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associative ring with 1 or algebra over a commutative domain R
commutative associative ring with 1

right A-module

projective right A-module

ideal of a ring A

maximal ideal of a commutative domain R

Jacobson radical of A

monoid of non-negative integers

monoid of non-negative integers together with oo

ring of integers

field of rationals

first infinite ordinal number

ring of n X n matrices with entries in the ring A

direct sum of a family of copies of a right A-module M indexed
by the set A

abelian group of right A-module homomorphisms from M to N
endomorphism ring of a right module M

trace ideal of the right A-module M

category of direct summands of a direct sum of an arbitrary
number of copies of M

category of direct summands of a direct sum of a finite number
of copies of M

category of direct summands of a direct sum of a countable
number of copies of M

monoid of isomorphism classes of finitely generated projective
right A-modules

monoid of isomorphism classes of countably generated projective
right A-modules

semigroup of isomorphism classes of relatively big projective
right A-modules which are not finitely generated

localization of a commutative domain R at the maximal ideal m
field of fractions of a commutative domain R

localization of an algebra A over a commutative domain R at
the maximal ideal m of R

localization of an ideal I of an algebra A over a commutative
domain R at the maximal ideal m of R

localization of a right module M over an algebra A over a
commutative domain R at the maximal ideal m of R

ring of quotients of A, that is, the tensor product of an algebra A
over a commutative domain R and the field of fractions @) of R
tensor product of an ideal I of an algebra A over a commutative
domain R and the field of fractions @ of R

tensor product of a module M over an algebra A over a
commutative domain R and the field of fractions @) of R

X






Contents

Frequently used notation ix
Introduction 1
I Preliminaries 13
1 Projective modules and trace ideals 15
1.1 Definition and characterizations . . . . . . . . ... ... ... .. 16
1.2 Direct summand decomposition of projective modules . . . . . . . 18
1.3 Pure-projective modules . . . . . ... ... ... ... 21
1.4 Traceideals . . . . . . . . . ... 23
1.5 Lifting projective modules modulo a trace ideal . . . . . . .. .. 25

IT Torsion-free modules over commutative domains of
Krull dimension one 35

2 Direct sums of finitely generated torsion-free modules: the local

case 39
2.1 The endomorphism ring of a finitely generated module . . . . . . 40
2.2 Local domains of Krull dimensionone . . . . . . ... ... .... 49
2.3 Local versus global direct summands . . . . . ... ... ... .. 54
3 Package deal theorems for localizations over h-local domains 59
3.1 Finitely generated modules over domains of finite character . . . . 59
3.2  Gluing localizations over h-local domains . . . . . . . .. .. ... 61
3.3 Projective versus locally projective modules . . . . .. ... ... 63
3.4 Package deal for traces of projective modules . . . . . . . ... .. 65

4 Direct sums of finitely generated torsion-free modules: from local

to global 69
4.1 Theglobalcase . . . .. .. .. ... ... . 70
4.2 The integrally closed case . . . . . . .. ... ... ... ... 7
4.3 Infinite direct sums are determined by the genus . . . . . . . . .. 79
4.4 The noetherian case . . . . . . . .. . ... ... ... 85
4.5 A family of examples . . . . .. ..o 89

III Relatively big projective modules and their applica-

tions to direct sum decompositions 97
5 The language of monoids 101
5.1 Relatively big projective modules . . . . . . .. .. ... ... .. 101
5.2  Finite generation modulo an ideal and the (x)-condition . . . . . . 105
5.3 The monoid of relatively big projective modules . . . . . . . . .. 106

el



6 Relatively big projective modules 111

6.1 Lifting projectives modules modulo a right T-nilpotent ideal . . . 111
6.2 The case of right noetherian Pl-rings . . . . .. .. .. ... ... 114
6.3 Semiperfect rings and locally semiperfect rings . . . . . . . . . .. 121

7 Locally semiperfect algebras and applications to direct sum de-

compositions 131
7.1 Rank and genus of countably generated projective modules . . . . 132
7.2 Infinite sums of finitely generated projective modules . . . . . . . 138
7.3 Torsion-free modules over h-local domains . . . . . . . . ... .. 142

8 Locally semiperfect algebras and representations of finite groups145

8.1 Locally semiperfect algebras with semisimple ring of quotients . . 146
8.2 Decomposition matrices of locally semiperfect algebras . . . . . . 152
8.3 Full idempotent ideals of integral group algebras . . . . . . . . .. 158
8.4 Infinitely generated representations of finite groups . . . . . . .. 163
Bibliography 179
List of Publications 185
A Character tables and decomposition matrices 187
A.1 Alternating Group As . . . . . . . . ... 188
A2 Alternating Group Ag . . . . . . . ..o 191

xii



Introduction

This dissertation studies relatively big projective modules and their applications
to direct sum decompositions. Relatively big projective modules are countably
generated projective modules which are liftings of finitely generated projective
modules modulo a trace ideal. They are a particular class of countably generated
projective modules that can be well understood. In this dissertation, the focus is
to study the cases where every countably generated projective module is relatively
big.

A powerful tool is the equivalence between the category of direct summands
of countably many copies of a finitely generated module M and the category of
projective modules over the endomorphism ring of M. This allows us to exchange
information from projective modules to direct summands of direct sums of finitely
generated modules. Because of this, one of the main examples of rings we are
studying in this dissertation is the endomorphism ring of a finitely generated
torsion-free module over a commutative domain.

The first part of this dissertation explains preliminaries on projective modules,
decompositions of projective modules over suitable rings, and the trace ideal of
a projective module. We recall that every projective module is the direct sum
of countably generated projective modules, a result proved by Kaplansky. This
justifies why, from the beginning, we restrict to countably generated projective
modules. The main tool used in this dissertation is that projective modules lift
modulo a trace ideal.

The second part of this dissertation establishes precise criteria —both local
and global— for when the class of direct sums of finitely generated torsion-free
modules is closed under direct summands. Our global setting is that of h-local
domains —commutative domains satisfying strong noetherianity conditions on the
maximal spectrum; typical examples are noetherian domains of Krull dimension
one— and we develop methods to pass from the local case to the global case.
The results in this part connect directly to the work on generalized lattices by
Butler, Rump, and Ptihoda. This part corresponds to the first original paper in
this dissertation [1].

The third part of this dissertation shifts focus to relatively big projective
modules. By introducing the monoid notation, we develop a framework for
determining when every countably generated projective module is relatively big.
Two examples where this happens are locally semiperfect algebras over an h-local
domain with simple artinian ring of quotients, and right noetherian rings satisfying
a polynomial identity. The endomorphism ring of a suitable finitely generated
torsion-free module over an h-local domain is an example of the first kind (linking
with the previous part of the dissertation). The group algebra of a finite group
over a commutative noetherian domain is an example of the latter (linking with
integral representation theory of finite groups). Understanding these two examples
was the initial motivation for this dissertation. This part corresponds to the
second original paper in this dissertation [2].



In the following paragraphs, we unravel the core of this dissertation.

Torsion-free modules over commutative domains of Krull dimension 1

Let R be a commutative domain, and let A be an R-algebra. Let F, denote
the class of modules over A that are direct sums of finitely generated modules
which are torsion-free over R (we should write F if the ring is clear). The class
Fu is closed under arbitrary direct sums, and we inquire whether F, is closed
under direct summands.

If R is a semihereditary domain, then the modules in Fg are projective modules.
It is well known that, in this case, all projective modules are direct sums of finitely
generated ideals of R. In particular, Fy is the class of all projective modules,
and it is closed under direct summands with no extra assumption on the Krull
dimension of R.

The interest in these kinds of questions was awakened by the study of the
so-called generalized lattices. Let R be a Dedekind domain with field of fractions
@, and let A be an R-order in a separable Q-algebra (hence, A is finitely generated
and projective as an R-module). Classically, a right A-module is a lattice if
it is finitely generated and projective as an R-module. Dropping the finitely
generated condition from the definition of a lattice, we encounter the generalized
A-lattices. In this context, the class Fj coincides with the (arbitrary) direct sums
of A-lattices. If A is locally lattice-finite, the generalized lattices are precisely the
direct summands of modules in Fy. See Theorem 4 in [10] for the proof in the
lattice-finite case and Corollary on p. 112 of [60] for its extension to the locally
lattice-finite case.

In Theorem 4 of [60], W. Rump proved that if generalized A-lattices are direct
sums of lattices, then A is locally lattice-finite. Moreover, he answered the question
of when F, is closed under direct summands, finding that the answer depended
on representation-theoretical data of A.

Piihoda, in the paper [48], translated the question to A = R being a noetherian
domain of Krull dimension 1 with module-finite normalization. In the local case,
he proved that Fg is closed under direct summands if and only if its normalization
(which is assumed to be finitely generated) is local. In the global case, and
under the assumption that R is, in addition, lattice-finite (i.e., there are only
finitely many indecomposable finitely generated torsion-free R-modules up to
isomorphism) he characterized when Fg is closed under direct summands by
certain ring-theoretical properties of R that will also appear in Theorem B.

In this dissertation, we consider the case A = R being a commutative domain
of Krull dimension 1, and we also follow the strategy of first studying the case of
a local domain and then extending it to a suitable global situation. For the case
of local domains, we obtain a satisfactory characterization that is summarized in
the following theorem.

Theorem A (Corollary 2.2.3, Corollary 2.2.9). Let R be a local domain of Krull
dimension 1. The class Fr is closed under direct summands if and only if any
finitely generated indecomposable torsion-free module has local endomorphism ring.
If, in addition, R is noetherian, this is equivalent to having local integral closure.

Therefore, in this situation, any module M in Fgr can be written as M =
@icr Ni, where each N; is a finitely generated module with local endomorphism

2



ring, and such a decomposition is unique up to isomorphism. In addition, any
direct summand of M is isomorphic to a direct sum of modules from the family

{Ni}iel-

Our global setting will be that of h-local domains. Matlis introduced h-local
domains in the 1960s in [38] as commutative domains satisfying the condition
that they have finite character, that is, every non-zero ideal is contained only in
finitely many maximal ideals; and every non-zero prime ideal is contained only in
one maximal ideal.

However, Jaffard appears to be the first author to give an equivalent definition
of h-local domains in [28], but under the name of domains of Dedekind type. For
the story and characterizations of h-local domains, the reader is referred to Fuchs
and Salce’s monograph (see Section IV.3 of [18]) and to the paper by Olberding
(see Theorem 2.1 in [43)]).

A domain of Krull dimension 1 is h-local if and only if it has finite character,
and noetherian domains of Krull dimension 1 are always h-local (equivalently,
always have finite character).

If R is a domain such that Fg is closed under direct summands, then, in
particular, all projective modules are direct sums of finitely generated projective
modules. Not much is known about projective modules over arbitrary domains.
However, Hinohara [27] proved that, over an h-local domain, an infinitely generated
projective module, which is not finitely generated, is always free.

The following theorem summarizes our results for this class of domains, which
translates the property of being closed under direct summands to arithmetical
properties between the ranks of the indecomposables at different maximal ideals
and the minimal number of generators of the ideals.

Theorem B (Theorem 4.1.6, Corollary 4.2.3, Corollary 4.2.4, Proposition 4.4.6,
Theorem 4.4.8). Let R be an h-local domain of Krull dimension 1. If the class
Fr is closed under direct summands, then R satisfies that

(1) Fr, is closed under direct summands for any maximal ideal m of R;

(2) for any maximal ideal m of R, except may be one, all finitely generated ideals
of Ry are at most two-generated;

(3) the integral closure R of R in its field of fractions satisfies that Fg is closed
under direct summands.

Conversely, if R is an h-local domain of Krull dimension 1 satisfying (1) and
(2), then Fg is closed under direct summands in the following situations:

(a) R is integrally closed, or
(b) R is semilocal noetherian, or
(c) R is noetherian and has module-finite normalization.

That the closure of Fr under direct summands implies conditions (1) and (2)
was already proven by Prihoda for noetherian domains of Krull dimension 1 with
module-finite normalization [48]. The fact that a condition like (2) still holds in
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the generality with which we are working has been an interesting surprise, and its
proof is one of the more involved aspects of this part of the dissertation.

A good description for torsion-free modules over a local ring with the 2-
generated property for finitely generated ideals is only available in the noetherian
case: if R has module-finite integral closure, then it is a Bass domain, and the
theory goes back to Bass’ fundamental paper [6]. The general case of noetherian
domains with two-generated ideals remained open for a long time and was finally
settled by Rush in [61]. In both cases, it is proven that finitely generated torsion-
free modules are isomorphic to a direct sum of (finitely generated) ideals. As far
as we know, it is an open question whether such a result could still hold outside
the noetherian case.

We also study the isomorphism classes of modules in F. Recall that two
modules M and N are in the same genus if and only if M,, = N, for every
maximal ideal m of R. For finitely generated modules, the isomorphism class of a
module M is usually determined by its genus and some extra information about
the class group. This is the case, for example, with Bass domains, as shown in
Theorem 4.2 of [35], and for general noetherian domains with 2-generated ideals
[61].

For infinite countable direct sums in F, we show that the genus is enough to
determine the isomorphism class. Now we state the precise result we prove; notice
that it is for finitely generated R-algebras and that there is no assumption on the
Krull dimension of the domain R.

Theorem C (Theorem 4.3.4). Let R be a commutative domain of finite character
with field of fractions Q. Let A be a module-finite R-algebra such that A ®g Q is
a simple artinian ring. Let M = @,cn, Ai and N = @,cn, Bi be direct sums of
non-zero finitely generated right A-modules which are torsion-free as R-modules.
If M and N are in the same genus, then there are decompositions

M = GB%ENO M,L and N = eaiENo N’L

such that both M; and N; are finitely generated, and M; = N; for every i € Ny.
In particular, M and N are isomorphic.

Theorem C is related to a result proven by Rump in [60] for A a locally
lattice-finite order in a separable algebra over a Dedekind domain R (cf. Theorem
3 in [60]).

Relatively big projective modules and their applciations to direct sum
decompositions

For a long time, the study of projective modules has focused on the finitely
generated ones. Outside the finitely generated setting, the classical theorem of
Kaplansky [29] stating that every projective module is a direct sum of countably
generated projective modules shows that one can consider only the countably
generated case. Interesting monoids associated with infinitely generated projective
modules have recently been studied in several different contexts: the monoid
V(A) U B(A) of relatively big projectives, formally defined in [25], which is the
main object of interest in this paper; the analogous Cuntz monoid for general
rings defined in [4]; and the x-monoids defined in [41].
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Let A be a ring, and let V(A) (resp. V*(A)) denote the set of representatives of
the isomorphism classes of finitely generated (resp. countably generated) projective
right A-modules. These sets form commutative monoids with addition induced by
the direct sum of modules, with V(A) naturally embedded in V*(A).

The concept of relatively big projective modules was introduced by Prihoda in
[46], extending Bass’ uniformly big projectives [6].

Let J be the trace of a countably generated projective module. A countably
generated projective right A-module P is said to be J-big if every countably
generated projective A-module whose trace is contained in J is a homomorphic
image of P. A countably generated projective module P is said to be relatively
J-big if P is J-big and P/PJ is finitely generated. Here, J is maximal with
respect to the property that P is J-big and minimal with respect to the property
that P/PJ is finitely generated (cf. Section 5.2). A crucial property is that a
relatively J-big projective module P is uniquely determined, up to isomorphism,
by the trace ideal J and the isomorphism class of P/PJ (cf. Lemma 5.1.7).

The relatively big projectives are the countably generated projective modules
that are relatively J-big for some J. The important fact that boils down to the
concept of relatively big projective is that projective modules modulo a trace ideal
can be lifted to projective modules over the ring. If the projective module over
the quotient is finitely generated, then there is a unique lifting to a relatively big
projective module over the ring.

The monoid V(A) LIB(A) of isomorphism classes of relatively big projective
modules was introduced in [25] to capture the properties of such projectives. This
monoid embeds in V*(A) and can be thought of as the disjoint union of V(A/J),
where J runs through the trace ideals of the countably generated projective right
A-modules, see Corollary 5.3.5.

In [46], it was proved that over a noetherian ring A which satisfies a cer-
tain descending condition on two-sided ideals, which we call the (x)-condition,
V(A) UB(A) = V*(A) (cf. Lemma 2.8 in [46] and Theorem 5.2.4). Commutative
noetherian rings, finitely generated algebras over commutative noetherian rings
of Krull dimension one, and noetherian semilocal rings satisfy the (x)-condition.
Therefore, all countably generated projective modules over these rings are rela-
tively big. These results were the main ingredients used to characterize V*(A)
for A a noetherian semilocal ring in [22], or to study some infinite direct sum
decompositions in [25].

The main results of this part of the thesis provide new classes of rings for
which V(A) UB(A) = V*(A). The following result summarizes all these results.

Theorem D (Corollaries 6.2.9 and 6.2.10, Theorem 6.3.17). Let A be a ring.
Then V(A) UB(A) = V*(A) in the following situations:

(a) A is a right noetherian Pl-ring, in particular, if it is a module-finite algebra
over a commutative noetherian ring,

(b) A is a locally semiperfect torsion-free algebra over an h-local domain with
field of fractions ) and such that Aq is simple artinian.

In particular, statement (a) of Theorem D applies to group algebras of finite
groups over commutative noetherian rings or to endomorphism rings of finitely
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generated modules over commutative noetherian rings. It is important to note
that the restriction on Krull dimension imposed in previous works was superfluous.

Beyond the noetherian setting, it is easy to show that for semiperfect rings,
all countably generated projective right (or left) modules are relatively big (cf.
Proposition 6.3.4). Recall from Part II (c¢f. Lemma 2.1.11) that if A is the
endomorphism ring of a finitely generated torsion-free module M over an h-local
domain R, then A is simple artinian. Then statement (b) of Theorem D applies
to the resulting algebras of combining Theorems A and B.

When A is locally semiperfect and A is simple artinian, we can give an equa-
tional description of the genus of every countably generated projective module. In
particular, for every maximal ideal m of R, there exists a finite set {Un 1, .-, Unsa }
of indecomposable projective modules over A, such that every countably generated
projective module over A, can be written uniquely as a direct sum of copies of
them. As Ag is simple artinian, there exists a finitely generated simple module S
over Ag such that every countably generated projective module over Ag can be
written uniquely as a direct sum of copies of S.

For every maximal ideal m of R, we can tensor each indecomposable projective
Ap-module with @) and write it uniquely as a direct sum of copies of S. That
is, for each maximal ideal m of R and each j = 1,...,{,, there exists a unique
dwm,; € No such that Uy ; ®g, Q = S;-i“"j. We say that dy,; is the length of Uy,.

Consider a package {rm = (Tm1, .-+ ms,) € No* | m € mSpec(R)}. Our goal
is to determine when a projective A-module P exists such that P, = @™, U;"‘Z
A set of such sequences {7'm fmemspec(r) is called the genus sequence of P.

Theorem E (Lemma 6.3.9, Propositions 7.1.7 and 7.1.9). Let R be an h-local
domain with field of fractions Q. Let A be a locally semiperfect torsion-free R-

algebra such that Ag is simple artinian, so that Ag = My (D) for a suitable division
ring D. Then

(i) There exists a finite set of maximal ideals S(A) such that Ay = My (Ty) for
some local ring Ty, for every mazimal ideal m ¢ S(A). In particular, for
every mazimal ideal m ¢ S(A), Aw has exactly one indecomposable projective
module up to isomorphism.

(ii) For each maximal ideal m ¢ S(A), if U and V are projective Ay-modules,
then U =V are isomorphic if and only if Ug = Vg

(iii) For each mazimal ideal m € S(A), let dw 1, ..., dwy, be the lengths of the
indecomposable projective right Ay-modules, and fir vy, € (Nj)5.

Then, there exists a countably generated projective right A-module P with
genus sequence {Tw }memspec(r) f and only if there exists r € Njj such that
for every maximal ideal m of R

Tm,1

Z bl
zm: dmzjrmaj = [dm,l e dm}[,mi| = T.
i=1

T'm,l

As an application of the theory of relatively big projective modules developed
in this part, we go back to consider A as the endomorphism ring of a finitely



generated torsion-free module M over an h-local domain R from the previous part.
Recall that, in this situation, Ag is simple artinian (cf. Lemma 2.1.22). If, in
addition, R has Krull dimension 1 and all the direct summands of Add(R“) @& M)
are again a direct sum of finitely generated modules, by Proposition 4.1.1, A is
locally semiperfect. The converse of this result is not true in general, as additional
conditions on the ranks of indecomposable modules over the localizations of R at
its maximal ideals must be satisfied, see Theorem F.

Theorem F (Theorem 7.3.2). Let R be an h-local domain and let M be a non-zero
finitely generated torsion-free R-module with endomorphism ring A = Endg(M).
Consider the following statements,

(i) A is locally semiperfect and if X and'Y are indecomposable direct summands
of My, and M,, respectively, for some m # n € mSpec(R). Then rank(X)
and rank(Y') are coprime.

(ii) FEvery module in Add(M) is a direct sum of finitely generated modules.

Then (i) always implies (ii), and the converse is true if M is a generator and R
has Krull dimension 1.

We finish this dissertation by considering locally semiperfect algebras over a
commutative domain R such that Ag is semisimple artinian. Such algebras arise
naturally in the representation theory of finite groups and, more generally, in the
theory of maximal orders (see [11, 55| for a detailed discussion).

Let A be a locally semiperfect algebra such that Ay is semisimple artinian.
As before, since it is locally semiperfect, for every maximal ideal m of R, there
exists a finite set {Un 1, ..., Ung, } of indecomposable projective modules over Ay,
such that every countably generated projective module over A, can be written
uniquely as a direct sum of copies of them. As Ag is semisimple artinian, there
exists a finite set {Si,..., Sk} of finitely generated simple modules over Ay such
that every countably generated projective module over Ag can be written uniquely
as a direct sum of copies of them.

For every maximal ideal m of R, we can tensor each indecomposable projective
Ap-module with ) and write it uniquely as a direct sum of copies of the simple
modules over Ag. That is, for each maximal ideal m of R and each j =1,..., (q,
there exists a unique sequence (dy1j, ..., dnx;) € N such that Uy, Qp, Q =

kS The set of matrices {Dy, = (dwij) | m € mSpec(R)} is called the set
of decomposition matrices associated with A. Their name comes from the integral
representation theory (cf. Definition 16.20 in [11]).

The natural question is the same as for Theorem E, and the answer is precisely

related to the decomposition matrices of A.

Theorem G (Corollary 8.2.5). Let R be a noetherian domain of Krull dimension
1 with field of fractions Q). Let A be a locally semiperfect module-finite torsion-free
R-algebra such that Ag is semisimple artinian. Let {Dy, | m € mSpec(R)} denote
the decomposition matrices associated with A. For each maximal ideal m of R, let
Uni, .- Uny, be a set of representatives of the indecomposable projective right
Aw-modules, and fix ryp, € (N).



Then, there exists a countably generated projective right A-module P with
genus sequence {Tm}memspec(r) if and only if for any pair of mazimal ideals m and
nof R

D,rl = D,r..

Thesis structure

Now, we briefly describe the content of the different chapters of this dissertation,
taking the opportunity to highlight some of the main ideas. This dissertation is
divided into three clearly distinguished parts.

Part I. We present a collection of established results that will serve as a
foundation for the later parts of the dissertation. We begin in Chapter 1 with the
definition of a projective module and a review of their fundamental properties. In
the following sections, we introduce the notion of a trace ideal and we exploit the
fact that projective modules can be lifted modulo the trace ideal of a projective
module (cf. Theorems 1.5.4). We apply it to construct possibly infinitely generated
direct summands by lifting modules over the endomorphism ring of a module
modulo a trace ideal (cf. Theorems 1.5.5 and Corollary 1.5.12). It is also used
implicitly for relatively big projective modules when we see them as liftings of
finitely generated projective modules modulo a trace ideal. This machinery for
projective modules was developed in the noetherian setting in [46], extended to
general rings in [24], and the connection with the study of the category Add(M),
of direct summands of direct sums of copies of a finitely generated module M,
was developed in [25].

Part II. This second part is divided into three chapters, each corresponding to
the paper [1].

To approximate the problem of whether the class F is closed under direct
summands, we begin by considering the local case in Chapter 2.

Section 2.1 is quite technical but essential for the rest of this part of the
dissertation. In it, we survey the results required on finitely generated (torsion-
free) and/or finite rank modules over a domain R, as well as the properties of
their endomorphism rings. Given a domain R, we also need to treat the case of
finitely generated modules over an R-algebra A that is torsion-free as R-modules.
We also introduce the concepts of a domain of finite character and of an h-local
domain, developing the first basic properties of endomorphism rings of finitely
generated modules over these classes of rings. These are domains that satisfy
strong noetherianity conditions on the maximal spectrum, more precisely, any
non-zero ideal of R is contained in only a finite number of maximal ideals, and any
non-zero prime ideal of R is contained in a unique maximal ideal. In particular,
noetherian domains of Krull dimension one are always h-local. The definition
of h-local domain is attributed to Matlis. However, Jaffard in [28] introduced
Dedekind-type domains as those domains R such that any non-zero ideal is a finite
product of ideals that are contained in a unique maximal ideal of R. Jaffard proved
that Dedekind-type domains coincide with h-local domains (cf. Theorem 2.1.5 in
17)).



In Section 2.2, we characterize local domains of Krull dimension 1 that satisfy
the condition that F is closed under direct summands. The results in this section
prove Theorem A.

In Section 2.3, we develop tools to establish a relationship between the property
of being locally a direct summand and being a direct summand in the context
of finitely generated torsion-free modules. If R is a domain of finite character,
and N and M are finitely generated torsion-free modules such that N ®g @ is
a direct summand of M ®gz @, then N, is a direct summand of M, for almost
all maximal ideals m of R. This implies that we only have a finite number of
“problematic maximal ideals.” In the remainder of the section, we prove several
results on how to proceed for these problematic maximal ideals. Analogous results
were proven in the one-dimensional noetherian setting in [21] and were inspired
by the representation theory of orders.

In Chapter 3, we turn to the study of finitely generated modules over an algebra
A over an h-local domain R. We establish the foundational results that serve as a
bridge between the local and global cases. Subsequently, we address the following
question: Given a family of right Ay-modules {X(m) | m € mSpec R}, when does
there exist a right A-module N such that N, = X (m) for every maximal ideal m
of R? This question has been previously explored by Levy and Odenthal in [34]
for the specific case of R being a noetherian domain of Krull dimension 1. Their
findings indicate that the existence of N is contingent upon the fulfillment of
mild, compatible conditions between the localizations. In this work, we generalize
Levy-Odenthal’s Package Deal Theorem to localizations over h-local domains (cf.
Theorem 3.2.3). Additionally, we present a generalized version for localizations
of projective modules (cf. Theorem 3.3.4) and another for localizations of trace
ideals of countably generated projective modules (cf. Theorem 3.4.3).

The case A = R presents a particularly elegant solution. The localization of
a finitely generated torsion-free module at a maximal ideal is free for almost all
maximal ideals (cf. Corollary 3.1.3). Conversely, a family {X(m) | m € mSpec R}
of Ry-modules can be “glued together” to form a finitely generated torsion-free
R-module N provided that all the modules X, possess the same rank and are
free for almost all maximal ideals m (cf. Corollary 3.2.4).

Finally, we conclude this section with Chapter 4. In Section 4.1, we utilize the
theory developed in the preceding sections to establish the first part of Theorem B.
An important intermediate result is Theorem 4.1.2, which demonstrates that if Fr
is closed under direct summands, then finitely generated indecomposable torsion-
free modules over distinct localizations at maximal ideals must have coprime
ranks. This type of result was initially identified by P¥ihoda in [48], and our proof
adheres to the same strategy as the original result.

In Section 4.2, the remaining portion of the characterization of integrally closed
domains with F closed under direct summands, as contained in Theorem B, is
proven.

In Section 4.3, we provide the proof of Theorem C. This section also includes
examples demonstrating that, over a semilocal domain, being a direct summand of
an infinite direct sum of finitely generated torsion-free modules could be satisfied
locally but not globally. This contrasts with the case of finitely generated modules
(cf. Corollary 2.3.5).

The noetherian part of Theorem B is proven in Section 4.4. We emphasize



that Theorem 4.4.8 provides the converse of one of the main results in [48].

We conclude this chapter in Section 4.5, with a family of examples of h-local
domains of Krull dimension 1 that satisfy Theorem B. These examples are of the
form R = K + xzL[x] where K C L is a field extension. If such an extension is
finitely generated, then R is noetherian. If the extension is transcendental, then
R is integrally closed in its field of fractions (and it is not a Prifer domain!).
Moreover, under mild restrictions over the dimension of the field extension, R has
indecomposable finitely generated torsion-free modules of all ranks.

Part III. This part is divided into four chapters. The first three chapters
correspond to [2], while the fourth chapter contains unpublished results.

In Chapter 5.1, we provide the basic definitions of monoids of infinitely gener-
ated projective modules and their notation. In Sections 5.1 and 5.2, we introduce
the necessary background, presenting the concept of a relatively big projective
module, the (x)-condition, and the primary results relating both notions. In Sec-
tion 5.3, we examine the monoid of isomorphism classes of relatively big projective
modules, its algebraic properties, and investigate the right/left (non)symmetry
of the monoids, see Example 5.3.7 and Corollary 5.3.9. We also recall here that
V(A) LU B(A) = V*(A) if A is a left and right noetherian ring satisfying the
(*)-condition (cf. Theorem 5.3.10).

In Chapter 6, we aim to expand the classes of rings A for which V(A)LUB(A) =
V*(A). We start in Section 6.1 by proving that countably generated projective
right modules lift modulo a right T-nilpotent ideal, as shown in Lemma 6.1.2. We
establish that for a right T-nilpotent ideal N of A, there exist monoid isomorphisms
between V(A) L B(A) and V(A/N) LIB(A/N) (cf. Corollary 6.1.4).

In Section 6.2, these results are crucial in proving that right noetherian Pl-rings
satisfy the (x)-condition (cf. Theorem 6.2.8) and concluding that V(A) U B(A) =
V*(A) for right noetherian Pl-rings (cf. Corollary 6.2.9). In particular, this holds
for module-finite algebras over commutative noetherian rings (cf. Corollary 6.2.10).

In Section 6.3, we turn to semiperfect rings, and locally semiperfect algebras
over h-local domains. In Proposition 6.3.4, we observe that V(A) U B(A) = V*(A)
for semiperfect rings. Subsequently, we investigate locally semiperfect algebras A
over an h-local domain R with field of fractions () such that A is a simple artinian
module. We show that for such algebras, every trace of a projective module is
the trace of a finitely generated projective module (cf. Lemma 6.3.7) and that
every countably generated projective module is relatively big. Equivalently, that
V(A)UB(A) = V*(A) (cf. Theorem 6.3.17).

Chapter 7 deals with the applications of the previous results. In Section 7.1,
we study in detail the genus of countably generated projective modules over locally
semiperfect algebras over h-local domains with such algebras. In Proposition 7.1.1,
we show that two countably generated projective modules that are not finitely
generated are isomorphic if and only if they are in the same genus. This is also
true for finitely generated projective modules, provided A is a finitely generated
algebra over a semilocal domain R, cf. Proposition 7.1.2.

These tools allow us to study in Section 7.2 when every projective module is a
direct sum of finitely generated ones. Finally, in Section 7.3, we apply our results
to A the endomorphism ring of a finitely generated torsion-free module M over a
h-local domain R of Krull dimension 1. In Theorem 7.3.2, we give necessary and

10



sufficient conditions that imply that when any direct summand of an arbitrary
direct sum of copies of M is a sum of finitely generated modules. These results
complement and clarify the ones obtained in Part II.

Finally, in Chapter 8, we extend the results of the previous sections to locally
semiperfect algebras when A is semisimple artinian. These algebras naturally
arise in the integral representation theory of finite groups, specifically in the group
algebras of finite groups over a particular commutative noetherian domain.

In Section 8.1, we establish analogous results to those presented in Section 6.3,
changing Ag to be semisimple artinian. The conclusions drawn in this section align
with the classical concepts of maximal orders in Number Theory. Consequently,
we start by revisiting the foundational knowledge pertaining to maximal orders
over Dedekind domains (cf. Lemma 8.1.6). Subsequently, we study the structure
of a locally semiperfect algebra modulo a trace ideal of a countably generated
projective right A-module (as shown in Lemmas 8.1.8 and 8.1.10). Concluding this
section, we present a Package Deal Theorem for projectives (cf. Theorem 8.1.13)
and for idempotent ideals (cf. Proposition 8.1.14) in this context.

In Section 8.2, we introduce the concept of decomposition matrices associated
with a locally semiperfect algebra A over a commutative domain R with semisimple
artinian ring of quotients Aq.

In Section 8.3, we review previously known results about idempotent ideals
of group algebras of finite groups over a noetherian domain (see Theorem 8.3.1).
By a result of Whitehead [72], over a noetherian ring, trace ideals are precisely
the idempotent ideals of the ring. Therefore, to classify every relatively large
projective module over a group algebra, we need to know how to compute every
idempotent ideal of A = RG. We distinguish between the idempotent ideals
such that extended to QG are QG, and those that extended to QG are the
augmentation ideal of QG, which is an idempotent ideal whenever G is perfect
(that is, [G, G] = G, cf. Proposition 8.3.4). We provide an algorithm that allows
us to compute every full idempotent ideal in a group algebra with respect to either
Aug(A) or A (see Algorithm 8.3.6).

In Section 8.4, we apply the results presented in this chapter to provide
classifications of infinitely generated projective modules over group algebras of
finite groups. Our focus is on the first two simple alternating groups, namely As
and Ag. The second group serves as an illustrative example in which the quotient
A/I possesses both artinian and non-artinian indecomposable projective modules
for an idempotent ideal I of A.

Throughout this dissertation, rings are associative with 1, and morphisms are
unital. Our main topic is torsion-free modules over commutative domains, so most
of the time R is a commutative domain with field of fractions ). We reserve A to
denote a non-necessarily commutative ring or an algebra over a domain R. If M
is a finitely generated A-module which is torsion-free as an R-module, we denote
by S its endomorphism ring.

11
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1 Projective modules and trace
ideals

Contents
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1.2 Direct summand decomposition of projective modules 18
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1.4 Traceideals . ... ... ... ... 23
1.5 Lifting projective modules modulo a trace ideal . . . 25

In this introductory chapter, we give the basic concepts of projective modules,
their decomposition properties, and their lifting properties modulo a trace ideal.
This will put the basis for what is going to be developed in this dissertation.

In Section 1.1, we introduce the definition of a projective module, give some
characterizations and examples, and recall an important result: projective modules
are completely determined modulo the radical (cf. Proposition 1.1.8).

In Section 1.2, we study several classes of rings for which projective modules
admit particularly well-behaved decompositions. We recall rings in which every
projective module is free, as well as on those where projective modules decompose
as direct sums of rank-one projectives. In addition, we introduce semisimple
artinian and semiperfect rings, which play a central role in the study of direct
sum decompositions presented in Part III. Of special significance is a theorem
due to Kaplansky, which states that every projective module can be written as a
direct sum of countably generated projective modules (cf. Theorem 1.2.1).

In Section 1.3, we briefly introduce the concept of a pure-projective module,
which constitutes a weaker notion than that of a projective module. Although
pure-projective modules do not play a central role in this dissertation, much of
the analysis in Part II originated from the question of when every pure-projective
module can be expressed as a direct sum of finitely presented modules.

In Section 1.4, we define what a trace ideal is, an ideal closely related to
projective modules, and prove some basic properties of it.

Finally, in Section 1.5, we exploit that projective modules can be lifted modulo
a trace ideal (cf. Theorem 1.5.5). We characterize the trace ideals of projective
S-modules (cf. Lemma 1.5.10), where S is the endomorphism ring of a finitely
generated module M over a ring A. We apply this fact to lift modules —and direct
sums of finitely generated modules— over S modulo a trace ideal to construct
interesting and possibly infinitely generated direct summands of A« @ M (cf.
Corollary 1.5.12). We close this section by considering A to be semiperfect and
how modules over S modulo a trace ideal lift under assumptions on the direct
summands of A®) @ M (cf. Proposition 1.5.16).
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1.1 Definition and characterizations

Definition 1.1.1. Let A be a ring. A right A-module P is said to be projective
if it satisfies the following lifting property: if ¢: M — N is an epimorphism of
right A-modules, then every A-module homomorphism from P into N lifts to
a A-module homomorphism into M, i.e., given f € Homy (P, N) there is a lift
F € Homy (P, M) making the following diagram commute:

P
L
M—f, N 0

The following proposition presents several equivalent characterizations of
projective modules.

Proposition 1.1.2. Let A be a ring, and let P be a right A-module. Then the
following are equivalent:

(i) P is projective.

(ii) The functor Homy (P, —) from the category of right A-modules to the category
of abelian groups is exact, i.e., for any right A-modules L, M, and N, if

0 L M N 0

is a short exact sequence, then

0 —— Homu (P, L) —— Homp(P, M) —— Homy(P,N) —— 0

(1.1)

is also a short exact sequence.

(iii) Ewvery short exact sequence

0 L M P 0

splits, i.e., if P is a quotient of the right A-module M then P is isomorphic
to a direct summand of M.

(iv) P is a direct summand of a free A-module.

(v) (Dual Basis Lemma) P has a dual basis, i.e., for some index set I, there
is a family {x;}ier in P and a family {@;}icr in Homp (P, A) such that for
each x € P, p;(x) =0 for almost all i € I, and x =Y ;c; Tipi(T).

Proof. One can find a proof of this result in [13, 30, 59]. O

Remark 1.1.3. If P is a finitely generated projective module, then P is a direct
summand of a finitely generated free module. Indeed, if P =>""" ; x;A, then P is
a direct summand of A”".
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Example 1.1.4. Let A be a ring, and let e be an idempotent in A. Then
A=eAd (1—-e)A,

so P = e is a projective right A-module. One can check that (e, ) is a dual basis
of P, where t: P — A denotes the inclusion map. Indeed, if a = e\, then

et(a) = ea = e*\ = el = a.
Another important property of projective modules is the following.

Proposition 1.1.5. A direct sum of modules is projective if and only if every
direct summand is projective.

In general, the direct product of projective modules need not be projective.
The following example is attributed to Baer. For a proof of this fact, the reader
can check Lemma 2.8 in [30].

Example 1.1.6. The direct product Z* = ZxZx - - - is not a projective Z-module.

For a ring A, the intersection of all the maximal left ideals is equal to the
intersection of all the maximal right ideals. This common intersection is a two-

sided ideal of A called the Jacobson radical of A and denoted J(A). The Jacobson
radical is also one of each of the following sets:

(a) {z € A|1—rx has a left inverse for all r € A}.
(b) {x € A |1 — xs has a right inverse for all s € A}.
(c) {x € A|1—rzs has a two-sided inverse for all 7, s € A}.

(cf. Theorem 15.3 in [3]). The Jacobson radical J(A) is also the annihilator of
the class of all simple right A-modules (cf. Corollary 15.5 in [3]). A useful result
related to the Jacobson radical is the following.

Lemma 1.1.7 (Nakayama). Let A be a ring, and let I be an ideal of A. The
following are equivalent:

(i) I <CJA)
(i) For every finitely generated right A-module M, if MI = M, then M = {0}.

(iii) For every finitely generated right A-module M, if N is a submodule of M
and N+ M J(A) =M. Then N = M.

Proof. For a proof of this result, see Corollary 15.13 in [3]. O

It is a well-known result that finitely generated projective modules are iso-
morphic if and only if they are isomorphic modulo the Jacobson radical (cf.
Proposition 17.18 in [3]). In [45], Pfihoda proved that this is also valid for general
projective modules.

Proposition 1.1.8 (Theorem 2.3 in [45]). Let A be a ring, and let P,Q be
projective right A-modules. Then P = Q if and only if P/PJ(A) = Q/Q J(A).
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1.2 Direct summand decomposition of projective
modules

We now shift our focus to the structure of projective modules. It is well
known that projectives over local rings or over principal ideal domains are free (cf.
[29] and Corollary 2.27 in [30]), while projectives over Dedekind domains can be
decomposed into direct sums of projectives of rank 1. Moreover, finitely generated
projective modules over Dedekind domains are completely determined by the class
group of the ring (cf. Theorem 1.4.12 in [58]).

There is another important instance of a ring where every finitely generated
projective module is free, which is the polynomial ring over the field K inn > 1
variables, K|[xy,...,x,]. This is a famous theorem of Quillen [54] and Suslin [65],
also known as Serre’s conjecture. This result is not valid if we assume K to be a
non-commutative division ring instead of a field (cf. Proposition 17.6 in [44]).

The following result from Kaplansky simplifies the study of projective modules
to countably generated projective modules.

Theorem 1.2.1 (Kaplansky, [29]). Every projective module is the direct sum of
countably generated modules.

This theorem follows directly from the subsequent lemma, which we present
without proof.

Lemma 1.2.2 (Theorem 1 in [29]). If a module M is the direct sum of modules
that are countably generated, then every direct summand of M is a direct sum of
submodules which are countably generated.

In this dissertation, we will make repeated use of the following remark.

Remark 1.2.3 (Eilenberg’s Trick). Let A be a ring. Let P be a countably generated
projective right A-module, and let M be a direct summand of P. Then M @ P« =

P Indeed, since M is a direct summand of P, there exists a right projective
A-module N such that P = N @& M. Then

M@&PY2Ma(NoM)®(NOM) & - -
*MeN)@(MON)®---=PW.

