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Preface

The main theme of the book is in two concepts and how they pervade and
structure much of ring and module theory. They are a natural class, and a type
submodule. A natural class K of right modules over an arbitrary associative
ring R with identity is one that is closed under isomorphic copies, submodules,
arbitrary direct sums, and injective hulls. A submodule N of a right R-module
M is a type submodule if there exists some natural class K such that N C M
is a submodule maximal with respect to the property that NV € K. There are
also equivalent but somewhat technical ways of defining this notion totally
internally in terms of the given module M without reference to any outside
classes IC. Equivalently a submodule N < M is a type submodule if and only
if N is a complement submodule of M such that, for some submodule C' < M,
N and C do not have nonzero isomorphic submodules and N4+ C = N& C' is
essential in M.

An attempt is made to make this book self contained and accessible to
someone who either has some knowledge of basic ring theory, such as beginning
graduate and advanced undergraduate students, or to someone who is willing
to acquire the basic definitions along the way.

A brief description of the contents of the book is given next. For some
readers such a description will only be useful after they have started reading
the book. The beginning Chapter 1 defines the more or less standard notation
used, and lists a few useful facts mostly without proof. Chapter 2 presents
all the module classes that will be used, among which are torsion, torsion free
classes, o[M], natural classes, and pre-natural classes. Chapter 3 utilizes chain
conditions relative to some module class K of right R-modules. These chain
conditions guarantee that direct sums of injective modules in I are injective,
or that nil subrings are nilpotent in certain rings. Chapter 4 develops the
basic theory of type submodules, and the type dimension of a module, which
is analogous to the finite uniform dimension. Here new chain conditions, the
type ascending and descending chain conditions, are explained and used to
obtain structure theorems for modules and rings.

Chapter 5 shows that the collection N (R) of all natural classes of right R-
modules ordered by class inclusion is a Boolean lattice. By use of this lattice,
new natural classes are defined and used to give module decompositions of
a module M as a direct sum of submodules belonging to certain natural
classes. A module M is a T'S-module if every type submodule of M is a direct
summand of M. Extending or CS-modules are a very special case of a TS-
module. A decomposition theory for T'S-modules is developed which parallels
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vi

the much studied theory of CS-modules. Chapter 6 studies the collection
NP(R) of all pre-natural classes of right R-modules. This complete lattice is
significant in several ways. First of all, it contains almost all the well and
lesser known lattices of module classes as sublattices. Many sublattices of
NP(R) are identified. Several connections between ring theoretic properties
of the ring R, and purely lattice theoretic properties of N?(R), or some of its
many sublattices are proved. Thus, N'(R) is a sublattice of NP(R), but in
general not a complete sublattice. The interaction between a ring R and the
lattices associated to R is explored.

If ring theory is to progress, it seems that some new kind of finiteness or
chain conditions will be required, such as the type ascending and descending
chain conditions. Also, placing restrictive hypotheses on all submodules of
a module, or even only on all complement submodules, is too restrictive.
However, putting restrictions on the type submodules only is more reasonable.

At the time of this writing, this is the only book on the present subject.
Previously it was very inaccessibly scattered throughout the literature. More-
over, some results in the literature have been either improved or extended, or
proofs have been simplified and made more elegant.

We view this book not merely as a presentation of a certain theory, but
believe that it gives more. It gives tools or new methods and concepts to
do ring and module theory. So we regard the book as a program, a path, a
direction or road, on which so far we have only started to travel with still a
long way ahead.

The second author expresses his gratitude to his wife Hongwa and their son
David for their support and patience during this project, and he gratefully
acknowledges the support by the Natural Sciences and Engineering Research
Council of Canada.

John Dauns

Yiqgiang Zhou
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Note to the Reader

Lemmas, corollaries, theorems, etc. are labeled by three integers separated
by two periods. Thus (4.2.10) stands for Chapter 4, section 2, and item 10.

Chapter 1 and Chapter 2, section 1 (section 2.1) list many facts without
proof. In order to read the book, knowledge of the proofs of these facts is
not needed. Section 2.1 serves to give an overview of several previously used
module classes or categories so that the reader can see where the present
material fits into the broader picture.

One can read only certain parts of the book without going through every-
thing. However, Chapter 2, section 3 on natural classes and Chapter 4, section
1 on type submodules is basic for everything and should not be omitted. After
reading Chapters 2 and 4, the reader could go anywhere else in the book.

vii
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Chapter 1

Preliminary Background

Section 1.1 gives notation and terminology about rings and modules that
are used throughout. Then section 1.2 briefly outlines some material about
lattices.

1.1 Notation and Terminology
Some notation is introduced that will be used throughout.

1.1.1. Unless said otherwise modules M are right unital over a ring R with
identity. Submodules N are denoted by <,<,C,C as N < M,N C M,
etc. If it is understood that we have a submodule and we wish to emphasize
containment, C and C are used. Essential or large submodules are denoted
by “<.” or “<..” A nonzero module M is uniform if N <., M for every
nonzero submodule N of M.

For a module A and index set I, as usual, A = D, A denotes the direct
sum @{A; :i € I} with A; = A for all i € I. Similarly, AT =TI;A.

The injective hull of M is written as E(M) = EM. The latter is partic-
ularly useful if M is given by a complex formula. Note that M <, E(M).

For sets X and Y, the complement of Y in X is X\Y ={z€ X :2¢ Y}.
Note that Y C X is not assumed. Sets are denoted as {x : x satisfies P}. The
cardinality of X is denoted by |X|, and P(X) = {4 : A C X} = 2% denotes
the set of all subsets of X. Note that |P(X)| = |2¥| = 211,

For a function f : A — B of sets and for X C A, f|]x : X — B
denotes the restriction of f to X. For Y C B, f~}(Y) = f~'Y = {a € A :
f(a) € Y}; it is not required that Y C f(A). For a singleton {y}, write
) = f~*{y}). If f: A — B is an R-module homomorphism or more
shortly an R-map, then Ker(f) = f~1(0) C A, Im(f) = f(A) C B are
submodules. If clear from context, we just say “f is a map” in place of “f is
an R-homomorphism of right R-modules”. For modules A and B, we write
A — B to mean that B is a homomorphic image of A.
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2 CLASSES OF MODULES

Throughout, Mod-R and R-Mod denote the categories of right and left R-
modules. The notation “Mgz” and “grM” mean that M is a right and a left
R-module, respectively.

1.1.2. For a given module M, a module V is M-generated if V' = M(I)/N for
some index set I and submodule N < M) . A module W is M-cogenerated
or M cogenerates W if W is isomorphic to a submodule of M’ for some I
(notation W — MT). A class F of modules is cogenerated by a module M if
every W in F is cogenerated by M.

A module N is M-injective if for any submodule X < M, every R-
homomorphism f : X — N can be extended to a homomorphism f M —
N. A module M is quasi-injective if M is M-injective. It is known that M
is quasi-injective if and only if Homg(EM, EM)M C M where M is viewed
as a submodule M < E(M).

For a right R-module Mp and a subset X C M, define the annihilator
of Xin Rby Xt = {r € R: ar = 0,Yo € X} and write 2+ for {z}+
for all x € M. For a left R-module gM, if X C M and z € M, then
+X and ‘z are defined similarly. So if I is a subset of the ring R, then
It={reR:ar=0Va€l}and *I ={r € R:ra=0,VYa € I}. For
N<Mandze M, (x+N)t=x"'N={re R:ar € N}.

1.1.3. For a module Mg, its singular submodule is Z(M) = ZM = {z €
M : z+ <. Rg}, and its Goldie torsion (or second singular) submodule
Zs(M) = Z3M is defined by Z[M/Z(M)] = Z2(M)/Z(M). Then Z(M) <,
Z5(M). A module M is singular if M = Z(M), and nonsingular if Z(M) =
0; it is not singular if Z(M) # M. Thus nonsingular # not singular. The ring
R is said to be nonsingular if Rp is nonsingular.

1.1.4. A submodule X < M is said to be a complement submodule of M
if it satisfies one of the following two equivalent conditions: (i) There exists a
submodule Y < M such that X is maximal among the submodules of M such
that X NY = 0 (such an X is also called a complement of Y in M); (ii)
For any X <. N < M, N = X. In words, X does not have a proper essential
extension inside M. Because of the latter, complement submodules are also
called closed submodules.

For a submodule X < M, any maximal essential extension C' in M of X is
called a complement closure of X. One way to obtain it is to start with
any Y < M such that X &Y <. M, and then take C' < M to be maximal
such that X C C but CNY = 0. In general, complement closures are not
unique.

Some useful properties of complement submodules are listed.

Copyright 2006 by Taylor & Francis Group, LLC



Preliminary Background 3

1.1.5. Let X < N < M be modules.

1. TRANSITIVITY. If X is a complement submodule of N and N is a
complement submodule of M then X is a complement submodule of M
(see [66, Prop.1.5, p.15]).

2. N is a complement submodule of M if and only if for any YV <. M,
(N+Y)/N <. M/N (see [30, Prop.3-3.5, p.41]).

3. Forx € M, N <, N+ zR = z~'N <, R. The converse holds when
ZM C N. |

1.1.6. Let M be nonsingular. Then N < M is a complement submodule if
and only if Z(M/N) = 0. To see this, take any complement closure C' of N
and any X < M with X C <, M. “=". If N = C, then Z[(X ® N)/N] =
(ZX ® N)/N = 0, and M/N contains an essential nonsingular submodule
(X @ N)/N by (1.1.5)(2). “«<=". If N # C, then 0 # C/N = Z(C/N) <
M/N, a contradiction. a

Since the following useful fact is often used and stated but seldom proved,
we give a particularly short and simple proof.

1.1.7. LEMMA. Let M be nonsingular and N < M. Then N has a unique
complement closure in M.

PROOF. Let (1,5 be two complement closures of N in M. Then N C
CyNCy. Consequently M/(CyNCs) — M/Cy & M/Csy. Since M/Cy & M/Cy
is nonsingular by (1.1.6), also M/(Cy N C3) is nonsingular. Hence again by
(1.1.6), C1 N Cy is a complement submodule of M. So C; = C; NCy = C5.0

In view of (1.1.5)(3), for any modules ZM C N < M, the unique comple-
ment closure of N in M is the module {x € M : 27N <. R}.

1.1.8. An extension of modules N < M is rational if it satisfies any one of
the following equivalent properties:

1. For any N C A < M, and any homomorphism f : A — M such that
the restriction f|y = 0, necessarily f = 0.

2. Hompr(M/N,EM) = 0.
3. For any my,0 # my € M, mao(m; ' N) # 0.

If N < M is rational, upon taking m = m; = mg € M\N, 0 # m(m~IN) <
N shows that N <, M. If ZM =0 and N <, M, then in (3), mle <. R
for all my € M, and since 0 # ma ¢ ZM = 0, ma(m~*N) # 0. So for a
nonsingular module M, the rational and essential submodules of M coincide.
A right ideal I of R is called dense if IR is rational in Rp.

1.1.9. A right quotient ring of a given ring R is a ring S that contains R
as a subring so that the identity element of R is also the identity element of .S
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4 CLASSES OF MODULES

and such that Rr < Sg is a rational extension. A maximal right quotient
ring of R is a right quotient ring @ of R such that for any other right quotient
ring S of R, the inclusion map R — @ lifts to a monic ring homomorphism
S — @. It is known that every ring R has a maximal right quotient ring
([66, Thm.2.29, p.58]).

As usual, we write Z, Q, R for the integers, the rationals, and the real num-
bers. For a positive integer n, Z,, = Z/nZ denotes the ring of integers modulo
n or the Abelian group of order n.
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Preliminary Background 5

1.2 Lattices

Standard lattice definitions and concepts are used.

1.2.1. DEFINITION. A lattice L is a partially ordered set in which any
two elements z,y € L have a least upper bound x Vy € L and a greatest
lower bound x Ay € L. Similarly for subsets {z, : v € T}, \/{z, : v €T} =
VveF xy = \/ x, denotes the least upper bound provided it exists at all, and

similarly for the greatest lower bound /\veF Ty

1.2.2. DEFINITION. A lattice L with largest element 1 € L and least
element 0 € L is complemented if for every x € L there exists ¢ € L with
zVzf=1and z Az®=0.

Terms such as the following are used: complete lattice, modular lattice,
distributive lattice, lattice homomorphism.

1.2.3. DEFINITION. A Boolean lattice is a lattice L with least element
0 € L and largest element 1 € L, which is distributive and complemented.
“Boolean lattice” and “Boolean algebra” are synonyms.

1.2.4. DEFINITION. A ring (with or without identity) is a Boolean ring
if all of its elements x satisfy 22 = z. A Boolean lattice and a Boolean
ring are known to be equivalent concepts [71]. Therefore, for example, if L
and L, are Boolean lattices and f : L1 — Lo is a lattice homomorphism
which preserves zeros, but not necessarily ones, then f is also, equivalently, a
homomorphism of the Boolean rings L; and Ls, or of Ly and f(L;). Note that
if f(1) # 1 € Lo, then in general f does not preserve complements ¢ € Ly;
in fact, always f(z¢) < (f(x))¢, where f(z¢) # (f(x))¢ holds for z = 1.

1.2.5. DEFINITION. A Boolean lattice L can be specified by listing some
or most of its ingredients L = (L,V,A,¢,0,1). For any set X, P(X) =
(P(X),U,n,\,0=10,1=X).

The following is not used except a couple of times at the end of Chapter 6.

1.2.6. COMPLETION. Let R be a Boolean ring with 1 € R. Then R is
nonsingular. For z,y € R, x < y means that z = yz; xt Ay = xy, tVy = x4y,
and 1 — z is the complement of z. The Boolean ring R is complete if every
subset of R has a least upper bound in this order (equivalently, a greatest
lower bound). Every Boolean ring R has a minimal completion A, where A is
a complete Boolean ring containing R densely (VY A1 < Aa € R, [A1, A2]NR # 0)
with A being unique over R ([71, pp.92-93]).

The completion A of R can be equivalently characterized in three ways ([13,
Thm.5, Cor.4, pp.26-27] and [71, Thm.11, p.93]):

1. A = ER is the injective hull of Rpg.
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6 CLASSES OF MODULES

2. A is the so-called Dedekind—MacNeille completion of the partially or-
dered set R.

3. A is the maximal ring of quotients of R.

Let X be a Boolean space, i.e., a compact Hausdorff space where the closed
and open (clopen) sets form a base for the topology. A field of sets on X
is a sublattice of the lattice P(X) in (1.2.5). By the Stone Representation
Theorem ([71, Thm.6, p.78]), every Boolean ring R is (isomorphic to) the
field of all clopen sets in some Boolean space X. An open set P C X is
called regular if P is equal to the interior of its closure P. For any set P, its
interior is X \(X\P) where the upper bar denotes closure. For example, for
any xo € X, X\{zo} is open but not regular. The completion A of the above
R can be viewed as the field of all regular open sets in X by [71, Thm.11,
p.93].
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Chapter 2

Important Module Classes and
Constructions

Section 2.1 outlines the main facts about torsion theories. Proofs are not
given in section 2.1, because it is intended merely for giving definitions. Sec-
tion 2.2 develops the basic properties of the category o[M]| subgenerated by
an arbitrary module M. It includes the Goldie torsion class in o[M]. The
next section 2.3 covers natural classes, which is a central topic here. Then sec-
tion 2.4 is about M-natural classes, which can be regarded as natural classes
relativized to the subcategory o[M] of Mod-R. The last section 2.5 on pre-
natural classes gives a generalization of natural classes. A natural class, or
an M-natural class, is a special case of a pre-natural class. Their importance
and usefulness will not become fully apparent until Chapter 6, where it will
be shown that almost all lattices of module classes associated to a ring are
sublattices of the lattice of pre-natural classes.

2.1 Torsion Theory

A brief outline of pretorsion, hereditary pretorsion, torsion, and hereditary
torsion classes is given, and how each of these corresponds to preradicals with
additional properties. Here in this section, unless said otherwise, all classes
of modules are in Mod-R and are closed under isomorphic copies.

Although all definitions here are in the category Mod-R, they can be ex-
tended and used in any full subcategory of Mod-R which has direct products
and sums, injective hulls, and is closed under extensions. A class of modules
will be said to be closed under Ext}z(-, -), or closed under extensions, if when-
ever A and C belong to the class, and 0 — A — B — (' — 0 is a short
exact sequence, then also B belongs to the class in question.

2.1.1. DEFINITION. The fact that a class of modules is closed under quo-
tient modules, arbitrary direct sums, submodules, extensions, arbitrary prod-
ucts, and injective hulls is indicated respectively by: /,@,S,Ext}%(o,-),ﬂ,
and E(-). The following table defines seven classes of modules by defining
what they are closed under:
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8 CLASSES OF MODULES

Class Closed Under
Pretorsion /, D

Hereditary pretorsion /, P, <

Torsion /, P, Extg(-,)
Hereditary torsion /, @, <,Extk(-,-)
Pretorsion free < II

Torsion free <, M, Extg(-,-)
Hereditary torsion free <, I, Extg(-,-), E(-)

A module class is called stable if it is closed under injective hulls. Some
classes of modules are uniquely defined by certain functors, and also by sets
of right ideals called filters. Both are defined next.

2.1.2. DEFINITION. For functors p,o : Mod-R — Mod-R, p is a sub-
functor of ¢ if for any morphism f : M — N, first pM = p(M) C o(M) and
secondly p(f) = o(f)|a) is the restriction of o(f) to p(M). A preradical
p is a subfunctor of the identity functor id : Mod-R — Mod-R.

For a preradical p and a module M, M is p-torsion if p(M) = M, and
p-torsion free if p(M) = 0. A submodule N of M is called p-dense in M
if M/N is p-torsion, and N is called p-closed in M if M/N is p-torsion free.
A preradical p is idempotent if p? = p, i.e., p(pM) = p(M) for all modules
M. A preradical p is called a radical if p(M/p(M)) = 0 for all modules M,
and is said to be left exact if the sequence 0 — p(A) — p(B) — p(C) is
exact for every short exact sequence 0 — A — B — C' — 0 in Mod-R.

Associated to a preradical p, there are two classes of modules in Mod-R,
namely 7, = {N € Mod-R : p(N) = N} and F, = {N € Mod-R : p(N) = 0}.
Note that 7, is a pretorsion class and F, is a pretorsion free class. Let 7 be
a pretorsion class. For any N € Mod-R, let 7(N) =X{X < N: X € T}, and
then 7(N) is the unique largest submodule that belongs to 7. Thus, 7 gives
rise to a preradical 7 which is clearly idempotent. The next proposition can
be found in Stenstrom [112].

2.1.3. PROPOSITION. The following hold in the category Mod-R:

1. The correspondence p — 7, between idempotent preradicals and pre-
torsion classes is bijective.

2. The correspondence p — 7, between left exact preradicals and hered-
itary pretorsion classes is bijective.

3. The correspondence p — 7, between idempotent radicals and torsion
classes is bijective.

4. The correspondence p — 7, between left exact radicals and hereditary
torsion classes is bijective.
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2.1.4. DEFINITION. A torsion theory for Mod-R consists of a pair
(T, F) of classes of R-modules satisfying the following conditions:

1. TeT < VF € F,Homg(T,F) =0, and
2. F e F = VYT e T,Homp(T, F) = 0.

2.1.5. DEFINITION. For a class K of modules, set

F ={F € Mod-R : Homp(K,F) =0,VK € K},
T ={T € Mod-R : Homg(T, F) = 0,VF € F};

and dually set

G ={G € Mod-R : Homy(G, K) = 0,VK € K},
H = {H € Mod-R : Homg(G, H) = 0,%G € G}.

Then (7,F) is a torsion theory, called the torsion theory generated by
IC, and 7 is the smallest torsion class containing K. Dually, (G,H) is also a
torsion theory, called the torsion theory cogenerated by K, and H is the
smallest torsion free class containing K.

2.1.6. Let 7 and F be classes of modules. Then the following hold:

1. There exists a class D such that (7, D) is a torsion theory if and only if
T is a torsion class.

2. There exists a class C such that (C,F) is a torsion theory if and only if
F is a torsion free class.

3. If (7, F) is a torsion theory, then 7 is a hereditary torsion class iff F is a
hereditary torsion free class. In this case, we call (7,F) a hereditary
torsion theory. It is known ([112, Prop.3.2, p.141]) that a torsion
theory (7,F) is hereditary if and only if F is closed under injective
hulls.

4. For a preradical p and the associated classes of modules 7, and F,, as
above, p is a left exact radical if and only if 7, is a hereditary torsion
class if and only if F, is a hereditary torsion free class if and only if
(7,,F,) is a hereditary torsion theory. In this case, we simply write
that p = (7,,F,) is a hereditary torsion theory.

A torsion theory also defines a torsion submodule. For a discussion and
clear proof of the following, see Bland [11, pp.11-14].

2.1.7. TORSION SUBMODULE. Let (7,F) be any torsion theory such
that 7 is the left exact radical associated with 7 and M any module. Then
T(M)=%X{V :V < M,V € T} is the unique largest submodule of M in 7,
is fully invariant in M, and M/7(M) € F.
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10 CLASSES OF MODULES

There are different equivalent ways of describing hereditary pretorsion clas-
ses and torsion theories. We state the next proposition mainly for general
orientation purposes. It can be found in [112, Cor.1.8, p.138 and Prop.3.1,
p.141]. Below, we do not use the associated torsion free classes.

2.1.8. DEFINITION. For a ring R, a prefilter 2 is a nonempty set of
right ideals satisfying the following:

1. VACB<R, Aed = B e
2.VAeAd, Bed— ANBe,

3. Vee RRAcA =z 1AcU
A prefilter 2 will be called a hereditary filter if also (4) below holds:

4. VB< RVA €, if {a™'B:ac A} C2, then also B € 2.

Prefilters and hereditary filters are sometimes called linear topologies and
Gabriel topologies, respectively.

For a prefilter 2, set Ty = {M € Mod-R : 2+ € A,V € M}.
2.1.9. PROPOSITION. The following hold in the category Mod-R:

1. The correspondence 2 — 7Ty between prefilters and hereditary pretor-
sion classes is bijective.

2. The correspondence 2 — Ty between hereditary filters and hereditary
torsion classes is bijective.

2.1.10. REMARK. For a module M, any prefilter 2 defines a topology on
M whose open subsets around the point 0 € M are

{(V<M:m™'Ved,¥vme M}

In other words, V' < M is open iff M/V € Ty. For an arbitrary v € M, the
open neighborhood system of v is obtained from that of “0” by translation as
{v4+V :V < M,V is open}. We make no further use of this remark. The
completion of the topological space M is a module that so far has not been
extensively studied.

2.1.11. EXAMPLE. (1) The semisimple modules form a hereditary pretor-
sion class.

(2) The singular modules form a hereditary pretorsion class whose asso-
ciated left exact preradical is the functor Z, where Z(M) is the singular
submodule of M.

(3) The class of all Goldie torsion modules is, by definition, the smallest
hereditary torsion class containing the singular modules. Its associated left
exact radical is the functor Zs, where Zo(M) is the Goldie torsion submod-
ule of M. Note that both Z(M) < Zy(M) are fully invariant in M, while
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M/Z5(M) is nonsingular. Let & be the class of the Goldie torsion modules.
Then & = {N € Mod-R : Z(N) <. N} is indeed a stable hereditary torsion
class; § = {N € Mod-R : Z(N) = 0} is a hereditary torsion free class; fur-
thermore, (&,3F) is a hereditary torsion theory, called the Goldie torsion
theory.

2.1.12. EXAMPLE. The hereditary torsion theory (7,F) cogenerated by
E(R) is called the Lambek torsion theory. In this case, a module M is in
7 if and only if Homg (M, E(R)) = 0; and clearly Homg(M, E(R)) = 0 if and
only if Homg(N,R) = 0 VN < M. A right ideal I of R is dense if and only
if R/I € T; and this is the case if and only if Hom(J/I,R) =0VI < J <R
if and only if “(a='I) = 0 Va € R (see [112, Prop.6.4, p.149]). Every dense
right ideal of R is essential in R; a ring R is right nonsingular if and only if
every essential right ideal of R is dense. Thus, for a right nonsingular ring,
the Goldie torsion theory and the Lambek torsion theory coincide.
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12 CLASSES OF MODULES

2.2 Module Class o[M]

For a ring R and an arbitrary R-module M, o[M] is the full subcategory of
Mod-R subgenerated by M. As shown in Wisbauer [131], most of the known
theorems in ring and module theory carry over to their analogues in o[M].
Later in sections 2.4 and 2.5 and other places, facts about o[M] will be used
for various purposes, in particular, to study the so called M-natural classes,
and pre-natural classes.

2.2.1. DEFINITION. For any ring R and any fixed right R-module M,
the category o[M] is the smallest full subcategory of Mod-R consisting of
submodules of M-generated modules. That is,

o[M] = {N € Mod-R : 31,3V < MY such that N — MD /V}.

Its morphisms are all possible module morphisms. Let N&(W/V) <, M1 /v
for N € o[M] as above where W/V is a complement of N in M) /V. Then
N — MU /W as an essential submodule. Consequently, N € o[M] if and
only if N <, M(I)/W for some I and some W < M. Note that o[Rg| =
Mod-R.

It will be useful later that if the sum of modules make sense in o[M], then
that sum also belongs to o[M]. That is, o[M] is closed under arbitrary sums.

2.2.2. LEMMA. If Y is an R-module and X;,7 € I, are submodules of Y
with all X; € o[M] (i € I), then X;c;X; € o[M].

PROOF. If g is the sum map ¢ : ®;e; X; — Zier X; <Y, and P = Ker(g),
then EiGIXi = (®161X1)/P S O'[M] O

The next lemma shows how categories of the form o[M] arise naturally.

2.2.3. DEFINITION AND LEMMA. For any class or set F of right
R-modules, select any set {X; : ¢ € I'} of representatives of isomorphy classes
of cyclic submodules of modules in F. That is, for any A € F and a € A
(where aR need not be in F), there exists ¢ € I for which aR = X;. Then
define “Mz” by Mz = ®{X; : i € I'}. Note that the cardinal |I| is unique,
and Mz is unique up to an isomorphism of the direct summands X;, after
a permutation of the index set. Then the following hold for a class F of
modules:

1. o[M#] is the unique smallest hereditary pretorsion class containing F.

2. F is a hereditary pretorsion class iff F = o[M£].

PROOF. (1). It is straightforward to verify that o[M#] is a hereditary pre-
torsion class. The intersection of all hereditary pretorsion classes containing
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F is also a hereditary pretorsion class, which, moreover, contains o[Mz]. It
only remains to show that F C o[Mg]. For N € F and z € N, xR — My
and so zR € o[Mg]. Thus N =X{zR:z € N} € o[My£] by (2.2.2).

(2) follows from (1). a
2.2.4. COROLLARY. A class F of modules is a hereditary pretorsion class
iff F = o[M] for some module M. O

The next lemma will be used several times later.

2.2.5. Let M be an R-module and zR be a cyclic R-module. Then zR € o[M]
if and only if there exist y,--- ,z, € M such that i N--- Nz}t C zt.

PROOF. The implication “«<=" follows because o[M] is a hereditary pre-
torsion class.

“—=7. If xR € o[M], then xR C M) /V where I is an index set and
V € MU, Write x = (21, ,2,) + V where (z1,--+,2,) € M™. Then
NNt Cat O

2.2.6. DEFINITION. For R-modules N and M, the trace of M in N is
defined to be

tr(M, N) = 2{f(M) : f € Homp(M, N)} < N.

Recall that a module N is M-injective if for any X < M and any map f :
X — N, f extends to f : M — N. It is a consequence of these definitions
that tr(M, EN) is an M-injective module. It is called the M-injective hull
of N, and denoted by Ep(N) = tr(M, EN) < E(N). For any set or class K
of modules, the trace of K in N is tr(K, N) = X{tr(M, N) : M € K}. We say
that a module N is K-injective if N is M-injective for every M € K.

2.2.7. LEMMA. Let N and M be modules and I any index set. The
following hold:

1. tr(M,N) € o[M].

2. EM(N) S O’[M}

3. tr(M,EN) = tr(MY) EN) = tr(o[M], EN).
PROOF. Since o[M] is a hereditary pretorsion class and tr(M, N) is a quo-
tient of a direct sum of copies of M, (1) follows. Similarly, (2) follows.

(3) For any module N, tr(M, EN) = tr(M) EN) C tr(o[M],EN). For
any A € o[M] and any f: A — EN, we may assume A < M) /V for some

J and V. Then f extends to f: M) /V — EN. Let w: M) — M) /v
be the canonical homomorphism. Then

F(A) S FMPD V) = (Fr) (M) < tr(M, EN).
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2.2.8. LEMMA. Let N and M be modules. If N is M-injective then N is
o[M]-injective.

PROOF. For any A € o[M], A < MU /V for some I and V. First, by
Mohamed and Miiller [87, Prop.1.5], Ex(N) is MD-injective. Then apply
[87, Prop.1.3] two times to conclude that first Epr(N) is M) /V-injective,
and secondly, it is A-injective. o

2.2.9. LEMMA. For any module N € o[M], N C Ep(N).

PROOF. Let N < M(I)/V as in (2.2.1) for some I and some V < M,
Then N = L/V for some L < M), Let 7 : L — L/V be the canonical
homomorphism, and 7 : M) — EN be the extension of = to M. But
then N = 7(L) C #(MD) C tr(c[M], EN) = Ep(N) by (2.2.7)(3). i

The next proposition is used frequently. It says that Ejs(-) behaves the
same as F(-).

2.2.10. PROPOSITION. For any module M, let Y < X € o¢[M] and
N € o[M]. Then the following hold:

1. If Y is M-injective, then Y is a summand of X.

2. EAI(X) = EM(Y) S5 EM(Z) for some Z S X.

3.3 N=N D --- P N,,, then EM(N) = EM(Nl) D---D EM(Nm)

4. N is M-injective iff N = Ej;(N).

5. If N is M-injective, then N is quasi-injective.
PROOF. (1) If Y is M-injective, then Y is o[M]-injective, and hence is
X-injective. So Y is a summand of X.

(2) It follows from YV < X € o[M] that Ep(Y) < Ey(X) € o[M]. Since
En(Y) is M-injective, Ep(X) = Epy(Y) @V for some V by (1). Let Z =

XNV. Then Z <V and so Ey(Z) = Ep(V) (since EZ = EV). It follows
that

<Eu(Y)® En(V)
=Eu(Y)® Enu(Z) < Eu(X).

(3) It suffices to show this for m = 2. Let p; : E(N; @ N2) — E(N;)
(i =1,2) be the projection. We have

En(N1) @ Evi(N2) € Ey (N1 @ Na) = Ey(N),

since pj(Ea(N;)) = 0if @ # j. Since Ep(N1) @ Enr(N2) is M-injective and
is essential in EM(N), it follows from (1) that E]w(N) = E]\/[(Nl) @EM(NQ)
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(4) Ep(N) is clearly M-injective by its definition. Assume that N is M-
injective. Since N C Ep(N) by (2.2.9) and N <. Ep(N), it follows from (1)
that N is a summand of Ep(N), and hence N = Ej;(N).

(5) If N is M-injective, then N is o[M]-injective, and hence is N-injective.
O

It is essential that in the previous proposition the modules X and N are in
o[M]. The next proposition, which appeared in [101], explains the case where
N may not be in o[M].

2.2.11. PROPOSITION. The following are equivalent for R-modules M
and N:

1. N is M-injective.
2. Ey(N)N N is M-injective.
3. Epq(N)CN.

PROOF. (1) = (2). Let f: K — Ep(N) N N be an R-homomorphism,
where K < M. Because N is M-injective, f extends to an R-homomorphism
g: M — N. Note that g(M) C Ep(N) and so g(M) C Ey(N) N N. Thus,
Ey(N)N N is M-injective.

(2) = (3). We may assume Ep(N) # 0. Let T = Ep(N) N N. Then
T <. Ep(N) C E(N) and hence Ep(N) C E(T) C E(N). It follows that
En(T) C Ep(N). But if f € Hom(M, EN), then f(M) C E)(N) C E(T),
implying Ep(N) C Ey(T). So, Epm(N) = En(T). By (2), T is M-injective.
Note that T' € o[M]. Then T = Ey(T) by (2.2.10)(4). Therefore, Ep(N) C
N.

(3) = (1). Let f : K — N be an R-homomorphism, where K < M.
Now f can be extended to g : M — E(N). Since g(M) C Ep(N) C N, N
is M-injective. O

2.2.12. DEFINITION. For M, N € Mod-R, N is defined to be M-singular
if N2 L/K for some L € o[M] and K <. L; consequently, N € o[M]. The
class of all M-singular modules is closed under submodules, quotient modules,
and direct sums. It then follows from this that for any N € Mod-R, X{V : V <
N,V is M-singular} is M-singular. This unique largest M-singular submodule
of N is denoted by Zy;(N) = ZyN. Note that Zp(N) C Ey(N) € o[M]
even if N is not in o[M], and that Zp;(N) C Z(N). N is called non M-
singular if Z5;(N) = 0. For any A, B € Mod-R and any R-map f: A — B,
since f(ZpyA) C Zy B, Zyy is a subfunctor of the identity functor of Mod-R.

Recall that a module M is Goldie torsion if and only if M = Zy(M). Con-
sequently, the class of Goldie torsion modules is precisely the class & = {M €
Mod-R : ZM <. M}. The latter is clearly closed under extensions and injec-
tive hulls, and it is easy to see that the class of Goldie torsion modules is the
unique smallest hereditary torsion class containing all the singular modules.
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2.2.13. DEFINITION. For a given module M, the Goldie torsion class &y,
in o[M]is &y ={N € o[M]: Zy(N) <. N}.

2.2.14. LEMMA. The above class &), is the smallest hereditary torsion
class in the category o[M] containing all M-singular modules.

PROOF. Let C be a subclass of o[M] such that C contains all M-singular
modules and is closed under extensions. Then for any N € ®&,;, since
Zpm(N) <. N € o[M], N/Zp(N) is M-singular. From the short exact se-
quence 0 — Zp(N) — N — N/Z3(N) — 0 in o[M], it follows that
N € C. Thus &y, CC.

In order to show that &), actually is a hereditary torsion class in o[M],
it has to be shown that it is closed under the following operations: <, /,®,
and Ext}%(-, ). For C < A € &), we have Zp;(A) <. A and hence Zy,(C) =
Zy(A)NC <, ANC =C. So C € &). There exists a B/C < A/C such that
Zpm(A/C) @ B/C <, A/C. Since [(Zy(A) N B) + C|/C C Zy(B/C) = 0,
Zy(A)N B C C. Since Zy(A) <. A, it follows that Zp(A) N B <. B and
hence C' <, B. So B/C = Zy(B/C) = 0. Thus Zy(A/C) <. A/C, so
A/C € By

The closure of &), under arbitrary direct sums is clear.

For a short exact sequence 0 — A — B — B/A — 0 in Mod-R with
A,B/A € &)y, let D < B such that Zy(B) @ D <. B. Thus Zp (D) = 0.
Since Zpr(A) C Zp(B) and Zp(A) <. A, AND =0. Thus D = (D+A)/A <
B/A and so Zy((D + A)/A) = 0. Hence

Zu(BJ/A)N (D + A)JAC Zy((D+ A)/A) = 0.

Since Zy(B/A) <. B/A, it follows that (D + A)/A =0 and so D = 0. Thus
Zy(B) <¢ B. Soif also B € o[M], then B € &), and &), is closed under
extensions. O

Some properties of the Goldie torsion theory in o[M] are described as fol-
lows. For any N € o[M], by (2.2.14) N has a unique largest submodule in
s, which is denoted by &/ (N).

2.2.15. PROPOSITION. For any N € &,; and A € o[M], the following
hold:

1. EM(N) € By.
2. QSM(A) = AﬂEM(ZMA) € Byy.

PROOF. (1) Since N € o[M] and N <, Ey(N) € o[M], Ex;(N)/N € &
From the short exact sequence 0 — N — Ep(N) — Epn(N)/N — 0,
we conclude that Ep (N) € &)y.

(2) First, Zp(A) <¢ AN Epn(ZpA) € Sy Suppose that Zp(A) <, L <
A. At this point the hypothesis that A € o[M] is needed to conclude that
L C Ey(L)N A, But since Zp(A) <. L, Epr(L) = Ep(ZpA) and hence
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L C ANEyN(ZpA). Therefore, ANE N (Zp A) is the unique largest submodule
of A that belongs to &ys. So & (A) = AN Ey(ZyA). m]

Whenever M is a generator of Mod-R, such as M = R, we have o[M] =
Mod-R, and concepts in o[M] become the usual ones in Mod-R. In particular,
Ey(N)=E(N),Zyu(N)=Z(N),®y =&, and G (N) = Zy(N).

2.2.16. Recall that a nonzero submodule L of a module N is a rational
submodule if for every submodule A of N with L C A and every homomor-
phism f: A — N, f(L) = 0 implies that f = 0. The module N is strongly
uniform if every nonzero submodule of N is a rational submodule (see Stor-
rer [113, pp.621-622]). A synonym for strongly uniform is monoform (see
Gordon and Robson [69, p.11]). Thus 0 # L < N is a rational submodule iff
for any mi,me € M with mg # 0, mg(mflL) #0.

If M is strongly uniform, then M is uniform. For if Lé&mR < M with L # 0
and m # 0, take m; = my = m. Then m~'L = m*. Hence m(m~'L) =
mm™ = 0, a contradiction.

It is known that if U is uniform and nonsingular, then U is strongly uniform.
However, in the category o[M], U may be non M-singular but with U = Z(U)
singular.

2.2.17. LEMMA. Let U € o[M] be uniform and non M-singular. Then U
is strongly uniform.

PROQOF. If not, there exists a nonzero essential submodule L of U such that
L is not rational. Hence there exist m; € U,0 # mq € U with mo(m;*L) = 0.
Then there is an epimorphism

(miR+ L)/L — maR, myr + L — mar, r € R.

But L <. miR + L € o[M] shows that maR is M-singular, a contradiction.
a

2.2.18. For any module N € Mod-R, let N = (EndgEN)N < EN be its
quasi-injective hull. Then

1. Ey(N) is quasi-injective.
2. If N € o[M], then N C N C Ep(N).

PROOF. (1) This follows, since Fy(N) is o[M]-injective, or see (2.2.10)(5).
(2) For f € Endg(EN), we may assume that N C Ey(N) < MWD /V for

some [ and V, and f|y : N — EN extends to g : MWV — EN. Hence
f(N) Ctr(c[M],EN) = Ep(N). Thus N C Ep(N). |

Since strongly uniform modules occasionally arise in the study of natural
and M-natural classes, we list a few of their known properties below.

2.2.19. Let U be any module and U = (EndgEU)U its quasi-injective
hull. Then the following hold:
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1. U is strongly uniform iff EndgU is a division ring ([113, Prop.7.5, p.656]
or [69, p.103]).

2. U is strongly uniform iff U is ([113, Prop.7.5, p.656 and pp.622-624]).

3. If U is strongly uniform, there is a natural embedding EndgU C EndgU.
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2.3 Natural Classes

A key feature here is the concept of a natural class. Historically, many
results were first proven for the set A(R) of natural classes and then later
extended to the set NP(R) of pre-natural classes, since N(R) C NP(R).

When possible, we give the proofs for N?(R), but in such a way that the
relevant facts and conclusions for N (R) are transparent. For this reason, in
this section, we will state two theorems, but postpone the proofs to a later
section on pre-natural classes.

The operators “d” and “c”, which can be applied to any nonempty set or
class of modules, will be used frequently in this section as well as later on.

2.3.1. DEFINITION. For any nonempty class F of right R-modules, define
d(F) and a complementary class ¢(F) of d(F) as

d(F)={N € Mod-R:YO#AW < N,30 4V < W,V < Aforsome A € F},
c(F)={W e€Mod-R:V0 £V <W,V <& Aforany A € F}.

In words, d(F) consists of those modules N whose every nonzero submodule
W contains a nonzero submodule V' which embeds into some module A of
F, while ¢(F) consists of all modules W which do not contain any nonzero
submodules V' embeddable in some module A of . Thus

c(c(F)) ={N € Mod-R:V0O# W < N, W & Aforany A € ¢(F)}
={NeMod-R:VOAW < N,I0#V <W,V — Aforsome A € F}
= d(F).

Let F = {N € Mod-R : N — A for some A € F}. Most of the time we will
think in terms of F, for which the above definitions simplify as

d(F)=d(F) ={N € Mod-R: YO #W < N,30 #V < W,V € F},

o(F) = c(F) = {W € Mod-R: Y0 £V < W,V ¢ F}.

An application of the very last formula to F in place of F shows that
c(c(F)) = e(c(F)) = d(F). We already saw that d(F) = c(c(F)). For this
reason, “d” and “c” are thought of as complementary operations. For example,
if F is the class of all singular modules, then ¢(F) is the class of all nonsingular

modules and d(F) is the class of all Goldie torsion modules.

Modules N € d(F) can be regarded as being “F-dense”, because every
nonzero submodule of N contains a possibly smaller, but still nonzero sub-
module of F. Such modules N may be thought of as being locally in F.
Modules W € ¢(F) can be regarded as being “F-free” (or free of F), because
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they do not contain any nonzero submodules of F. Note that 0 € d(F) and
0 € ¢(F), and that ¢(F) Nd(F) = {0}.

For a singleton set F = {P} for P € Mod-R, we sometimes abbreviate
c({P}) = ¢(P) and d({P}) = ¢(P). If F = (), then the above definitions
require that ¢(f)) = Mod-R and d(0) = {0}.

The concept of a natural class will be a unifying thread running throughout.

2.3.2. DEFINITION. A nonempty class K of modules is a natural class
(also called saturated class or type) if it is closed under submodules, arbi-
trary direct sums, and essential extensions (equivalently injective hulls). The
collection of all natural classes of right R-modules will be denoted by N'(R).
When we will also be considering left modules, we will distinguish the natural
classes of left R-modules from the right ones by A;(R) and N,.(R).

In order to work with natural classes, the following argument will be used
repeatedly later on, sometimes without mentioning that it is used.

2.3.3. PROJECTION ARGUMENT. Let W,, a € A, be any indexed
family of modules, and 0 # © € E(®aecaWa,). Then there exists o € A, 0 #
r € R, and 0 # w € W, such that 0 # 2rR = wR < W, with (zr)t = w.
In other words, every nonzero submodule of E(®,caW,) contains a nonzero
submodule isomorphic to a submodule of some W,,.

2.3.4. The following hold for a nonempty class F of modules:
1. d(F),c(F) are natural classes, and d(F) N ¢(F) = 0.
2. d(F) = ¢(c(F)) is the unique smallest natural class containing F.

3. VK € N(R), K = c(c(K)).

PROOF. (1) By (2.3.2), d(F) € N(R). The projection argument (2.3.3)
shows that ¢(F) is closed under injective hulls of arbitrary direct sums. Hence
c(F) € N(R). Tt follows from (2.3.1) that d(F) Nec(F) = 0.

(3) For any 0 # M € c(¢(K)), by (2.3.1) and Zorn’s Lemma, there exists
PacaVa < M with 0 # V, € K. Hence by (2.3.2), M € K. Thus K =

c(c(K)).
(2) By (2.3.1), F C ¢(c(F)). It F C K € N(R), then c(c(F)) C ¢(c(K)) =
K. Moreover, d(F) = c¢(c(F)) by (2.3.1). O

2.3.5. COROLLARY. Every natural class IC is closed under extensions.

PROOF. Suppose that 0 — A — B — C' — 0 is exact with A,C € K
but B ¢ K. So B ¢ ¢(c¢(K)) by (2.3.4)(3). Thus there exists a 0 # D < B
with D € ¢(K). Then AND =0,and 0 # D = (D+A)/A — C, contradicting
that C € K. O
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2.3.6. REPRESENTATIVE OF A NATURAL CLASS.
1. For any module A, d(A) = {B € Mod-R : 31, B — E(AD)}.
2. For any class F of modules, d(F) = d(Mz) (see 2.2.3).
3. VK e N(R), K = d(Mk) = c(Mx))-

For K, L € N(R), define K < £ if K C £. This defines a partial order
on N(R) with smallest and largest elements 0 = {0} and 1 = Mod-R. For
K,L € N(R), whenever their greatest lower and least upper bounds exist in
the poset N/(R), they are denoted as AL and KV £, and similarly for infinite
sups and infs of subsets of A/(R). Later it will be shown that the collection
N(R) actually is a set. We call K € N(R) an atom if K is an atom with
respect to the partial order in N (R), i.e., K # 0 and, whenever 0 # £ < K
with £ € N(R), we have that £ = K.

2.3.7. DEFINITION. A nonzero module A is atomic if d(A) is an atom
of N(R). It can easily be verified that a module A is atomic iff A # 0 and,
for any z,y € A\{0}, 2R and yR have isomorphic nonzero submodules.

2.3.8. DEFINITION. Let F be any nonempty set or class of modules. For
any module M, define

He(M)={N <M :M/N € F} and
Hr(R)={I<R:R/I c F).

The proof below is omitted. Later, a more general proof is given for pre-
natural classes and see (2.5.6) for this. We let L(R) be the lattice of right
ideals of R.

2.3.9. The correspondence K — Hy(R) from N(R) to P(L(R)), the power
set of L(R), is one-to-one. Hence |N'(R)| < |P(L(R))| < 2P,

In the same way as a torsion theory is determined by a filter of right ideals
of the ring, it will also turn out that a natural class (and later also pre-natural
class) can be determined by sets of right ideals, as in the next definition. This
definition first appeared in [136, 2.1]. Later we will expand it for pre-natural
classes in (2.5.7).

2.3.10. DEFINITION. A nonempty set 2 of right ideals of R is a natural
set of right ideals if the following hold:

1. If I, J €A, then INJ € 2.
2. If I € A, then a~'I € A for all a € R.

3. If I ¢ 2, then there exists a right ideal J of R such that J properly
contains I and a='1 ¢ A for all a € J\I.
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A nonempty set B of right ideals of R is a torsion free set if 9B is a natural
set, and if 9B is closed under arbitrary intersections.

As already observed in Page and Zhou [98], it was the sets of the form
“Hi(R)” which played a significant role in various module theoretic proofs.
The next theorem due to [136, 2.2] shows why these proofs are really proofs
about natural classes.

The proof of the next result is given in a more general context in (2.5.8).

2.3.11. THEOREM. For a set 2 of right ideals of R, the following are
equivalent:

1. %A = Hy(R) for some K € N(R).

2. 20 is a natural set.

2.3.12. COROLLARY. For a natural class K and any R-module M, M € K
iff 21 € Hyc(R) for all z € M.

The next proposition was proved in [99, Prop.20].
2.3.13. PROPOSITION. The following hold for a natural class K:

1. K is a hereditary torsion class iff, for any I C J < R, I € Hx(R) implies

J € Hi(R).
2. K is a hereditary torsion free class iff Hx(R) is closed under arbitrary
intersections.
PROOF. See [99, Prop.20]. a

As seen in (2.1.9), there is a bijective correspondence between hereditary
torsion classes and hereditary filters. In [136, Prop.2.3] the following similar
and complementary result was obtained.

2.3.14. COROLLARY. For any ring R, there is a bijective correspondence
between hereditary torsion free classes of right R-modules and torsion free
sets of right ideals of R.

For the readers’ convenience we summarize in one place some of the ways
how a natural class can be described.

2.3.15. THEOREM. The following are equivalent for a class IC of modules:
1. K is a natural class.
2. K =c¢(F) for a class F.
3. K =d(F) for a class F.
4. K = ¢(X) for a module X.
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Y
K

for a module Y.

d(y’)
d(K).

Mx).

a3 a3
H

d(
c(Me(icy)-

.“390.\’.@.0‘

Hi:(R) is a natural set.

Below, (3) was first observed in [99, Example (ii)]. See (3.1.18) for its proof.
2.3.16. EXAMPLES. All of the following are natural classes:

1. A hereditary torsion free class.

2. A stable hereditary torsion class.

3. K={N € Mod-R: E(N) is singular}.
4. K={N € Mod-R : Soc(N) <. N}.

PROOF. (1) and (2) are clear. See (3.1.18) for the proof of (3).
(4) If D is the class of all simple modules, then K = d(D), and by (2.3.4),
K is a natural class. a

A natural class is, in general, not a hereditary torsion class or a hereditary
torsion free class. The torsion Z-modules is a natural class that is not closed
under products, and hence is not a hereditary torsion free class. The torsion
free Z-modules is a natural class that is not closed under quotient modules,
and hence is not a hereditary torsion class.

2.3.17. EXAMPLE. A natural class which is neither a hereditary torsion
class nor a hereditary torsion free class is given as follows.
Let R be the trivial extension of the ring Z and the Z-module ©52,Z,,

where p; is the ith prime number, i.e., R = {(g i) a € Z,x € EB;’ilZpi},

with addition and multiplication as matrix addition and matrix multiplication.

Let
0x 00 {0z
10_{<0 0) 13 € 0%, Ty, ), 1_{(0 0) ;2 €2, }, and

1= {(0g) recmin)

Let K = d(J). Then K is a natural class and R/I € K but R/Iy ¢ K. So K is
not closed under quotient modules and hence is not a hereditary torsion class.

Let I; = {(g 2) ca€pl,z e @;ﬁlzpi}. Then, for i > 2, R/I; € K and

Ni>2l; = Iy and R/Iy ¢ K. Thus K is not closed under products and hence
is not a hereditary torsion free class.
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2.4 M-Natural Classes

After [98] was written about the injectivity of direct sums of singular in-
jective modules, it became apparent to these authors that the natural setting
for investigating the injectivity of direct sums of injectives, was an M-natural
class. Thus for the very first time M-natural classes were introduced in [99)].
Later they were further studied in [135, 138], and many subsequent publi-
cations. Throughout, M is an arbitrary fixed R-module, and ¢[M] is as in
section 2.2.

2.4.1. DEFINITION. A subclass of o[M] which is closed under isomorphic
copies, submodules, arbitrary direct sums, and M-injective hulls is called
an M-natural class. The collection of all M-natural classes is denoted by

N(R,M).

The next lemma shows that M-natural classes are closed under essential
extensions inside o[M].

2.4.2. LEMMA. Let K be an M-natural class and X <, N € o[M]. If
X e K, then N € K.

PROOF. Since X <, N, E(X) = E(N) and hence Ep(X) = Eyp(N). By
(2.2.9), N C Ep(N) € K, and hence N € K. m

2.4.3. LEMMA. Let F be a subclass of o[M]. Then
1. d(F)No[M] is the unique smallest M-natural class containing F.
2. F is an M-natural class iff F = d(F) N o[M].

PROOF. (1) Since d(F) is a natural class, d(F)No[M] is clearly closed under
submodules, direct sums, and M-injective hulls, and hence is an M-natural
class. Moreover, it is obvious that F C d(F) N o[M]. Suppose that F C L
where £ is an M-natural class. For N € d(F) N o[M], N contains as an
essential submodule a direct sum @®{N; : i € I} where all N; € F. Then
@®{N; : i € I} € L since L is closed under direct sums. Thus by (2.4.2),
N € L. Thus d(F)No[M] C L, so (1) follows.

(2) follows from (1). O

2.4.4. COROLLARY. A class F of modules is an M-natural class iff F =
K N o[M] for some natural class K.

PROOF. One direction is by (2.4.3). Suppose that F = K N o[M] where K
is a natural class. It is easy to see that F is closed under submodules, direct
sums, and M-injective hulls, and hence is an M-natural class. O
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2.4.5. COROLLARY. Let K be an M-natural class and X C N € o[M].
1. If N ¢ K, then there is a 0 £ Y < N with Y € ¢(K).
2. If X e Kand N/X € K, then N € K.

PROOF. (1) Since N € o[M] but N ¢ K = d(K)No[M], N ¢ d(K). This
requires the existence of a 0 #Y < N with Y € ¢(K).

(2) Suppose that N ¢ K. By (1) there exists a 0 # Y C N such that
Y € ¢(K). Since X € K, it must be that X NY = 0. Thus, Y — N/X € K,
showing that Y € I, a contradiction. m]

The next definition appeared in [135, Lemma 1.5].

2.4.6. DEFINITION. Given an M-natural class K, a module U is K-
cocritical if 0 £ U € K, but U/P ¢ K for any 0 # P C U; a submodule V' of
U is called K-critical if U/V is K-cocritical.

This is the same as saying that 0 # U € K, but every proper nonzero
quotient U/P is in ¢(K). For if not, then by Zorn’s Lemma there exists an
A/P < U/P maximal with respect to A/P € K. Let B/P be the complement
of A/PinU/P. Then B/P € ¢(K) and A/ P embeds as an essential submodule
in U/B. By (2.4.2), this implies that U/B € K with 0 # B < U. Hence
U/B € KNe(K) = {0} and hence U = B, a contradiction.

2.4.7. LEMMA. For an M-natural class IC, suppose that U is a K-cocritical
module. Then the following hold:

1. Every nonzero submodule of U is K-cocritical.
2. U is strongly uniform (see 2.2.16).
3. VX < U,VY € K, every nonzero R-map X — E(Y’) is monic.

PROOF. (1) Let 0 # B < U. Then B € K. Suppose that B/V € K for some
0#V C B. Let C/V be a complement of B/V in U/V. Then B/V embeds
in U/C as an essential submodule. By (2.4.2), 0 # U/C € K, a contradiction.
(2) If not, then there exists an 0 # L C U such that U is not a ratio-
nal extension of L. Hence by (2.2.16), there exist m1,0 # mo € U with
ma(my L) = 0. Then m; ¢ L and m; R + L is K-cocritical by (1). But

f:(miR+L)/L — maR, mir + L — mor (r € R)

is a well defined nonzero homomorphism. Then, with Ker(f) = U/L, 0 #
(miR+ L)/U 2 msR € K contradicts that mi R + L is K-cocritical.

(B) Let 0#£ f: X — E(Y) for X < U with Y € K. Define 0 # W =
YN f(X)] < X. Then Ker(f) CW,and flw : W — Y. If Ker(f) # 0,
then 0 # W/Ker(f) = f(W) <Y shows that W/Ker(f) € K. But by (1),
0# W < U is K-cocritical, a contradiction. Hence Ker(f) = 0. O
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Later, conditions will be given under which direct sums of M-injective mod-
ules belonging to an M-natural class IC are M-injective. This will require that
K contains enough K-cocritical (uniform) modules. The condition (x) in the
next definition will assure this. This condition was introduced in [99] and
[135].

2.4.8. DEFINITION. An M-natural class K satisfies the condition (%) if
for any cyclic submodule 0 # X < M and every ascending chain C = {X;}
with X; C X and X; € Hy(X) for each 4, the union U; X; € Hy(X). Since
X = zR is cyclic with 0 # z € M, and since all X; # X, we see U; X; # X.
Since every totally ordered set such as C contains a so called cofinal ordinal
indexed subset {X; C X5 C ---} C C such that, forevery Y € C, Y C X; €C
for some ordinal i, we may just as well assume that the above chain C is of
the form X; C Xo C--- C X; C --- < X and is indexed by ordinals ¢ > 1.

For any 4, X; = xl;, where I; = 271 X;, and X/X; = oR/zI; = R/I; with
xt C I;. Equivalently, () holds if, for every X = xR < M with x € M and
every chain z- C I, C I, C---CI; C--- < Rwith I, € Hi(R), we have
U;l; € Hi(R). In particular, if R has ACC on Hy(R), then K satisfies ().

Note that the difference between z* and I is that R/z* < M but pos-
sibly R/xt ¢ K, while perhaps R/I; #» M, but R/I; € K. For a natural
class K, we can omit “x” and “M” altogether. Let M be the direct sum of
representatives of isomorphy classes of all cyclic R-modules. Then a natural
class is an M-natural class and all cyclics embed in M.

By definition, a natural class K satisfies (x) if for any chain of right ideals
LZCLC---CIL,C---<Rwith I; € H]C(R), also U;I; € H]C(R)

2.4.9. EXAMPLES. The following M-natural classes K satisfy the condi-
tion (x):

(1) The M-natural class o[M].

(2) An M-natural class K such that Hy(X) satisfies the ascending chain
condition for any cyclic submodule X of M.

(3) By (2.2.14) and (2.2.15), the class &y = {N € o[M] : Zy(N) <. N}
is an M-natural class because it is closed under M-injective hulls. Since it is
closed under quotient modules, it satisfies (k).

(4) The same argument as in (3) shows that any hereditary torsion class in
o[M] that is closed under M-injective hulls satisfies (x).

(5) Any stable hereditary torsion class is a natural class that satisfies (x).
In particular, the class of all Goldie torsion modules satisfies (x).

(6) The following example of a natural class K satisfying (*) such that K is
not closed under quotient modules and Hy(R) does not have ACC appeared
in [99, Example 5(3)].

Let R = {(8 z) ta € Z,x € Zgoo} be the trivial extension of Z and the
ax

Z-module Zg~. Then J = {(O o

> ta € 3Z,x € Zgoo} is a maximal right
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ideal of R, and V = R/J is a simple module. Then
K=¢V)={N e€Mod-R:V ¢ N}

is a natural class. Nonzero right ideals of R are of one of the following forms:

v {(on) ez e
{(8 g) :LZ:GZQOO}a and

ax
K, {<Oa> .aEnZ,J;Eng} (n=1,2,---).

I

Then
Hi(R)={L:t=1,--- } U{lc} U{K, : n € Z with (n,3) = 1}.

Thus K does not have the ACC, and since R € K, K is not closed under
quotient modules. O

We next show how (%) guarantees abundantly many C-cocritical modules.

2.4.10. LEMMA. Let K be an M-natural class satisfying (x). Then every
nonzero cyclic submodule of M which also belongs to K has a K-cocritical
image.

PROOF. For a fixed cyclic module 0 # R < M with zR € K, by (*) the
set {I < Rg:zt CI,0%# R/I € K} # () is inductive and contains a maximal
element J. Then 2R has the K-cocritical image zR/zJ = (R/z%)/(J/xt) =
R/J. a

In general, an M-natural class need not contain any nonzero cyclic submod-
ules of M. However, as seen in (2.4.8), for natural classes we can dispense
with M and zR < M.

2.4.11. COROLLARY. Let K be a natural class satisfying (*). Then every
nonzero cyclic module in K has a KC-cocritical image. o

2.4.12. PROPOSITION. Suppose that K is an M-natural class satisfying
(*). Then every 0 # N € K has a K-cocritical subfactor B/A € K where
0<A<B<N.

