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Preface

This monograph is a comprehensive account of not necessarily commutative arith-
metical rings, examining structural and homological properties of modules over arith-
metical rings and summarizing the interplay between arithmetical rings and other
rings. Modules with extension properties of submodule endomorphisms are also sys-
tematically studied in this book.

Graduate students and researchers interested in ring theory and module theory will
find this book particularly valuable. Containing numerous examples, Arithmetical
Rings and Endomorphisms is a largely self-contained and accessible introduction to
the topic, assuming a solid understanding of basic algebra.

The study is supported by the Russian Science Foundation, project no. 16-11-10013.
Key words: arithmetical ring, distributive module, flat module, localization by a max-
imal ideal, Bezout ring, Hermite ring, endomorphism-extendable module, automor-

phism-extendable module, automorphism-invariant module, injective module, quasi-
injective module, strongly semiprime ring
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Introduction

This book consists of two parts. In Part I, “Arithmetical rings,” we systematically
study not necessarily commutative rings with distributive lattice of two-sided ideals.
In Part II, “Extension of automorphisms and endomorphisms,” we study modules
with the extension property of automorphisms and endomorphisms from submod-
ules to the whole module, and also characteristic submodules of their injective hulls.

The main content of the book

The main results of Section 1 “Saturated Ideals and Localizations” are Theorems 1A,
1B and 1C.

1A Theorem (Tuganbaev [172]). A right invariant ring A is arithmetical if and only if
for its maximal ideal M, all {A \ M}-saturated ideals of the ring A form a chain with
respect to inclusion.

1B Theorem (Jensen [98]). A commutative ring A is arithmetical if and only if for its
maximal ideal M, the localization Ay, is a uniserial ring.

1C Theorem (Tuganbaev [157]). A right invariant ring A is an arithmetical semiprime
ring if and only if for its maximal ideal M, the right localization A, exists and is a right
uniserial domain.

The main results of Section 2, “Finitely Generated Modules and Diagonalizability,” are
Theorems 2A and 2B.

2A Theorem (Golod [77]). If A isa commutative ring, then A is arithmetical if and only
if B + r(X) = r(X/XB) for every finitely generated A-module X and each ideal B of the
ring A.

2B Theorem (Tuganbaev [187]). If A is aright invariant, diagonalizable! ring, then B +
r(X) = r(X/XB) for every finitely generated right A-module X and each ideal B of the
ring A.

The main results of Section 3 “Rings with flat and quasiprojective ideals” are the fol-
lowing Theorems 3A, 3B and 3C.

3A Theorem (Tuganbaev [157, 161, 182]). For an invariant semiprime ring A, the fol-
lowing conditions are equivalent.

1 The definition of a diagonalizable ring is given in 2.2.1.

https://doi.org/10.1515/9783110659825-202
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1) A is an arithmetical ring.
2) Every submodule of any flat A-module is a flat module.

3) Every finitely generated ideal of the ring A is a quasiprojective right A-module.

3B Theorem (Jensen [98]). A commutative ring A is an arithmetical semiprime ring if
and only if every submodule of any flat A-module is a flat module.

3C Theorem (Tuganbaev [182]). If A is an invariant ring, then A is an arithmetical ring
if and only if every one of its finitely generated ideals is a quasiprojective right A-mod-
ule such that all endomorphisms can be extended to endomorphisms of the module
Ag.

The main results of Section 4 “Hermite rings and Pierce stalks” are Theorems 4A and
4B.

4ATheorem (Tuganbaev [183]). If A isaright PP Bezout ring without noncentral idem-
potents, then A is a Hermite ring.

4B Theorem (Tuganbaev [183]). If A is a Bezout ring such that every Pierce stalk is a
serial ring, then A is a diagonalizable ring.

The main results of Section 5 “Bezout Rings, Krull dimension” are Theorems 5A, 5B
and 5C.

5A Theorem (Tuganbaev [183]). If A is a Bezout exchange ring without noncentral
idempotents, then A is a diagonalizable ring.

5B Theorem (Tuganbaev [187]). If A is a right invariant, a right Bezout, exchange ring,
then B + r(X) = r(X/XB) for every finitely generated right A-module X and each ideal
B of the ring A.

5C Theorem (Tuganbaev [188]). If A is a commutative arithmetical ring, then A has
the Krull dimension if and only if every factor ring of the ring A is finite-dimensional
and does not have idempotent proper essential ideals.

The main results of Section 6 “Semi-Artinian and Nonsingular Modules” are Theorems
6A, 6B and 6C.

6A Theorem (Tuganbaev [184]). If M is a semi-Artinian?2 module, then M is an auto-
morphism-extendable module if and only if M is an automorphism-invariant module.

6B Theorem (Tuganbaev [174]). If M is a module over an Artinian serial ring, then M
is an automorphism-extendable module if and only if M is a quasi-injective module.

2 Amodule M is said to be semi-Artinian if each of its nonzero factor modules has a simple submodule.
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6C Theorem (Tuganbaev [176]). Let M = T @ U, where T is an injective module, U
is a nonsingular module, and Hom(T’, U) = O for any submodule T’ of the module
T. The module M is automorphism-extendable if and only if U is an automorphism-
extendable module.

The main results of Section 7 “Modules over Strongly Prime and Strongly Semiprime
Rings” are Theorems 7A and 7B.

7A Theorem (Tuganbaev [179]). If A is a right strongly prime ring, then a right A-mod-
ule M is automorphism-invariant if and only if either M is a singular automorphism-
invariant module or M is an injective module.

7B Theorem (Tuganbaev [176]). If M is a right module over an invariant hereditary
domain A, then the following conditions are equivalent.

1) M is an automorphism-extendable (strongly automorphism-extendable) module.
2) M is an endomorphism-extendable (strongly endomorphism-extendable) module.
3) Either M is a quasi-injective singular module or M is an injective module that is not
singular, or M = X @ Y, where X is an injective singular module and the module Y is
isomorphic to a nonzero submodule in Q4, where Q is a division ring of fractions of
the domain A.

The main results of Section 8 “Endomorphism-extendable Modules and Rings” are
Theorems 8A and 8B.

8A Theorem (Tuganbaev [167]). A ring A is a right endomorphism-extendable, right
nonsingular ring if and only if A = B x C, where B is a right injective regular ring, C is a
left invariant, reduced Baer ring and C is a right completely integrally closed subring
of its maximal right rings of fractions Q.

8B Theorem (Tuganbaev [162]). Aring A is a right (left) Noetherian ring such that all
cyclic right (left) modules are endomorphism-extendableifand only if A = A x---xAy,
where A; is either a simple Artinian ring or a uniserial Artinian ring, or an invariant
hereditary Noetherian domain,i=1,...,n.

The main results of Section 9 “Automorphism-invariant nonsingular modules and the
rings” are Theorems 9A, 9B, 9C, 9D.

9A Theorem (Tuganbaev [185]). Let A be a right strongly semiprime ring. If X is a right
A-module and there exists an essential right ideal B of the ring A such that X is injec-
tive with respect to the module By, then X is an injective module.

9B Theorem (Tuganbaev [189]). If A is a ring with right Goldie radical G, then the fol-
lowing conditions are equivalent.
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1) Every nonsingular right A-module X, which is injective with respect to some essen-
tial right ideal of the ring A, is an injective module.
2) A/G is aright strongly semiprime ring.

9C Theorem (Tuganbaev [189]). For a ring A with right Goldie radical G, the following
conditions are equivalent.

1) A/G is a semiprime right Goldie ring.

2) Any direct sum of automorphism-invariant nonsingular right A-modules is an au-
tomorphism-invariant module.

3) Any direct sum of automorphism-invariant nonsingular right A-modules is an in-
jective module.

9D Theorem (Tuganbaev [186]). Aring A is a right automorphism-invariant, right non-
singular ring if and only if A = S x T, where S is a right injective regular ring and T is
a strongly regular ring which contains all invertible elements of its maximal right ring
of fractions.

The proof of the above Theorems 1A-9D is decomposed into several assertions, some
of which are of independent interest.

All rings are assumed to be associative with a nonzero identity element. Modules are
assumed to be unitary and, unless otherwise specified, all modules are right modules.
A “Bezout ring” means a “right and left Bezout ring.”

Distributive lattices. Arithmetical modules and rings. Distributive modules and rings

The main purpose of Part I of this book is the study of not necessarily commutative
arithmetical rings.

a. A lattice £ with operations n and + is said to be distributive if the following two
equivalent? conditions hold.

DXN(Y+2)=XnY+XnZforallX,Y,Z e L;
NX+Y)nX+Z)=X+YnZforallX,Y,Ze L.

b. A ring with a distributive lattice of ideals is called an arithmetical ring.
It is directly verified that aring A is arithmeticalifand only if Xn(Y+Z2) = XnY+XnZ
for all 1-generated ideals X, Y, Z of A.

¢. For amodule X, a submodule M of X is called a fully invariant (resp., characteristic)
submodule in X if a(M) < M for every endomorphism (resp., automorphism) a of the
module X.

A module M is said to be arithmetical if lattice £ of all its fully invariant submodules
is distributive.

3 The equivalence of conditions a) and b) is well known; e.g., see [83, Section 1.4, Lemma 10].
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Since the ideals of the ring A coincide with the fully invariant submodules in A4 and
with fully invariant submodules in 44, a ring A is arithmetical if and only if the mod-
ule A, is arithmetical, if and only if the module 4 A is arithmetical.

d. A module is said to be distributive if the lattice of all its submodules is distributive.
A module is said to be uniserial if any two of its (cyclic) submodules are comparable
with respect to inclusion.

Every uniserial module is distributive and every distributive module is arithmetical.
The ring of integers Z is a distributive nonuniserial Z-module. The direct sum of
7./27. & 7./27.is an arithmetical nondistributive Z-module.

e. Let A be a simple ring that is not a division ring (for example, let A be the ring of all
2 x 2 of matrices over a division ring). Then A is an arithmetical ring that is not right
or left distributive.

f. A module M is said to be an invariant or duo module, if all its submodules are fully
invariant in M.

A ring is said to be right (resp., left) invariant if all its right (resp., left) ideals are ideals,
i.e., A is a right invariant (resp. left) A-module. A ring A is left (resp., right) invariant
if and only if 4A (resp., A4) is an invariant module.

It is clear that a right invariant ring is arithmetical if and only if it is right distributive.
Left and right invariant rings are called invariant or duo rings.

All commutative rings are invariant. If A is a noncommutative division ring, then A
and A[[x]] are noncommutative invariant rings.

A remark on commutative arithmetical rings

In commutative algebra, arithmetical rings play an important role; they enter into the
characterization of various interesting and important rings because:

i) commutative arithmetical rings coincide with commutative rings such that all their
localizations by maximal ideals are uniserial rings [98];

ii) all submodules of flat modules over a commutative ring A are flat if and only if A is
an arithmetical semiprime ring [98].

Arithmetical rings also appear when solving many other problems of commutative and
homological algebra as necessary or/and sufficient conditions. For example, see [12,
28, 47, 50, 52, 53, 67, 68, 74—77, 88, 98, 99, 125, 126, 136, 180, 182, 188, 191, 192].
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Bezout modules and rings

A module is called a Bezout module if all its finitely generated submodules are cyclic.
Every uniserial module is a distributive Bezout module. The ring of integers is a com-
mutative distributive nonuniserial Bezout ring.

a. Every right invariant, right Bezout ring A is right distributive; in particular, it is
arithmetical. In this case, every cyclic right A-module is distributive, and every factor
ring of the ring A is a right invariant, right distributive, right Bezout ring.

Indeed, it is sufficient to prove that X = X n Y + X n Z for any principal right ideals
X, Y, Z of thering A with X ¢ Y + Z. Since A, is a Bezout module, Y + Z is a cyclic right
module over the right invariant ring A. Therefore, there exists anideal B in A such that

X=Y+2Z2) B=YB+ZB<cXnY+XnZcX.

b. It is easy to verify that distributivity of the module is equivalent to distributivity
of all its 2—generated submodules. Therefore, the distributivity of a Bezout module is
equivalent to the property that each of its cyclic submodules is distributive.

c. It follows from the two previous assertions that every right Bezout module M over a
right invariant ring A is a distributive module.

A remark on noncommutative arithmetical rings

In contrast to the commutative case, the class of arbitrary noncommutative arithmetic
rings is too large for meaningful study, since it includes all simple rings, all (von Neu-
mann) regular rings, all hereditary Noetherian semiprime rings, all biregular rings,
and other large classes of rings (see Sections “Semidistributive and serial modules” (c)
on page XIV and “Rings with idempotent ideals” (a,b) on page XV). Therefore, it is nec-
essary to consider arithmetical rings that are quite close to commutative rings; how-
ever, in this case, the investigation also becomes much more difficult than in the com-
mutative case.

For example, even if we consider invariant arithmetic rings with strong additional con-
ditions, then, as the example below shows, there are no analogs of localizations with
respect to maximal ideals that exist for any commutative ring, so the localizations are
an important tool in the study of commutative rings.

An example of a noncommutative invariant arithmetical ring A without localizations
by maximal ideals

See [137, 168]. In this example, the ring A is also a subdirectly indecomposable semilo-
cal Bezout ring with exactly two maximal right (left) ideals.
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Let Z be the ring of integers, Q be the field of rational numbers, and let Q[i] be the
field of fractions of the ring of Gaussian integers Z[i] (i* = —1). We denote by ¢ the
automorphism g, + q2i — q1 — q,i of the field Q[i]. Let Ry, R, be the localizations
of the commutative principal ideal domain Z[i] with the prime ideals generated by
prime elements 2 +i and 2 — i, respectively. Then R; and R, is a commutative uniserial
principal ideal domain. We set R = R1 N R,. Let X, Y be the ideals in R generated by
the elements 2 + i and 2 - i, respectively.

The commutative principal ideal domain R has exactly two maximal ideals X and Y,
Rx =Ry,Ry =Ry, p(Rx) =Ry, X+Y =R, JR)=XnY =(2+i)(2-1R =5R and
the factor ring R/J(R) is isomorphic to the direct product of the fields A/X and A/Y.
The ring R coincides with the set of all irreducible rational Gaussian fractions whose
denominators are not divided by 2 + i or 2 —i.

We denote by M the right R-module Q[i]/Rx. Then all proper submodules in My are
cyclic and form a properly ascending infinite countable chain 0 = soR € s1R c 53R C
..., where the simple module s; R is isomorphic to the module R/Y = R/(2 — i)R and
rr(sn) = (2 — i)"R for all positive integers n. We also turn M into a left R-module with
the rule rm = me(r) for all elements r € R and m € M. It is directly verified that M is
an R—R-bimodule, which is uniserial Artinian* divisible right (left) R-module.

We denote by A the trivial extension of the R—R-bimodule M by the ring R. We recall
that A is the external direct sum of the Abelian groups R, M with multiplication such
that

(r1, my)(ra, my) = (rirp, rimy + myry) = (rirp, my@(ry) + myrs)

forany r1,r, € Rand my, my € M. The pair (1, 0) is the identity element of the ring
A. We identify M, X and Y with ideals (0, M), (X, 0) and (Y, O) in A, respectively. The
ring R is identified with the subring (R, 0) in A.

The right (left) ideals of the ring A, contained in M, coincide with the R-submodules
in M. We note that mA = Am forany m € M, the factor ring A/J(A) is isomorphic to the
direct product of the fields A/X and A/Y, M? = 0, the factor ring A/M is isomorphic
to the commutative principal ideal domain R, M is a uniserial Artinian divisible right
(left) A-Bezout module, simple right (left) A-module s{A = As; is the least nonzero
right (left) idealin 4, ra(s1) = Y and £4(s1) = X. We list some properties of the ring A.
)X=Q2+i1)A=204(s1)=Neand Y = (2 —i)A =ra(s1) = N,.

ii) The element (2 + i) + (2 —i) = 4 = 5 — 1 is invertible in A4, since 5 € J(A).

iii) [fwesetx = (2+i)/4 € X,thenl-x=Q2-0)/4 € Y,(2+10)s; = 5102 +1) =
$1(2-i)=0,xs1 =51(1-x) =0, x € X\J(A)=X\YC Np,1-x€ Y\X=Y\J(A) C N,,
sterx)Ned-x),rs))NA\YN=YnNnA\Y)=g,8(1)NnA\X)=XnA\X) = 2.
iv) There does not exist the right-sided analog of the localization of the ring A by the
maximal (right) ideal X and the left-sided analog of the localization of the ring A by
the maximal (left) ideal Y.

4 A module is said to be Artinian if every properly descending chain in its submodules is finite.
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v) J(A) does not contains all right (left) zero-divisors of A.

vi) The ideal M is comparable with respect to inclusion with any right or left ideal of
the ring A.

vii) A is a distributive ring.

viii) A is a subdirectly indecomposable, invariant Bezout ring.

Properties i-iii are directly verified. Properties iv, v follow from the property iii. The
property vi follows from the property that M is a divisible R-module. The property vii
follows from vi and the following properties: A/M is a commutative Bezout ring, M is
an A-Bezout module, mA = Am for every m € M, and s;A is the least nonzero right
(left) ideal in A. The property viii follows from the property vi and the property that
every right Bezout module over a right invariant ring is distributive by III(c).

Semidistributive and serial modules

Any direct sum of distributive (resp., uniserial, simple) modules is called a semidis-
tributive (resp., serial, semisimple) module.

a. Itis directly verified that all semidistributive (for example, serial) modules are arith-
metical; e.g., see [109, 110, 195-198].

b. For a ring A, let the intersection of any two nonzero ideals of A be a nonzero ideal
(e.g., this is the case if the ring A is prime). If every proper factor ring of A is arithmeti-
cal (e.g., this is the case if A is right semidistributive), then A is an arithmetical ring.
It is sufficient to prove that X = X n Y + X n Z for any of nonzero ideals X, Y, Z with
X c Y+ Z. Byassumption, XNnYNZ +#0.Leth: A > A/(XNnYnZ)isanatural ring
homomorphism. Since the ring h(A) is arithmetical, h(X) = h(X) n h(Y) + h(X) n h(Z).
Therefore, X+ XNnYNZ=XnY+XnZ+XNnYNnZ ThenX=XnY+XnZ.

c¢. Every hereditary Noetherian semiprime ring A is an arithmetical ring.

Since A is a finite direct product of hereditary Noetherian prime rings (see [44] or [63,
Theorem 20.30]), we can assume that A is a hereditary Noetherian prime ring. Then
every proper factor ring of the ring A is serial (see [58, Corollary 3.2] or [63, Theorem
25.5.1]). By the previous assertion, A is an arithmetical ring.

d. Let A be a 5-dimensional algebra over a field F generated by all 3 x 3 matrices of
the form

fir fiz fi3
0 f»» 0|,
0 0 f33

where fj; € F. It is directly verified that e11A4 = e11F + e1oF + e13F is an indecompos-
able distributive Noetherian Artinian nonuniserial A-Bezout module and A is a right
semidistributive, left serial, Artinian ring which is not right serial. In particular, A isa
5-dimensional arithmetical F-algebra which is not right serial.
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Rings with idempotent ideals

a. If every 1-generated ideal of the ring A coincides with its square (in this case, any
ideal coincides with its square), then A is an arithmetical ring.
Let X, Y, Z be three ideals of the ring A. Then

Xn(Y+2)=Xn(Y+2)? cX(Y+2)=XY+XZcXn(Y+2).

b. Let A be either a biregular ring (i.e., every 1-generated ideal of the ring A is gener-
ated by a central idempotent or regular ring (i.e., every principal right (left) ideal is
generated by idempotent). It is well known and it is directly verified that every 1-gen-
erated ideal of the ring A coincides with its square. By the previous assertion, A is an
arithmetical ring.

Automorphism-invariant, pseudo-injective and quasi-injective modules

One of the principal purposes of Part II of this book is the study of automorphism-
invariant modules and related modules.

A module M is said to be automorphism-invariant (resp., endomorphism-invariant), if
it is a characteristic (resp., fully invariant) submodule of its injective hull.

In [60, Theorem 16], it is proven that a module M is an automorphism-invariant if
and only if M is a pseudo-injective module, i.e., if for any submodule X in M, every
monomorphism X — M can be extended to an endomorphism of the module M.

Pseudo-injective modules were studied in several papers; e.g., see [60, 96, 154]. Auto-
morphism-invariant modules were studied in several papers; e.g., see [7, 56, 60, 85,
116, 148, 174, 175, 177-179, 181].

a. A module M is said to be injective with respect to the module X or X-injective if for
any submodule X; in X every homomorphism X; — M can be extended to a homo-
morphism X — M.

A module M over the ring the A is said to be injective if M is injective with respect to
any A-module.

For example, over finite direct products of rings of matrices over division rings all mod-
ules are injective. In addition, an Abelian group M is an injective module over the ring
of integers Z if and only if M is a divisible Abelian group, i.e., M is a direct sum of
groups that are isomorphic to the additive group Q of rational numbers and quasi-
cyclic groups Z(p®).

Injective objects play a very important role in many mathematical categories. In this
book, we consider only injective right modules over the ring A4, i.e., injective objects
of the category Mod-A of all right A-modules. One of the reasons for the importance of
injective modules is that every module M is an essential submodule of some injective
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module X, which is called the injective hull of the module M and the injective hull X
is uniquely (up to isomorphism) defined. For example, if Z is a ring of integers, then
the additive group Q is the injective hull of the module Z ;. We note that Z is not an
automorphism-invariant Z-module, since a(Z) ¢ Z, where a: g — gq/2 is an auto-
morphism of the Z-module Q, which is the injective hull of Z.

b. A module M is said to be quasi-injective or self-injective if M is injective with respect
to itself.

It is clear that every injective module is quasi-injective. Every finite cyclic group is a
quasi-injective (automorphism-invariant) noninjective module over the ring Z.

It is well known that a module M is quasi-injective if and only if M is an endomor-
phism-invariant module, i.e., a(M) ¢ M for any endomorphism a of the injective hull
of the module M, see [102] or [194, 17.11]. This implies that every quasi-injective module
is an automorphism-invariant module. The converse assertion is not true; this follows
from the following example.

c. Example. Let {F{°} be a countable set of copies of the field Z/27Z, R be the direct
product of all the F;, and let A be the subring of R consisting of all sequences that are
stabilized at finite step. In [60, Example 9], it is proven that A is an automorphism-
invariant A-module that is not quasi-injective.

Automorphism-extendable and endomorphism-extendable modules

A module M is said to be automorphism-extendable (resp., endomorphism-extendable
if for any submodule X in M every automorphism (resp., endomorphism) of the mod-
ule X can be extended to an endomorphism of the module M.

a. It is clear that every quasi-injective module is endomorphism-extendable and ev-
ery endomorphism-extendable module is automorphism-extendable. In addition, all
direct summands of automorphism-extendable (resp., endomorphism-extendable)
modules are automorphism-extendable (resp., endomorphism-extendable) modules.

If M is an automorphism-invariant module, then every automorphism of any sub-
module of the module M can be extended to an automorphism of the module M, see
6.1.3 below; in particular, M is an automorphism-extendable module. In addition, Z is
an example of an automorphism-extendable (endomorphism-extendable) Z-module
which is not automorphism-invariant (quasi-injective).

b. Let A be a regular ring. If A4 is an endomorphism-extendable module, it follows
from Theorem 8.2.2 of this book that the module A, is injective; also see [167].

¢. The following three examples show that an automorphism-extendable module M4
is not necessarily endomorphism-extendable even if either M = A is a finite-dimen-
sional algebra over a finite field or M = A is a simple principal right (left) ideal domain,
or M = A is a commutative regular ring.
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d. Example. Let F be the field of order 2 and let A be a finite 5-dimensional algebra
over field F formed by all (3 x 3)-matrices of the form

fir fi2 fi3
0 f» 0|,
0 0 f33

where f;; € F.In [148], itis proven that e11A = e11F + e1,F + e13F is a finite cyclic auto-
morphism-invariant projective module that is not quasi-injective. By Theorem 6.1.10,
every endomorphism-extendable Artinian module is quasi-injective. Therefore, e1; A
is an automorphism-extendable module which is not endomorphism-extendable.

e. Example. Let F be a field and A an algebra over F with two generators x, y and one
defining relation xy — yx = 1. We prove that A4 and 4 A are automorphism-extendable
modules and the modules A4 and A are not endomorphism-extendable. It is well
known that A is a simple principal right (left) ideal domain, A is not a division ring,
and the group of invertible elements U(A) of the domain A coincides with F \ 0. In
particular, U(A) is contained in the center of the domain A. Let a be a nonzero nonin-
vertible element of the domain A. It is sufficient to prove the following two assertions.
(*) For every automorphism a of the module aA,, there exists an invertible element
u of the ring A such that a(ab) = uab forall b € A.

(*=*) There exists an endomorphism f of the module aA that cannot be extended to an
endomorphism of the module A 4.

Since a(aA) = aA, we have that a(a) = au and a = auv for some elements u, v € A.
Then uv = 1. Since A is adomain, vu = 1 and u € U(A) ¢ F. Then uab = aub = a(ab)
forall b € A, and (=) have been proven.

Since A is a simple domain and a is a nonzero noninvertible element, AaA = A # Aa.
Therefore, ab ¢ Aa for some element b € A. Since A is a Noetherian domain, A has the
classical division ring of fractions which contains element a~1. Then aba 1aA < aA
and the relation f(ac) = aba~!c defines an endomorphism f of the submodule a4, in
A . We assume that f can be extended to an endomorphism ¢ of the module A4. We
set d = ¢(a). Then

ab = aba'a = f(a)a = p(a)a = da € Aa .

This is a contradiction; (x+) have been proven. O

e. Example. Let {F{°,} be a countable set of copies of the field Z/2Z and let A be the
subring of the direct product of all the F; consisting of all sequences stabilized at finite
step. Then A is a commutative regular ring. In [60, Example 9], it is proven that A is
an automorphism-invariant module that is not quasi-injective. In particular, A4 is an
automorphism-extendable module. By b, the automorphism-extendable module A4
is not endomorphism-extendable.
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Some definitions and notations

Let A be aring, X be a right A-module, Y be a left A-module, X; and X, be two subsets
in X, Y; and Y, be two subsets in Y, max X be the set of all maximal submodules in
X, and let J(X) and End X be the Jacobson radical and the endomorphism ring of the
module X, respectively.

If f: X — Q is a homomorphism of modules and M is a submodule in Q, then we
denote by f~1(M)(M) the submodule {x € X |f(x) € M of the module X.

a. For any subset B of the ring A, we denote by ABA the ideal in A generated by the
set B.

We denote by (X7 . X,) thesubset {a € A | Xya < X,} of thering A. If X, is a submod-
ule in X, then (X; . X>) is a right ideal of the ring A. If X;, X, are two submodules in
X, then (X; *. X5) isan ideal in A.

Asubset{a € A | aY, ¢ Yy} ofthering A is denoted by (Y, . Y;).If Y5 isa submodule
in Y1, then (Y, . Y7) is a left ideal of the ring A. If Y;, Y, are two submodules in X,
then (Y, ."Y;)isanidealin A.

b. We denote by r(X;) the right annihilator (X1 *.0) = {a € A|Xa = 0} of the set X;
which is a right ideal in A. If X; is a submodule in X, then r(X;) is an ideal in A.

We denote by £(Y7) the left annihilator (0. Y1) = {a € A|aY; = 0} of the set Y; which
is left ideal in A. If Y; is a submodule in N, then £(Y,) is an ideal in A.

¢. Aring A is said to be local if for any element a € A, at least one of the elements
a, 1 - ais invertible. A ring A is local if and only if its factor ring A/J(A) modulo the
Jacobson radical J(A) is a division ring.

A ring A is said to be semilocal if its factor ring A/J(A) modulo the Jacobson radical
J(A) is isomorphic to the finite direct product of matrix rings over division rings.

A ring A is said to be semiperfect if A is semilocal and all idempotents of the factor
ring A/J(A) can be lifted idempotents of the ring A.

d. A ring A is called an exchange ring if for any element a € A, there exists an idem-
potent e € aA such that 1 — e € (1 - a)A. The property to be an exchange ring is
equivalent to its left-sided analog; see [132] or [168].

In [132], it is proven that if A is a ring and the factor ring A/J(A) is a regular ring such
that all idempotents can be lifted idempotents of the ring A, then A is an exchange
ring. In particular, all regular or semiperfect rings are exchange rings.

e. A right A-module X is called a free cyclic module if there exists an element x € X
which is called a free generator for X such that X = xA and the right annihilator r(x)
of the element x is equal to the zero. We note that X is a free cyclic module if and only
ifX=Ay.

A module X, is said to be free if there exists a subset {x;}ic; € X which is called a basis
of the module X such that X = &;¢;x;A and r(x;) = 0 foralli € I; the cardinality card(I)
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is called the rank of the free module X. We note that the rank of a free module is not
necessarily unique.

A module X is said to be finite-presented if X = F/N, where F is a finitely generated
free module and N is a finitely generated submodule in F.

A right module X over the ring A is said to be cyclically presented if M = A, /aA for
some element a € A.

f. A module X is said to be projective with respect to a module M if for any module
epimorphism h: M — M and each homomorphism f: X — M, there exists a homo-
morphism f: X — M with f = hf.

A module X is said to be projective if the following equivalent conditions hold.

1) X is projective with respect to any right A-module.

2) The module X is isomorphic to a direct summand of a free module.

3) The kernel of any epimorphism of an arbitrary A-module M onto the module X is a
direct summand of the module M.

A module, which is projective with respect to itself, is called a quasiprojective or self-
projective module.

It is clear that all projective modules are quasiprojective and cyclic group of any prime
order is a quasiprojective nonprojective simple Z-module.

A ring A is called a right PP ring or a right Rickartian ring if the following equivalent
conditions hold.

1) For any element x € A, the module xA is projective.

2) For any element x € A, there exists an idempotent e € A with r(x) = eA.

A module is said to be hereditary if all its submodules are projective. As usual, a hered-
itary ring is a right and left hereditary ring.

A module is said to be semihereditary if all its finitely generated submodules are pro-
jective.

g. Aring A is called a domain (resp., prime ring) if the product of any two of its nonzero
elements (resp., ideals) is not equal to the zero.

A proper right ideal P of the ring A is said to be completely prime if ab ¢ P for all
a,beA\P.

A proper ideal P of the ring A is said to be completely prime (resp., prime) if the factor
ring A/P is a domain (resp., prime ring).

The intersection of all prime ideals of the ring A is a nil-ideal; it is called the prime
radical of the ring A.

A ring A is said to be semiprime (resp., reduced) if A does not have nonzero nilpotent
ideals (resp., nonzero nilpotent elements).

A ring without noncentral idempotents is called a normal or Abelian ring.
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h. A module X is called an essential extension of its submodule Y if Y n Z # 0O for any
nonzero (cyclic) submodule Z. In this case, Y is called an essential submodule in X.
If X is a submodule of the module M and X + Y # M for any proper submodule Y of M,
then X is called a small submodule in M.

A module M is said to be uniform if any two of its nonzero submodules have the non-
zero intersection, i.e., M is an essential extension of any of its nonzero submodules.
A module X is said to be finite-dimensional if X does not contain infinite direct sums
of nonzero (cyclic) submodules; X is finite-dimensional if and only if X is an essential
extension of finite direct sum of nonzero uniform (cyclic) submodules.

A right finite-dimensional ring with the maximum condition on right annihilators is
called a right Goldie ring.

Let n be a positive integer. One says that a module M has uniform dimension n or Goldie
dimensionn if M is an essential extension of direct sum of n uniform of nonzero mod-
ules and M does not contain direct sum of n + 1 uniform of nonzero modules.

i. A nonzero module is said to be simple if it coincides with any of its nonzero submod-
ules. Direct sums of simple modules are called semisimple modules. For a module M,
we denote by Soc M the largest semisimple submodule of the module M; by definition,
Soc M = 0 if M does not contain semisimple submodules. Soc M is called the socle of
the module M. Semisimple modules coincide with nonzero modules in which all sub-
modules are direct summands. Right (left) semisimple rings coincide with rings that
are isomorphic to finite direct products of matrix rings over division rings. All nonzero
modules over semisimple Artinian rings are semisimple, injective, projective modules.

j. In this book, we also use other well-known notions and assertions of ring theory that
are contained in many books; e.g., see [16, 63, 97, 131, 166, 194].
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1 Saturated ideals and localizations

The main results of this section are Theorems 1A, 1B and 1C.

1A Theorem (Tuganbaev [172]). A right invariant ring A is arithmetical if and only if
for any maximal ideal M, all {A \ M}-saturated ideals of the ring A form a chain with
respect to inclusion.

1B Theorem (Jensen [98]). A commutative ring A is arithmetical if and only if for any
maximal ideal M, the localization Ay is a uniserial ring.

1C Theorem (Tuganbaev [157]). A right invariant ring A is an arithmetical semiprime
ring if and only if for any maximal ideal M, the right localization Ay exists and is a
right uniserial domain.

Remark. The completion of the proof of Theorems 14, 1B and 1(C) is given in 1.2.7 and
1.3.11.

1.1 Distributive modules

1.1.1 The first criterion of distributivity of the module. Foraring A and aright A-mod-
ule X, the following conditions are equivalent.

1) X is a distributive module.
2) All submodules of all homomorphic images of the module X are distributive.
3) In X, all 2-generated submodules are distributive.

4) In X, every 2-generated submodule is contained in some distributive submodule of
X.

5) X1 N (X; + X3) = X3 n X, + X1 n X3 for any cyclic submodules X1, X5, X3 in M.
6) A contains a unitary subring A’ such that a natural A’-module X is distributive.
7) Gt XN (Zie] Yj) = Ziel’ie](Xi N Y;) for any two sets {X;};er and {Y}};¢; of submod-

ules in M.

The equivalences from 1.1.1 are directly verified; they are used without specific refer-
ences.

1.1.2 The second criterion of distributivity of a module ([127, 152]). Foraring A and a
right A-module X, the following conditions are equivalent.
1) X is a distributive module.

2) For any two elements x, y € X, there exists an element a € A such that xaA + y(1 -
a)A < xAnNnyA.

https://doi.org/10.1515/9783110659825-001
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3) For any two elements x, y € X, there exist elements a, b, ¢, d € Asuchthat1 = a+b,
xa =ycandyb = xd.

4) A = (x".yA) + (y . xA) for any two elements x, y € X.

Proof. The equivalences 2) & 3) & 4) are directly verified.
1)=2). Let T = xA n yA. Since (x + ¥)A = (x + Y)A N xA + (x + y)A n yA, there exist
b, d € A such that
x+y)bexA, (x+y)deyA, x+y=x+y)b+(x+y)d.
Therefore, ybp = (x +y)b —xb € Tand xd = (x +y)d —yd € T.Weseta = 1 - b and
z=a-d=1-b-d.Then
l=a+b, x+y)z=Kx+y)-x+y)b-(x+y)d=0,
xa=xd+xz=xd+(x+y)z-yz=xd-yz, yz=-xz€T, xaceT.
2)=1). Let X1, X, X3 be submodules in X and x3 = x1 + x» € (X1 + X2) n X3, where
x1 € X1 and x, € X,. By assumption, there exist two elements a, b € A such that
l=a+b,x1aex,Aand x,b € x,A. Then
x3sh=x1b+xbexAnzA,
x3a=xja+xa € yYAnxsA, x3s=xshb+xsaeXinX;5+X;nXs,
X +X)nNX3cXinX3+XonXs5c (X1 +Xo)nXs5.
The equivalence 1) & 3) follows from the equivalence 1) & 5). O
1.1.3 The third criterion of distributivity of a module. For aring A and a right A-mod-
ule M, the following conditions are equivalent.
1) M is a distributive module.
2) For any two elements x, y € M, there exists a right ideal B in A such that (x + y)A =
xB +yB.
Proof. 1)=2). Weset B = (x".(x + y)A). Then (x + yY)AnxA = xB.If b € B, then
yb = (x + y)b — xb € (x + y)A. Therefore,

B=(y .x+yA), x+y)AnyA=yB,
x+y) A=(x+y)AnxA+(x+y)AnyA=xB+yB.
2) = 1). Let x, y € M. By assumption, (x + y)A = xB + yB, where B is aright ideal in A.
It follows from the modular law that
xAN(x+y)A=xAnxB+yB)=xB,
YANn(x+y)A=yAn(xB+yB)=yB,
(x+y) A=xAnx+y)A+yAn(x+y)A

and M is distributive. O
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1.1.4 The fourth criterion of distributivity of a module ([152]). For aring A and a right
A-module M, the following conditions are equivalent.

1) M is a distributive module.
2) Hom(X, Y) = O for any subfactor X @ Y of M.

3) M does not have subfactors that are direct sums of two isomorphic nonzero mod-
ules.

4) Hom(X/(X n'Y), Y/(X n Y)) = O for any two submodules X, Y of M.
5) Hom((X + Y)/Y, (X + Y)/X) = O for any two submodules X, Y of M.
6) In every subfactor of the module M, any direct summand is fully invariant.

7) In the endomorphism ring of any subfactor of the module M, all idempotents are
central.

Proof. The implication 2) = 3) and the equivalence 2) © 4) and 2) & 6) & 7) are di-
rectly verified.

The equivalence 4) & 5) follows from natural isomorphisms X/(XnY) = (X+Y)/Y and
Y/ XNnY)=(X+Y)/X.

3) = 1). We assume that M is not distributive. There exist submodules X, Y, Zin M such
that X c Y+Zand X/(XnY + XN Z)isanonzero submodulein (Y +2Z)/(XNnY+XnN2Z).
Leth: Y+Z — (Y+2)/(XnY + Xn Z) be the natural epimorphism. Then

O0+hX)ch(Y+Z2)=h(Y)®eh(Z), h(X)nh(Y)=0, hX)nh(Z)=0.

Let f: h(Y)® h(Z) — h(Y) and let g: h(Y) ® h(Z) — h(Z) natural projections. Since
h(X) n h(Y) = 0 and h(X) n h(Z) = 0, we have f(h(X)) = h(X) = g(h(X)) + 0. Thisis a
contradiction.

1)=2). Let f € Hom(X, Y), x € Xand y = f(x) € Y. According to 1.1.2, there exists an
element a € A such that

xaA+y(l-a)A<xAnyAc<cXnY=0,
xa=y(l-a)=0, y=ya=f(x)a=flxa)=f0)=0.
Therefore, f = 0 and Hom(X, Y) = 0. O
1.1.5 The fifth criterion of distributivity of a module ([43]). For a right module M over
the ring A, the following conditions are equivalent.
1) M is a distributive module.
2) M does not have subfactors that are direct sums of two isomorphic simple modules.

3) Any 2-generated submodule X of the module M does not have the factor module
S @ T such that S and T are isomorphic simple modules.

EBSCChost - printed on 2/10/2023 3:12 PMvia . All use subject to https://ww.ebsco.conlterns-of-use



EBSCChost -

6 —— 1 Saturated ideals and localizations

Proof. The implication 1) = 2) follows from 1.1.4.
The implication 2) = 3) is obvious.

3) = 2). We assume the contrary. There exists a submodule X; in M and a submodule
Y; in X such that X;/Y; = S; ® T1, where S, T are isomorphic simple modules. Let
h: X; — X1/Y; be the natural epimorphism. There exist cyclic submodules S, T> of
the module X; such that S; = h(S,) and T; = h(T,). We denote by X, the 2-generated
submodule S, + T, of the module M. Then h(X,) is a direct sum of two isomorphic
simple modules. This is a contradiction.

2) = 1). We assume that the module M is not distributive. According to 1.1.4, M has a
subfactor X @ Y such that X, Y are nonzero modules and there exists an isomorphism
f: X — Y. The nonzero module X has a nonzero cyclic submodule N. The module N
has a simple factor module N/T. Then Y has a simple subfactor f(N)/f(T). Therefore, M
has a subfactor that isisomorphic to the module N/TeN/T. This is a contradiction. [

1.1.6 Distributive modules over invariant rings. Let A be a right invariant ring and let
M be a distributive right A-module.

a.A=(Y"  X)+ (X .Y) for any finitely generated submodules X, Y of the module M.

b. For any submodule Z' of an arbitrary finitely generated submodule Z of the module
M, there exists an ideal A’ of the ring A such that ZA' = Z'.

c. If M is a finitely generated module, then M is an invariant module.

Proof. a.Since X+ Y is a finitely generated module, there exist a positive integer n and
elements x; € X,y; € Y, 1 <i<n,suchthat X+Y = (x; +y1)A+---+ (xn +yn)A. Since
the module M is distributive, (X + Y)(Z = (X[ 2) + (Y[ Z) for any submodule Z in
M.

Lety € Y.Forany 1 <i < n, we have
Xi+ YA =i+ YA X +Y) =[x+ A[ ) X]+[(x; + PA[) Y]
Therefore, there exist elements a € A and z € Y such that
xi+y)aeX, xi+y=xi+yla+z.
Therefore, x;(1 — a) € Y and ya € X. Consequently,
A=A X)+(xA"Y), 1<i<n.
Therefore,
A=A X)+[00A N[ [(onAd NI = (A . X)+ X .Y).

In particular,
A=A X)+(X"Y) (1<i<n).
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Therefore,
A=A X[ ) [0nd D]+ EX V)= (Y . X)+(X".7).

b. Let Z be an n-generated module, n € IN. We use induction on n. For n = 1, we can
identify the cyclic A-module Z over the right invariant ring A with the right invariant
factor ring A/r(Z) of the ring A. In this case, the assertion is directly verified.

Now we assume that the assertion it is true for all k-generated submodules of the mod-
ule M for k < n. We can assume that Z = X + Y, where X is a cyclic module and Y is a
(n — 1)-generated module. By the induction hypothesis, there exist ideals B and C of
the ring A such that XN Y = XB = YC. Therefore, XY = X(X".Y) = Y(Y " .X) Bya,
A=(Y"  X)+ (X .Y). Therefore,

X=X(Y" X)+X".7)=XY" " X)+ XX . V)=X(Y . X)+Y(Y . X)=2B,

where B = (Y ", X). Similarly, we have Y = ZC, where C = (X ", Y).

Let Z' be a submodule in Z = X + Y. We have to prove that there exists an ideal H
of the ring A such that Z' = (X + Y)H. By assumption, Z' = Xn Z' + Y\ Z'. By the
induction hypothesis, there exist ideals D, E of the ring A such that Z' (| X = XD and
Z'(Y = YE. In addition, X = ZB and Y = ZC. Therefore,

Z’=XﬂZ’+YﬂZ’=XD+YE=ZBD+ZCE=Z(BD+CE)

and BD + CE is the required ideal A’ of the ring A.

¢. By b, there exists an ideal B of the ring A with X = MB. Let f be an endomorphism
of the module M. Then

fX) =f(MB) < f{(M)B< MB=X. |

1.1.7 Distributive rings. Let A be a right distributive ring.

a.IfX, Y aretworightideals of thering A and XnY = 0, then (AX)(AY) = (AY)(AX) = 0.
Consequently, all idempotents of the ring A are central.

b. If A is a domain, then the ring A is right uniform.

c. If the ring A is right invariant and M is a right A-module, then MBN MC = M(Bn C)
for any right ideals B, C in A.

Proof. a. We prove that yX = 0 for any element y € Y. We define a homomorphism of
right A-modules f: X — Y by the relation f(x) = yx for any x € X. By 1.1.4, yx = f(x) =
0; see condition 2) from 1.1.4. Therefore, 0 = YX = XAY. Then (AX)(AY) = 0.

b. The assertion follows from a.

c.Letx = Y ,mib; = Z;zl njcj € MBn MC, where m;,nj € M, b; ¢ Band ¢j € C.
We set By = Y;_;biA ¢ Aand C; Z§:1 ¢j ¢ A. Then By, C; are finitely generated
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right ideals of the right distributive, right invariant ring A. By 1.1.6(a), there exist two
elements a, b € Asuchthat 1 =a + b and b;a, cjb € By n Cy for all i, j. Therefore,

S t
X=xa+xb= Zbia+2cjb e M(B1nCy) cMBNC)
i=1 j=1

and MBNMC < M(Bn C) < MBn MC. (|

1.2 Saturated submodules and saturations

1.2.1 Saturated submodules. Let A be aring, X be a right A-module, X; be a submod-
ule in X, S be a nonempty multiplicatively closed subset in A that contains 1 € A and
does not contain O € A, and let X; 5 be the subset in X consisting of all elements x € X
such that xs € X; for some element s € S.

The set X; 5 is called the S—saturation of the set X;. Since 1 € S, we have X; < Xs.
IfX; = X1, s, then X; is called an S-saturated submodule of the module X. It is clear
that X; is an S-saturated submodule if and only if X; contains any element x € X such
that xs € X; for some element s € S.

A subset B of the ring A is said to be right permutable if for any elements a € A and
b € B, there exist two elements a’ € A, b’ € Bwith ab’ = ba’.

a. If the set S is right permutable, then the S-saturation X; s is an S-saturated submod-
ule in X, which contains X;.

b. If the ring A is right invariant, then each of its subsets B are right permutable.

c¢. If Sis a right permutable multiplicatively closed subset of the ring A, which contains
1 € A and does not contain O € A, and Y is an arbitrary submodule of the module
X, then its S-saturation Y is an S-saturated submodule in M and coincides with the
intersection ¥ of all S-saturated subsets in X that contain Y.