In order to understand direct sum decompositions of modules into indecompos-
able direct summands, one wants to have a necessary condition to ensure that the
decomposition is unique up to isomorphism. The following result will be useful in
Part II, when we consider the question of when the class of direct sums of finitely
generated torsion-free modules is closed under direct summands.

Theorem 1.2.4 (Krull-Schmidt-Remak-Azumaya). Let A be a ring. Let M be a
right A-module that is a direct sum of modules with local endomorphism rings. Let
{M;}icr and {N;}jc; be two families of indecomposable submodules of M such

that
M = @M% = @Nj.

iel jeJ

Then there is a bijective map p: I — J such that M; = Ny for every i € I.
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Proof. For a proof, see Theorem 2.12 in [14]. O

There is still an open classical question called Matlis’ problem (cf. page 517
in [36]). Let A be a ring and M = @,c; E; be a right A-module that is a direct
sum of indecomposable injective modules. Is every direct summand of M also
a direct sum of indecomposable injective modules? Equivalently, is the class of
direct sums of indecomposable injective modules closed under direct summands?
If A is right noetherian this is true (cf. Theorem 2.5 in [36]), because in this case
the module M is injective (cf. Proposition 18.13 in [3]), so every direct summand
of M is a direct sum of indecomposable injective modules (c¢f. Theorem 25.6 in
[3]). There are other partial answers in the literature.

On the other hand, (semi)simple artinian rings and semiperfect rings are
interesting classes of rings where projective modules have a unique decomposition
into finitely generated indecomposable projective modules. These will appear in
Part III. Recall that a non-zero module M is simple if 0 and M are the only
submodules of M. A ring A is simple if 0 and A are the only two-sided ideals of
A. A module M over a ring A is said to be a semisimple module if it is the direct
sum of a family of simple submodules.

Remark 1.2.5. Let A = M,,(D) for some n € N and some division ring D. We will
show that A, is a direct sum of n pairwise isomorphic simple right A-modules,
and 5 A is a direct sum of n pairwise isomorphic simple left A-modules.

For each 7,5 = 1,...,n, let E;; denote the n x n matrix with a 1 in the
(1, 7)-entry and zeros elsewhere. For each i = 1,...,n, consider the right ideals
I; = E;M,, (D) and J; = M,,(D)E;;. Note that
D --- D [0 - 0
L= 1| . ], e IL,=|:
0 0 D - D
and ~
D --- 0 0O --- D
Ji = R I sy Jn = R
D --- 0 0 - D

so Ay, =1 ®---dI, as right A-modules and \A = J, ®---D J, as left A-modules.

Since [; = E;;I; and J; = J;Ej; for every 4,5 = 1,...,n, the map given by
x — F;jz is an isomorphism of right A-modules between I; and [;, with the inverse
given by y — Ej;y (similarly, the map given by x +— xEj; is an isomorphism of
left A-modules between .J; and J;, with the inverse given by y — yE;;).

Fix some ¢ € {1,...,n}. Let U be a non-zero submodule of I; = E;M, (D),
and let # € U \ {0}. Then, there exist ai,...,a, € D such that x = >7_, Ej;a;.
Fix some k € {1,...,n} such that a; # 0, and let y = Ej;a;;" € U. Then

Ty = (Z Eijaj) Eray' =Y EijEnaja; = EgBaga,' = By
j=1 j=1
Therefore, F;; € U, so I; C U, and hence [; is a simple right A-module for every
i =1,...,n. Similarly, J; is a simple left A-module for every i =1,...,n.

Therefore, A, is a direct sum of n pairwise isomorphic simple right A-modules,
and A A is a direct sum of n pairwise isomorphic simple left A-modules.
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Theorem 1.2.6. Let A be a ring. The following are equivalent:
(1) A is a semisimple right A-module.
(i) A is a semisimple left A-module.

(iii) Ewvery right (resp. left) A-module is semisimple.

(iv) FEvery right (resp. left) A-module is projective.
(v) The ring A is right artinian and J(A) = {0}.

(vi) The ring A is left artinian and J(A) = {0}.

Proof. For a proof, see Theorem 1.2 in [14] or Theorem 4.4 in [20]. O

Definition 1.2.7. A ring A that satisfies any of the equivalent conditions of
Theorem 1.2.6 is said to be a semisimple artinian ring.

Theorem 1.2.8 (Wedderburn-Artin). Let A be a ring. Then A is semisimple
artinian if and only if either A is the zero ring or A = M,,,(D;) x -+ x M, (D)
for some positive integers ny,...,n, and some division rings Dy, ..., Dy.
Moreover, there are exactly k isomorphism classes of simple right A-modules,
say Sh, ..., Sk, such that for everyi =1,...,k, Enda(S;) = D;, and dimp, S; = n;.

Proof. For a proof, one can check Theorem 3.5 in [31]. O]

Definition 1.2.9. A ring A is called semiperfect if A/ J(A) is semisimple artinian,
and idempotents of A/ J(A) can be lifted to A.

If A is a semiperfect ring, then every finitely generated right A-module M has
a projective cover, that is, an epimorphism 6: P — M, where P is a projective
right A-module and ker # is a small submodule of P (cf. Theorem 3.6 in [14]).

Lemma 1.2.10 (Theorem 3.10 in [14]). Let A be a semiperfect ring, and let
{Ur,...,Us} be a set of representatives of the isomorphism classes of indecom-
posable projective right A-modules. Then, for every projective right A-module

P, there exist sets Ay, ..., Ay, uniquely determined up to cardinality, such that
P=2UuMeg...oUuA,

Before proceeding, we fix notation for the categories of (finitely generated) right
A-modules, for the subcategory of (finitely generated) projective right A-modules,
and for the additive subcategories Add(M) and add(M) generated by a right
A-module M.

Notation 1.2.11. Given a ring A, let Mod, denote the category of all right
A-modules, and let mod, denote the category of all finitely generated right
A-modules.

If M is a right A-module, let Add(M) denote the full subcategory of Mod,
whose objects are all the modules isomorphic to direct summands of arbitrary
direct sums of copies of M, and let add(M) denote the full subcategory of modj,
whose objects are all the modules isomorphic to direct summands of direct sums
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of a finite number of copies of M. It is also convenient to consider the full
subcategory Addy,(M) of Mod, whose objects are all the modules isomorphic to
direct summands of M),

Note that Add(A) (add(A)) is the category of (finitely generated) projective
right A-modules. While Addy,(A) is the category of countably generated projective
right A-modules.

It is possible to transfer the information about projective modules over the
endomorphism ring of a finitely generated module M to Add(M), via the following
well-known result from Dress (cf. [12]).

Proposition 1.2.12 (Theorem 4.7 in [14]). Let A be a ring, and let M be a right
A-module. Let S = Enda(M). Then the functors

HOHlA(M, —)2 Mod, — MOdS and — RXRgM : MOdS — Mod,

induce an equivalence between add(M) and add(S). Moreover, if M is finitely
generated, then they induce an equivalence between Add(M) and Add(S). This
equivalence restricts to an equivalence between Addy, (M) and Addy,(S).

1.3 Pure-projective modules

In this section, we introduce a weaker notion of projective modules, namely,
pure-projective modules. They were introduced by Warfield in [71], and they are
projective modules with respect to pure short exact sequences. We recall the
definition of pure-exact sequences.

Definition 1.3.1. Let A be a ring. A short exact sequence
0 L M N 0 (1.2)

of right A-modules is pure ezact if the induced sequence of abelian groups
0 —— LR\ D —— MIpD —— N, D —— 0

is exact for every left A-module D. A submodule L of a right A-module M is a pure
submodule if the canonical short exact sequence 0 — L — M — M/L — 0
is pure. A right ideal I of A is a pure ideal if I is a pure submodule of A as a
right A-module.

Recall that a right A-module M is flat if and only if M ®, — is an exact
functor from the category of right A-modules to the category of abelian groups.

Lemma 1.3.2 (Theorem 4.85 in [30]). A right A-module N is flat if and only if
any short exact sequence 0 — L —» M — N — 0 of right A-modules is pure.

Corollary 1.3.3. Let A be a ring. A right ideal I of A is pure if and only if the
quotient ring A/I is a flat right A-module.

Proof. Assume that [ is a pure ideal. That is, the short exact sequence 0 —
I — A — A/I — 0 is pure. Then the induced sequence of abelian groups
0—1®R,D—A®yD — A/I @y D — 0 is exact for every left A-module
D. Therefore, Tor}(A/I, D) = 0 for every left A-module D, so A/I is flat.
Conversely, assume that A/ is flat. Then, by Lemma 1.3.2, the short exact
sequence 0 —» [ — A — A/I — 0 is pure, so [ is a pure ideal. H
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Lemma 1.3.4 (Theorem 4.89 in [30]). Let A be a ring. The following are
equivalent:

(i) The sequence (1.2) is pure.
(ii) The induced sequence of abelian groups
0 —— Homu (D, L) —— Homy (D, M) —— Homp(D,N) —— 0
is exact for every finitely presented right A-module D.

(iii) The sequence (1.2) is the direct limit of a direct system of split short exact
sequences {0 — L — M; — N; — 0}ier, where for each i € I, N; is a
finitely presented right A-module.

Following Lemma 1.3.4 (ii), one can define the concept of pure-projective
module with respect to pure short exact sequences.

Definition 1.3.5. Let A be aring. A right A-module P is said to be pure-projective
if, for every pure exact sequence

0 L M N 0

the induced sequence 0 — Homy (P, L) — Homy (P, M) — Homy(P,N) — 0
Is exact.

We have the following characterization of pure-projective modules due to

Warfield [71].

Proposition 1.3.6 (Proposition 1.24 in [14]). Let A be a ring, and let P be a
right A-module. Then the following are equivalent:

(i) P is pure-projective.
(ii) Ewvery pure short exact sequence 0 — L — M — P — 0 splits.

(iii) P is a direct summand of a direct sum of finitely presented modules.
As with projective modules, the following result follows from Lemma 1.2.2.

Corollary 1.3.7 (Kaplansky, [29]). Every pure-projective module is a direct sum
of countably generated modules.

In [49], Piihoda, Puninski and Toffalori showed that, over a commutative
noetherian ring, every pure-projective torsion-free module is a direct summand of
a direct sum of finitely presented torsion-free modules (cf. Proposition 2.1 in [50]).

The problem of classifying pure-projective modules can be difficult, even if we
know the structure of finitely presented modules. For instance, over a suitable
uniserial ring A, there exists a pure-projective A-module without indecomposable
decompositions (see [52]).

In [71], Warfield proved that over a commutative complete noetherian local
ring R, every pure-projective R-module is a direct sum of finitely presented R-
modules. In [53], Puninski and Rothmaler asked the general question of when
every pure-projective module is a direct sum of finitely presented modules. They
proved that over a hereditary noetherian ring, every pure-projective right module
is a direct sum of finitely presented modules (cf. Corollary 6.5 in [53]). We will
extend this result in Part II to noetherian domains of Krull dimension 1 with
module-finite normalization (cf. Theorem 4.4.8).
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1.4 Trace ideals

An important object related to projective modules is the set of their trace
ideals. We recall the definition and some basic properties.

Definition 1.4.1. Let A be a ring, and let M be a right A-module. Then the
trace of M in A is the two-sided ideal of A defined as

Ta(M)= > f(M)

fEHomA (MvA)

To simplify the notation, we will just use Tr(M) to denote the trace in A of the
module M when the ring A is clear.

Remark 1.4.2. Let A be a ring, and let M be a right A-module with endomorphism
ring S = End(M). Then M is also a left S-module. Since Homy (M, A) is both
a right S-module and a left A-module, the tensor product Homy (M, A) ®g M is
well-defined. Then Try (M) is the image of the trace map:

7: Homp(M,A) ®s M —— A

for s f(a).

In the following results, we state some basic properties of trace ideals. Some
of them are well-known.

Proposition 1.4.3. Let A be a ring.

(i) Let M, N be right A-modules. If M is a homomorphic image of N, then
TI"A(M) g TI"A(N)

(ii) Let {M;}ica be a family of right A-modules. Then

Tey (@ M) = 3 Tra (M),

i€l i€l

(iii) (Proposition 2.40 in [30]) Let J be an ideal of A, and let P be a projective
right A-module. Then Try(P) C J if and only if PJ = P. In addition, the
trace of a projective module is always an idempotent ideal.

Notation 1.4.4. We will denote by 7,(A) (resp. To(A)) the set of ideals of A that
are traces of countably generated projective right (resp. left) A-modules. When
we simply write 7 (A) we mean T,.(A).

Lemma 1.4.5. Let A be a ring, and let P be a right A-module. Then, for any
two-sided ideal I of A,

(1) (Tra (P)+1)/1 € Trayr (P/PI);
(ii) If, in addition, P is projective, Trp,; (P/PI) = (Trp (P) +1)/1.
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Proof. (i) Let x € Trp(P), then there exist

fi,--oy fn € Hompy(P,A) and py,...,p, € P

such that « = >, fi(p;). Then, for each i = 1,...,n, there is an induced
homomorphism f,: P/PI — A/I given by f.(p + PI) = f(p) + I. Since
fi(P/PI) C Try/(P/PI), in particular, fi(p;) + I € Trp,(P/PI). Since z =
™, fi(pi), it follows that x + I € Try,;(P/PI).
Statement (ii) follows from the lifting property of projective modules, since
every A/I-module homomorphism f: P/PI — A/I lifts to an A-module homo-
morphism f: P — A. O]

Remark 1.4.6. For a commutative ring R, Vasconcelos showed that trace ide-
als of projective modules are exactly the pure ideals (see page 430 in [69] or
Proposition 2.12 in [24]).

In [72], Whitehead gave a characterization of ideals that are traces of projective
modules for general rings. In particular, he showed that an idempotent ideal
of A that is finitely generated as a left ideal is always the trace of a countably
generated projective right A-module. We shall use this result throughout this
dissertation, sometimes without prior acknowledgment.

An alternative approach to the characterization of the traces of projective
modules can be found in the paper [24].

However, if the ring is not commutative, trace ideals are not necessarily pure.

Example 1.4.7 (Remark 2.10 (3) in [24]). Let K be a field, and let
K K
A= {0 K]

Then the artinian ring A has two idempotents,

_{10} d _{OO]
1=y o and ex=1[, |-

The indecomposable projective right A-modules are

K K

0 0
0 O:| and PQZGQA:{ :|,

P1:€1A:|: 0 K

and the indecomposable projective left A-modules are

K 0 0 K
Ql :Ael = |:0 O:| and Q2:Ae2: |:O K:|

Therefore Py = Tr(P;) = AeyA = Tr(Q1) is pure as a right ideal but not as a
left ideal, while Q3 = Tr(Q2) = AesA = Tr(P,) is pure as a left ideal but not as
a right ideal. Then, the two-sided ideal generated by the idempotent (ej, es) in
A x A is a trace ideal of a projective module that is neither right nor left pure.
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1.5 Lifting projective modules modulo a trace
ideal

Lemma 1.5.1. Let A be a ring with Jacobson radical J(A), and let I and I' be
elements in T (A). Then

(1) I =1 ifand only if I + J(A) = 1"+ J(A).

(i) (I + J(A)/J(A) € T(A/I(A)), so the assignment defined by I — (I +
J(A))/ J(A) defines an injective map p: T(A) — T(A/J(A)).

Proof. (i) is included in Corollary 2.9 of [24].

To prove (ii), note that if I is the trace of the projective right A-module P,
then by Lemma 1.4.5, (I + J(A))/ J(A) is the trace of P/P J(A). This shows that
¢ is well defined. The injectivity of ¢ follows from (i). O

We recall the definition of the class of modules generated by a projective
module.

Definition 1.5.2. Let A be a ring. Let M be a right A-module. We define
the class of modules generated by M, denoted by Gen(M), as the class of right
A-modules that are a homomorphic image of a direct sum of copies of M.

For further quoting, we recall the following characterization of the class Gen(P),
when P is a projective module.

Lemma 1.5.3 (Lemma 2.10 in [25]). Let A be a ring, and let P be a projective
right A-module with trace ideal I. Then

Gen(P) = {M € Mod, : MI = M}.

The following result states that projective modules can be lifted modulo a
trace ideal. This is a crucial result in the development of the theory of relatively
big projective modules.

Theorem 1.5.4 (Theorem 3.1, Corollary 3.2 in [24]). Let A be a ring, and let I be
the trace of a projective right A-module. Let P’ be a projective right A/I-module.
Then there is a projective right A-module X such that I C Try(X), X/XI = P,
and Trp(X) /I = Trp,r(P).

Moreover, if I is the trace of a countably generated projective right A-module
and P’ is countably generated, then X can be taken to be countably generated.

The following result shows some properties of this lifting.

Theorem 1.5.5. Let A be a ring, and let I be an ideal of A that is the trace of a
countably generated projective right A-module (). Then

(i) If Py and P, are countably generated projective modules such that Py /P 1 =
Py/ P, then Q@ & P = QW @ P,.

(i) If Q" is a countably generated projective A-module such that Try(Q') =1,
then Q) = (Q")«),
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Proof. Statement (i) follows from the proof of Lemma 2.5 in [46]. We provide a
self-contained proof for the reader’s convenience.
For each i = 1,2, let m;: P, — P;/P,I denote the canonical projection. Let
f: Pi/PiI — P,/P,I be an isomorphism. Then there exists g;: P, — P; such
that the diagram
Py

/ lfoﬂ'l

PQLPQ/PQ]

is commutative. Hence, Py = g1(Py) + P1.

Since [ is the trace ideal of the countably generated projective module @), it is
idempotent and, by Lemma 1.5.3, there exists an onto module homomorphism
go: Q¥ — Py, where & is an infinite cardinal. Let h: Q" & P, — P,/ P, be
the module homomorphism defined by h(q, p) = fom(p) for any (¢, p) € QW @ P.
Then, there is a commutative diagram

Q(H) ® P

Sl
P2L>P2/P2]

where ¢ is the onto module homomorphism defined by ¢(q,p) = g2(¢) + g1(p)
for any (¢,p) € Q) @ P;. Since P, is countably generated, there exists C' C &
countably infinite such that P, = g(Q©) @ P,). Let ¢': Q'©) @ P, — P, be the
restriction of g to Q(©) @ P;. Since P; is projective, Q©) @ P, = Pj @ ker ¢/, where
Py is a submodule of Q(©) @ Py isomorphic to P.

As ker ¢’ Ckerh = Q"W @ P, we deduce that

Q9o Pl =kerg ® (PN (Q @A)

By Lemma 1.5.3, P,I € Gen(Q). Hence, the countably generated module ker ¢’ is
a homomorphic image of Q). Since it is also projective, it is a direct summand of
Q“). By the Eilenberg trick (cf. Remark 1.2.3), Q“) @ ker ¢ & Q). Therefore,

QWaP=2QWaePdkerd =QwW @ P,
as we wanted to prove.
Statement (ii) is a consequence of (i). Taking P, = Q) and P, = (Q")“), we
deduce from (ii),
Q(w) ~ Q(w) fan Q(w) ~ Q(w) fan (Q/)(‘“).
Exchanging the roles of Q and Q’, we deduce from (ii) that (Q')®) = (Q")“aoQ®,
which yields the claimed isomorphism. O]

As a corollary of Theorem 1.5.5, we show that direct sums of projective modules
can be lifted modulo a trace ideal. This result is implicit in [25]. But first, we
note the following property of direct sums of finitely generated modules.

Lemma 1.5.6. Let A be a ring, and assume there is a direct sum decomposition
of right A-modules M' & M = X &Y with M finitely generated and X, Y direct
sums of finitely generated modules. Then there exist A and B direct summands
of X and Y, respectively, such that M & Z = A& B with Z a finitely generated
direct summand of M'.
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Proof. Since M is finitely generated, by the hypothesis, M C A& B with A and
B finitely generated direct summands of X and Y, respectively. Therefore, by
the modular law, A® B =M & Z where Z = M'N (A& B). O

Corollary 1.5.7. Let A be a ring, and let P be a countably generated projective
right A-module. Let I be the trace of a countably generated projective right A-
module Q). Assume that P/PI = X' @Y. Then there exist countably generated
projective right A-modules X and Y such that Q) &P = X @Y and X/XT = X,
Y/YIZ=Y' as A/I-modules.

If, in addition, P is finitely generated and X, Y are direct sums of finitely
generated modules, then there exist A and B isomorphic to direct summands of X
and Y , respectively, such that P® Z = A ® B, with Z a finitely generated direct
summand of Q), and satisfying that AJAI = X', B/BI =Y,

Proof. By Theorem 1.5.5, there exist countably generated projective right A-
modules X; and Y, such that X;/X;71 = X', Y1/Y1I 2 Y'. Hence, P/PI =
X/ Xql e Y /Y1,

Set X =QWad X, and Y = QW @Y;. By Theorem 1.5.5, QW& P = X @Y.

To prove the final part of the statement, assume for simplicity that Q“) @ P =
X @Y. Notice that the existence of A, B, and Z follows from Lemma 1.5.6.
Therefore, there are direct sum decompositions X = A® A’ and Y = B® B'.
Now

QWaoP=AoAoBeB =Po(Zo A oDB).

so that the canonical projection 7: QW& P — Z@A'® B’ induces an isomorphism
QW — Z @ A'® B'. Therefore Z, A', and B’ are modules in Gen(Q). By
Lemma 1.5.3, we deduce that X' = X/XI = A/Al and Y' =2 Y/YI] = B/BI.
This concludes the proof of the statement. O

The following fact will be used in the next part of this dissertation.

Remark 1.5.8. Let A be a ring and M a right A-module with endomorphism ring
S = Endy(M). Let L be a two-sided ideal of A. Then I ={f € S| f(M) C ML}
is a two-sided ideal of S.

In addition, the A-A bimodule structure of A gives a structure of left A-module
to Homy (M, A) where r - w, for r € A and w € Homy (M, A), is defined as the
module homomorphism 7 -w: M — A such that r - w(z) = rw(z) for any x € M.
This gives a canonical morphism

w: M @5 Homp (M, A) — End, (M)

where, for m € M and w € Homy (M, A), ¢(m @ w) is the endomorphism of M
defined by p(m ® w)(z) = mw(x), for any x € M. It is not difficult to show that

©(M @ Homy (M, A)) = {f € S| f factors through A" for some n > 1}.

Indeed, let z = 31" m; ® w; € M ®, Homp (M, A). Since ¢(z) = S0, muw;,
taking w = (wy,...,wn)" € Myy1(A) = Homy (M, A") and m = (my,...,m,) €
Mixn(A) = Homy (A", M), the following diagram commutes:

M #(@) M

An

(z
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Therefore, every element in (M ®4 Homp (M, A)) is precisely an endomorphism

of M which factors through A", where n is the number of simple tensors appearing

in the decomposition of the preimage of the element in (M ®, Homy (M, A)).
Throughout the following sections, we will use the notation

M Homp (M, A) = o(M @5 Homy (M, A)).

Lemma 1.5.9. Let A be a ring. Let M be a right A-module with endomorphism
ring S = Endp(M). Let I = Tra(M) and J ={f € S| f(M) C MI} (which is a
two-sided ideal of S by Remark 1.5.8). Then M Homy(M,A) C J.

Proof. In the notation of Remark 1.5.8 and because of the definition of ¢, it
follows that p(m ® w)(M) € MI. So that, also (X" m; @ w;)(M) C MI for
m; € M and w; € Homy (M, A). O

Lemma 1.5.10 (Theorem 2.11(i) in [25]). Let A be a ring. Let M be a finitely
generated right A-module. Let S = Enda(M). Let X be an object of Add(M), and
let Ps = Homy (M, X). Set I = Trg(P). Then,

(i) I ={f €S| f factors through X" for some n € N}, that is

I = Homy (X, M) Homy (M, X).

(ii) For any Y € Add(M),

Homp (M, Y)I = {f € Homp(M,Y) | f factors through
X" for some n > 1}.

Remark 1.5.11. Let M and M’ be two right modules over a ring A, with endomor-
phism rings S and S, respectively. Let

S’ Homy (M, M)

o= Enda (M7 M) = [HOHIA(M/ M) S

Consider the finitely generated projective right T-module

P = Ll) 8} T = Homy (M' & M, M').

Its trace ideal is

I—T{l O]T— [ S’ Homy (M, M)
[0 0] [Homp(M’', M) Homy(M', M)Homy(M,M")|"
Then T'/1 = S/ Homy(M’', M) Homy (M, M').
We will use the case M" = A, so that T'/I = S/M Homy (M, A). That is, it is
the endomorphism ring of M, in the stable category.
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Corollary 1.5.12. Let A be a ring. Let M be a finitely generated right A-module
with endomorphism ring S. Let

J={f €S| f factors through A" for some n € N} = M Homy (M, A).

Let e be an idempotent of S/.J. Then, there is a direct sum decomposition A @
M =X®Y such that

Homp (M, X)/X Homa (M, A) = Homy (A & M, X)/X Homp(A & M, A)
=e(S/J)

and

Homy (M,Y)/Y Homy (M, A) = Homp (A & M,Y)/Y Homp (A @ M, A)
= (1—e)(S/J).
If, in addition, X andY are direct sums of finitely generated modules, then there

exist A and B direct summands of X and Y, respectively, such that M®&P = A® B
with P a finitely generated projective right A-module and satisfying that

Homy (M, A)/AHomp (M, A) = Homp (A & M, A)/AHomp (A & M, A)
=e(S/J)

and

Homy (M, B)/B Homy (M, A) = Homy (A @ M, B)/BHomy (A & M, A)
~ (1 - €)(S/J).

Proof. Let T'= End, (A @ M). Taking into account Remark 1.5.11, S/J = T/I
with I the trace ideal of the projective right T-module @ = Homp(A @& M, A).
That is, following the notation in Remark 1.5.11, [ =T [(1) 8} T.

By Corollary 1.5.7 and its proof, there is a direct sum decomposition Q) @&
Hom(A@® M, M) = X' @Y’ with X'/X'] =2 ¢(S/J) and Y'/Y'] = (1 —¢€)(S/J)
such that X’ ® Q@ = X’ and Y’ @ Q) =2 Y’. Notice that, by Theorem 1.5.5,
these properties determine X’ and Y’ up to endomorphism.

Set X = X' ®r (A M) and Y =Y’ ®r (A& M). By Proposition 1.2.12,
AYeM2XaoY, AWp X=X, A¥ @Y 2Y. By Lemma 1.5.10 and using
the notation explained in Remark 1.5.8, X and Y also satisfy

Homa (A @ M, X)/X Homp (A & M, A) = e(S/J)
and
Homp (A& M,Y)/Y Homy (A& M,A) = (1 —e)(S/J).

These properties determine X and Y up to isomorphism.

Let m: A& M — M denote the canonical projection. The assignment
g+— gom, for any g € Homy (M, X), defines a homomorphism of abelian groups
Homy (M, X) — Homy (A & M, X). Composed with the projection Homy (A &
M, X) — Homy(A & M, X)/X Homy (A & M, A) gives an onto homomorphism of
right S-modules

®: Homp (M, X) — Homy (A & M, X)/X Homp (A & M, A).
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Recall that, since X € Add (A & M),
Homa (A & M, X)/X Homa(A & M, A) = Homa (A & M, X)/ Homa (A & M, X)1.
Clearly,
ker & = {¢g € Homy (M, X) | g factors through A™ for some n € N}.

That is, ker ® = X Homp (M, A). This finishes the proof of the isomorphism
Homy (M, X)/X Hompa (M, A) = Homp (A & M, X)/X Homy (A & M, A) as right
S-modules.

In a similar way;,

Homy (M, Y)Y Homy (M, A) = Homy (A & M,Y)/Y Homa (A ® M, A)

as right S-modules.
If X and Y are sums of finitely generated modules, then Lemma 1.5.6 allows
us to proceed as above to prove the final claim of the statement. O

Lemma 1.5.13. Let A be a ring. Let M be a right A-module with semiperfect
endomorphism ring. If X is a right A-module such that M & X = Y| ® Y,
for suitable Tight A-modules Y, and Ys, then fori = 1,2, Y; 2 N; @Y/ where
Nl@NQgM cdel’EBYé’%’X

Proof. This is an easy consequence of the fact that modules with a semiperfect
endomorphism ring are a finite direct sum of modules with local endomorphism
rings, and that modules with local endomorphism rings satisfy the exchange
property (cf. Lemma 2.7 and Theorem 2.8 in [14]). Namely, if M & X =Y, & Y,
and M has local endomorphism ring, then we may assume that M is isomorphic
to a direct summand of Y; so that Y7 = M @& Y/ and, moreover, X = Y/ @ Y;.
Now, if M = M; & --- & M, with each M; having local endomorphism ring, the
statement follows by induction on n. O]

Lemma 1.5.14. Let A be a semiperfect ring. Let M be a right A-module. Then
Tra(M) C J(A) if and only if M has no non-zero projective direct summands.

Proof. Assume that Try (M) € J(A). Hence, there exist f: M — A and e* =
e € A, with eA/eJ(A) being simple, such that ef(M) C eJ(A). Therefore
eN =ef(M)+ eJ(A). By Nakayama’s Lemma, eA = ef(M) so eA is a projective
direct summand of M.

The converse statement is clear because the trace of a non-zero projective
module is never contained in J(A). O

Lemma 1.5.15. Let A be a semiperfect ring. Then:

(i) If M is a finitely generated module, M = P @& M’ with P a finitely generated
projective module and M’ with no non-zero projective direct summands. In
addition, this decomposition is unique up to isomorphism.

(i) If My and My are A-modules with no non-zero projective direct summand
then My & My has the same property.
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Proof. Statement (i) is Theorem 3.15 in [14].

To prove statement (ii), notice that if P is an indecomposable projective
A-module, then its endomorphism ring is local because A is semiperfect. Therefore,
if such P is a direct summand of M; @& Ms, then it is a direct summand either of
M or of M,, which is not possible under our assumptions. O

Proposition 1.5.16. Let A be a semiperfect ring. Let M be a finitely generated
right A-module with endomorphism ring S. Set J = M Homp (M, A). If every
direct summand of A“) @ M is a direct sum of finitely generated modules, then
the following statements hold:

(i) Let e € S/J be an idempotent, then there exvists f> = f € S such that
(f+J)S/J=eS/Jand (1 —f+J)S/J=(1—e)S/J;

(ii) if M is indecomposable, then so is the right S-module S/J;

(iii) every direct summand of A“) @ M is of the form P& X, where X is a direct
summand of M and P is a direct summand of A“) (that is, a countably
generated projective module).

Proof. (i) We consider the setting of Remark 1.5.11 with M’ = A, and we follow
the notation from that remark.

By Corollary 1.5.12, there is a decomposition P & M = A @ B with P finitely
generated projective and A and B finitely generated such that

Homp (M, A)/AHomy (M, A) = e(S/J)

and
Homa (M, B)/BHomy (M, A) = (1 —e)(S/J).

By Lemma 1.5.13, A = A, & Ay, and B = By & By with M = A, & By,
and Ay and Bj projective A-modules. Therefore, Homy (M, A;) = fS and
Homp (M, B;) = (1 — f)S for f2=feS.

By Lemma 1.5.10,

e(S/J) = Homp (M, A)/AHomy (M, A) = Homy (M, Ay)/A; Homy (M, A)
= Homp (M, A1)/ Homy (M, Ay)J = (f + J)S/J.

Similarly, (1 —e)S/J = (1 —f+ J)S/J.

Statement (ii) is a consequence of (7).

(iii) Since A is semiperfect, M = P @& M’ where P is finitely generated
projective and M’ has no non-zero projective direct summands (cf. Lemma 1.5.15).
Since A @ P =2 A to prove our statement, we may assume that M = M’ has
no non-zero projective direct summands.

Let N be a finitely generated direct summand of A“) @ M. Then, there exists
n > 0 such that N is a direct summand of A" @ M. By Lemma 1.5.13, we can
deduce that N is of the required form.

Assume now that N is a direct summand of A“) @ M that is not finitely
generated. By hypothesis, N = @,c 4 IV; where N; are finitely generated modules.
By the previous step, for each i € A, N; = P, & M; with P; finitely generated
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projective, and M; isomorphic to a direct summand of M. Notice that each M;
has no non-zero projective direct summands, by our assumptions.

Since the ring A is semiperfect, M /M J(A) is a semisimple module of length
¢. Then the maximal number of non-zero direct summands in a direct sum
decomposition of M is £. We claim that this implies that only ¢ of the direct
summands M; are different from zero.

Indeed, take iq,...,ip41 to be £+ 1 different elements of the index set A. Then
N' = @ﬁj M;, is a direct summand of A“ @ M. By Lemma 1.5.15, N’ has no
non-zero projective direct summands. By the first step, N’ is a direct summand
of M. Hence, there is some M;, = {0}.

Since only finitely many M;’s are different from zero, as before, we can deduce
that its direct sum is a direct summand of M. Since @, 4 F; is a countably
generated projective module, it is a direct summand of A“). This concludes the
proof of the claim. O

Now we want to interpret these results in terms of lifting of idempotents
modulo an ideal. The following fact characterizing when two idempotents are
conjugated by a unit will be useful.

Lemma 1.5.17 (Exercise 21.15 in [31]). Let A be a ring, and let e and f be
idempotents of A. Then there exists a unit u € A such that veu™" = f if and only
if eA= fA and (1 —e)A = (1— f)A.

Proof. Assume that f = ueu™!. Then ue = fu, so ueA = ful = fA. Therefore,
left multiplication by u defines a homomorphism of right A-modules eA — fA,
showing that eA = fA. Similarly, since 1 — f = 1 —ueu™ = u(l —e)u™?, applying
the same argument, we deduce that (1 —e)A = (1 — f)A.

On the other hand, let ¢: eA — fA and ¢: (1 —e)A — (1 — f)A denote
isomorphisms of right A-modules. Then ¢ @ ¥ is an automorphism of A as
a right A-module, given by left multiplication by some unit v € U(A). Since
veu ' € fAuT! = fA and ueu ' +u(l —e)u™t = ule+ (1 —e)Ju! =1, the direct
sum decomposition A = fA @ (1 — f)A shows that ueu™ = f. ]

Lemma 1.5.18. Let A be a ring, and let J be an ideal of A contained in J(A).
Let e = € € A/J. Assume that Ay = X, ® X, and X,/X,1J = e(A/J) and
X5/ XoJ = (1 —e€)(A/J). Then there exists f*> = f € A such that f +J =e and
A= X and (1 - f)A= Xs.

Proof. Let g°> = g € A be such that there exist two isomorphisms f;: gA — X,
and fy: (1 — g)A — X,. Then the restriction of f; and fy gives isomorphisms
gJ = XiJ and (1 — g)J = X5J, so that

(g+ N/ =gN/g] = X1 /X,1J,
(I—g+ A/ J=(1=gA/(1—g)] = X/ Xo .

By Lemma 1.5.17, there exists v a unit of A/.J such that v(g+ J)v™" = e. Since
J is contained in J(A), any u € A such that v+ J = v is also a unit of A. Pick an
invertible element u, and set f = ugu~!. Then f is an idempotent element of A
with f+ J = v(g+ J)v~! = e. Moreover, as f is conjugate to g, we can apply
Lemma 1.5.17 to deduce that fA = X and (1 — f)A = Xs. O
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Corollary 1.5.19. Let A be a semiperfect ring. Let M be a finitely generated
right A-module with endomorphism ring S. Assume that onto endomorphisms of
M are bijective and that M has no non-zero projective direct summands. Then:

(i) S is semilocal and the ideal J = M Homp (M, A) is contained in J(.S).

(ii) If the direct summands of A“) @ M are direct sum of finitely generated
modules, then idempotents of S/J can be lifted to idempotents of S. If, in
addition, J(S)/J is a nil-ideal then S is semiperfect.

Proof. (i) By hypothesis and Lemma 1.5.14, f € J implies that f(M) C M J(A),
so f(M) is superfluous in M. Then 1 — f is onto, hence bijective. This implies
that J C J(S). The ring S is semilocal because M /M J(A) is a semisimple module
of finite length, so we can apply the results in [26].

(ii) By Proposition 1.5.16, any direct summand of S/J can be lifted to a
direct summand of S. By (i), J C J(S), we deduce that idempotents can be lifted
modulo J from Lemma 1.5.18. By Theorem 21.28 in [31], if J(S)/J is nil, then
idempotents of S/ J(S) can be lifted to S/J. Hence, to S. Since, by (i), S is
semilocal, we deduce that S is semiperfect. H
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Part 11

Torsion-free modules over
commutative domains of Krull
dimension one
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Let R be a commutative domain of Krull dimension 1, and let F denote the
class of R-modules which are direct sums of finitely generated torsion-free modules.
In this part, we study when the class F of modules over R that are arbitrary direct
sums of finitely generated torsion-free modules is closed under direct summands.

In Chapter 2, we show that F is closed under direct summands over a local
domain of Krull dimension 1 if and only if any indecomposable, finitely generated,
torsion-free module has local endomorphism ring. If, in addition, R is noetherian
this is equivalent to saying that the normalization of R is a local ring.

In Chapter 3 we study the following question: given {X(m) | m € mSpec(R)}
a family of right Ay,-modules, when is there a right A-module N such that
N = X (m) for every maximal ideal m of R. We provide an answer for h-local
domains, projective modules, and trace ideals of projective modules.

Then, in Chapter 4, we prove that if F is closed under direct summands over
an h-local domain of Krull dimension 1, then the property is inherited by the
localizations of R at maximal ideals. Moreover, any localization of R at a maximal
ideal, except for one, satisfies that any finitely generated ideal is 2-generated. The
converse is true when the domain R is, in addition, integrally closed, noetherian
semilocal, or noetherian with module-finite normalization.

Finally, over a commutative domain of finite character and with no restrictions
on the Krull dimension, we show that the isomorphism classes of countably
generated modules in F are determined by their genus.
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2 Direct sums of finitely
generated torsion-free modules:
the local case
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2.1 The endomorphism ring of a finitely generated module 40

2.1.1 Finitely generated modules . . . . ... ... .. ... 40
2.1.2  Finitely generated torsion-free modules . . ... . .. 42
2.1.3 Domains of finite character and h-local domains . . . 47
2.2 Local domains of Krull dimension one . . . . ... .. 49
2.3 Local versus global direct summands. . ... ... .. 54

In this chapter, we will prove the following Theorem A already mentioned in
the introduction. We recall it:

Theorem A (Corollary 2.2.3, Corollary 2.2.9). Let R be a local domain of Krull
dimension 1. The class F is closed under direct summands if and only if any
finitely generated indecomposable torsion-free module has local endomorphism ring.
If, in addition, R is noetherian, this is equivalent to having local integral closure.

Therefore, in this situation, any module M in Fr can be written as M =
@icr Ni, where each N; is a finitely generated module with local endomorphism
ring, and such a decomposition is unique up to isomorphism. In addition, any
direct summand of M is isomorphic to a direct sum of modules from the family

{Ni}iel-

Section 2.1 provides a crucial technical overview of the necessary results
for the subsequent sections of this dissertation. It discusses the properties of
finitely generated (torsion-free) and/or finite rank modules over a domain R, their
endomorphism rings, and finitely generated modules over an R-algebra A that
are torsion-free as R-modules. It also introduces the concepts of a domain of
finite character and an h-local domain and develops the foundational properties
of endomorphism rings for finitely generated modules over these classes of rings.

In Section 2.2, we characterize local domains of Krull dimension 1 such that
F is closed under direct summands. These results prove Theorem A.

In Section 2.3, we develop tools to relate the property of being locally a direct
summand to being a direct summand in finitely generated torsion-free modules. If
R is a domain of finite character, and N and M are finitely generated torsion-free
modules such that Ny is a direct summand of Mg, then N, is a direct summand
of M, for almost all maximal ideals m of R. This means we only have a finite
number of problematic maximal ideals. We prove several results on how to proceed
with these problematic maximal ideals. Analogous results were proven in the
one-dimensional noetherian setting in [21] and were inspired by the representation
theory of orders.
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2.1 The endomorphism ring of a finitely gener-
ated module

2.1.1 Finitely generated modules

As implicit in Corollary 1.5.19, the condition that onto endomorphisms of a
finitely generated module are bijective is going to play an important role in our
study. In this section, we recall some well-known facts about the endomorphism
ring of a finitely generated module over a commutative ring.

Lemma 2.1.1. Let R be a commutative ring. Let M be a finitely generated
R-module with endomorphism ring S. Then:

(i) (Vasconcelos, Proposition 1.2 in [68]) Any onto endomorphism of M is
bijective.

(ii) The central ring extension R/anng(M) < S is integral (that is, any element
of S satisfies a monic polynomial with coefficients in R/anng(M)).

(iii) Let L be a two-sided ideal of R containing anng(M) and let
I={feS|f(M)C ML}

If M can be generated by { elements, then for every f € I, there exist
bi,...,by € L such that f*+ f*'by + --- + fby + by = 0, where for each
i=1,...,0, b; denotes the class of the element b; in R/anng(M) viewed
inside S.

Proof. Statements (ii) and (iii) are applications of the determinant trick. To
prove (ii), let M =myR+ -+ myR and let f € S. Then there exists a matrix
A € My(R) such that
my
(fId, — A)

my

Then we deduce that det(fId, — A)m; = 0 for any i = 1,...,¢. Hence,

det(fId, — A) € (R/anng(M))[f]

0.

is zero. Hence, f is an integral element over R/anng(M).
To prove (iii), just observe that the coefficients of the polynomial det(fId, — A)
satisfy the claimed properties if f € [. m

Remark 2.1.2. Let R be a commutative ring, and let A be a (non-necessarily
commutative) module-finite R-algebra. Let M be a finitely generated right A-
module. Then the conclusions of Lemma 2.1.1 also hold for S = Endx(M). My
being finitely generated and A being module-finite imply that Mg is also finitely
generated as an R-module. Moreover, Endy (M) is a subring of Endg(M).