PROOF. By (2.2.1), take N <, M /W. Since W # M), without loss of
generality there is an element in M) /W which we may take to be of the form
0#xz=(m,0,---,0,--+) + W with exactly one nonzero component m € M
only. There is an 1y € R with 0 # zrg € N. Then

]\7>3?’I"[)P{—|—VVE (mr0707"'707"')R Qi
STW (o0, .0, )RAW X,
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where the last isomorphism is obtained by taking the projection on the first
component in the numerator and denominator. Thus, X = xryR, while

X1 = {mrob:b e R, (mryb,0,---,0,---) € W} € He(X).
By (%), the inductive set {Y : X; <Y < X,0 # X/Y € K} has a maximal

element, say Y. Set A=Y/Y; < X/X; =B < N. Then B/A= X/Y € K is
KC-cocritical. a
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2.5 Pre-Natural Classes

Pre-natural classes were first introduced in [138] and later exhaustively
studied in [142]. One reason for their importance is that they contain almost
all the other module classes which are of interest. The readers should recall
(2.2.5) for the next definition.

2.5.1. DEFINITION. A nonempty class K of modules is a pre-natural
class if it is closed under submodules, arbitrary direct sums, and tr(KC, EN) €
K for every N € K. Let NP(R) denote the collection of all pre-natural classes
of right R-modules, and similarly N} (R) for the left ones. As before for N'(R),
we frequently abbreviate N?(R) = N?(R).

The following simple facts in the next two lemmas sometimes will be the
deciding factors in many subsequent arguments.

2.5.2. LEMMA.
1. For any module M, every M-natural class is a pre-natural class.

2. For any pre-natural class IC, I is an M-natural class.

PROOF. (1) If £ C o[M] is an M-natural class, then for any N € K,
tr(, EN) < tr(o[M], EN) = tr(M, EN) € K. Since K is closed under sub-
modules, tr(IC, EN) € K, so K is a pre-natural class.

(2) In view of (2.5.2)(1), it suffices to show that for N € K, tr(Mx, EN) €
K. Since Mx € K, tr(Mx, EN) < tr(K,EN) € K. As above, tr(Myx, EN) €
K, and K is an Mx-natural class. O

We can now use the last lemma to conclude that pre-natural classes have
many of the same properties that M-natural classes have.

2.5.3. COROLLARY. Let K be a pre-natural class, and suppose that
P<.Neo[Mk]. If Pe K, then N € K. O

2.5.4. LEMMA. Let F be a class of modules. Then

1. d(Mg) N o[Mg] is the smallest pre-natural class containing F.

2. F is a pre-natural class iff F = d(Mz) N o[Mg].
PROOF. We note that d(Mx) = d(F) by (2.3.6).

(1) By (2.4.3), d(F) N o[Mz] is an Mz-natural class, and hence is a pre-
natural class by (2.5.2). Moreover, it is clear that F C d(F)No[Mz]. Suppose

that F C £ € NP(R). By (2.5.2), £ is an M -natural class, and hence
L = Kno[M] for some K € N(R) by (2.4.4). Since F C K N o[Mg],
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d(F) C K and o[Mg] C o[M¢], so d(F)No[Mg] C KNo[Mg] = £. Thus,
(1) follows. And (2) follows by (1). a

2.5.5. LEMMA. A class of modules is a pre-natural class iff it is the inter-
section of a natural class and a hereditary pretorsion class.

PROOF. One direction is by (2.5.4). Suppose that F = K N L where K is
a natural class and £ a hereditary pretorsion class. By (2.2.4), £ = o[M] for
some module M. Thus, F = K No[M] is an M-natural class by (2.4.4), and
hence is a pre-natural class by (2.5.2). a

2.5.6. THEOREM. The correspondence K — Hi(R) from NP(R) to
P(L(R)), the power set of L(R), is one-to-one. Consequently, N?(R) =
U{N(R,M) : M € Mod-R} is a set.

PROOF. For K,L € NP(R), if Hc(R) = H.(R), then K and £ have the
same cyclics. Let 0 2 N € K\L. Then for any x € N, R is in K and hence
in £. By (2.5.2), there exists a module M such that £ C ¢[M] and £ is an M-
natural class. Thus by (2.4.5), there exists a 0 # Y < N with Y € ¢(£). But,
yR € L for all y € Y, a contradiction. Finally, N?(R) = [J{N(R, M) : M €
Mod-R} by (2.5.2). O

Let 2 be a nonempty set of right ideals, and set Gy = ®{R/I : I € A}.
If there exists a pre-natural class K such that 2 = Hi(R), then Mx — Gy,
and in fact, o[Mx] = o[Gg]. Suppose that I < R,R/I ¢ K = d(K) N o[Mk].
So either R/I ¢ o[Gyl, or R/I ¢ d(K). The latter implies that there is a
0+# J/I < R/I with J/I € ¢(K). And the latter is equivalent to (3)(a) below.
It is not difficult to see why the next definition has the form that it has.

2.5.7. DEFINITION. For a nonempty set 2 of right ideals of R, set
Go = ®{R/I : I € A}. Then 2 is called a pre-natural set if the following
conditions are satisfied:

1. IfIeAand J €A, then INJ € 2.
2. If T € A, then a='I € A for all a € R.
3. For I < R with I ¢ 2, at least one of (a) and (b) below holds:

(a) 3J < Rsuch that I C J and a1 ¢ A for all a € J\I.
(b) R/I ¢ o[Gal.
Recall that 2 is called a natural set if (1), (2), and (3)(a) are satisfied.

The next theorem was proved in two stages, first for a natural class in
[136] and later in [142, Prop.1.6] for a pre-natural class. We have already
encountered a result very similar to the next theorem, namely Proposition
(2.1.9).
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2.5.8. THEOREM. The following hold for a set 2 of right ideals of R:
1. 2 is a natural set iff A = Hy(R) for some K € N'(R).
2. 2 is a pre-natural set iff A = Hx(R) for some K € N?(R).

PROOF. “=" of (1) and (2). Assume A = Hy(R). For right ideals I
and J of R and any a € R, from R/(INJ) — R/I ® R/J and R/a™'I =
(aR+1I)/I C R/I it follows that (1), (2) of (2.5.7) hold.

In case (1), if I ¢ Hx(R), then R/I ¢ K = d(K). The latter implies
that there exists a 0 # J/I < R/I with J/I € ¢(K), or equivalently for any
a€J\I, Rla ' T~ (aR+1)/I ¢ K,ie,a 'I¢ Hc(R)=2. So (2.5.7)(3a)
holds.

In case (2), if I ¢ Hyi(R), then R/I ¢ K = d(K)No[Gy]. If R/I ¢
d(K), then (2.5.7)(3a) holds as above. Otherwise we have R/I ¢ o[Gy] and
(2.5.7)(3b) holds.

“=" of (1) and (2). In either case, let K = {V € Mod-R : 2+ € 2 for all
x €V} and foom He(R) ={I < R:R/I €K} ={I < R:z7'1 € A for all
x € R}. It follows from (2.5.7)(2) that A C Hx(R). If I € Hi(R), for x =1,
I'=2"'Te€A So He(R) =2

Clearly, K is closed under submodules. Let V = @,V; with each V; € K.
For any x € V, write z = 21 +x2+- - -+, with ; € V;. Then 2+ = ﬂ?zle-.
Since each z;- € A, 2zt € A and hence V € K. Thus, K is closed under direct
sums.

We now assume 2l is a pre-natural set and show that IC is an M-natural class
where M = Gg. For V € K, since the sum map f : ®{R/zt 2 € V} — V
is surjective, V = @{R/xt : x € V}/Ker(f) € o[M]. Thus K C o[Gy]. If
KC is not an M-natural class, then for some N € K, Ep(N) ¢ K. Thus for
some 0 # x € Ey(N), o+ ¢ A. Since N € K and K C o[M], N € o[M],
which insures that R/z+ = xR € Ey(N) € o[M]. Thus (2.5.7)(3a) holds for
I = 2t ¢ 2A. Hence there exists a right ideal J of R such that 2+ C J and
(ra)t = a=lzt ¢ A for all a € J\z+. Thus every nonzero submodule of z.J
does not belong to K. Next, 0 # J/zt =2 2J < Ey(N), and 0 # 2J NN <
N € K, a contradiction.

Assume 2( is a natural set. To show that K is a natural class, let N € K
but E(N) ¢ K. Then for some 0 # z € E(N), x+ ¢ 2. Using (2.5.7)(3a), we
get a J < R as in the previous paragraph with 0 # J/x* = 2J < E(N), and
the rest of the proof is the same as above. a.

2.5.9. REMARK. In the proof of “=" of (2) above, reference to an
I ¢ A with R/I ¢ o[Gg] never occurred. This does not mean that the
latter condition could be omitted from the definition of a pre-natural set.
Condition (2.5.7)(3b) in the definition of a pre-natural set may be replaced
by the following condition (b).

(b) For any I < R with R/I € o[Gy] but I ¢ 2, there existsan I C J < R
with a='7 ¢ 2 for all a € J\I.
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Natural classes and hereditary pretorsion classes are pre-natural classes.
The following example, which appeared in [138], gives a pre-natural class
which is neither a natural class nor a hereditary pretorsion class.

a xr

2.5.10. EXAMPLE. Let R = {(0 i

) ra,r € Z} be the trivial extension

of Z and the Z-module Z. Let I = {(8 g) tx € Z} and M = I. Set
K =d(M)No[M]. Then K is a pre-natural class by (2.4.4). Clearly, K is not
closed under quotient modules and hence not a hereditary pretorsion class.
Note that M € K. We consider E(M). Since M =1 <, Rr, E(M) = E(R).
Suppose that E(M) € K. Then R € K and hence R € o[M]. It follows that R
is embeddable in a quotient of M (/) for an index set J. But MI = 0, implying
I =RI =0, a contradiction. So E(M) ¢ K. Thus K is not a natural class.
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Chapter 3

Finiteness Conditions

Natural classes and pre-natural classes provide a nice setting for study of
chain conditions of rings and modules. For a fixed pre-natural class K of right
R-modules and a fixed right R-module M, the ascending chain condition and
descending chain condition on Hy(M) are characterized in terms of certain
decomposition properties of modules in K. This gives a unifying treatment of
chain conditions of rings and modules in torsion theory and in the category
o[M], because of the fact that all hereditary torsion classes, hereditary torsion
free classes, and o[M] are pre-natural classes. When K is specialized to some
well-selected pre-natural classes that are not of the previous three kinds, then
new results are obtained by this approach.

Section 3.1 focuses on the ascending chain conditions, and section 3.2 con-
tains discussions on the descending chain conditions as well as applications
to endomorphism rings. Section 3.3 gives a connection between covers of
modules with the ascending chain conditions of rings.

3.1 Ascending Chain Conditions

For a fixed module M, and an M-natural class K, a certain chain condition
on submodules of M will guarantee that every direct sum of M-injective
modules in K is M-injective. This result arose out of [98] and was proved in
the above generality in [99] and [135]. It has many consequences.

In this section M is an arbitrary but fixed right R-module, and K C o[M]
is an M-natural class. We can write

K=c¢F)noM]={N€o[M]:YO#AV < N,YW € F,V & W}
where F is a module class. Recall that for N € Mod-R, Hi(N) is defined
by Hix(N) = {P < N : N/P € K}; in particular Hc(R) = {I < R: R/I €

K}. We now investigate the ascending chain condition on Hy (V) for various
modules N.

33
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3.1.1. LEMMA. For N € ¢[M], suppose B; C B, C ---C B; C --- is a
chain of submodules of N such that B;1/B; € K for all i. Let B = U{B; :
i=1,2,---}. Then B/B; € K for all 4.

PROOF. Let i be smallest such that B/B; ¢ K. Note that K = ¢(F) No[M]
for a module class F. Then there exists a 0 % X/B; C B/B; such that
X/B; — F for some F € F. Since X = U{X N B; : i < j}, there exists
a smallest j such that j > ¢ and (X N B;)/B; # 0. So B; = XNBj_1 =
XN Bj n Bj71~ Then

Bj/Bj—l Z (XﬂBJ —|—Bj_1)/Bj_1 = (XﬂB])/Bl S X/Bz — I

All of the modules are not zero, and F' € F C ¢(K). This contradicts that
Bj/Bj_1 € K. Thus all B/B; € K. O

3.1.2. LEMMA. Let By C By C--- C B; C--- < N € og[M] be a chain
as in (3.1.1). Then there exists a K C N such that N/K € K, B; C K, and
(Bi-i-l + K)/(BZ + K) = Bi-l—l/Bi for all i.

PROOF. If N/B; € K, then let K = By and we are done. The following
proof will work in general, irrespective of whether N/B; € K or not. As
before, set B = U{B; : 1 < i}. Then there exists a submodule By C K < N
such that K /B is a complement of B/B; in N/B;. Thus K N B = By and
hence K N B; = B; for all j > 1. Note that

Bis1N(B; + K)=B;+ Biy1 N K = B; + By = B;.
Consequently for all i > 1, we have
(Biy1 + K)/(Bi + K) = Bi1/[Biy1 N (Bi + K)] = Bit1/B;.
Since K/B; is a complement of B/By in N/B;, B/B; embeds as an essential

submodule in N/K. Thus, Ey(B/B1) =2 Ey(N/K). By (3.1.1), B/B; € K.
Hence Ey(B/Byp) € K, showing that N/K € K. ad

3.1.3. LEMMA. The following are equivalent for a module N € ¢[M] and
an M-natural class K:

1. Every chain of submodules By C By C --- < N with all B;y1/B; € K
terminates.

2. Hy(N) has the ascending chain condition (abbreviation ACC).

PROOF. (1) = (2). This follows because K is closed under submodules.
(2) = (1). Suppose there exists a strictly ascending chain

BicByc---CB,C---
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of submodules of N such that B;y1/B; is in K for every i. We show that this
leads to a contradiction by constructing a strictly ascending chain

K, C Ky C--- with every N/KZ e K.
By (3.1.2), there is a K1 C N such that N/K; € K, By C K3, and
(Bi+1 + Kl)/(Bz + Kl) = Bi+1/Bi for all 3.

Then
By C Ky CBy+ Ky

and
By+ K CBs+ Ky C---

is a strictly ascending chain with (B;41 + K1)/(B; + K1) in K for all ¢ > 1.
Suppose we have constructed Ky, Ko, - , K, such that all N/K; are in IC,

K1CK2C"'CK7L, KnCBn+1+Kn

and
Bn+1+Kn CBn+2+Kn cC---

is a strictly ascending chain with
(Bit1+ K,)/(B; + K,,) € K for all i > n.
Applying (3.1.2) to the chain
Bpy1+K,CBpio+ K, C---,
we have a K, 11 C N such that
N/Knp1 €K, Bpj1+ Kp € Kp1 C Bpgo+ Kpg

and
Byyo+ Kny1 CBpyz+Kpp1 C--

is a strictly ascending chain with
(Bi-l-l + Kn+1)/(Bz + Kn+1) cKforalli>n+1.

The induction principle implies that there exists a sequence {K; : i € N} such
that
N/K; e K foralli and Ky C Ko C---K, C---

is a strictly ascending chain. The lemma is proved. O

3.1.4. COROLLARY. Let K be an M-natural class and ¥ < N € o[M].
Then Hi(N) has ACC iff both Hx(Y) and Hy(N/Y) have ACC.
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PROOF. “=". The ACC on Hy(N) clearly implies the ACC on Hx(Y)
by (3.1.3). Any chain

Bi/Y CByJY C---CBJY C---
in Hc(N/Y) gives rise to a chain
BiCByC---CB; T+

in Hi(N), and hence must be finite.
“«<=". Suppose that
X1CXoC--- <N

is a chain in Hi(N). Thus,
XiNYCXonYC--- <Y

and
(X1 +Y)/Y C(Xs+Y)/Y C v < NJY.

Since Y/(X; NY) = (X, +Y)/X, < N/X;, we have that Y/(X; NY) € K for
all . By the ACC on H(Y'), there exists an m such that X,,,+.NY = X,,NY
for all s > 0. Then for any j > m, we have that

[(Xjm +Y)/Y]/[(X; +Y)/Y] = (X +Y)/(X; +Y)
= X /1X; + (X NY))]
= Xj_H/Xj e K.

Because Hic(N/Y) has ACC, by using (3.1.3), there exists an n (n > m) such
that X4 +Y = X, +Y for all £ > 0. It follows that, for all £,

Xn+k = Xn+k N (Xn + Y)
=X, + (XpseNY)
=X, +(X,NnY)=X,.

The next theorem is due to [99, Theorem 10].
3.1.5. THEOREM. The following are equivalent for an M-natural class K:

1. Every direct sum of M-injective modules in K is M-injective.

2. For every cyclic (or finitely generated) submodule A of M, any chain of
submodules By C By C --- < A with all B;;1/B; € K terminates.

3. For any cyclic (or finitely generated) submodule A C M, Hy(A) has
ACC.

4. R satisfies ACC on Hx(R).
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PROOF. (1) = (2). Suppose that (2) fails. Then there exists a finitely
generated submodule A of M and a strictly ascending chain By C By C

. S A such that all Bi+1/Bi € K. Set F' = @zEM(BH-l/Bz) and B =
U;B;. Let p; be the canonical map from B;;q onto B;i1/B; and ¢; be the
inclusion of B;y1/B; to Epn(B;y1/B;). Because Epy(B;t1/B;) is M-injective,
the map &pl : Bi+1 — EM(B1+1/B2) extends to f1 M — EM(B1+1/BZ)
Define f : B — F by m; f(b) = f;(b), where m; is the projection of F' onto
En(Biy1/Bi). Then f is well-defined. Since F' is M-injective by (1), f
extends to g : A — F. Then f(B) C g(A) C & Epn(Bi+1/B;) for some
m since A is finitely generated. Hence m; f = 0 for all i > m. For b € B,,,41,
0 = g1 f(b) = fing1(b) = b+ B,,. This implies that B,,11 = B, a
contradiction.

(2) = (1). By [87, Theorem 1.7, p.3], it suffices to show that every
countable direct sum of M-injective modules in I is M-injective. So let
N = @2 N;, where each N; € K is M-injective. The generalized Baer’s
criterion ([87, Prop.1.4, p.2]) will be verified for N; that is that for every
x € M, N is xR-injective. So let B < xR and f: B — N a homomorphism.
Set By ={be B: f(b) € ®*_N;}. Thus By C B, C---C B; C--- < B and,
for all £ > 1,

¢
Bit1/Br = (92 Ni) /(©F, Ni) = Ny €K
by ¢(b+ By) = f(b) + ®F_, N;.

Thus Byi1/Br € K for all & > 1. By (2), there exists an m such that
Bpyi = By, for all i. Consequently f(B) C @, N; where the latter is M-
injective. Hence f extends to g : 2R — N1 & --- @& N,,, € N. Hence N is
M-injective.

(2) <= (3). It follows from (3.1.3).

(4) = (3). Every n-generated submodule A of M is an image of R™. By
(3.1.4), (4) implies the ACC on Hx(R") and further the ACC on Hy (A).

(3) = (4). For any I € Hi(R), R/I is embeddable in a quotient of Y,
where Y is a finite direct sum of cyclic submodules of M. In view of (3.1.4),
(3) implies the ACC on Hx(Y). Hence Hic(R/I) has ACC again by (3.1.4).
Thus, we proved that Hx(R/I) has ACC for every I € Hi(R). It follows that
Hi(R) has ACC. O

3.1.6. Recall [8, p.141] that a maximal direct summand of a module N is
any submodule K such that N = K @ P for some indecomposable submodule
P < N. A direct sum decomposition N = @{C; : i € I} of a module N is
said to complement direct summands (complement maximal direct
summands) if for any direct summand (any maximal direct summand) K of
N, N=K® (®&{C; :i € J}) for some J C I.

3.1.7. LEMMA. For a module decomposition D = @&{D,, : « € T'}, let A be
a subset of I" such that (i) for « and 8 in A, D, = Dg iff a = 3, and (ii) for
any a € I', Do = D., for some v € A. Set C' = &{D, : « € A} and let M be
a module.
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1. If C®) is M-injective, then D is M-injective.

2. If all D, (o € T') are uniform M-injective and Fj(C™) has a de-
composition that complements maximal direct summands, then C™ is
M-injective.

PROOF. Partition I' = U{I'; : t € T'} in such a way that, for a; € T'y, and
ag € Ty, Do, 2 D,, iff t; = t5. Therefore D = @er{D, : @ € T;}. For
each t, choose one ay € Ty and let F' = {ay : t € T}. Then C = GpepD,.

(1) Let T be the disjoint union of {T'; : ¢ € T'}. By [87, Theorem 1.7], C™)
being M-injective implies that CI) is M-injective. We have

D = @tGT{Da RS Ft} =t ®t€TDat(Ft)
C® @rerDa, " = (@ierDa) ") 2= .

It follows that D is M-injective.

(2) Set E = Ej (C™). By (2), F has a decomposition E = @{E, : a € A}
that complements maximal direct summands of E. For each a@ € F, set
Ala) ={B€ A: Ezg = D,}. Now for each n > 0 and each « € F, the module
Do™ is isomorphic to a summand of E. At this point, [8, Lemma 12.2] has
to be invoked to conclude that the cardinality of A(«) satisfies |A(a)| > n.
Hence |A(a)| > |N|. Let U = UserA(a). Then CW is isomorphic to a
summand of &y FE, C® E. Therefore C™) is M-injective. O

3.1.8. THEOREM. The following are equivalent for an M-natural class K:
1. Every direct sum of M-injective modules in K is M-injective.
2. N®™ is M-injective for every M-injective module N € K.

3. D is M-injective, where Dy = ®{Ex(R/I) : I € Hi(R)}.

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

(2) = (3). Set E = Ep(Dg) € K. By (2), E™ is M-injective. Thus
EWe(R) is M-injective by [87, Theorem 1.7]. For each I € Hyx(R), Ep(R/T)
is a direct summand of F, and hence

Dy = &{En(R/I) : I € He(R)} €% EHc),

So Dy is M-injective. Thus D" is M-injective by (2).

(3) = (1). First we note that if N = @, F, such that each E, & Ep(R/I)
for some I € Hi(R), then N is M-injective by (3) and (3.1.7). Now to show
(1), it suffices to show that every M-injective module P € K is a direct
sum of modules of form Ey(R/I) with I € Hi(R). Since xR = R/z* for
any x € P, Ep(xR) is isomorphic to Ey(R/I) for some I € Hi(R). Set
F ={A: Ais an independent set of nonzero cyclic submodules of P}. We
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define a partial order < on F by A4; < Ay iff Ay C As. Then (F,<) is
an inductive set. By Zorn’s Lemma, there exists a maximal element, say A,
in 7. Then ) y ., En(X) = ©xeaBu(X) is M-injective as seen above.
Thus P = [®xeaEn(X)] @Y for some Y. But the maximality of A implies
that Y = 0. Therefore P = ®xcaEn(X), with each Ep(X) isomorphic to
En(R/I) for some I € Hi(R). ad

3.1.9. Consider the following conditions on a module N:

(C1) Every submodule of N is essential in a direct summand of N.
(C2) For A,B< N,if A~ BC® N, then also A C® N.

(C3) For AC® N and BC® N,if ANB =0, then also A® B C%® N.

The module N is extending if it satisfies (C1), and quasi-continuous if
it satisfies (C'1) and (C3). Any direct summand of an extending module is
again extending [87, Prop.2.7, p.20]. If a module N is quasi-injective, then it
is quasi-continuous by [87, p.18].

3.1.10. A family {Ny : A € A} of submodules of a module N is said to
be a local summand of N if the sum ), Ny is direct, and every finite
direct sum of the Ny’s is a summand of N. In this case, the sum ), Ny
is also called a local summand of N. If every local summand of a module

N is a summand, then N is a direct sum of indecomposable modules by [87,
Theorem 2.17].

3.1.11. THEOREM. Let £ be an M-natural class and N € K be an
extending module. If Hx(A) has ACC for every cyclic submodule A of M,
then every local summand of N is a summand.

PROOF. Let I' = { X, : A € A} bealocal summand of N and X =}, , X.
Since N is an extending module, X <, Y C® N for some Y. Then Y € K is
an extending module. So without loss of generality, we can assume that

X <. Y =N <. Ey(N)=X{f(M): f € Hom(M, EN)}.

We need to show that X = N. Suppose that X # N. There exists a smallest
positive integer ¢ such that, for some z € N\X and some f; € Hom(M, EN)
(i=1,---,t),z € fi(M)+---+ fe(M). Choose a; € M (i =1,---,t) such
that X!_, fi(a;) € N\X.

For g; € Hom(M,EN) (i = 1,--- ,t), we denote by ®!_,g; the sum map
M® — E(N) which maps (z1,---,2¢) € M® to gi(z1) + - + gi(), and
denote by @f_,g;| the restriction of ®!_,g; on a1R® --- @ a;R < M. Now
let

Q = {Ker(®j_19i) :[g1(a1R) + - - - + ge(a: R)] N (N\X) # 0,
gi € Hom(M, EN) (i = 1,--- , )}

By the choice of ¢t and the a;’s, we see that  is a non-empty subset of
Hi(a1R @ --- @ a;R). Since each Hy(a;R) has ACC by our assumption,
Hi(a1R® - ® a:R) has ACC by (3.1.4), and thus there exist y € N\ X and
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gi € Hom(M,Ep(N)) (i = 1,--- ,t), such that y € g1(a1R) + -+ - + gi(arR)
and Ker(®!_,g;|) is a maximal element in . Since X <, N, 0 # yr € X
for some r € R. Let yr € @, X,,. By assumption, N = (@}, X),) ® Z for
some Z C N. Then E(N) = E(®_,Xx,) ® E(Z). Let pz be the projection
of E(N) onto E(Z). Write y = y1 +y2, where y; € @7, X),, y2 € Z. Clearly,
y2 ¢ X and yr = y1r. Let hy = pzg; (i=1,---,t). Then
y2 = pz(y) € Nisihi(aiR) C B(Z).

Therefore, Ker(&!_,h;|) € Q. It is easy to check that

Ker(®i_19:]) € Ker(®i_1hil).

Choose r; € R (i = 1,--- ,t) such that g1(ai1r1) + -+ + gt(asr:) = y. Then
Xt gi(airir) =yr # 0, but B, h;(a;rir) = pz(yr) = 0. Thus, we have
(ayrir, -+ agrer) € Ker(®h_ hi|) \Ker(®i_,9:]).
Hence
Ker(®i_19i|) C Ker(®i_hil),

contradicting the maximality of Ker(®!_,g;|). Hence X = N, and every local
summand of NV is a summand. ad

The proof of a subsequent theorem here will require the following result
from [87, Theorems 2.17]. Note that an indecomposable extending module is
uniform.

3.1.12. The following are equivalent for a quasi-continuous module N:
1. Every local summand of N is a summand.
2. N is a direct sum of indecomposable (uniform) modules.

3. N has a direct sum decomposition that complements direct summands.
Finally we have essentially all the ingredients needed to explain the next
theorem due to [99, Theorem 16] and [135, Theorem 2.4]. A module M is said
to be c-generated if there is an indexed set {z; : ¢ € C'} that spans M with

¢ = |C|. A module N is called Y-quasi-injective if N») is quasi-injective
for every index set A.

3.1.13. THEOREM. The following are equivalent for an M-natural class
K:

1. Every direct sum of M-injective modules in K is M-injective.
2. Every M-injective module in X is a direct sum of uniform modules.

3. Every extending module in I is a direct sum of uniform modules.
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4. Every M-injective module in K has a direct sum decomposition that
complements direct summands.

5. Every module in I contains a maximal M-injective submodule.
6. Every quasi-injective module in K is ¥-quasi-injective.

7. There exists a cardinal ¢ such that every M-injective module in K is a
direct sum of c-generated modules.

PROOF. Before beginning, note that an M-injective module in o[M] is quasi-
injective by (2.2.10)(5). As explained in (3.1.9), a quasi-injective module is
quasi-continuous and hence extending. Thus (3) implies (2).

(2) <= (4). Since a quasi-injective module is quasi-continuous, the claim
follows from (3.1.12).

(1) = (3). Let N € K be an extending module. By (3.1.5), (1) implies that
Hy(A) has ACC for any cyclic submodule A of M. The latter and (3.1.11)
show that every local summand of NV is a summand. Hence, as explained in
(3.1.10), N is a direct sum of indecomposable modules. But every extending
indecomposable module is a uniform module, so NV is a direct sum of uniform
modules.

(4) = (1). Let D = @&{D,, : « € T'} where all D, € K are M-injective.
Because of the equivalence (2) <= (4), each D,, is a direct sum of M-injective
uniform modules. Without loss of generality, we may assume that each D,
is an M-injective uniform module in K. Then (4) ensures that (2) of (3.1.7)
holds, and hence D is M-injective by (3.1.7).

(1) = (5). For any N € K, 0 is an injective submodule of N. By Zorn’s
Lemma, there exists a maximal independent set of M-injective submodules
of N, say X. Set X = ¥pcaP = ®pcaxP. Then X is M-injective by (1).
Suppose that Y < N is M-injective with X C Y. Then Y = X & Z for some
Z <Y by (2.2.10)(1). Thus Z = 0, otherwise X U {Z} is an independent
set of M-injective submodules of N, contradicting the maximality of X'. It
follows that X is a maximal M-injective submodule of N.

(5) = (1). Let E = @, E; be a direct sum of M-injective modules with
all E; € K. By (5), E has a maximal M-injective submodule, say Fy. If
EyNE; =0, then Ey & E; is M-injective. Therefore, the maximality of Ej
implies that Eg N E; # 0 for all i. Moreover, Ey N E; is essential in F;.
For, if A C E; and AN Ey = 0, then Eyp(A) C En(E;) = E; and hence
En(A)NEy = 0. It follows that Ep(A) @ Eyg is M-injective. The maximality
of Ey implies that Ep;(A) =0, so A = 0. Consequently, Ey N E; <. F; for all
i, and so Fy <. E. But Ey C% E by (2.2.10)(1), so E = Ey is M-injective.

(1) = (6). Let N € K be quasi-injective. Then, for every index set I,
En(N)D is M-injective by (1), and hence is Ey(N)-injective. By [87, 1.7],
for any choice of m; € Ey(N) (i = 1,2,---) and a € Ej(N) such that
at C N2 m;i, the ascending sequence N;>,m; terminates. Thus, for any
choice of m; € N (i = 1,2,---) and @ € N such that at C N, m}, the
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ascending sequence ﬂianf- terminates. Since N is quasi-injective, it follows
from [87, 1.7] that N) is N-injective. So NU) is quasi-injective by [87, 1.5].

(6) = (1). It suffices to show that Hy(R) has ACC by (3.1.5). So let
I; C I, C--- be an ascending chain of right ideals of R with all I; € Hx(R).
Set N = @;Ep(R/I;). Then N € K. By (2.2.10)(1), for each i, Ep(N) =
En(R/L) @ X; for some X; < Epf(N). Then

Exv(N)® = @, [Ey(R/L) @ Xi) = [@:Em(R/L)] @ (©:X).

Since Ey (N)™ is quasi-injective by (6), N is quasi-injective. Let I = U;I;.
For each i, we have a map f; : I/I; — Ep(R/I;) defined by fi(a+1;) = a+1;
(for a € I). Define f : I/I; — N by m(f(a + 1)) = fi(a + I;), where m;
is the projection of N onto Ey(R/I;). Then f is well-defined, and thus f
extends to g : N — N since N is quasi-injective. It follows that f(I/I;) C
g(R/I;) C N. Let x = g(1 4+ I) € N, where 1 is the identity of R. Then
f(I/I) C xR C ¥F  Ep(R/I;) for some k, implying I 1 = [j40 =+ = 1.

(2) = (7). Since the set {Ep(R/I): I € Hi(R)} contains an isomorphic
copy of each uniform M-injective module in /C, there exists a cardinal ¢ (e.g.,
c=|®{Em(R/I): I € Hc(R)}|) such that every uniform M-injective module
in K is c-generated. Consequently (2) implies that every M-injective module
in K is a direct sum of c-generated modules.

(7) = (1). Tt suffices to show that N is M-injective whenever N € K is
M-injective by (3.1.8). But the necessary argument has been given by Faith
and Walker (see [49] or the proof of [8, 25.8, p.293]). O

3.1.14. REMARK. The class K = {N € ¢[M] : N is non M-singular}
is an M-natural class. Applying (3.1.5) and (3.1.13) to this class yields the
characterizations of modules M for which direct sums of non M-singular M-
injective modules are M-injective.

3.1.15. COROLLARY. The following are equivalent for a natural class K:
1. R satisfies ACC on Hi(R).
2. Every direct sum of injective modules in K is injective.

Every injective module in K is a direct sum of uniform modules.

Ll

Every extending module in K is a direct sum of uniform modules.

5. Every injective module in X has a decomposition that complements
direct summands.

6. Every module in K contains a maximal injective submodule.
7. Every quasi-injective module in IC is 3-quasi-injective.

8. There exists a cardinal ¢ such that every injective module in K is a direct
sum of c-generated modules.
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3.1.16. REMARK. Let 7 = (7, F;) be a hereditary torsion theory. Ap-
plying (3.1.15) to F, yields the characterizations of rings R for which direct
sums of injective 7-torsion free R-modules are injective (see Golan [59]). In
particular, we obtain Teply’s characterizations of the rings R for which di-
rect sums of non-singular injective modules are injective when 7 is the Goldie
torsion theory (see Teply [115]).

Next, we characterize the rings R for which direct sums of singular injective
R-modules are injective. The starting point is the following lemma.

3.1.17. LEMMA. For a module M, Z(EM) = EM iff, for any 0 # X < M,
X is not embeddable in R.

PROOF. Suppose FM is singular. If 0 # N < M and f: N — Ris an R-
monomorphism, then E(N) = E(f(N)) is singular and E(R) = E(f(N))® X
for some X. Write 1 = ¢+ w, ¢ € E(f(N)) and w € X. Then ¢* is essential
in R, implying that ¢ N f(IN) # 0. Hence

0# ¢ N f(N) = (g+w)g" NFN))
=w(g-Nf(N) S f(N)NX.
This is a contradiction.
Conversely, if E(M) is not singular, then x— is not essential in R for some

0 # x € E(M). There exists a nonzero right ideal I of R such that x- NI = 0.
Thus 2/ =1 — R. d

3.1.18. COROLLARY. For a ring R, the class

€

S(R) = {N € Mod-R : Z(EN) = EN}

is a natural class.

PROQOF. It suffices to show that, for W, € S(R) (o € T), E(®aerWa) €
S(R). If not, then there exists a 0 # = € E(PqerWs,) and an embedding
R — R by (3.1.17). By the projection argument (2.3.3), for some r € R,
0# a2rR = wR < W, for some o € I'. Thus 0 # wR — R — R shows that
Z(EW,) # EW,, a contradiction. O

For K = S(R), we now reinterpret (3.1.15) and obtain the following result
in [98].

3.1.19. THEOREM. Let § = S(R). The following are equivalent:
1. R satisfies ACC on Hs(R) ={I < R: Z(E(R/I)) = E(R/I)}.
2. Every direct sum of singular injective modules is injective.
3. Every singular injective module is a direct sum of uniform modules.

4. Every singular extending module is a direct sum of uniform modules.
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5. Every singular injective module has a decomposition that complements
direct summands.

6. There exists a cardinal ¢ such that every singular injective module is a
direct sum of c-generated modules.

We next give a ring R such that S(R) is closed neither under quotient
modules nor under arbitrary products. So S(R) is neither a pretorsion class
nor a torsion free class. This explains that Theorem (3.1.19) can not be
obtained in Torsion Theory setting or in the setting of o[M]. We need the
following facts for the example.

3.1.20. PROPOSITION. Let R be a ring and S = S(R).
1. Hs(R) contains all dense right ideals of R.

2. Let H; be a non-empty subset of Hs(R) which contains all dense right
ideals of R. Then H; forms a Gabriel topology iff H; is the set of all
dense right ideals of R.

PROOF. Note that I is a dense right ideal of R iff Hompg(J/I, R) = 0 for all
right ideals J with I C J C R (see 2.1.12).

(1) If I is a dense right ideal of R, then clearly no submodules of R/I embed
in R. So I € Hs(R) by (3.1.17).

(2) The set of all dense right ideals of R is a Gabriel topology by (2.1.12).
Now suppose H; is a Gabriel topology and I € Hy. If 0 # f € Hom(J/I, R),
where J C R, then Ker(f) = K/I for some K C J, and J/K embeds in R.
Thus, E(R/K) is not singular by (3.1.17). Hence K ¢ Hj, contracting the
fact that H; is a Gabriel topology. So Hompg(J/I, R) = 0 for all right ideals
J with I C J C R. Thus, [ is a dense right ideal. O

3.1.21. PROPOSITION. Given aring R, let Sy = N{I : R/I € S(R)} and
Zy={r € R:rI =0 for some I C R with R/I € S(R)}. Then the following
hold:

1. Zy and Sy both are ideals of R.

2. S(R) is closed under quotient modules iff Zy = 0.

3. S(R) is closed under arbitrary products iff Sy is essential in Rpg.
PROOF. Let § = S(R).

(1) Suppose r1,72 € Zy and a € R. Then there exist I1, Iy € Hg(R) such
that 7’1]1 = 0, T2[2 = 0. Hence (arl)fl = 0, (7’1 + TQ)([l N 12) = O, and
(ria)(a=tI;) = 0. Since S(R) is a natural class by (3.1.18), I; N I and a~ 114

both are in Hs(R) by (2.3.11). It follows that arq,r1 — 72, and r1a all are in
Zo. Hence Z; is an ideal.
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Suppose Sy is not an ideal. Then aSy € I for some a € R and some
I € Hs(R). Then ab ¢ I for some b € Sy. This implies that

0# (abR+1)/T1= R/(ab)™*T = R/[b"*(a™'1)]
and thus b=!(a=1I) # R. But, on the other hand, we have
R/a™'1= (aR+1)/I C R/I € S.

So R/a~'I € 8, since S is closed under submodules. Therefore, b € So C a~11
and we have b=!(a~'I) = R. This is a contradiction. So Sy is an ideal.

(2) First we note that S is closed under quotient modules iff S is a hereditary
torsion class iff Hs(R) is a Gabriel topology iff, by (3.1.20), Hs(R) is the set
of all dense right ideals of R.

Suppose 0 # z € Zg. Then I C 2t C R for some I € Hs(R). Since
R/z* = xR, we have Hom(R/z1, R) # 0. Hence x is not a dense right ideal
of R. It follows that I is not a dense right ideal.

For the converse, suppose Zg = 0. If I € Hs(R), then a='I € Hs(R) for
any a € R by (3.1.18) and (2.3.11). So +(a=1I) = 0 since Zy = 0. Hence I is
a dense right ideal of R by (2.1.12).

(3) Suppose Sp is an essential right ideal of R. Let M = II;M; with each
M; € §. Then E(M) = IILtE(M;). For any © € E(M), write x = (z;) with
z; € BE(M,;) for all t. We have z;- € Hg(R) since E(R/x}) = E(x:R) C
E(M,;) and E(M,) is singular. Then Sy C z;- for all ¢, implying xSy = 0. It
follows that E(R) is singular. Therefore, M € S.

Now suppose S is closed under arbitrary products. Then F(R/Sy) embeds
in I{E(R/I): I € Hs(R)} € S. So E(R/Sp) € S and hence Sy € Hs(R). Tt
follows by (3.1.17) that Sy is an essential right ideal of R. ad

3.1.22. EXAMPLE. There exists a ring R such that S(R) is closed neither
under quotient modules nor under arbitrary products.

LetR1:ZandR2:{<gz) :aGZ,xEZQm}. And let R = Ry x Ry be

the direct product of rings. Let A = {(8 :(C)
of Ry, and so I = Ry x A is an ideal of R.

Claim 1. R/I € S(R). First, (R/I)r = (R2/A)r which has no nonzero
submodules embeddable in (R1)g. Since Ay is torsion and (Ra/A)z is torsion
free, Az and (Rz/A)z have no nonzero isomorphic submodules. Thus, Ag
and (R2/A)r have no nonzero isomorphic submodules. Since Ap <. (R2)r,
it follows that (Rg)g and (R2/A)g have no nonzero isomorphic submodules.
So, by (2.3.3), no nonzero submodules of (R/I)g embed in Rg. Hence R/T €
S(R) by (3.1.17). Because +1 # 0, S(R) is not closed under quotient modules
by (3.2.21).

For any prime number p, let I, = pZ x Ry. Then all I, are ideal of R.

Claim 2. R/I, € S(R) for any prime p # 2. In fact, (R/I,)r = (Z/pZ)r
has no nonzero submodules embeddable in (Ry)g or in (R2)g. So no nonzero

> tx € Zgoo}. Then A is an ideal
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submodules of R/I, embed in Rg by (2.3.3). Thus, R/I, € S(R) by (3.1.17).
Now N{I, : p # 2 a prime} = 0x Ry C R. So Sy C 0x Ry, and hence Sy is not
an essential right ideal of R. By (3.1.21), S(R) is not closed under arbitrary
products. O

It is known that every direct sum of injective modules is injective (= right
Noetherian) iff every direct sum of uniform injective modules is injective iff
every injective module has a decomposition that complements maximal direct
summand. This result can be extended to the setting of an M-natural class
which contains “enough” uniform modules. For a cardinal ¢, a module N is
called c-limited if every direct sum of nonzero submodules of N contains at
most ¢ direct summands. For the condition (x), see (2.4.8). The following
result is proved in [135].

3.1.23. THEOREM. The following are equivalent for an M-natural class
K with (x):

1. Every direct sum of M-injective modules in K is M-injective.
2. Every direct sum of uniform M-injective modules in K is M-injective.

3. Every direct sum of M-injective hulls of KC-cocritical modules is M-
injective.

4. Every M-injective module in IC has a decomposition that complements
maximal direct summands.

5. There exists a cardinal ¢ such that every direct sum of M-injective
modules in K is a direct sum of an M-injective module and a c-limited
module.

PROOF. The implications (1) = (2) = (3) and (1) = (5) are obvious.

(3) = (1). Suppose that A < M is a finitely generated submodule and
X1 C Xy C--- < Ais a strictly ascending chain with all X; € Hx(A). Then,
by (2.4.10), there exist right ideals K;, J;11 of R such that

X CK; CJiy1 € X

and J;41/K; is K-cocritical. Let f; : J;4+1 — En(Ji+1/K;) be the canonical
map. Then f; extends to g; : A — En(Jiy1/K;). Set X =UX; and let E =
©iEyv(Jig1/K;). Define f : X — E = ©;Ey(Jiy1/K;) by mif(a) = gi(a),
where 7; is the projection of E onto Eys(J;r1/K;). Clearly f is well-defined.
By (3), E is M-injective, and hence f extends to g : A — E. This implies
that, for some n, f(X) C g(A) € ®j<nErm(Jj+1/K;). For any a € J,41, we
have 0 = 7, f(a) = gn(a) = a + K,,, implying that a € K,,. So, J,+1 = K,, a
contradiction. This shows that Hx(A) has ACC. So (1) follows by (3.1.5).
(1) = (4) is by (3.1.13).

Copyright 2006 by Taylor & Francis Group, LLC



Finiteness Conditions 47

(4) = (3). Let D = @D, where each D, = Ej(N,) for a K-cocritical
module N,. Since all D,, are uniform, (2) of (3.1.7) holds. Thus, by (3.1.7),
D is M-injective.

(5) = (3). Suppose that (5) holds. Let {S, : € I} denote a collection
of representatives of the isomorphism classes of cyclic -cocritical modules
and let C = @®,erS,. Let J be an index set with |J| > ¢ and, for each
y € J,let Cy =C. We define B = @,c;Cy. Let N, (o € A) be K-cocritical
modules and E, = Ej(N,) for each a. Set F = @, F,. It suffices to show
that F is M-injective. Choose an index set K with |K| > |E(B)|. For each
B € K let Dg = E and consider D = @gexDg. By (5), D = X @Y for
an M-injective module X and a c-limited module Y. Let N = &,N, be the
submodule of E. Then N is essential in E. Let Z = ®gcx 23 with each
Zg=N. Then Z <, D and so ZNY <. Y. By Zorn’s Lemma, there exists
a maximal independent set of cyclic K-cocritical submodules of Z NY, say
F. Write F = YpcrP = ®pecrP. We claim that F' is essential in Z NY.
For, if F N @ = 0 for some nonzero submodule @ of Z NY, then we can
find a smallest ¢ such that, for some a € Q, a = a1 + az + -+ + a; with
0#a; € Ny, (i=1,2,---,t). The choice of ¢ assures us that a;7 — ar is a
well-defined nonzero epimorphism from a1 R to aR. By (2.4.7), aR € K and
a1 R is K-cocritical, and hence aR = a1 R is K-cocritical. Then F U {aR} is
an independent set of cyclic K-cocritical submodules of Z NY, contradicting
the maximality of F. It follows that F' is essential in Z NY, implying that
F is essential in Y. Since Y is a c-limited module, F' is the direct sum of at
most ¢ cyclic K-cocritical submodules. Thus, we have an embedding F — B
which can be extended to an embedding Y — FE(B) since F <, Y. Then we
have that |Y| < |E(B)| < |K|. For each b € Y, there exists a finite subset
K of K such that b € @per,Ds. We let Ky = Upey Kp and Ko = K\ K.
Clearly, |K1| < |E(B)| and hence K> is not empty since |E(B)| < |K|. Now
let G = ®gek,Dgand H = Ggeg,Dg. Then D = GGH = XPY andY C G.
It follows that G = (GNX)@Y andso D = (GNX)dY D H=XY.
This implies that X = (GNX) @ H. Since X is an M-injective module, H is
M-injective, and thus E is M-injective since E = Dg (for some € K3) is a
summand of H. a

The next example shows that the condition (x) in (3.1.23) cannot be re-
moved.

3.1.24. EXAMPLE. Let R be a domain such that R? = R? as right R-
modules. Such a ring R exists by J.D. O’Neill [93]. Clearly, Rr has infinite
Goldie dimension. Since every nonzero cyclic right ideal of R is isomorphic to
Rpg, every nonzero right ideal of R has infinite Goldie dimension. It follows
that every nonzero right ideal of R is not uniform. Let K = d(Rg). That is,
M € K iff, for any 0 2 N C M, N has a nonzero submodule embeddable in
R. Then K is a natural class. Now for any 0 # M € K, M has a nonzero
submodule embeddable in R, so M is not uniform. This shows that there are
no uniform modules in K.

Copyright 2006 by Taylor & Francis Group, LLC



48 CLASSES OF MODULES

For the M-natural class K above, (2),(3), and (4) of (3.1.23) hold since
there are no uniform modules in K. But (1) of (3.1.23) fails to hold, because
(1) holds iff every injective module in K is a direct sum of uniform modules.

The next corollary is obtained by applying (3.1.5), (3.1.13), and (3.1.23)
to the M-natural class o[M]. A locally Noetherian module is a module
whose finitely generated submodules are Noetherian.

3.1.25. COROLLARY. The following are equivalent for an R-module M:
1. M is a locally Noetherian module.
2. Every direct sum of M-injective modules in o[M] is M-injective.
3. Every direct sum of uniform M-injective modules in o[M] is M-injective.

4. Every direct sum of M-injective hulls of simple modules in o[M] is M-
injective.

5. Every M-injective module in o[M] is a direct sum of uniform modules.
6. Every extending module in o[M] is a direct sum of uniform modules.

7. Every M-injective module in o[M] has a decomposition that comple-
ments direct summands.

8. Every M-injective module in o[M] has a decomposition that comple-
ments maximal direct summands.

9. Every module in o[M] contains a maximal M-injective submodule.
10. Every quasi-injective module in o[M] is X-quasi-injective.

11. There exists a cardinal ¢ such that every M-injective module in o[M] is
a direct sum of c-generated modules.

12. There exists a cardinal ¢ such that every direct sum of M-injective
modules in o[M] is a direct sum of an M-injective module and a c¢-
limited module.

3.1.26. REMARK. For a stable hereditary torsion theory 7 = (7, F;), 7,
is a natural class satisfying (x). Thus, applying (3.1.15) and (3.1.23) (with
M = R) to 7T, yields the various characterizations of the rings R for which
direct sums of 7-torsion injective modules are injective.

3.1.27. REMARK. In view of Remark (3.1.14) and Corollary (3.1.18), it
is interesting to characterize the modules M for which direct sums of M-
singular M-injective modules are M-injective. This relates to the open ques-
tion whether the class {N € o[M] : E)(N) is M-singular} is an M-natural
class (see [31]).
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3.1.28. REFERENCES. Anderson and Fuller [8]; Dauns [31]; Faith and

Walker [49]; Mohamed and Miiller [87]; Golan [59]; Page and Zhou [98,99,100];
Teply [115]; Wisbauer [131]; Zhou [135].
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3.2 Descending Chain Conditions

For a module class K, recall that for N € Mod-R, Hic(N) is defined by
Hi(N)={P <N :N/P e K}. In particular, Hc(R) = {I < R: R/I € K}.
In this section, we investigate the DCC (the descending chain condition) on
Hi(N) and the relation between DCC and ACC on Hi(N) when K is a
pre-natural class. As an application, a nil-imply-nilpotent theorem is proved
for the endomorphism ring of a module N € K satisfying ACC or DCC on
Hi(N).

Throughout this section, 7 = (7, Fic) is the torsion theory cogenerated
by a module class K, that is,

T = {T € Mod-R : Hom(T,C) = Ofor allC € K},
Fic ={F € Mod-R : Hom(T, F) = 0for allT € Tx}.

By (2.1.5)-(2.1.7), 7 is a torsion class and Fi is a torsion free class, and
every module N has a largest submodule, denoted by 7x(NV), in 7x. It should
be noted that 7 is not necessarily a hereditary torsion theory, even for a
hereditary pretorsion class K. For example, let R = Z and M = Z/2Z. Set
K = o[M]. Then K is a hereditary pretorsion class. Since M is a simple
module, every module in ¢[M] is semisimple. Thus, Zs~x € Tc. But M —
Zo. So Tx is not closed under submodules.

3.2.1. LEMMA. Let K be an M-natural class and P C N € o[M]. If
N € T then P € Tk.

PROOF. If P ¢ Tk, then P/X € K for some X C P. There exists a
submodule @/ X of N/X which is maximal with respect to the property that
(P/X)N(Q/X)=0. Then P/X is embeddable as an essential submodule in
N/Q. Since N/Q € o[M], it follows from (2.4.2) that N/Q € K, contradicting
the fact that V € 7. O

3.2.2. LEMMA. Let P be a submodule of N and E be a quasi-injective

module such that N/P SE W = {a € Homp(N,FE) : P C Ker(a)}
and S = End(Egr), then W = S(6v) is a cyclic submodule of the left S-
module Hompg (N, E) where v : N — N/P is the natural homomorphism,
and P = N{Ker(a) : a € W}.

PROOF. It is clear that S(fv) C W. Let a« € W. Since o(P) =0, a = v
for some 3 € Hompg(N/P, E). Since E is quasi-injective, there exists a v € S
such that 8 = 40. Thus, a = v(6v) € S(6v), so W = S(6v). Now it is clear
that P = N{Ker(a):a € W}. 0

3.2.3. LEMMA. Let E be a quasi-injective module with S = End(ER). If
W = Sa; + -+ Sa,, is a finitely generated submodule of the left S-module
Homp (N, E), then W = {3 € Hompg(N, E) : Nqew Ker(a) C Ker(3)}.
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PROOF. For § € Homg (N, E) with Ngew Ker(a) C Ker(8), N7, Ker(a;) C
Ker((3). Since F is quasi-injective, the diagram with exact row

0 — N/Ker(p) )

LB
E

can be extended commutatively by some Xs; : E™ — E, s; € S. Thus g =
P s;a; € Woand so W = {8 € Homg(N, E) : Npew Ker(a) C Ker(8)}. O

A module FE is called a cogenerator of I if F € K and every module
in L can be cogenerated by E. For an M-natural class K and a family
{Xo:a€ A} CK,if X = (®aXa) ® Mk, then Ej(X) is an M-injective
cogenerator of K and contains each X,.

3.2.4. PROPOSITION. The following are equivalent for an M-natural
class K and a module N € o[M]:

1. Hx(N) has ACC.

2. For any X C N, X/Y € T for some finitely generated submodule Y of
X.

3. Hr.(N) has ACC.

4. For any chain N; C Ny C --- of submodules of N, there exists a positive
integer k such that N;;1/N; € T for all i > k.

5. Every chain Ny C Ny C - - of submodules of N with each N;11/N; € K
terminates.

6. For any M-injective cogenerator E of K, let S = End(Eg) and let
N* = Hompg(N, E). Then N* satisfies DCC on finitely generated left
S-submodules.

PROOF. (1) < (5) is by (3.1.3).

(5) = (2). Suppose that there exists a submodule X of N such that
X/Y ¢ Tx for any finitely generated submodule Y of X. Choose 0 # z; € X.
Then X/(z1R) ¢ Tx and so X/N; € K for some submodule N; with 21 R C
N; C X. Choose 25 € X \N;. By the assumption on X, X/(z1R+x2R) ¢ Tx.
Therefore, we have X/N; € K for some Ny with 1R+ 23R C No C X. By
a simple induction, we can choose a sequence {z; : i = 1,2,--- } and a family
{N;:1=1,2,---} of submodules of X such that X/N; € K, x;R+---+x;R C
N; and x;41 ¢ N; for all . Let Y = @2, X/N; and K = £°,2;R. Define
f: K — Y by mif(z) = x+ N;, where € K and m; is the projection of
Y onto X/N;. Then f is a well-defined homomorphism. Let K; = {z € K :
f(z) € EB;zle/Nj}. Then K; C K5 C --- is a chain of submodules of K and

b i i ~ .
Kip1/K; = (875 X/N;) (@52, X/N;) = X/Nij1 € K via
¢(z + Ki) = f(a) + @j_1 X/N;j.
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Thus K;11/K; € K for all i. By (5), we have K,,; = K, for some m and all
J. Thus, f(K) - @EYL:lX/Nﬁ implying 0 = 7Tm+1f(.’L'm+2) = T2 + Nerl?
ie., mt2 € Npy1, a contradiction.

(2) = (4). Let Ny C Ny C --- be a chain of submodules of N and
X = U;N;. Then, there exists a finitely generated submodule Y of X such that
X/Y € T by (2). It follows that Y C Ny, for some k and hence X/N; € T
for all ¢ > k. If N;y1/N; ¢ Tx for some i > k, then N,11/P € K for
some P with N; C P C N,;;;. Take a submodule @Q/P of X/P maximal
with respect to (Q/P) N (N;41/P) = 0. Then N,;;/P is embeddable as an
essential submodule in X/Q. Noting that X/Q € o[M] and N;;1/P € K, we
have X/Q € K by (2.4.2). But X/Q € T since X/Q is a quotient of X/N;.
So X/Q = 0, implying N;;1/P = 0, a contradiction.

(4) = (3). Let Ny € Ny C --- be a chain of submodules of N with
N/N; € Fi for all i. By (4), there exists a k > 0 such that N;+1/N; € T for
all ¢ > k. But since Fi is a torsion free class, N;;1/N; € Fic for all i > 1. It
follows that N = Niy1 =---.

(3) = (6). Let W3 O W3 D --- be a descending chain of finitely generated
S-submodules of Hompg (N, E). Then Ngew, Ker(a) C Npew, Ker(a) C ---
is an ascending chain of modules in Hz . (N). By (3), there exists a k > 0
such that Naew, Ker(a) = Nacw,,, Ker(a) = ---. Thus, by (3.2.3), W}, =
Wigr =---.

(6) = (1). Let Ny € Ny C --- be a chain of submodules of N with
N/N; € K for all i. There exists an M-injective cogenerator E of K such that

for each ¢ there is an embedding N/N; ANy (see the remark before 3.2.4).
Note that F is quasi-injective by (2.2.10). Let S = End(Eg) and, for each i, let
W; = {a € Homg(N,E) : N; C Ker(a)}. Then, by (3.2.2), Wy D W5 D ---
is a chain of cyclic submodules of the left S-module Homg (N, E). Therefore,
by (6), there exists a k > 0 such that W, = Wy = ---. It follows that
Ny = Ngy1 =+, since N; = N{Ker(a) : a € W;} for all i by (3.2.2). m

The assumption N € o[M] in (3.2.4) cannot be removed because of the
following example.

3.2.5. EXAMPLE. Let R = Z,N = Zs, and N; = {x € Zs : 272 = 0}
for all j > 0. Set K = o[M] where M = Ny. Then Hx(N) = {N} and so N
has ACC on Hx(N). Moreover, Ny C No C --- is a strictly ascending chain
of submodules of N such that N;;1/N; & Ny € K for all i > 0.

3.2.6. PROPOSITION. The following are equivalent for an M-natural
class K and a module N € o[M]:

1. Hic(N) has DCC.

2. For any non-empty set {N, : @ € A} C Hic(N), NaeaNa = Nacr Ny
for a finite subset F' of A.

3. Hzr.(N) has DCC.
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4. For any chain N7 D Ny D --- of submodules of N, there exists a positive
integer k such that N;/N; ;1 € T for all ¢ > k.

5. Every chain Ny O Ny D -+ of submodules of N with each N;/N;11 € K
terminates.

6. For any M-injective cogenerator E of K, if S = End(Eg) and N* =
Homp(N, E), then N* is a Noetherian left S-module.

PROOF. (1) = (3). Suppose that there exists a strictly descending chain
N; D No D -+ of submodules of N such that N/N; € Fi for all i. Consider
the set

A ={XCN:N, CXCN,N/X €K}

By (1), there exists a minimal element, say Xi, in A4;. The same reason
implies that there exists a minimal element, say X5, in

Ay ={XCN:N;CXCX;,N/X €Kk}

By a simple induction, we have a descending chain X; O X5 O --- of sub-
modules of N such that, for each i, N/X; € K and X, is a minimal element
in

{(XCN:N CXCX;,N/X eK}.

By (1), there exists a natural number m such that X,,,1; = X,,, for all j > 0.
Without loss of generality, we may assume that m = 1 and N; C X;. Since
N/Ny € Fi, we have X1 /Ny ¢ Tic. Then X;/P € K for some P with Ny C
P C X;. Consider the exact sequence 0 — X; /P — N/P — N/X; — 0.
Since N/P € o[M], we have N/P € K by (2.4.5). But N C P C X; = X,
contradicting the minimality of X5.

(3) = (4). Let Ny O N3 D --- be a chain of submodules of N and, for each
i, let P;/N; = 7c(N/N;). Then we have P; D P, D -+ and N/P; € Fi for all

i. By (3), there exists a number k such that P, = P41 = ---. Then for i > k,
Ni/Ni+1 - Pi/Ni-i-l = Pi+1/Ni+1 € Tx. By (321), we have Ni/Ni-l—l € I
for all 7 > k.

(4) = (2). Suppose that (2) does not hold. Then there exists a sequence
{a; : i =1,2,---} C A such that Ny, D N, N N,, D -+ is a strictly
descending chain. By (4), there exists a k > 0 such that

NNy, /PN, € T for all n > k.