Proof. a.Indeed, lety, z € X1 s- Then ys € X; and zt € X; for some elements s, t € S.
Since S is right permutable, ts’' = st’ for some s’ € Sand ¢’ € A. Since S is multiplica-
tively closed, ts’ € S. Then (y + 2)ts’ = yst' + zts' € X;. Therefore, y +z € X15 and X 5
is an additive subgroup in X;.

Let a € A. Since S is right permutable, as’ = sa’ for some s’ € Sand a’ € A. Then
yas' = (ys)a' € X1. Therefore, X1 is a submodule in X, which contains X;.

It remains to prove that x € X; s if xu € X1 for some element u € S. Since xu € X; g, we
have that x(uv) € X; for some element u € S. Then uv € S, since S is multiplicatively
closed. O

b.Let a € A and b € B. Since the right ideal bA is an ideal, ba € bA and ab = ba’ for
some a’ € A.
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c.Letx,z € Yand a € A. There exist s, s’ € S such that xs, zs' € Y. By assumption,
at =sband sb’ =s't' e Sforsomet,t' e Sand b, b’ € A. Then

(xa)t=(xs)beY, (x+2)s't' =(xs)b' + (s €Y, xa,x+zeYS.
Therefore, Y is a submodule in X. Since 1 € S, wehave Y ¢ Y. Let x € Xand xs € Y
for some s € S. It follows from the definition of Y that xst € Y for some ¢ € S and

st € S, since S is multiplicatively closed. Therefore, x € Y, whence Y is an S-saturated
submodule in X. Now it follows from the definition of Y* that Y = V. O

1.2.2 Properties of distributive modules ([152]). Let A be a ring, X be a distributive
right A-module, Y be a submodulein X, f € End X, and let f1(Y) = {x ¢ X|f(x) € Y.

a.lfX=Y+f 1Y), thenf(Y)cY.

b. If f(X) c Y + f(Y), then f(Y) c Y.

c.IfY+ X, thenY + f(Y) + X.

d. If x;A®---®x,Aisasubmodulein X, then x{A®--- ®Xx,A = (x1 +--- + xp)Aisa
cyclic module.

e. If the ring A is local, then X is a uniserial module.

Proof. a. We assume that X = Y + f~1(Y). The rule g(x + f~1(Y)) = f(x) + Y correctly
defines a monomorphism g: X/f~1(Y) — X/Y. According to 1.1.4, g = 0. Therefore,
fFUY)=Xandf(X) c Y.

b. We assume that f(X) ¢ Y + f(Y). Let x € X. By assumption, f(x) = y + f(z) for some
y,z € Y. Therefore, x -z € f1(Y),x=z+(x-2) e Y +f 1 (V). Then X = f () + Y
and f(X) c Ybya.

c. Weassumethat X = Y+£(Y). Then f(X) € Y+f(Y).Bya, f(X) c Y.Then X = Y+f(Y) ¢
Y + f(X) = Y. This is a contradiction.

d. Without loss of generality, we can assume that n = 2. According to 1.1.2, there exist
two elements a, b € Asuchthat1 = a+bandx;aA+x,bA € x;Anx,A = 0. Therefore,
x1a = xob = 0. Then x; = x1(a+ b) = (x;1 +x2)band x, = x2(a + b) = (x1 + x2)a.
Therefore, x1A + x2A = (x1 + x2)A is a cyclic module.

e. Let x, y € X. Itis sufficient to prove that the submodules xA and yA are comparable
with respect to inclusion. According to 1.1.2, there exist elements a, b, ¢, d € A such
that 1 = a + b and xaA + ybA < xA n yA. Since the ring A islocaland 1 = a + b,
at least one of the right ideals aA, bA coincides with A. Therefore, at least one of the
inclusions xA € yA, yA C xA is true. O

1.2.3 Quasi-invariant modules and rings. A module X is said to be quasi-invariant if
all its maximal submodules are fully invariant in M.
a. Aring A is right quasi-invariant if all its maximal right ideals are ideals.

b. If a ring A is right quasi-invariant and M is its maximal right ideal, then M is a
maximal ideal, the factor ring A/M is a division ring and {A \ M} is a nonempty mul-
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tiplicatively closed subset in A which contains the identity element of the ring A and
does not contain its zero.

¢. Let aring A be right quasi-invariant and let M be its maximal right ideal such that
the set {A \ M} is right permutable. Then M is a maximal ideal, the factor ring A/M is
a division ring and {A \ M} is a right permutable, nonempty, multiplicatively closed
subset in A, which contains the identity element of the ring A and does not contain its
zero and for any right A-module X and an arbitrary submodule X; in X, the {A \ M}-
saturation X_l{ a\wmy is an {A \ M}-saturated submodule in X, which contains X;.

d. Every distributive module X is quasi-invariant.

e. Every right distributive ring A is right quasi-invariant and for any its maximal (right)
ideal M, it is true that the set {A \ M} is right permutable.

Proof. a, b. The assertions are directly verified.
¢. The assertion follows from b and 1.2.1(a).

d. Let Y be a maximal submodule in X. We assume that f(Y) ¢ Y. Then X = Y + f(Y).
This contradicts to 1.2.2(c).

e. By d, the ring A is right quasi-invariant. Let M be a maximal (right) ideal of the ring
A and {A \ M}. It remains to prove that for any elements x € A and y € {A \ M}, there
exist elements x’ € A and y' € {A \ M} with xy' = yx'. By 1.1.2, there exist elements
a,c,d € Asuchthat xa = ycand y(1 — a) = xd. If a € {A \ M}, then we can set
y' = a and x’ = c. Therefore, we can assume that a € M. Then 1 - a € {A \ M} and
xd = y(1-a) € {A\ M}. Since M is anideal, d € {A \ M}. In this case, we canset y’ = d
andx' =1-a. O

1.2.4 A criterion of distributivity of the module over a quasi-invariant ring with per-
mutable complements of maximal ideals. Let A be aright quasi-invariantring, X be a
right A-module, and for any maximal (right) ideal M of the ring A, the (multiplicatively
closed) set {A \ M} is right permutable. Then the following conditions are equivalent.

1) X is a distributive module.

2) For any maximal (right) ideal M of the ring A, all {A \ M}-saturated submodules of
the module X form a chain with respect to inclusion.

Proof. 1) = 2). Let M be a maximal ideal of the ring A and let Y, Z be two {A \ M}-
saturated submodules of the module X. We assume that Y is not contained in Z. Then
there exists an element y € Y'\ Z. We have to prove that z € Y, where z is an arbitrary
element of Z. According to 1.1.2, there exist two elements a, b € Asuchthat1=a+b
andyaA +zhbAcYnZ.

Let a € {A\ M}. Since the element ya is contained in the {A \ M}-saturated submodule
Z, we have y € Z; this contradicts to the choiceof y € Y\ Z.
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Therefore, a € M. Then b = 1 - a € {A \ M}. Since the element zb is contained in the
{A \ M}-saturated submodule Y, we have z € Y.

2) =1). Let x1, x> € X. According to 1.1.2, it is sufficient to prove that A = (x; *. x>A) +
(x2 7. x14).

We assume that A # (x1 ".x24A) + (x2 " . x1A). Then the proper right ideal (x; " . x2A) +
(x> . x14) is contained in some maximal (right) ideal M. We denote by x;A and x,A
the {A \ M}-saturations in X of the submodules x1 A and x;, A, respectively. According
to 1.2.3(c), x14 and x, A are {A \ M}-saturated submodules in X. From 2), x; 4 and x4
are comparable with respect to inclusion. For example, let x14 < x,A. Since x1A ¢
X14 € x2A, we have that x1s € x>A for some s € {A \ M}. Therefore, s € (x1*.x24) €
M n{A\ M} = @. This is a contradiction. O

1.2.5 A criterion of distributivity of a ring. A ring A is right distributive if and only if
for any its maximal® (right) ideal M, all {A \ M}-saturated right ideals of the ring A form
a chain with respect to inclusion.

The assertion 1.2.5 follows from 1.2.3(e) and 1.2.4.

1.2.6 Remark. Let A be an arbitrary commutative ring, M be its maximal ideal, Ay be
the localization of the ring A by M, X be an A-module, and let X, be the localization of
X by M. It is well known that any submodule X}, of the A)-module X corresponds to
the unique {A\M}-saturated submodule X’ of the A-module X such that its localization
by M coincides with X! ; proper inclusions are preserved under this correspondence.

1.2.7 The completion of the proof of Theorems 1A and 1B. Theorem 1A follows from
1.2.5 and the property that any right invariant arithmetical ring is right distributive.
Theorem 1B follows from Theorem 1A and Remark 1.2.6.

1.3 Localizable rings

1.3.1Reduced rings. Let A be a reduced ring (i.e., a ring without nonzero nilpotent
elements).

a.Ifai,...,ap € Aand ay - --- - ap = 0, then Aag)A - --- - AasmA = O for any
permutation s of the set {1, ..., n}.

b.Ifx,y € A,thenxy = 0 & yx = 0 & (AxA)(AyA) = (AyA)(AxA) = 0 & (AxA) n
(AyA) = 0.

c.xy =0 © x"Ay = xAy™ = 0 for all n € N. In particular, r(a) = r(a™) foralla € A
andn € IN.

1 We recall that the ring A is right quasi-invariant by 1.2.3(e).
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d. For any subset B < A, the annihilators r(B) and £(B) coincide; in addition, they are
ideals and

r(B) = ¢(B) = r(ABA) = ¢(ABA) = {a € A| ABANn AaA =0} .

e. A is aring without noncentral idempotents and every right or left invertible element
of the ring A is invertible.

f. For any subset B in A, it is true that the factor ring A/r(B) is reduced and h(ABA)
is an essential right ideal of the ring A/r(B), where h: A — A/r(B) is the natural epi-
morphism.

g. If A is a right uniform ring, then A is a domain.

h. In the ring A, every principal right ideal B is a quasiprojective right A-module and
a free cyclic right module over the reduced ring A/r(B).

Proof. a, b. The element b = asq) - -+ - asm) can be obtained from the product of
a----- an by using finitely many permutations of two adjacent factors. If x, y € A and
xy = 0, then

(YAx)? =0, yAx=0, (xAy)>=0, xAy=0.

Therefore, Aag)A - --- - AagmA = 0.

¢. Since A is reduced, the relations (AxA) N (AyA) = 0 and (AxA)(AyA) = 0 are equiv-
alent.

Leta € Aand b € r(a). Then a"b™ = 0. By the above, (ab)" = 0. Therefore, ab = 0
and r(a™) c r(a) c r(a™). Therefore, xy =0 & x"Ay = xAy" =0foralln € N.

d. The assertion follows from b.

e.lfe = e? ¢ A, thene(1 —e) = 0. Byb, (Aded) n (A(1 — e)A) = 0. Therefore, e is a
central idempotent.

Leta,b € A and ab = 1. Then ba is an idempotent. It is proven above that ba is a
central idempotent. Therefore, b = b(ab) = b(ba). Then ba = a(bba) = ab = 1.

f. By d, r(B) is an ideal, Therefore, the factor ring A/r(B) exists. Lety € A and y" € r(B)
for some positive integer n. Then By" = 0. By ¢, By = 0 and y € r(B). Therefore, A/r(B)
is a reduced ring. We assume that h(C) n h(AXA) = h(0), where C is some right ideal
of the ring A, which contains r(B). Since h(ABA) is an ideal of the ring h(A), we have

h(C)h(ABA) < h(C) n h(ABA) = h(0) .
Therefore, CB < r(B) and C < ¢(B). By b, ¢(B) = r(B). Therefore, C < r(B) and h(C) =
h(0). Therefore, h(ABA) is an essential right ideal of the ring A/r(B).
g.Let O # x, y € A. Since the ring A is right uniform, xA nyA # 0. By b, xy + 0.

h. Let B = bA, b € B. We denote by X the right annihilator of the element b in the
ring A. By d, X = r(B) is an ideal of the ring A. Let h: A — A/X be the natural ring
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epimorphism and let y be an element of the ring A such that h(b)h(y) = h(0). Then
by € X and b?y = 0. Therefore, (byb)?> = 0. Then byb = 0, whence (by)?> = 0.
Therefore, by = 0, y € X, h(y) = 0, the element h(b) has the zero right annihilator
in the ring A/X, and the principal right ideal B is a free cyclic right A/X-module. In
particular, B is a projective right A/X-module. Then it is directly verified that B is a
quasiprojective right A/X-module. O

1.3.2 Right Ore sets. Let A be a ring and let S be a right Ore set in A, i.e., S is a right
permutable multiplicatively closed subset in A, which contains 1and does not contain
0 of the ring A, and all elements s € S are nonzero-divisors in A. In this case, it is well
known that A is a unitary subring in the unique subring AS~! such that all elements
of S are invertible in AS™! and AS™! = {as™'|a € A, s € S}. Thering AS™! is called
the right ring of fractions of the ring A with respect to right Ore set S.

If the set of all nonzero-divisors of the ring A is a right Ore set, then A is called a right
Ore ring and the corresponding right ring of fractions is called the right classical ring
of fractions of the ring A; it is denoted by Q;(A4). In this case, the ring A is called a
right order in the ring Q¢;(A).

For any subset B in A, we denote by BS~! the subset {bs™1 | b € B, s € S} of the ring
AS™T

a.Ifqi,...,qns,;! € AS71, then there exist elements s € Aand ay, ..., a, €€ A such
thatg; = a;s™1,i=1,...,n.

Consequently, the mapping ¢: Y1, Aqgi, f(x) = xs defines an isomorphism from the
left A-module Y1 ; Ag; onto the n-generated left ideal (Y ; Ag;)s of the ring A.

b. If A is a reduced ring, then AS™! is a reduced ring.
c. The ring A is right uniform if and only if AS~! is a uniform right A-module.

d. The ring A is right uniform if and only if the ring AS~! is right uniform. Under these
conditions, if A is a reduced ring, then A, AS™! are of the domain.

e. If the ring A is right distributive, then the ring AS™! is right distributive.

f. If A is a right distributive ring and AS~! is a local ring, then AS~! is a right uniserial
ring, A is a right uniform ring and the right A-module AS~! is uniform.

g. If A is a right distributive reduced ring and AS™! is a local ring, then AS™! is a right
uniserial domain, A is a right uniform domain, and the right A-module AS™! is uni-
form.

h.If N is a right ideal of the ring A and g € NS™1, then NS~ is a right ideal of the ring
AS™1and gs € N for somes € S.

i. If X is a right ideal of the ring AS™1, then X n A is a right ideal of the ring A and
X=XnA)S™

j.If B, C are tworightideals of thering A, then (B+C)S™! = BS™'+CS 1 and (BnC)S™! =
BS1ncst.
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k.If S = {A \ M}, where M is a proper right ideal of the ring A, then the ring A is local
and](As) = Ms.

Under these conditions, if the ring A is right distributive, then Ag is a right uniserial
ring, A is a right uniform ring, and the right A-module AS~! is uniform.

Proof. a. It is sufficient to consider the case n = 2. There exist elements d; € A and
s; € Ssuch that g; = djs;™1, i = 1, 2. Since S is right permutable, there exist elements
t; € Sand t; € A such that sjt; = s>t € S. Wesets = s1t; = sat, € S We set
a;=ditie A,i=1,2.Then

Si_l = l'iS_1 y ais‘l = ditis‘l = disi‘l(sitis"l) =qi, 1=1,2.
b. Let as™! € AS™! and (as™1)(as™1) = 0, where a € A and s ¢ S. It is sufficient to
prove that as™! = 0. Since s™'a = bt™! for some b € A and ¢t € S, it follows from the
relation (as™1)(as™!) = 0 that ab = 0. By 1.3.1(b), (AxA) n (AyA) = 0. On the other
hand, it follows from the relation s~'a = bt~! that at = sb € (AxA) n (AyA) = 0.
Therefore, s~'a = bt™! = 0, Then a = 0 and as™! = 0.

¢. If AS71 is a uniform right A-module, then its submodule A, is also uniform.

Conversely, let the ring A be right uniform and let x, y be nonzero elements of the ring
AS~!. According to a, there exist nonzero elements x,y € A and s € S such that x =
xs~'and y = ys~!. Since x, y are two nonzero elements of the right uniform ring A, we
have that xa = yb + 0 for some elements a, b € A. Therefore, xsa = xa =yb =ysb + 0
and AS~! is a uniform right A-module.

d. If the ring A is right uniform, it follows from c that the right A-module AS™! is uni-
form. Therefore, the ring AS™! is right uniform.

Conversely, let the ring AS™! be right uniform and 0 # a, b € A. There exist elements
X,y € AS7! such that ax = by + 0. According to a, there exist nonzero elements
x,y € Aands € Ssuchthatx = xs' and y = ys~!. Then ays™! = bys! # 0.
Therefore, ay = by # 0 and the ring A is right uniform.

The remaining assertion follows from 1.3.1(f).

e.Letx,y € AS™1. By 1.1.2, it is sufficient to prove that there are elements @, b € AS™!
such that

1=a+b, xaAS™'+ybAS™!cxAS1nyASt.
According to a, there exist elements x,y € Aand s € Ssuchthatx = xs ' and y =

ys~L. Since the ring A is right distributive, it follows from 1.1.2 that there exist elements
a,beAsuchthatl = a+b, xaA +ybA c xAnyA. Weseta = sas™, b = shs~. Then

1 1

l=s(a+b)st=sast+shbst=a+bh,
xaAS™! + ybAS™! = (xs7H)(sas™HAS™ + (ys71)(shbsT1)ASL

=xaAS™! + ypAS™t ¢ (xAnyA)AS™! c xASTtnyASTL.
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f. According to e, the ring AS~! is right distributive. From 1.2.2(e), the right distributive
local ring AS™! is a right uniserial ring. From ¢ and d, the ring A is right uniform and
the right A-module AS™! is uniform.

g. By b, AS1 is a reduced ring. From f, it is sufficient to prove that the right uniserial
reduced ring AS~! is a domain; this follows from 1.3.1(f).

h.If g € BS71, then it is clear that gs € B for some s € S.

We prove that NS™! is a right ideal of the ring As. Let X,y € NS™! and x = xs;%,
y = ysgl, where x,y € N and s1, S; € S. When assertion a is applied to the elements
s7t, 53, there exist elements a, b € A and s € S such that s;* = as™! and s;! = bs7L.
Then x = (xa)s™! and y = (yb)s~1, where xa, yb € N. Therefore, X + y € NS~1.

It remains to prove that xz = x(s;lz) € Ms for any z € AS™L. This follows from the
inclusions x € M and s7'z € AS™1.

i, j. The assertions are verified with the use of a.

k. Let as™! € J(AS™1), where a € A and s € S. The inclusion a € S is impossible;
otherwise, the invertible element as~! of the ring As is contained in J(4s). Therefore,
acA\{A\M},as™! e MS~! and J(AS™1) c MS~1L.

Now let mt™! € Mg, wherem € Mandt € S. Then t—-m € S, since otherwise t —-m € M
andt=(t-m)+meMnS = @.Then the element 1 - mt~! = (t - m)t~! is invertible
in A and MS™! is a right ideal of the ring AS™! by h. Therefore, MS™! ¢ J(As) < MS™!
and every element of J(AS™!) = MS™! is invertible in AS~!. This implies that the ring
Asislocal and J(As) = Ms.

We assume that the ring A is right distributive. By f, AS~! is a right uniserial ring, A is
a right uniform ring, and the right A-module AS™! is uniform. O

1.3.3 Denominator sets and reversive sets. Let A be a ring and S a nonempty subset
inA.

a. Reversive and weakly reversive sets.

The set S is said to be right reversive if for any a € A and s € S with sa = 0, there exists
an element s’ € S with as’ = 0.

The set S is said to be is weakly right reversive if forany a € Aand s € Swith sa = a® =
0, there exists an element s’ € S with as’ = 0.

(Weakly) left reversive sets are similarly defined.

b. Rings of fractions.

The set S is called a right denominator set in the ring A if there exist a nonzero ring
AS~! and a ring homomorphism fs = f: A — AS~! such that all elements of f(S) are
invertible in AS™1, AS™! = {f(a)f(s)™ ' |a € A, s € S}, and Kerf = {a € A|as = O for
some s € S}. In this case, AS™! is called the right ring of fractions of A with respect to
S and fs is called the canonical ring homomorphism for AS™1.

The definition of the ring AS™! is consistent with the definition from 1.3.2 of the right
ring of fractions with respect to a right Ore set.
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c. The definitions of a left denominator set S, the left ring of fractions S™'A and the
canonical ring homomorphism sf: A — sA is similar to the definitions from b.

The set S is called a two-sided denominator set if there exist a ring S"1AS~! and a ring
homomorphism f: A — S™1AS! such that all elements of f(S) are invertible in the
ring STTAS™Y, STTAS™! = {fla)f(s) ' |a € A, s € S} = {f(t)" ' f(a)|a € A, t € S}, and
Kerf = {a € A|as = ta = O for some s, t € S}. In this case, S"1AS™! is called the
two-sided ring of fractions of the ring A with respect to S and the homomorphism f is
called the canonical homomorphism for S~1AS™1.

d. In any ring, it is directly verified that every central multiplicatively closed subset,
which contains 1 € A and does not contain O € A, is a reversive, permutable, two-
sided denominator set.

1.3.4 An existence criterion of AS™. Let A be a ring and let S be a multiplicatively
closed subset in A, which contains 1 € A and does not contain 0 € A. We set K(S) =
{a € A|as = 0 for some s € S}. The following conditions are equivalent.

1) The right ring of fractions AS™! exists (i.e., S is a right denominator set).

2) K(S) isanideal in A and the set h(S) is aright Ore set in the ring h(A), where h: A —
A/K(S) is the natural epimorphism.

3) S is a right permutable, right reversive set.

4) S is a right permutable, right weakly reversive set.

Proof. The equivalence of 1) and 2) follows from 1.3.2. The implications 3) = 4) and
3) = 2) are directly verified.

3) = 4). Since K(S) is an ideal in A, we have that S is right reversive. Let a € A and
s € S. Since h(S) is a right Ore set in h(A4), we have that h(at;) = h(sb;) for some
by € Aand t; € S. Therefore, at; — sh1 € K(S) and (at; — sh1)t, = O for some t; € S.
Wesets' =t1t; € Sand b = by t,. Then as’ = sbh. Therefore, S is right permutable.

4)=3).Letac A,s € Sand sa = 0. Weset b = as. Then b? = sb = 0. By assumption,
x =0 forsome x € S. Weset s’ = sx € S. Then as’ = 0 and S is right reversive. O

1.3.5 Properties of rings of fractions. Let A be aring, S be a right denominator set in
A, AS7! be the right ring of fractions, and let f: A — AS™!, h: A — A/Ker f be the
canonical ring homomorphisms. For any subset B of the ring A, we denote by Bg the
set {f(b)f(s)"'|b € B, s € S}.

a. The ring AS™! coincides with the right ring of fractions h(A)h(S)! of the ring h(A)
with respect to its right Ore set h(S) and f = fh, where f: h(A) — h(A)h(S)~! is an
embedding of the ring h(S) in its right ring of fractions h(A4)h(S)~! with respect to the
right Ore set h(S).

b. If N is a right ideal of the ring A and g € Ng, then N is a right ideal of the ring As

and gs € f(N) for some s € S. Under these conditions, if ¢ = h(a) € h(A), then at ¢ N
forsomet € S.
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c.If g1, ..., qnsyt € AS7L, then there exist elements s € Aand ay, ..., a, €€ A such
thatgq; =a;s™,i=1,...,n.

d. If X is a right ideal of the ring AS™!, then X n h(A) is a right ideal of the ring h(A)
whose complete pre-image X’ in A is a right ideal of the ring A and X = X.

e.If B, C and D are three right ideals of the ring A, then (B + C)s = Bs + Cs, (BN C)s =
BsnCs,(B+C)nD)s=(Bs+Cs)NDs, BND+CnNnD)s=BsnDs+ Csn Dg.

f. Let S = {A \ M}, where M is a proper right ideal of the ring A and Ker f ¢ M. Then
the ring Ag islocal and J(As) = Ms.

Proof. a. The assertion follows from 1.3.4.

b. Since N is a right ideal of the ring A, we have that h(N) is a right ideal of the ring
h(4) and AS~! = h(A)h(S)™! by a. From 1.3.2(h), N is a right ideal of the ring As and
gs € f(N) for some s € S. We assume that ¢ = h(a) € h(A) n Ns, where a € A. Then
as € N +Ker f for some s € S. Then ass’ € N for some s’ € S. Therefore, at € S, where
t=ss’ €8.

¢, f. The assertions are verified with the use of a and 1.3.2(a), (k).

d, e. The assertions are verified with the use of a and 1.3.2(h), (i), (j). O

1.3.6 Rings of fractions of reduced rings. Let A be a ring and let S be a right per-
mutable, multiplicatively closed subset in A, which contains 1 € A and does not
contain 0 € A. We set K(S) = {a € A|as = 0 for some s € S}.

a. S is a right denominator set in A and the kernel canonical ring homomorphism
f: A — AS7! coincides with K(S). If h: A — A/Kerf is the canonical ring epimor-
phism, then h(A) is a reduced ring and h(A)h(S)"! = AS~! is a right ring of fractions
rings h(A) with respect to right Ore set h(S).

b. Let S = {A \ M}, where M is a proper right ideal of the ring A which contains Ker f.
If A is a right distributive ring, then AS~! is a right uniserial domain, J(As) = Ms,
A/ Ker f is a right uniform domain and the right A-module AS~?! is uniform.

Proof. a. Since A is a reduced ring, the set S is right weakly reversive. By 1.3.4, Sis a
right denominator set and K(S) = Ker f is an ideal of the ring A. By 1.3.4, h(A)h(S)™! =
AS!is the right ring of fractions of the ring h(A) with respect to the right Ore set h(S).
If a € A and a? € K(S), then a®s = 0 for some s € S. By 1.3.1(c), as = 0, a € K(S) and
h(A) is a reduced ring.

b. The assertion follows from a and 1.3.2(g), (k). O

1.3.7 Prelocalizable and localizable rings. Localizations. A ring A is said to be right
prelocalizable if every its maximal right ideal M is an ideal and the set {A \ M} is right
permutable. Then {A\ M} is a nonempty set which contains 1 € A and does not contain
0 € A. Since the factor ring A/M is a division ring, the set {A \ M} is multiplicatively
closed.

printed on 2/10/2023 3:12 PMvia . Al use subject to https://ww.ebsco. confterms-of-use



EBSCChost -

18 — 1 Saturated ideals and localizations

Aring A is said to be right localizable if A is right prelocalizable and for any its maximal
right ideal M, the set {A \ M} is right weakly reversive. It follows from 1.3.4 that for
any maximal right ideal M of the right localizable ring A, there exists the right ring of
fractions Aa\a, which is called the right localization of the ring A by M; it is denoted
by Ay, similar to the classical commutative case.

a. It is directly verified that every commutative ring is localizable and every right in-
variant ring is right prelocalizable.

b. Every right distributive ring is right prelocalizable by 1.2.3(e).

¢. The assertion V from the introduction contains an example of a prelocalizable, in-
variant, distributive ring which is not right or left localizable.

d. If the ring A is right prelocalizable and for any its maximal ideal M, the set {A \ M}
is right weakly reversive, then the ring A is right localizable by 1.3.4.

e. Let the ring A be right invariant. If for any its maximal ideal M, the set {A \ M} is
right weakly reversive (e.g., this is the case if A is a reduced ring), then the ring A is
right localizable by (a) and (d).

f. Let the ring A is right distributive and for any its maximal ideal M, the set {A \ M} is
right weakly reversive. Then the ring A is right localizable by (b) and (d). By 1.2.2(d),
Ay is aright uniserial ring for any M € max A and J(Ay) = My.

1.3.8 Properties of localizable rings. Let A be a right localizable ring and let max A
be the set of all its maximal (right) ideals. For any M € max A and each subset B in
A, we denote by f; and By the canonical ring homomorphism A — Ay and the set
{fub)fu(s)™1 | b € B, s € A\ M}, respectively.

a. For any M € max A, the right localization Ay is a local ring and J(Ap) = My.

b. Let a € A and N a right ideal of the ring A. The element a is contained in N if and
only if the element ay, is contained in the right ideal Ny, of Ay for any M € max A.
In particular, a = 0 if and only if ay; = Oy for any M € max A.

c. If N, N’ are two right ideals of the ring A, then the relation N = N’ is equivalent to
the property that Ny = N}, for any M € max A.

d. Thering A is right distributive if and only if for every M € max A, the ring Ay is right
distributive, if and only if for every M € max A, the ring Ay is right uniserial (under
the last condition, the relation J(Ay) = My, is true).

e. A is a reduced ring if and only if Ay is a reduced ring for every M € max A.

Proof. a. The assertion follows from 1.3.5(f).
b.If a € N, then it is clear that ay; € Ny for any M € max A.

We assume that a ¢ N. Then (a'.N) is a proper right ideal in A, contained in some
M € max A. By assumption, ay € By. By 1.3.5(b), as € N for some s € S. Therefore,
(a’.N)isnot contained in M. This is a contradiction.
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¢. The assertion follows from b.
d. The first equivalence of follows from 1.3.5(d),(e). The second equivalence follows
from the first equivalence and 1.3.7(f).

e. The assertion is verified by the use of the second assertion from b. O

1.3.9. For aring A, the following conditions are equivalent.

1) A is a right distributive reduced ring.

2) The ring A is right localizable and Ay is a right uniserial domain for every M ¢
maxAyg.

Under the conditions 1) and 2), J(Ay) = My for every M € max A,.

1.3.9 follows from 1.3.8(d),(e) and 1.3.6(b).

1.3.10 Invariant semiprime rings. Let A be a right invariant semiprime ring. Then A is
a right localizable reduced ring.

The ring A is arithmetical if and only if Ay is a right uniserial domain for every M €
maxAjy.

1.3.11 The completion of the proof of Theorem 1C. Theorem 1C follows from 1.3.10.
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2 Finitely generated modules and diagonalizability

The main results of this section are Theorems 2A and 2B.

2A Theorem (Golod [77]). If A is a commutative ring, then A is arithmetical if and only
if B + r(X) = r(X/XB) for every finitely generated A-module X and each ideal B of the
ring A.

2B Theorem (Tuganbaev [187]). If A is a right invariant diagonalizable! ring, then B +
r(X) = r(X/XB) for every finitely generated right A-module X and each ideal B of the
ring A.

Remark. It is clear that B + r(X) < r(X/XB) for any right module X over an arbitrary
ring A and each ideal B of the ring A.

Remark. For the completion of the proof of Theorems 2A and 2B, see 2.1.6 and 2.2.4.

2.1 Annihilators and finitely generated modules

2.1.1 Two remarks on arithmetical rings. Let A be an arithmetical ring and let B,
Ci,...,Cybeideals of the ring A.

a.B+Cin---NnCp=(B+C1)N---n(B+ Cp).

b.IfA,,..., A, are copies of the ring A and X is aright A-module A, /C1®---®A,/Cy,
then B + r(X) = r(X/(XB)).

Proof. a.Since A is an arithmetical ring, the assertion is directly verified, with the use
of the induction on n.

b.Inourcase,B+r(X) =B+Cin---NCrpand r(X/(XB)) = B+ C1)N---N(B+ Cy).
Now we use a. O

2.1.2. Let A be aring and let (B + AcA) n (B + AdA) = B + (AcA) n (AdA) for every
ideal B and any elements c, d of the ring A. Then A is an arithmetical ring.

Proof. LetB, C, D beidealsof thering A andlet b, +c = b, +d € (B+C)n(B+D), where
bi,b; € B,c € Cand d € D. By assumption, by + ¢ € B+ (AcA) n(AdA) c B+ CnD.
Therefore, (B + C) N (B + D) € B+ Cn D. Consequently, A is an arithmetical ring. [

2.1.3 An arithmeticity criterion of invariant rings. If A is a right invariant ring, then
the following conditions are equivalent.

1 The definition of a diagonalizable ring is given in 2.2.1.

https://doi.org/10.1515/9783110659825-002
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1) A is an arithmetical ring.

2) B + r(X) = r(X/(XB)) for any right A-module X that is the finite direct sum of cyclic
modules.

3) B + r(X) = r(X/(XB)) for any right A-module X that is the direct sum of two cyclic-
presented modules.

Proof. The implication 2) = 3) is directly verified.

3) = 1). According to 2.1.2, it is sufficient to prove that (B + AcA) n (B + AdA) = B +
(AcA) n (AdA) for every ideal B and any elements c, d of the ring A. We denote by X
the module As/cA®A,/dA, which is the direct sum of two cyclic-presented modules.
Since A is a right invariant ring, AcA = cA and AdA = A. It is directly verified that
B +r(X) = B+ (AcA) n (AdA) and (B + AcA) n (B + AdA) = r(X/(XB)). In addition,
B + r(X) = r(X/(XB)) by assumption. Therefore, (B + AcA) N (B + AdA) = B + (AcA) n
(AdA).

1) = 2). Since A is a right invariant ring, every cyclic right A-module is isomorphic to
the module A4 /C for some two-sided ideal C of the ring A. Therefore, the assertion
follows from 2.1.1(b). O

2.1.4. Let Abearingandlet B+r(X) = r(X/XB) for every finite-presented right A-mod-
ule X and each ideal B of the ring A.

a. B+ r(X) = r(X/(XB)) for every finitely generated right A-module X and each ideal B
of the ring A.

b. If the ring A is right invariant, then A is an arithmetical ring.

Proof. a. Let X be a finitely generated right A-module. Then X = F/N, where F is a
finitely generated free A-module and N is some submodule in F. Let {N;} be the set of
all finitely generated submodules in N. Then N = U;N; and M/MB = F/(N + FB) =
F/ U; (N; + FB). For each i € I, we denote by X; the finite-presented module F/N;. By
assumption, B + r(X); = r(X;/(X;B) for every finite-presented module X;. In addition,
it is directly verified that r(F/N) = U;r(F/N;). Therefore,

r(X/XB) = r(F/(N + FB)) = u;r(F/(N; + FB)) = U;(B + r(F/N;)) =
= B + U;ir(F/N;) = B+ r(F/N) = B+ r(X) .
b. By a, B + r(X) = r(X/(XB)) for every finitely generated right A-module X and each
ideal B of the ring A. By 2.1.3, A is an arithmetical ring. O

2.1.5 Theorem ([77]). A commutative ring A is arithmetical if and only if B + r(X) =
r(X/(XB)) for every finitely generated A-module X and each ideal B of the ring A.

Proof. To prove that therelation B+r(X) = r(X/(XB))is true for every finitely generated
right A-module X and eachideal B of the ring A, it is sufficient to show that it is true for
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the localization by any maximal ideal of the ring A. Therefore, we can assume the ring
A is local. By 1.2.2(e), any commutative arithmetical local ring is a uniserial. It is well
known that every finite-presented module X over such a ring is the finite direct sum of
cyclic modules, X = A/B; & --- ® A/By,, where we can assume that B; € B, € --- € By,.
Then

X/XB=A/(B+By)®---®R/(B+By),

whence r(X/XB) = B + B; = B + r(X). O

2.1.6. If A is a right invariant, right Bezout ring and X is a finite direct sum of cyclic
right A-modules, then B + r(X) = r(X/(XB)) for any ideal B of the ring A.

The assertion 2.1.6 follows from 2.1.3 and assertion III(c) from the introduction.

2.2 Diagonalizable rings

2.2.1Diagonalizable matrices and rings. A rectangular matrix B over a ring A is said
to be diagonalizable if there exist two square invertible matrices X and Y of suitable
orders such that XBY is a diagonal matrix (i.e., all elements a;; matrices XBY are equal
to the zero for i # j).

A ring A is said to be diagonalizable if every rectangular matrix over A is diagonaliz-
able. The ring of integers and commutative regular rings are examples of commutative
diagonalizable rings.

Diagonalizable rings were studied in many papers. Here we only note the paper [106].

2.2.2 ([106, p. 477]). From the proof of [106, Theorem 9.1], we obtain the following
well known assertion: every finite-presented right or left module over a diagonalizable
ring is the finite direct sum of cyclic-presented modules.

2.2.3 Right (left) Hermite rings. A ring A is called a right Hermite ring if each row
(a, b) of length 2, where a, b € A, is diagonalizable, i.e., there exists an invertible
2 x 2 matrix Y such that (a, b)Y = (c, 0) for some c € A.

A ring A is said to be left Hermite if each column (}) of height 2, where a, b € A4, is
diagonalizable, i.e., there exists an invertible 2 x 2 matrix X such that X(}) = () for
some ¢ € A.

Hermite rings have been studied in many papers. Here we only indicate papers [9, 69,
70, 92, 106, 114, 193].

a. It is clear that every diagonalizable ring is a right and left Hermite ring.

b. Every right Hermite ring A is a right Bezout ring [106, p. 465].
Indeed, let a, b € A. By assumption, there exists an invertible 2 x 2 matrix Y over
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A that (a, b)Y = (c,0) for some ¢ € A. Then ¢ = ayi1 + by,1 € aA + bA. Since
(a,b) =(c,0)Y"1, wehavea, b € cA.

¢. There exists a commutative reduced Bezout ring A, which is not a Hermite ring. In
particular, A is a nondiagonalizable ring [70, Example 3.4].

d. All right Bezout rings without zero-divisors are right Hermite; see [9] or 4.1.5, Sec-
tion 4.

e. All commutative semihereditary Bezout rings are Hermite rings [114].

f. In [106, Theorem 3.5], it is proven that a ring A is a right Hermite ring if and only if
for every rectangular m x n matrix M over A, there exists an invertible m x m matrix Y
such that MY is a lower triangular matrix.

Similarly, a ring A is a right Hermite if and only if for every rectangular m x n matrix
M over A, there exists an invertible n x n matrix X such that XM is a upper triangular
matrix.

2.2.4 The completion of the proof of Theorems 2A and 2B. Theorem 2A follows from
2.15.

Proof. The proof of Theorem 2B. Let A be a right invariant diagonalizable ring. From
2.2.3(a),(b), A is a right invariant right Bezout ring. Then A is an arithmetical ring by
the assertion III(c) from the introduction. Let B be an ideal of the ring A and let X be
an arbitrary finite-presented right A-module. From 2.2.2, X is the finite direct sum of
cyclic modules. From 2.1.3, B+ r(X) = r(X/XB). Since B + r(X) = r(X/XB) for any finite-
presented right A-module X, it follows from 2.1.4(a) that B + r(Y) = r(Y/(YB)) for any
finitely generated right A-module Y. O

2.2.5 Open question. Let A be an invariant arithmetical ring and let X be an arbitrary
direct summand of the finite direct sum of cyclic right A-modules. Is it true that B +
r(X) = r(X/(XB)) for any ideal B of the ring A?

2.2.6 Open question. Let A be an invariant arithmetical ring and let X be an arbitrary
finitely generated right A-module. Is it true that B + r(X) = r(X/(XB)) for any ideal B
of thering A?
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The main results of this section are Theorems 3A, 3B and 3C.

3A Theorem (Tuganbaev [157, 161, 182]). For an invariant semiprime ring A, the fol-
lowing conditions are equivalent.

1) A is an arithmetical ring.
2) Every submodule of any flat A-module is a flat module.

3) Every finitely generated ideal of the ring A is a quasiprojective right A-module.

3B Theorem (Jensen [98]). A commutative ring A is an arithmetical semiprime ring if
and only if every submodule of any flat A-module is a flat module.

3C Theorem (Tuganbaev [182]). If A is an invariant ring, then A is an arithmetical ring
if and only if every its finitely generated ideal is a quasiprojective right A-module such
that all endomorphisms can be extended to endomorphisms of the module A 4.

Remark. The completion of the proof of Theorems 3A, 3B and 3C is given in 3.3.14.

3.1 Flat modules

3.1.1 Tensor products of modules and bimodules. Let A bearing, X, bearight A-mod-
ule, 4 Y be a left A-module, X x Y be the cartesian product, F be a free Abelian group
with basis consisting of elements X x Y, and let H be the subgroup in F generated by
all elements of the form

x+x', -, »-y), Gy+y)-06y) -y, xa,y) -(x ay),
x,x'eX, yyeY, acA.

The Abelian group F/H is called the tensor product of the modules X and Y; it is de-
noted by X ®4 Y. We write X ® Y instead of X ®, Y if it is clear which ring A is meant.
The image of the pair (x, y) under a natural mapping Xx Y — X®Y is denoted by x®y.
If pX4, aYc are two bimodules, then the group X ®4 Y naturally turns into a B-C-bi-
module such that the multiplications by b € B and ¢ € C are defined by the relations
b(} xiyi) = Y bxjy; and (3 x;yi;)c = Y Xxjyic, respectively. In particular, X ®4 Y is an
End X-End Y-bimodule and X ®4 A is a right A-module.

If X is a right A-module and X' is a submodule in X such that a natural group homo-
morphism X' ®4 Y — X ®, Y is a monomorphism, then we can consider X' ®4 Y a
subgroup in X ®,4 Y in this case.

https://doi.org/10.1515/9783110659825-003
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26 —— 3 Rings with flat and quasiprojective ideals

The following properties a—i of tensor products are well known and are directly veri-
fied.

a. For any element x of the group X ® 4Y, there exists a finite set of subscripts I such
thatx =Y xi ®yi.

b.Ifx,x' € X,y,y' € Yand a € A, then
x+x)ey=xoy+x'®y, xo(y+y)=xoy+x®)y', xa®y=xoay.

cIfY!l xi®yi € X® Y, then Y, x; ® y; = 0 if and only if there exist finite sets
{xx € X}}L, and {a;x € A} such that

m n
l1<i<n, 1<k<m, xi=27ka,~k, Zaikyizo Vi, k.
k=1 i=1

d. For any two module homomorphisms f: X4 — My and g: 4Y — 4N, the relation
feg)X xi®y:) =Y f(xi)®g(y;) correctly defines the group homomorphismf®g: X®
AY > M®4N.

e. The canonical group epimorphism h: X®4 A — X is an isomorphism from a natural
right A-module X ® 4A onto the module Xj4.

f. If X, = ®;X;, then there exists a natural group isomorphism from the group
(®ic1Xi) ® Y on to the group &;c;(X; ® 4 Y).

g.If P, Q are two submodules in 4 Y, then the intersection in X ® 4 (P + Q) of canonical
images of the modules X® 4 P and X® 4 Q coincides with canonical image X® 4 (PN Q).

h.If X4, 4Yc and ¢Zp are three bimodules, then there exists a natural B-D-bimodule
isomorphism g((X ®4 Y) ®c Z)p = p(X ®4 (Y ®c Z))p.

i.If X4, aYc, pZc are three bimodules and BX,’4 is a subbimodule in g X4, then there
exist natural B-D-bimodule isomorphisms

a: Hom((X ®4 Y)¢, Z¢c) —» Hom(X,, Hom(Y¢, Z¢)) ,
B: Hom((X' ®4 Y)¢, Z¢) — Hom(X/,, Hom(Y¢, Z¢))

and natural B-D-bimodule homomorphisms

f+ Hom((X ®4 Y)¢, Z¢) — Hom((X' ®4 V)¢, Z¢) ,
g: Hom(X,, Hom(Y¢, Z¢)) — Hom(X',, Hom(Y¢, Z¢))
with ga = Sf. Therefore, if f is an epimorphism, then g is an epimorphism.

3.1.2 Flat modules. The first criterion. A right module X over a ring A is said to be flat
if for any monomorphism of left A-modules Y’ — Y, a natural group homomorphism
X® Y — X® 4Y is amonomorphism.
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For aring A and a right A-module X, the following conditions are equivalent.

1) X is a flat module.

2) For every left ideal Y of A, the canonical group epimorphism X ® Y — XY is an
isomorphism.

3) For every finitely generated left ideal Y of A, the canonical group epimorphism X ®
4Y — XY is an isomorphism.

4) For any elements xq,...,x, € Xandyq,...,y, € A with Z;’Zl x;y; = 0, there exist
elements X1, ..., X, € Xand ajx € Asuchthat1 <i<n, 1<k <m,xi= Y Xxaik
and Y | ajy; = O forall i and k.

Proof. The equivalence of conditions 1), 2) and 3) is verified with the use of 3.1.1(c).
2)=4). Weset Y = Y7, Ay; € A. Since Y1, x;y; = 0, it follows from 2) that Y ; x; ®
yi = 0. Now we use 3.1.1(c).

4)=2).Let Ybealeftidealin A, h: X®Y — XY be the canonical group epimorphism,
andlet Y, x;®y; € Ker h. Then Y ; x;y; = O and there exist elements X1, . .., X,y € X
and ajr € A such that

m n
1<i<n, 1<k<m, x,~=ZYkaik, Zaikyizo,
k=1 i=1

n n m m n n
Yxieyi=) Y Xax®yi=) Y Xi®axyi=) xi®0=0.
i=1 i=1 k=1 k=1i=1 i=1
Therefore, h is an isomorphism. O

3.1.3 Properties of flat modules. a. All direct sums of and all direct summands of flat
modules are flat.

b. All free or projective modules are flat.

