. Thus
End(Mod—R)'(F(M)) >[I, End(MOd_R),(F(M/Ni)) is a direct product of di-

vision rings. m

Corollary 5.2.6 If Mg is a noetherian module with Mr/MgJ(R) heteroge-

neous semisimple, then Mg is a module of type n, where n < dim(Mgr/MgJ(R)).
PRrROOF. It suffices to apply the previous Proposition. Notice that:

e if Mg is a noetherian module, then MgzJ(R) is superfluous in Mg by
Nakayama’s Lemma, so that

codim(Mpg) = codim(Mgr/MgJ(R)) = dim(Mg/MrJ(R));
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e every surjective endomorphism of My is bijective;

o if Mr/MgJ(R) is a heterogeneous semisimple module, then every ho-
momorphic image of Mp is heterogeneous. To prove this, notice that if
Mpg/N = SeS'®C with S = S’, then (Mr/N)/(Mg/N)J(R)=S/SJ(R)®
S'|S'"J(R)yeC/CJ(R), and (Mg/N)/(Mr/N)J(R) 2 Mr/(MrJ(R)+N)
is heterogeneous because it is a homomorphic image of the heterogeneous
semisimple module Mgr/MgJ(R). Hence S/SJ(R) =5S'/S'J(R) =0. But
S, S’ are finitely generated because My is noetherian, so that S = 5" =0
by Nakayama’s Lemma.

Proposition 5.2.7 Let E and E’ be injective heterogeneous modules of finite
Goldie dimension n,m respectively, and let o:E — E’ be a module morphism.
Then ker(p) has type <m +n.

PRrROOF. By [20, Lemma 5.2], there is a local morphism

Endg(E(ker(p)))  Endr(E(p(E)))
(Endr(E(ker(¢))))  J(Endr(E(e(E))))

Now E, E' heterogeneous implies E(ker(y)), E(¢(FE)) heterogeneous, so that

Endg(E(ker(¢))) an Endr(E(o(E)))
J(Endg(E(ker(¢)))) J(Endr(E(p(E))))

are direct products of <n and < m division rings, respectively. m

x:Endg(ker(p)) - 7

Proposition 5.2.8 Let My be a module of finite Goldie dimension n, of finite
dual Goldie dimension m, with injective envelope E(Mg) heterogeneous and
with the property that every homomorphic image of Mg is heterogeneous. Then
Mpg has type <n+m.

PRrROOF. By [20, Proposition 6.4], there is a local morphism
B (M) ~ Endp(B(M)) /I (Endn(B(M))) x Bnd oo (F(M)),

The ring Endr(E(M))/J(Endr(E(M))) is a direct product of < n division
rings and End(MOd_R),(F(M)) is a direct product of < m division rings. =

Proposition 5.2.9 If there is an exact sequence
0> Kr—>Pr>Mp—0,

where Pr is a projective module of type m and K is a superfluous submodule of
Pr of type n, then Mg is a module of type < m +n.
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PROOF. Since Pr and Kp are of finite type, their endomorphism rings
Endg(P) and Endg(K) have finite dual Goldie dimension, respectively m and
n. Given any endomorphism f € Endg(M), there are endomorphisms fy, f1 of
Pr and Kg, respectively, making the following diagram commute:

0 Kgr Pr Mg 0
fll lfo lf
0 Kgr Pr Mg 0.

Let us prove that the position U: f - (fo+J(Endg(P)), f1+J(Endr(M))) well
defines a local morphism

U:Endg(M) - Endg(P)/J(Endg(P)) x Endg(K)/J(Endg(K)).

In order to prove that ¥ is well defined, assume that both fy and f] lift f to
Pg, then fo — f} maps Pg into Kg, so that the image of fy — f{ is superfluous
in Pr. This implies fo— f} € J(Endgr(P)). Let us prove that f; + J(Endg(K))
depends only on f and not on the choice of the lifting fo of f. Let f{ be another
lifting of f and f] the corresponding restriction to K. We must show that
fi—f1 € J(Endgr(K)). Since both fy and f{ lift f, we have (fo— f{)(Pr) € Kr,
and hence the difference fo - f): Pr = Pg factors through the kernel e: K - Pr
of m, i.e. fo— f} = eg for a suitable morphism ¢: P - Kg. In order to prove
that f1— f] € J(Endr(K)), we must prove that for any endomorphism h of Kg,
1x = h(f1 - f{) is an automorphism of Kr. Now h(f; - f{):Kr - Kg is the
restriction to Kg of hg: Pr > Kgr. Hence 1x — h(f1 — f{) is the endomorphism
of K obtained by restriction of the endomorphism 1p — ehg of Pg. As K is
superfluous in P, the image ehg(Pr) € Kpg is superfluous in Pr. Therefore
1p — €hg is a surjective endomorphism of Pg, hence a splitting epimorphism.
Since modules with a semilocal endomorphism ring are directly finite, 1p — chg
is an automorphism of Pgr. We obtain a commutative diagram

0 Kgr Pgr Mg 0
1K—h(f1—f{)l llp—Ehg llM
0 Kpr Pr Mg 0.

By the Snake Lemma, 1p — ¢hg and 1,; automorphisms imply 1x — h(f1 — f1)
automorphism, as desired. This proves that ¥ is a well defined ring mor-
phism. It is a local morphism, because if f € Endgr(M), fo+ J(Endg(P))
is invertible in Endg(P)/J(Endg(P)) and fi + J(Endg(K)) is invertible in
Endg(K)/J(Endr(K)), then fy is an automorphism of Pg and f; is an auto-
morphism of K. By the Snake Lemma, f is an automorphism of Myz. =

5.3 The Krull-Schmidt Theorem in the case 2

In this section we restrict to objects of type 2. There is nothing really special
about the number 2, except that everything can be expressed in easier terms.
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Anyway, it is possible to generalize what we present in this section to the case
n.

During this section we will denote by D a preadditive category of indecom-
posable objects of type < 2 and by C = sum(D) the additive category generated
by D. For such a category C, we already know that the monoid V(C) is can-
cellative. Also, the monoid V(C) is half-factorial, i.e. if a1,...,an,b1,...,b;m
are atoms such that Y., a; = X7 by, then m = n. More precisely, if Uy,...,U,
and Uy,..., U], are objects of type 1, and V4,...,V, and V{,..., V) are inde-
composable objects of the type 2, and

Ue..oeU,eVie..oV,z2Uje...0U, oVie...e V.,

then m =n, r = s, there is a permutation o of {1,...,n} such that U; 2 U;(i)
foreveryi=1,...,n,and Vi®...@V, 2V/ @...® V/. To see this, notice that
if an object with local endomorphism ring is a direct summand of the direct
sum of two objects, then it is isomorphic to a direct summand of one of the two
objects, and proceed by induction using the fact that objects with semilocal
endomorphism rings cancel from direct sum. This proves that n = m, that there
is a permutation o of {1,...,n} such that U; = U(;(i), for every i =1,...,n, and
that Vi@...@V, 2 V/®...® V.. In order to prove that r = s, notice that the
dual Goldie dimension of the endomorphism ring Endg(Vi @... @ V;) is 2r.

From this it follows that V(C) decomposes as the direct product of a free
commutative monoid and a monoid V' (Cz), where Ca = sum(Dz) and D is the
full subcategory of D whose objects are indecomposable objects of type 2.

The property that we look for is the following. We say that 2- Krull-Schmidt
Property holds for a category D of indecomposable objects if there exist two
equivalence relations ~ and = on the class of objects of D such that, for objects
Ui,...,Un, Vi ..., Vi, wehave Uy .. .@U, 2 V1 ®...@V,, in sum(D) if and only
if m =n and there are two permutations o, 7 of {1,...,n} such that U; ~ V,;
and U; = V,(;) for every i=1,...,n.

Assume that the Krull-Schmidt Theorem holds for a category D of indecom-
posable objects of type < 2. If p is an equivalence relation on the class V(D) with
the property that if Uy,...,U,, V1,..., Vi € V(D) and U &...0U, 2 Vi®...0V,,
in sum(D), then m = n and there exists a permutation o on {1,...,n} such that
UipVy sy for every i = 1,...,n, it follows that the restriction of p to the class
V(D3), where Dy denoted the full subcategory of objects of type 2, has the
same property. Conversely, if the 2-Krull-Schmidt holds for Dy with respect
to the equivalence relations py and pj, then it holds for D as well. To see
this, extend the equivalence relation ps on V(Ds) to the equivalence relation
Ay (p,) U p2, where Dy is the full subcategory of D of objects of type 1 and
Ayp,y ={(U,U) |U € V(Dy)} is the diagonal of V(D;). Similarly for p5. This
proves the following Lemma.

Lemma 5.3.1 Let D be a preadditive category of indecomposable objects of type
< 2 and Dy the full subcategory of indecomposable objects of type 2. Then the
2-Krull-Schmidt Property holds for D if and only if it holds for Ds.
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In order to study the behaviour of the direct-sum decomposition in an addi-
tive category C whose objects are finite direct sums of indecomposable objects
of type 2, we will now associate a graph G(D) to the full subcategory D of
indecomposable objects. The graph G(D) = (V, E) associated to the class D
has as its class V' of vertices the class Max(D). For every object A of D,
set V(A) = {(A,P),(A,Q)} € Max(D), where P and @ are the two maxi-
mal ideals of the endomorphism ring Endp(A). The class of edges of G is
E={V(A)| AeD}. The edge V(A) ={(A,P),(A4,Q)} joins the two vertices
(A, P) and (A,Q) in Max(D). The graph G(D) has no multiple edges and no
loops, by Theorem 5.1.3.

We can associate a commutative monoid V(G) to any graph G = (V, E).
Given the graph G = (V,E), where the elements of E are subsets of V' of
cardinality 2, consider the free commutative monoid N((]V) having as free class
of generators the class {0, | v e V}. If I = {v,w} € E is an edge of G, define
0p =0y + 0y € N(()V). Let V(G) be the submonoid of N(()V) generated by all the

elements ¢; € N(()V), where [ ranges in E. By Proposition 5.1.5, for any category
D of indecomposable objects of type 2, the monoids V (sum(D)) and V(G (D))
are isomorphic.

All the previous results about categories can be stated in the language of
graphs. For instance, we can say that the 2-Krull-Schmidt Property holds for
the graph G = (V, E) if there exist two equivalences ~ and = on the class E of
edges of G with the following property. Let l1,...,l,,€e1,...,em € E be edges of
G; then 6, +...+0;, = 0y + ...+ d¢,, in V(G) if and only if m = n and there
exist two permutations o,7 of {1,...,n} such that l; ~ e,(;) and I; = e,(;) for
every t=1,...,n.

Recall that a graph if bipartite it there exists a partition X UY of its class
of vertices for which X # @, Y # @ and every edge connects a vertex in X to a
vertex in Y. A graph is bipartite if and only if it does not contain cycles of odd
length. A graph is called a complete bipartite graph if there is a partition X UY
of its set of vertices for which X # @, Y # @, and there are no edges between
any two vertices of X, no edges between any two vertices of Y, and there is
exactly one edge between any vertex in X and any vertex in Y. For every pair
of disjoint set X and Y, let B(X U Y) be the complete bipartite graph with
the disjoint union X U'Y as set of vertices and one edge e(, ,) connecting any
vertex z € X and any vertex y e Y.

Proposition 5.3.2 The following conditions are equivalent for a graph G =
(V,E):

1. the 2-Krull-Schmidt Property holds for the graph G;

2. there exist a complete bipartite graph B(X UY) and an injective monoid
homomorphism V(G) - V(B(X UY)) that sends atoms to atoms.

Proor. (1)=(2) Let ~ and = be two equivalence relations on F such that,
forevery ly,...,ln,e1,...,em € B, 0;,+...40;, =0c, +...40¢,, in V(QG) if and only

€m
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if m = n and there exist two permutations o,7 of {1,...,n} such that l; ~ e;(;
and l; = e.(;) for every i = 1,...,n. Let E/ ~ be the quotient set of £ modulo ~.
The canonical projection 7.: E - E/ ~ induces a monoid homomorphism 7., of

V(G) into the free commutative monoid N(()E/ 7). Tt is defined as follows. If we
denote by [I]. the image of [ € E in E/ ~, then 7. maps an arbitrary element
01, + ...+ 0y, of V(G) to op,y. + ... +9dp,].. Similarly, for the other equivalence

N(()E/ E), and the product

relation =, we get a monoid homomorphism 7=: V(G) —
morphism 7. x 7=: V(G) — N(()E/N) X N(()E/E) is injective.
Now consider the bipartite graph B(X UY) with X = F/ ~and Y = E/ =
The monoid V(B(X UY)) is the submonoid of the free commutative monoid
N(()XUY), which has X UY = E/ ~U E/ = as free class of generators, generated
by the elements dop;). + d[c). € N((]XUY). Since the image of 7. x 7= is generated
by the elements dp;)_ +dp;). with [ € F, it follows that the image of the injective
monoid morphism 7. x 7= is contained in V(B(X UY')). Finally, the atoms §;
of V(@) are mapped by 7. x 7= to the atoms dp;). + dpy. of V(B(X uY)).
(2)=(1) Suppose that there exist a complete bipartite graph B(X UY') and
an injective monoid homomorphism ¢: V(G) - V(B(X 0Y)) that sends atoms
to atoms. For every edge e € E, the atom d, € V(G) is sent by ¢ to an atom
©(0e) = 0ey + 0y, € V(B(X UY)), where ex is a vertex in X and ey is a vertex
in Y. Define an equivalence relation ~ on F as follows. Given two edges ¢,l € F,
we have e ~ [ if ex =lx. Similarly define an equivalence relation = on E by e =1
if and only if ey = ly. Since ¢ is injective, for edges e1,...,en,l1, ..., Ly, we have
that Yi; de, = X721 0, if and only if ©(X7L; 0e;) = ity ©(0e,) = Xity Oesy + ey,
equals @(X721 d1,) = X721 0(d1,) = X210, + 91, - This clearly happens if and

only if m = n and there are two bijections o,7 of {1,...,n} such that ey =
6la(i)){ and b, =0, foreveryi=1,...,n Hepce Yici 0e; = X0y Oy if and
only if m =n and e; ~ l,(;) and e; = l,(;) for everyi=1,...,n. =

Corollary 5.3.3 The 2-Krull-Schmidt Property holds for a graph G if and only
if it holds for all the connected components of G.

Condition (2) of Proposition 5.3.2 is hereditary in the sense that if it holds
for a graph G, it holds for any subgraph of G.

Corollary 5.3.4 If the 2-Krull-Schmidt Property holds for a graph G, it also
holds for any subgraph of G.

Corollary 5.3.5 The 2-Krull-Schmidt Property holds for any bipartite graph
G.

PrOOF. A bipartite graph G is contained in a complete bipartite graph
B(X UY) and the inclusion V(G) - V(B(X uY)) sends atoms to atoms. m

If R is a cardinal number, the complete graph on a set of vertices of cardi-
nality ® will be denoted by Kyx. If ® > 3> 1 are cardinal numbers, the complete
bipartite graph B(X UY') with |X| = ® and |Y| = 2 will be denoted by Ky 5 .
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(The graphs we deal with are sometimes large, in the sense that vertices and
edges can form classes that are not sets. It is clear that we can define the com-
plete graph K, and the complete bipartite graph K, g for arbitrary classes o
and £ also).

Proposition 5.3.6 If the 2-Krull-Schmidt Property holds for a graph G, then
G does not contain copies of the complete graph K.

ProOOF. By corollary 5.3.4 it suffices to show that the 2-Krull-Schmidt
Property does not hold for the complete graph G = K4. Assume the contrary.
Then G = K4 has six edges 1, ...,ls such that §;, +d;, = di, + 61, = 915 + 614, and,
by Proposition 5.3.2, there are a complete bipartite graph B(X U Y) and an
injective monoid homomorphism v: V(G) —» V(B(X U Y)) that sends atoms to
atoms. Let [; be the edge of B(X uY’) such that oy =(d;,). Then If,...,l5
are six distinct edges of B(X UY’) and Opy + 0y, = Oy, + 0y, =z + 0. This implies
that any vertex of {] is incident both to I5 or I} and to I} or l§, hence has degree
at least three in the subgraph of B(X U Y') with the six edges I;. Since the
sum of the degrees of the vertices is equal to twice the number of edges, that
is, is equal to twelve, it follows that the subgraph of B(X U Y) with the six
edges I; has four vertices of degree three. Hence this subgraph of B(X UY)
is isomorphic to K. In particular, K4 would be a bipartite graph, which is a
contradiction. m

Proposition 5.3.7 If a graph G has at most one cycle of odd length in each
connected component, then the 2-Krull-Schmidt Property holds for the graph G.

Proor. By Corollary 5.3.3, we can assume the graph G = (V, E') connected.
By Corollary 5.3.5 we can assume the connected graph G has exactly one cycle
l1,...,1l, of odd length n > 3. The edge /1 is not on any cycle of even length, be-
causeifly,eq,..., e, is acycle of even length m+1, then ey, ..., em,ln,ln-1,--.,12
would be another cycle of odd length m +n — 1. Thus the graph G and the
graph G’ = (V,E \ {l1}) have the same cycles of even length. It follows that
V(G) 2 V(G") @ Ng. Now apply Proposition 5.3.2 and Corollary 5.3.5. =

Let C be an additive category and D a full subcategory of C. We will say
that D satisfies condition (DSP) if whenever we have A® B~ C & D in C with
A,B,C €D, then also D € D.

Every full subcategory D of an additive category C with splitting idempo-
tents has a (DSP)-closure, that is, there is a smallest full subcategory D’ of C,
containing D and satisfying condition (DSP). Define Dy = D and D;,,; as the
full subcategory of C whose class of objects is the class of object of D!, together
with the objects D € C for which there exist A, B,C € D], with Ae@ B~ C & D,
for every n > 0. Then the full subcategory of C whose class of objects is the
union of the classes of objects of the categories D], is the (DSP)-closure of D.