But
m?:lNai/ m?:ll Nai = [O?ZINDH + Nan+1]/Nan+1 € ]Cv

so NI N,, = N4 N,,, a contradiction.
The implications (2) = (1), (5) = (1), and (4) = (5) are clear.
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(3) = (6). Assume that (3) holds and let W7 C W5 C - - be an ascending
chain of finitely generated S-submodules of Homg(N, E'). Then

Naew, Ker(a) 2 Npew, Ker(a) D ---

is a descending chain of modules in Hz, (N). By (3), there exists a k > 0
such that
Naew, Ker(a) = Nacw,,, Ker(a) =---.

Thus, by (3.2.3), Wi, = Wiy =---.
(6) = (1). Let Ny © Ny D --- be a chain of submodules of N with
N/N; € K for all i. There exists an M-injective cogenerator E of IC such that

for each ¢ there is an embedding N/N; N> (see the remark before 3.2.4).
Note that F is quasi-injective by (2.2.10). Let S = End(Er) and, for each 4, let
W; = {a € Homg(N,E) : N; C Ker(a)}. Then, by (3.2.2), W3 C Wy C ---
is a chain of cyclic submodules of the left S-module Homg (N, E). Therefore,
by (6), there exists a k > 0 such that Wy = Wy = ---. It follows that
Ny = Ngy1 =+, since N; = N{Ker(a) : a € W;} for all i by (3.2.2). O

The next example shows that we cannot remove the condition N € o[M]
from (3.2.6).

3.2.7. EXAMPLE. Let R = Z and N; = 2'Z for i > 0. We let N = N,
M = Ny/Ni, and K = o[M]. Then H(N) = {Ny, N} and hence N has DCC
on Hi(N). But we have N = Ny D N; D N3 D --- such that N;/N; 41 € K
for all 4 > 0.

3.2.8. COROLLARY. Let K be an M-natural class and X C N € o[M].
Then Hy(N) has DCC iff both Hic(X) and Hyc(N/X) have DCC.

PROOF. Because of the equivalence (1) <= (5) of (3.2.6), the proof is
similar to that of (3.1.4). m

3.2.9. DEFINITION. Let K be a pre-natural class and let N be a module.
By a K-composition series for N we mean a chain

NoCNiCNyC---CN,,=N

of submodules of N such that Nyp = N{X : X € H(N)}, N/Ny € K, and
N;/N;_1 is K-cocritical for each 0 < j < m.

3.2.10. LEMMA. Let K be a pre-natural class and let the module N have
DCC on Hi(N).

1. If N € K, then every nonzero submodule A of N has a K-cocritical
submodule B with A/B € K.

2. Every nonzero factor module in I of N has a K-cocritical submodule.
In particular, if R has DCC on Hi(R), then every nonzero module in
K has a K-cocritical submodule.
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PROOF. (1) Let 0 # A C N. Then A has DCC on Hy(A) by (3.2.8); s0o A
has a submodule B which is a minimal element of

{(0£X CA:A/X €K}

Suppose that B is not K-cocritical. Then B/Y € K for some Y with 0 C
Y C B. Let us assume K is an M-natural class for some module M. Consider
the exact sequence 0 — B/Y — A/Y — A/B — 0. Note that A/Y €
o[M] since A C N € K. Therefore, by (2.4.5), A/Y € K, contradicting the
minimality of B.

(2) For P C N, DCC on Hi(N) clearly implies DCC on Hx(N/P). So if
0# N/P € K, then N/P has a K-cocritical submodule by (1). O

3.2.11. THEOREM. Let K be a pre-natural class. Then a module N has
ACC and DCC on Hi(N) iff N has a K-composition series.

PROOF.“=". The DCC on Hi(N) implies that Ny := N{X : X €
Hi(N)} is an intersection of a finite number of elements in Hx(N). So
N/Ny € K, and we have DCC on Hx(N/Np). By (3.2.10), there exists a sub-
module Ny of N such that Ny /Ny is K-cocritical and N/N; € K. Inductively,
we have a chain Ny C Ny C N, C --- C N,, of submodules of N such that
N/N;;+1 € K and N,11/N; is K-cocritical for each i = 0,--- ,m — 1. Since N
has ACC on Hi(N), the inductive process stops at m steps for some m > 0.
So the chain Ng C Ny C Ny C -+ C N, = N is a K-composition series.
“«<=”. If necessary, we may replace N by N/Ny. So, without loss of
generality, we may assume that No =0and 0= Ny C Ny C---C N, = N
is a K-composition series for N. Then Hy(N;4+1/N;) has ACC and DCC for
i =0,1,---,m — 1. Note that N € K. Therefore, by (3.1.4) and (3.2.8),
Hi(N) has ACC and DCC. a

3.2.12. COROLLARY. The following are equivalent for an M-natural class
K and N € o[M]:

1. N has a K-composition series.

2. For any M-injective cogenerator E of I, Homp (N, E) has a composition
series as a left module over End(Ng).

PROOF. This follows from (3.2.4), (3.2.6), and (3.2.11). a

3.2.13. LEMMA. Let K be a pre-natural class and N a module for which
0 is an intersection of finitely many KC-critical submodules of N. Then there
exist submodules N; C N (i = 1,---,n) such that each N; is K-cocritical,
YNy =@ N; <. N, and N/(@?lei) € Tx.

PROOF. If N is K-cocritical, we are done. So we can assume that N is
not K-cocritical. Thus 0 is an intersection of finitely many nonzero K-critical
submodules of N. So N embeds in a direct sum of finitely many KC-cocritical
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modules. Note that every K-cocritical module X has ACC and DCC on
Hi(X) by (3.2.11). So N € K has DCC and ACC on Hi(N) by (3.1.4)
and (3.2.8). By (3.2.10), there exists Ny C N such that Ny is K-cocritical.
Let 0 # © € Ny. Then there exists a K-critical submodule C; of N such
that « ¢ C; by hypothesis. Thus, 0 # N1/(N1 N Cy) = (N, + C1)/Ch € K,
so Ny NCy; = 0 since Ny is K-cocritical. Assume that Ny, Ny, -+, N; and
C1,Cs, - -+, Cy have been chosen such that INV; is K-cocritical, C; is K-critical,
Ni g ﬂjgi_lcj, and Ni N Cz = 0 for each i S t. If ﬂ;-:le 75 0, then
there exists an Nyy1 C N’_;C; such that Nyyy is K-cocritical by (3.2.10).
As in the case Ni, there exists a K-critical submodule C;;1 of N such that
Nit+1NCiqyq = 0. Since N has DCC on Hi(N), there exists a k > 0 such that
ﬂ?lej = 0; so the inductive process stops after k steps. It now can be seen
by induction that

(Ni+No+--+N)NN;z1 C(Ni+---+N)N(CiN---NC;) =0

foralli=1,--- ,k—1. So ¥ | N; is direct.

Next we show that N/(@F_, N;) € Ti. It suffices to show by induction that
N/(Eglei + ﬂglej) € T for all j =1,2,--- | k. Since N/C4 is K-cocritical
and (N1 + C1)/C1 #0, N/(N1 4+ C1) € Tc. Assume that

N/(SEZEN; +nElCh) € Tk

Since N/C}, is K-cocritical and

0 # (Ni + Ci)/Ck C (M= Ci + C1) [Ch,
we have (N*Z!'C; + C)/Cy is K-cocritical and so

NEZLCy /(N +0E_ Oy =2 (NEZLC5 + Ck) /(N + C) € Txe.

Since 7x is closed under quotient modules and

(SEENi + N5 o)/ (SE N + N, Gi)
is an epic image of N*='C;/(Ny + NF_,C;), we have

(SE20Ni + N2 C) /(S Ni + N, C)) € T

Since 7k is closed under extensions, we obtain that N/(XF_| N;+nk_,C;) € Tk
from the induction hypothesis and from the following exact sequence
S Ni + 0 G N N

% k T3k % T Ykl [
Ei:lNi + ﬂizlci Ei:lNi + Oilei Zi:l N; + mi:l C;

If ©F | N; <. N, it is done. If not, since N has DCC and ACC on Hy(N),
there exist finitely many submodules Ny1,--- , N, of N with N; K-cocritical
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forall j = k+1,--- ,nsuch that ¥ | N; = & |N; <. N. Thus, N/(®]_1]N,)
€ Tx. O

3.2.14. THEOREM. Let R have DCC on Hy (R) where K is a pre-natural
class. If a module N has DCC on Hx(N) then N has ACC on Hx(N). In
particular, R has ACC on Hy(R).

PROOF. Suppose that N does not have ACC on Hi(N). Let
No=n{X:X € Hc(N)}.

The DCC on Hyx(N) implies that Ny is an intersection of finitely many ele-
ments of Hic(N). So N/Ny € K. Let Ni be a minimal element of {X C N :
No € X and N/X € K}; the DCC on Hi(N) guarantees the existence of
such a submodule. Moreover, N1 /Ny is K-cocritical by the minimality of Nj.
Since N does not have a K-composition series by (3.2.12), we have N3 C N.
So as above (with replacing Ny by Nj), there exists a minimal element, say
Ny, of {X C N : Ny C X and N/X € K} and No/N;y is K-cocritical. A
simple induction shows that there exists an infinite strictly ascending chain
Ny C Ny C Ny C --- of submodules of N such that N;/N,_; are K-cocritical
and N/N;_; € K for all j > 1.
Now let

C =n{zt:2z €W, W is a K-cocritical module}.

Since R has DCC on Hi(R), C is an intersection of finitely many KC-critical
right ideals. Set

h(0) =0,
h(t +1) = maz{j > 0:2C C Ny for somex € N;\N;_1}.

Note that h(t) +1 < h(t + 1) since, by the K-cocriticalness of Nys)+1/Nn(s)s
Nit)+1C € Np(y). Inductively, assume h(t) exists; we show next that h(t+1)
exists.

Suppose that h(t + 1) does not exist. Then for an infinite set 2 of indices
Jj greater than h(t) we can choose elements x; € N; \N,;_; satisfying z,;C C
Nh@)- By (3.2.13), there exist right ideals Ay,---, Ay of R such that

21 (Ai/C) = @2 (4:/C) < (R/C)r, (R/C)/[®i1(4i/O)] € Tk,

and each A;/C is K-cocritical. Note that if x;(XF | A;) C Nit), then 0 #
(IjR + Nh(t))/Nh(t) € T}C, which will contradict the fact that N/Nh(t) e K.
Hence for at least one of the A;, x;4; € Nj). We continue to show that,
for some such A; with 2;4; € Ny, (2jA4; + Np@y) N Nj—1 = Ny If not,
then (x;A; + Np@)) N Nj—1 D Np) whenever x;A4;  Ny(yy. Since A;/C is
K-cocritical and (z;A; + Np))/Nu) € K, the epimorphism

Ai/C — (2 A;i + Niwt)) /N
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is an isomorphism. So (x;A; + Ny(1))/Np) is K-cocritical and hence we have

xjA; + Np) N (2 Ai + Nn@y) /N
(xin—FNh(t))ﬁNj_l [(xJAL—&—Nh(t)) ﬂNj_l]/Nh(t)

But (iL'jAZ +Nh(t))/[($]Az +Nh(t)) ﬂNj,l] = (IJAZ +Nj71)/Nj71 S ’C, SO we
conclude that z;A; € N;_1 whenever x;A; € Ny ;). For each of the remaining
A;, we have w;A; C Ny € Nj—1. Hence xj(Ei?:lAi) C N,_1, which leads
to (zjR+ Nj_1)/Nj—1 € Tx N K since R/(XF_ | A;) € Tk, ie, z; € Nj_1, a
contradiction.

So we have established that, for each j € 2, there exists a right ideal A;
of R and an z; € Nj \Nj_l such that xjAj g Nh(t)a (JIjAj + Nh(t))/Nh(t)
is KC-cocritical, and (z;A; + Np)) N Nj_1 = Np). One easily checks that
Y = Ejeg[(xjAj +Nh(t))/Nh(t)] - N/Nh(t) is direct. By (328), the DCC on
Hic(N) implies the DCC on Hi(Y) which, since Y € K, in turn implies that
2 must be a finite set. This contradiction establishes our claim that A(t + 1)
exists.

Therefore, {h(t)}$2, is a strictly increasing infinite sequence. Moreover,
since Hy(R) has DCC, there exists an n > 0 such that C?/C**1 € T for all
i >n by (3.2.6)(4). Let € Np(n)41 \Np(n). Then 2C & Ny(,,—1y, so wcy ¢
Nh(n—1) for some ¢; € C. But (z¢1)C € Nj(n—2). Thus, we inductively obtain
c1,¢2, -+ ,cp—1 € C such that (zcy---¢;)C € Npp—i—qy fori=1,--- ,n—1.
In particular, (xcy---c,—1)C € Npy = No. Hence xC™ £ Ny. However,
since z € Np(n)41, we have zCMM+1 C Ny, So there exists an integer | > n
such that 2C' Ny, but zC'*T C Ny.

Consider the R-epimorphism

€ Tx.

a:R/C™HY — (xR + Ny) /Ny, r+ C™H— ar + N,

Then 0 # «(C'/C!*Y) C N/Ny € K. But, since [ > n, C'/C!*! € Ty and
hence a(C!/C!*1) € Tic. Thus, KN 7T # 0. This contradiction shows that N
has ACC on Hi(N). a

3.2.15. COROLLARY. For a pre-natural class K, R satisfies DCC on
Hi(R) iff R has a K-composition series.

PROOF. This follows by (3.2.11) and (3.2.14). O

3.2.16. COROLLARY. The following are equivalent for an M-natural class
K:

1. R has DCC on Hk(R).

2. (a) Every M-injective module in K is a direct sum of M-injective hulls
of K-cocritical modules.

(b) Hx(R) is closed under arbitrary intersections.

3. (a) Rhas ACC on Hi(R).
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(b) Every nonzero module in K has a K-cocritical submodule.

(¢) Hx(R) is closed under arbitrary intersections.

PROOF. (1) = (2). By (3.2.14), R has ACC on Hx(R); so every M-
injective module in K is a direct sum of M-injective uniform modules by
(3.1.5) and (3.1.13). By (3.2.10)(2), every nonzero module in K has a K-
cocritical submodule. Thus, every M-injective uniform module in K is an
M-injective hull of some K-cocritical module, so (2a) follows.

(2) = (3). Since every K-cocritical module is uniform (see 2.4.7), (2a)
certainly implies that every M-injective module in K is a direct sum of uniform
modules. So R has ACC on Hi(R) by (3.1.5) and (3.1.13). Moreover, for
0# N e K, Ey(N) = ®:Epn(N) where each Ny is a K-cocritical module by
(2a). Thus, by (2.3.3), N contains a nonzero submodule X which embeds in
some Ny, so X is K-cocritical by (2.4.7).

(3) = (1). Let Iy 2 Iy D - -+ be a chain of right ideals of R with R/I; € K
for all ¢ and let I = N;>1J;. Then R/I € K by (3¢), so Em(R/I) € K. By
(3.1.5) and (3.1.13), the hypothesis implies that Ey(R/I) = ®}_; Enm(N;)
where each Nj is a K-cocritical module. Let N = &7_; N;. Then N has DCC
on Hi(N) by (3.2.11), and hence N has DCC on Hx(N') by (3.2.8) where
N' = (R/I)N N. There is a descending chain

N =([R/HNNDI/)AND---

with
[(R/I) N N]/[(1;/1) " N] — (R/I)/(I;/T) = R/I; € K

for all j > 1. The DCC on Hy(N') implies that
(In/I)NN = (Iy41/I) NN =---
for some integer k > 0; so

(Ie/T) NN = Njzk[(L; /1) N N]
= [Ny=r(L;/ D] NN
= [(Nj>rd3)/ 1] NN = 0.

N
N

Thus Ij, = I since N is essential in Ey(R/I), proving the DCC on Hx(R). O

Condition (2b) or (3¢) cannot be removed from (3.2.16) as the following
example shows.

a T

3.2.17. EXAMPLE. Let R — {(0 .

) ta € Z,x € ZQ} be the trivial

extension of Z and the Z-module Z,. Let X = {(8 g) x € ZQ} and

K = d(X), ie, K = {N € Mod-R : X is embeddable in every nonzero
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submodule of N}. Then K is a natural class. As a simple module, X € K is
K-cocritical. It follows that every nonzero module in X contains a K-cocritical
submodule. Obviously R is a right Noetherian ring and hence Hy(R) has

ACC. It is also easily noticed that {(8 Z) ta € 2"Z,x € ZQ} is in Hi(R)

for any natural number n. Therefore, R does not have DCC on Hi(R).

If K = o[M] is a hereditary pretorsion class, then (2b) or (3¢) of (3.2.16)
can be replaced by the condition that N{I : I € Hx(R)} € Hi(R).

3.2.18. COROLLARY. The following are equivalent for a hereditary pre-
torsion class K = o[M]:

1. R has DCC on Hi(R).

2. (a) Every M-injective module in K is a direct sum of M-injective hulls
of simple modules.

(b) N{I: 1€ He(R)} € He(R).
(a)
(b)
(¢) N{I:1¢€ He(R)} € He(R).

R has ACC on Hi(R).

Every nonzero module in X has a simple submodule.

For a hereditary torsion theory 7 = (7, F), a submodule X of N is called
T-closed if N/X € F; the module N is called T-cocritical if 0 # N € F and
N/X €T for any 0 # X C N; and a 7-composition series for N means a
finite chain 7(N) = Ny C N; C -+ N,, = N of submodules of N such that
N;+1/Nj is T-cocritical for i = 0,1,--- ;m — 1. Thus in our terminology, N is
T-cocritical iff N is F-cocritical and 7-composition series for IV are precisely
F-composition series for N. Applying the results to the hereditary torsion
free class F, one obtains several results in torsion theory; among them is the
well-known generalization, due to Miller and Teply, of the Hopkins—Levitzki
Theorem.

3.2.19. COROLLARY. [86, Miller-Teply] Let R have DCC on 7-closed
right ideals for a hereditary torsion theory 7. If a module N has DCC on 7-
closed submodules, then N has ACC on 7-closed submodules. In particular,
R has ACC on 7-closed right ideals.

There is a ring R and a pre-natural class IC such that Hy(R) has DCC, but
K is neither a hereditary torsion free class nor a hereditary pretorsion class.

a T

3.2.20. EXAMPLE. Let R = {(o .

) ta,r € Z} be the trivial extension

of Z and the Z-module Z. Let I = {(8 g) T € Z} and M = I. Set

K =d(M)No[M]. Then K is a pre-natural class, but it is neither a hereditary

Copyright 2006 by Taylor & Francis Group, LLC



Finiteness Conditions 61
pretorsion class nor a natural class by (2.5.10). However, it can easily be seen
that Hic(R) = {I, R}, so R has DCC on Hx(R).

3.2.21. COROLLARY. The following are equivalent for a hereditary tor-
sion theory 7:

1. R has DCC on 7-closed right ideals.

2. Every t-torsion free injective module is a direct sum of injective hulls
of T-cocritical modules.

3. (a) R has ACC on 7-closed right ideals.

(b) Every nonzero 7-torsion free module has a 7-cocritical submodule.

3.2.22. COROLLARY. Let 7 be a hereditary torsion theory. Then a mod-
ule N has ACC and DCC on 7-closed submodules iff N has a T-composition
series.

A result of Small says that for a Noetherian module M, every nil subring
of the endomorphism ring End(M) is nilpotent. Fisher [52] showed that the
same result holds for an Artinian module. These results were then extended
to any 7-torsion free module with ACC (or DCC) on 7-closed submodules for
a hereditary torsion theory 7 by Gémez Pardo [64] and Wu and Golan [133].
In the last part of this section, we present a generalization of those results.

3.2.23. LEMMA. Let K be a pre-natural class and N € K with § =
End(N).

1. If Hi(N) has ACC, then S satisfies DCC on left annihilators.
2. If Hi(N) has DCC, then S satisfies ACC on left annihilators.

PROOF. We give the proof of (1) only. Let
8D tG D
be a chain of left annihilators of S, where +S; = {r € S : ra = 0 for all
a € S;}. We may assume S; C Sy C ---. For each 4, write (S;N)¢/(S;N) =
Tic(N/S;N). Then there exists a chain (S1N)¢ C (S2N)¢ C - -- of submodules
of N, such that N/(S;N)¢ € Fx for each i. Therefore, by (3.2.4), we have
() (SmN)¢ = (Sp41N)¢ = --- for somem.

Now if f € J-Sl-l then fS; = 0 and so f(S;N) = 0. Thus, f induces a
homomorphism f : N/S;N — N such that

f((SiN)¢/S;N) = f(rc(N/SiN)) € Tc N K.

Therefore, f((S;N)¢/S;N) = 0, implying f((S;N)¢) = 0.
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Conversely, f((S;N)¢) = 0 implies f(S;N) =0, i.e., (fS;)N =0, and hence
f € +S; since N is a faithful S-module. Therefore,

TS ={f €8 f((SiN)°) = 0}.

By (*), we have +S,, =4S, 11 =---. o

Recall a concept used by Shock [108]. For modules Y C X, X is called a
rational extension of Y if every homomorphism f from a submodule of X to X
such that Ker(f) 2 Y must be the zero map. And Y is called a rationally
closed submodule of X if Y has no proper rational extension in X. Note
that the rationally closed submodules of X are the X'(X)-closed submodules,
where X(X) is the largest hereditary torsion theory relative to which X is
torsion free. Therefore, Y is a rationally closed submodule of X iff X/Y is
cogenerated by E(X). A non-empty subset A of a ring R is said to be left
T-nilpotent if, for any sequence {a1, a2, - ,a,, -} C A, there exists n > 1
such that a1 ---a, = 0.

3.2.24. THEOREM. Let K be a pre-natural class and N € K with endo-
morphism ring S = End(N). If N satisfies ACC (or DCC) on Hy(N) then
every nil subring of S is nilpotent.

PROOF. We may assume that K C o[M] is an M-natural class for a module
M.

Suppose that N has ACC on Hx (N). If X is a rationally closed submodule
of N, then N/X can be cogenerated by E(N) and so we may write N/X C
E(N)!. Noting that, for each « € I, the a-component of N/X in the product
is contained in Ex(N), we have N/X < Ex(N)! € Fx. Therefore, all
rationally closed submodules of N are contained in Hr(N). By (3.2.4), we
deduce that N satisfies ACC on the rationally closed submodules. It follows
from [108, Theorem 10] that every nil subring of S is nilpotent.

Suppose that N has DCC on Hx(N). By (3.2.23), S satisfies the ACC on
left annihilators. For a nil subring A of S, to show that A is nilpotent, it
suffices to show that A is left T-nilpotent by [51, Proposition 1.5]. Suppose
A is not left T-nilpotent. Then

G={fieA: H{fs f3,---} C A such that f --- f, #0Vn}

is not empty. For each P C N, we define P¢ by P°/P = 7(N/P), where
T = 71, and write ¢(f) = (f(IV))¢ for any f € S. Note that, for any f,g € S,

c(f) € Fic and ¢(fg) = [f(c(9))]° (as (fg)(N) C f(g(N)?) € (fg(N))°). Since
N satisfies DCC on Hi(N), N has DCC on Hg, (N) by (3.2.6). Therefore,

by a simple induction, there exists a sequence { f1, fa, - - - } such that, for each
n > 1, ¢(f,) is a minimal element of {c(f): f € Gand f1--- fn_1f € G}. Let
gn = f1-+* fn. For n > m, we have

gm71<fm"'fn) =0n € G and (fmfn)(N) - fm(N)
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This implies that ¢(fp, -+ fn) C ¢(fim) and hence c(fp, - -+ fn) = ¢(fm) by the
choice of f,,. In particular, we have ¢(g,) = ¢(f1) = ¢(gn+1) for n > 1. Then

9n(N)/gn+1(N) C e(gn)/gn+1(N) = c(gn+1)/gn+1(N) € Tk

and hence, by (3.2.1), g, (N)/gn+1(N) € Tx. Note that g, induces a homo-
morphism

Gn : N/ fas1(N) — gn(N)/gn+1(N)
T+ fut1(N) = gn(2) + gns1 (V)

and the kernel of g, is

Ker(g,) = [Ker(gn) + fat1(N)]/ fat1(N).

Therefore, we obtain

(*1) N/[Ker(gn) + for1(N)] = gn(N)/gns1(N) € T, Vn > 1.

We next show that g, f,, = 0 for all n > m. Suppose that g, f,, # 0 for some

n > m. Then for each [ > m, we have

cgnfm - 1) = lgn(e(fon - [))]° = [gn (e(fm)]” = c(gnfm)-

Therefore, gm—1fm - fnfm - fi = gnfm - fi # 0 for all I > m, and hence

(fm - fafm) = ¢(fm) by the choice of f,,. Since f = fp,---fn € A is
nilpotent, we have

C(fm) = C(ffm) = C(f2fm) =--=0,
implying f,, = 0, a contradiction. Therefore, we have
(%2) ST o fi(N) C Ker(gn) Vn > 2.
For each n > 1, we let
Dy, =Nz Ker(g;) + X025 f5(N).
By (*1), we see N/Dy € Tx. Suppose N/D,,_1 € T for some n —1 > 1. We
show that N/D,, € Tx. Notice
[K@T’(gn) + Dn—l]/Dn—l
= Ker(gn)/(Ker(gn) N Dyp—1)
— Ker(gy)/[Ker(gn) N Dn—1+ Ker(gn) N fr1(V)]
and, by (*2), we have
[Ker(gn) + Dnl]/D,
= [Ker(gn) + Ker(gn) N Dyp—1 + fnJrl(N)]/[KeT(gn) NDy_1+ fn+1(N)]
= Ker(gn)/{Ker(gn) N [Ker(gn) N D1+ fay1(N)]}
= Ker(gn)/[Ker(gn) N D1+ Ker(gn) N fn+1(N)}
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Since N/D,,_1 € Tk, we have [Ker(g,) + Dn_1]/Dn—1 € Txc by (3.2.1) and
hence [Ker(g,) + Dy]/D, € T from above. Note that 7 is closed under
extensions. Thus the fact that N/D,, € T follows from the following exact
sequence:

0 — [Ker(gn) + Dn]/Dy — N/Dy, — 9n(N)/gn+1(N) — 0,
where g, (x + Dy,) = gn(x) + gnt1(INV) for & € N. Therefore, we have proved

(*3) N/[Ni_ Ker(gi) + 37245 f;(N)] € Tec, Vn > 1.

Jj=2

Since N, Ker(g;) are in Hr (N) for all n, there exists a number [ such that
NP Ker(g;) = N Ker(g;) for all n > and hence

Ker(gi41) 2 N1 Ker(g;) for all n > 1.

Then
Ker(git1) 2 Nl Ker(gi) + L £i(N)

by (x2). It follows from (x3) that N/Ker(g;+1) € T, but N/Ker(gi+1) € Fx.
Therefore, N = Ker(gi+1), i.e., gi+1 = 0, a contradiction. O

3.2.25. REFERENCES. Albu and Néstdsescu [5]; Fisher [51,52]; Golan
[59]; Gémez Pardo [64]; Miller and Teply [86]; Shock [107]; Wu and Golan
[133]; Zhou [135,138).
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3.3 Covers and Ascending Chain Conditions

In this section, covers of modules are discussed and connected to certain
ascending chain conditions of rings. As before, F and K indicate classes of
R-modules.

3.3.1. DEFINITION. [47, Enochs] Let N be a module, F € F, and f :
F — N be a homomorphism. The homomorphism f : FF — N is called an
F-precover of N if Hom(G, F) — Hom(G, N) — 0 is exact for all G € F.
If furthermore every g : F — F such that fg = f is an automorphism of F,
then f: F — N is called an F-cover of N.

Note that the F-cover of a module, if it exists, is unique up to isomorphism.
The next lemma is well-known and easy to prove.

3.3.2. LEMMA. Let f : FF — N be a homomorphism and X = $;X;.

Then
Hom(X, F) Hom({.f) Hom(X,N) — 0
is exact if and only if
Hom(X;, F) "% Hom(X;, N) — 0
is exact for every 1. |

For any class F of R-modules and for any R-module N, we let
in(F)={X € F: X isN-injective}.

3.3.3. THEOREM. Let K be an M-natural class. Then the following are
equivalent:

1. Every R-module has an i;(K)-precover.
2. Every module in K has an i, (K)-precover.

3. R has ACC on Hx(R).

PROOF. (1) = (2) is clear.

(2) = (3). To show that R has ACC on Hi(R), it suffices to show that
for any family {E; : i € I} of M-injective modules in K, the direct sum @®;FE;
is again M-injective by (3.1.5). Since ®;F; € K, by (2), let f : E — &;E;
be an iy (K)-precover, and let I; : E; — @®; E; be the canonical inclusion for

each i € I. Then there exists f; : E; — FE such that ff; = [; for every i € I.

Thus, the composition map @®;F; oo S, ®; F; is the identity, showing

that @; F; is a direct summand of F. So @;F; is M-injective.
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(3) = (1). Suppose that R has ACC on Hi(R). Thus, by (3.1.5) and
(3.1.13), every M-injective module in K is a direct sum of uniform M-injective
modules. Let

Y={Eu(R/I): I C R,R/I € K is uniform}.

Then every uniform M-injective module in K is isomorphic to some module
in Y. Given an R-module N, for each Y € ), let Y* = y Hom(Y.N)) and let

¢y : Y* — N defined by (y7) rettom(v,n) — 2 (yy)-

We claim that &¢y : @Y* — N is an ip(K)-precover. By (3.1.5), &Y™ €
ip (K). It is clear that

Hom(Y,Y™)
is exact for every Y € Y. It follows that
«\ Hom(Y. Doy )
Hom(Y,®Y*) ——"" Hom(Y,N) — 0
is exact for every Y € ). Since every M-injective module in K is a direct sum

of modules each isomorphic to an element in Y, it follows from (3.3.2) that

Hom (X, oY) "8 Hom(x, N) — 0

is exact for every M-injective module X € K. So ®¢y : @Y* — N is an
i (K)-precover. O

3.3.4. REMARKS. (3.3.3) is previously known to be true in the following
cases: (1) K = Mod-R (Enochs [47] and Teply [117]); (2) K is a hereditary
torsion free class (Ahsan and Enochs [2]); (3) K is the class of all Goldie
torsion modules (Ahsan and Enochs [3]); K is the class of all non-singular
modules (Ahsan and Enochs [2]).

A partially ordered set A is called directed if for every pair a,b € A
there exists ¢ € A such that a < c and b < ¢. A direct system of R-
modules over a directed partially ordered set A, denoted by (Mg; 2, A), is
a family of R-modules {M, : a € A} together with a family of morphisms
{ft: M, — My,a < b,a,b e A} satisfying f2 =1 and f¢f° = f¢ whenever
a < b < c. The direct limit of a direct system (M,; f2, A) of modules is an
R-module A together with a family of morphisms {f, : M, — A,a € A}
satisfying the following two conditions:

1. fo= fofb for all a < bin A.

HomO) yom(Y, N) — 0

2. For any R-module B and any family of morphisms {g, : M, — B,a €
A} with g, = g f° for all @ < b in A, there exists a unique g : A — B

such that g, = gf, for all a € A.
The direct limit of a direct system of modules always exists and is unique
up to isomorphism. We write A = limM, and (fq,limM,) for the direct limit
of the direct system of modules (M,; f2, A). Note that limMg = Un fa(Ma)

and Ker(f,) = UpsaKer(f2) for all a € A.
3.3.5. LEMMA. Let K be an M-natural class and N € o[M].
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1. If N = U{N; : i € I} with all N; € K, then N € K.

2. Suppose that R has ACC on Hi(R). If X is a directed set of submodules
of N such that N/X € K for each X € X, then N/(UxX) € K.

PROOF. By (2.3.5) and (2.4.4), we can write K = ¢(F)No[M] for some class
F of modules.

(1) If N ¢ K, then N ¢ ¢(F). Thus, there exists 0 # z € N such that
xR € F. But z € N; for some i € I, so N; ¢ K, a contradiction.

(2) If N/(UxX) ¢ K, then there is a nonzero cyclic submodule Y/(Ux X) of
N/(UxX) such that Y/(Ux X) € F. Write Y/(Ux X) = (yR+Ux X)/(UxX).

Let Y = {yRNX : X € X}. Clearly ) is a directed set of submodules of
yR. For any yRNX € ),

yR/(yRN X) = (yR+ X)/X C N/X € K.
So yR/(yRNX) € K. But

yR/(UyZ) = yR/[Uxex(yRN X)]
=yR/[yRN (UxX)]
> (yR+UxX)/(UxX) ¢ K.

So, replacing N by xR and X by ), we can assume that N is cyclic. Thus
N < P/Q where P is a cyclic submodule of M) for some n > 0 and Q < P.
Since R has ACC on Hi(R), the ACC holds on Hx(N) by (3.1.4) and (3.1.5),
so there exists a maximal element, say X’, in X. But since X is a directed
set, X’ = UxX. Therefore N/(UxyX)=N/X" € K. O

3.3.6. THEOREM. Let I be an M-natural class. Then every direct limit
of M-injective modules in K is M-injective iff R has ACC on H(R).

PROOF. “=". The hypothesis clearly implies that every direct sum of
M-injective modules in K is M-injective, so R has ACC on Hy(R) by (3.1.5).

“<". Let {E = limE,, f,} be the direct limit of the directed system
{E.; f°, A} of M-injective modules in K, and f : N — E a homomorphism,
where N is a submodule of a cyclic submodule C' of M. It suffices to show
that there is a homomorphism C' — E that extends f by [87, Proposition
1.4].

First, we show E € K. Since E = Ugealm(f,), to show that E € K, it
suffices to show each Im(f,) € K by (3.3.5). For each a € A, we have that
Ker(f,) = Ua<pKer(fl) and {Ker(f?) : a < b,b € A} is a directed set of
submodules of the module E,. Note that E,/Ker(f%) = Im(f°) C E, for
any b € A with a < b. Thus E,/Ker(f?) € K for any b € A with a < b. Thus,
by (3.3.5), we have

Im(fa) = Ea/Ker(fa) = Ea/[UaSbKeT(fclL))] €K
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for every a € A. So E € K.
We need to show that there is a homomorphism g : C' — FE that extends
f- Let
Tx = {T € Mod-R : Hom(T,C) =0 for all C € K}.

Since Hi(R) has ACC, Hx(C) has ACC by (3.1.5). Therefore, by (3.2.4),
there is a finitely generated submodule N3 C N such that N/N; € Tx. Let
fi = fln, : Nt — E. If there exists a homomorphism ¢; : C — F that
extends f1, then Ny C Ker(f—¢1), and thus f — g7 induces a homomorphism
f—g1: N/N; — E. But, since N/N; € Txc and F € K, we have f — g; = 0.
This shows that (f — ¢1)|nv = 0, i.e., g1 extends f. So, without loss of
generality, we can assume N is a finitely generated submodule of C'.

So f(NN) is a finitely generated submodule of E = UgzeaIm(f,), and hence
f(N) C Im(f,) for some a € A. Forming a pullback, one obtains the commu-
tative diagram with exact rows:

0 X y -2+ N — 0

b l

0 X B, —1“ Im(f,) —— 0.

Since N is finitely generated, there exists a finitely generated submodule Y;
of Y such that @1 = ¢ly, : Y1 — N is epic. Since Y =2 N @ Ker(f,) € o[M],
we have ¢(Kerp;) € o[M]. So the ACC on Hyi(R) implies that ACC on
Hic(v(Kerp1)). By (3.2.4), there is a finitely generated submodule Z C
P(Kere;) such that Y(Kerp1)/Z € Tx. But Z C ¢p(Kerpr) C Ker(fa), so
Z C Ker(f?) for some b > a. Thus,

Uv(Kerpr)
A

= Imf? C By,

FE, Fa
C —
- 7

.

Ker fb
here “—” means an epimorphism. It must be that ¢¥(Kery1)/Z = 0. So
Y(Kerpy) = Z, and hence (f9)(Kere;) = 0. Thus there exists a : N — E,
that makes the diagram commutative:

b
v, — Sy Y g 1, g
dl |
N N E,.

Since Ej is M-injective, there exists a morphism ( : C' — Ej, that extends
a. Let g = fB: C — E. For any z € N, write x = ¢1(y) with y € Y7.
Then

9(z) = fuB(x) = fra(z) = fropr(y) = Hfl0(Y) = fav(y) = f(z).
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So g extends f. O

3.3.7. LEMMA. [134, Theorem 2.2.8] Let F be a class of R-modules that is
closed under isomorphic copies and let M be an R-module. Suppose that F is
closed under direct limits. If M has an F-precover, then M has an F-cover.
O

3.3.8. THEOREM. Let K be an M-natural class. Then the following are
equivalent:

1. Every R-module has an i, (K)-cover.
2. Every R-module in K has an i, (K)-cover.

3. R has ACC on Hg(R).

PROOF. (1) = (2) is obvious. (2) = (3) follows from (3.3.3).
(3) = (1). Suppose that (3) holds. Then every R-module has an iy, (K)-
precover. By (3.3.6), the class iy (K) is closed under direct limits. Therefore,

by (3.3.7), every R-module has an i, (kC)-cover. |
3.3.9. COROLLARY. Let M be an R-module. The following are equiva-
lent:

1. M is locally Noetherian.

2. Every module in o[M] has an iy (c[M])-cover.

3. Every R-module has an iy (o[ M])-cover. O
3.3.10. COROLLARY. [100, Theorems 11 and 18] Let K be a natural class.
The following are equivalent:

1. R has the ACC on Hx(R).

2. Every module in K has an iz (K)-cover.

3. Every R-module has an ig(K)-cover. O
3.3.11. REMARKS. (3.3.10) is previously known to be true in the following
cases: (1) K = Mod-R (Enochs [47]); (2) K is the class of the non-singular

modules (Ahsan-Enochs [2]); (3) K is the class of the Goldie torsion modules
(Ahsan-Enochs [3]).

3.3.12. REFERENCES. Ahsan and Enochs [2,3]; Enochs [47]; Page and
Zhou [100]; Teply [117].
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Chapter 4

Type Theory of Modules: Dimension

The first section defines type submodules and describes their basic properties.
In order to be able to use type submodules effectively, one has to be able to
identify which submodules are type submodules, and to be familiar with a
few module operations through which type submodules are obtained.

Then a special kind of type submodules, those which are also atomic, are
used to define the type dimension of any module. Some of the more useful
properties of the type dimension are explained. Section 4.2 develops compu-
tational formulas for calculating type dimension, and concludes with formulas
for the type dimension for several classes of modules and rings, such as formal
triangular matrix rings and Laurent polynomial modules and rings.

Several classes of rings defined using type dimension, including those rings
with type ascending and descending chain conditions, are investigated in sec-
tion 4.3 as immediate applications of the type dimension.

The concept of the type dimension first appeared in [140], where many of
its properties were proved. Then it was subsequently used throughout [141].
By then, its usefulness was apparent.

4.1 Type Submodules and Type Dimensions

Type submodule and type dimension are two fundamental concepts in the
type theory of modules. There are two ways in which type submodules may be
approached as explained in (4.1.2). One is that type submodules are precisely
those submodules belonging to a natural class I which are maximal with re-
spect to that property. This approach was used in [32]. The other approach
from [140] is that type submodules of a module are those which have no proper
“parallel” extensions in the module. The behavior of type submodules under
various module operations, such as quotients, submodules, and direct sums
is investigated. The atomic modules generalize uniform modules. Similarly,
the type dimension of a module, which is based on atomic submodules, is
analogous to the uniform dimension. Type submodules are complement sub-
modules, and there is a partial resemblance between the two. For example,
if X is a type submodule of N and N is a type submodule of M, then X is

71
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a type submodule of M; the same holds for complement submodules. Two
symmetric properties of modules, orthogonal and parallel, are defined below.

4.1.1. DEFINITION. Two modules N and P are orthogonal, written as
N L P, if they do not have nonzero isomorphic submodules. Modules N7 and
Ny are parallel, denoted as Np||Na, if there does not exist a 0 # Vo < Ny
with N7 L V5, and also there does not exist a 0 # V7 < Nj such that V3 1L Ns.

An equivalent definition of Ni||Na is that for any 0 # V3 < Nj, there
exist 0 # aR < V7 and 0 # bR < Ny with aR = bR, and dually for any
0 # Vo < Ns, there exist 0 # aR < Ny, 0 # bR < V5 with aR = bR.

4.1.2. DEFINITION. A submodule P of a module N is called a type
submodule, denoted as P <; N, if the following equivalent conditions hold:

1. f PCY C N with P||Y, then P =Y.
2.f PCY C N, then P L X forsome(0# X CY.

3. P is a complement submodule of N such that P® D <, N and P L D
for some D C N.

4. There exists a natural class I such that, among all the submodules of
N, P is maximal with respect to P € K.

PROOF. (1) < (2) is clear.

(1) = (3). (1) clearly implies that P has no proper essential extensions
in N; so P is a complement submodule. There exists a D C N such that
P& D <., N. If P is not orthogonal to D, then there exists an 0 # X C D
such that X — P, so P||(P @& X), contradicting (1). So P L D.

(3) = (4). Set K = d(P). Suppose that P C Y C N with Y € K. Since
P is a complement submodule, there is a 0 # V C Y such that PNV = 0;
so V embeds in N/P. Let D be as in (3). Then D embeds as an essential
submodule in N/P because P is a complement submodule of N. Thus, there
exists a 0 £ W C V such that W — D. But from Y € K, we have W € d(P);
so W has a nonzero submodule embeddable in P. This contradicts that
P 1 D.

(4) = (2). Let K be as in (4). Then P is a complement submodule of
N since K is closed under essential extensions. Suppose P C Y C N. Then
PNX =0 for some 0 # X CY. If P and X are not orthogonal, then X has
a nonzero submodule V' embeddable in P, so P &V € K, contradicting the
maximality of P. It follows that P 1 X. o

A submodule P satisfying (4.1.2)(4) is sometimes called a type submodule
of type IC of N. Note that if N is a type submodule of the module M of
type K and if C' is any complement of N in M, then N L C and C € ¢(K);
moreover, for any R-homomorphism f: N — C, we have Ker(f) <. N, and
consequently f(N) C Z(C).
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Each submodule V' < N has three associated submodules which are defined
next, and in this chapter will sometimes be denoted by V¢,V and V*.

4.1.3. DEFINITION. For V < N, let V¢ < N denote a complement closure
of V in N. By Zorn’s Lemma there exists a submodule P < N maximal with
respect to V. C P and V| P. Then P <, N is a type submodule, called
the type closure of V in N. In general it is not unique, but any such one
will be denoted by P = V*. Note that if V C Y C V! < N, then Y is
not a type submodule of N. In general, V need not be essential in V¢, but
always V||V, Again by Zorn’s Lemma, there exists a submodule Q@ < N
maximal with respect to V' L Q. Any such a submodule @ is called a type
complement of V| and will be denoted in this section by V*. It is always
true that V* <, N, V¥ 1L V* =0, and V¢ p V* <, N.

4.1.4. PROPOSITION. Start with any V< N.

1. There exists a type submodule P <; N minimal with the property that
V CP.

2. There exists a type submodule @ <; N maximal with respect to VNQ =
0.

3. P Q <. N and P and @ are complements of each other.
4. P=V%*®and Q = V*.

PROOF. Take P = V' and Q = V* as in (4.1.3). If V = 0, then V¢ =0
and V* = N, so let V #£ 0.

() fV CLCPwith L <; N, then L is a complement submodule of N.
Thus L ® C < P for some 0 # C < P. Hence L 1 C and also V 1 C. This
contradicts that V||Vt

(2) Suppose @ C W < N with W <, N and VN W =0. Then V L W by
(4.1.2)(1), contradicting the maximality of Q.

(3) follows from (4.1.3). a

The next lemma will allow us to start with a type submodule, and construct
some new type submodules.

4.1.5. LEMMA. Let P, C be submodules of N. Then the following hold:
1. PN, PCC= P C.
2. If P<; N,then PNC =0 if and only if P 1 C.

3. Let X = @1 X; be a direct sum of type submodules X; of N. Then
X¢ = X' <; N is a type submodule of N.

4. P N<{M = P <; M.
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PROOF. (1) follows from (4.1.2)(1).

(2) Clearly P L C always implies PNC =0. f P& C < N, then P <; N
implies P L C by (4.1.2).

(3) Let Y be a complement of X in N. Then X¢*®Y <, N. If Y, X¢
are not orthogonal, then for some 0 # 2R < X¢, 2R — Y. By (2.3.3), for
some a € R, 0 # zaR embeds into X; for some . But by (2), X; LY, since
X; <; N. This is a contradiction. Thus X¢ 1 Y, and by (4.1.2)(3), X¢ <; N
is a type submodule.

(4) Let P® P’ <. N and N @ N’ <. M, where P’ is a complement of P in
N, and N’ is a complement of N in M. Since PC N and N L N', P 1L N'.
Also P L P'. Then P& P' & N' <. M, with P L (P’® N’). Since P < M is
a complement submodule, it now follows from (4.1.2)(3) that P <; M. O

4.1.6. PROPOSITION. Let A < P < N where A is a complement sub-
module of N.

1. If P <; N, then P/A <; N/A.
2. If A<y P and P/A <; N/A, then P <; N or P <, Pt.

PROOF. (1) If not, P/A has a proper parallel extension H/A in N/A. Then
A is properly contained in H. Let C be a complement of A in P, and X a
complement of P in H. Then A (C <, P, AeCaeX <. PeX <. H
with X # 0 and P L X. Since A is a complement submodule of N, C is
isomorphic to an essential submodule of P/A, while C' @ X is isomorphic to
an essential submodule of H/A. Since P/A and H/A are parallel, C and C& X
are parallel. This contradicts that C L X. So P/A is a type submodule of
N/A.

(2) If not, there exist submodules B = C of P with 0 # B < P and
PoC <Pt If ANB # 0, then AN B is isomorphic to a submodule of C,
where AN C = 0, contradicting that A <; N. But then the following shows
that P/A is not a type submodule of N/A:

P/A> (A®B)JA~ (A® C)JA< P/JA® (A® C)/A < N/A.
O

We next discuss the type dimension of a module which is the analogue of
the well-known uniform dimension or Goldie dimension. The type dimension
can be used the same way that the uniform dimension can. Since the uniform
dimension of a module might be infinite while the type dimension is finite, it
is more widely applicable.

4.1.7. LEMMA. Suppose that Ay, ---, A, < M are pairwise orthogonal
atomic submodules with Ay & --- @ A, <. M. If By,---,B,, < M are
nonzero pairwise orthogonal, then m < n.

PROOF. By (2.3.3), each B; contains an atomic submodule. Without loss
of generality, let the B; be atomic. By (2.3.3), after renumbering the A;, we
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may assume that Bi||A;. Repetition of this process gives us that Bs||A; for
some 4. Since By | By, we have ¢ # 1. Renumbering, take ¢ = 2, if 2 < n.
Suppose that n + 1 < m. In that case we are able to repeat this process

n times obtaining B;||A; for i = 1,...,n. But also for B,;1 we get that
B, +1]|4; for some i < n, so B,1||A; and A;||B;. It follows that B, 1]/ B;.
The contradiction shows that m < n. O

The previous lemma shows that the integer n there is unique for M, and
does not depend on the choice of the A;’s. The next definition was first
introduced in [140].

4.1.8. DEFINITION. A module M has finite type dimension n, denoted
by t.dim M = n, if M contains an essential direct sum of n pairwise orthogonal
atomic submodules of M. If no such n exists, we say that the type dimension
of M is infinite, and write ¢.dim M = oco. If M = 0, then ¢.dim M = 0.

The finite uniform dimension of a module M will here be denoted by
u.dim M or u.dim M = oo if it is not finite. Note that like u.dim, also
t.dim M = t.dim E(M). That is, the type dimension of any module is equal
to that of any essential submodule.

4.1.9. EXAMPLES. As modules over Z, the following hold:
1. If M =7y ®Z3 ® Zy, then t.dim M = 2.
2. If M = ®;>0Z,: where p is a prime number, then ¢.dim M = 1.
3. If M = ®;>0Zp, where p; is the ith prime number, then ¢. dim M = oo.
a

Several useful properties of the type dimension, first observed in [140], are
listed below. Below, the type dimension is allowed to be oo, in which case
n + oo = oo for any n.

4.1.10. LEMMA. Any N < M satisfies the following:
1. t.dim M < t.dim N + ¢t.dim M/N.
2. M =M, ®---® M,, then t.dim M < t.dim My + --- + t.dim M,,.

3. Let M = My @ ---® M,. If My L M; for all i # j, then t.dim M =
t.dim My + - -- 4+ t.dim M,,. The converse holds if ¢. dim M < co.

4. N|M = t.dim M = t.dim N. In particular, ¢t.dim N = ¢. dim N*¢.
5. t.dimM < oo, and t.dim M =t.dim N = M||N.

6. N <, M = t.dim N =t.dim M.
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PROOF. The proofs of (1), (2), (4), and (6) are omitted. They can be proved
using definition (4.1.8).
(3) Let AY)GS- . -@AE;)@) <. M;,i=1,--- ,n, be an essential orthogonal sum

of atomic modules. Hence t.dim M; = m(i). Put an equivalence relation on
the A;’)’s whereby any two of these, say Agl) and AEZ), are equivalent if they

have a common nonzero isomorphic submodule, equivalently, Agl) ||AE2). Let
there be k equivalence classes. Then ¢t.dim M = k. But k =m(1)+---+m(n)
if and only if each equivalence class is a singleton if and only if M; L M;
whenever i # j.

(5) If N and M are not parallel, then there exists an 0 # X C M such that
N 1 X. Thus, t.dimM > t.dim(N & X) =t.dim N +¢.dim X > t.dim N.
This is a contradiction. a

Recall that if N is any compressible module (V0 # V < N, N < V), then N
is atomic. Consequently, any (noncommutative) domain has type dimension
1. For a direct product of rings R = Ry X --- x R,, as R-modules, R; 1 R;
for i # j. Consequently, t.dim Rg = t.dim(Ry,, )+ +t.dim(R,,, ), where
t.dim(Ry,, ) = t.dim(Rg)g. For an infinite product of rings R = [[;Z, R;,
@2, R; <. Rp and as before, R; L R; for i # j, t.dim Rr = oo.

The next two propositions explain how the type dimension ¢.dim M can be
realized.

4.1.11. For a module M, t.dim M = oo if and only if there exist an infinite
number of pairwise orthogonal nonzero submodules of M.

PROOF. It follows directly from (4.1.8). ad
The next result is due to [140].
4.1.12. PROPOSITION. The following hold for a module M:

1. For any type submodule N <, M, t.dim M = ¢t.dim N + ¢. dim(M/N).
2. The following are all equivalent:

(a) t.dim M < oo.
(b) M has ACC on type submodules.
(¢) M has DCC on type submodules.

PROOF. (1) Let N P <. M, so N L P by (4.1.5), and P embeds as
an essential submodule in M/N. Consequently, t.dim M = t.dim(N ¢ P) =
t.dim N +¢.dim P = ¢t.dim N + ¢t. dim(M/N).

(2)(a) = (2)(b). Suppose that My C My C --- C M is a strictly ascending
countable infinite chain of type submodules of M. Let X; be a complement
of M; in M;y;. Then X; # 0 and M; L X; by (4.1.2)(2) and (4.1.5)(2). It
follows that X; 1 X for all ¢ # j. Hence by (4.1.11), t.dim M = oo, a

contradiction.
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(2)(b) = (2)(c). Suppose there is a strictly descending countable infinite
chain M D My D My D --- with M; <; M for all . For each i > 1, let P;
be a complement of M,y in M;. Then P; # 0 and P; L M, by (4.1.3)(2)
and (4.1.5)(2). So Py <; M; by (4.1.2)(3); hence P; <, M by (4.1.5)(4).
Thus @2, F; is a direct sum of pairwise orthogonal type submodules. Let
X1 =Pf =P, and Xy = (X7 @ P»)°. Generally, for each ¢ > 1, let X, 1 =
(X;®P;11)¢ be a complement closure of X;®P;41in M. Then X; C Xo C ---
and each X; is a type submodule of M by (4.1.5)(3).

(2)(¢) = (2)(a). If (2)(a) does not hold, then by (4.1.11) there is a family
{Y; : i =1,2,---} of pairwise orthogonal nonzero submodules of M. Since
Y/¢ L Y}¢ whenever i # j, replacing Y; by Y’ when necessary, we may
assume that all Y; are type submodules of M. Let X; = M and, for each
i > 1, let X; be a complement closure of @®;>;Y; in X;_;. Then we have
a chain X3 D Xy D --- such that each X; is a type submodule of M by
(4.1.5)(3). a

4.1.13. PROPOSITION. For a natural class K, suppose that Ny, Ny are
type submodules of type K of M. Then the following hold:

1. E(Ny) & E(N,).
2. There exist D1 <, Ny, Dy <. N5 such that D = Ds.

3. BE(M/N,) = E(M/N>).

PROOF. (1) Let C be a complement of Ny in M. Since Ny is a type sub-
module of M of type K, C € ¢(K), and C'is a type submodule of M by (4.1.2).
SoN; LC. Let N\ C ® D <, M for some D < M. Then D 1. N; and
D € ¢(K). Since C is a type submodule of M and CND =0, C L D. But
No@® C <. M, s0o D € d(Ny) € K. Thus, D € KNd(K) = {0}. Consequently,
E(M) = E(N,) @ E(C). Also E(M) = E(N2) ® E(C). So it follows that
E(N) = E(N,).

(2) Let g : E(N1) — E(N3) be an isomorphism. Then g(N;) <. E(N3),
and g(N1) N Ny <. E(N3). Since the inverse image of an essential submodule
is essential, D1 = N1Ng~*(gN1NNy) <. Ny, and Dy = g(Dy) C g(N1)NNo C
Ns. But clearly, Dy = g(D1) <. E(N3).

(3) Let C; be a complement of N; in M (¢ = 1,2). Then Cy,Cy are
type submodules of type ¢(K) of M. By (1), E(C;) = E(C3), and hence
E(M/Ny) = E(Cy) 2 E(Cy) 2 E(M/N3). O

4.1.14. PROPOSITION. Let M be a nonsingular module and X a natural
class. Then the following hold:

1. N=X{V:V C M,V € K} is the unique type submodule of type K.

2. N < M is fully invariant.
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PROOF. (1) Let f : P=@{V :V C M,V € K} — N be the surjective sum
map, and K the kernel of f. Since Z(N) =0, K is a complement submodule
of P. Let K W <, P, where W € K. Then W = (K & W)/K <. P/K =
f(P) = N shows that N € K.

(2) For a nonsingular module M, and any N < M andx € M, 2N <. Rif
and only if N <. R+N (see [24, 1.1, p.52]). Hence if N < M is a complement
submodule and x ¢ N, then 2~ N is not essential in R. Suppose that for some
homomorphism ¢ : M — M, ¢(N) € N and x = ¢(n) ¢ N for some n € N
where N is given as in (1). Then 27!N & C < R for some 0 # C < R. Since
ntCat Cax 'Nandz ! NNC=0,C=2zC=2nCeK. Ifxco e xCNN
with ¢g € C, then ¢ € 2™'NNC = 0. Thus N +2C = N @ zC € K,
contradicting the maximality of N in K. m|

4.1.15. COROLLARY. For a natural class K and a module M, assume
that Z(M) € K.

1. There exists a unique type submodule N < M of type K.
2. Z3(M) C N for N as in (1).

3. N < M is fully invariant.

PROOF. Now also Z»(M) € K, and consequently there exists a type sub-
module N <; M with Zy(M) C N € K.
(1) and (2) Let Ny <; M be of type K. Then

(ZM + N») /Ny € Z(M/N3) € M/N, € E(M/N3)

shows that (ZM + Ny)/Ny C Z(E(M/N,)). But E(M/N) = E(M/N>)
by (4.1.13); this shows that Z(E(M/N3)) = 0 since Z(M/N) = 0. Hence
ZM C Ns. So, being a quotient of (ZoM + No)/ZM, (ZaM + N3)/No is
singular. Then we have

(ZoM + Ny) /Ny € Z(M/Ny) € M/Ny C E(M/Ny).

As above, we have ZoM C N,. Since ZyM is a complement submodule
of M and N <; M, N/ZoM <; M/ZyM by (4.1.6). Similarly, we have
No/ZoM < M/ZyM. Since ZoM is a complement submodule of M, both
N/ZyM and Ny /ZsM are type submodules of the same type K of M/ZyM.
Thus, N/ZsM = Ny/ZsM, or N = N by (4.1.14).

(3) By the last proposition and the first part of the proof, we see that
N/ZyM < M/ZyM is fully invariant. If ¢ : M — M is an endomorphism,
then ¢(ZoM) C ZoyM. Hence ¢ induces a map ¢ : M/ZoM — M/ZyM.
Then ¢(N/Zy;M) C N/ZyM which implies that ¢(N) C N. |

The concluding example shows that type submodules of a module are not
necessarily invariant.

Copyright 2006 by Taylor & Francis Group, LLC



Type Theory of Modules: Dimension 79

4.1.16. EXAMPLE. Let R =7Z and M = 7Z & X where Xy is a nonzero
torsion module. Fix 0 # zg € X and let f : M — M be defined by
f(n,x2) =n(0,z9) (n € Z,x € X). Then f(Z®0) L Z D0, but clearly Z & 0

is a type submodule of M. |
4.1.17. REFERENCES. Dauns [24,32]; Dauns and Zhou [42]; Zhou [140,
141].
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4.2 Several Type Dimension Formulas

For a module M, there are several computational formulas relating the
uniform dimension u. dim M of M to that of any submodule A < M, its com-
plement closure A€, and quotient modules like M/A. The analogues of these
for the type dimension were developed in [42]. Usually, simple replacement of
“AC” by “At” and “u.dim” by “t.dim” does not give correct formulas. This
section begins with formulas which are applicable to all modules.

Type dimension formulas for several special classes of rings and modules,
such as formal triangular rings, polynomial rings R[z], and laurent polynomial
rings R[z,z7!], were invented in [140]. The arguments there immediately
carry over to formal modules M[z] and M|z, z~!] over these rings.

For any submodule A of M, A¢/A is a complement submodule of M/A, and
hence

u.dim M/A = u.dim A°/A + u. dim M/A¢
= u.dim A°/A + u.dim M — u. dim A.
The formula

w.dim M + u.dim A°/A = u.dim A + w.dim M /A

is due to Camillo and Zelmanowitz [17] as are several others. We begin by
showing that the parallel formula

t.dim A +¢t.dim M/A = ¢.dim M +t. dimAtC/A

is false in general, but does hold if A < M is a complement submodule.

4.2.1. EXAMPLE. For R =7, set M = Z @ Z2 and A = 27Z @ (0). Then
At = Z & (0). Moreover, M/A = Zy @ Zs, A'°/A = Zs & (0), and hence
t.dimA+t.dmM/A=141#2+1=tdim M + t.dim A*°/A. O

In subsequent formula, if one side equals “c0”, then the other side also
necessarily does so.

4.2.2. LEMMA. For a complement submodule A of M, let A% be any type
closure of A in M. Then
t.dim M +t.dim A*/A = t.dim A + t.dim M/A.