Proof. a. The assertion follows from 3.1.1(f).

b. By 3.1.1(e) and 3.1.2, all free cyclic modules are flat. Since every free module is a direct
sum of free cyclic modules, it follows from a that all free modules are flat. Since every
projective module is isomorphic to the direct summand of a free module, it follows
from a that all projective modules are flat. O

3.1.4 Hattori torsion-free modules. For aring A, a right A-module X is said to be Hat-
tori torsion-free or H-torsion-free if for any a € A, a natural group epimorphism X ®
Aa — Xa is an isomorphism; see [89].

For a right module X over the ring A, the following conditions are equivalent.
1) X is an H-torsion-free module.

2) In X, every cyclic submodule is contained in some submodule in X, which is an
H-torsion-free module.
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3) For any elements x € X and a € A with xa = 0, there exist elements x1, ..., X, € X
and aq, ..., a, € Asuchthatx = Z;’Zl xia; and a;a = O forall i.

Proof. The equivalence 1) & 2) is directly verified.

1) = 3). We assume that xa = 0, where x € X and a € A. By assumption, x ® a = 0.
By 3.1.1(c), x = Z]’-‘zl xjaj, where x; € X, aj € A and aja = O for all j. Therefore, X is
H-torsion-free.
3) = 1). Weassume thatZ{'=1 xibja = 0, wherex; € Xand b; € A. Wesetx = Z?=1 Xxib; €
X. Then xa = 0. Since X is an H-torsion-free module, x = Z]’le xjaj, where xj € X,
aj € Aand gja = 0 for all j. Then

n k k k

incbbia =X®a-= ijajcba = ZX]'(X)aja: ZX]'(X)O:O. m]

i=1 j=1 j=1 j=1

O

3.1.5 Properties of Hattori torsion-free modules. a. Every flat module is an H-torsion-
free module.

b. If X' is a submodule of the right module X over the ring A, then X/X' is an H-torsion-
free module if and only if

for any elements x € X and a € A with xa € X', there exist elements x1,...,x, € X
and aq, ..., a, € Asuchthatx = Z?:l xia; € X' and a;a = 0 for all i.

c.If ais an element of the ring A, then (A/aA), is an H-torsion-free module if and only
if therightideal aA is generated by an idempotent, i.e., A/aA is a projective A-module.

Proof. a, b. The assertions are verified with the use of 3.1.4.

c.If A/aA is a projective A-module, it follows from 3.1.3(b) that A/aA is an H-torsion-
free module.

We assume that A/aA is an H-torsion-free module. Since 1 - a € aA and A/aA
is an H-torsion-free right A-module, it follows from b that there exist elements
b,X1,...,Xn,a1,...,ay € Asuchthatl = ab + Z;’:lxiai and a;ja = O for all i.
Thena = (ab + Z{’Zl xja;)a = aba. Therefore, ab is an idempotent and abA = aA. O

3.1.6 Flat modules. The second criterion ([93]). For a ring A and a right A-module X,
the following conditions are equivalent.
1) X is a flat module.

2) X is an H-torsion-free module and XB n XC = X(B n C) for any left ideals B and C in
A.

3) X is an H-torsion-free module and XB N XC = X(B n C) for any finitely generated left
ideals Band Cin A.

4) In the module X, every finitely generated submodule is contained in some flat sub-
module of X.
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Proof. The implications 2) = 3) and 1) = 4) are obvious.

3)=1). Let k € N and let Y be a k-generated left ideal. From 3.1.2, it is sufficient to
prove that the canonical group epimorphism fy: X ® Y — XY is an isomorphism.

We use induction on k. For k = 1, the assertion follows from the property that M is an
H-torsion-free module. Let Y = B + C be a k-generated left ideal, where B is a (k — 1)-
generated left ideal and C is a principal left ideal. Let

fe: X®B—->XB, fc:X®C—->XC, w:X0A->XA,
hg: X®B—->X®Y, hc:X®C—->X®Y, g: XY ->XeA

be canonical group homomorphisms and let

p:in®(bi—Ci):in®bi—2x,~®cieKerfy,
bieB, ceC, quxicieXB, seX®B, 2xi®b,~=h3(s).

Since O =fy(p) = in(bi - Ci), we have q= ZXiCi e XBn U ® dj = hB(V). Then
0=fy (Y ujedj-) xi®b;) = wg(hg(v-s)) = fa(v-s),

whence v = s, since it follows from the induction hypothesis that f5 is a monomor-
phism. Then

in®bi = hg(s) = hg(v) = Zu;@dj .

Similarly, } x; ® ¢; = Y uj ® d;j. Therefore, p = Y x;® b; - Y x;® ¢; = Oand f is an
isomorphism.

1) = 2). By 3.1.1(g), the intersection in X ® 4 (B + C) of canonical images of the modules
X ® 2B and X ® 4C coincides with canonical image X ® 4(B n C). By applying 3.1.2, we
obtain the required assertion.

4) = 3). From 3.1.4, X is an H-torsion-free module. Let B, C be two finitely generated
left ideals and

n m
X=Zy,~bi=szcjeXBnXC, vi,zjeX, bieB, cjeC.
i=1 j=1
We denote by Y the submodule in X generated by all elements y; and z;. Since Y is
finitely generated, it follows from the assumption that Y is contained in some flat sub-
module M in X. Therefore, x ¢ MB n MC. Since M is a flat module and the implication
1) = 2) has been proven, MBN MC = M(Bn C) < X(Bn C). Therefore, x € X(Bn C) and
XBnXC=X(BnO{(). O

3.1.7 Exact sequences of modules. A sequence of module homomorphisms --- —

M,_1 — M, — M,,1 — ... is said to be exact in the term M, if f(M,_,) = Ker f,
for all n.
A sequence of homomorphisms is said to be exact if it is exact in every its term.
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With the use of 3.1.1, it is directly verified that

if0 — X, L X5 £, X3 — 0is an exact sequence of right A-modules, then X; ®
1 1

Y f& X,®Y £, X3 ® Y — 0 is an exact sequence of Abelian groups for any left

A-module Y.
In particular, g ® 1 is an epimorphismand X3 ® Y= (X, ® V)/(f® 1)(X; ® Y).

3.1.8 Flat modules. The third criterion. Let A be aring, P be a flat right A-module, and
let Q be a submodule in P. The following conditions 1)-5) are equivalent.

1) P/Q is a flat module.

2) For any finitely generated left ideal B of A, a natural group epimorphism PB/QB —
(P/Q)B is an isomorphism.

3) For any left ideal B of A, a natural group epimorphism PB/QB — (P/Q)B is an
isomorphism.

4) Q n PB = QB for any finitely generated left ideal B of the ring A.
5) Q N PB = QB for any left ideal B in A.

Under the conditions 1)-5), Q is a flat module.

Proof. According to 3.1.7, the sequence Q® B — P® B — (P/Q) ® M — 0 is exact.
Since P is a flat module, it follows from 3.1.2 that the canonical epimorphism P® B —
PB is an isomorphism that maps from Q ® B onto QB. Therefore, (P/Q)B = PB/QB.
From 3.1.2, P/Q is a flat module if and only if the canonical epimorphism (P/Q) ® B —
(P/Q)B is an isomorphism for any (finitely generated) left ideal B.

The equivalence of conditions 1), 2) and 3) follows from the above.

The equivalence of conditions 1), 4) and 5) follows from the equivalence conditions 1),
2), 3) and the property that (P/Q)B = (PB + Q)/Q = PB/(Q n PB).

5) = 1). We have to prove that Q is a flat module. Since P is a flat module, it follows
from 3.1.6 that P is an H-torsion-free module and PB n PC = P(B n C). Therefore, it
follows from 5) that

QBNnQC=QnNPBNPC=QnPBNC)=QBNC).

From 3.1.6, it is sufficient to prove that Q is an H-torsion-free module. Let ga = 0,
where ¢ € Q and a € A. Since P is an H-torsion-free module, there exist elements
Pis...,Pn € Pand dy,...,d, € Asuchthatq = Z{‘:lpidi and d;a = O for all i.
LetD = Z{‘:l Ad;. Then q € Q n PD. Therefore, g € QD by 5). Then there exist ele-
ments q1,...,qn € Qwithgq = Z?=1 gid;. Since d;a = 0 for all i, we have that Q is an
H-torsion-free module. O

3.1.9 Flat modules. The fourth criterion. Let A be a ring, X be a free right A-module,
and let Y be a submodule of X. The following conditions are equivalent.
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1) X/Y is a flat module.
2) For any y € Y, there exists a homomorphism h: X — Y with h(y) = y.

3) For any finite subset {y1,...,yn} € Y, there exists a homomorphism h: X — Y
such that h(y;) = y; forallyq, ..., yn.

Proof. 1) = 2). Let {x;}ics be a basis of the free module Xy, {x1, ..., Xn} € {Xi}ic1, and
lety = ¥, x;a;, where a1, ...,a, € A. Weset B = Y, Aa;. We havey € Y n XB
and Y n XB = YB, according to 3.1.8. Therefore, y = Z;‘zl yib; for some elements
Y1,--.,Vk € Yand by, ..., by € B. There exists a homomorphism h: X — X such
that h(x;) = y;foralli=1,...,kand h(x;) =Oforalli e I\{1,...,k}.Thenh(X) c Y
and h(y) = y.

2) = 3). We use induction on n. For n = 1, the assertion follows from 2). We assume
thatn > 1. Let f: X — Y be a homomorphism such that f(y,) = y,. By the induction
hypothesis, there exists a homomorphism ¢ : X — Y such that (y; —f(yi)) = yi—f(vi)
foralli = 1,...,n — 1. Therefore, (1x — @)(1x — )(¥n) = Ax — @)Yn — yn) = O.
Forany i < n, we obtain that (1x — ¢)(1x — H(yi) = (1x — @)(yi — f(yi)) = 0. We set
h=1x - (1x - ¢)(1x — f) € End(X). Then h has the required properties.

The implication 3) = 2) is obvious.

2) =1). Let B be a finitely generated rightidealin A and y = Y ; x;b; € Y n XB, where
x; € X and b; € B. By assumption, there exists a homomorphism h: X — Y such that
y =h(y). Theny = h(y) = ?:1 h(x;)b; € YB, whence Y n XB = YB. From 3.1.8, X/Y is
a flat module. O

3.1.10. If M is a finitely-presented flat module, then M is a projective module.

Proof. Let M = F/Q, where F is a finitely generated free module and Q is generated
by elements g1, ..., gn. By 3.1.9, there exists a homomorphism h: F — Q such that
h(g;) = q; for all i. Then h(q) = q for any g € Q. Therefore, M is isomorphic to a direct
summand of the free module F. O

3.1.11 Modules of fractions. Let A be ring, S be a right denominator set in A, Q be the
right ring of fractions of A with respectto S, f: A — Q be the canonical ring homo-
morphism, and let M be a right A-module.

For the cartesian product M x S, we define a relation ~ such that
x,8)~,t) & dc,deA: xc=yd,sc=tdeS.

It is easy to verify that ~ is an equivalence relation for M x S.

Let h be a natural surjective mapping M x S — (M x S)/ ~= MS™! and let g5 be a
mapping from M into MS~! such that gs(m) = h(m, 1). In MS~!, we define an addition
and a multiplication by elements of Q using the relations h((x, s)) + h((y, t)) = h((xc +
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yd,u)), u = sc = td € Sand h((x, ¢)) - fib)f()! = h((xc, tu)), where b € A, t € S,
sc=buandu e S.

It is directly verified that MS~! is a right Q-module, gs = g is an A-module homomor-
phism, Kerg = {m e M|3s € S: ms = 0} and MS™! = {g(m)f(s)™! |me M, s € S}.

The right Q-module MS™! is called the module of fractions of M with respect to S.

The A-module homomorphism gs: M — MS™! is called the canonical homomor-
phism.

For each submodule X in A-module M, we denote by X and XS~! a natural image of
the module X in A-module M/ Ker g and the submodule g(X)Q in Q-module MS™1.

a. The rule p(};_; m; ® qi) = Y ;-1 8(m;)q; correctly defines an isomorphism of right
Q-modules ¢: M® 4AS™t — MS™1.

b. For any X1, ..., x, € MS™!, there exist elements s € Sand m1, ..., m, € M such
that x; = g(m;)f(s) L fori=1,...,n.

¢. If X is a submodule in M and X is the S-saturation of the module X in M, then
XS1=XSt={gx)ft) |xeX, teS}.
Therefore, for any y € XS~! there exists an element s € S with yf(s) € g(X).

d. If W is a submodule in the Q-module MS~! and X = g~1(W n g(M)) is a submodule
of an A-module M, then XS™! = W, X 2 Ker g, and X is an S-saturated submodule in
M.

The correspondence X — XS~! is an inclusion-preserving bijection between the set
of all S-saturated submodules A-module M and the set of all submodules Q-module
MS1.

e.Let X, Y be two submodules in M4. Then (X+Y)S™! = XS 1+ YSland (XnY)S1 ¢
XS tnyst.

In addition, if Kerg c X nY, then XN Y)S™! = XS 1 nYsS1.

Therefore, the mapping of X — XS~! is a surjective lattice homomorphism from the
lattice of all submodules A-module M/ Ker g onto the lattice of all submodules Q-mod-
ule MS™1.

Consequently, if M is a distributive (resp., Noetherian, Artinian) A-module, then MS~1
is a distributive (resp., Noetherian, Artinian) Q-module.

f. If t is a cardinal number and X is a t-generated submodule in My, then XS !is a
t-generated submodule of the Q-module MS~1.

Consequently, if all submodules of an A-module M are ¢-generated, then all submod-
ules of the Q-module MS~! are t-generated.

In particular, if M is a Bezout A-module, then MS~! is a Q-Bezout module.

In addition, for any ¢t-generated submodule P in (MS™1 )q, there exists a t-generated
submodule X in M4 with XS™1 = P.

g.lfPg = ea;’:lPi is a submodule of the Q-module MS™!, then the submodule P n g(M)
of the module g(M)f(a) is the direct sum of the modules P; n g(M).

printed on 2/10/2023 3:12 PMvia . Al use subject to https://ww.ebsco. confterms-of-use



EBSCChost -

3.1 Flat modules =— 33

h. 4Q is a flat module.

i. X/Y)S™1 = XS71/YS! for any submodule X of M and any submodule Y of X.

j.If m € M and X is a submodule in M, then g(m) € g(X)Q if and only if ms € X for
somes € S.

k. If M, is a free (resp., projective, flat) module, then (MS~1)q is a free (resp., projec-
tive, flat) module.

l.If m € M and X is a submodule in M, then f((m " . X))Q < (g(mA)Q " .g(X)Q).

m. If t is a cardinal number and all ¢-generated right ideals of the ring A are free
(resp., projective, flat) A-modules, then all ¢-generated right ideals of the ring Q are

free (resp., projective, flat) Q-modules.
In particular, if the ring A is right semihereditary, then the ring Q is right semiheredi-

tary.

Proof. a. The assertion is directly verified.

b. By definition of the module of fractions MS™1, there exist elements s1,...,s, € S
and y1,...,yn € Msuch that x; = g(y;)f(s;)"* fori = 1, ..., n. According to 1.3.5(c),
there exist elements s € S and ai,...,a, € A such that f(s;)™! = f(a;)f(s)™! for
i=1,...,n. If weset m; = y;a;, then

xi = gyfis) ™! = gyftafis) ™t =gmpfis)™, i=1,...,n.

¢. The assertion follows from b and 1.2.1(c).
d. The assertion follows from b, ¢ and 1.2.1(c).
e.Itisclearthat (XnY)S™! ¢ XS 1nYS~1.Let w; € XS~1 +YS~1. According to b, there
exist elements x; € X, y; € Y and t such that
wi = g(x)f) ™ + gyDAID™! = gl +yDfIH™ e X+ 1)ST".

Therefore, XS1+ YS! ¢ (X+Y)S™1 ¢ XS + YS~1. We assume that Kerg < XnY and
wy € XS n YS!t According to b, wy = g(x2)f(u)™! = g(y2)f(u)~! for some x, € X,
y> € Yand u € S. Then g(x3) = g(y2), x2 —y> e Kergc XnY,and xov=y,v e XnY
for some v € S. Then w; = g0 v)f(w) ()™ e XnY)SL.

f. The assertion is verified with the use of b and c.

g. The assertion is verified with the use of e.

h.Let h: X4, — M, be a monomorphism of right A-modules, x € X and g(h(x)) = 0.
Then h(x)s = O for some s € S, whence xs € Kerh = 0 and (xA)S™! = 0, which is
required.

i. The assertion follows from h and the property that (XS™1)p = (X ®4 Q)q for any
module X4.

j. If ms € X for some s € S, then g(m)f(s) € g(X) and g(m) € g(X)f(s)"? < g(X)Q. Now
we assume that g(m) € g(X)Q. According to ¢, g(m) = g(x)f(t)! for some x ¢ X and

printed on 2/10/2023 3:12 PMvia . Al use subject to https://ww.ebsco. confterms-of-use



EBSCChost -

34 — 3 Rings with flat and quasiprojective ideals

t € S. Then g(mt) = g(x). Since mt — x € Ker g, we have that (mt — x)u = 0 for some
ueS.Wesets =tu e S.Then ms = mtu = xu € X.

k. Since Qq is free, the assertion follows from 3.1.1(h) and the relation MS™! = M ® 4 Q.

l.Lety ¢ (gm)Q .g(X)Q). Theny = f(a)f(s)™! forsome a ¢ Aands € S. Then
gima) = gm)f(a)f(s)"1f(s) € gm)yQ < g(X)Q. According to j, mat € X for some
teS.Thenat € (m . X)andy = flat)f() 1 f(s)™! € fllm . X))Q.

m. The assertion follows from k and f. O

3.2 Flat ideals and submodules

3.2.1. In a module X, all submodules are H-torsion-free modules if and only if all
cyclic submodules of X are H-torsion-free modules.

All submodules of X are flat modules if and only if all finitely generated submodules
in X are flat.

The first assertion follows from 3.1.4, and the second follows from 3.1.6.

3.2.2 Theorem on flat submodules. For a ring A, the following conditions are equiv-
alent.

1) All submodules of flat right A-modules are flat.

2) All submodules of flat left A-modules are flat.

3) In A, all right ideals are flat.

4) In A, all left ideals are flat.

5) In A all finitely generated right ideals are flat.

6) In A, all finitely generated left ideals are flat.

7) For any finitely generated right ideal X and each finitely generated left ideal Y of A,
a natural group homomorphism X ® Y — XY is an isomorphism.

Proof. Since condition 7) is left-right symmetrical, it is sufficient to prove the equiva-
lence of conditions 1), 3), 5) and 7).

The implication 1) = 3) follows from the property that A, is a flat module according
to 3.1.3(b).

The equivalence 3) < 5) follows from 3.2.1.

The equivalence 5) < 7) follows from 3.1.2.

7) = 1). Let X be a submodule of the flat module My, f: X — M be a natural embed-
ding, and let Y be a finitely generated left ideal of A. By the left-right symmetrical ana-
log of 3.1.2, 4 Y is a flat module. Therefore, f ® 1 is a monomorphism. We assume that
Y, xiyi = 0, where x1,...,x, € Xand y1,...,yn € Y. Since M is a flat module, it
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follows from 3.1.2 that a natural group epimorphism M ® Y — MY is an isomorphism.
Therefore, (f ® 1)(2?':1 Xxi ® ¥i) = 0. Since f ® 1 is a monomorphism, Z;’Zl xiy; = 0.
Therefore, a natural group epimorphism X ® Y — XY is an isomorphism. According
to 3.1.2, X is a flat module. O

3.2.3 Flat principal right ideals and PF rings. Aring A is called a PF ring if for any two
elements x, y € A with xy = 0, there exist elements a, b € Asuchthata+b =1,xa =0
and by = 0.

a.Let A bearing and x an element of A. The principal right ideal xA is a flat A-module
if and only if for any y € A with xy = 0, there exist two elements a, b € A such that
a+b=1,xa=0andby =0.

b. Aring A isa PFring if and only if all its principal right ideals are flat right A-modules.
c. Aring A is a PF ring if and only if all its principal left ideals are flat left A-modules.

d. If A is a unitary subring of a local ring Q, then A is a PF ring if and only if A is a
domain.

e.If AisaPFring and S is a right Ore set in A, then the right ring of fractions AS! is
a PF ring.

f. If A is a commutative PF ring, then A is a reduced ring.

Proof. a.Since xA = A, /r(x) and Hom(A 4, r(x)) can be identified with r(x), it follows
from 3.1.9 that xA is a flat module if and only if for any element y € r(x), there exists
an element a € r(x) with y = ay. This implies a.

b. The assertion follows from a.

¢. The assertion follows from b and the property that the property to be PF ring is left-
right symmetrical.

d. If A is a domain, then all its nonzero principal right ideals are free and A is a PF
ring.

We assume that A is a PF ring, x, y € A and xy = 0. According to 3.2.3, there exist two
elements a, b € Asuchthata+ b =1, xa =0and by = 0.Sincea+b =1anda, b
are elements of the local ring Q, at least one of the elements a, b is invertible in Q;
therefore, the element is a nonzero divisor in A. If a is a nonzero divisor, then x = 0,
since xa = 0. If b is a nonzero divisor, then y = 0, since by = 0.

e.Letp, q € AS™! and pq = 0. Per 1.3.2(a), we can assume that p = xs™! and q = zs 71,

where x,z € Aand s € S. Then xs~ 'z = 0. There exist elementsy ¢ Aandt € S
such that s7'z = yt™1. Then xy = 0. Since A is a PF ring, there exist two elements
a,b e Asuchthata + b = 1, xa = 0 and by = 0. Therefore, ps = xs"'sa = 0, whence
p(sas™!) = 0. In addition, 0 = byt™! = bs~1z, whence (sbs™1)q = s(bs~1z)s™! = 0.
Since sas™! + sbs™! = 1, we have that AS~! is a PF ring.
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f.Let x € Aand x? = 0. Since A is a commutative PF ring, there exist elements a, b € A
suchthata + b = 1, xa = 0 and bx = xb = 0. Therefore, x = x(a + b) = 0. O
3.2.4. Let A be areduced ring and x € A. The following conditions are equivalent.

1) xA, is a flat module.

2) For any element y € A with (AxA) N (AyA) = 0, there exist two elements a, b € A
suchthata + b =1and xa =yb = 0.

3) xA ® yA = (x + y)A for any element y € A with AxA n AyA = 0.
4) xA & yA is a principal right ideal for any element y € A with AxA n AyA = 0.

Proof. The equivalence 1) & 2) follows from 3.2.3(a).

2) = 3). Itis sufficient to prove that x € (x+y)A and y € (x +y)A. According to 2), there
exist elements a, b € A suchthata + b = 1 and xa = yb = 0. Then

x=x(a+b)=xb=x+y)be (x+y)A,
y=y(a+b)=ya=(x+y)ac(x+y)A.

3) = 4). The assertion is directly verified.

4)=2). By 4), xA @ yA = zA. There exist elements f, g € A such that z = xf + yg. Then
there exist elements u, v € A such that x = (xf + yg)u and y = (xf + yg)v. Then

x(1-fu)=yguexAnyA=0,
y(1-gv)=xfrexAnyA=0.
Then x = xfuand v € r(xf). Wesetb =1-gvanda =1 - b = gv. Then yb = 0. Since

v € r(xf), it follows from 1.3.1(d) that ugv € r(xf). Therefore, xa = xfua = xfugv =
0. O

3.2.5 PFrings without nilpotent elements. Let A be a reduced ring. The following
conditions are equivalent.
1) A is a PF ring.

2) For any elements x, y € A with AxA N AyA = 0, there exist two elements a, b € A
suchthata + b =1, AxAn AaA = 0and AbA n AyA = 0.

3) For any elements x, y € A with AxA n AyA = 0, there exist elements two elements
a,b e Asuchthata+b=1,xa=0andyb = 0.

4) The 2-generated right ideal xA @ yA coincides with the principal right ideal (x + y)A
for any two elements x, y € A with AxA n AyA = 0.

5) (x+y)A = (x+y)AnxAe(x+y)AnyA for any two elements x, y € A with AXANAyA =
0.

6) For any right denominator set S of the ring A, the right ring of fractions AS™! isa PF
ring.
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7) The 2-generated right ideal xA @ yA is a principal for any elements x,y € A with
AxAnAyA =0.

8) The 2-generated left ideal Ax ® Ay is a principal for any two elements x, y € A with
(AxA) n (AyA) = 0.

Proof. The equivalence of conditions 1), 2) and 3) follows from 3.2.3 and 1.3.1(b).
3)=05).Letx,y € Aand AxA n AyA = 0. By 3), there exist a, b € A such that

at+b=1, xa=0, yb=0, (x+y)A=x+y)bA+ (x+y)aA =xbAeyaA .

Therefore, (x + y)A = (x +y)ANxA & (x + y)A N yA.

5)=4). Let hy: xA ® yA — xA and hy: xA @ yA — xA be natural projections. By
assumption, (x +y)A = hy((x+y)A) ® hy((x + y)A). Therefore, x = hy(x +y) € (x +y)A,
y=hy(x+y) e Vand (x + y)A = xA @ yA.

The implication 4) = 7) is obvious.

7) = 3). By assumption, there exist s, t,u,v € A suchthatx = (xs + yt)uandy =
(xs + yt)v. Since AxA n AyA = 0, we have that x = xsu and 0 = xsv = y(1 - tv) = yb,
where b =1 -tv. Weseta=1-b = tv € A. Since v € r(xs), it follows from 1.3.1(b)
that utv € r(xs) and xa = xsua = xsutv = 0. We proved that there are a, b € A such
thata+ b =1,xa=0and yb = 0.

The implication 6) = 1) follows from the property that A is the right ring of fractions
of A with respect to the set S = {1}.

1)=6). Let f: A —» AS™! be the canonical ring homomorphism with kernel K = {a ¢
|as = O for some s € S}and h: A — A/K be the natural epimorphism. By 1.3.6(a),
h(A) is a reduced ring and h(A)h(S)"! = AS™ is the right ring of fractions of the ring
h(A) with respect to the right Ore set h(S).

According to 3.2.3(e), it is sufficient to prove that h(A) is a PF ring. Let h(x)h(y) = h(0),
where x, y € A. Then xys = 0 for some element s € S. Since A is a PF ring, there exist
elements a, b € A suchthata + b = 1, xa = 0 and bys = 0. Then h(a) + h(b) = h(1),
h(x)h(a) = h(0), by € K. Then h(b)h(y) = h(0) and h(A) is a PF ring.

1) & 8). Since the equivalence of 1) & 7) has been proven, the equivalence of 1) & 8)
follows from the property that condition 1) is left-right symmetrical. O

3.2.6. Let A be areduced ring.

a. If for any elements x, y € A with (AxA) N (AyA) = 0 the right A/r(xA ® yA)-module
XA @ yA is flat, then A is a PF ring.

b. If any 2-generated right ideal X of the ring A is a flat A/r(X)-module, then A is a PF
ring.

c. If the ring A is right distributive, then A is a PF ring.
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d. If A is a right Bezout ring, then all submodules of flat right or left A-modules are
flat.

e. Every finitely generated right ideal B of the ring A is a quasiprojective flat right
A-module and a free cyclic right A/r(B)-module.

Proof. a. The assertion follows from 3.2.4.

b.Let B =r(xAeyA)andleth: A — A/B be the natural ring epimorphism. By 1.3.1(f),
h(A) is a reduced ring. By 1.3.1(d), (AxA & AyA) n Ker h = 0. In addition, xA & yA is
a flat h(A)-module. Therefore, h(AxA) N h(AyA) = h(0) and h(xA) n h(yA) is a flat
h(A)-module. Then the principal right ideal h(xA) of the reduced ring h(A) is a flat
h(A)-module. By 3.2.4, h(xA®yA) = h((x+y)A). ThenxAeyA®B = (x +y)A® B. Then
xAoyA =(x+y)A,sinceBn(xAeyA)=0and (x +y)A c xAeyA.By3.2.5 AisaPF
ring.

b. The assertion follows from a.
¢. By 3.2.5, A is a PF ring; see condition 6 of 3.2.5.

d. By 3.2.2, it is sufficient to prove that an arbitrary finitely generated right ideal B is a
flat module. Since A is a right Bezout ring, B is a principal right ideal. By 3.2.5, Ais a
PF ring. By 3.2.3(b), B is a flat module.

e. Since A is a right Bezout ring, B is a principal right ideal of the ring A. By 1.3.1(h),
B, is a quasiprojective A-module and free cyclic right A/r(B)-module. By d, B, is a
flat A-module. O
3.2.7 Properties of PF rings. For aring A, the following conditions are equivalent.

1) A is a PF ring.

2) All submodules of any H-torsion-free right A-module are H-torsion-free.

2°) All submodules of any H-torsion-free left A-modules are H-torsion-free.

3) In A, all principal right ideals are H-torsion-free.

3’) In A, all principal left ideals are H-torsion-free.

Proof. It is sufficient to prove the equivalence of conditions 1), 2) and 3).

1) = 2). Let M4 be an H-torsion-free module, N be a submodule in M, and let B be a
principal left ideal of A. By 3.2.3(b), 4B is a flat module, Therefore, a natural group
homomorphism f: N® B —» M ® B is a monomorphism. Since M is an H-torsion-free
module, it follows from 3.1.4 that a natural group homomorphism g: M® B — MB is
an isomorphism. Let h: N ® B — NB be a natural group epimorphism. Since h = gf,
we have that h is an isomorphism. By 3.1.4, N is an H-torsion-free module.

2) = 3). By 3.1.6, A, is an H-torsion-free module.

3)=1). Let x,y € A and xy = 0. Since xA is an H-torsion-free module, it follows
from 3.1.4 that there exist elements x1,...,xx € xA and ay, ..., ay, € A such that
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X = Zﬁ‘;l xja; and a;y = O for any i. There exist elements y;, ..., yx € A such that
xi =xyjfori=1,..., k. Weseta =1 —Zé‘;lyiai € Aand b = Zg‘;lyiai € A. Then
by =0,

k k
xa:x—xb:x—nyiaizx—ZXiai=0. O
i=1 i=1
3.2.8 Two-generated flat right ideals, I. Let A be a ring.

a.Letay,a>,b1,by € A, a1b1 = a> b, and let a1 A + a> A be a flat A-module. Then
there exist elements fj; € A, 1 < 1i,j < 2, such that

aifir = axfo1, (A -fi)b1 =fioby, aifiz=axfa, (A -f2)by=fnb1.

b.In A, all 2-generated right (left) ideals are flat if and only if forany a4, a,, b1, b, € A
with a1 b1 = a, b, there exist elements f11, f12, f>1,f2> € A such that a; = aif11 +
axf21, az = aif12 + axf22, fi1b1 = f12bz and f21 b1 = f22bs.

Proof. a.Let X4 be a free A-module of rank 2 with basis {x1, X2}, y = x1b1 + x2b2, B =
aiA+ayAandg: X4 — By isanepimorphism such that g(x;c1 +x2¢2) = aic1 —axc;
forany c1,c; € A. Weset Y = Kerg. Since y € Y and B is a flat module, it follows from
3.1.9 that f(y) = y for some homomorphism f: X — Y.Letf;; € A,1<1i,j<2and

fa) =xafir+xafnn €Y, flxa) =xafia + xaf22 € Y. Then
0=g(f(x1)) =g(f(x2)) , aifu1 = a2fo1, a1f12 = axf22,
y =f(y) = f(xab1 + x2b2) = x1(f11b1 + f12b2) + x2(f21b1 + f22b2) ,
b1 = fuib1 + fi2ba, bz = fa1b1 +f22b2,
(1 -fi11)b1 = f1aba, (1 -f22)b2 = fa1bs .

b. The proof is similar to the proof of a, as it uses 3.1.9. O
3.2.9 Two-generated flat right ideals, Il. Let A be a ring such that all 2-generated
right ideals of A are flat.

a. For any elements u, v, w, z € A with uv = zw, there exist elements f, g, h € A such
that uf = zg and (1 - f)v = hw.

b. For any elements u, v, w € A with uv = vw, there exist elements f, g, h € A such
that uf = vgand (1 - f)v = hw.

c. For any elements u, v, z € A with uv = zu, there exist elements f, g, h € A such that
uf =zgand (1 - f)v = hu.

d. If A is a local ring, then A is a domain. In addition, if B, C are two principal right
idealsin A and Bn C # 0, then either B < C or C < B.

e. If A is a right uniform local ring, then A is a right uniserial domain.
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Proof. a. The assertion follows from 3.2.7(a).
b, c. The assertions follow from a.

d. By 3.2.3(d), A is a domain. Let B = uA and C = zA. We assume that B ¢ C. We
have to prove that C ¢ B. By assumption, uv = zw # 0 for some u, v € A. By a, there
exist elements f, g, h € A such that uf = zg and (1 - f)y = hw. The element f is not
invertible, since otherwise u € C, B < C; this is a contradiction. Since the ring A is
local,1-f € UA). Thenv = (1 - H~'hwand zw = uv = u(1 - )~ hw. Since A is a
domain, z = u(1 - f)~*h, whence C = zA < uA = B.

e. The assertion follows from d. O

3.2.10 PP rings. Werecall thataring A is called a right PP ring if for any element x € A,
there exists an idempotent e € A with r(x) = eA, i.e., the module xA is projective.

a. If A is a right or left PP ring, then A is a PF ring. There exist commutative PF rings
that are not PP rings.

b. If A is a right Bezout ring which is a right PP ring, then the intersection of any two
principal right ideals of the ring A is a principal right ideal.

Proof. a. For example, let A be a right PP ring and xy = 0, where x,y € A. There
exists an idempotent e € A with r(x) = eA. Since y € r(x), we have ey = y. Then
x=xe+x(1-e)=x(1-e). Thena =1-eand b = e are the required elements from
the definition of a PF ring. We can verify that the ring from 2.2.3(c) is a commutative
PF ring and is not a PP ring; see [70].

b. Let X, Y be two principal right ideals of the ring A. There exists an A-module epimor-
phism h: X&Y — X+ Y whose kernel is isomorphic to XN Y. Since A is a right Bezout
ring, X + Y is a principal right ideal. By assumption, X + Y is a projective A-module.
Therefore, the A-module X N Y is isomorphic to a direct summand of the 2-generated
module X @ Y. Consequently, X N Y is a 2-generated right ideal of the right Bezout ring
A. Therefore, X N Y is a principal right ideal. O
3.2.11 Reduced PP rings. For a ring A, the following conditions are equivalent.

1) A is a right or left PP ring without noncentral idempotents.

2) A is a right and left PP reduced ring.

3) A is a reduced ring and for any its finitely generated ideal B, there exists a central
idempotent e € A such that r(B) = £(B) = eA = Ae.

4) In the ring A, every element is the product of a central idempotent and a nonzero
divisor.

Proof. The implication 4) = 2) is directly verified.

The implication 2) = 1) follows from 1.3.1(e).
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1) = 4). Let A be a right PP ring without noncentral idempotents, x € A and x? = 0.
Then r(x) = eA for some central idempotent e € A and x € r(x) = eA. Therefore,
x = ex = xe = 0 and A is a reduced ring. By 1.3.1(d), £(x) = r(x) = eA = Ae. Therefore,
A is a left PP ring.

Let a € A. Then r(a) = €(a) = eA = Ae for some central idempotent e € A. We set
f=1-eandd = (1-e)a+e.Thenfisacentral idempotent and a = fd. Let b € £(d).
Then 0 =db = (1 -e)ab + eb and

eb=-(1-e)ab=-abeeAn (1-e)A=0, eb=0, ber(a)=€A,
b=eb=0, ¢d)=0.

By 1.3.1(d), r(d) = ¢(d) = 0.

2)=3).LetB = Z{‘:l Ab;A and let e; be central idempotents of A such that r(b;) = e;A
fori=1,...,n.Wesete=e;-----e,. By 1.3.1(d), r(B) = £(B) = N(e;A) = eA.

3)=1). By 1.3.1(e), A is a ring without noncentral idempotents. Let x € A. By as-

sumption, there exists a central idempotent e € A such that r(AxA) = eA. Since
r(x) = r(AxA) by 1.3.1(d), we have that A is a right PP ring. O

3.2.12 Arithmetical rings and flat modules. If A is an invariant arithmetical ring and
M is a right A-module, then M is flat if and only if M is a Hattori torsion-free module.

Proof. If M is a flat module, then M is a Hattori torsion-free module by 3.1.6.

Let M be a Hattori torsion-free module. By 1.1.7(c), MB n MC = M(B n C) for any two
ideals B, C of the ring A. By 3.1.6, M is a flat module. O

3.3 Modules close to projective

3.3.1Quasiprojective modules. A module M is said to be quasiprojective if M is pro-
jective with respect to itself, i.e., for any epimorphism h: M — M and each homomor-
phism f: M — M, there exists a homomorphism f: M — M with f = hf.

a. It is directly verified that all projective or semisimple modules are quasiprojective.
On the other hand, if a positive integer n is divided by the square of a prime integer,
then the finite cyclic group Z/nZ is a quasiprojective nonprojective nonsemisimple
module over the ring of integers Z.

b. In [171, Proposition 7.7}, it is proved that all finitely generated submodules of a dis-
tributive module over a commutative ring are quasiprojective. This implies the follow-
ing later result from [2]: All finitely generated ideals of a commutative arithmetical ring
A are quasiprojective A-modules. The last result also follows from Theorem 3A.

The following example shows that the converse assertion is not true.
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c. There exists a finite commutative nonarithmetical ring A such that all ideals are
quasiprojective.

Indeed, let F be a finite field, A be the factor ring of the polynomial ring F[x, y] module
the ideal generated by x? and y?, and let h: F[x, y] — A be the natural epimorphism.
Since all proper ideals of the ring A are semisimple and the modules A4 and 0,4 are
projective, all ideals of the ring A are quasiprojective. In addition, A is a finite local
ring that is not arithmetical, since

X +)A = (X +Y)A N (XA +YA)
+X+PNANXA+X+Y)ANYyA =0,

where X, y, 0 are natural images of the polynomials x, y, O from the ring F[x, y].

d. There exist finite noncommutative rings satisfying Theorem 3A.

Let F be an additive Abelian group that is the direct sum of two cyclic groups of order 2
with generators f and g, respectively. We define a multiplication on F such that f = g,
g2 = f, fge = gf = f + g. Then F turns into a finite field consisting of four elements
0, f + 8, f, g with identity element f + g. Let a be an automorphism of the additive
group F such that a(f) = g and a(g) = f. It is directly verified that « is a nonidentity
automorphism of the field F. Let F[x, a] be the skew polynomial ring over F such that
the F-coefficients are written to the left of the monomials x™ and xf = a(f) forall f € F.
We denote by A the factor ring of the ring F[x, a] modulo the ideal generated by x2.
It is directly verified that A is a finite invariant ring which contains the unique proper
one-sided ideal. Therefore, A is a finite invariant noncommutative arithmetical ring A
such that all ideals are quasiprojective.

3.3.2 Finitely generated quasiprojective modules. Let A be a ring and let X be a fi-
nitely generated quasiprojective right A-module.

a. If X contains a finite subset {x1, ..., Xy} such that r({x1, ..., x,}) = 0, then X isa
projective module.
b. If X contains a finite subset {x1, ..., x5} such that r({xq, ..., x,}) = r(X), then X is

a projective A/r(X)-module.

c. If the ring A is right invariant, then X is a projective A/r(X)-module.

Proof. a. The assertion is well known; e.g., see [166, 2.12(2)].

b. It is directly verified that X is a finitely generated quasiprojective right A/r(X)-
module. Now the assertion b follows from assertion a applied to the A/r(X)-module
X.

c.letX = Z?:l x;A. Since the ring A is right invariant, r(x;) = r(x;A) for any i. There-
fore,

r(X) =r(xA)n---nr(xpA) =r({x1, ..., xn}) .

By b, X is a projective A/r(X)-module. O
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3.3.3 Invariant semiprime rings. Let A be a right invariant semiprime ring.

a. Every prime factor ring of the ring A is a right uniform domain and every semiprime
factor ring of the ring A is a right invariant, right localizable reduced ring.

b. If all 2-generated right ideals of the ring A are flat, then for any its maximal right
ideal M, the right localization A is a right uniserial ring and the ring A is right dis-
tributive. In particular, A is an arithmetical ring.

c. If all 2-generated right ideals of the ring A are quasiprojective, then the ring A is
right distributive. In particular, A is an arithmetical ring.

Proof. The right invariant semiprime ring A is reduced. By 1.3.7(e) and 1.3.8(a), the
ring A exists, it is a local ring and J(A ) = My. Let P be an ideal of the ring A, which
is the kernel of the canonical ring homomorphism f: A — Ay, and let h: A/P be the
natural epimorphism.

a. The remaining assertions of a are directly verified, with the use of 1.3.1(c).
b. By 1.3.8(d), it is sufficient to prove that Ay is a right uniserial ring.

By 3.1.11(m), all 2-generated right ideals of the ring Ay are flat. By 3.2.3(d), Ay is a
domain. Therefore, P is a completely prime ideal. By a, the right invariant domain A/P
is right uniform. Since Ay, is the right ring of fractions of the ring h(A) with respect to
its right Ore set h(A)\h(M), the local domain A is right uniform by 3.2.3(c). By 3.2.9(e),
Ay is a right uniserial domain.

¢. By 1.3.8(d), it is sufficient to prove that Ay is a right uniserial ring.

By 3.3.2(c), every 2-generated right ideal Y of the ring A is a projective A/r(Y)-module.
By 3.2.6(b), A is a PF ring. By 3.2.5, Ay is a local PF ring. By 3.2.3(d), Ay is a domain.
Therefore, P is a completely prime ideal. By a, the right invariant domain A/P is right
uniform. Since Ay is the right ring of fractions of the ring h(A) with respect to its right
Ore set h(A) \ h(M), the local domain A, is right uniform by 3.2.3(c).

Let X be an arbitrary nonzero 2-generated right ideal of the ring Ay. There exists a
nonzero 2-generated right ideal X of the ring A such that f(X)Ay = Xp. Since X1 #
0, we have h(X) # h(0) and h(X)h(r(X)) = h(0) and h(A) is a domain. Therefore,
r(X) < P c M.Leth: A — A/r(X) be the natural ring epimorphism. The ring h(4)
is right invariant. By 1.3.1, h(A) is a reduced ring. By a, h(A) is a right invariant, right
localizablering. Since r(X) < Ker f = P ¢ M, itis directly verified that the ring Ay is the
right localization of ring 7(A) by its maximal right ideal A(M). Let f : h(A) — A be the
canonical ring homomorphism of this right localization consistent with the canonical
homomorphism f: A — Apy. By assumption, the module X, is quasiprojective. By
3.3.2(c), the right h(A)-module h(X) is projective, i.e., all 2-generated right ideals of
the ring h(A) are projective. In addition, Ay is the right localization of the ring h(A)
by its maximal right ideal 2(M). By b, Ay is a right uniserial ring. O
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3.3.4 Endomorphism-liftable and n-projective modules. A module M is said to be en-
domorphism-liftable or skew-projective if for any epimorphism h: M — M and each
homomorphism f: M — M, there exists an endomorphism f of the module M with
fh = hf.

A module M is said to be m-projective if for any epimorphism h: M — M and each
idempotent endomorphism f of the module M, there exists an endomorphism f of the
module M with fh = hf.

a. Let Q be a module and N a fully invariant submodule in Q. If Q is an endomor-
phism-liftable (resp., quasiprojective) module, then it is directly verified that Q/N is
an endomorphism-liftable (resp., quasiprojective) module.

b. For any prime integer p, the quasicyclic Abelian group Z(p*) is an endomorphism-
liftable nonquasiprojective module over the ring of integers Z.

c¢. Every uniserial module is 7-projective.
The ring Z is a r1-projective nonuniserial Z-module.

d. Every endomorphism-liftable module is 77-projective. If A is an incomplete discrete
valuation domain and Q is the field of fractions of the domain A, then Q is a 7-projec-
tive A-module which is not endomorphism-liftable.

e. Every quasiprojective module M is an endomorphism-liftable module.

f. Let A be a right invariant ring, M be a distributive right A-module and let X be a
finitely generated endomorphism-liftable submodule in M. Then X is a quasiprojective
module.

g. Let M be a r1-projective module and X, Y be two submodules in M with X + Y = M.
Then there exist homomorphisms f: M — X and g: M — Y such that

fN+gX)cXnY, (F+g-1yM)cXny,
M=Ff+gM)+XnY, Ker(f+g)cXnY.

Proof. The assertions a, b, ¢, and d are directly verified.

e.Let h: M — M be an epimorphism and let f be an endomorphism of the module M.
Then fh is a homomorphism from M into M. Since M is quasiprojective, there exists
an endomorphism f of the module M such that hf = fh. Therefore, M is an endomor-
phism-liftable module.

f. Let X/Y be a factor module of the module X, h: X — X/Y be the natural epimor-
phism, and let f: X — X/Y be some homomorphism. By 1.1.6(b), there exists an ideal
B of the ring A with Y = XB. Then (X/Y)B = (X/XB)B =0,

f(Y) = f(XB) = f(X)B < (X/Y)B=0

and Y c Ker f. Therefore, the homomorphismf induces the homomorphism f; : X/Y
— X — Yand fih = f. Since X is an endomorphism-liftable module, there exists a
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homomorphismf: X — X suchthat hf = fi h = f. Therefore, the module X is quasipro-
jective.

g.Leth: M — M/(XNnY) be the natural epimorphism. Since h(M) = h(X)® h(Y), there
exist natural projections f: h(M) — h(X) and g: h(M) — h(Y). Since M is mr-projec-
tive, fh = hf and gh = hg for some f, g € End M. Therefore,

fMmcXx, gMcYy, f(V)+gX)cXnyY.