Recall that if codim denotes the dual Goldie dimension and A, B are arbi-
trary objects of an additive category C, then

codim(End¢ (A ® B)) = codim(End¢(A)) + codim(Ende (B)).
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If D is a full subcategory of indecomposable objects of type < 2 of an additive
category C, then its (DSP)-closure D’ is a full subcategory of C of indecompos-
able objects with semilocal endomorphism ring of dual Goldie dimension < 2. To
see this, argue by induction on n. If A, B,C € D), have semilocal endomorphism
ring of dual Goldie dimension <2 and A® B = C' & D, then the endomorphism
ring of D cannot have dual Goldie dimension > 3, otherwise C' has local endo-
morphism ring, hence C' 2 A and B2 D or C 2 B and A 2 D, contradiction.
Hence codim(End¢(D)) < 2. If D is not indecomposable, then it must be a
direct sum of two objects with local endomorphism ring, hence isomorphic to
either A or B, and we get a contradiction again. Similarly, one sees that if D is
a full subcategory of indecomposable objects of type 2 of an additive category
C, then its (DSP)-closure D’ is a full subcategory of C of indecomposable objects
with semilocal endomorphism ring of dual Goldie dimension = 2.

We say that a full subcategory D of indecomposable objects of type 2 of an
additive category C satisfies weak (DSP) if for every U,U’, W € D such that the
edges V(U) and V(U") are not incident, and for every object X e C, UaU' 2 Wa
X implies X € D. By [25, Lemma 5.1], any full subcategory D of indecomposable
objects of type 2 of an additive category C with splitting idempotents satisfies
weak (DSP). If a full subcategory D of indecomposable objects of type 2 of
an additive category C satisfies weak (DSP), then in the graph V(D) any two
distinct vertices connected by a path of length 3 are adjacent.

Lemma 5.3.8 Let G be a connected graph with the property that any two dis-
tinct vertices connected by a path of length 3 are adjacent. Then G is either a
complete graph or a complete bipartite graph.

PrROOF. Assume that G = (V, E) satisfies the hypotheses. The statement
is trivial for [V| < 2, so we can suppose |V| > 3. Fix a vertex vg € V. Let
X ={v eV |wvisadjacent to vo} and Y = V \ X, so that in particular vy € Y’
and X # @. Let G’ be the subgraph of G defined by G’ = (V,E’), where
E' ={{v,w} e E|{v,w}nX # @ and {v,w}nY # @}. Then G’ is a bipartite
graph. Let us prove that it is a complete bipartite graph. If x € X and y e Y,
then x is adjacent to vy and y is not. If y = vy, there is an edge between = and
y. If y # vg, then there is a path in G between y and vy, which can be shortened
to a path of length < 2. Since y # vy is not adjacent to vy, there is a path of
length 2 in G between y and vg. Hence there is a path of length 3 in G between
y and x, so that z and y are adjacent in G.

Now if £ = E’, then G is a complete bipartite graph and we are done.
Assume E’ ¢ E. There exists an edge in F with both vertices either in X or
in Y. Suppose that zg, [ are two vertices in X with {xo,2z(} € E. Fix any
two distinct vertices x,z’ € X. Then {z,v9},{vo,zo}, {x0,2(}, {2, vo}, {vo, 2"}
is a path in E of length 5, possibly with equal consecutive edges. In any case,
this path can be shortened to a path of length 1 in G between the two distinct
vertices x,z’. Thus all vertices of X are adjacent. Now fix any two distinct
vertices y,y’ € Y. Then {y,x0},{z0, 2}, {x},y'} € E is a path of length 3 in G
between the two distinct vertices y,y" of G. Thus y and y’ are adjacent in G. =
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Proposition 5.3.9 Let C be an additive category. The following conditions
are equivalent for a full subcategory D of C of indecomposable objects of type 2
satisfying weak (DSP):

1. the 2-Krull-Schmidt Property holds for D;
2. the graph G(D) does not contain subgraphs isomorphic to Ky;

3. every connected component of G(D) is either a complete bipartite graph
or isomorphic to Ks.

PROOF. (1)=(2) has been proved in 5.3.6.

(2)=(3) By Lemma 5.3.8, the graph G(D) is a disjoint union of complete
bipartite graphs and complete graphs. The only complete graphs that do not
contain subgraphs isomorphic to K4 are K1, K5 and K3. Now K; cannot appear
as a connected component of G(D) and Ky = K 1.

(3)=(1) follows from Corollaries 5.3.3 and 5.3.5 and Proposition 5.3.7. =

The full subcategory Ds of all indecomposable objects of type 2 of an additive
category C with splitting idempotents satisfies weak (DSP), hence we have the
following.

Theorem 5.3.10 Let Dy be the full subcategory of all indecomposable objects
of type 2 of an additive category C with splitting idempotents. The 2-Krull-
Schmidt Property holds for Ds if and only if G(Ds) does not contain subgraphs
isomorphic to Ky, if and only if every connected component of G(D3) is either
isomorphic to K3 or a complete bipartite graph.

Theorem 5.3.11 Let C be an additive category. Then ezxactly one of the follow-
ing two conditions holds for a full subcategory D of C of indecomposable objects
of type 2 satisfying weak (DSP).

e Fither there exist two objects Uy,Us € D such that Uy @ Us has three non-
isomorphic direct-sum decompositions.

e Or there exist two ideals Z,K of the full subcategory S = sum(D) of C,
whose objects are all finite direct sums of objects in D, with S/T and
S/K amenable semisimple categories and the canonical functor F:S —
S/Z x S/K isomorphism reflecting.

PrROOF. The dichotomy corresponds to the fact if G(D) contains or not a
subgraph isomorphic to K. For the first point, it suffices to notice that a graph
G = (V, E) contains a copy of the graph K if and only if there exist six distinct
edges l1,...,lg € E such that d;, + &, = 0;, + &1, = 0y + 0y, in V(G).

Hence, suppose that G(D) does not contain subgraphs isomorphic to Ky,
or, equivalently, that every connected component of G(D) is either isomorphic
to K3 or bipartite. For every connected component of G(D) isomorphic to K3,
fix an object A with V(A) in the connected component. Let D’ be the full
subcategory of D whose objects are all objects in D not isomorphic to any of
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the fixed objects A. Hence the graph G(D’) is now bipartite, because we have
interrupted all triangles in G(D), and the graphs G(D) and G(D’) have the
same class V' of vertices. Let &' = sum(D’) be the full subcategory of S whose
objects are all direct sums of finitely many objects in D’. Let Cpr be the full
subcategory of C whose objects are finite direct sums of objects of finite type.
Thus we have full subcategories S’ ¢S € Cpr € C. Correspondingly, we have a
commutative diagram of canonical functors

S, I S E— CFT
|- |+ |o
&rS'/T £ ®rS/T @z Crr/Z,

where Z varies among the ideals of the category of the form Ap for some maximal
ideal P of the endomorphism ring End¢(A) of some object A of the category.
Since the canonical functor U is full and isomorphism reflecting by Proposition
5.1.5, also F' must be isomorphism reflecting. Let V' = X; U X5 be a bipartition
corresponding to the bipartite graph G(D’). The square on the left in the
previous diagram becomes

S’ — S

lF{xFé 11‘_‘1 xF

DBzex, ST 0 Bzex, S'/T ez Dzex, S/T® Brex, S/T.
Consider the ideals Ker(F;) of the category S, ¢ = 1,2. The functor F;:S —
®7ex,S/Z induces a faithful functor G;:S/Ker(F;) - @®zex,S/Z. In order to
conclude, it suffices to prove that the faithful functor G; is an equivalence. Now
U full implies F' full, hence F; full, so that G; is full. Similarly for S’. Hence
we find a faithful functor G%:S’/Ker(F;) - @zex,S’/Z, which now is not only
full, but clearly also dense, hence an equivalence. We claim that S’'/Z = S/Z for
every ideal Z of the form Ap for some maximal ideal P of the endomorphism
ring End¢(A) of some object A of the category. From the claim, it will follow
that F; is an equivalence. Now F} and E; dense, imply F; dense. Thus G; is an
equivalence.

Hence it suffices to prove the claim. Clearly, the inclusion 8’ - S induces a
full and faithful functor §'/Z - S/Z. We must prove that this functor is dense,
and for this it suffices to show that for any of the originally fixed objects A there
exists an object A" of 8’ with A’ 2 A in the category S/Z. If 7 is a vertex of D
that is not one of the two vertices of the edge V(A4), we can take A’ = 0. Assume
that Z is one of the two vertices of V(A). We can assume that the connected
component of G(D) is the triangle with three edges V (A1), V(Az),V (As), with
three vertices 71, Tz, T3, that each edge is V(A;) = {Zy, T; } for {i, k,1} = {1,2,3},
that V(A) =V (A;) and Z =Z,. Then A; = A3 in the category S/Z, so that Aj
has the required property. This proves the claim. m

Let C be an additive category and D a full subcategory of C whose class of
objects is a class of indecomposable objects of C. An ideal of the category D

112



is said to be completely prime if, for every A, B,C object of D and morphisms
fiA—>Band g:B - C, one has gf € Z if and only if f € Z or g € Z. For the rest
of the section we will suppose also that a completely prime ideal Z of D satisfies
Z(A,A) # Endp(A) for every object A of D. Notice that if 7 is a completely
prime ideal of D, in the quotient category C/Z the endomorphism ring of every
object is an integral domain, not necessarily commutative. If A, B are objects
of D, we will say that A and B have the same Z-class, and write [A]z = [B]z,
if there exist morphisms f: A - B and ¢g: B - A in D that are not in Z. Having
the same Z-class turn out to be an equivalence relation on the class of objects
of D.

Proposition 5.3.12 Let C be an additive category, D a full subcategory of C of
indecomposable objects and Do its full subcategory consisting of all the objects
of type 2. The following conditions are equivalent:

1. there exist two completely prime ideals P, Q of D such that, for every
object U € D, the set Endp(U) ~ (P(U,U)u Q(U,U)) is the set of all
automorphisms of U;

2. all objects of D have type <2 and the graph G(D2) is bipartite;

8. there exist two additive functors F;:D — A;, i = 1,2, of the full subcategory
D of C into two amenable semisimple categories A;, such that, for every
object U € D, F;(U) is a simple object of A; and for every f € Endp(U),
f is an automorphism of U if and only if F1(f) and Fa(f) are automor-
phisms of F1(U) and F>(U) respectively.

PrOOF. (1)=(2) Assume that there exist two ideals P, Q satisfying con-
dition (1) and let U be an object in D. One of the two following conditions
hold: either the ideals P(U,U) and Q(U,U) are comparable, in which case
Endp(U) is a local ring with unique maximal ideal the biggest ideal among
PU,U) and Q(U,U), or P(U,U) and Q(U,U) are not comparable, they are
the two distinct maximal ideals of Endp(U), Endp(U) is a ring of type two,
J(Endp(U)) = P(U,U) n Q(U,U) and Endp(U)/J(Endp(U)) is canonically
isomorphic to the direct product of the two division rings Endp(U)/P(U,U)
and Endp(U)/Q(U,U). In particular Endp(U) is a ring of type < 2 for every
object U € D.

Let 7 be a vertex of G(D2). Then T is the ideal associated to a maximal ideal
I of Endp(U) for some object U € Dy. Now Endp(U) ~ (P(U,U)u Q(U,U))
is the set of all automorphisms of U, and Endp(U) is a ring of type 2, so that
either I = P(U,U) or I = Q(U,U), but not both. Therefore either P € T or
Q c 7 but not both. Let X be the class of the vertices Z with P € Z and Y
be the class of the vertices Z with Q < Z, so that the set of vertices of G(Dz)
is X UY. For every object U € D, the edge V(U) connects the ideal of D
associated to P(U,U) and the ideal of D associated to Q(U,U). That is, a
vertex of X and a vertex of Y.

(2)=(3) Assume that condition (2) holds. The idea of the proof of Theorem
5.3.11 yields a functor F':Dy — @7Dy/Z, with Z ranging in the class V of
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vertices of G(Ds). The bipartition V = X; U X5 of G(D2) induces two functors
F!: Dy - ®1cx,D2/Z, i = 1,2. Notice that @zcx,D2/Z is an amenable semisimple
category. For every morphism f in Ds, either F|(f) is an isomorphism or
F{(f) = 0. Similarly for F5(f). Therefore P = Ker(F}) and Q = Ker(Fy) are
completely prime ideals of Dy, obtained as intersections of ideals associated to
maximal ideals of the rings Endp(U), with U ranging in the objects of Dy, and
Dy/P = @zex,D2/T and D3/ Q = ®1cx, D2/T are amenable semisimple categories.
For every object U of Dy, the ideals P(U,U) and Q(U,U) are the two maximal
ideals of Endp(U), so that Endp(U) ~ (P(U,U) u Q(U,U)) is the set of all
automorphisms of U.

We will now extend P and Q to completely prime ideals of the category
D. Let J be the Jacobson radical of the category D. Since the ideals P, Q
are intersections of ideals associated to maximal ideals of endomorphism rings
of objects of modules of type 2, the restriction of J to D5 is contained both
in P and Q. Let Dy be the full subcategory of D whose objects are all the
objects of D of type 1. Define P(A4,B) = J(A,B) if AeD; or B eD;. Observe
that J(A, B) = Homp(A, B) provided A € Dy and B € Dy, or A € Dy and
B € D;. Moreover, J(A, B) is the set of all non-isomorphisms of Homp (A, B)
if A,B € C;. Now it is straightforward to check that P is a completely prime
ideal in D and that D/P = Dy/P x D1/J is an amenable semisimple category.
The ideal @ can be extended to D in a similar way. The canonical functors
F1:D - D/P and F5:D — D/Q are the required functors.

(3)=(1) Tt suffices to define P = Ker(F;) and Q = Ker(F»). =

Theorem 5.3.13 Let C be an additive category and D a full subcategory of C
of indecomposable objects. Let P, Q be a pair of completely prime ideals of D
with the property that, for every object A€ D, f:A— A is an automorphism if
and only if f¢ P(A,A)u Q(A, A). Let Ay,...,An,By,...,Bn be objects of D.
Then the objects A1®...® A, and B1®...® B,, of C are isomorphic if and only
if n.=m and there are two permutations o, 7 of {1,...,n} with [A;]p = [By@ylp
and [Ai]o = [B;i)le for everyi=1,...,n.

PROOF. (=) By Proposition 5.3.12, the objects of D are of type 1 or 2.
Assume A1 ®...® A, 2 B1®...® B,,. We have seen that m = n and that there
are two permutations «, 8 of {1,...,n} and a positive integer k < n such that:

o Aa(l)a~~~aAa(k)aBﬁ(l)a~~~7B[3(k) have type 2,
° Aa(l)ea-'-@Aa(k) ;Bﬁ(l)Q)...@Bﬁ(k) and
o Ank+1) 2 Ba(ke1)s- - Aa(n) £ Ba(n) are objects of type 1.

Assume for the moment, for simplicity of notation, that o and 8 are the identity
permutations. Let Do be the full subcategory of D of objects of type 2. Let
Max(D3) be the class of all the ideals Z of Dy associated to a maximal ideal
I of Endp,(A) for some object A of Dy. By Proposition 5.1.4, there is an

N(()Max('Dg))

injective homomorphism @zevax(p,)dz: V(D2) — . In the proof of
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previous proposition we have seen that, for every Z € Max(D5), either P ¢ Z or
Q c Z, but not both. That is, there is a partition Sp U Sg of Max(Ds), where
Sp ={Z e Max(Ds) | PcZ} and Sg = {Z € Max(D2) | @ ¢ Z}. Thus we have
an injective morphism @zcg, dzr ® @zcs, dz:V (D2) N(()SP) GDN((]SQ). For every
A in Dy, there is exactly one Z € Sp with dz(A) =1, and dz(A) = 0 for all the
other Z’s in Sp. Similarly for Q. Hence A1 ®...® A, 2 B1®...® B, implies that
there exists a permutation o of {1,...,k} such that, for every Z € Sp, one has
A; 2 B,(;) in the factor category D/Z. Similarly, there exists a permutation
7 of {1,...,k} such that, for every T € Sg, one has A; = B, ;) in the factor
category Dy/Z. Hence, for every Z € Sp and every i = 1,...,k, there exist
morphisms ; 7: A; - By (i) and ;72 By ;) = Ai with ¥ 7057~ 14, € T(A;, Ay)
and @i,I¢i,I‘ ]'Ba('i) € I(Bg(i), Ba(i))~ NOW7 for every 1= ]., e ,k, P(Ai, Al) is a
maximal ideal of Endp, (A;), so that its associated ideal is an ideal Z € Max (D)
necessarily contained in P, that is, an ideal Z € Sp. Thus ¢; 79z — 1a, €
T(A;, A;) for this Z implies v; 7¢i 1 ¢ P(A;, A;). Hence o; 1 ¢ P(A;, B,(;)) and
W,I ¢ ’P(Bg(l),Az) Thus [A7]'p = [Ba(i)]'P- Similarly, [AJQ = [B-r(z)]Q for
everyi=1,... k.

Now that we have found the permutations ¢ and 7, we go back to the
notations of the first paragraph of this proof and see that Boa~! is a bijection
between the A;’s and the B;’s of type 2 that preserves the P classes. Similarly,
Bra! is bijection between the A;’s and the B;’s of type 2 that preserves the Q
classes. As A, (i) 2 Bg(;) for every i = k+1,...,n one sees that Ba~! is a bijection
between the A;’s and the B;’s of type 1 that preserves the isomorphism classes,
hence the P classes. Combining these two bijections, one find a permutation of
{1,...,n} that preserves the P classes, as desired. Similarly for the Q classes.