PROOF. Let A**® P <, M where P <; M is a (type) complement of
A in M. Then t.dimM = t.dim A¥* + t.dim P. Since P embeds as an
essential submodule of M /A, ¢.dim P = t.dim M/A*. As noted in (4.1.10),
t.dim A% = t.dim A. The formula at the beginning of this argument now says
that

(1) t.dim M =t.dim A + ¢. dim M /A" .
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So far we have not used the fact that A is a complement submodule of M, but
now it is needed to conclude from (4.1.6) that A*/A <, M/A. The formula
at the beginning of this argument now says that

t.dim M/A = t.dim A" /A + t.dim [(M/A)/(A*/A)] .
Thus
(2) t.dim M/A = t.dim A*/A +t.dim M/A*.

Add “t.dim A*/A” to both sides of equation (1) and then use (2) to simplify
and get

t.dim M +t.dim A*/A = t.dim A + t.dim M /A" + t.dim A*/A
=t.dim A + ¢t. dim M/A.

O

4.2.3. EXAMPLE. Return to the previous Example (4.2.1). There A was
not a complement submodule of M, and the previous lemma failed. The
complement closure of A“/A = Zy & (0) in M/A = Za @ Zsy is (A¥°/A)¢ =
Zo & Zs. Adding the term
t.dim [(A*/A)* /(A" /A)] = t.dim [(Zo & Z2) [ (Z2 & (0))]
=1

to the left side of the formula in the last lemma gives a correct answer. O
4.2.4. THEOREM. If A is a submodule of M, let A be any type closure
of Ain M, and let (A*“/A)' be any type closure of A*“/A in M/A. Then
t.dim M +t.dim(A*/A) = t.dim A + t. dim(M/A)
+t.dim [(A"/A)' /(A /A)].

PROOF. From the proof of the last lemma the formula (1) shows that
t.dimM = t.dim A + t.dim M/A*. Since A’ is a complement submodule
of M, A*/A is a complement submodule of M/A. By (4.2.2),

t.dim M/A + t.dim [(A*/A)* /(A*/A)] =t.dim A**/A + t.dim M /A"
Add “t.dim A” to both sides of the last equation, and use the above formula
(1) to prove the equation in the theorem. ad

For submodules A and B of some bigger module M, Camillo and Zel-
manowitz [17] developed formulas for u.dim(A + B) in terms of uniform di-
mensions of A, B and some other modules. Later, Dauns and Zhou [42] found
the analogues for ¢t.dim(A + B). We now turn to type dimensions of specific

Copyright 2006 by Taylor & Francis Group, LLC



82 CLASSES OF MODULES

classes of rings. The type dimension formulas for a triangular matrix ring
were discovered in [140].

4.2.5. PROPOSITION. Let R = <§ ?) be the formal triangular matrix

ring where S, T are rings and B is an (S,T)-bimodule. Let 1(B) = {s € S :
sB =0} and r(B) ={t € T: Bt =0}. Then

(1) t.dimRgr =t.diml(B)g +t.dim(B&T)r ;

(2) t.dim grR =t.dimy r(B)+t.dimg(S @ B) .

PROOF. As right R-submodules of R, it is asserted that

() 4 6 e () 2 () =

The orthogonality follows from the fact that any two nonzero elements from
the two right ideals of R have different right annihilators in R; and the equality

s0\ (0B 0sB . . .
(O O) (O 0> = <O 0 > shows that the sum of the above two right ideals is

essential in Ri. There is a bijection f from the set of all right S-submodules
of 1(B)gs onto the set of all right R-submodules of (1<B> O) given by X ——

0 0
X0 . .
f(X) = (0 0). Furthermore, Xg = Yg if and only if f(X)r = f(Y)g.

Therefore, t.dim1(B)s = t.dim (1(3) 0) .
0 0/,

Similarly, there is a bijection g from the set of all right T-submodules of

B @ T)r onto the set of all right R-submodules of 05 given by
0T

X s g(X) = {(g ‘t’) L (bt eX}.

Again X7 = Yr if and only if g(X)g = g(Y)g. Thus t.dim(B @ T)r =
. (0B
t.dim <0 T>R. By (4.1.10)(3),

. o I(B)0 . 0B
t.dim Rr = t.dlm( 0 O)R—I—t.dlm (O T>R

=t.dim1l(B)s +t.dim(B® T)r.
The proof of (2) is similar and is omitted. a

The last proposition is used to show the left-right asymmetry of the concept
of type dimension in the next two examples from [140].
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4.2.6. EXAMPLE. (1) Set R = (% 2224)' Here
4

1(B) = 27,
t.dim1(B)g = t.dim1(B)z = 1,
t.dim(BeT)r =t.dim(2Zy © Z4)z, = 1,
t.dim Ry = 2.

On the other side,

r(B) = 274,
t.dimrr(B) =t.dimy,2Z,4 = 1,
t.dim (S @ B) = t.dimz(Z & 2Z4) = 2,
t.dim g R = 3.

(2) Let {F; : i € I} be a set of fields, and |I| the cardinality of I. Define
S to be the subring of Il;c;F; generated by B = @®;crF; and the identity
element of the full product. Let e; € S be the element whose ith component
is 1 and all other components are 0. Note that e;S = ¢;F; L e;F; = ¢;S for
i # j as S-modules. Hence ¢.dim ¢S = |I].

Set R = (ﬁ lZ) Now 1(B)s = 0 and 7r(B) = 0. Since sB <.g9,
t.dim g(S @ B) = t.dim gS = |I|. Therefore,

t.dim gR =t.dim7r(B) +t.dims(S® B) =0+ |I|.
Next,
t. dlm(B ©® T)T =1. dim[(@ie]Fi) ©® Z]T =k + 1,
where 0 < k < oo is the number of distinct nonzero characteristics char(F;)
of the fields. Therefore,
t.dimRr =¢.diml(B)g +t.dm(BeT)r =0+k+1.

O

If R°P is the opposite ring of R, then t.dim R = t. dimpgor R°P. For any k

(an integer or co ) and any set I with 0 < k < |I], a family of || fields can be

found containing k distinct nonzero characteristics. Consequently, the above

shows that for any 1 < n,m < oo, there exists a ring R with ¢.dim gR = n
and t.dim Rr = m.

The type dimension formulas for formal polynomial and Laurent polynomial
rings were discovered by [140].

4.2.7. DEFINITION. Let M be any right R-module, and let M[x,z~!] be
the Abelian group of all expressions £ of the form

E=2{a'm;: —p<i<qm; €M}
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where p, ¢ are non-negative integers, and addition is componentwise. Identify
M with the abelian subgroup M = 2°M — Mz, 2~ !]. Then M[x,z~}]
becomes a right module over the Laurent polynomial ring R[z, z~!] as follows.
For m € M, r € R, and i,j € Z first define 2'mz7r = z'*Imr, and then
simply extend this by distributivity and linearity. Restricting ourselves to
non-negative powers of x we get the right module M|[z] over the polynomial
ring R[x].

The above construction can be iterated a finite or infinite number of times to
yield the modules (1) and (3) below. In the case of an infinite set of variables
in (2) and (4) below, we first well order the set of variables {z1, z2,...}. The
next theorem was first established in [140]. Although there M = Rp, the
proofs for the two cases are identical.

4.2.8. THEOREM. Let M be a right R-module, and let Ng be any one of
the following modules over the following rings S.

1. M[zy,--- ,zy) over R[zy,--- ,zp].

2. M[xy,2a,--] over R[xy,xa, - -].

3. Mz, - yxm,yxy - ant] over Rlxy, -+, ap,xy b, oyt
-1 -1 -1 -1

4. M|+ xo,x1,2] Ty ,- -] Over R[-++ ,xo, @1+, @] Ty -]

Then ¢.dim Ng = t. dim Mpg.

PROOF. To prove (1) and (3) it suffices to take n = 1, and then iterate.
That is, if (1) holds for n = 1, replace M and R by M[z;] and R[z1] and
consider M[z1][x2] = M[z1, 23] and R[z1][x2] = R[z1, x2].

(1) A result from Goodearl [66, Lemma 3.21, p.88] implies the following:

(i) For any 0 # f € M|x], there exists a u € R such that fu # 0, and the
right annihilators in R of the nonzero coefficients of fu are all equal.

(ii) Assume that the right annihilators in R of the nonzero coefficients of
0 # f € M[z] are all equal. Then the right annihilator Ann(f) of f in R[z] is
the same as the right annihilator in R[z] of the leading coefficient of f.

(iii) Hence if in (ii), the leading term of f is z¥m, m € M, then Ann(f) =
Ann(m) = mt[z] where m* = {r € R : mr = 0}. Moreover, for any
0 # s € R with ms # 0, Ann(fs) = (ms)t[z] = Ann(ms).

First it will be shown that for any atomic submodule A of M, Alz] is an
atomic submodule of M[z]. Let f and g be any two nonzero elements in A|x]
with leading coefficients a and b, respectively. We want to show that fR[z]
and gR[z] contain isomorphic nonzero submodules. To this end, by (i) above,
it may be assumed that Ann(f) = Ann(a) and Ann(g) = Ann(b). Since aR
and bR contain isomorphic nonzero cyclic submodules, there exist s,t € R
with 0 # asR = btR via asr — btr, » € R. From (as)* = (bt)* it follows

Copyright 2006 by Taylor & Francis Group, LLC



Type Theory of Modules: Dimension 85

that (as)*[z] = (bt)*[z]. Since f satisfies (i), fs satisfies (iii), and similarly
for g and gt. Hence

Ann(fs) = Ann(as) = (as)*[z] = (bt)*[z]
= Ann(bt) = Ann(gt).

Consequently, the R[z]-homomorphism
fsR[z] — gtR[z], fsh — gth, h € Rx]

is an isomorphism. Hence A[z] is an atomic R[z]-module.

Suppose A, B are any two R-submodules of M with A 1L B, but A[z], B[z]
are not orthogonal as R[x]-submodules of M[z]. Then there is an R[x]-
isomorphism

¥ fR[z] — gRlz] #0, via ¢(fh) =gh (h € Rlz])

for some f € Alx] and g € Blz]. Let a and b be the leading coefficients
of f and g, respectively. By (i) above, for some v € R with fu # 0,
Ann(fu) = Ann(au) = (au)*[z], and still fuR[r] = guR[z]. Next, again by
(i), for some v € R with guv # 0, Ann(guv) = Ann(buv) = (buv)*[z]. Fur-
thermore, Ann(fuv) = Ann(auv) = (auv)*[z]. But ¢ (fuv) = guv, and hence
Ann(fuv) = Ann(guv), or (auv)t[z] = (buv)*[z]. Thus, (auv)t = (buv)*;
so 0 # auvR = buvR gives a contradiction.

If t.dim Mg = oo, then t.dim M[z]g)) = oo. Now if t.dim Mr = n,
i.e., there exist pairwise orthogonal atomic submodules A1, ..., A, of M such
that A; & --- @ A, <. Mg, then, from above, A;[x],---, A,[x] are pairwise
orthogonal atomic submodules of M[xz]. So it suffices to show that A;[z] @
- @ Apfx] is essential in M[z]. If not then Ai[z] ® --- ® A,[z] ® H <,
M]|z] where H is a nonzero submodule of M[z]. Take a nonzero element
f= Eizlxi(k)mk € H, where all 0 # my € M. Since 0 # m; € M and
A=A - A, <. M, there exists an r; € R such that 0 # myr; € A.
Hence fry # 0, and maor; # 0. Again there exists an ro € R such that
0 # marire € A. Consequently frirs # 0. Continuing this way we obtain an
element

0+# frirg--rm € (Arfz] ® - @ Anfz]) N H =0,

a contradiction.

(2) The proof of (1) can be adapted to show that if A, B are orthogonal
atomic submodules of M then A[xy,x9,- - |, Blx1,22, -+ | are orthogonal
atomic submodules of Ng = M|z, 22, |, where S = R[z1,x2,--- ]. The
same argument as before now shows that if Ay & --- & Ay <. Mg, then
Ailzy, 20, | ® - @ Aglx1, 22, -+ | is essential in M[x1,zq, - |.

(3) and (4). Take n = 1 for simplicity; the proof for any n < co will be the
same. Set N = M[z,z~ '] and S = R[z,2~!]. Note that the positive powers
2™ of x in R have two remarkable properties. First, ™ does not annihilate
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any nonzero elements of either N or S. Secondly, for any 0 # v € N and
0 # s € S, for some sufficiently big n, 0 # vz™ € M|[z] while 0 # sz™ € R[z].
We will simply reduce the proof in the case of Ng to that of M[x]g[,] and (1),
from which ¢.dim M [x]g[,) = t. dim Mg.

To prove that t. dim Ng < t. dim M([z] [y, it suffices to show that if fS L gS
for f,g € N, then also (fS N M[z]) L (¢S N M[z]) over R[z]. If not, there
exist s1, 82 € S, with fs1,gs2 € M[z] and an R[z]-isomorphism

¢ fs1R[x] — gsaR[z], fsip— gsap p € Rlx].
Then it follows that
fs18 — gs2S, fs1s—— gsas, s €5,

is a well defined S-isomorphism. For if fs;s = 0 but gsas # 0, simply take
an 2™ such that 0 # sys2™ € R[z], 0 # sas2™ € R[z], and gsasz™ # 0. Then
0= ¢(fs1s2™) = gsasa™ # 0 is a contradiction.

To establish the converse that ¢.dim M[z]g}, < t.dim Ng, it has to be
shown that for any fR[z] L gR[z] over R[z] for f,g € M[z], also fS L gS
over S. If not, there are s1,s5 € S and an S-isomorphism 0 # fs1.5 — ¢s25,
fs18 — gsas, s € S. There is an 2™ such that s;2™, soz™ € R[x]. But then
the above isomorphism induces an R|[x]-isomorphism fs;2™ R[x] & gsqa™ R[z],
a contradiction. Hence t.dim Mg = t.dim M|[x]g[,] = t.dim Ng. 0

4.2.9. COROLLARY. For a ring R, let S be any one of the following rings:

1. Rlzy, -,z
2. Rz, z9--],
3. R[zy, - @27t 2 Y,
4. Rl wo 21,27 2y,

Then t.dim Sg = t. dim Rpg.

Recall that, for two rings R C S with the same identity, S is a ring of
right quotients of R if for every 0 # s; € S, and for every s, € S, there
exists an r € R such that s;r # 0 and sor € R.

The next result due to [140] is stated without proof, which is similar to that
of (4.2.8)(3,4). Note that in (4.2.9), the ring R[x1,--- ,zn, 27,2, ] is a
ring of right (and left) quotients of R[z1,- - ,x,], and similarly for (4.2.9)(4).

4.2.10. PROPOSITION. Let R be a ring and S a ring of right quotients
of R. Then t.dim Rgr = t.dim Sg.

4.2.11. REFERENCES. Camillo and Zelmanowitz [17]; Dauns [32]; Dauns
and Zhou [42]; Goodearl [66]; Zhou [140,141].
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4.3 Some Non-Classical Finiteness Conditions

In this section, we discuss several classes of rings which are defined in terms
of type dimension, in particular, rings satisfying the type ascending and de-
scending chain conditions on right ideals (see Definitions (4.3.3) and (4.3.22)).
The classical analogs of these conditions have been very interesting subjects
of research.

We first consider rings over which every cyclic module has finite type di-
mension. A module My is called weakly injective (respectively, weakly
R-injective) if for any finitely generated (respectively, cyclic) submodule
Y C E(M), there exists a submodule X C E(M) such that Y C X = M
(see Jain and Lépez-Permouth [74]). Recall that a ring R is called right
QFD if every cyclic R-module has finite uniform dimension. It is known that
R is right QFD iff every direct sum of weakly injective (respectively, weakly
R-injective) modules is weakly injective (respectively, weakly R-injective) (see
Al-Huzali, Jain and Lépez-Permouth [4]). The next theorem is a type analog
of this result. The following lemma due to Kamal and Miiller [77, Lemma 17]
is needed.

4.3.1. LEMMA. If M = M; & M, is a direct sum of submodules M; and M,
with My being Mi-injective, then for each submodule N < M with NN My =
0, there exists a submodule N < M with NC N and M =N & M>.

PROOF. Let ; : M — M; be the projections (i = 1,2). The map
m:m(N) — Ms, mn+— man (n € N)

extends to f: M1 — Ms. Set
N ={z+ f(z):x €M} <M & M.

Then N + My = M, and N' N My = 0. Thus M = N & M,. For n € N,
n=mn+men =mn+ f(min) € N . O

A direct sum of modules @;¢;1V; is said to be a type direct sum if N; 1L N;
whenever ¢ # j in I.

4.3.2. THEOREM. The following are equivalent for a ring R:
1. Every cyclic module has finite type dimension.

2. Every finitely generated module has finite type dimension.

w

. Every type direct sum of weakly injective modules is weakly injective.

N

. Every type direct sum of weakly R-injective modules is weakly R-injective.
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5. Every type direct sum of injective modules is weakly R-injective.

PROOF. Tt is obvious that either of (3) and (4) implies (5).

(1) = (2). By noting that the injective hull of a finitely generated module
is a finite direct sum of injective hulls of cyclic modules and then applying
(4.1.10).

(2) = (3). Let N = @;ecrN; be a type direct sum, where each N; is
weakly injective. Let Y be a finitely generated submodule of E(N). Since
Y has finite type dimension, there exists a finite set {Y7,---,Y,} of pairwise
orthogonal atomic submodules of Y such that Y; & --- ® Y, <. Y. Hence,
EVi)®---®E(Y,) =E(Y). Foreach i (1 <i<mn), E(Y;) NN # 0. Since
E(Y;) is atomic, it follows that there exists a unique number ¢; such that Y;
and E(N¢,) have nonzero isomorphic submodules and E(Y;) L E(®;, ENj).
Therefore, E(Y) L E(®j¢sEN;), where J = {t;---,t,}, implying that
E(Y)N E(®;¢;EN;) = 0. Note that

E(N) = E(Ni,) @---© E(Ny,) ® E(®j¢s ENj).

By (4.3.1), there exists a submodule P of E(N) such that E(Y) C P and
E(N)=P® E(®j¢;EN;). Thus, P= E(N;,) ®--- @& E(N,). Let

X =P+ (®;¢;EN;) =P @ (®;¢,EN;) C E(N).

Then Y C E(Y) C P C X & ®erE(N;). Write X = @1 E(X;), where
X; =2 N; for each 7. Then there exists a finite subset K of I such that Y C
@iex F(X;) = E(®;exX;). Since all X; are weakly-injective, it can easily be
proved that @;cx X; is weakly injective. Thus there exists a Z C E(D;ex X;)
such that Y C Z 2 @;cx X;. Let Q = Z + (@ngXz) Since Z 1 (@igKXi)y
Q= Z O (DigrXi) € E(N) and Y C Q = N. Therefore, N is weakly
injective.

(2) = (4). Similar to the proof of “(2) = (3)”.

(5) = (1). If a cyclic module X does not have finite type dimension,
then X has an essential submodule @52, X; with each X; # 0 and X; 1L X
whenever i # j. Since X C E(X) = E(®&;X;) = E(&;EX;) and, by (5),
@;E(X;) is weakly R-injective, we have an embedding X — &2, F(X;),
giving X — @', E(X;) for some m > 0. Thus, X,,4+1 is embeddable in
@, E(X;), implying X,,4+1 and X; have nonzero isomorphic submodules for
some 7 < m. This is a contradiction. O

A classical result says that a ring R is right Noetherian iff every direct
sum of injective R-modules is injective. Next, we characterize the rings R for
which every type direct sum of injective R-modules is injective. We need the
following definition, due to [141].

4.3.3. DEFINITION. A module M is said to satisfy t-ACC if, for any
ascending chain
X1€XeC---C X, C-ne
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of submodules of M, t.dim(&;M/X;) < oo, and the ring R is said to satisfy
(right) t-ACC if Rp satisfies t-ACC.

4.3.4. LEMMA. Let N be a submodule of M. Then M satisfies t--ACC if
and only if N and M/N both satisfy ¢-ACC.

PROOF. One direction is obvious. Suppose that N and M /N satisfy t-ACC.
Let M; C My C --- be a chain of submodules of M. Then

NNMiCNNM;C---
(N + M;)/N C(N+M)/NC---.

Note that N/(N N M;) = (N + M;)/M,; and
(M/N)/I(N + M;)/N] = M/(N + M;).

We see that ¢.dim[®;(N + M;)/M;] < oo and t.dim[®; M /(N + M;)] < oc.
Consider the exact sequence

By (4.1.10)(1), . dim(®;M/M;) < co. So M satisfies t-ACC. a

4.3.5. DEFINITION. Recall that a local direct summand of a module
M is a set {X) : A € A} of submodules of M such that the sum L{X) : A €
A} = ®reaX) is direct and every finite (direct) sum of the X is a direct
summand of M. If, in addition, all the X are type submodules of M, then
{X : A € A} is called a local type direct summand, or just a local type
summand.

A ring R is said to be indecomposable if R cannot be decomposed as a di-
rect sum of two nonzero ideals. A module M is said to be t-indecomposable
if M is not a direct sum of two nonzero orthogonal submodules. Every atomic
module is t-indecomposable; but the converse is clearly false.

4.3.6. PROPOSITION. If every local type summand of M is a summand,
then M is a direct sum of pairwise orthogonal t-indecomposable modules.

PROOF. By Zorn’s Lemma, there exists a maximal local type summand
F = {Xx : X € A} of M, where each X, is t-indecomposable. By our
assumption, M = X @Y, where X = } ,_, Xx. Note that for each A,
X LY and hence X L Y. By (4.1.2)(3), we have Y <, M. If Y # 0, then
we take 0 # y € Y. By Zorn’s Lemma, there exists a maximal local type
summand G of Y such that y ¢ A =X negN. By (4.1.5)(4), G is a local type
summand of M and hence Y = A @ B for some B(# 0). Note that A L B
and hence B <; Y. It follows that B <, M by (4.1.5)(4). By the maximality
of F, B is not t-indecomposable, and thus B = By @& By with B; # 0 and
B; L Bs. Noting GU{B;} is a local type summand of Y, we have y € A® B;
for i = 1,2. Tt follows that y € (A® B1) N (A @ B2) = A, a contradiction. O
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4.3.7. ORTHOGONAL PROJECTION ARGUMENT. Suppose that
M;, i € I, is a family of pairwise orthogonal modules, and that V is a sub-
module of F(®;crM;). Then

1. @ier(VNM;) <. V.

2. For any 0 # x € E(®;c1M;), there exists an i € I, rg € R with 0 #
1’7‘0R Q Mz

PROOF. (2) Choose g € S := {r € R: 0 # ar € ®;erM;} such that the
length n of xrg is a minimum, where 0 # xrg = 21 + -+ + T, 0 # 21 € My
for 1 <k <n,andi(l),...,i(n) are all distinct. Then (zr¢)* =/, z;" # R.
Suppose that 2 < n, and that for ¢ # j < n, there exists b € xf-\xj- Then
0 # xrob has length < n—1, a contradiction. Consequently, xf- = xj- = (xro)J-
for all 4,7 < mn. Thus, z1 = 5 and

My 2 21R = R/z{ = R/wy = 29R C M)

contradicts that M;i)y L Mj). Hence n =1, and 0 # xrg = 21 € M;(y), or
0 # xroR C M;(1) as required.

(1) If (1) is false, then R @ [®rer(V N M;)] <V for some 0 # z € V. By
(2), for some g € R and i € I, 0 # xrg € M;. But then 0 # arg € M; NV is
a contradiction. Consequently, ®;cr(V N M;) <. V is essential. O

4.3.8. REMARKS. (a) The above can be applied in the category o[M],
when M,; € O'[M} and V < Eyy (@iEIMi) < F (@iGIMi)~

(b) In the ordinary projection argument (2.3.3), the orthogonality hypoth-
esis M; L M, is dropped. But then two things happen. In (2), we get only
the weaker conclusion that 0 # zroR = yR C M; for some 0 # y € M;. And
conclusion (1) is false. O

The next result is not only used later, but is of independent interest.

4.3.9. PROPOSITION. Let {X, : A € A} be a local type summand of
a module M and X = @&{X, : A € A}. If X' # X, then there exists a
sequence {y; € X* :i = 0,1,---} such that y; C yi C y5 C --- and
t. dim(®;>,R/y;") = oo for all n > 0. In particular, if R satisfies t-ACC, then
every local type summand of M is a type submodule of M.

PROOF. By (4.1.5)(3), X = X¢ and so X # X°¢ There exists a yg €
XA\X. By (4.3.7), ®xea(yoR N X)) <. yoR, and there is a A(1) € A and an
r1 € R with 0 7é Yor1 € YoR N X)\(l)- Since X)\(l) g@ M, write

X = X)\(l) @ Y7 and

Yo = x1 +y1, where

1€ Xyq), 1 €Y1, ¢ X, and yy Cyp
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Since y1r1 = yor1 — m1m1 € Xy NY1 = 0, it follows that r; € yf-\yd-,
and the inclusion yg- C yi is proper. Since y;1 RN X # 0, again by (4.3.7),
0 # y1m2 € y1 RN X2y where ro € R and A(2) € A. Since y1 R L Xy,
A(2) # A(1). Write as before
X=X\1)® Xrp) @ Y2,
Y1 = T2 + Yo,
22 € Xy1) ® Xx(2), Y2 € Ya, and yi C y5.
Ifyo, € X, theny; € X, a contradiction. Soys ¢ X. From yore = y1ra—x2r2 €
(Xa1)© X (2))NY2 = 0, it follows that ry € v \yi-. Again, yi- C y3 is proper.
Repetition of the same process will yield 0 # yars € yaR N X3y where
rg € R and A(3) € A such that
X=X\1) ® Xx@) ® X3 ® Y3,
Y2 = 23 + Y3,
3 € X)) © Xx2) © Xx3), ¥3 € Va.

Note that yg = 1 +y1 = 1 + 2 + y2 = x1 + T2 + 3 + y3. As before,
r3 € y3-\yz, and y1- C y3 C y3. Furthermore, yoR N X (1), y1 RN X (2), and
y2 RN X\(3) are pairwise orthogonal.

Repeating this process we obtain a sequence {yg,y1, - } of elements in X°
and a sequence {\(1),A(2),---} C A of distinct elements, with

0#yi1RNXy4) C Xy and y-\y;—y # 0 forall i > 1.
Since {y;—1RN X(;)}i2; are pairwise orthogonal,
t.dim(®i>n R/yi) = t. dim(®i>nyiR) = 0o

for all n > 0. If R satisfies the t-ACC, this is a contradiction, in which case
X = X=Xt O

A decomposition M = @;;M; is said to complement type summands
if, for every type summand N of M (i.e., a type submodule and a summand),
there exists a subset J C I such that M = N&M(J), where M (J) = G M;.

4.3.10. LEMMA. The following are equivalent for an injective module M:
1. M is a direct sum of atomic modules.
2. M has a decomposition that complements type summands.

3. Every local type summand of M is a summand.

PROOF. (1) = (2). We may assume M = &y M;, where each M; is atomic
and M; L M; if i # j. Let N be a type summand of M and let

J={jel:M;nN =0}
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Then N N M(J) = 0 by (4.1.5)(2). Thus, M = N & M(J) & X for some
X. If X #0, then 0 # Y — M, for some Y C X and some i. Since
M(J) L X (M(J) is a type submodule), i € I\J. It follows that X has a
nonzero submodule embeddable in N. Then NN X # 0 by (4.1.5)(2). This is
a contradiction. So X =0 and M = N @ M(J).

(2) = (3). Let M = @M, be a decomposition that complements type
summands. We first show that each M; is an atomic module. If M} is not
atomic, then there exist nonzero submodules A and B of M}, such that A L B.
Let K =d(A). For each i € I, let X; ®Y; <. M; with X; € K and Y; € ¢(K).
Set X = @;X; andY = @;Y;. Then X L Y and X oY <, M. So the
complement closure X€¢ of X in M is a type submodule of M by (4.1.2)(3),
and hence a type summand of M. Therefore, by (2), M = X° & M(J)
for some J C I. Note that k ¢ J since X¢ 1L M(J). This implies that
B — M(I\J) = X¢, contradicting the fact that A L B. So each M; is atomic.
We now can choose a partition of I: {I, : s € S}, such that M = &gN, with
each N; = @ X, atomic and N, L N, whenever s; # sa. From the proof of
“(1) = (2)”, the decomposition M = @gN,s complements type summands.

Let Z = @xeaZx be any local type summand of M. Then any complement
closure Z¢ of Z in M is a type submodule by (4.1.5)(3), and M = Z° @ C
for some C <; M. It follows that (PrepZy) & C <. M is also a local type
summand of M. If Z & C is a summand of M, then so is Z. Therefore,
without loss of generality, assume that Z <. M, and we need to show that

Z =M.
Assume Z # M. We then construct a sequence m; € Ny for distinct (1)
where m; ¢ Z with m{ C my C ... C mj C ... C R a strictly ascending

chain. Since M\Z = (©sesNs) \Z # 0, there exists a 0 # my € Nyq)\Z. Let
0 # myry € Zp for r1 € R, where Zp = ®{Z) : A € F'} for some finite subset
FCA,and M = Zp & N(J) for some J C S where N(J) =@ {N,:s€ J}.
Write my = z + Xng for z € Zp where ¥ng = Xseyns € N(J) with only a
finite number of nonzero ns € Ny if s € J. Then mi C nt for all s € J.
Since my ¢ Z, there exists an s(2) € J such that ny9) ¢ Z. Also (Zyng)*
Nsesna € ny for all s € J. Furthermore,

(Eng)ri =mury —2zr € Zg NN(J) =0,

and therefore,
1L
r1 € (Zng) \mf - nﬁ(z)\mf .

Set ma = nya) € Ngp2)\Z. We claim s(1) # s(2). If s(1) = s(2) € J,
my € N(J). Then

0#myry = zr + (Zsegns)m € Zp & N(J)
implies zry = 0, and 0 # myr1 € Zrp N N(J), a contradiction. Thus so far

we have m; € Ny»)\Z (i = 1,2) for s(1) # s(2) with m{- C mg properly.
The reader should be warned from repeating the above argument verbatim

Copyright 2006 by Taylor & Francis Group, LLC



Type Theory of Modules: Dimension 93

with m; replaced by my to obtain an m3 € N3y with s(2) # s(3) and
mi C my C mz. The problem is that perhaps s(3) = s(1).

However, s(1) ¢ J as shown above, and N(J) = @4cs N, complements
type summands of N(J) (as proved in the proof of (1) = (2)). Notice
Z = Zp ® Zj\p where Zy\p = &{Zx : A € A\F'}. We have

ZanrNN(J) = (ZyrNZp) ® (Zarp NN (J))
is essential in Zy\p by (4.3.7). So
ZA\F - E(ZA\F> = E(ZA\F ﬁN(J)) - N(J),

since N(J) is injective. Thus Zy\p = ©{Zx : A € A\F} is a local type
summand of N(J). Now s(2) € J, ma € Ny92y € N(J), and proceeding
as before we get m3 € Ny with mg C mg and s(2) # s(3) € J. Since
s(1) ¢ J and s(2),s(3) € J, they are all distinct. Now an induction shows
that there exists a sequence m; € N(; for distinct s(i) where m; ¢ Z with
m{ Cmy C -+ Cmi- C--- C R a strictly ascending chain.

Now let = (m;) € I Ny and I = U2 mi- and consider the ho-
momorphism f : mil — @2, Ny defined by f(myr) = xr for r € I.
Then f is well-defined. Since ©72; Ny is injective (a summand of M), f
can be extended to a map g : miR — @2 Ny, Thus, 2l = f(mil) C
g(miR) C EBfZle(i) for some k > 0. It follows that m;I = 0 for all ¢ > k. So
mtﬂ = mé;g = ---. The contradiction shows that Z = M.

(3) = (1). By (4.3.6). O

4.3.11. LEMMA. If a module M does not satisfy t-ACC, then there exist
two sequences {X; : i € N} and {Y; : i € N} of submodules of M, such that
X7 C Xy C -+ is a strictly ascending chain and, for each i, X; C Y; C X411
and (Y;/X;) L (Y;/X,) whenever ¢ # j.

PROOF. We proceed by considering two cases.

Case 1: t.dim(M/N) = oo for some N C M. Then there exists a sequence
{N; : i € N} of submodules of M such that (N;/N) L (N;/N) whenever
i # j and all N;/N # 0. If we let X; = N; and, for each n > 1, choose
X, =Ny +---+ N, and Y,,_1 = X,, then those X,’s and Y,,’s are as
required.

Case 2: t.dim(M/N) < oo for all N C M. Since M does not satisfy t-ACC,
there exists a sequence {N; : i € N} of submodules of M such that Ny C Ny C

- and t. dim(&52, M/N;) = co. Since t. dim(M/N;) < oo for each i, we may
assume without loss of generality that we have a strictly ascending chain
N; C No C -+ and, for each 4, there exists a 0 # P;/N; C M/N; such that
If V is an infinite set, then P;/N; = (P, + L)/L — M/L for all i € V, and
hence t.dim(M/L) = oco. This is a contradiction. Therefore, there exists a
number n such that N; C P; N L for all ¢ > n. Then, if we choose A; = N;in,
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and B; = Py, N L for each i > 0, we have A; C Ay C --- such that
A; C B; C UA; for each i and (B;/A;) L (B;/A;) when ¢ # j. Choose a
sequence {1 = ny < my < ---} of positive integers, such that there exists a
bi € By, N A,,,, but b; ¢ A, for each i. Then X; = A, and Y; = b;R+ A,
(i=1,2,--) are required submodules. O

The next theorem, which appeared in [141], gives type analogs of some
well-known characterizations of right Noetherian rings. A TS-module is any
module whose type submodules are summands.

4.3.12. THEOREM. The following are equivalent for a ring R:
1. R satisfies t-ACC.

2. For every (countable) family {M; : i € I'} of pairwise orthogonal mod-
ules, ®;cr E(M;) is injective.

3. Every injective module is a direct sum of atomic modules.

4. Every injective module has a decomposition that complements type sum-
mands.

5. Every TS-module is a direct sum of atomic modules.

6. Every module contains a maximal injective type submodule.

PROOF. (1) = (5). By (4.3.6) and (4.3.9).

(5) = (3). It is clear.

(3) <= (4). By (4.3.10).

(4) = (6). Let M be a module. Note that 0 is an injective type submodule
of M. By Zorn’s Lemma, there exists a maximal independent set F of injective
type submodules of M. Write A = ®&#X. Let A° be a complement closure
of A in M. Note that each X is a type summand of E(A°) and hence A is a
local type summand of E(A¢). By (4) and (4.3.10), A is a summand of E(A°),
implying A = A¢ = F(A°). Therefore, A is an injective type submodule of M
(by 4.1.5(3)). By the choice of F, A is a maximal injective type submodule
of M.

(6) = (2). Let {M; : i € I} be a family of pairwise orthogonal modules
and M = ®;crE(M;). Let N be a maximal injective type submodule of
M. For each i, write E(M;) = E(EM; N N) @ X;. Then NN X; = 0 and
hence N L X; since N <; M. Therefore, E(EM; N N) L X;. By (4.1.2)(3),
X; is an injective type submodule of E(M;). Since E(M;) <; M, X; is an
injective type submodule of M by (4.1.5)(4). Write M = (N @ X;) @Y. Since
N<Mand X; <, M, Y L Nand Y L X, and thus Y L (N @ X;). By
(4.1.2)(3), N ® X; <; M. From the choice of N, we have X; = 0 and hence
E(M;) NN <. E(M;) for each i. This implies that N <. M. Therefore,
M = N is injective.

(2) = (1). If R does not satisfy t-ACC, then, by (4.3.11), there exist
two sequences {I; : i € N} and {J; : i € N} of right ideals of R such that
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L cl,cC---,and for each i, I; C J; C L;+1 and (J,L/Iz) 1L (J]/Ij) if 4 7& j.
Then E = @2, E(J;/1;) is injective by (2). Let I; be the inclusion of J;/I;
to E(J;/I;). Then there exists a homomorphism f; : R/I; — E(J;/1I;) that
extends /;. Let I = UI; and define f : I — E by (m;f)(a) = fi(a+ I;), where
m; is the projection of E onto E(J;/I;). Since E is injective, there exists a
g : R — E that extends f. It follows that f(I) C g(R) C @&, E(J;/I;) for
some m. Then, for any a € J,,, 1, we have

0=mmi1f(a) = fmt1(a+ Lnt1) = lmsr(a+ Iny1) = a+ Lng,
implying Jp,4+1 = I;n+1. This is a contradiction. O

It is easy to give a right QFD-ring that is not right Noetherian; for example,
the trivial extension of Z and the Z-module Zs=. Below, we construct a class
of rings whose cyclics have finite type dimension but they do not satisfy t-
ACC.

4.3.13. EXAMPLE. Let F be a field. Let R be the formal power series ring
of all r = X{c,z?: g € Q}, where ¢, € F, Q is the set of the rationals and
Q" = {¢g € Q: 0 < g}, such that the support of r = supp(r) = {q : ¢4 # 0}
satisfies the descending chain condition. (Need the DCC in order for power
series multiplication to make sense.) Define v(r) = minimum of supp(r) for
all 0 # 7 € R. Then v: R\{0} — QT satisfies the conditions:

1. v(kr) = o(r) for k € F with kr # 0.
2. v(ry + r2) > min{v(ry),v(rz)} provided that ry 4+ rq # 0.
3. v(rire) = v(r1) + v(re).

Thus, R is a valuation domain. (Note that v can be uniquely extended to
a valuation w of the quotient field of R defined by the formula w(ry/re) =
w(ry)/w(ry).) Since the ideals of R are totally ordered by inclusion, every
cyclic R-module has uniform dimension 1 (hence has finite type dimension).
Define v(0) = co. For any n € RT where R is the set of the real numbers and
Rt ={reR:0<r},let

P,={reR:v(r)>n}

Then P, is an ideal of R. We prove that R/P 5 1 R/P ;. In fact, if not
then there exist a € R\P 5 and b € R\P, sz such that

[
Then qlzv(a)gﬂand quv(b)gﬁ. Note that,
(a—&-Pﬂ)L:{rER:arePﬁ}
={reR:v(a)+v(r)>V2}
={rcR:v(r)>vV2—q}
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and, similarly,
(b—|—P\/§)J‘ ={reR:v(r)>V3— g}
It follows that
{reR:v(r)>V2—q}={recR:v(r)>V3—q}

Note that v(r) attains every non-negative rational and @ is dense in R. Tt
follows V2 — q1 = V3 — ¢2, and so V2 — V3 = ¢1 — ¢» € Q, a contradiction.
Hence R/Pys5 L R/Py. Let {n, : n = 1,2,---} € R"\Q" be pairwise
rationally independent, i.e., n; —n; ¢ Q whenever i # j. We can assume that
n; —n; > 0 whenever i < j. Set P, = {r € R: v(r) > n;}. Then we have a
strictly ascending chain of ideals:

P,CP,C--CP,, C-

with, as above, R/P,, L R/P,, if i # j. Thus, R does not satisfy --ACC. O

Note that (4.3.13) also holds for any commutative valuation domain whose
value group I is a subgroup of a totally ordered abelian group G such that "
is “dense” in G, i.e., for any g1 < g2 in G there exists a g € I' with g1 < g < g2
and there exists an infinite chain g1 < g2 < --- from G with g; — g; ¢ T for
all j > 4. In above example, these P s, P s, P, are not prime.

Suppose that there is a strictly ascending chain P, C P, C --- of prime
ideals of a commutative ring R. Note that, for any prime ideal P and a € R\ P,
(a+ P)t = P. Thus, if i # j, R/P; L R/P;. So R does not satisfy t-ACC.
The next example is a valuation domain containing a strictly ascending chain
of prime ideals.

4.3.14. EXAMPLE. Let A be a totally ordered abelian group (a <
b= a+c<b+c a,bcel) Let AT ={g € A:0< g}, asemigroup. Let
F be a field and R be the formal power series ring of all r = X cp+7(s)a®,
where 7(s) € F, such that the support of r = supp(r) = {s € AT : r(s) # 0}
satisfies the DCC. Define v(r) = min{supp(r)} for all 0 # r € R. Then
v : R\{0} — AT is a valuation satisfying (1), (2), and (3) in (4.3.13). So
R is a valuation domain and hence every cyclic R-module has finite type
dimension. Define v(0) = co. For a convex subsemigroup H of AT (s <h
withs e AT he H= s€ H),

P={reR:v(r)e (AT\H)U{cc}}

is a prime ideal. (Also every prime ideal is of this kind.) To see this, let
r,s € R and a,b € P. Since H is convex, the fact that ar and a + b are in P
follows from that v(ar) = v(a) + v(r) > v(a) (since v(r) > 0) ¢ H and that
v(a +b) > min{v(a),v(b)} = v(a) (say v(a) < v(b))¢ H. If rs € P, r ¢ P,
and s ¢ P, then v(r) and v(s) are in H and v(rs) = v(r)+v(s) ¢ H. The fact
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that H is a subsemigroup gives v(r) 4+ v(s) € H, a contradiction. So P is
prime. Below we construct a totally ordered abelian group A with an infinite
descending chain of convex subgroups:

o CA,C---CAp CAg=A.
Thus,
AT\AT C AM\AT C AT\AS C -
is a chain of convex subsemigroups. Hence

P,={reR:v(r)e (AN\AD)U{c0}} (n=1,2,---)

are the required prime ideals.

Our totally ordered abelian group A is given by A = II§°A;, where each
A; = Z, the abelian group of the integers, lexicographically ordered. Write
an element of A as a mapping from N to Z. Then, for f,g € A, f > g means
there exists some i € N such that f(j) = g(j) for all j < i and f(i) > g(i).
Let A, ={f€A: f(i)=0foralli <n}. Then A,, C--- C Ay C A; gives a
chain of convex subgroups of A. m|

Teply [115] characterized the rings R for which every direct sum of nonsin-
gular injective R-modules is injective and proved they are just those rings R
for which R/Z>(Rpg) is of finite uniform dimension. The type analog of this
can be stated as follows.

4.3.15. THEOREM. The following are equivalent for a ring R:
1. R/Z5(RR) is of finite type dimension.
2. Every cyclic nonsingular R-module is of finite type dimension.

3. Every finitely generated nonsingular R-module is of finite type dimen-
sion.

4. Every type direct sum of nonsingular weakly injective modules is weakly
injective.

5. Every type direct sum of nonsingular weakly R-injective modules is
weakly R-injective.

6. Every type direct sum of nonsingular injective modules is weakly R-
injective.

7. For any chain I; C I C --- of right ideals of R such that each R/I; is
nonsingular, we have t. dim(®;R/I;) < oc.

8. Every type direct sum of nonsingular injective R-modules is injective.

9. Every nonsingular injective R-module is a direct sum of atomic modules.
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10. Every nonsingular injective module has a decomposition that comple-
ments type summands.

11. Every nonsingular TS-module is a direct sum of atomic modules.

12. Every nonsingular R-module contains a maximal injective type submod-
ule.

PROOF. (1) = (2). If R = R/2" is a cyclic nonsingular module, then z+
must be a complement right ideal of R and Zo(Rg) C . Let K be a right
ideal of R such that 2+ @& K <., Rg. Then K is isomorphic to an essential
submodule of R/z+ and K — R/Zy(Rp). Hence

t.dim(zR) = t.dim(R/2") = t.dim(K) < t.dim(R/Z2(RR)) < oo

(2) = (1) and (8) = (6). They are clear.

(2) = 3) = (4) = (6) = (2) and (3) = (5) = (6). Similar to the
proofs of (4.3.2).

(7) = (11) = (9) = (10) = (12) = (8). Similar to the proofs of
(4.3.12).

(2) = (7). If (7) does not hold, then there exists a chain Iy C I C --- of
right ideals of R such that each R/I; is nonsingular and ¢. dim(&®;R/I;) =
By (2) each R/I; is of finite type dimension. Then, by the proof of (4.3.11),
there exists a sequence {1 = ny < ng < ---} of natural numbers and, for
each i, there exists a right ideal X; of R such that I,, C X; C I,,, and
(Xi/In,) L (X;/I,;) if i # j. For i > 1, there is an R-homomorphism from
R/I,, to R/I,, with kernel I, /I, # 0. Because all R/I,, are nonsingular,
we have that I,,, /I,,, have no proper essential extensions in R/I,, for alli > 1
(i.e., I, /I, is a complement submodule of R/I,,). Thus, for each i there
exists a 0 # Y; /I, C X;/I,, such that (Y;/1,,) N (In,/In,) = 0. We see that

O#E/Im:n/(yiﬁln') (Y+I )/I CX/I

So (Y;/I,) L (Y;/I,,) for all i # j. This shows that R/I,, does not have
finite type dimension. |

It is well-known that a nonsingular ring has finite uniform dimension iff its
maximal quotient ring is a semisimple ring (see Sandomierski [106]). There is
a similar result for a nonsingular ring with finite type dimension.

4.3.16. LEMMA. Let M be an R-module.
1. M is an atomic module iff F(M) is t-indecomposable.

2. If E = E(M) is t-indecomposable, then End(Fg) is indecomposable.
The converse holds if M is nonsingular.
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PROOF. Part (1) is obvious. For (2), suppose S = End(F) is not indecom-
posable. Then there exists a central idempotent e € S such that e # 0 and
e# 1. Then E = e(E) @ (1 —e)(E). We show that e(E) L (1 —e)(E). If not,
then we have an R-module isomorphism 7 : e(X) — (1 —¢€)(Y) # 0 for some
X C F andsome Y C E. There exists an f € S such that f extends w. Thus,
we have (1— )(Y) = f(e(X)) = F(2(X)) = e(f(e(X))) = e((1 - e)(¥)) =0,
a contradiction. So e(E) L (1 —e)(F) and hence FE is not ¢-indecomposable.

For the converse, let £ = F; @ E5 with each E; # 0 and F; | E5. Since E
is nonsingular, we have End(E) = End(E;) x End(Es3). Therefore, End(E) is
not indecomposable. O

4.3.17. PROPOSITION. A nonsingular ring R has ¢.dim(R) = n iff the
maximal right quotient ring of R is a finite direct sum of n indecomposable
right self-injective (von Neumann) regular rings.

PROOF. “=". It is well-known that the maximal right quotient ring of
R is @ = End(ER) (2 ER)). Suppose that Iy & --- @ I, <. Rp, where
each I; is a nonzero atomic right ideal of R and I, L I; (if ¢ # j). Then
E(R)=E()®---®E(Il,) and Q 2 End(EI;)x---xEnd(EI,). By [66, 2.22]
and (4.3.16), each End(ET;) is a regular right self-injective indecomposable
ring.

“<—=”. Suppose Q = F(R) = F1 & --- ® E, is a direct sum of regular
right self-injective indecomposable rings. Then F; is an atomic F;-module by
(4.3.16). Therefore, as Q-modules, E; is atomic and E; L E; (if i # j). By
[66, 2.7], as R-modules, each R N E; is atomic and (RN E;) L (RN E;) (if
i1 # 7). Since (RNE) ®---®(RNE,) <. Rgr, we have t.dim(R) =n. O

If R has finite type dimension, then R is a finite direct product of indecom-
posable rings. But, a nonsingular indecomposable ring may not have finite
type dimension as the following example shows.

4.3.18. EXAMPLE. Let @ =1I32; R; be a direct product of rings R; with
R; = 7 for each i, and R be the subring generated by ®{2,2R; and 1g.
Clearly, if 7 # j, then 2R, L 2R; as R-modules. So t.dim(R) = oco. It is easy
to see that R is nonsingular and R has no nontrivial idempotents. Therefore,
R is indecomposable. O

Next, we will show that a nonsingular ring has the property that every
nonzero right ideal contains an atomic right ideal iff its maximal right quotient
ring is a direct product of indecomposable right self-injective regular rings. It
is interesting to compare this to a well-known result which states that, for a
nonsingular ring R, every nonzero right ideal of R contains a uniform right
ideal iff the maximal right quotient ring of R is a direct product of right full
linear rings (see [66, p.92]).

4.3.19. LEMMA. Let M be a module and N a submodule of M.

1. Let N <, M and N C X C M. Then X/N <, M/N iff X <; M; in
particular, M/N is atomic iff V is a maximal type submodule of M.
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2. M has an atomic submodule iff M has a maximal type submodule; more
precisely, N is a maximal type submodule of M iff N <; M and any (or
one) of its complements in M is atomic.

3. If every nonzero submodule of M contains an atomic submodule, then
the intersection of all maximal type submodules of M is equal to 0.

4. If M = X @Y is nonsingular and X L Y, then Homg(X,Y) = 0.

5. Let M be nonsingular and N; (i = 1,2) be maximal type submodules
of M. If N1 7é NQ, then (M/Nl) 1 (M/NQ)

PROOF. (1) Suppose X is not a type submodule of M. Then there exists
Y C M such that X C Y and X||Y. Thus, X/N C Y/N. For any 0 # A/N C
Y/N, we have N L B for some 0 # B C A since N is a type submodule of
M. Tt follows from X||Y that 0 # C = D for some C C X and D C B. Then
N 1 C and hence 0 # (C + N)/N = (D + N)/N. Therefore, (X/N)||(Y/N)
and so X/N is not a type submodule of M/N. Conversely, if X/N is not a type
submodule of M /N, then there exists Y/N C M/N such that X/N C Y/N
and (X/N)||(Y/N). We prove that X is not a type submodule of M by
showing X||Y. For any 0 # A C Y, we show that A is not orthogonal to X.
We may assume AN N = 0. Then A — Y/N. Because (X/N)||(Y/N), we
have 0 # B/N — A for some B C X. Since N is a complement submodule
of M, there exists 0 # C' C B such that C NN = 0. Thus, C — A. So A is
not orthogonal to X, and hence X||Y.

(2) It is routine.

(3) For any 0 # x € M, choose an atomic submodule A in zR. By Zorn’s
Lemma, there exists a submodule B of M maximal with respect to the prop-
erty that A C B and A||B. It follows that B is a type submodule of M and
is atomic. Let NN be a complement of B in M. Then N is a maximal type
submodule of M by (2). Note that N L B and hence A L N, implying « ¢ N.

(4) Tt is clear.

(5) For each i, let A; be a complement of N; in M. Then A; is atomic by
(2) and A;||(M/N;). So we only need to show A; L As. If not, then A;||As.
Note that each A; is a type submodule of M (by 4.1.2(3)). It follows that
Ay N Ay <. A; for each i. Therefore, A; and As are complement closures of
A1 N Ay in M. But since M is nonsingular, it must be A; = Ay by (1.1.7).
This implies that Ni|[Na. Since Ny and N3 are type submodules, we have
N1 NNy <, N; for each i. So, N1 and N, are complement closures of N1 N Ny
in M. Thus, Ny = Ns. O

4.3.20. THEOREM. The following are equivalent for a nonsingular ring R:
1. Every nonzero right ideal of R contains an atomic right ideal.

2. The maximal right quotient ring of R is isomorphic to a direct product
of indecomposable right self-injective regular rings.
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PROOF. (1) = (2). Let {E; : t € I} be the set of all maximal type
submodules of F = E(R) and E, = II,(E/E;). We first prove End(F) =
End(E,). For any f € End(E), we have f(E;) C E; forallt € I by (4.3.19)(4).
Define ¢(f) as follows: If (z, + E;) € E, with z, € E for each ¢, then
we let ¢(f)((ze + Er)) = (f(xr) + Er). We have ¢(f) € End(E,) and ¢
gives a ring homomorphism. By (4.3.19)(3), NE; = 0. This implies that
¢ is one to one. In order to show ¢ is onto, we write £ = FE; & E; for
each ¢ and use 7, to indicate the canonical isomorphism from E; onto E/E;
(ie., m(xy) = x¢ + By with oz € E;) and let m = ®m; - EBE; — ®FE/E;.
For any 0 € End(FE.), we have 0(E/E;) C E/E; by (4.3.19)(4,5). Hence
0(®E/E;) C @E/E;. There exists a homomorphism h € End(E) such that h
extends the map 7~ 01 : ®E, — ®F,. Note that for all t € I, h(E,) C E,
and h(E,) C E, by (4.3.19)(4). It can easily be checked that ¢(h) = 6.
Therefore, End(F) = End(E,). Next, we note that End(F) is the maximal
right quotient ring of R and, because of (4.3.19)(4),

End(E,) = ILEnd(E/E,;) = IL,End(E,).

By (4.3.16) and [66, 2.22], each End(E;) is an indecomposable right self-
injective regular ring.
(2) = (1). It is similar to the proof of “«<=" of (4.3.17). O

4.3.21. EXAMPLE. Let Fy, F5, -+ be fields, R = (IIF,)/(®F,). Then
Z(Rg) = 0 by [66, Ex.6, p.94]. It is easy to show that every nonzero principal
right ideal of R contains two nonzero right ideals which are orthogonal, and
therefore R has no atomic right ideals.

The dual of a right Noetherian ring is the notion of a right Artinian ring.
In the remaining part of this section, we consider the dual of the t-ACC.

4.3.22. DEFINITION. A module M is said to satisfy t--DCC if for any

descending chain X; DO Xy DO --- D X, D --- of submodules, we have
t.dim(;M/X;) < oco. A ring R is said to satisfy (right) t--DCC if Ry satisfies
t-DCC.

4.3.23. LEMMA. Let N be a submodule of M. Then M satisfies t-DCC iff
N and M/N both satisfy t-DCC.

PROOF. One direction is obvious. Suppose that N and M /N satisfy t-DCC.
Let M; O My O --- be a chain of submodules of M. Then

NAM,DNAM; D -,
(N +M;)/ND(N+M)/ND---.

Note that N/(N N M;) = (N + M;)/M; and

(M/N)/[(N + M;)/N| = M/(N + M;).
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We see that t.dim[®,;(N + M;)/M;] < oo and t.dim[$; M /(N + M;)] < oo.
Consider the exact sequence

By (4.1.10), t.dim(®; M /M;) < co. So M satisfies t-DCC. ad

4.3.24. LEMMA. Let M be a module satisfying t-ACC. If N € o[M] is a
countably infinite direct sum of mutually orthogonal nonzero modules, then
there exist y; € N,i = 1,2,---, such that yi- Dy D -+ and t.dim(®2,y; R)
= 0.

PROOF. Because of (4.3.4), every cyclic submodule module in o[M] satisfies
t-ACC. In particular, every nonzero cyclic module in o[M] has finite type
dimension. Write N = @32, N; where each N; # 0 and N; L N; when ¢ # j.
For each i > 1, take 0 # x; € N;. For i # j, since ;R and x; R are orthogonal,
xf =+ J;j There does not exist an infinite chain

1 1 1
T, Cxy, C- C

in

C -,

for, otherwise, z;, R = R/ xf; does not satisfy the t~-ACC. Thus, there exists
an z;, such that
1L 1L
X1 = {z;: a3, ,@wj}

is an infinite set. Note that for x;, z) € Xy,

xiﬂxj‘zmiﬂxé‘(z}xj:xk@j:k.
Suppose that there exists an infinite chain

xiﬂxj‘l Cxiﬁ:cj; c--

where all z;, € X;. Then

1L 1y~ (ol Ly/.L 1L~

07 3 /(wg; N, ) = (o5, +a3,) /x5, © Rfwj, = aj, R.

This implies that

. 1 €
t.dim[®, R/(z;; Nz} )] = oo.

This shows that R/(z;: N mj;) € o[M] does not satisfy the t-ACC, a contra-
diction. So, there exists z;, € X such that

— .l 1 €L
Xo={x; € Xy :2;, Ny, L x5}
is an infinite set. Continuing this manner, we obtain a sequence
{xilaxiza s Ly, }

such that xfl g aci for all 7 > 1 and, for each n > 2, J:fl N--+N J:Zln 4 xf] for
all j > n. Now let y,, = x;, +---+x;,. Then

Yy Dy Do, ®R/yF = @yiR.
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Take r,, € mf; n-- ﬂx*il but r,, ¢ xt. Then y1 R = x;, R, yora R = 2,12 R #

2

0,---,and y,r,R = xznrnR # 0 for all n. Thus, ¢t.dim(®2,y,R) =oc0. O
4.3.25. THEOREM. The following are equivalent for a ring R:
1. R satisfies both right t--DCC and right ¢t-ACC.

2. There does not exist an infinite set of pairwise orthogonal nonzero mod-
ules.

3. Every module has finite type dimension.
4. Every injective module is a finite direct sum of atomic modules.

5. Every module satisfies both t~-ACC and ¢-DCC.

I

6. There exists an n > 0 such that, for any descending chain I; D I
of right ideals of R, we have t.dim(®;R/I;) < n.

N

7. There exists an n > 0 such that, for any ascending chain I; C I
of right ideals of R, we have t. dim(®; R/I;) < n.

PROOF. (1) = (2). Suppose that (2) does not hold. Then some module
N is a countably infinite direct sum of mutually orthogonal nonzero modules.
By (4.3.24), there exists a chain yi D y3 D -+ where all y; € N, such that
t.dim(®°; R/y;) = t.dim(®22,y;R) = co. This shows that (R/ N2, yi)r
does not satisfy the ¢-DCC. It follows from (4.3.23) that R does not satisfy
t-DCC. This is a contradiction.

(2) = (3) = (5) = (1). They are clear.

(3) <= (4). Just note that a module and its injective hull have the same
type dimension.

(3) = (6) and (3) = (7). They are clear.

(6) = (1). Let n be the fixed number in (6). It is clear that (6) implies that
R satisfies t-DCC, and hence every cyclic module has finite type dimension.
Suppose R does not satisfy the t-ACC. Then there exists a chain I; C I C ---
of right ideals of R such that t.dim(&#;R/I;) = co. Since t.dim(R/I;) < o0
for all ¢, we may assume, without loss of generality, that there exist right
ideals K; of R such that K;/I; # 0 and (K;/I;) L (K,;/I;) whenever i # j. It
follows that t. dim(@?_,R/I;) > n. This is contradiction to (6).

(7) = (1). Similar to the proof of “(6) = (1)”. O

4.3.26. EXAMPLE.

1. Every right Artinian ring satisfies --DCC.

2. Every right Noetherian ring satisfies t-ACC. The ring Z is a Noetherian
ring but it does not satisfy ¢-DCC.
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3. Let R be the trivial extension of the ring Z, and the Zy-module &;2, M;
with all M; = Zs. Then R satisfies t-ACC and t-DCC, but R is not
Noetherian (hence not Artinian).

4. Let R be the trivial extension of the ring Z and the Z-module Zje,
where p is a prime number. Then R satisfies t-ACC but not ¢-DCC.

5. If R satisfies t-ACC or t-DCC, then every cyclic R-module has finite type
dimension. The ring R in (4.3.13) satisfies neither t~-ACC nor ¢-DCC,
but every cyclic R-module has finite type dimension.