Goodearl in [19] characterized which rings satisfy that any onto endomorphism
of a finitely generated module is bijective. The following result follows easily
from such characterization, and it includes an extension of Lemma 2.1.1 and
Remark 2.1.2.
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Proposition 2.1.3. Let R be a commutative ring, and let A be a (non-necessarily
commutative) module-finite R-algebra. Let M be a finitely generated right A-
module with endomorphism ring S = Enda(M). Let X be a finitely generated
right S-module. Then

(i) X satisfies that any onto endomorphism of X is bijective.

(ii) If S is semilocal, then so is the endomorphism ring of any finitely generated
right (or left) S-module. In particular, if A is semilocal, then so is S.

(iii) I = {f € Ends(X) | f(X) C X J(S9)} is a two-sided ideal of Endg(X)
contained in J(Ends(X)). In particular, {f € S| f(M) C MJ(A)} is a
two-sided ideal of S contained in J(S).

Proof. (i) Since M,,(S) = Endy(M") for any n > 1, by Lemma 2.1.1(ii) and
Remark 2.1.2, we deduce that the extension R/anng(M) — M, (S) is integral
for any n > 1. Now, the conclusion follows from Corollary 6 in [19].

(ii) The first part of the result is a particular case of Proposition 3.2 in [15].
Taking M = A gives the second part of the statement.

(iii) By Remark 1.5.8, I is a two-sided ideal of S, so it is enough to show that
1 — f is bijective for every f € I.

Let f € I. Then X = f(X)+ (1 — f)(X) = XJ(S) + (1 — f)(X). By
Nakayama’s Lemma, X = (1 — f)(X). By (i), 1 — f is bijective. O

Definition 2.1.4. A ring homomorphism f: R — S is said to be local if, for
any r € R, f(r) is invertible in S if and only if r is invertible in R.

Lemma 2.1.5. Let R be a commutative ring. Let R C S be a central integral
extension of rings, where S is not necessarily commutative. Then,

(i) For any s € S, the inclusion R[s] < S is a local ring homomorphism.
Therefore J(S) N R[s] C J(R[s]).

(ii) If R is a ring of Krull dimension 0, then J(S) is a nil-ideal.

Proof. (i) Let s € S. To show that the inclusion R[s] C S is a local homomorphism,
we need to prove that if x € R[s| is invertible in S, then the inverse is in R[s].
This is a well-known fact for integral extensions of commutative rings. We recall
the argument to see that it also works in our situation.

Since R C S is an integral extension, the element x~! satisfies

n -n+1l _ .

" —nrx —r, =20

for suitable r1,...,7, € R. Since x7! is invertible, we may assume r, # 0.
Therefore, multiplying by 2" we obtain the equality 1 = (r; +roz+ - - +r,2" .
Therefore, 27! = r; + roz + - -+ + rpx™ ! € R]s].

The second part of the statement follows immediately from the first part.

(ii) Assume now that R has Krull dimension 0, and let s € J(S). By (i),
s € J(R]s]). Since R C R]s| is an integral extension of commutative rings, also
R[s] is a ring of Krull dimension 0. Hence, J(R][s]) coincides with the nilradical of
Rls]. So we deduce that s is nilpotent. This shows that J(S) is a nil-ideal. [
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Lemma 2.1.6. Let R be a commutative ring, and let A be a module-finite R-
algebra. If M is a finitely generated right A-module, then

End, (M) J(R) C J(End, (M)).

Proof. Let fi1,..., fr € Enda(M) and let r1,...,7 € J(R). Since Mg is finitely
generated, by Lemma 2.1.1, to show that 1 — X% | fir; is invertible it suffices to
show that 1 — 2% | fir; is an onto A-endomorphism of M. To this aim, notice
that

M= (1- ifr) (1) + ( il firs) (M) = (1= Ek;fr) (M) + MI(R).

Since M J(R) is a small R-submodule of M, we deduce that

M= (1 - Zf;w) (M). 0

Lemma 2.1.7. Let R be a commutative ring, and let A be a module-finite R-
algebra. Let M be a non-zero finitely generated right A-module with endomorphism
ring S = Endy(M). Let ¢: R — S denote the canonical homomorphism. Let n
be a two-sided maximal ideal of S. Then

(i) m = ¢ ! (n) is @ mazimal ideal of R.

(i) I={feS| f(M)C Mm} is a two-sided ideal of S contained in n and
satisfying m = @~ (I).

Proof. (i) By Lemma 2.1.1 and Remark 2.1.2, the morphism ¢: R — S induces
a central integral extension R/anng(M) — S. Then S/n is a simple ring and
R/o'(n) — S/n is also a central integral extension. The center of the simple
ring S/n is always a field K (the two-sided ideal generated by a non-zero element
x in the center must be the total and, being the element central, this ideal is
just the set of multiples of z; this is to say that z is invertible in S/n because
x is central, so is its inverse). We deduce that R/¢~'(n) — K is an integral
extension of commutative rings. Hence, R/~ (n) is a field (cf. Lemma 2.1.5) and
m = ¢~ !(n) is a maximal ideal of R.

(ii) By Remark 1.5.8, I is a two-sided ideal of S. Clearly, m C ¢~!(I). Since
anng(M) is contained in the maximal ideal m of R and Mp, is finitely generated,
M, # {0}. By Nakayama’s Lemma, M # Mm, so we conclude that 1 ¢ ¢~ 1(I).
Since m is a maximal ideal contained in ¢~'(I), we deduce that m = p~!(1).

By Lemma 2.1.1(iii), (I + n)/n is a two-sided nil-ideal of S/n. Since S/n is
simple, we deduce that (I + n)/n is the zero ideal, so I C n, as claimed. m

2.1.2 Finitely generated torsion-free modules

We start this subsection by recalling the following well-known result.
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Proposition 2.1.8 (Theorems 2.37 and 2.38 in [55]). Let R be a commutative
ring, let A and I be R-algebras, and let M, N be right A-modules. Let

¢: Homp(M,N)@r T’ —— Hompg,r(M @', N @z )
be the two-sided homomorphism of I'-modules defined by

p(f®7): (mey) = (fe1)(mey) = f(m)®7.
Assume that T is flat as an R-module.

(i) If M is finitely generated as a right A-module, then ¢ is a monomorphism.

(ii) If M s finitely presented as a right A-module, then y is an isomorphism.

Proposition 2.1.9 (Lemma 10.1 in [25]). Let R be a commutative ring, let A
and I' be R-algebras and let M be a right A-module.

(i) Let P be a countably generated projective right A-module. Suppose that T is
flat as an R-module. Then P @g T is a countably generated projective right
A ®p I'-module and

TrA(X)RF(P ®R F) = TI'A(P) ®R T.

(ii) Suppose that I' is commutative and flat as an R-module, and that M is a
finitely presented A-module. Then

TrA®RF<M ®R F) = TI‘A(M) ®R I.

Definition 2.1.10. Let R be a commutative ring with total ring of fractions Q.
We say that an R-module M is torsion-free if the non-zero divisors of R act as
non-zero divisors on M, that is, if the natural map M — M ®g @ is injective.
Sometimes we will use the notation Mg to denote the tensor product M ®g Q.

The following proposition shows that Proposition 2.1.8(ii) is true for finitely
generated torsion-free modules if I' = Ry, where ¥ is a multiplicative subset of R
consisting of non-zero divisors. For a similar result (and proof), the reader can
check Warfield’s paper (Lemma 3.5 in [70]).

Proposition 2.1.11. Let R be a commutative domain and let A be an R-algebra.
Let 33 be a multiplicative subset of R. If M is a finitely generated right A-module
which is torsion-free as an R-module, then the canonical injective homomorphism

@p: HOIDA(M, N) KR RE — HOH’IA®RRE(M KRR R27N®R Rz)

is an isomorphism for every A-module N which is torsion-free as an R-module.

Proof. By Theorem 2.1.8(i), it suffices to prove surjectivity. Note that A-modules
which are torsion-free as R-modules can be seen as submodules of their localization
at 2.

Let g € Hompg e (M @ Ry, N®gRy). Let mq, ..., m, be a set of generators
for M. Then there is an element s € ¥ such that for every ¢ € {1,...,n}, we can
write f(m;) = " for some n; € N. Taking f = sg|y € Homy (M, N), we have that
o(f® %) = g. This shows that ¢ is surjective, as claimed in the statement. [
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Proposition 2.1.12. Let R be a commutative ring, let A be an R-algebra, and
let M, N be right A-modules. Let ¥ be a multiplicative subset of R consisting of
non-zero divisors. If M is a finitely generated right A-module which is torsion-free
as an R-module, then

TrA@RRz (M Or RZ) = Tl"A(M> ®r Rsx.

Proof. Let © € Tryg,py (M ®@g Ry). Then there is an element ¢t € ¥ and elements
fis-os fn € Hompgpp, (M ®g Ry, A ®g Ry), my,...,m, € M such that x =
S fi (mi ® %) Let

p: HOH]A(]W, A) ®Kr Ry, — HOIDA®RRE(]W ®r Rs,, A ®p Rg)

denote the canonical homomorphism. By Lemma 2.1.11, ¢ is an isomorphism,
so there is an element r € ¥ and elements g, ..., g, € Homu (M, A) such that
¢(9:® %) = fi for each i = 1,...,n. Then

r=) fi (mi ® 1) => (gi ® 1) (mz ® 1) =) gi(m;) ® i.
i=1 t i=1 " t i=1 rt
Therefore, v € Tra(M) ®g Ryx.

To prove the reverse containment, let © € Try(M) and ¢t € Ry. Then there are
fi,.-s fu € Homy (M, A), myq,...,m, € M such that z = Y- | fi(m;). Therefore,
xRt =31 filmi)®@t =30 o(fi®1)(m;®t). Hence, 2@t € Trag,re (M ®gRy).
This concludes the proof of the statement. n

Let A be an algebra over a commutative domain R. We say that a short exact
sequence

0 L M N 0 (2.1)

of right A-modules is locally split if it is split when we apply the functor Ry, ® g —
for any maximal ideal m of R. Therefore, if X is a left A-module, we obtain an
exact sequence of R-modules

As (2.1) is locally split, Ry, ®r K = 0 for any maximal ideal m of R. Therefore
K = 0. This proves that a locally split exact sequence of right A-modules is pure.

Now we show that the finitely generated A-modules that are torsion-free as
R-modules are projective with respect to the class of locally split exact sequences
of right A-modules that are torsion-free as R-modules.

Lemma 2.1.13. Let R be a commutative domain, and let A be an R-algebra. Let
L, M, N, and X be right A-modules which are torsion-free as R-modules. Assume
that there is a short exact sequence,

0 Lty M-—25N 0. (2.2)

Then:

(i) If Xn is finitely generated, and (2.2) is a locally split exact sequence, then
the map Homy (X, g): Homy (X, M) — Homn (X, N) is onto. Equivalently,
finitely generated torsion-free modules are projective with respect to the class
of locally split exact sequences of torsion-free modules.
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(i) If N is a direct summand of a direct sum of finitely generated A-modules
that are torsion-free as R-modules, then the exact sequence (2.2) splits if
and only if it is locally split.

Proof. (i) If gn: My — Ny, is a splitting epimorphism for every maximal ideal m
of R. Then, Homy, (X, gn): Homp, (Xn, My) — Homy,, (X, Ny) is onto for
every maximal ideal m of R. By Lemma 2.1.11 we may identify Homy (X, gum)
with Ry ® g Homa (X, g). Therefore, R, ® g Homy (X, g) is onto for every maximal
ideal m of R, so Homy (X, g) is onto, as desired.

(ii) As the class of modules that are projective with respect to the class of
locally split exact sequences is closed under direct sums and direct summands, we
deduce the statement (ii) from (i). O

Corollary 2.1.14. Let R be a commutative domain, and let A be an R-algebra.
Let N be a direct summand of a direct sum of finitely generated right A-modules
which are torsion-free as R-modules. Then N is a projective A-module if and only
if N is a projective Ay -module for every maximal ideal m of R.

Proof. Let f: FF— N be an epimorphism of A-modules for some free A-module
F. By Lemma 2.1.13(ii), f is a splitting epimorphism if and only if f, is a
splitting epimorphism for every maximal ideal m of R. This is equivalent to the
statement. ]

Lemma 2.1.15. Let R be a commutative domain, and let A be an R-algebra. Let
Y be a multiplicative subset of R. Let N be a right A-module which is torsion-free
as an R-module. If M is a finitely generated A-submodule of Nx, then dM is
isomorphic to a A-submodule of N for some d € X.

Proof. Note that, since N is torsion-free as an R-module, it can be seen as a
A-submodule of Ny.

Let m € M and let {n,/1,...,n;/1} C Ny be a finite set of A-generators of
M. Then,

na ng a
1 s 1 s
for some aq,...,a; € A, and sq,...,s; € ¥. Multiplying by d = s1---s;, € ¥,
nial + -+ nya;
dm = AT ),

1
where \: N — Ny denotes the localization map. Therefore, dM C A\(N) =
N. O

Remark 2.1.16. We note that Lemmas 2.1.11 and 2.1.15 could be stated for general
commutative rings, provided that the multiplicative set ¥ consists of non-zero
divisors of R. In this general context, we mean that a module M is torsion-free if
md = 0, for m € M and d a non-zero divisor of R, implies that m = 0.

Let R be a commutative domain, and let () denote the field of fractions of R.
The rank of an R-module M is the dimension of Mg as a ()-vector space.
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Remark 2.1.17. Let R be a commutative domain with field of fractions (). Let N
be a torsion-free R-module of rank n. Then N contains a free R-module of rank n.
Note that, since N is torsion-free of rank n, we can see N as an essential
submodule of its injective hull E(N) = Q™. On the other hand, R" has the same
injective hull Q™. Therefore, by Lemma 2.1.15, since R" is a finitely generated
R-submodule of Ny = Q", dR™ C N for some non-zero element d € R.

Lemma 2.1.18. Let R be a commutative domain with field of fractions Q. Let
M and N be non-zero torsion-free R-modules of the same finite rank n. Let
f: M — N be an R-module homomorphism. Then,

(i) f is onto if and only if it is bijective;
(ii) f is injective if and only if im f is an essential submodule of N.

Proof. Applying the functor — ®g @) to the exact sequence

0 — ker f M1 N 0

we get the exact sequence

0 ker f®pQ —— MR Q"™ NopQ —— 0

in which the )-module homomorphism f®gldg is an isomorphism because it is an
onto morphism between ()-vector spaces of the same finite dimension. Therefore,
ker f ®r Q = 0 and ker f being torsion-free, it must be zero. Hence, f is bijective.

The statement (ii) is easy to prove. ]

Proposition 2.1.19. Let R be a commutative domain with field of fractions @,
and let A be a torsion-free R-algebra of finite rank. Let M be a non-zero finitely
generated right A-module which is torsion-free as an R-module. Then,

(i) any onto endomorphism of M is bijective;
(ii) if J(R) C J(A) then Enda (M) J(R) C J(Enda(M));
(iii) if A is semilocal then so is Endy(M).

Proof. (i) Since M is a homomorphic image of a finite number of copies of A, M
is a torsion-free R-module of finite rank. Since a A-module homomorphism is also
an R-module homomorphism, the statement follows from Lemma 2.1.18(i).

(ii) Our hypothesis allows us to repeat the proof of Lemma 2.1.6 to conclude
the statement.

(iii) If A is semilocal, then M J(A) is a small submodule of M and
M /M J(A) is semisimple artinian of finite length. By (i), any onto endomorphism
ring of M is bijective. As an application of [26], we deduce that End, (M) is
semilocal. [
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2.1.3 Domains of finite character and h-local domains

Definition 2.1.20. A commutative domain R is said to have finite character if
any non-zero element is contained in only a finite number of maximal ideals. A
commutative domain of finite character is said to be h-local if, in addition, any
non-zero prime ideal of R is contained in a unique maximal ideal.

The domain R has finite character if R/I is a semilocal ring for every non-zero
ideal I of R. If R is h-local, then it also satisfies that R/p is a local domain for
every non-zero prime ideal p of R.

If R is a domain of Krull dimension 1, then the notions of h-locality and being
of finite character coincide. They are equivalent to saying that, for every non-zero
ideal I of R, R/I is a semiperfect ring whose Jacobson radical is a nil-ideal.
Because R/I is a ring of Krull dimension 0 with only a finite number of maximal
ideals, J(R/I) coincides with the nilradical of R/I.

Matlis introduced the notion of h-local domains in [38] as a generalization of
local domains and noetherian domains of Krull dimension 1. In the next result,
we recall the key property of h-local domains that we will use throughout this
dissertation.

Lemma 2.1.21. A commutative domain R is h-local if and only if R/ is semiper-
fect for every non-zero proper ideal I of R. In particular, if R is h-local, I is a
non-zero proper ideal of R, and {my,... ,m,} is the finite set of mazrimal ideals of
R containing I, then

(G) I=15-1y where I; = I,, " R, so I, ..., 1, are pairwise comazximal ideals
of R such that each I; is contained in exactly one maximal ideal of R.

(ii) the canonical map R/I — (R/I)w, X -+ - X (R/I)w,, given by the localization
at each component, is an isomorphism, and (R/I)wm, = (R/1;)m, for i =
1,....0.

Proof. The first part is Theorem 4.9 in [7]. Statement (i) is proven in Lemma 5.1
of [42]. To prove (ii), notice that, by the Chinese Remainder Theorem, there is
an isomorphism

¢: R/ —— R/I} x --- x R/I,.
Since each [; is contained only in the maximal ideal m;, we deduce that R/I;

is a local ring and that R/I; = (R/I;)m,. So that we have the isomorphisms
claimed. 0

Lemma 2.1.22. Let R be a commutative domain with field of fractions (). Let
M be a non-zero finitely generated torsion-free module with endomorphism ring S.
Then

(i) S is a torsion-free R-module containing R, and S is integral over R. The
restriction of the embedding R C S gives an embedding J(R) C J(S).

(ii) Forany f € S, there is some non-zero d € R such that df € M Hompg(M, R).
In particular, M Homg(M, R) # {0}.
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(iii) Sg = M, (Q) where n is the rank of M. So S is a subring of the simple
artinian algebra M,,(Q).

(iv) For any non-zero two-sided ideal I of S, I N R # {0}.
(V) Sm = Endg, (My) is a semilocal ring for all mazimal ideals m of R.
If, in addition, R is h-local, then

(vi) Let I be any non-zero two-sided ideal of S. Then S/I is a semilocal ring.
Moreover, I, = Sn for almost all mazximal ideals m of R. If R has Krull
dimension 1 then J(S/I) is a nil-ideal, so S/I is semiperfect.

(vii) If I is the trace ideal of a non-zero projective right S-module, then I is
contained only in a finite number of trace ideals of projective right S-modules.

Proof. Recall that, since R is commutative, there is a ring morphism ¢: R — S
where, for any r € S, ¢(r) is the morphism given by multiplication of r. Since M
is a faithful R-module, ¢ is injective, and we may identify R as a subring of S.
We will use this identification throughout the proof.

(i) Let f € S be such that there is some non-zero r € R with rf = 0.
Equivalently, rf(M) = {0} so that f(M) = {0} because M is torsion-free.

The extension R C S is integral because of Lemma 2.1.1. Repeating the
arguments in Lemma 2.1.6, we deduce that J(R) C J(S5).

(ii) Since M is finitely generated and torsion-free, we can view M as an
essential submodule of its injective hull E(M) = Q™ for some n > 1. On the other
hand, R™ has the same injective hull Q. Therefore, since M is finitely generated,
by Lemma 2.1.15, gM C R"™ for some non-zero g € R C §S.

Now, we proceed with the proof of the statement. The claim is clear regarding
the zero endomorphism. Pick f € S\ {0}. Since Q" is an injective R-module,
there exists

h € Homp(R", Q") = M, (Q)

such that the diagram

MM Q"
N4
Rn
commutes. Note that, since R" is finitely generated and M is essential in ", by
Lemma 2.1.15, dh(R"™) C M for some non-zero d € R, that is, dh € Hompg(R", M).
Therefore, df = (dh) o g € M Homg(M, R).

(iii) By Lemma 2.1.11, Sp = Endg(Mg) = M, (Q), where n is the rank of
M. By (i), S is torsion-free as an R-module, so the localization map S — Sg is
injective.

(iv) By (iii), we can identify S with a subring of its central localization at the
non-zero divisors of R, which is the simple ring M,,(Q). If I is a non-zero ideal of
S, then I = IM,,(Q) is a non-zero ideal of M,,(Q). Therefore IM,(Q) = M, (Q).
Therefore, there is some f € I and some non-zero d € R such that f/d = 1d,.

This implies that f is the endomorphism of M given by multiplication by d. So
feRNI.

48



(v) By Lemma 2.1.11, S, = Endpg,, (M,). By Lemma 2.1.1, S, is semilocal.

From now on, we assume that R is h-local.

(vi) Let I be a non-zero two-sided ideal of S. The inclusion ¢: R — S induces
an injective ring homomorphism R/(I N R) — S/I. By (iv), I N R # {0}, and
since R is h-local, there are only finitely many maximal ideals of R, say my,...,my,
containing / N R. By Lemma 2.1.21, the canonical homomorphisms

R/(INR) — (R/(INR))m X - x (R/(I N R))m,

and
S/T — (S/1)my X -+ X (S,

are isomorphisms. Therefore, we have a commutative diagram

R/(INR) S/

F F

(B/(I N R)Jmy X - X (B/ (IO R))my > (S/ D)y X -+ X (5] D),

By (v), S/I is a finite product of semilocal rings. Thus, it is a semilocal ring.

Since I N R is contained in only a finite number of maximal ideals of R, it
follows that (I N R)y, = Ry for almost all maximal ideals m of R. Therefore,
I, = S, for almost all maximal ideals m of R.

Assume now that R has Krull dimension 1. As R/(I N R) C S/I is an integral
extension, and R/(I N R) is a ring of Krull dimension 0, Lemma 2.1.5 implies that
J(S/I) is a nil-ideal. As idempotents can be lifted modulo a nil-ideal, we deduce
that S/I is a semiperfect ring.

The statement (vii) follows from (vi) because semilocal rings have only a
finite number of trace ideals of projective modules. O]

2.2 Local domains of Krull dimension one

Now we are ready to start our study of direct summands of direct sums
of torsion-free modules. In this section, we will specialize in the case of local
domains of Krull dimension one. The next lemma points out the key properties of
endomorphism rings of torsion-free modules over such domains that we will need.

Lemma 2.2.1. Let R be a commutative local domain of Krull dimension 1, and
with field of fractions Q). Let M be a mon-zero finitely generated torsion-free
R-module with endomorphism ring S. If M does not contain a non-zero free direct
summand, then:

(i) J = M Hompg(M,R) C J(S) and J(S)/M Hompg(M, R) is a nil-ideal of S/ J.

(ii) If every direct summand of R“) @ M is a direct sum of finitely generated
modules, then S is semiperfect.

Proof. By Lemma 2.1.1, M satisfies that any onto endomorphism ring of M is
bijective.
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(i) By Corollary 1.5.19,
J = M Homp(M, R) C J(S).

The rest of the statement is included in Lemma 2.1.22.
(ii) Follows from (i) and Corollary 1.5.19. O

Proposition 2.2.2. Let R be a commutative local domain of Krull dimension 1,
and with field of fractions Q. Let M be a finitely generated torsion-free R-module.
The following statements are equivalent:

(i) every module in Add(R & M) is a direct sum of finitely generated modules;

(ii) every direct summand of R“) @ M is a direct sum of finitely generated
modules;

(iii) Endg(M) is semiperfect; and

(iv) every finitely generated indecomposable module in Add(R & M) has local
endomorphism ring.

Proof. (i) = (ii) is clear.

(i) = (iii) Write M = F @ M’, with F finitely generated free, and M’ having
no projective direct summands. By Lemma 2.2.1(ii), Endg(M’) is semiperfect.
As R is local, so is Endg(M).

Statement (iii) is equivalent to saying that M = Y] @ --- @ Y,,, where each Y;
has local endomorphism ring for ¢ € {1,...,n} (cf. Theorem 3.14 in [14]).

In general, over a commutative ring, direct summands of direct sums of finitely
generated modules with local endomorphism rings are also direct sums of finitely
generated modules with local endomorphism rings, and such decomposition is
unique (cf. Corollary 2.55 in [14]). Therefore, every element in Add(R & M) is
isomorphic to a direct sum of copies of R,Y7,...,Y,,. This proves (i).

In particular, since every indecomposable in Add(R & M) is isomorphic to one
in {R,Y1,...,Y,}, we deduce (iv).

Note that (iv) also implies that M is a direct sum of indecomposable modules
with local endomorphism rings. Thus, this implies (iii). ]

Corollary 2.2.3. Let R be a commutative local domain of Krull dimension 1,
and with field of fractions ). The following statements are equivalent:

(i) the class of direct sums of finitely generated torsion-free R-modules is closed
under direct summands;

(ii) for any finitely generated torsion-free R-module M, every direct summand
of R“) @ M is a direct sum of finitely generated modules;

(iii) for any finitely generated torsion-free R-module M, every module in Add(M)
is a direct sum of finitely generated modules; and

(iv) every finitely generated, indecomposable, torsion-free R-module has local
endomorphism ring.

20



In addition, the above equivalent conditions are fulfilled by any intermediate ring
S between R and its integral closure.

Proof. The equivalence of the four statements is an immediate consequence of
Proposition 2.2.2.

To finish the proof of the statement, let S be a ring such that R C S C R.
Notice that if Xg is a finitely generated torsion-free S-module, then it has finite
rank n. Identifying X with a submodule of ",

Ends(X) = {A c EHdQ(Qn> ’ AX C X} = EIldR(X)

In particular, X is indecomposable as an S-module if and only if it is indecom-
posable as an R-module.

If S is finitely generated over R, then X is also finitely generated over R. So,
by (iv), X is indecomposable if and only if Endg(X) is local.

Assume S is not finitely generated over R, and fix x1, ..., z, a family of genera-
tors of Xg. Then Endg(X) is the directed union of Endr(>}_; 2;7") where T varies
among all subrings of S that are finite extensions of S. If Xg is indecomposable,
then so is the T-module Y°!_, #;T. By the previous step, Endr(X!_; 2,T) is a
local ring for any 7. Therefore, Endg(X) is also a local ring. O]

We do not know of a characterization of local domains (of Krull dimension 1)
such that their indecomposable finitely generated torsion-free modules have local
endomorphism ring. If we restrict the condition to finitely generated, torsion-free,
rank one modules, then it is equivalent to having a local integral closure, as we
show in the next result.

Proposition 2.2.4. Let R be a commutative local domain of Krull dimension 1,
and with field of fractions Q). The following statements are equivalent:

(1) the class of direct sums of finitely generated, rank-one, torsion-free R-modules
1s closed under direct summands;

(ii) for any finitely generated, rank-one, torsion-free R-module M, every direct
summand of R“) @ M is a direct sum of finitely generated modules;

(iii) every finitely generated, rank-one, torsion-free module has local endomor-
phism ring; and

(iv) the integral closure of R (into its field of fractions) is a local ring.

Proof. The equivalence of (i), (ii), and (iii) follows from Proposition 2.2.2.

(iii) = (iv). By (iii) any finitely generated integral extension of R inside
Q@ is local. Let S C @) be any integral extension of R inside ). If S has two
different maximal ideals m; and ms, then for any i = 1,2, choose s; € m; such
that s; + so = 1. Then R C R]sy, s9] is a finitely generated integral extension of
R. By the first part of the proof, R[si, s2] is a local ring, but its maximal ideal
should contain s; and sy, which contradicts our assumptions. Therefore, S is a
local ring.

(iv) = (iii). If M is a finitely generated, rank-one, torsion-free module, then
its endomorphism ring S is a subring of @), integral over S. Hence, it is contained
in the integral closure R of R. Since S C R is integral and R is local, so is S (cf.
Theorem 9.3 in [39]). O
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In the case of noetherian domains of Krull dimension 1 with finitely generated
integral closure, Piithoda in [48] proved that having local integral closure (so the
integral closure is a discrete valuation ring) already implies that all indecomposable
finitely generated torsion-free modules have local endomorphism ring.

The following criteria to ensure local endomorphism ring encodes Piihoda’s
ideas in Proposition 1 of [48]. It will allow us to prove that for any noetherian
local domain of Krull dimension 1, having local integral closure is equivalent to
the fact that indecomposable, finitely generated, torsion-free modules have local
endomorphism ring.

Lemma 2.2.5. Let R be a commutative local domain of Krull dimension 1,
and with field of fractions Q. Let Mg be a finitely generated, indecomposable,
torsion-free module. Assume that:

(i) there exists a local over ring T of R, of Krull dimension 1, contained in @,
such that M'Tr is a direct sum of T-modules with local endomorphism ring;

(ii) the conductor ideal ¢ = {r € R | rT C R} is non-zero.
Then Mg has local endomorphism ring.

Proof. Since MTr is a (finite) direct sum of modules with local endomorphism
ring, then Endy(MT) is a semiperfect ring. Since ¢ is a non-zero proper ideal of
both the rings R and 7', it is contained in their corresponding maximal ideals.
Since R and T have Krull dimension 1, R/¢ and T'/¢ are rings of Krull dimension
Zero.

Let S = Endg(M) and J ={f € S| f(M) C Mc}. By Proposition 2.1.3, J is
a two-sided ideal of S contained in J(S). So it is enough to show that S/J is a
local ring.

Since RC T C @ = E(R), M can be identified with an essential submodule
of @™ for some n. Via this identification, S = {4 € M,(Q) | AM C M} and
Endr(MT) = {A € M,(Q) | AMT C MT}, so that S is a subring of the
semiperfect ring Endy(MTr). Moreover, J = {A € M, (Q) | AM C Mc} ={A €
M, (Q) | AMT C Mc}, so it is also a two-sided ideal of Endr(MTr) contained in
its Jacobson radical.

By Lemma 2.1.1, R/(J N R) C S/J is an integral extension. As ¢ C J N R,
R/(JNR) has Krull dimension 0, and by Lemma 2.1.5, we deduce that J(S)/J is a
nil-ideal. So the idempotents of the semisimple artinian ring S/ J(S) can be lifted
to S/J. Let e € S be such that e 4+ J is an idempotent of S/J C Endr(MTr)/J.
Since Endy(MTr) is a semiperfect ring, by Proposition 27.4 and Theorem 27.6 in
3], there exists an idempotent ¢’ € Endp(MTr) such that e — ¢’ € J. But then
eM C (e'—e)M+eM C Mc+M = M. Hence € € S. Since M is indecomposable,
¢’ is a trivial idempotent. Therefore, e 4+ J is also a trivial idempotent of S/J and
we deduce that S/.J is a local ring. O

Lemma 2.2.6. Let R be a commutative local domain of Krull dimension 1, and
with local integral closure. Let M be a finitely generated indecomposable torsion-
free R-module. Assume that there is a finitely generated integral extension T of R
such that MTr is a direct sum of T-modules with local endomorphism ring. Then
Mpg has local endomorphism ring.
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Proof. Since the integral closure of R is local, T is also local. Moreover, T' is also
a ring of Krull dimension 1, and since T is finitely generated, the conductor ideal
¢ ={r € R|rT C R} is different from zero. Therefore, the statement follows
from Lemma 2.2.5. O]

Lemma 2.2.7. Let R be a commutative local domain of Krull dimension 1 with
field of fractions Q). Assume that the integral closure R of R is a valuation domain.
For any non-zero finitely generated torsion-free module M, there exists a finite
integral extension T of R inside Q such that MT = T &M’ for a suitable T-module
M.

Proof. Let n > 0 be the rank of M. We may assume that M is an essential
submodule of Q" that contains R™ as an essential submodule. Since R is a
valuation domain, the module M Ry is free (see, for example, Corollary V.2.8 in
[18]), so that Trz(MR) = R. Therefore, there exist fi,..., f; € Homg(MR, R)
and my,...,my € M such that 1 = fi(mq) + -+ + fo(my).

Since R" is a submodule of MR,

Homy(MR, R) = {(s1,...,5,) €ER" | (51,...,5,)M C R}.

So that, fori=1,....¢, f; = (s%,...,s"). Let T be the finite integral extension
of R generated by the elements

¢
{3}};‘:%,...,4 and | fi(G),
j=1,...,n i—1

where G is a finite set of generators of M.
By construction, Trp(MT) = T, and then, by Lemma 1.5.14, we deduce that
there exists M’ such that M'T' = T'@ M’. This finishes the proof of the lemma. [

Proposition 2.2.8. Let R be a commutative local domain of Krull dimension 1
with field of fractions Q. Assume that the integral closure R of R is a valuation
domain. Let Mg be a finitely generated torsion-free module. Then M is a direct
sum of modules with local endomorphism ring.

Proof. We are going to prove the statement by induction on the rank n of M. If
n = 1, Lemma 2.2.7 implies that MT" = T". Then, since T" must also be a local
ring, we may conclude by Lemma 2.2.6. Now assume that n > 1 and that the
statement is proven for modules of smaller rank. By the previous claim, there
exists a finite integral extension of 7" such that MT = T & M’ for a suitable
T-module M’ of smaller rank. By the inductive hypothesis, M’ is a T-module
that is a direct sum of modules with local endomorphism ring. By Lemma 2.2.6,
we conclude that M is a direct sum of modules with local endomorphism ring. [J

Corollary 2.2.9. Let R be a commutative local noetherian domain of Krull
dimension 1, and with field of fractions Q. Then the following statements are
equivalent:

(i) every direct summand of a direct sum of finitely generated, torsion-free
modules of rank one is a direct sum of finitely generated modules;
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(ii) for any finitely generated, torsion-free R-module M of rank one, every direct
summand of R“) @ M is a direct sum of finitely generated modules;

(iii) every finitely generated and torsion-free module of rank one has local endo-
morphism ring;

(iv) the integral closure of R is local;

(v) every direct summand of a direct sum of finitely generated, torsion-free
modules is a direct sum of finitely generated modules;

(vi) for any finitely generated, torsion-free R-module M, every direct summand
of R“) @ M s a direct sum of finitely generated modules;

(vii) every finitely generated, indecomposable, and torsion-free module has local
endomorphism ring.

Proof. The first four statements are equivalent because of Proposition 2.2.4. Since
R is a commutative local noetherian ring of Krull dimension 1, its integral closure
is a discrete valuation ring. Hence, by Proposition 2.2.8, all finitely generated
torsion-free modules are direct sums of modules with local endomorphism rings.
Now, the equivalence of the remaining statements follows from Corollary 2.2.3.
This concludes the proof of the equivalence of the statements. O

The reader is referred to Lemma 4.3.6 for examples that satisfy the conclusion
of Corollary 2.2.9.

2.3 Local versus global direct summands

The following result, for finitely generated torsion-free modules over a domain
R, gives a general relation between the property of being locally a direct summand
and being a direct summand. Afterwards, we will see how the result can be refined
when we also assume that the domain has finite character.

Proposition 2.3.1. Let R be a commutative domain, and A be an R-algebra.
Let M and N be finitely generated right A-modules which are torsion-free as
R-modules. If My, is a direct summand of Ny, for every maximal ideal m of R,
then there exists k > 0 such that M is a direct summand of N*.

Proof. Let {m,}acq denote the set of all maximal ideals of R and fix a €
Q. Since My, is a direct summand of Ny, there are A,_-module homomor-
phisms fo: Ny, — M, and o: My, — Np. such that f, 0 §o = Idyy,, . By
Lemma 2.1.11, there are A-homomorphisms f,: N — M and ¢g,: M — N such
that f, = fa/Sas Go = Ja/Sa, and f, 0 go = s21dys for some s, € R\ m,.

Note that by the definition of the elements s,

I=) s2R=R,

ae)

because no maximal ideal of R contains I. Therefore, there exist & > 0,

a,...,ap €Q,and rq, ..., 7 € R such that 1 =%, s?xiri. Hence
k k
Z rif()éi o .thi - < Z SiZTZ> Id]\[ — Id]\/fa
i=1 i=1
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and we conclude that M is a direct summand of N*. ]

The following lemma is an extension of Lemma 2.1 in [21] to the case of finitely
generated torsion-free modules over commutative domains of finite character.

Lemma 2.3.2. Let R be a commutative domain of finite character with field
of fractions ). Let A be an R-algebra, and let M and N be right A-modules
which are torsion-free as R-modules. Assume that there exists a homomorphism
of Ag-modules F': Mg — Nq. If M is finitely generated, then

(i) If F is a monomorphism (respectively, an epimorphism), then there is a
A-module homomorphism f: M — N such that the induced homomorphism
fu: My — Ny is a monomorphism (respectively, an epimorphism) for almost
all maximal ideals m of R.

Moreover, if N is also finitely generated, then

(ii) If F is a splitting monomorphism (respectively, a splitting epimorphism),
then there is a A-module homomorphism f: M — N such that the induced
homomorphism fy: My — Ny is a splitting monomorphism (respectively, a
splitting epimorphism) for almost all mazximal ideals m of R.

(iii) If F is an isomorphism, then there is a A-module homomorphism f: M — N
such that the induced homomorphism fun: My — Nu is an isomorphism for
almost all mazximal ideals m of R.

Proof. (i) By Lemma 2.1.11, there is a A-module homomorphism f: M — N
such that F' = f/s for some non-zero s € R. Since R is of finite character, s
is contained only in finitely many maximal ideals of R. For any other maximal
ideal m, s/1 is a unit in R,,. Therefore, f, is a monomorphism (respectively, an
epimorphism) for every maximal ideal not containing s.

(ii) If F is a splitting monomorphism, then there is a Ag-module homomor-
phism G: Ng — Mg such that G o F' = Idy,. In particular, G is a splitting
epimorphism. By Lemma 2.1.11, there are A-module homomorphisms f: M — N
and g: N — M such that F = f/s, G = g/s, and g o f = s?Idy; for some
non-zero s € R. For any maximal ideal m not containing s, s/1 is a unit in Ry.
Therefore, f, is a splitting monomorphism and g, is a splitting epimorphism for
every maximal ideal not containing s. The proof in the case where F' is a splitting
epimorphism follows by changing the roles of F' and G.

The proof of (iii) follows from (i) and (ii) since F is an isomorphism if and
only if it is a monomorphism and a splitting epimorphism. O

Corollary 2.3.3. Let R be a commutative domain of finite character with field
of fractions Q. Let A be an R-algebra, and let N be a finitely generated right
A-module which is torsion-free as an R-module. If Ng is projective, then Ny, is
projective for almost all mazimal ideals m of R.

Proof. Suppose N is projective and let f : Fg — Ng be a splitting epimorphism
for some finitely generated free A-module F'. By Lemma 2.3.2, there is a A-module
homomorphism f: F — N such that the induced homomorphism f: Fin — Ny
is a splitting epimorphism for almost all maximal ideals m of R. Thus, N, is
projective for almost all maximal ideals m of R. O
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Lemma 2.3.4. Let R be a commutative domain, and let A be a module-finite R-
algebra. Let M and N be finitely generated right A-modules which are torsion-free
as R-modules. If Ny is a direct summand of My for each m in some finite subset
M C mSpec R, then there is a A-module homomorphism f: M — N such that
the induced homomorphism fu: My — Ny is a splitting epimorphism for every

me M.

Proof. Let M = {my,...,my} and fix i € {1,...,k}. Since N, is a direct
summand of M, , there are Ay -module homomorphisms fi: My, — Nu, and
Gi: N, = My, such that fi oG = Idei. By Lemma 2.1.11, there are A-module
homomorphisms f;: M — N and ¢g;: N — M such that fz = fi/si, §i = gi/si, and
fi 0 gi = s?Idy for some s; ¢ m;. Note that, for any 7 ¢ m;, (rf;)n, is a splitting
epimorphism.

For any i € {1,...,k}, because R = m; +;;m;, 1 = s; +7; with 5; € m; and
ri € Njzmy. Let [ = Zle rifi. We claim that fy, is a splitting epimorphism.
Since (7;fi)m, is a splitting epimorphism, there is a Ay,-module homomorphism
h: Nu, — My, such that (7;fi)m, o h = Idy, . Hence

fo, 0 h=1dy, + B,  where h' € Endy,, (N, )m; Ry,

i

i

a splitting epimorphism, as claimed. O

By Lemma 2.1.6, h' € J(Endy,, (Nw,)). Therefore, fu, o h is invertible, and f, is

Corollary 2.3.5. Let R be a commutative semilocal domain, and let A be a
module-finite R-algebra. Let M and N be finitely generated right A-modules which
are torsion-free as R-modules. Then

(i) N is a direct summand of M if and only if Ny is a direct summand of My
for all maximal ideals m of R.

(ii) N is isomorphic to M if and only if Ny, is isomorphic to My for all maximal
ideals m of R.

Proof. Statement (i) follows immediately from Lemma 2.3.4. To prove (ii),
observe that by (i) there exist K and K’ finitely generated A-modules such that
MZEZN&GKand N =2 M & K’'. Since N and M are torsion-free R-modules of
the same rank, we deduce that K = K’ = 0. U

The following is an extension of Lemma 6.1 in [21] to the case of torsion-free
modules over domains of finite character.

Proposition 2.3.6. Let R be a commutative domain of finite character with
field of fractions Q). Let A be a module-finite R-algebra, and let M, N, and K be
finitely generated right A-modules which are torsion-free as R-modules. Assume
that:

(i) My, is a direct summand of Ny, for all mazimal ideals m of R, and
(ii) Mg is a direct summand of K.