(<) Let Ay,..., Ay, B1,...,B, be objects in D and let o, 7 be permutations
of {1,...,n} with [A;]p = [By@ylp and [Ai]g = [Br@iy]g for every i =1,...,n.
Let S denote the full subcategory of C whose objects are all finite direct sums of
finitely many objects in D. In order to show that A1 ... A, 2B1&...®B,, it
suffices to show that their images in the category S/Z are isomorphic objects of
S/T for every ideal T of S associated to a maximal ideal I of the endomorphism
ring of some object A in D. Assume A € D and let I be a maximal ideal of the
ring Endp(A4). As we have seen in the proof of Proposition 5.3.12((1)=(2)),
either I = P(A,A) or I = Q(A,A). Suppose, for instance, that I = P(A,A).
Then Z 2 P. Let us prove that A; = B,(;) in S/Z for every i = 1,...,n. In the
factor category S/Z, the images of the objects of D are either zero or isomorphic
to the image of A by Lemma 4.1.1. Hence it suffices to show that A; is zero in
S/T if and only if B,(;) is zero in S/Z. If A; is zero in S/Z, then T(A;, A;) =
Endp(A;), so that hle I =P(A,A) for every h: A; > A and I: A - A;. In order
to prove that B, ;) is zero in S/Z, fix a: A - By(;) and f: By ;) — A. We must
prove that fa € I. From [A;]p = [By(;y]p, we get that there are morphisms
fA; - Bn(i) and g¢: Ba(i) - A; with f ¢ P(AhBa(v)) and g ¢ p(Ba(v)vAz) If
Ba ¢ I = P(A,A), then B,a ¢ P, so that 8f ¢ P(A4;,A) and ga ¢ P(A,A;)
because P is completely prime, contradicting the fact that hl e I = P(A, A) for
every h:A; - A and I: A — A;. This proves that Sa € I, so that B,(;) is zero
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in S/Z. Similarly B,;y zero in §/Z implies A; zero in S/Z. Thus A; = B, ;) in
S/T for everyi=1,...,n,sothat A;®...®@ A, 2B1®...® B, in §/T for every
associated ideal Z. This concludes the proof. m

We conclude the chapter with some examples of completely prime ideals and
applications of the theory we have developed above.

Example 5.3.14 If R is a ring, U is the full subcategory of Mod-R whose
objects are all uniform right R-modules, and P is defined by P(A,B) = {f: A >
B| f non-injective}, then P is a completely prime ideal of U.

Example 5.3.15 Dually, if C is the category of all couniform right R-modules
and Q(A, B) consists of all non-surjective morphisms from A to B, then Q is a
completely prime ideal of C.

Example 5.3.16 If B is the category of all biuniform right R-modules and P,
Q are the restrictions to B of the previous completely prime ideals, then the pair
P, Q satisfies the hypotheses of Theorem 5.3.13. The class B satisfies (DSP).

Example 5.3.17 If C is the full subcategory of Mod-R whose objects are all
right R-modules whose endomorphism is local, the Jacobson radical is a com-
pletely prime ideal of C. The class C satisfies (DSP).

Example 5.3.18 Let K be the full subcategory of Mod-R whose objects are
all kernels of morphisms f:F; — E5, where F; and E5 range in the class of
all uniform injective modules. If Ey, Fs, E], E} are uniform injective modules
and ¢p:E; - Ey and ¢": E{ — F} are two non-injective morphisms, any mor-
phisms f:ker(y¢) — ker(y') extend to a morphism fi: E; — FE5. Moreover f;
induces a morphism f1: B/ ker(p) — Es/ker(¢'), which extends to a morphism
forEy » EYj. If Q is defined by Q(ker(p),ker(¢’)) = {f:ker(¢) — ker(¢') |
f2 is not injective}, then Q is a completely prime ideal of . If P is the re-
striction of the ideal in Example 5.3.14 to the category KC, then the pair P,
Q satisfies the hypotheses of Theorem 5.3.13. The class K satisfies condition
(DSP). Cf. [11].

Example 5.3.19 Dualizing our previous example, we say that a module Mg
is couniformly presented if it is non-zero and there exists an exact sequence

0-Cr—-Pr—->Mp—0

with Pgr projective and both Cr and Pg couniform. Given any two couniformly
presented modules M and M} with their couniform presentations 0 -~ Cr —
Pr - Mr - 0and 0 - Cp - P, > M}, — 0, every morphism f: Mp - My, lift to
a morphism fo: Pr - PJ, that induces a morphism fi:Cr — C; by restriction.
If P is defined by P(Mg, Mp) = {f: Mr - Mp, | f1 is not surjective}, then P
is a completely prime ideal of the full subcategory & of Mod-R whose objects
are all couniformly presented modules. If Q is the restriction of the ideal in
Example 5.3.15 to the category S, then the pair P, Q satisfies the hypotheses
of Theorem 5.3.13. The class S satisfies condition (DSP). Cf. [17].
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Example 5.3.20 Let R be a ring and let S7,.S2 be two fixed non-isomorphic
simple right R-modules. Let C be the full subcategory of Mod-R whose objects
are all artinian right R-modules Ap with soc(Ar) 2 S1 @ S2. Set P;(A,B) =
{f+A - B| f(socs,(Ar)) = 0}. The pair of completely prime ideals Py, P
satisfies the hypotheses of Theorem 5.3.13.
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Chapter 6

The infinite Krull-Schmidt
Property in the case 2

We saw in the previous chapter some examples of categories where the 2-Krull-
Schmidt Property holds. A natural question is to ask what happens when one
considers arbitrary direct sums instead of finite ones. The purpose of this chap-
ter is to study, in an abstract setting, the Infinite 2-Krull-Schmidt Property.
To achieve the most possible generality, we first investigate the problem at a
monoid theoretical level. Since usual monoids do not allow infinite sums, we in-
troduce a new algebraic structure, that we call commutative infinitary monoid,
where arbitrary infinite sums are possible. In section 6.2 we define this new
structure and look at its first properties, showing that there is a canonical way
to pass from usual commutative monoids to infinitary ones. Then we define
properly the Infinite 2-Krull-Schmidt Property and we give a complete descrip-
tion of the phenomenon (Theorem 6.3.6). Eventually, we apply our results to
the main example of commutative infinitary monoid, that is the skeleton V(C)
of a cocomplete category C, endowed with the coproduct as operation.

6.1 Completely prime ideals and associated ide-
als

Given an ideal Z of a preadditive category C and two objects A, B € C, we write
A ~7 B when there exist morphisms a: A - B and 5: B — A such that o ¢ 7
and 8 ¢ Z. In general, the relation A ~z B is only symmetric. Recall that Z is
a completely prime ideal of C if the composition gf: A - C' of two morphisms
fiA—->Band ¢g:B—~ CisinZif and only if f € Z or g € Z and every object of C
is non-zero in C/Z. If this is the case, then the relation ~7 is also reflexive and
transitive. We denote by [A]z the equivalence class of ~z containing A.

Lemma 6.1.1 Let C be a preadditive category and let T be a completely prime
ideal of C. Let A be an object of C. Let I = IZ(A,A) and A be the ideal of C
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associated to 1. Then the following are equivalent for an object B of C:

1. B is a non-zero object in C|Ay;
2. [Alz = [Blz:
3. A;(B,B) =Z(B,B) + End¢(B).
If End¢(A)/I is a division ring, then the previous are equivalent also to:
4. Ende(B)/A;(B, B) is a division ring.

PROOF.

(1)<>(2) B is a non-zero object of C/ Ay if and only if 15 ¢ A;(B,B). By
definition of associated ideal, this means that there exist a morphism a: A - B
and a morphism :B — A such that flpa = fa ¢ I = Z(A,A). Since T is
completely prime, this is equivalent to saying that o and § are not in Z.

(2)=(3) It is enough to prove that A;(B,B) = Z(B,B). If we suppose
that an endomorphism f of B is in Z(B, B), then Sfa e I = Z(A, A) for every
a:A - Band 8:B — A. Then f € A;(B, B). Conversely, suppose f ¢ Z(B, B).
By (2) we know that there exist morphisms c: A - B and : B - A such that
a,f ¢ Z. Therefore, since Z is completely prime, Sfa ¢ I = Z(A, A) and this
means that f ¢ A;(B, B).

(3)=(1) Obvious.

Assume now that End¢(A)/I is a division ring,.

(2)=(4) If (2) holds, there exist a morphism a:A - B and a morphism
B:B — A such that «,8 ¢ Z. Since End¢(A)/I is a division ring, we have
that, for any f € End¢(B) that is not in A;(B,B) = Z(B, B), there exists
g € End¢(A) such that 14-8fag € I. Then also a(la-8fag)B =aB(1p-fagB)
is in Z(B, B). Since Z is completely prime and «, 8 are not in Z, we have that
1p - fagB € Z(B,B). In other words, agf + Z(B,B) is a right inverse for
f+Z(B,B) in End¢(B)/Z(B, B) =End¢(B)/Ar(B, B).

(4)=(1) Obvious. =

Remark 6.1.2 Let C be a preadditive category and let Z be a completely prime
ideal of C. Let A and B be two objects of C. Then in C there is not a biproduct
of A and B. To see this, suppose that in C there exists a biproduct A ® B and
consider the canonical embeddings €4, ep and the canonical projections w4, 75.
We have that 14 = mae4 and 15 = wgep imply that €4,ep, 74,75 are not in Z.
But, since Z is completely prime, mges = 0 implies that either 7p or €4 is in Z.
This is a contradiction.

Following [23], if A is an object of a preadditive category C and I is an ideal
in End¢(A), we say that A is I-small if for every family of objects My, A € A,
and morphisms a: A - @ epa M)y and SB: @y epa My —> A with Ba ¢ I, there exists
p € A such that fe,m o0 ¢ 1.
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If R is a ring and C is a preadditive full subcategory of Mod-R, we denote
by Sum(C) the category whose objects are direct sums of (possibly infinitely
many) objects in C.

At this point, we can generalize Proposition 5.1.4 to the infinite case.

Proposition 6.1.3 Let R be a ring, C be a full preadditive subcategory of
Mod-R and let Z be a completely prime ideal of C. Let A be an object of C
such that Endc(A)/Z(A, A) is a division ring. Let I = Z(A,A) and A; be the
ideal of Sum(C) associated to I. If A is I-small, then the category Sum(C)/A;
s equivalent to the category of all right vector spaces over the division ring
Endc(A)/Z(A,A).

PrROOF. By Lemma 6.1.1 we have that, for every object B of C, when we
pass to the factor category C/ Ay, either B =0 or B~ A . Then it is enough to
use [23, Lemma 3.2] m

Therefore there is a direct-summand preserving functor of Sum(C) into the
category of right vector spaces over the division ring End¢ (A)/I with the prop-
erty that, for every object X = @xea My of Sum(C), with the M)’s in C, the
dimension of the vector space corresponding to X is equal to the cardinality
of the set {\ e A| [M\]z = [A]z }. Hence this cardinality depends only on X
and not on the direct-sum representation X = @yca My of X as a direct sum of
elements of C.

6.2 Commutative infinitary monoids

Let M be a class. If ® is a cardinal number, we can define the class M® =
{ft® = M| f is a function }. An R-operation on M is a function pg: M™ — M.

We define a commutative infinitary monoid to be a class M together with
an operation py for every cardinal number R such that:

e p:M' - M is the canonical bijection that sends the map f:1 — M,
defined by f(1) =m, to the element m € M;

o if R;,4 € I, and R are cardinal numbers, v;:R; — R, i € I, are injective
maps such that ® = U;c;7i(R;) and ®; = |I], then, for any f € M, px(f) =
px, (T), where T' € M7 is the function from I to M defined by T'(i) =
px; (f7i), for any i € 1.

Remark 6.2.1 In a similar way to what we did above, we can define classes of
monoids where one can perform sums only up to a given regular cardinal. In
fact, if 1 is a regular cardinal, one defines a commutative J-infinitary monoids
to be a class M together with operations py for every cardinal number R < 2
satisfying the above axioms. In this fashion, it is easy to notice that commutative
Ro-infinitary monoids are exactly the usual commutative monoids.
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Denote by e the image of the empty function, that is the only element of
M?, through pg. The element e behaves like an identity element for M, i.e. if
we sum infinitely many times e to an element m € M we obtain m again. To
show this, consider any pair of cardinals ® and 1 and any function f:X — M;
by our second axiom, choosing ®X; = ® and ®; = 0 for every ¢ € 2, we obtain the
equality px(f) = pa+1(Ty), where 'y € M>*! is the function from 3+ 1 to M
that sends 1 to px(f) and 7 € 2 to po(@) = e for every i € 2.

If we choose |I| =1 in our second axiom, we obtain that px(f) = px(fo) for
any cardinal R, any f € M® and any permutation o:® — R. This means that
the order of the summands does not influence the result. Hence it makes sense
to call such a structure commutative.

Similarly, it is easy to show that the associative property holds.

Example 6.2.2 Let Card be the class of all cardinal numbers. Endow Card
with the operations py: Card™ — Card defined by px(f) = Y f(i). Then Card
becomes a commutative infinitary monoid. In fact p1(f5) = 2 for every 1 € Card,
where f5 is the map that sends 1 to 2. Moreover, given a cardinal ® and injective
maps v;:R; = R, i € I such that ® = U;e;7i(R;), we have that pe(f) = Y (1)
is equal to p, (T) = Tier s, (F1) = Tier Tjen, F1:().

If I is a class and for any ¢ € I we have a commutative infinitary monoid
M;, we define in the following way their direct sum @;c;M;. The elements
of ®;crM; are the sets {(ix,mi, )}rea, Where A is a set, the iy are distinct
elements of I and m,;, is an element of M;, for every A € A. We identify
two elements {(ix,mi, ) rea and {(j.,m;,) }pear of ®ier M; when m;, =my, if
ix = Ju, Mi, = €, for every iy that is different from any j,,, u € A’, and m;, =e;,
for every j,, that is different from any iy, A € A.

Define the operations p on @;;M; in the following way. If f € (@7 M;)®
is a function from R to @;ey M; that sends a € ® to {(i,m ) }aea,, set pR(f) =
{(i’;,p;(fik))}k,\ where A = Ugen Ag and f;, € M is the function from R to M;
that sends a € ® to m{, € M;, where without loss of generality we can consider
mi =eif A ¢ A,.

We can consider the category Mon of all commutative infinitary monoids.
The morphisms between two commutative infinitary monoids M; and M, are
the functions a between the classes M; and My such that for every cardinal R
and every f € M3, we have apk(f) = pZ(af).

Proposition 6.2.3 Let I be a class and let M; be a commutative infinitary
monoid for every i € I. Then the direct sum ®;c; M; is the coproduct of the M;’s
in the category of commutative infinitary monoids.

PROOF. For any index 7€ I, there is a morphism of commutative infinitary
monoids f; from Mz to ®;c; M; that sends every element m € Mz to {(7,m)}. If
there is another commutative infinitary monoid N together with morphisms of
commutative infinitary monoids g;: M; — N for every ¢ € I, then there exists a
unique morphism of commutative infinitary monoids f:@®;c;M; — N such that
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gi = fof; for every i € I, defined in the following way: an element {(ix,mi, )} rea
of @,y M; is sent by f to the element péV(L) where ® = |[A| and ¢ € N® is the
function from A to N that sends A € A to g;, (m;,). =

We notice that, if I is a set, then ®;c; M; is the product of the monoids M;.
If I is not a set, but a proper class, the product of the commutative infinitary
monoids M;, i € I, does not exist in MK.

Lemma 6.2.4 The direct sum of copies of Card, indexed in a class I, is a free
object on a basis I in the category of commutative infinitary monoids.

PROOF. Let I be a class and F 2 @;c;Card be the direct sum of |I| copies
of Card. The canonical injection is the map of classes ¢:I — F that sends an
element i € I to the element {(i,1)} € F. Let M be any commutative infinitary
monoid with a map of classes k: I - M. We need to prove that there is a unique
morphism of commutative infinitary monoids &: F' — M such that x = ke. It is
clear that we need to define #({(ix,Rx)}rea) = leM (p) where p:|A| - M is the

map that associates to every A € A the element pﬂ/ﬁ (kixn), and k;, 1R\ - M sends
any s € Ry to k(iy). m

An element m of M is an atom if m = py,(mi,me) implies m; = e or
mo = e. We say that M is atomic if every element of M is a sum of possibly
infinitely many atoms. Unless otherwise explicitly mentioned, lowercase letter
will always denote atoms of an atomic commutative infinitary monoid and we
will write generic elements of an atomic commutative infinitary monoid as sum
of atoms.

We will identify every function f € M™® with the image of the elements of R
and denote any R-operation py of M by the symbol Y, since this will not create
any confusion.

It is clear that every commutative infinitary monoid M can be seen as a
usual commutative monoid. Indeed, this gives rise to a forgetful functor ¥ from
the category Mon of commutative infinitary monoids to the category Mon of
usual commutative monoids. The functor  forgets all the R-operations pyx for
R 2 Rp.

There is also a functor from the category of commutative monoids to the
category of commutative infinitary monoids. We can define it in the following
way. Let M be a commutative monoid. Consider the class {® - M | ® € Card}
of all the functions from a cardinal to M and quotient it by the equivalence
relation ~ defined by (f:Ry - M) ~ (g:Re — M) if and only if ®; = X9 and
there exists a bijection 0:R; — Rg such that f = go. On this class, that we will
denote by M’, we define the R-operations pyx. Given a cardinal R, we define the
R-operation py: M™ — M’ by juxtaposition of functions, i.e. if f € M’ sends
s€R to fs:05 > M, the R-operation py sends f to

Px(f) Osexjs g M
xedy v fo(x).

In this way the class M’ becomes a commutative infinitary monoid. Our func-
tor from the category of commutative monoids to the category of commutative
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infinitary monoids is defined sending a commutative monoid M to the commu-
tative infinitary monoid M obtained by taking the quotient of the commutative
infinitary monoid M’ with respect to the congruence generated by the relation
a+f3 =+, where a:1 - M’ sends 1 to mq, 8:1 - M’ sends 1 to mo and y:1 - M’
sends 1 to mq + mao.

If we are given a morphism of commutative monoids f:M; — Ms, the
morphism of commutative infinitary monoids f: Ml - Mg is defined as fol-
lows. If a:® - M; is an element of M, its image through f is defined to be
f(a) = fa:r > M.

Proposition 6.2.5 The functors 7: Mon — Mon is right adjoint to the functor
“:Mon - Mon.

PROOF. We have to prove that for every commutative monoid M and
every commutative infinitary monoid N, there is a bijection Hompzo, (M, N¥) <
Homm(M ,N). Let a be a morphism of commutative monoids between M
and N7/. To it we associate the morphism of commutative infinitary monoids
p&, where p is the morphism of commutative infinitary monoids defined by

P NT - N
(hir - NT) = pe(h).

Conversely, if ﬁM — N is a morphism of commutative infinitary monoids,
we associate to it he morphism of commutative monoids 3¢, where ¢ is the
morphism of commutative monoids defined by

¢ M - M!
m e (q(m):1em).