The well-known Hopkins—Levitzki Theorem states that every right Artinian
ring is right Noetherian. Our concluding result shows that any ring with ¢-
DCC which is Morita equivalent to a finite direct product of domains satisfies
t-ACC, but we have been unable to answer the question whether every ring
with t-DCC always satisfies t-ACC. The Morita equivalent property of
rings is used only in the next proposition. For Morita equivalences as well
as their properties, we refer to the book of Anderson and Fuller [8].

4.3.27. PROPOSITION. If R is Morita equivalent to a finite direct product
of (not necessarily commutative) domains, then --DCC of R implies t-ACC.

PROOF. We first assume that R is a domain. Note that, for any 0 £ x € R
and any right ideal I, R/I =2 xR/xI C R/xI. If t-ACC fails, then there exists
a chain of right ideals

Lhchc---CL,C---

such that ¢. dim(#22,R/I,) = co. Select 0 # x,, € I,,. Thus,

Io D xoly D wox1ls D -+ D woxy -+ - Tp—1dn 2 ToZ1 -+ Tplpy1 2 -+ -,
R/I, — R/xqy- - xp_1I, Vn,

and hence
oo =t.dim(® R/1,) < t.dim(®2R/xg -+ xp_11y).

So R does not satisfy t-DCC.

Next assume that R = Ry X --- X R,, where n > 1 and all R; are domains.
Since R satisfies --DCC, so does (R;)r by (4.3.23). Thus, (R;)r, satisfies
t-DCC. Since R; is a domain, (R;)g, satisfies t-ACC from above. It follows
that (R;)g satisfies t-ACC (for i = 1,--- ,n). By (4.3.4), Ry satisfies t-ACC.

Now suppose that R is Morita equivalent to S, a finite direct product of
domains. We can assume S = End(Pg) where Pg is a progenerator of
Mod-R. Then

HOHIR(P, 7) : NR — HOIHR(SPR, NR)

gives a Morita equivalence between Mod-R and Mod-S with inverse equiv-
alence
—®sP:Mg+— M ® P.
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Since R satisfies --DCC, so does Pr by (4.3.23). Thus, Ss satisfies t-DCC
by the Morita equivalences. Since S is a finite direct product of domains, S
satisfies t--ACC from above. By (4.3.12), t-ACC is a Morita invariant property
of rings. So R satisfies t-ACC. d

4.3.28. REFERENCES. Al-Huzali, Jain and Lépez-Permouth [4]; Dauns
and Zhou [39,42]; Goodearl [66]; Teply [115]; Zhou [140,141].
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Chapter 5

Type Theory of Modules:
Decompositions

Section 5.1 explains in greater detail how type submodules are used to obtain
direct sum decompositions of modules. It shows that the set of natural classes
forms a complete Boolean lattice. Also, certain universal natural classes which
are available for every ring are derived, such as type I, II, and III modules,
and others.

Type I, II, and IIT submodules were defined only for injective nonsingular
modules in Goodearl and Boyle [68], and they had to give three separate proofs
that an injective nonsingular module M is a direct sum Mj; & Mp; & My
of type I, II, and III submodules. Later in Dauns [25, 3.3, p.107, and 3.16,
p.112], their definitions were extended to all nonsingular modules and it was
shown that they form pairwise orthogonal natural classes with join equal to
1 € N(R). Hence the direct sum decomposition M = M; & My & My
follows at once from our Theorem 5.1.7, and one proof suffices. In Dauns [32,
4.5, p.528], types I, II and III were extended to all modules, even singular
ones.

While section 5.1 developed methods of decomposing injective modules,
section 5.2 does the same for other classes of modules far less restrictive than
the injectives.

Section 5.3 discusses a class of modules which includes the nonsingular
modules properly, namely the unique type closure modules. These are the
modules all of whose submodules have unique type closures.

A module M is called a CS-module (or extending ) if every complement
submodule of M is a direct summand of M. The module M is called a
TS-module if every type submodule of M is a direct summand of M. Zhou
demonstrated in [141] that much of the rich structure theory of CS-modules
could be developed for TS-modules. Although TS-modules inevitably came
up previously in section 5.2, section 5.4 covers the T'S-modules.

107
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108 CLASSES OF MODULES

5.1 Type Direct Sum Decompositions

Natural classes and the corresponding type submodules are extraordinar-
ily well suited for decomposing injective modules into finite direct sums. In
the infinite case, for any module M, it will be shown here how to find es-
sential direct sums ® {M, | v € I'} <. M, where the M, € v € I' C N(R)
are type submodules of type 7. Then the injective hull of M is E(M) =
E(&{E(M,)|~eT}). For fixed v, the type direct summands E(M,) of
E(M) will be unique up to superspectivity (see [87, Def.1.30]).

One of the main problems here is to logically construct many useful sets
I' C N(R) suited for various diverse kinds of decompositions. Here some basic
facts about the lattice N'(R) are proved because they are useful not only in
constructing the above sets I', but also in understanding various direct sum
decompositions. Also, lattice operations can lead to the construction of certain
modules that are of interest. Of particular interest and usefulness are the so-
called “universal natural classes” which are defined for every ring, e.g., see
(5.1.8) and “A,B,C,D.” Others depend entirely on the ring.

The following facts on natural classes can easily be verified.

5.1.1. LEMMA. Let {K; : i € I} be a set of natural classes. Then the
following hold:

1. N;KC; is a natural class.
2. d(UrK;) is the smallest natural class containing all ;.

3. If K; = d(X;), then d(®;X;) is the smallest natural class containing all
Ki. O

From (2.3.9), the collection N'(R) of all natural classes is a set. It will
be shown next that A(R) is indeed a complete Boolean lattice. The next
proposition follows from (5.1.1).

5.1.2. PROPOSITION. For a ring R, N(R) is a complete lattice with
smallest element 0 = {0} and greatest element 1 = Mod-R under the partial
ordering and lattice operations as below:

1. For K,L € N(R), K< L < K C L.

2. For any set of natural classes {K; : i € I}, AK; = N;K;; and VK,
d(U[K:i).

]

5.1.3. LEMMA. For any class F of modules, we have d(F) A c¢(F) = 0
and d(F) V ¢(F) = 1. In particular, if £ € N(R), then K A ¢(K) = 0 and
KVe)=1.
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PROOF. By (2.34), d(F) Ac(F) =d(F)Ne(F) = 0. For any M € 1, let
M; <; M be a type submodule of type d(F) and let M3 be a complement of
My in M. Then My is a type submodule of M by (4.1.2)(3) and M € ¢(F).
Since My & My <. M and My @ Ms € d(F) V ¢(F) € N(R), we have M €
d(F)Ve(F). Sod(F)Ve(F)=1. O

The next lemma appeared in [32, Lemma 2.14].
5.1.4. LEMMA. For any K,L,H € N(R), CA(LVH) = (KAL)V(KAH).

PROOF. Always (IKAL)V(KAH) CKA(LVH). Forany M € KA(LVH),
let L <; M be a type submodule of type £ and let H be a complement of L
in M. Then, by (4.1.2), L <, M and hence L | H. It follows that no nonzero
submodules of H belong to £. But, from H € LVH, every nonzero submodule
of H contains a nonzero submodule in £ U H. It follows that every nonzero
submodule of H contains a nonzero submodule in H. This shows that H € H.
Thus, L& H € (KAL)V(KAH) € N(R). Hence M € (KAL) V (KAH)
because L & H <, M. O

The next result, due to [32], follows from (5.1.2), (5.1.3), and (5.1.4).
5.1.5. THEOREM. For a ring R, N(R) is a complete Boolean lattice. O

One reason for introducing the lattice A/(R) is that lattice direct sum de-
compositions of N'(R) will always give corresponding direct sum decomposi-
tions of injective modules.

5.1.6. DEFINITION. A subset {K; : i € I} of N(R) is said to be a
maximal set of pairwise orthogonal types if I; AK; =0 for ¢ # j in [
and V;c/K; = 1.

For a module M and v € N (R), we let M,y <¢ M be any type submodule
of type . The next result is contained in [31].

5.1.7. THEOREM. Let I' be a maximal set of pairwise orthogonal types.
Then the following hold:

L. Zwer M(v) = EB’YEFM(’Y) <e M, E(M)=E (@’YEFM(’Y))'

2. Suppose that N(,) < M is any other choice of type submodules of type
v,y € I'. Then E(M,) and E(N,,) are superspective ([87, Def.1.30]).

PROOF. (1) If y1 # 72 in T, then M,y L M, since 71 A2 = 0. Sup-
pose by induction that the sum of any n distinct M,)’s is direct but that
M("/o) N (M(’Yl) ©...b M("/n)) # 0. By (2.3.3), a nonzero submodule of M(’Yo)
is isomorphic to a submodule of M,y for some ¢ > 0. But then M, and
M.,y are not orthogonal, a contradiction. Next, let (Gaﬂ/GFM('y)) ®P<.M.
If P # 0, then P has a nonzero submodule contained in some vy of I' since
P € \/py. Thus P and M, are not orthogonal. So P N M,y # 0 since
My <¢ M. This is a contradiction.
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(2) For any v € I, suppose that E(M) = E(M)) ® X for some X <
E(M). It has to be shown that also E(M) = E(N(,) ® X. By (4.1.2)(3),
X € c(v) is a type submodule of E(M), and thus E(N¢,y) N X = 0. Let
E(Npy) @ X @ C = E(M). If C # 0, by (2.3.3), for some 0 #V < C, V is
either isomorphic to a submodule of E(M(,) or isomorphic to a submodule
of X. Both contradict the fact that E(M(,)) and X are type submodules of
E(M). Thus E(M) = E(N(,)) ® X and E(M(.) is superspective to E(N,))
in B(M). O

Our next objective is to give several natural classes which are available over
every ring.

5.1.8. Definition. Recall that a nonzero module V is atomic if d(V) is an
atom of N(R). Let A, B,C, D be modules. Then D is discrete if it contains
as an essential submodule a direct sum of uniform modules; C'is continuous if
C contains no uniform modules. The module A is molecular if every nonzero
submodule of A contains an atomic submodule. At the opposite end of the
module spectrum, B is bottomless if B contains no atomic submodules.
The above four classes of modules are examples of natural classes. Moreover,
c(“discrete”) = “continuous”, and ¢(“molecular”) = “bottomless.” Lastly, a
nonzero module N is compressible if for any 0 # V < N, there exists an
embedding N — V. Note that the uniform, atomic, or compressible modules
do not form a natural class. From now on, A, B, C, D stand for the classes of
all molecular, bottomless, continuous, and discrete modules, respectively.

5.1.9. EXAMPLE. (1) Uniform, homogeneous semisimple modules and
compressible modules are atomic. If R is a (noncommutative) domain and
0 # L < Rpg, then L is atomic. Moreover, for a uniform module M and any
family {M; : ¢ € I} of nonzero submodules of M, ®M; is atomic. It is easy
to see that submodules and injective hulls of atomic modules are atomic.

(2) Let R = (1182, Zs)/(B521Z2). Then R is bottomless. To see this, take
any 0 # x + @®2,Z2 € R. Since the support supp(x) is infinite, write x =
y + z where both supp(y) and supp(z) are infinite. Then yR = (zy)R and
zR = (zz)R are submodules of zR and yR L zR. Thus V = xR is not an
atomic module. Hence R is bottomless.

(3) For any infinite set X, let P(X) be the Boolean ring where A-B = ANB
and A+ B=(AUB)\(ANB) for A,B C X. Let

F(X)={A: AC X,|A| < R} < P(X)

be the ideal of all finite subsets. Then R = P(X)/F(X) is a nonsingular ring
with Rp bottomless. For X = {1,2,---}, the later ring is isomorphic to the
one in (2). a

The definitions of “square”, “square free”, and “square full” come from [87,
Def.2.34 and Def.1.32]. Their definition of “P is purely infinite” is exactly
the same as saying that “P is an idempotent square.” The reader should
be aware that in the literature for a long time a different concept of “purely
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infinite” has been used (e.g., see Kaplansky [78], and Goodearl and Boyle [68,
pp.40-41]). Here we follow Mohamed and Miiller [87] for this concept.

5.1.10. DEFINITION. A module N is a square if N 2 P @ P for some
P — N; N is purely infinite if N =2 N & N. A module M; is square free
if X & X < M, for any nonzero module X. A module Mj is square full if
for any 0 # N < My, there exists a 0 # X < N such that X & X — M,.

5.1.11. DEFINITION. First, M is any injective module and N stands for
any arbitrary nonzero direct summand of M. The module M is Abelian
if no nonzero direct summand N of M is a square, i.e., M = P ® P,  C
with P; & P, is possible only if P, = P, = 0. The injective module M is
idempotent square free if N 2 N @& N for all N.

Next, M is type I if every N contains a nonzero injective Abelian submod-
ule. It is type III if every N contains a nonzero injective direct summand
0# P C ®N such that P =~ P @ P. Lastly, M is of type II, provided that
for every 0 # N C ®M, N is not Abelian, and there exists a nonzero direct
summand 0 # X C ®N such that P ¢ P & P for any nonzero summand
0# P C®X. In other words, X is idempotent square free.

An arbitrary module M will be said to have any of the above listed prop-
erties (Abelian, idempotent square free, and types I, II, III) if and only if its
injective hull E(M) does. A module M is locally idempotent square free
if every nonzero submodule of M contains a nonzero idempotent square free
submodule.

The next definition of directly finite module has been used by [68, p.16 and
Thm.3.1] and by [87, Def.1.24 and Prop.1.25]. For injective modules these
coincide with [32, Def.4.5].

5.1.12. DEFINITION. A module D is directly finite if D is not isomor-
phic to any proper direct summand of D.

5.1.13. REMARKS. (1) It would not have been enough to define the
previous concepts in (5.1.11) for injective modules only as had been done
previously. Otherwise these classes would not be closed under submodules.

(2) By [87, Prop.1.27], a module M is locally idempotent square free if and
only if for any 0 # V < M, there exists a 0 # W < V such that E(W) is
directly finite.

(3) The square free modules and the Abelian modules are one and the
same. In the literature, the traditional term “Abelian” has been used longer
and more frequently, while the newer “square free” might be more descriptive,
at least in a module context.

5.1.14. Let A denote the class of Abelian modules, and P(oc0) the class of
purely infinite modules. For any ring the following classes of modules are
natural classes:

1. square full modules
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2. locally idempotent square free modules = ¢(P (o))

={V eMod-R: 3V — E(®;crN;), N; are idempotent square free}

3. type I = d(A)

4. type III = d(P(c0))

5. type II = c(type I) N c(type III) = ¢(A) N e(P(0))
PROOF. (1) and (2). From the way they are defined, these two classes
are closed under submodules and injective hulls. Closure under direct sums
follows from the projection argument. (3) Type I = d(A) € N(R) as in
(5.1.11). (4) Similarly, type III = d(P()) € N(R). (5) For type II, that

) =

every submodule is not Abelian means that type IT C ¢(A) = ¢(type I). Also
by (5.1.11), type II C d(P(c0)), and type II = ¢(A) N ¢(P(0)). O

At the expense of a more demanding proof, below (5.1.15)(3) can be im-
proved to hold for certain non-injective modules.

5.1.15. For any ring R, abbreviate type I, II, and IIT modules as Z1,75,73 €
N(R). Let M be any R-module. Then the following hold:

1. 5TNT, =0, 71 NI3=0,IoNI3=0; 17 VI, VI3 =1 EN(R)
2. 3 Mz,) ® M(z,) & Mzy) <e M.

3. E(M) = E(Mcz,))®E(M,))® E(M,)) is unique up to superspectiv-
ity.

4. If Z(M) = 0, then the sum in (3) is unique, and 7,75, 73 as in (5.1.11)
are the usual types I, I, and III.

PROOF. (1) First note that d(P(o0)) C ¢(.A). There is a pairwise orthogonal
decomposition

1=d(A)Ve(d) =T, v {[C(A) A d(P(00))] V [e(A) A C(P(oo))}}
in the distributive lattice N'(R). But d(P(c0)) C ¢(.A) implies that
C(.A) A\ d(P(OO)) = Zg, and 1 = Il \/IQ \/Ig.

0O

Next, some criteria are given in order for a module to belong to some natural
classes.

5.1.16. (1) A module A is atomic if and only if for any 0 # = € A, there exists
an index set I such that A — F ((xR)(I)). Equivalently, for any y,0 # x € A,
there exists a set I with yR C E ((zR)()).
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(2) A module V is Abelian if and only if for any P, @ P, <V, P, & P,
implies P, = P, = 0.
PROOF. =—. This follows from (5.1.11). <=. Suppose that E(V) =
VieVo®dC and 0 # f : Vi — V5 is an isomorphism. Set 0 # P, =
FVANV)NV <, Vo, and P = Py = fL(By) <, .

(3) For a module M, M € Z3 if and only if for any 0 # N < M, there exist
submodules Py, P> of N such that 0 # Py ® P, < N and E(P;) & E(Ps) &
E(P) @ E(P,).

PROOF. <=. This follows from (5.1.11). =>. Given N < M, since E(M) €
T3, there exist modules Q1,Q2, and @ such that 0 # Q1 ® Q2 = Q C® E(N)
and Q1 = Q2 = Q. As in the proof of (2) above, there exist P; <., Q1,
Py, <. Q)>. Hence P & P, <. Q with P & P,. The rest is clear. O

Once early in the development of this subject it was thought that there
might only be a finite number of certain kinds of natural classes defined for
every ring like the classes A, B, C, D in (5.1.8), and 77,75, Z3 above. Next,
it will be shown in (5.1.18) that they form a proper class that is not even a
set.

5.1.17. DEFINITION. The Goldie dimension Gd(M) of any module M
is the finite or infinite cardinal number

Gd(M)zsup{\I\:El @& {M;:iel} <M, O#MigM,iGI}.

If Gd(M) is not inaccessible (= regular limit cardinal), then Gd(M) = |I| is
attained for some &{M; : i € I} < M (Dauns and Fuchs [38, p.297]).

Now let X be a cardinal, where either & = 1, or Ry < N. Define M to be of
local Goldie dimension R if for any 0 # V < M, there existsa 0 # W <V
with Gd(W) = X. Define Ax(R) to be the class of all right R-modules of local
Goldie dimension X. Note that Aj(R) = D(R) are the discrete modules.

More details and proofs for some of the subsequent examples (5.1.18),
(5.1.20), and (5.1.22) can be found in [32, sections 6 and 7].

5.1.18. For any ring R and cardinal number X = 1, Ry, Xy, ..., the following
hold:

1. There exists a unique smallest cardinal 7(R) such that Ax(R) = 0 for
all R > 7(R); 7(R) < 27l

2. An(R) € N(R).
3. AN(R) n AH(R) =0 for k # N; \/N AN(R) = \/N<T(R) AN(R) =1¢c
N(R). O

The Ay as N ranges over all cardinals form a proper class, because for each
N, there is a ring R such that Ax(R) # 0.

Copyright 2006 by Taylor & Francis Group, LLC



114 CLASSES OF MODULES

5.1.19. EXAMPLE. For any division ring F' and set X with 2 < |X| =N,
the free algebra R = F{X} on X has Gd(R) = max{X, |X|} = No - R, and
Rr € Agy,x(R). In order to show that Rr € Z3, let E(R) = N @ N as in
(5.1.11). It suffices to show that N = P @ P for some 0 # P = P @ P. Recall
that for any infinite set I, |I x I| = I, and for any z € R, zR =2 R. As a
consequence of the last two facts, there exists an infinite direct sum of nonzero
cyclics
(Pic1ziR) ® (PicrziR) = PicrziR <c NN R <, N.

Consequently, N =2 N & N and we may take P = N. Since R is a domain,
Rp is nonsingular, continuous, and molecular. O

5.1.20. EXAMPLE. Let g < X, and let Y be an infinite set. An almost
disjoint family is a subset F C P(Y) such that for any A € F, |A| = |V,
but for any A, B € F with A # B, |AN B| < |Y|. The generalized continuum
hypothesis (GCH) is the statement that for any infinite cardinal X, 2% = R+,
where N7 is the successor cardinal of X. We need the following fact: Either
let |Y]| = No, or assume that |Y] is regular as well as the GCH. Then there
exists an almost disjoint family F C P(Y) with |F| = 21XI. (See Kunen [82,
Thm.1.2, p.48] and/or Levy [83, 5.29(ii), p.194].)

Let X be an infinite set. In the Boolean ring P(X), where A- B = AN B
and A+ B = (AUB)\(ANDB) for A,B C X, let J<P(X) be the ideal
J={Cc X :|C|<|X]|}. Let R =P(X)/J. Since |R| < |P(X)| = 21X,
Gd(R) < |R| < 211

In order to see that R is of local Goldie dimension 2%/, it suffices to show
that for any cyclic 0 # yR < R, Gd(yR) > 2/XI. Theny =Y +J, Y C X,
Y ¢ J,or |Y| = |X|. Assume either that | X| = N, or that |X| is regular and
the GCH in order to obtain an almost disjoint family F C P(Y") as above.
Then the sum

S{(A+J)-R:AcFy=af{(A+J) R:Ac F} < (Y +J)-R=yR

is direct. Hence Gd(yR) > |F| = 2XI. Thus R € Ax(R) is of local Goldie
dimension X = 2/X1,

Any direct sum of submodules inside Ry is an orthogonal direct sum. Thus
Rp is nonsingular type I, and bottomless.

Let | X| =R, and F, = Zy for x € X. The support suppt of t = (t,)zex €
[L.ex Fiis suppt = {x € X | t, # 0}. The R-product is

<
HFxZ{tG Hszsuppt|<N}.

zeX zeX

Then [Tex o & P(X), I3 Fe 2 J, and thus [[ex B/ TI0x P =
P(X)/J = R. In particular for X = R, [[{°Z is a ring of local Goldie
dimension 2%, m|
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The next examples show that Goldie torsion type I and type III modules
exist,.

5.1.21. EXAMPLE. For any ring R, suppose that the module M is a direct
sum M = ®,U, of uniform modules U,. Since every nonzero submodule of
M contains a uniform module and a uniform module is Abelian, M is always
a type I module.

Now in addition, assume that R is a Goldie torsion ring, i.e., 0 # Z(R) <,
R = Z3(R). Then every module is Goldie torsion, and in particular M is
Goldie torsion, discrete, and of type I. For example, let R = Z,> for a prime
p. A non-commutative Goldie torsion ring can be found in [24, 6.16, p.79]. O

In some of the following examples, some of the proofs are omitted.

5.1.22. EXAMPLE. For a prime p, let R = Z,2{x,y} be the free algebra
on two non-commuting indeterminates. From (pR)* = pR <. R, we get that
pR C Z(R), and R = Z»(R).

It can be shown that actually Z(R) = pR, and that for any E(R) = N&N',
there exists an essential direct sum (@;crv;R) @ (Bjesw;R) <. NN R, where
pv; # 0 and pw; # 0 for all 7 and j. Furthermore, we may assume that
|J| = Ny, and either I = @ or |I| = Ry. Now an argument similar to that of
Example (5.1.19) shows that Rg is Goldie torsion, continuous, molecular, and
of type III. O

5.1.23. CONSTRUCTION. For a family R;, j € J, of rings, set P =
[[jes R, S = ®jesRy, and R = P/S. Then (i) Z(R) = 0, Rp is nonsingular,
and (ii) Rg is bottomless.

So far, the R; could have been Goldie torsion Zs(R;) = R;. If in addition
all R;, j € J, are countable domains, then

(111) |{] eJ: Rj ¢Il}| < o00<= Rp el

(iV) |{j € JZRj ¢Ig}| <00 <= Rp€1s.

Now let the R; be any Goldie torsion free rings, Z(R;) =0, j € J. Then

(V) Vj,Rj €1, = Pp €1y;

(Vi)Vj,Rj€1-3:>PP€I;3. O

Some examples of Goldie torsion rings R with a unique maximal ideal P<R
such that Z(R) = P <. R are given.

5.1.24. EXAMPLES. (i) For any commutative principal domain D and
prime element p € D, set R = D/(p") for some n = 2,3,.... Then Z(R) =
(p)/(p") <c R.

(ii) For a prime p, let R be the previous free algebra Z,:{x,y} but now
subject to the relations 22 = zy = yx = y?> = 0. Then R is commutative
with a unique maximal ideal P = Z(R) = pZ,2 + xR+ yR <. R, Z(R)? = 0.
Note that R is not uniform, since zR N yR = 0. In the above examples, the
elements of R\P are invertible. o

The next construction describes how to obtain bottomless Goldie torsion
rings.
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5.1.25. CONSTRUCTION. Let T;, i € I, be an infinite family of rings
with a unique maximal ideal P; 4 T; where P; is the right singular submodule
of T; and P; is essential in T; as a right ideal. Set T = HieI T;, S = ®ierTy,
and R =T/S. Then it can be shown that

Z(R) = <H3+S> /S<.R.

i€l

This ring R is bottomless Goldie torsion. If all T; € 77, then it can be shown

that Rp € T o
5.1.26. REFERENCES. Dauns [25,31,32]; Goodearl-Boyle [68]; Mohamed-
Miiller [87].
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5.2 Decomposability of Modules

The previous section gave many examples of type submodules, and how
they can be constructed. It also showed that given a finite set of pairwise
orthogonal types in the lattice N'(R) whose join is 1 € N(R), then any in-
jective module M can be written as a direct sum of submodules belonging to
those types. In the last part of the last century, direct sum decompositions
were developed for various classes of modules generalizing the injectives: ex-
tending, fully invariant extending, quasi-continuous, etc. For the most part,
hypotheses had to be placed on all complement submodules of a module M.
In Zhou [141] it was shown that it was enough to impose hypotheses only on
the type submodules of M, which are automatically complement submodules.
By that time it became apparent that what was going on in [141] was more
than a generalization. The emphasis here is to find conditions on the sub-
module structure of a module M in order for M to have certain direct sum

decompositions.
5.2.1. DEFINITION. For a positive integer n, a module M is said to be
n-decomposable if for any maximal set {C; : ¢ = 1,...,n} of pairwise or-

thogonal types, there is a decomposition M = &,2, M, where M; € ;. A
module which is n-decomposable for all integers n > 1 is called finitely de-
composable. If for every maximal set (respectively, every countable maximal
set) {K; : i € I} of pairwise orthogonal natural classes, M has a decompo-
sition M = @®{M,; : i € I} with M; € K;, then M will be said to be fully
decomposable (respectively, countably decomposable).

The basic questions here are: (i) characterize n- (respectively, finitely,
countably, fully) decomposable modules; (ii) characterize the rings R for which
certain modules are n- (respectively, finitely, countably, fully) decomposable.

5.2.2. THEOREM. For a module M, the following are all equivalent:
1. M is 2-decomposable.

2. For any N < M, N has a type complement @) in M such that @ is a
direct summand of M.

3. Every type submodule N <; M of M has a complement ) in M with
Q@ a direct summand of M.

PROOF. (1) = (2). For N < M, set K = d(N). By (1), M = M; & Ms,
where M; € K and M; € ¢(K). So N L M. Suppose that N L P for some
My C P C M. Then, since My <; M, we have My 1 X for some 0 # X C P.
But then we have Y — M; for some 0 # Y C X by (2.3.3). This contradicts
the assumption that N 1. P. So M, is a type complement of N in M. Since
(3) is a special case of (2), (2) = (3).
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(3) = (1). Let K1, K2 € N(R) be given with 1 Vs = 1 and K1 AK, = 0.
Then Ky = ¢(K4) by (5.1.3) and (5.1.5).

Let N <; M be a type submodule of type K;. By the hypothesis (3), N
has a complement @ such that M = P & @ for some P < M. Since N is a
type submodule of type 1, N L @Q and @ € ¢(K;). Note that N ® Q <. M,
so N is isomorphic to an essential submodule of P. Hence P € K;. O

5.2.3. THEOREM. Any direct sum of n-decomposable modules is n-
decomposable. Note that n-decomposable can be replaced by any of the
following: finitely decomposable, countably decomposable, or fully decom-

posable.

PROOF. We prove this only for n. Let M = @;c;M; where M; is n-
decomposable. Suppose that Ky, ..., K, is a maximal set of pairwise orthogo-
nal types. For each 7, M; = M ®---®M,;,, with MZ] S K:] Set M] = EBiEIMij
forj=1,...,n. Thus M = M, @ --- & M, where each M; € K;. O

5.2.4. COROLLARY. Any direct sum of atomic modules is fully decom-
posable. In particular, direct sums of atomic modules are 2-decomposable.

PROOF. This follows from (5.2.3) because every atomic module is clearly
fully decomposable. o

In Smith and Tercan [110], a module M is said to satisfy condition (Cyy) if
every submodule of M has a complement that is a summand of M. Therefore,
by (5.2.2), every module with (C71) is 2-decomposable, and so is every TS-
module. Later we will see that there exist 2-decomposable modules which
satisfy neither TS nor (Ci1). In [141], M is defined to satisfy (T3) if, for any
type direct summands M7 and My with My ® My <, M, M = M; & M> holds.

We will use the concept of superspectivity ([87, Def.1.30]). The connec-
tion between (T5) and superspectivity given below was discovered in [141,
Lemma 6].

5.2.5. COROLLARY. The following are equivalent for an R-module M
and a fixed K € N'(R):

1. M has a decomposition M = M; & Ms, unique up to superspectivity,
with My € K, M5 € C(’C)

2. M has a type summand of type K, and for any type direct summands
My, Ms of M with My & My <. M and with M; € K, My € ¢(K),
M = M; & M; holds.

In particular, M satisfies (1) for all K € N(R) if and only if M is 2-
decomposable and satisfies (T5).

PROOF. Abbreviate “M; is superspective to A” by “M; ~ A” in this proof
only.
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(1)= (2). Lt M =M &Y and M = X & M, be as in (2) with
M, ® My <. M, My € K, My € C(IC)

Hence Y € ¢(K) and X € K. But then M = M; @Y and M = X & M, are
two decompositions which by hypothesis (1) are unique up to superspectivity.
Thus M7 ~ X and M = X & M, implies that M = M; & Mo.

(2) = (1). By hypothesis (2), there exists a type summand M; of type K
of M, with M = M; ® Ms, and hence My € ¢(K). Suppose that M = N1 @® N,
with N7 € L and N» € ¢(K). First, our hypotheses are symmetric with respect
to M7 and M>, and secondly, with respect to M7 and 7. Hence it suffices to
prove that if M = My @Y for some Y < M, then likewise M = N1 @Y. But
since Ny @Y <, M (by 5.1.7), by (2), M =N, &Y. |

The next result is pertinent to almost every type direct sum decomposition
developed in this section.

5.2.6. UNIQUENESS. Let M be any 2-decomposable module satisfying
(T3), and {K; : i € I} any finite or infinite set of pairwise orthogonal types.
Then any decomposition M = @;c;M; of M with M; € IC; is unique up to
superspectivity.

PROOF. Without loss of generality, we can assume that {I; : ¢ € I} is a

maximal set of pairwise orthogonal types. Suppose that M = ®;c;N;, where
N; € K; for all i € I. Then let for each j € I,

M = M; © (®i£;M;) = Nj & (Bi; Ni)

with M;, N; € K; and @, M;, ®ix; N; € ¢(K;). Then it follows from (5.2.5)
that M; and IN; are superspective. ad

A submodule N < M is fully invariant if f(N) C N for all f € End(Mg).
The next theorem will show that for any 2-decomposable module M, every
fully invariant type submodule of M, such as Zs(M), is a summand. Con-
sequently, the study of 2-decomposable modules can be conducted separately
for nonsingular modules and Goldie torsion modules. Since for a nonsingular
module N, type closures of submodules of N are unique, to say that N is
2-decomposable is the same as saying that N is TS.

5.2.7. THEOREM. The following are equivalent for a module M:
1. M is 2-decomposable.

2. M = Z5(M)® K where Z3(M) is 2-decomposable and K is nonsingular
TS.

3. There exists a fully invariant type submodule F' <; M with M = F& K,
where both F' and K are 2-decomposable.
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4. For every fully invariant type submodule F <; M, M = F & K with
both F' and K being 2-decomposable.

PROOF. (1) = (4). When F' <; M is a fully invariant type submodule of
M, then M = X®Y where X € d(F) and Y € ¢(F') by (1). Any fully invariant
submodule F of a module M = X @Y always satisfies F' = (FNX)® (FNY).
Then Y 1 F, hence FNY =0, and thus ' C X. But then F = X since F is
a type submodule of type d(F) of M. Thus M = FG K, where K =Y € ¢(F)
is orthogonal to F'.

To see that F and K are 2-decomposable, let £ € N (R) be any given
natural class. Let A <; F be any type submodule of F' of type K. Since
A e K, d(A) C K. (Note that ¢(4) = ¢(K) V (c(A) AK).) Use (1) to write
M = M; ® My with My € d(A) C K and My € ¢(A). The full invariance
of F < M guarantees that F' = (F N M;) @ (F N M), where F N M; €
d(A) C K. From My € ¢(A), it follows that My L A, and (F'N My) L A.
Thus A+ (FN M) = A@ (FN M) < Fis a direct sum. Since A is a
type submodule of type K of F, necessarily FF N My € ¢(K). Hence F is
2-decomposable.

Next, let B <; K be a type submodule of type K of K. Again, M = N1 &N,
where Ny € d(B) C K and Ny € ¢(B), and F = (FN Ny) ® (F N Ny). From
M=F&K with K L F;and FNN; C N; € d(B) C K, it is asserted that
FN Ny =0. If not, thereexists a0 # Cy < B K with Co 2C; < FNMN
for some 0 # C; < FFN N;. This contradicts that K 1 F. Hence F = F N Ns.
But then Ny = Ny N (F@ K) = F® (NaNK), and M = N; & F & (N3 N K).
Let 7 be the projection of M onto K along F. Then Ny @ F = «n(N;) & F,
and thus M = 7(N1) @ F @ (N2 NK) = F@ K. Since n(N1) ®(N2NK) C K,
it follows that K = w(N7) @ (N2 N K). This implies that

m(N1) 2 K /(Na N K) = (K + Na)/Na < (N1 @ Np) /Ny = Ny € K.

Next, if No N K ¢ ¢(K), then there exists a 0 # V < No N K with V € K.
Since Ny € ¢(B), we have V € ¢(B) and V' L B. Then BC B@V C K and
B @V € K, contradicting that B <; K is a type submodule of type K. Thus
NoN K € ¢(K), and K is 2-decomposable.

(4) = (2). Since Z3(M) < M is fully invariant, by (4), we have M =
Z5(M) & K where both Z5(M) and K are 2-decomposable. Any nonsingular
2-decomposable module such as K is TS. (2) = (3) is trivial; and (3) =
(1) is by (5.2.3). O

5.2.8. COROLLARY. Suppose that M = Fe K = G L, F,G € K,
K,L € ¢(K) with F fully invariant in M. Then F = G and K and L are
superspective.

PROOF. Clearly, F = (FNG)®(FNL), FNL = 0, and hence F = FNG C G
implies F' = G.

Since our hypotheses on K and L have become symmetric, it suffices to
show that if M = X @ K, then also M = X @ L. But X € IC, and by the first
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sentence of this proof, necessarily X = FF = G. Butthen M = G®L = XD L.
O

The next lemma describes some facts about type and complement submod-
ules of nonsingular modules which will be used to prove the next theorem.

5.2.9. LEMMA. Let N be a nonsingular module. Then the following hold:

1. If K < N is fully invariant in N, then so is also its unique complement
closure K°.

2. If N =X &Y with X LY, then Hompg(X,Y) = 0.

3. If N is 2-decomposable, then every type submodule of N is fully invari-
ant in N.

PROOF. (1) In any nonsingular module such as N, for any submodule K <
N, K¢ ={x € N:27'K <. R}. Suppose that f : N — N and z € K°.
Then f(z)(z7*K) C f(K) C K shows that (f(z)) 'K <. R and f(z) € K°.
Thus f(K°¢) C K°.

(2) This is (4.3.19)(4). (3) follows immediately from (2). a

5.2.10. THEOREM. Let Ko,K1, -+, K, € N(R) be a maximal set of
pairwise orthogonal types, where Ky is the class of the Goldie torsion modules.
Then the following hold for any module M:

1. M is 2-decomposable if and only if there exists a decomposition M =
AgPA1®- - - @A, where A; € K; is 2-decomposable for alli = 0,1,--- ,n.
(Hence Aq,---, A, are TS.)

2. The above decomposition is unique up to superspectivity.

PROOF. (1) To prove (1), by (5.2.3), it suffices to prove only the implication
“=7. By (5.2.7), M = Ag® A’ where Ay = Z5(M), and A’ is 2-decomposable
nonsingular. Consequently, A’ = A; & A” where A; € K1 and A" € ¢(Ky)
are fully invariant type submodules of A’ by (5.2.9)(3). By (5.2.7), 4; and
A" are each 2-decomposable. Hence A” = As @ A", Ay € Ko, A" € ¢(K3)
where both A, A" are fully invariant 2-decomposable type submodules of
A”. Repetition of this process proves (1).

(2) Suppose that M = A, @ A} & --- & Al is a second decomposition
satisfying (1). First of all, Aj = Zo(M) = Ay. Without loss of generality, it
suffices to show that if M = A; @ X, then also M = A} & X. Since 4; | Aj,
(Abe---®dA) LA. Let m: M = Ay & X — A be the projection along
X, and f the composite map

N=AoAy® @A, A — N.

By (5.2.9)(2), f(Ab® --- @ Al) = 0, and hence A5 @ ---® A, C Kerf =
NNX C X. Note that Zo(M) = Z5(X) C X. Thus Ay, AL, & --- @ Al C X,
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and hence M = A} + X. Since X L A; while 4; || A}, also X 1L A}. Hence
M = A} & X as required. m]

5.2.11. COROLLARY. The following hold for a module M:

1. M is 2-decomposable if and only if there exists a decomposition
M=A®2BoCo®DOE

satisfying the following properties:
) A is Goldie torsion and B @ C @ D & F is nonsingular.
b)
()
(d) D contains no uniform submodules but has an essential direct sum
of atomic modules.

B has an essential socle.

(a
(

C' is socle free with an essential direct sum of uniform modules.

(e) E contains no atomic submodules.

(f) A,B,C,D, E are each 2-decomposable (and hence B,C, D, E are
TS).

2. The above decomposition of M is unique up to superspectivity. O

5.2.12. PROPOSITION. A module M is TS if and only if there exists a
submodule K < M such that M = Zy(M) & K, with both Zo(M) and K
being TS, and furthermore, Z2(M) is K-injective.

PROOF. —>. Since Zy(M) <; M, and since M is TS, M = Z3(M) @ K for

some K < M. But K L Zy(M), K <; M. In general, since “<,” is transitive,

type submodules of any TS-module are TS. Hence Zs(M) and K are TS.
Next, let X < K and f: X — Z3(M) be a module map. Define

N={z—f(z):2 e X} <K®Zy(M) =M.

Then NNZy(M) = 0. Let N* be a complement of Z3(M) in M with N C N*,
ie., N*@ Zy(M) <. M. Since N* <, M by (4.1.2)(3), M = N* @V for some
V <, M. Then Zs(M) = Z5(V) <; V. But V is TS, and thus V = V;®Zs (M)
for some Vi < V. Let 7 be the projection 7 : M = N*® V) & Zy(M) —
Zy(M) onto Zy(M) along N* @ V;. For z € X,

x=(x— f(z))+ f(x) where z— f(x) e NCN*CN*"@V,

and f(z) € Zo(M). Consequently, w(x) = f(z), and 7|x = f. But X C K
and 7| : K — Z5(M) is an extension of f to K.

<. In order to prove that M = Zy(M)®K is TS, take any type submodule
X of M. Then Z5(X) <; X <4 M, Zy(X) <t M, and Z5(X) <; Zo(M).
Since Zy(M) is TS, Za(M) = Z3(X) & P for some P < Zy(M). Hence
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M=2;X)P@®K and X = Z3(X)®Y where Y = X N (P& K) is
nonsingular. Thus, Y N Zy(M) = 0.

It is at this point that the K-injectivity of Zy(M) is used in (4.3.1) to
obtain a summand Y* of M with Y C Y* and M = Y* & Zy(M). Since
Y <; X <4 M, Y is a type submodule of M. But then Y <; Y* = K. Since
K is TS, Y*is TS and Y is a summand of Y*, i.e., Y* =Y & W for some
W <Y*. Therefore M = (Y & W) ® [Z2(X)@® Pl and X = Z5(X) @Y is a
summand of M. |

5.2.13. EXAMPLE. The module A & B will be 2-decomposable but not
TS if A is atomic Goldie torsion, B atomic nonsingular such that A is not
B-injective. For R = Z, Z,, ® Z, where 1 < n € Z, is such a module. For any
field F, with R = F[z] the polynomial ring, (R/(x) @& R)g is 2-decomposable
but not TS, since (R/(z))r is not injective. a

Next we construct a 2-decomposable module M that does not satisfy either
(011) or TS.

5.2.14. EXAMPLE. Let

_ nx . ZZQ@ZQ
R—{<0n>.n€Z,xEZQ@ZQ}C<O 7 ),
2n 0 in 0
Io—{<02n).neZ}, I—{(04n>.n€Z},and
0
J:{<Og>:m€Z2@Zg}.

Then J = Soc(R). For My = R/I and My = R/J, set M = M; & M>. Let
U<¢R. Then J CU and 0 # I[yNU < R. So we see that U < R is essential
if and only if U O V @ J for some 0 # V C I.

Ifr = <gi> € R where 0 # n € Z, then r+ = 0 if n is odd while rt = J

if n is even. In either case, r ¢ Z(R). On the other hand, if r = (8 g) €ER
where x # 0, then r+ = Ip ® J <. R. Thus Z(R) = J, and also Z»(R) = J.
Then My = R/J = R/Z5(R) is nonsingular uniform.

Note that M7 = R/I contains an essential submodule

(Io+ J)/I=(I/I) & J,

and that Iy/I is embeddable in J. This shows that (Ip+ J)/I is singular and
atomic. It follows that M; is Goldie torsion and atomic. By (5.2.4), M is
2-decomposable. To show that M is not TS, it suffices to show that M is not
Ms-injective by (5.2.12). Let f be the R-homomorphism

Fi(I+0))J — R/I, (4(;1 4?1) T (25’ 2(;) s
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m x

If f extends to g: R/J — R/I. Then g(1g+ J) = (0 m

)+I, and

a contradiction. So M; is not Ms-injective. Thus M is not TS.
To see M fails to satisfy (Ci1), let J; = {(8 g) x € Lo D (0)} and

00
M satisfies (C11), then there exists a complement P of N in M such that
P is a direct summand of M. Since NN (J; +1)/I = 0, P # 0. Since
PN My C PNN =0, there exists an embedding P < M. Thus P is Goldie
torsion. Therefore, P C Zs(M) = M, and thus P is a direct summand of
M. But, since M; is indecomposable, it must be P = M;. It follows that
(Jo+1)/I C NnNP =0, a contradiction. So M does not satisfy (C11). a

. {(0 a:> cx € (0)® 2}, and form N = [(Jo + 1)/I] & (R/J). It

The module decompositions given by the next two propositions were origi-
nally proved in [141]. Although stated for a TS-module M, the proofs there
used only that M is 2-decomposable. The reader now should recall the con-
cepts square free, square full, and directly finite from Definitions (5.1.10)-
(5.1.12).

5.2.15. PROPOSITION. Every 2-decomposable module M has a decom-
position M = D @ P with D and E(D) directly finite, F(P) purely infinite,
and D L P. If in addition M satisfies (T3), then the decomposition is unique
up to superspectivity.

PROOF. Define a non-empty class
F={X € Mod-R: X®) < EM}.

Since F is closed under submodules, ¢(c¢(F)) = d(F). Since M is 2-decompo-
sable, M = D @ P with D € ¢(F) and P € d(F). For a submodule N of
EM, a result of [87, Lemma 1.26] says that if N is not directly finite, then
for some nonzero module X, there exists an embedding X®0) < N. This
implies that 0 # X € F C d(F) and hence N ¢ ¢(F) because X and N are
not orthogonal. We, therefore, conclude that both D and E(D) are directly
finite.

By [87, Thm.1.35], E(P) = E1 ® Es, where Fj is directly finite, Es is purely
infinite, and E; L E,. If Ey # 0, then Ey C E(P) € d(F), or By € d(F),
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and hence there exists a 0 # X < E; C E(M) with X € F. But M N X # 0,
and it may be assumed that 0 # X < M. Consequently, X)) = N < EM
for some N € d(F), N L D. From N < EM = ED® EP, ED 1 EP, it
follows that N — EP. Since X < Fy and Fy 1 F», also N 1L FE,. From
N C E(M) = E, ® By with NN Ey = 0, it follows that X)) = N < B,
By [87, Prop. 1.27], E; is not directly finite, which is a contradiction unless
E; = 0. Therefore, E(P) = E5 is purely infinite.

Suppose that M = Dy @ P; is another decomposition as in the statement
of the proposition. Thus E(M) = E(D) ® E(P) = E(Dy) ® E(P1). By the
uniqueness in [87, Thm.1.35], E(D;) & E(D) € ¢(F) and E(P,) & E(P) €
d(F). Since natural classes are closed under submodules, D; € ¢(F) and
Py € d(F). Finally, uniqueness up to superspectivity follows now from (5.2.5)
if M satisfies (T3). O

Our next objective is to consider decompositions of a module as a direct sum
of a square free module, and a square full module. The latter are characterized
in the next proposition.

5.2.16. PROPOSITION. A module M is square free if and only if every
complement submodule of M is a type submodule. In particular, a square
free module is 2-decomposable if and only if it satisfies (C11).

PROOF. =—. If not, then there exists a complement submodule N < M
which is not a type submodule. This means that N is properly contained in
its type closure N in M, and N||N%. Since N is not essential in N, there
exists a 0 #Z W < N with NNW = 0. Then there exist 0 # V; < N and
0 # Vo < W with V; & Vs, contradicting that M is square free.

<= . If not, then there are submodules A,B < M, AN B =0, and 0 #
A = B. Let A° be any complement closure of A in M. Then A°||(A° & B)
contradicts that A€ is a type submodule of M. m]

5.2.17. PROPOSITION. Any 2-decomposable module M has a decompo-
sition M = M;® Ms, where M is square free, Ms is square full, and M; L Ms.
If M satisfies (T3), this decomposition is unique up to superspectivity.

PROOF. Set F = {X € Mod-R : X®X — M}. Since M is 2-decomposable,
M = My & Ms, where M; € ¢(F) is square free, My € ¢(c¢(F)) = d(F), and
My L My. Assume My # 0, and let 0 # N < Ms. Since 0 # N € d(F), there
existsa0 #Y < N such that Y®Y = Z < M for some Z. Since Y C M5 and
My 1L My, also Z 1. My, and Z N M; = 0. Consequently Y &Y = Z — M.
Therefore My is square full.

Next it will be shown that if M = A & B is any other decomposition as in
the statement of this proposition, then A € ¢(F) and B € d(F). Since B is
square full, B € d(F). If A ¢ ¢(F), then for some 0 # X < A, X € F, where
X®XEN<M. Since0#X CA Al B,also X | Band N | B. But
then NN B =0, and N — A, contradicting that A is square free. Lastly, if
we now also assume (73), then (5.2.5) shows that these decompositions are
unique up to superspectivity. O
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5.2.18. EXAMPLE. A 2-decomposable module satisfying (73) which is
not TS: For R = Z, p a prime number, and Q the rationals, the module
M =17, ® Q is clearly 2-decomposable by (5.2.4). Since Z3(M) = Z,, is not
Q-injective, M is not TS by (5.2.12). However, M satisfies (T3), since M has
exactly two nontrivial direct summands. O

Next, finitely and countably decomposable modules are discussed. Note
that the hypothesis (i) below implies that every local type summand is a type
submodule.

5.2.19. PROPOSITION. Assume that (i) every local type summand of a
module M is a direct summand, and that (ii) every type direct summand of
M is 2-decomposable. Then M is a direct sum of atomic modules.

PROOF. By (4.3.6), M = @ cp X where all X are t-indecomposable and
Xy, L X, whenever A\ # Ay. Suppose that for some Ay € A, X, is not
atomic. Then there exists a 0 # A < X, such that X, ¢ d(A4). Since X},
is 2-decomposable, X, = B @ C, where B € d(A) and C' € ¢(A4). Since
0 # A € d(A), it follows that B # 0. Since X, ¢ d(A4), C # 0. Then
Xy, = B ® C contradicts that X, is ¢-indecomposable. Hence all X, are
atomic. O

Since a TS-module always satisfies (ii) of the last proposition, the next
corollary follows from (5.2.19) and (4.3.9).

5.2.20. COROLLARY. Suppose that M is a T'S-module and that for any
chain m{- C my C --- of right ideals of R, where m; € M, t.dim(®5°, R/m;")
< 00. Then M is a direct sum of atomic modules and hence fully decomposable
(by 5.2.4). a

In all cases below, as a minimum, the module M satisfies the condition
that every type direct summand of M is 2-decomposable. If Rp satisfies the
t-ACC, then the condition in (2) holds, which guarantees that every local type
summand of M is in fact a type submodule.

5.2.21. THEOREM. Suppose that every type direct summand of the mod-
ule M is 2-decomposable. Then the following hold:

1. M is finitely decomposable. In particular, every TS-module is finitely
decomposable.

2. Assume that for y; € M, i =0,1,2,..., for any countable chain of right
annihilator ideals yg- € yi- C y3~ C ..., t.dim (&2, R/y;") < co. Then
M is countably decomposable.

PROOF. For any finite or countable maximal set of pairwise orthogonal
types{ICZ-:ie[},letlz{1<2<...<n<...}§{i:1§i<w}.
By hypothesis, M = M; ® Ny, where M; € Ky, Ny € ¢(Ky), and My L Nj.
Assume by induction that for some 1 < j, M = (®/_,M;) ® N; is a type
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direct sum with M; € KC; for i = 1,---, 4, and N; L (EBglei). Since Nj is
a type direct summand of M, N; = M & Njq with M, € K11 and
Nji1 € ¢(Kj41). Then again M = (@I M) @ Nji1 is a type direct sum of
the required kind with each M; € K;, and N1 L (@gille)

(1) If the index set I = {1,...,n} is finite, since \/,., K; = 1, Npi1 =0,
and so M = @I, M; B

(2) Note that in view of (4.3.9), every local type summand of M is a type
submodule of M. Now let I = {i : 1 < i < w}. By the above induction,
(®icwM;) ® C <. M for some C < M, where M; is a type submodule of
type K; of M, and (®;<,M;) L C. Thus IC; A d(C) = 0. Since any complete
Boolean lattice satisfies a limited infinite distributive law,

d(C) = d(C) A (\/ ICi> =\/ (d(C)AK;) = 0.

i<w <w

This implies C' = 0, and that the local type summand ®;.,M; <. M is a
type submodule of M. Hence M = ®;,M,;. O

Note that for any module M over a commutative domain, the usual torsion
submodule {m € M : m* # 0} is Z(M). The next theorem also holds for
Dedekind domains.

5.2.22. THEOREM. For R = Z, the following are equivalent for an Abelian
group M:

1. M is 2-decomposable.
2. M is fully decomposable.

3. M is a direct sum of a torsion Abelian group, and a torsion free Abelian
group.

4. Every direct summand of M is 2-decomposable.

PROOF. (3) = (2). Let M = Zy(M) @ K. For a prime p, the p-torsion
component of Zy(M) is atomic. Since also any torsion free Abelian group
such as K is atomic, M is a direct sum of atomic modules. By (5.2.4), M is
fully decomposable.

(3) = (4). By hypothesis, M = Z5(M) & K, and let N be a summand of
M, where M = N @ P. Since Zo(M) < M is fully invariant,

Zo(M) = [Zo(M) N N] @ [Zo(M) N P] = Zs(N) & Zo(P).

Then M = Z5(N) @ Zy(P) ® K, and hence N = Z5(N) ® N' where N =
N N [Z3(P) ® K] is torsion free. Therefore, N satisfies (3), and by the above
proof that (3) = (2), it follows that N is fully decomposable.

The implications (2) = (1) = (3), and (4) = (1) are immediate. Thus
(1)-(4) are equivalent. O
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The following proposition is a type analogue of a result of Miiller and Rizvi
[90].

5.2.23. PROPOSITION. Assume that every type direct summand of M
is 2-decomposable. Then the following hold:

1. M has a decomposition M = M; ® M, where M; is molecular, M5 is
bottomless, and M; is essential over a type direct sum ;7 V; of atomic
type summands of M.

2. If in addition M satisfies (T3), then the above decomposition is unique
up to isomorphism. That is, if M has another decomposition M =
M, ® M,, where M is molecular, M, is bottomless, and M is essential
over a type direct sum @;¢ JN;- of atomic type summands of M, then
M, = M{, My = Mé, and there is a bijection 6 : I — J such that
N; = Ny, forall i € I.

PROOF. The existence: Let I be the class of molecular modules. Then
K is a natural class and ¢(K) is the class of bottomless modules by (5.1.8).
Thus, there exist M; € K and My € ¢(K) such that M = M; & M,. It
follows that M7 contains an essential submodule X = ®;;X; where each X;
is atomic. Without loss of generality, we may assume that X; 1 X; for all
i # j in I. By the hypothesis, M7 is 2-decomposable. For each k € I, let
Z = ®{X; :i € 1,i# k}. Then, by (5.2.2), there exists a type complement
Ny, of Zi in Mj such that Ny is a summand of M; (and hence of M). Since
X ® Z <. My, it can easily be proved that Ni||X;. So Ni is an atomic
type summand of M and N; L N; whenever ¢ # j in I. To see that ®;erN; is
essential in My, let (P;erN;) NY = 0 where Y is a submodule of M;. Since
each N; < M is a type submodule, Y 1 N; for each ¢ € I. Thus, Y 1 X;
for all ¢ € I. Tt follows that Y L (@;erX;) and so Y N (®;erX;) = 0. Since
@;c1X; is essential in M7, we have Y = 0.

The uniqueness: Suppose M{, Mé, and @jeJN/' are as assumed in (2) Since

M is a 2-decomposable module satisfying (T3), by (5.2.6), My = M, and
My & M2 Since both ®;c;N; and ®j€JN are essential in My and all IV;, N
are atomic, for each i € I, there exists a least one j(i) € J such that N; ||N
However, since @ ;¢ ]N . is a type direct sum, j(i) is unlque And snnllarly,
for each j € J, there exists a unique i(j) € I such that N ||N . This means
that 6 : I — J, 0(i) = j(i) is a bljectlon Since N; and Ny, both are type
summands of My, write My, = N;GA = ( )@B with N; L A and Ng( ) 1 B.
Then N; and Ne( ) are in d(N;) and A, B are in ¢(N;). By (5.2.6), N; = N9(z)
O

The rings R satisfying the right ¢-ACC were discussed and characterized in
(4.3.12). The present section has given us a new concept - countable decom-
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posability - in terms of which we are now able to give a new characterization
of these rings.

5.2.24. THEOREM. The following are all equivalent for a ring R:
1. Rp satisfies t-ACC.
2. Every injective right R-module is countably (or fully) decomposable.
3. Every TS-module is countably (or fully) decomposable.

4. If M is any module whose type direct summands are 2-decomposable,
then M is countably decomposable.

PROOF. (1) = (3) is by (5.2.20), (1) = (4) follows by (5.2.21), and
(3) = (2) is obvious.

(2) = (1) and (4) = (1). Either of (2) and (4) guarantees that every
injective module is countably decomposable. By (4.3.12), Ry satisfies t-ACC
if and only if for any countable family {F; : ¢ € I} of pairwise orthogonal
injective modules, with I countable, ®;c 1 F; is injective. Set F' = E(®¢c1 F;).
Then {c¢(F)}U{d(F;) : i € I} is a countable maximal set of pairwise orthogonal
types. Since F is countably decomposable, F' = A @ (P;crA4;) for some A €
c(F) and A; € d(F;). Trivially, A =0, and for any j € I, F = A; & (®j2ic1As)
with A; € d(F};) and ®,x,c1Ai € c(F;). Since F is injective, by (5.1.7), F;
is superspective to A;, and consequently F; = A; for all j € I. But then
F = E(®iciF;) = @ic1Ai = @ier F; shows that @ F; is injective as required
in order to show that R satisfies (1). a

The next lemma and proposition give a general and flexible method of
constructing fully decomposable TS-modules satisfying (73).

5.2.25. LEMMA. Let N <; M = ®;c;M; be a type submodule of M,
where the M;, ¢ € I, are atomic. Then for any ¢ € I, either N N M; = 0, or
NNM,; <. M.

PROOF. If (NN M,;)® D < M; with both N N M; and D nonzero, then
N N M; and D have nonzero isomorphic submodules, because M; is atomic.
But since N + D = N @ D, it follows that N L D. But then (NN M;) L D
contradicts that M; is atomic. O

It is rare that one is able to completely and explicitly identify all type
submodules of a module as completely as in the next proposition. Note that
the hypothesis below implies that for all j # ¢ € I, E(M;) < E(M) is fully
invariant and that Homg(EM;, EM;) = 0, and that the latter two properties
are equivalent.

5.2.26. PROPOSITION. Suppose that M = ®;c;M; where all the M;,
i € I, are atomic. For any j € I, define K; = @{M;:i€I,i# j}, and
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assume that Homg(EK;, EM;) = 0. Then every nonzero type submodule N
of M is given by

PROOF. Denote by m; : E(M) = E(M;) ® E(K;) — E(M;) the natural
projection that extends the canonical projection from M onto M; along K,
and define I(0) ={i e I : M; C N} CI(1)={ieI:mN # 0}. It suffices
to show that for any j € I(1), also j € I(0). Choose the notation so that
j=1L,nm7=m,K=Ky,and p: E(M) = E(M;) ® E(K) — E(K) is the
other natural projection that extends the canonical projection from M onto
K along M;. By (4.3.7), (NN M;)® (NNK) <. N.

Case 1. NN M; = 0. Then also NNE(M;) =0, and NNK <, N.
If p|N is the restriction p|N: N — K of p to N, then the kernel of p|N is
Ker(p|,) = NNE(M;) = NnM; = 0. Consequently the map p|: N — K,
n +—— pn is monic. Let g be the monic inverse map g : pN — N, where
g(pn) = n. Define ¢ = mg : pN — M;. Since pN C K C E(K), extend ¢
to » € Homp(FK, EM;). Note that gpN = N # 0. If 7T‘NZ N — E(M)
is not zero, then also ppN = opN = wgpN = «N # 0. Then 0 # ¢ €
Hompg (K, EM;) contradicts the hypothesis of this proposition. Therefore,
mN = 0, which contradicts that 1 € I(1).

Case 2. NN M; # 0. So far the fact that the M; are atomic has not
been used, but now it is needed to conclude that N N M; <. M; by use
of (5.2.25). It will be shown that M; C N. Form N C E(N) C E(M),
and since N N M; C N, choose some injective hull of N N M; inside E(N),
ie, E(My) 2 E(N N M;) C E(N). But by hypothesis E(M;) < E(M)
is fully invariant, and hence E(M) contains a unique injective hull of My,
ie, E(M;) C E(N). Since N < M is a complement submodule, and since
N <. E(N)N M, necessarily N = E(N)N M. Also E(M;)NM = M.
Consequently

E(M;) C E(N) = M N E(M;) C MNE(N) < M, CN .