Then M is a direct summand of N @& K.
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Proof. 1t suffices to find A-module homomorphisms f: N — M, g: K — M such
that, for any m € mSpec R, either f, or g, is a splitting epimorphism. For then
(f,9): N @& K — M is locally a splitting epimorphism and, by Lemma 2.1.13, it
is a splitting epimorphism.

By condition (ii), since Mg is a direct summand of K¢, there is a splitting
epimorphism §: Ko — Mg. By Lemma 2.3.2, there is a A-module homomorphism
g: K — M such that the induced homomorphism ¢,: K,, — M, is a splitting
epimorphism for almost all maximal ideals m of R.

By condition (i), since M,, is a direct summand of N, there is a splitting
epimorphism fu: Ny — M, for all maximal ideals m of R. Let M C mSpec R
be the finite set of maximal ideals such that g, is not a splitting epimorphism.
By Lemma 2.3.4, there is a A-module homomorphism f: N — M such that
the induced homomorphism f : Nyn — My, is a splitting epimorphism for every
m € M. This concludes the proof of the proposition. m
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3 Package deal theorems for
localizations over h-local domains

Contents
3.1 Finitely generated modules over domains of finite
character . ... .. ... ... e 59
3.2 Gluing localizations over h-local domains . ... . .. 61
3.3 Projective versus locally projective modules . . . . . 63
3.4 Package deal for traces of projective modules .. .. 65

In this chapter, we will develop tools to deal with modules over an algebra
A over an h-local domain R. A particular instance of this situation is when A
is the endomorphism ring of a finitely generated torsion-free R-module (recall
Lemma 2.1.22).

In Section 3.1, we prove basic properties of the localization at maximal ideals
of R of finitely generated modules over an algebra A over a domain of finite
character.

In Section 3.2, we enter the study of constructing A-modules having prescribed
localization at the maximal ideals of R and proving the so-called Package Deal
Theorems. To do that, we extend the methods of Levy and Odenthal from algebras
over noetherian rings of Krull dimension 1 to algebras over h-local domains.

In Section 3.3, we discuss Package Deal Theorems for projective modules over
A, whenever A is an algebra over an h-local domain. Our goal is to prove some
extension needed in Part III.

Finally, in Section 3.4, we prove a package deal theorem for traces of countably
generated projective modules. Trace ideals are not, in general, finitely generated.
However, as we will see, they satisfy enough finiteness conditions to extend our
methods to this case.

3.1 Finitely generated modules over domains of
finite character

Lemma 3.1.1. Let R be a commutative domain of finite character with field
of fractions Q). Let A be an R-algebra, and let M be a finitely generated right
A-module which is torsion-free as an R-module. Let N be a A-submodule of M
such that Mg = Ng. Then My = Ny for almost all mazimal ideals m of R.

In particular, Ny is finitely generated as a Ayn-module for almost all mazimal

ideals m of R.

Proof. Since M is torsion-free as an R-module, it can be seen as a A-submodule
of Mg = Ng. Therefore, M C Ng, and since M is finitely generated, by
Lemma 2.1.15, dM C N for some non-zero d € R. Since R is of finite character
and d is non-zero, d is contained only in finitely many maximal ideals of R. For
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any other maximal ideal m, d/1 is a unit in R,,. Hence, My, = Ny, and Ny, is
finitely generated. ]

Lemma 3.1.2. Let R be a commutative domain of finite character with field of
fractions Q). Let'Y be a submodule of a finitely generated torsion-free R-module
M of rank r. Then there exist yi,...,y. € Y such that Yy is a finitely generated
free Ry-module with basis y1/1,...,y./1 for almost all mazximal ideals m of R.

Proof. By Remark 2.1.17, we may assume that M < R?® for s = rank M, and then
Y is a submodule of R®.

Let r = rank Y, and notice that » < s. Let y1,...,y. € Y be such that they
are R-linearly independent (that is, they form a basis of Y). Then, there is an
embedding f: R" — R*® given by f(ai,...a,) = >I_, y;a;. Since fg is a splitting
monomorphism, by Lemma 2.3.2, f is a splitting monomorphism for almost
all maximal ideals of R, which implies that Zy, = Imf, = >2i_; ¥ Ry, is a direct
summand of R;, for almost all maximal ideals m of R. Since Z, C Y;, and they
have the same rank, we deduce, from the modular law, that Z, = Y, for almost
all maximal ideals m. Therefore, Y, has 3,/1,...,y,/1 as a basis for almost all

maximal ideals m of R. ]

Corollary 3.1.3. Let R be a commutative domain of finite character with field of
fractions Q. Let M be a finitely generated R-module. Then,

(i) If M is torsion-free then My is a free Ry-module for almost all maximal
ideals m of R;

(il) My is a finitely presented Ry-module of projective dimension at most one
for almost all mazximal ideals m of R.

Proof. (i) Since M is torsion-free as an R-module, it can be regarded as an
essential submodule of its injective hull Q". By Remark 2.1.17, dR" C M for
some non-zero d € R. By Lemma 3.1.1 with A = R and N = dR", M, = R}, for
almost all maximal ideals m of R, as claimed.

(ii) Assume now that M is a finitely generated R-module. Consider a presen-
tation of M

0 N R" M 0.

By Lemma 3.1.2, Ny, is a finitely generated free module for almost all maximal
ideals m of R. This proves the claim. O]

Corollary 3.1.4. Let R be a commutative domain of finite character. Let M be
a countable direct sum of finitely generated torsion-free R-modules. Then My, is a
free Ry-module for all but countably many mazimal ideals m of R.

Proof. Let M = @;cn M;, where each M; is a finitely generated torsion-free
module. By Corollary 3.1.3, (M;)y is free for almost all maximal ideals m of R.
Therefore, M, is free for all but countably many maximal ideals m of R. O
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3.2 Gluing localizations over h-local domains

It is very important to keep in mind the following structural result of torsion
modules over h-local domains. It was already proved by Matlis, see Theorem 22
in [37], but since the result and its proof are quite important to our work, we also
include a proof of it.

Lemma 3.2.1. Let R be an h-local domain, and let A be an R-algebra. Let M
be a A-module that is torsion as an R-module. Then M = @nemspec(r) Mm, each
My, is a homomorphic image of M, and its structure as a Ayn-module is the same
as its structure as a A-module.

Moreover, M 1is finitely generated as a A-module if and only if there exists a
finite set S of mazximal ideals of R such that My, = {0} for any m € S and My, is
a finitely generated Ay-module for any m € S.

Proof. For any maximal ideal m of R, let \,: M — M, denote the localization
map. Then there is an inclusion \: M < [lnemspec(r) M defined by m —
(Am (M) )memspec(r) for any m € M.

For any m € M, mA is an R/anng(m)-module. Being M torsion as an R-
module, anng(m) # {0}. Since R is h-local, anng(m) is contained only in finitely
many maximal ideals of R. Therefore, mA,, = {0} for almost all maximal ideals
m of R. Hence, A has its image in @nemspec(r) Mm-

Let & denote the finite set of maximal ideals containing anng(m). By
Lemma 2.1.21,

mA = @ (mA)w,

meS

and also
A/anng(m) = H (A/anng(m))y.
mesS

This allows us to conclude that, for any m € M and m € mSpec(R), there exists
m’ € M such that A\,(m') = 0 for any n # m and such that Ay (m') = An(m). This
implies that A induces an isomorphism M = @ycmspec(r) Mm-

In particular, for any maximal ideal m of R, M,, is a homomorphic image of
M and the structure as A-module is the same as the structure as A,-module. So
the statement about the finite generation of M easily follows from our previous
discussion. O]

The nect lemma will be used to determine when we obtain finitely generated
modules in our package deal results.

Lemma 3.2.2. Let R be an h-local domain with field of fractions Q). Let A be an
R-algebra, and let M be a finitely generated right A-module, which is torsion-free
as an R-module. Let N be a A-submodule of M such that Mg = Ng. Then N
is finitely generated as a A-module if and only if Ny is finitely generated as a
Aw-module for every mazimal ideal m of R.

Proof. 1t is clear that if N is finitely generated as a A-module, then N, is finitely
generated as a Ap-module for every maximal ideal m of R.

To prove the converse implication, assume that N, is finitely generated as
a Ayp-module for every maximal ideal m of R. Since M is torsion-free as an
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R-module, it can be seen as a A-submodule of Mg = Ng. Therefore, M C N,
and since M is finitely generated as a A-module, by Lemma 2.1.15, dM C N for
some non-zero d € R. Note that dM is also finitely generated. So we only need
to prove that N/dM is a finitely generated A/dA-module.

Since R is h-local and d is non-zero, d is contained only in finitely many
maximal ideals of R, say M = {ny,...,n;}. By Lemma 2.1.21, there is an
isomorphism

¢: RJAR — (R/dR)y, X -+ x (R/dR)n,.

Therefore, N/dM = N, /dM,, & --- & Ny, /dM,,. By Lemma 3.2.1, N/dM is
finitely generated as a A/dA-module. Therefore, N is finitely generated as a
A-module. O

Package Deal Theorem 3.2.3 (Localization of submodules). Let R be an h-local
domain with field of fractions Q. Let A be an R-algebra, and let M be a finitely
generated right A-module, which is torsion-free as an R-module. For each mazimal
ideal m of R, let X(m) be a Ay-submodule of My, which is torsion-free as an
R -module, and such that X (m)g = (My)g. Then the following statements are
equivalent

(i) There is a A-submodule N C M, which is torsion-free as an R-module, and
such that Ny = X (m) for all mazimal ideals m of R.

(ii) X (m) = My, for almost all mazimal ideals m of R.

Moreover, if each of the X (m) is finitely generated as a Ayn-module, then N is also
finitely generated as a A-module.

Proof. (ii) = (i) Suppose that X (m) = M,, for almost all maximal ideals m of
R. Let M = {ny,...,n,} denote the finite set of maximal ideals of R such that
X(m) # My,.

Fix i € {1,...,t}. Since M,, is torsion-free as an R, -module, it can be seen
as a Ay,-submodule of (M,,)q = X (n;)g. Therefore, M,, C X (n;)q, and since M,,
is finitely generated, by Lemma 2.1.15, d;M,, € X (n;) for some non-zero d; € R.
Since X (n;) # M,,, d; € n; (otherwise d;/1 would be a unit in R,, and, hence
X(n;) = M,,, a contradiction).

Let d =dy---di € nyN---Nny. Since R is h-local and d is non-zero, d is
contained only in finitely many maximal ideals of R, say {m; = ny,...,m; =
n,...,m;}. By Lemma 2.1.21, the canonical homomorphism

¢:R/AR — (R/dR)y, X -+ X (R/dR)m,

is an isomorphism. Therefore, there are non-zero bq,...,b;,b € R such that
o(b;) = (0,..., 110 0) and ¢(b) = (0,.¢.,0,1,...,1). Note that b;/1 is a unit
in Ry, for every i =1,...,t,b/1,b;/1 € dR,, for every j # i, and b/1 is a unit in
Ry, forevery i =t+1,... k.

For each i € {1,...,t}, let X| be the A-submodule of M generated by the
numerators of some set of A, -generators of X (n;). Let N = by X[+ -+b, X[ +bM+
dM, which is a A-submodule of M. Since dM,, C X(n;), Ny, = X(n;) + dM,, =
X (n;) for every i = 1,...,t. On the other hand, Ny, = My, + dMy, = M, for
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every i =t +1,..., k. For any other maximal ideal m, d/1 is a unit in Ry, hence
Ny = M, as claimed.

(i) = (ii) Conversely, let N be a A-submodule of M C Mg, which is torsion-
free as an R-module, and such that N, = X(m) for all maximal ideals m of R.
Since Mg = X(m)g = (Nm)g, by Lemma 3.1.1, My, = N, = X (m) for almost all
maximal ideals m of R.

Finally, the last part of the statement follows from Lemma 3.2.2. This finishes
the proof of the theorem. O

Corollary 3.2.4. Let R be an h-local domain with field of fractions Q. For each
mazimal ideal m of R, let X(m) be a finitely generated torsion-free Ry-module of
rank n. Then the following statements are equivalent:

(i) There is a finitely generated torsion-free R-module N of rank n, such that
N = X(m) for all mazimal ideals m of R.

(ii) X(m) is a free Ry-module of rank n for almost all mazimal ideals m of R.

Proof. (ii) = (i) Suppose that X (m) is a free Ry-module of rank n for almost
all maximal ideals m of R. Let M = {my,...,m;} be the finite set of maximal
ideals of R such that X (m) is not free.

Fix ¢ € {1,...,t}. Since X(m;) is finitely generated and torsion-free, we
can see X (m;) as an essential submodule of its injective hull @". On the other
hand, Ry, has the same injective hull Q". Since X (m;) is finitely generated, by
Lemma 2.1.15, d; X (m;) C Ry for some non-zero d; € R.

Letd=d;...d; € Randlet M = d"'R". Note that X (m) is an Ry-submodule
of M. Since R is h-local and d is non-zero, d is contained only in finitely many
maximal ideals of R. For any other maximal ideal m, d/1 is a unit in R,,. Therefore,
M, = R}, = X(m) for almost all maximal ideals m of R. By the Package Deal
Theorem 3.2.3, there is a finitely generated torsion-free R-module N, such that
Ny = X (m) for all maximal ideals m of R.

(i) = (ii) The converse is just Corollary 3.1.3. O

In Section 2.3 we proved some results that allow us to make the following con-
siderations about the (non)uniqueness of the modules constructed in Theorem 3.2.3
and Corollary 3.2.4.

Remark 3.2.5. 1t is well known that two finitely generated modules M and M’
over a commutative domain R that are in the same genus (that is, with isomorphic
localizations at the maximal ideals of R) need not be isomorphic.

Moreover, if M and M’ are finitely generated torsion-free modules over a
commutative domain R that are in the same genus, by Proposition 2.3.1, add(M) =
add(M’). If R has finite character, by Proposition 2.3.6, M is a direct summand of
M'"& M’ and M’ is a direct summand of M & M. If R is semilocal then M = M’
by Corollary 2.3.5.

3.3 Projective versus locally projective modules

In general, one has the following easy property for modules over torsion-free
algebras over a domain.
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Lemma 3.3.1. Let R be a commutative domain, and let A be an R-algebra. Let ¥
be a multiplicative subset of R. Let U be a right A-module which is torsion-free as
an R-module. If V' is a finitely generated A-submodule that is torsion-free and such
that Vs is isomorphic to a submodule of Us;, then U has a submodule isomorphic
to V.

Proof. By hypothesis, and because V' is torsion-free, Uy, has a submodule V'’ that
is isomorphic to V. Since V' is finitely generated, there exists d € ¥ such that
V' C éU C Us. Then dV' < U is the module we are looking for. O

In the following result, we specialize in two-sided ideals of A and assume that
Ag is a simple artinian ring.

Lemma 3.3.2. Let R be an h-local domain with field of fractions Q). Let A be
a torsion-free R-algebra such that Ag is simple artinian, and let I be a non-zero
two-sided ideal of A. Then:

(i) 1Nk #{0};
(i) Iw = Aw for almost all mazimal ideals m of R;
(iii) There evist my,. .., m; mazimal ideals of R such that AJT = TI'_; Am, /I,

Proof. (i) Since Ag is simple artinian and A is torsion-free, I is a non-zero
two-sided ideal of Ag. So Ig = Ag. Therefore, there exist x1,...,2, € I and
d € R\ {0} such that 1 =321} %. Thus d € RN and this finishes the proof of
(i). Note that d is contained only in a finite number of maximal ideals, so this
yields (ii).

Statement (iii) is a direct application of Lemma 2.3.2. [

Corollary 3.3.3. Let R be a commutative domain of finite character with field of
fractions Q). Let A be a torsion-free R-algebra such that Aq is simple artinian. Let
S denote a simple right Ag-module, and assume that Ag = S* as right Ag-modules.
Then any finitely generated projective right A-module P satisfies that PY is free
for almost all mazximal ideals m of R.

Proof. By assumption Py = S* for suitable ¢. Therefore P5 = Af,. Now the con-
clusion follows from Lemma 2.3.2 using the fact that finitely generated projective
modules over A are torsion-free because A is torsion-free. n

Package Deal Theorem 3.3.4 (Localization of Projectives). Let R be an h-local
domain with field of fractions (). Let A be a torsion-free R-algebra such that Ag is
simple artinian. For each mazimal ideal m of R, let P(m) be a finitely generated
projective right Ay-module with trace ideal I(m), and such that P(m)qo = Ay, for
some positive integer r. Then the following statements are equivalent:

(i) There is a finitely generated projective right A-module P such that Py = P(m)
for every mazximal ideal m of R.

(ii) P(m) = Ay, for almost all mazimal ideals m of R.
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Moreover, if P is a finitely generated projective satisfying (i) and I = Try(P),
then I, = I(m) for every m € mSpec R.

Proof. (ii) = (i). Let M be the finite set of maximal ideals of R such that
P(m) 2 Al. Consider a module F' = A". Since A is torsion-free as an R-module,
for every m € M there exists a submodule F(m) of F}, such that F'(m) = P(m).
For n € mSpec R\ M set F'(n) = F,. By Package Deal Theorem 3.2.3, there is a
finitely generated right A-module P contained in F' such that P, = F'(m) = P(m)
for every m € mSpecR. By Corollary 2.1.14, P is a projective module. Also note
that Trp(P)w = Try, (Pn) by Lemma 2.1.9.

(i) = (ii) Apply Lemma 2.3.2. O

Corollary 3.3.5. Let R be an h-local domain with field of fractions Q). Let
A be a torsion-free R-algebra such that Ag is simple artinian. Let S denote a
simple right Ag-module, and assume that Ag = S* as right Ag-modules. Let r
be a positive integer, and for each maximal ideal m of R, let P(m) be a finitely
generated projective right Aw-module with trace ideal I(m) such that P(m)g = S”.
Then the following statements are equivalent:

(i) There is a finitely generated projective right A-module P with trace ideal T
such that Py = P(m)* and I, = I(m) for every mazimal ideal m of R.

(ii) P(m)* is free for almost all maximal ideals m of R.

Proof. Apply Theorem 3.3.4 to a package P(m)’ := P(m)*, for each maximal ideal
m of R. O

3.4 Package deal for traces of projective modules

Now we want to focus on localizations of trace ideals of countably generated
projective modules over suitable algebras over h-local domains. Trace ideals of
countably generated projective right modules were characterized by Whitehead
in [72] and with more detail by Herbera and Piihoda in [24]. We recall here this
characterization.

Proposition 3.4.1 (Proposition 2.4 in [24]). Let A be a ring, and let I be a
two-sided ideal of A. Then I is the trace ideal of a countably generated projective

right A-module if and only if there exists an ascending chain of finitely generated
left ideals (Jy)n>1 such that Jyi1Jy, = Jy and I = U,>y JoA.

It is useful to keep in mind the following lemma, as it explains some modifica-
tions that can be made in the ascending chain in Proposition 3.4.1.

Lemma 3.4.2 (Lemma 2.2 in [24]). Let A be a ring. Let J; C Jy be finitely

generated left ideals of A satisfying that JoJ; = Jy. Fori=1,2, fix A; a finite set

of generators of J;. Let X be a finite subset of A such that1 € X. Fori=1,2, set
Ji =Y Aax.

zeX
a€A;

Then J; C J and J,J; = J{. Moreover, fori=1,2, J; C J;R = J/R.
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Package Deal Theorem 3.4.3 (Localization of trace ideals). Let R be an h-local
domain with field of fractions (). Let A be a torsion-free R-algebra such that Ag
is a simple artinian ring. For each mazximal ideal m of R, let I(m) be a non-zero
two-sided ideal of Ay which is the trace ideal of a countably generated projective
right Ay -module. Then the following statements are equivalent

(i) There is a two-sided ideal I of A, which is the trace ideal of a countably
generated projective right A-module, and such that I, = I(m) for all maximal
tdeals m of R.

(ii) I(m) = Ay for almost all mazimal ideals m of R.
Moreover, the ideal I that satisfies the equivalent conditions (i) and (ii) is unique.

Proof. By Lemmas 10.3 and 10.4 in [25] two trace ideals with isomorphic localiza-
tions at maximal ideals of R are equal. This implies that the ideal I in statement
(i) is unique. Now we proceed to prove the equivalence of the two statements.

(ii) = (i) Let M = {ny,...,n;} be the set of maximal ideals of R such that
I(m) # Ay, and fix some ¢ € {1,...,t}. We may assume that M is not an empty
set, otherwise by Lemma 10.3 and 10.4 in [25], I = A and A is a trace of a free
module. Now, since I(n;) is the trace ideal of a countably generated projective
right A,,-module, by Proposition 3.4.1, there is an ascending chain of non-zero
finitely generated left ideals (J;,,)n>1 of Ay, such that

Ji,nﬂJi,n = Ji,n and I(ﬂi) = U JimAni-

n>1

Fix n > 1. Let A;,, € A be a finite set of A,,-generators of J; ,,. Since J;,, is
non-zero and A is simple artinian, (J;,)oAg = Ag. Since A is torsion-free, it
can be seen as a A-submodule of Ag = (J;,)oAq. Therefore, A C (J;,)oAg, and
by Lemma 2.1.15, d; , Ay, € J; Ay, for some non-zero d,,, € n;. Then,

M n

1 Tjim Qin Sjin
i 2 U] e che

L j=1 ai,neAi,n

for some 7,5, € A for every j =1,...,my,.

Let .
X, ={1r} U U{Sl,i,na S2imy - <5m“LG} CA
i=1

and define
Ji,,n = Z Ani ai,nmn-

Tn€Xn
ai,neAi,n

By Lemma 3.4.2, J,L»’m - z{,n+17 J{7TL+1<]/{7,,L = Jf,m and J;, C Ji Ay, = Ji/,nAui‘ Let

dy =dy,...dip €03 N---Ning. Note that d, A, C Ji’m by construction. Define

Li,n - Z Aai,nxn + Adn7

Tn€Xp

A n €A n
which are left ideals of A. Note that (L;, )., = J;, because d,\,, C J; . Since
R is of finite character and d,, is non-zero, d,, is contained only in finitely many

66



maximal ideals of R. For any other maximal ideal m, d,,/1 is a unit in Ry, hence
(Lin)m = Am. Let M,, = {my =ny,...,m; =0y, my4q,...,my, } be the finite set
of maximal ideals containing d,,. By Lemma 2.1.21, the canonical homomorphism

¢n: RJdyR —> (R/dyR)y X -+ X (R/dyR)m,.

is an isomorphism. Therefore, there are non-zero elements by ,,,...,b;,,0, € R
such that ¢, (b;,) = (0,..., 110 . 0) and ¢,(b,) = (0,.9.,0,1,...,1).
Let J, = Linbin + -+ - + Linbr, + Ab, + Ad,. Note that (J,),, = J/,,, and

@,n)

(Jn)m = A for every m # n;. Consider the short exact sequence of left A-modules
0 —— Jpp1 —— Jpp1+Jn —— (Jns1 +Jn) /i1 —— 0.
Since localization is an exact functor,
0 —— (Jort)m —— (Jnw1 + Do) —— (Jns1 + Jo)w/(Jns1)m —— 0

is also a short exact sequence of left Ap-modules. Note that, since Ji,, C J; .,
(Jns1 + Jn)ai/(Tng1)n; = (Jipiar + J10)/ ey = 0 for every @ = 1,...,¢. On
the other hand, (J,11 + Jpn)m/(Jnt1)m = (Am + An)/An = 0 for every m # n,.
Therefore, (J,11 + Jn)/Jns1 = 0 and we deduce that (J,),>; is an increasing
sequence of left ideals of A.

Note that (Jui1)n,(Jn)n; = S i1 din = Jiy = (Jn)n, for every i = 1,... ¢; and
also (Jpi1)m(Jn)m = A2 = Ay = (J,)m for every m # n;. Therefore, J,,41.J,, = J,,
for every n > 1, and by Proposition 3.4.1, I = U,>1 J,A is a two-sided ideal of A
such that it is the trace ideal of a countably generated projective right A-module,
I, = I(n;) and I, = Ay, otherwise.

(i) = (ii) The converse is just Lemma 3.3.2. O
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4 Direct sums of finitely
generated torsion-free modules:
from local to global

Contents
4.1 Theglobalcase .. ... ... ... ... . ..., 70
4.2 The integrally closed case ... ............. 77
4.3 Infinite direct sums are determined by the genus .. 79
4.4 The noetheriancase . . . . . ... ... ......... 85
4.5 A family ofexamples . ... ... ............ 89

We finish this part with a study over commutative domains of finite character
or h-local domains. Through this chapter, we prove Theorem B stated in the
introduction:

Theorem B (Theorem 4.1.6, Corollary 4.2.3, Corollary 4.2.4, Proposition 4.4.6,
Theorem 4.4.8). Let R be an h-local domain of Krull dimension 1. If the class
Fr is closed under direct summands, then R satisfies that

(1) Fr, is closed under direct summands for any maximal ideal m of R;

(2) for any mazimal ideal m of R, except maybe one, all finitely generated ideals
of Ry are at most two-generated;

(3) the integral closure R of R in its field of fractions satisfies that Fg is closed
under direct summands.

Conversely, if R is an h-local domain of Krull dimension 1 satisfying (1) and
(2), then Fg is closed under direct summands in the following situations:

(a) R is integrally closed, or
(b) R is semilocal noetherian, or
(c) R is noetherian and has module-finite normalization.

In Section 4.1 we exploit the theory developed in the previous chapters, proving
the first part of Theorem B. An important intermediate result is Theorem 4.1.2,
which shows that if Fg is closed under direct summands, then finitely generated
indecomposable torsion-free modules over different localizations at maximal ideals
must have coprime rank. This type of result was first spotted by Piifhoda in [48],
and our proof follows the same strategy as the original result.

In Section 4.2, the remaining part of the characterization of integrally closed
domains with F closed under direct summands, contained in Theorem B, is
proven. The noetherian part of Theorem B is proven in Section 4.4. We stress
that Theorem 4.4.8 gives the converse of one of the main results in [48].
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In Section 4.3, we prove Theorem C stated in the introduction, which says
that the isomorphism class of infinite countable direct sums in F is determined
by the genus over suitable rings (cf. Theorem 4.3.4). This section also includes
examples showing that over a semilocal domain, being a direct summand of an
infinite direct sum of finitely generated torsion-free modules could be satisfied
locally but not globally. This contrasts with the case of finitely generated modules
(cf. Corollary 2.3.5).

We close this chapter in Section 4.5, with a family of examples of h-local
domains of Krull dimension 1 satisfying Theorem B. These examples are of the
form R = K + xzL[x] where K C L is a field extension. If such an extension is
finitely generated, then R is noetherian. If the extension is transcendental, then
R is integrally closed in its field of fractions (and it is not a Prifer domain!).
Moreover, under mild restrictions over the dimension of the field extension, R has
indecomposable finitely generated torsion-free modules of all ranks.

4.1 The global case

In this section we study when the class F, of direct sums of finitely generated
torsion-free modules over an h-local domain R, is closed under direct summands.
In the next Proposition we prove that this property localizes at maximal ideals of
R, so the results from Section 2.2 hold for R, for any maximal ideal m of R.

It is worth mentioning that we do not know how to prove directly that if F is
closed under direct summands then the same holds for R,, for any maximal ideal
m of R. The property that passes to the localization of R is that, for any finitely
generated torsion-free R-module, every direct summand of R“) @ X is a direct
sum of finitely generated modules.

Proposition 4.1.1. Let R be an h-local domain of Krull dimension 1. Let X be
a finitely generated torsion-free R-module, and assume that every direct summand
of R“) & X s a direct sum of finitely generated modules. Then, for any maximal
ideal m of R, Endg, (Xy) is a semiperfect ring, so that Xy, satisfies the equivalent
conditions of Proposition 2.2.2.

Proof. Fix a maximal ideal m of R, and set M’ = X,,. By Lemma 2.1.22(v),
Endg, (M’) is a semilocal ring. We want to prove that it is semiperfect. We
decompose M’ = F & M, where F is a finitely generated free Ry,-module and M
is a finitely generated module with no projective direct summands. Notice that
Endg, (M’) is semiperfect if and only if so is Endg, (M).

By Lemma 2.2.1(i) (see also Corollary 1.5.19), to prove that Endg, (M) is
semiperfect, it suffices to show that the idempotents of

Endg, (M)/M Hompg, (M, Ry,)

can be lifted to idempotents of Endg, (M). Therefore, we may assume that M is
non-zero and that J = M Hompg, (M, Ry) is a proper ideal of Endg, (M) contained
in J(Endg, (M)).

Let e € Endg, (M)/J be a non-trivial idempotent. By Lemma 1.5.18 and
Proposition 1.2.12, to show that e can be lifted to an idempotent of Endg, (M)
we only need to find a decomposition M = A; & A, such that, if we set P, =
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Hompg, (M, A;) for i = 1,2, then P/P,J = e(Endg,(M)/J) and Py/PyJ =
(1 - e)(Endg, (M)/J).
As M = A, @ Ay, it is easy to see that, for 1 =1, 2,

P,J ={f € Hompg,, (M, A;) | f factors throught a free module}
= AHomp, (M, Ry).
Therefore, we need to prove that M = A; & A, with
Hompg, (M, A1) /A Hompg, (M, Ry) = e(Endg, (M)/J)

and
Hompg, (M, Ay)/AsHompg, (M, Ry) = (1 — e)(Endg,, (M)/J).

By Lemma 2.1.22 there is an extension of rings
R/I C Endg(X)/X Homg(X, R),
where 0 # [ = RN X Hompg(X, R). Since R is h-local, I is contained only in

finitely many maximal ideals {m = my, ..., my} of R. So we have an isomorphism

Endg(X)/X Homg(X, R) — ﬁ(EndR( X)/X Hompg(X, R))m,

12
= H IldRm lle /X HOIHR (XmiaRmi)
given by taking localization at m; at each component (cf. Lemma 3.2.1).

Hence, there exists ¢? = ¢ € Endg(X)/X Hompg(X, R) such that A\,(¢) = 0 for
any maximal ideal n # m and A\, (€) = e, where

Ant Endg(X)/X Hompg(X, R) — (Endg(X)/X Homg(X, R))s =
~ Endp, (Xa)/ X, Homp, (X, Re)

denotes the localization morphism.
By Corollary 1.5.12, R“) & X = X; ® X, with

Homp(R & X, X;)/X; Homp(R & X, R) = ¢(Endg(X)/X Homp(X, R))
~ ¢(Endp, (M)/J)

and

Hompg(R & X, Xy)/XoHomp(R & X, R) = (1 —¢)(Endg(X)/X Hompg (X, R))
> (1~ o) (Endn, (M)/J) % ( T] Endy, (Xn)/ X, Homz,, (Xon, Re))-

Therefore,
R‘(:{J) b M= RS:{J) @Xm - (Xl)m ¥ (X2)m7
Hompg, (Rm ® X, (X1)m)/(X1)m Hompg, (Ry @ Xu, Rn) = e(Endg,, (M)/J)

and

Hompg, (Rn @ X, (Xo)m)/(Xo)m Hompg, (Ry @ Xy, Bu) = (1 — e)(Endg,, (M)/J).

71



By hypothesis, for ¢« = 1,2, X, is a direct sum of finitely generated R-modules;
hence, N; = (X;)n is also a direct sum of finitely generated R,-modules. By
Lemma 1.5.13, we obtain a decomposition M = A; & A, such that, for each
i€ {1,2},

Hompg (Rn & M, N;)/N;Hompg, (Ry ® M, Ry,)
= HOIan(M7 Az)/Az HOHlRm (]\/.[, Rm)

Therefore Hompg, (M, A1)/A; Hompg, (M, Ry) = e(Endg,, (M)/J) and
Hompg, (M, As)/As Hompg, (M, Ry) = (1 — e)(Endg, (M)/J),

as we wanted. So we can conclude that e can be lifted to an idempotent of
Endg, (M) by an application of Lemma 1.5.18. O

Next result shows that, over an h-local domain R, to have the class F closed
under direct summands we need that the ranks of indecomposable modules over
different localizations at maximal ideals are coprime.

This somewhat surprising Theorem 4.1.2 is the extension of Lemma 4 in [48] to
our setting. For its proof, we need our versions of the Package Deal Theorems 3.2.3
and 3.4.3, as well as the results from Section 1.5.

Theorem 4.1.2. Let R be an h-local domain with at least two different mazimal
ideals my and my. For each i = 1,2, let M; be a finitely generated, indecomposable,
torsion-free Ry, -module with local endomorphism ring and with rank r;. Then,

(i) fori = 1,2, there exists a finitely generated, indecomposable, torsion-free
R-module X; such that (X;)m, = M; and X = R} for every mazimal ideal
m different from my;

(ii) if r1 and ry are not coprime then Add(X; & X3) has elements that are not
a direct sum of finitely generated modules.

Proof. Corollary 3.2.4 ensures the existence of finitely generated, indecomposable,
torsion-free R-modules X; and X, with the claimed properties in statement (i).

To prove (ii), let d = ged(ry, 72). We show that if d > 1, there exists a module
in Add(X; & X») which is not a direct sum of finitely generated torsion-free
R-modules.

Let A = Endg(X; & X5). By Lemma 2.1.22(i) and (iii), A is a torsion-free
R-module and Ag a simple artinian ring. Recall from Remark 1.5.11 that A can
be identified with the matrix ring:

. |: EndR<X1) HOHIR(XQ,Xl):|
o HOIHR(Xth) EHdR(XQ)

By Lemma 2.1.11, A, = Endg, ((X1)m @ (X2)m) for every maximal ideal m of R.

Let

10 00
I = Ay, {0 0} A, and I = Ay, [0 J An,.

By the Package Deal Theorem 3.4.3, there is a non-zero two-sided ideal I of A,
which is the trace of a countably generated projective right A-module, such that
In, = 1; (i =1,2) and I, = Ay, for every maximal ideal m of R different from m,;.
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By Lemma 2.1.22(iv), I N R # {0}, so A/I is a torsion R-module. Note that
the only maximal ideals containing I N R are m; and my (otherwise, if there exists
another maximal ideal n containing I N R, I, N R, # R,, and then [, # A,, a
contradiction). By Lemma 2.1.22[(vi), the canonical homomorphism

AT = @uemspec RV D = (A Dy X (M) ),

is an isomorphism.
From Remark 1.5.11,

I, — Endle (M1> Homle (Ml,R:;Ql)
'~ [Homp,, (Rrz, M) Homp, (M, Rz )Hompg, (R, M)l

Therefore, (A/1)m, = Aw,/I1 = M,,(Rw,)/J, where
J = Homp, (M, R?)Homp, (R

my?

Ml).

Notice that J # Endg, (R;?) because this would imply that the identity map
of Ri2 is in J, so that R}2 is a direct summand of M7 for some n € N. Since
M has local endomorphism ring, the Krull-Schmidt-Remak-Azumaya Theorem
implies that M; = R,,,, but we are assuming that r; > 1, a contradiction.

Therefore, there is an isomorphism ¢: A/I — M,,(Ruw,)/J X (A/I)n,. Then
there is an idempotent element e € A/I such that p(e) = (E1; + J,0), where
E1q is the idempotent matrix with 1 in the 1,1-entry and zeros elsewhere. Since
MT2(Rm1)E11M7‘2 (le) == Mr2<Rm1), we deduce that En ¢ J.

By Theorem 1.5.5(i), there is a countably generated projective right A-module
Q) such that Q/QI = e(A/I). We claim that such @ is neither finitely generated
nor a direct sum of finitely generated modules.

Recall that Ay, = Endpg,, (M) © R;?). Since M; has local endomorphism ring,
there are only two finitely generated indecomposable projective Ay, -modules up
to isomorphism, namely

Pla = Homle (Ml D R’? Ml) and Plb = HOHlle (Ml D R;QN le)

my)

Notice that P, and P, are not isomorphic because M; has rank r; > 1. In
addition, by the Krull-Schmidt-Remak-Azumaya Theorem, every projective Ay, -
module can be written uniquely as a direct sum of copies of P, and Pyy.

By the definition of Py, Tr(P;,) = I;. On the other hand,

(Q/Q‘Z)ml = (e(A/‘[))ml = (Ell + ‘])Mm(le)?

SO Qum, = P1(§ D Py, where k; is, at most, a countable cardinal.
Similarly, there are two finitely generated indecomposable projective Ay,-
modules up to isomorphism

Py, = Homp, (Ry, ® My, My) and Py = Hompg, (Ry, © Ma, Ry,).

By the definition of Py,, Tr(Pa,) = Io. Thus, since (Q/QI)m, = (e(A/I))m, = {0},
we have Qu, = PQ(SQ), where ko is, at most, a countable cardinal.

Let L = Q ®, (X7 & X3), which is in Add(X; & X3). By Proposition 1.2.12,
L is a direct summand of (X; ® X)) and Hompz(X; ® Xy, L) = Q. Moreover,
by Proposition 1.2.12,

(*) Lo, @MU @Ry, and  (s%) Lup, =M™
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If @ is finitely generated, ki and ky are finite. But then, by the isomorphism (%),
the rank of L is congruent to 1 modulo d and, by the isomorphism (xx), the rank
of L is divisible by d, a contradiction.

To prove the second statement in the claim, assume that ) = @,y @i, where
the @;’s are finitely generated. Since QQ/QI = e(A/I) is finitely generated,
Q; = QI for almost all t € N. If Iy == {1 e N | Q; # Q;I}, then Qf = D¢y, Qi is
a finitely generated projective right A-module such that Qr/Q I = e(A/I). By
the previous part of the proof, such @)y does not exist, hence () is not a direct
sum of finitely generated modules. By Proposition 1.2.12, L € Add(X; & X3) is
not a direct sum of finitely generated modules. This finishes the proof of (2). [

Next proposition reviews a construction, that goes back to an idea of Bass [6],
of an indecomposable finitely generated torsion-free module of rank two over any
local domain that has a finitely generated ideal that cannot be generated by two
elements.

This construction is particularly relevant to us in view of Theorem 4.1.2. It is
going to imply that if F is closed under direct summands, then finitely generated
ideals of Ry, are two-generated for all maximal ideals of R except maybe one, see
Theorem 4.1.6.

Proposition 4.1.3. Let R be a commutative local domain, with field of fractions
Q, and mazimal ideal m. Let a,b,c be elements in R such that the ideal K =
aR+ bR+ cR cannot be generated by two elements. Set a = (a,b,c) € R® and let
H = R*NQa. Then:

(i) M = R3/H is an indecomposable, finitely generated torsion-free module of
rank 2.

(ii) If R is local, then so is Endg(M).

Proof. (i) Let k = R/m be the residue field of R. Let M = A;/H & Ay/H be a
nontrivial decomposition with A; R-submodules of R? containing H. Consider
M ®@rk = (A/H @r k) @ (A2/H ®g k). Then, since M ®g k is at most a
three-dimensional vector space, one of the direct summands is one-dimensional.
We may assume that it is Ay/H ®g k, which in turn implies that Ay/H = R3/A;
is isomorphic to R. Therefore, the exact sequence

0 Al Rd Rs/Al — 0

splits, and we deduce that A; is a 2-generated free module. So that if v; and

Vg is a basis of Ay, there exists ri, 7y € R such that (a,b,¢) = v1r; + very. This

implies that K C R + roR. Since v; and vy can be completed to a basis of R?,

it follows that K = r1 R + ro R, which contradicts the assumption that K cannot

be generated by two elements. This finishes the proof that M is indecomposable.
(ii) The module M fits into the exact sequence

0 H R3 M 0.

Let T = {f € Endg(R?) | f(H) C H}, which is a subring of Endz(R?). Then
there is an onto ring endomorphism ¢: 7' — Endg(M). We will prove that T is a
local ring, and then so is Endg(M).
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Restriction to H induces a ring morphism ¢: 7" — Endg(H) with kernel

I={feT|f(H)=0}
We claim that the embedding T' < Endg(R?) is local. Indeed, let f € T be
such that f is invertible in Endg(R?). Then there is a commutative diagram

0 H R? M 0
w(f) f (/)
0 H R? M 0

Since f is invertible, it is onto and then so is ¢(f). Since M is a finitely generated
module over a commutative ring, we deduce that ¢(f) is bijective. Now the Snake
Lemma implies that v (f) is also bijective, and then we can deduce that f~' € T.

Now we prove that I C J(7). Notice that if f € I, then it induces a module
homomorphism f: M — R? such that im f = im f. Since M is indecomposable,
and R is local im f € R®m. Hence, 1 — f is invertible in Endz(R?), and since the
embedding T < Endg(R?) is local, we deduce that 1 — f is invertible in 7. This
proves that the two-sided ideal I C J(T).

The image of the ring morphism 9 is the ring

S = {g € Endg(H) | g can be extended to an endomorphism of R*}.

Hence T'/I = S, and T is local provided S is local. Notice that for any g € S its
extension to R? satisfies a monic polynomial of degree 3 with coefficients in R,
so ¢ also satisfies that polynomial. This is to say that the extension R — S is
integral.

Since H is a torsion-free module of rank 1, Endg(H) can be identified with a
subring of Q. Then S is a subring of R. Since R is local, so is S. This finishes
the proof of the result. O

The next corollary shows that the conclusions of Proposition 4.1.3 can be
extended to any ring S between R and its integral closure.

Corollary 4.1.4. Let R be a commutative local domain, with field of fractions
Q and mazimal ideal m such that R is local. Let S be an intermediate ring
R C S CR. Let a,b,c be elements in S such that the ideal K = aS + bS + ¢S
cannot be generated by two elements. Set a = (a,b,c) € S* and let H = S*> N Qa.
Then:

(i) M = S3/H is a torsion-free R-module of rank 2 and Endgr(M) = Endg(M)
s a local ring. In particular, M is indecomposable.