To prove the proposition we need to prove that the composition of the two maps
that we defined is the identity in both ways. To show this, let o be a morphism
of commutative monoids between M and N¥. We have

(pa) q(m) = (pa)/(q(m):1—m) = (p&)(g(m):1~m)
p1(ag(m):1 = a(m)) = a(m),

for any m € M. Hence (pa)’q = a. On the other hand, if B:M - Nis a
morphism of commutative infinitary monoids and x:X - M is an element of M,
we have

YT IRy oo R > N7 )
P(Bla)(x) = i e Blan(i) = Bla(s():1 o w())
= Blon(a(s()):1 = 5(0))) = B(x)

[

and this proves p(3fq)=5. =
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6.3 Infinite 2-Krull-Schmidt Property

In the setting of commutative infinitary monoids, we can generally define when
a monoid satisfies an infinite Krull-Schmidt property. We say that the Infinite
Krull-Schmidt Property holds for an atomic commutative infinitary monoid M
if, given two families {a; | ¢ € I} and {b; | j € J} of atoms of M, we have
Yier @i = X jey by if and only if there exists a bijection o: I — .J such that a; = b, ;)
for every i € I. It is clear that a commutative infinitary monoid satisfies the
Infinite Krull-Schmidt Property if and only if it is free.

We say that the Infinite 2-Krull-Schmidt Property holds for an atomic com-
mutative infinitary monoid if there exist two equivalence relations ~ and = on the
class A of atoms of M such that, given two families {a; |i €I} and {b;|jeJ}
of atoms of M, we have },c; a; = ¥ c; b if and only if there exist two bijections
o,7:1 - J such that a; ~ by(;y and a; = b, ;) for every i€ I.

In this chapter, by a graph we mean a class V of vertices together with a
class F of edges, which are 2-element subsets of V. We can associate an atomic
commutative infinitary monoid M (G) to any graph G = (V, E). Given a graph
G = (V,E), where the elements of E are subsets of V' of cardinality 2, consider
the free commutative infinitary monoid F(V) on the basis {d, | v € V }. If
I ={v,w} € FE is an edge of G, define §; = §, + d,, € F(V). Let M(G) be the
commutative infinitary submonoid of F'(V') generated by the elements d;, where
[ ranges in F.

More generally, given a class A we denote by the symbol F(A) the free
commutative infinitary monoid on the basis A.

Proposition 6.3.1 Let M be an atomic commutative infinitary monoid. Then
the following are equivalent:

1. the Infinite 2-Krull-Schmidt Property holds for M ;

2. there exist a complete bipartite graph B(XUY") and an injective morphism
of commutative infinitary monoids M — M(B(XUY)) that sends atoms
to atoms.

PROOF. Suppose that the Infinite 2-Krull-Schmidt Property holds for M.
Let A be the class of atoms of M and let A/ ~ and A/ = be the quotient classes
of A modulo the equivalence relations ~ and =, respectively. The canonical
projection m.: A - A/ ~ induces a morphism of commutative infinitary monoids
i M — F(A/ ~) defined as follows, T2 (Xjer ai) = Yier m~(a;). Similarly, the
other canonical projection m=: A - A/ = induces a morphism of commutative
infinitary monoids 72: M — F(A/ =) defined by 7z (X1 @i) = Yier m=(a;)-

Since the Infinite 2-Krull-Schmidt Property holds, the product morphism
o x =M — F(A] ~) x F(A] =) is injective.

Now consider the complete bipartite graph B(XUY'), where X = A/ ~ and
Y = A/ =. The monoid M (B(XUY)) is the submonoid of the free commutative
infinitary monoid F(XUY") on the basis XUY = A/ ~ U A/ =, generated by the
elements [I]. + [e]=, with [ and e ranging in A. Since the image of 7. x 7= is

124



generated by the elements [[]. +[I]=, with [ € A, it follows that the image of the
injective morphism of commutative infinitary monoids 7. x 7= is contained in
M(B(XUY)).

Finally, the atoms a of M are mapped by 7. x Az to the atoms [a]. +[a]= of
M(B(XUY)). This completes the proof of (1) = (2).

Assume now that there exist a complete bipartite graph B(XUY) and an
injective morphism of commutative infinitary monoids ¢: M — M (B(XUY))
that respects infinite sums and sends atoms to atoms. Therefore every atom
a of M is sent by ¢ to an atom ¢(a) = x4 + y, of M(B(XUY)), with z, € X
and y, € Y. Since ¢ preserves infinite sums, an element > ,.; a; of M is sent to
Yier(Ta; + Ya;)- Therefore two elements a = ¥;.ya; and b = ¥ ,.;b; of M are
equal if and only if p(a) = ¥icf Ta, +Ya, is equal to (b) = ¥ ey b, +yp,- This is
equivalent to say that there exist two bijections o, 7:I — J such that zq, = x4, ,,
and Yo, = Yp,,, for every i € I. Defining a ~ b if and only if z, =2, and a = b if
and only if y, = yp it becomes clear that the Infinite 2-Krull-Schmidt Property
holds. =m

We can interpret the commutative infinitary monoid associate to a graph
from another point of view.

Example 6.3.2 Let K and L be two classes. Consider the class D of all pairs
( Z ) with a € K and b € L. Let F be the free commutative infinitary monoid

on the basis D. We can look to the elements of F' as 2 x X matrices, with R
any cardinal number, such that all the entries of the first row are in K and all
the entries of the second row are in L; with this interpretation, the operation of
F is just the juxtaposition of matrices. We have to be careful since two 2 x R
matrices M and N are equal in F' if there exist a bijection p:X — R such that
the i-th column of M is equal to the p(i)-th column of N, for every i € X. On F'
we consider the congruence ~ defined by the following: given two 2 x X matrices
M and N we have M ~ N if and only if there are two bijections o, 7:R8 — R
such that my; = ny .y and ma; = ng ;) for every i € R. Lousily speaking,
M ~ N if and only if the first row of M has the same entries of the first row of
N, counting with multiplicity, and the second row of M has the same entries of
the second row of N, counting with multiplicity.

Let C' be the quotient monoid of F' by the congruence ~. Then C is a
commutative infinitary monoid and it is clear that the Infinite 2-Krull-Schmidt
Property holds for C.

It easy to see that the commutative infinitary monoids constructed in this
way are exactly the monoids M (B(XUY)). In fact it is enough to take X = K
and Y = L. Hence, given any atomic commutative infinitary monoid M for
which the Infinite 2-Krull-Schmidt Property holds with respect to the equiva-
lence relations ~ and =, there exist an atomic commutative infinitary monoid
C constructed as in Example 6.3.2 and an injective morphism of commutative
infinitary monoids ¢: M — C. It is enough to take K equal to the class of
equivalence classes of the atoms of M with respect to the equivalence relation ~
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and L equal to the class of equivalence classes of the atoms of M with respect
to the equivalence relation =. Then we can define ¢: M — C as the morphism
of commutative infinitary monoids that sends an atom a € M to the matrix

( %Z%N ) Since the Infinite 2-Krull-Schmidt Property holds both for M and C,

it is clear that  is well-defined and injective.

Lemma 6.3.3 Let ~ and = be two equivalence relations on a class S. Then the
following are equivalent:

1. a~b and a = ¢ implies that there exists d € S such that d ~ ¢ and d = b;
2. [b].n[c]= # @ implies [b]= n[c]. + &;

3. the composite relation ~ o = is symmetric;

4. ~o=1is equal to = o ~.

We say that two relations on a class S are permutable if they satisfy the
equivalent conditions of Lemma 6.3.3. It is clear that if o = 7, then ¢ and 7 are
permutable. We will see more interesting examples of permutable relations in
the following chapters.

We say that the Strong Infinite 2- Krull-Schmidt Property holds for an atomic
commutative infinitary monoid M if the Infinite 2-Krull-Schmidt Property holds
with respect to two permutable equivalence relations, i.e. if there exist two
permutable equivalence relations ~ and = on the class A of atoms of M such
that, given two families {a; | i € I} and {b; | j € J} of atoms of M, we have
Yier @i = Xjey by if and only if there exist two bijections o,7:1 — J such that
a; ~ by and a; = b, ;) for every i€ I.

Theorem 6.3.4 Let M be an atomic commutative infinitary monoid. Suppose
that there are two permutable equivalence relations ~ and = on the class A of
atoms of M such that:

1. a=0bif and only if a ~b and a = b;

2. if a~b and a = ¢, there exists an element d € A such that a+d=b+c, d~c
and d =b.

Let {a;|iel} and {b;|jeJ} be two families of atoms of M. Then Y. a; =
Y jes bj if there exist two bijections o,7:1 - J such that a; ~ b,(;y and a; = b, (;
for every iel.

ProOF. Consider two families {a; i€} and {b;|j € J} of atoms of M
and suppose that there are two bijections o,7:1 — J such that a; ~ b,(;) and
a; = by(;y for every i € I. We have to show that ¥,y ai = ¥ 5 ;.

The symmetric group Sy consisting of all bijections I — I acts on the family
I in a natural way. Let C be the cyclic subgroup of S; generated by 77 1o € Sj.
Then C acts on the family I. For every element i € I let [i] = {(7710)*(q) |
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z € Z} denote the C-orbit of i. Let o([7]) be the image of the orbit i via the
bijection o.

Fix i e I. We claim that Yy ak = Xieo([i]) bi-

Set i, = (1710)*(4), j» = 0(i»), as = a;. and b, = b;_. In this notation the
equality a; ~ by(;) for every i € I implies that a, ~ b, for every z € Z and similarly
the equality a; = b,(;) implies that a, =b,_; for every z € Z.

We now prove that there are elements x,, and y,, in A satisfying the following
properties for every n > 1:

® Ty 1 +Yp=by1+by and T, + Y = an +a_p;
e 1, ~a, and T, = a_n;
e y,~b_p, and y, = b,_1.

Set g = ag. Since ag ~ by and ag = b_1, there is an element y; € A such
that by + b_1 = xg + y1 with y; ~ b_; and y; = by. Therefore a1 = by = y; and
a-1 ~ b_1 ~ y;. Hence there is an element z; € A such that a; +a-1 = x1 + 1
with 1 ~ a7 and z1 = a—y. Thus x¢,21 and y; have the required properties.

Now let n > 1 and suppose that x; and y; satisfying the required properties
have already been constructed for ¢ < n. Since -1 ~ a1 ~ bp—1 and x,_1 =
G-n+1 = b_y, there exists an element y,, € A such that x,_1 +y, = b1 +b_,, with
Yn ~ b_p and y, = by—1. From a_,, ~ b_,, and a, = b,_1 it follows that y, ~ a_,
and y, = a,. Again, there exists an element x,, € A such that z,, +y, = an +a_n
with z,, ~ a,, and x,, = a_,,.

Now suppose that the orbit [¢] is an infinite set. Then

Za’k = Za”:a0+Z(an+a—n):x0+2(xn+yn):
ke[7]

nez n>1 n>1
= Z(xn—1+yn) = Z(bn—1+b—n) = an:
n>1 n>1 nez

- Y

lea([4])
Now suppose that the orbit [¢] is a finite set with ¢ = 2n + 1 elements. Then

Ty~ ap ~ by and z, = a_y = b_p_1 = b, imply z, = b, and

n
(ak + a_k) =g+ Z(Z‘k +yk) =
1 k=1

M=

Z ar = ao+
ke[1] k

(xk—l + yk) + Ty = Z(bk—l +bk) +bn =
k=1 k=1

- Y

teo ([3))

M=

For the case ¢ = 2n, n > 1, we have a,, = a_,, hence y,, ~ a_,, and y,, = a,, imply
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that vy, = a,,. Then

n-1 n-1
Zak = a0+Z(ak+a_k)+an:x0+Z(xk_1+yk)+yn:
ke[7] k=1 k=1

= Z(xk—l + yk) = Z(bn—l + b—n) =
k=1 k=1

- Y o

leo([4])

When the index 7 runs over all the indices in I, we get that the orbits [¢] form a
partition of I into disjoint countable subsets I = U;cr[¢] and their images form
a partition of J into disjoint countable subsets J = U;er o([¢]). By the claim
Yke[i] @k = Lico([s]) br for every orbit [i], so that Y,crai =Y e bj.

We say that an atomic monoid M is a-cancellative if for any atom b and any
other elements ¢,d € M, we have b+c=b+d = c=d.

We say that an equivalence relation ~ on the class A of atoms of an atomic
commutative infinitary monoid controls the infinite if the following is true:
consider two sets {a; | i € I} and {b; | j € J} of atoms of M and the sets
I(k)={iel|a;~ar}and J.(k) ={jeJ|bj ~ar} for k e I. When-
ever Y. a; = Xy bj and the sets I.(k) and J.(k) are both infinite, for ev-
ery t € I.(k) there exists a subset A(t) ¢ J with |A(¢)| < |I.(k)| such that
J.(k) € Uger. (k) A(t) and, similarly, for every u € J.(k) there exists a subset
B(u) ¢ I with |B(u)| < [J.(k)| such that I.(k) € Uyes. (k) B(u).

Theorem 6.3.5 Let M be an atomic a-cancellative commutative infinitary mo-
noid. Suppose that there are two permutable equivalence relations ~ and = on
the class A of atoms of M such that:

1. a=bif and only if a~b and a = b;

2. if a 1s a summand of ¥ c;bj, then there exist ji,j2 € J such that a ~ by,
and a = bj,;

8. if a~b and a = ¢, there exists an element d € A such that a+d=b+c, d~c
and d=b.

If ~ controls the infinite, the equality Y;crai = ¥ ey b; tmplies that there is a
bijection o:1 — J such that a; ~ by for everyiel.

ProOOF. Fix an index k € I and consider the two subclasses I.(k) = {i €
Ilai~ar}of I and J.(k)={jeJ]|b;j~ar} of J. Itis obvious that the
I.(k),k € I, form a partition of I. Note that the J.(k),k € I, also form a
partition of J because for every j € J there is a k € I with b; ~ a; and for every
keI there is a j € J with b; ~ a by (2).

In order to establish the existence of the bijection o:1 — J preserving the
~-classes of {a; | i € I'} and {b; | j € J}, it is sufficient to prove that the
cardinalities |I.(k)| and |J.(k)| are equal for every k € I.
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Suppose first that either I.(k) or J.(k) is a finite set. Without loss of
generality we may assume |I. (k)| < |J.(k)|- Suppose that |I.(k)| < |J.(k)|. Take
7€ I.(k); then, by (2), there exist ji,j2 € J such that a; ~ b;, and a3 = bj,.

If jo € J.(k), then a; = b;, by (1) and, since M is a-cancellative, we get
Vel i = Xjes{jz} Vi

On the other hand, if js ¢ J.(k) we have that, by (3), there exists d € A such
that d ~ ij f“ az, d= bj1 and bj1 + bj2 = a7+d. Then Zz’e] a; = ZjeJ bj = bj1 + bj2 +
ZjEJ\{j1,j2} bj =az+ d+ szJ\{j17j2} bj implies Ziel\{i} a; = d+ ZjEJ\{j1,j2} bj.

An easy induction shows that after |I.(k)| steps we get the required contra-
diction.

Now suppose that I.(k) and J.(k) are both infinite. By symmetry it is
sufficient to prove that |J.(k)| < |I.(k)|.- By hypothesis, for every t € I.(k) there
exists a subclass A(t) ¢ J with |A(t)| < I.(k) such that J.(k) € Urer. () A().
Looking at the cardinalities, we obtain that |J.(k)| < |I.(k)||I.(kK)| = |I.(k)|.
Hence |J.(k)| = |I.(k)| if I.(k) and J.(k) are both infinite. m

Combining the results of Theorem 6.3.4 and Theorem 6.3.5, we obtain the
following.

Theorem 6.3.6 Let M be an atomic commutative infinitary monoid and let ~
and = be two permutable equivalence relations on the class A of atoms of M.
Then the following are equivalent:

1. the Strong Infinite 2-Krull-Schmidt Property holds for ~ and =;
2. the following hypotheses hold for M :

(a) M is a-cancellative;

(b) a=bif and only if a ~b and a = b;

¢) if a is a summand of ¥ ;.;b; there exist j1,jo € J such that a ~ b;

jed I J1

and a = bj,;

(d) if a~b and a = c, there exists an element d € A such that a+d=b+c,
d~cand d=b;

(e) ~ controls the infinite;

(f) = controls the infinite.

3. There exist a complete bipartite graph B(XUY') and an injective morphism
of commutative infinitary monoids p: M — M (B(XUY")) that sends atoms
to atoms and such that, for any z1 € X and 22 € Y, we have d(z1,22) <3
in (M) implies d(z1,22) =1 in p(M).

PROOF. (1)=(2) Suppose that the Strong Infinite 2-Krull-Schmidt Property
holds for ~ and =. Then it is clear that a = b if and only ifa ~band a=b. Ifais a
summand of ¥’ ;. ; b;, there exist atoms ¢k, k € K, such that a+ ¥ yex ¢k = X je s bj;
then by the Infinite 2-Krull-Schmidt Property, there exist ji,j2 € J such that
a ~ b;, and a = bj,. Conversely, if a ~ b;, and a = bj,, by the permutability
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of ~ and =, there exists a d € M such that d ~ b;, and d = bj,; then it is clear
that a + d = bj, + b;,. To prove that M is a-cancellative, let a be an atom and
Y jes bj and ¥y ¢ be generic elements of M; then, if a+3¥ ;e ;b = a+ Yyex ck,
by the Infinite 2-Krull-Schmidt Property we get that there exist two bijections
o,7:J" - K', with |J'| = |J| +1 and |K'| = |[K| + 1, such that the conclusion of
the Theorem holds; ¢ and 7 clearly induces bijections between J and K for
which the conclusion of the Theorem holds, but then ¥ ;. ;b; = ¥ ek cx and M
is a-cancellative.

To prove (e) and (f), suppose ¥,y a; = ¥jc;b;. By the Infinite 2-Krull-
Schmidt Property, there exist two bijections o,7:1 — J such that a; ~ by
and a; = b,(;) for every i € I. Then we can take A(t) = {o(t)} and we get
JA(K) € User.(x){o(t)}. Similarly, defining B(u) = {o7"(u)}, we get I.(K) ¢
Uues. () {0 (u)}. We can do the same for = using 7 instead of o.

(2)=(1) The hypothesis of Theorem 6.3.4 are satisfied and then we have
Yier @i = X jeg by if there exist two bijections o, 7:I — J such that a; ~ b, (;) and
a; = by for every i€ I.