Thus, 1 € I(0) and in all cases I(0) = I(1). O

5.2.27. COROLLARY. Under the hypotheses and with the notation of the
last proposition, suppose that P < @;c;M; = M is any submodule. Then
N=&{M;:i€1,PnNM; #0} is the unique type closure of P in M.

PROOF. If Q is a type closure of P in M, then by (5.2.26)
Q=¢{M;:iel,M;NQ #0}.
But, because M; <; M, M; N Q # 0 iff M; N P # 0. Then

Q=0 {M;:icLM;NQ#0t=a{M;:icI,M;NP#0}=N.
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0O

5.2.28. COROLLARY. If the module M = @,y M; satisfies the hypotheses
of (5.2.26), then so does also the module @;c;E(M;); and hence the conclu-
sions of (5.2.26) and (5.2.27) also hold for ®;c; E(M;). a

5.2.29. At the time of this writing, we do not know if every 2-decomposable
module is 3-decomposable (or finitely decomposable), if every countably de-
composable module is fully decomposable, and if every type summand of a
2-decomposable module is again 2-decomposable.

5.2.30. REFERENCES. Dauns [32]; Dauns-Zhou [43]; Goodearl [66];
Goodearl-Boyle [68]; Mohamed-Miiller [87]; Miiller-Rizvi [89,90]; Zhou [141].
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5.3 Unique Type Closure Modules

In the previous two sections decompositions of modules as orthogonal type
direct sums were unique only up to superspectivity. For nonsingular modules,
all of these decompositions are unique. In fact, the whole theory of natural
classes at first for many years was done for nonsingular modules. Thus we
now develop a bigger class of modules, called unique type closure modules
(abbreviation: UTC), in which any type direct sum decomposition will be
unique.

Clearly, a sufficient condition which will guarantee that all type direct sum
decompositions of a module M are unique is that M has a unique type sub-
module of type /I for every natural class K. The next proposition shows that
two other conditions are equivalent to this one. The next theorem will give
three more counter-intuitive and harder to prove equivalent conditions.

5.3.1. PROPOSITION. For a module M, the following conditions are
equivalent:

1. For every natural class I, M has a unique type submodule of type K.
2. Every submodule of M has a unique type closure in M.

3. For every natural class K, 2{X : X < M, X € K} € K, i.e., M has a
largest submodule in K.

PROOF. (2) = (1). For anatural class K, let P, @ both be type submodules
of type L of M. If (PNQ)®D < P with 0 # D < M, then DNQ = DNPNQ =
0. Hence Q + D = Q& D € K since D C P € K, a contradiction. Hence
PN <. P, PNQ <, Q, and both P and @ are type closures in M of the
same submodule PN Q. By (2), P = Q.

(3) = (2). For any N < M, set K = d(N). Any type closure N of N is
a type submodule of type K of M, and hence N*¢ is uniquely given by (3).

(1) = (3). It suffices to show that for A,B € K, also A+ B € K. By
Zorn’s Lemma, there exists a maximal submodule X in the set

{X:X<MACXeK}.

Such an X is a type submodule of type K. Similarly, there exists a type
submodule Y of type K with B C Y. By (1), X =Y. But then A C X,
BC X hence A+ BC X eK,and A+ B e K. m]

5.3.2. DEFINITION. A unique type closure module (abbreviation:
UTC) is any module M satisfying the equivalent conditions in (5.3.1). A
module M each of whose submodules has a unique complement closure in M
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is called a unique complement closure module (abbreviation: UC). (See
Smith [109, p.302].)

A partial homomorphism from a module M to a module N is a homo-
morphism from a submodule of M to N. A partial endomorphism of M is a
partial homomorphism from M to M.

5.3.3. THEOREM. For a module M, the following are all equivalent:

1. For any nonzero submodule N of M, if C; # Cy are two complement
closures of N in M, then there exists a 0 # X < Cy + Cs such that
CiNX =0and X — N.

2. There does not exist an R-module X and a proper essential submodule
Y <. X such that X L (X/Y) and X & (X/Y) — M.

3. For every partial endomorphism f: A — M, A < M with fA 1L A,
the kernel Ker(f) < A is a complement submodule of A.

4. M is a UTC-module.

PROOF. (2) = (5.3.1)(1). If (5.3.1)(1) fails, then for some K € N(R),
M has type submodules T and T», both of type I with T} # T. As in
the proof of “(2) = (1)” in (5.3.1), 0 # Ty N Ty <. T; for i = 1,2. Since
Ty + T, ¢ K, Th NT, is not essential in Th + T» ¢ K (or since the T; are
complement submodules of M), T3 N T5 is not essential in Ty + T5. There
exists a0 # A< Ty 4+T,, TTNToNA =0. Since Th NTy, <, Ty, also
Ty N A =0. Similarly, o, N A = 0. Since T; <; M, T; L. A. Thus

A AT NA) 2 (A+T)/T1 C (Tr +T1)/Ty = To/(T) NT).

But then A = X/(T1NT3) for some X with T3 NTe <, X <, T5. Since A 1 Ty
while X C Tb, A L X. The latter implies that X + A = X ® A C M. Set
Y=T1NT; <, X. Since 0 # A= X/Y, Y # X. And again, (X/Y) L X.
This contradicts (2). Thus 77 = Ts.

(5.3.1)(2) = (3). If not, there exists a nonzero module X and a nonzero
homomorphism « : X — M such that Y := Kera <. X and o(X) L X.
Fix an z € X\Y. Write 27'Y = {r € R | 2r € Y} < R. Define 3 to be the
restriction of a to zR, i.e., 3 : xR — M. Then Ker(8) = x(2~'Y). Let L be
a type closure of Ker(() in zR. Define a monic map f : R — xR ® [S(zR)
by f(zr) =ar + B(zr), r € R.

Note that the restriction of f to Ker(3) is the identity and Ker(8) C LNfL.
Let L*¢ and (fL)%* denote the type closures of L and fL in M, respectively.
Then we have the following implications:

Ker(B)||L,L]| L — Ker(0) || Lte:
Ker(8) C fL ,L= fL= Ker(B)| fL;

Ker(B) || fL , fLII(fL)"* = Ker(B) || (fL)".
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From the latter it now follows that both L' and (fL)* are type closures
of Ker(3) in M. By hypothesis (5.3.1)(2), L** = (fL)*. Hence L' =
L*+(fL)* O L+ fL. Then L|| (L+fL). Since L <; xR, and xR L BzR, L is
a type submodule of xR ® Sz R with L 1 SL. But L| (L+ fL) < zR® fxR,
and BL C L+ fL. Tt follows that L||fL and L L SL. It must be that
BL = 0. Thus Kerf = L <; xR. Since zR/Ker() = fxR, we have that
(xR/Ker(B)) L zR. If Ker8&® D < xR with D # 0, then D 1 zR is a
contradiction. So Kerf = zR and 0 = Sx = ax is a contradiction of z ¢ Y.

(1) = (5.3.1)(3). It suffices to show that for any K € N(R), and Y, Z <
M with' Y € K and Z € K, also Y + Z € K. By Zorn’s Lemma there
exist submodules P and @ of M maximal with respect to Y C P € K and
Z C @ € K. As in the proof of (2) = (1) in (5.3.1), PN Q <. P and
PNQ@ <. Q, and P and @ being type submodules of type K of M are,
in particular, complement submodules of M. If P # @, use (1) to get a
submodule 0 # X C P+ @Q with PNX = 0, such that X — PNQ € K. Then
P C P@® X € K is a contradiction. Thus P = @, and hence X +Y C P € K.

(6.3.1)(2) = (1). For 0 # N < M, let C; # C3 be two complement
closures of N in M. Set K = d(N). Since N <. C; and N <, Cs, the type
closures C¥¢ and CE of C; and Cy are also two type closures of N in M. By
(531)(2), C{C = Céc Hence Cy + Cy C C”lfc € K. Since C4 7£ Cy,CtNA=0
for some 0 # A C Cy + Co. But then A € K, and C; & A C C¥¢ € d(N).
Thus, there exists a nonzero submodule 0 # X < A such that X — N. Since
Ci1NA=0,also C; N X =0 as required in (1).

(3) = (2). If (2) fails, there exists an embedding h : X & (X/Y) — M,
where YV <, X, X #Y,and X L (X/Y). Let 7 : X — X/Y be the
natural epimorphism. Set A = hX and define f = hth™' : A — M. Then
fA=h(X/Y). Each a € A is uniquely of the form ¢ = hz with z € X, and
fa = hrh=Y(hz) = h(x +Y). Consequently, Ker(f) = hY. Since A = X,
fA2X/Y, wehave A L fA. From Y <, X and because h is an embedding,
it follows that Ker(f) = hY <. hX = A, and Ker(f) is not a complement
submodule of A, which is a contradiction.

(2) = (3). Assume that f: A — M, fA L A, but Ker(f) < Ais not a
complement submodule, where A < M. Then A+ fA=A® fA < M. Let
X be a complement closure of Y = Ker(f) in A, where Y <. X, and Y # X.
Then fX =2 X/Y,and X ® (X/)Y) 2 XD fX <AD fA< M. So (2) does
not hold, which is a contradiction. O

5.3.4. COROLLARY. A module M is not a UTC-module if and only if
there exists an A < M, and a nonzero homomorphism f : A — M where
Ker(f) <. A and Ker(f) L Im(f). a

5.3.5. EXAMPLES. The following statements hold:
1. Any UC-module is UTC. In particular, any semisimple module is UTC.

2. In particular, all nonsingular modules are UTC.
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3. All atomic modules are UTC.

4. Let M be any module satisfying the hypotheses of (5.2.26). By (5.2.27),
M is a UTC module.

5. For the ring R = Z, an Abelian group M is UTC if and only if M is
torsion free, or M is torsion.

PROOF. (1) Suppose that N < M has type closures A and B in M. Then
ANB <, B (as well as AN B <. A). For if not, then for some 0 # U < B,
ANU = 0. But then A||(A @ U) is a contradiction. Thus A and B are
complement closures of AN B, and A = B.

(5) If M is torsion free, then it is nonsingular atomic, and hence UTC by
either (1) or (3). If M is mixed, it contains an element y € M of prime order p,
yp = 0, and another element x € M of infinite order. Then 2Z+yZ = xZ®yZ,
and yZ = «Z/xpZ. By (5.3.3)(2), M is not UTC.

Let M be a torsion Abelian group and let p; be the ith prime number.
Then M = @1 M; where M; is the p;-component of M. Since E(M;) is a
pi-torsion Abelian group, Homyz (EM;, EM;) = 0 if i # j, and hence

Hompg(EK;, EM;) =0 where K; = ®{M, : 1> 1,1 # j}.

Thus by (5.2.27), M is UTC. O

Theorem (5.3.3)(2) shows that submodules of UTC-modules are UTC. For
any modules X < M, X is called a UTC-submodule of M if X itself is a UTC-
module. Conditions will be found guaranteeing that an essential extension of
a UTC-module is UTC, and that a type direct sum of UTC-modules is UTC.

The following proposition is in general false if in it “UTC-submodule of M”
is replaced with “direct summand of M”. Note that the zero module is UTC.

5.3.6. PROPOSITION. Suppose that {M; < M : i € I} is an ascending
chain of UTC-submodules of M. Then | J{M, : i € I} is a UTC-submodule of
M. Hence every module contains maximal UTC-submodules.

PROOF. If | J,.; M; is not UTC, then by (5.3.3)(2), for some X # 0 and
some Y <. X with X L (X/Y), there exists a monomorphism

0: Xa&X/Y — UM,.
Take z € X\Y. Then zRNY <. zR and zR L (zR/xRNY), and
0:2R® (zR+Y)/Y (2zR®axR/zRNY) — M;

is monic for some 4. This contradicts that M; is UTC. O

Under what types of operations is the class of all UTC-modules closed?
For R = Z, both Q and Z3~ are UTC-modules. However, Q & Z3~ is not.
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The next example shows that the class of UTC-modules is not closed under
essential extensions.

5.3.7. EXAMPLE. Let M = ©2,Z,, where p; is the ith prime number.

Let R = {(g i) n € Z,x € M} Then R is a ring under the usual

00
is essential in Rp. Since Soc(Rp) is semisimple, it is clearly UTC. To see

Rp is not UTC, let N = @207, A = {(g Z) ‘n€ W e N}, and

B = {(8 Z) :n € 4Z,x € N}. Then A and B are right ideals of R.
Moreover, A <. B, A 1L (A/B), and A® (A/B) embeds in Rg. Thus Rp is
not UTC. g

addition and multiplication of matrices, and Soc(R) = {(0 x) rx e M }

For a UTC-module M, and for any essential submodule N <., M, every
UTC-essential extension of N will be shown to be given by N < X < E(M),
for X € ¢ (M) where the latter set is defined below.

5.3.8. DEFINITION. For a module M, define

(M) ={X <E(M):VY <X andf € Endg(EM) with Y L f(Y),
FY N M) =0 implies fY = 0}.

Define almost as in [18, p.253] the set ¢(M) by

(M) ={X < E(M):¥Y < X and f € Endr(EM) with Y N f(Y) =0,
fY N M) =0 implies f(Y) = 0}.

5.3.9. THEOREM. For a module M, the following hold:

1. M € p(M) C @i(M).

2. ¢¢(M) has maximal elements.

3. If M is UTC, then every X € (M) is UTC.

4. If X <, E(M) and X ¢ (M), then X is not UTC.
PROOF. (1) Clearly, o(M) C @¢(M). In the definition of p(M), take X =
M. Then Y < X = M, and hence Y " M =Y. But then the condition
fY N M) = 0 simply means that f(Y) = 0. The latter guarantees that
M € p(M).

(2) Let {X;}; be a chain in ¢y (M). Let X = |J,X;, ¥ < X, and f €

Endr(EM) with f(Y "N M) = 0 and Y L f(Y). We need to show that
f(Y)=0 IfY; =YNX; thenY = J,Y;, and f(Y; N M) = 0. From
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Y L f(Y;), and Y; < X; € @i (M), we conclude that all f(Y;) =0, and hence
f(Y) =0 as required.

(3) Suppose that X € (M) is not a UTC-module, while M is one. By
(5.3.4), there exists a submodule B < X and a homomorphism 0 # g : B —
X with B L g(B) and Ker(g) <. B. We will use this information to construct
a partial endomorphism f : A — M of M which violates Theorem (5.3.3)(3).

Since M <. E(M), g(B)N' M # 0; so A := g~1(g(B) N M) is a nonzero
submodule of B. Let f : A — M be the restriction of g to A. Thus,
AL f(A), because B L g(B) and f # 0. Moreover, Kerf = KergN A <, A,
because Kerg <. B. This shows that M is not UTC by (5.3.4).

(4) For X as in (4), since X ¢ ¢;(M), there exists a g € Endg(EM) and
Y <X withY L g(Y), g(MNY) =0, but g(Y) # 0. Our objective will
be to show that X satisfies (5.3.4). Since M <, E(M) and X <, E(M), we
have X N M N g(Y) # 0. This means that there exists an element yo € Y
such that 0 # g(yo) € XN M. Then yo € Y Ng= (X N M NgY) = A. Thus
g(A) #0, and g(A) C g(¢7'X) C X, and M NY C Ker(g)NY CACY,
and M NY <. Y. Since g(A) C X, let f: A — X be the restriction of g.
Then Ker(f) = Ker(g) N A <. A, and A L f(A), which is a consequence of
Y L f(Y)and ACY. By (5.3.4), X is not UTC. a

The next corollary is a consequence of (5.3.9) above.

5.3.10. COROLLARY. Every UTC-module has a maximal UTC-essential
extension. O

5.3.11. REMARK. The previous proof of Theorem (5.3.9) used some ideas
from Camillo and Zelmanowitz [18]. They define M to be a dimension
module if for any A, B < M,

u.dim(A 4+ B) + u. dim(A N B) = u. dim(A) + u. dim(B),

where “u.dim” denotes the finite uniform dimension, or +oo if it does not
exist. One can combine our previous Theorem (5.3.9) with [18, Theorem 8,
p-253] and [109, Proposition 14, p.311] to deduce the following.

Assume that every finitely generated submodule of M has finite uniform
dimension, and that M is a UC-module and hence automatically a UTC-
module. Then ¢(M) are precisely all the essential submodules X <. E(M)
such that X is a dimension module. Furthermore, all of these modules in
(M) are UC (and hence UTC). O

The above remark is never needed or used later on. However, it does explain
why our next theorem below is a type analogue of a theorem about dimension
modules (Camillo and Zelmanowitz [18, Theorem 13, p.256]). Note that the
partial homomorphism hypothesis below is equivalent to Homg(EM;, EM;) =
0 for all 4,5 € I with i # j.

5.3.12. THEOREM. Let M = @®;c1M;, where M; L M; for all i # j
in I. Then M is UTC if and only if each M; is UTC, and every partial
homomorphism between two distinct summands M, is zero.
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PROOF. —>. For any homomorphism h : A — M; with A < M, and
i # j, it follows that A L h(A). Take any B such that Ker(h) ® B <. A.
Since Ker(h) is a complement submodule of A by (5.3.3)(3), B embeds as
an essential submodule in A/Ker(h) = hA. This contradicts that M; L M,
unless h(A) =0, or h = 0.

<. For any subset J of I, write M (J) = ®,;csM;, and let

S ={JCI:M(J)is UTC}.

By (5.3.6), S is an inductive set; so Zorn’s Lemma shows that S has a maximal
element, say J. We next show that J = 1. If I # J, take ¢ € I\J. We show
that this will lead to a contradiction by proving that J U {i} € S. The latter
will follow from the next claim.

Claim. If M;, My are UTC with M; L Ms such that every partial homo-
morphism between My and M is zero, then M = M, & M is UTC.

Proof of Claim. By contradiction, assume M is not UTC, and hence
(5.3.3)(3) fails. So for some A < M, and homomorphism 0 # f: A — M
with A L fA, Ker(f) <. A by (5.3.4). This implies f(A) # 0.

Case 1: f(A)NM; # 0. Let B = f~1(f(A) N M;) C A and consider
g=flp: B— M;. Then B # 0 and g # 0. Moreover, B L ¢(B)
since A L f(A). Now Ker(g) = BN Ker(f) <. B, because Ker(f) <. A.
Therefore, M; is not UTC by (5.3.4), a contradiction.

Case 2: f(A) N Mz # 0. This will lead to a contradiction as in case 1.

Case 3: f(A)NM; =0and f(A)N My =0. Let m; : M — M, (i =1,2)
be the natural projection. Then 71 f(A) # 0 and w2 f(A) # 0, and

mf(A) — w2 f(A), mif(a) — maf(a), a € A,

gives an isomorphism. This contradicts the assumption that every partial
homomorphism between M; and M, is zero. Therefore, the claim is proved.
O

5.3.13. OBSERVATIONS. For modules N < M, the following hold:

1. Suppose that there exists a unique injective hull E(N) of N in E(M).
Then N has a unique complement closure N¢ in M, and N€ is a type
submodule of M.

2. If E(N) < E(M) is fully invariant, then N has a unique injective hull
E(N) in E(M), and the previous observation (1) applies.

3. If M is UTC and N < E(M) is fully invariant, then N has a unique
complement closure N¢ in M which also is the unique type closure of
N in M.

PROOF. (1) If N C C;
N, then E(C;) = E(C2)

M, i = 1,2, are two complement closures of
E(N), and N <, C; + Cy <, E(N) implies

I IA
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that C; = Cy = N¢ If N¢© < M is not a type submodule, then there
exist submodules A, V;, Vo < M such that A®V; <, N, N® Vo < M, and
0# V1 2 Va. Then E(N) = E(A)® E(V;) & E(A)® E(V,) is a contradiction.

(3) If Cy # C5 are two complement closures of N in M, then by (5.3.3)(1),
there exists a 0 # X C C1+ Cs such that C;NX =0 and X < N. The latter
contradicts the full invariance of N in E(M). Thus C; = Cy = N° If T is
any type closure of N in M with T # N€¢, then a complement closure of N
in T is a complement closure of N in M (since T is a complement submodule
of M); so N C T, and hence N ® Vo < T, and 0 # Vo 2 V; < N for some
submodules V; < M. If f: V3 — V3 is an isomorphism, then any extension
fiE(M)— E(M) of f contradicts the full invariance of N in E(M). Thus
N¢€ is the unique type closure of N in M. O

Note that Z @ Zs is not UTC though Z,Z, are UTC and Z L Zy (see
5.3.5(5)). For a UTC-module M, if M is 2-decomposable, then M is TS
because any type submodule N of M is the unique type submodule of type
d(N), and hence is a direct summand of M. Thus far we know that every
TS-module is finitely decomposable (by 5.2.21), and if it also satisfies (7T3),
then any finite type decomposition is unique up to superspectivity (by 5.2.6).

5.3.14. PROPOSITION. Let the module M be both TS and UTC and let
{K1,-+,Kn,} be any maximal set of pairwise orthogonal types. Then M has

a unique decomposition M = My & --- & M,, where M; € ;. If in addition,
M is also nonsingular, then all M; are fully invariant submodules.

PROOF. The existence follows because M is finitely decomposable. For
the uniqueness, suppose that M = M7 ®--- P M, = N1 ® --- ® N,, with
M;, N; € K;. Then both M; and N; are type submodules of type K; of M.
Therefore, M; = N; by (5.3.1)(1).

If M is nonsingular, then for any map f : M; — M, where i # j, Ker(f)
is a complement submodule of M;. Hence M;/Ker(f) € K;NK; = {0}, and
f =0. Therefore M; < M is fully invariant. o

5.3.15. COROLLARY. A TS-module M has type direct sum decomposi-
tions with respect to the following finite maximal sets of pairwise orthogonal

types.
1. C,D (5.1.8).

2. CNA,DNA, B.
3. 71, T, Is.
4. TiNG,ING, T3NS, T NETNE I NG

The decompositions are unique if M is in addition UTC. O

5.3.16. EXAMPLES. (1) For R = Z, and p a prime, M = Z/pZ & 7./ p*Z
is atomic and hence UTC, but not UC. The submodule (0,p + p*Z) - Z has
the complement closures (1 + pZ, 1+ p*Z) - Z and (0) & Z/p*Z.
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(2) The next example illustrates how Theorem (5.3.3)(2) can be used to
show that a module M is not UTC. Let R = F'{x, y} be the free algebra on two
non-commuting indeterminates x and y over any field F'. Set L = zR+yR<R,
F=r+L¢cR/L,r€ R Then R/L = F, where fr = fy =0 for f € F.
Let M = Rp® F. Since L <. R, and Rr L F, by (5.3.3)(2), M is not UTC.
Since 22R® (0) < (2, )R, >R = (z,1)R = Rp, there exists a type closure K
of 2R in 2°R C (z,1)RC K < M. But K # Rr @ (0) is also a type closure
of 2R @ (0). O

We next consider only one fixed natural class I, and determine conditions
under which type submodules of type K are unique either for a single given
module, or for all modules.

5.3.17. THEOREM. Let K be a natural class of R-modules, and A a right
R-module. Then the following are all equivalent:

1. A has a unique type submodule of type K.

2. For any type submodule N <; A of type K and for any ¢ € Homp (K, A)
where K < N, necessarily ¢(K) C N.

3. For any type submodule N <; A with N being of type K and submodules
L<Nand W < A with W € ¢(K), Homg(L, W) = 0.

PROOF. (3) = (2). If not, then for ¢ as in (2), ¢(K) € N. Since N <
N +¢(K) is not essential, there exists a 0 # W < A with NgW C N+ ¢(K).
Form the composite f of the following surjective homomorphisms

K — ¢(K) — ¢(K)/(¢K N N) — (¢(K) + N)/N.

Since (N®@W)/N < (¢(K)+ N)/N, define L = f~1[(N®W)/N] < K. Then
the nonzero map f : L — f(L) = (N @ W)/N =2 W contradicts (3) that
Hompg(L, W) = 0. Trivially, (2) = (3), and so far (2) < (3).

(3) = (1). Suppose that 4; <; A and Ay <; A are two distinct type
submodules both of type K. Then As; < A; + As is not essential, and again
for some 0 # W € ¢(K), W ® Ay < A1 + Ag. Let m: A1 — (A1 + Az)/As be
the quotient map, and define L = 7~ [(W & A3)/As]. Then 0 # L < A;. Thus
7(L) = (W @ Ay) /Ay, and let ¢ be the composite L —— (W @ Ay) /Ay — W
where the last map is the natural isomorphism. Hence ¢(L) = W # 0 gives
the contradiction that 0 # ¢ € Homp(L, W) = 0.

(1) = (3). If not, let 0 # ¢ € Homp(L,W) where L < N, W < A,
and W € ¢(K). There exist elements 0 # b = ¢(a),a € L. Note that
L<N<Aand W < A. From a+ C b+ and aR N bR = 0, it follows that
(@ —b)* = at Nbt = at. From this it follows that aR = (a — ¢(a))R.
By Zorn’s Lemma, there exist type submodules A1, Ao < A, both of type K
with aR C Ay and (@ — ¢(a))R C Ay. By hypothesis (1), A3 = A; = N.
From a € A; = N and a — ¢(a) € Ay = N it follows that also ¢(a) € N, or
¢(a)R C N € K. This contradicts that 0 # ¢(a)R < W € ¢(K). O

Copyright 2006 by Taylor & Francis Group, LLC



Type Theory of Modules: Decompositions 141

Our next objectives will be to determine when a natural class is closed
under quotient modules and when it is closed under direct products.

5.3.18. THEOREM. For a natural class /I, the following five conditions
are all equivalent:

1. K is closed under quotient modules.
2. Any one of (1), (2), or (3) of (5.3.17) holds for all R-modules A.

3. For any R-module A, every type submodule N <; A of type K is fully
invariant in A.

’

PROOF. Let (1),(2'),(3") be the statements of (5.3.17) holding for every
R-module A. Then by the previous theorem, (1') <= (2') <= (3') <= (2).

(2') = (3). This follows from the fact that statement (5.3.17)(2) with
K = N implies that N is fully invariant in A.

(3) = (3'). By way of contradiction, assume that (3') is false for some
L<N<  Aand W < A W € ¢(K). Then verify that we may take all
of these modules to be injective, and that there is a nonzero homomorphism
0#¢:L— W. Extend ¢ to ¢ : A — A, with ¢(L) N N = 0, and hence
&(N) N, contradicting (3). Clearly, (1) = (3').

(3') = (1). If not, then N/V ¢ K for some V < N € K. Take complement
submodules P/V,Q/V of N/V such that P/V & Q/V <. N/V with P/V € K
and 0 # Q/V € ¢(K). Thus Q/V embeds in N/P as an essential submodule,
and consequently 0 # N/P € ¢(K). Let W = N/P and let A= N@®W. Then
N <; A and Homp(N, W) # 0 contradicts (3). O

5.3.19. COROLLARY. If a natural class K is closed under quotient mod-
ules, then ¢(K) is closed under products.

PROOF. If not, then N =II{N, : i € I} ¢ ¢(K) although all N; € ¢(K). But
then N contains a cyclic submodule 0 # xR € K where = (z;). For any
x; # 0, there is an epimorphism xR — z;R € ¢(K) N K, a contradiction. O

In the next two examples, the last corollary can be directly verified.

5.3.20. EXAMPLES. (1) Over any ring R the class & of Goldie torsion
modules is closed under quotient modules. Then the class ¢(®) = § is closed
under products.

(2) For R =7 and a prime p, the class K of all p-torsion modules is closed
under quotients, and the class ¢(K) = {N : N is p-torsion free} is closed under
products. O

5.3.21. REFERENCES. Dauns [32,37]; Camillo-Zelmanowitz [18]; Dauns
and Zhou [43]; Goodearl and Boyle [68]; Smith [109].
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5.4 TS-Modules

The concept of a TS-module was invented and their theory developed in
Zhou [141]. Most of the results in this section first appeared and come from
the latter. By the very definition of T'S-modules, their use necessarily involves
direct sum decompositions of modules. The TS-modules are one of the more
easily accessible examples of 2-decomposable modules. In the previous section,
TS-modules inevitably came up in the study of 2-decomposable modules. (See
5.2.1, 5.2.12, 5.2.20, 5.2.21(1), 5.2.24(3).)

Let us begin by proving a converse of (5.2.20). The question arises whether
the nonsingular hypothesis below can be weakened to UTC.

5.4.1. PROPOSITION. For a nonsingular TS-module M, the following
are all equivalent:

1. M is a direct sum of atomic modules.

2. For any ascending chain mll - mQL Cc ... C mf C --- where m; € M,
t.dim(92, R/mi) < .

3. Every finitely generated submodule of M has finite type dimension.

4. Every cyclic submodule of M has finite type dimension.

PROOF. (2) = (1). By (5.2.20) this holds even if Z(M) # 0.

(1) = (4). Every finitely generated submodule of M is contained in a
finite direct sum of atomic modules, and hence is of finite dimension.

(4) = (3). A technique of Camillo [16, p.338] will be used. Let M =
1R+ +(EnR, E(M) = E((th)@Kl, Tog = Q1 +k1, a; € E(iﬂlR), ki € Ky,
and Ky = E(kiR) @ Ko. Then E(M) = E(z1R) ® E(kiR) & Ks, where
E(z1R + 22R) C E(x1R) ® E(k1R). Tt is not difficult to continue this way
and to express E(M) as a finite direct sum of injective hulls of cyclics. Hence
E(M) and M are of finite type dimension by (4.1.10)(2).

(3) = (2). Suppose that t.dim (52, R/m;") = oo for a strictly increasing
countable chain of right annihilator ideals mi C msy C --- C R where m; €
M. By (3) each R/mj- = m;R is of finite type dimension. There exists a
type direct sum @2, Py C @2, R/m; with all P, # 0 and P; L P; for
all i # j. By use of the projection argument, it may be assumed that each
0# P, C R/m*k) for some i(k). By renumbering it may be assumed that
i(k) = k, and that @2, X;/m;" is a type direct sum where m; C X; < R.
Each mj- < Rp is a complement submodule. (For if a € R\mj is in the
complement closure of m, then Ua_lmiL <¢ R, m;a (a‘lmL) - mimiL =0,

i i
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shows that 0 # m;a € Z(m;R) = 0.) Let mﬁ- ®Y; <. X; < R for some Y;.
Then

L v L X,
TeTotl g St
my my my my
There is an embedding ¥; — X;/ mil. Here the hypothesis that M is non-
singular has to be invoked to conclude that, first Y; # 0, secondly that

mi/mi < R/mi is a complement, and thirdly that the above embedding
0#4Y; — X;/m#0

is essential and nonzero. Since 0 # Y; & (Y; +mi)/mi < R/mi and V; LY,
if © # j, we get that

B2, Y; 2 @2 (Vi +my)/mi < R/mi,

contradicting that t.dim R/mi < oo. O
Note that a direct sum of nonsingular CS-modules need not be CS.

5.4.2. PROPOSITION. Every direct sum of nonsingular TS-modules is
TS. In particular, every direct sum of nonsingular atomic modules is a TS-
module.

PROOF. For nonsingular modules, the TS and 2-decomposable conditions
coincide. Any direct sum of 2-decomposable modules is 2-decomposable by
(5.2.3). All atomic modules are TS. a

5.4.3. LEMMA. Suppose that M = M; & My where M; L M, are two
orthogonal T'S-modules. If every type submodule K <; M with K " M; =0
or K N My =0 is a direct summand of M, then M is a TS-module.

PROOF. For L <; M, let A be a type closure of L N M5 in L, where
LNnMy, C A< L By (415), A <; M is also a type submodule. It is
asserted that since (L N Ms) L M, then also A L M;. Hence AN M; = 0.
By our hypothesis, M = A @ B for some B < M. Then L = A® (LN B).
Since A <; M, A L (LN B). But then L N B is a type submodule of L, and
hence LN B <; M. Since A+ (LNB)=A® (LN B), LN My C A, we have

(LNB)NM, C AN (LNB)=0.

By our assumption again, L N B is a direct summand of M and hence of B.
That is, M = (LNB)® C, B=(LNB)& (CnNB) for some C < M, and
hence M =A@ B=[A® (LNB)|&(CNB)=La& (CNB). ]

5.4.4. PROPOSITION. Suppose that M = M1 @...® M, where M; 1L M;
and M; is Mj-injective whenever ¢ # j. Then M is a T'S-module if and only
if every M; is a T'S-module.

PROOF. =. Type submodules M; <; M of a TS-module M are TS.
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<. It suffices to take n = 2. Let K <; M with KNM; =0 or KNM, = 0.
Without loss of generality, assume K N My = 0. By (4.3.1) there exists a
submodule K C N < M with M = N & M5. Then N = M, is a TS-module.
Since K <; M, also K <; N. But then K is a direct summand of N, and
hence one of also M. By (5.4.3), M is a TS-module. a

In most of the remainder of this section, the module M will be TS with
(T5)
5.4.5. PROPOSITION. The following are all equivalent for a module M:
1. M is TS with (T3).
2. If X and Y are type complements of each other, then M = X @Y.

3. If X and Y are complement submodules of M with X &Y <, M and
X 1Y, then M =X@aY.

4. For any f? = f € Endg(EM) with Im(f) L Ker(f), f(M) C M.
5. IfE(M) =F1 @FQ with F1 1 F27 then M = (F1 OM) D (F2 ﬂM)

PROOF. (1) = (2). Let X,Y be given as in (2). Then X and Y are both
type submodules of M. Hence X @Y = X** @Y <, M. Since M is TS, X
and Y are both summands of M. Thus, M = X @Y because M satisfies (T3).

(2) = (3). Let X,Y be given as in (3). Then, by (4.1.2), X and Y are
both type submodules of M. Since X @Y <. M, it follows that X and Y are
type complements of each other; so M = X @Y.

(3) = (1). To see that M is TS, let X <; M. Let Y be a complement
to X in M. By (3), M = X @Y and hence M is TS. The hypothesis (3)
automatically implies (75).

(3) = (4). Set X1 = M N f(EM) and Xo = M N (1 — f)(EM). Then
X160 X9 <, M and X; L X,. Choose complement submodules Y; < M,
i = 1,2, such that

X1CY1, XoCYo, 1@ Xo <c M, X1 Y2 <. M.

Then X1 <, Y1, Xo <. Yo, and V1 ®Ys <. M. Thus Y7 L Y5. By (3), M =
Y1®Ys. Let m: M =Y 8Ys — Y] be the projection. For x,y € M, suppose
that (f —m)(z) =y € MN(f—n)(M). Then f(z) =y+n(z ) € Mﬂf( ) C
X1 C Yy, Hence nf(x) = f(x). Next, (1— f)(x) e MN(1 - f)(M) C Xo,
andﬂ'(l—f)(a:):O,orOZW()—7rf() m(x) — f(x). Thus y = 0,
Mn(f—m)(M) = 0, and since M <, E(M), (f — m)(M) = 0. Thus
F(M) = =(M) € M.
(4) = (5). Let m; : F1 @ F; — F; be the projections. By (4),

Mgﬂ'l(M)@ﬂ'g(M) Q (FlﬁM)@(FgmM) QM,

OI‘M:(FlﬂM>EB(FgﬂM)
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(5) = (3). For complement submodules X,Y < M with X 1 Y and
XY <. M,wehave E(X) LE(Y), X =MNEX),andY = MnNE(Y).
By 5), M =XaY. a

5.4.6. LEMMA. For modules M; L My, if M = M; & Ms is TS with (T3),
then M; and M, are relatively injective.

PROOF. Suppose that X < M; and f: X — M> is a homomorphism. Set
N={x—f(x):2€ X} <M. Then NNMy=0. Let NC P, P& M, <, M,
where P D N is any complement of My in M. Because My <; M, we have
P 1 Ms. By (5.4.5)(3), M = P& M,. Now let 7 : P& My — My be the
projection. For z € X,

0= (a — f(a)) = n(2) - nf(x) = 7(x) — f(2).

Thus the restriction |y, of 7 to M; extends f. a

5.4.7. EXAMPLES. For two uniform (or atomic) TS-modules M; and M,
with My | My, M = My & M5 may not be TS.

(1) For R =7, M =7 & 7Zs is not TS, since ZoM = ZM = Z5 is not
M; (= Z)-injective, by (5.2.12). The complement submodule Z(2,1) of M is
a type submodule because Z(2,1) ® Zy <., M, yet it is not a summand of M.

(2) For R = F{x,y}, the free algebra on two noncommuting variables
and y over a field F, I = xR+ yR, M = R® R/I is an orthogonal sum of two
atomic modules, R | R/I. Since Za(M) = Z(M) = R/I is not M;-injective
(= R-injective), again M is not TS by (5.2.12).

We state without proof that there exists a type closure of (z,1+I)R in M
which is not a summand of M. a

5.4.8. For a module M = @®,e1 M, a countable chain condition (As) due to
[87, p.4] is defined below. It holds if for all possible choices of & € I, z € M,,
distinct {a(i) : i = 1,2,---} C I, m; € My such that xt C mi for all
i, the ascending sequence of right ideals ;~,, mi for n = 1,2,--- becomes
stationary, i.e., is finite. B

For J C I where M = @;¢;M;, M(J) denotes M (J) = §jesM;. Fora € I,
we write I — a = I\{a} and M (I — «) in place of M(I\{«a}).

5.4.9. THEOREM. For a module M = ®{M,, : a € I} where the M, are
pairwise orthogonal, the following are equivalent:

1. M is a TS-module with (T3).

2. For any o € I, M,, is TS with (T3), and M (I — «) is M,-injective.

3. M, is TS with (T3), and Mg-injective for all @ # 8 € I, and (A3) holds.
PROOF. (1) = (2). Since M = M, & M(I —a) and M, L M(I — a),
both modules M, and M (I — «) are type submodules of the TS-module M,

and hence both are T'S-modules. By (5.4.6), these two modules must also be
mutually self-injective. Lastly, in view of (5.4.5), each M, satisfies (T5).
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(2) = (1). Let N <; M. For each a € I, define X, to be any submodule
of M, maximal with respect to M\, N NNX,=NNX,=0. Thus N L X,,
and (M, N N) L X,. The latter makes X,, a type submodule of M,. Let Y,
be a complement closure of M, NN in M,. Then X, ®Y, <. My, X, L Y,,
and by (5.4.5), My, = Xo @Y, f 0 £ £ € NN (BaecrXa) # 0, then (4.3.7)
shows that for some rg € R, 0 # £rg € NNX,, for some « € I, a contradiction.
Thus (BacrXa) ® N < M is a direct sum, and it will be shown next that the
latter is an equality.

Since M, has (T5), by (5.4.6) the modules X, and Y,, are relatively injective.
By hypothesis (2), M (I —a) is M,-injective, and hence Y,-injective. But then
as a summand of M (I — ), GazperXp is Yy-injective. Combine this with
the fact that X, is Y,-injective, to get that Saecr1 X0 = Xo & (BaxzpXp) is
Y,-injective. But then @,crX, is also $,erYa-injective by [87, Prop.1.5].
Similarly, @qcrYa is Bacs Xa-injective, which will later be used to prove that
M satisfies (T5). Thus, so far,

M = (@aEIXa) S2) (@aEIYa) s (@aEIXa) NN =0,

and hence, by (4.3.1), for some N C N* < M, M = (BoecrXa) ® N*. We
show that N = N*.

From M, NN <. Y,, it follows that (BDaciXa) ® (PactMa NN) <. M.
But ®ocrM, NN C N C N* shows that all of these inclusions are essential.
Since N <; M, N = N*. Thus M is TS.

To verify (T3), let N,P < M be complement submodules of each other
which are also orthogonal. Thus N <; M. Then the above previous construc-
tion can be used to construct

M = (@aelXa) S N = (@aEIXa) @ (@aelya)y

where N 2 B,e1Ye is Bacr Xo-injective. By (4.3.1), since PN N =0, M =
P*® N with PC P*< M. Then P& N <, M and also P <, P*. But M is
TS and so P is a summand of M, and hence P is a complement in M. Thus
P=P* and M = P® N as required.

(2) <= (3). If in both (2) and (3), the hypothesis “M, is TS” is removed,
then the equivalence of the so-modified (2) and (3) is just [87, Prop.1.9]. O

5.4.10. PROPOSITION. Suppose that M;, i € I, is a set of pairwise
orthogonal modules such that their direct sum M = &;c;M; complements
type summands. Then the following hold:

1. For each i € I, M; is t-indecomposable.

2. If M = ®yeaX, is a type direct sum, then I has a partition I =
U{Z, : v € A} such that X, = M(I,).

3. If M = ®;ecsN; where each N; <, M is t-indecomposable, then there is
a bijection o : I — J such that M; = N, ;) for all 7 € I.
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4. For any type direct summand N of M, N has a decomposition that
complements type summands.

PROOF. (1) Suppose that for some k € I, M, = X &Y with X L Y and
X #£0. We will show that Y = 0. Since X <; M <; M, X is a type summand
of M. By hypothesis, M = X & M(J) for some J C I, with X = M(I\J)
and X L M(I —k). Now if [I\J| > 2, then for some (1) # i(2) € I\J,
My ® M;o) — X. Since {i(1),4(2)} N I\{k} # 0, this is a contradiction.
Hence I\J = {k} and X = Mj,. But then Y — X and Y L X implies that
Y =0.

(2) For v € A, since X is a type summand of M, and since M = ®;crM;
complements type summands, X, = M(I,) for some I, C I. For aw # [ € A,
since X, L Xg, also M(I,) L M(I3), and hence I, N Ig = B. For any
i€, M; C ®yeaXy = @yeaM(Iy). By (4.3.7), i € I, for some v € A and
I = J{I, : v € A} is the required partition of I. (3) This is an immediate
consequence of (2).

(4) If N is a type summand of M, then N = M(J) for some J C I. So
assume N = M(J), and we show that this is the decomposition of N that
complements type summands of N. Let X be a type summand of N. Then
X is a type summand of M. Hence by hypothesis, M = X & M (K) for some
K CI Thus N=M{J)=Xa&[MUJ)NMK)]. Clearly, M(JNK) C
M(J)N M(K). Suppose 0 # & € M(J) N M(K). By a double application
of (4.3.7), we get that 0 # &r(1)R € M;(y for some j(1) € J, and 0 #
Er(1)r(2)R € My(9) for some k(2) € K and r(1),7(2) € R. Then j(1) = k(2)
and hence 0 # &r(1)r(2)R C M(JNK). Hence M(JNK) <. M(J)NM(K).
Because M (J N K) is a direct summand of M, it must be that M(JNK) =
M(J)N M(K). Therefore N = X & M(J N K) as required. O

The next result extends (4.3.10).

5.4.11. PROPOSITION. For a TS-module M with (T3), the following are
all equivalent:

1. M is a direct sum of atomic modules.
2. M has a decomposition that complements type summands.

3. Every local type summand of M is a summand.

PROOF. Similar to the proof of (4.3.10). O

It was claimed in [141, Example 23(d)] that there exists a TS-module with-
out (T5). Unfortunately, the module M in that example is not TS. So no
TS-modules without (T3) are known so far.

5.4.12. REFERENCES. Mohamed and Miiller [87]; Dauns and Zhou [43];
Zhou [141].
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Chapter 6

Lattices of Module Classes

The collection N7 (R) of pre-natural classes of R-modules is a complete lattice,
the study of which was initiated in [142]. It contains as subsets almost all the
important lattices of module classes associated with the ring R. For example,
NP(R) contains a complete sublattice isomorphic to the complete lattice of
all linear topologies of R and a sublattice anti-isomorphic to the frame of all
hereditary torsion theories of R. The complete Boolean lattice of all natural
classes of R-modules is also a sublattice of NP(R). The lattice N?(R) and
some of its sublattices are introduced and discussed in sections 6.1 and 6.2.

In section 6.3, several properties of the lattice NP (R) and of some of its sub-
lattices are discussed and related to properties of the ring R and the category
Mod-R. In section 6.4, the rings R for which every hereditary pretorsion class
is hereditary torsion are investigated as applications. Section 6.5 explores the
functoriality of AV,.(-), and some of its subfunctors. Finally in section 6.6, it is
shown that every ring R contains a lattice of ideals isomorphic to Ny(R), the
lattice of all natural classes of nonsingular R-modules.

6.1 Lattice of Pre-Natural Classes

In this section, we introduce the lattice of pre-natural classes and several
sublattice structures. Recall that the collection NP(R) of pre-natural classes
is a set.

6.1.1. LEMMA. Let {K; : ¢ € I} be a set of pre-natural classes. Then
Nic1/C; is a pre-natural class.

PROOF. Write K; = d(M,) N o[Mx,] for each i € I by (2.5.4). Then
NierKi = ml(d(M’Q) n U[M/Cl]) = (mld(MKll)) n (mio—[M/CiD

is an intersection of a natural class and a hereditary pretorsion class, so it is
a pre-natural class by (2.5.5). m

6.1.2. THEOREM. NP(R) is a complete lattice with the least element
0 = {0} and the greatest element 1 = Mod-R under the following partial
ordering and lattice operations:

149
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1. For K1,K2 € NP(R), K1 < Ky <= K1 C Ka.

2. For a set of pre-natural classes IC;, AK; = NK; and VK; = d(K) No[Mx]
where K = UK.

PROOF. In view of (6.1.1), we only need to verify that d(K) N o[My] is the
smallest pre-natural class containing U;/KC;, but this is certainly true by (2.5.4)
since d(K) = d(Mx) (see 2.3.6). a

6.1.3. COROLLARY. If K; = o[X;] Nd(X;),i € I, then

\/ Ki = o[@icr Xi] N d(Sicr Xi).
iel

PROOF. By (2.5.4), K; is the smallest pre-natural class containing X;. Thus,
VierK; is the smallest pre-natural class containing @®,;crX;. So, by (2.5.4),
VierKi = o[®@ier Xi] N d(®ier Xi). o

Next, we study several sublattice structures of N?(R). For a pre-natural
class K and a module M, K C o[M] does not imply that K is an M-natural
class in general. In fact, every pre-natural class is a subclass of o[Rg], but
many pre-natural classes are not natural classes. This suggests that the fol-
lowing result is not trivial.

6.1.4. THEOREM. For any module M, N'(R, M) is a sublattice of NP(R).

PROOF. Let K1,K3 € N(R, M). Clearly, K1 A Ky € N(R, M). We want to
show that K1 V Ko € N(R, M). Since K1 V K is a pre-natural class, we only
need to show that it is closed under M-injective hulls. For N € IC; V Ks, let
{X¢ :t € I} be a maximal independent set of submodules of N in Ky and let
X = ®X;. Then X is in 1. Let P be a submodule of N which is maximal
with respect to X N P = 0. Then X @ P is essential in N. Let {Y; :s € J}
be a maximal independent set of submodules of P in K5 and Y = @®Y,. Then
Yisin Ko HY NQ =0 for some 0 # @ C P, then, by (6.1.3), @ contains a
nonzero submodule which is in K7 or K. But the choices of X and Y show
that this is impossible. So Y is essential in P and hence X @Y is essential in
N. Then E(N) = E(X)® E(Y) and

Ey(N)=%{f(M) : f € Hom(M,EN)}
CY{fiA(M): fr e Hom(M,EX)} 4+ 3X{f2(M) : fo € Hom(M, EY)}
=Ey(X)® Eyn(Y).

Since K1 and Ky are closed under M-injective hulls, Ej(X) is in Ky and
EM(Y) is in K:Q. Thus, EM(N) = EM(X> (&5) EM<Y) is in ’Cl \Y ICQ. O

6.1.5. COROLLARY. N,(R) is a sublattice of N?(R). ]
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In general, N (R, M) is not a complete sublattice of N?(R) even though
N (R, M) itself is a complete lattice (see 6.2.16). In fact there exists a ring R
such that A,.(R) is not a complete sublattice of N?(R).

6.1.6. EXAMPLE. Let Q = Hf; F;, where each F; = Zo, be the direct
product of rings Z,. Let R be the subring of ) generated by ®2; F; and 1¢.
Then Soc(R) = @;F; is the only essential right ideal of R. For each i and each
index set 1, Fi(I) is an injective R-module. To see this, let f : Soc(R) — FZ-(I)
be an R-homomorphism. Then f(F;) = 0 for all j # i. Note that Fj is a
direct summand of R. Write R = F; & A; and let m be the projection of R
onto F;. Then fr: R — FZ-(I) extends f. So FZ-(I) is R-injective. For each 1,
let IC; = d(F;) No[F;]. Then K; = o[F;] is closed under injective hulls and so
K; € N.(R). Let K = V,;K;. Then, by (6.1.3),

K = d(Soc(R)) No[Soc(R)] = o[Soc(R)].

Since R is not semisimple, R is not in o[Soc(R)]. But Soc(R) is essential in
R, so o[Soc(R)] is not closed under injective hulls. Thus, K is not a natural
class, showing that N;.(R) is not a complete sublattice of NP(R). O

6.1.7. COROLLARY. If K, £ € N,(R), then

KvL={MeMod-R: X c¢ Kand M/X € L
for some X C M}.

PROOF. By (6.1.5), KV L € N.(R), so KV L is closed under extensions of
modules by (2.4.5). Hence the inclusion in one direction is clear.

Suppose M € KV L. Let N be a submodule of M maximal with respect to
N € £ and let P be a submodule of M maximal with respect to NNP =0 (N
and P exist by Zorn’s Lemma). Then N is essentially embeddable in M/P,
implying M/P € L. By the maximality of N, we have P € ¢(L). Therefore,
by (5.1.5),

PeclL)NKVL)=

O

Let F,.(R) be the set of all hereditary torsion free classes, and let 7,?(R) (re-
spectively, 7,.(R)) be the set of all hereditary pretorsion classes (respectively,
all hereditary torsion classes).

6.1.8. COROLLARY. F,.(R) is a sublattice of NP(R).

PROOF. Let K1,Ky € F.(R). Clearly we have K1 A Ko € F.(R). Let
L =K1V Ky We prove that £ € F,.(R). By (6.1.7),

L={M € Mod-R:3X <M such that X € K1 and M/X € Ks}.

Copyright 2006 by Taylor & Francis Group, LLC



152 CLASSES OF MODULES

We only need to prove that £ is closed under direct products. Let M; be in
L (i € T). Then for each i, there exists an X; in Ky such that M;/X; is in
K2. Thus, we have IIX; is in K; and (IIM;)/(11X;) = II(M;/X;) is in Ka2. So
IIM; is in L. |

There is a well-known frame structure on the set Tor-R of all hereditary
torsion theories of R (see Golan [59]). For 7 € Tor-R, let F, be the class of all
T-torsion free modules. It can be checked that the correspondence 7 —— F,
gives a lattice anti-isomorphism of Tor-R onto F,.(R).

6.1.9. COROLLARY. 7?(R) is a complete sublattice of NP(R).

PROOF. Let {K; :i € I} C TP(R). Clearly, we have N\jefK; € TP(R). Let
{X; :t € J} be a complete set of representatives of the isomorphic classes of
cyclic modules in U;er K; and M = @iy X¢. By (6.1.2), Ve Ki = d(K)No[M]
where K = U;erK;. If Vi Ky # o[M], then there exists an N € o[M] but
N ¢ d(K). Thus, there exists a nonzero cyclic submodule Y of N such that
Y has no nonzero submodules in U;erK;. Since Y € o[M] is cyclic, there
exists some X; such that Y has a nonzero submodule which is isomorphic to
a subfactor of X;. But X; is in some /C;, so Y has a nonzero submodule which
is in KC;. This is a contradiction. O

There is a complete lattice structure on fil-R, the set of all right linear
topologies of R (see Golan [60]). For A € fil-R, let 7a be the class of all M
in Mod-R such that - € A for all z € M. Then A — Ta gives a lattice
isomorphism of fil-R onto 7 (R).

6.1.10. COROLLARY. The following hold:
1. For modules X and Y, d(X)Vd(Y)=d(X ®Y).
2. For a family {X; : i € I'} of modules, V;c;0[X;] = o[Picr Xi]-

PROOF. (1) By (6.1.5), d(X) V d(Y) must be the smallest natural class
containing X and Y, so d(X)Vd(Y)=d(X @Y).

(2) By (6.1.9), Vier0[X;] must be the smallest hereditary pretorsion class
containing all X;, so Vicro[X;] = o[®icr Xi)- |

6.1.11. REFERENCES. Dauns [31,32]; Dauns and Zhou [40]; Golan
[59,60]; Zhou [136,142].
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6.2 More Sublattice Structures

There is a rich supply of sublattices of the lattice NP(R). Some of these
sublattices will be described in this section.
For a pre-natural class IC, let

TP(K,R) = {KNT:T € T(R)}.

We will show next that Z?(K, R) is a complete sublattice of NP(R), and that
the lattice TP (K, R) is algebraic, upper continuous, and modular. Note that
when I = Mod-R, TP(K,R) = TP(R) is the set of all hereditary pretorsion
classes. When K = o[M], 7P(K, R) is the set of all hereditary pretorsion
classes contained in ¢[M], which was denoted by M-ptors in [104] and is the
subject of [104], [124], and [125].

6.2.1. LEMMA. The following are equivalent for a pre-natural class K:
1. Le TP(K,R).

2. L is a subclass of IC such that L is closed under submodules, direct sums,
and whenever A — B — 0 with A € £ and B € K we have B € L.

PROOF. (1) = (2). It is obvious.

(2) = (1). We claim that £ = KNo[Mg]. Clearly, L C K No[Mg]. Let
X € KNno[Mg]. There exists an index set I and a submodule C' of M g) such
that X is embeddable in Mg) /C. Write X = A/C where A is a submodule
of Mg). Since Mg) isin £, Aisin L. So, by (2), X is in £. Thus, the claim
is proved. O

6.2.2. LEMMA. For any K € N;.(R) and K; € TP(R) (i € I),
Vier(KAK;) = KA (VierKs).

PROOF. Obviously, we have V;c;(KAK;) C KA (VierK;). In view of (2.5.6),
it suffices to show that every cyclic module N € ICA(V;¢1K;) isin Ve (KAK,).
Write KC; = o[M;] for each ¢ € I. Then

N € VielK; = viEIU[Mi] e U[@iEIMi]

by (6.1.10). Since N is cyclic, N € o[®;c1,M;] = Vier,Ki, where I is a
finite subset of I. So we may assume that [ is a finite set. Since any join of
elements in 7P(R) is still in Z,P(R) (by 6.1.9), we may assume that I = {1, 2}.
Let M = M; & Ms. Now N € K Ao[M]. Then N C Ey(N) € K A o[M]
and Ep(N) = En,(N) + Ep, (N). Tt follows that Ep, (N) € K A o[Mi]
and Ep,(N) € K A o[Mz]. We actually proved that every nonzero module
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in K A o[M; & Ms] has a nonzero submodule in K A o[M;] or in K A o[Ma)].
So we have FEp(N) € d(Mg), where L = (KA K1) V (KA Kg). Since £ =
o[Mc]Nd(M),

EM(N) = EMl(N) +EM2(N) S U[M[;}.

Thus, Ey(N) € L, which shows N € L. O

6.2.3. THEOREM. For every pre-natural class IC, 7,P(K, R) is a complete
sublattice of N?(R).

PROOF. Let £; =KNT; € TP(K,R) (i € I), where all 7; € TP(R). Clearly,
NielKCi = KN (ﬁieﬂ’i) S TTP(IC, R)

Write K = Ly N 7y, where Loy € N,.(R) and 7y € TP(R). Note that V;c;7; €

TP(R) by (6.1.9). In view of (6.2.2), we have

ViertKi = Vier(Lo N 7o N T;)
= Lo A [Vier(To N T;)]
= Lo NMTo A [Vier(To N T)]}
=KnN[Vier(ToNT;)] € TP (K, R).
Therefore, 7P (K, R) is a complete sublattice of N?(R). O
6.2.4. LEMMA. Let K be a pre-natural class. If M = ¥;c;M; € K, then
KNo[M] = Vier(KNo[M;)).
PROOF. Write K = Ly N 7y, where Ly € N,.(R) and 7y € T,?(R). Since
M e K, Ty No[M] = o[M]. Thus,
KnNo[M] = LyNo[M]
= Lo A (Viero[M;])
= Vier(Lo A o[M;])
= Vier(K A a[M)).

The second to the last equality is by (6.2.2). O
6.2.5. LEMMA. Let K be a pre-natural class. If £ € TP(K,R), then
L=KnN O'[Mﬁ].

PROOF. Write £L = KN 7T, where T € TP(R). Thus £L C o[M,] C 7. Tt
follows that £ = K No[M]. O

An element c¢ in a complete lattice L is said to be compact if for any subset
Y of L with ¢ < V{a:a €Y}, we have ¢ < V{a: a € F} for a finite subset F'
of Y. A complete lattice is said to be algebraic if each of its elements is the
join of compact elements.

6.2.6. PROPOSITION. Let K be a pre-natural class. £ € TP(K,R) is
compact iff £ =K No[M] for some finitely generated module M € K.
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PROOF. Suppose L € TP(K, R) is compact. Write £L =K N7 for some T €
TP(R). By (6.2.5), we may write L = KNo[X], where X = @1 Xy € K with
all X; cyclic. By (6.2.4), £L = KNo[X] = Vier(KNo[X;]). Since £ is compact
in 7P (K, R), there exists a finite subset F of I such that £ = V,;cp(KA0[X}]),
which is, by (6.2.4), equal to I N o[N], where N = @;crX; € K.

Suppose that £ = K No[M] for some finitely generated module M € K and
L < VierK; where K; € TP(K, R). By (6.2.5), we may write K; = K N o[X;]
with X; € K. Then

,C S \/igl(lc n O'[XZ]) S ’C n (\/iGIU[XiD = ’C n J[@ie[Xi].

Since M € L is finitely generated, M € o[®;crX;] for a finite subset F of I.
Thus

L= /Cﬂa[M] - KﬂJ[EBieFXZ'} = \/,‘GF(’CQU[XZ']) = VierK;.

The second last equality is by (6.2.4). Thus £ is compact in Z,7(K, R). O

6.2.7. THEOREM. For any pre-natural class K, the lattice 7?(K, R) is
algebraic.

PROOF. Let £ € TP(K, R). By (6.2.5), there exists a module X such that
X = ®ier X, with all X; cyclic, X € K, and £ = KNo[X]. By (6.24),
L = Vier(KNo[X;]). By (6.2.6), each £ N o[X;] is compact in TP(KC, R).
Thus 7.P(KC, R) is algebraic. a

6.2.8. COROLLARY. [60] The lattice 7,P(R) is algebraic. a

The next proposition shows that every 7,7 (K, R) can be regarded as a sub-
lattice of 7P (R).