Since (f+§—1h(M)) =0,wehave(f+g-1y)(M) c XnY.SinceM = (f+g)(M)+(f +g—
1)(M), wehave M = (f+g)(M)+XnY.Ifx € Ker(f+g),thenx = (11-f-2g)(x) e XnY.
ThenKer(f +g) c XnY. O

3.3.5 Remark. For aring A, the following conditions are equivalent.
1) aAb = O for any elements a, b € A such that ab = 0.
2) For any element a € A, the right ideal r(a) is an ideal in A.

3) For any element a € A, the right ideal r(a) is an ideal in A if and only if for any
element b € A< the left ideal £(b) is an ideal in A.

In 3.3.5, the equivalence of 1) & 2 is directly verified. Since condition 1) is left-right
symmetrical, conditions 1) and 3) are also equivalent.

3.3.6 Remark. Let A be a noncommutative ring and let R = A[x] be the polynomial
ring. If a, b € A and ab # ba, then the right ideal (a + x)R of the ring R is not a left
ideal. In particular, R is not a left invariant ring.

Indeed, let’s assume the contrary. Then there exist a polynomial f € R and an element
¢ € A such that b(a + x) = (a + x)(c + xf). Since b(a + x) is a polynomial of degree 1,
f = 0. Therefore, b(a + x) = (a + x)c. By equating the coefficients of x, we obtain that
b =cand b(a + x) = (a + x)b. Therefore, ba = ab; this is a contradiction.

3.3.7 Finitely endomorphism-extendable modules. Let nbe a positive integer. A mod-
ule M is said to be n-endomorphism-extendable if every endomorphism of any n-gen-
erated submodule in M can be extended to an endomorphism of the module M.

A module M is said to be finitely endomorphism-extendable if every endomorphism of
any finitely generated submodule in M can be extended to an endomorphism of the
module M.

a.Let A bearing, M be a 2-endomorphism-extendable A-module, F be a fully invariant
submodule in M, and let G1, G, be two submodules in M with G; ()G, = 0. Then
Fﬂ(Gl +G2) =FﬂGl +FﬂG2.

b. Let A be a 2-right endomorphism-extendable ring, F be an ideal of the ring A, and
G1, G, be tworight ideals of the ring A with G, [ G2 = 0. Then F()(G1+G2) = F(G1+
F(G,.
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c¢. If Ais aring and every its factor ring is 2-right endomorphism-extendable, then A is
an arithmetical ring.

d. Let M be an invariant finitely endomorphism-extendable module such that for every
2-generated submodule X in M, any automorphism of an arbitrary semisimple factor
module X of the module X can be lifted to an endomorphism of the module X. Then
the module M is distributive.

e. Let A be an 1-right endomorphism-extendable ring and a € A. The right ideal r(a)
is an ideal of the ring A if and only if the left ideal Aa is an ideal. In particular, if a is
an arbitrary left nonzero divisor in A, then Aa is an ideal.

f. The ring A is left invariant if and only if A is a right 1-endomorphism-extendable
ring and r(a) is an ideal in A for any element a € A.

g. Let A be an 1-right endomorphism-extendable ring. Then A has the left classical
ring of fractions Q and aAa~! ¢ A for any nonzero divisor a € A. If A has the right
classical ring of fractions, then Q is the two-sided classical ring of fractions of the
ring A. If A is a domain, then A is a left invariant domain which has the left classical
division ring of fractions.

h. If a 1-right endomorphism-extendable ring A is a right invariant or reduced ring,
then the ring A is left invariant.

i. Let A be a finitely right endomorphism-extendable ring. By g, A has the left classical
ring of fractions Q and sAs~! ¢ A for any nonzero divisor s in 4. If g € Q and g"*! =
q"ay + -+ + q1a + ao for some elements ag, ..., a, € A, then g € s~1As for some
nonzero divisor s in A.

j. If Aisaright 1-endomorphism extendable right Ore domain, then A is a left invariant,
left Ore domain.

k. If A is a right 2-endomorphism extendable domain, then A is a left invariant, right
and left Ore domain.

m. Let H be a noncommutative division ring of Hamiltonian quaternions and A =
H[x]. Then A is a right and left Ore domain, which is not right 1-endomorphism ex-
tendable.

Proof. a.letf =g1+82 € F[)(G1+Gy),whereg; € Gyand g, € G,. WesetH = g1A@®
g2A.Leth;: H — g;Abenatural projections. By assumption, endomorphisms h; of the
module H can be extended to endomorphisms d; € End M and d1(g1) = d2(g2) = O,
di(g2) = 82, d2(g1) = g1. We have that F is a fully invariant submodule in M, g1 =
d>(g1+g2) = da(f)and g, = dy(f). Therefore, d;(f) € F, f = d>(f)+d1(f) € FNG1+FNG,
and

FNn(G1+G))cFNG1+FNGy CFN(Gy+Gy).

b. The assertion follows from a.
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c. Let F, G1, G, be ideals of thering A, F € G; + G, andlet h: A — A/(G1 N Gy) be
the natural ring epimorphism. By applying b to the ring h(A), we obtain the relation
h(F) (N (h(G1) + h(G3)) = h(F) [ h(G1) + h(F)[) h(G3). Therefore,

FNGi+FNnG,+G1NnG, =F+G1nG,. ™*)
By using (*) and the modular law, we obtain that

F=FNn(FNG1+FNnGy+G1nNG)=FNG1+FNG,+FNG1NG,=FNnG1+FNnG,.

d. We assume that the module M is not distributive. By 1.1.5, there exists a 2-generated
submodule X of the module M such that X has a factor module X; = S; @ Ty, where Sy,
T, are isomorphic simple modules. Let u: S; — T; be an isomorphism. We denote by
f1 an automorphism of the semisimple module X; such that fi(s + £) = u=1(¢) + u(s)
foralls € S;and t € Ty. Let h: X — X; be the natural epimorphism. By assumption,
there exists an endomorphism f of the finitely generated module X such that hf = fh.
Let S, T be the complete pre-images in the module X modules S; and T4, respectively.
Since f1(S1) = Ty ¢ S1, we have f(S) ¢ S. Since M is a 2-finitely endomorphism-
extendable module, the endomorphism f of the module X can be extended to some
endomorphism g of the module M. Since M is an invariant module, f(S) = g(S) ¢ S.
This is a contradiction.

e. We assume that r(a) is an ideal in A and b € A. Then r(a) < r(ab). Therefore,
f(a) = ab for some epimorphism f: aA — abA. Then f € End(aA). By assumption,
ta = f(a) = ab for some t € A. Therefore, Aa 2 aA and Aa is an ideal.

We assume that Aaisanidealin A and b € A. Then ab = ca for some ¢ € A. Therefore,
abra(a) =carg(a) =0, bra(a) € ra(a) and r(a) is an ideal.

f. Let A be a left invariant ring. It follows from 3.3.5 that r(a) is an ideal in A for any
element a € A. Let f € End aA. Then f(a) = ab for some element b € A and f(ax) =
fla)x = abx forany x € A. Since A is aleft invariantring, ab = ca for some element ¢ €
A. The relation g(y) = cy defines an endomorphism g € End A4S. In addition, g(ax) =
cax = abx = f(ax) for all x € A. Therefore, g is an extension of the homomorphism f.

In f, the converse implication follows from e.

g. Let S be the set of all nonzero divisorsin A, s € S, a € A. By a, sa = bs for some
b € A. Therefore, S is a left Ore set. Therefore, A has the left classical ring of fractions.
The inclusion ada~! < A follows from e.

If A has the right classical ring of fractions, then Q is the two-sided classical ring of
fractions of the ring A, since if an arbitrary ring has the right classical ring of fractions
and the left classical ring of fractions, then these two rings of fractions can be naturally
identified.

The last assertion from g follows from the first assertion.

h. By 3.3.5and 1.3.1(d), all right annihilators of elements of the ring A are ideals. There-
fore, h follows from f.
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i. We denote by M the n-generated submodule Y1 | q'A of the module Q4. Then gM ¢
M. By the left-sided analog of 1.3.2(a), sM < A for some nonzero divisor s € A. The
right ideal sM of A is finitely generated and s € sM. In addition,

gs - sM=qgMcM=s"1.-sM.

Therefore, the rule f(x) = sqs~'x defines an endomorphism f of the finitely generated
right ideal sM of the ring A. By assumption, f can be extended to an endomorphism g
of the module A 4. We set ¢ = g(1). Then

L.s=f(s)=cs, q=s'cses'4s.

sq =sqs”
j. Let a, b be two nonzero elements of the domain A. The right Ore domain A has
the right classical division ring of fractions Q, which contains the element aba!.
The mapping f: aA — aA, f(ax) = (aba )(ax) = abx, is an endomorphism of
the principal right ideal aA. By assumption, there exists an element ¢ € A such that
ca = f(a) = (abaY)a = ab. Therefore, A is a left invariant domain. Since A is a left
invariant domain, A is a left Ore domain.

k. Let x be a nonzero element in A and let y be an element of the domain A with xA n
yA = 0. There exists an endomorphism f of the 2-generated module xA & yA such
that f(x) = x and f(y) = 0. By assumption, there exists an element a € A such that
ax = f(x) = xand ay = f(y) = 0. Since (a — 1)x = 0 and A is a domain, a = 1. Then
y = 0. Therefore, A is a right Ore domain. Then A is a right quasi-continuous, right Ore
domain. By j, A is a left invariant, left Ore domain.

m. It is well known that all right (left) ideals of the polynomial ring over a division ring
are principal. Therefore, A is an Ore domain. Then the domain A is quasicontinuous.
According to 3.3.6, A is not a left invariant ring. Now we use k. O

3.3.8. Let A be a right invariant ring and let M be an invariant, finitely endomor-
phism-extendable, endomorphism-liftable right A-module. The following conditions
are equivalent.

1) All factor modules of the module M are finitely endomorphism-extendable modules.
2) All finitely generated submodules of the module M are endomorphism-liftable.

3) M is a distributive module and all its finitely generated submodules are quasipro-
jective.

Proof. The implication 3) = 2) follows from the property that all quasiprojective mod-
ules are endomorphism-liftable.

2) = 1). Let M/Y be a factor module of the module M, X/Y be a finitely generated sub-
module in M/X, and let)_c be an endomorphism of the module X/Y. There exists a nat-
ural isomorphism u: X/Y — X;/(X1 nY), where X; is a finitely generated submodule
in X and f naturally induces the endomorphism )_‘1 of the finitely generated module
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X1/X1nY)and u‘lflu = f Let h: M — M/(X1 n'Y) be the natural epimorphism and
leth;: X; — X;/(X1nY)be the restriction of the epimorphism h to X; . By assumption,
the module X;/(X; n'Y) is an endomorphism-liftable module. Therefore, there exists
an endomorphism f; of the finitely generated submodule X; of M with h,f; = )_‘1 hi.
Since M is a finitely endomorphism-extendable module, f; can be extended to an en-
domorphism g of the module M. Since M is an invariant module, g(X) < X, g(Y) ¢ Y,
g(X1) € X1,8(X1nY) € X; nY and g induces the endomorphism f of the module M/Y.
It is directly verified that f coincides with )_‘ on the module X/Y. Therefore, M/Y is a
finitely endomorphism-extendable module.

1) = 2). Let X be a finitely generated submodule of the module M, X/Y be a factor
module of the module X, f be an endomorphism of the finitely generated module X/Y,
h: M — M/Y be the natural epimorphism, and let hx: X — X/Y be the restriction of
the epimorphism h to the module X. By assumption, M/Y is a finitely endomorphism-
extendable module. Therefore,f can be extended to an endomorphism g of the module
M/Y. Since M is an endomorphism-liftable module, there exists an endomorphism g
of the module M with gh = hg. Since M is an invariant module, g(X) < X and g induces
the endomorphism f of the module X. Then

hxf = (hg)x = (8h)x = fhx .

Therefore, the module X is an endomorphism-liftable module.

2) = 3). By 3.3.7(d), the module M is distributive. By 3.3.4(d), all finitely generated sub-
modules of the module M are quasiprojective. O

3.3.9 Remark. Let A bearing, A; and A, be two ideals of the ring A, and let x4, x> be
two elements of the ring A such that x; — x, € A; + A,. Then there exists an element
a € Asuchthata-x; € Ajanda - x; € A,.

Indeed, let x; — x, = a; — a,, where a; € A1, a, € A,. We denote by a the element
X1 —ay = X, —a>.Thena - x; = —a, € Ay, a-x, = —a, € A,. Therefore, a is the
required element.

3.3.10 Arithmetical rings. For aring A, the following conditions are equivalent.
1) A is an arithmetical ring.

2) For any ideals A4, ..., A, of A and arbitrary elements x1,...,x, € A such that
Xi — xj € A; + Aj for all i, j, there exists an element x € A such that x — x; € A; for
i=1,...,n.

3) For any ideals A1, A,, A3 of the ring A and each element d € (A1 + A>) N (A1 + A3),
there exists an element x € A; withx —d € 4, As.

Proof. 1) = 2). For n = 2, the assertion follows from 3.3.9.

We assume that the assertion is true for n — 1. There exists an element b € A such that
b-xieAifori=1,...,n-1.Inaddition, x; - x, € Aj+Apfori=1,...,n-1
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and b —x, = (b —xj) + (xi — xn) € n?:‘f(Ai + Ay). Since the ring A is arithmetical,
b-x, €Ay +ﬂlf’="11A,~, b-x,=an,—-d,wherea, ¢ A,,d ¢ ﬂlf’z"llAi.Weseta =b+d.
Then a - x, = an € A,. In addition,a —x; = b-x;+d € A;jfori =1,...,n-1.
Therefore, a is the required element.

2) = 3). The assertion follows from the property that 2) turns into 3) forn = 3, x; = 0,
Xy = X3 = d.

3) =,1). It is sufficient to prove that if M, B, C are ideals of thering A and d € (M +
B)(Y(M + C), thend € M + (B(\C).Letd = my + b = my + c, where my, my € M,
b € Band c € C. By 3), there exists an element x € M such that x — d € B[ C. We set
y=d-xeBnC.Thend=x+yeM+BnC. O

3.3.11Theorem. For an invariant ring A, the following conditions are equivalent.
1) A is an arithmetical ring.

2) Every factor ring A of the ring A is a finitely endomorphism-extendable right A-
module and a finitely endomorphism-extendable left A-module.

3) Every cyclic right A-module is a finitely endomorphism-extendable module.

4) A, is a finitely endomorphism-extendable module and all its finitely generated sub-
modules are endomorphism-liftable.

5) A, is a finitely endomorphism-extendable distributive module and all its finitely
generated submodules are quasiprojective.

Proof. We use the property that the free module A4 is an endomorphism-liftable mod-
ule and the invariant ring A is an invariant right (left) A-module.

The equivalences 3) © 4) & 5) follow from 3.3.8.
The implications 2) = 3) and 5) = 1) are directly verified.
The implication 2) = 1) follows from 3.3.7(c).

1) = 2). Since the condition 1) is left-right symmetrical and is preserved by factor rings,
it is sufficient to prove that oA is a finitely endomorphism-extendable left A-module.
LetM = Y | Am; be an arbitrary finitely generated submodule in 4A and f € End 4 M.
Since g M is a finitely generated distributive module over the invariant ring A4, it follows
from 1.1.6(c) that f(Am;) € Am; for all i. Therefore, there exist elements x1, ..., x, € A
such that f(m;) = m;x; € mijA = Am;. Then 0 = (Am; () Am;)(x; — x;) for all i, j. Since
Am; = m;A and Am; = mjA, we have x; — xj = d;j € r(m;A N mjA). By 1.1.2, there exist
elements ajj, bjj € A such that 1 = a;; + bjj and m;Aa;; + mjAb;; € m;A N m;A. Then
ajjdij € r(m;A) = A;, bij € r(mjA) = Aj and x; — Xj = a;jd;j + bijd;j € A; + Aj. By 3.3.10,
there exists an element x € A such that x — x; € A; for all i. Therefore, the relation
g(y) = yx,y € A, correctly defines an endomorphism g of the module 4A), which is an
extension of the f. O
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3.3.12 Theorem. An invariant semiprime ring A is an arithmetical ring if and only if
every submodule of any flat A-module is a flat module.

Proof. If every submodule of any flat A-module is a flat module, then all 2-generated
right ideals of the ring A are flat right A-modules, and A is an arithmetical ring by
3.3.3(b).

Let A be an invariant arithmetical semiprime ring. Then A is a distributive reduced
ring. By 3.2.6(c), A is a PF ring. By 3.1.5(a), every principal right ideal is an H-torsion-
free module. Therefore, an arbitrary right ideal M of the ring A has the following prop-
erty: every cyclic submodule of the module M, is an H-torsion-free module. By 3.1.4,
M, is a Hattori torsion-free module. By 3.2.13, M, is a flat module. By 3.2.2, all sub-
modules of any flat A-module are flat. O

3.3.13 Theorem. An invariant semiprime ring A is arithmetical if and only if every fi-
nitely generated ideal of the ring A is a quasiprojective right A-module.

Theorem 3.3.13 follows from 3.3.3(c) and Theorem 3.3.11.

3.3.14 The completion of the proof of Theorems 3A, 3B and 3C. Theorem 3A follows
from of Theorems 3.3.12 and 3.3.13.

Theorem 3B follows from Theorem 3A and the property that by 3.2.3(f), we can assume
that A is a reduced ring.

Theorem 3C follows from Theorem 3.3.11.

3.3.15. Let Q be an endomorphism-liftable module, f be an endomorphism of the
module Q, and let N be a small submodule in Q such that Q/N is an endomorphism-
liftable module. We set X, = N + Y11, fi(N), X = Y22, Xpn = N+ Y2, fL(N).

Then X < J(Q) and there exists an endomorphism g of the module Q such that (f —
8)(Q) < X, (f - 8)(X) < J(X) and g(N) < N.

For any positive integer n, we set Y, = Zlf’:lfi‘l(f -9(N), Y=Y, Y,

ThenX, = N+Y,,X=N+Y, Y,isasmall submodulein X,, Y € J(X)and X = N+J(X).

Proof. Since J(Q) is a fully invariant submodule in Q and N ¢ J(Q), we have X =
N+ Z{‘:l FYN) < J(Q). Since f(X) < X, we have that f induces the endomorphism f' of
the module Q/X. We denote by h a natural epimorphism Q/N — Q/X. Since Q/N is an
endomorphisme-liftable module, there exists an endomorphism g of the module Q/N
such that hg = f'h.

We denote by t the natural epimorphism Q — Q/N. Since Q is an endomorphism-
liftable module, there exists an endomorphism g of the module Q such that tg = gt.
By construction, we have ht(f — g)(Q) = 0. Therefore, (f — g)(Q) < X. It is clear that
g(N) ¢ N. In addition, X < J(Q). Therefore, (f — g)(X) < J(X), since (f — g)(Q) < X and
the Jacobson radical passes to the Jacobson radical under module homomorphisms.
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We use induction on n to prove that X,, = N + Y,,. Let n = 1. Since g(N) < N, we have

X1 =N+f(N)+g(N) 2N+ (f - g)(N)
=N+Y12N+gN)+(f-8)(N)2X;.

Now we assume that X, = N + Y,,. Then X,,.1 = X, + f711(N) =

= Xn + f"(f(N)) + " (g(\N)) 2 N + Yy, + f"'(f — g)(N)
=N+ Y1 2 Xy +fg(N) + fM(f - ©)(N) 2 Xns1

Since (f — 2)(Q) 2 X and N is a small submodule in Q, we have that (f — g)(N) is a
small submodule in X. Therefore, f"(f — g)(N) is a small submodule in X for all n,
since f™"(X) < X. Therefore, Y, is a small submodule in X for all n and Y ¢ J(X). Since
X=N+YandY cJ(X), wehave X = N + J(X). O

3.3.16. Let’s assume that the conditions of 3.3.15 hold and one of the following con-
ditions hold.

1) Y is a small submodule in X.

2) X = X,, for some n.

3) J(X) is a small submodule in X.

4) The endomorphism f is either an idempotent endomorphism or a nilpotent endo-
morphism.

Then f(N) < N.

Proof. To prove the inclusion f(N) < N, it is sufficient to prove that each of the condi-
tions 1)-4) implies the relation X = N.

1) If Y is a small submodule in X, then X = N, since X =N + Y.

2)If X = X,,, then X = N + Y,,, whence X = N, since Y, is a small submodule in X by
3.3.15.

3) If condition 3) holds, then X = N by 3.3.15.

B)Iff2 = for f" =0, then X, = X or X, = X, whence the condition 2) holds and
X=N. O
3.3.17. Let M be an endomorphism-liftable module.

a. Q is a quasiprojective module, N is a small submodule in Q. If M = Q/N and for
every submodule X in J(Q), the module J(X) is a small submodule in X, then M is a
quasiprojective module.

b. If M has a projective cover Q with kernel N and for every submodule X in J(Q), the
module J(X) is a small submodule in X, then M is a quasiprojective module.

Proof. a. The condition 3) of 3.3.16 holds. By 3.3.16, N is a fully invariant submodule
in Q. By 3.3.4(a), M is a quasiprojective module.

b. The assertion follows from a. O
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3.3.18 Projective covers and perfect rings. Let Q bea projective module and N a small
submodule of Q. If a module M is isomorphic to the module Q/N, then the module Q
is called a projective cover of the module M with kernel N.

a. For aring A, the following conditions are equivalent.

1) Every right A-module has projective cover.

2) A/J(A) is an Artinian ring and X # J(X) for every nonzero right A-module X.
3) A/J(A) is an Artinian ring and J(A) is a t-nilpotent left ideal.

Under the equivalent conditions 1)-3), the ring A is said to be right perfect.

b. If A is a right perfect ring, then J(X) is a small submodule in X for every nonzero
right A-module X.

The assertions from 3.3.18 are well known. For example, see a in [16, Theorem 28.4],
and b follows from 3.3.17(b).

3.3.19 Theorem ([156]). Let A be a right perfect ring and M a right A-module. The fol-
lowing conditions are equivalent.

1) M is an endomorphism-liftable module.

2) M is a quasiprojective module.

3) M is a projective module over the factor ring A/r(M).

Proof. The equivalence 2) & 3) for right modules over right perfect rings is well known;
see [16, Ex.16, p.203].
The implication 2) = 1) is always true.

The implication 1) = 2) follows from 3.3.17. O

3.3.20. In connection to 3.3.19, we remark that every quasicyclic Abelian group is an
endomorphism-liftable nonquasiprojective Z-module.

3.3.210pen question. Let A be an invariant ring such that all 2-generated (all 1-gen-
erated) right ideals are flat. Is it true that A is a reduced ring?
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4 Hermite rings and Pierce stalks

The main results of this section are Theorem 4A and 4B.

4A Theorem (Tuganbaev [183]). If A isa Bezoutright PP ring without noncentral idem-
potents, then A is a Hermite ring.

4B Theorem (Tuganbaev [183]). If A is a Bezout ring such that every Pierce stalk is a
serial ring, then A is a diagonalizable ring.

Remark. The completion of the proof of Theorems 4A and 4B is given in 4.2.9.

4.1 Hermite rings

4.1.1. Let A be a PF reduced ring that has the right classical ring of fractions Q.
a. A contains all idempotents of the ring Q.

b. If Q is a strongly regular ring, then A is a right and left PP ring.

c. If A is aright or left PP ring, then Q is a strongly regular ring.

Proof. a.lete = e € Q. There exist two elements a, b € A such that b is a nonzero
divisor in A and e = xy~!. By 1.3.2(b), Q is a reduced ring. Since e’ = e, we have
xy~'x = xand (xy~! — 1)x = 0. By 1.3.1(b), x(xy~! - 1) = 0. Therefore,

X’y l=x, x*=xy, x(y-x)=0.

By 1.3.1(b), (AxA) n (A(y — x)A) = 0. By 3.2.5,

AxeAly-x)=Ax+(y-x)) =4y,
Axo Ay -x)y 1=A.

Therefore, e = xy~1 € A.

b. Let a € A. Since a is an element of the strongly regular ring Q, we have a = eu = ue,
where e is a central idempotent of the ring Q and u is an invertible element of the ring
Q.Bya,ec Aand1-e € A.Itisclear thatrg(a) =(1-e)Qandry(a) =An(1-e)Q.
Sincel-e € A,wehavery(a) =An(1-e)Q = (1-e)A. Therefore, aAy = Ag/ra(a) =
eAy, the module aA, is projective, and A is a right PP reduced ring. By 3.2.11, Ais a
PP ring.

c.Lletqg=ab™! € Q,a,b € A, and let b be a nonzero divisor in A. By 3.2.11, a = ed,
where e is a central idempotent of the ring A and d is a nonzero divisor of the ring
A. Then e is a central idempotent of the ring Q, the element db~? is invertible in the
ring Q and g = edb!. Since every element of the ring Q is the product of a central
idempotent by an invertible element, Q is a strongly regular ring. O

https://doi.org/10.1515/9783110659825-004
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4.1.2 Stably finite rings. Aring A is said to be stably finite if for any positive integer n,
every right invertible matrix from the ring of matrices A,, is left invertible in A,,.

a. A right Noetherian ring is a stably finite ring.
b. Every direct product of stably finite rings is a stably finite ring.
c. Every subring of stably finite rings is a stably finite ring.

d. Every subring of any direct product of right Noetherian rings is stably finite. In par-
ticular, every subring of any direct product of division rings is stably finite.

e. If Q is a strongly regular ring and A is a subring in Q, then A is stably finite.

Proof. a,b, c. These assertions are well known; e.g., see [113, Proposition 1.9, Corollary
1.10, Proposition 1.13].

d. The assertion follows from a, b and c.

e. Since any strongly regular ring is a subdirect product of division rings, the assertion
follows from d. O
4.1.3. Let A be aright Bezout reduced PP ring.

a. If a, b are two nonzero divisors of the ring A, then aA n bA is a nonzero principal
right ideal of the ring A.

b. If a, b are two nonzero divisors of the ring A, then there exist nonzero divisors a;
and b, of the ring A such that ab, = ba, and aA n bA = ab,A = ba A.

¢. The ring A has the strongly regular right classical ring of fractions.

d. A is a stably finite ring.

Proof. a.By 3.2.10(b), aA n bA is a principal right ideal.

We assume that aA N bA = 0. Since A is a right Bezout ring, there exist elements
x,y € Asuchthat aA + bA = (ax + by)A. Therefore, there exist elements u, v € A such
that a = (ax + by)u and b = (ax + by)v. Then

a(l-xu)=byueaAnbA=0, b(l-yv)=axveaAnbA=0.
Since a and b are nonzero divisors,
l-xu=yu=1-yv=xv=0.

By 1.3.1(e), all right or left invertible elements of the ring A are invertible. Therefore, it
follows from the relations 1 — xu = 1 — yv = 0O that x, y, u, v are invertible elements.
This contradicts the relations yu = xv = 0.

b. By a, aA n bA = d;A, where d; is a nonzero element of the ring A. There exist
elements a;, by € A such that dy = ab; = ba;. By 3.2.11, d; = ed, where e is a
nonzero central idempotent of the ring A and d is a nonzero divisor of the ring A.
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Ife=1,thend; = d = ab; = ba; is anonzero divisor, a; and b is a nonzero divisors,
and all have been proved.

We assume that e # 1. Then 1 - e is a nonzero central idempotent and (1 — e)A is a
nonzero reduced right Bezout ring such that all its principal right ideals are projective.
In addition, (1 — e)a and (1 — e)b are nonzero divisors of the ring (1 — e)A and (1 —
e)aAn(l1-e)bA=(1-e)aAnbA)=(1--e)edA = 0. This contradicts the assertion
a applied to the ring (1 — e)A.

¢. By 4.1.1(c), it is sufficient to prove that A has the right classical ring of fractions Q.
It is sufficient to prove that for any elements x, b € A, where b is a nonzero divisor,
there exist elements x1, by € A such that b, is a nonzero divisor and xb, = bx;.

By 3.2.11, x = ea, where e is a central idempotent of the ring A and a is a nonzero
divisor of the ring A. By b, there exist nonzero divisors a; and b; of the ring A such
that ab, = ba,. We set x; = ea; Then xb; = bx;.

d. The assertion follows from ¢ and 4.1.2. O

4.1.4 ([9]). Let A bearight Bezout ring and let the right ideal r(a) be finitely generated
for any left zero divisor a € A.

a. If V is a free right A-module with basis {v;, ..., v,}, then every finitely generated
submodule W in V is generated by n elements Wy = ViIkk+---+VnTkn, Tkks - - - » Tkn € 4,
k=1,...,n.

b. The ring A, of all n x n of matrices over A is a right Bezout ring and every finitely
generated right ideal of the ring A is generated by a lower triangular matrix.

c. If M is an arbitrary n x m matrix over the ring A, then there exists a lower triangular
n x m matrix D and two matrices P and Q such that DQ = M and MP = D.

Proof. a.Weset VK = viA +---+v,A. Let I® be the right ideal of the ring A consisting
of all elements r; € A such that there exist elements v € VK n W of the form v =
ViTk + -+ + VnIp. It is clear that I© is a right ideal.

First, we remark that if W is generated by elements uq, ..., un, then I @) is a right
ideal generated by m coefficients of v, in the expression of the elements {u;}. Since A
is a right Bezout ring, IV) = rq; A for some r1; € A and there exists an element w; € W
such that wy = vq7r11 + -+ + Vur'in. It follows from the definition of IV) that for every
element v € W, there exists an element x € A such that v - wix € V2,

Next, we assert that V) n W is a finitely generated module. Indeed, let w ¢ V® n W.

We take an element x; € A such that u; - wix; € V. Since set {u;} generates W, we
have

W= uyi= Y (Ui WiX)yi = +W1 - ) XiYi. *

Since w € V2, we have that w has the nonzero coefficient of v;. Therefore, the coef-
ficient of v, in the right part of () is equal to rq1 - Y x;¥; = 0, i.e., Y x;y; € r(r11). In
addition, if a € r(r11), then wa € V® n W. Therefore, V(? n W is generated by the
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finite set
{fur —waixy, oo, U — Wixm, wimy, ..., Wwimy},
where {my, ..., m} is a finite set of generators of the right annihilator r(r11); this set
is finite by assumption.
The remaining part of the proof is easy verified by the induction on n.

b. Let I be a finitely generated right ideal of the ring A,, and let V be a free n-generated
right A-module with basis {v;, ..., v,}, where v; is a column of height n such that the
coordinate with number i is equal to 1 € A and the remaining coordinates are equal
to 0 € A. We denote by W the submodule in V4 generated by all columns of matrices
from I. Since I is a finitely generated right ideal of the ring A,, we have that W is a
finitely generated A-module. By a, the module W is generated by columns

. frkk ‘0
wy=| e Wi = ce. Wy =

T'ni
I'nk » T'nn

We denote by P the lower triangular matrix formed by all columns w;.

We prove that I = PA,,. Let Ej; be the matrix in A, which has 1 on the position ij and
0Os on the remaining positions. Since w; € W, we have that w; appears in the row with
the subscript k = k(j) of some matrices P; € I. Therefore, P = ) P;Ey; € I.

For any matrix Q € I, the column with number j of the matrix Q is a linear combination
Y w;rjj. Therefore, QEj; = P(r);, where (r); is a matrix that contains

rlj

T'nj

as the column with number j and zeros on the remaining positions. Therefore, Q =
Y. QEj; = P(rij); the proof is completed.

¢. The assertion follows from the proof of b. O
4.1.5 Theorem ([9]). A domain A isaright Hermite ring if and only if A is a right Bezout
ring.

Proof. Every right Hermite ring is a right Bezout ring by 2.2.3(b).

Now let A be a right Bezout domain and a, b € A. We have to prove that (a b)P = (d 0)
for some invertible matrix P € A,.

If a = 0, then we can take the invertible matrix P = (9 }).

Let’s assume now that a # 0. Then aA + bA = dA for some nonzero of the element
d € aA+bA. We apply 4.1.4(c) to the right Bezout domain A and the matrix M = (& ?).
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By 4.1.4(c), there exist 2 x 2 matrices P, Q € A, such that

we=(3 %) (§ V)a-m.
u v u v
Then (a b)P = (d 0) and MPQ = M. It remains to prove that the matrix P is invertible.
Since M = (§ ?) and a is a nonzero divisor in A, we have that M is a nonzero divisor in

the matrix ring A,. Therefore, PQ is the identity matrix. By 4.1.3(d), A is a stably finite
ring. Therefore, the matrix P is invertible. O

4.1.6 Rings with diagonalizable square matrices. a. See [120, p.18]. If A is the ring of
all lower triangular 2 x 2 matrices over a field, then all square matrices over A are
diagonalizable, but A is not a diagonalizable ring.

b. If A is a Hermite ring and every square matrix over A is diagonalizable, then A is a
diagonalizable ring.

Proof. We have to prove that an arbitrary rectangular m x n matrix M over the ring A
is diagonalizable. By assumption, we can assume that m # n.

We assume that m > n. Since A is a left Hermite ring, there exists an invertible m x m
matrix U such that UM is a upper triangular matrix. The matrix UM is of the form ((S)),
where S is a square n x n matrix and O is a nonzero (m — n) x n matrix. By assumption,
there exist invertible n x n matrices P and Y such that PSY = D is a diagonal n x n
matrix. Let E be the identity (m — n) x (m — n) matrix. We denote by X the invertible
m x m matrix (5 %) U. Then

cur(( ) ()2

The case m < n is similarly considered. O

is a diagonal matrix.

4.2 Pierce stalks

4.2.1Pierce stalks, I. Let A be a ring and let S(A) be the set of all proper ideals of
the ring A generated by some sets of central idempotents. (Since 0 € S(A), we have
S(A) + @.)

By the Zorn lemma, the set S(A) contains maximal elements which are called Pierce
ideals of ring A. These Pierce ideals P form the set P(A) and the factor rings A/P are
called Pierce stalks of ring A. On Pierce stalks, e.g., see [40, 41] and [170, Sections 11,
32].

Let P be a proper ideal of the ring A generated by some set {e;};c; of central idempo-
tents of the ring A, and let h: A — A/P be the natural epimorphism.
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a. Ifthering A/P is not a Pierce stalk of the ring A, then there exists a central idempo-
tent e € A such that P + eA and P + (1 — e)A are proper ideals of the ring A generated
by central idempotents, the ideals P + eA and P + (1 — e)A properly contain ideal P,

A={P+eA)+(P+(1-e)A), P=(P+eA)(P+(1-e)A)
=(P+(1-eA)P+eA)=(P+eA)n(P+(1-e)A),

and the ring A/P is isomorphic to the direct product of nonzero rings h(eA) and h((1 -
e)A).

b. For any finite subset P’ of the ideal P, there exists a central idempotent e € P such
that P’ is contained in the ring direct factor eA of the ring A.

¢. For any idempotentf € A/P, there exists an idempotent f € A with h(f) = f.

d. If A/Pis a Pierce stalk of the ring A and e is a central idempotent of the ring A, then
eithere e Por1-e € P.

e.If A/Pis an indecomposable ring, then A/P is a Pierce stalk of the ring A.
f. There exists at least one Pierce stalk A/E with P € E.

g. If d is an element in A with zero right (left) annihilator and A/P is a Pierce stalk,
then the element d + P of the ring A/P has the zero right (left) annihilator.

h. If A is a PF ring, then A/P is a PF ring.

i. Any finite set of orthogonal idempotents {f }iL, of the ring A/P can be lifted to some
set {fj}[L, of orthogonal idempotents of the ring A.

j. Any countable set of orthogonal idempotents {f }2, of the ring A/P can be lifted to
some countable set {f;}{°; of orthogonal idempotents of the ring A.

k. If A does not contain infinite sets of noncentral orthogonal idempotents, then the
ring A/P does not contain infinite sets of noncentral orthogonal idempotents.

m. If A does not contain infinite sets of noncentral orthogonal idempotents and A/P
is a Pierce stalk of the ring A, then A/P does not contain infinite sets of orthogonal
idempotents.

n. If A is a right Bezout ring, then every Pierce stalk P of the ring A is a right Bezout
ring.

Proof. a.Since the ideal P is generated by central idempotents and A/P is not a Pierce
stalk, there exists a central idempotent e € A \ P such that P + eA is a proper ideal in
A.Then P + (1 - e)A is a proper ideal in A, since otherwise e € e(P + (1 — e)A) ¢ P.
The ideal P + (1 — e)A properly contains P, since otherwise 1 = (1 —e) + e € P + eA.
The remaining assertions are directly verified.

b. It is sufficient to prove that for any element p € P, there exists a central idempotent

e € Psuch that p belongs to the ring direct factor eA of the ring A. There exists a finite
subset {eq, ..., e,} of the set {e;}ic; of central idempotents, which are generators for
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the ideal P, such that p € Y ; e;A. There exists a central idempotent e € A with
eA = Y1, e;A. Therefore, p € eA

C. Letf = h(a), where a € A. Then a - a? ¢ P. By b, there exists a central idempotent
e ¢ Pwitha-a? e eA.Thena-a? = ea—ea? and a(1-e)-(a(1-e))? = 0. Therefore,
a(1 - e) is an idempotent of the ring A and h(a(1 - e)) = h(a) = f.

d. We assume that e ¢ P. Since A/P is a Pierce stalk of the ring A and e is a central
idempotent, P+ eA = A.Then1 = ea + pforsomea ¢ Aandp € P.Then1 -e =
(1-e)ea+p)=(1-e)peP.

e. The assertion follows from a.

f. Let & be the set of all proper ideals in A which contain P and are generated by a
central idempotents in A. Since P € &, we have £ # @. By the Zorn lemma, it is suf-
ficient to prove that if E is the union of an ascending chain of ideals E; € &,i € I,
then E € &. Since all ideals E; are generated by central idempotents, E is generated
by central idempotents. It remains to prove that E + A. We assume the contrary. Then
1 € E = |J;¢; Ei. Therefore, 1 is contained in some proper ideal E; in A. This is a con-
tradiction.

g.Letry(d) =0, a € A and da € P. By b, there exists a central idempotent e € P such
that da € eA. Then da(1-e) = 0. Sincer(d) = 0,wehavea(l-e) =0and a = ae € P.
Therefore, r4,p(d + P) = 0.

h.Leta, b € Aand h(a)h(b) = 0. Then ab € P. By b, there exists a central idempotent
e € Psuchthat ab € eA. Then a(1 - e)b = 0. Since A is a PF ring, it follows from 3.2.3
that there exist elements x, y € A such that

x+y=1, a(l-e)x=0, y(l-eb=0,
h(x) + h(y) = h(1), h(a)h(x) =0, h(y)h(b) =0.

By 3.2.3, A/Pis a PF ring.
i. There exist elements a4, ..., a, € A such thatfi = h(a;) for all i. Then a; — ai2 €P,
for all i, and a;a; € P fori # j. By b, there exists a finite subset ] = {eq, ..., ey} in[

such that the ideal Z{'E j €iA contains all elements a; — ai2 and aja; € P, wherei,j € ],
i # j. There exists a central idempotent e € P with eA = Zie] eiA. Weset f; = a;(1 -e),
i=1,...,n Then h(f;) = h(a;) for all i. In addition, all elements f; —fi2 and e;e; (i # j)
are contained in the ideal fA n (1 - f)A = 0. Therefore, fi, ..., f, are the required
orthogonal idempotents of the ring A.

j- There exists a countable set {a;};°, of elements of the ring A such that e; = h(a;)
for all i. Let n € IN. By i, there exists a set of orthogonal idempotents {el-}?:1 of the
ring A such that h(e;) = e; fori = 1,..., n. Now it is sufficient to prove that there
is an idempotent e,.; € A such that the idempotents ey, ..., e,+1 are orthogonal
and h(eps1) = ens1. The ideal P contains elements a,.1 — ale, eidn41, Any1€; for
i = 1,...,n. There exist central idempotents fi,...,fn € P such that the ideal

ka:1 fxA contains elements a1 — aiﬂ, €ilns+1, Ansreijfori=1, ..., n. There exists a
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central idempotent f of the ring A such that fA = Zle frA. Weset epy1 = ans1(1 = f).
Then h(e,.1) = h(ans1). In addition, elements e, — ele, eieni1, ens1€i (i # j) are
contained in the ideal fANn (1 - f)A = Ofori = 1, ..., n. Therefore, e, ..., eyy1 are
orthogonal idempotents of the ring A.

k. The assertion follows from j.

m. We assume that the Pierce stalk A/P contains a countable set {e;};°, of nontrivial
orthogonal idempotents. Let h: A — A/P be the natural epimorphism. By j, A con-
tains a countable set of orthogonal idempotents {e;};°; < A \ P such that h(e;) = e;
for all i. Since A does not contain infinite sets of noncentral orthogonal idempotents,
there exists a central idempotent e € {e;}{°,. Since A/P is a Pierce stalk, A = P + eA.
Then h(e) = h(1); this contradicts the nontriviality of the idempotent h(e) of the ring
h(A).

n. The assertion follows from the property that every factor ring of a right Bezout ring
is a right Bezout ring. O

4.2.2 Pierce stalks, Il. Let A be aring, M be a right A-module, and let {A/P;};c; be the
set of all Pierce stalks of the ring A.

a.If0 # m € M, then m ¢ MP; for some Pierce stalk A/P;.
b. N;e;(MP;) = 0; in particular, A is the subdirect product of their Pierce stalks.
c.If Nisasubmodulein M and m ¢ N, then m ¢ N + MP; for some Pierce stalk A/P;.

d. If N is a submodule in M, m € M and m € N + MP for every Pierce stalk A/P, then
m e N.

e. For each nonzero right A-module M, there exists at least one Pierce stalk A/P; with
M + MP;.

f. For each indecomposable right A-module X, there exists a Pierce stalk A/P such that
P c r(X).

g. If all idempotents of any Pierce stalk A/P of the ring A are central, then all idempo-
tents of the ring A are central.

h. If any Pierce stalk of the ring A does not have nontrivial idempotents, then all idem-
potents of the ring A are central.

Proof. a. Let {Bj}je; be the set of all proper ideals Bj in A such that B; is generated by
central idempotents in A and m ¢ MB;. The set {B;} is nonempty, since it contains
the zero ideal. In addition, it is directly verified that {B;} contains the union of any
ascending chain of its elements. By the Zorn lemma, {B;} contains a maximal element
P.Then m ¢ MP. It is sufficient to prove that A/P is a Pierce stalk of the ring A. Let’s
assume the contrary. By 4.2.1(a), P = QS = SQ for some proper ideals Q and S such that
Q and S properly contain P, A = Q + S and Q, S are generated by central idempotents.
Since P is a maximal element in {B;}, we have m ¢ MQ N MS = (MQ N MS)(Q +S) <
MSQ + MQS = MP. This is a contradiction.
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b. The assertion follows from a.

¢. We apply a to the nonzero element m + N € M/N.Bya,m+ N ¢ (M/N)P; = (N +
MP;)/N for some Pierce stalk A/P;. Therefore, m ¢ N + MP;.

d, e. The assertions follow from c and b, respectively.

f. Let P be the ideal of A generated by the set of all central idempotents in A which
are contained in the ideal r(X). It is sufficient to prove that P + eA = A for any central
idempotent e € A\ P. By the definition of the ideal P, we have e € A \ r(X). Therefore,
Xe is a nonzero submodule of the indecomposable module X = Xe @ X(1 — e). Then
X(1-e)=0and 1 - e € r(X). Therefore,1 —e € P.Then A = (1 -e)A +eA Cc P + eA.

g.lete = e2 € A, a € A, A/P be a Pierce stalk, and let h: A — A/P be the natural
epimorphism. We have to prove that ea — ae = 0 for any element a € A. By b, A
is the subdirect product of their Pierce stalks. Therefore, it is sufficient to show that
h(ea — ae) = 0. This is the case by assumption.

h. The assertion follows from g. O

4.2.3 Pierce stalks, Ill. Let A be a right PP ring such that all its idempotents are cen-
tral.

a. Every Pierce stalk A/P of the ring A is a domain.

b. If A is a right Bezout ring, then every Pierce stalk of the ring A is a right Hermite
ring.

Proof. a.LetA/PbeaPiercestalkandleth: A — A/Pbethenatural epimorphism. We
assume that h(a)h(b) = h(0), where a, b € A and h(a) +# h(0),i.e.,a ¢ Pand ab € P.
By 4.2.1(b), there exists a central idempotent e € P such that ab is contained in the
ring direct factor eA of the ring A. Then ab(1 - e) = 0. By assumption, there exists a
central idempotent f of the ring A that r4(a) = fA. Therefore, b(1 — e) = b(1 — e)f By
4.2.1(d), either h(f) = h(0) or h(f) = h(1), i.e., either1 —f € Por f ¢ P.