It is clear that if we assume (2) all the hypothesis of Theorem 6.3.5 are
satisfied both for ~ and =. Then };.;a; = ¥ c;b; implies that there exist two
bijections o,7:1 — J such that a; ~ by(;) and a; = b, ;) for every i € I.

We just proved that the Strong Infinite 2-Krull-Schmidt Property holds.

(1)< (3) It is enough to use Proposition 6.3.1 and notice that the permutabil-
ity of the relations ~ and 7 translates into the condition that, for any z1, 2o both
in X orin Y, we have d(z1,22) <3 = d(z1,22) = 1.

]

6.4 Infinite 2-Krull-Schmidt Property in cocom-
plete categories

Let C be an additive category. Any skeleton V' (C) of C has the structure of a
large commutative monoid, in which the operation is induced by coproduct. If
the category C is cocomplete, i.e. any set of objects of C admits a coproduct, then
V(C) is a commutative infinitary monoid. We will always assume that every
element of our category C is a (possibly infinite) coproduct of indecomposable
objects of C, so that the commutative infinitary monoid V' (C) is always atomic.

We say that the Infinite 2-Krull-Schmidt Property holds for a cocomplete
category C if it holds for the monoid V(C). Similarly, we say that the Strong
Infinite 2-Krull-Schmidt Property holds for C if it holds for V' (C).

Now we want to investigate how we can obtain the conditions of Theorem
6.3.6(2) when we are considering the commutative infinitary monoid V' (C) as-
sociated to a cocomplete category C.

We will say that two ideals I and J of a ring R realize all maximal ideals, if
for every maximal one-sided ideal M of R, we have M =1 or M = J. It is clear,
by Proposition 5.1.1, that if the ideals I and J realize all the maximal ideals of
a ring R, then R is a ring of type < 2.
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Lemma 6.4.1 Let 7 and J be two completely prime ideals of a preadditive
category D and let A and B be two objects of D such that (A, A) and J(A, A)
are proper ideals of Endp(A) realizing all mazimal ideals of Endp(A), and
Z(B,B) and J (B, B) are proper ideals of Endp(B) realizing all mazimal ideals
of Endp(B). Then A~ B in D if and only if [A]z = [B]z and [A]l7 =[B]7.

PrOOF.  Since Z(A,A), J(A,A), Z(B,B) and J(B,B) are all proper
ideals, it is clear that A = B implies [A]r = [B]z and [A]7 = [B] 7.

On the other hand, suppose that [A]z = [B]z and [A] 7 = [B]s. This means
that there exist morphisms a,v: A - B and 3,0: B - A such that « and 3 are
not in Z and v and § are not in J. Among the three morphisms «,y and a + 7y
we can find a morphism f:A — B that is not in Z and not in J. Similarly,
among the three morphisms 5,6 and 8+ § we can find a morphism ¢g:B - A
that is not in Z and not in J. The composite morphisms fg and gf are not in
7 and not in J, and therefore are automorphisms. =

From now on, suppose that C is a cocomplete category and let D be the full
subcategory of indecomposable objects of C.

Suppose that Z and J are two completely prime ideals of D. We say that
the category C is D-splitting if, for any A, B,C € D with [A]z = [B]z and
[A]7 = [C], there exists an object D € D such that A@ D = B@® C. In the
expression D-splitting, there is no direct reference to the ideals Z and 7, since
they will always be clear from the context.

Lemma 6.4.2 Let C be a cocomplete category. Let T and J be two completely
prime ideals of D and let A+ 0 and Uy,...,U,, n>2 be objects of D such that
Z(A,A) and J(A, A) are proper ideals of Endp(A) realizing all mazimal ideals
of Endp(A). Suppose that A is isomorphic to a direct summand of U1 ®...@U,
and A £ U; for every i. Then there are two distinct indices i,j = 1,...,n such
that [Alz = [U;]z and [Aly = [U;]7.

ProOF. Let A # 0 and Uy,...,U,, n > 2, be objects of D such that
Z(A, A) and J(A, A) are proper ideals of Endp(A) realizing all maximal ideals
of Endp(A). Suppose that A is isomorphic to a non-zero direct summand of
Upo...eU, and A £ U; for every i = 1,...,n. Hence there are morphisms
f=Ue)igA-Ue...0U, and g = (gr)1.;:U1 ®... @ U, - A such that
9f = Yr.19kfr = 14 and none of the gify is an isomorphism. Therefore
there exist two distinct indices ¢ and j in 1,...,n such that g;f; ¢ Z(A, A)
and g; f; ¢ J(A, A). It follows that [A]z = [U;]z and [A]s = [Uj] 7.

Corollary 6.4.3 Let C be a D-splitting additive category. Let T and J be two
completely prime ideals of D and let A, Uy and Us objects of D such that the
ideals T(A, A) and J(A, A) are proper ideals of Endp(A) realizing all mazimal
ideals of Endp(A), and Z(U;,U;) and J(U;,U;) are proper ideals of Endp(U;)
realizing all mazimal ideals of Endp(U;), ¢ = 1,2. Then [Alz = [U1]z and
[A]7 = [Uz2]s implies that there exists an object D of C such that [D]z = [Ua]z
and [D]7 = [U1]g.
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PROOF. Since the category C is D-splitting and [A]z = [U1]z and [A] s =
[Uz]7, there exists an object D € D such that A® D = U; @ Us. Now, using the
fact that Uy and Uz are direct summands of A® D, by Lemma 6.4.2 we get that
either A or D is in the same ~z-class of Us and similarly either A or D is in
the same ~g-class of Uy. If [U1] 7 = [A]s we get by Lemma 6.4.1 that A = Uy.
Using again Lemma 6.4.2 we have that either U; or Us is in the same ~ 7-class
of D. Since [U1]s = [A]s = [U2]7, we have also [D]s = [U1]y. Similarly, if
[U2]z = [A]z we get that A = Uy. Using Lemma 6.4.2 we have that either Uy
or Us is in the same ~z-class of D. Hence [Uy]z = [A]z = [Uz]z implies that
[D]z =[Uz]z. =

Remark that this corollary states that the equivalence relations ~z and ~7
are permutable.

Definition 6.4.4 Let C be a cocomplete category and let Z be an ideal of C.
We say that an object U in D is Z-quasi-small if for every family of objects
My € D, X\ € A, and homomorphisms a:U — @&xca My and B:®rep My - U with
Ba ¢ Z, the class { pe A | feymua ¢ I} is non-empty.

With the following Lemma we remark that being Z-quasi-small is invariant
under ~z-equivalence.

Lemma 6.4.5 Let C be a cocomplete category and let T be a completely prime
ideal of D. Let A and B be two objects of D such that [A]z = [B]z. Then A is
T-quasi-small if and only if B is T-quasi-small.

ProoF. Let f:A - B and ¢:B — A morphisms that are not in Z and
suppose A is Z-quasi-small. To prove that also B is Z-quasi-small, suppose that
we have a family { My | A € A} of objects of D and morphisms a: B — @xep M)y,
and B:@®xep My - B with Sa ¢ Z. Then also gB8af ¢ Z and this implies that the
class { e A| gBe muaf ¢ T} is non-empty. Since Z is completely prime, this is
equivalent to say that the class { p € A | fe,m o ¢ 7} is non-empty. m

Proposition 6.4.6 Let C be a cocomplete category and let T be a completely
prime ideal of D. Let A be an I-quasi-small object of D that is non-zero in C/Z.
If A is a direct summand of ®xepx My for a family of objects My € D, X € A, then
there exists an index (1€ A such that [Alz = [M,]z.

PROOF. Since A is a direct summand of @yep M)y, there are morphisms
€atA > ®reaM)y and ma:Drcpa M) — A such that mwaeq = 14 ¢ Z. Then, since
A is T-quasi-small, the class { @ € A | ma€,m € ¢ T} is non-empty. Hence, for
every p in this class, we have that [A]z = [M,]z. =

Definition 6.4.7 Let C be a cocomplete category and let Z be an ideal of D.
We say that an object U in D is Z-small if for every family of objects M) € D,
A € A, and homomorphisms a:U — @xepa My and B:®xea My — U with fa ¢ 7,
the set { pe A | Be,muo ¢ I} is finite non-empty.
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It is clear that every Z-small object is also Z-quasi small, for any ideal Z of
the category D.

Remark 6.4.8 If C is a cocomplete category of right R-modules, Z is an ideal
of D and U is an object of D such that Endp(U)/Z(U,U) is a division ring,
then U is Z-small if and only if it is Z-quasi-small. In fact, suppose that for
every family of R-modules My € D, A € A and homomorphisms c:U — @xep M),
and [:@xeaMy - U with fa ¢ Z, the class {p € A | Beymua ¢ T} is non-
empty. Suppose also that there exist a family of R-modules Ny € D, A € A
and homomorphisms v:U — @) ea Ny and §:®xep Ny — U such that there are
infinitely many indices p; € A, @ € N, with f; = dey,mu,v ¢ Z for every ¢ € N.
Since Endp(U)/Z(U,U) is a division ring, we have that there exists a morphism
gi € Endp(U)/Z(U,U) with h; = 1y — g;f; € Z(U,U) for every i € N. Consider
the morphism H:U — UM whose i-th component is defined as

Hi=hi=hi-1 =1y - gifi = 1u + gi-1fi-1 = gi-1 fic1 — 9i fa

(define hg to be 0). If we denote by ¥:U™ — U the morphism that sends an
element of U™ to the sum of its components, we obtain that S H = 1/ ¢Z(U,U)
but Xe;m; H = H; € Z for every i € N. This contradicts our hypothesis.

Now we use together our two previous Theorems to obtain a sufficient con-
dition for an additive category C to satisfy the Strong Infinite 2-Krull-Schmidt
Property.

Theorem 6.4.9 Let C be a D-splitting cocomplete category and let T and J be
completely prime ideals of D. Suppose that, for every object A in D, the ideals
Z(A, A) and J(A, A) are proper ideals realizing all mazimal ideals of Endp(A).
Suppose also that every object in D is T-small and J-small.

Let {U; |iel} and {V;|j e J} be two families of objects of D. Then
®icrU; = ®je5V; if and only if there are two bijections o,7:1 — J such that
[Uilz = [Vg(i)]z and [U;] 7 = [V.,-(i)]j for everyiel.

PrOOF. Observe that the conclusion of the Theorem is that the Strong
Infinite 2-Krull-Schmidt Property holds for the monoid V(C) with respect to
the equivalence relations ~z and ~.

Then, to prove the theorem, it is enough to verify that all the conditions
of (2) in Proposition 6.3.6 hold. Since all the endomorphism rings of U; and
V; are semilocal, it is clear that V(C) is a-cancellative. Condition (b) is given
by Lemma 6.4.1. Condition (¢) by Proposition 6.4.6. Condition (d) comes
from the D-splitting property and Corollary 6.4.3. To prove condition (e),
suppose ®;c1U; = ®je;V; and consider the classes I.., (k) ={i e I |U; ~¢ Uy} and
J.;(k)={jeJ|V;~z U} for an element k € I. For any t € I, (k), the canonical
injection €;:U; - @®jesV; and the canonical projection my:@jesV; — Uy satisfy
meer = 1y ¢ 7 and hence, since Uy is Z-small, the set A(t) = {j € J | me;jmjes ¢ J}
is finite non-empty. We are left to prove that J. (k) ¢ Uter.., (k) A(t). To show
this consider V; € J. (k). Since V; is a direct summand of @;;U;, as above
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we get that the set B(7) = {i € I | my¢;mie5 ¢ Z} is finite non-empty. Since Z is
completely prime, we have that mj¢;m;e5 ¢ Z if and only if m;e5mze; ¢ Z. Hence we
have that 7 € A(7) for every i € B(3). We can prove the same for [J to conclude
the proof for (e). Similarly we prove also condition (f). m

6.5 Artinian modules with heterogeneous socle
of length 2

In this section we want to apply what we did in our previous section to a concrete
category. Let R be a ring, S; and S3 two non-isomorphic simple R-modules and
consider the category D = { M € Mod-R | M artinian, soc(M) = S; @ S» }. For
any module M, € D, we settle soc(Ma) = M @ M3 with M} = S; and M3 = Ss.

Let C = Sum(D) be the category whose objects are direct sums of objects in
D. In D we define the ideals Z' and Z? in the following way: for every pair of
objects M4 and Mp of D let Z'(Ma, Mp) = { f: M4 -~ Mp | f(M}) =0} and
IQ(MA,MB) = {f:MA g MB | f(Mi) 20}

Proposition 6.5.1 Let C = Sum(D) the category whose objects are direct sums
of objects in D. Then I' and I? are completely prime ideals of D and every
(right, left, two-sided) mazimal ideal of the endomorphism ring of an objects
My of D is equal either to T'(Ma, Ma) or to T*>(Ma, My).

PrROOF. First, we want to prove that Z' and Z? are in fact ideals of D.
Since the situation is completely symmetric, we prove it only for Z'. It is clear
that the zero morphism is in Z' and that f,g € 7' implies f + g € Z'. Now
suppose f € ZY(Ma, Mp). If g:Mp — M is any morphism in C, then it is easy
to see that gf € Z'(Ma, Mc). If g: Mg — M4, to prove that fge Z'(Mc, Mp)
it is enough to show that g(M}) € M}. Since every morphism sends the socle
to the socle, we know that g(M}) ¢ M} & M3. The simple component M} is
sent by ¢ to zero or to a module isomorphic to S;. Then it is easy to deduce
that g(ML) c M}.

Next we show that the ideals Z' and Z? are completely prime. Again, we
show this only for Z'. To prove it, consider f:M4 - Mp and g:Mp - Mc
such that gf € Z'. Suppose that f ¢ Z' so that f(M}) # 0. This implies that
f(M}) =M} and then g(MpE) = gf(M}) = 0 means that g € Z'.

Eventually, we show that Z' and Z? realize all maximal ideals of the en-
domorphism ring of an object M, in D. Suppose first that Z'(Ma, My)
and Z2(Ma, M) are comparable. Without loss of generality we can assume
TY(Ma,M4) 2T%(Ma, My). In this case, for any morphism f: M4 — M4 that
is not in Z'(Ma, Ma), we have that ker(f) nsoc(Ma) = 0. Since the socle is
essential in an artinian module, f must be injective, and hence an automor-
phism of M. This means that Z'(M4, M,) is the unique maximal ideal of
Endp(M,). On the other hand, suppose that Z*(Ma, M4) and Z?(Ma, M)
are not comparable. To prove that Z'(M4, M) is a maximal ideal, consider
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g € Endp(My) that is not in Z"(M4, Ma). If g(M?3) # 0, then g is an auto-
morphism. If g(M?3) = 0, take an element f € Z*' (M4, Ma)~TZ*(M4, M4); then
ker(f +¢g) =0 and so f + g is an automorphism. Similarly we can prove that Z>
is a maximal ideal.

With the same argument as above we can prove that if an ideal of Endp (M 4)
is not contained in Z'(M4, M4) or in Z2(Ma, M), then it contains an auto-
morphism and so it is the whole endomorphism ring. =

To apply Theorem 6.4.9 we need to show that C is D-splitting. To show
this, let M4, Mp and M be three objects in D such that [Ma]z = [Mp]n
and [Ma]z2 = [M¢]z2. This means that there exist morphisms f: M4 - Mp,
gMp - Ma, h: Mg - Mg and I: Mo — M4 with f,g¢Il and h,l ¢ Z2. Ifgf is
an automorphism, M4 2 Mp and then M4 & M¢c = M ® Mc. Similarly, if [h is
an automorphism, we have M4 = M and hence MadMp 2 Mp®Mc. If gf and
Ih are not automorphism, then gf € Z? \ Z' and lh € Z' ~ Z2. Therefore gf + lh
is an automorphism of M4 factoring through Mp @ Mc and so there exists an
R-module D such that M & D = Mg ® Mc. To conclude, we need to show that
D e D, ie. D is artinian and soc(D) = S; @ S3. It is clear that D is artinian.
Moreover, we have that soc(M4 ® D) 2 soc(Ma) ®@soc(D) = M} & M% @soc(D)
is isomorphic to soc(Mp @& Mc) = soc(Mg) @soc(Mc) 2 My e M3 e ML & ME;
by cancellation we get soc(D) = S1 & Ss.

Lemma 6.5.2 Every object in D is T'-small and Z?-small.

PRrROOF. We prove the Lemma only for 7', then by symmetry it works also
for Z2. By Remark 6.4.8 it is enough to prove that any object M, in D is
TI'-quasi-small. To prove this we have to show that for any family of objects
My, X € A, in D and homomorphisms a: M4 — @ epa M)y and B: @ xepa My — Ma
with Ba ¢ I', the class { p € A | Be,m,a ¢ I' } is not empty. Suppose then that
Ba ¢ T, ie. Ba(M}) # 0. The image a(M}) is a submodule of @yepM; for
some finite F ¢ A. Since B(@xcp M, ) # 0, there exists an element p € F such
that 3(M}) # 0. But this means that Se,m,a(M}) # 0 and hence fe,m,a is
not in Z'. m

Theorem 6.5.3 Let R be a ring, S1 and S2 two non-isomorphic simple R-
modules and consider the category D = { M € Mod-R | M artinian, soc(M) =
S1 @ S2}. Let C = Sum(D) be the category whose objects are direct sums of
objects in D and I' = { f: My - Mp | f(M}) =0} and I? = { f: M4 — Mz |
f(M3) =0}. Then the Strong Infinite 2-Krull-Schmidt Property holds for C,
with respect to the equivalence relations ~r1 and ~z2.

6.6 Noetherian modules of dimension two over
their radical

We can dualize everything we did in our previous section. Let R be a ring
and S; ¢ S be two non-isomorphic simple R-modules. Consider the category
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D ={M € Mod-R | M noetherian, M /Rad(M) = S; ® S5 } and its closure under
small coproducts C = Sum(D). For every object M4 € D, denote by M} the
submodule of M, containing Rad(M,) such that M}/Rad(Ma) = S and by
M? the submodule of M4 containing Rad(M4) such that M%/Rad(Ma)  Ss.
For every pair of objects M4 and Mp of D define Iy (Ma, Mp) = { f: M4 —
Mp | f(MA) c Mlli’} and IQ(MA,MB) = {fZMA - Mp | f(MA) EMJQB }

Proposition 6.6.1 Let C = Sum(D) the category whose objects are direct sums
of objects in D. Then I, and Iy are completely prime ideals of D and every
(right, left, two-sided) mazimal ideal of the endomorphism ring of an object M4
of D is equal either to Ty (Ma, Ma) or to To(Ma,Ma).