6.2.9. PROPOSITION. For K = Ly ATy € NP(R) where Ly € N;.(R) and
Ty € TP(R), define f : TP(R) — TP(K,R) by f(T) =K NT and let fy be
the restriction of f to 7,?(7y, R). Then the following statements hold:

1. fis onto, f(0) =0, and f(1) = K the greatest element of 77 (K, R).
2. f preserves arbitrary infima.
3. TP2(7y, R) is a complete sublattice of 7?(R) and
fo: TP (To, R) — TP(K, R)
is a lattice isomorphism whose inverse sends F to o[Mrz].
4. If K € N(R), then f preserves arbitrary suprema.

PROOF. (1) and (2) are obvious. (4) is by (6.2.2). For (3), clearly 7,?(7y, R)
is a complete sublattice of 7.P(R), and fj is onto by (6.2.5). It is easy to see
that fy is one-to-one. Also fy preserves arbitrary suprema by (6.2.4). It
follows that fo is a lattice isomorphism whose inverse sends F to o[Mz]. O
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6.2.10. THEOREM. [104] The lattice Z?(R) is modular.
PROOF. Let K, L, T € TP(R) with K C L. We need to show that

KV(LANT)=LAKVT).

It is clear that LV (LA J) < LA(KV T). By (2.5.6), it suffices to show that
every cyclic module mR € LA (KV J)isin KV (LA T). Write K = o[X]
and J = o[Y]. Then mR € KV J = o[X @ Y]. By (2.2.5), there exist
T +y €XOY (i=1,---,n) such that N;(z} Ny) = Ni(z; +yi)* € mt.
Let A =Nz} and B = N;y;. Then ANB Cm*, R/A€ K and R/B € J.
Since K < L, it follows that R/(ANmt) — R/A®mR € L, and hence
R/(ANmt + B) € LA J. Thus,

R/IAN(ANmt +B)] — R/IA®R/(ANm™+B) e KV (LAJ).

But
An(Anm* +B)=(Anm*)+ (AnB) Cm*.

SomR=R/m- eV (LAJT). O
6.2.11. COROLLARY. 77(K, R) is modular for every K € N?(R).
PROOF. This is by (6.2.9)(3) and (6.2.10). O

A partially ordered set I is called directed if for every couple i,j € I
there exists a k € I such that ¢ < k and 7 < k. A lattice L is upper
continuous if for every directed subset D of L and every a € L, one has
(Vaepd) ANa = Vaep(d A a).

6.2.12. THEOREM. For every K € N?(R), the lattice Z?(K, R) is upper
continuous.

PROOF. We first prove that Z.?(R) is upper continuous. Let {c[X;] : i € D}
be a directed subset of ZP(R) and Y be any module. For any cyclic module
X in (Viepo[Xi]) A olY], X € Viepo[X;] = o[@iepXi]. It follows that
there exist 41,--- ,4, € D such that X € o[®}_,X,,] = Vi_,0[X;,]. Since
{o]X;] : i € D} is directed, there exists some j € D such that o[X;,] < o[X}]
fork=1,---,n. So X € o[X ] Ao[Y] < Viep(o[X;] Ac[Y]). This shows that
(Viepa|Xi]) A olY] < Viep(o[X;i] A o]Y]). Tt is obvious that

Viep(a[Xi] A o[Y]) < (Viepo[Xi]) A o[Y].

So Viep(a[Xi] A alY]) = (Viepo[X;]) Ao[Y] and 7,P(R) is upper continuous.

Now let {IC; : i € D} be a directed subset of 7.P(K, R) and L € T(K, R).
By (6.2.5), K; = KN 7T;, where 7; = o[Mg,]. Write L = K N7T and K =
N N7y, where N € N;.(R) and 7,7y € TP(R). Then {7; : i € D} and hence
{T; N7y :i € D} is a directed subset of 7?(R). Then
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(VieDKi) AL ={ViepbWWNToNTH)}ANNTyNT)
=NA{NViep(ToNT)}ANNNToNT) (by 6.2.2)
={Viep(ToNT) A (ToNT)} AN
=[Viep(ToNT,ANToNT)| AN (Z,P(R) is upper continuous)
=Viep(TLANTo AT AN) (by 6.2.2)
= Viep(Ki A L).

0O

In the last part of this section, we discuss another family of sublattices of
NP(R). For a pre-natural class K, let

N(R,K)={LNK: L € N,(R)}.

It will be proved that (R, K) is a sublattice of N?(R), N (R, K) is a complete
Boolean lattice, and N'(R, K) is an algebraic lattice iff every nonzero module in
K contains an atomic submodule. Finally, lattice decompositions of N?(R) are
discussed. Note that when K = Mod-R, N (R, K) = N, (R). When K = o[M],
N(R,K) = N(R, M) is the set of all M-natural classes.

6.2.13. LEMMA. The following are equivalent for a pre-natural class :
1. Fe N(R,K).

2. F is asubclass of K closed under submodules, direct sums, and whenever
A is an essential submodule of B with A € F and B € K, we have B € F.

PROOF.(1) = (2). This can easily be verified by noting that K = Ky N 7y,
where Ko € N;.(R) and Ty € TP(R).

(2) = (1). Suppose (2) holds. We show that F = d(Mr) N K. Clearly,
FCdMg)NK. Let X € d(Mz)NK. Since X € d(Mg), X contains ®;c1X;
as an essential submodule with all X; € F. Thus @1 X; € F. By (2), X € F.
a

6.2.14. LEMMA. For any K; € N;(R) (i = 1,2) and any pre-natural class
L, (KiVE)NL=(KiNL)V (K2 AL).

PROOF. We first assume £ = o[M] is a hereditary pretorsion class. One
inclusion is obvious. Let A € (K1 V K3) A o[M]. Then A € o[M] and, by
(6.1.7), there exists an exact short sequence 0 — B — A — C — 0,
where B € Ky and C € Ky. Thus, B € K1 A o[M] and C € Ky A o[M].
By (6.1.4), (K1 Ao[M])V (K2 A o[M]) is an M-natural class. It follows from
(2.4.5)(2) that A € (K1 Ao[M]) V (K2 A o[M]). Therefore, the lemma holds
in this case.
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For a pre-natural class £, write £ = Lo N o[M] for some module M, where
Lo is a natural class. Then

(’Cl \/’CQ) /\,C = {(ICl \/ICQ) Aco} /\O’[M]
= {(’Cl A Eo) V (’CQ A Eo)} A O'[M] (M(R) is distributive)
= (K1 ALy Ao[M])V (Ko A Lo A o[M]) (as above)
=(KiANL)V (KaAL).
O

6.2.15. THEOREM. For any pre-natural class K, N (R, K) is a sublattice
of NP(R).

PROOF. Let K; € N(R,K) (i =1,2). Write K; = L;NK, where £; € N,.(R).
It is obvious that K4 A K2 € N(R,K). And

K1V K = (L1 AK) V (La AK)
= (ﬁl Vv 52) ANK € N(R,IC) (by 6.2.14).

O

It was proved by Dauns [31] that A (R, K) is a complete Boolean lattice for
every hereditary pretorsion class IC. The following result extends this to any
pre-natural class K.

6.2.16. THEOREM. For any pre-natural class K, N'(R,K) is a complete
Boolean lattice.

PROOF. 1t is easy to show that the intersection of any family of elements in
N(R,K) is still in M(R,K). So N(R,K) is a complete lattice.

N(R,K) is complemented: For £LNK € N(R,K) with £ € N,(R), let
L =c¢(L). Then £ NK € N(R,K). We have

(LNK)ALNK)=(L NL)AK=0AK =0,

and
(L' NEK)VLNK) = (L' VL) AK (by 62.14) =1AK = K.

N(R,K) is distributive: Let £, N K € N(R,K) with £; € N,.(R) for i =
1,2,3. Then

(LiNK)A{(L2NK)V (LsNK)}
=(LiNK)A{(L2V L3) AK} (by 6.2.14)
=Ly ALV L)AK
={(L1 ANL2)V (L1 AL3)}ANK (N.(R) is distributive)
— (L1 ALa AKC)V (L1 A Ly AK) (by 6.2.14)
={(LiNK)A(L2NK)}V(LINK)A(L3NK)}.
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O
Next, we consider when the lattice N'(R, K) is algebraic for K € NP(R).
6.2.17. LEMMA. Let K be a pre-natural class. If £ € N(R,K), then

L= d(Ms)NK.
PROOF. Write L = N' N K, where N € N,.(R). Since £ = d(Mg) No[M],
L Cd(Mg) CN. It follows that £ = d(Mz) NK. ]

We note that, for a pre-natural class K and X € K, d(X)NK is the smallest
element in V(R, K) that contains X.

6.2.18. LEMMA. Let K be a pre-natural class and X € K. Then d(X)NK
is a compact element of AV'(R, K) iff X has finite type dimension.

PROOF. Suppose X is of finite type dimension. Then X contains an essen-
tial submodule Y such that Y =Y; & --- @ Y,,, where each Y; is an atomic
submodule and Y; L Y; for all ¢ # j. Suppose that d(X) N K < Vierly,
where each K; is in N (R, K) and the infinite supremum is taken in N(R, K)
(not in NP(R)). By (6.2.17), for each ¢ € I there exists an X; € K such that
K: = d(X:) N K. By the remark before (6.2.18),

VierKi = Vierd(Xt) N K] = d(©ier X)) N K.

Thus Y € d(®ierX:). For each Y;, there exists a t; € I such that ¥; and
X¢, have nonzero isomorphic submodules. Thus, Y € d(®:c;X:), where J =
{t1, -+ ,tn}. It follows that

AX)NK =d(Y)NK < d(@resX:) NK
= [Viesd(Xy)|NK
= \/te][d(Xt) N ’C] = \/teJ’Ct.

Note that the second to the last equality is by (6.2.14). So d(X)NK is compact
in V(R,K).

If X is not of finite type dimension, then X contains an essential submodule
Y such that Y = @®52,Y;, where each Y; is nonzero and Y; L Y} for all ¢ # j.
Thus

d(X)NK =d(@Z,Y:) NK =V, [d(Y;) N K],

where the infinite supremum is taken in N (R, K). If d(X) N K is compact in
N(R,K), then there exists an m > 0 such that

d(X)NK = VI [d(Y:) N K] = [V, d(Ya)] N K = d(&],Yi) N K.
The second to the last equality is by (6.2.14). This shows that X and hence

Y41 is in d(@,Y;). This is impossible. So d(X) N K is not compact in
N(R,K). O
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6.2.19. THEOREM. Let K be a pre-natural class. Then the lattice N (R, K)
is algebraic iff every R-module in I contains an atomic submodule.

PROOF. “<—=". For any L € N (R, K), we can write £ = d(X)NK for some
X € K by (6.2.17). By our assumption, X contains an essential submodule
N such that N = @7V is a direct sum of pairwise orthogonal atomic
submodules. Then

L =d(N)NK = Vees[d(N;) N K],

which is a join of compact elements in N (R,K) by (6.2.18) (Note that the
infinite supremum is taken in N'(R,K)). So N (R, K) is algebraic.

“=". For any module X € K, by our assumption d(X) N K is a join of
compact elements in N (R, K). So d(X)NK 2 d(Y)NK for some Y € K such
that d(Y) N K is a compact element of N'(R,K). By (6.2.18), Y is of finite
type dimension. So Y contains an atomic submodule N. Since N € d(X), X
must contain an atomic submodule. |

6.2.20. COROLLARY. For any module M, the lattice N (R, M) is alge-
braic iff every module in o[M] contains an atomic submodule. O

6.2.21. COROLLARY. The lattice N,.(R) is algebraic iff every R-module
contains an atomic submodule. O

A sublattice K of the lattice L is called convex if a,b € K,c € L, and
a < ¢ < bimplies that ¢ € K.

6.2.22. THEOREM. For K € N?(R), define g : N,.(R) — N(R, K) given
by g(F) = FNK. Let N1 = N (R, ¢(K)) and Ny = N (R,d(K)). Then

1. g(0) = 0 and g(1) = K, the greatest element in N (R, K).

2. g preserves suprema of finitely many elements and arbitrary infima.
3. Nj and N3 are complete convex sublattices of N,.(R).

4. N.(R) = N1 ® N> is a lattice direct sum.

5. Ker(g) = Ni and g|n, : No — N (R, K) is a lattice isomorphism whose
inverse sends £ to d(Mpy).

PROOF. Parts (1) and (3) are obvious. Part (2) follows from (6.2.14). Part
(4) holds because for any K1 € N7 and Ko € Ny, K1 A K2 = 0 and for any
L e N, (R),

L=LAN1=LA[e(K)VIK)]=[LAc(K)]VI[LAK)

(by 6.2.14). For (5), g|ns is onto by (6.2.17) and the proof of the rest is
straightforward. m]
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Finally, we extend g in (6.2.22) to a similar lattice homomorphism
¥ : NP(R) = Ng(,c) @sz — N(R,K),
where K € NP(R),

N = {F Nd(K) : F € NZ(R)},
NEy = {F ne(K) - F € NP(R)}.

C

We identify the lattice congruence that plays the role of the kernel of ¢ and
show that ’(/J|N5(K:) : Né’(lc) — N(R,K) is a retract.

Let p : NP(R) — N;(R) be the lattice homomorphism and retract de-
fined by p(F) = d(F) = c(e(F)) for F € NP(R) (see [32, Thm.2.6]). It
is interesting to note that although NP(R) is not known to be “completely
pseudo-complemented distributive,” it behaves as if it were [10, p.148]. Define

Y : NF(R) — N(R,K) by ¢ =gp

for g as in (6.2.22), where K € NP(R). Thus for F € NP(R), ¥(F) =
g(p(F)) = g(d(F)) =d(F)nK. For any N C NP(R), write

Nt={LeNP(R):LAK=0 forall KeN}.
6.2.23. LEMMA. For K € N?(R),

1. NP(R) = N5(1<) @ NQ,C) is a lattice direct sum of convex and complete
sublattices of N?(R).

2. ( 5(,C))J‘ ZNQK) and (NP(K))J‘ = 5(,C).

c

PROOF. (1) Note that N cIl)(IC) is the collection of all pre-natural classes F
such that F < d(K). So NV C’l)(,c) is clearly a convex and complete sublattice of
NP(R). The same reason shows that N QK) is a convex and complete sublattice
of NP(R). Obviously, F1 A Fa = 0 for all F; € Nf(,c) and Fy € NCPUC). For
F € NP(R), since 1 = d(K) V ¢(K), in view of (6.2.14),

F=FAL=[FAdK)VI[FAcK).

So (1) is proved.
(2) It follows from (1). a

6.2.24. THEOREM. For K € N?(R), let
¥ NP(R) = N¥yey @ VDo) — N(R,K)

as above. Then the following statements hold:
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1. 9 is a lattice homomorphism preserving suprema and infima of finitely
many elements such that ¢(0) = 0 and ¢ (1) = K.

2. Ker(¢) = p(,C).
3. Y|n.(r) = g as in (6.2.22).
4. |y :./\/5(,(:) — N(R,K) is a retract.

d(K)

PROOF. (1) Both g and p are lattice homomorphisms (6.2.22 and [32,
Thm.2.6]); hence so is ¢y = gp. (Note that g preserves arbitrary infima,
while p preserves arbitrary suprema.)

(2) For any ¢(K) AF € Ny,

B(e(K) A F) = w(e(K)) A O(F) = e(K) AK A d(F) = 0.

Thus, $(AZ) = {0},

Conversely, for any F € NP(R), F = [FAAK)]V[FAc(K)]. If F ¢ QK),
then F A d(K) # 0. Choose 0 # V € F Ad(K). Then V has a nonzero
submodule W in K. Thus, W € FAK < d(F) AK = ¢(F). So ¢(F) # 0.

(3) For F € N.(R), F = d(F), and always ¥(F) =d(F)NK = FNK =
g(F). Thus, ¥|x, (r) = g-

(4) By (2) and (3) above, we have that (NP (R)) = v(Nj.)) = N(R,K).
For F e N(R,K), F =LAK, L € N.(R). Then

V(F) =P(L)AYK) = LAAK)ANK = LAK = F.

Thus, w|N(R,IC) = Id. O

6.2.25. REFERENCES. Dauns [31,32,34]; Golan [60]; Dauns and Zhou
[40]; Raggi, Montes and Wisbauer [104]; Zhou [141,142].
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6.3 Lattice Properties of NV?(R)

We first describe the atoms and coatoms of NP(R).

6.3.1. PROPOSITION. The following are equivalent for a class K of mod-
ules:

1. K is an atom of NP(R).

2. K =d(M)Nno[M] where M is an atomic module and M € o[N] for any
0#N C M.

PROOF. (1) = (2). Write K = d(M)No[M] for some module M (see 2.5.4).
If X LY for nonzero submodules X and Y of M, then K := d(X)No[X] < K
and Y € KC\K;. This is a contradiction. So M is atomic. For a nonzero
submodule N of M, (1) implies d(N) No[N] = K. Thus M is in o[N].

(2) = (1). Suppose £ < K where 0 # £ € NP(R). Then there exists
a0 # X < M such that X € £. Since M is atomic, d(X) = d(M). So
d(X) No[X] = K since o[ X] = o[M] by (2). It follows that £ = K. a

Homogeneous semisimple modules and the Z-modules Z, Z,» (n > 2 and p
is prime), and Z,~ are atomic, but only the first two satisfy (6.3.1)(2).

Let L be a lattice with the greatest element 1. A coatom of L is an element
c€ Lsuchthat c# 1 and ¢ £ d for any 1 #d € L. An R-module M is called
a large module if, for any nonzero R-module N, M and N have nonzero
isomorphic submodules. Thus a module N is large iff d(N) = Mod-R.

6.3.2. PROPOSITION. The following are equivalent for a class K of mod-
ules:

1. K is a coatom of NP(R).

2. (a) K =o0[M]is a coatom of 7,P(R) for a large module M or

(b) K = d(M) where M is not large, but for any nonzero module Y
with M LY, M @Y is large and X+ = 0 for a finite subset X of
MaoY.

PROOF. (1) = (2). Write K = d(M) N o[M] for some module M. If M
is large, then d(M) = 1. So K = o[M] is a coatom of NP(R). Thus K is a
coatom of 7P(R). Thus, (2a) holds. If M is not large, then d(M) < 1 and so
K = d(M). Then, for any nonzero module Y with M LY, Y ¢ d(M). But
K=dM)NoM]<dMa&Y)NoMe&Y]andY edMeY)No[MaY],
sodMeY)NoMaY]=1. It follows that M @Y is a large module and
R € o[M @ Y], showing that X+ = 0 for a finite subset X of M © Y.
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(2) = (1). Clearly (2) implies that K # 1. Let £ = d(N) N o[N] with
K < L. If (2a) holds, then M € d(N) is large and K = o[M]. Thus, N is
large and £ = o[N]. Since o[M] is a coatom of TP(R), L = o[N] = 1.

Suppose (2b) holds. Then d(M) < d(N). So there exists a 0 # Y <
N such that M L Y. By (2b), M @Y is large and R € o[M & Y]. So
dMaY)NoMadY]=1. Since M@Y € L, L. =1. O

6.3.3. PROPOSITION. [60] Every proper element of 7,P(R) is contained
in a coatom of TP(R).

PROOF. Let 7 € TP(R) with T < 1. For any chain {7, : @ € A} of elements
in 7P(R) with 7 <7, < 1, Vo7, € TP(R). We claim V,7, < 1. To see so,
write 7, = o[M,] for some module M,. Then by (6.1.10), Vo7, = o[®aM,].
If Vo7, = 1, that is R € o[®sM,], then there exists a k& > 0 such that
R e ol@f_M,] = Vi_| T, = T, (assume that 7,, < --- < 7T,,). Thus,
T, = 1, a contradiction. By Zorn’s Lemma, 7 is contained in a coatom of
TP (R). O

We next consider the question of when every proper element of NP(R) is
contained in a coatom of NP(R).

6.3.4. THEOREM. The following are equivalent for a ring R:
1. Every proper element of N?(R) is contained in a coatom of NP(R).
2. There does not exist a pair of nonzero R-modules X and Y such that

(a) Risin o[X].
b) X LY.

(¢) Y contains no atomic submodules.

PROOF. (1) = (2). Suppose that there exist nonzero modules X and Y
satisfying (a), (b), and (c). Let K = ¢(Y). Then X € K € N?(R). We claim
that K is not contained in any coatom of NP(R). To see this, let L < L < 1
for some £ € NP(R). Write £L = d(M) N o[M] for some module M. Since
X € K, X is in o[M]. So o[M] = 1 because of 2(a) and hence £ = d(M).
Since £ # 1, there exists a nonzero module A such that A 1 M. Then A
is not in K. Thus, there exists a 0 # B < A such that B — Y. By (¢), B
is not atomic, so B contains two nonzero submodules B; and By such that
B; 1 By. Let H =d(F) where F = LU{B;}. Then £ < H such that Bj is
in H\L and By ¢ H.

(2) = (1). Suppose that (1) does not hold. Then there exists 1 # K €
NP(R) such that K is not contained in any coatom of NP(R). If o[M] #
1, then by (6.3.3), there exists a maximal element 7 in 7Z,”(R) such that
o[Mk] < T # 1. Since 7T is not a coatom of N?(R), we have 7 < H # 1 for
some H € NP(R). Since K < H, H is not contained in any coatom of N?(R).
Note that H C o[My]. By the maximality of 7, R is in o[My]. Therefore,
we may assume R € o[M]. It follows that K = d(Mx) N o[Mk] = d(Mx).
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Since d(My) # 1, there exists a nonzero module Y such that Y L M. Let
X = My. We now prove that Y contains no atomic submodules and hence the
pair of X and Y gives a contradiction to (2). If Y has an atomic submodule P,
then K < ¢(P) # 1. Suppose ¢(P) < L € NP(R). Since R € o[Mx] < o[Mg],
L=d(Ms)No[Mg] =d(Mz). So ¢(P) < d(Mg). It follows that P € d(M,)
since P is atomic. Thus, 1 = ¢(P) Vd(P) < d(Mg) = L, so L = 1. This
shows that ¢(P) is a coatom of NP(R), a contradiction. O

6.3.5. COROLLARY. If every nonzero R-module contains an atomic sub-
module, then every proper element of AMP(R) is contained in a coatom of

NP(R).

6.3.6. EXAMPLE. There exists a ring R such that some proper element of
NP(R) is not contained in any coatom of NP(R).

PROOF. Let Fy, F5,--- be fields and R =112, F;. Let Xg = R and Yi =
(IIF;)/(@F;). Then it can easily be verified that the pair of X and Y satisfies
the conditions (a) — (¢) of (6.3.4). Therefore, R is the required ring. a

For any ring R, N?(R) has at least one coatom as shown below.
6.3.7. PROPOSITION. There exists at least one coatom of NP(R).

PROOF. Take a simple module X and let K = ¢(X). If K is a coatom, then
we are done. If not, then £ < £ # 1 for some £ € NP(R). It follows that X is
in £. For any module Y, either X is embeddable in Y or Y is in K. So Y has
an essential submodule in d(M), showing that Y € d(M,). Thus, d(M,) =1
and so £ = d(Mg) No[Mg] = o[M]. Since o[M] # 1, (6.3.3) implies that
there exists H which is maximal with respect to o[M;] C 'H € T7(R) and
H # 1. We claim that H is a coatom of NP(R). In fact, if H < G for some
G € NP(R), then d(M,) < d(Mg) and o[My] < o[Mg]. So d(Mg) = 1
and hence G = o[Mg]. Thus, o[My] < o[Mg]. By the maximality of H,
g= U[Mg] =1. O

For a ring R, Nicholson and Sarath [91, Theorem 1] gives a necessary and
sufficient condition for Z?(R) to have a unique coatom. That result was used
in [142] to characterize the ring R for which V{K : 1 # K € N?(R)} # 1.

A lattice L with the greatest element 1 and the least element 0 is called
a complemented lattice if, for any a € L, there exists a. € L such that
aNa.=0and aVa. = 1. If such an a. is unique for every a € L, then L is
called uniquely complemented.

6.3.8. PROPOSITION. The following are equivalent for a ring R:
1. N?(R) is a complemented lattice.

2. For any R-module A, there exists a module B such that A 1. B, A® B
is a large module, and X+ = 0 for a finite subset X of A ® B.
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PROOF. (1) = (2). For any module A, let K = o[A]Nd(A). By (1), there
exists K € NP(R) such that CAK = 0and KVK = 1. It follows that K C
c(K). Thus, we have KVe(K) = 1. By (6.1.3), o[A® M ) |Nd(ADM,(x)) = 1.
Let B = M. Then A L B and A® B is a large module. Since R € o[A® B,
there exists a finite subset X of A @® B such that X+ = 0.

(2) = (1). Let K € NP(R). Write K = o[Mx] N d(My). Let A = M.
By (2), there exists a B such that A and B satisfy the properties in (2). Let
L =o[B]Nd(B). Then KA L =0 since A | B. Because A ¢ B is a large
module, d(A® B) = 1. By the fact that X+ = 0 for a finite subset X of A® B,
we see that 0c[A® B] = 1. Therefore, KVL = c[A®B|Nd(A®B) =1A1=1.
a

Thus, NP(Z) is a complemented lattice but NP(Z,) is not. Next, we will
see that several concepts of rings can be characterized by properties of some
sublattices of N?(R). A ring R is called right QI if every quasi-injective
module is injective. The equivalence “(1) <= (3)” of the next result belongs
to Gabriel [54], and Golan and Lépez-Permouth [62].

6.3.9. THEOREM. The following are equivalent for a ring R:
1. R is a right QI-ring.
2. NP(R) = N;(R).
3. TP(R) S N (R).
4. NP(R) is a uniquely complemented lattice.

PROOF. (1) = (2). For K € NP(R), we need to show that K is closed
under injective hulls. Write K = d(M) N o[M] for some module M and let
N € K. Since N € o[M], we have N C Ep(N) C E(N) by (2.2.9). Note
En(N) is M-injective, so Ey(N) is quasi-injective by (2.2.10). Thus, Ep(N)
is injective by (1). This shows that E(N) = Ej(N) is in o[M]. But, clearly
E(N)isin d(M). So E(N) € K.

(2) = (4). This follows from (5.1.5) that A,.(R) is a complete Boolean
lattice.

(4) = (3). Let K € T,°(R). By (4) there exists £ € NP(R) such that
KAL=0and KVL=1. Then K < ¢(L),s0c(L)VL=1and LAc(L)=0.
By (4), K = ¢(£) is a natural class.

(3) = (1). Let M be a quasi-injective module. Then K = o[M] € TP(R),
so E(M) is in o[M] by (3). Since M is M-injective, M is N-injective for each
N in o[M] by [87, 1.3 and 1.5]. Thus, M is E(M)-injective. This shows that
M is a direct summand of E(M). So M = E(M) is injective. ad

A ring R is called right semiartinian if every nonzero right R-module
contains a nonzero simple submodule.
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6.3.10. THEOREM. The following are equivalent for a ring R:
1. R is right semiartinian.
2. N;(R) = Fr(R).
3. The natural class K = {M € Mod-R : Soc(M) <. M} is in F,(R).
4. F.(R) is a Boolean lattice.

PROOF. (1) = (2). Let R be right semiartinian and let K be a natural
class. Set F = {Soc(M) : M € K}. Then K = d(F). Consider M = II, M,
with M; € K. If M ¢ K, then there exists a nonzero submodule N of M
such that N has no nonzero submodule in F. Since R is right semiartinian,
we may assume N = zR is simple. Write = (z;) with z; € M; and some
i # 0. Then the map N = zR — xR by xr — xxr is an isomorphism.
Thus, the fact that N =2 xR C M, € K implies N € F, a contradiction. So
M is in K and hence K is closed under products.

(2) = (3). The class K = {M € Mod-R : Soc(M) <. M} is a natural
class, so is in F,.(R) by (2).

(3) = (1). By (3), K ={M : Soc(M) <. M} is a hereditary torsion free
class. Since all injective hulls of simple modules are in /C, the least cogenerator
C, i.e., the direct sum of injective hulls of non-isomorphic simple modules, is
in IC. Since C' cogenerates all modules, it follows that £ = 1. So R is right
semiartinian.

(2) = (4) follows from (5.1.5).

(4) = (1). Suppose (1) does not hold. Let I be a complete set of repre-
sentatives of isomorphism classes of simple right R-modules, and let

F ={F € Mod-R : Homp(K,F) =0, VK € K},
T ={T € Mod-R : Homp(T,F)=0,VF € F}.

Since F is clearly closed under injective hulls, (7, F) is a hereditary torsion
theory by (2.1.6). By (4), there exists a hereditary torsion theory (T/,]-"I)
such that FVF =land FAF =0. If T # 0, then there exists a simple
module N € 7. Thus, N ¢ F but N € FV F . It must be that N € F.
This is a contradiction. Therefore, 7 = 0 and so F = 1. It follows that
F = 0. Thus, every nonzero module has a nonzero socle, so (1) holds. O

It was proved in Popescu [103] that R is right semiartinian iff Tor-R is
a Boolean lattice. This result follows from (6.3.10) because the two lattices
F-(R) and Tor-R are anti-isomorphic. The next result is taken from Alin
and Armendariz [6] and Dlab [44] (see Golan [59]). A ring R is called left
perfect if R/J(R) is a semisimple ring and J(R) is left T-nilpotent.

6.3.11. THEOREM. The following are equivalent for a ring R:

1. R is a left perfect ring.
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2. F.(R) is a Boolean lattice and every 7 € 7,.(R) is closed under direct
products.

PROOF. (1) = (2). Since R is left perfect, R is right semiartinian and there
are only finitely many simple right R-modules, up to isomorphism. So F,.(R)
is a Boolean lattice by (6.3.10). Let (7, F) be a hereditary torsion theory. We
want to show that 7 is closed under direct products. We can assume F # 0
and assume {My,---, My} is a complete set of representatives of isomorphic
classes of simple modules in F. Because R is left perfect, My & --- & My
has a projective cover. That is, there exists a projective module P and an
epimorphism o : P — M; @ - -+ @ M}, such that Ker(o) is small in P (i.e.,
Ker(o) + X # P whenever X C P).
We claim that

T ={M € Mod-R : Homg(P, M) = 0}.

In fact, for M € T and f € Homg(P, M), P/[Ker(c) + Ker(f)] is an image
of P/Ker(c) & M; ® - - & My, so P/[Ker(c) + Ker(f)] € F; but since
P/Ker(f) € T, P/[Ker(o) + Ker(f)] € T. So P/[Ker(c) + Ker(f)] = 0.
Thus, P = Ker(f) since Ker(o) is a small submodule of P, and hence f = 0.
On the other hand, if N ¢ T, then 0 # N/X € F for some submodule X
of N. Since R is left perfect, N/X contains a simple submodule Y/X. So
Y/X = M;j for some j with 1 < j < k. Thus there exists an epimorphism
P — Y/X. Since P is projective, there exists a nonzero homomorphism
P — Y. Hence Homp(P,N) # 0. So we have proved the claim. It follows
from the claim that 7 is closed under direct products.

(2) = (1). By (6.3.10), R is right semiartinian, and hence is left T-
nilpotent (see [8, 28.5. Remark]). So it suffices to show that R/J(R) is
semisimple Artinian. Since R is right semiartinian,

K/J(R) = Soc((R/J(R))r) <c (R/J(R))r-

We prove next that K = R. Suppose that K % R. Then K C I; for some
maximal right ideal Iy of R. Certainly, I/ J(R) <. (R/J(R))g.

Let I be a maximal right ideal I with R/I = R/I,. If I/J(R) is not essential
in (R/J(R))g, then there exists a right ideal L of R properly containing J(R)
such that I N L = J(R). Thus, R =1+ L and so

R/J(R) = (I/J(R)) ® (L/J(R)).

It follows that R/I, and hence R/Iy, is a projective right R/J(R)-module.
In particular, Iy/J(R) is a summand of R/J(R), contradicting the fact that
Iy/J(R) <. (R/J(R))r. Therefore, I/J(R) is indeed essential in (R/J(R))g.
Thus, I/J(R) 2 Soc(((R/J(R))r) = K/J(R), i.e., I O K. So we have proved
that

K Cn{I:I isamaximal right ideal of R with R/I = R/Iy}.
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Since J(R) C K, it follows that
J(R) =n{I:1 is a maximal right ideal of R with R/I % R/Iy}.

Now let K be a complete set of representatives of isomorphism classes of simple
right R-modules not isomorphic to R/Iy, and let

F ={F € Mod-R : Homg(K,F) =0, VK € K},
T ={T € Mod-R : Homp(T,F)=0,VF € F}.
Since F is clearly closed under injective hulls, (7, F) is a hereditary torsion
theory by (2.1.6). Since
R/J(R) — II{R/I : I is a maximal right ideal of R with R/I % R/Iy},
R/J(R) € T by (2). Thus, R/Iy € T since J(R) C Iy. This is a contradiction
since R/Iy € F. So R/J(R) = K/J(R). O

Dlab [44] gave a non-left perfect ring with only a finite number of hereditary
torsion classes, all of which are closed under direct products. The equivalence
“(2) <= (3)” of the next corollary is contained in Dlab [45] and Gardner [57].

6.3.12. COROLLARY. The following are equivalent for a ring R:
1. R is left perfect with a unique simple module up to isomorphism.
2. R is right semiartinian with a unique simple module up to isomorphism.
3. 7.(R) = {0,1}.
4. N.(R) ={0,1}.

PROOF. (1) = (2) is obvious; (2) + (3) = (1) follows from (6.3.11).

(2) = (4). Fix a simple module My. By (2), My embeds in every nonzero
module. It follows that d(My) = 1 and that d(Mp) < K for every 0 < K €
N, (R). So N.(R) = {0,1}.

(4) = (3). (4) clearly implies that F,.(R) = {0,1}. So (3) follows.

(3) = (2). Fix a simple right R-module My, and let

F ={F € Mod-R : Homg(M,, F) = 0},
T ={T € Mod-R : Homg(T, F) = 0,VF € F}.
Since F is clearly closed under injective hulls, (7, F) is a hereditary torsion

theory by (2.1.6). By (3), 7 = 1. Thus, M, embeds in every nonzero module.
So (2) holds. a

The equivalence “(1) <= (2)” of the next theorem is obtained in Teply
[116].

6.3.13. THEOREM. The following are equivalent for a ring R:

1. R is isomorphic to a finite direct product of left perfect rings, each of
which has a unique simple module up to isomorphism.
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PROOF. (1) = (2). Write R = R1 & --- & R, where each R; is a left
perfect ring with a unique simple module up to isomorphism. Let (7, F) be
a hereditary torsion theory. Suppose that F is not closed under quotients.
Then some nonzero module in F has a nonzero image in 7. This implies that
some cyclic module R € F has a simple image Y in 7. Let I = 2*. Then
I=RNI)®---®(R,NI) and so

tR2R/I=R/(RiNI)® - &Ry/(R,NI).

Then Y is a simple image of some R;/(R;NI). Of course, 0 # R;/(R;NI) € F.
Since R; is right semiartinian with a unique simple module, Y embeds in
R;/(RiNI), so Y € F. This contradiction shows that F is closed under
quotients.

(2) = (1). Let {X, : a € A} be a complete set of representatives of
isomorphism classes of simple R-modules and My = &{X, : o € A}. Let

F ={F € Mod-R : Hompg(My, F) = 0},
T = {T € Mod-R : Homg(T, F) = 0,YF € F}.

Since F is clearly closed under injective hulls, (7, F) is a hereditary torsion
theory by (2.1.6). Since F is closed under quotients by hypothesis and since 7
contains all simple modules, we have F = 0 and so 7 = 1. Hence R is right
semiartinian. Thus, it follows from (6.3.10) and the hypothesis that every
natural class is closed under quotients.

For each o € A, let I, be a right ideal of R maximal with respect to
I, € d(X,). Since d(X,) is closed under quotients, I, is indeed a unique
largest right ideal of R in d(X,). Since d(X4) is closed under extensions
by (2.3.5), the maximality of I, implies R/I, € c¢(d(Xa.)) = d(®pxaXp).
It follows that R/(Xyealy) € d(®p+aXp) since d(®pLaXp) is closed under
quotients. Thus,

R/(3yenly) € Naend(®p£aXp) =0,
so R =Y ealy = X1, for some n > 0. Thus, R = ®;_, I, since
I’Yi N Zj?’éiI’Yj € d(X’YL) N d<@j¢iX’Yj) =0

(for every i). Moreover, this direct sum is a ring direct sum, because each
L,, is a two-sided ideal of R (since d(X,,) is closed under quotients). Since
I, € d(Xy,) and d(X[ ) is closed under quotients, each I,, has a unique
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simple module up to isomorphism. Since R is right semiartinian, it follows
that each I, is a right semiartinian ring. Thus, by (6.3.12), each I,, is a left
perfect ring with one simple module up to isomorphism.

(1) + (2) = (3). Because of (1), R is left perfect and hence right semi-
artinian. Thus, N, (R) = F.(R) by (6.3.10) and hence N,.(R) C 7,.(R) by
(2).

(3) = (4) = (2) and (4) <= (5) are obvious. O
6.3.14. COROLLARY. The following are equivalent for a ring R:

1. R is semisimple Artinian.

2. NP(R) = F.(R).

3. TP(R) = N, (R).

4. TP(R) = F-(R).

PROOF. (1) < (2) follows from (6.3.9), (6.3.10), and the fact that a ring
is right semiartinian, right QI iff it is semisimple Artinian.

(1) = (3). Let R be semisimple Artinian. Then 7?(R) C N,.(R) by (6.3.9)
and, since R satisfies (6.3.13)(1), N.(R) C 7P(R). So TF(R) = N,.(R).

(3) or (4) = (1). Suppose (3) holds. Then R is right QI by (6.3.9) and R
is left perfect by (6.3.13). So R is semisimple Artinian. Note that (4) clearly
implies that R is right QI by (6.3.9); and (4) also implies F,.(R) C 7,.(R), so
R is left perfect by (6.3.13). Thus R is semisimple Artinian.

(1) + (3) = (4). By (6.3.10), N.(R) = F-(R), so (4) follows from (3). O

6.3.15. THEOREM. [9] The following are equivalent for a ring R:
1. R is right Artinian.
2. Every 7 € TP(R) is closed under direct products.

PROOF. (1) = (2). Let T € TP(R) and let N = II{N,, : a« € A} where
all N, € 7. To show N € 7, it suffices to show xR € 7 for every x € N.
Write z = (z,) where 7, € N,. Then x+ = N,x2. Since R is right Artinian,
ot =N xy for some n > 0. Thus,

tR2 R/zt — & | R/zy 2ol 2, RET.

SoxReT.
(2) = (1). Claim: for any module M, M+ = X for a finite subset X of
M. In fact, we have

R/ML = R/(ﬂmEMxL) — HzEMR/xL = HIEMJ’.R € O—[@IENI(ER]

by hypothesis. So R/M* € o[@iepxR]. Then by (2.2.5), Zt C Mt for a
finite subset Z of @, cpxR. It follows that there exists a finite subset X of
M such that M+ = X+,
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Let {X,, : @ € A} be a complete set of representatives of isomorphism classes
of simple R-modules and My = &{X, : « € A}. Since R/J(R) embeds in a
direct product of simple R-modules, we have R/J(R) € o[Mp] by hypothesis,
so R/J(R) is semisimple. Thus there are only finitely many simple R-modules
up to isomorphism and so My is finitely generated. Let E = E(My). Since Fr
is faithful, it follows from the Claim that R < E™ for some n > 0. So R has
a finitely generated essential right socle. Thus, for any faithful module Nz, R
embeds in N* for some k > 0 (by the Claim), showing that Soc(N) # 0. Now
for any nonzero module Ng, let I = N+. Since R/I inherits the hypothesis
and N is faithful over R/I, N has a nonzero socle over R/I and hence over R.
So we have proved that every nonzero module over R has a nonzero socle, i.e.,
R is right semiartinian. Thus, R is left T-nilpotent, and hence is left perfect
since R/J(R) is semisimple.

Let K =n{J(R)":i=1,2,---}. By hypothesis, R/K € o[®,R/J(R)‘].
Thus, R/K € o[®?;R/J(R)!] for some n > 0. It follows that J(R)" =
J(R)"*! = ... = K. Since R is left T-nilpotent, it follows that J(R)"™ = 0.
Since R/J(R) is semisimple, J(R)*/J(R)**! is semisimple. Since R/.J(R)**!
inherits the hypothesis, it has a finitely generated essential right socle as
above. Thus, J(R)*/J(R)"! is finitely generated and hence has finite length
for i =1,--- ,n — 1. Therefore, being of finite length, R is right Artinian. O

6.3.16. PROPOSITION. Suppose that N,.(R) is a complete sublattice of
NP(R). Then K € NP(R) is compact iff £ = d(N) N o[N] for some finitely
generated module N of finite type dimension.

PROOF. “=". Recall that My = &;c1X; where {X; : t € I} is a complete
set of representatives of the isomorphic classes of cyclic modules in . By
(254) and (613), K= d(M]C) N O'[M](:] = \/tlct where lCt = d(Xt) N d(Xt)
Since K is compact, there exists a finite subset F' of I such that I = VicpK; =
d(N) N o[N], where N = @®cpX; is finitely generated. Suppose that N
is not of finite type dimension. Then N contains an essential submodule
A = @52, A; such that all A; #0, A; L Aj;, whenever i # j. By hypothesis,
L = V;d(A;) is a natural class. Then N € £ since A € £. This shows that
K < L. Tt follows that K < V!_,d(A;) = d(®}_,A;) for some n > 0. Since
Apt+1 € K, there exists a 0 < m < n such that A,4+1 and A, have nonzero
isomorphic submodules, a contradiction.

“«<=". Suppose N is a finitely generated module of finite type dimension
and K = d(N) N o[N]. Let K < V;erK; with each K; € NP(R). Write
K; = d(Ml) N O'[Mi]. Thus, N € V,eiK; = d(@le) N U[@iMi]. Since N is
finitely generated, N is in o[®;ecp M;] for some finite subset Fy of I. Since N
is of finite type dimension, there exists a finite subset F5 of I such that every
nonzero submodule of N has a nonzero submodule embeddable in ®;c g, M;.
Let F' = F} UF5. Then

d(N) n O'[N] Q d(@lele) N U[®i€FMi] = \/iGFICi~

So K is a compact element in N?(R). O
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6.3.17. COROLLARY. Suppose that N (R, M) is a complete sublattice of
NP(R) for each module M. Then the following are equivalent:

1. NP(R) is an algebraic lattice.
2. Every nonzero R-module contains an atomic submodule.
PROOF. (1) = (2). Let N be a nonzero module. Then, by (6.3.16),
d(N)No[N] = V;(d(N;) N a[N;]) = d(®: N;) N o[ N],

where each NV; is a finitely generated module of finite type dimension. Thus,
N € d(®;N;) and so N contains a nonzero submodule X embeddable in N;
for some 4. Since N; contains an essential submodule, which is a direct sum
of atomic modules, X contains an atomic submodule.

(2) = (1). Let K € NP(R) and write K = d(N) N o[N]. By (2), N
contains an essential submodule, which is a direct sum @;c;N; of atomic
submodules. Let K; = d(N;) N o[N]. Then K; € N(R,N) by (2.4.4) and
hence £ = VK; € N(R, N) by hypothesis. Since N; € K; for each i € I, &; N;
isin £ and so N is in £ by (2.4.2). Thus, K = £ = V,;K;. Now it suffices to
show that each K; is a join of compact elements of NP(R). Let {X} : t € I}
be a complete set of representatives of the isomorphic classes of cyclic modules
in K; and let X; = @y, X;. Then, by (2.5.4) and (6.1.3),

Ki = d(X;) No[X;] = Vie(d(X]) Na[X]]).

Note that, since N; is an atomic module, X} is atomic. Thus, d(X}) N o[X]]
is a compact element of NP(R) by (6.3.16). O

In the final part of this section, we are concerned with a result of right
distributive rings. A ring R is called right distributive if the lattice of all
right deals of R is a distributive lattice, i.e., IN(J+K)=(INJ)+(INK)
for all right ideals I, J, K of R, or equivalently I+ (JNK) = (I+J)N(I+K)
for all right ideals I, J, K of R.

6.3.18. THEOREM. [79] If R is right distributive, then fil-R is a distrib-
utive lattice. Conversely, if fil-R is a distributive lattice, then the lattice of
ideals of R is distributive. Therefore, a commutative ring R is distributive iff
fil-R is a distributive lattice.

PROOF. Let R be a right distributive ring. Since fil-R is isomorphic to
TP(R), we prove that T7P(R) is a distributive lattice. Let K, L, J € TP(R).
We need to show that LA (LV J) = (KAL) V(KAJ). It is clear that
KANLVT)> KAL)V (KAT). By (2.5.6), it suffices to show that every
cyclic module mR € KA (LV J)isin (KA L)V (KA J). Write L = o[Y]
and J = o[Z]. Then mR € LV J = oY @ Z]. By (2.2.5), there exist y; € Y,
2z € Z (i = 1,---,n) such that N;(yi" N 2z) = Ni(y; + z)t € m*. Let
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B =Ny and C = N;z;t. Then BNC C m*, R/B € L, and R/C € J.
Thus, R/(m* + B) € KA L and R/(m* 4+ C) € KA J. It follows that

R/[(m* +B)n(m*+0C) e (KAL)V(KAT).
But, by hypothesis,
(m*+B)n(m* +C)=m* +(BNC)=m".

SomR = R/m* € (KAL)V(KAJ). Before proving the second part, let us
note the following facts: for any ideals I and J of R,

1. o[R/1) = o[R/J) iff [ = J.
2. o[R/I|V o[R/J]| =0o[R/(INJ)].
3. o[R/I| No|R/J]) = c[R/(I+ J)].

Facts (1) and (2) are easy to see. Let us verify (3). It is obvious that
o[R/I|No[R/J] 2 o[R/(I+J)]. To show the other inclusion, we only need to
show that every cyclic module zR € o[R/I|Ao[R/J] isin o[R/(I+ J)]. From
R/zt € o[R/I) Ao |R/J], it follows that I C o+ and J C zt. So I+ J C z+,
and thus sR = R/x* € o[R/(I + J)).

Now suppose fil-R, and hence 7Z,P(R), is a distributive lattice, and let
A, B, C be ideals of R. Then

o[R/A] A (c[R/B]V o|R/C]) = (c[R/A] Aa[R/B]) V (c[R/A] A c[R/C)).

By the facts above, the classes on the two sides are equal to o[R/(A+(BNC))]
and o[R/((A+ B)N (A + ()], respectively. Thus, A+ (BNC)=(A+ B)N
(4+C) by (1). 0

6.3.19. EXAMPLE. There exists a ring R such that A?(R) is a complete
Boolean lattice (in particular, fil-R is a distributive lattice) but R is not right
distributive.

For convenience of references, we give below a ring R such that N} (R) is
a complete Boolean lattice but R is not left distributive. Let F' be a field
of characteristic 0 and « be the derivation of F[z] defined by a(Xa;z%) =
Yia;z'"t. Let Q be the quotient field of F|x]. Then « induces a derivation
@ on @ via the usual quotient rule for derivations. Thus, @(Q) # 0 and the
characteristic of @ is 0. By Kolchin [81] (or see Faith [48, p.361]), there is a
universal differential field k¥ O @ and a derivation D of k extending @&. Thus,
D(k) # 0. Let R = k[y, D] be the Cozzens domain. As it is well-known, R is
a two-sided QI-ring. By (6.3.9), N(R) = Ni(R). Then, by (5.1.5), N/ (R) is
a complete Boolean lattice. Consider the maximal left ideal Ry of R. Note
that Ry = {&" ja;4° : n > 1,a; € k}. Choose a € k such that D(a) # 0.
Then ya = D(a) + ay. If ya € Ry, then D(a) € Ry. This is impossible. So
Ry is not a two-sided ideal. By the result of Stephenson [111, Corollary 4]
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that every maximal left ideal of a left distributive ring is a two-sided ideal, R
is not left distributive. |

Our concluding examples illustrate that some of the lattice properties of
NP(R) as well as N'(R) are not, in general, left-right symmetric.

6.3.20. EXAMPLE. There is aring R such that [N?(R)| = 3 but [N}'(R)| >
3.

We here use an example of A. Viola-Prioli and J. Viola-Prioli [122]. Let K
be a field, and f : K — K a field monomorphism which is not onto. Consider
the ring S of twisted power series, that is, S = {Sa7a; : a; € K} = K{[z; f]]
with the usual addition and ax = 2 f(a), for every a € K. Let R be the ring
S/x%S. By [122], R has the following properties:

1. R has only three right ideals R, zR, and (0).
2 |TP(R)| = 3.
3. The lattice 7;”(R) is not linearly ordered.

Since R is a right Artinian ring with a unique (up to isomorphism) simple
R-module, N?(R) = TF(R) by (6.3.13).

By (3), there exist left R-modules X and Y such that ¢[X]| € o[Y] and
olY] € o[X]. Thus, d(X) No[X] # d(Y) No[Y], for otherwise, o[X] = o[Y].
S0 0,d(X)No[X],d(Y)No[Y], and 1 are distinct pre-natural classes in N (R).
Therefore, [N} (R)| > 4. O

6.3.21. EXAMPLE. There is a ring R such that |V,.(R)| = 2 but [N;(R)| =
4.

Let R be the ring of all N-square lower triangular matrices over a field K
that are constant on the diagonal and have only finitely many nonzero entries
off the diagonal. Let J be the set of elements of R with only finitely many
nonzero entries, all occurring below the diagonal. Then J is equal to the
Jacobson radical of R and is left T-nilpotent ([8, Ex.15.8]) and R/J = K. So
R is a local left perfect ring. Therefore, by (6.3.12), |N,.(R)| = 2.

Since R is local, there is a unique (up to isomorphism) simple left R-module,
say pX. To show |[N;(R)| =4, we let Jy = {(ai;) € J : a;; = 0if j # k} for
k=1,2,---. It is true that J; are uniform left ideals of R and J = ®}2; J.
Moreover, if n < m, we have as left R-modules an embedding J,, — J, by
(aij) +— (bsj), where b;j = @i j4m—n. This implies that rJ is an atomic
module. For a cyclic socle-free left R-module R/I, it must be true that I =
®icvJ; for a proper subset V' of N. Since J is the only maximal left ideal of
R, I is a complement left ideal of R. It follows that @;en\vJ; is essentially
embeddable in R/I. Because rJ is atomic, we proved that any two socle-
free cyclic left R-modules have isomorphic submodules. Since Soc(gR) = 0,
X L J. Therefore, d(X) Ad(J) = 0 and d(X) VvV d(J) = 1. So N(R) =
{0,d(X),d(J),1}. |
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6.3.22. REFERENCES. Alin and Armendariz [6]; Beachy and Blair [9];
Dauns [32]; Dauns and Zhou [40]; Dlab [44,45]; Gabriel [54]; Gardner [57];
Golan [60,61]; Golan and Lépez-Permouth [62]; Katayama [79]; Popescu [103];
Stephenson [111]; Teply [116]; A. Viola-Prioli and J. Viola-Prioli [122]; Zhou
[136,142).
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6.4 More Lattice Properties of NVP(R)

In this section, the interrelatedness of lattice properties of N?(R) and ring
and module theoretic properties of R and Mod-R is pursued further, and
applications are given to the rings R for which Z,?(R) = 7,(R). The approach
is to relate the join operation of N?(R) to the module extension operator
E(—,—). For any module classes K1, Ko, let

E(K1,K) ={M : X € K1,M/X € Ky for some X C M}.

We have K1 V Ko = E (K1, Ks) for all Kq,Ko € N,.(R) by (6.1.7). This fact is
an immediate consequence of the following result.

6.4.1. PROPOSITION. The following are equivalent for a module M:
1. o[M] is closed under extensions.
2. K1 VKK = E(/Cl,ICQ) for all Ky, KCy € N(R,M)

PROOF. (2) = (1). Let 0 — X — N — Y — 0 be exact with
X, Y € o[M]. Let K1 =d(X)No[M] and Ko = d(Y) No[M]. Then K1,Ks €
N(R,M). Since X € Ky and Y € K, we have N € E(K1,K2). So, by (2),
N € K1V Ka. Thus, N € o[M].

(1) = (2). Let K1,K3 € N(R,M). Write K1 = £1 No[M] and Ko =
Lo N o[M], where L1, L € N,(R). We have that

K1 VKQZ(ElﬂJ[M]) (ﬁgﬂO’[M])

:(El \/LQ)/\ [ ] (by6214)
= E(L1,L2) AN o[M] (by 6.1.7)
2 E(Ky1,K2) (by (1)).

It is easy to see that E(K1,s) is closed under submodules and direct sums.
We now show that F (K1, /s) is closed under M-injective hulls, and hence is
an M-natural class. This then gives K1 V Ky C E(K1,Ks) since K1 UKy C
E(K1,Ks). Let N € E(K1,K3). Then there exist A € K1 and B € Ky
such that 0 — A — N — B — 0 is exact. By (2.2.10), we can write
Ey(N) = Ey(A) @ C for some C. If C # 0, C N N is essential in C
and CNN — B. So C is always in Ko. Since Ep(A) € Ky, we see that
EM(N) EE(ICl,KQ). O

6.4.2. LEMMA. Let 7 € 7,(R) and K € 77(R). Then
1. E(T,K)=E(T,E(T,K)) and
2. E(K,T)=E(EK,T),T).
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PROOF. (1) One inclusion is obvious. Let M € E(7T, E(T,K)). Let 7 and o
be the left exact preradicals corresponding to the hereditary pretorsion classes
E(T,K) and 7T, respectively. Then M/o(M) € E(7,K), and so there exist
modules A € T and B € K such that 0 — A — M/o(M) — B — 0 is
exact. Since o is a hereditary torsion theory, M/o(M) is o-torsion free. It
follows that A =10. So M/o(M) = B € K. This gives that M € E(7,K).

(2) One inclusion is obvious. Let M € E(E(K,7T),T). Let 7 and o be
the left exact preradicals corresponding to the hereditary pretorsion classes
E(K,T) and K, respectively. Then we have M/7(M) € T. Since 7(M) €
EK,T), 7(M)/o(M) = 7(M)/o(r(M)) € T. Because T is closed under
extensions, we have M/o(M) € T. It follows that M € E(K,T). O

6.4.3. THEOREM. The following statements are equivalent for a ring R:
1. 7.(R) is a sublattice of 77 (R).
2. ICl V /CQ = E(’Cl,’CQ) for all ]Cl,’CQ € Zn(R)

PROOF. (1) = (2). For K1,K3 € 7.(R), K1 UKy C K; VK3, By (1),
K1V Ky is closed under extensions, so (K1, Ka) C Ky Vs, Since Ky VK <
E(K1,K2), K1V Ko = E(Kq,Ks).

(2) = (1). By (2), it is enough to show that E(K;,Ks) is closed un-
der extensions. Let 0 — X — M — M/X — 0 be exact such that
X,M/X € E(K1,K3) and let 7,71 be the left exact preradicals correspond-
ing to the hereditary pretorsion classes F(K1,K3) and Kq, respectively. It
follows that M/r7(M) € E(K1,K2). From 7(M) € E(K1,K2), we have
T(M)/m1 (M) € Kq. Since

0—7(M)/1n(M) — M/ (M) — M/7(M) —0

is exact, we see that M/m (M) € E(K9, E(K1,K3)). Note that (2) implies
that E(KC1, K2) = E(K2,K4). So, by (6.4.2), we have

M/Tl(M) S E(]CQ,E(ICQ,’Cl)) = E(’CQ,ICl) = E(Kl,]CQ).

Thus, M € E(K1, E(K1,K2)) = E(K1,K2) by (6.4.2). 0

The next example gives a ring R such that 7,.(R) is not a sublattice of
TP (R).

6.4.4. EXAMPLE. Let Q = II32, F; be a direct product of rings, where
Fy = Z4 and F; = Zy for i > 1. Let R be the subring of ) generated
by 2F; @ (®2,F;) and 1g. Then Soc(R) = 2F; & (B2, F;) is the unique
proper essential ideal of R. It follows that Z(R) = 2F; and K = @2, F; is
nonsingular and hence projective. Note that Z(R) and K are complements
of each other in R. So Z(R) is essentially embeddable in R/K and K is
essentially embeddable in R/Z(R). It follows that R/K is Goldie torsion and
R/Z(R) is nonsingular. So Z3(R) = Z(R). Let K be the class of all Goldie
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torsion modules and £ be the class of all projective semisimple modules.
Clearly £ and £ are in 7,(R). Thus, Rg € E(L,K). Since Z3(R) is not
a direct summand of Rr, R/Z>(R) is not projective. So R/Z5(R) is not in L.
This shows that Rgr ¢ E(K,L). Therefore, E(L,K) # E(K,L). By (6.4.3),

7-(R) is not a sublattice of NP(R). O
6.4.5. COROLLARY. The following statements are equivalent for a ring
R:

1 TH(R) = T(R)
2. K1 VLK = E(ICl,ICQ) for all Ky, KCoy € an(R>

PROOF. (1) = (2) is by (6.4.3).
(2) = (1). For any K € 7P(R), K = KV K = E(K,K). This shows that
KC is closed under extensions, and so K € 7,.(R). a

It follows clearly that 77(R) = 7,(R) implies E(K1,K3) = E(K3, K1) for
all K1,Ky € TP(R). The study of rings R with Z,P(R) = 7,(R) was initiated
by J. Viola-Prioli in [126], and continued by Fenrick [50], Handelman [72],
A. Viola-Prioli and J. Viola-Prioli [123], Teply [118], van den Berg [119], and
Dauns and Zhou [40]. Tt is suggested by (6.4.5) that there exist connections
between properties of this class of rings and lattice properties of NP(R).

6.4.6. PROPOSITION. [126] Let R be a ring with Z?(R) = 7,.(R).
1. Z(Rgr) =0.
2. I? = I for every ideal I of R.

PROOF. (1). Let Z be the class of all singular right R-modules. By hypoth-
esis, Z € T,(R). From the exact sequence

0 — Z(Rr) — E(Z(Rr)) — E(Z(RR))/Z(Rr) — 0,

it follows that E(Z(Rg)) € Z. Then Z(Rg) = 0 by (3.1.17).
(2). For an ideal I of R, let M = (I/I?) & (R/I) and let T = oc[M]. By
hypothesis, 7 € 7,.(R). From the exact sequence

0— I/I* — R/I? — R/I — 0,
it follows that R/I? € 7. Since M1 =0, (R/I*)I = 0; s0 I = I*. O

6.4.7. THEOREM. Let R be a ring such that ZP(R) = 7,(R). Then the
following statements hold:

1. For any essential submodule N of a nonsingular module M, M € o[N].
2. Every nonsingular quasi-injective module is injective.

3. There exists a ring decomposition R = R; X Rg, where R; is a semisimple
Artinian ring and the right socle of R, is zero.
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4. For any right ideal I of R, I is a complement right ideal of R and there
exists a finitely generated submodule X of I such that I+ = X .