We assume that 1-f € P. Then h(f) = h(1), h(a) = h(af) = h(0). This is a contradiction,
since h(a) # h(0).
We assume that f € P. Then b = be + b(1 - e)f € P, h(b) = h(0) and A/P is a domain.

b. Let A/P be a Pierce stalk of the ring A. By a and 4.2.1(d), A/P is a right Bezout do-
main. By 4.1.5, A/P is a right Hermite ring. O

4.2.4 The images of integers in rings. When we consider an integer z as an element
of some factor ring A of the ring A, then we mean the element a(z) under a natural
unitary ring homomorphism a: Z — A.

4.2.5. Let A bearing, a;,...,an € A, and let fi, ..., fx be polynomials with inte-
gral coefficients in noncommuting variables x1, ..., Xm, Y1, - .., Yn. For each factor
ring A/P, we denote by hp the natural ring epimorphism A — A/P. The following
conditions are equivalent.
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1) There exist elements b4, ..., b, of the ring A such that

fj(al,...,am,bl,...,bn)=0, j=1,...,k.

2) For every factor ring A/P of the ring A, there exist elements 31, vy En of the ring
A/P such that A/P satisfies the relations

fithp(ar), . .., hp(@m), b1, ..., bp) = hp(0), j=1,...,k.

3) For every Pierce stalk A/P of the ring A, there exist elements El, ce En of the ring
A/P such that A/P satisfies the relations

fithp(ai), ..., hp(am), b1, ..., bp) =hp(0), j=1,...,k.

Proof. The implications 1) = 2) and 2) = 3) are obvious.

3)=1). In this proof, we call the factor ring A/P special if there exist elements
El, - ,En of the ring A/P such that the relations fij(hp(ai),..., hp(am),El, cee,
En) =0,i=1,...,k,aretruein A/P. We denote by & the set of all proper ideals E in A
such that A/E is not special. We denote by £* the subset in £ formed by all elements
from € which are the ideals of A generated by some sets of central idempotents. We
remark that the sets € and £* can be empty.

We assume that the condition 1) is not true and the condition 3) is true. Since 0 € £*,
we have £* # @. It is directly verified that the union of any ascending chain of ideals
from £* is contained in £*. By the Zorn lemma, £* contains a maximal element P. By
3), itis sufficient to prove that A/P is a Pierce stalk. We assume the contrary. Then there
exists a central idempotent e € A such that P+eA and P+ (1 - e)A are proper ideals in
A, P+eA and P+(1-e)A properly contain P,and A/P = (A/(P+eA))x(A/(P+(1-¢e)A)).
Theideals P + eA and P + (1 — e)A are generated by some sets of central idempotents.
In addition, P+ eA and P + (1 - e)A are not contained in £*. Therefore, A/(P + eA) and
A/(P + (1 — e)A) are special rings. Since A/P = (A/(P + eA)) x (A/(P + (1 — e)A)), it is
directly verified that A/P is a special ring. This is a contradiction. O

4.2.6. Let Abearing, {P;}ic; betheset of all Pierceideals of thering A, and leth;: A —
A/P; be natural ring epimorphisms. Sometimes, we write a instead of h;(a).

a a .
a.LetM = ( u 12) be a 2 x 2 matrix, where ai1, az, a1, a, € A, and for any

az ax
(hi(all) hi(aiz)
hi(az1) hi(az)
matrices over the Pierce stalk A/P;. Then the matrix M is left invertible in the ring
2 x 2 of matrices over A.

i € I, the matrix M; = ) is left invertible in the ring of all 2 x 2

b. Let a1, a, be two elements of the ring A. If for every i € I, there exist elements

511, 512, 521, Ezz € A/P; such that the matrix M; = <g” Bu) is right invertible in
21 b2
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the ring of all 2 x 2 matrices over A/P; and the product of (h;(ay), hi(a,))M; is a row
of length 2 with zero second element, then there exist elements b1, b1>, b>1, by € A

b11 b1
ba1 b
over A and the product of (a;, a;)M is a row of length 2 with zero second element.

such that the matrix M = ( ) is right invertible in the ring of all 2 x 2 matrices

c. Ifevery Pierce stalk A/P; of thering A is a right Hermite ring, then A is a right Hermite
ring.

d. If n is a positive integer and every n x n matrix over any Pierce stalk A/P; of the ring
A is diagonalizable, then every n x n matrix over the ring A is diagonalizable.

e. Ifevery Pierce stalk A/ P; of thering A is a Hermite ring such that every square matrix
over A/P; is diagonalizable, then A is a diagonalizable ring.

f. If every Pierce stalk A/P; of the ring A is a semilocal right Bezout ring, then A is a
right Hermite ring.

g. If every Pierce stalk A/P; of the ring A is a serial Bezout ring, then A is a diagonal-
izable ring.

h. If A is a Bezout ring such that every Pierce stalk is a serial ring, then A is a diago-
nalizable ring.

i. If every Pierce stalk A/P; of the ring A is a right Bezout domain, then A is a right
Hermite ring.

j. If A is a PF reduced ring such that the right annihilator of each element of A is a
finitely generated right ideal, then A is a PP ring and every Pierce stalk of the ring A is
a domain.

Proof. a. We consider the following polynomials f1, f>, f3, f4 in noncommuting vari-
ables x11, X12, X21, X22, Y11, Y12, Y21, Y22¢

fi=yuxi +yexa -1, fr=y11X12 +y12x20,

f3 =ya1x11 +y22X21 , fa=y21x12 +y22x22 - 1.

In the 2 x 2 matrix ring over A, the matrix M is left invertible if and only if there exist
elements b11, b12, b21, b22 of the ringA such thatfj(all, aip, a1, azn, b11, b12, b21,
by)=0,j=1,2,3,4.

hi(a11) hi(asz)
hi(az1) hi(az)
matrices over the Pierce stalk A/P;. Therefore, there exist elements 511, 312, 321, Ezz
of thering A/P; such that the relations fj(hi(a11), hi(ai2), az1), hi(azz), b11, b12, b1,
b22) = hi(0), j = 1, 2, 3, 4, are true in the ring A/P;.

By 4.2.5, there exist elements b11, b12, b21, by2 of thering A such that fj(a11, a1z, a1,
a,, bi1, b12, bs1, b2y) =0, j =1, 2, 3, 4. Therefore, the matrix M is left invertible in
the ring of all 2 x 2 matrices over A.

For any i € I, the matrix M; = ( ) is left invertible in the ring 2 x 2 of
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b. We consider the following polynomials f3, f, f3, f4, fs, f¢ in noncommuting vari-
ableS X1, X2, 2, )’11, )’12, )/21, )/22, )”11, y’125 )”21, y’22:

fi=xiyn+xy21-2,  fr=x1y12 +xX2¥22,
f3=y1uYi +y12Yh -1, fa=y11Vi +V12Vh »
fs =y21Y11 + Y2251 fo =y21y1, +y22Y5, - 1.

We consider an arbitrary Pierce stalk A/P;. By assumption, there exist elements
Ea Ell: 3123 3213 B225 Ell’: 312,3 321’5 322’ € A/Pl SuCh that

N T e e e .
f}(alya23d5b115b123b213b223b11 sblz 3b21 sb22 )=hi(0)s ]=15 253545 556-
By 4.2.5, there exist elements

d, b11, b1z, ba1, baa, by, by,, by, by € A

such that fj(ay, az, d, b11, b1z, ba1, b2z, by, bl5, by, b,) = 0,j = 1,2,3,4,5,6.

' . b1 b b', b
We denote by M and M’ the 2 x 2 matrices ( ;! ;12 ) and ( b bl
M-M' is the identity 2x2 matrix. Therefore, the matrix M is right invertible. In addition,
(a1, a2)M = (d, 0) is a row of length 2 with zero as the second element.

), respectively. Then

c. Let a;, a, be two elements of the ring A. Since every Pierce stalk A/P; of the

ring A is a right Hermite ring, we have that for every i el _there exist elements

311, Elz, 321, Ezz € A/P; such that the matrix M; = <§11 B12) is right and left
21 b2

invertible in the ring of all 2 x 2 matrices over A/P; and the product (hj(a1), hi(az))M;
is a row of length 2 with zero second element h;(0)). By b, there exist elements
b11, b12, b21, b22 € A such that the matrix M = (bll b12

b1 b2
the ring of all 2 x 2 matrices over A and the product (a;, a;)M is a row of length 2

with zero second element 0. Since all the matrices M; are left invertible in the ring of
all 2 x 2 matrices over A/P;, it follows from 1) that the right invertible matrix M is also
left invertible. Therefore, A is a right Hermite ring.

) is right invertible in

d. The proof of d is similar to the proof of c.

e. By ¢, A is a Hermite ring. By d, every square matrix over A is diagonalizable. By
4.1.6(b), A is a diagonalizable ring.

f. Every semilocal right Bezout ring is a right Hermite [193]. Therefore, every Pierce
stalk of the ring A is a right Hermite ring. By c, A is a right Hermite ring.

g. Since every semilocal Bezout ring is a Hermite ring [193] and every square matrix
over serial ring is diagonalizable [120], it follows from e that A is a diagonalizable ring.

h. The assertion follows from g and the property that every factor ring of a Bezout ring
is a Bezout ring.
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i. By assumption, every Pierce stalk A/P; of the ring A is a right Bezout domain. By
4.1.5, every right Bezout domain is a right Hermite ring. Therefore, every Pierce stalk
A/P; of the ring A is a right Hermite ring. By c, A is a right Hermite ring.

j. Let a € A. By assumption, aA is a flat right A-module. Since the module a4, is iso-
morphic to the factor module A o /r(a) of the free module A4 and r(A) is a finitely gener-
ated right A-module, aA is a finite-presented flat A-module. Since all finite-presented
flat modules are projective, the module aA, is projective and A is a right PP ring. By
3.2.11, A is a PP ring. By 4.2.2(b), every Pierce stalk of the ring A is a domain. O

4.2.7 Theorem. Let A be areduced ring such that the right annihilator of each element
of A is a finitely generated right ideal.

Then the ring A is a right Bezout ring if and only if A is a right Hermite ring.

Under these conditions, A is a right semihereditary, right stably finite ring which has
the strongly regular right classical ring of fractions Q and contains all idempotents of
the ring Q.

In addition, every finitely generated right ideal B of the ring A is a quasiprojective right
A-module and a free cyclic right A/r(B)-module.

Proof. If A is a right Hermite ring, then A is a right Bezout ring by 2.2.3(b).

Let A be a right Bezout ring. By 3.2.6(d), A is a PF ring. By 4.2.6(j), A is a PP ring and
every Pierce stalk of the ring A is a domain. Since the domain A/P is a factor ring of
the right Bezout ring A, we have that A/P is a right Bezout domain. By 4.1.5, A/P is the
right Hermite ring. By 4.2.6(i), A is a right Hermite ring.

Let 1) and 2) hold. By 4.2.6(j), A is a right PP ring and a right Bezout ring. Therefore,
A is a right semihereditary ring. By 2.3.40(3),(4), A is a stably finite ring that has the
strongly regular right classical ring of fractions. By 4.1.1(a), A contains all idempo-
tents of the ring Q. By 3.2.6(e), every finitely generated right ideal B of the ring A is a
quasiprojective right A-module and a free cyclic right A/r(B)-module. O

4.2.8 The completion of the proof of Theorems 4A and 4B. Theorem 4A follows from
Theorem 4.2.7.
Theorem 4B follows from 4.2.6(h).

4.2.9 Open question. Is it true that every commutative Bezout domain is diagonaliz-
able?
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5 Bezout rings, Krull dimension

The main results of this section are Theorems 5A, 5B and 5C.

5A Theorem (Tuganbaev [183]). If A is a Bezout exchange ring without noncentral
idempotents, then A is a diagonalizable ring.

5B Theorem (Tuganbaev [187]). If A is a right invariant, right Bezout exchange ring,
then B + r(X) = r(X/XB) for every finitely generated right A-module X and each ideal
B of the ring A.

5C Theorem (Tuganbaev [188]). If A isa commutative arithmetical ring, then A has the
Krull dimension if and only if every factor ring of the ring A is finite-dimensional and
does not have idempotent proper essential ideals.

The comment to Theorem 5C are given below in 5.2.2.

Remark. The completion of the proof of Theorems 5A and 5B and 5C is given in 5.1.12,
5.1.13 and 5.2.12.

5.1 Bezout rings and modules

5.1.1 Bezout modules. Let A be aring and M a Bezout right A-module.
a. If the ring A is right quasi-invariant, then the module M is distributive.

b. If the ring A is local, then M is a uniserial module.

Proof. a. We assume that there exists a nondistributive Bezout module M. By 1.1.5,
there exists a 2-generated submodule X of the module M, which has a factor module
S @ T such that S and T are isomorphic simple modules. Since M is a Bezout module,
Se& T is a cyclic module. Therefore, there exist two distinct maximal right ideals B and
C of the ring A such that A/B = S = T = A/C. By assumption, B and C are ideals.
Therefore, B = r(A/B) and C = r(A/C). Since the annihilators of isomorphic modules
coincide and (A/B)4 = (A/C)4, we have B = C. This is a contradiction.

b. Since the local ring A is quasi-invariant, the module M is distributive by a. By
1.2.2(e), M is a uniserial module. O

5.1.2. If Aisaleft quasi-invariant ring, then each of its right or left invertible elements
is invertible.

Proof. Leta, b € A and ab = 1. It is sufficient to prove that Aa = A.

We assume that Aa # A. Then a is contained in some maximal left ideal M. Since by
assumption M is an ideal, 1 = ab € M. This is a contradiction. O

https://doi.org/10.1515/9783110659825-005
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5.1.3. Let A be aright Bezout ring.

a. The ring A is right quasi-invariant if and only if A is right distributive.

b. Ifthering A is left quasi-invariant, then A is a right distributive, right quasi-invariant
ring.

Proof. a.lIf A isright quasi-invariant, then A is right distributive by 5.1.1(a). If A is right
distributive, then A is right quasi-invariant by 1.2.3(d).

b. By a, it is sufficient to prove that any maximal right ideal M of the left quasi-invari-
ant, right Bezout ring A is an ideal.

We assume the contrary. Then A = AM and 1 = Z{‘:l a;m;, where a; € A and m; € M.
Since A is a right Bezout ring, there exist elements b4, ..., bp, C1,...,Cn € A such
that 2?21 mici = m € M and m; = mb; foralli. Since m € M, we have mA # A.By5.1.2,
Am # A. Therefore, m is contained in some maximal left ideal B. By assumption, B is
an ideal. Therefore, 1 = Z?:l aimb; € B; this is a contradiction. O
5.1.4. If A is a Bezout ring, then the following conditions are equivalent.

1) A is right distributive.

2) A is left distributive.

3) A is right quasi-invariant.

4) A is left quasi-invariant.

5.1.4 follows from 5.1.3.

5.1.5. Aring A is a right Bezout ring if and only if all Pierce stalks of the ring A are
right Bezout rings.

Proof. Since all factor rings of a right Bezout ring are right Bezout rings, every Pierce
stalk of the ring A is a right Bezout ring.

We assume that every Pierce stalk of the ring A is a right Bezout ring. Let m, n € A and
let Xy - (X1Y1 + X2Y2)Y3, X5 — (X177 + X5 Y3)Y, be polynomials in noncommuting
variables X1, X5, Y1, Y5, Y3, Y,4. In addition, let A/P be a Pierce stalk of the ring A. Let
h: A — A/P be the natural epimorphism. Since h(A) is a right Bezout ring, there exist
elements a, 3, c, de h(A) such that

0 = h(m) - (h(m)a + h(n)b)c , 0 = h(n) — (h(m)a + h(n)b)d .

By 4.2.5, there exist elements a, b, c,d € A such that 0 = m — (ma + nb)c and 0 =
n — (ma + nb)d. Therefore, A is a right Bezout ring. O

5.1.6. A ring A is an exchange ring if and only if all Pierce stalks of the ring A are
exchange rings;

Proof. If A is an exchange ring, then each of its factor rings is an exchange ring.
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We assume that all Pierce stalks of the ring A are exchange rings.

Let X1, X5, Y1, Y, be noncommuting variables. We consider polynomials f; (X1, Y1,
Y1) = Y1-X1Y2, o(X1, X2, Y1, Y2) = Xo-Y1-(Xo-X1)Y2 and f3(Y1) = Y1 - Y1 2. Inad-
dition, let A/P be a Pierce stalk of the ring A, h: A — A/P be the natural epimorphism
and let a € A. Since h(A) is an exchange ring, there exist elements e, b,Te h(A) such
that 0 = € — h(a)b = f1(h(a), €, b), 0 = h(1) — € — (h(1) — h(a))< = f(h(a), h(1), €, T),
0= fe) -2’ = f3(e). By 4.2.5, there exist elements e, b, c € Asuchthat0 = e —ab =
fila,e,b),0 =1-e—-(1-a) = fr(a,1,e,c),0 = e — e2 = f3(e). Then e is an
idempotent, e € aA and 1 - e € (1 — a)A. Therefore, A is an exchange ring. O

5.1.7. For aring A, the following conditions are equivalent.

1) All idempotents of the ring A are central.

2) For every proper ideal P of the ring A generated by central idempotents, all idem-
potents of the ring A/P are central.

3) Each Pierce stalk of the ring A does not have nontrivial idempotents.

Proof. 1)=2). Let h: A — A/P be the natural epimorphism and @ = &> € h(A). By
4.2.1(c), e = h(e) for some idempotent e € A. By assumption, e is a central idempotent
of the ring A. Then h(e) is a central idempotent of the ring h(A).

2) = 3). Let A/P be a Pierce stalk, h: A — A/P be the natural epimorphism, and let e
be a nonzero idempotent of the ring h(A). By 4.2.1(c), there exists an idempotent e € A
such that h(e) = e # 0. Since all idempotents of the ring A are central and h(e) # O,
the idempotent e is central in A and e ¢ P. By 4.2.1(d), 1 — e € P. Then h(e) = h(1).

3)=1).Lete=e? € A,a € A, A/PbeaPiercestalk, and let h: A — A/P be the natural
epimorphism. By assumption, h(e) is a central idempotent of the ring h(A). Therefore,
h(ea — ae) = 0 and ea - ae € P. By 4.2.2(b), A is the subdirect product of their Pierce
stalks. Therefore, ea — ae = 0 and e is a central idempotent. O
5.1.8. For aring A, the following conditions are equivalent.

1) A is an exchange ring without noncentral idempotents.

2) Every element of the ring A is a sum of an invertible element and central idempotent.

3) All Pierce stalks of the ring A are local rings.

Proof. 1) = 2).Letx € A. Since A is an exchange ring without noncentral idempotents,
there exist a central idempotent e € xA and elements a, b € A such that e = xa and
1 - e = (1 - x)b. Without loss of generality, we can assume that a = ea = ae and
b =(1-e)b=(1-e)b.Then ax and b(1 — x) are central idempotents and

ax = a(xa)x = xa(ax) = xaxa=xa=e.
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It can be similarly proved that (1 — x)b = 1 — e. In addition,

(a-b)y=xa+(1-x)b-b-a+ea+(1-e)b
=e+(1l-e)-b+b=1.

It can be similarly proved that (a — b)[x — (1 — e)] = 1. Therefore, x — (1 — e) is an
invertible elementand x = x - (1 —e) + (1 - e).

2) = 3). Let A/P be a Pierce stalk, h: A — A/P be the natural epimorphism, and let
h(a) be any noninvertible element in h(A), where a € A. It is sufficient to prove that
h(1)-h(a) is an invertible element in h(A). By assumption, there exists a central idem-
potent e € A suchthate—a € U(A). Then h(e) - h(a) € U(h(A)). Since h(a) ¢ U(h(A)),
we have h(e) # 0. Then e € A\ Pand theideal P+ eA is generated by a central idempo-
tent and properly contains ideal P, where A/P is a Pierce stalk. Therefore, P + eA = A.
Then h(e) = h(1). Therefore, h(1) — h(a) € U(h(A)).

3) = 1). Since any local ring does not have noncentral idempotents, it follows from
5.1.7 that all idempotents of the ring A are central. In addition, every local ring is an
exchange ring. By 5.1.6, A is an exchange ring. O

5.1.9. Aring A is right distributive if and only if all Pierce stalks of the ring A are right
distributive.

Proof. If the ring A is right distributive, then all its factor rings are right distributive.

Let all Pierce stalks of the ring A be right distributiveand let Y; + Y, -1, X; Y, - X, Y3
and X, Y, — X; Y, be polynomials in noncommuting variables X1, X,, Y1, Y5, Y3, Y.
In addition, let A/P be a Pierce stalk, h: A — A/P be the natural epimorphism, and
let m, n € A. Since the ring h(A) is right distributive, it follows from 1.1.2 that there
exist elements a, E, C, de h(A) that

a+b-h(1)=0, h(m@a-h(n)c=0, hmb-h(nd=0.

By 4.2.5, there exist elements a, b, c,d € Asuchthat0 =a+ b - 1,0 = ma — nc and
0 = nb — md. By 1.1.2, A is right distributive. O
5.1.10 Theorem. For aring A, the following conditions are equivalent.

1) A is an exchange right Bezout ring without noncentral idempotents.

2) A is a right quasi-invariant exchange ring that is a right Bezout ring.

3) A is a right distributive exchange ring.

4) Every Pierce stalk A/P of the ring A is a right uniserial ring.

Proof. 1) = 4). By 5.1.8, every Pierce stalk A/P is a local ring. Since all factor rings of a
right Bezout ring are right Bezout rings, every Pierce stalk A/P is a local right Bezout
ring. By 5.1.1(b), A/P is a right uniserial ring.
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4)=>1), 4) = 2) and 4) = 3). By 5.1.9, the ring A is right distributive. Since every right
uniserial ring is a right Bezout exchange ring, every Pierce stalk of the ring A is an ex-
change right Bezout ring. By 5.1.5 and 5.1.8, A is an exchange right Bezout ring without
noncentral idempotents. By 1.2.3(d), the ring A is right quasi-invariant.

2) = 3). The assertion follows from 5.1.1(a).

3) = 4). By 1.1.7(a), all idempotents of the ring A are central. Since all factor rings of
right distributive rings are right distributive, every Pierce stalk A/P is a right distribu-
tive local ring by 4.2.3(c). By 1.2.2(d), A/P is a right uniserial ring. O

5.1.11 Theorem. For a ring A, the following conditions are equivalent.
1) A is a diagonalizable exchange ring without noncentral idempotents.
2) A is a Bezout exchange ring without noncentral idempotents.

3) A is a quasi-invariant exchange Bezout ring.

4) A is a distributive exchange ring.

5) All Pierce stalks of the ring A are uniserial rings.

Proof. The equivalence of conditions 2), 3), 4) and 5) follows from 5.1.10.
1) = 2). Since every diagonalizable ring is a Hermite ring, 2) follows from 2.2.3(b).

2) = 1). By 2), A is an exchange ring without noncentral idempotents. Since 2) and 5)
are equivalent, every Pierce stalk of the ring A is a uniserial ring. In particular, every
Pierce stalk of the ring A is a serial Bezout ring. By 4.2.6(h), A is a diagonalizable ring.

O

5.1.12 The completion of the proof of Theorems 5A. Theorem 5A follows from Theo-
rem 5.1.11.

5.1.13 The completion of the proof of Theorem 5B. Since A is a right invariant a Be-
zout exchange ring, it follows from Theorem 5.1.11 that A is a diagonalizable ring. By
Theorem 2B from the beginning of Section 2, B + r(X) = r(X/XB) for every finitely
generated right A-module X and each ideal B of the ring A.

5.2 Rings with Krull dimension

5.2.1Krull dimension of modules and rings. We recall the transfinite definition of the
Krull dimension Kdim M of the module M, see[82]. (We remark that there are modules
without Krull dimension.)

By definition, it is assumed that the zero module has the Krull dimension —1 and the
Krull dimension of each nonzero Artinian module is zero.

We assume that a is an ordinal > 0, modules with Krull dimension S defined for all
ordinals 8 < a, and M is a module such that Kdim M # S.
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One says that the Krull dimension Kdim M of the module M is equal to a if for any
infinite properly descending chain of M; > M, > ... of submodules in M, there exists
a positive integer n such that Kdim(M,/Mp.1) < a.

If A is aring and the module A 4 has Krull dimension, then the dimension is called the
right Krull dimension Kdim A, of the ring A.

For example, the Krull dimension of the residue ring Z/nZ.is equal to 0, and the Krull
dimension of the polynomial ring k[x1, ..., X,] over any field k is equal to n.

a. All factor modules and submodules of the module with Krull dimension have Krull
dimension, every extension of the module with Krull dimension with the use of the
module with Krull dimension has Krull dimension and every Noetherian module has
Krull dimension; see [82].

b. The class of all rings with right Krull dimension is larger than the class of all right
Noetherian rings and the rings with right Krull dimension have many useful proper-
ties of right Noetherian rings.

For example, if A is a ring with right Krull dimension, then its prime radical P is nil-
potent and the factor ring A/P has the semisimple Artinian right classical ring of frac-
tions; see [82].

¢. Any module with Krull dimension is finite-dimensional; see [82, Proposition 1.4].

5.2.2 Arithmetical rings and Krull dimension. An ideal B is called an idempotent
ideal if B = B2.

In [118], it is proved that commutative uniserial ring A has Krull dimension if and only
if A does not have idempotent proper nonzero ideals.

In this case, it is clear that every factor ring of the ring A does not have idempotent
proper nonzero ideals.

In addition, every factor ring of any commutative uniserial ring is a finite-dimensional
uniserial ring such that each of its nonzero ideals is an essential.

a. We remark that Z is a commutative arithmetical ring with Krull dimension 1. In
addition, Z does not have idempotent proper nonzero ideals and its factor ring Z/6Z
has idempotent proper nonzero ideals.

b. The direct productof A = [];.; A; of any set of fields A; is a commutative arithmetical
ring such that all its ideals are idempotent ideals.
In this case, the ring A has Krull dimension if and only if the set I is finite.

¢. Let A be a commutative ring with Krull dimension. In [117, Théoréme 12], it is proven
that A = A; x --- x Ay, where each of the rings A; have Krull dimension and do not
have idempotent proper nonzero ideals. Since every factor ring of the ring A has Krull
dimension, every factor ring A of the ring A does not have idempotent proper essential
ideals. In addition, A is a finite-dimensional ring.
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5.2.3. Let A be a right distributive ring.

a.If P; c P, c ... is an infinite properly ascending chain of completely prime right
ideals of the ring A, then U7, P; is an idempotent proper completely prime right ideal.

b. If the ring A does not have idempotent proper completely prime ideals, then A is a
ring with the maximum condition on completely prime ideals.

c. If the ring A does not have idempotent proper completely prime right ideals, then A
is a ring with the maximum condition on completely prime right ideals.

d. If A is a right finite-dimensional reduced ring, then A is a finite direct product of
right distributive right uniform domains.

Proof. a. We denote by X the right ideal U{?, P;. Since all P; are proper right ideals, X
is a proper right ideal. Since all P; are completely prime right ideals, X is a completely
prime right ideal.

We assume that X # X2. Let x € X\ X2. Then x € P; for some i. Since P; is a completely
prime right ideal and X properly contains P;, we have that X2 ¢ P; and there exists an
element y € X2 \ P;. By 1.1.2, there exist two elements a, b € A suchthata + b = 1,
xa € yA < X? and yb € xA < P;. Since x ¢ X and xa € X?, we have xb = x - xa ¢ X?.
Therefore, b ¢ X.Sincey ¢ P; and the element yb is contained in the completely prime
right ideal P;, we have b € P; ¢ X. This is a contradiction.

b, c. The assertions follow from a.

d. The right finite-dimensional ring A contains an essential right ideal x;A®- - - ® x, A,
where each of the right ideals x;A are uniform. Since the ring A is right distributive,
it follows from 1.2.2(d) that x;A @ --- ® x,A = xA, where x = x1 +--- + xj,. Since A is
a reduced ring and xA is an essential right ideal, it follows from 1.3.1(b) that r(x) = 0.
Therefore, xA,4 is a free cyclic module. In addition, xA = (XxANx1A)®---® (XA N x,A).
Therefore, A is a finite direct product of right distributive right uniform domains. O

5.2.4. Let A be a right invariant arithmetical ring and N be the set of all right or left
zero divisors of the ring A.

a. If A does not have idempotent proper prime ideals, then A is a ring with the maxi-
mum condition on prime ideals.

b. If the set N is a prime ideal of the ring A, then A has the right uniserial right classical
ring of fractions Q, NQ = J(Q) and the ring A is right uniform.

Proof. Since A is a right invariant arithmetical ring, A is a right distributive ring that
has the right classical ring of fractions Q.

a. Since every prime ideal of the right invariant ring A is completely prime, the asser-
tion follows from 5.2.3(b).
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b. Since the ring A is right invariant, the prime ideal N is completely prime and the
set S of all nonzero divisors of the ring A has the form A \ N. By 1.3.2(k), Q is a right
uniserial ring, J(Q) = NQ and the ring A is right uniform. O

5.2.5. Let A be a right invariant arithmetical ring such that all its right zero divisors
are left zero divisors and the intersection of any two nonzero ideals is equal to zero.
Let N be the set of all right or left zero divisors of the ring A.

a. N is a completely prime ideal of the ring A, the ring A has the right uniserial right
classical ring of fractions Q, and NQ = J(Q).

b. If A has a completely prime nil ideal P, then P = xP for any nonzero divisor x of the
ring A, P = QP is a left ideal of the ring Q, PQ = QPQ is an ideal of the ring Q and
(PQ)" = P"Q for every positive integer n.

Proof. Since A is a right invariant arithmetical ring such that the intersection of any
two its nonzero ideals is equal to zero, A is a right distributive right uniform ring.

a. Since the ring A is right uniform, the set N; of all its left zero divisors coincides with
the set of all elements of the ring A whose right annihilators are essential right ideals.
In this case, it is well known that N; is a completely prime ideal of the ring A; e.g., see
[166, 5.30(2)] or [169, Lemma 1.4]. Since all right zero divisors of the ring A are left zero
divisors, N = N;. Therefore, N is a completely prime ideal. By 5.2.4(b), A has the right
uniserial right classical ring of fractions Q and NQ = J(Q).

b. Let y € P. By 1.1.2, there exist elements a, b € A suchthata + b = 1 and xa, yb €
xA nyA. Since x ¢ P and xa is an element of the completely prime ideal P, we have
that a is an element of the nil ideal P. Then b = 1 - a is an invertible element and
yb € xA. Therefore, y = ybb™! € xA and P = xP. Since x is an invertible element of
the ring Q and P = xP, we have P = x"1P. Therefore, P = QP. Then PQ = QPQ is an
ideal of the ring A and (PQ)" = P"Q for every positive integer n. O

5.2.6. Let A be a commutative arithmetical uniform ring, P be the prime radical of the
ring A, and let A/P be a finite-dimensional ring.

a. P is a completely prime nil ideal and either P = P? or P is a nilpotent ideal.

b. If the ring A does not have idempotent proper essential ideals, then P is a nilpotent
ideal.

Proof. a.Since A/Pisacommutative finite-dimensional distributive reduced ring, A/P
is a finite direct product of domains by 5.2.3(d). Since P is a nil ideal, all idempotents of
the ring A/P can be lifted to idempotents of the commutative indecomposable ring A.
Therefore, the ring A/P does not have nontrivial idempotents. Then A/P is a domain
and P is a completely prime nil ideal. By 5.2.5, the ring A has the uniserial classical
ring of fractions Q, P = xP for any nonzero divisor x of the ring A, P = QP is an ideal
of the ring Q and P" = P"Q for every positive integer n.
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We assume that P # P2, Let p € P\ P2. Then pQ is a nilpotent ideal of the commutative
uniserial ring Q that is not contained in the ideal P2 = P2Q. Then the ideal P? is
contained in the nilpotent ideal pQ. Therefore, the ideal P? is nilpotent. Then P is
a nilpotent ideal.

2) Without loss of generality, we can assume that P is a nonzero proper ideal of the ring
A. Since A is a uniform ring, P is an essential ideal. By assumption, the ring A does
not have proper essential idempotent ideals. Therefore, P #+ P2. By a, P is a nilpotent
ideal. O

5.2.7 ([118, Proposition 2]). Let M be a module such that all factor modules of the
module M are finite-dimensional and any nonzero factor module Q of the module M
contains a nonzero submodule with Krull dimension. Then M has Krull dimension.

5.2.8([82, 1.4, 7.1,7.3,7.4]). Let A be a ring that has right Krull dimension. Then ev-
ery factor ring of the ring A is right finite-dimensional, A is a ring with the maximum
condition on prime ideals, and for every proper ideal B of the ring A, there exist prime
ideals P4, ..., P, of the ring A such that P, - --- - P, € B and each of the ideals P;
contains the ideal B.

5.2.9. Let A be a ring such that all cyclic right A-modules are finite-dimensional.

a. If there exists a finite set {P1, . . ., P,,} ideals of the ring A such that each of the cyclic
right A-modules A/P; has Krull dimension, then the ring A/(P----- P,,) hasright Krull
dimension.

b. We assume that there exists a set Q of proper ideals of the ring A such that ascending
chains of ideals from Q are stabilized at a finite step and for any nonzero right ideal B
of the ring A, there exist ideals P, ..., P, € Q such that

Py PpSBCPin---NPy.

Then A has right Krull dimension.

Proof. a.V.T.Markovinformed the author of the proof of this assertion. We use the in-
duction by n. For n = 1, there is nothing to prove. Letn > 1and Q = P; ... P,,—1. By the
induction hypothesis, the factor ring A/Q has right Krull dimension. Let X be an arbi-
trary nonzero factor module of the right A-module Q/QP;. Then X is a submodule of
the right A/P,-module Q/QP,,. Since X is a right module over the ring A/P,, with right
Krull dimension, every nonzero submodule of the A/P,,-module X contains a nonzero
submodule with Krull dimension. Then every nonzero submodule of the A-module X
contains a nonzero submodule with Krull dimension. In addition, X, is a submodule
of the cyclic A-module A/QP,, and all factor modules of the cyclic A-module A/QP,,
are finite-dimensional by assumption. Therefore, all factor modules of the module X4
are finite-dimensional. By 5.2.7, the module X, has Krull dimension. Since X is an arbi-
trary nonzero factor module (Q/QP)4, the module (Q/QPy) 4 has Krull dimension. In
addition, (A/Q)4 has Krull dimension by the induction hypothesis. Since (A/QPy)a is
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an extension of the module (Q/QPy)4 with Krull dimension with the use of the mod-
ule (A/Q),, we have that (A/QP,)4 has Krull dimension. Therefore, the ring A/QP;,
has right Krull dimension.

b. We assume that A does not have right Krull dimension. We construct a properly
ascending sequence of ideals Qo ¢ Q; ¢ Qy ... in Q U {0} such that the ring A/Q;
does not have Krull dimension for all i > 0. We set Qg = 0. We assume that the ideals
Qo C --- ¢ Qg have been constructed, where k > 0. Since the right A-module A/Qy
does not have Krull dimension, there exists a right ideal B of the ring A such that
B 2 Qx, B/Qx # 0, and (A/B)a does not have Krull dimension. By assumption, there
exist ideals Py, ..., P, € Q such that

Py-----PycBCPin---NPy.

By 5.2.7, there exists an integer i € {1, ..., n} such that the cyclic right A-module A/P;
does not have Krull dimension. We set Q.1 = P;. We have an infinite properly ascend-
ing chain Q; ¢ Q, c ... ofideals from Q; this contradicts the assumption. O

5.2.10. For aright invariant ring A, the following conditions are equivalent.
1) The ring A has right Krull dimension.

2) A is a ring with the maximum condition on prime ideals, all factor rings of the ring
A are right finite-dimensional and for any nonzero ideal B of the ring A, there exist
ideals Pq, ..., P, € Qsuch that

Py-----P,cBcPin---nP,.

Proof. The implication 1) = 2) follows from 5.2.8.

2) = 1). The ring A is right invariant and all factor rings of the ring A are right finite-
dimensional. Therefore, all cyclic right A-modules are finite-dimensional. We denote
by Q the set of all prime ideals of the ring A. Now the assertion follows from 5.2.9(2).

O

5.2.11. Let A be a commutative arithmetical ring and every factor ring of the ring A is
finite-dimensional and does not have idempotent proper essential ideals. Then A has
Krull dimension.

Proof. By assumption, every factor ring of the ring A is finite-dimensional. By 5.2.4, A
is a ring with the maximum condition on prime ideals. Let B be an arbitrary proper
ideal of the ring A. By 5.2.10, it is sufficient to prove the existence of prime ideals
Q4, ..., Qy of the ring A such that Q; - --- - Q, € B and each of the ideals Q; con-
tains ideal B.

By assumption, A/B is a finite-dimensional ring. Therefore, there exist ideals B4, ...,
By of the ring A such that B; n--- N Bx = B and every factor ring A/B; is a uniform
ring. Let Pq, ..., Py be ideals of the ring A such that B; ¢ P; and let P;/B; be the
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prime radical of the ring A/B;, i = 1, ..., k. By assumption, every factor ring A/P; is
a uniform ring. By assumption, every factor ring A/B; is a commutative arithmetical
ring without idempotent proper essential ideals. By 5.2.6, P;/B; is a prime nilpotent
ideal of thering A/B;, i =1, ..., k. Therefore, there exist positive integers ny, ..., ng
such that P{" ¢ B;,i=1,..., k. Therefore, the ideal X = P{" - --- - P}* is contained in
the ideal By Nn--- N By = B and every prime ideal P; contains ideal B. This implies the
required assertion. O

Proof.

5.2.12 The completion of the proof of Theorem 5C. 1) = 2). The assertion follows from
5.2.2(c).

2) = 1). The assertion has been proven in 5.2.11. O

5.2.13 Open question. Let A be an invariant arithmetical ring and every factor ring of
A is finite-dimensional and does not have idempotent proper essential ideals. Is it true
that A has right Krull dimension?
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6 Semi-Artinian and nonsingular modules

The main results of this section are Theorems 6A, 6B and 6C.

6A Theorem (Tuganbaev [184]). If M is a semi-Artinian® module, then M is an auto-
morphism-extendable module if and only if M is an automorphism-invariant module.

6B Theorem (Tuganbaev [174]). If M is a module over an Artinian serial ring, then M
is an automorphism-extendable module if and only if M is a quasi-injective module.

6C Theorem (Tuganbaev [176]). Let M = T & U, where T is an injective module, U
is a nonsingular module, and Hom(T’, U) = O for any submodule T’ of the module
T. The module M is automorphism-extendable if and only if U is an automorphism-
extendable module.

Remark. The completion of the proof of Theorems 6A, 6B and 6C is given in 6.2.10.

6.1 Semi-Artinian Modules

6.1.1Free, injective and projective modules. Relative injectivity and projectivity. We
recall that the module M is said to be injective with respect to the module X or X-injec-
tive if for any submodule X; in X, every homomorphism X; — M can be extended to
a homomorphism X — M.

Let A be aring and let X, M be two right A-modules.

a. The module X is a free module of rank X if and only if X is isomorphic to the direct
sum of some set I of cardinality X of isomorphic copies of the free cyclic module A4.
In particular, there exist free modules of any rank N.

If X is a free module, then every mapping f from the basis {x;};c; of the module X
into the module M by the rule g(} x;a;) = Y f(x;)a; can be correctly extended to a
homomorphism g: X — M. In addition, if {f(x;)}ics is a system of generators of the
module M, then g: X — M is an epimorphism.

b. Every module with generator system of cardinality X is a homomorphic image of
the free module of rank X.

¢. Every module is projective and injective with respect to any semisimple module.

1 Amodule M is said to be semi-Artinian if each of its nonzero factor modules has a simple submodule.

https://doi.org/10.1515/9783110659825-006
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d. The class X of all modules X, such that the module M is X-injective, contains all
submodules, homomorphic images and direct sums of modules from X.

The class Y of all modules Y such that the module M is Y-projective contains all ho-
momorphic images, submodules and finite direct sums of modules from Y.

e. If the module X contains an isomorphic copy of the module A, and the module M is
injective with respect to the module X, then M is an injective module. Consequently,
the ring A is right injective if and only if the ring A is right quasi-injective.

f. All direct summands and direct products of modules, which are injective with re-
spect to the module M, are M-injective. In particular, all direct summands and direct
products of injective modules are injective.

All direct summands and direct sums of modules, which are projective with respect to
the module M, are M-projective. In particular, all direct summands and direct sums of
projective modules are projective.

g. If the module M is injective with respect to the module X and there exists a
monomorphism f: M — X, then f(M) is a direct summand of X, M is quasi-injec-
tive, and M is isomorphic to a direct summand of the module X. In particular, if
either the module X is indecomposable or f(M) is an essential submodule in X, then
f: M — X is an isomorphism.

h. If the module M is projective with respect to the module X and there exists an epi-
morphism h: X — M, then Ker h is a direct summand of X and M is a quasiprojective
module which is isomorphic to the to a direct summand of the module X. In particular,
if the module X is indecomposable, then h: X — M is an isomorphism.

i. If Y is a submodule of the module X and the module X/Y is projective with respect to
X, then Y is a direct summand of X. In addition, the projectivity of the cyclic module
xA is equivalent to each of the following conditions: 1) r(x) is a direct summand of A 4;
2) r(x) = eA for some idempotent e € A.

j. Every free module is projective.

The module M is projective if and only if M is isomorphic to a direct summand of a free
module.

A module M is a projective if and only if for every module epimorphism h: X — M,
the module Ker h is a direct summand of X.

k.If M = @;¢/M; and for any i € I, the modules M; and &;.;M; are M;-injective, then M
is a quasi-injective module.

Proof. a. The assertion is directly verified.

b. Let {m;}ic; be a generator system of cardinality X of the module M. We take a free
module X4 with basis {x;};c; of cardinality X. We define a mapping f: {xi}ie; — {mi}ier
such that f(x;) = m; forall i € I. By a, f can be extended to a module epimorphism
X - M.
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¢. The assertion follows from the property that any submodule of an arbitrary semi-
simple module X is a direct summand in X.

d. We prove only the first assertion, since the second assertion is similarly proven. If M
is X-injective, then it is directly verified that M is injective with respect to any submod-
ule of the module X. We assume that h: X — X is an epimorphism, Y is a submodule
in X, g§ € Hom(Y, M). We denote by Y the complete pre-image of Y in X under the
action of h. Let hy be the restriction of h to Y. By assumption, the homomorphism
ghy: Y — M can be extended to a homomorphism f: X — M. Since Kerh ¢ Y, we
have Ker h ¢ Ker f. Therefore, f can be extended to some homomorphism f: X — M
and M is X-injective.

Let {X;}ic; be a set of modules such that M is X;-injective for alli € I. Let Y = ®;¢/X;,
Y, be a submodule in Y, f; € Hom(Y, M), & be the set of all pairs (L, f;), where L
is a submodule in Y which contains Y;, and let f; be a homomorphism from L into
M extending f;. We define a relation < on & such that (L, f1) < (Q, fp) if and only
if L ¢ Q and f; can be extended to fo. We can verify that < is a partial order on &
and every nonempty chain in € has the upper bound. By the Zorn lemma, £ contains
a maximal element (Y, f). It is sufficient to prove that Y = Y, which is equivalent
to the inclusions X; ¢ Y for all i € I. Since M is X;-injective, the restriction of the
homomorphism f to X; N Y can be extended to some homomorphism f;: X; — M. Let
u: (X;+Y) > Mbea homomorphism such that u(x + y) = fi(x) + f(y) for all x € X;
and y € Y. This homomorphism is well-defined (if x + y = 0, then x = -y € X; n Y and
u(x +y) = f(-y) + f(y) = 0). By construction, X; + Y = Y. Therefore, X; < Y, which is
required.

e. By d, M is injective with respect to the module A 4. In addition, any right A-module
is ahomomorphic image of the direct sum of some set of copies of the module A 4. Now
the assertion follows from d.

f. We prove only the first assertion, since the second assertion is similarly proven. Let
N be aright A-module and N = [];¢; N;. It is clear that the M-injectivity of the module
N implies the M-injectivity of all modules N;. Let’s assume now that all modules N; are
M-injective. Let X be a submodule in M, f € Hom(X, N), and let 7;: N — N; be natural
projections. All homomorphisms m;f: X — N; can be extended to homomorphisms
gi: M — N; which define a natural extension of the homomorphism g: M — N.

g. By d, M is an f(M)-injective module. Since f(M) = M, we have that M is quasi-
injective. Since f(M) is X-injective, a natural embedding f(M) — X can be extended to
a homomorphism g: X — f(M). Then g is the projection X onto f(M). Therefore, f(M)
is a direct summand of X.

h. By d, M is a quasiprojective module. Since M is an X-projective module, there exists
a homomorphism g: M — X with 1y = hg. Weset 1 = 1 — gh € End(X). Since
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n2=1-gh-gh+g(hg)h=1-gh=m,wehave X = n(X) ® (1 — m)(X). Furthermore,

hn(X) = (h-hgh)(X) =(h-h)(X) =0, n(X)c<cKerh,
Ker h = gh(Ker h) + (1 — gh)(Ker h) = n(Ker(h)) < n(X) .