ProoOF. First, we want to prove that Z; and Z, are ideals of D. It is clear
that the zero morphism is in Z; and that f,g € Z; implies f + g € Z;. Now
suppose f € Ty (Ma, Mp). If g:Mp — M¢ is a morphism in C, we have that
g(M3) is contained in M} and hence gf(Ma) € g(Mp) € ML. If g: Mc — Mg,
it is easy to see that fg e Z;(Mc, Mp) since fg(Mc) € f(Ma) € Mp. Similarly
for Zs.

Next we show that the ideals Z; and Z are completely prime. By symmetry,
we show it only for Z;. To prove this, consider f: My - Mp and g: Mp — M¢
such that gf € Z;. Suppose that g ¢ Z; so that g(Mp) ¢ M}. This implies that
f(My) is contained in M} and then f € Z;.

Eventually, we show that Z; and Z, realize all the maximal ideals of the
endomorphism ring of an object My in D. Suppose first that Z; (Ma, My)
and Zo(Ma, M4) are comparable. Without loss of generality we can assume
Ty(Ma,My) 2 Zo(Ma,Ma). In this case, for any morphism f € Endp(My) ~
Z1(Ma, My), we have im( f)+Rad(M4) = M 4. Since the radical of a noetherian
module is superfluous, we get that f must be surjective, and hence an automor-
phism of M,4. This means that Z;(Ma, M4) is the unique maximal ideal of
Endp(My). On the other hand, suppose that Zy (Ma, M4) and Zo(Ma, My)
are not comparable. To prove that Z; (Ma, M,) is a maximal ideal, consider
g € Endp(My) that is not in Zy (Ma, Ma). If g(Ma) ¢ M3, then g is an au-
tomorphism. If g(M4) € Mﬁ, take an element f € Zq(Ma, Ma) N Zo(Ma,Ma);
then (f +¢g)(M4) =My and so f + ¢ is an automorphism. In the same way we
can prove that Z, is a maximal ideal.

With the same argument as above we can prove that if an ideal of Endp(M4)
is not contained in Zy (Ma, M4) or in Zo(Ma,My), then it contains an auto-
morphism and so it is the whole endomorphism ring. m

To apply Theorem 6.4.9 we need to show that C is D-splitting. To show
this, let M4, Mp and M¢ be three objects in D such that [Malz, = [MB]z,
and [Ma]z, = [Mc]z,.- This means that there exist morphisms f: M4 - Mg,
gGMp—> Ma, Mg - Mg and I: M - M 4 with f,g¢Zy and h,l ¢ L. If gf is
an automorphism, M4 ¥ Mp and then M4 & Mc 2 Mp & Mc. Similarly, if [h
is an automorphism, we have M4 = M and hence M & Mp =~ Mp & Mc. If
gf and lh are not automorphism, then gf € Zo N Z; and lh € Z; \ Zy. Therefore
gf +lh is an automorphism of M4 factoring through Mp @ Mc and so there
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exists an R-module D such that M4 ® D =~ Mg & M. To conclude, we need
to show that D € D, i.e. D is noetherian and M/Rad(M) = Sy @ Sa. It is clear
that D is noetherian. We have that M4 ® D/Rad(Ma & D) =2 M4/Rad(M4) &
D/Rad(D) = S1 852 @ D/Rad(D) is isomorphic to Mp & Mc/Rad(Mp® Mc) =
Mp/Rad(Mp) ® Mc/Rad(M¢e) = S1 ® Se @ S1 @ Sy; by cancellation we get
D/Rad(D) =S ®95,.

Lemma 6.6.2 FEvery object in D is Z1-small and Zy-small.

PRrROOF. We prove the Lemma only for Z;, by symmetry it holds also for Z,.
By Remark 6.4.8 it is enough to prove that any object M 4 in D is Z;-quasi-small.
To prove this we have to show that for any family of objects My € D, X € A,
and homomorphisms a: Mg — @ epa M)y and B:@®xea My — My with Ba ¢ Iy,
the class {p € A | Be,mua ¢ 7y } is not empty. Suppose then that Sa ¢ Iy, i.e.
Ba(My) ¢ MY. This means that there exists an element m € M, such that
Ba(m) ¢ M. Let F be a finite subset of A such that a(m) € @ epMy. Then
Ba(m) = ¥ep Beamaa(m) ¢ M. This implies that there exists an index pu € A
such that Be,m,a ¢Z;. m

Theorem 6.6.3 Let R be a ring, S1 and S2 two non-isomorphic simple R-
modules and consider the category

D ={M eMod-R| M noetherian, M [Rad(M) = S1 & Sz }.

Let C = Sum(D) be the category whose objects are direct sums of objects in D and
Ty ={f:Ms— Mp| f(Ma)c ML} and Io = { f: M - Mp | f(Ma) € M3 }.
Then the Strong Infinite 2-Krull-Schmidt Property holds for C, with respect to
the equivalence relations ~z, and ~,.

6.7 Representations of type 1 pointwise of quiv-
ers with 2 vertices

A quiver Q = (Qo,Q1) is a directed graph, whose set of vertices is Qp and
whose set of arrows is Q1. For any arrow a € 1, we denote by i(a) the initial
vertex and by t(a) the terminal vertez of the arrow a. Thus a:i(a) - t(a). A
path p is a juxtaposition of arrows aq, ..., a, such that i(a;+1) = t(a;) for every
i=1,...,n—1. We define also i(p) = i(a1) and t(p) = t(a,) and we say that n
is the length of the path. If p,q are paths such that ¢(p) = i(q), then pq is the
juxtaposition of p and q. We will consider only quivers with two vertices and a
finite number of arrows.

A quiver can be seen as a category in a natural way, by taking Qg as the set
of objects and paths between vertices as the morphisms with the juxtaposition
as composition. In order to obtain a category, we need to allow for every vertex
v € Qg the trivial path e, with initial and terminal vertex both equal to v, such
that pe, = p and e,q = g for every path p with ¢(p) = v and every path ¢ with

i(q) = v.
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Let R be a ring. The category of functors (@, Mod-R) from the category as-
sociated to the quiver ) described above to the category Mod-R is the category
of representations of @ by right R-modules and R-modules homomorphisms.
Since Mod-R is abelian, it follows that (Q,Mod-R) is abelian and limits are
computed pointwise.

More explicitly, a representation M of the quiver @ = (Qo, Q1) in the cate-
gory (Q,Mod-R) is a family {M,};cq, of right R-modules together with a family
of R-modules homomorphisms {Ma: M;(q) = My(a)tacq,- A morphism of repre-
sentations f:M — M’ is a collection of morphisms { f;: M; - M/}icq, such that
M, fia) = fi(a)yM for all arrows a € Q.

The path ring is the ring obtained by considering the free right R-module
R[Q] on the set of paths P of Q. The product of two paths x and y is defined
to be their juxtaposition xy if ¢t(x) = i(y) and to be Ogpqy if t(x) # i(y). For
arbitrary elements of R[Q] the product is defined as

ATy Y YTy = Y, TYTery.

xeP yeP x,yeP

Note that in general the ring R[Q] may not have an identity. Nevertheless, if
Qo is finite, R[Q] is an associative ring with identity e = Y., e; and R embeds
in R[Q] via the injective ring morphism r  er.

There is an equivalence of categories between Mod-R[Q] and (Q,Mod-R)
thus representations of quivers can be seen as modules over a suitable ring.

Let @ be a quiver with two vertices. We consider the category D of repre-
sentations of @ pointwise of type 1, i.e of representations M = { M7, M5} of Q
such that M; is of type 1 for ¢ = 1,2. Morphisms between two representations
M = {M;,Ms} and N = {Ny, No} are couples of arrows { fi: M7 - Ny, fo: My —
N} such that foM, = N,f1 for any arrow a:1 - 2 in @ and f; M}, = Ny fo for
every arrow b:2 — 1 in Q). Let C = Sum(D) be the category whose objects are
direct sums of objects in D.

Recall that, for any ring R, the Jacobson radical

J(M,N) = {f:M — N |1y -gf has a left inverse for every g: N - M}
{f:M - N |15 — gf has an inverse for every g: N - M}

is a two-sided ideal of the category Mod-R.

Lemma 6.7.1 Let R be any ring and L be the full subcategory of Mod-R of
objects with local endomorphism ring. Then J is a completely prime ideal in L.

ProOOF. Let M, M; and M; be right R-modules with local endomorphism
ring. Consider two morphisms f:M; - M and g:M — My such that gf «
J (M, Ms). This means that 15, — hgf is left invertible for every h: My — Mj.
If we suppose that g ¢ J(M, M3) we have that there exists I: Mo - M such that
1p —1g is not invertible in Endg(M). Since M has local endomorphism ring, it
needs to be 1y —lge J(M, M) = J(Endr(M)) and hence lg is invertible. This
implies that g is left invertible and therefore we must have f e J(Mi,M). =
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Given objects M and N in D, we define the ideals J;(M,N)={f:M - N |
freJ(My,N1)} and Jo(M,N) ={f:M > N | f2 € J(M2,N2)}.

Proposition 6.7.2 The ideals J1 and Jo are completely prime ideals of D such
that they realize all (right, left, two-sided) mazimal ideals of the endomorphism
rings of the objects of D.

PROOF. Since the situation is completely symmetric, we prove the propo-
sition only for [J;. First, we want to prove that J; is in fact an ideal of D.
It is clear that the zero morphism is in J;. If we are given two morphisms
fygM - N in J1(M,N), we have that f1,¢91 € J(My,N1) and this implies
f+ge h(M,N), ie. (f+g)1=f1i+g1 € T(M,N1). It is clear that if we
compose f € J1(M,N) with any morphism ¢ in C, we remain in Ji, since J
itself is an ideal.

To show that the ideal [J; is completely prime in D it is enough to apply
Lemma 6.7.1.

Now we show that, given an object M of D, the ideals Ji(M,M) and
Jo(M, M) realize all maximal ideals of the endomorphism ring Endp(M).
Suppose first that J3 (M, M) and Jo(M, M) are comparable. Without loss
of generality we can assume Jy (M, M) 2 Jo(M,M). In this case, for any mor-
phism f ¢ J1(M, M) we have that both f; and f2 are isomorphisms and hence
f itself must be an isomorphism of M. Therefore J1(M,M) is the unique
maximal ideal of Endp(M). Now suppose that J1(M,M) and Jo(M, M)
are not comparable. To prove that Ji(M,M) is a maximal ideal, consider
g € Endp(M) ~ J1(M, M). This means that g; is an isomorphism. If also go
is an isomorphism then g itself must be an isomorphism. If go € J(Ms, M2),
choose an element f € J1(M, M)~ Jo(M,M); then f+g is neither in J3 (M, M)
nor Jo(M, M) and hence it must be an isomorphism. Similarly we can prove
that Jo(M, M) is a maximal ideal of Endp(M).

With the same argument as above we can prove that if an ideal of Endp (M)
is not contained in J; (M, M) or in Jo(M, M), then it contains an automorphism
and so it must be the whole endomorphism ring. =

To apply Theorem 6.4.9 we need to show that C is D-splitting. To show
this, let M, N and P be three objects in D such that [M]s = [N]z and
[M]zg, = [P]s- This means that there exist morphisms f: M - N, : N —» M,
h:M — P and I: P - M with f,g¢ 77 and h,l ¢ J>. Hence the homomorphisms
of R-modules f1: M7 — Ny, g1: N1 = M7y, ho: My — P5 and ly: P, — M are in fact
isomorphisms. Consider the representation 7' of our quiver @) having 77 = Py,
Ts = N5 and such that for every arrow a: Q1 - Q2 we have T, = Nagflll and for
every arrow a’:Qy — Q1 we have T,/ = gol5' P,,. To prove that M @ T = N @ P
we consider the following morphism of representations e, defined by:

M, ® P Mo ® No
fiogith l l fa 1
hy 1 ho l5192

Ni® P Ny @® P2.
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To be morphisms of representations of the quiver ¢ they need to commute
with the morphisms M, & T, and N, & T, for every arrow a:@Q; - 2 and they
need to commute with the morphisms M, ® T,» and N, & T,/ for every arrow
a’: Q2 = 1. To check this we verify that

fo 1 M, O B N, O f gIlll
ho l51g2 0 T, - 0 P, hi 1

for every arrow a:@Q — @2 and

f gIlll My, 0 _ Ngr 0 fo 1

hy 1 0 Tu |~ 0 Pu ha 13'gs
for every arrow a’: Qs — Q1. To verify the equalities it is enough to use the
commutativity of f, g, h and [ with the morphisms of the representations.

Lemma 6.7.3 FEvery object in D is J1-small and Jz-small.

Proor. We prove the Lemma only for [J;, then by symmetry it works
also for J5. By Remark 6.4.8 it is enough to prove that any object M € D is
Ji-quasi-small. To prove this we have to show that for any family of objects
M* € D, X € A, and homomorphisms c: M — @yeaM?» and B:@reaM* - M
with Sa ¢ J1, the class {p € A | fe,muac ¢ Ji} is not empty. Suppose then that
Ba ¢ Ji, ie. Brag ¢ J(My,My). Fix an element m € Mj; then there exists a
finite subset F' ¢ A such that «1(m) € EB)\GAMf‘. Let M’ = EB)\GA\FMf‘. Then
we have Siaq = ,611®A€AM?Q1 = B1(emmar + Y aep €xmr)1. Since Siag is not
in J, also one of the summands must not belong to J. It can not be that
Brenmarcy is not in J (M, My), because this would mean that Sieppmaran
is an isomorphism and this contradicts mac1(m) = 0. Hence there exists and
index p € F' such that Sie,muoq ¢ J(Mq1,Mp). =

Theorem 6.7.4 Let R be a ring and Q a quiver with two vertices. Consider
the category D of representations of @ pointwise of type 1. Let C = Sum(D) be
the category whose objects are direct sums of objects in D. In D we have the
ideals JH(M,N) ={f:M - N | f1 e J(M1,N1)} and Jo(M,N) ={f:M - N |
f2 € J(Ma,No)}. Then the Strong Infinite 2-Krull-Schmidt Property holds for
C with respect to the equivalence relations ~z, and ~g,.

6.8 Infinite Quasi 2-Krull-Schmidt Property

In this section we want to generalize our section 6.3. Let M be an atomic
commutative infinitary monoid and let A be the class of atoms of M. Suppose
we are given two subclasses A" and A” of A such that A’UA” = A, an equivalence
relation ~ on A’ and an equivalence relation = on A”. We say that the Infinite
Quasi 2-Krull-Schmidt Property holds for M with respect to the equivalence
relations ~ and = if for any couple of families {a; | i € I} and {b; | j € J}
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of atoms of M, we have that };.;a; = ¥;c;b; if and only if there exist two
bijections o:I' ={iel|a; e A’} > J ={jeJ|bjeA }and :I"={iel]|a; e
A"} - J"={jeJ|bje A"} such that a; ~ by(;) for every i € I and a; = b, (;
for every i € I".

Proposition 6.8.1 Let M be an atomic commutative infinitary monoid and let
A be the class of atoms of M. Suppose we are given two subclasses A’ and A”
of A such that A’ u A" = A, an equivalence relation ~ on A’ and an equivalence
relation = on A”. Then the following are equivalent:

1. the Infinite Quasi 2-Krull-Schmidt Property holds for M ;

2. there exist a complete bipartite graph B(XUY") and an injective morphism
of commutative infinitary monoids ¢: M — F(XUY') that sends atoms of
M either to vertices of B(XUY) or to edges of B(XUY') such that at
least one of the two vertices is not in the image.

PROOF. Suppose that the Infinite Quasi 2-Krull-Schmidt Property holds
for M. Let A’/ ~ and A”/ = be the quotient classes of A" and A” modulo ~ and
=, respectively. The canonical morphism

.. A > A~
a +— J[a]. ifaed’
a = 0 ifag A’

induces a canonical morphism 7.: M — F(A'/ ~) defined by 7(Y,c;ai) =
Yier ™~(a;). Similarly, the canonical morphism

= A - A'/=
a ~ [a]z ifacA”
a 0 ifag A"

induces a canonical morphism 7z: M — F(A”/ =) defined by 72 (X;crai) =
Yierm=(a;). Since the Infinite Quasi 2-Krull-Schmidt Property holds for M,
the product morphism 7 x 7z: M - F(A'/ ~) x F(A"[ =) 2 F(A'/ ~U0A"] =) is
injective. For every atom a € A of M, we have that

[a]- ifae AN A"
T x 7=(a) = [a]= ifae A"\ A’
[a]. +[a]: ifaeA nA”

Hence 7. x 7= is a morphism of commutative infinitary monoids from M to the
free commutative infinitary monoid F(A’/ ~ UA”/ =), that has as basis the
vertices of the bipartite graph B(A’/ ~ UA"”/ =), that sends atoms of M to
vertices or edges of B(A'/ ~U A"/ =). Tt is not possible that, given three atoms
a,a; and ag of M, we have 7. x 7z(a) = [a]. + [a]z, 72 x A=(a1) = [a]. and
o x = (az2) = [a]=. In fact, this means that

. x z(a) = T x T=(a1) + T2 x T=(ag) = T x = (a1 + az).
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Since 7. x 7= is injective, we get a = a; + a2 but this contradicts the fact that a
is an atom.

Now suppose that there exist a complete bipartite graph B(XUY') and an
injective morphism of commutative infinitary monoids ¢: M — F(XUY) that
sends atoms of M to vertices or edges of B(XUY'). Let A’ be the subclass of
A counsisting of the atoms such that ¢(a) contains a vertex in X and let A” be
the subclass of A consisting of the atoms such that ¢(a) contains a vertex in
Y. Given an atom a € A, we set ¢(a) = x4 + Yq, with z, € X and y, € Y, where
one of the two summands can be zero. Hence we get A’ = {a e A |z, #+ 0}
and A” ={a e A]y, #0}. Since ¢ preserves infinite sums, we have that
O(Xier @i) = ier(®a, + ya,), where, for every i € I, one among x,, and y,, can
be zero. Since ¢ is injective, we have that 3 ;.;a; and };c; b; are equal if and
Only if @(Zie] ai) = Zi&[(‘x(li +yai) is equal to @(ZjeJ b]) = ZjeJ('xb]‘ +ybj)' This
happens if and only if there exist two bijections o:I' = {ieT|a; € A} > J =
{jed|bjeA}and :I" ={iel|a; € A"} - J"={jeJ|bje A"} such that
Ta; = T, for every i € I and yo, = yp, ., for every i € I". If we define a ~ b
ifxg =xp #0and a =0 if y, = yp # 0 it becomes clear that the Infinite Quasi
2-Krull-Schmidt Property holds for M. m

Similarly to what we had in section 6.3, also here we can interpret the above
Proposition from another point of view.