5. Rp has finite type dimension.
6. R is a (finite) direct sum of indecomposable rings.

PROOF. (1) Let M be a nonsingular module and N <. M. Let K be the
class of all singular R-modules and £ = o[N]. Then M € E(L,K). By (6.4.5),
M e E(K,L). Thus, M € L = o[N].

(2) Let M be nonsingular quasi-injective. By (1), E(M) € o[M]. Tt follows
that M is E(M)-injective. So M = E(M) is injective.

(3) By (6.4.6), Soc(Rpr) is nonsingular; so Soc(Rpr) is injective by (2).
Then R = Soc(Rg) @ I for some right ideal I of R. Since R is semiprime (by
6.4.6) and Soc(Rpr) is an ideal, R = Soc(Rr) ® I is a ring direct sum and so
Soc(Ir) =0.

(4) Let I be a right ideal of R. If K is an essential extension of I+ in Rg,
then K € o[I1] by (1). Note It = 0 since R is semiprime. It follows that
KI=0.SoIK =0 and hence K = I*+. So I+ is a complement right ideal of
R. Let J be a complement of I in Rg. Then I is essentially embeddable in
R/J. By (1), R/J € o[Ig]. There exists a finitely generated submodule X of
I such that R/J € o[X]. Thus, I € o[X]. It follows that I+ = X*.

(5) If not, then R contains an essential right ideal @$°,I;, where each I; is
nonzero and I; L I; if i # j. We claim that I;/; = 0 for all ¢ # j. If not, then
al; for some i # j. Thus, because R is right nonsingular, I; — I;, x — ax,
is a nonzero homomorphism whose kernel is a complement submodule of I;.
This contradicts that I; L I;. Now by (1), R € o[®:2,1;]. It follows that
R € o[®_,I;] for some n. This gives that I,4+1 = RI,41 = 0, which is a

contradiction.
(6) Suppose the type dimension of Rg is n. Then R cannot be a direct sum
of n + 1 (non-trivial) rings. So (6) follows. ad

6.4.8. COROLLARY. [126] Let R be a commutative ring. Then 77(R) =
7.(R) iff R is a finite product of fields.

PROOF. If R is commutative with 7,7 (R) = 7,.(R), then R is (von Neumann)
regular by (6.4.6)(2) and R is a finite product of indecomposable rings by
(6.4.7)(6). It follows that R is a finite product of fields. The converse is clear.
O

6.4.9. COROLLARY. A ring R is right semiartinian with 7?(R) = 7,(R)
iff R is a semisimple Artinian ring.

PROOF. The implication“==" follows from (6.4.7)(3), and the other impli-
cation is clear. o

6.4.10. LEMMA. Let R be a ring direct product R = II_; R;. Then
T?(R) = T.(R) iff TP (R;) = T,.(R;) for each i.
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PROOF. “=". Let m; be the projection from R onto R;. If N € Mod-R;,
let N; = N € Mod-R denote the induced R-module, where xr = 2m;(r) for
allz € N and r € R. For T € TP(R;), let K = {N; : N € T}. Then
K € TP(R), so K € 7T,(R) by hypothesis. Thus, 7 € 7,.(R;).

“«=". For T € TP(R), let T, = {NR; : N € T} for each 4. Then 7; €
TP(R;), and so 7; € 7T,(R;) by hypothesis. Let 0 — X — M — Y — 0
be an exact sequence in Mod-R with X,Y € 7. Then, for each i,

0— XR, — MR, — YR, — 0

is an exact sequence in Mod-R; with XR;,YR; € 7;. So MR; € 7;. Thus,
MR; = NR; for some N € T. It follows that MR; € 7. So

M=MR, &---®MR, €T.
O

6.4.11. COROLLARY. 77(R) = T,(R) iff R = II', R; where R; is an
indecomposable ring with 7?(R;) = 7,.(R;) for each i.

PROOF. It follows from (6.4.7)(6) and (6.4.10). O

The Noetherian condition has attracted much interest in the study of rings
R with 7P(R) = 7,(R). J. Viola-Prioli [126] and Handelman [72] conjectured
that any ring R with 7,?(R) = 7,.(R) is right Noetherian. Fenrick [50] proved
that if R is right Noetherian such that Z,?(R) = 7,.(R), then R is a right
V-ring, i.e., every simple R-module is injective. A. Viola-Prioli and J. Viola-
Prioli remarked in [123] that in spite of Fenrick’s result, even in the Noetherian
case the characterization of the rings R for which 7P(R) = 7,(R) remains
open. A study of rings R with Gabriel dimension such that Z?(R) = 7,.(R)
was carried out in Teply [118] where it was proved that these rings are right
Noetherian and every 7 € T.P(R) is closed under injective hulls. With the
help of Teply’s result, it was proved in Dauns and Zhou [40] that a ring R is a
right Noetherian ring R with 7?(R) = 7,(R) iff R is a right QI-ring. In [119],
van den Berg gave examples of rings R with Z?(R) = 7,.(R) but which are
neither right V-rings nor right Noetherian, thus answering the above question
of J. Viola-Prioli and Handelman.

We inductively define the Gabriel dimension of a module M, denoted
GdimM , as follows: We put Gdim(M) = 0 iff M = 0. Let « be a nonlimit
ordinal and assume Gdim is defined for all § < «. Then we say that a
module X is a-simple if for every 0 # Y C X both Gdim(Y) £ a and
Gdim(X/Y) < a. We then say that GdimM = « if GdimM £ o and for
each N C M, M/N contains a -simple module for 3 < «. Note that GdM
has been used for the Goldie dimension of M (see 5.1.17).

Several facts on Gabriel dimension needed are stated here as well as in the
next lemma: For N C M,

GdimM = sup{Gdim(M/N),GdimN}
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if either side exists; if M contains a chain of submodules each of the same
dimension, then the union must have the same dimension; for an a-simple
module M, GdimM = « and « is a nonlimit ordinal; a nonzero submodule
of an a-simple M is a-simple; the 1-simple modules are precisely the usual
simple modules; if R has Gabriel dimension, so does every R-module; right
Noetherian rings always have Gabriel dimension. For more information on
the Gabriel dimension, see Gordon and Robson [69,70].

6.4.12. LEMMA. Let U = {M € Mod-R : GdimM exists}. Then U €
7' (R).

In the rest of this section, p denotes the left exact preradical corresponding
to the hereditary pretorsion class U.

6.4.13. LEMMA. Let N be a (-simple submodule of M. Then there exists
a (-simple submodule X of M maximal with respect to N C X.

PROOF. Let {X, : i € I} be a chain of submodules of M where each X is
B-simple and N C X, and let X = U; X;. We prove X is #-simple, and then
the claim follows from Zorn’s Lemma. Clearly, GdimX = (. It suffices to
show that, for any 0 #Y C X, Gdim(X/Y) < 3. Since Y # 0,

K={iel:YNX,;+#0}
is not empty; and
XY =Uier(X; +Y)/Y = Uiex (X; +Y)/Y

with {(X; +Y)/Y :i € K} a chain of submodules of X/Y. For each i € K,
since X; is B-simple,

Gdim((X; +Y)/Y) = Gdim(X;/(Y N X)) < 5 — 1.

It follows that Gdim(X/Y) < . a

6.4.14. LEMMA. Let N <, M such that Gdim(M/N) = « and N is a
B-simple module. If a < 3, then M is (-simple.

PROOF. From the hypothesis, it follows that GdimM = (. It suffices to
show that for any 0 # X C M, Gdim(M/X) < 3. Since N <, M, we have
NNX #0;s0

Gdim((X + N)/X) = Gdim(N/(X N N)) < 8

as N is f-simple. Moreover, Gdim(M/(X+N)) < a < Bas Gdim(M/N) = a.
It follows that Gdim(M/X) < 3. O

6.4.15. LEMMA. [118] Let R be a ring with 7.P(R) = 7,.(R).

1. If M is a -simple module, then p(FE(M)) is S-simple.
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2. If M is a semisimple module, then M = u(E(M)).

PROOF. (1) Since M is a §-simple submodule of u(EM), there exists a (-
simple submodule X of p(EM) maximal with respect to M C X by (6.4.13).
It suffices to show that X = p(EM). Suppose X # p(EM). Then there
exists an N C pu(EM) such that N/X is a-simple for some ordinal a > 0.
By (6.4.14), it follows from the maximality of X that § < a. Let F be
the class of all a-simple and all S-simple modules. Then o[Mz| € 7,.(R),
so N € o[Mz]. By (2.2.1), there exist W < K < M}I) for an index set [
such that N 2 K/W <, M) /W. Write M{") = A @ B where A = @,¢ A,
with each A, @-simple, and B = @®,c;B, with each B, a-simple. Thus,
K <. A® B, and there exists an epimorphism § : K — N. Let H = (X)),
so NN X2 K/H — (A® B)/H. Since X <, N (as M < X < N < EM),
we have H <. K and so H <. A® B. Then H N A, # 0 for each v € I and
H N B, #0 for each v € J. Thus,

a=Gdim(N/X)
< Gdim((A® B)/H)
< Gdim((A® B)/[(®yerHNAy) ® (ByesH N By)]
= Gdim[(DrerAy/(H N Ay)) ® (ByesBy/(H N By))]
<«

as each A, is 8-simple and each B, is a-simple and 3 < «. This contradiction
shows that u(EM) = X is S-simple.

(2) If M is semisimple, then M € U; so M C u(EM). Suppose M #
w(EM). Then there exists an N C pu(EM) such that N/M is a-simple for
some ordinal o > 0. Since the class of all semisimple modules is a hereditary
pretorsion class, it is closed under extensions by hypothesis. Let F be the
class of all a-simple and all 1-simple modules. Then o[Mz] € 7,.(R), so
N € o[Mx]. Next, arguing as in the proof of (1) line by line, one obtains the
contradiction o < a. m|

6.4.16. PROPOSITION. [118] Let R be a ring with Z?(R) = 7,(R).
1. u(R) is a ring direct summand of R.

2. If R is a right V-ring, then every ideal of R is a ring direct summand of
R.

PROOF. Let I be an ideal of R. By Zorn’s Lemma, there exists an ideal J of
R maximal with respect to INJ = 0. Let T = o[X] where X = I®[R/(I®J)].
Then 7 is closed under extensions by hypothesis. So R/J € 7. Thus, there
exists a right R-module epimorphism 6 : K — R/J where K C A ® B,
A=1T1" and B=(R/(I® J))" for some n > 0.
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Let L = KN B, and let
H/J=%{f(L): f € Homgr(L,R/J)}.

Then H/J is an ideal of R/J and (H/J)I = (Zf(L))I = Sf(LI) = 0, as
BI =0. But

(H/NDID[(INH+J)/JJINH)=INH+J)/J

(since (INH)? =INH by 6.4.6),s0 INH C J. Hence INH =INJ = 0. The
maximality of J shows that H = J. Thus, (L) C H/J = 0. So 0 induces an
epimorphism

0 :K/L— R/J.

Let m: A® (B/L) — A be the projection. Since (K/L)N (B/L) = 0 and
since K/L C A® (B/L), the restriction of 7 to K/L is a monomorphism.

Suppose I & J # R. We prove that there is a contradiction when R is a
right V-ring or I = u(R). Choose a maximal right ideal P of R such that
I®J C Pandlet n: R/J — R/P be the natural epimorphism. Then
nd' 7w~ : n(K/L) — R/P is an epimorphism. Since n(K/L) C A, n = !
can be extended to a homomorphism ¢ : A — E(R/P).

If I = p(R), then pu(A) = A; so (A) = 6(u(A)) C u(E(R/P)) = R/P
by (6.4.15)(2), and thus ¢(A) = R/P. If R is a right V-ring, then R/P =
E(R/P) and so again ¢(A) = R/P. Since I? = I by (6.4.6), AI = A and so
0= (R/P)I =¢(A)I = ¢(AI) = ¢(A) = R/P, a contradiction. a
6.4.17. COROLLARY. A ring R is a right V-ring with 77(R) = 7,(R) iff
R =TI | R;, where each R; is a simple right V-ring with 7?(R) = 7,(R).
PROOF. “=". By (6.4.11), R = II_, R; where each R; is an indecompos-
able ring and 7,P(R;) = 7,(R;). Since R is a right V-ring, each R; is a right
V-ring. Then it follows from (6.4.16) that R; is a simple ring.

“<=". Let R = II'_;R; where each R; is a simple right V-ring with
TP(R;) = T.(R;). So it follows from (6.4.10) that 7P (R) = 7,.(R). To see that
R is a right V-ring, let N be simple and let N <. Mgi. We need to show
that N = M. Since Np is simple, there exists some k such that N = NRy
and NR; = 0 for ¢ # k. It follows from Ng <, Mg that (NR;)r <. (MR;)r
for each j. So (NR;)r, <. (MRj)g, for each j. Thus, MRy = NRy = N
and MR, = NR;=0fori#k. SoM=MR,®---®& MR, =N. O

The implication (3) = (2) in the next theorem is due to Teply [118].

6.4.18. THEOREM. The following statements are equivalent for a ring R:
1. R is a right QI-ring.
2. R is a right Noetherian ring with Z.?(R) = 7,.(R).
3. R has Gabriel dimension and 7,’(R) = 7,.(R).
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4. K1V K= E(Kl,’CQ) for all K1,/ € ./\/',,?(R)
5. TP(R) = T,(R), and E(K1,K2) € NP(R) for all Ky, Ky € NP(R).
6. TP(R) = 7,(R) and every singular quasi-injective R-module is injective.

PROOF. (1) = (2) + (4). Let R be a right Ql-ring. By (6.3.9), N?(R) =
N, (R) and TP (R) C N,(R). Thus, (4) follows from (6.1.7), and it also follows
from (6.1.7) that every 7 € TP(R) is closed under extensions. So (2) holds.

(2) = (3). Right Noetherian rings always have Gabriel dimension.

(3) = (1). Since R has Gabriel dimension, &Y = Mod-R. Thus, for any
semisimple module M, EM € U. So EM = u(EM) = M by (6.4.15)(2). So
M is injective. A well-known result of Byrd [14] states that if every semisimple
right module over a ring is injective, this ring must be right Noetherian. So it
follows that R is right Noetherian. Next, we prove that every T € T,P(R) is
closed under injective hulls. Thus, (1) follows by (6.3.9). Let M € 7. Since R
is right Noetherian, EM = @, E, where each F., is a uniform injective module.
So it suffices to show that each £, € 7. Let N = M NE, and C = E,,. Since
N € U, N contains a nonzero §-simple module S for some ordinal 3. Since
EN e U, C = EN = u(EN) = p(ES) is B-simple by (6.4.15)(1). Let 7 be
the left exact radical corresponding to o[N] (since o[N] € TP(R)), and let

K =o[r(C)® C/7(C)].

Thus, K € 7,.(R) by hypothesis. So C € K. Then there exists an epimorphism
0: K — C where K C A® B, A = &7(C), and B = &(C/7(C)). Let
L = KN B. Since C is f-simple and 7(C) <, C, Gdim(C/7(C)) < 8 and
hence GdimL < . Thus, Gdim#(L) < . It must be that §(L) =0 as C'is
[-simple. Hence 6 induces an epimorphism K/L — C. But

K/L=K/(KNB)= (K + B)/B < A

and A € o[N]. It follows that C' € o[N] C 7.

(4) = (1). Let M be a quasi-injective R-module and let K = o[M].
By (4), K is closed under extensions, so it is a hereditary torsion class. Let
7 be the left exact radical corresponding to K. Since M is quasi-injective,
M = Ey (M) = 7(EM). Thus, 7(EM/M) = 0. Let £L = d(EM/M). Then
EM € E(K,L). It follows from (4) that EM € E(L,K). So there exists
X < EM such that X € £ and EM/X € K. Since 7(EM/M) =0, X € L
implies that 7(X) = 0. But X N M C 7(X), so it must be that X = 0. This
shows that EM € K = o[M]. Since M is quasi-injective, M is EM-injective.
This implies that M = EM is injective. So R is right QL.

(4) = (5) is by (6.4.5).

(1) = (6). For T € TP(R), T € N,(R) by (6.3.9). So 7T is closed under
extensions by (2.3.5). Thus, T € 7,.(R).

(5) = (4). Because of the condition 7P(R) = 7,.(R) and (2.3.5), every
pre-natural class is closed under extensions. Thus, for IC, £ € NP(R),

E(K,L)CEKVLKVL) =KVL.
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But KUL C E(K,L) € NP(R) by (5); s0 KV L C E(K,L).
(6) = (1). Note that every quasi-injective module is a direct sum of
a nonsingular quasi-injective module and a singular quasi-injective module

(since Z(Rpr) = 0) and hence is injective by (6) and (6.4.7)(2). O
There exist rings R such that F(—, —) is not an operation on N?(R).

6.4.19. EXAMPLE. For a ring R, let Z be the class of all singular R-
modules and let F be the class of all nonsingular R-modules. Then Z,F are
in NP(R) and E(Z,F)={M € Mod-R : M/Z(M) is nonsingular}.

Now let R = {(a ) ae Z,x € Zg}. Then R is a ring under matrix

0a
addition and multiplication. Let

I:{(Sﬁ) :xezg}, J:{<82) :aezz}.

Then [ and J are ideals and I N'J = 0. Note that a right ideal K of R is
essential in Ry iff I & L C K for some nonzero right ideal L with L C J. It
follows that I is singular and R/I is nonsingular. So R € E(Z,F). Thus,
E(Z,F) is a pre-natural class iff E(Z,F) is a natural class. But by (3.1.17),
the injective hull E(I) is not singular. Thus I C Z(E(I)) # E(I) and so
E(I)/Z(E(I)) is not nonsingular (is singular indeed). This shows that E(I)
is not in E(Z,F). So E(Z,F) is not a natural class. Therefore, E(Z,F) is
not a pre-natural class. O

Below is a decomposition theorem of right QI-rings.

6.4.20. THEOREM. A ring R is right QI iff R is a (finite) direct product
of simple right QI-rings.

PROOF. Let R be a right QI-ring. Being right Noetherian, R has a decom-
position R = II7"_; R; where each R; is an indecomposable ring. Then each R;
is right Noetherian, and 7?(R;) = 7,(R;) by (6.4.10) and (6.4.18). Hence R;
is right QI by (6.4.18). Then it follows from (6.4.16) that R; is a simple ring.

Conversely, let R = II' ; R; where each R; is simple right QI-ring. Then
R; is right Noetherian with 7P(R;) = 7.(R;) by (6.4.18). So R is right
Noetherian, and it follows from (6.4.10) that 7.P(R) = 7,(R). Then R is right
QI by (6.4.18). O

Below is a decomposition theorem of rings R with 7,?(R) = 7,.(R).

6.4.21. THEOREM. R is a ring with 7?(R) = 7,.(R) if and only if R =
Ry X --- X R, x S where each R; is a simple right QI-ring, no nonzero ideal
of S has Gabriel dimension, and 77(S) = 7.(S5).

PROOF. “«=". This is by (6.4.10) and (6.4.18).
“=". By (6.4.16), u(R) is a ring direct summand of R; the claim then
follows from (6.4.10), (6.4.18), and (6.4.20). |
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We conclude by giving some examples of rings R with 7?(R) = 7.(R). In
particular, we present rings R with 7Z?(R) = 7,(R), but R is neither right
V-rings nor right Noetherian rings, as observed by van den Berg [119]. These
examples follow from a few results of Golan, A. Viola-Prioli and J. Viola-
Prioli, van den Berg and Raftery on chain rings. Recall that a right chain
ring is a ring all of whose right ideals are linearly ordered by inclusion. We
let

nI)={KrCRr:1CK}

for any proper ideal I of R and let
ﬁ([):{KRQRRIQK}
for any ideal I of R.

6.4.22. PROPOSITION. [121] Let R be a right chain ring. Then 2 € fil-R
iff A = n(I) for some proper ideal I of R or 2 = 7j(I) for some ideal I of R.

PROOF. “~=". For an ideal I, 7(I) is always a linear topology. For a proper
ideal I of R, to see n(I) € fil-R, it suffices to show that if K € n(I) and r € R,
then 7= K € n(I). This is obviously true if r € I. Hence, assume r ¢ I and
consider L = (I + rR)N K € n(I). Take s € L\I and write s = u + rv with
uwelandv € R. Asrv € K, we have v € r" K. But, v ¢ I since s ¢ I. So
r~ 'K ¢ I. Thus, 'K € n(I) since R is a right chain ring.

“=7. For A € fil-R, let Iy = N{I : I € A}. We first show that I, is an ideal
of R. Suppose aly Z I for a € R and some right ideal I € 2. Then ab ¢ I for
some b € Iy. This implies that 0 # (abR+ I)/I = R/(ab)™'1 = R/b='(a"11)
and thus b~!(a='I) # R. But, on the other hand, since a='I € 2, we have
b€ Iy Ca T and hence b=1(a"I) = R, a contradiction. So I is an ideal
of R. Thus, if Iy € 2, then A = 7(Ip). Now assume Iy ¢ 2; we show that
A = n(Ip). To this end, given K € n(Iy) we must have Iy C K, so K I
for some I € /. Thus, I C K since R is a right chain ring. This shows that
K € 2; and it follows that 2 = n(Ip). ]

The next proposition is well known.
6.4.23. PROPOSITION. Let I be an ideal of R. Then 7(I) is a Gabriel
topology iff 12 = I.

PROOF. «—. If I? = I, then I2 € ij(I). Let A, B be ideals with A € (1)
and a= !B € fj(I) for all @ € A. Then I C A and a='B D I for all a € A.
Thus ol C B for all a € A, that is, AI C B. It follows that I = I? C AI C B,

so B € qj(I).
=. If I # I?, then I? ¢ 7j(I), but I € 7j(I). Thus, a 11> D I for alla € I.
So (2.1.8)(4) is not satisfied. a

A proper ideal I of R is said to be completely prime if ab € I always
implies a € I or b € I, or equivalently R/I is a domain. A reduced ring is a
ring containing no nonzero nilpotent elements.

6.4.24. LEMMA. [63] The following hold for a right chain ring R:
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1. If R is reduced, then R is a domain.
2. Every nonzero idempotent proper ideal of R is completely prime.

PROOF. (1) Assume ab = 0 where a,b € R. Since R is a right chain ring,
either a = bc or b = ad. If a = be, then a? = abc = 0; hence a = 0. If b = ad,
then (ba)? = baba = 0. Thus, ba = 0 and hence b* = bad = 0; so b = 0.

(2) Let I # 0 be a proper ideal of R with I? = I. To show I is completely
prime, it suffices to show that R/I is reduced by (1). Assume that this is not
the case. Then there exists a € R such that a®> € I and I C aR. We then
have I = I? C (aR)I = al C a?R C I. Therefore I = a?R, which in turn
implies I = I? = a?RI = a?I. Tt follows that a® = a2y for a certain element
y € I. Since I is proper, 1 — g is a unit of R, which forces I = a?R = 0, a
contradiction. a

6.4.25. PROPOSITION. [63] Let R be a right chain ring and let I be a
completely prime ideal of R. Then 7(I) is a Gabriel topology.

PROOF. By (6.4.22), n(I) is a linear topology. Let U and K be right ideals
of R with K € n(I) and k~'U € n(I) for every k € K. We prove that
Uen(). fU ¢ n(I), then U C I. Take a € K\I. Since a=1U € n(I), we
can choose = € a_lU\I. Therefore ax € U C I. But neither a nor z belongs
to I, so I is not completely prime. O

The next theorem follows from (6.4.22), (6.4.23), and (6.4.25).

6.4.26. THEOREM. [119] Let R be a right chain ring all of whose ideals
are idempotent. Then 7P(R) = 7,(R). O

The following theorem of van den Berg and Raftery [120, Theorem 9] shows
that there is an abundance of rings R satisfying the hypothesis of (6.4.26). Its
proof (omitted here) uses technical methods for constructing noncommutative
right chain rings.

6.4.27. THEOREM. [120] The following conditions are equivalent for a
chain L:

1. L is an algebraic lattice.

2. There is a right chain domain R such that L is isomorphic to the lattice
of proper ideals of R, and all ideals of R are idempotent.

O

Thus, if R is a non-simple ring satisfying the hypothesis of (6.4.26), then
TP(R) = 7T,(R), but R is neither a right V-ring by (6.4.17) nor a right
Noetherian ring by (6.4.18) and (6.4.20). We may therefore conclude from
(6.4.26) and (6.4.27) that there do exist rings R satisfying 7.?(R) = 7,(R),
but R is neither a right V-ring nor a right Noetherian ring.
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6.4.28. REFERENCES. Dauns and Zhou [40]; Fenrick [50]; Golan, A.
Viola-Prioli and J. Viola-Prioli [63]; Gordon and Robson [69,70]; Handelman
[72]; Teply [118]; van den Berg [119]; van den Berg and Raftery [120]; A.
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6.5 Lattice V. (R) and Its Applications

In this section it will be shown that N,.(-) can be made into a functor. Some
consequences of the functoriality of N,.(-) are explored. In general, natural
classes are defined for a given ring R, and depend on R. However, certain
very useful classes, the so-called universal natural classes, are defined for every
ring, e.g., Goldie torsion, molecular, bottomless, continuous, discrete, types
I, II, ITI. The reason for their universality will be explained by means of the
functor N,.(+).

In this section, abbreviate N,. = A. The category of all rings R, S, ... with
identity, and identity preserving ring homomorphisms ¢ : R — S, which are
onto, is denoted by A. Here the symbol such as A for any category refers to
the disjoint union of its objects and its morphisms.

Let B denote the category whose objects are complete Boolean lattices
Ly, Lsy,... with 0 and 1. And the morphisms f : L1 — Lo of B are zero
preserving lattice homomorphisms which are one to one with convex images.
Note that fL; = {y € Ly : y < f1}. Any lattice homomorphism f : Ly — Lo
is said to be complete if f preserves arbitrary sups and infs. It follows
that the above morphisms f € B are complete. For technical reasons, the
degenerate Boolean lattice {0} with 0 = 1 must belong to B. Above, the map
f: Ly — Ly is a monic ring homomorphism of Boolean rings L, Ly which
need not preserve the identity elements.

An arbitrary morphism of A will be denoted throughout as ¢ : R — S
with kernel =10 = I < R, and for simplicity assume that ¢ : R — R/I = S
is the natural projection. Right singular submodules and right injective hulls
with respect to the ring S are denoted by Z°, Z5, and E®. (Thus Z% = Z,
Z8 = Z5, and E® = E). Throughout, let N = Ng € Mod-S. The induced
R-module is denoted by Ny, where n-r = n(¢r) = n(r+ I), n € N. Write
ZN(z, = Z(N¢) and EN¢ = E(N¢)

For any subclass ) of right R-modules as before, d()) € N (R) denotes the
natural class generated by ).

6.5.1. DEFINITION. For K° € N(S), define IC;? ={Ny : N € Ks}. The
correspondence N — N, induces a covariant functor ¢# : Mod-S — Mod-
R which on morphisms, is the identity. This functor ¢# induces a map

¢* N (S) — N(R), K5 — d(lcg).

More generally, for any subclass )V C Mod-S, Vs and ¢*) are defined as
above.

One of our objectives will be to show that the assignments S — N(S5),
¢ — N(¢) = ¢* define a contravariant functor N : A — B.
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6.5.2. OBSERVATIONS.

1. For any N € Mod-S, the lattice of S-submodules of N coincides with the
lattice of R-submodules of Ny. In particular, essential and complement
submodules of the Abelian group N = Ny are identical over S and R.
The same applies to quotient modules.

2. For N, N' € Mod-S, Homg (N, N') = Homp(Ny, N}).

3. Since N <, ESN, by (1), also Ny <, (E°N),. Consequently, there
exists an embedding Ny <. (E9N), <. E(Ny).
4. There is a natural copy of ESN in E(Ng). As an Abelian group
ESN = (E°N)y = {z € ENy : I = 0}.
The latter equality follows from the fact that this submodule satisfies

Baer’s criterion over S, in view of (2).

5. Again by (2), (E9N) is a quasi-injective R-module. Hence EN,, contains
a unique S-injective hull of N as given in (4).

6.5.3. REMARKS. (1) For a pre-natural class K € NP?(S), Ky € NP(R) =
NP(R).

(2) The restriction and corestriction ¢# : NP(S) — NP(R), ¢7K = Ky,
K € NP(S), is a complete lattice monomorphism with a convex and complete
image

HFNP(S) ={KeNP(R): VV € K, VI =0}

(3) Although both ¢# : NP(S) — NP(R) as well as ¢* : N'(S) — N(R), are
lattice monomorphisms, in general they do not preserve lattice complements,
because in general they need not be onto.

PROOF. (1) It suffices to show that for any N € I, tr(Ky, ENy) € K.
Using (6.5.2)(2,4), since tr(KC, ESN) € K, we have

tl"(’C¢,EN¢) = tr(IC,ESN)¢ S IC¢.

(2) The function ¢* is order preserving and one to one, and finite or infinite
suprema are computed by the same formula in either N?(S) or in N?(R).
Thus (2) holds.

The next straightforward lemma will be used repeatedly later on.

6.5.4. LEMMA. Let <R, S = R/I, K° € N(S), and ¢, ¢* as before. For
any M € Mod-R, define Annpy I = {m € M : mI = 0}. Then

1. ¢*K5={M € Mod-R: I N € K5 N, <. M};
2. ¢*K5 ={M € Mod-R: I N €K M — ENy};
3. ¢*K% ={M € Mod-R : Annp;I <. M, Anny,I € K7}.
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PROOF. Omit (1) and (2). (3) For M € ¢*K° and N € K° with M — ENy
as in (2), M NNy <. M, and since NI = 0, M N Ny C Annyp/I. Thus
Anny I <, M. Since MNN € K%, and (MNN)s <. (AnnyI)s by (6.5.2)(1),
Anny I € K5, O

6.5.5. LEMMA. For ¢ € A, ¢* : N(S) — N(R) as in (6.5.1), and A, B
as at the beginning, the following hold.

1.V K%,L£% € N (S),¢* K% C ¢* L5 —= K% C L£7; in particular, ¢* is one
to one.

2. ¢*(N(9)) is convex and upper directed in N'(R).

3. For any ¢ € A, ¢* € B. In particular, ¢* is a complete lattice homo-
morphism.

PROOF. (1) <. This is trivial. =>. Let ¢*K° C ¢*£°. Take any P € k5.
Then Py € ICf; C ¢*K° C ¢*L£5. This means that there exists a Q € £° with
Qs <c P, by (6.5.4)(1). Then Qs <. Ps by (6.5.2)(1), and hence P € L.
Thus K C £7.

(2) Suppose that 0 C J C ¢*K for some J € N(R) and K% € N(S). We
will show that J = ¢*£5 where £° = {P ¢ K5 P, € J}. To show that
L£° is a natural class, it suffices to show that if Py <. Qg where P € £° and
Q € Mod-S, then also Q € £°. But again, by (6.5.2)(1), P, <. Q4. Since
Py € J, also Q4 € J, and hence Q € £5. Thus £ € N(S). Next, it will be
proven that ¢*£% = J. By definition of ¢*,

¢*L5 ={M € Mod-R: 3N € L5 Ny <, M}
={M: 3N €Mod-S,N, € J,N € K°, N, <. M} C 7,

where the last equality came from replacing “N € £°” by the definition of £.
In order to show that J C gb*ﬁs, start with M € J. Since M € J C (i)*ICS,
there exists Ny <. M for some N € K by (6.5.4)(1). But then N, € J since
M € J. By the definition of £%, N € £5. Since Ny <. M with N € £5,
by (6.5.4)(1), M € ¢*£5. Thus ¢*L® = J and ¢*(N(S)) is convex in N(R),
and since N(9) is upper directed, so is ¢*(N(9)).

(3) By (2), ¢*(N(S)) is a complete lattice, since N(R) is complete. The
corestriction of ¢* to N(S) : N(S) — ¢*(N(S)) is a bijective map of com-
plete lattices which is order preserving with an order preserving inverse, and
hence complete. Thus ¢* € B. |

6.5.6. DEFINITION. For any ring R and for any class of right R-modules
such as K € N (R) = N,.(R), define

Ki={M:MecK,ZoM =M},
Ky={M:MeK,ZM =0}.
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Note that K; = {ZoM : M € K}, and that K, Ky € N(R). Set
Ni(R) ={K;: K e N(R)} and Ny(R) = {K; : K € N(R)}.

It is clear that N (R) = N(R) & N¢(R) is a lattice direct sum of convex
complete sublattices. The following two technical lemmas will be needed
later, and for the readers’ benefit we provide their proof.

6.5.7. LEMMA. For ¢ : R — S = R/I where I = ¢ '0< R, let N € Mod-
S, Ny € Mod-R, and Z°, Z5 as in the beginning. Then the following hold:

(1) Z5N C ZNy;
(2) Z5N C Z>N.
Now let I < R be a right complement. Then
(3) Z9N = ZNg; hence
(4) Z5 N = Z3Ny; and in particular,

(5) ZS(R/I) = Z(R/I), and Z5(R/I) = Z»(R/I).

PROOF. (1) Since N = N, as Abelian groups, for n € N, Anngn = nt/I,
where nt = {r € R : nr = 0}. If n ¢ ZN,, then n* @ B < R for some
0# B < R. Then nt/I ®[(B+ I)/I] < R/I shows that n ¢ Z9N. Hence
ZSN C ZNy.

(2) Since ZN C N, Z5N is an R-module with (Z°N)I = 0. Also ZN, C
N, and (ZNy)I = 0. Let 7 : N/ZSN — N/ZN, be the natural quotient
map induced by (1). Then 7 restricts and corestricts to induce the map

7:Z%(N/Z5N) — Z%(N/ZNy) C Z(N/ZNy),

where the last inclusion follows by applying (1) to the module N/ZN,. Now
(2) follows.

(3) It has to be shown that for any n € ZNy, Anngn = n*/I is an essential
right ideal of S. It is here that we need to use the fact that I is a complement
right ideal of R to conclude that n' /I <, R/I is essential as a right R-module,
and hence by (6.5.2)(1) also essential as a right S-module. Thus (3) holds.
Conclusions (4) and (5) now follow from (3). a

6.5.8. LEMMA. For /<R and S = R/I, assume in addition that I < R is a
complement right ideal. Set K =1+ ZR < R and let K be the complement
closure of K in R. Then

(1) K <R; and
(2) 25(S) = K/I.
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PROOF. (1) Note that K = {r € R: v 'K <, R}. Let b€ R, t € K,
and r € t7!K. Since K < R, we have btr € K, r € (bt)"'K, and hence
t71K C (bt)"'K <. R. Thus, bt € K.

(2) Let Z(R/I) = T/I. Then T = {r € R : r~'I <. R}, and hence
K/I < Z(R/I) < K/I. Since I is a complement right ideal of R, K/I <., K /I;
thus K/I <. Z(R/I) <. K/I. Tt follows that K/I <, Zy(R/I). But K is
a complement right ideal of R, so K/I is a complement right ideal of R/I;
hence K /I = Zy(R/1). a

6.5.9. For any ring R, any nonsingular cyclic module can be embedded in
E(R/Z3R). For N(R) = Ni(R) ® Nf(R), both of the latter are complete
Boolean lattices with identities. For Nf(R), d(R/Z>R) is the identity element.

6.5.10. COROLLARY. Let ¢ : R — S = R/I be a morphism of A and
K =TI+ ZR <, K < R as before in the last lemma. Then

¢" (N1 (5)) S Ny (R), ¢7(d(S/2295)) = d(R/K).
O

PROOF. Since Z3(R/I) = K/I, Z(R/K) = 0, and hence R/K € d(R/K) €
N (R). Since for any N = Ng, Z°N = 0 implies by (6.5.7)(3) that ZN, = 0,
»*N3(S) C N¢(R). By (6.5.8) and by (6.5.2)(1), ¢*(d(S5/Z25)) = d(R/K). O

6.5.11. DEFINITION. Let A* C A have the same objects as A, i.e., all
rings R, S, ... with identity, but only those surjective identity preserving ring
homomorphisms ¢ : R — S = R/I, whose kernels I = ¢~10 are complement
right ideals of R.

6.5.12. LEMMA. The morphisms in A* are closed under composition, i.e.,
A* is a category.

PROOF. Let K <R and K C L<R. Note that L/K < R/K is a complement
R-submodule if and only if it is a complement right ideal of R/K, since the
R- and R/K-submodules of R/K coincide.

It suffices to show that if K is a complement right ideal of R and L/K is a
complement R-submodule of R/K, then L is a complement right ideal of R.
The proof will hold more generally verbatim the way it is if K < L < R are
replaced by any three right R-modules.

Choose G, H < R such that K @G <, L and L® H <, R are essential. It is
now that the hypothesis that K < R is a complement is needed to show that
(L/K)® [(H @ K)/K] <. R/K remains essential. Next, the hypothesis that
L/K < R/K is a complement R-submodule is needed to conclude that it is
maximal with respect to (L/K)N[(H & K)/K] = 0. The latter is equivalent
to L < R being a submodule maximal with respect to LN (H @ K) = K, or
since K C L, by the modular law to (LN H)® K = K, or LN H = 0. But
the latter implies that L < R is a right complement. m|

6.5.13. COROLLARY. For A* as above, A* is a subcategory of A.

Copyright 2006 by Taylor & Francis Group, LLC



Lattices of Module Classes 195

PROOF. Let K <R, L<R with K C L, and let R — R/K and R/K —
(R/K)/(L/K) be two morphisms in A*. Then their composite R — R/L is

also in A* by the previous lemma. m|
Finally all the pieces have been assembled in order to make N(-) into a
functor.

6.5.14. THEOREM. Let A* C A, B, ¢: R— S = R/I € A with kernel
$»~10 = I <R be as at the beginning, and N (S) = N;(S) &N (S) as in (6.5.6),
and K = I + ZR <. K < R as in (6.5.8). Define N'(¢) = ¢* as in (6.5.1).
Then the following hold:

(1) N': A — B is a contravariant functor, where ¢* : N'(S) — N(R) is a
zero preserving monic lattice homomorphism (equivalently ring homo-
morphism of associated Boolean rings) with a convex (and hence com-
plete) image in A(R). Consequently, ¢* preserves all arbitrary infima
and suprema.

(2) ¢*Ni(S) C Ni(R), and N;(-) < N(-) is a subfunctor.
If in (3) and (4) below, in addition ¢ € A*, then the following hold:

(3) ¢*N5(S) CNf(R), Ns(-) < N(:) is a subfunctor, and

is a direct sum of functors.

(4) $°N7(S) = {K € N(R) : K € d(R/E)}.

6.5.15. NOTATION. As suggested by (5.1.8), let A, B,C, D be functions
mapping rings with identity R, S, ... to elements of N'(R),N(S),...; A(R) €
N(R) are the molecular modules, and similarly for bottomless B, continuous
(uniform free) C, and discrete D. Let C' A be the continuous molecular ones,
ie., (CA)(S) = C(S) N A(S). Similarly, I, II, and I1] are now functions,
where I1I(R) is the natural class of all type III right R-modules as in (5.1.11).
Again, the same way for any cardinal X = 1, Ro, Ry, ..., Ax(R) is the natural
class of all right R-modules of local Goldie dimension N.

Just what is it about A, B, C, D, I, I1, III, Ay and many other such
classes that they can be defined for every ring to yield a natural class? The
answer is that they are special examples of universal natural classes, which
we define and study next. As a corollary we will show that any finite pairwise
orthogonal set of universal classes can be extended to a maximal one so A is
a finite direct sum of subfunctors, e.g.,

N =Nc®Np =Nca®Np&Ng =N ®Ni ®&Npy.

This also helps to explain why universal natural classes give direct sum de-
compositions of modules.
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6.5.16. PROPOSITION. Let A be a function defined for all rings S, R, . ..
with identity where A(S) € N(S), A(R) € N(R),..., etc. Then (1), (2), and
(3) are all equivalent, where each is to hold for all ¢ : R — S = R/I, with
¢ e A.

(1) ¥ N € A(S), Ny € A(R): YO #£ P € c(A(S)), Py ¢ A(R).

(2) ¥ N € Mod-5, if X &Y <, N with X € A(S) and Y € ¢(A(S)), then
X¢ &) Y¢ <e Nd) with X¢ S A(R) and Y¢ S C(A(R))

(3) ¢"A(S) € A(R) and ¢*c(A(S)) C c(A(R)).

PROOF. Note that in (2), Xy®Yy <. Ny simply because X®Y <. N. Thus,
immediately (3) = (2) = (1). Use of (6.5.4)(1) shows the converse (2) =
(3). (1) = (3). By hypothesis (1) and again (6.5.4)(1), ¢*A(S) C A(R). So
if (3) is false, then thereis a V' € ¢(A(S)) with V, ¢ ¢(A(R)). By definition of
c(A(R)), there exists a 0 # P < V with P € A(R) (and PI =0). But then,
since P CV € ¢(A(S)), 0 # P € ¢(A(S)) with Py € A(R), contradicting (1).
a

6.5.17. DEFINITION. A universal natural class is a function A map-
ping rings with identity to natural classes over those rings satisfying the equiv-
alent conditions (1), (2), and (3) of the last proposition. If the last proposition
holds only for all ¢ in A*, then A will be called an A*-universal natural
class. (Thus an A-universal natural class is simply called a universal
natural class.)

The key feature in the above concepts is (6.5.16)(2), which says that if
you find one essential direct sum Ny @& Ny < N as in (2) for some ring S,
then this very same decomposition will also satisfy (2) for all rings R which
can be mapped surjectively onto S, ie., ¢ : R - S = R/I. For an A*-
universal natural class, the above only holds for those rings R, where I < R
is a complement right ideal. “Universal natural class” sometimes will be
abbreviated to just “universal class.”

For universal classes A1, Ao, A, their Boolean combinations are defined
componentwise by

(A1 V Ag)(R) = Ay(R) V Ax(R),
(A1 A Ag)(R) = Ay (R) A Ag(R),
(A)(R) = ¢(A(R)),

and similarly for more complicated formulas. We will use the next corollary
only in the finite case.

6.5.18. COROLLARY. Any (finite or infinite) Boolean combination of

universal natural classes is one also.
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PROOF. Let A, A,, v € I', be universal natural classes, where I' is a set.
By (6.5.16)(2) or (3), so is ¢(A). For any ring R, it follows immediately that
(Ayer Ay)(R) = A, cr Ay (R) satisfies (6.5.16)(1,2,3). Since c¢(A,), v € T,
has been shown to be universal, so is ¢(V, cp Ay)(R) = A cp c(Ay)(R). O

Given any finite set of universal natural classes, upon applying a finite
number of the Boolean operations of joins, meets, and complements, this set
can be turned into a maximal pairwise disjoint set suitable for direct sum
decompositions of modules.

6.5.19. COROLLARY. The functions A, B, C, CA, D, I, II, II], and
Ay, 8 =1,8y,8q,... are universal natural classes.

PROOF. The functor ¢ : Mod-S — Mod-R, with ¢ : R — S = R/I and
¢#*Ng = Ny, preserves submodules, essential submodules, direct summands,
essential direct sums.

By the above, clearly C, D, and Ay satisfy (6.5.16)(2).

For an S-module IV, Ng is atomic if and only if Ny is atomic.

By the above for Ng € Mod-S, N € A(S) if and only if Ny € A(R).
Next, ¢(A) = B, and let Wg € B(S). If W, ¢ B(R), then it contains an
atomic module 0 # Ny < Wy. But then Ng < Wy is an atomic submodule,
contradicting that Ws € B(S). Thus A, B, and also CA now have been
shown to be universal.

In order to show that (6.5.16)(1) holds for type I, first for any Ng € Mod-S
the following are equivalent:

() IEN, =X oY ®C, 04X 2Y;
(i) IESN=P®Q@®D,0+# P=Q.

(i) = (ii). By [66, Cor.2.14], since (E°N) is quasi-injective by (6.5.2)(5),
(1) induces a decomposition

ESN =(XNESN)® (YNESN)® (CnEN).
Let ¢ : X — Y = ¢ X be an isomorphism. By (6.5.2)(4),
XNEN ={z€ X :2I =0}

and 1 maps the latter set bijectively onto Y N ESN = {y € Y : yI = 0}.
(ii) = (i). Application of “E(-)” to (ii) produces (i), i.e.,

E(EsN)¢ = EN¢ = EP¢ D EQ¢ ¢ ED.

For any Ng € I(S), if Ny ¢ I(R), then there exist decompositions (i) and (ii),
contradicting that N € I(S). Since

c(I(S))={Ns: YVOAL<N, 3ESL=P®Q®D,0+# P =Q}
={Ng: VO0#L<N, 3 decompositions (i) and (ii)
for ELy and ESL},
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if 0 # L € ¢(I(S)), then Ly ¢ I(R). Hence by (6.5.16)(1), the function I is
universal.
For type III, for Ng € Mod-S, (iii) and (iv) are equivalent.

(i) IEN, =X Y B C, 04X 2Y 2 XD Y;
(iv) IESN=Pa Qo D,0£P=Q=PaQ.
(iil) = (iv). As before, by the quasi-injectivity of (E¥N),,
ESN =(XNESN)® (Y NESN)@® (CnESN)
with XN ESN =Y NESN. Let f: X — X @Y be an isomorphism. Next,

Z={z=zx+y:zeX,yeY,zl =0}
={z=z+y:xeX,yeY,al =0=yl}
= (XNE’N)a (Y NESN).

Then f maps X N ESN = {z € X : zI = 0} bijectively onto Z. Thus
XNEN=(XNESN)® (Y NESN)

holds. That (iv) = (iii) follows upon applying “E(-)” to (iv).

We verify that the function IIT satisfies (6.5.16)(1). For any S-module W,
W e I11(S) if and only if for any 0 # N < W, N satisfies (iv), and hence
N, satisfies (iii). Thus Ng € III(S) if and only if N, € III(R). Suppose
that 0 # L € ¢(I1I(S)), but Ly € III(R). Then every 0 # N < L, satisfies
(iv) and hence also (iii). But then 0 # Lg € I1I(S), a contradiction. Thus
(6.5.16)(1) holds and the function III is universal.

For any ring R, c¢(I(R) V I1I(R)) = II(R). Hence II is easily seen to be
universal by (6.5.19). O

For any ring R, define &(R) = {Mgr : M = Z;M}. Note that &(R) =
\/ N:(R) is the identity element of the Boolean lattice NV¢(R). Then ¢(8)(R) =
V N¢(R) is the identity of Nf(R).

The next example shows that & is not a universal natural class, and that
Ny : A — B by Nj(¢) = ¢* for ¢ € A is not a functor, and Ny is not a
subfunctor of AV, although on objects R, Nf(R) C N'(R).

6.5.20. EXAMPLE. Let p be a prime and let

R—{(GZ) :nGZ,:cEZpoo}

be the trivial extension of Z and the Z-module Z,~. Take

= {(3) e

and ¢ : R — S =R/I 2 7. Set Ng = 5. Since I <, ZR <. R, ZsR = R.
Then the inclusion Z5N = (0) C ZaNg = R/I in (6.5.7)(1,2) can be proper.
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Now N§(S) # 0, while N(R) = N;(R) and Nf(R) = 0, and ¢*N3(S) C
Ni(R). Thus “p*N;(S) C N¢(R)” is false, and N is not a functor of A —
B

Here S = Z € ¢(®)(S), and S, € &(R). This violates (6.5.13)(1). So & is
not a universal natural class.

If we restrict our ring homomorphism to ones with complement kernels,
then not only is Ny a functor, but & and ¢(&)(S) become A*-universal. This
can be proved by use of (6.5.7)(4) and (6.5.13)(1).

6.5.21. The function & which assigns to any ring R the class &(R) of
Goldie torsion modules and the class (¢®)(R) of nonsingular modules is an
A*-universal natural class.

6.5.22. REFERENCES. Dauns [32,25]; Zhou [136].
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6.6 Boolean Ideal Lattice

In the previous section we saw that for any ring R, N'(R) = N;(R)®N(R).
For any module M, M Zy(R) C Zy(M). Hence Ny (R) = Ny(R/Z>R). In this
section it will be shown how every ring R contains a Boolean lattice of certain
two sided ideals of R isomorphic to Ny(R). In order to do this, we will have
to transfer some information from E(R/ZsR) to R. For this, the following
two lemmas will be needed.

6.6.1. LEMMA. Suppose that ZM C K < M. Then

(1) K={me M :m 'K <. R} is the unique complement closure of K in
M.

(2) K/ZyM < M/ZsM is a complement submodule.

(3) If ZoM C K and K/ZyM < M/Z;M is a complement submodule, then
K=K.

PROOF. (1) If K <. C < M where C < M is a complement submodule,
then always (even if ZM ¢ K) C C K. We show K <. K. Forif m € K\K,
then m* C m~'K is proper, and hence 0 # m(m~'K) C K.

(2) For any N < K, K/N < M/N is a complement submodule, because
K< Misa complement submodule.

(3) Essential extensions modulo complement submodules remain essential.
Since by (1), K <. K, also K/ZoM <, K/ZyM, and by hypothesis (3),
K=K. O

The statement of the next lemma corrects an error in [26, Prop.1.5(2),
p.330].

6.6.2. LEMMA. Assume that ZoM C K < M. Consider the following:
(1) K < M is fully invariant.

(2) EK < EM is fully invariant.

(3) K/ZaM < M/ZyM is fully invariant.
(4) E(K/ZyM) < E(M/ZyM) is fully invariant.

Then (3) = (1), and (2) <= (4); and if K < M is a complement submodule,
then (2) = (1) and (4) = (3).

(1
(1
PROOF. (3) = (1). Let ¢ € EndgM. Since ¢ZoM C ZyM, ¢ defines
& € Endp(M/ZsM) with $K/ZoM C K/ZoM, or ¢K C K.
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(4) <= (2). For any D < M with Zz,M @D <. M, ZoM & (KND) <. K.
Hence E(K/ZyM) = E(K N D) < ED = E(M/ZyM). Thus (4) holds if and
only if E(K N D) < ED is fully invariant. Since E(ZoM) = Za(EM),

EK = Zy(EM) @ E(K N D) < Zs(EM) @ ED = EM.
For any ¢ € Endr(EM), since ¢ Za(EM) C Zy(EM), (2) holds if and only if
WE(K N D) C Zy(EM) & E(K N D).

Hence (4) = (2).
Suppose (2) holds. Let ¢ € Endr(ED). As seen above, to show (4) holds,
it suffices to show that ¢E(K N D) C E(K N D). Define

¥ € Endp(EM) = Endp(Zs(EM) ® ED)
by setting ¢ | z,(eary= 0 and ¢ |pp= ¢. Then since
EK = Zy(EM) & E(K N D),
by hypothesis (2),
GE(K N D) =yEK C Zy(EM)® E(KND) .
Since also ¢ E(K N D) C ED by definition of ¢, we have that
¢E(KND)CEDN[Z:(EM)® E(KND)|=EKND)

by the modular law. Thus (4) holds.

(2) = (1). For ¢ € EndrM, extend ¢ to ¢ € Endg(EM). By hypothesis
(2), d)EK C EK. Hence ¢K C ¢EKO M = EKNM = K. The last equality
is because K < M is a complement submodule.

(4) = (3). Apply “(2) = (1)” to the modules K, M replaced by K/Z>M,
M/ZoM. 0
6.6.3. LEMMA. Let P < M be a complement submodule, and for P C
I < M, assume I/P < M/P is a complement. Then I < M is a complement
submodule.

PROOF. If P =1, we are done. So let P@® B <. I for some 0 # B < M. If

I <. Q< M, then P® B <, Q. Since P is a complement submodule of M,

(P®B)/P <. Q/P. Hence I/P <. Q/P is a contradiction, and I < M must

be a complement submodule. O
The next proposition is of independent interest.

6.6.4. PROPOSITION. Let N < M be a complement submodule. Then
the following hold:

(1) EN < EM is fully invariant = N <; M. If ZM = 0, then
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(2) EN < EM is fully invariant <= N <; M.

PROOF. (1) If not, let N < K <; M with K € d(N). In other words, K is
a type closure of N in M. Then N & B <., K for some 0 # B < M. Since
B € d(N), there exist nonzero submodules V; and V2 such that

MON>V, 2V, <BCM .

The isomorphism V; = V5 extends to a map ¢ € Endgr(EM) with ¢V = Vs,
contradicting the full invariance of EN < EM.

(2) This is a consequence of two general facts. For any modules N < M and
any endomorphism ¢ : M — M whose kernel is a complement, )N € d(N).
If ZM =0, then YN € Z{V : M >V € d(N)}, where the latter is the unique
type closure of N in M. Now N <; M implies that EN <; EM. Simply
apply the above two facts to the modules EN < EM. O

6.6.5. LEMMA. Assume that ZoR C J < R is a right complement and
that EJ < ER is fully invariant. Then J/Z5R is the unique type submodule
of R/Z5R of type d(J/Z2R).

PROOF. Since J < Rp is a complement submodule, J/ZsR < R/Z2R is
a complement submodule with E(J/Z;R) < E(R/Z3R) fully invariant by
(6.6.2), (2) = (4). But then, by (6.6.4), J/Z3R <; R/Z5R is a type submod-
ule. In nonsingular modules, type submodules of a certain type are unique.
O

The previous lemma and next theorem correct an error in [26, 2.5, 2.6,
pp-332-333], where the hypothesis that EJ < ER is fully invariant was left
out.

6.6.6. THEOREM. For any ring R, let as before Nf(R) be the set of all
natural classes of nonsingular right R-modules. Let J(R) be the set of all
complement right ideals J < R such that ZoR C J and EJ < ER is fully
invariant. (Thus for any J € J(R), J<R and J/Z3R < R/Z3R are both fully
invariant.) Then there is a bijection J(R) = Ny(R), which preserves order in
both directions given by

(1) T(R) — Ny(R), J — d(J/Z2R) € Ny(R);

(2) Nf¢(R) — J(R), K — J; where J/Z3R is the unique type submodule
of R/Z5R of type K.

PROOF. (2) It has to be shown that the map K — J is well defined, onto,
and one to one. Since J/ZoR <; R/Z5R is a complement, it follows that also
J < Ris a complement by (6.6.3). By (6.6.4), E(J/Z2R) < E(R/Z3R) is fully
invariant. Thus EJ < ER is fully invariant by (6.6.2), (4) = (2). Hence
J € J(R). For any J € J(R), d(J/Z2R) — J by (6.6.5). Suppose that
Ky # Ky € N§(R) are mapped to J € J(R), that is, J/Z;R is the (unique)
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type submodule of R/ZsR of both type K1 and type KCo. Then there exists a
cyclic module 0 # xR € Ky Nc(Ky). Thus 2R = R/z* with

ZsR C zt <JUJ‘69C'§6R
for some 0 # C' < R. Then
0+#2C = (C@ZQR)/ZQR - J/ZQR € Ks.

Hence 0 # xR € K3 N ¢(Ky) is a contradiction.

(1) For any K € N§(R), define J € J(R) by K — J as in (2). By (6.6.5),
also d(J/ZyR) — J. By what was proved above for part (2), K = d(J/Z3R).
Thus the map in (1) is the inverse of the function given by (2). Both maps
preserve the order which is set inclusion in both N (R) and J(R). O

6.6.7. COROLLARY. If ZR = 0, and ER is regarded as a ring, then
J(R) 2 J(ER).

PROOF. Since ZR =0, ER is a (von Neumann) regular right self injective
ring ([66, Cor.2.31, p.60]). For any J < R, EJ < ER is a right ideal of ER.

We will show that J(R) — J(ER), J — E.J is a bijection whose inverse
is J(ER) — J(R), P — PN R. By [112, Cor.2.3, p.247], ER is the
ring ER = Homg(ER, ER). For J € J(R), since (EJ)r < (ER)g is fully
invariant, FR- EJ C EJ € J(ER).

Conversely, for P € J(ER), since Pr <. (EP)g, P = EP. But both EP
and ER are also injective right FR-modules ([66, Prop.2.9(a), p.45]). The full
invariance of EP < ER as right ER-modules implies that P is an ideal in ER.
The right R-complement closure of PN R < R in R is E(P N R) N R. From
EPNR=PNR<R<, ER, we see that PN R < R is a right complement
ideal. Thus PN R € J(R), and J(R) = J(ER).

The next theorem serves as an example of a class of nonsingular rings R C
A = ER for which their lattices J(R) = J(A) can be found explicitly. Very
different kinds of techniques are required for this, which might be applicable
to the rings of continuous functions.

6.6.8. THEOREM. If R is a Boolean ring with identity, and A its (unique
over R) completion, then Ny(R) = J(R) = A. In particular, Ny(A) =
J(A) = A.

PROOF. Let R C A be, as in (1.2.6), the ring of all clopen sets and the field
of all regular open sets on X, respectively. View A as a lattice of characteristic
functions x g of regular open sets H C X. Each J < R defines the open set

S(J)=([{B:BC X,xp € J}.
Conversely, every open set O C X defines an ideal I(O) < R by

I1(0) = {xp : BC O, B is clopen}.
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These are inverse operations I[S(J)] = J and S[I(O)] = O ([71, Lemma 1,
p.82]).

Thus we have a “subset” function S, and an “ideal” function I, which are
bijections and mutual inverses:

S :{Ideals of R} — {Open subsets of X}, J+— S(J),
I :{Open subsets of X} — {Ideals of R}, O+ I(O).

It is next shown that the complement ideals of R under this bijection corre-
spond precisely to the elements of A, i.e., to regular open subsets of X.

For any J < R, let H be the interior of the closure of S(J) in X. It can be
verified by (1.2.6) that S(J) C H and that H is regular open, and hence that
xu € A ([71, pp.12-14]). Regard A = Ag as an R-module. Then J C xyR.
Suppose that J < xg R is not essential. Then J C J @ xgR for some xg € A
and a regular open set G C X with ) # G C H. There exists a clopen subset
ACX with® # ACG.

Consequently, xaxp = 0 for any xp € J, that is, for all clopen B C S(J),
ANB = 0. Thus A C ({X\B : xp € J}. Upon taking set theoretic
complements in the set X we get S(J) = |U{B: xp € J} C X\A. Since A
is clopen also, H C X\ A. This contradicts that ) # A C H. Consequently,

From A = xgA® (1 —xg)A it follows that xgA < Ay and K = xyRNR =
xgA N R < R are complement ideals. Since J <. K, K is the complement
closure of J. Note that I(H) = xgR = K.

In any Boolean ring R, for any K < R and any R-map f : K — R,
fK C K, ie., every K < R is fully invariant. By (1.2.6), ER is a Boolean
ring if R is, so also FK < ER is automatically fully invariant. Therefore, in
view of (6.6.6),

J(R)={xgRNR:X D H is regular open}, and
J(A) ={xuA: X D H is regular open}.

Hence J(R) =2 J(A) =2 A. Thus
N(R) ={d(xgRNR): X D H is regular open}

and N (R) — A, d(xgRN R) — H is a ring and lattice isomorphism. So
N(R) = A. O

6.6.9. REFERENCES. Brainerd and Lambek [13]; Dauns [24, 26]; Halmos
[71]; Zhou [136].
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