Therefore, Ker h = n(X) and M = (1 — m)(X).
i. The first assertion follows from h. The second assertion follows from the first as-

sertion and the property that for any cyclic module xA, there exists an isomorphism
f:xA — Aja/r(x) such that f(xa) = a + r(x) forall a € A.

j. By f, it is sufficient to prove that A4 is a projective module. Let h: X — X be an
arbitrary epimorphism of right A-modules and let f: A4 — X be a homomorphism.
There exists an element x € X such that h(x) = f(1). By a, the mapping f(a) = xa is a
correctly defined homomorphism from A, into X. In addition, hf = f.

k. The assertion is known; it is proven in [131, Proposition 1.18]. O

6.1.2 Injective hulls. Let M be amodule. An injective hull of M is any injective module,
which is an essential extension of the module M. The module M is often identified with
its isomorphic copies; an injective hull of the module M is an injective module, which
is an essential extension of an isomorphic copy of M.

a. Every module has an injective hull and all injective hulls of the module M are iso-
morphic to each other.

b. The module M is injective if and only if for any module monomorphism f: M — X,
the module f(M) is a direct summand of X. In this case, f is an isomorphism if and
only if f(M) is an essential submodule in X.

c.If M is a quasi-injective (for example, injective) module, then the indecomposability
of the module M is equivalent to the property that for any endomorphism f of the
module M, at least one of the endomorphisms f, 1 — f is an automorphism, i.e., the
endomorphism ring End M of the module M is alocal ring. In this case, all submodules
of the module M are uniform.

d. Amodule M is a quasi-injective if and only if M is an endomorphism-invariant mod-
ule, i.e., M is a fully invariant submodule of its injective hull.

e. A module M, is quasi-injective if and only if M is a quasi-injective A/r(M)-module,
where r(M) is an annihilator of the module M.

The assertions a—e from 6.1.2 are well known.

6.1.3. If Aisaring and M is aright A-module, then the following conditions are equiv-
alent.

1) M is an automorphism-invariant module.

2) M = a(M) = a~1(M) for any an automorphism a of the injective hull E of M.
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3) Every isomorphism between any two essential submodules of the module M can be
extended to an endomorphism of the module M.

4) Every isomorphism between any essential submodules of the module M can be ex-
tended to an automorphism of the module M.

5) M is a characteristic submodule of some injective module Q.
Consequently, every pseudo-injective module is automorphism-invariant.

Proof. Let E be the injective hull of the module M.
The implications 2) = 1), 5) = 1) and 4) = 3) are obvious.

3) = 1). Let a be an automorphism of the module E, X' = Mna(M) c M, X = a 1(X') c
M. Since a(M) is an essential submodule of the module E = a(E), we have that X’
is an essential submodule of the module M. In addition, X = a~1(X’) is an essential
submodule of the module E = a~'E. Since a induces the isomorphism of the module
X onto X', it follows from 3) that there exists an endomorphism B of the module M
coinciding with a on X. We assume that z € M n(a - )(M). Then z = (a - B)(y), where
y € M. Then a(y) = f(y) - z € M. Therefore, y € X. By construction, (a — 8)(y) =z = 0.
Therefore, M N (a — B)(M) = 0. Therefore, (a — B)(M) = 0, since M is an essential
submodule in E. Therefore, a(M) € M.

1) = 2). Since M is an automorphism-invariant module, a(M) < M and a~'(M) < M.
Therefore, M = a(M) = a1 (M).

2) = 4). Let X, X' be two essential submodules of the module M and let a’: X — X’ be
an isomorphism. Since E is an injective module, there exists an endomorphism a of
the module E, which coincides with a’ on X. Since X is an essential submodule in E
and X n Ker a = 0, we have that a is a monomorphism. Therefore, a(E) = E and a(FE)
is an injective module. Then a(FE) is a direct summand of the module E. In addition,
a(E) contains the submodule a(X) and X' = aX. Therefore, a(E) is an essential direct
summand of the module E. Then a(E) = E and a is an automorphism of the module
E. By 2), the restriction a to M is an endomorphism of the module M which coincides
with a’ on X.

1)=5). Let Q = E & F, where E is the injective hull of the module M. Every auto-
morphism a of the module E can be extended to an automorphism f of the module
Q with the use of the rule f(x + y) = a(x) + y. By assumption, S(M) < M. Then
a(M) = B(M) < M.

1) & 6). Since the equivalence of 1) & 3) has been proven, the assertion is directly ver-
ified. O

6.1.4. Let Q be the injective hull of the module M, a be an endomorphism of the mod-
uleQ, X = {m € M|a(m) € M}, and let f = a|x: X — M be the restriction of the
endomorphism a to the module X.
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a. If the homomorphism f =: X — M can be extended to some endomorphism g of
the module M, then a(M) < M.

b. If f(X) ¢ X and the endomorphism f of the module X can be extended to some
endomorphism g of the module M, then a(M) € M.

c.If @ = a? and every idempotent endomorphism of the module X can be extended to
some endomorphism of the module M, then a(M) < M.

Proof. a.Since Q is an injective module, the endomorphism g of the module M can be
extended to some endomorphism S of the module Q.

We assume that (a — §)(M) = 0. Then a(M) = (M) < M, which is required.

We assume that (a — B)(M) # 0. Since Q is an essential extension of the module M
and X = {m € M|a(m) € M}, we have that X is an essential submodule in Q. Then
X n (a - B)(M) is a nonzero submodule in M, since Q is an essential extension of the
module X. Let 0 + x = (a — B)(m) € X n (a — B)(M), where m € M. Since a(m) =
(a=B)(m)+B(m) = x+ B(m) € M, we have m € X. Therefore, (a - §)(m) = 0 and x = 0.
This is a contradiction.

b. The assertion follows from a.

c. Since @ = a?, we have that f = f2 and f?(x) = f(x) € X for any element x € X.
Therefore, f is an idempotent endomorphism of the module X. By assumption, f can
be extended to an endomorphism g of the module M. By b a(M) c M. O

6.1.5 Automorphism-invariant, strongly automorphism-extendable and automor-
phism-extendable modules. We recall some notions from the introduction.

A module M is said to be automorphism-invariant if M is a characteristic submodule
of its injective hull.

A module M is said to be strongly automorphism-extendable if for any submodule X in
M, every automorphism of the module X can be extended to an automorphism of the
module M.

A module M is said to be automorphism-extendable (resp., endomorphism-extendable)
if for any submodule X in M, every automorphism of the module X can be extended to
an endomorphism of the module M.

A module M is said to be strongly endomorphism-extendable if for any submodule X
in M, every homomorphism X — M, which maps into itself from some essential sub-
module of X, can be extended to a homomorphism M — M.

a. Every characteristic submodule of any automorphism-invariant (resp., strongly au-
tomorphism-extendable) of the module is an automorphism-invariant (resp.,
strongly automorphism-extendable) module.

b. It follows from 6.1.3 that every automorphism-invariant module is strongly automor-
phism-extendable.
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The converse assertion is not true in general case, since Z is a strongly automorphism-
extendable Z-module which is not automorphism-invariant.

Indeed, the additive group of rational numbers Q is the injective hull of the module
Z.7.In addition, Z is not an automorphism-invariant module, since a(Z) ¢ Z, where
a: q — q/2 is an automorphism Z-module Q. Nevertheless, it is directly verified that
any nonidentity automorphism a of an arbitrary nonzero submodule X of the module
Z.7 is a multiplication by —1; therefore, a can be extended to an automorphism of the
module Z5.

c. It is clear that every strongly automorphism-extendable (resp., strongly endomor-
phism-extendable) module is an automorphism-extendable (resp., endomorphism-
extendable). The author does not know an example of an automorphism-extendable
module, which is not a strongly automorphism-extendable (resp., strongly endomor-
phism-extendable).

d. It is clear that every fully invariant submodule of any quasi-injective (resp., en-
domorphism-extendable, strongly endomorphism-extendable) of the module is a
quasi-injective (resp., endomorphism-extendable, strongly endomorphism-extend-
able) module.

e. It is directly verified that Z is a strongly endomorphism-extendable nonquasi-injec-
tive Z-module.

6.1.6. Let M be a module, Q be its injective hull, X be a submodule in M, and let Y be
an arbitrary N-complement for the module X in the module M. Then X’ = X & Y is an
essential submodule in M.

a. For any submodule X' in M, every automorphism (resp., endomorphism) f of the
module X can be extended to an automorphism (resp., the endomorphism) f’ of an
essential submodule X’ of the module M with the use of the relation f' (x+y) = f(x)+y,
where x € X and y € Y. In its turn, an automorphism (resp., endomorphism) f' of the
module X’ can be extended to an automorphism (resp., the endomorphism) a of the
injective of the module Q.

b. With the use of the relation g'(x + y) = g(x) (x € X and y € Y), any homomorphism
g: X — M with essential in X kernel K can be extended to a homomorphism g’: X' —
M with essential in M kernel K’ = K @ Y. In its turn, the homomorphism g’ can be
extended to an endomorphism h of the injective module Q with essential in Q kernel
and 143 — h is an automorphism of the module Q which coincides with the identity
automorphism on the essential submodule K’ of the module M.

¢. The module M is strongly automorphism-extendable if and only if for any essential
submodule X in M, every automorphism of the module X can be extended to an auto-
morphism of the module M.

In addition, the module M is automorphism-extendable (resp., endomorphism-ex-
tendable) if and only if for any essential submodule X in M, every automorphism
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(resp., endomorphism) of the module X can be extended to an endomorphism of the
module M.

Proof. Since X' is an essential submodule in M and M is an essential submodule in Q,
we have that X’ is an essential submodule in Q.

a. Itis directly verified that f’ is an automorphism (resp., endomorphism) of the essen-
tial submodule X’ of the module Q. Since the module Q is injective, an automorphism
(resp., endomorphism) f’ of the module X’ can be extended to an endomorphism a
of the module Q. We assume that f’ is an automorphism of the module X’. Since X' is
an essential submodule in Q and X n Ker a = 0, we have that a is a monomorphism,
the module a(Q) is injective. Therefore, a(Q) is a direct summand of Q. In addition,
X' = f'(X") = a(X")), whence the module a(Q) contains the essential submodule X’ of
the module Q. Therefore, a(Q) = Q and « is an automorphism.

Let f’ be an endomorphism (resp., automorphism) of the module X', Y be a submod-
ule in M which is maximal among submodules of M that have the zero intersection
with X'. Then X = X' ® Y is an essential submodule in M. Now we can define an endo-
morphism (resp., automorphism) f of the module X such that f(x' + y) = f(x') + y for
anyx’' e X'andy €Y.

b. Itis directly verified that g’ : X’ — M isa homomorphism with an essential M kernel
K' = KoY. Since the module Q is injective, the homomorphism g’ can be extended to
an endomorphism h of the module Q. Since the module Ker h contains the essential
submodule K’ of the module M, we have that Ker h is an essential submodule in Q.
Then the restriction of the endomorphism 1q — h of the injective module Q to the mod-
ule Ker h is the identity automorphism of the essential submodule Ker h of the module
Q.Then 13- hisan essential injective submodule of the module Q. Therefore, 145-h s
an automorphism of the module Q, which coincides with the identity automorphism
on the essential submodule K’ of the module M.

¢. The assertion follows from a. O
6.1.7 Semi-Artinian modules and semiprimary rings. A module M is said to be semi-
Artinian if each of its nonzero factor modules has a simple submodule.

A semilocal ring with nilpotent Jacobson radical is called a semiprimary ring. In par-
ticular, every right or left Artinian ring is semiprimary.

The given below assertions are well known and are directly verified.
a. Every right module over a semi-Artinian right ring is a semi-Artinian module, and

all semiprimary rings are semi-Artinian.
In particular, every module over a semiprimary ring is semi-Artinian.

b. If M is a module such that all its cyclic submodules are Artinian, then M is a semi-
Artinian module.
In particular, every Artinian module is semi-Artinian.
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¢. Every Abelian torsion group is a semi-Artinian Z-module, and any direct sum of in-
finitely many nonzero Abelian torsion groups is a non-Artinian semi-Artinian Z-mod-
ule.

d. There exist semi-Artinian rings, which are not semiprimary.

Indeed, let F be a field and A the ring of all sequences elements of F, which are sta-
bilized at finite number depending on the sequence. Then A is a commutative semi-
Artinian ring which is not a semiprimary ring.

6.1.8 Theorem ([184]). For a semi-Artinian module M, the following conditions are
equivalent.

1) M is an automorphism-invariant module.
2) M is a strongly automorphism-extendable module.

3) M is an automorphism-extendable module.

Proof. The implication 1) = 3) follows from 6.1.5(b).

3) = 2). Let X; be a submodule in M and f; its automorphism. We have to prove that
f1 can be extended to an automorphism of the module M. By 6.1.6(b), we can assume
that X; is an essential submodule in M.

We denote by W the set of all pairs (X', f') such that X’ is a submodule in M, X; < X/,
f! is an automorphism of the module X’ and f’ coincides with f; on X;. We define a
partial order on W such that (X', f') < (X", f") in only if X' ¢ X" and f"' coincides
with f' on X'. It is directly verified that the union of any ascending chain of pairs from
W belongs to W. By the Zorn lemma, there exists a maximal pair (X, f). Then X = X,
for any pair (X, f) € W such that X ¢ X, and f> coincides with f on X.

If X = M, then f is an automorphism of the module M, which is required.

We assume that X # M. Then the nonzero semi-Artinian module M/X is an essen-
tial extension of its nonzero socle Y/X, where X is a proper submodule of the module
Y ¢ M. Since M is an automorphism-extendable module, the automorphisms f and
f~1 of the module X can be extended to endomorphisms g and h of the module M,
respectively. Then (1 — gh)(X) = 0 = (1 — hg)(X). Since XN Kerg = X n Ker f = 0 and
X is an essential submodule in M, we have that g is a monomorphism. In addition,
the restriction of g to X is an automorphism of the module X. Therefore, g induces
the monomorphism (g): M/X — M/X. Since the socle Y/X of the module M/X is a
fully invariant submodule in M/X, we have fg)(Y/X ) € Y/X. Therefore, g(Y) ¢ Y and
X = g(X) ¢ g(Y). Similarly, we obtain that h(Y) ¢ Y and X = h(X) ¢ h(Y).

Since M is a semi-Artinian module, M is an essential extension of its nonzero socle S.
Then S ¢ X, since X is an essential submodule in M and S is a semisimple submodule
in M. In addition, (1 — gh)(X) = (1 - ff"1)(X) = 0 and Y/X is a semisimple module.
Therefore, (1 — gh)(Y) ¢ S ¢ X. Then

Yc(1-gh)(Y)+gh(Y) cX+g(Y)=g(Y).
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Therefore, the restriction of gy of the monomorphism g to Y is an automorphism of
the module Y and gy is an extension of the automorphism f of the module X. This
contradicts the choice of X.

2) = 1). Let Q be the injective hull of the module M, u be an automorphism of the mod-
ule Q, and let S be the socle of the module Q. We have to prove that u(M) ¢ M.

Since M is an essential semi-Artinian submodule in Q, we have that S is contained in
M; it is an essential submodule in M. Since S is the socle of the module Q, we have
u(S) = S = u™1(S). We denote by X the sum of all submodules X’ in M such that
uX') =X = u1(X"). Then u(X) = X = u"1(X), S ¢ X, X is an essential submodule in
M.

If X = M, then u(M) = M, which is required.

We assume that X # M. Then the nonzero semi-Artinian module M/X is an essential
extension of its nonzero socle Y/X, where X ¢ Y ¢ M. Since u(X) = X = u~}(X) and
M is a strongly automorphism-extendable module, there exist automorphisms f, g of
the module M such that (u - f)(X) = 0 and (u™! - g)(X) = 0. In addition, Y/X is a
semisimple module. Therefore, (u — f)(Y) € S < Xand (u™! - g)(Y) ¢ S ¢ X. Sincef, g
are automorphisms of the module M and f(X) = X = g(X), we have that f and g induce
the automorphisms f and g of the module M/X with nonzero socle Y/X. Since Y/X is
the socle of the module M/X, we have )_‘(Y/X) = Y/X = g(Y/X) and f(X) = X = g(X).
Therefore, f(Y) = Y = g(Y). In addition, (u - f)(Y) ¢ Y and (u™! - g)(Y) < Y. Then
uY)c u-pM +fiY) c Yand u (V) ¢ (u™! - g)(Y) + g(Y) < Y. Therefore, u(Y) =
Y = u~1(Y) and Y properly contains X; this contradicts to the choice of X. O

6.1.9 Corollary ([174, 181]). Let A be a ring and M an A-module. If M is an Artinian
module or A is a semiprimary ring, then the following conditions are equivalent.

1) M is an automorphism-invariant module.

2) M is a strongly automorphism-extendable module.

3) M is an automorphism-extendable module.

6.1.10 Theorem. For a semi-Artinian module M, the following conditions are equiva-
lent.

1) M is a quasi-injective module.

2) M is a strongly endomorphism-extendable module.

3) M is an endomorphism-extendable module.

Proof. The implications 1) = 2) and 2) = 3) are always true.

3) = 1). Let Q be the injective hull of the module M, S be the socle of the module Q,
and let f be an endomorphism of the module Q. It is sufficient to prove that f(M) < M.
We remark that f(S) < S. In addition, S € M, since M is an essential submodule in Q.
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We denote by X the sum of all submodules X’ in M such that f(X') ¢ X'. Then f(X) < X,
S ¢ X and X is an essential submodule in M.

If X = M, then f(M) € M, which is required.

We assume that X # M. Then the nonzero semi-Artinian module M/X is an essential
extension of its nonzero socle Y/X, where X ¢ Y ¢ M. Since f(X) ¢ X and M is an
endomorphism-extendable module, there exists an endomorphism g of the module
M such that (f — g)(X) = 0. In addition, Y/X is a semisimple module. Therefore, (f —
2)(Y) € S < X. Since f(X) c X), we have that f induces the endomorphism f of the
module M/X with nonzero socle Y/X. Since Y/X is the socle of the module M/X, we
have f(Y/X) < Y/X and f(X) < X. Therefore, f(Y) c Y. In addition, Y properly contains
X; this contradicts the choice of X. O

6.1.11. Let A be aring, M be an automorphism-extendable right A-module, and let X,
Y be two submodules in M with X nY = 0.

a.Iff: Y — X is a homomorphism, then there exists an endomorphism g of the mod-
ule M that coincides withf: Y - Xon Y.

b.If M = X ® Y, then the module X is injective with respect to Y.

Proof. a. We define an endomorphism a of the module X & Y by the relation a(x +y) =
x+f(y)+yforall x e Xand y € Y. We assume that

O=alx+y)=x+fy)+y, xeX,yeVY.
Then a is a monomorphism, since

y=-x-fly)eXn¥Y=0, fly)=0,
x=x+f(y)+y=alx+y)=0.

In addition, for any x € X and y € Y, we have
x+y=x-fy)+ () +y)=akx-fy) +aly) caXoY).

Therefore, a is an automorphism of the module X & Y. In addition, the endomorphism
a — 1xey of the module X & Y coincides with the homomorphism f: ¥ - Xon Y.
Since M is an automorphism-extendable module, an automorphism «a of the module
X @ Y can be extended to an endomorphism S of the module M. We denote by g the
endomorphism f — 1 of the module M. Then g coincides with f on Y.

b. Let Y; be a submodule in Y and f; a homomorphism from Y; into X. By a, there
exists an endomorphism g of the module M, which coincides with f; : Y; — X on Y;.
Let 7 be the projection of the module M = X@Y onto X with kernel Yandletu: Y - M
be a natural embedding. We denote by f the homomorphism 7rgu from Y into X. Then
f coincides with f; on Y;. Therefore, the module X is injective with respectto Y. [
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6.1.12. If Mis an automorphism-invariant uniform module, then M is a quasi-injective
module.

Proof. Let Q be the injective hull of the module M and f € End Q. It is sufficient to
prove that f(m) € M for any m € M. It follows from the definition of an automorphism-
invariant module that the required inclusion is true if f is an automorphism. We as-
sume that f is not an automorphism. Then 14 —f is an automorphism, since ring End Q
is local by 6.1.2(c). Therefore, (1g — f)(m) € M. Then f(m) =m - (19— i(m) e M. O
6.1.13. Let M be an automorphism-extendable module and M = &;c;M;.

a. If M; is a quasi-injective module for any i € I, then M is a quasi-injective module.

b. If M; is an automorphism-invariant uniform module for any i € I, then M is a quasi-
injective module.

Proof. a. Since M is an automorphism-extendable module and M = M; &;,; M; for any
i € I, it follows from 6.1.11(b) that for any i € I, the module ®;,;M; is M;-injective. By
6.1.1(k), M is a quasi-injective module.

b. We fix i € I. By 6.1.12, M; is a quasi-injective module. By a, M is a quasi-injective
module. =

6.1.14. Let A be an Artinian serial ring. It is well known, e.g., see [63, 25.4.2] or [194,
55.16] that every A-module M is the direct sum of uniserial modules of finite (com-
position) length. In particular, M is a direct sum of uniform modules and if M is an
indecomposable module, then M is a uniserial Artinian and Noetherian module.

6.1.15 Theorem. Let A be a serial Artinian ring and let M be an A-module. The follow-
ing conditions are equivalent.

1) M is an automorphism-extendable module.

2) M is a strongly automorphism-extendable module.

3) M is an automorphism-invariant module.

4) M is an endomorphism-extendable module.

5) M is a strongly endomorphism-extendable module.

6) M is a quasi-injective module.

Proof. The implications 6) = 3) = 2) = 1) and 6) = 5) = 4) = 1) are true for all mod-
ules over any ring.

1) = 6). By 6.1.14, M = ¥ ;; M;, where all M; are uniserial modules of finite length. We
fixi € I. Since A is an Artinian ring, M; is a semi-Artinian module. By 6.1.13(c), M is a
quasi-injective module. O
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6.1.16 Remark. If A is a ring and every right A-module is the direct sum of uniform
modules, then every automorphism-extendable right A-module M is a quasi-injective
module.

Indeed, A is an Artinian ring; e.g., see [59, Theorem 1]. Therefore, every A-module is
semi-Artinian. By 6.1.13(c), M is a quasi-injective module.

6.2 Singular and nonsingular modules

6.2.1 The singular submodule Sing M. The ideals sg As, sg4AandsgM. If M is a
right (resp., left) module over the ring A, then we denote by Sing M the set of all el-
ements m € M such that r(m) (resp., (£(m))) is an essential right (resp., left) ideal of
the ring A.

A module M is said to be singular if Sing M = M. A module M is said to be nonsingular
if Sing M = 0.

We denote by G(M) or Sing, M the intersection of all submodules X of the module M
such that the factor module M/X is nonsingular. The submodule G(M) is called the
Goldie radical or the second singular submodule of the module M. A module M is said
to be Goldie-radical if G(M) = M. The relation G(M) = 0 is equivalent to the relation
Sing M = 0.

In the assertion b below, it is proven that Sing M is a fully invariant submodule in M;
it is called (the largest) singular submodule of the module M. Therefore, for any ring
A, the sets Sing A4 and Sing oA are ideals that are called the right singular ideal and
the left singular ideal, respectively.

The set of all endomorphisms of the module M, whose kernels are essential submod-
ules in M, is denoted by sg M. In the assertion b below, it is proven that sg M is an
ideal of the ring End M.

Let A be aring and M a right A-module.

a. If N is an essential submodule of the module M, then the module M/N is singular.
b. If N is an essential submodule of the module M, then for every homomorphism
f: X - M, the submodule f~1(N) is essential in X.

c. If L is a right A-module and T is the subset of the homomorphism group Hom(L,,
M) consisting of all homomorphisms ¢ such that Ker t is an essential submodule in
L, then T is a subbimodule of the End M-End L-bimodule Hom(L, M).
Consequently, sg M is an ideal of the ring End M, Sing Ay = sgAa, Sing 4A = sg 4A
and } ;.7 t(L) is a fully invariant submodule in M4 and this submodule is contained
in Sing M. In particular, if M is a nonsingular module, then sg M = 0.
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d. Sing M is a submodule in M that contains all singular submodules in M, and
g(Sing M) c Sing Y for every module homomorphism g: M — M'.

In particular, Sing M is a fully invariant singular submodule in M and Sing X = G(X) =
0 for any submodule X in M such that X n Sing M = 0.

e. Let the ring A be right uniform. Then its right singular ideal Sing A 4 is a completely
prime ideal and coincides with the set N, of all left zero divisors of the ring A. In ad-
dition, if A is right nonsingular, then A is a right uniform domain.

Proof. a.Let h: M — M/N be the natural epimorphism, m € M and B = r(h(m)). We
assume that the right ideal B of the ring A is not essential. Then B n C = 0 for some
nonzero right ideal C of the ring A. Since C ¢ r(h(m)), we have h(mC) + h(0) and
mC + h(0). Since N is an essential submodule of the module M, we have NnmC # 0.
Therefore, there exists a nonzero right ideal D such that D € C and 0 # mD < N. Then
D c r(h(m)) = B.Then D € Bn C = 0. This is a contradiction.

b. We assume that there exists a nonzero submodule Y in X such that Y n f~1(N) = 0.
Since Ker f < f~1(N), we have Y n Ker f = 0. Therefore, f(Y) # 0. Then N n f(Y) # 0.
Since YnKer f = 0, there exists a nonzero submodule Y; in Y such that f(Y;) = Nnf(Y).
Then 0 # Y; € Y nf~1(N) = 0. This is a contradiction.

c. We assume that t,u € T, f € End(L) and g € End M. It is sufficient to prove that
t+ueT,gteT,andtf € T. Theinclusion t + u € T follows from the property that
Ker t + u) contains the essential submodule Ker ¢ N Ker u. Since Ker(gt) contains the
essential submodule Ker t in M, we have gt € T. Since L is an essential extension of
Ker t, it follows from b that L is an essential extension of the module f~!(Ker t). Since
Ker(tf) 2 f~1(Ker t), we have tf € T, which is required.

d. We define a mapping f: M — Hom(A,, M) such that f(m)(a) = ma forallm ¢ M
and a € A. It is directly verified that f is an End M-A-bimodule isomorphism. There-
fore, d follows from c.

e. Since the ring A is right uniform, the ideal Sing A 4 coincides with N,; therefore, N,
is a completely prime ideal. O

6.2.2 Closed submodules and closures. Let M be a module and X a submodule in M.
X is called a closed submodule in M if X = X' for every submodule X' in M that is an
essential extension of the module X.

A closed submodule X of the module M is called the closure of the module X in M if X
is an essential extension of the module X.

It is well known that X has at least one closure in M and there exists at least one closed
submodule Y in M which is called n-complement to X in M such that XnY = Oand XeY

is an essential submodule in M. Under these conditions, Y also is a N-complement for
Xin M.
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a. Let X = @;¢1X;, X; be a closure of the module X; in M, i € I, and let X* = Y, , X;.
Then X* = @[ X;.

b.LetX = X1 @ X> @ --- @ Xy, X; be a closure of the module X; in M, i=1,2,...,n,
X*=X19X,®---® X, € M, and let Q be the injective hull of the module M. Then
there exists a direct decomposition Q = Q1 ® Q; @ - - - ® Q, ® P such that X;=MnQ;,
i=1,...nand Q:®Q, - --®Qy is the injective hull of the module X. If X is an essential
submodule in M, then Q; ® Q, @ - - - ® Q, is the injective hull of the module M.

¢. G(M) is a fully invariant submodule of the module M, the right Goldie radical G(A,)
and the left Goldie radical G(4A) of the ring A are ideals of the ring A, and f(G(M)) <
G(M) for any homomorphism f: G(M) — M.

d. G(M) is a closed submodule in M; it is a closure of the singular submodule Sing M
in M.

e. If the ring A is right nonsingular, then G(M) = Sing M and the module M/ Sing M is
nonsingular.

All assertions from 6.2.2 are well known and are directly verified; e.g., see [79]
and [166].

6.2.3 Nonsingular and singular modules. Let A be a ring and M a right A-module.

a.If f: X - M is a module homomorphism such that Ker f is an essential submod-
ule in M, then the module f(X) is singular; therefore, it is contained in Sing M. Con-
sequently, if the module M is nonsingular, then the kernel of any nonzero module
homomorphism X — M is not an essential submodule in X.

b. If X is a submodule in M and the module M/X is nonsingular, then X is a closed
submodule in M.

c¢. If the module M is nonsingular, then its submodule X is closed in M if and only if
the module M/X is nonsingular.

d. If the module M is nonsingular, then the kernel of any endomorphism f is a closed
submodule in M.

e. All submodules, essential extensions and subdirect products of nonsingular mod-
ules are nonsingular.

f. If {X;};c1 is some set submodules in M and all modules M/X; are nonsingular, then
every module X; is closed in M, the module M/(N;c;)X; is nonsingular and X = Nj¢rX;
is a closed submodule in M. In particular, the factor module M/G(M) is nonsingular
and G(M) is a closed submodule in M.

g.If Mis not a singular, then M contains an isomorphic copy of a nonzero right ideal of
the ring A. In addition, if A is right finite-dimensional, then M contains an isomorphic
copy of a nonzero uniform right ideal of the ring A.
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Proof. a. The assertion follows from isomorphism f(X) = X/Kerf and the property
that the module X/ Ker f is singular by 6.2.1(a).

b. Let Y € Lat(M) and let X be an essential submodule in Y. Since the module M/X is
nonsingular and the module Y/X is singular by 6.2.1(a), we have that Y/X =0, X = Y;
therefore, X is closed in M.

c¢. If M/X is nonsingular, then X is closed in M by b.

We assume that X is closed in M and Y/X = Sing(M/X). If Y = X, then the assertion
has been proven. We assume that Y properly contains the closed submodule X in M.
Then XnyA = 0 for some nonzeroy € Y. Since y+X € Sing(M/X), we have that (y * . X)
is an essential right ideal. Since X n yA = 0, we have that r(y) = (v *. X) is an essential
right ideal; this is a contradiction.

d. Let X = Kerf. Since M/X = f(M) < M, we have that M/X is nonsingular and X is a
closed submodule in M by b.

e. The assertion is directly verified.

f. Since M/X is the subdirect product of nonsingular modules M/X;, it follows from
e that the module M/X is nonsingular. By b, X is a closed submodule in M. Now the
remaining assertions are directly verified.

g. By assumption, there exists a nonzero element m € M such that the right ideal
r(m) in A is not an essential. Let h: Ay — mA be the natural epimorphism and let B
be a nonzero right ideal with B n r(m) = 0. Since B n Ker h = 0, we have that B, is
isomorphic to the nonzero submodule h(B) in M. If A is right finite-dimensional, then
B contains a nonzero uniform right ideal C, whence M contains h(C). O

6.2.4([179]). Let A be aring and M an automorphism-extendable right A-module.

a.If X, Y are two submodules in M with XnY = 0 and the module M/X is nonsingular,
then the module X is injective with respect to Y.

b. If A is a right nonsingular ring and Y is any nonsingular submodule in M, then the
module Sing M is injective with respect to Y.

c.Ifthe module M is nonsingular and X, Y are two closed submodulesin M with XnY =
0, then the module X is injective with respect to Y and the module Y is injective with
respect to X.

Proof. a.Let Y, be a submodule of the module Y and f; : Y; — X a homomorphism.
We have to prove that f; can be extended to a homomorphism f: ¥ — X. Without loss
of generality, we can assume that Y; is an essential submodule in Y. (Indeed, by the
Zorn lemma, there exists a submodule Zin Y suchthat Y1 nZ =0and Y; ® Zis an
essential submodule in Y. We set Y, = Y; @ Z. The homomorphism f;: Y; — X can
be extended to a homomorphism f; : Y, — X with the use of the relation f>(y; + z) =

fiy1).)
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We define an endomorphism a of the module X & Y; by the relation a(x + y1) = x +
fly1) +y; forall x € Xand y; € Y;. We assume that

O=ax+y1)=x+fy1)+y1, xeX, y1€Yq,
yi=—x-fly1)eXnY1 =0, f(y1)=0,
x=x+fly)+yi1=alx+y1)=0.

In addition, for any x € X and y; € Y;, we have

x+y1=(x-fly1) + (f(y1) +y1)
=a(x-fly1) +ay1) eaXe Yq).

Therefore, a is an automorphism of the module X& Y. It follows from the construction
of a that the endomorphism a — 1 of the module X & Y; coincides with the homomor-
phism f;: Y; — X on the module Y;. Since M is an automorphism-extendable mod-
ule, the automorphism a of the module X @ Y; can be extended to an endomorphism
B of the module M. We denote by g the endomorphism 8 — 1 of the module M. Then g
coincides with f; on Y;.

We prove that g(y) € X for any element y of the module Y. Let h: M — M/X be the
natural epimorphism. Since Y7 is an essential submodule in Y, it follows from 6.2.1(a)
that yB ¢ Y; for some essential right ideal B of the ring A. Then

g(y)B =g(yB) cg(Y1) =fi(Y1)) < X,
h(g())B = h(g(y)B) c h(X) =0.

Therefore, h(g(y)) € Sing(M/X) = 0and g(y) € Kerh = X.

Since g(Y) < X, we have that g induces the homomorphism f: Y — X. Therefore, the
module X is injective with respect to Y.

b. We set X = Sing M. Since A is a right nonsingular ring, it follows from 6.2.2(e) that
the module M/X is nonsingular. Since the module X is singular and the module Y is
nonsingular, it follows from a that the module X is injective with respect to Y.

¢. Since X, Y are closed submodules of the nonsingular module M, it follows from
6.2.3(c) that the modules M/X and M/Y are nonsingular. By a, X is injective with re-
spect to Y and the module Y is injective with respect to X. O

6.2.5. Let M be a module and let Q be its injective hull. The following conditions are
equivalent.

1) M is an automorphism-extendable module and for any essential submodule Y in
M, every homomorphism Y — M with essential in Y kernel can be extended to an
endomorphism of the module M with essential in M kernel.

2) M is a strongly automorphism-extendable module and for each submodule Y in M,
any homomorphism Y — M with essential in Y kernel can be extended to an endo-
morphism of the module M with essential in M kernel.
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3) a(M) < M for any automorphism a of the module Q such that a(X) = X for some
essential submodule X of the module M.

4) a(M) = M for any automorphism «a of the module Q such that a(X) = X for some
essential submodule X of the module M.

Proof. The implications 4) = 3) and 2) = 1) are directly verified.

1) = 3). Let a be an automorphism of the module Q and a(X) = X for some essential
submodule X of the module M. We denote by Y the submodule

al(MnaM)) ={y e M|a(y) e M}

of the module M. Then a(Y) ¢ M, X ¢ Y, and Y is an essential submodule in M.
In addition, @ induces the automorphism ¢, of the module X. Since M is an automor-
phism-extendable module, ¢; can be extended to an endomorphism ¢, of the module
M. Since the module Q is injective, ¢, can be extended to an endomorphism ¢ of the
module Q. We denote by g the restriction of the homomorphism a — ¢ to the module
Y. Since ¢(Y) ¢ M, a(Y) € M and g(X) = 0, we have that g is a homomorphism from
Y into M with an essential Y kernel. By assumption, g can be extended to an endo-
morphism g; of the module M. Since the module Q is injective, g; can be extended
to an endomorphism f of the module Q. Then (a - ¢ — B)(Y) = (g - B)(Y) = 0. We
denote by Z the submodule {z € M|(a — ¢ — B)(2) € M} of the module M. Then Z is
the complete pre-image in M of the module M N (a — ¢ — B)(M) under the action of the
homomorphism a — ¢ — . In addition, Y < Z and

aZ)yc@a-p-PD)+(@+P(Z)cM.

Therefore, Y ¢ Z ¢ Yand Z = Y. Then
(@a-@p-P)Z)=(a-p-B)(Y)=0.

If (a — ¢ — B)(M) = 0, then a(M) = (¢ — B)(M) < M, which is required.

We assume that (a—¢@—-)(M) # 0. Since M is an essential submodule in Q, we have that
Mn (a - ¢ - B)(M) is an essential submodule of the nonzero module (a — ¢ — B)(M).
Since Z is the complete pre-image in M of the nonzero module M N (a — ¢ — B)(M)
under the action of the homomorphism a — ¢ — 8, we have (a — ¢ — )(Z) # 0. This is
a contradiction.

3) = 4). Let X be an essential submodule of the module M and let « be an automor-
phism of the module Q with a(X) = X. It follows from 3) that a(M) < M and a*(M) ¢
M. Then a(M) = M.

4) = 2). Let X be a submodule of the module M and ¢ an automorphism of the module

X. By 6.1.6(a) and the property that M is an essential submodule in Q, we can assume
that X is an essential submodule in Q. By 6.1.6(a), the automorphism ¢ of the module
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X can be extended to an automorphism a of the injective of the module Q. By assump-
tion, a(M) = M. Therefore, ¢ can be extended to an automorphism of the module M.

Let h1: Y — M be a homomorphism with an essential Y kernel K;. By 6.1.6(b), we
can assume that Y, K; are essential submodules in Q. The homomorphism h; can
be extended to an endomorphism h of the injective of the module Q and h has an
essential kernel K. We denote by a the endomorphism 1q — & of the module Q. Then
the restriction of the endomorphism 1¢ — h to K is the identity automorphism of the
essential submodule K of the injective module Q. Therefore, Ker(1g—h) = 0and (1 -
h)(Q) is an injective essential submodule in Q. Therefore, 1 — h is an automorphism
of the module Q and (1¢ - h)(K) = K. By 4), (1g — h)(M) = M. Therefore, (1 — h)|M is
an automorphism of the module M. Then 1 - (1¢ - h)|  1s an endomorphism of the
module M with essential in M kernel and 1 — (1¢ — h)| y coincideswith hyon' Y. O

6.2.6 Theorem ([176]). Let M be a module, Q be the injective hull of the module M,
and let M = Teo U, where T is an injective module and U is a nonsingular module. The
following conditions are equivalent.

1) M is an automorphism-extendable module.
2) M is a strongly automorphism-extendable module.

3) a(M) < M for any automorphism a of the module Q such that a(X) = X for some
essential submodule X of the module M.

Proof. The implication 3) = 2) follows from 6.2.5.
The implication 2) = 1) is obvious.

1) = 3). Let Y be an essential submodule in M, h: Y — M be a homomorphism with
essential in Y kernel, andlet 7: M = Te U — U be the projection with kernel T. Then
the module h(Y) is singular and it is contained in the nonsingular module U. There-
fore, mh(Y) = 0. Therefore, h(Y) ¢ T and h is a homomorphism from the module Y into
the module T. Since the module T is injective, h can be extended to a homomorphism
M — T < M. This homomorphism is the required endomorphism of the module M,
which extends h. O

6.2.7 Corollary ([176]). Let M be a nonsingular module and let Q be its injective hull.
The following conditions are equivalent.

1) M is an automorphism-extendable module.

2) M is a strongly automorphism-extendable module.

3) a(M) < M for any automorphism a of the module Q such that a(X) = X for some
essential submodule X of the module M.

Corollary 6.2.7 follows from Theorem 6.2.6 and the property that the nonzero module
is injective.
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6.2.8 Theorem ([176]). Let M = Te U, where T is an injective module, U is a nonsingu-
lar module, and Hom(T’, U) = O for any submodule T’ of the module T. The following
conditions are equivalent.

1) M is an automorphism-extendable module.
2) M is a strongly automorphism-extendable module.
3) U is an automorphism-extendable module.

4) U is a strongly automorphism-extendable module.

Proof. The equivalence 1) & 2) follows from Theorem 6.2.6.
The implication 1) = 3) is directly verified.
The equivalence 3) < 4) follows from Corollary 6.2.7.

3) = 1). Let Q be the injective hull of the module M, X be an essential submodule of
the module M, and let a be an automorphism of the module Q such that a(X) = X. By
Theorem 6.2.6, it is sufficient to prove that a(M) < M. For the injective hull Q of the
module M = T @ U, there exists a direct decomposition Q = T & U, where U; is the
injective hull of the nonsingular module U. Since «a is an automorphism of the module
Te U, and Hom(T’, U) = 0 for any submodule T’ of the module T, itis directly verified
that a(T) = T. Let h: Q — Q/T be the natural epimorphism. (We can assume that h
is the projection of the module Q = T @ U; onto the module U; with kernel T.) Then
a induces the automorphism a; of the injective hull h(Q) of the module h(U). Since
a(X) = X, we have a1 (h(X)) = h(X). By applying Corollary 6.2.7 to the automorphism-
extendable nonsingular module h(M) = h(U), we obtain that a;(h(M)) < h(M). Then
alM)cM+T=M. O

6.2.9 Corollary. Let M = T @ U, where T is an injective module, which is an essen-
tial extension of the singular module, and U is a nonsingular module. The following
conditions are equivalent.

1) M is an automorphism-extendable module.
2) M is a strongly automorphism-extendable module.
3) U is an automorphism-extendable module.
4) U is a strongly automorphism-extendable module.

6.2.10 The completion of the proof of Theorems 6A, 6B and 6C. Theorems 6A and 6B
follow from Theorems 6.1.8 and 6.1.15. Theorem 6C follows from Theorem 6.2.8.

6.2.11 Open question. Is it true that every automorphism-extendable module is
strongly automorphism-extendable?
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7 Modules over strongly prime and
strongly semiprime rings

The main results of this section are Theorems 7A and 7B.

7A Theorem (Tuganbaev [179]). If A is a right strongly prime ring, then a right A-mod-
ule M is automorphism-invariant if and only if either M is a singular automorphism-
invariant module or M is an injective module.

7B Theorem (Tuganbaev [176]). If M is a right module over an invariant hereditary
domain A, then the following conditions are equivalent.

1) M is an automorphism-extendable (strongly automorphism-extendable) module.
2) M is an endomorphism-extendable (strongly endomorphism-extendable) module.
3) Either M is a quasi-injective singular module or M is an injective module which is
not singular, or M = X @ Y, where X is an injective singular module and the module
Y is isomorphic to nonzero submodule in Q4, where Q is the division ring of fractions
of the domain A.

Remark. For the completion of the proof of Theorems 7A and 7B, see 7.2.15.

7.1 Modules over strongly semiprime rings

7.1.1 Annihilators and annihilator conditions. Let A be aring and B a subset in A.
a. Let B be a subset in A. Then r(¢(r(B))) = r(B) and £(r(¢(B))) = £(X).
b. If A is a subring of some ring Q, then r4(B) = Anrq(B) and €4(B) = A n €q(B).

¢. A is aring with the maximum condition on left annihilators if and only if A is a ring
with the minimum condition on right annihilators.

d. If A is a ring with the maximum condition on right annihilators, then its right singu-
lar ideal Sing A 4 is nilpotent, £(Sing(4A)) is an essential left ideal, every subset B ¢ A
contains a finite subset B’ = {b1, ..., by} such that £(B) = £(B') = n{_, £(b;), and eAe
is a ring with the maximum condition on right annihilators for any nonzero idempo-
tente € A.

Proof. a, b. The assertions are well known and are directly verified.

c. Let A be a ring with the maximum condition on right annihilators and let {£(X;)}{2,
be a set of left annihilators in A such that £(X;;1) 2 €(X;) for all i. Then r(£(X;)) <
r(€£(Xj,1)) for all i. Since A is a ring with the maximum condition on right annihilators,
there exists a positive integer n such that r(£(X;)) = r(€(X,)) foralli > n. By a, £(X;) =

https://doi.org/10.1515/9783110659825-007
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L(r(€(X;))) = e(r(e(Xy))) = €(Xy) for all i > n, whence A is a ring with the minimum
condition on left annihilators.

If A is a ring with the minimum condition on left annihilators, then it can be similarly
proven that A is a ring with the maximum condition on right annihilators.

d. By ¢, A is a ring with the minimum condition on right annihilators. Let & be the
set of all finite subsets of B. The set {¢(E) | E € €} has a minimal element £(B’) for
some B’ € &. Since ¢(B' |Jb) < €(B') for each b € B, we have ¢(B' |J b) = £(B'), since
{B'|J b} € &. Therefore, €£(B) = £(B').

If0 + e =e? € A, then rese(C) = eAe N r4(C) for any subset C ¢ eAe; therefore, ede
is a ring with the maximum condition on right annihilators.

We set B = Sing 44 and S = Sing(A,). Since r(S’) ¢ r(Si*?) for all i, we have that
r(S") = r(S™1) for some n € N. We assume that S"™*! # 0. We can choose a ¢ S such
that S"a # 0 and a has a maximal right annihilator among all x € S such that S"x # 0.
Let b € S. Since r(b) is an essential right ideal, r(b)naA + 0. Therefore, there exists an
element t € A such that at # 0 and bat = 0. Then r(ba) ¢ r(a) < r(ba). By the choice
of a, we have S"ba = 0. Then S"™'aq = 0. Therefore, a € r(S™1) = r(S"). This is a
contradiction. Therefore, the ideal S is nilpotent. As is proven above, £(B) = n{’; 14(by)
for some b1, ..., by € B. Since £(B) is the intersection of finitely many essential left
ideals, £(B) is an essential left ideal. O

7.1.2 Strongly prime and strongly semiprime rings. A ring is said to be right strongly
prime(see [87]) if each of its nonzero ideals contains a finite subset with the zero right
annihilator.