Example 6.8.2 Let K and L be two classes and let K’ ¢ K and L' ¢ L.
Consider the class D of all the couples ( Z ) with a € K and b € L such that

ae K'orbe L' Let F be the class containing all 2 x X matrices, with X any
cardinal number, such that all the columns are elements of D. On the class
F we consider the following equivalence relation: given a 2 x X matrix M and
a 2 x 1 matrix N we say that M ~ N if and only if there exist two bijections
ol ={iex|m eK}—>J ={jea|njeK}and 1" ={ieR|mg, ¢
L'y - J" ={jed|ng; € L'} such that my; = ny ;) for every i € I’ and
Mo i =Ny r(;y for every i e I".

We define an atomic commutative infinitary monoid C considering the class
F/ ~ together with the operation induced by the juxtaposition of matrices. It
is clear that the Infinite Quasi 2-Krull-Schmidt Property holds for C.

Given any atomic commutative infinitary monoid M for which the Infinite
Quasi 2-Krull-Schmidt Property holds with respect to the equivalence relations
~on A’ and = on A”, there exist an atomic commutative infinitary monoid
C constructed as in Example 6.8.2 and an injective morphism of commutative
infinitary monoids ¢: M — C. Tt is enough to take K’ equal to the class of
equivalence classes of A" with respect to the equivalence relation ~, |K| = |K'|+1,
L’ equal to the class of the equivalence classes A" with respect to the equivalence
relation = and |L| = |L'| + 1. Then we can define ¢: M — C as the morphism
of commutative infinitary monoids that sends an atom a € M to the matrix

( {Z%N )7 where we define [a]. = * if a ¢ A" and [a]= = ~ if a ¢ A”. Since the
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Infinite Quasi 2-Krull-Schmidt Property holds both for M and C, it is clear that
@ is well-defined and injective.

Given the equivalence relation ~ on A’ we can extend it to an equivalence
relation ~" on the whole A in the following way: we say that a ~" b if either
a,be A" and a ~ b, or both a and b are not in A’. Similarly we can extend the
equivalence relation = on A” to an equivalence relation =’ on A.

If ~ is an equivalence relation on A’ and = is an equivalence relation on A",
we say that ~ and = are permutable if, given a € A'n A”, be A" and ce A" such
that a ~ b and a = c, there exists d € A such that d ~' ¢ and d =" b.

Example 6.8.3 In the setting of Example 6.8.2, the induced equivalence rela-

tions of D are permutable if it is not to possible to have the following: given two

elements a,a’ € K such that @’ € K’ and a € K \ K’ and two elements b,b" € L
A A

such that b’ € L’ and b e L \ L', the matrices ( g, ), ( Z, ) and ( CZ ) belong

to D. One way to avoid such problems is to ask that K = K’ or L=L’.

Theorem 6.8.4 Let M be an atomic commutative infinitary monoid. Suppose
that there are two permutable equivalence relations ~ on A’ and = on A" such
that:

1. a=bif and only if a ~' b and a =" b;

2. if a ~b and a = ¢, then there exists an element d € A such that a+d=0b+c,
d~"cand d="b;

3. if we have two families {a; |i=0,1,...} and {b; | j=0,1,...} such that
ag ¢ A’, all the other elements are in A’ nA” and b; = a; and b; ~ a;41,
then Y2 ai = X720 bj;

4. if we have two families {a; |1=0,1,...} and {b;|j=0,1,...} such that
aog ¢ A”, all the other elements are in A’ n A" and b; ~ a; and b; = a;41,
then Y720 ai = X320 by

Let{a;|iel} and {b;|jeJ} betwo families of elements of A. Then ¥ ;.; a; =
Y jes by if there are two bijections o:1' ={iel|a; e A"} - J ={jeJ|bjeA"}
and 1" ={iel|a;e A"} - J"={jeJ|bje A"} such that a; ~ by for
every i€ I' and a; = b, ;) for every i e I"”.

PROOF. Suppose that there are two bijections o:I' = {i eI |a; € A’} -
J'={jeJ|bjeA}and 1" ={iel|a;e A"} > J"={jeJ|bjeA”} such
that a; ~ b,(;) for every i € I' and a; = b, (;) for every i e I".

For every element i € I we construct inductively two sets, [¢] € I and [[4]] ¢
J. We start from imposing 4 € [i]. Then k € [¢] n I’ implies that o(k) € [[¢]]
and k € [i] nI” implies that 7(k) € [[¢]]. Similarly, k € [[{]] n J’ implies
that o1 (k) € [i] and k € [[i]] n J" implies that 77!(k) € [i]. We claim that
Lkeli] @i = Laef(if) bi-
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To simplify the notation we set ig = ¢ and, if they exist, for z € Z, j, = 0(i,)
if z>0and j, = 7(i.41) if 2 <0, and i, = 771 (j._1) if 2 >0 and i, = 07 1(4.) if
z < 0. We set also a, = a;, and b, = b;, whenever they exist. Then, when they
exist, we have a, ~ b, and a, = b,_;. We can distinguish, up to symmetry and
reindexing, three cases:

(a) every element a, and b, exists and is in A’ n A”. In this case we can
prove the claim exactly as in the proof of Theorem 6.3.4.

(b) ap ¢ A", ay, e A’ n A" for every z>1 and b, € A’ n A” for every z > 0. In
this case the claim is equivalent to our hypothesis (4).

(c)There exists an integer n > 0 such that ag,b, ¢ A” and a,,b, € A'n A"
for every other z. If n =0, by (1) we have that ag = by and the claim is proved.
To prove the claim in the case n > 0 we will show by induction that for every
0 < k < n there exists di, € A’~ A” such that dj ~ ar and Zf:o a; = (Z;t& b;)+d .
We know that by ~ ap and by = a1. Hence by (2) there exists an element d; such
that di ~ ay, di ¢ A” and bg+d; = ag+a;. Now suppose that dj has been defined
for every k < t. We have that b;_1 ~ a;—1 ~ dy—1 and b1 = a;. By (2) we get that
there exists d; such that d; ~ a;, d;y =" di_1, i.e. di ¢ A”, and by_1 +d; = dy_1 + ay.
Since by inductive hypothesis we have Zf;é a; = (Z;;% b;) +di-1 we obtain that
Zf:o a; = (z§;§ bj)+di1+a; = (Z;;(l) b;)+d;. Since d,, and b,, are not in A” and
dy, ~ an ~ by, by (1) we obtain that d,, = b, concluding the proof of the claim.

It can not happen that there is an integer n > 1 such that ag ¢ A”, a,, ¢ A’
and a,,b, € A’ n A” for every other z. In fact, if n = 1 we have that ag ~ by and
a1 = bg imply that there exists d € A such that d ~" a; and d =" ag. Since ag ¢ A”
and a; ¢ A’ such an element d does not exist. If n > 1, we prove by induction
that for every 1 < k < n there exists ¢, € A’ n A” such that ¢ ~ ag, ¢ = by, and
Zle a; +cp = Z?:o bj. From the relations a; ~ by and a; = by we deduce that
there exists ¢; € A'n A” such that c¢; ~ by ~ ag, ¢1 = b1 and a1 +c¢1 = by +b;. Now
suppose we constructed ci_1. From the relations a; ~ br and ap = bg—1 = cx—1
we obtain that there exists ¢, € A’ n A” such that ¢ ~ cx—1 ~ ag, cx = by and
ag+ck = cp-1+bg. Since by inductive hypothesis we have Zf;ll a;+Crp_1 = Z?;& b;
we obtain that Zle a; + ¢ = Z?:O b;. Since cp-1 ~ ag and ¢p-1 = by-1 = Gy, by
(2) there should exist d € A such that d ~" a,, and d =" ag. Since ag ¢ A” and
a, ¢ A’ such an element d can not exist.

When the index i runs all over the indices in I, we get that the sets [¢]
form a partition of I and the sets [[¢]] form a partition of J. By the claim
Yke[i] @i = Lie[[s]) b for every i € I and therefore ¥,y ai =Y ;0. =

Similarly to the concept defined in section 6.3, we say that the equivalence
relation ~ on A’ controls the infinite on A’ if the following happens: let {a; | i €
I'} and {b;|jeJ} betwo families of elements of A such that ¥,y a; = ¥ e bj-
Considering, for k € I’, the classes I.(k) = {i € I | a; ~ ax} and J.(k) =
{jeJ|bj~ar} we suppose that, whenever I.(k) and J.(k) are infinite, for
every t € I.(k) there exists a subset A(t) ¢ J with |A(¢)| < |I.(k)| such that
J.(k) € User. (k) A(t) and, similarly, for every u € J.(t) there exists a subset
B(u) ¢ I with |B(u)| <|J.(k)| such that I.(k) € Uyes. (k) B(u).
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Theorem 6.8.5 Let M be an atomic a-cancellative commutative infinitary mo-
noid. Let A’ and A" be two subclasses of the class A of atoms of M such that
A" A" = A. Suppose that there are two permutable equivalence relations ~ on
A’ and = on A" such that:

1. a=0bif and only if a ~' b and a =" b;

2. let a € A be a summand of ¥c;b;. If a € A’ there exists ji1 € J such that
a~bj ;if ae A" there exists jo € J such that a =bj,;

3. given atoms a€ A'n A", be A" and ce A” such that a ~b and a = ¢, then
there exists an element d € A such that a+d=b+c, d~ c and d ="b.

If ~ controls the infinite on A', then Y;cya; = ¥jc;b; implies that there is a
bijection o: 1" — J" such that a; ~ by ;) for everyiel’.

PrROOF. Let {a;|iel} and {b;|jeJ} be two families of elements of A
such that ¥,y a; = ¥ ;.7 bj. Fix an index k € I” and consider the two subclasses
I(k)={iel|a;~ar}of I"and J.(k) ={jeJ|b; ~ar} of J'. Asin proof
of Theorem 6.3.5, the classes I.(k),k € I' form a partition of I’ and the classes
J.(k),k € I' form a partition of J'.

In order to establish the existence of the bijection between the ~-classes of
{a;|ieI'} and {b; | j € J'}, it is sufficient to prove that the cardinalities
|I.(k)| and |J.(k)| are equal for every k e I'.

Suppose first that either I.(k) or J.(k) is a finite set. Without loss of
generality we may assume |L. (k)| < |J.(k)|. Suppose that |I.(k)| < |J.(k)|. Take
7€ I.(k); then, by (2), there exist j; € J' such that az ~ b;,. Suppose first
that 7 ¢ I"”. If b;, ¢ A” then a7 = b, and, since M is a-cancellative, we get
Yieln{3} @i = Ljesnijr} 0. If bj, € A” then there exists a;, such that bj, = a;,. If
a;, ~ bj, we obtain a;, = b;, and hence ¥ e/ (i} @i = Xjes (i) bi- If @iy + bj,,
we can exclude the case a;; ¢ A’, since if this is true we obtain by (3) that
there should exist an atom d that is neither in A’ nor in A”. Hence we must
have a;, € A’; then by (3) there exists d € A such that d ~ a;,, d ¢ A” and
bj, +d = az + a;,. Therefore

Zai:ag+ai1+ Z (Lizbj1+d+ Z ai:ij

iel ieIN{,41} ieIN{,41} jeJ

implies d + Yier7,6,} @i = Ljes{j} bj-

If 7€ I" there exists also jo € J” such that a; = bj,. We can exclude that
bj, ¢ A” and b, ¢ A" since this would imply, by (3), that there exists an atom
d that is neither in A’ nor in A”. If a3 = b;, we obtain a3 = b;, and hence
Yieln{} @i = Ljesn{j,} bj since M is a-cancellative. If jo € J.(k), then az = by,
by (1) and we get ¥ic/ g7y @i = Xjesyj,) bj- In the remaining case, where jo ¢
J.(K), az # b;, and at least one among b;, and b;, is in A’ n A” we have, by
(3), that there exists d such that d ~" bj,, d =" b;, and bj, +bj, = az+d. Then

ZaiZijijl+bj2+ Z bj:a7+d+ Z bj

el geJ jeJ{j1.52} jeJ~{j1,52}

145



implies Yier 5y @i = d+ Xjes gy ,ja1 0j-

An easy induction shows that after |I.(K)| steps we get the required con-
tradiction.

If I.(k) and J.(k) are both infinite, the proof goes exactly as in the last
paragraph of the proof of Theorem 6.3.5.

Therefore we get that there exists a bijection ¢:1" - J’ such that a; ~ b,(;)
for everyiel'. m

Combining the results of Theorem 6.8.4 and Theorem 6.8.5, we obtain the
following.

Theorem 6.8.6 Let M be an atomic commutative infinitary monoid. Let A’
and A" be two subclasses of the class A of atoms of M such that A’ U A" = A.
Suppose that there are two permutable equivalence relations ~ on A’ and = on
A". Then the following are equivalent:

1. the Infinite Quasi 2-Krull-Schmidt Property holds for ~ and =;
2. the following hypotheses hold for M :

(a) M is a-cancellative;
(b) a=0bif and only if a ~" b and a =" b;

(c) let a € A be a summand of ¥jc;b;. If a € A" there exists j; € J such
that a ~ bj, ; if a € A" there exists jo € J such that a = bj, ;

(d) given atoms a€ A’n A" be A" and ce A" such that a ~b and a = ¢,
then there exists an element d € A such that a+d=b+c, d~" ¢ and
d="b;

(e) if we have two families {a; |i=0,1,...} and {b; | j=0,1,...} such
that ag ¢ A’, all the other elements are in A’ n A" and b; = a; and
bi ~ s, then ¥;2qa; = X720 b5

(f) if we have two families {a; |i=0,1,...} and {b; |7 =0,1,...} such
that ag ¢ A", all the other elements are in A’ n A” and b; ~ a; and
b; = a1, then ZZO g = Z;zo bj7'

(9) ~ controls the infinite on A';

(h) = controls the infinite on A”.

PROOF. The implication (2) = (1) comes directly from Theorem 6.8.4 and
6.8.5.

The implication (1) = (2) is obtained applying the Infinite Quasi 2-Krull-
Schmidt Property in some particular cases. It is clear that a = b if and only if
a~"band a="b. If a e Ais a summand of ¥ ;.;b; it is clear from the Infinite
Quasi 2-Krull-Schmidt Property that, if a € A’, there exists j; € J such that
a~bj, and, if a € A”, there exists jp € J such that a = b;,. If we are given atoms
acA'nA”, be A and ce A” such that a ~ b and a = ¢, the Property would tell
us that a =b+cif b¢ A” and c ¢ A’; this is clearly not possible, since a is an
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atom. Hence at least one among b and c is in A’ n A”, the permutability of ~
and = provides us an element d € A such that d ~' ¢ and d =’ b and the Property
assures us that a+d =0b+c. If a is an atom of M and ¥;.;a; and ¥, ; b; are
two any other elements of M such that a+ 3 ,.;a; = a+3jc;b;, by the Property
we obtain that there exist a bijection o: 1" u {*} - J"u {*} such that a; ~' b,(;)
for every i € I' u {+} and a bijection 7: 1" U {*} - J"” u {*} such that a; =’ b,(;
for every i € I" U {+}. Then it is clear that we have also bijections ¢":I" - J'
such that a; ~ b, (;) for every i € I" and 7': I" — J" such that a; ~ b,.(;y for every
i€I"” and hence Yy a; = Xjcy b

To prove (g) and (h), suppose Yy a; = ¥je;b;j. By the Infinite Quasi 2-
Krull-Schmidt Property, there exist two bijections o: 1" — J" such that a; ~ b, (;
for every i € I' and 7:1I" — J" such that a; = b,(;) for every i € I". Then
we can take, for every t € I', A(t) = {o(t)} and we get J.(k) S User.()10(t)}
for every k € I'. Similarly, defining B(u) = {0~ (u)} for every u € J', we get
I.(k) € Uyes.(ky{o"(u)} for every k € I'. We can do the same for = using 7
instead of 0. =

6.9 Infinite quasi 2-Krull-Schmidt Property in
cocomplete categories

Let C be a D-splitting cocomplete category and let Z and J be completely
prime ideals of D. Suppose that for every object A in D the ideals Z(A, A) and
J(A, A) are proper realizing all maximal ideals of Endp(A). In this setting
we would like to find conditions that make the Infinite Quasi 2-Krull-Schmidt
Property hold for ~z and ~ 7.

We know from section 6.4 that the Strong Infinite 2-Krull-Schmidt Property
holds for the class of objects of C that are direct sum of Z-small and J-small
objects of D.

The first step that we need to do, to create the setting for a Infinite Quasi
2-Krull-Schmidt Property for the commutative infinitary monoid V(C), is to
determine the subclasses D’ and D" of D that will play the role of the classes
A’ and A" of the previous section. To define D’ and D" we look at Theorem
6.8.6 and we extrapolate the hypotheses that A" and A” need to satisfy. Since
the situation is completely symmetric, we will deal only with D’ and A’. We
get the following:

e ~ controls the infinite on A’.
Similarly to what we did in section 6.4 we can assume that every object
in D’ is Z-small to assure the validity of this hypothesis.

e let a € A be a summand of ¥ ;e;b;. If a € A’ there exist ji € J such that
a -~ bjl'
Since we assume that every element of D’ is Z-small, it is Z-quasi small
and so by Proposition 6.4.6 we get that also this hypothesis is satisfied.
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e if we have two families {a; |i=0,1,...} and {b; | j =0,1,...} such that

ag ¢ A, all the other elements are in A’ nA” and b; = a; and b; ~ a;41,
then Y720 ai = X320 bj.
We say that the couple of ideals Z and J is Z-starting if, given two families
{B;]i=0,1,...} and {C; | j =0,1,...} such that By is not Z-small, all
the other elements are both Z-small and J-small and [C;]s = [B;]s and
[Ci]z = [Bi+1]I, then @f:oBi = @;Z()Cj-

e given a,b¢ A’, we have a =0 if and only if a = b.
We say that the ideals Z and J are complementary if, given two non-Z-
small objects B and C in D, they are equal if and only if [B]s = [C]7,
and similarly if B and C are non-J-small, they are equal if and only if
[B]z = [C]z.