(ii) Consider the ring T' = Rla, b, c| which is a finite integral extension of R. Let
H' = HNT®. Then M' =T3/H' is an indecomposable, finitely generated
R-module of rank 2 with local endomorphism ring.

Proof. Since R is local, so is any intermediate ring R C S C R.
Notice also that an S-module M has finite rank n as S-module if and only if
it has finite rank n as R-module because M ®g Q) = M ®s S Qr Q = M Qg Q.
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This implies, in addition, that Endg(M) = {A € M,(Q) | AM C M} coincides
with Endg(M).

Therefore, the result is a consequence of Proposition 4.1.3 applied to S in (i)
and to 7" in (ii). O

The following lemma is a variation for domains of finite character of a well-
known fact about bounds on the number of generators of finitely generated ideals.

Lemma 4.1.5 (Proposition 1.4 in [5]). Let R be a commutative domain of finite
character. Let k > 2. If I is a non-zero finitely generated ideal of R such that
IRy, is k-generated for every maximal ideal m of R, then I is also k-generated.

Proof. Let I be a non-zero ideal of R. Since R is of finite character, I is contained
only in finitely many maximal ideals {m;, ..., m,} of R. First, observe that there
exists @ € [ such that a/1 € m;[,, for every ¢ = 1,...,n. Indeed, let oy; € T
be such that «;/1 & m;[,, and let ey, ..., e, be such that e; — 1 € m; for every
t=1,...,n and e; € m; whenever 1 <<¢ # j <n. Then let o = 31", ;0.

Since R is of finite character, « is contained only in finitely many maximal
ideals of R, say M = {my,... ,m,, M, 1,..., M, ¢}

For each i =1,...,n, there are o 1,...,a; -1 € I such that

g
1

o k—1
[mi — TRmZ + Z le"

=1

Foreachi=n+1,....n+4,j=1,....,k—1let a;; € I \m; and o;; = 0 if
j > 1. Notice that I, = § R, —1—22?;11 “ Ry, for every i = 1,...,n+{. As before,
consider fi,..., fpy¢ € Rsuch that fi —1em;and f em; if 1 <j#7<n+/(
Set 3 ; = fia jforeveryi=1,...,n+landj=1,...,k—1. Forj=1,... k-1
set a; == S" 35, We claim that I = aR + Z?;ll a;R. Tt is sufficient to verify
this equality locally. If m ¢ M then both sides localize to R,. Also,

k—1 k—1
OéRmi + Z Oéiji + milmi = OéRmi + Z Oéi,iji + ml]ml
j=1 Jj=1
Since [ is finitely generated, we can conclude by Nakayama’s lemma. m

Now we are ready to prove the main result of the section.

Theorem 4.1.6. Let R be a commutative domain of finite character, and of Krull
dimension 1. Assume that for any finitely generated torsion-free R-module X,
every element of Add(X) is a direct sum of finitely generated modules. Then R
satisfies the following properties:

(1) For any mazimal ideal m of R and any ring S such that Ry C S C Ry we
have that finitely generated indecomposable torsion-free S-modules have local
endomorphism ring;

(2) for any mazximal ideal m of Ry, except maybe one maximal ideal my, all
finitely generated ideals of Ry are at most two-generated. Then Ry is a
valuation ring for any maximal ideal m # my.
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(3) for each maximal ideal m of R, there is a unique mazimal ideal of R lying
over m. In particular, R has also finite character.

If R, satisfies the two-generated property for any mazimal ideal m, then R is a
Priifer domain of Krull dimension 1, so any finitely generated ideal of R is, at
most, two-generated.

Proof. By Corollary 2.2.3 and Proposition 4.1.1, we deduce that for any maximal
ideal m of R, any ring S such that R, C S C R, satisfies that every finitely
generated indecomposable torsion-free S-module has local endomorphism ring.
This shows (1).

Notice that (1) implies that R is also a ring of finite character because there is
just one maximal ideal of R lying over each maximal ideal of R. This shows (3).

By Theorem 4.1.2, the ranks of two finitely generated, indecomposable, torsion-
free modules over different localizations of R at maximal ideals must be coprime.
In view of Corollary 4.1.4, we deduce that finitely generated ideals of R, are
2-generated for any maximal ideal m of R, except maybe for one that we will
denote by my. By Proposition II1.1.11 in [18], R, is a valuation ring for any
maximal ideal m # my. This proves statement (2).

If the maximal ideal my does not exist, then R is a Priifer domain of Krull
dimension 1. Moreover, by Lemma 4.1.5, any finitely generated ideal of R is, at
most, 2-generated. O]

4.2 The integrally closed case

In this section, we will use the results developed until now to show that the
converse of Theorem 4.1.6 is true for integrally closed h-local domains of Krull
dimension 1. This will be done in Corollary 4.2.3.

We recall the following definition, which will be needed for this section.

Definition 4.2.1. Let R be a ring. Let M be a right R-module. A submodule N
of M is called relatively divisible or an RD-submodule if Nr = N N Mr for each
re R.

In particular, this definition tells us that if for some r € R, a € N, the equation
xr = a has a solution in M, then it has a solution in N as well. In this sense, pure
submodules are a generalization of RD-submodules to the case where, instead of
an equation, we have a system of linear equations which has a solution in N"
whenever it has a solution in M", for some positive integer n > 1.

Proposition 4.2.2. Let R be an h-local domain of Krull dimension 1 with field
of fractions Q). Assume that Ry is a valuation domain for all mazimal ideals m of
R except for maybe one maximal ideal my.

Then the class of R-modules that are direct sums of finitely generated torsion-
free R-modules is closed under direct summands if and only if the class of direct
sums of finitely generated torsion-free Ry,-modules is closed under direct sum-
mands.
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Proof. By Proposition 4.1.1, if the class of R-modules that are direct sums of
finitely generated torsion-free R-modules is closed under direct summands, then
so is the corresponding class for Ry,. We need to prove the converse result.

Let {N; | i € N} be a countable family of non-zero finitely generated torsion-
free R-modules and set N = @,y N;. Let A be a direct summand of N. Then A,
is a direct summand of Ny,,. By hypothesis, Ay, is a direct sum of finitely generated
Ruy,-modules, say Ap, = @;en Xi. Fori € N, let A;:={a € A| { € ®1<j<; Xj}.
We claim that A; is an RD-submodule of A. Let a € A and r € R\ {0} be such
that §7 € @1<;<; Xj, since 7 is not a zero divisor of X, for any £, we deduce that
T € A;. This finishes the proof of the claim.

Note also that there is an ¢ > 1 such that @,<;<; X; is a submodule of

le(Ni)mO. Hence, since all modules involved are torsion-free, A; < @le N;. We
claim that this is also an RD-embedding. Assume that n € GBf:l N; is such that
there exists » € R such that nr € A; < A. As A is an RD-submodule of N, we
deduce that n € A, and since A; is an RD-submodule of A we deduce that n € A;.

Now we shall prove that A; is finitely generated. Since A; is a submodule of
a free module R", by Lemma 3.1.2 there exist ay,...,a, € A; and a finite set of
maximal ideals of the form S = {mg, my,..., m;} such that (A;)m = X5, ¥ Rn
for any maximal ideal m ¢ S. In particular, (4;)q = >5_; $Q and in the exact
sequence,

0 —— Zs:ajR A, Ai/<zs:ajR> — 0
=1

Jj=1

the module A;/(35_, a;R) is torsion. Since R is an h-local domain of Krull
dimension 1,

(Sar) =@ (w(Sun)), - @ (4/(Sun),

memsSpec( mesS

Hence, to prove the claim, it is enough to show that (A;)qy, is finitely generated
as a Ap,-module for any j =0,...,¢, cf. Lemma 3.2.1.

Note that (A4;)m, = @1<;<; X is finitely generated. Assume now that j > 1.
Since A; is an RD-submodule of @)_, Ni, we deduce that (4;)y, is an RD-
submodule of @izl(Nk)mj. Since Ry, is a valuation domain, and the module
D—1 (Ni)m, /(A;i)m, is finitely generated and torsion-free, it is projective. Therefore,
(Ai)m, is a direct summand of @j,_,(Nk)w,, so it is finitely generated, as claimed.

Now, A is a union of a chain of finitely generated modules A; C Ay C A3 C ---.
For any ¢ € N, the exact sequence 0 — A; — A; 11 — A;11/A; — 0 splits upon
localization at my by construction. It also splits when localized at other maximal
ideals since it is RD-exact, Ry, is a valuation domain, and all the involved modules
are finitely generated and torsion-free, and therefore projective.

By Lemma 2.1.13, the sequence 0 — A; — A1 — A;j11/A; — 0 splits in R
for any ¢ € N. Therefore, A = Ay @ (B;en Air1/Ai) is a direct sum of finitely
generated modules. O

Corollary 4.2.3. Let R be an h-local domain of Krull dimension 1 that is integrally
closed in its field of fractions Q). Then the following statements are equivalent:
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(i) The class of R-modules that are direct sums of finitely generated torsion-free
R-modules is closed under direct summands.

(ii) For any finitely generated torsion-free R-module X, every element in Add(X)
s a direct sum of finitely generated modules.

(iii) The ring R satisfies one of the following conditions:

(1) R is a Prifer domain; or

(2) there is a mazimal ideal mg such that for every mazimal ideal m # my,
Ry is a valuation domain, Ry, is an integrally closed domain that is
not a valuation domain, and every indecomposable finitely generated
torsion-free Ry,-module has local endomorphism ring.

Proof. 1t is clear that (i) implies (ii). Theorem 4.1.6 shows that (ii) implies (iii).
Assume (iii) holds. If R is a Prifer domain, then it is semihereditary, so
finitely generated torsion-free modules are projective, and all projective modules
are the direct sum of finitely generated ideals. So (i) is trivially satisfied.
Now assume that R satisfies the condition (2). By Corollary 2.2.3, Ry, satisfies
that the class of finitely generated torsion-free modules is closed under direct
summands. Then (i) follows from Proposition 4.2.2. O

Corollary 4.2.4. Let R be an h-local domain of Krull dimension 1. Assume
that the class of R-modules that are direct sums of finitely generated torsion-free
modules is closed under direct summands. Then its integral closure also satisfies
this property.

Proof. By Theorem 4.1.6, R satisfies conditions (1) and (2) of part (iii) of
Corollary 4.2.3 so we can deduce that the class of finitely generated torsion-free
R-modules is closed by direct summands. O

4.3 Infinite direct sums are determined by the
genus

Definition 4.3.1. Let R be a commutative ring, and let A be an R-algebra. Let
M and N be right A-modules. We say that M and N are in the same genus if
My, is isomorphic to N, for every maximal ideal m of R.

Lemma 4.3.2. Let R be a commutative ring, and let A be a module-finite R-
algebra. Let M, N, and X be right A-modules. If X 1is finitely generated over R
and M & X and N & X are in the same genus, then M and N are in the same
genus.

Proof. Recall that if a module Y has semilocal endomorphism ring, then it has the
cancellation property, that is, Y & A =Y @ B implies A = B (see, for example,
Theorem 4.5 in [14]).

By Proposition 2.1.3, X, has semilocal endomorphism ring. Therefore, if
My ® X = Ny @ X then M, = N, for every maximal ideal m of R. O
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Lemma 4.3.3. Let R be a commutative domain of finite character with field of
fractions Q). Let A be a module-finite R-algebra such that Ag is a simple artinian
ring. Let M = @;cr M; be an infinite direct sum of non-zero finitely generated right
A-modules which are torsion-free as R-modules, and let N be a finitely generated
right A-module which is torsion-free as an R-module. If Ny is a direct summand
of My, for every maximal ideal m of R, then N is a direct summand of M.

Proof. Suppose that N, is a direct summand of M, for every maximal ideal m of
R. Since Mg, is a free Ag-module and N is finitely generated, there is some finite
subset I; C I such that Ny is a direct summand of @;;, (M;)g. By Lemma 2.3.2,
there is a A-module homomorphism f: @,c;, M; — N such that the induced
homomorphism fu: @icr, (M;)m — N is a splitting epimorphism for almost all
maximal ideals m of R.

Let M be the finite set of maximal ideals m such that f;, is not a splitting
epimorphism. Since N is finitely generated, there is some finite subset Iy C [
containing /; such that N, is a direct summand of @, , (M;)n for every m € M.
Then Ny, is a direct summand of @;cz, (M;)n for all m € mSpec R.

Since A is simple artinian and N is finitely generated, there exists I3 C I\ I
finite such that Ny is a direct summand of @, (M;)g. Then, by Proposition 2.3.6,
N is a direct summand of @;c;, M;, where Iy = I, U I3. Hence, N is a direct
summand of M. O

Theorem 4.3.4. Let R be a commutative domain of finite character with field of
fractions Q). Let A be a module-finite R-algebra such that Ag is a simple artinian
ring. Let M = @,en, Ai and N = @en, Bi be direct sums of non-zero finitely
generated right A-modules which are torsion-free as R-modules. If M and N are
in the same genus, then there are decompositions

M = @jen, Mi and N = jen, Ni

such that both M; and N; are finitely generated, and M; = N; for every i € Ny.
In particular, M and N are isomorphic.

Proof. Let {m,}.cq denote the set of maximal ideals of R. Let {a;}ien, and
{b;},en, be countable sets of generators for M and N, respectively.

By Lemma 2.1.3, (A4;)n, and (B;)m, have semilocal endomorphism rings for
every a € ), and ¢ € N. Hence, both A; and B; satisfy the cancellation property
locally for every ¢ € N.

We claim that there exist mg, ng € N and decompositions

M = M() ) Z() ) ®§m0+1 Az and N = N() ) @;’in0+1 B]

for some finitely generated modules My, Ny and Z; such that M, is isomorphic
to Ny, ag € My, by € Ny, and Zy @ D;2,,, 11 Ai and EB?‘;HOH Bj are in the same
genus.

Let my = min{m € Ny | ap € D", A;}, and consider X, = EBZZ% A;. By
Lemma 4.3.3 applied to X, there is nj € Ny such that X, is isomorphic to a

. n .
direct summand of @;%, B;. Therefore, we can write
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with X, 2 Y, and Y, @ Z, = @2, B;. Thanks to Lemma 4.3.2, @2, , 4; and
Zy @ @j”:né 41 Bj are in the same genus.

Let ng = max{n, + 1,min{n € Ny | by € Dj_, B;}}, and consider Y, =
Z, ® EB;‘“n +1 Bj. By Lemma 4.3.3 applied to Y7, there is mo > my, such that Y}
is 1somorph1c to a direct summand of @i:mé 41 Ai. Then

M=Xy®X,®Zy® D2, 114 and N=YyeY1®&®, 15

with Xo & Yy and X; = Y). By Lemma 4.3.2, Z, & @52, 11 Ai and D}, 1 B
are in the same genus. Take My, = Xg & X; and Ny = Yy & Y;. We can
repeat this argument w times to obtain ascending chains of positive integers
mo<---<mp<---and ng < --- <ny<---, and decompositions

= (@i Mi) ® Ze & (@, 1 Ai) and N = (@i Ni) @ (@72,,41 B))

such that M; is finitely generated and isomorphic to N; for every ¢ = 0,..., /¢,
ag,...,0p € 695:0 MZ‘, b()7 ey bg c @5:0 Ni7 and ZZ@( ?imﬁ_l Az) and Ga;ing—l-l Bj
are in the same genus. Therefore, we obtain two families of finitely generated
A-modules which are torsion-free as R-modules {M; }ien, € M and {N, }ien, € N
such that M; is finitely generated and isomorphic to N;, {a;}ien, C Dien, M,
and {b;}ieny € @ien, NVi- We deduce that M = @,cn, M; and N = Py, N,
Therefore, M is isomorphic to N. This finishes the proof of the proposition. [

The following proposition generalizes Lemma 4.3.3.

Proposition 4.3.5. Let R be a commutative domain of finite character with
field of fractions Q). Let A be a module-finite R-algebra such that Ag is a simple
artinian ring. Let M = @;c; M; be an infinite direct sum of non-zero finitely
generated right A-modules which are torsion-free as R-modules, and let A be a
direct summand of M of infinite rank. Let N be a finitely generated right A-module
which is torsion-free as an R-module. If Ny, is isomorphic to a direct summand
of Aw for each maximal ideal m of R, then N is isomorphic to a direct summand

of A.

Proof. Since A is a direct summand of M, there are A-homomorphisms ¢: A — M
and m: M — A such that m. = 14. For every subset J C [, let m;: M — @;c; M;
denote the canonical projection, and let t;: @;c; M; — M denote the canonical
embedding.

Since Ng is a direct summand of Ag, there are Ag-homomorphisms f: Ng —
Ag and g: Ag — Ng such that gf = 1y,. By Lemma 2.1.11, there is a A-module
homomorphism fo: N — A such that f = fy/s for some non-zero s € R. Let J
be a finite subset of I such that im fy C @;c;, M;. Hence g(1y,mit)qf = 1ng-

Again, by Lemma 2.1.11, there is a A-homomorphism ¢': @,c,;, M; — N such
that g(ty,)o = ¢'/t for some non-zero t € R. Let gy = ¢'my,¢, and note that
go/t: Ag — Ng is a Ag-homomorphism satisfying that (go/t)f = 1n,. Hence, we
may assume that there exists a A-homomorphism go: A — N that factors through
7t, and such that g is of the form go/t for some non-zero ¢t € R. In particular,
gofo = stly. Also note that go(A N @,ep g, Mi) = 0 and im fy € Dje ) M

Let rg = st € R. Since R is of finite character, ry is contained only in finitely
many maximal ideals of R, say M = {my, my,..., m;}. A similar argument as
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above shows that there are A-homomorphisms fi,..., fx: N = A, g1,...,91: A —

N, and non-zero elements 71, ..., € R such that g;f; = ;15 and r; ¢ m;, for

each i = 1,...,k. These morphisms can be chosen such that there are finite

subsets Ji, Ja, ..., Ji C I such that g;(AN@iep .y, Mi) =0 and im f; C @iy, M
Let J =Y, J;, and let J' := I\ J. Consider an exact sequence

0 X s AT g M,

where X' = AN @;c; M;. Since A is of infinite rank, X has infinite rank as
well, and hence there is a Ag-monomorphism f': Ny — Xg. Then vg f’ splits
because Ag is simple artinian. Let ¢': Ag — Ng be a Ag-homomorphism such
that g'vof’ = 1n,. As in the first part of the proof, we may assume that ¢’
factors through (mxt)g for some finite subset K C J'. Therefore, there are A-
homomorphisms f: N = A and ¢go: A — N such that g, foc = recly for some
non-zero ro, € R. Moreover, im foo € X and goo(AN@;c; M;) = 0.

Since R is of finite character, r., is contained only in finitely many maximal
ideals of R, say N' = {ny, ny,...,n,}. By the Chinese Remainder Theorem, we can
find ey,...,e; € R such that e; =0 mod n; whenever j # 7 and e; =1 mod n;,
for every j = 1,...,/. Note that any maximal ideal of R either does not contain
ro or is in M. Hence, by the definition of the r,...,r;, no maximal ideal of R
contains the whole set {rg,...,7%}.

For every j = 1,...,¢, let i(j) € {0,...,k} be such that r;;) & n;. Let
g: A — N be the A-homomorphism given by g = Joo + Zj:l €;9i(5)-

We claim that g is a locally split epimorphism, so by Lemma 2.1.13 it is a split
epimorphism. Note that ¢fs = goofoo = T'eoln, S0 gn splits if n does not contain
Teo. On the other hand,

gfi( Zeng ])fl = €Tt 1N + Z €i9i ])fz

J=1 1<5<e
i
When we localize at n;, the first summand is an invertible element, while the
second summand is in J(Endy,, (NV,,)) by Lemma 2.1.6. Hence, g, splits for any
maximal ideal of R, and we conclude with the proof of the statement. m

Now we are going to give an example showing that Lemma 4.3.3 is not true
for direct summands that are not finitely generated. We start with the following
well-known lemma that will provide us a source of noetherian local domains of
Krull dimension 1 with local integral closure. So that indecomposable finitely
generated torsion-free modules have local endomorphism ring (see, for example,
Corollary 2.2.9).

Lemma 4.3.6. Let ay,...,q, be (non-zero) coprime elements of N. Let K be a
field, R = K[t*',...,t*"] and let m =t*"R+---+t*"R. Set ¥ = R\ m. Then:

(i) R is a noetherian domain of Krull dimension 1 and field of quotients K (t).
The integral closure of R into its field of fractions is K]|t].

(ii) The integral closure of Ry into its field of fractions is K[t]s = K|t]y). In
particular, it is a local Ting.
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(iii) Ewvery finitely generated, indecomposable, torsion-free Ry-module has local
endomorphism ring.

Proof. (i) The field of fractions of R is a subfield of K(¢) that contains R and
also ¢ (because ay, ..., a, are coprime) so it coincides with K (¢). Since K[t] is a
PID, it is integrally closed, and being an integral extension of R, it is the integral
closure.

(ii) By (i) the extension R,, C K|ty is integral. If n is a maximal ideal of
K|ty then nN R = m. Therefore ¢ € n, so that n = tK|t]y, and K|[t]y is a local
ring.

The statement (iii) follows from (ii) and Corollary 2.2.9. O

Example 4.3.7. There are a semilocal noetherian domain R of Krull dimension
1, and R-modules M and N that can be written as infinite direct sums of non-zero
finitely generated torsion-free R-modules such that Ny, is a direct summand of My,
for every maximal ideal m of R but N is not a direct summand of M.

Proof. Let K be an infinite field. Let Ry = K[t?, t*]4245) and Ry = K[t,t"] 3 47).
So Lemma 4.3.6 applies to R; and Rs.

The local domain R; is a Bass domain with just two indecomposable finitely
generated torsion-free modules (or rank one) up to isomorphism. Namely, X = R;
and Y = my; where m; denotes the maximal ideal of R;. Note that, by Lemma 4.3.6,
X and Y have local endomorphism ring.

The domain R, has infinitely many indecomposable finitely generated torsion-
free modules of all ranks > 2, because it fails to satisfy the Drozd-Roiter conditions
(cf. Theorem 4.2 in [33]). More precisely, if we denote by my the maximal ideal
of Ry, the Ry-module (my K [t] ;) + R2)/Rs is not cyclic because a minimal set of
generators is t* and ¢°.

We single out an infinite family Z;, Z5, ... of indecomposable finitely generated
torsion-free Ro-modules of rank 2. Note that, by Lemma 4.3.6, such modules have
local endomorphism ring.

Let ¢: K(t) — K(t) be the automorphism that fixes K and such that p(t) =
t+ 1. Let R be the ring that fits in the pull-back diagram

R—— Ry

/

where ¢': Ry — K(t) 5 K(t).
By Theorem 4.4 in [73], R is a noetherian domain of Krull dimension 1 with
exactly two maximal ideals m and n and satisfying that R, = R; and R, = Rs.
Apply the results on [73] (or just Corollary 3.2.4) to construct two sequences
of finitely generated torsion-free R-modules My, Ms, ..., Ny, N, ... such that

(M)a=N)a=%Z, (M)u=XdY and (N)w=XdX.
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Call M = @;cny M; and N = @,y Ni. Then N is locally a direct summand of M,
but N is not isomorphic to a direct summand of M. Indeed, if N & N’ = M then

(DBien Zi) © Ny = Djen Zi-

Since {Z; };en are non-isomorphic and have local endomorphism rings, N, = {0}.
Hence, as N’ is torsion-free, N’ = {0}. But N, 2 M, a contradiction. ]

Remark 4.3.8. By Proposition 4.4.6, the ring R in Example 4.3.7 satisfies that
the class of direct sums of finitely generated torsion-free modules is closed under
direct summands.

Proposition 4.3.9. Let R be a commutative domain of finite character. Let M
be a torsion-free R-module of countable rank. Let mg be a maximal ideal of R.
Assume that

(a) My is a direct sum of finitely generated torsion-free modules of rank one
with local endomorphism ring for every mazimal ideal m # mg, and

(b) My, is a direct sum of finitely generated torsion-free modules.

Then M 1is in the same genus as a direct sum of finitely generated torsion-free
modules if and only if

(i) My is a free module for all but countably many mazximal ideals m of R.

(ii) If M = {m € mSpec R | My, is not free}, and if ro, denotes the number of
free direct summands in the decomposition of My, then for every b € N the
set {m e M | ry < b} is finite.

Proof. Let N = @,y Vi, where each N; is a finitely generated torsion-free module,
and assume that M and N are in the same genus. Statement (i) follows from
Corollary 3.1.4. If M is finite, (ii) is clear. Assume M is infinite and let b € N.
Then there are only finitely many maximal ideals m € M such that at least one
of (N1)m, - -, (Np)m is not free, so ry > b for almost all m € M. This proves (ii).

Conversely, assume that (i) and (ii) are satisfied and let My, = @;en M i
where each M,,; is a finitely generated torsion-free module and such that My, ;
has rank one for every maximal ideal m # mg. For each ¢ € N, let d; denote the
rank of the module My, ;.

First, assume that M is finite. For each ¢ € N, apply the Package Deal
Theorem 3.2.3 to

do+--+d;
Xi(mg) = Mu,i and  Xi(m) = @2, 1%, ) Mw; for each m # mg

(note that, since M is finite, X;(m) is free for almost all maximal ideals m of R).
Then, for each j € N, there is an R-module N; such that (N;)n = X;(m) for every
maximal ideal m in R. Therefore, @;cy IV; is in the same genus as M.

Now, assume that M is infinite and consider the case where r, is finite for every
maximal ideal m of R. First, write the elements of M in a sequence my, mo, ...
in such a way that ry, <7y, <--- is non-decreasing, and assume that the direct
summands in the decompositions of M, are indexed such that My, ..., My, are
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the free direct summands. For each ¢ € N, apply the Package Deal Theorem 3.2.3
to

Xi(mg) = My, and  X;(m) = @?izéjﬁdifﬁl My, ; for each m # m,

0,0
(note that, with this reordering and considering (i) and (ii) with b = dy+ - -+ d;,
My, ; is free for almost all maximal ideals). Then, for each j € N, there is an
R-module N; such that (), = X;(m) for every maximal ideal m in R. Therefore,
@D;en IV is in the same genus as M.

Finally, assume that M is infinite and there is at least one maximal ideal
m with 7, infinite. Let my, mo,... be a (finite or infinite) list of elements in
{m € M | ry is finite} and let ny, ny, ... be a (finite or infinite) list of elements in
{n € M | r, is infinite}. The first sequence is chosen such that ry, < ry, <--- is
non-decreasing, and again we assume the direct summands in the decompositions
of My, are indexed such that My,..., My r,,, are the free direct summands.
Moreover, we assume that the direct summands in the decompositions of M, are
indexed such that M, i,..., M, are free.

Let us check that each M, ; is free for almost all m € M. If M,, ; is not
free, then 7 < j. If My, ; is not free for infinitely many m’s with finite ry,, then
b = j — 1 would contradict (ii). Hence, as before, we find finitely generated
torsion-free R-modules N; such that (V;), = X;(m) for every maximal ideal m of
R. Therefore, @,cy Nj is in the same genus as M. ]

4.4 The noetherian case

The results of Section 4.3 allow us to show in this section that the converse
of Theorem 4.1.6 is true for semilocal noetherian domains of Krull dimension 1
(cf. Proposition 4.4.6), and this result will allow us also to prove the converse
of Theorem 4.1.6 for noetherian domains of Krull dimension 1 and with finitely
generated integral closure in Theorem 4.4.8.

Let C be a pre-additive category, let M be an object of C, and let I be a
two-sided ideal of the ring End¢(M). Recall that the ideal of C associated to [ is
the ideal A; of the category C defined as follows. A morphism f: X — Y belongs
to Ar(X,Y) if and only if Bfa € I for every pair of morphisms a: M — X and
B:Y — M in the category C.

Notice that if C’ is a full subcategory of C. Then the restriction of A; to C’
gives an ideal of the category C'.

Remark 4.4.1. Let R be a commutative ring, and let A be a module-finite R-algebra.
Let M be a non-zero finitely generated right A-module with endomorphism ring
S = Endy(M). Let ¢: R — S denote the canonical homomorphism. Let n be a
two-sided maximal ideal of S, and let m = p~!(n). By Lemma 2.1.7(i), m is a
maximal ideal of R.

Let X and Y be two objects in ModA. If f € Homa(X,Y) is such that
f(X) € Ym, then f € A,. Indeed, Sfa(M) C Mm for every pair of morphisms
a: M — X and f: Y — M. Hence, by Lemma 2.1.7(ii), Sfa € n.

If C is a full subcategory of ModA, we will still denote by A, the restriction
to C of the ideal defined in the whole module category.

85



Lemma 4.4.2. Let R be a commutative ring, and let m be a mazimal ideal
of the ring R. Let f: X — Y be a homomorphism of R-modules such that
fu(Xn) CYoamRy,. Then f(X) C Ym.

Proof. Let x € X. Then there exist r; € m,y; € Y and s € R\ m such that

==, y € Ym.
5

Therefore, there exists ¢ ¢ m such that f(z)st = yt. Then there exists u ¢ m such
that 1 — stu € m and f(x) = f(x)(1 — stu) + f(z)stu = f(x)(1 — stu) + ytu €
Ym. [

Proposition 4.4.3. Under the assumptions of Remark 4.4.1, let N = @,y M,
be a direct sum of finitely generated right A-modules which are torsion-free as
R-modules, and consider two direct summands A and A" of N. Assume that
C contains M, A, A" and every M;, for each i € N. If A, = A}, then A is
isomorphic to A’ in the factor category C/A,.

Proof. We have to check that there are homomorphisms f: A — A’ and g: A’ — A
such that Idy — gf,Ida — fg € A,. By Remark 4.4.1 and Lemma 4.4.2, it is
sufficient to find f: A — A" and g: A" — A such that (Ids — ¢f)m(An) € ApmRy,
and (Ida — fg)m(AL) C ALmBy,.

Assume now that A, = A . Let a: A, — A}, and : A;, — A, denote
mutually inverse isomorphisms. Then v = 14 ama, and 6 = 14, S7a; are elements
that belong to Endg, (B;en(M;)m) such that the following diagram commutes

0l
B —

@ieN(Mi)m % @z‘eN(Mi)m
LAm | | TAm La | | T A
«

/
An ; Al

By Lemma 2.1.11, we can consider v as a column-finite matrix such that the i-th
column represents

Homy,, ((M;)wm, P (M;)m) = Homp (M;, P M;) @r R

Jjel Jjel

For each i € N, let s; ¢ m be the product of the denominators in the i-th
column, and define 7 = @;cy sild(as,), € Auty, (Nn). By Lemma 2.1.11, there
exists h € Enda(N) such that v o7 = hy,. For each i € N, take ¢; ¢ m such that
1 —t;s; € m and define 0 = @,y t;1dy, € Endy (V). Similarly, define 7/ and ¢’
starting with the endomorphism 9, i.e., § o 7/ = h/, for some i’ € End,(N). Note
that 70y = Idy, — r for some r € Endy,, (Ny) with imr C (Ny)mR,,. Similarly,
there exists 7’ € Endy,, (Ny) with im 7’ C (Ny)mR,, such that 7' = Idy,, — 1.

Set

f = WA/heLA and g = FAhIQILA/.
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Then

(IdA - gf)m - (IdA - WAhIQILA/ﬂ'A/hQLA)m
— IdAm — WAméTIQ:nLA(“ﬂ—A{n’YTQmLAm

'n/
= Ida, — TantanBmar, T Optar, Tar tar T 4, TORLA,

o /
= Ida, — Tanta,B7a, (Idn, — 7") ey, mag tagama, (Idy, —7)ea,

= Ida, — TantanBmar Loar Tar tar ama,loa, + 5,

where s € End,, (An) satisfies that ims C AymR,. A symmetric computation
shows that im(Ida — fg)m C AL, mRy. O

Remark 4.4.4. The statement in Proposition 4.4.3 is also true if we assume that
N is a direct sum of finitely presented right A-modules instead of a direct sum
of finitely generated right A-modules which are torsion-free as R-modules using
Theorem 3.18 in [55] instead of Lemma 2.1.11.

Corollary 4.4.5. Let R be a commutative ring, and let A be a module-finite
R-algebra. Let M = @;cn M; be a direct sum of non-zero finitely presented right
A-modules with semilocal endomorphism rings. If A and A’ are direct summands
of M, then A= A" if and only if Ay = A, for every mazimal ideal m of R.

Proof. Consider C = Add(@;cn M;). We aim to apply Proposition 3.6 in [47]. We
have to check if n is a maximal ideal of Ends(M;) for some i € N, then A and
A" are isomorphic objects of the factor category C/A,. Note that the preimage
of n in the canonical homomorphism R — End,(/N;) is a maximal ideal of R by
Lemma 2.1.7(i), so we can apply Proposition 4.4.3 and Remark 4.4.4. O

From now on, we only consider the case when R is a noetherian domain of
Krull dimension 1. We can try to find appropriate generalizations reflecting the
results in the previous sections of this chapter. For the semilocal case below, we
need Krull dimension 1 because of Corollary 2.2.9.

Proposition 4.4.6. Let R be a semilocal noetherian domain of Krull dimension
1. Let mg, my, ..., my be the list of maximal ideals of R. Assume that

(1) Rm, has the two-generator property fori=1,... k.

(ii) The normalization of Ry, is a discrete valuation domain for every i =
0,1,...,k.

Then every pure projective torsion-free R-module is a direct sum of finitely pre-
sented modules.

Proof. By Kaplansky’s Theorem, see Theorem 1 in [29], every pure projective
module is a direct sum of countably generated modules. Therefore, we may
consider A to be a direct summand of @;cy M;, where each M, is a non-zero
finitely presented torsion-free R-module, say A & A" = @,y M;. Also, we may
assume that A is not finitely generated.

If m is a maximal ideal of R, then A, & A}, = @;cn(M;)m, and by (ii) and
Corollary 2.2.9, A, is a direct sum of finitely generated R,-modules with local
endomorphism ring.
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For each i = 0,...,k, let An, = @jen Nij, where N;; is a finitely generated
indecomposable Ry,-module. In Theorem 4.3 of [61], Rush proved that over a
noetherian ring with the two-generator property any finitely generated indecom-
posable torsion-free module has rank 1, thus (i) implies that NN, ; is a module of
rank 1 if 7 > 1.

Therefore, the module A fulfills the hypothesis of Proposition 4.3.9, and since
the number of maximal ideals of R is finite, we can deduce that A is in the
same genus as a module B that is a direct sum of finitely generated torsion-free
modules. Since A and B are direct summands of B @ (@;cy M;), we deduce from
Corollary 4.4.5 that A = B. m

The following lemma is a variation of Proposition 4.2.2 adapted to the noethe-
rian setting.

Lemma 4.4.7. Let R be a noetherian domain of Krull dimension 1, and with
module-finite normalization R. Let M = {my,...,my} be the list of mazimal
ideals of R such that Ry, is a principal ideal domain for any mazimal ideal m ¢ M,

and let ¥ = R\ U, m;. Further, let M C R“ be such that Ms, is a direct sum
of finitely generated Rsx-modules. Then M is a direct sum of finitely generated
modules.

Proof. We may assume that the rank of M is infinite. Let My, = @72, M,;, where
each M; is a non-zero finitely generated Ry-module. For each i = 1,2,... let

Ni:={me M |m/l e ®,_, M}

Note that N; C R for some {, hence N; is a finitely generated submodule of M.
Further, we claim that N; is an RD-submodule of M. Consider m € M,n € N;
and 0 # r € R such that mr = n. Then (m/1)(r/1) = n/1 in Myx. Since r/1 is
not a zero-divisor on each M;, m1/1 is an element of 693-:1 M;.

We claim that for every ¢+ € N the inclusion ¢;: N; — N;iq splits. By
Lemma 2.1.13, it is enough to check that ¢; ® g R, splits for every maximal
ideal m of R. Since t; ®p R = 1; ®r Ry, Qp,, Ry for any m € M and ¢; ®g Ry,
splits, ¢; ®p Ry splits for any m € M.

Now suppose that m ¢ M. Then it is easy to check that (V;), is an RD-
submodule of (N;;1)n, and since R, is a valuation domain, also a pure submodule
of (N;)m. The pure exact sequence
LBrTny

0 —— (Ni)m (Nig1)m — (Nig1/Ni)w —— 0
splits, since the right-hand term is finitely presented. From this, we conclude that
t; splits.

Overall, M is a union of the chain N; C Ny C N3 C --- where each N; splits
in N;.q, i.e., there exists a submodule D;,; C N, such that N;o; = N; & D, ;.
Further let Dy := N;. Then M = @2, D; is a direct sum of finitely generated
R-modules. []

Theorem 4.4.8. Let R be a noetherian domain of Krull dimension 1, and with
module-finite normalization R. Then the following statements are equivalent:
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(1) Every pure projective torsion-free R-module is a direct sum of finitely pre-
sented modules.

(2) For any finitely generated, torsion-free R-module X, every element in
Add(X) is a direct sum of finitely generated modules.

(3) R satisfies the following two conditions:

(i) there exists at most one mazimal ideal mg of R such that Ry, is not a
Bass domain, and

(ii) the normalization of Ry, is a discrete valuation domain for every mai-
mal ideal m of R.

Proof. 1t is clear that (1) implies (2). Statement (2) implies (3) by Theorem 4.1.6.
We only need to prove that (3) implies (1).

Note that, if R is integrally closed, then R is a Dedekind domain, and pure
projective torsion-free modules are projective. Assume that R # R, and let
M ={my,...,my} be a finite set of maximal ideals of R such that R, is integrally
closed whenever m ¢ M. Let ¥ := R\ Ule m;. Therefore, Ry is a semilocal
ring satisfying the assumptions of Proposition 4.4.6. Hence, any pure projective
torsion-free Ry-module is a direct sum of finitely presented modules.

Let A be a countably generated pure projective torsion-free R-module, i.e., a
direct summand of @,;cy M;, where each M, is a finitely generated torsion-free
module. Note that each M, can be considered as a submodule of M;R (the

R-submodule of (M;)o generated by M;) which is a projective R-module. Hence,

we may consider A as a submodule of R

Since Ay is a pure projective torsion-free Ry-module, it has to be a direct
sum of finitely generated modules. By Lemma 4.4.7, A is a direct sum of finitely
generated modules. [

4.5 A family of examples

In this section, we provide a family of examples of h-local domains of Krull
dimension 1, not necessarily noetherian, that exemplifies well the situations
described in Theorem 4.1.6 and also in Corollary 4.2.3 as we show that they satisfy
that direct summands of finitely generated torsion-free modules are direct sums
of finitely generated modules. This family of examples was suggested to us by
Carmelo Antonio Finocchiaro and Paolo Zanardo.

Let K C L be a field extension, and consider the ring R = K + zL[x] and its
localization Ry, at the maximal ideal m = zL[z]. The field of fractions of R is
L(x), and R fits in the pullback diagram of rings

R=K +zLlz] — 2 L[]
evo evo (41)
K - incl. L
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where ev( denotes the evaluation at 0. In fact, this diagram is a conductor square,
with conductor ideal ¢ = m since R/m = K and L[z]/m = L.
Note that Ry = K + xL[z]n, since every element in Ry, can be written as

a+ zp(x) N z(p(x) — aq(z))

T+age)  “7 7 1+ aq(a)

with a € K, p(x),q(z) € Lix].
The localization of (4.1) at m gives also a conductor square for Ry,

Rw = K + zL[x]y — 2 L[z]n
€evo evo (42)
incl.
K - L

with conductor ¢, = L[x]n.

Lemma 4.5.1. Let K C L be a field extension, let R denote the ring K + xL|x],
and m = xL[z]. Then

(i) If I is an ideal of R, then IL = L[x] if and only if I = R.

(ii) Every mazimal ideal n # m of R is generated by a polynomial q(x) € R that
is irreducible in L[x] with ¢(0) = 1.

(iii) Rn = L[zls, that is, R, is a discrete valuation ring for every mazimal ideal

nZmin R.
(iv) R is an h-local domain of Krull dimension 1.

Proof. (i) Suppose that IL = L[z|, so yo + y1a1 + -+ + ypa, = 1 for some
elements y; € I and a; € L\ K. Then, for every polynomial ¢(z) € L[x],
yorq(x) + yrarxq(z) + - - - + ypanrq(z) = xq(x) € I. Therefore xL[z] C I. Since
xL[z] is a maximal ideal of R and [ € zL[x], I = K + xL[z].

(ii) Let n # m be a maximal ideal of R. By (i) and because n is maximal,
nl # Llz] and nL N R = n. There exists p(z) € L[z] with p(0) = 1 such that
p(z)L[x] = nL. Since p(z) € nL N R, p(x) € n. Notice that if ¢(z) € L[x] and
p(z)q(x) € R then also ¢(z) € R. Therefore p(z)R = n. If p(x) = ¢1(z)g2(x) in
L[z], and since p(0) = 1, we can assume that ¢;(0) = ¢2(0) = 1 so that it is also a
decomposition in R. Since n is maximal, either ¢;(x) or ¢2(x) € n which implies
that either ¢;(x) or go(z) is equal 1. This shows that p(x) is irreducible in L[z].

(iii) Since the element = € R\ n is invertible in R,, we have a = ax/x € R,
for every element a € L, so we deduce that L C R,, that is, L[x], C R,.