A ring A is said to be right strongly semiprime(see [86]) if every ideal X of the ring A
that is an essential right ideal, contains a finite subset Y with the zero right annihilator
r(Y).

a. Every right strongly prime ring is a right strongly semiprime ring. The direct product
of two fields is a strongly semiprime ring that is not strongly prime.

b. If A is a domain or a simple ring, then A is a (right and left) strongly prime ring.

c. If A is a prime ring with the maximum condition on left annihilators, then A is a
right strongly prime ring. In particular, every right or left Goldie prime ring is a right
strongly prime ring.

d. There exists a strongly prime ring A that is not a right or left finite-dimensional. In
particular, A is not a right or left Goldie ring.

e. If A is a right strongly prime ring, then A is a right nonsingular prime ring.

f. There exists a prime ring that is not a right strongly prime ring.

Proof. a, b. The assertions are directly verified.

¢. The assertion follows from 7.1.1(c).
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d. Let A be a free algebra in two variables over a field. Then A is a domain. In partic-
ular, A is a right and left strongly prime ring with the maximum condition on right
annihilators and with the maximum condition on left annihilators. However, A is not
a right or left finite-dimensional ring.

e. It follows from the definition of a right strongly prime ring that A is a prime ring and
the ideal Sing A 4 contains a finite subset X = {xq, ..., xp} such that r(X) = r(x{)n---n
r(x,) = 0. All right ideals r(x;) are essential. Therefore, r(X) is an essential right ideal.
Since r(X) = 0, this is a contradiction.

f. The assertion follows from e and the property that there exist prime rings that are
not right nonsingular; e.g., see [115]. O

7.1.3. Let A be aring, B be its right ideal, AB be the ideal generated by the right ideal
B, and let X be a B4-injective right A-module.

a. X is an (AB)4-injective module.

b. If the ideal AB contains a finite subset {y1, ..., yn} such that r({y1,...,ya}) = 0,
then the module X is injective.

Proof. a. Let {aj}ics be the set of all elements of the ring A. For any i € I, we denote
by f; a homomorphism from B into Y; defined by the relation f;(b) = a;b. Then AB =
Yic1 fi(B). By 6.1.1(f), X is an (AB)4-injective module.

b. We have that r(y1) n---nr(yn) = r({y1,...,¥n}) = 0and y;A = Aa/r(y;) for any i.
Therefore, there exists a monomorphism A4 — @, y;A. By 6.1.1(e), the module AB is
injective. O

7.1.4 Theorem ([179]). Let A be a right strongly prime ring and X a right A-module.

a. If X is injective with respect to some nonzero right ideal of the ring A, then X is an
injective module.

b. If X is injective with respect to some right A-module Y that is not an essential ex-
tension of a singular module, then X is an injective module.

Proof. a. Since the module X is injective with respect to some nonzero right ideal B, it
follows from 7.1.3(a) that the module X is injective with respect to the nonzero ideal
AB. Since the ring A is right strongly prime, the ideal AB contains a finite subset
{y1,...,yn}such that r({ys, ..., yn}) = 0. By 7.1.3(b), the module X is injective.

b. By 6.2.3(f), there exists a nonzero right ideal B of the ring A such that the module
B, isisomorphic to a submodule of the module Y. Since the module X is injective with
respect to the module Y, it follows from 6.1.1(e) that the module X is injective. O

7.1.5 Proposition ([179]). Let A be a right strongly prime ring and let M be a right
A-module that is not singular. The following conditions are equivalent:
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1) M is an automorphism-extendable module.
2) M is a strongly automorphism-extendable module.

3) M = XeY, where X is an injective singular module, Y is a nonzero nonsingular auto-
morphism-extendable module, and either the module Y is uniform or Y is an injective
nonuniform module.

Proof. The implication 3) = 2) is verified with the use of Theorem 6.2.8.
The implication 2) = 1) is true for modules over any ring.

1) = 3). We set X = Sing M. By 7.1.2(e), the right strongly prime ring A is right nonsin-
gular. By 6.2.2(e), the module M/X is nonsingular. Since the ring A is right nonsingular
and the module M, is not singular, M is not an essential extension of the singular of
the module X. Therefore, X n Y’ = O for some nonsingular submodules Y’ in M. By
6.2.4(b), the module X is injective with respect to Y. By 7.1.4(b), X is an injective mod-
ule. Therefore, M = X @ Y, where X is an injective singular module and Y is a nonzero
nonsingular automorphism-extendable module. If the module Y is uniform, then the
assertion have been proved.

We assume that Y is a nonuniform module. Then there exist two nonzero closed sub-
modules Y; and Y, in Y such that Y; n Y, = 0 and Y; & Y5 is an essential submodule
in Y. Since Y3, Y, are closed submodules of the nonsingular module Y, the modules
M/Y, and M/Y, are nonsingular. By 6.2.4(a), the module Y is injective with respect
to the nonzero nonsingular module Y, and the module Y, is injective with respect to
the nonzero nonsingular module Y;. By 2), the modules Y;, Y, are injective. Then Y
is an essential extension of the injective module Y; @ Y,. Therefore, Y =Y, ® Y5, Yis
an injective nonuniform module. O

7.1.6. Let A be a right Ore domain, Q be its right classical division ring of fractions,
and let M, Y be two nonzero right A-modules.

a. Q4 is the injective hull of the module A4 and for every endomorphism f of the mod-
ule Qg, there exists an element g € Q such that f(x) = gx for all x € Q;.

b. The module Y is a nonzero uniform nonsingular module if and only if Y is isomor-
phic to a nonzero submodule of the module Q4. In the last case, Q4 is the injective
hull of the module Y.

c. If the module M is not singular, then the module M is an automorphism-extend-
able (strongly automorphism-extendable if and only if either M is an injective module
which is not singular or M = X @ Y, where X is an injective singular module and Y is
an automorphism-extendable module which is isomorphic to a nonzero submodule
in Q A

Proof. a, b. The assertions are well known.

¢. The assertion follows from b and 7.1.5. O

printed on 2/10/2023 3:12 PMvia . Al use subject to https://ww.ebsco. confterms-of-use



7.1 Modules over strongly semiprime rings = 107

In [96, Theorem 6], it is proved that every pseudo-injective nonsingular module over
a prime right Goldie ring is injective. In connection to this result, we prove Theorem
717

7.1.7 Theorem ([179]). If A is a right strongly prime ring and M is a right A-module,
then the following conditions are equivalent.

1) M is an automorphism-invariant module.

2) Either M is a singular automorphism-invariant module or M is an injective module.

Proof. The implication 2) = 1) is obvious.

1) = 2). Automorphism-invariant module M is an automorphism-extendable module.
It follows from 7.1.5 that M = X @ Y, where X is an injective singular module and Y
is a nonzero nonsingular automorphism-invariant module and either Y is an injective
nonuniform module or the module Y is uniform. It is sufficient to consider the case,
where Y is a nonzero automorphism-invariant uniform module. By 6.1.12, Y is a quasi-
injective module. By Theorem 7.1.4(b), the module Y is injective. Then the module M
is injective. O

7.1.8. Let M be a module, X be a Noetherian submodule in M, and let h be an endo-
morphism of the module M whose kernel is an essential submodule in M. Then there
exists a positive integer n = n(X, h) such that h"(X) = 0.

Proof. Weset Xo = Oand X; = XnKerh!,i=1,2,3....Then X;_; < X; and h(X;) €
h(Xi_1),i=1,2,3....Since X is a Noetherian module, X,, = X,,,1 for some positive
integer n. Let f: X — M be the restriction of the homomorphism h™ to the module X.
Since X,, = XnKer h,, = Ker f, the homomorphism f induces isomorphism g: X/X,, —
g(X/Xy,) € M. Since Ker h is an essential submodule of the module M, we have that
Ker hng(X/X,) is an essential submodule in g(X/X},). Since g: X/X,, — g(X/X,)isan
isomorphism, g~ (Ker h n g(X/X,)) is an essential submodule in X/X,. We denote by
Y is the complete pre-image in X submodules g~1(Ker h n g(X/X,)) in X/ X, under the
action of g. Then

W™ (Y) = h(h™(Y)) = h(f(Y)) = h(g(g™" (Ker h n g(X/Xy)))
c h(Kerhn g(X/X,)) =0.

Therefore, Y ¢ X,,1 and Y/X < X,,1/X, = 0. Then Ker h n g(X/X,) = g(Y/X) = O.
Since Ker h n g(X/X},) is an essential submodule in g(X/X,), we have g(X/X,) = O.
Therefore, h"(X) = f(X) = g(X/X,,) = 0, which is required. O
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7.2 Modules over Hereditary Noetherian Prime Rings

In 7.2.1, we collected some well-known results on right Goldie semiprime rings.

7.2.1 Semiprime Goldie Rings and Their Modules. a. A is a right Goldie semiprime
ring if and only if A is a right finite-dimensional, right nonsingular semiprime ring, if
and only if the set of all essential right ideals of the ring A coincides with the set of
all right ideals which contain at least one nonzero divisor, if and only if A is a right
finite-dimensional semiprime ring with the maximum condition on left annihilators,
if and only if A has the semisimple Artinian right classical ring of fractions.

In this case, A is a ring with the minimum condition on right annihilators and the ring
with the minimum condition on left annihilators.

b. Let A be a semiprime right Goldie ring and let M be a right A-module.

We denote by t(M) the set of all elements of M annihilated by some nonzero divisors
of thering A.

A module M is called a non-torsion module (resp., torsion module; torsion-free module)
if t(M) # M (resp., t(M) = M, t(M) = 0).

By a, the set of all essential right ideals of the ring A coincides with the set of all right
ideals which contain at least one nonzero divisor. With the use of this assertion, well
known assertions given below are directly verified.

Sing M = t(M). In particular, M is nonsingular (resp., is singular) if and only if M is
a torsion module (resp., a torsion-free module). This property is used without special
references.

An essential extension of any singular right A-module is a singular module. Therefore,
Sing M = G(M).

If there exists a submodule X in M such that the modules X and M/X are singular, then
the module M is singular.

Sing M is a closed submodule in M and the module M/ Sing M is nonsingular.

7.2.2 Theorem. Let M be an automorphism-extendable module.

a. If for any endomorphism h € End M whose kernel is an essential submodule in M,
the endomorphism 1j; — h of the module M is an automorphism, then M is a strongly
automorphism-extendable module.

b. If for every element x € M and any endomorphism h € End M whose kernel is
an essential submodule in M, there exists a positive integer n = n(x, h) such that
h™(x) = 0, then M is a strongly automorphism-extendable module.

c. If every cyclic submodule of the module M is a Noetherian module, then M is a
strongly automorphism-extendable module.
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In particular, every automorphism-extendable right module over right Noetherian ring
is a strongly automorphism-extendable module.

Proof. a.Let X beasubmodulein M and f an automorphism of the module X. We have
to prove that f can be extended to an automorphism of the module M. Without loss
of generality, we can assume that X is an essential submodule in M. Since M is an
automorphism-extendable module, f and f~! can be extended to endomorphisms a
and S of the module M, respectively. We denote by h; and h, endomorphisms 17— fa
and 1y — aff of the module M, respectively. Since h1(X) = 0 = h,(X), we have that
Ker hy, Ker h, are essential submodules in M. Since fa = 1y — h; and a8 = 1y -
h,, it follows from the assumption that fa, af are automorphisms of the module M.
Therefore, a is an automorphism of the module M.

b. Let h € End M and let Ker h be an essential submodule in M. By a, it is sufficient
to prove that the endomorphism 1,; — h of the module M is an automorphism. We
construct a formal series 1y + Y52, h¥. For every element x € M there exists a posi-
tive integer n = n(x, h) with h"(x) = 0; therefore, 1y + Y72, hkisa correctly defined
endomorphism of the module M. It is directly verified that

(lM—h)(1M+Ozo:hk>=<1M+OZo:hk>(lM—h)=1M.

k=1 k=1
Therefore, 1) — h is an automorphism of the module M.
¢. Let X be an arbitrary cyclic submodule in M and let h be an endomorphism of the
module M such that Ker h is an essential submodule in M. By 7.1.8, there exists a pos-
itive integer n = n(X, h) such that h"(X) = 0. By b, M is a strongly automorphism-
extendable module. O

7.2.3. Aring A is said to be right bounded (resp., left) if every its essential right (resp.,
left) ideal contains a nonzero ideal.

a. [119]. Every hereditary Noetherian prime ring is (right and left) bounded or (right
and left) primitive and a bounded primitive hereditary Noetherian prime ring is a sim-
ple Artinian ring.

b. [58]; also see [63, 25.5.1]. Let A be a hereditary Noetherian prime ring. Then for any
nonzero ideal B of the ring A the factor ring A/B is a serial Artinian ring.

c. If a hereditary Noetherian domain A is left invariant, then the domain A is right
invariant and for any nonzero ideal B of the ring A, the factor ring A/B is the finite
direct product of invariant uniserial Artinian rings.

Proof. a. See [119].
b. See [58]; also see [63, 25.5.1].

¢. Without loss of generality, we can assume that A is not a division ring. Since every
left invariant, left primitive ring is a division ring, A is not a left primitive ring. By a, A
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is a right bounded ring. We have to prove that an arbitrary nonzero proper right ideal
C of the ring A is an ideal. Since A is a right Ore domain, C is an essential right ideal.
Since A is a right bounded ring, C contains a nonzero proper ideal B of the ring A. By
b, A/Bis aserial Artinian ring. In addition, A/B is a left invariant ring. Therefore, A/B
is a direct product of finitely many left invariant, right and left uniserial, right and left
Artinian rings. It is directly verified that every left invariant, right and left uniserial,
right and left Artinian ring is a right invariant ring. Therefore, A/B is a right invariant
ring, whence C/B is an ideal in A/B. In addition, B is an ideal in A. Therefore, C is an
idealin A. O

7.2.4 Theorem. If A is a hereditary Noetherian prime ring and M is an A-module with
nonzero annihilator r(M), then the following conditions are equivalent.

1) M is an automorphism-extendable module.

2) M is a strongly automorphism-extendable module.

3) M is an automorphism-invariant module.

4) M is a quasi-injective module.

Proof. The implications 4) = 3) = 2) = 1) are true for modules over any ring.

1) = 4). By 7.2.3(b), the factor ring A/r(M) is a serial Artinian ring. Since M is an auto-
morphism-extendable A-module, M is an automorphism-extendable A/r(M)-module.
By Theorem 6.1.15, M is a quasi-injective A/r(M)-module. Therefore, M is a quasi-in-
jective A-module. O

7.2.5. Let M be a module and M = Y ;.; M;, where all M; are essential quasi-injective
submodules in M. Then M is a quasi-injective module.

Proof. Let Q be the injective hull of the module M. Since all M; are essential submod-
ules in M, all M; are essential submodules of the injective of the module Q. Therefore,
Q is the injective hull of the module M; for any i € I. Let f be an endomorphism of the
module Q. Since all modules M; are quasi-injective, f(M;) € M; for any i € I. Then

fim) =f<ZM,~> =Y M) <Y Mi=M.

iel iel iel
Therefore, the module M is quasi-injective. O
7.2.6. Let A be a hereditary Noetherian prime ring and M an automorphism-extend-
able A-module.

a. If B is a nonzero ideal of the ring A and X = {m € M| mB = 0}, then X is a quasi-
injective module.
b. Let {B;};c; be some set of nonzero ideals of the ring A and X; = {m € M| mB; = 0},

iel.lf M = Y;;Xiand all X; are essential submodules in M, then M is a quasi-
injective module.
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Proof. a. Let f be an endomorphism of the module M. Then
fIX)B =f(XB)=f(0)=0, f(X)cX.

Therefore, X is a fully invariant submodule of the automorphism-extendable module
M. Therefore, X is an automorphism-extendable A-module with nonzero annihilator.
By Theorem 2.27, X is a quasi-injective module.

b. By a, all modules M; are quasi-injective. By 7.2.5, the module M is quasi-injective.
O

In [96, Theorem 5], it is proved that every pseudo-injective torsion module over a
bounded hereditary Noetherian prime ring is quasi-injective. In connection to this
result, we will prove Theorem 7.2.7.

7.2.7 Theorem ([176]). If A is a bounded hereditary Noetherian prime ring and M is a
right A-module, then the following conditions are equivalent.

1) M is an automorphism-extendable module.

2) M is a strongly automorphism-extendable module.

3) Either M is a quasi-injective singular module or M is an injective module which is
not singular, or M = X @ Y, where X is an injective singular module and Y is a nonzero
automorphism-extendable uniform nonsingular module.

Proof. The implication 3) = 2) follows from 7.1.5 and the property that every quasi-
injective module is a strongly automorphism-extendable.
The implication 2) = 1) is true for modules over any ring.
1) = 3). If the module M is not singular, it follows from 7.1.5 that M = X& Y, where X is
an injective singular module, Y is a nonzero nonsingular automorphism-extendable
module, and either the module Y is uniform or Y is an injective nonuniform module.

Now we assume that M is a singular automorphism-extendable module. Let {B;};c; be
the set of all proper of invertible ideals of the ring A, {P;}ic; be the set of all maximal
elements of the set {Bj};;. For any i € I, we denote by M; submodule in M formed by
all elements of M which are annihilated by some degree of the ideal P;.

In [146], it is proved that every singular module M has the following two properties.

i) For any submodule X of M, it is true that X = @;¢;X;, where X; = XN M;, i € I and
Hom(X;, X;) = O for any distinct subscripts i, j € I.

i) Mi, k ¢ Mi, k+1 for every k € N, M; = UgenMi, k = ¥ oy Mi, k, and Mi, k is an
essential fully invariant submodule in M; for every k € IN.

With the use of the assertion i), the following two properties are directly verified.

iii) The module M is automorphism-extendable if and only if all modules M; are auto-
morphism-extendable.
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iv) The module M is quasi-injective if and only if all modules M; are quasi-injective.

It follows from iii) that all M; are automorphism-extendable modules. By iv), it is suf-
ficient to prove that all M; are quasi-injective modules.

Next, we fix i € I and denote by Mi, k, k € N, the submodule in M; annihilated by
the ideal Pf. By ii), Mi, k ¢ Mi, k + 1 for every k € N, M; = UgenMi, k = Yo Mi, k
and Mi, k is an essential fully invariant submodule in M; for every k € IN. The fully
invariant submodules Mi, k of the automorphism-extendable module M; are automor-
phism-extendable modules with nonzero annihilators. By Theorem 7.2.4, every essen-
tial submodule Mi, k in M; is a quasi-injective module. By 7.2.5, M is a quasi-injective
module. O

7.2.8 Theorem. If A is a bounded hereditary Noetherian prime ring and M is a right
A-module, then the following conditions are equivalent.

1) M is an automorphism-invariant module.
2) M is a quasi-injective module.

3) Either M is a quasi-injective singular module or M is an injective module which is
not singular.

Proof. The implications 3) = 2) = 1) are true for modules over any ring.

1) = 3). By Theorem 7.2.7, either M is a quasi-injective singular module or M is an in-
jective module which is not singular, or M = X & Y, where X is an injective singular
module and Y is a nonzero automorphism-invariant uniform nonsingular module.

It is sufficient to consider only modules M = X @ Y, where X is an injective singular
module and Y is a nonzero automorphism-invariant uniform nonsingular module. By
6.1.12, Y is a quasi-injective module. By Theorem 7.1.4(b), Y is an injective module.
Since M = X @ Y, we have that M is an injective module. O

7.2.9 Remark. Let A be a bounded hereditary prime ring. Quasi-injective A-modules
are described in [145]. Therefore, Theorem 7.2.8 completely describes all automor-
phism-invariant A-modules and Theorem 7.2.7 describes all automorphism-extend-
able A-modules up to the description of automorphism-extendable uniform nonsin-
gular modules.

7.2.10. Let A be an invariant hereditary domain and Q the division ring of fractions
of the domain A.

a. If M is an arbitrary submodule of any cyclic singular A-module, then M = M1 &--- &
M, where all M; are uniserial modules of finite length. In addition, f(m) € mA for any
element m € M and each homomorphism f: mA — M.

b. If X is any nonzero submodule in Q4 and M is a submodule in Q4 such that X ¢ M
and M/X is a finitely generated module, then f(r) € mA for any element m ¢ M/X
and each homomorphism f: mA — M/X.
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c¢. If X is any nonzero submodule in Q4 and Y is a submodule in Q4 suchthat X ¢ Y,
then f(y) € yA for any element y € Y/X and each homomorphism f: yA — Y/X.

d. Every submodule Y of the module Q4 is a strongly automorphism-extendable mod-
ule and a strongly endomorphism-extendable module.

e. Every uniform nonsingular A-module is a strongly automorphism-extendable mod-
ule and a strongly endomorphism-extendable module.

Proof. a. The assertion follows from 7.2.3(c).

b. Since M/X is a finitely generated module, there exists a finitely generated submod-
ule N in M such that M = N + X. There exists a natural isomorphism g: M/X —
N/(NnX).Since N is a finitely generated A-submodule of the division ring of fractions
Q of the domain A, it follows from the left-right symmetrical analogue of 1.3.2(a) that
there exists a monomorphism h: N — A,. Then the module h(N)/h(N n X) is isomor-
phic to a submodule of the cyclic singular module A4 /h(N n X). By a, f(m) € mA for
any element m € h(N)/h(N n X) and each homomorphism f: mA — h(N)/h(N n X).
Since there exists a natural isomorphism M/X — N/(N n X), we have that f(rm) € mA
for any element / € M/X and each homomorphism f: mA — M/X.

c.lety=y+X e Y/X,wherey ¢ Y. Weset M = X + yA. Then M/X is a cyclic module.
By b, f(7) € yA for every homomorphism f: yA — Y/X.

d. We prove that Y is a strongly endomorphism-extendable module. Let M be a nonzero
submodule in Y, X be an essential submodule in M, and let g: M: Y be a homomor-
phism with g(X) ¢ X. Since the module Qg  is injective and g(X) < X, the homomor-
phism g can be extended to an endomorphism f of the module Q4 and f(X) < X. Then
f induces the endomorphism f of the module Q/X. By d, f(Y/X) ¢ Y/X. Therefore, Y
is a strongly endomorphism-extendable module.

It can be similarly proved that Y is a strongly automorphism-extendable module.
e. The assertion follows from e and 7.1.6(b). O
7.2.11Theorem. Let A be an invariant hereditary domain, Q be the division ring of

fractions of the domain A, and let M be a right A-module. The following conditions
are equivalent.

1) M is an automorphism-extendable module.

2) M is a strongly automorphism-extendable module.
3) M is an endomorphism-extendable module.

4) M is a strongly endomorphism-extendable module.

5) Either M is a quasi-injective singular module or M is an injective module which is
not singular, or M = X @ Y, where X is an injective singular module and the module Y
is isomorphic to nonzero submodule in Q4.

Proof. The implications 5) = 4) and 5) = 2) follow from 7.2.10(d).
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The implications 4) = 3)= 1) and 2) = 1) are true for modules over any ring.
The implication 1) = 5) follows from Theorem 7.2.7 and 7.1.6(b). O

7.2.12 Proposition. Let A be a principal right ideal domain and U its group of invert-
ible elements. The following conditions are equivalent.

1) A, is an automorphism-extendable module.
2) A, is a strongly automorphism-extendable module.

3) aU ¢ Ua for any element a € A.

Proof. The implication 2) = 1) is directly verified.

1) = 3). We have to prove that au € Ua for any elements a € A and u € U. Without
loss of generality, we can assume that a # 0. We denote by ¢ a mapping from aA into
A such that ¢(ab) = aub for any element b € A. Since aA = auA and A is a domain,
@ is an automorphism of the module aA. Since A4 is an automorphism-extendable
module, the automorphism ¢ can be extended to some endomorphism f of the module
Ajx. Wesetv =f(1) € A. Since vA = A and A is a domain, v € U. Then va = f(a) = au
and aU < Ua.

3) = 2). Let X be a submodule in A4 and ¢ its automorphism. Since A is a principal
right ideal domain, X = aA for some element a € X. Without loss of generality, we
can assume that a # 0. Since aA = @(a)A, there exist elements u, w € A such that
¢(a) = au and a = auw. Since A is a domain, 1 = uw and u € U. By assumption,
aU ¢ Ua. Therefore, au = va for some v € U. We denote by f the automorphism of the
module A4 such that f(b) = vb forall b € A. Then f(a) = va = au = @(a). Therefore,
the automorphism f is an extension of the automorphism ¢. O

7.2.13 Proposition. Let D be a noncommutative division ring. Then D[x] is a principal
right (left) ideal domain, which is not an automorphism-extendable right or left D[x]-
module. In addition, if the division ring D is finite-dimensional over its center F, then
D([x] is a bounded hereditary Noetherian prime ring.

Proof. It is well known that D[x] is a principal right (left) ideal domain and its group
of invertible elements U coincides with the multiplicative group of the division ring D.
In particular, D[x] is a hereditary Noetherian prime ring. We assume that D[x]pjy is
an automorphism-extendable module. By assumption, dd; # did for some nonzero
elements d, d; of the division ring D. By Proposition 7.2.12, (d+ x)d;, < Ud. In addition,
U = D\ 0. Therefore, (d + x)d, = d,(d + x) for some element d, of the division ring
D.Then dix = d>x and dd; = d,d. Therefore, dd, = dyd. This is a contradiction. We
similarly obtain that the module pxD[x] is not automorphism-extendable.

We assume that D has finite dimension over its center F. It is well known that for any
polynomial f € D[x], there exists a polynomial g € D[x] such that fg is a nonzero
polynomial from F[x]; e.g., see [112, 16.9]. Then fg is a nonzero central element of the
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domain D[x], contained in the principal right (left) ideal domain fD[x]. Therefore, D[x]
is a bounded hereditary Noetherian prime ring. O

7.2.14 Example. Let H be the division ring of Hamiltonian quaternions and let R be
the field of real numbers. Since the noncommutative division ring H is finite-dimen-
sional over its center R, it follows from Proposition 7.2.13 that H[x] is a bounded prin-
cipal right (left) ideal domain that is not an automorphism-extendable right or left
D[x]-module. In particular, H[x] is a bounded hereditary Noetherian prime ring that
is not automorphism-extendable right or left D[x]-module.

7.2.15 The completion of the proof of Theorems 7A and 7B. Theorems 7A and 7B fol-
lows from Theorems 7.1.7 and 7.2.11.

7.2.16 Remark. Since the ring Z is an invariant hereditary domain, Theorem 7B also
describes Abelian groups, which are (strongly) automorphism-extendable or endo-
morphism-extendable; see [130].

7.2.17 Theorem ([111, Theorem 3.4, Theorem 3.8]). Let A be aring and G = G(A,). All
nonsingular quasi-injective right A-modules are injective if and only if the ring A/G is
right strongly semiprime.

7.2.18 Open question. Is it true that every endomorphism-extendable module is
strongly endomorphism-extendable?
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8 Endomorphism-extendable
modules and rings

The main results of this section are Theorems 8A and 8B.

8A Theorem (Tuganbaev [167]). A ring A is a right endomorphism-extendable, right
nonsingular ring if and only if A = Bx C, where B is a right injective regular ring, Cis a
left invariant, reduced Baer ring and C is a right completely integrally closed subring
of its maximal right rings of fractions Q.

8B Theorem (Tuganbaev [162]). A ring A is right (left) Noetherian ring such that all
cyclic right (left) modules are endomorphism-extendableifand onlyif A = A1 x---xA,,
where A; is either a simple Artinian ring or a uniserial Artinian ring, or an invariant
hereditary Noetherian domain, i =1,...,n.

1) M is an automorphism-extendable (strongly automorphism-extendable) module.
2) M is an endomorphism-extendable (strongly endomorphism-extendable) module.

3) Either M is a quasi-injective singular module or M is an injective module that is not
singular, or M = X @ Y, where X is an injective singular module and the module Y is
isomorphic to nonzero submodule in Q4.

Remark. For the completion of the proof of Theorems 8A and 8B, see 8.3.13.

8.1 Strongly endomorphism-extendable modules

8.1.1 Quasicontinuous, CS and C3 modules. Amodule M is called a CS moduleora C;
module if every submodule in M is an essential submodule of some direct summand
of the module M.

A module M is called a C5 module if X @ Y is a direct summand of M for any direct
summands X and Y of M suchthat X nY = 0.

A module M is said to be quasicontinuous [100] or m-injective if the following equiva-
lent conditions hold.

1) Every idempotent endomorphism of any submodule in M can be extended to an
endomorphism of the module M.

2) Every idempotent endomorphism of any submodule in M can be extended to an
idempotent endomorphism of the module M.

3) M is an idempotent-invariant module, i.e., (M) < M for every idempotent endo-
morphism «a of the injective hull of the module M.

4) M is a CS module and a C3 module.

https://doi.org/10.1515/9783110659825-008
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5) M = &;c;(M N Q;) for any direct decomposition Q = ®;c;Q; of the injective hull Q of
the module M.

6) For any submodule X = X; ® X; @ --- ® X,, of the module M, there exists a direct
decomposition M = M, @M, ---& M, &Y of the module M such that M; is an essential
extension of the module X;,i=1,2,...n.

Proof. The equivalences 2)  3)  4) are proven in [100] and are well known; also
see [166].

The equivalences 3) & 5) and 4) & 6) are directly verified; also see [166].
The implication 2) = 1) is obvious.

The implication 1) = 3) follows from 6.1.4(c). O

8.1.2 Quasi-injective, endomorphism-extendable and quasicontinuous modules. a.
If amodule M is quasi-injective, then it is clear that M is an endomorphism-extendable
module. In addition, Zz is an endomorphism-extendable module, which is not quasi-
injective.

Indeed, it is directly verified that Z is an endomorphism-extendable module. The
module Zy is not quasi-injective, since the Z-module homomorphism 2 Z; — Zz,
2z — z cannot be extended to an endomorphism of the module Z.

b. If M is an endomorphism-extendable module, then M is a quasicontinuous module
by 8.1.1. In addition, by 3.3.7(m), there exist quasicontinuous modules that are not
endomorphism-extendable.

c. Every fully invariant submodule of any quasi-injective (resp., endomorphism-
extendable; automorphism-extendable; quasicontinuous) module is a quasi-injec-
tive (resp., endomorphism-extendable; automorphism-extendable; quasicontinuous)
module.

d. A right A-module M is quasicontinuous if and only if M is a quasicontinuous
A/r(M)-module, where r(M) is the annihilator of the module M.

e. Right quasicontinuous domains coincide with right Ore domains (right uniform do-
mains).

f. All submodules of a uniform module are quasicontinuous finite-dimensional mod-
ules.

g. Finite-dimensional modules coincide with modules of finite Goldie dimension and
Goldie dimension are uniquely defined.

h. Quasicontinuous finite-dimensional modules are finite direct sums of uniform mod-
ules.

i. Right finite-dimensional domains coincide with right Ore domains.

The assertions of 8.1.2 are well known; most of them are directly verified.
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In [116, Theorem 12], it is proven that every automorphism-invariant module M satis-
fies property C5. In connection to this result, we prove Theorem 8.1.3, where the proof
of the first assertion is similar to the proof of [116, Theorem 12].

8.1.3 Theorem ([176]). Let M be a strongly automorphism-extendable module. Then M
is a C3 module. In addition, if M is a CS module, then M is a quasicontinuous module.

Proof. Let M = A®A' = Bo B' and A n B = 0. We have to prove that A @ B is a
direct summand of M. Let m: M — A’ be the projection with kernel A. There exists a
submodule Cin M such that (A+B)NC = 0 and AeBe( is an essential submodule in M.
WesetD = B&#C.ThenAeD = AenD and 7|p: D — 7D is anisomorphism. Therefore,
lpg@np: AeD — AenD isan automorphism of the module A& D. Since M is a strongly
automorphism-extendable module, 14 @ mp can be extended to an automorphism f
of the module M. Since B is a direct summand of the module M, then 7B = fBis a
direct summand of the module M. Therefore, 7B is a direct summand of the module
A', whence A® B = A®niB is a direct summand of the module M. Therefore, M is a C3
module.

Now the second assertion follows from the definition of a quasicontinuous module.
O

8.1.4. In connection to Theorem 8.1.3, we remark that Z is a strongly automorphism-
extendable quasicontinuous module which is not automorphism-invariant.

8.1.5. Let A be aring, Q be aright A-module, and let M be an essential submodule in
Q.

a.Let Xbeamodule, f: X - Qbeahomomorphism, and let us have a homomorphism
g: X — M such that f coincides with g on f~1(M). Then f(X) < M.

b. If f is an endomorphism of the module Q and there exists an endomorphism g of
the module M such that f coincides with g on M n f~1(M), then fiM) < M.

¢. For any module homomorphism f: X — Q, it is true that f~1(M) is an essential
submodule in X.

d. Q/M is a singular module.

e. If M is a nonsingular module, then Q is a nonsingular module and the kernel of
any nonzero module homomorphism f: X — Q is not an essential submodule in X. In
particular, Q does not have nonzero endomorphisms with essential kernels.

Proof. a. We assume that m = (f — g)(x) € M n (f — g)(M'), where x € X. Then

fO=Ff-gx)+gx)=m+gx)eM, xef (M),
me(f-g(f 'X)=0, Mn(f-gX) =0.

Since Q is an essential extension of the module M, we have (f — g)(X) = 0. Therefore,
fiX) =g(X) < M.

printed on 2/10/2023 3:12 PMvia . Al use subject to https://ww.ebsco. confterms-of-use



EBSCChost -

120 —— 8 Endomorphism-extendablemodules and rings

b. The assertion follows from a for X = M.

¢. Let Y be a nonzero submodule in X. If f(Y) = 0, then 0 # Y < f~1(0) c Y nf~1(M).
We assume that f(Y) # 0. Then M n f(Y) + 0, whence O # f1(M n f(Y)) c f~1(M) and
Ynf1(M) +o0.

d.Letg € Qandletf: Ay — Qbe a homomorphism such that f(a) = ga for all a € A.
By c, f~1(M) is an essential right ideal of the ring A. Since f~1(M) is the annihilator of
the element g + X € Q/X, we have that Q/M is a singular module.

e.Since MnSing Q = 0 and Q is an essential extension of the module M, the module Q
is nonsingular. If f € Hom(X, Q) and X is an essential extension of the module Ker f,
it follows from d that Sing(N/Ker f) = N/ Ker f = f(N), whence f(N) = Sing(f(N)) <
Sing M = 0, f is a nonzero homomorphism. O

8.1.6 Strongly endomorphism-extendable modules. We recall that the module M is
said to be strongly endomorphism-extendable if for any submodule X in M, every ho-
momorphism X — M, which maps into itself some essential submodule of X, can be
extended to a homomorphism M — M.

If M is a module with of the injective hull Q, then the following conditions are equiv-
alent.

1) M is a strongly endomorphism-extendable module.

2) f(M) < M for any endomorphism f of the module Q that maps into itself some
essential submodule of the module M.

3) M is an endomorphism-extendable module and h(M) < M for any endomorphism
h of the module Q such that Ker h is an essential submodule in Q.

Proof. 1) = 2). Let X be an essential submodule of the module M and let f be an endo-
morphism of the module Q such that f(X) < X. Weset Y = M nf 1 (M). ThenX c Y, f
induces the homomorphism g;: Y — M, and g;(X) = f(X) < X. Since M is a strongly
endomorphism-extendable module, the homomorphism g; can be extended to some
endomorphism g of the module M. By 8.1.5(b), f(M) < M.

2) = 3). We denote by X the essential submodule M n Ker h of the module M. Since
h(X) = 0 c X, it follows from) that h(M) c M.

Let X be an essential submodule in M and let g; be an endomorphism of the module X.
Since the module Q is injective, g1 can be extended to an endomorphism f of the mod-
ule Q. By 2), f induces the endomorphism g of the module M, which is an extension
of the endomorphism g;. By 6.1.6(c), M is an endomorphism-extendable module. [

8.1.7. Every nonsingular endomorphism-extendable module M is strongly endomor-
phism-extendable.
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Proof. By 8.1.5(e,), the injective hull Q of the nonsingular module M does not have
nonzero endomorphisms with essential kernels. Therefore, the assertion follows from
8.1.6. O

8.1.8. A module is said to be locally Noetherian if each of its cyclic submodules is
Noetherian.

An endomorphism f of the module X is said to be locally nilpotent if X = | J52, Ker f™,
i.e., ifforany x € X, there exists a positive integer n with f(x) = 0. In this case, for any
finitely generated submodules Y in X, there exists a positive integer n with f*(Y) = 0.

Let A be a ring, M be an endomorphism-extendable right A-module, and let Q be the
injective hull of the module M.

a. If every essential submodule in M is fully invariant in M, then M is a strongly endo-
morphism-extendable module.

b. If for any essential submodule N in M, the factor module M/N is semi-Artinian, then
M is a strongly endomorphism-extendable module.

c. If for any m € M and each endomorphism g € End M with essential in M kernel,
there exists a positive integer n such that g"*1(m) Z?:o gi(m)A, then the module M
is strongly endomorphism-extendable.

d. If every endomorphism g € End M with an essential M kernel is locally nilpotent,
then the module M is strongly endomorphism-extendable.

e. If M is a local Noetherian module, then M is a strongly endomorphism-extendable
module.

Proof. Let h be an endomorphism of the injective hull Q of the module M such that
Ker h is an essential submodule in Q. By 8.1.6, it is sufficient to prove that h(M) ¢ M
in all considered cases a—e.

LetP=MnhiM)and N = {m € M|h"(M) < Mforalln € N}.Since N > M n
Ker h, we have that Q and M are essential extensions of the module N. In addition, N
is the largest submodule in M with property h(N) < N. Since M is an endomorphism-
extendable module and h(N) < N, we have that (h — g)(N) = O for some g € End M.
Since g(M n Ker h) = 0, we have g € sgM. Weset M = M/N.If M = 0, then M = N,
h(M) ¢ M and the assertion have been proven in this case.

Now we assume that M # 0. Then (h - g)(N) = 0 and a homomorphism ¢: M - Qis
correctly defined by the rule t(x + N) = (h — g)(x). Let V. = t }(N) c Mand let V bea
submodule in M such that V 2 N and V/N = V. Since Q is an essential extension of
the module M, it follows from 6.2.1(b) that M is an essential extension of the module
V. Therefore, V # 0. In addition, h(V) < t(V) + g(V) < N + g(V) < M. Since V > N, we
have that M is an essential extension of V.
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a. By assumption, g(V) ¢ V. Therefore, h(V) ¢ N + g(V) ¢ N+ V = V. Since N is the
largest submodule in M with property h(N) < N, we have V = N. Therefore, V = 0.
This is a contradiction.

b. Since h(V) ¢ M and h(N) < N, we have that h induces the homomorphism h: V —
M. Since M is an essential extension of the module V, it follows from the assumption
that the nonzero module M is an essential extension of its nonzero socle S = S /N,
where N ¢ Lat(S). Since V is an essential submodule in M, we have S ¢ V, whence
h(S) c S. Therefore, h(S) < S. Since N is the largest submodule in M with property
h(N) c N, we have S = N. Therefore, S = 0. This is a contradiction.

c.Letm e M\N,0 # m = m+N € M. By assumption, g"*(m) ¢ Yio gi(m)A for some
n. Since (hi - g')(N) = 0 for all i, homomorphisms t; : mA — E are correctly defined by
the rule t;(mx) = (h' —=g')(mx), x € A. Let Vi = t; }(N) cmAand W= Vyn...,nV, C
mA. Since Q is an essential extension of the module M, we have that mA is an essential
extension of each of the modules V;. Therefore, mA is an essential extension of the
module W.Then O # ma € W forsome a € A. Therefore, hi(ma) = ti(ma)+gi(ma) e M
foralli = 1,...,nand h"*'(ma) € YL, hi(ma)A € M. Then h"*i(ma) € M for all
j = 1. Therefore, h¥X(ma) e Mforall k > 1, ma € N, ma = 0. This is a contradiction.

d. The assertion follows from c.

e. Let X be an arbitrary cyclic submodule in M. By 7.1.8, there exists a positive integer
n = n(X, h) such that h"(X) = 0. Therefore, the assertion follows from d. O

8.1.9 Proposition. Let M be a strongly endomorphism-extendable module and let S be
the sum of the images of all endomorphisms of the module M with essential kernels.

a. The ideal sg M is contained in the Jacobson radical J(End M).

b. If M is an essential extension of some quasi-injective module S, then M is a quasi-
injective module. In particular, if M is an essential extension of a semisimple module,
then M is a quasi-injective module.

c¢. If M is an essential extension of the module S, then M is a quasi-injective module
and M = G(M).

d. If M is an indecomposable module, then M is a uniform module and either M is a
quasi-injective module and M = G(M) or every nonzero endomorphism of the module
M is a monomorphism and End M is a domain.

Proof. Let Q be the injective hull of the module M.

a. Let h € sg M. Then h(X) = O for some essential submodule X in M. Since sg M is an
ideal of the ring End M, it is sufficient to prove that 1,; — h is an automorphism of the
module M. Since the module Q is injective, we have that 1, — h can be extended to
an endomorphism f of the module Q which acts identically on the essential submod-
ule X of the injective module Q. Therefore, f(Q) is an injective essential submodule of
the module Q. Then f is an automorphism of the injective module Q. The inverse au-
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tomorphism f~! also acts identically on the essential submodule X of the module Q.
Therefore, 19 — f~! € sg Q. By 8.1.6, (1o — f~)(M) < M. Then f~}(M) < M. Therefore,
M c (M) = (1p — h)(M) € M. Then 1y — h is an automorphism of the module M.

b. It is sufficient to prove that f(M) ¢ M for any endomorphism f of the module Q.
Since M is an essential extension of the module X, we have that Q is the injective hull
of the quasi-injective module X. Since X is a quasi-injective module, f(X) ¢ X. By 8.1.6,
f(M) ¢ M. The second assertion follows from the first assertion and the property that
every semisimple module is quasi-injective.

c. By 8.1.6, h(M) ¢ M for any h € sg Q. Therefore, Zheng h(Q) = S is an essential
submodule in M. Then Q is the injective hull of the module S. By 6.2.1(d), S < Sing Q
and S is a fully invariant invariant submodule in Q. Therefore, M = G(M) and S is a
quasi-injective module. By b, M is a quasi-injective module.

d. Since M is an indecomposable quasicontinuous module, M is a uniform module.

If S # 0, then M is an essential extension of the module S and by b, M is a quasi-
injective module and M = G(M).

We assume that S = 0, i.e., the kernel of each nonzero endomorphism of the module
M is not essential in M. Since M is a uniform module, every nonzero endomorphism
of the module M is a monomorphism. Therefore, End M is a domain. O

8.2 Endomorphism-extendable rings

8.2.1Baerrings. A ring A is called a Baer ring if the following equivalent conditions
hold.

1) For any subset X in A, there exists an idempotent e € A with r(X) = eA.

2) For any subset Y in A, there exists an idempotent f € A with £(Y) = Af.

a. Every Baer ring is (right and left) nonsingular.

b. Every right nonsingular, right quasicontinuous ring A is a Baer ring. In particular,
A is left nonsingular.

c. If M is a quasicontinuous module, then there exists a natural ring isomorphism
from the ring End M/ sg M onto the direct product of a right injective regular ring and
a reduced ring.

d. Any right nonsingular, right quasicontinuous ring is the direct product of a right
injective regular ring and a right quasicontinuous reduced Baer ring.

Proof. The equivalence 1) & 2) from the definition of a Baer ring is well known and it
is directly verified. For example, let’s prove the implication 1) = 2). By 1), there exists
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an idempotent e € A such that r(£(Y)) = eA. Then
e(Y) = e(r(e(Y))) = £(eA) = A(1-e).

The assertions ais ad are well known and the assertion a is directly verified.
The assertion b is known; e.g., see [57, 12.2].
The assertion c¢ is known; e.g., see Section 3.1 of the book [131].

The assertion d follows from assertions b and c. O

8.2.2 Theorem. If A isaright endomorphism-extendable regular ring, then A is a right
injective ring.

Proof. Since A is a right endomorphism-extendable ring, A is a right quasicontinu-
ous ring by 8.1.1. By 8.2.1(d) and 1.3.1(e), A is the direct product of a right injective
regular ring and a normal ring. Therefore, without loss of generality, we can con-
sider only the case where every principal right ideal of the ring A is generated by a
central idempotent. It is sufficient to prove that for an arbitrary right ideal B of the
ring A, every homomorphism f: By — Aa can be extended to a homomorphism
Ay — Ay.Let b € B. Then bA = eA for some central idempotent e € bA < B.
Then f(b) = f(be) = f(b)e = ef(b) € B. Therefore, f(B) < B. Since A, is an endo-
morphism-extendable module, the homomorphism f: By — A, can be extended to a
homomorphism Ay — Ay. O

8.2.3 Right completely integrally closed subrings and right classically completely
integrally closed subrings. Let Q be aring and A a unitary subring in Q.

A is said to be right completely integrally closed subring in Q if A contains any element
q € Q such that gB < B for some essential right ideal B of the ring A.

A is said to be right classically completely integrally closed subring in Q if A contains
any element g € Q such that g"a € A for some nonzero divisor a of the ring A and all
positive integers n.