With these hypotheses we get the following.

Theorem 6.9.1 Let C be a D-splitting cocomplete category and let T and J be
completely prime ideals of D. Suppose that for every object A € D, the ideals
Z(A,A) and J(A, A) are proper ideals of Endp(A) realizing all mazimal ideals
of Endp(A). Suppose that the couple of ideals T and J is both I-starting and
J -starting and that T and J are complementary.

Let {U; | i eI} and {V; | je J} be two families of objects of D. Then
®icrU; 2 @esV; if and only if there is a bijection o:1' = {i € I | U; is Z-small} —
J' ={j e J|V;is Z-small} and a bijection 7:1" = {i € I | U; is J-small} —
J" ={j e J|Vjis J-small} such that [U;]z = [V,)lz for every i € I' and
(Uilg = [Vr@ylg for every iel”.

PROOF. It is enough to check that all the conditions of the second point of
Theorem 6.8.6 are satisfied.

The endomorphism ring of every object A € D is semilocal and hence A
cancels from direct sums.

By Lemma 6.4.1 and the hypothesis that the ideals Z and J are comple-
mentary, we get that B = C' if and only if [B]7 = [C]7 and [B]’; = [C]’;, where
with the ’ we denote the extended equivalence relation as we defined it before
Theorem 6.8.4.

Suppose that B € D is a direct summand of ®,c;C;. If B is Z-small, there is
a j € J such that [B]z = [C}]z. Similarly, if B is J-small, there is a j € J such
that [Bly = [Cj]7.

If we are given objects B, C' and D in D such that [B]z = [C]z and [B] s =
[D]7, by Corollary 6.4.3 there exists an object E € D such that Beé F =~ C@® D,
[Flz = [D]z and [E]s = [C]y; a fortiori it must be [E]7 = [D]7 and [E]’; =
[CT,.

Sjince the couple of ideals Z and J is both Z-starting and J-starting, it is easy
to see that all the entries of (2) in Theorem 6.8.6 are satisfied and hence the
Infinite Quasi 2-Krull-Schmidt Property holds for the commutative infinitary
monoid V(C) with respect to the equivalence relations ~z and ~7 considered
respectively on the classes D’ of Z-small objects and D" of J-small objects. m
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6.10 Uniserial modules

In this section we want to present the unique (up to now) known example of
cocomplete category where the Infinite Quasi 2-Krull-Schmidt Property holds
but the Infinite 2-Krull Schmidt Property does not.

Throughout this section we will consider unital right modules over an asso-
ciative ring R with 1 # 0. We say that an R-module M is uniserial if its lattice
of submodules is linearly ordered under inclusion. Let D be the full subcategory
of Mod-R consisting of all non-zero uniserial R-modules and let C = Sum(D) be
its closure under infinite direct sum. In the category D we define the ideals 7
and J in the following way: given any two uniserial modules M, N € D let

I(M,N)={f:M - N | f is not a monomorphism },

and
J(M,N)={f:M - N | f is not an epimorphism }.

Lemma 6.10.1 The ideals Z and J are completely prime ideals of D.

PrROOF. Let M, N and P be three non-zero objects of D.

To prove that Z is a completely prime ideal of D we show that for any
morphisms a: N - M and p:M — P such that fa is a monomorphism, we
have that both a and § are monomorphisms. It is clear that a must be a
monomorphism since ker(a) ¢ ker(Ba). To prove that § is a monomorphism
notice that Sa monomorphism implies that a(N) nker(3) = 0; since M is
uniserial we have that either a(N) = 0 or ker(8) = 0. It can not happen that
a(N) = 0 since we proved « to be a monomorphism, hence it must be ker(3) = 0.

To prove that J is a completely prime ideal of D we show that for any
morphism v: N — M and §: M — P such that §v is an epimorphism, we have
that both v and ¢ are epimorphisms. It is clear that § is an epimorphism since
im(9) 2im(dv). Now suppose that « is not an epimorphism, so that v(N) ¢ M.
Since P # 0, we have also ker(d) ¢ M. Then, since M is uniserial, we have that
Y(N)+ker(d) ¢ M. Now ¢ induce a one-to-one order preserving correspondence
between the submodules of M containing ker(d) and the submodules of P.
Hence v(N) + ker(d) ¢ M implies 6(y(N) + ker(d)) = dv(N) ¢ §(M). This
contradicts the fact that §- is an epimorphism, hence v must be an epimorphism.
m

Proposition 6.10.2 Let M be a non-zero uniserial R-module and E its endo-
morphism ring Endgr(M). Then Z(M,M) and J(M,M) are proper ideals of
E, every proper ideal of E is contained either in Z(M,M) or in J(M, M) and
either

e Z(M,M) and J(M,M) are comparable so that E is a local ring with
mazimal ideal Z(M,M)u J(M,M), or
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e Z(M,M) and J(M,M) are not comparable, Z(M, M) n J(M,M) is the
Jacobson radical J(E) of E and E[J(FE) is canonically isomorphic to the
direct product EJZ(M,M)xE|J (M, M) of the division rings E/Z(M,M)
and E|J(M,M).

PrROOF. Let K be an arbitrary proper left or right ideal of E. Since
Z(M,M)uJ(M,M) is the set of non-invertible elements of Endg (M), it must
be K cZ(M,M)u J(M,M). If we suppose K ¢ Z(M, M) and K ¢ J(M, M),
there must be elements x € K NZ(M,M) and y € K~ J(M,M). Then z must
be in J(M,M) and y € Z(M, M). Hence we get that z +y € K \ (Z(M,M) U
J(M,M)). This contradicts the fact that K ¢ Z(M, M) u J(M,M).

Thus every right or left ideal of F is contained either in Z(M,M) or in
J(M,M). Therefore the unique maximal ideals (right, left and two-sided)
can be only Z(M,M) and J(M,M). If these two ideals are comparable it
is the clear that E is a local ring with maximal ideal Z(M, M) u J(M,M).
Otherwise Z(M, M) and J (M, M) are the only two distinct maximal ideals of
E. Therefore Z(M,M)nJ (M, M) is the Jacobson radical J(FE) of E and there
is a canonical injective ring morphism E/J(E) - E/Z(M,M) x E/J (M, M).
Since F = Z(M,M)+J (M, M) this morphism is onto by the Chinese Remainder
Theorem. m

From this it follows that every object in D has semilocal endomorphism ring
and hence it cancels from direct sums. This means that the monoid V(C) is
a-cancellative.

With our next Lemma we prove that the category C is D-splitting.

Lemma 6.10.3 Let M, N and P be uniserial R-modules such that [M]z = [N]z
and [M]g =[P]g. There is a uniserial module Q such that M @ Q=2 N & P.

PRrROOF. If we have three non-zero uniserial modules M, N and P such that
[M]z = [N]z and [M]s = [P]s, we have morphisms f:M — N, ¢:N - M,
h:M — P and I: P - M such that f,g¢Z and h,l ¢ J. Consider the morphisms

(i):MeNEBP

and
(g I )NeP->M

whose composite map is

(g l)( £ ):gf+lh:M—>M.

If g f is an isomorphism, then also f and g are isomorphisms by Lemma 6.10.1.
This means that M 2 N and we can choose ) to be P. Similarly, if [h is an
isomorphism, also h and [ are isomorphisms, M is isomorphic to P and we can
choose @ to be isomorphic to N.
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Hence we can suppose that neither g f nor lh are isomorphisms. Then gf+1h
is neither in Z(M, M) nor in J (M, M) and therefore it must be an isomorphism.
Hence M is a direct summand of N & P and, more precisely, we have that

NePxMaoker( g ).
Moreover

ker(g 1) = {nepeNeaP|gn)+i(p)=0}
= {(g"(U(=p)),p) [ U(p) e g(N)}
= 17(g(N)),

and [ (g(NV)) is a uniserial module because it is a submodule of P. Hence we
can choose @ =ker( g [ ). m

Now we want to investigate the classes of Z-small and [J-small uniserial
modules.

Lemma 6.10.4 FEvery non-zero uniserial module is Z-small.

PrROOF. By Remark 6.4.8 it is enough to prove that every uniserial module
is Z-quasi-small. Let ®;c;A; be a direct sum of uniserial modules and suppose
U® B = @, A; for a non-zero uniserial module U. We denote by e: U — @1 A;
and my: @y A; = U the canonical morphisms with respect o the direct summand
U and by €: Aj - @41 A; and 7j: @41 A; — Aj the canonical morphisms with
respect to the direct summand A;. We need to prove that there exists an index
k € I such that myepmrey is an injective endomorphism of U.

To do this, take a non-zero element x € U. Then x € A;, ®...® A;, for some
Tyveytn € 1. Set C = Gai#il,...,inAi and let ec:C - @1 A; and 7o @1 A; > C
be the canonical morphisms with respect to the direct summand C. Then

ly = myey =my(eymiy +...+€,m, +€cTC)ey

= TyU€ Ty €U + ... +TTU€;, T, €U + TUECTCEU -

Since 17 ¢ Z, at least one of the summands must be a monomorphism. It can not
be the last one since myecmoey(x) = 0. Therefore there is an index t=1,...,n
such that 7ye;, m;, €y is a monomorphism. m

On the other hand, it is not true that every non-zero uniserial module is
J-small. An example of a non-zero uniserial module over a uniserial domain
that is not J-small was given by Puninski in [42].

From our previous Lemma we deduce that the couple of ideals Z and J is
I-starting since there are no non-Z-small non-zero uniserial modules. Hence, to
be able to use Theorem 6.9.1, we are left to prove that the couple of ideals is
J-starting and complementary. To prove these conditions we refer to [44] and
[45].
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For any uniserial module U, define the submodule U,,, € U as the intersection
of all the submodules of U that are isomorphic to U. If S € Endg(U) is the set of
all monic endomorphisms of U, then U,,, = Nges im(f). Dually, let 7' ¢ Endr(U)
be the set of all epic endomorphisms of U and define U, = ¥ s ker(f).

Recall that an R-module M is said to be small if for every family {N; |i e I}
of R-modules and any homomorphism ¢: M — @7 N; there is a finite subset
F c I such that 7; f =0 for every i € I \ F. Clearly any small module is Z-small
with respect to any ideal Z. For uniserial modules we have the following.

Lemma 6.10.5 ([14, Proposition 2.45]) Every uniserial module that is not
small is countably generated.

Recall that a family of morphisms fy:U — My, A € A is summable if for every
x € U there is a finite subset A’ ¢ A such that fy(z) =0 for every Ae AN A"

Proposition 6.10.6 A uniserial module is non-J-small if and only if U,, &
U=U, and U is a countably generated module.

PrOOF. Let U be a uniserial module that is not J-small. Since it is
not small, it has to be countably generated. Any uniserial module with local
endomorphism ring is J-small since it has the exchange property [14, Example
9.29], so U has not local endomorphism ring and hence U,, ¢ U.

Now we need to prove that for any element x € U there is an endomorphism
f € Endr(U) such that f(z) =« but f is not an automorphism. By contradic-
tion, suppose that there exists an element u € U such that for every endomor-
phism f of U, f(u) = u implies that f is an automorphism. Let My, A€ A be a
family of uniserial modules and let c: U — @xep M)y, and B: ®xcp My — U be mor-
phisms such that Sa = 1. Let A’ be a finite subset of A such that Seymya(u) =0
for every A € ANA’. Then Y4 Beamra(u) = u, hence Y54 Beamra is an auto-
morphism. It is clear that one of the summands must be an epimorphism. This
contradicts our hypothesis that U is non-J-small. Hence, for any u € U, there is
a morphism f:U — U such that f is not an automorphism and f(u) = u. Then
1 - f is an epimorphism having w in its kernel, thus U, = U.

Now let U be a countably generated uniserial module satisfying U,,, ¢ U = Uk,.
To prove that U is not finitely generated, let 0 # u € U.. By definition of U,
there exists an epimorphism f of U such that f(u) = 0. Let v € U such that
f(v) =u. Then f?(v) =0 and v € U,. Since u # 0, vR ¢ uR.

Next we prove that for any element u € U there is a monomorphism of U
such that f(u) = u but f is not an automorphism. Let 0 # u € U = U,. Then
there is an epimorphism f:U — U such that f(u) = 0. Let ¢:U — U be any
monomorphism that is not an automorphism. Then f + g is an automorphism
and (f +g)(u) = g(u). Now (f +g) 'g:U - U is a monomorphism that is not
an automorphism and (f +g) tg(u) = u.

Let x,, n > 0 be a countable set of generators of U with 0 ¢ xoRE 1R & . . ..
For every n there is a monomorphism f of U such that f(z,) = z, but f is
not an automorphism. Define a family of endomorphisms as follows: go = fo
and g, = fn — fn-1 for every n > 1. It is easy to see that {g, | n > 0} is a
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summable family of endomorphisms of U, },509n = 1y and every g, is not an
epimorphism. Hence U is not J-small. =

Lemma 6.10.7 Let U be a uniserial module satisfying U, ¢ U.. Then for any
uniserial module V' such that [Ulz = [V]z we have Vi, &€ Ve. Moreover, U, is
the union of its proper submodules that are isomorphic to V.

PrOOF. We can suppose that V' is a submodule of U such that U,, ¢ V &
U, because [V]z = [Ue]z. Now there is an epimorphism f:U — U such that
f(V)=0. The submodule W = f~1(V) is isomorphic to V, let g:V — W be an
isomorphism. Then Wy, = Uy, and g fjy:W — W is an epimorphism having V,
and thus also W,,, in its kernel. Hence W,,, ¢ W.

Let X be a submodule of U, which is a union of proper submodules of U, that
are isomorphic to V. Suppose X # U.. Then there is an epimorphism f:U - U
such that f(X)=0. Now f~!(V) is a proper submodule of U, isomorphic to V.
Since X ¢ f~1(V), we have a contradiction and X =U,. m

With our next Proposition we prove that the couple of ideals Z and J is
complementary.

Proposition 6.10.8 Let U and V be non-zero uniserial modules that are not
J-small. Then [Ulz =[V]z if and only if U 2 V.

PROOF. Suppose that [U]z = [V]z. To prove the claim it is enough to find
an epimorphism f:V — U. By Proposition 6.10.6 we can apply Lemma 6.10.7
and hence U is a union of submodules isomorphic to V. As U is countably
generated, there is a chain X3 € X5 ¢ ... € U such that for any ¢ € N there
is an epimorphism f:V — X;. The sum of these epimorphisms induces an
epimorphism ¢: ®;nV; - U, where V; =V and ¢(V;) = X; for any i € N. Since
V =V, and V is countably generated, it is possible to construct by induction
elements vy,vs,... € V and homomorphisms hq, hs,... such that the following
conditions are satisfied:

® v1,va,... generate V;

e for any ¢ € N, the homomorphism h;:V — V; is an epimorphism and
hiv1(vi) = 0;
e for any i>2, p(h;(v;)) ¢ X;-1.
The family {h; | i € N} is a summable family of homomorphisms V — @;nV;,
since hj(v;) = 0 whenever j > 4. Let f = ¢h, where h = ¥,y h;. By the properties

of the h;, f(v;) ¢ X;—1 for any ¢ > 2. Thus f is an epimorphism and we are done.
n

The last condition that we need is that the couple of ideals Z and J is
J-starting. We just state it without proving it.
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Proposition 6.10.9 ([45, Lemma 2.5]) Let {B;|i=0,1,...} and {C; | j =
0,1,...} be two families of uniserial modules such that By is not J-small, all
the other modules are both Z-small and J-small and [C;lz = [Bi]z and [Ci]y =
[Bi+1:|j, then @g:OBi = G);ZOCJ‘.

At this point we can apply Theorem 6.9.1 and obtain the following.

Theorem 6.10.10 Let {U; | i € I} and {V; | j € J} be non-empty families
of non-zero uniserial modules. Let I' = {i € I | U; is J-small} and J" = {j €
J |V is T-smally. Then @;e1U; = @1 V; if and only if there exist a bijection
o1 — J and a bijection :1" - J' such that [Us]z = [V,)]g for any i el and
(Uilg = [Vr@ylg for anyiel'.
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Category
D-splitting, 131
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controls the infinite, 128, 144
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Complementary ideals, 148
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Divisor homomorphism, 58
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Divisor-closed submonoid, 56
Dual Goldie dimension, 29, 41

Essential element, 25
Essential subset, 41
Exchange property, 16
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Finite-, 16

Filter, 46
Functor
direct-summand reflecting, 66

isomorphism reflecting, 66
local, 66

Goldie dimension, 27, 40
of a module, 27
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Grothendieck group, 56
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Infinite 2-Krull-Schmidt Property, 124 Z-quasi-small, 132
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strong, 126 of finite type, 97
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Jacobson radical Path ring, 138

of a category, 65 Permutable equivalence relations, 126,
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Join-independent subset, 24 of height one, 56
Lattice, 24 Quasi-formation, 60

Boolean, 47 Quiver, 137

complemented, 47 representation, 138

interval, 24

uniform, 25 Rank of a linear map, 77

Left stable range 1, 35 Reduced localization, 56
Lemma Refinement, 20
Nakayama’s, 13 Regular element, 59
Local morphism, 34 R?gular ideal, 59
Localization, 56 Ring
local, 16
Maximal spectrum of a category, 79 of finite type, 96
Module of type n, 96
couniform, 28 semilocal, 29
couniformly presented, 116 semiprimitive, 13
Fitting, 23 semisimple artinian, 14
heterogeneous, 100 von Neumann regular, 52
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small, 152 Stone space, 48
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uniserial, 149 Submonoid
Monoid saturated, 60
atomic, 55 Summable family, 152
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cancellative, 57 Support, 85
discrete valuation, 57
Theorem

half-factorial, 106 Krull-Schmidt, 3

Krull, .581 56 Krull-Schmidt-Azumaya, 21
HUHEHea Wedderburn-Artin, 14
reduced, 54

Trace ideal, 89

162



maximal, 89
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Uniform module, 28
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index, 56
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