(iv) Let p(z) be a non-zero polynomial in R. If p(0) # 0, p(z) can be written as
p(x) = kqi(z) - - - gn(x), where k = p(0) € K* and ¢;(z) are irreducible polynomials
in L[x] with ¢;(0) = 1 for every i = 1,...,n so, in particular, ¢;(z) € R. This
decomposition is unique up to a unit (an element in K) because L[z] is a UFD,
and in this case, p(x) is only contained in the maximal ideals generated by the
irreducible polynomials ¢;(x) for i = 1,... n.
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If p(0) = 0, then p(z) can be written as p(z) = 2™q(x), where m > 1 and
q(z) € L[z] with ¢(0) # 0. Then ¢(z) can be written as ¢(z) = lg1(z) - - - ¢u (),
where | = ¢(0) € L* and ¢;(z) are irreducible polynomials in L[z]| with ¢;(0) = 1
for every i = 1,...,n, so again, ¢;(z) € R. Therefore, p(z) is only contained in
the maximal ideals generated by the irreducible polynomials ¢;(z) fori =1,...,n
and it is also contained in m. Therefore, R has finite character.

Now we prove that R, has Krull dimension 1. Let p be a non-zero prime ideal
of Ry, and let 0 # g € p. We can assume, up to a unit of R, that g is of the form
x"a with a € L'\ {0} and n > 1. If n > 1, then 2"a = z - (2" 'a) which implies
that either  or 2" 'a are in p. By induction on n we can deduce that p contains
an element of the form za with a € L\ {0} so it also contains z?b = za - za'b
for any b € L. As (zb)? € p for any b € L, we deduce that zb € p. Hence p = m.

Since the Krull dimension of R localized at any maximal ideal is 1, we deduce
that R has Krull dimension 1 and, being of finite character, it is h-local. O

From (iii) it follows that finitely generated torsion-free R,-modules are free
for every maximal ideal n # m in R.

Remark 4.5.2. Assume K G L.

(1) R is integrally closed if and only if the extension K C L is purely tran-
scendental. If o € L'\ K is algebraic over K then « is integral over R. So if R is
integrally closed, K C L is a purely transcendental extension.

To prove the converse, let f € L(x) satisfy a polynomial equation f™ +
ap 1 f" P+ -+ a9 =0 witha; € Rfori =0,...,n— 1. Since L[] is already
integrally closed, we can assume that f € L[z|. Let fy denote the evaluation at
0 of f. Then f; satisfies a polynomial equation in K, so f; is algebraic over K.
Since L is purely transcendental, we deduce that fy € K, so f € R.

(2) Ry is noetherian if and only if the extension K C L has finite degree.
Indeed, let (a;);ca be a basis of L as K-vector space. The maximal ideal m = xL[z]
is generated by A = {za;}ica and no proper subset of A generates m. Then Ry,
is noetherian if and only if A is finite.

(3) R is not a valuation ring. Note that every element a € L\ K is in its
field of fractions L(x), but neither a nor a=! belong to Ry,.

Now we will study torsion-free modules over the ring R and over the ring
Ry. The inclusion of R into the principal ideal domain L[x] allows us to use the
techniques of the conductor square and artinian pairs (see [33]). First, we fix some
notation.

We shall describe a class of torsion-free modules over the ring 7' that can
be either R of R,. The ring T is included in a principal ideal domain S, where
S=Llz]if T=Rand S = L[z]y if T = Ry. The field of fractions of T coincides
with the one of S and it is @ = L(z). We will denote by ¢ the conductor of both
conductor squares (4.1) and (4.2).

We denote by A\: T'— @ and X: S — @ the corresponding localization maps,
and by €: T'— S the ring inclusion. Then if My is a torsion-free T-module, there
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is a commutative diagram

MM MerQ
Moe MeN
M ®r S

Therefore, we can identify My with an essential submodule of Q™) for a suitable
set A, and then, we set (M @ X )(M &1 S) = MS.

In general, M ® X\ is not an injective map; it is when My is projective or,
more generally, when My is flat.

Lemma 4.5.3. Let M be a torsion-free module over T'. Then:
(i) MS=ML;
(il) MLNM D Mc;

(iii) As a K-vector space, M =V @ Mc, where V' is any complement of Mc¢ in
M. Moreover, as L-vector space, ML = VL & Mc. Setting W = VL, it
follows that dimg (V') > dimg (W).

(iv) As an L-vector space, ML =W @& Mc¢, where W is any complement of Mc¢
in M. Moreover, V=W N M is a K-vector space such that M =V & Mc
and W =VL.

(v) Forany pair V, W chosen as in (iii) or (iv), V. = M/Mc¢ and W = M L/Mc.
In addition, there is a pullback diagram

Proof. Statement (i) follows because T'S = T'L, cf. Lemma 4.5.1(i). Statement
(ii) is clear.
The ring T fits in an exact sequence of T-modules

0 c T K 0

shows that (4.3) is a pull-back diagram. O

Definition 4.5.4. The category B of modules over the artinian pair K — L has
as objects the inclusions V < W where V is a K-subspace of the L-vector space
W satisfying that VL = W.
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If Ve W and V' < W' are two objects of B, a morphism between them
consists of one K-linear map f: V — V' and one L-linear map g: W — W’
making the diagram

V incl. W

V[ incl. W/
commutative.

Corollary 4.5.5. As usual, T denotes the ring R = K + zL[x] or Ry, where

m = zL[x]. Let Ar be the category of torsion-free modules over T. Let B be the

category of modules over the artinian pair K — L. Then there is a functor Fr

that assigns to each object My in Ar the object of B, M/M¢ — ML/Mec.
Moreover, Fr(M) = Fg, (My) for any object M of Ag.

Proof. Lemma 4.5.3(v) and the fact that a morphism between torsion-free modules
over T" induces a morphism between the modules over the artinian pair, imply the
existence of such a functor.

If M is an object in Ag then M /Mec¢ is an R-module and also an R,-module.
Also, ML/Mec is an L[ X] module as well as an L[z]|,-module. So, the second part
of the statement is clear. ]

For a general torsion-free module M the pull-back diagram of Lemma 4.5.3(v)
can be trivial. Take, for example, M = Q). Then, M = ML = Mcand V =W = 0.
So, in the notation of Corollary 4.5.5, Fr(Q) = 0.

To get a better correspondence, we need to restrict the class of torsion-free
modules we are interested in. We shall consider the class

Cr ={M | M is a torsion-free T-module such that ML is a free S-module}.

Notice that Cr contains all finitely generated torsion-free modules, and it is
closed by arbitrary direct sums and direct summands. In addition, M = 5 € Cr.

Assume that ML is a free S-module, then we can fix an S-basis B = {v;};ca.
Then if W is the L-vector space generated by B, M¢= W¢and ML =W & We.
Therefore, by the modular law and by Lemma 4.5.3, M =V & W¢ where V =
WnM.

If My and M, are two modules in Cr then, for i = 1,2,

M,L=W,®W;c and M, =V,® W;c, whereV,=W;NM,.

Therefore, if (f,g) is a morphism between the artinian pairs V; — W; and
Vo — Ws or, equivalently, f is a K-linear map and ¢ is an L-linear map, and
there is a commutative diagram

incl.
Vie———— W



then f can be extended to an S-linear map
g: MlL = Wl D W1C — MQL = W2 ©® W1C

by setting g(wz") = g(w)z™ for any w € W; and any n > 0. Notice that g is an
isomorphism if and only if § is an isomorphism because g1 = (7).
As a consequence, we have the following.

Corollary 4.5.6. The functor Fr described in Corollary 4.5.5 is full when re-
stricted to the category Cr and it reflects isomorphisms.
Therefore,

(i) two objects My and My of Cr are isomorphic if and only if (M) and (Mz)y
are isomorphic;

(ii) My is projective if and only if M € Cr and the inclusion M /Mc — ML/Mc
sends K-basis of M/Mc to L-basis of M L/Mec if and only if My is a free
T-module.

Proof. The remarks before the statement prove that the functor Fr restricted to
the category Cr is full and reflects isomorphisms.

The statement (i) follows because, by Corollary 4.5.5, Fr(M) = Fg, (M) for
any object M of Cr and, by the first part of the statement, two modules in Cr
are isomorphic if and only if their corresponding artinian pairs are isomorphic if
and only if their localizations at m are isomorphic.

To prove (ii), notice that since over Ry, all projective modules are free, it
follows by (i) that all projective modules over R, since they are modules in Cg,
are isomorphic to a free module. It is easy to check that this happens if and only
if a K-basis of V= M/Mec is also an L-basis of W = M L/Mec. O

Now we summarize some results on finitely generated torsion-free modules
over R = K + xL[z]|. As observed before, these are always in Cr as well as infinite
direct sums of them.

Lemma 4.5.7. Let K C L be a field extension, let R denote the ring K + xL[x],
and m = xL[z]. Let M, N and {M,};c1 be finitely generated, torsion-free R-
modules. Then

(i) Every finitely generated indecomposable torsion-free Ry-module has local
endomorphism ring.

(ii) M = N if and only if My = Ny,.
(iii) M is indecomposable if and only if My is indecomposable.

(iv) If M and {M;}ic; are indecomposable and M is a direct summand of @,c; M;,
then M = M; for some i € I.

Proof. (i) This follows from Lemma 2.2.5, taking 7" = L[z],. Note that m is the
conductor, so it is different from zero as required in the hypothesis of the Lemma.
Statement (ii) is included in Corollary 4.5.6.
(iii) Suppose that M, = A @ B, and that M is indecomposable. Let A" and
B’ be R-submodules of A and B generated by some finite set of Ry-generators of
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A and B, respectively. Then (A’ @ B')y = A® B = M,, and by (ii), we deduce
that A’ @ B’ = M. Therefore, A’ =0 or B’ =0, that is, A=0or B =0, and M,
is indecomposable. The other implication is clear.

(iv) Suppose that M is a direct summand of @;c; M;. Then M,, is also a direct
summand of (P;c; Mi)m = Djcr(M;)m. Since (M;)n has local endomorphism ring,
it satisfies the Krull-Schmidt-Remak-Azumaya property, that is, M, = (M;)y, for
some ¢ € [. By (ii), we deduce that M = M; for some i € 1. O

Corollary 4.5.8. Let K C L be a field extension, let R denote the ring K +xL|x].
Then the class of modules that are direct sums of finitely generated torsion-free
R-modules is closed under direct summands.

Proof. By Lemmas 4.5.1 and 4.5.7, the result follows from Proposition 4.2.2. []

Now we want to explicitly construct finitely generated, indecomposable, torsion-
free T-modules where T' denotes either R = K + xzL[x] or Ry,. First, we will
specify better how these modules and their endomorphism rings can look like.

Recall that if T = R = K + zL[z] then S = L[z], and if T = R,, then
S = L[Z]n.

Remark 4.5.9. Let My be a finitely generated torsion-free T-module of rank
n. As ML is a finitely generated free S-module, we may assume that M is a
T-submodule of S™ such that ML = S", in particular (zS)" C M. Therefore,
Mp =V + (xS)", where V is a K-subspace of L" satisfying VL. = L™. Notice that
this gives us a very explicit construction of a T-module M € C such that F'(M)
(cf. Corollary 4.5.5) has as an image the module over the artinian pair V' — W.

Now we can also identify the endomorphism ring of M7 with a subring of M,,(Q),
in fact Endr(Mr) = {A € M,,(Q) | AM C M}. Since (xS)" C M, if A € M,(Q)
represents an endomorphism of My, then A € M,,(9), i.e., Endr(Mr) = {A €
M, (S) | AM C M}. Every matrix A € M,,(S) can be uniquely decomposed as the
sum of a matrix B € M,,(L) and a matrix C' € M,,(xS). Since M,,(2S) C Endr (M),
A € Endr(M) if and only if BV C V. This is to say that if A € Endy(Mr), then
F(A) = B.

Lemma 4.5.10. Let K C L be a field extension, let R denote the ring K + xL|x],
and let m = xL[x]. Let M be a finitely generated torsion-free right Ry-module of
rank n. Then M,,(zL[x]yn) C J(Endg, (M)).

Proof. Note that J(Ry) = mRy,. Then, for every A € M,,(zL[x]y), we have
M =AM + (I — A)M C J(Ry)M + (I — A)M.

By Nakayama’s Lemma, M = (I — A)M and, by Lemma 2.1.1(i), / — A is bijective.
Hence A € J(Endg, (M)). O

The following is a modification of Construction 3.13 in [33] to build indecom-
posable modules over artinian pairs. Using Remark 4.5.9, this immediately yields
the existence of indecomposable finitely generated T-modules of arbitrary finite
rank n > 2.
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Construction 4.5.11. Let n > 2 be a fixed positive integer, and suppose we have
chosen a, B € L with {1,a, 3,a% aB, 3%} linearly independent over K. Let I be
the identity n X n matrix and H be the nilpotent n X n matrix with 1 below the
diagonal and O elsewhere. Fort € K, we consider the n X 2n matriz,

10 -+ 0la+tp 0 0

0 1 0| B8 a+tp -~ 0
U, :=[I|al+ptl+H)| = S : , . :

00 --- 1 0 0 et tfs

Let Vi be the K-subspace of L™ spanned by the columns of V,, and let
A € Homg (V;, Vi), where

Hompg (Vy, V) = {A € M, (L) | AV, C V,}.

The condition AV, C 'V, implies that there is a 2n X 2n matriz 0 € My, (K) such

that AV, = W,0. Write § = [g g}, where C, D, P,Q € M,,(K). Then, using the

condition AV, = W ,0, we have the following two equations:

{A:C’+aP+ﬁ(uI+H)P
aA+ BAtI+ H) =D+ aQ + B(ul + H)Q

Substituting the first equation into the second and combining terms, we get the
following:

—D+a(C—-Q)+ B(tC —uQ +CH — HQ) + o*P
+aB(tP+uP+ HP+ PH) + 3*(tuP + HPH +tHP +uPH) = 0.

From the linear independence of {1,a, 3, a% a8, 3%}, we have
D=P=0, A=C=Q and (t—u)A+AH=HA.

In particular, we deduce that A € M,,(K), and if A is an isomorphism and t # u,
then the third equation above gives a contradiction since the left side is invertible
and the right side is not. Thus, if V; = V,, then t = u. To see that V; is
indecomposable, we take u =t and suppose that A is idempotent. But AH = HA,
and it follows that A is in K[H], which is a local ring. Therefore A =0 or I, as
desired.

By Remark 4.5.9, My = V, + (xS)", where V; is the K-subspace of L™ con-
structed above, is an indecomposable T-module of rank n (as usual, T = R =
K +zL[x] or T = Ry,). Notice that, in view of Corollary 4.5.5, there are at least
|K| different isomorphism classes of such modules.
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Part 111

Relatively big projective modules
and their applications to direct
sum decompositions
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In this part, we introduce the language of monoids in order to describe
projective modules over a given ring A. This is the main topic of Chapter 5, where
we introduce the notation and the big projectives with respect to an ideal. In
particular, we focus on the monoid of relatively big projective modules, which
is the main topic of this dissertation: countably generated projective modules
which are the liftings of finitely generated projectives modulo a trace ideal of a
projective. Our goal is to enlarge the classes of rings for which every countably
generated projective module is relatively big.

In Chapter 6, we present new classes of rings for which every countably
generated projective module is relatively big. This includes right noetherian rings
satisfying a polynomial identity and locally semiperfect torsion-free algebras over
an h-local domain with simple artinian ring of quotients. Note that both rings
are without a Krull dimension assumption. Right noetherian rings satisfying a
polynomial identity arise when considering endomorphism rings of modules over
noetherian rings. Locally semiperfect torsion-free algebras over an h-local domain
with simple artinian ring of quotients appear naturally as the endomorphism ring
of a finitely generated torsion-free module M when M, is a direct sum of modules
with local endomorphism ring for every maximal ideal m of R.

In Chapter 7, we provide arithmetical conditions on the existence of countably
generated projective modules over locally semiperfect torsion-free algebras over an
h-local with simple artinian ring of quotients, depending on their genus and their
rank. As an application, we provide a complete characterization of those h-local
domains of Krull dimension 1 for which every direct summand of Add(M), where
M is a finitely generated torsion-free module, is again a direct sum of finitely
generated modules.

In Chapter 8, we consider locally semiperfect, module-finite, torsion-free
algebras over an h-local domain with semisimple artinian ring of quotients. Those
kinds of algebras appear naturally in the representation theory of finite groups,
namely, in group algebras over a suitable Dedekind domain. We provide similar
arithmetical conditions as in the previous chapter to ensure the existence of
countably generated projective modules over those algebras. As an example, we
compute the whole monoid of infinitely generated modules over group algebras of
some simple non-abelian groups of low order.
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5 The language of monoids

Contents
5.1 Relatively big projective modules. . . . ... ... .. 101

5.2 Finite generation modulo an ideal and the (x)-condition105

5.3 The monoid of relatively big projective modules . . . 106

In this chapter, we provide the basic definitions of monoids of infinitely
generated projective modules and notation.

In Section 5.1, we introduce the concept of big projective modules with respect
to an ideal. An important result is Lemma 5.1.7, which states that the isomorphism
class of a J-big projective module is completely determined by the ideal J and
the isomorphism class of the quotient P/P.J.

In Section 5.2, we recall the (x)-condition, which was introduced in [46] and is
a particular kind of descending chain condition. We relate this condition to the
condition of being finitely generated modulo a trace ideal, which characterizes
J-big projective modules over a noetherian ring (cf. Theorem 5.2.4).

Finally, in Section 5.3, we examine the monoid of isomorphism classes of
relatively big projective modules, its algebraic properties, and explore the right /left
(non)symmetry of the monoids (see Example 5.3.7 and Corollary 5.3.9). These
topics will play a crucial role in the analysis conducted in the subsequent chapters.

5.1 Relatively big projective modules

Notation 5.1.1. Let A be a ring. We will denote by V,.(A) the set of representa-
tives of the isomorphism classes of finitely generated projective right A-modules,
and we will denote by V7 (A) the set of representatives of the isomorphism classes
of countably generated projective right A-modules.

If P is a finitely generated (resp. countably generated) projective right A-
module, we denote its representative in V,.(A) (resp. V3(A)) by [P].

One can define V,(A) and V}(A) for projective left A-modules analogously.

Unless stated otherwise, our modules will always be right modules, so we will
write V(A) and V*(A) instead of V,.(A) and V;(A), respectively, and leave the
previous notation in cases where both right and left modules appear. Every result
stated for V(A) and V*(A) can be presented in the context of left A-modules for
Vi(A) and V(A), respectively.

Remark 5.1.2. Both V(A) and V*(A) are commutative monoids with the operation
induced by the direct sum. Note that V(A) is a submonoid of V*(A), and that
V*(A) \ V(A) is a subsemigroup of V*(A).

Recall that a commutative monoid H is reduced if x +y = 0 implies x = y = 0,
for z,y € H. An element u in H is an order-unit if, for every x € H, there exists
y € H and a non-negative integer n € Z such that x + y = nu.
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Remark 5.1.3. The monoid V(A) is a reduced commutative monoid with an order-
unit (induced by the isomorphism class of the right module A). In their seminal
papers, Bergman [8] and Bergman and Dicks [9] show that for hereditary rings,
a converse is true: for every reduced commutative monoid H with an order-unit
and every field K, there exists a hereditary K-algebra A with V(A) = H.

The structure of V(A) and V*(A) is particularly neat when A is either semisim-
ple artinian or semiperfect (cf. Theorem 1.2.8 and Lemma 1.2.10). In the following
chapters, we will explore in more detail algebras over commutative domains R
whose localizations at maximal ideals of R are semiperfect and whose ring of
quotients is semisimple artinian.

Now we are ready to introduce the auxiliary notion of big projective modules
with respect to an ideal. It was first introduced by P. Piihoda in [46] as a way of
generalizing Bass’ uniformly big projective modules. We motivate the definition
of this class of projective modules by comparing it with a characterization of the
class of modules generated by a projective module (cf. Section 1.5).

Definition 5.1.4. Let A be a ring, let P be a countably generated projective
right A-module, and let J be an ideal of A. The module P is said to be big with
respect to J, or J-big, if for every countably generated projective right A-module
Q satisfying QQJ = @, then @) is a homomorphic image of P.

The following remarks show that the significant case of Definition 5.1.4 is when
J is a trace ideal of a projective module.

Remark 5.1.5. Let A be a ring, and let J be an ideal of A.

(1) If @ is a countably generated projective right A-module such that QJ = @,
then Try(Q) C J. Therefore, if J does not contain a non-zero element of 7 (A),
then, by Lemma 1.4.3, Definition 5.1.4 is trivially fulfilled. Thus, any countably
generated projective module is J-big or, equivalently, 0-big.

(2) If P is J-big, and K is a non-zero element of 7 (A) such that K C J, then
P is K-big (cf. Lemma 1.4.3). Note that

J= Y K
KCJ
KeT(A)

is again a trace ideal of a projective module by Lemma 1.4.3. Then a countably
generated projective module is J-big if and only if it is J'-big.

We stress that J’' does not need to be the trace of a countably generated
projective A-module, so it is not necessarily an element in 7T (A).

In the next lemma, we summarize what it means to be big with respect to an

ideal in T (A).

Lemma 5.1.6. Let A be a ring, and let P,Q be countably generated projective
right A-modules. Let J = Trp(Q). Then

(i) P is J-big if and only if P ® QW) = P.

(i) If P is J-big and P/PJ is finitely generated, then J is the minimal ideal of
A such that P/PJ is finitely generated.
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Proof. (i). Since J = Try(Q) = Tra(Q“), by Lemma 1.4.3, Q@ J = Q@ If
P is J-big, then there is an epimorphism P — Q). Since Q) is projective,
this epimorphism splits, so Q) is isomorphic to a direct summand of P. Write
PP @QW. Then, PP QW =P oQWaeQw =PaoQW.

Conversely, if P®Q® = P, then Q) is isomorphic to a direct summand of P,
so there exists an epimorphism P — Q). Any countably generated projective
module with trace contained in J is an epimorphic image of Q) by Lemma 1.5.3,
so P is J-big.

Statement (ii) is Lemma 3.3 in [25]. O

The following lemma states that the isomorphism class of a J-big projective
right A-module P satisfying that P/P.J is finitely generated, is determined, up to
isomorphism, by the ideal J and the isomorphism class of P/P.J.

Lemma 5.1.7. Let A be a ring, let J € T(A), and let P be a J-big module such
that P/ PJ is finitely generated. Then:

(i) If P’ is a projective module isomorphic to P then P’ is J-big and P'/P'J
is finitely generated.

(ii) (Proposition 3.4 in [25]) Let P’ be a countably generated projective module
that is J'-big for some J' € T (A) and such that P'/P'J is finitely generated.
Then P = P if and only if J = J" and P/PJ = P'/P'J.

Now we give the definition of a relatively big projective module, which is crucial
for the rest of the dissertation.

Definition 5.1.8. Let A be a ring, and let P be a countably generated projective
right A-module. The module P is said to be relatively big if there exists a countably
generated projective right A-module Q with trace ideal .J satisfying:

(1) P is J-big, that is, P & Q®) = P.
(2) P/PJ is a finitely generated projective right A/J-module.

We will also use the terminology P is relatively J-big when we want to specify the
ideal J € T(A).

Example 5.1.9. Let X be a finitely generated projective right A-module, and
let P be a countably generated projective right A-module. Then X @ P®) is
relatively big: take Q = P and J = Try(P) in the Definition 5.1.8.

In particular, taking X = {0}, we see that P is relatively big for any
countably generated projective module P. Also, taking P = {0} we see that any
finitely generated projective module is relatively big.

Example 5.1.9 is a particular instance of the following general construction of
relatively big projective modules.

Lemma 5.1.10. Let A be a ring. Let P be a countably generated projective right
A-module, and let J be the trace ideal of a countably generated projective right
A-module Q. If P/PJ is finitely generated, then P & Q) is relatively J-big.

Proof. Note that (P ® Q“)/(P @ Q%).J = P/PJ is finitely generated. Since
PeQW=PaQwW e W, by Lemma 5.1.6, P ® Q“ is J-big. O
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Remark 5.1.11. Note that an indecomposable relatively big projective module
must be finitely generated.

It is easy to prove that the notion of relatively big projective module behaves
well with respect to localization.

Corollary 5.1.12. Let R be a commutative ring and let A be an R-algebra. Let
J € T(A). Let ¥ be a multiplicatively closed subset of R consisting of non-zero
divisors. If P is a relatively J-big projective right A-module, then Ps, is a relatively
Jx-big projective right As-module.

Proof. By Lemma 2.1.9, Js, € T(Ayg). Since P/PJ is finitely generated, so is
(P/PJ)s = Ps/PsJs. Let P’ be a countably generated projective right A-module
with trace J. Since P = P @ Q) as A-modules, also Py & Pr @ (P’)(Ew) as
As-modules. This finishes the proof of the claim. O]

The following result characterizes when every relatively big projective module
is isomorphic to a direct sum of finitely generated projective modules.

Proposition 5.1.13. Let A be a ring. Then every relatively big projective right
A-module is a direct sum of finitely generated projective modules if and only if the
following two properties are satisfied:

(1) If J is the trace ideal of a projective right A-module, then there is a right
A-module P, which is a direct sum of finitely generated projective modules
such that Try(P) = J.

(2) If J is the trace ideal of a countably generated projective right A-module and
P’ is a finitely generated projective right A/J-module, then there is a finitely
generated projective right A-module X such that P = X /X J.

Proof. Assume that (1) and (2) are satisfied, and let P be a relatively big
projective right A-module. Then there exists a countably generated projective
right A-module @) with trace ideal J such that P is relatively J-big.

By (1), @ can be taken to be a direct sum of finitely generated projective
modules. By (2) applied to P/P.J, there exists a finitely generated projective right
A-module X such that X/XJ = P/PJ. Let P’ = X ® Q™. By Lemma 5.1.10,
P’ is relatively big, and by Lemma 5.1.7, P = P’ so it is a direct sum of finitely
generated projective modules.

Assume now that every relatively big projective right A-module is a direct sum
of finitely generated projective modules. Let P be a projective right A-module
with trace J. By [29, Theorem 1|, P = @,;c; P; is a direct sum of countably
generated projective modules. By Example 5.1.9, wa is relatively big. Therefore,
P“ s isomorphic to a direct sum of finitely generated projective modules for each

1
i € I. Hence, P“ is isomorphic to a direct sum of finitely generated projective

modules and J = Trp(P“). This gives (1).

To prove (2), let @ be a countably generated projective right A-module
with trace J, and let P’ be a finitely generated projective right A/J-module. By
Lemma 1.5.4, since J is the trace of a countably generated projective module, there
exists a countably generated projective right A-module P such that J C Try(P),
P/PJ =P’ and Tra(P)/J = Tra,(P').
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By Lemma 5.1.10, P ® Q) is relatively big, so it is a direct sum of finitely gen-
erated projective modules. Write P @ Q) = @,.; X; with X; a finitely generated
projective A-module for each i € I. Since (B;c; Xi)/(Bier Xi)J = P’ is finitely
generated, there is a finite subset Iy C I such that (B;cz, Xi)/(Byer, Xi)J = P,
so X = @,¢;, X; is the finitely generated projective A-module we were looking
for. O

5.2 Finite generation modulo an ideal and the
(*)-condition

In this section, we take a closer look at condition (2) in Definition 5.1.8. Let
A be a ring, and let M be a right A-module. Consider the set

I(M)={I<A| M/MI is finitely generated}

We recall the following crucial properties of a descending sequence of right
ideals associated with a column finite idempotent matrix. The result is taken
from [24], but all the necessary ideas are already in [46].

Lemma 5.2.1 (Lemmas 5.1 and 5.2 in [24]). Let A be a ring. Let A = (a; ;) be
an N x N-matriz with entries in A, that is a column-finite matriz and such that
A% = A, and set P = AA™. For any k >0, let I, = Yiskjen aijA. Then,

(i) Tra(P) = Aly.

(ii) For any k >0 and any 0 < i < k,

(je%aijA + AL /AT = gg:ﬁk aih + ML) /AL

In particular, if 0 <n <k, (I, + Al}) /Al is finitely generated.

(iii) For any k > 0, there exists ny > k such that I, Iy = I,,. In particular, the
descending sequence of two-sided ideals (Al )k>0 has a subsequence (Jy)n>0
of two-sided ideals satisfying that

(a) fOT any n Z 07 Jn—l—lJn = Jn—i—l;'
(b) for any k >0, there exists n and ¢ such that J, = Ao C Alj.

(iv) For any k > 0, Al € Z(P). Moreover, for any I € Z(P), there exists kg
such that A, <1I.

(v) Z(P) has minimal elements if and only if there exists ky € Ny such that
Aly, = Aoy for every £ € N. In this case, Iy, = I} , and Al is the
minimal element of Z(P).

Statement (v) in Lemma 5.2.1 motivates the following definition.

Definition 5.2.2. [46] A ring A satisfies the (x)-condition provided that every
descending chain of two-sided ideals

S22 DI 2D

such that Jy1Jy = Jpi1, for each k£ > 1, is eventually stationary.
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The following statement explains the role of the (x)-condition in our discussion.

Corollary 5.2.3. Let A be a ring. Let P be a countably generated projective right
A-module. If A satisfies the (x)-condition, then Z(P) has a minimal element, and
this minimal element is an idempotent ideal.

Proof. By Lemma 5.2.1 (v), Z(P) has a minimal element if and only if the descend-
ing sequence of two-sided ideals (Alj)r>o is stationary. By Lemma 5.2.1 (iii), this
will happen if and only if the partial subsequence (.J,,),>0 given by that statement
is stationary. Since such a partial subsequence satisfies that J,,1J, = J,11, for
any n > 0, it is stationary because A satisfies the (x)-condition.

The fact that the minimal element in Z(P) is an idempotent ideal follows from
Lemma 5.2.1 (v). O

Theorem 5.2.4 (Lemma 2.8 in [46]). Let A be a noetherian ring. Let P be
a countably generated projective right A-module such that Z(P) has a minimal
element J. Then J is the trace ideal of a countably generated projective right
A-module, and P is J-big. In particular, if A satisfies the (x)-condition, then any
countably generated projective right module is relatively big.

Remarks 5.2.5. (1) Let A be a semilocal ring, and let P be a countably generated
projective right A-module. Then, by Proposition 5.6 in [24], Z(P) has a minimal
element J. Then J is an idempotent ideal, but it does not need to be the trace of
a projective module as it can even be contained in the Jacobson radical.

(2) We do not know whether the (x)-condition is left-right symmetric, even
for the case of noetherian rings.

(3) There are noetherian rings with infinite descending sequences of idempotent
ideals, so they do not satisfy the (x)-condition. Over such rings, there may be
countably generated projective modules that are not relatively big. See, for
example, the last section of [24].

5.3 The monoid of relatively big projective mod-
ules

Definition 5.3.1. Let A be a ring. We denote by B(A) the subset of V*(A) of
isomorphism classes of relatively big projective right A-modules which are not
finitely generated. We denote by V(A) U B(A) the disjoint union of V(A) and
B(A), which is also a subset of V*(A) and consists of the isomorphism classes of
all the relatively big projective right A-modules.

It is important to observe that, by Lemma 5.1.7, if P is a countably generated
projective right A-module such that [P] € B(A), then P is relatively big, so there
exists a non-zero ideal J € T (A) such that P/PJ is finitely generated. Moreover,
J and P/PJ uniquely determine [P]. We will use this fact freely throughout this
dissertation.

Lemma 5.3.2. Let A be a ring. Then

(i) B(A) is a subsemigroup of V*(A) \ V(A).
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(ii) V(A) U B(A) is a submonoid of V*(A).

Proof. (i). Let [Py],[P3] € B(A). Then, for each i = 1,2, there exists a countably
generated non-zero projective right A-module @); with trace ideal J; such that
P, ng) = P, and P;/P,J; is a finitely generated projective right A/.J;-module.
TakeP:Pl@Pg andQ:Ql@QQ. Then

PoQW %Pl@Pg@ng)EBng) gpl@ng)@P2@Q§w) =hohR=P
By Lemma 1.4.3, J = Try(Q) = Tra(Q1) + Tra(Q2) = J1 + Jo, so

~ Py Py ~ P /Py P/ Py Jy
P/PJ = ® =
P (Ji+J2) ~ Po(Ji+J2)  Pi(Ji+ Jo)/Piy  Py(Jy+ Ja) ) Pas

and P/PJ is a finitely generated projective right A/J-module because it is a
direct sum of quotients of finitely generated projective modules. Therefore, as P
is not finitely generated, [P] € B(A).

(ii) is proved similarly, taking into account that the modules in V(A) are the
relatively 0-big projective modules. O

Lemma 5.3.3. Let A be a ring, and let I € T(A). Then, there is a semigroup
embedding v;: V(A/I) — V(A)UB(A). The image of i1 is all the isomorphism
classes of relatively I-big projective right A-modules.

Proof. Let () be a countably generated projective right A-module with trace ideal
I. Let P’ be a finitely generated projective right A/I-module. By Lemma 1.5.4,
there exists a projective right A-module P such that I C Try(P), P/PI = P,
and Trp(P)/1 = Try/(P').

By Lemma 5.1.10, PGQ™) is relatively I-big, and then [P©Q™)] € V(A)UB(A).
The isomorphism class of P@Q®) is uniquely determined by I and P’. Hence, there
is a well-defined embedding ¢;: V(A/I) — V(A) U B(A) defined by ¢/ ([P']) =
(P& Qw).

The map ¢; is a semigroup homomorphism because, for P| and P} in V(A/I):

u(PleP)=PaPoQ¥ =P aeQ"aepraeQw)
=[P & QW] + [P & QW] = 1 ([P]) + u1([P3)).

where for ¢« = 1,2, P, denotes a countably generated projective module such that
P,/ P, = P!, which exists because of Lemma 1.5.4.

Let P be a relatively I-big projective right A-module. Then P/PI is a finitely
generated projective right A/I-module, and ¢;([P/PI]) = [P]. O

If I # 0, the embedding ¢; of Lemma 5.3.3 is not a monoid embedding because
[0] maps to the isomorphism class of a non-finitely generated projective module.

Remark 5.3.4. Consider the set T(A) and the disjoint union [ ;7 4y V(A/T). We
will denote the elements of | |;c7 ) V(A/I) by ([P],I) with [P] € V(A/I). Note
that if I C J, there is a morphism of monoids f;;: V(A/I) — V(A/J) defined by
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Fr([X], 1) = ([X/XJ],J) with [X] € V(A/I). Therefore, f;;(V(A/I)) C V(A/J).
Define addition in ||;era) V(A/T) by

([P, 1) + ([P2], ) = froaa([P ) + freas([P2], )
= ([P /P J, I+ J)+ ([P PI], T+ J)
= ([P/PJ & PRI, I+ J)

for each [Py] € V(A/I), [P;] € V(A/J). Therefore, the universal property of the
disjoint union and Lemma 5.3.3 imply that there exists a monoid embedding

v || V(A/T) — V(A)UB(A).
I€T(A)

The following result states that ¢ is an isomorphism of monoids.
Corollary 5.3.5 (Theorem 3.8 in [25]). Let A be a ring. Then
(1) Urerny V(A/T) = V(A)UB(A) as monoids.
(ii) Urerangoy V(A/T) = B(A) as semigroups.

Proof. The isomorphism in (i) is given by «([X],I) = ¢;([X]), where ¢; is the
embedding from Lemma 5.3.3. By Lemma 5.1.7, ¢ is bijective.
To prove (ii), note that elements in V(A) can be thought of as elements in

V(A/I) for I ={0}, so (ii) follows from (i). O

Remark 5.3.6. Let A be a ring. It is well known that the functor (—)* =
Homy(—, A) induces a duality between finitely generated projective right A-
modules and finitely generated projective left A-modules. So that, ¢: V,.(A) —
Vi(A) defined by ¢([P]) = [P*], is an isomorphism of monoids. Moreover, P and
P* have the same trace (cf. Exercise 22.1 in [3]).

~Y

In the next example, we show that the canonical monoid isomorphism V,.(A) =
Vi(A) of Remark 5.3.6 does not, in general, extend to an isomorphism between
the monoids V,.(A) U B,.(A) and Vy(A) U By(A). We will show that it does extend,
provided that T.(A) = Te(A).

Example 5.3.7. In Example 3.6 (iv) of [23] it is given an example of a semilocal
ring A such that A/ J(A) = Dy x Dy, with D; and D, division rings, such that
any projective left A-module is free but this is not true on the right. Though, on
the right, it is still true that V(A) U B(A) = V*(A).

In such A, what happens is that one of the maximal ideals contains a non-zero
trace of a countably generated projective right R-module. Therefore T,(A) =
{0,A} € T.(A). Then V,.(A)UB,(A) and Vy(A) LB, (A) are not isomorphic. This
cannot happen if 7, (A) = T,(A).

Assume A is a ring such that 7.(A) = T,(A). We define a map V,(A) U
B,.(A) — V,(A) UB(A), that extends the isomorphism between the monoids of
finitely generated projective modules of Remark 5.3.6, by ([P],I) — ([P*], ) for
any ([P],I) € V.(A)U B.(A). We must check that ([P], ) + ([P, J) is mapped
to ((P7), 1) + ([P5), )

The following technical lemma is crucial for our discussion.
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Lemma 5.3.8. Let A be a ring, and let 1,J be ideals of A. Let P be a finitely
generated projective right A/I-module. Then

Homy /145y (P/PJ,AJ(I + J)) = Homy,(P,A/I)/(({ + J)/I-Homy 1 (P,A/T)).
Proof. Note that we can identify P/PJ with P ®/,; A/(I + J). Then

Homp (145 (P/PJ, AJ(I + J)) = Homn 145 (P @ay1 AL+ ), N/ (I + )
= Homy (P, A/(1 +J)).

where in the second isomorphism, we have used the Hom-tensor adjunction. Now,
we want to prove that Homy (P, A/(I+.J)) = Homy (P, A/I)/J Homy (P, A/T)
as left A/I-modules.

Consider the map ¢: Homy (P, A/I) — Homy 1 (P,A/(I + J)) defined by
o(f) =mo f, where m: A/I — A/(I + J) is the projection modulo (I + J)/I.
Clearly, it is a homomorphism of left A/I-modules. Let g € Homy (P, A/(1+J)).
Since P is projective, there is a lift G € Homy,;(P, A/I) making the following
diagram commute

o
AT —"= AN{T+J)——0
Therefore, ¢ is surjective. The kernel of this homomorphism is

kerp = {f € Homy;(P,A/I) | mo f =0}
= {f € Homp,((P,A/I) | f(z) € (I 4+ J)/I for every x € P}

It remains to prove that Homy (P, (I 4+ J)/1) = (I + J)/1 - Homy (P, A/T).

Let f € Homp,(P, (I + J)/I). Consider (I + J)/I as a right A/I-module.
Then there exists an epimorphism 7: (A/I)) — (I+.J)/I for some set A. Since
P is projective, there exists a lift F € Homy (P, (A/I)™) such that mo F = f,
that is, the following diagram commutes

2
(

(A/ DA T (T +J)/T — 0.

Since P is finitely generated, the image of F' is contained in a finite number of
copies of A/I, namely (A/I)40) with Ay C A finite. Let {z;};c4 be the canonical
basis of (A/I)). Then

f(z)=mo F(z) = 7r( > xiai> = > w(x)a; = > w(x;) - pi(F()).
i€ Ao i€Ao i€Ap
where ;: (A/I)40) — A/I denotes the projection into the i*" component, i € A.
Hence, f =Y ca, m(x:) - (pio F) € (I + J)/I-Homy (P, A/T).
Conversely, let F' =321 (y; +1)-F, € (I + J)/I-Homy,(P,A/I) for some
Y1, Yn € J and Fy, ..., F, € Homy,(P,A/I). Then, regarding the product
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of elements as a composition of homomorphisms, F' € Homy (P, (I + J)/I).
Therefore, by the First Isomorphism Theorem,

Homy,r(P,A/1)/((I + J)/I-Homp,(P,A/I)) = Homy, (P, A/(1 + ),

so the statement is proved. 0

Corollary 5.3.9. Let A be a ring such that T(A) := T.(A) = Te(A). Then there
is an isomorphism of monoids between V,.(A) U B,.(A) and Ve(A) L By(A).

Proof. Let ¢: Uieriay Vo(A/I) — Urera) Ve(A/I) be the map defined by
o([P],I) = ([P*],I). By Remark 5.3.6, it is well-defined and bijective. By
Lemma 5.3.8, it is a monoid homomorphism since

([P, 1) + (2], 1) = o([Pr/ Prd & Py P, I+ J)
([HOHIA/ I+J) (Pl/Plj@Pz/PQI A/([+J))},I+J)
([HOHIA/ [+J)(P1/P1<] A/(I"‘ J))

© Homyp /140y (Po/ Pod, NJ(1 + J))], T+ J)
= ([Homy (P, A/I)/J Homy (P, A/T))

® Homy ; (P, A/ J) /I Homyp (P, A )], T+ J)

- ([HomA/I(PlaA/I)L[) + ([HOHIA/-](P%A/‘])]’ ‘])
= o([P1, 1]) + ¢([P], J)

Finally, as ¢ is a monoid isomorphism, by Corollary 5.3.5, there is also a monoid

isomorphism V,.(A) U B.(A) — Vi(A) U Be(A). O

Then, Theorem 5.2.4, together with the fact that over a noetherian ring A,
T.(A) = To(A) is just the set of idempotent ideals of A (cf. [72]), immediately
yields.

Theorem 5.3.10 (Theorem 2.12 in [46]). Let A be a noetherian ring satisfying
condition (x). Then V. (A) = V,(A) UB,.(A) = V,(A) UBy(A) = Vy(A).