Let A be aring and Q = Qumax(A4) the maximal right ring of fractions? of the ring A.

a. If the ring Q is right injective, then A is a right completely integrally closed subring
in Q if and only if A is a right strongly endomorphism-extendable ring.

b. If A is a right nonsingular ring and Q is the maximal right ring of fractions of the
ring A, then A is a right completely integrally closed subring in Q if and only if A is a
(strongly) right endomorphism-extendable ring.

1 The definition and main properties of the ring Qmax(A) are given in many books. For example, see
[62, Section 16] [151, Section 14.4]
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Proof. a.Sincethering Q is right injective, it is well known that Q4 is the injective hull
of the module A4 and the ring End Q4 can be naturally identified with the ring Q; e.g.,
see [151, Section 14.4, Proposition 4.1]. Therefore, b follows from 8.1.6.

b. Since the ring A is right nonsingular, it is well known that the ring Q is right injective;
e.g., see [62, Theorem 16.12]. Therefore, b follows from a and 8.1.7. O

8.2.4 Proposition. Let A be a right Goldie semiprime ring and let Q be the semisimple
Artinian right classical ring of fractions of the ring A (see 7.2.1). The following condi-
tions are equivalent.

1) A is a right classically completely integrally closed subring in Q.
2) A is aright completely integrally closed subring in Q.
3) A is a right strongly endomorphism-extendable ring.

4) A is a right endomorphism-extendable ring.

Proof. By 7.2.1(a), the semiprime right Goldie ring A is right nonsingular. In addition,
the semisimple Artinian ring Q is the maximal right ring of fractions of the ring A by
[62, Theorem16.14]. Therefore, the equivalence of conditions 2, 3 and 4 follows from
8.2.3(b).

1) = 2). Let B be an essential right ideal of the ring A and let g be an element of the
ring Q such that gB ¢ B. By 7.2.1(a), the essential right ideal B contains some nonzero
divisor b. Since gB < B, we have that g" B ¢ B for all nonnegative integers n. Therefore,
q"b € B ¢ A for all nonnegative integers n. Since A is a right classically completely
integrally closed subring in Q, we have that g € Q and A is a right completely integrally
closed subring in Q.

2) = 1). Let Q be an element of the ring Q such that g"b € A for some nonzero divisor
b € A and all nonnegative integers n. We denote by B the right ideal Y >, g"bA of
the ring A. Since B contains the nonzero divisor b, we have that B is an essential right
ideal by 7.2.1(a). In addition, gB < B. Since A is a right completely integrally closed
subring in Q, we have that g € Q and A is a right classically completely integrally
closed subring in Q. O

8.2.5 Theorem. For aring A, the following conditions are equivalent.
1) A is a right endomorphism-extendable, right nonsingular ring.
2) A is a right strongly endomorphism-extendable, right nonsingular ring.

3) A = Bx C, where B is a right injective regular ring, C is a left invariant, reduced Baer
ring and C is a right completely integrally closed subring of its maximal right rings of
fractions Q.
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Proof. The implication 1) = 2) follows from 8.1.7.

2) = 3). By 8.1.1, every endomorphism-extendable module is quasicontinuous. There-
fore, it follows from 8.2.1(d) that A = B x C, where B is a right injective regular ring and
C is a right strongly endomorphism-extendable Baer reduced ring. By 8.2.3(b), C is a
right completely integrally closed subring in Q. By 3.3.7(f), C is a left invariant ring.

The implication 3) = 1) follows from 8.2.3(b). O

8.2.6 Corollary. For aring A, the following conditions are equivalent.
1) A is a right endomorphism-extendable, right nonsingular indecomposable ring.

2) A is aright strongly endomorphism-extendable, right nonsingular indecomposable
ring.

3) Either A is aright injective regular indecomposable ring or A is a left invariant, right
and left Ore domain which is a right classically completely integrally closed subring
of its classical division ring of fractions Q.

Proof. The implication 3) = 1) follows from Proposition 8.2.4.
The implication 1) = 2) follows from 8.1.7.

2) = 3). By Theorem 8.2.5, A is either a right injective regular indecomposable ring or a
left invariant indecomposable Baer reduced ring which is a right completely integrally
closed subring of its maximal right rings of fractions Q. It is sufficient to consider only
the second case. The left invariant normal indecomposable Baer ring A is a left in-
variant domain. By 8.1.2(e), A is a right and left Ore domain. Let Q be the classical
division ring of fractions of the domain A. By Proposition 8.2.4, A is a right classically
completely integrally closed subring in Q. O

8.2.7 Theorem. Let A be a right endomorphism-extendable ring.

a. If every essential right ideal of A is an ideal, then A is a right strongly endomor-
phism-extendable ring.

b. If for any essential right ideal N of the ring A, the module A/N is semi-Artinian, then
A is a right strongly endomorphism-extendable ring.

c.Iffor any element a € A and each element s € Sing A 4, there exists a positive integer
n such that s"*'a € Y, siaA, then A is a right strongly endomorphism-extendable
ring.

d. If every element of the ideal Sing A, is nilpotent, then A is a right strongly endo-
morphism-extendable ring.

e.If A is a right Noetherian ring, then A is a right strongly endomorphism-extendable
ring.

Theorem 8.2.7 follows from 8.1.8.
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8.2.8. Let A be a right strongly endomorphism-extendable ring.

a.Sing A < J(A).

b. If A has an essential quasi-injective right ideal, then the ring A is right injective. In
particular, if A has an essential semisimple right ideal, then the ring A is right injective.

c. If Sing A4 is an essential right ideal of the ring A, then the ring A is right injective.

8.2.8 follows from Proposition 8.1.9(a)-8.1.9(c) and 6.1.1(e).

8.2.9 Theorem. For aring A, the following conditions are equivalent.

1) A is a right strongly endomorphism-extendable ring without nontrivial idempo-
tents.

2) Either A is a right injective, right uniform local ring and J(A) = Sing A, is a non-
zero ideal or A is a left invariant, right and left Ore domain that is a right classically
completely integrally closed subring of its classical division ring of fractions.

Proof. The implication 2) = 1) follows from Corollary 8.2.6.

1) = 2). Since A is a ring without of nontrivial idempotents, A4 is an indecomposable
module. By Proposition 8.1.9(d), A is a right uniform ring and either A is right quasi-
injective and A4 = G(A4) or A is a domain. By Corollary 8.2.6, it is sufficient to con-
sider the case, where the ring A is right quasi-injective. By 6.1.1(e), A is a right injective
ring. Then J(A) = Sing A4 [63, Theorem 19.27]. Since A is a right injective ring without
nontrivial idempotents, A is a local ring. O

8.3 Rings with endomorphism-extendable cyclic modules

8.3.1. For a module M, the following conditions are equivalent.

1) M is an endomorphism-liftable module and each of its factor modules is endomor-
phism-extendable.

2) M is an endomorphism-extendable module and each of its submodules is endomor-
phism-liftable.

Proof. 1)=2). Let N be a submodule in M, f be an endomorphism of the the factor
module N = N/P, and let h: M — M/P be the natural epimorphism. Since M/P is
an endomorphism-extendable module, f can be extended to an endomorphism g of
the module M/P. Since M is an endomorphism-liftable module, gh = hg for some
g € End M. Therefore, g(N) ¢ N. Then g induces f € End(N) and )_‘hN = hyf, where
hy: N — N/P is the natural epimorphism. Therefore, N is an endomorphism-liftable
module.
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2) = 1). Let M/P be an arbitrary factor module, h: M — M/P be the natural epimor-
phism, N/P be a submodule in M/P, hy be the restriction of h to N, and let f be an
endomorphism of the module N/P. By assumption, N is an endomorphism-liftable
module. Therefore, there exists an endomorphism f of the module N with fhy = hyf.
Since M is an endomorphism-extendable module, the endomorphism f can be ex-
tended to an endomorphism g of the module M/P and g(P) = f(P) < P. Since g(P € P,
we have that g induces the endomorphism g of the module M/P, which is an exten-
sion of the endomorphism f of the module N/P. Therefore, M/P is an endomorphism-
extendable module. O

8.3.2 Rings with quasicontinuous cyclic modules. Let A be a ring such that all cyclic
right A-modules are quasicontinuous. The following properties are familiar, e.g.,
see [167] or [57, 14.7].

A = B x C, where B is a semisimple Artinian ring, C = C; x--- x C, and all C; are right
uniform rings;

The ring C; is local if and only if C; is a right uniserial ring.

If all cyclic right A-modules are quasi-injective, then for any i it is true that C; is a right
injective, right and left uniserial, right and left invariant ring and J(C;) is a nil ideal.

8.3.3 Proposition. For aring A, the following conditions are equivalent.

1) Every cyclic right A-module is endomorphism-extendable.

2) A is a right endomorphism-extendable ring and every right ideal of the ring A is
endomorphism-liftable.

3) A = B x C, where B is a semisimple Artinian ring, C = C; x --- x C,, and all C; are
right uniform rings, in which all right ideals are endomorphism-liftable.

4) A = B x C, where B is a semisimple Artinian ring, C = C; x --- x C,, and all C; are
right uniform rings such that all cyclic A-modules are endomorphism-extendable.

Proof. The projective module A, is an endomorphism-liftable. Therefore, the equiva-
lences 1) & 2) and 3) & 4) follow from 8.3.1.
The implication 4) = 1) is directly verified.

1) = 4). Since every endomorphism-extendable module is quasicontinuous, all cyclic
right A-modules are quasicontinuous. By 8.3.2, A = B x C, where B is a semisimple
Artinian ring, C = C; x --- x C, and all C; are right uniform rings. It is clear that all
cyclic right C;-modules are endomorphism-extendable. O

8.3.4 Proposition. For aring A, the following conditions are equivalent.

1) A is aright strongly endomorphism-extendable ring and every cyclic right A-module
is endomorphism-extendable.

2) A is aright strongly endomorphism-extendable ring and every right ideal of the ring
A is endomorphism-liftable.
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3)A = Ay x---x A, and for every A;, each right ideal of the ring A; is endomorphism-
liftable and either A; is a simple Artinian ring or A; is a right uniserial, right injective
ring, and J(A) coincides with nonzero ideal Sing A4 or A; is a left invariant, right and
left Ore domain which is right classically completely integrally closed subring of its
classical division ring of fractions.

Proof. The equivalence 1) & 2) follows from 8.3.3.
The implication 3) = 2) follows from Corollary 8.2.6.

2) = 3). By Proposition 8.3.3, it is sufficient to consider the case where A is a right uni-
form ring.

If A is a domain, it follows from Corollary 8.2.6 that A is a left invariant, right and
left Ore domain, which is a right classically completely integrally closed subring of its
classical division ring of fractions.

We assume that A is not a domain. Since A is a right uniform ring with left zero divisors,
Sing A, is an essential right ideal. By Theorem 8.2.9, A is a right injective, right uniform
localring and J(A) = Sing A4 isanonzero ideal. By 8.3.2, A isaright uniserialring. [

8.3.5 Rings that are integral over their centers. A ring A is said to be integral over its
center if for any element s € A, there exist central elements c4, ..., ¢, of the ring A
such that s™*! = Y sic;.

If aring A is integral over its center, then the following conditions are equivalent.

1) A is aright strongly endomorphism-extendable ring and every cyclic right A-module
is endomorphism-extendable.

2) A is aright strongly endomorphism-extendable ring and every right ideal of the ring
A is endomorphism-liftable.

3)A =A; x--- x A, and for every A;,each right ideal of the ring A; is endomorphism-
liftable and either A; is a simple Artinian ring or A; is a right uniserial, right injective
ring and J(A) coincides with the nonzero ideal Sing A4 or A; is a left invariant, right
and left Ore domain which is right classically completely integrally closed subring of
its classical division ring of fractions.

8.3.5 follows from Proposition 8.3.4 and Theorem 8.2.7(c).

8.3.6 Theorem. If all essential right ideals of a ring A are ideals, then the following
conditions are equivalent.

1) Every cyclic right A-module is endomorphism-extendable.

2) A = A; x--- x A, and for every A;, we have that every right ideal of the ring A; is
endomorphism-liftable and either A; is a simple Artinian ring or A; is aright invariant,
right uniserial, right injective ring and J(A) coincides with the nonzero ideal Sing A4,
or A; is an invariant domain, which is a right classically completely integrally closed
subring of its classical division ring of fractions.
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Proof. The implication 2) = 1) follows from Proposition 8.3.4.

1) = 2). Proposition 8.3.3 argues the case where A is a right uniform ring. Then all non-
zero right ideals of the ring A are essential. Since all essential right ideals of the ring A
are ideals, the right uniform ring A is right invariant. By Theorem 8.2.7(a), A is a right
strongly endomorphism-extendable ring. Now we use Proposition 8.3.4. O

We need the following well known projectivity criterion.

8.3.7 Dual basis lemma. For a module M, the following conditions are equivalent.
1) M is a projective module.

2) There exist a subset {m;};c; € M and a set {f;};c; of homomorphisms fj: M — Ay
such that m = Y;.; m;fi(m) for any m € M, where f;(m) = 0 for almost of all subscripts
i

3) There exist a system {m;};c; of generators of the module M and a set {f;};c; of homo-
morphisms f;: M — A, such that m = Y ;.; m;fi(m) for any m € M, where fi(m) = 0
for almost all subscripts i.

Proof. 1) = 2). By 6.1.1(j), we can assume that M @ P = Q4, where Q4 is a free module
with basis {x;}ic. Let gj: x;A — A, be isomorphisms such that g(x;) = 1,t: Q > M
be the projection with kernel P, m; = t(x;), h;: Q — x;A be a natural projections, and
let f; = gihily: M — Aa. We consider m € M. There exists a finite subset J ¢ I such
that m = };; x;a;. Since

Y mifi(m) = Y migi(hi(m)) = Y migi(x;a;) = Y ma; =m,

ie] ie] ie] ie]
the sets {m;};c; and {fi}ic; have the required properties.
2) = 3). Since m = Y ;.; m;fi(m) for all m € M, the set {m;};c; generates M.

3) = 1). Let Q4 be a free module with basis {x;}ies, uj: Aa — x;Abeisomorphismssuch
that u;(1) = x;, andlet t: Q — M be an epimorphism such that t(x;) = m; foranyi € I.
We define a homomorphism f: M — Qbytherulef(m) = Y ;.; ui(fi(m)) = Y ;; xifi(m).
It can be verified that f is well-defined. Then

(tH(m) = t(Z Xifi(m)> =Y mifi(m) =m.
iel iel

Therefore, tf = 1) and the module M is isomorphic to a direct summand of the free

module Q. By 6.1.1(j), M is a projective module. O

8.3.8. Let A be a unitary subring of the ring B, M be a submodule of the module B4,
and let there exist mq, ..., my, € Mand by,...,b, € Bsuchthat1 = Z?:l m;b; and
biM c Aforalli. Then M = Y ; m;A is a projective n-generated module.

Proof. Letfi,...,fn: My — Aj be homomorphisms such that f(m) = b;m form € M.
Thenm = Z{'zl m;fi(m) for any m € M and the assertion follows from 8.3.7. O
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8.3.9 ([149]). If A is a left semihereditary ring and for any positive integer n and the
ring of all of n x n matrices does not contain an infinite set of orthogonal idempotents,
then A is a right semihereditary ring.

8.3.10 Proposition. Let A be a right endomorphism-extendable ring such that all its
right ideals are 7r-projective.

a. In the ring A, for any right ideals B and C, there exist two elements x,y € A such
that

xB+C)cB, yB+C)cC, xB+yCc<cBnC(C,
x+y-1)B+C)cBnC,B+C=(x+y)B+C)+BnC(C,
B+C)nr(x+y)cBnC.

b. For any two right ideals B and C of the ring A, there exist elements s, t € A such
thats+t=1andsB+tC<BnC.

c.Ifdq, ..., d, are nonzero divisors of the ring A and D = Z?:l Ad;, then the finitely
generated left ideal D is a projective left A-module.

d. If A is a domain, then A is a left invariant, right and left semihereditary, right and
left Ore domain.

Proof. a. We set M = B + C. Since M, is a m-projective module, it follows from 8.3.1(b)
that there exist homomorphisms f: M - Band g: M — C such that

f(B)y+g(C)cBNnC, (f+g-1w)M) <BnC,
M=(Ff+gM)+BnC, Ker(f+g)<BnC.

Since f, g are endomorphisms of the right ideal M of the right endomorphism-extend-
ablering A, there exist elements x, y € A such that f(m) = xm € Band g(m) =ym e C
for all m € M. Therefore,

xMcB, yMcC, xB+yC<BnC(C,
(x+y-1)McBnC, M=(x+yM+BnC,
Mnr(x+y)cBnC.

b. By a, there exist elements x, y € A suchthatxB+yC < BnCand (x+y-1)(B+C) ¢
BnC.Wesets=y,t=1-y=x-(x+y-1). Then

s+t=1, sB+tC<cyB+xC+(x+y-1)C<cBnC.

¢. By 3.3.7(g), A has the left classical ring of fractions Q and d;A di! c Afor any non-
zero divisor d;. Therefore, dq ---- - dndi‘1 = a; € A for all i. All a; are nonzero divisors
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in A. Therefore, a;~! € Q. By a, for the right ideals a,_1A and a,A, there exists an

element t,_; € A such that
(1-tp-1)an-1A +tp1anA=Byy Cap1ANnayA.
By a, for the right ideals a,-,A and Bj,_1, there exists an element t,_, € A such that
(1-tp2)an-2A+typ2Byn1 =Bpy Can-2ANBy_1 CansrAnap-1ANnazA.

We assume that k < n — 1 and we have the right ideal B,,_ < né‘zoan_iA. By a, for the
right ideals a,,_;_1A and B,_j there exists an element t,_j_1 € A such that

(1-thp-1)an-k1A+ty g 1Bnk =Bnk-1 S ank-1ANBp g < n{‘(:()an—iA .
Finally, there exists an element ¢; € A such that

Bi=(1-t)a1A+t;B; caiAnB; cnifaniA =0, aA,
Bi=(1-t1)a1A+t1(1 -t)aA+t:((1 —t3)azsA +...th-1a,A)...)
=(1-t1)m1A+t1:(1 -t)a A+ t1t,(1 —t3)asA +...
+tity .. tho(1—tho))anA + tity .. th1anA SN A,
(1-tpa; en @A, ti(1-t)ax enl aiA,
tit,(1-t3)as en @A, ...,

tity ... th—1ay € n?;laiA .
Let
(1-tyay = aifii=b1, ti(l-t)ax =aifoi=by, ...,

n
tity...th_1an = aifni=bn, M= ZAai‘l cQ.
i=1

Then Y, bia;! = 1. In addition, for any bj, we have

n n n
Mbj = ZAai‘lb,- = ZAai‘laifﬁ = zAfji CAcCM.
i=1 i=1 i=1

By 8.3.8, the module 4 M is projective. Therefore,
n n
aD =Y Ady(dy -+ dn)tdy - dp = Y Aaitdy e dn =

i=1 i=1

whence 4D is a projective module.

d. By ¢, A is a left semihereditary domain. By Corollary 8.2.6, A is a left invariant,
right and left Ore domain with a classical division ring of fractions Q. For any positive
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integer n, the ring Q, of all n x n matrices over the division ring Q does not contain an
infinite set of orthogonal idempotents. Therefore, its subring A,, does not contain an
infinite set of orthogonal idempotents. By 8.3.9, A is a right semihereditary domain.

O

8.3.11. Let A be the direct product of Artinian uniserial rings. It is well known and is
directly verified that A is an invariant ring such that every cyclic A-module is quasi-
injective.

8.3.12 Theorem. For aring A, the following conditions are equivalent.

1) A is a right Noetherian ring such that all cyclic right A-modules are endomorphism-
extendable.

2) A is a left Noetherian ring such that all cyclic left A-modules are endomorphism-
extendable.

3)A = Ay x--- x Ap, where A; is either a simple Artinian ring or a uniserial Artinian
ring, or an invariant hereditary Noetherian domain, i =1, ..., n.

Proof. 1t is sufficient to prove the equivalence of conditions 1) and 3).

1) = 3). By Theorem 8.2.7(e), A is a right strongly endomorphism-extendable ring. By
Proposition 8.3.4, it is sufficient to consider the case, where either A is a right uniserial,
right injective ring or A is a left invariant domain.

We assume that A is a right uniserial, right injective ring. Since A is a right Noetherian
right injective ring, A is an Artinian ring [63, Theorem 24.5]. By Theorem 6.1.10, all
cyclic right A-modules are quasi-injective. By 8.3.2, A is both right and left uniserial,
and right and left invariant ring.

We assume that A is a left invariant domain. Since A is a right Noetherian, left invari-
ant ring, we have that A is a left Noetherian ring. By Proposition 8.3.10(d), A is a right
and left semihereditary domain. The right and left Noetherian, right and left semi-
hereditary domain A is a hereditary domain. By 7.2.3(c), A is an invariant hereditary
Noetherian domain.

3) = 1). By Proposition 8.3.3, we can assume that A is either a uniserial Artinian ring or
an invariant hereditary Noetherian domain. Let M be a nonzero cyclic right A-module.
If A is a uniserial Artinian ring, then M is an endomorphism-extendable module by
8.3.11.

We assume that A is an invariant hereditary Noetherian domain. If M is a nonsingular
module, then M is a uniform module and M is an endomorphism-extendable module
by Theorem 7.2.11. If the cyclic module M is not a nonsingular, then M has nonzero
annihilator B. By 7.2.3(c), A/B is a finite direct product of invariant uniserial Artinian
rings. By 8.3.11, M is a quasi-injective A/B-module. Therefore, M is a quasi-injective
A-module. In particular, M is an endomorphism-extendable module. O
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8.3.13 The completion of the proof of Theorems 8A and 8B. Theorems 8A and 8B fol-
low from Theorems 8.2.5 and 8.3.12, respectively.

8.3.14 Open question. Let A be a ring such that every cyclic right A-module is en-
domorphism-extendable. Is it true that every cyclic left A-module is endomorphism-
extendable?
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The main results of this section are Theorems 9A, 9B, 9C and 9D.

9A Theorem (Tuganbaev [185]). Let A be a right strongly semiprime ring. If X is a right
A-module and there exists an essential right ideal B of the ring A such that X is injec-
tive with respect to the module By, then X is an injective module.

9B Theorem (Tuganbaev [189]). If A is a ring with right Goldie radical G, then the fol-
lowing conditions are equivalent.

1) Every nonsingular right A-module X, which is injective with respect to some essen-
tial right ideal of the ring A, is an injective module.

2) A/G is a right strongly semiprime ring.

9C Theorem (Tuganbaev [189]). For aring A with right Goldie radical G, the following
conditions are equivalent.

1) A/G is a semiprime right Goldie ring.

2) Any direct sum of automorphism-invariant nonsingular right A-modules is an au-
tomorphism-invariant module.

3) Any direct sum of automorphism-invariant nonsingular right A-modules is an in-
jective module.

9D Theorem (Tuganbaev [186]). A ring A is a right automorphism-invariant, right
nonsingular ring if and only if A = S x T, where S is a right injective regular ring and
T is a strongly regular ring that contains all invertible elements of its maximal right
ring of fractions.

Remark. The completion of the proof of Theorems 9A-9D is given in 9.2.6.

9.1 Automorphism-invariant modules

9.1.1. Let Abearing and Y a nonsingular right A-module. If {y;}icy, |I| = 2, is a subset
of the module Y such that Hom(Y;, ¥;) = O for any submodules Y; ¢ y;A and Y; < y;A
foralli # j, then there exists a set {B;}ic; of nonzero right ideals of the ring A such that
for any i, the right A-module B; is isomorphic to a submodule in y;A and B;B; = 0 for
alli #j.

Proof. InI, we fix distinct subscripts i and j. By 6.2.3(f), there exist nonzero rightideals
B; and B; of the ring A such that y;A contains a nonzero submodule Y; that is isomor-
phicto theright A-module B;, and y;A contains a nonzero submodule Y; that is isomor-
phic to the right A-module B;. By assumption, Hom(Y;, Y;) = 0. Then Hom(B;, B;j) = 0,
since B; = Y; and B;j = Y;. For any element b; € Bj, ahomomorphism from B; into B; is

https://doi.org/10.1515/9783110659825-009
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defined by the rule x — bjx, x € B;. Since Hom(B;, Bj) = 0, we have b;B; = 0, whence
B;B; = 0. O

9.1.2. Let A be aring and let M be a nonsingular automorphism-invariant A-module.

a. [60, Theorem 3, Theorem 6]. There exists a direct decomposition M = X & Y such
that X is a quasi-injective nonsingular module, Y is a square-free! nonsingular auto-
morphism-invariant module, the modules X, Y are injective with respect to each other,
any sum of closed submodules of the module Y is an automorphism-invariant mod-
ule, Hom(X, Y) = Hom(Y, X) = 0 and Hom(Y, Y;) = O for any submodules Y; and Y,
inYwithY;nY, =0.

b. If Y is a square-free direct summand of the module M and Y is an essential extension
of direct sum of uniform modules, then Y is an essential extension of a quasi-injective
module Z that is the direct sum of uniform quasi-injective modules.

c. If Y is a finite-dimensional square-free direct summand of the module M, then Y is
an essential extension of a quasi-injective module, which is the finite, direct sum of
uniform quasi-injective modules.

d. If Y is a square-free direct summand of the module M which is not finite-dimen-
sional, then there exists an infinite set {B;}{°; of nonzero right ideals of the ring A
such that B;B; = O for all i # j.

e.If Aisa finite subdirect product of prime rings and Y is a square-free direct summand
of the module M from a, then Y is a finite-dimensional module which is an essential
extension of quasi-injective modules Y; & --- & Y,, where all Y; are quasi-injective
uniform modules.

f. If the ring A is right strongly semiprime and Y is a square-free direct summand of
the module M from a, then Y is an injective module.

g. If the factor ring A/G(A,) is right strongly semiprime and Y is a square-free direct
summand of the module M from a, then Y is an injective module.

Proof. a. The assertion has been proven in [60, Theorem 3, Theorem 6].

b. By assumption, Y is an essential extension of direct sum of uniform modules Y;, i €
I. For every i, the uniform module Y; is an essential submodule of some closed uniform
submodule Z; of themodule Y. WesetZ = Y ;.; Zi. Then Z = &;¢;Z; and Y is an essential
extension of the module Z. By a, Z is an automorphism-invariant module. In addition,
Z is the direct sum of uniform modules. By 6.1.13(b), the module Z is quasi-injective.
All uniform direct summands Z; of the quasi-injective module Z are quasi-injective.

c. The finite-dimensional module Y is an essential extension of the finite direct sum
of uniform modules. By b, Y is an essential extension of a quasi-injective module that
is the finite direct sum of uniform quasi-injective modules.

1 A module M is said to be square-free if M does not have nonzero submodules X& Y such that X = Y.
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d. Since the module Y is not finite-dimensional, Y contains the infinite direct sum
®:2,y;A of nonzero cyclic submodules. For any distinct positive integers i, j and ar-
bitrary submodules Y; < y;A, Y; ¢ yjA, we have Y; nY; ¢ y;Any;A = 0, whence
Hom(Y;, Y;) = 0 by a. By 9.1.1, there exists a set {B;};°, of nonzero right ideals of the
ring A such that for any positive integer i, the right A-module B; is isomorphic to a
submodule in y;A and B;B;j = O forany i # j.

e. By ¢, it is sufficient to prove that Y is a finite-dimensional module. We assume the
contrary. By d, there exists an infinite set {B;}{°; of nonzero right ideals of the ring A
such that B;B; = O forall i # j. Since A is a finite subdirect product of prime rings,
there exists a finite set {Py} 2221 prime ideals of the ring A such that Py n---n P, = 0.
For all i, we have B; # 0; in addition, P; n--- n P, = 0. Therefore, for any positive
integer i, there exists a prime ideal Py € {Pi}lf’zl such that B; is not contained in
Py(i). Since Pqj) is a prime ideal and B;Bj = 0 € Py for all j # i, we have that B;j is
contained in Py(;) for all j # i. In addition, Bj is not contained in Pgj). This implies that
all ideals Py(;) are distinct. This contradicts the property that {Px} Y;_, is a finite set.

f. Since the ring A is right strongly semiprime, A is the finite subdirect product of prime
rings, see [86, Theorem 1]. By e, Y is an essential extension of some quasi-injective
of the module Y'. By Theorem 7.2.17, all nonsingular quasi-injective right A-modules
are injective. Therefore, Y’ is an injective essential submodule of the module Y. Then
Y = Y’ and the module Y is injective.

g. Since the module Y is nonsingular, G(Y) = 0. Then YG(A4) € G(M) = 0. Therefore,
Y is a natural right A/G(A4)-module. It is directly verified that Y is a nonsingular
square-free A/G(A4)-module. With the use of 6.1.3, it is verified that Y is an auto-
morphism-invariant A/G(A 4)-module. Since the factor ring A/G(A,) is right strongly
semiprime, it follows from e that Y is an injective A/G(A 4)-module. Therefore, Y is a
quasi-injective A-module. By Theorem 7.2.17, Y is an injective A-module. O

9.1.3 Theorem. Let A be a ring with right Goldie radical G(A4). The following condi-
tions are equivalent.
1) All automorphism-invariant nonsingular right A-modules are injective.

2) A/G(A,) is a right strongly semiprime ring.

Proof. The implication 1) = 2) follows from Theorem 7.2.17 and the property that every
quasi-injective module is an automorphism-invariant.

2) = 1). Let M be a automorphism-invariant A-nonsingular right module. By 9.1.2(a),
there exists a direct decomposition M = X & Y such that X is a quasi-injective module,
Y is a square-free nonsingular automorphism-invariant module. By 9.1.2(g), Y is an
injective module. By Theorem 7.2.17, the module X is injective. Then M = X @ Y is an
injective module. O
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9.1.4 Remark. A nonsingular automorphism-invariant module is not necessarily
quasi-injective; see the example VIII(c) from the introduction.

9.1.5. Let A bearing, X be a nonsingular nonzero right A-module, {C;|i € I} be the set
of all of nonzero right ideals of the ring A such that every nonzero submodule A-mod-
ule C; is not isomorphic to a submodule of the module X, and let {D; | j € J} be the set
of all nonzero right ideals D; of the ring A such that D; is isomorphic to submodule of
the module X. Weset C = ¥, Ci, D = };.; Djand B = C + D.

a. For any submodule C' of the module C,, every homomorphism f: C!, — X is the
zero homomorphism.

b. The module X is injective with respect to the module Cy.
¢. Bis an essential right ideal of the ring A.

d. If the module X is quasi-injective, then X is injective with respect to the essential
right ideal B.

Proof. a. We assume that f # 0. Since X is a nonsingular module and C'/Kerf =
f(C") < X, we have that Ker f is not an essential submodule in C’,. There exists a non-
zero element ¢ € C' with cA nKer f = 0. The nonzero submodule cA of the module C’
is isomorphic to the nonzero submodule f(cA) of the module X. Therefore, f(c) + O.
There exists a finite subset K in I such that ¢ = Y, cx and cx € Cy forall k € K.
Since f(c) +# 0, we have that f(cy) # O for some k € K < I. Therefore, ciA is a nonzero
submodule A-module Cj that is isomorphic to a nonzero submodule of the module X.
This contradicts the property that Ci € {C;|i € I}.

b. The assertion follows from a.

c. We assume that B is not an essential right ideal. Then B n E = 0 for some nonzero
rightideal E. ThenCNE =0and DN E = 0.Since CNE =0, wehave E ¢ {C;|i € I}.
Therefore, there exists a nonzero submodule E; of the module E that is isomorphic to
a submodule of the module X. Then E; € {Dj|j € J}. Therefore, E; < DNE = 0. Thisis
a contradiction.

d. Since X is a quasi-injective module, X is injective with respect to any module which
is isomorphic to a submodule of the module X. Therefore, X is injective with respect
to each the A-module D;. By 6.1.1(f), the module X is injective with respect to the mod-
ule D4. In addition, X is injective with respect to the module C, by b. By 6.1.1(f), the
module X is injective with respect to the module C + D = B. O

9.1.6 Theorem. Let A be a right strongly semiprime ring and X a right A-module. If
there exists an essential right ideal B of the ring A such that X is injective with respect
to the module By, then X is an injective module.

Proof. By7.1.3(a), X is injective with respect to the module (AB) 4, where ABis an ideal
generated by right ideal B. Since B is an essential right ideal and B < AB, the ideal
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AB is an essential right ideal. Since A is a right strongly semiprime ring, the ideal AB
contains a finite subset K = {kq, ..., k, with the zero right annihilator r(K). Since
r(K) = r(k1)n---nr(ky,) = 0, the module A4 is isomorphic to a submodule of the direct
sum of n of copies of the module (AB)4. In addition, the module X is injective with
respect to the module (AB)4. By 6.1.1(d), the module X is injective. O

9.1.7 Example. In connection to Theorem 9.1.6, we remark that there exist a finite
commutative ring A, an essential ideal B of the ring A and a noninjective B-injective
A-module X. We denote by A, B and X the finite commutative ring Z /47, the ideal
27./47., and the module B4, respectively. Then B is an essential ideal and the module
X is injective with respect to B,. Since X is not a direct summand in A4, we have that
X is not an injective module.

9.1.8 Corollary. For aring A, the following conditions are equivalent.
1) A is a right strongly semiprime ring.

2) Every right A-module, which is injective with respect to some essential right ideal
of the ring A, is an injective module and A is right nonsingular.

Corollary 9.1.8 follows from Theorem 9.1.6 and the property that every right strongly
semiprime ring is right nonsingular [86].

9.1.9. Let Abearing, G = G(A,) be the right Goldie radical of thering A, h: A — A/G
be the natural ring epimorphism, and let X be a nonsingular right A-module.

a. If B is an essential right ideal of the ring A, then h(B) is an essential right ideal of
the ring h(A).

b. If B is a right ideal of the ring A such that G ¢ B and h(B) is an essential right ideal
of the ring h(A), then B is an essential right ideal of the ring A.

¢. MG < G(M) for any right A-module M.

d. XG = 0 and a natural h(A4)-module X is nonsingular. In addition, if Y is an arbitrary
nonsingular right A-module, then YG = 0 and the h(A)-module homomorphisms Y —
X coincide with the A-module homomorphisms Y — X. Consequently, the A-module X
is Y-injective if and only if the h(A)-module X is Y-injective. The essential submodules
of the h(4)-module X coincide with the essential submodules of the A-module X.

e. X is an injective h(A)-module if and only if X is an injective A-module.

f. Xn(a) is an essential extension of direct sum of uniform modules if and only if X4 is
an essential extension of direct sum of uniform modules.

g. X, is an essential extension of some module, which is the direct sum of submodules
such that each of the submodules is isomorphic to some nonzero right ideal of the
ring A.
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h. If the ring A is right finite-dimensional, then X4 is an essential extension of some
module which is the direct sum of submodules such that each of the submodules is
isomorphic to some nonzero uniform right ideal of the ring A.

i. If the ring h(A) is right finite-dimensional, then Xp(4) is an essential extension of
some module, which is the direct sum of submodules such that each of the submod-
ules is isomorphic to some nonzero uniform right ideal of the ring h(A).

Proof. a. We assume that h(B) is not an essential right ideal of the ring h(A). Then
there exists a right ideal C of the ring A such that C properly contains G and h(B) n
h(C) = h(0). Since h(B) n h(C) = h(0), we have Bn C < G. Since C properly contains
the closed right ideal G, we have that C4 contains a nonzero submodule D such that
D n G = 0. Since B is an essential right ideal, BN D # O and (Bn D) n G = 0. Then
h(0) # h(Bn D) < h(B) n h(C) = h(0). This is a contradiction.

b. We assume that B is not an essential right ideal of the ring A. Then B n C = 0 for
some nonzero right ideal C of the ring A and Gn C < Bn C = 0. Therefore, h(C) # h(0).
Since h(B) is an essential right ideal of the ring h(A), we have that h(B) n h(C) # h(0).
Let h(0) # h(b) = h(c) € h(B) n h(C), where b ¢ Bandc € C.Thenc-b € G € B.
Therefore, c € Bn C = 0, whence h(c) = h(0). This is a contradiction.

c¢. For any element m € M, the module mG, is a Goldie radical module, since mGx
is a homomorphic image of the Goldie radical module G. Therefore, mG < G(M) and
MG < G(M).

d. By ¢, XG = 0. We assume that x € X and xh(B) = O for some essential right ideal
h(B), where B = h~1(h(B)) is the complete pre-image of h(B) in the ring A. By b, B is
an essential right ideal of the ring A. Then xB = 0 and x € Sing X = 0. Therefore, X is
a nonsingular h(A)-module. The remaining part d is directly verified.

e. Let R be one of the rings A, h(A) and let M be a right R-module. By 6.1.1(e), the
module M is injective if and only if M is injective with respect to the module Rr. Now
the assertion follows from 4.

f. The assertion follows from d.

g. Let M be the set of all submodules of the module X that are direct sums of modules
isomorphic to a right ideal of the ring A. The set M is nonempty by 6.2.3(f). There exists
a partial order in M such that for any M, M’ € M, the relation M £ M’ is equivalent to
the property that M' = M & N for some N € M. By the Zorn lemma, the set M contains
at least one maximal element K.

We assume that K is not an essential submodule of the module X. Then there exists a
nonzero submodule L of the nonsingular module X with K n L = 0. By 6.2.3(f), there
exists a nonzero right ideal B of the ring A such that the module B, is isomorphic to
some submodule L' of the module L. This contradicts the property that K is a maximal
element of the set M.
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h. Since the ring A is right finite-dimensional, every nonzero right ideal of the ring A
is an essential extension of the finite direct sum of nonzero uniform right ideals. Now
the assertion follows from g.

i. The assertion follows from f and h. O

9.1.10 Theorem. Let A be aring and G = G(A,). The following conditions are equiva-
lent.

1) Every nonsingular right A-module X that is injective with respect to some essential
right ideal of the ring A, is an injective module.

2) Every quasi-injective nonsingular right A-module X that is injective with respect to
some essential right ideal of the ring A, is an injective module.

3) Every quasi-injective nonsingular right A-module is an injective module.

4) A/G is aright strongly semiprime ring.

Proof. The implication 1) = 2) is obvious.
The implication 2) = 3) follows from 9.1.5(d).
The equivalence of 3) and 4) follows from Theorem 7.2.17.

4)=1). Let R be one of the rings A, A/G and M is a right R-module. By 6.1.1(e), the
module M is injective if and only if M is injective with respect to the module Rg.

Let h: A — A/G be the natural ring epimorphism and let X be a nonsingular right
A-module that is injective with respect to some essential right ideal B of the ring A.
By 9.1.9(d), XG = 0 and X is a natural nonsingular h(A)-module. By 9.1.9(a), h(B) is an
essential right ideal of the ring h(A). By 9.1.9(d), the module X is injective with respect
to h(B). By Theorem 9.1.6, X is an injective h(A)-module. By 9.1.9(e), X is an injective
A-module. |

9.1.11. Let A be a ring with right Goldie radical G(4,4) and M is an automorphism-
invariant nonsingular right A-module which is an essential extension of direct sum of
uniform modules.

a. M is an essential extension of some quasi-injective nonsingular module K that is
the direct sum of uniform modules, closed in M.

b. If the factor ring A/G(A ) is a right strongly semiprime ring, then M is an injective
module.

Proof. a.By9.1.2(a), M = X& Y, where X is a quasi-injective module, Y is an automor-
phism-invariant square-free module. Therefore, we can assume that M is an automor-
phism-invariant square-free module. Since M is an essential extension of the direct
sum of uniform submodules, M is an essential extension of some module K which is
the direct sum of uniform closed submodules K; in M, i € I. By 9.1.2(a), K is an auto-
morphism-invariant module. By 6.1.13(b), K is a quasi-injective module.
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b. By a, M is an essential extension of some quasi-injective nonsingular module K. By
Theorem 7.2.17, K is an injective essential submodule of the module M. Therefore, K
is an essential direct summand of the module M. Then M = K and M is an injective
module. =

9.1.12. Let A be a ring with right Goldie radical G(A4) and M is an automorphism-
invariant nonsingular right A-module. If the factor ring A/G(A,) is a semiprime right
Goldie ring, then M is an injective module.

Proof. By 9.1.9(i), M is an essential extension of direct sum of uniform modules. In ad-
dition, the semiprime right Goldie ring A/G(A ) is a right strongly semiprime ring [86].
By 9.1.11(b), M is an injective module. O

9.1.13 Theorem ([189]). For a ring A with right Goldie radical G(4,), the following
conditions are equivalent.
1) A/G(A,) is a semiprime right Goldie ring.

2) Any direct sum of automorphism-invariant nonsingular right A-modules is an au-
tomorphism-invariant module.

3) Any direct sum of automorphism-invariant nonsingular right A-modules is an in-
jective module.

Proof. The implications 3) = 2) = 1) are obvious.

1) = 3). Let M be a direct sum of automorphism-invariant nonsingular right A-mod-
ules M;, i € I. By 9.1.11, all modules M; are injective. By Theorem 9.1.10, M is a quasi-
injective module. By Theorem 7.2.17, M is an injective module. O

9.1.14 Corollary ([116, Theorem 18]). If A is a semiprime right Goldie ring, then all au-
tomorphism-invariant nonsingular right A-modules are injective.

9.2 Automorphism-invariant rings

9.2.1. Let A be a right nonsingular ring with maximal right ring of fractions Q.

a. Qisaright injective regular ring, Q can be naturally identified with the ring End Q4,
and Q4 is the injective hull of the module A,4.

b. The ring A is right automorphism-invariant if and only if A contains all invertible
elements of the ring Q.

c. If all closed right ideals of the ring A are ideals, then A is a reduced ring and Q is a
right and left injective, strongly regular ring.
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Proof. a. The assertion is well known; e.g., see [141, Section 3.3.].
b. The assertion follows from a.

c.Let x € A, x? = 0 and let B be a n-complement of the right ideal xA in A4. Then B n
xA = 0, B& xA is an essential right ideal, and B is a closed right ideal. By assumption,
B is an ideal. Therefore, xB < BN xA = 0 and x(B @ xA) = 0. Then x = 0, since the
ring A is right nonsingular. Then A is a reduced ring such that all closed right ideals
of A are ideals. Consequently, Q is a right and left injective, strongly regular ring [151,
Chapter 12, 5.2-5.4.]. O

9.2.2. If A is aright automorphism-invariant, right nonsingular ring, then A = S x T,
where S is a right injective regular ring and T is a strongly regular ring that contains
all invertible elements of its maximal right ring of fractions.

Proof. In [60, Theorem 7, Theorem 8, Example 9], it is proven that if A is a right non-
singular, right automorphism-invariant ring, then A = S x T, where the ring S is right
injective, Tt is a square-free module, any sum of closed right ideals of the ring T is a
two-sided ideal that is an automorphism-invariant right T-module, and for any prime
ideal P of the ring T that is not essential in T, the factor ring T/P is a division ring.
By 9.2.1(a), A = S x T, where S is a right injective regular ring, T is a right automor-
phism-invariant, right nonsingular ring, and every closed right ideal of the ring T is
an ideal. By 9.2.1(c), T is a reduced ring. Let Q be the maximal right ring of fractions
of the ring T. By 9.2.1(c), T is a reduced ring and Q is a right and left injective, strongly
regular ring. To prove that T is a strongly regular ring, it is sufficient to prove that an
arbitrary element ¢ of the ring T is the product of a central idempotent by an invertible
element. Since t is an element of the strongly regular ring Q, we have t = eu, where
e is a central idempotent of the ring Q and u is an invertible element of the ring Q.
By 9.2.1(b), T contains all invertible elements of the ring Q. Therefore, u € T. Then
e = tu™! e T and every element of the ring T is a product of a central idempotent by
an invertible element. O

9.2.3 Theorem ([186]). For a ring A, the following conditions are equivalent.
1) A is a right automorphism-invariant, right nonsingular ring.
2) A is a right automorphism-invariant regular ring.

3) A = S x T, where S is a right injective regular ring and T is strongly regular ring
which contains all invertible elements of its maximal right ring of fractions.

Proof. The implication 1) = 3) follows from 9.2.2.

The implication 3) = 2) follows from the property that the direct product of the regular
rings S and T is a regular ring.

The implication 2) = 1) follows from the property that every regular ring is right and
left nonsingular. O
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9.2.4 Corollary ([186]). If A is a right automorphism-invariant, right nonsingular in-
decomposable ring, then A is a right injective ring.

Corollary 9.2.4 follows from Theorem 9.2.3 and the property that every strongly regular
indecomposable ring is a division ring; consequently, it is a right injective ring.

9.2.5 Corollary ([186]). Let A be a right automorphism-invariant, right nonsingular
ring that does not contain an infinite set of nonzero central orthogonal idempotents.
Then A is a right injective ring.

Corollary 9.2.5 follows from Corollary 9.2.4 and the property that every ring which does
not contain an infinite set of nonzero central orthogonal idempotents, is the finite di-
rect product of indecomposable rings.

9.2.6 The completion of the proof of Theorems 9A-9D. Theorems 9A-9D follow from
Theorems 9.1.6, 9.1.10, 9.1.13 and 9.2.3.

9.2.7 Open question. Describe right automorphism-invariant group rings.

9.2.8 Open question. Describe right automorphism-extendable (resp., endomor-
phism-extendable) group rings.
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