In general, it is an open question whether 7,.(A) = T;(A) for A a right noetherian
ring (cf. Corollary 6.2.9 and the comments after it for further information regarding
this question).
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6 Relatively big projective
modules

Contents
6.1 Lifting projectives modules modulo a right 7T-nilpotent |
ideal ... ... ... e e 111
6.2 The case of right noetherian PI-rings .. ... .. .. 114
6.2.1 Commutative noetherian rings . . . . ... ... ... 114
6.2.2 One-sided noetherian Pl-rings . . . . .. ... ... .. 117

6.2.3 An application to direct sums of finitely generated modules120
6.3 Semiperfect rings and locally semiperfect rings . .. 121
6.3.1 Trace ideals of projective modules over semiperfect rings121

6.3.2 Locally semiperfect algebras over h-local domains . . . 123

In this chapter, we want to enlarge the classes of rings A for which every
countably generated projective module is relatively big. In this chapter, we prove
Theorem D stated in the introduction:

Theorem D (Corollaries 6.2.9 and 6.2.10, Theorem 6.3.17). Let A be a ring.
Then V(A) L B(A) = V*(A) in the following situations:

(a) A is a right noetherian Pl-ring, in particular, if it is a module-finite algebra
over a commutative noetherian ring,

(b) A is a locally semiperfect torsion-free algebra over an h-local domain with
field of fractions Q and such that Aq is simple artinian.

In Section 6.1 we show that countably generated projective right modules lift
modulo a right T-nilpotent ideal, cf. Lemma 6.1.2. We prove that there is a monoid
isomorphism between V(A) L B(A) and V(A/N) U B(A/N) (cf. Corollary 6.1.4).
We apply those results in Section 6.2 to prove (a) in Theorem D.

In Section 6.3, we turn our attention to the structure of projective modules
over semiperfect rings and prove that there is only a finite number of trace ideals
over these rings. Then, we study locally semiperfect algebras over h-local domains
with simple artinian ring of quotients and prove (b) in Theorem D.

6.1 Lifting projectives modules modulo a right
T-nilpotent ideal

Definition 6.1.1. Let A be a ring. A subset A of A is called right T-nilpotent
if, for any sequence of elements {aj, as,...} C A, there exists a positive integer
n > 1 such that a, - - - aga; = 0.

Lemma 6.1.2. Let A be a ring, and let N be a right T-nilpotent ideal of A.
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(i) Let X be a right projective A/N-module. Then there exists a projective right
A-module P such that P/PN = X. All projective modules with this property
are isomorphic. In addition, X is finitely generated (countably generated) if
and only if P is finitely generated (countably generated).

(ii) Let P and Q be projective right A-modules. Let f: P — Q be a morphism
of A-modules. Then f is an isomorphism if and only if the induced map
P/PN — Q/QN s an isomorphism of A/N-modules.

(iii) Let I be an idempotent ideal of A such that (I + N)/N is the trace of a
countably generated projective right A/N-module X. Then I is the trace of
any countably generated projective right A-module P such that P/PN = X.

Proof. (i) Let X be a projective right A/N-module. As X is a direct sum of
countably generated projective right A/N-modules, we may assume that X is
countably generated. In this case, X is the direct limit of a direct system

F Fy . F, . (6.1)

of finitely generated free A/N-modules, and the canonical presentation of the
direct limit

splits. We can lift (6.1) to a countable direct system of finitely generated free
A-modules
P Fy o F, o (6.3)

such that when we apply the functor — ®, A/N to (6.3) we obtain a direct system
isomorphic to (6.1).
Let P be the direct limit of (6.3), and consider its canonical presentation

0 —— @y Fo —2 @y Fy P 0

As (6.2) splits, there exists U: @,,51 F;, — @, [}, such that Vo ® =1d + B
where B can be thought of as a column finite matrix with entries in N (that
is, B: @,>1 F — @,,>1 F,, has its image contained in @,,5, F;, V). Since N is
right T-nilpotent, B is in the Jacobson radical of the ring of N x N column-finite
matrices with coefficients in A [62], and therefore, Id 4+ B is invertible. So that
(Id + B)~! o W is a left inverse of ®, and we can deduce that P is projective.

This shows that any lifting of the direct system (6.1) gives a projective A-
module P that, in addition, satisfies P/PN = X. As PN is a small submodule of
P by Lemma 28.3 in [3], P/PN = X is finitely generated (countably generated)
if and only if P is also finitely generated (countably generated).

The uniqueness, up to isomorphism, of P follows from (ii).

(ii) If f: P — @ is an isomorphism of A-modules, then it has an inverse
homomorphism g: Q — P. Let f: P/PN — Q/QN andg: Q/QN — P/PN
be the induced maps. Then g is the inverse of f, so both are also invertible
morphisms of A/N-modules.
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Conversely, if a: P/PN — @Q/QN is an isomorphism of A/N-modules. As
PN is a small submodule of P by [3, Lemma 28.3], P and @ are projective covers
of P/PN. Therefore, any lifting of & to a morphism P — () is an isomorphism.

(iii) By (i), the module X can be lifted to a countably generated projective
right A-module P such that P/PN = X. Let J be the trace of P. Then, by
Lemma 1.4.5, J+ N = I + N. By Corollary 2.9 in [24], J C I because J is a
trace ideal of a projective module, and N, being right T-nilpotent, is contained
in the Jacobson radical of A. Since J+ N =1+ N and I?=1,1J+IN = 1.
By Lemma 28.3 in [3], IN < I, which implies I.J = I and, in particular, I C J.
Therefore, I = J is the trace of P. O]

Lemma 6.1.3. Let A be a ring, and let N be a right T-nilpotent ideal of A. Let
I be an ideal of A, and let P be a countably generated right A-module. Then, P is
I-big if and only if P/PN is (I + N)/N-big.

Proof. Assume that P is I-big. Let X be a countably generated projective right
A/N-module such that its trace is contained in (I + N)/N. By Lemma 6.1.2, there
exists a countably generated projective right A-module @ such that Q/QN = X.
Therefore, its trace J is contained in I + N. Since J is the trace of a countably
generated projective, and N is right T-nilpotent, we deduce from Corollary 2.9
in [24] that J C I. By hypothesis, there exists an onto module homomorphism
f: P — Q. Therefore, there is an onto module homomorphism

g: P15 Q"5 QN2 X

where 7 denotes the canonical projection. As PN is contained in the kernel of
g, the homomorphism g factors through an onto homomorphism P/PN — X.
This shows that P/PN is (I + N)/N-big.

To prove the converse, let () be a countably generated projective right A-
module such that its trace is contained in /. By Lemma 1.4.5, the trace of Q/QN
is contained in (I + N)/N, and since P/PN is (I + N)/N-big, there exists an
onto module homomorphism g: P/PN — QQ/QN. Since P is projective, there
exists f: P — @ such that the diagram

P
f gomy
Q — Q/QN

is commutative, and where m: P — P/PN and m: Q@ — Q/QN denote
canonical projections. Therefore, @ = f(P) + QN. By Lemma 28.3 in [3], QN is
a small submodule of @), and we deduce that f(P) = . This shows that P is
I-big. 0

Corollary 6.1.4. Let A be a ring, and let N be a right T -nilpotent ideal of A. Then
the functor — @x A/N induces a monoid isomorphism ¢: V*(A) — V*(A/N)
which restricts to monoid isomorphisms V(A) — V(A/N) and V(A) UB(A) —
V(A/N)UB(A/N).
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Proof. Consider the monoid homomorphism ¢: V*(A) — V*(A/N) defined by
o([P]) = [P/PN], where P denotes a countably generated projective right A-
module. It follows from Lemma 6.1.2 that ¢ is an isomorphism. More precisely, ¢
is injective by the claim (ii) of Lemma 6.1.2, and it is onto by claim (i). Claim (i)
of Lemma 6.1.2 also implies that ¢ restricts to an isomorphism V' (A) — V(A/N).

It remains to prove that ¢ restricts to an isomorphism B(A) — B(A/N).

Let P be a countably generated projective A-module such that [P] € B(A).
That is, there exists I, the trace of a non-zero countably generated projective
module @, such that P is I-big and P/P1I is finitely generated.

By Lemma 1.4.5, (I+N)/N is the trace of Q/QN. Notice also that (I+N)/N #
{0}. By Lemma 6.1.3, P/PN is (I + N)/N-big. Clearly,

(P/PN)/(P(I + N)/PN) = P/P(I + N)

is finitely generated. Hence, ¢([P]) € B(A/N).

Let X be a countably generated projective right A/N-module such that [X] €
B(A/N). This means that there exists a non-zero countably generated projective
right A/N-module with trace ideal K, such that X is K-big and X/X K is finitely
generated.

By Lemma 1.5.5, there exist countably generated projective A-modules P
and @ such that P/PN = X and Q/QN = Y. Let I be the trace of ). By
Lemma 1.4.5, K = (I + N)/N.

By Lemma 6.1.3, P is I-big. Moreover, P/PI is finitely generated because
P/P(I + N) is also finitely generated. This shows that [P] = o~ *([X]) € B(A).

This concludes the proof that ¢ induces an isomorphism B(A) — B(A/N). O

6.2 The case of right noetherian Pl-rings

In this section, we shall prove that countably generated projective right or left
modules over a right noetherian Pl-ring are always relatively big. The key result
will be to show that these rings satisfy the (x)-condition introduced in Section 5.2.
Since a right noetherian Pl-ring R has nilpotent nilradical N(R), and R/N(R) is
two-sided noetherian, the result will follow by combining Theorem 5.2.4 with the
results in Section 6.1.

First, we consider the case of commutative noetherian rings. P. Ptihoda and
G. Puninski proved in [49] that commutative noetherian rings satisfy the (x)-
condition. Here, we provide another proof of this result, which we find interesting
as it is quite different from the one given in [49].

6.2.1 Commutative noetherian rings

If I is a countably generated left ideal of a ring A, I is the union of an ascending
sequence of the type (6.5) in Lemma 6.2.1 if and only if I is a pure left ideal (cf.
Lemme 2 in [32]).

Over a commutative ring, an ideal is the trace of a projective module if and
only if it is pure (see Remark 1.4.6). Since the trace ideal of a countably generated
projective module is countably generated, an ideal is the trace of a countably
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generated projective module if and only if it is the union of such an ascending
sequence of the type (6.5) in Lemma 6.2.1.

Lemma 6.2.1. Let A be a ring. Let (ar)r>1 be a sequence of elements of A
satisfying agags1 = agyq for any k> 1. Set by =1 — ay for any k > 1. Then,

(i) There is a descending sequence of principal right ideals

alAQagAQ---QakAQ--- (64)

(ii) brbri1 = by for any k > 1, so there is an ascending sequence of principal left
ideals
Aby CTAby C--- CAb C--- (6.5)

(iii) Forany k > 1,
Ab, C Lann(agy1) € Abgy,

and
ar\ D r.ann(by) O ag1A.

(iv) I = Ugs1 Aby, is a left pure ideal of R and it is also projective.

(v) The sequence (6.4) is stationary if and only if so is the sequence (6.5). In
this case, there exists ko such that by, and ay, are idempotent, I = Aby, and
Ni>1 ar\ = ag, A

Proof. Statements (i), (ii), and (iii) follow easily from direct computation.

The purity claimed in statement (iv) was proved by Lazard in Lemme 2 in
[32]. Then, as A/I is a countably presented flat left A-module, I is projective. For
a self-contained proof, the reader can check Lemma 2 in [16].

Statement (iii) readily implies that (6.4) is stationary if and only if (6.5) is
also stationary.

If axA = api1A, then there exists A € A such that ax,1 A = a,. Hence,
Qp+1 Qg1 = Gpt1, which implies that ay = agiq1 A is idempotent.

If Aby = Aby1, then there exists p € A such that ub, = by1. As before, this
implies that by, is idempotent.

Assume the sequences (6.4) and (6.5) are stationary. Then the argument above
shows that, taking kq large enough, the second part of statement (v) holds. [J

Lemma 6.2.2. Let R be a commutative ring. Let I O J be ideals of R such that
JI = J. If J is finitely generated, then there exists a € I such that xa = x for
any x € J. In particular I O aR D J.

Proof. Let J =x1R+ ---+ x,R. The equality JI = J implies that there exists
A € M,,(I) such that (xy,...,2,)A = (x1,...,2,), or equivalently

(x1,...,2,)(Id = A) = (0,...,0).

Multiplying the above identity on the right by the adjoint matrix of Id — A, we
deduce that det(A) annihilates J. To conclude the proof, note that there exists
a € I such that det(A) =1 — a. O
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Proposition 6.2.3 (Lemma 2.1 in [49]). Every commutative noetherian ring
satisfies the (x)-condition. This is to say that if R is a commutative noetherian
ring and

S22 D2 (6.6)

is a descending chain of ideals of R satisfying Jxi1Jx = Jpr1 for each k > 1, then
(6.6) is stationary.
In addition, N>y Jx = eR where e is an idempotent of R.

Proof. Since R is noetherian, the ideals J; are finitely generated for every k& > 1.
By Lemma 6.2.2, there exists a sequence of elements (a),>1 in R such that

JID2aRDH 20RO -2, DaRkR2D---

and such that agiiar = a1
By Lemma 6.2.1 and because R is noetherian, the ascending chain of ideals

1—-a))RC(1—ay)RC---C(1—ap)RC---

is stationary and its union is generated by an idempotent of R. By Lemma 6.2.1,
the descending sequence

R aR2D - 2R 2 -

is also stationary, and its intersection is generated by an idempotent of R. The
sequence (6.6) is also stationary, and the intersection of these ideals is generated
by an idempotent of R. O

In the following result, we recover a result of Bass that shows that, over com-
mutative noetherian rings, the theory of countably generated projective modules
reduces to that of finitely generated ones.

Corollary 6.2.4 ([6]). Let R be a commutative noetherian ring. Let P be a
countably generated projective module that is not finitely generated. Then there
eists an idempotent ¢ € R with P = (1 — e)P & (eR)"™ such that (1 — e)P is
finitely generated.

Proof. Let P be a countably generated projective module over R. By Proposi-
tion 6.2.3, Lemma 5.2.1, and Theorem 5.2.4, there exists an idempotent e € R
such that P/eP is finitely generated, I = eR is an ideal minimal with respect to
that property, and P is I-big. Therefore P = P & (eR)“).

Since R is commutative

P=eP®(1-e)P=ZePd(1—e)P® (eR)™ = (1—¢e)P® (eR)“,

where the last isomorphism follows from the Eilenberg’s trick. To conclude the
proof of the statement, observe that (1 —e)P = P/eP. O

Corollary 6.2.4 implies that a countably generated projective module over a
commutative noetherian domain that is not finitely generated is free.

Not much is known about the structure of infinitely generated projective
modules over general commutative domains. To our knowledge, the basic questions
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on the topic posed on page 246 of [18] are still widely open, and it seems that to
answer them, one needs to go beyond the theory of relatively big projectives.

In general, over a commutative domain R, the only trace ideals are {0} and R,
so B(R) contains only the isomorphism class of R“). Therefore, V(R) LI B(R) =
V(R) U {[R“)]}. We do not know of any reasonable characterization of domains
R such that V*(R) = V(R) UB(R), nor are there any examples where this fails.

6.2.2 One-sided noetherian PI-rings

In this subsection, we show that countably generated projective right or left
modules over any right noetherian, PI-ring A are relatively big.

The big difference between a noetherian Pl-ring A and the commutative case
described in Corollary 6.2.4 is that the idempotent ideals are not just the ideals
generated by idempotent elements of A.

By a result of Small and Robson [64], the set of idempotent ideals of A (recall
that it coincides with 7 (A)) is finite. But the results from [48] and [25] provide
plenty of examples showing that, even in the case where A is a finitely generated
algebra over a commutative noetherian ring, 7 (A) frequently contains elements
that are not traces of finitely generated projective modules.

Lemma 6.2.5. Let A be a ring. Let I O J be ideals of A such that either JI = J
or IJ =J. Let Ky,..., K, be ideals of A (not necessarily different) such that
Ki--K,CJand J+ K, =1+ K;, fori=1,...,n. Then J = J>.

Proof. Using the hypothesis, we deduce that,

n

mcllu+K)=1[J+K)CJ

i=1 i=1

If JI =J, then JI™ = J. Since I" C J, we deduce that J C J2. This shows that
J = J%
A symmetric argument gives the conclusion if I.J = J. O

Proposition 6.2.6. Let A be a right noetherian ring. Let

LDLD-- DI, D (6.7)

be a sequence of ideals of A satisfying that Iy Iy = Ix 1 for any k> 1. Let
J12J2 DT 2D (6.8)
be a sequence of ideals of A satisfying that JyJyi1 = Jerq for any k > 1. Then,

(i) Let N(A) denote the prime radical of A (that is, the intersection of all prime
ideals of A). If (6.7) or (6.8) are stationary in A/N(A), then they are also
stationary over A.

(ii) Assume that A is semiprime, and that (6.7) is stationary over A/ P for any
minimal prime ideal P of A. Then there exists ko > 1 such that I}, = I+
for any £ > 0.
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(iii) Assume that A is semiprime, and that (6.8) is stationary over A/P for any
minimal prime ideal P of A. Then there exists ko > 1 such that JZ ;= Jro4e
for any £ > 0.

Proof. (i) By Theorem 3.11 in [20], N(A) is nilpotent. Assume that (6.7) is
stationary over A/N(A). Then there exists k; > 0 such that [, + N(A) =
I ¢ + N(A) for any ¢ > 0. By Lemma 6.2.5, this implies that 12, 1., = Ir, 114
for any ¢ > 0. Since idempotent ideals that are equal modulo a nilpotent ideal
must be equal, the claim follows.

A similar argument works if (6.8) is stationary.

(ii) Since A is a semiprime right Goldie ring, it has a finite number of minimal
prime ideals P, ..., P,, and its product is zero, see Proposition 7.1 in [20].

By hypothesis, there exists &y such that Iy, + P, = I, + P; for any ¢ > 0
and any i =1,...,n.

Asin (i), we use Lemma 6.2.5 to deduce that ky = ki +1 satisfies the conclusion
of the statement.

Statement (iii) is proved in a similar way. O

Robson and Small proved in [64] that PI-rings satisfying the ascending chain
condition on two-sided ideals have a finite number of idempotent ideals.

We shall prove in Theorem 6.2.8 that, in addition, right noetherian PI-rings
satisfy the (x)-condition and its left analog, which we call (xx). The proof is
patterned after that of Robson and Small.

First, we provide some basic definitions needed to follow the proof.

Definition 6.2.7. A ring A is said to be a polynomial identity ring, a Pl-ring for

short, if there exists n such that A satisfies a monic polynomial of Z(xy, ..., z,).
That is, there exists a polynomial in non-commuting variables x1,...,z, with
coefficients in Z, say f(x1,...,x,), such that:

(1) f(r1,...,rn) =0for any rq,...,r, €A,
(2) the coefficient of one of the monomials of the highest degree of f is one.

The polynomials in Z(x1,...,xz,) of the form Y, o5 a(0)xsa) - Towm), Where
Y, denotes the permutation group of n elements and a(o) € Z, are said to be
multilinear polynomials or multilinear identities of degree n.

Of special importance in the theory is the standard identity of degree n

Sp = Sp(T1,. .., xn) = Z £(0)To1) " * To(n)
O'GEn

where (o) denotes the sign of the permutation o. For example, if R is a non-
zero commutative ring, a theorem of Amitsur and Levitzki shows that M, (R)
satisfies the standard identity s,, for any m > 2n and does not satisfy sg,_1, cf.
Section 13.3.2 in [40]. Moreover, if a Pl-ring satisfies s,,, then it satisfies s, for
any t > m, cf. Section 13.3.3 in [40].

A theorem of Kaplansky shows that if a ring satisfies a monic identity of degree
at most d, then it satisfies a monic multilinear identity of degree at most d (cf.
Section 13.1.9 in [40]).
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It is possible to define the PI-degree of a central simple algebra A (that is, a
simple algebra that is finite dimensional over its center) as the minimum n such
that A satisfies sy, and not sy,_1. In this case, we write PI-deg(A) = n.

Prime Pl-rings A localized at the non-zero elements of the center are central
simple algebras. Then, by definition, the PI-degree of A is the PI-degree of this
localization. For details, check Section 13.6.7 in [40].

Theorem 6.2.8. Let A be a right noetherian Pl-ring. Then A satisfies the
(x)-condition and its symmetric (*x).

Proof. Assume the statement is not true. By noetherian induction, we may assume
that A is a right noetherian Pl-ring that does not satisfy the (x)-condition, but so
does any proper quotient ring of A.

By Theorem 4 in [64], A has only a finite number of idempotent ideals. By
Proposition 6.2.6, this implies that A is a prime, right noetherian, PI-ring. There-
fore, A is (right and left) noetherian by a theorem of G. Cauchon (Theorem 13.6.15
in [40]). Now we adapt the steps of the proof of Theorem 4 in [64] to obtain a
contradiction.

Let

AL 2L 212 (6.9)

be a sequence of ideals of A satisfying that I [ = Iy, for any k > 1. Let P be a
prime ideal containing I, for some k and assume that Pl-deg (A/P) = PI-deg (A).
By [63, Theorem], the set of elements that are regular modulo P consists of regular
elements of A, forms an Ore set S, and the localization AS™! is a local ring with
maximal ideal PAS™!. Since I}, is contained in P, so is I}, for any ¢ > 1. But
in the local ring AS™!, PAS™'1;, ,AS™ = I, ,AS~! for any ¢ > 1. As the ring
is noetherian, Nakayama’s lemma implies that [, ,AS™' = {0} for any ¢ > 1.
Therefore, I, = {0} for any ¢ > 1. This contradicts our hypothesis. Therefore,
Pl-deg (A/P) < Pl-deg (A) for any prime ideal P containing I for some k.

Let n = Pl-deg (A). Let E(A) be the non-zero ideal generated by the eval-
uations in A of sy,o (cf. [40, 13.6.7 Corollary]). For any fixed k, and for
any prime ideal P containing [, the ideal F(A) is contained in P because
Pl-deg (A/P) < Pl-deg (A). Thus, A/P must satisfy sa,-2. Then, E(A) is con-
tained in the prime radical of I,. Therefore, for any k, there exists my such
that E(A)™ C I (recall that the prime radical of A/l is nilpotent by [20,
Theorem 3.11}).

By hypothesis, A/E(A) satisfies the (x)-condition. This implies that there
exists ko such that Iy, ., + E(A) = I, + E(A) for any ¢ > 0. By Lemma 6.2.5, we
deduce that Iy,i¢1;1 is an idempotent ideal for any ¢ > 0. As a consequence, the
sequence (6.9) contains infinitely many different idempotent ideals, which gives
the desired contradiction with the statement of [64, Theorem 4]. This concludes
the proof of the statement. O

Corollary 6.2.9. Let A be a right noetherian Pl-ring. Then:

(i) Ewvery idempotent ideal of A is the trace of a countably generated projective
right A-module and the trace of a countably generated projective left A-module.

(i) Vi(A) = Vo (A) U B, (A) = Ve(A) UBe(A) = Vi (A).
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Proof. Statement (i) follows from the fact that A/N(A), where N(A) denotes the
prime radical of A, is two-sided noetherian, see 13.6.15 in [40], and that N(A)
is nilpotent. Therefore, if I is an idempotent ideal of A, then (I + N(A))/N(A)
is an idempotent ideal of A/N(A), so it is the trace of a countably generated
projective right A/N(A)-module and the trace of a countably generated projective
left A/N(A)-module (cf. [72]). By Lemma 6.1.2, I € T.(A) and I € T;(A).

By Theorem 6.2.8, A and A/N satisfy the (x)-condition and the symmetric (s:)-
condition. By Theorem 5.3.10, V*(A/N(A)) = V(A/N(A)) U B(A/N(A)) and from
Corollary 6.1.4 we deduce that V. (A) = V,.(A)UB,(A) and V7(A) = Ve(A)UB(A).

Since, by (i), 7.(A) = T¢(A), the rest of the statement follows from Corol-
lary 5.3.9. O

It is an interesting open question to determine whether there exists a right
noetherian ring A with an idempotent ideal that is the trace of a (countably
generated) projective left A-module but not the trace of a projective right A-
module. Corollary 6.2.9 shows that if such an example exists, it cannot be a
Pl-ring.

The following corollary was our initial motivation for developing these results.
As it shows, the basics of the machinery developed in [25] for the endomorphism
ring of finitely generated modules over commutative noetherian rings of Krull
dimension 1 are also available in arbitrary Krull dimension. See also Section 6.2.3
for the transfer of information between direct sum decompositions of a finitely
generated module and a projective module over its endomorphism ring.

Corollary 6.2.10. Let R be a commutative noetherian ring, and let A be a
module-finite R-algebra. Then A satisfies the (x)-condition and its symmetric
(xx)-condition. Moreover, it has only a finite number of idempotent ideals, and
projective modules satisfy the conclusions of Corollary 6.2.9.

Proof. If A is generated by n-elements as an R-module, then A is a sub-quotient
of M,,(R), so it is PI and noetherian (cf. Corollary 13.4.9 in [40]). Then, Theo-
rem 6.2.8 implies that A satisfies the (x)-condition.

The statement about idempotent ideals is a consequence of Theorem 4 in
[64]. O

Even for a two-sided noetherian ring A, there may be a strict inclusion
V(A)UB(A) € V*(A). See, for example, the last two sections of [24].

6.2.3 An application to direct sums of finitely generated
modules

Corollary 6.2.11. Let R be a commutative noetherian ring, and let A be a
module-finite R-algebra. Let M be a finitely generated right A-module. Then any
indecomposable element of Add(M) is finitely generated.

Proof. As End,(M) is a module-finite R-algebra, we can apply Corollary 6.2.10
to deduce that all countably generated projective modules over End, (M) are
relatively big. Hence, by Remark 5.1.11, the indecomposable projectives over
Endy (M) are finitely generated. The conclusion follows from Proposition 1.2.12.

O
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Remark 6.2.12. In general, if A is a Pl-ring, then the endomorphism ring of a
finitely generated right A-module is also a Pl-ring (see the argument of Theorem 2
in [51]).

6.3 Semiperfect rings and locally semiperfect
rings

We start this section by describing the monoids of projective modules for
semiperfect rings. We follow the notation and conventions of Section 27 in [3].

6.3.1 Trace ideals of projective modules over semiperfect
rings

Lemma 6.3.1. Let A be a semiperfect ring, and let I be an ideal of A. Let P’
be a finitely generated, projective right A/I-module. Then there exists a finitely
generated projective right A-module X such that X/ X1 = P'.

Proof. Since A is semiperfect, P has a projective cover. That is, it fits in an exact
sequence

!

0 —— ker f X P’ 0,

where X is a finitely generated projective right A-module, and ker f is a small
submodule of X. Therefore, there are inclusions

XTI Cker fC XJ(A)
which induce an exact sequence of A/I-modules

f/

0 —— ker f/XI —— X/XI P’ 0.

which splits because P’ is projective. Since ker /X is also a small submodule of
X/X1I, it must be zero. Therefore X/ X1 = P’ O

In the next proposition, we recall the behavior of traces of projective modules
for semiperfect rings.

Proposition 6.3.2. Let A be a semiperfect ring, and let J(A) denote its Jacobson
radical. Then:

(1) T-(A) = Te(A) := T(AN), and the injective map ¢: T(A) — T(A/J(A))
defined in Lemma 1.5.1 is bijective.

(ii) Let ey,..., e be a basic set of (primitive orthogonal) idempotents of A. Let
P{1,...,t}) denote the set of all subsets of {1,...,t}. Then the map

I':PH{L,...,t}) — T(A)
defined by T'(A) = X ;ca Ae; A, for any A € P({1,...,t}), is a bijection.
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(iii) Let P be a projective right A-module with trace I. Assume that I/I1J(A) =
Siea (e 4+ J(A)A/T(A)Y for suitable ; > 0 and A € P({1,...,t}). Then
P=®;ca (eiA)(Li), for suitable non-empty sets, L;.

(iv) Keeping the notation from (ii) and (iii), A’ := A/I is a semiperfect ring
and €, :=e; + 1,1 ¢ A is a basic set of idempotents of A/I. Moreover, let
P = @za(ejN)™ be a finitely generated projective A'-module and let P be a
finitely generated projective A-module such that P/PI = P'. Then there are
non-negative integers s;,i ¢ A such that P = @;q4(e;N)™ ® @jealeih)®.

Proof. The proof of the four statements is more or less routine. One just has
to take into account that any projective right (left) A-module is isomorphic

to a unique direct sum of the indecomposable projective modules P, = ¢;A
(Q; = Ae;), for i = 1,...,t (see, for example, Theorem 3.10 in [14]). Moreover
Tra(P;) = Tra(Q;) = Ae;A. O

To give explicit descriptions of the monoids of projective modules over certain
classes of rings, we introduce the monoid/semiring Nj.

Notation 6.3.3. Let Ny = {0,1,2,...}, and let N = {1,2,...}. We denote by
N = Nog U {00} the monoid with the sum extending the one of Ny and with
the additional rule that  + oo = 0o + 2 = oo for any x € Nj. We also see Nj
as a semiring with the product extending the one of Ny together with the rules
x-00=o00-x=o00 forany x € N5\ {0}, and 0- 0o =0 -0 =0.

Proposition 6.3.4. Let A be a semiperfect ring. Then:

(i) The canonical isomorphism between V(A) := V,.(A) =2 NE and V,(A) extends
to an isomorphism between V*(A) := Vi (A) = (N§)! and V;(A).

(ii) Let P be a projective right A-module. Then there exists a two-sided ideal
I of A that is minimal with respect to the property that P/PI is finitely
generated. Moreover, I is the trace of a finitely generated projective right
module.

(iii) FEvery countably generated projective module is relatively big, that is, V*(A) =
V(A) UB(A).

Proof. Let eq,...,e; be a basic set of idempotents of A. Then P, = e;A and
Q; = Ae; = Homy (P, A), for i = 1,...t, are representatives of the isomorphism
classes of indecomposable projective right and left A-modules. Recall that any
projective right or left module over A is a direct sum of indecomposables, uniquely
up to isomorphism.

(i) Let P be a countably generated projective right A-module. Then there
exist Ay, ..., A; countable sets such that P = @!_, P}Ai). Then the assignment

=1

P = [@ PJA"’] - [eB QY‘”]

gives an isomorphism of monoids V*(A) — V;*(A) that extends the canonical
isomorphism V,.(A) — V;(A) from Remark 5.3.6.
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Moreover, the assignment [P]| — (nq,...,n;), where for i = 1,... ¢,

{\Ai| if A; is finite
n; =

oo otherwise,

induces an isomorphism V7 (A) — (N§)! that restricts to an isomorphism
V,.(A) — NE.

(ii) If P is a projective right A-module, then {1,...,t} = AU B, where A
and B are disjoint, and P = (@ieA Pi(Ai)> @ (EB,L»GB Pi(Bi)), where A; is a finite
set (possibly empty) for any i € A, and B; is an infinite set for any i € B. Then,

by Lemma 1.4.3,
= Ten(P) = TrA(@ P,L-> ,
ieB ieB
is the ideal we are looking for.
(iii) By Proposition 6.3.2, 7,(A) = T;(A), so we can apply Corollary 5.3.9 to
deduce that B,.(A) := B(A) is canonically isomorphic to By(A).
Statement (ii) implies that any countably generated projective module is

relatively big. Hence, V*(A) = V(A) LI B(A). O

6.3.2 Locally semiperfect algebras over h-local domains

Definition 6.3.5. Let A be an algebra over a commutative ring R. We say that
A is locally semiperfect if Ay, is semiperfect for every maximal ideal m of R.

The following example explains a particular instance of the appearance of
locally semiperfect algebras that, in addition, satisfy that they have a simple
artinian ring of quotients. With the additional hypothesis that the domain R is
h-local, they will be our main object of study in Section 7.3.

Example 6.3.6. Let R be a commutative domain with field of fractions @), and
let M be a finitely generated torsion-free R-module. Then A = Endz(M) is an
R-algebra and, by Lemma 2.1.11, Ag = A®rQ = Endg(M ®rQ) = Endg(Mp) is
simple artinian. By Proposition 3.14 in [14] and Lemma 2.1.11, for every maximal
ideal m of R, M,, is a direct sum of modules with local endomorphism ring if
and only if A, = Endg, (M) is a semiperfect ring. In other words, A is locally
semiperfect if and only if M, is a direct sum of modules with local endomorphism
ring for every maximal ideal m of R.

Lemma 6.3.7. Let R be an h-local domain with field of fractions @), and let A be
a locally semiperfect torsion-free R-algebra such that Ag is simple artinian. Then
every trace of a projective right (or left) A-module is also the trace of a finitely
generated projective right A-module. In particular, T.(A) = To(A).

Proof. Let I be a non-zero two-sided ideal of A which is the trace of a projective
right A-module. Since A is torsion-free, I, # {0} holds for every maximal ideal m
of R. By Lemma 2.1.9 and Lemma 6.3.2, I, is also the trace of a finitely generated
projective right Ay,-module.

Let S denote a simple right Ag-module, and assume that Ag = S* as a right
Ag-module. Since A is simple artinian and I is non-zero, by Lemma 3.3.2, there
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exists a finite set M of maximal ideals of R such that I, = A, if m € M. For
any maximal ideal m € M, let P(m) be a finitely generated projective right
Ap-module with trace ideal I,,. Then P(m)g = S™ for a suitable positive integer
tm > 1. Let t = lem{t, | m € M}, write t = ly, - ty, and let P'(m) := P(m)*m
for each maximal ideal m of M. For each m ¢ M, take P'(m) = AL . Note that
P'(m)q = S™ = A}, and Try, (P'(m)) = I, hold for every maximal ideal m of R.
By Package Deal Theorem 3.3.4 applied to the package {P'(m) | m € mSpec(R)},
there exists a finitely generated projective right A-module P such that P, = P'(m)
for any maximal ideal m of R. By Lemma 2.1.9, Trp(P)yn = Tra,, (P'(m)) = I,
for any maximal ideal m of R. This implies that I = Trpy(P) + I = Trp(P).

A similar argument gives the conclusion for the traces of projective left A-
modules due to the symmetry of the hypotheses.

The equality 7,.(A) = T¢(A) follows from the canonical bijection between
finitely generated projective right and left A-modules induced by the A-dual, and
because the trace of a finitely generated projective module coincides with the
trace of its A-dual, cf. Remark 5.3.6. O

Corollary 6.3.8. Let R be an h-local domain with field of fractions @, and let A
be a locally semiperfect torsion-free R-algebra such that Ag is simple artinian. If
P is a countably generated projective right A-module, then P“) is a direct sum of
finitely generated modules.

Proof. By Lemma 6.3.7, the trace of P coincides with the trace of a finitely
generated projective module. To conclude, apply that if P and () are countably
generated projective modules then P& = Q®) if and only if P and @ have the
same trace. [

Lemma 6.3.9. Let R be a commutative domain of finite character with field
of fractions Q. Let A be a locally semiperfect torsion-free R-algebra such that
Ag is simple artinian; so that there exist k and a division ring D such that
Ag = My(D). Then, for almost all mazimal ideals m of R, the ring Ay has the
following properties:

(i) There is exactly one indecomposable projective Ayn-module up to isomorphism.
Moreover, Ay = My (Ty), where Ty, is a local ring such that Ty, g Q = D.

(ii) If U and V are projective Ay-modules, then U =V if and only if Uy = V.

Proof. Let S be a simple Ag-module and assume that Ag = S*. Let X be a
finitely generated A-module, which is torsion-free as an R-module, and such that
Xo = S. By Lemma 2.3.2, X} is free for almost all maximal ideals. If m is such
a maximal ideal, then X* = A, gives an indecomposable decomposition of the
semiperfect ring Ay,. Hence X, is the only indecomposable projective A,-module
up to isomorphism. As A, is semiperfect, the endomorphism ring of X, is a
local ring that we will denote by Ty,. Hence Ay, = Endy, (XE) = M (T,). By
Lemma 2.1.11, T, ®r Q = D.

Projective modules over My (Ty,) are always a direct sum of copies of the
indecomposable projective X,. Moreover, U = Xéf), V= Xr(nJ) then U 2 V if and
only if I and J have the same cardinality, if and only if Ug = Vj,. m
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Remark 6.3.10. Let R be an h-local domain with field of fractions @, and let A
be a locally semiperfect torsion-free R-algebra such that Ag is simple artinian,
so that there exist k& and a division ring D such that Ag = My (D). In view of
Lemma 6.3.9, the maximum spectrum of R can be written as a disjoint union
of two sets A and B such that for any m € A, A, is a ring of k x k matrices
over a local ring and B is a finite, non-empty set. In particular, for m € A,
77d"(Am) = ﬁ(Am) = {OvAm}'

In view of Package Deal Theorem 3.4.3 and Lemma 6.3.7, there is a bijective
correspondence

T-(M)\N A0} = Te(M)\ {0} —— Tlner (T+(An) \ {0}) -

Corollary 6.3.11. Let R be an h-local domain with field of fractions QQ, and let
A be a locally semiperfect torsion-free R-algebra such that Ag is simple artinian.
Then T (A) is finite. Moreover, if P is a finitely generated projective A-module,
then I = Trp(P) is a minimal non-zero element of T (A) if and only if Py is a
finite power of an indecomposable projective Ay-module for any m € mSpec(R).

Proof. Finiteness of T(A) follows from Remark 6.3.10. Also, note that the
correspondence of the remark preserves inclusions, so Tra(P) is a minimal element
of T(A)\ {0} if and only if Try,, (Py) is a minimal element of 7 (Ay) \ {0} for any
m € mSpec(R) if and only if P, is a finite power of an indecomposable projective
An-module. O

Proposition 6.3.12. Let R be an h-local domain with field of fractions Q, and let
A be a locally semiperfect torsion-free R-algebra such that Ag is simple artinian.
Let P be a countably generated projective right A-module. Then,

(i) P is finitely generated if and only if Py is a finitely generated Ag-module if
and only if there exists a mazximal ideal m of R such that Py is a finitely
generated Ay-module.

(ii) The set Z(P) = {J < A | P/PJ is finitely generated} has a minimal ele-
ment, which is the trace of a finitely generated projective right A-module.
If I is such ideal, then it is characterized by the property that, for any
mazximal ideal m of R, Iy is the minimal element of Z(Py) = {J <A |
Pn/PyJ is finitely generated}.

Proof. Throughout the proof, let S denote a simple right Ag-module.

(i) We claim that if Py = S™ for some n € N, then P is finitely generated.
Indeed, by hypothesis, there exists a finitely generated A-submodule P, of P such
that (Py)g = Po. Then we may assume that we have Py < P <A@ =P g P/,
and for any p € P there exists 0 # d € R such that pd € F,. Since A is torsion-free
as an R-module, this implies that there exists a finite subset F' of w such that
Py < P C AF. Hence, AI = P@® (P'NAT), so P is finitely generated.

This proves statement (i).

(ii) In the proof, we maintain the notation from Remark 6.3.10 regarding the
partition of the maximal spectrum of R.

If P is finitely generated, the statement is clear. Assume that P is a countably
generated, projective, right A-module that is not finitely generated. By (1),
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Pp=S (@) Therefore, there are two possible situations regarding the localizations
of P at the maximal ideals of R:

(a) P, is a free Ay-module of infinite rank for any m € A. Therefore, A, is the
only element of the set Z(Py) = {J < Ay | Pu/PnJ is finitely generated}.

(b) P, is an infinitely generated projective module over the semiperfect ring A, for
any n € B. By Proposition 6.3.4, there exists a non-zero ideal I(n) that is the
minimal element of the set Z(P,) = {J <A, | P,/P,J is finitely generated}.
In addition, I(n) is the trace of a finitely generated projective right A,-
module.

By Package Deal Theorem 3.4.3, there exists an ideal I of A such that I, = Ay
for any m € A and I, = I(n) for any n € B. In addition, [ is the trace of a
(finitely generated, by Lemma 6.3.7) projective right A-module. We claim that
is the minimal element of Z(P).

Since Ig = Ag, I N R # {0}. As R has finite character, there exists a finite
set M of maximal ideals of R, such that R/(I N R) = [[,car (R/(I N R)),,. We
may assume that B C M. Hence,

P/P]g H Pm/PmIm: HPn/PnI(n)

meM neB

which is finitely generated. Therefore, I € Z(P).

Let I' € Z(P) be such that I’ C I. Then, because A is torsion-free as an
R-module, for any maximal ideal m of R, I! € Z(P,), and (I')y C I, = I(m). The
minimality in the choice of I(m) in (a) and (b) implies that (I')y = I, = I(m)
for any maximal ideal m of R. Hence, I’ = I. This shows that [ is the minimal
element of Z(P).

The proof also shows that for any maximal ideal m of R, I, is the minimal
element of Z(P). O

Lemma 6.3.13. Let R be a commutative domain with field of fractions Q, and
let A be a torsion-free R-algebra. Let I € T(A). Let P be a countably generated
projective A-module, and let V' be a finitely generated A-module which is torsion-
free as an R-module. Let p be a prime ideal of R such that V, = V,I, and
P, = @;en Ui, where each U; is a finitely generated Ay-module, such that infinitely
many of these U; are isomorphic to a Ay,-module U whose trace ideal contains I,.

Then, for every finitely generated submodule Py of P, there exists a homomor-
phism f € Homy (P, V) such that f(Py) =0, and f, is onto.

Proof. Let v € Homy (P, A®)) and m € Homa (A“), P) be such that 7v = 1p.

Note that if U is a projective Ay;-module and I, C Trp(U), then U generates
any Ap-module W satisfying W1, = W. If W is also finitely generated, then
there exists k € N such that W is a homomorphic image of U*. Therefore V; is a
homomorphic image of @,c- U; whenever C' is a cofinal subset of N. In particular,
there exists an onto homomorphism g € Homy, (F;, V;) such that g(P;) = 0 (recall
that P is embedded in F,). Since V' is finitely generated, there exists ), a finitely
generated submodule of P,, such that g(F)) = Vj,. Scaling by a suitable element of
R\ p (which is invertible over A,), we observe that there exists a finitely generated
Py C P such that PyA, = F.
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Let F be a finite subset of w such that v(P, + P,) is contained in A", Further,
let ¢ € Homy (A, A@)) and o € Homy (A®), A7) be the canonical embedding
and projection. Since AF) is finitely generated over A and torsion-free over R, by
Lemma 2.1.11, there exist h € Homy (A, V) and q € R, such that h®gq = g(m),.
Consider f := hov. Then f®q=h®qo (ov)®1 = g(mLov),. Since A contains
v(Py+ Py), meov is the identity on Py + P;, and consequently, f ® ¢ is onto and
f®q(P®1)=0. This implies that f, is onto and f(P;) = 0. O

Remark 6.3.14. We are going to apply Lemma 6.3.13 in the following situation: A is
a locally semiperfect torsion-free algebra over an h-local domain R such that Ag is a
simple artinian ring. Assume that P is a countably generated projective A-module
and 0 # I is the least element of Z(P) = {J < A | P/PJ is finitely generated}.
Take any m € mSpec(R) and let us check that P, is a countable direct sum
of finitely generated projective Aj-modules such that almost all these direct
summands have a trace equal to [.

Indeed, since P is not finitely generated, P, is not a finitely generated A,-
module by Proposition 6.3.12. Since A, is semiperfect, P, is a direct sum
of finitely generated modules Py = U™ @ - @ U™ @ (Uppy @ --- @ U,)@,
where Uy, ..., Us is a representative set of indecomposable projective Ay-modules.
Let U = U1 @ --- @ Us. As explained in the proof of Proposition 6.3.12(ii),
I, = Try, (U"). Therefore Py, = U™ @ --- @ U™ @ U@ is a decomposition of Py,
that has the required properties.

Lemma 6.3.13 can be stated in simpler form when p = (0) and [ = A.

Lemma 6.3.15. Let R be a commutative domain with field of fractions QQ, and
let A be a torsion-free R-algebra. Let P be a projective A-module such that Py is
countably generated but not finitely generated free, and let V' be a finitely generated
A-module which is torsion-free over R. Then, for any finitely generated submodule
Py of P, there exists f € Homp (P, V') such that f(P1) =0, and fg is onto.

Proposition 6.3.16. Let R be an h-local domain with field of fractions @), and let
A be a locally semiperfect torsion-free R-algebra such that Ag is simple artinian.
Let P be a countably generated projective A-module such that

I =min{J <A | P/PJ is finitely generated}
exists and is the trace of a countably generated projective module. Then P is I-big.

Proof. We have to prove that if U is a countably generated projective right A-
module and Trp(U) C I, then U is a direct summand of P. By Corollary 6.3.8,
U is a direct sum of finitely generated modules. Thus, we may assume that U
is a direct sum of finitely generated modules.

We prove the following claim: If Fj is a finitely generated submodule of P
and V is a finitely generated projective A-module with trace contained in I, then
there exists an epimorphism f: P — V such that f(F,) = 0.

Assume we have proved the claim and let U = @,y U; with each U; being
finitely generated. Let pi,ps,--- € P be a countable set of generators of P.
Consider the following construction: Let f;: P — U; be an epimorphism, and
let P, be a finitely generated submodule of P such that f(P;) = U; and p; € P;.
Assume that f1, fo, ..., fr and Py, P, ..., P, are defined such that f;: P — Uj is
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an epimorphism, P, C --- C P, are finitely generated submodules of P such that
fi(Pi—1) =0, p; € P, and f;(P;) = U; (we can set Py = 0). By the claim, there
exists an epimorphism fg1: P — Ugyq such that fy1(P;) = 0. Finally, let Py
be a finitely generated submodule of P satisfying P, C Pri1, prr1 € Pry1, and
fer1(Peg1) = Upga.

Consider the canonical homomorphism f = [[,cy fx: P — 1z Uk. Observe
that fir(p) =0if k > [, so Im f C @,;cnU;. An easy inductive argument also
gives f(P;) = 321 U, for any ¢ € N. Thus f is an epimorphism.

Thus, we are left to prove the claim. First, note that we may assume [ # 0
since any countably generated projective module is 0-big. Then P is not finitely
generated. Therefore, by Proposition 6.3.12, Py cannot be finitely generated.
Hence Py ~ Ag’).

By Lemma 6.3.15, there exists ¢ € Homy (P, V') such that g is onto and
g(Py) = 0. Let Ty be a finitely generated submodule of P containing Py such that
90(ToAg) = (9(Th))g = Vi. Since V is finitely generated, Vi, = g(Tp)m holds for
almost all maximal ideals m of R. Let my,mo, ..., my be the maximal ideals of R
where the equality does not hold. If there are no such ideals, then we are done,
since g is onto. So we may assume that k > 1.

It remains to show that there are homomorphisms fi, fo, ..., fr € Homa (P, V)
and finitely generated submodules T}, 75, ..., T, of P such that

(i) ThCch CT,C---C1T
(ii) fl-(Ti,l):Oforizl,...,k

(iii) (g + Zj’:l Ji)wi(Ti)m,) = Vi, fori=1,...,k

Then f = g+ X% | fi € Homa (P, V) satisfies f(Ty) = g(Tp). Hence, f, is onto if
m is not among my, ..., mg. Moreover, f(T;) = (g + 23-:1 [i)(T;) shows that fu,
is onto for every ¢ = 1,..., k. This implies that f is onto.

Assume fi,..., froq and Ty, 11, ...,Ty_1 are found. Consider g, = g + Zf;ll fi.
Recall that Vi, is a finitely generated projective module over a semiperfect
ring Ap,. Then, Vi, /Vi,J(Am,) is a finitely generated (semisimple module).
Therefore, if 7: Vi, — Vi, /Vin,J(A,) is the canonical projection, 7((ge(P))m,)
is a finitely generated submodule of Vi, /Vy,J(Aw,). Let T; C P be a finitely
generated submodule of P containing T, such that (g,(7}))m, + Vin,J (Am,) =
(9e(P))m, + Vo, (Am,)-

By Lemma 6.3.13, there exists f; € Homa(P, V') such that (fs)m, is onto
and fy(7)) = 0. Then the image of g, + fo contains ¢,(7;). Hence, im(g, +
Jo)m, + Vi, J (An,) also contains im(gy)m,, and since (fr)m, is onto, im(ge + fo)m, +
VingJ (Am,) = Vin,. Nakayama’s Lemma gives that (g, + f¢)m, is onto, and therefore
there exists a finitely generated submodule 7; of P containing 7, such that
((ge + f0))m,((T7)m,) = Vi, that is, (iii) holds if i = ¢. O

Theorem 6.3.17. Let R be an h-local domain with field of fractions @Q, and let A
be a locally semiperfect torsion-free R-algebra such that Ag is a simple artinian
ring. Then Vi(A) = V,.(A) U B.(A) Z Vo(A) U By(A) = V;(A).

Proof. Propositions 6.3.12 and 6.3.16 show that V;(A) = V,.(A) U B.(A). The
symmetry of the hypothesis implies that V,(A)LB,(A) = V;(A). By Remark 6.3.10,
we can deduce from Corollary 5.3.9 that both monoids are isomorphic. O]
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Hinohara [27] proved that every projective module over an h-local (or, more
generally, weakly noetherian) domain is either finitely generated or free. We can
extend this result to our setting.

Corollary 6.3.18 ([27]). Let R be an h-local domain with field of fractions @,
and let A be a locally semiperfect torsion-free R-algebra such that Ag is simple
artinian. For each mazximal ideal m of R, assume that Ay, is Morita equivalent to
a local ring. Then any infinitely generated projective A-module is free.

Proof. By Remark 6.3.10, T(A) = {0, A}, and hence V(A)UB(A) = V(A)L{[A®]}.
The result then follows from Theorem 6.3.17. ]
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7 Locally semiperfect algebras
and applications to direct sum
decompositions

Contents

7.1 Rank and genus of countably generated projective
modules . ... ... ... e e e e 132

7.2 Infinite sums of finitely generated projective modules 138

7.3 Torsion-free modules over h-local domains . ... .. 142

Throughout this chapter, R is an h-local domain with field of fractions @), and
A is a locally semiperfect torsion-free R-algebra such that Ag is simple artinian.
In this chapter, we prove Theorems E and F stated in the introduction. The first
part of Theorem E was already proven in the previous chapter. We recall it here
for completeness:

Theorem E (Lemma 6.3.9, Propositions 7.1.7 and 7.1.9). Let R be an h-local
domain with field of fractions Q). Let A be a locally semiperfect torsion-free
R-algebra such that Ag is simple artinian. Then

(i) There exists a finite set of mazimal ideals S(A) such that Ay = My(Ty) for
some local ring Ty, for every mazimal ideal m ¢ S(A). In particular, for
every mazimal ideal m ¢ S(A), A has ezactly one indecomposable projective
module up to isomorphism.

(ii) For each mazimal ideal m ¢ S(A), if U and V' are projective Ay-modules,
then U =V are isomorphic if and only if Ug = Vg

(iii) For each maximal ideal m € S(A), let dwy, ..., dwne, be the lengths of the
indecomposable projective right An-modules, and fir vy € (Ng)5.

Then, there exists a countably generated projective right A-module P with
genus sequence {rm}memgpec(R) if and only if there exists r € Nj such that
for every maximal ideal m of R

L rm,l
Z de’f’m,j = [dm,l s dm7gm] = 7.
j=1

T'm, b

In Section 7.1, we study the rank and the genus of countably generated projec-
tive A-modules. We view V*(A) as a submonoid of the product [Tnemspec(r) V' (Am)
to define the genus, but also as a submonoid of V*(Ag) to define the rank. In
Proposition 7.1.1, we show that two infinitely generated projective modules are iso-
morphic if and only if all their localizations at maximal ideals of R are isomorphic.
That is, they are isomorphic if and only if they are in the same genus.
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These tools allow us to study in Section 7.2 the arithmetical characterization
of countably generated projective A-modules given in Theorem E. Finally, in
Section 7.3, we apply our results taking A to be the endomorphism ring of a
finitely generated torsion-free module M over an h-local domain R of Krull
dimension 1. In Theorem 7.3.2 (Theorem F in the introduction), we determine
when any direct summand of Add(M) is a sum of finitely generated modules. The
results in this section complement those obtained in the previous part of this
dissertation.

7.1 Rank and genus of countably generated pro-
jective modules

We continue with the same setting as in Section 6.3. Let R be an h-local
domain with field of fractions ). Let A be a locally semiperfect torsion-free
algebra over R such that Ag is simple artinian. That is Ag = M(D), for D a
division ring.

There are two natural monoid homomorphisms. The first one is the one
associated with tensoring with Q:

U: VH(A) —— V*(Ag)

defined by V([P]) = [Pg| = [9"], where S is a simple right Ag-module. Then we
have a monoid homomorphism, which we also call W:

U: VH(A) —— Nj

defined by U([P]) = r if P is finitely generated and Py = S”, and ¥([P]) = oo if
P is not finitely generated. We call ¥([P]) the rank of P.

Associated with the localization at the different maximal ideals, we have the
monoid homomorphism

: V* (A) - HmeSpec(R) V* (Am>

defined by ®([P]) = ([Pu])memSpec(r)- We shall refer to ® as the genus morphism,
and to ®([P]) as the genus of [P].

In this section, we want to describe the image of ¥ and .

At this point, we have plenty of information about V*(A). By Theorem 6.3.17,
V*(A) = V(A) LU B(A), and by Lemma 6.3.7, any ideal of 7 (A) is a trace ideal of
a finitely generated projective module, and by Corollary 6.3.11, T(A) is finite.

In general, there may be plenty of finitely generated projective right modules
over A in the same genus that are not isomorphic. For example, let R = A be a
Dedekind domain. Then, any localization of a projective module at a maximal
ideal is free. Therefore, two projective modules are in the same genus if and only
if they have the same rank. Certainly, two finitely generated projective modules
over a Dedekind domain with the same rank are not, in general, isomorphic.

The situation changes for projective A-modules whose isomorphism class is in
B(A), or for finitely generated projective A-modules when A is a suitable algebra
over a semilocal domain R.
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Proposition 7.1.1. Let R be an h-local domain with field of fractions (). Let
A be a locally semiperfect torsion-free R-algebra such that Ag is simple artinian.
Then

eBA) <  JI BAw).
memSpec(R)
Moreover, if [P] and [P'] are two elements in B(A), then ®([P]) = ®([P’]) if and
only if [P] = [P'].

Proof. The first part of the proof follows from Corollary 5.1.12 and Proposi-
tion 6.3.12.

For the second part of the proof, we are going to use the notation of Corol-
lary 5.3.5 that is, an element [P] € B(A) can be thought of as a pair ([P/PI],1)
where I € T(A) \ {0}, and P is relatively I-big. Hence, ®([P/PI],I) =
({Pm/Pm]m]a ]m)mEmSpec(R)'

By Lemma 3.3.2, there exists a finite set of maximal ideals M = {my,... ,my}
of R such that A/I = [, An,/Im,. Hence, P/PI = TI'_, Py./Pu,In,, and
P, = PRI, is free and I, = A, for any n ¢ M

By Theorem 3.4.3, [ is uniquely determined by [, for every maximal ideal m
of R. Therefore, by Lemma 5.1.7, it follows that & is injective when restricted to
B(A). O

Proposition 7.1.2. Let R be a semilocal domain, and let A be a locally semiperfect
torsion-free R-algebra. Then:

(i) A is semilocal;

(ii) Assume A is module-finite over R, and let Py and Py be two finitely generated
projective right A-module. Then Py = Py if and only if ®([P1]) = ®([FP2)).

Proof. (i) Let mSpec(R) = {my,...,m;}. Consider the embedding

‘
a: AN — H A,

i=1
induced by taking the localization map at each component. If A € A is such that
a()) is invertible, then for each ¢ € {1,...,¢}, there exists s; € R\ m; and p; € A
such that A\y; = s;. Then I = Zle s; R is not contained in any maximal ideal of
R, so I = R. Since R =1 C A\, we deduce that X is a right invertible element of
A. By symmetry, A is an invertible element of A. This shows that « is a local ring

-----

deduce that A is semilocal (cf. Theorem 4.2 in [14]).
(ii) This statement is proved in Corollary 2.3.5. O

The following straightened version of the Package Deal Theorem for our setting
will be the key ingredient to describe ®(V*(A)) = ®(V(A)) U B(A)).

Proposition 7.1.3. Let R be an h-local domain with field of fractions Q). Let A
be a locally semiperfect torsion-free R-algebra such that Ag is simple artinian. Let
S be a simple right Ag-module.

Fiz r > 1. For each mazimal ideal m of R, let P(m) be a finitely generated

~Y T

projective right Ay-module such that P(m)g = S”. Then there exists a finitely
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generated projective Tight A-module P such that Py, = P(m) for every mazimal
ideal m of R.

Notice that, by definition, ¥([P]) = r.

Proof. Let k be such that Ag = S*. By Lemma 6.3.9, there is a finite set of
maximal ideals of R, my, ..., my, such that Ay, = My(7},) for some local ring T},
whenever m is a maximal ideal not in & = {my,...,m;}. Note that if m ¢ S,
then A, is isomorphic to a ring of k x k matrices over a local ring, so it has a
unique indecomposable projective module X (m) such that X (m)g = S and any
projective A(m)-module is isomorphic to a suitable number of copies of X (m).
Therefore, for any m ¢ S, P(m) = X (m)".

Let ¢ be a multiple of k that is greater than r, and let F' = A%*. Further, let
U be a finitely generated submodule of F' such that Ug = S”. By Lemma 2.3.2,
since the embedding U — F' splits over Ag, it splits over almost all maximal
ideals of R. Then U is a finitely generated A-module which is torsion-free as an
R-module, such that U, is projective for almost all maximal ideals m of R and
Ug = 5. So let B be a finite set of maximal ideals of R such that S C B, and
satisfying that U, is projective for any m ¢ B. In particular, for any m ¢ B,
Unp = P(m) = X(m)".

By Lemma 2.1.15, for any m € B, we can choose U(m) a submodule of Uy,
such that U(m) = P(m). For m ¢ B, we set U(m) = U,

Note that for any maximal ideal m of R, U(m)q = Uy, since all these modules
have length r over Ag. Therefore, we can apply Theorem 3.2.3 and conclude that
there exists a finitely generated A-module P of U such that P(m) = U(m) = Py
for every m € mSpec(R). By Corollary 2.1.14, P is a projective module over
A. O

We introduce the notation necessary to more thoroughly detail the image of
the genus map ® and the rank map W.

Notation 7.1.4. Let R be an h-local domain with field of fractions Q). Let A
be a locally semiperfect torsion-free R-algebra such that Ag is simple artinian.
Let S be a simple Ag-module, and let k be the length of Ag, i.e., Ag = S*,
or, equivalently, W(A) = k. By Lemma 6.3.9, there is a finite set of maximal
ideals my, ..., my such that Ay, = My(Ty,) for some local ring T, whenever m is a
maximal ideal not in & = {my,...,my}.

If £ = 0, then the assumptions of Corollary 6.3.18 are satisfied. So, in this
case, the image of the rank map W is Nfj, and the genus map composed with the
natural isomorphism V*(A,) = N

P: V* (A) B HmEmSpec(R) V* (Am) = HmEmSpec(R) Ng

just sends [P] to the constant sequence with the value of the rank of P.

So, from now on, we will assume that ¢ > 1.

Fori=1,...,¢, let U;,,...,U;s be representatives of indecomposable projec-
tive right Ay,-modules, and let r;1,...,7;4, be the lengths of their localizations
over Ag, i.e., (Uij)g = S".
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Note that, for any i = 1,..., ¢, if the right Ay,-module Ay, is isomorphic to

U @@ ng’ti, then we have the relation

t;
dorigmig =i o mg] |0 | =k
j=1

We proceed to construct examples of finitely generated locally semiperfect
torsion-free Z-algebras. In particular, they are algebras over an h-local domain
with an infinite number of maximal ideals. These examples show that there are
no other restrictions on the parameters k, ¢,t;, r;;, m;; than those specified by the
¢ equations above.

Examples 7.1.5. (1) Let k be a positive integer and let p be a prime. Assume

we are given positive integers 71, ..., 7, my,...,m; such that 3t_, myr; = k. Our
aim is to construct a semiperfect Zy-order A in My(Q) such that A = @;_, U™
as right modules, where Uy, ..., U; is a representative set of indecomposable

projective A-modules and 7; is the length of (U;)q.

Write {1,...,k} as a disjoint union of sets Ul_,(A;; UA;2U---UA;,,.), where
|A; j| = r;. For any ¢ and any 1 < a,b < m,; we fix a bijection f;,p: Aix — Aip
such that f; ., is the identity of A;, and fipcfiap = fiacif 1 < a,b,c <m;.

For elements i,a,b, 1 <i <t,1<a,b<m; define e;,;, € Mx(Q) by €;4p =
> et Bf () where Ey  is a matrix unit in M (Q). Note that €7, , = ;4,4 and
€ib,cCiab = Ciac. Further note that e;opejcq =0if 1 <i# 7 <k, 1 <a,b<m,
and 1 <c,d<mjorifi=jand 1 <d#a<m.

Consider J = My(pZ,)) and A = J + X! S 1<capem, CiapLip)- The following
facts are easily verified:

(i) Ais a subring of My (Q), is a finitely generated Z)-algebra and Ag = M (Q).
(ii) J is an ideal of A, J C J(A).
(iii) For any i,j (e;;;A)/(e;j;J) is a simple A-module.
(iv) €iaall =ejppA if and only if i = j
(V) €iaalejpp = €iaalejpp Wwhenever 1 <i#j<t 1<a<m;1<b<m;

From (iii) it follows that A/J is a direct sum of simple modules. Hence A/J
is semisimple artinian and therefore J = J(A). Also note that the canonical
projection e; j ;A — e;;iA/e; j;J is a projective cover of e; ; jAJe; ;;J. So A is
semiperfect and e; ; jA are indecomposable projectives. Also e; 4 A = €A if and
only if i = j. So we have that A = @!_; B €iaal = DB (e;11A)™. Also, it is
casy to check that e; , ,Mg(Q) has length r; since |A; .| = 7.

(2) Let k, ¢ be positive integers p1, ..., py pairwise different primes. Assume
that for each ¢ positive integers ¢;, r; ;,m;j, j € {1,...,t;} are given such that
Z;i:l rijm;; = k for every i = 1,...,¢. By part (1) there exists a semiperfect

Zpy)-order A(p;) in My(Q) such that A(p;) = EB?’ZI UZ”;” where U, 1,...U;y, are
pairwise non-isomorphic projective A(p;)-modules and (U; ;)¢ has rank r; ;.

Now the Package Deal Theorem (here it is enough to use the noetherian
version from [34]) finds a finitely generated Z-submodule A C My (Z) such that
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Apy = A(p;) for i = 1,...,0 and Ay = Mi(Z)) if ¢ is a prime different
from py,...,pe. It is easy to see that A has to be a subring of M (Z) and that
Ay >~ A(p;) as rings.

Remark 7.1.6. We keep the Notation 7.1.4. First, we observe that
P: V*(A> — HmEmSpeC(R V*< ) Hz IV*( ) Hm¢$ V*<A )

So, for any m € S, V*(An) = N, and for any [P] € V*(A), this isomorphism
sends [Py] to its rank, which is W([P]). As we are assuming that ¢ > 1, the genus
map is completely determined by its image in TT{_; V*(An,).

Then, there is a monoid homomorphism

' V(A) —— T2, V(Am,) =TT, (NG)

V([P)) = ((Puu)s - [B) = (U570, S0 (U7 ).

Where the isomorphism TT{_; V (Aw,) = [Ti_; (NG) assigns to ®'([P]) the element

¢
((Il,lu e 7371,1‘,1)7 ey (Sﬁg,l, . ,xg,te)) € H (Ng) .
=1

If Pp = 5", then for any i = 1,...,¢, we have the identity

Zin

¢
i:ﬁ',jxi,j =[rix - mg] | 2| =7 (7.1)
=1

xi,ti

Conversely, by Proposition 7.1.3, an element X &€ Hle (fo) corresponds to a
finitely generated projective right A-module if and only if there exists  such that
the components of X satisfy the system of equations (7.1). This describes all the
possible genus of finitely generated projective A-modules.

In summary, we have proved the following.

Proposition 7.1.7. Let A = ®'(V(A)) which is a submonoid of [T;_, (NG). Then
X e 1%, (Ng") is an element of A if and only if there exists r € Ny such that the
components of X satisfy

X1

|
<

i
D oTigTiy = [T Tig]
j=1

xi,ti
foranyi=1,... (.
If P is a finitely generated projective right A-module such that ®'([P]) = X,
then Pp = S". So
U(V(A)) = {r € Ny | there exists X € [I;_, (Ng) satisfying (7.1)}.
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Remark 7.1.8. If { =1 and Uy, ..., U, are the indecomposable projective modules
of A, up to isomorphism, and ¥(U;) =r; for i = 1,...,¢t. Then W(V(A)) is the
submonoid of Ny generated by ry, ..., 7. By Proposition 7.1.3, ®'(V(A)) = N,
because for any ¢ = 1,..., ¢, there exists an (indecomposable) finitely generated
projective right A-module P; such that (P;)m, = U;.

Clearly, U(V*(A)) = U(V(A)) U{oo} and ®'(V*(A)) = (N§)'. Notice that, in
this case, by Proposition 7.1.1, any projective A-module is isomorphic to a direct
sum of finitely generated projective A-modules.

Now we proceed to extend this description of the genus to countably generated
projective modules. In view of Remark 7.1.8, we may assume ¢ > 2.
Proposition 7.1.9. Extend the monoid homomorphism ®' to V*(A) and enlarge
Ny to N} = NgU {oo}. Then Y € TIt_, (N})%) is an element in ® (B(A)) =
O (V*(A) \ V(A)) if and only if its components are solutions of

ti y’i,l
DoTig¥ig = [rin o i) | 3| =00 (7.2)
= Yit;

foranyi=1,... (.

Proof. By Theorem 6.3.17, V*(A) = V(A)UB(A), so ®'(B(A)) = ' (V*(A)\V(A)).

)
Let Y € [T, (N})%). Fori=1,...,4 let Si(Y) = {j | yi; = oo}. Observe
that Y is a solutlon of the equations (7.2) if and only if S;(Y) # 0 for any

1=1,..., /.
Let P be a countably generated right A-module such that it is not finitely
generated. Then W(P) = oo, which implies that, for any i = 1,..., ¢, there exists

J such that the indecomposable module U; ; appears infinitely many times in the
decomposition of P, as a direct sum of indecomposable modules. Therefore, if
Y = @'([P]), then S;(Y) # () for any i = 1,...,¢. So Y is a solution to the system
(7.2).

To prove the converse, let Y € [T, ((N§)%) such that S;(Y) # 0 for any
t=1,...,0. Then we show that there is a countably generated projective module
P such that Y = @'([P]).

Fori=1,...,/ let P'(m;) = @jes,(v) Ui,j and let r; be the rank of P'(m;).
Let r be the least common multlple of ri,...,re, k. Fori=1,... ¢ set P(m;) =
P’ (ml) i and set P(m) = A4 if m is a maximal ideal of R dlfferent from my, ..., my.
By Package Deal Theorem 3.3.4, there exists a finitely generated projective A-
module P’ such that P/ = P(m) for any maximal ideal m of R.

Let I be the trace ideal of P’. Then Iy, = ¥ cs,(v) Tr(Usy) fori=1,...,¢,
and I, = A, for the other maximal ideals of R. As R is h-local,

l
AT =] A/ I,

i=1

For any ¢ = 1,...,¢, set A; = {1,...,t;} \ S;(Y). Then the indecomposable
projective modules over Ay, /I, are {U; ;/U; jIn, }ica,-
Now consider the finitely generated projective A/I-module

P = é(@ z,j/Ui,.jfmi)yi’j)-

i=1 " jEA;
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By Theorem 1.5.4, there exists a countably generated projective A-module P such
that P/PI = P. Then P @ (P")“ is an I-big countably generated projective
A-module such that W/(P @ (P")@) =Y. O

Remark 7.1.10. In Proposition 7.1.9, the condition on Y € [T¢_, ((N;)¥) is equiv-
alent to saying that, for each i € {1,... ¢}, at least one of the components of
(Yins - Yig;) 1s 00.

We have kept the notation of a system of linear equations because it is consistent
with the characterization of the monoids that can be realized as V(A) L B(A) for
A a semilocal ring given in [22]. Namely, the description of V(A) LI B(A) for A a
semilocal ring can always be given in terms of the solutions in Njj of a system of
linear equations and linear congruences with coefficients in Ny. However, it is not
at all clear which invariants of the semilocal ring determine the coefficients of the
system defining the monoid of relatively big projectives.

In our situation, by Proposition 7.1.2, Ay, where ¥ = R\ Ule m; is a locally
semiperfect semilocal algebra over the semilocal domain Ry. We are proving that,
at least for the genus, the system of equations that determines the monoid can be
deduced from the structural properties of A and its localizations at the maximal
ideals of R. Note that if A is finitely generated over R, then, by Proposition 7.1.2,
V*(As) = V(A) UB(A) = &' (V*(A)).

7.2 Infinite sums of finitely generated projective
modules

In this section, we continue working with an algebra A over an h-local domain
R, with field of fractions ), and such that A is simple artinian.

We keep using the notation from the previous section. In particular, the one
introduced in Notation 7.1.4. As in Proposition 7.1.7, let A = ®'(V(A)). If £ is
either 0 or 1, then every projective module is a direct sum of finitely generated
ones (cf. Remark 7.1.8). So we assume ¢ > 2.

Let B be the image of B(A) = V*(A) \ V(A) in [T, (N§)%).

By Proposition 7.1.1, the genus classifies the modules of B(A) up to isomor-
phism. Therefore, the modules in B(A) that are isomorphic to a direct sum of
finitely generated modules are those such that the image of their isomorphism
class via @ lies in

A+o00-(A\{0})={a+oc-d|a,a € Aand da #0}.

In this section we will examine the question of whether any projective A-
module is a direct sum of finitely generated modules. By Proposition 5.1.13 and
Lemma 6.3.7, we only need to characterize when finitely generated projective
modules modulo an ideal of 7 (A) lift to finitely generated projective modules.
Our next lemma shows that we only need to ensure this property for the minimal

elements in T (A) \ {0}.

Lemma 7.2.1. Let R be an h-local domain with field of fractions @, and let A be
a locally semiperfect torsion-free R-algebra such that Ag is simple artinian. The
following are equivalent
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(i) For any I € T(A) and any finitely generated projective A/I-module P’, there
exists a finitely generated projective A-module P such that P' = P/PI.

(ii) For any I which is a minimal element of T(A)\{0} and any finitely generated
projective A/ I-module P’, there exists a finitely generated projective A-module
P such that P' = P/PI.

Proof. Of course, only (ii) = (i) needs to be proved. To prove (ii) = (i), let /
be a non-zero trace of A containing a minimal trace X € T'(A) \ {0}. Such an X
exists by Corollary 6.3.11.
By Lemma 3.3.2, there exist my, ..., m, maximal ideals of R such that A/X =
¢ Am,/Xn,. Thus, it is a finite product of semiperfect rings. Therefore, A/X is
semiperfect.
Let P’ be a finitely generated projective A/I-module. By Lemma 6.3.1, there
exists a finitely generated projective A/X-module P; such that P,/P I = P'.
Now we can use (ii) to find a finitely generated projective A-module P such that

P/PX = P,. Then P/PI = (P/PX)/(PI/PX)= (P,/PI)= P N
The next lemma will be useful for checking when the criteria of Lemma 7.2.1

is satisfied.

Lemma 7.2.2. Let 2</{¢e€N. Letry,...,rs,s € N. Let m =lem(rq,...,re_q) >
0. Then the system

rr 0 ... 0 —s| = T
0O ro ... 0 —=s| |z T

2 2| _ '12 (7.3)
0 0 ... 7rp—1 —s| |xy T

has a solution in N if and only if the equation my — sxy; = vy has a solution in N.
If (y, s) is such a solution, then

m m
rr=—"Y,...,Tp1 = —Y, Ty
™ To—1

is a solution of (7.3). Therefore, (7.3) has a solution in N if and only if gcd(m, s)
divides ry.

Proof. The claim follows because

1 0 ... Offrqy O ... O =—s r 0 ... 0 -—s
-1 1 ... 0 0 77 ... 0 —s —ry ro ... 0 0
-1 0 ... 1 0 0 ... Te—1 —S —T1 0 ... Te—1 0

so the system (7.3) is equivalent to the system

rn 0 ... 0 —s| |x Ty
—T1 T9 0 0 i) 0
—T 0 ... Te—1 0 Ty 0

which has a solution in N if and only if the equation my — sz, = r, has a solution in
N. Also, it is clear that the solutions are related, as claimed in the statement. []
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Proposition 7.2.3. Under the Notation 7.1.4, the following are equivalent

(i) Every projective A-module is a direct sum of finitely generated modules.

(ii) For every choosing ai,as, ... ,ap, 1 < a; < t;, and for every j € {1,...,(}
and 1 < b # a; <t; there are non-negative integers xi, s, ..., x, such that
Tib + TiTja; = TiTia; fOr every i # j.

(iii) For every choosing ay,as, ..., ap, 1 < a; <t;, and for every j € {1,...,(}
and 1 < b # a; < t; then ged(lem({71,a,, -, 70ar} \ {750, })s Tja,) divides
Tib-

Proof. Assume (i) is true, so finitely generated projective modules of A modulo

a (minimal) element of 7(A) \ {0} can be lifted to finitely generated projective

A-modules.

By Remark 6.3.10, A has an ideal I € T(A) such that I, = Try,, (Ui,,) for
each i =1,...,0. As Ag is simple artinian and R is h-local, A/T = @_; A,/ In,-
Therefore, every (finitely generated) projective A/I-module is of the form @¢_, M;,
where M, is a (finitely generated) projective (A/I)y,-module. Note that (A/])y, =
A, /I, which is a semiperfect ring, so projective modules over it are described
in Proposition 6.3.2 (iv).

Consider a projective A/I-module P’ such that Py = Ujp/Ujpln; and Py =0
if i # j. By assumption, there exists P a finitely generated projective A-module
such that P/PI = P'. Then Py, £ U, if i # j and P, = U;, © U]le] Since
(Prn)o = Pg = (Pn,)q, We get o754, = 75 + 74, So (ii) holds.

Conversely, let I be a minimal non-zero trace of A. Then Iy, = Tra,, (Uia,)
for some a;, i € {1,...,4;}. Recall that A/T = @'_, Ay, /Iy, is a semiperfect ring.
Hence, it is sufficient to lift an indecomposable projective A/I-module to a finitely
generated projective A-module. So let P’ be a finitely generated indecomposable
projective A/I-module. Regarding the decomposition of A/I, P; = 0 for all
1’s with exactly one exception. Assume P];j = Ujp/Ujplw;, where b # a;. Take
r1,..., 7 € Ny such that the equations in (ii) are satisfied. Let r = r;;, + ;7).

For i = 1,... ¢ set U(m;) = U, if i # j and U(m;) = Uj,b@U;‘féj' For
n € mSpec(R)\ {my, ..., my}, let U(n) be a projective A,-module such that U(n)g
has length r (it exists by Lemma 6.3.9). Because of the choice of 1, ..., x, we
can use Proposition 7.1.3 to show the existence of a finitely generated projective A-
module P such that P, = U(m) for any maximal ideal m of R. Then Py, [y, = P,
if i # j and Py, /P In; = Ujy/Ujply,. Therefore P/PI = P, Pu,/PoIn, = P'.
This proves (ii) = (i).

The equivalence of (ii) and (iii) follows from Lemma 7.2.2. O

Example 7.2.4. Under the assumptions in Notation 7.1.4, let / = 2, and as-
sume that U 1,U; 2 and Us g, U,y are representatives of the finitely generated
indecomposable projective right modules over Ay, and Ay, respectively. Suppose
that

1= 2, T2 = 4, 21 = 3, T22 = 9.

Since
12 =1r1124+ 1122 =191 + 122,

A can be taken to be an algebra over an h-local domain R with infinitely many
maximal ideals, such that
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(1) Ag = Mia(Tp);

(ii) Au, is a semiperfect ring such that modulo its Jacobson radical is isomorphic
to Ma(T11) X Ma(T12), and Ay, is a semiperfect ring that is a product of
two division rings modulo the Jacobson radical;

(iii) for any other maximal ideal m of R the localization Ay = M;s(7),) where
Ty is a local ring.

By Examples 7.1.5, such a locally semiperfect algebra A exists and can be even
taken to be a finitely generated Z-algebra.

By Proposition 7.1.7, to compute A = @ (V(A)) in N2 x N2 we need to find the

((z11,212), (T21,T22)) € N§ x N2 which are solutions of the system of equations:

2011 +4x10 =71

1,1 1,2 (7.4)

31’271 + 91’272 =T,

for some fixed r € Nj.

Since lem(ged(2,4), ged(3,9)) = 6 | r, the image of the rank function ¥ lies in
6Ny and, since there are finitely generated projective modules of rank 6, in fact
U(V(A)) = 6Ny.

As each r;; is coprime to ry s for every i’ # i and j' # j, statement (iii) in
Proposition 7.2.3 is satisfied. So every projective A-module is a direct sum of
finitely generated modules.

Denote an element in A by

((371,17 351,2), (952,1, $2,2))r,

where 1 1,19, Ta1, T22,7 € Ny satisfy (7.4). Hence, a minimal set of generators

of Ais

((3,0),(2,0))6,  ((1,1),(2,0)), ((0,3),(4,0))12,

((6,0), (1, Dz, ((4,1), (1, )2, ((2,2), (1, 1)1z, ((0,3), (1, 1))r2,
((9,0),(0,2)1s,  ((7,1),(0,2))1s,  ((5,2),(0,2))1s,
((3,3),(0,2))1s,  ((1,4),(0,2))1s,  ((0,9),(0,4))se-

So the isomorphism class of finitely generated projective A-module has as an image
in A a non-negative integral linear combination of elements in this generating set.

Recall that if A is taken to be finitely generated over a noetherian domain R
then, by Proposition 7.1.2, 4 = V(A).

If we extend the monoid homomorphism &' to V*(A) and enlarge Ny to
N; = Ny U {oo}, then we can also compute B = ®'(B(A)) in (N)? x (N;)2. A
minimal set of generators of B is

((00,0), (00,0)),  ((00,0),(0,00)), ((0,00),(00,0)), ((0,00),(0,00)),

((00,1),(00,0)),  ((00,1),(0,00)), ((1,00),(00,0)), ((1,00),(0,00)),

((00,0),(00,1)),  ((00,0),(1,00)), ((0,00),(00,1)), ((0,00), (1,00)).
and, as explained before, all of them correspond to the isomorphism class of a

countably generated projective module that is a direct sum of finitely generated
modules. For example,

((OO, 1)7 (007 O)) = ((L 1)7 (27 0)>6 + 00 - ((37 0)7 (27 O))6-
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Example 7.2.5. Under the assumptions in Notation 7.1.4, there are examples
of algebras A where there is a projective A-module which is not a direct sum of
finitely generated modules. Set now

ri,1 = 2, 2= 8, 1 = 2, 22 = 4.

By Examples 7.1.5, we know there exist locally semiperfect algebras A with such
invariants.

To determine A = ®'(V(A)) we have to solve the following system of linear
equations:

21‘171 + 81)31’2 =T (7 5)
2.1’271 + 433272 =T )

Since ged({r12, 722} \ {r12},7m12) = ged(4,8) =412 = ry 1, Proposition 7.2.3 (iii)
fails. Therefore, in this case, there are projective A-modules which are not a direct
sum of finitely generated modules. We are going to compute an explicit example
of such a module.

As in Example 7.2.4, if we extend the monoid homomorphism ¢’ to V*(A) and
enlarge Ny to Nj = NyU{oo}, then we can compute B = ®'(B(A)) in (N§)? x (Ng)2.
The generating set is the same as in Example 7.2.4, because it is independent of
the 7; ;’s chosen, it only depends on how many of them there are.

Let [P] € B(A) be such that ®'([P]) = ((0,00), (1,00)). Then there is no
X € N2 x N2 of the form X = ((0, 1), (1,792)) being a solution of (7.5) since
8r12 = 0 mod 2 and 1 4+ 4z99 = 1 mod 2. Therefore, there is no finitely
generated projective A-module P’ such that ®'([P']) = ((0,x12), (1, 222)), so P is
a countably generated projective A-module which is not a direct sum of finitely
generated modules.

Let P, be a finitely generated A-module such that ®'([P]) = ((0,1), (0,2))s,
and let P, be such that ®'([P]) = ((0,1),(2,1))s. By Proposition 7.1.1, P =
P& Pl(w) and P2 = P, @ Pl(w). Thus P? is a direct sum of finitely generated
projective modules.

7.3 Torsion-free modules over h-local domains

In this section, we will extensively use the notation introduced in Subsec-
tion 6.2.3 and Proposition 1.2.12. We apply the previous results to Add(M) for
M a finitely generated torsion-free module M over an h-local domain.

Let Mg be a finitely generated torsion-free module of rank £ over an h-local
domain R. Following Lemma 2.1.22, let my,...,my; be the list of those maxi-
mal ideals of R over which M, is not free. Assume further that A is locally
semiperfect. That is, each M, is a direct sum of modules with local endomor-
phism rings, cf. Example 6.3.6. For i = 1,...,¢, let M, = @zi:l M; | where
M1, ..., M;,, are pairwise non-isomorphic indecomposable modules and m; ; € N.
By Proposition 1.2.12, A,,, = EB;;l U; ", where U;; = Homp,, (My,;, M;;) is an
indecomposable decomposition of Ay,. Let r;; be the length of (U;;)g. As a
Q-module, (U;;)g = Q*#. On the other hand, by Lemma 2.1.11, (U;;)q =
Homg (Mg, (M;;)q) = (M ;)% = QFrank(Mij) - Therefore, r;; = rank(M; ;).

7j
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Lemma 7.3.1. Let R be an h-local domain of Krull dimension 1, and let M be
a finitely generated torsion-free R-module which is a generator of Modg, i.e.,
Trr(M) = R. Assume that every module of Add(M) is a direct sum of finitely
generated modules. Then

(i) Endgr(M) is a locally semiperfect ring.

(ii) for every mazximal ideal m of R, My, contains a direct summand isomorphic
to Ry.

Proof. The assumption Trgr(M) = R is equivalent to R € add(M). In partic-
ular, Add(M) contains R“) @& M, so (i) follows from [1, Proposition 6.1]. By
Lemma 2.1.12, Trg, (M,) = Ry for any maximal ideal m € mSpec(R), hence
Ry € add(M,,). Since Ry, is local, Ry, has to be isomorphic to a direct summand
of My, (otherwise, Trg, (My) C mRy). O

Now we are ready to prove our main application to direct sum decompositions
of modules.

Theorem 7.3.2. Let R be an h-local domain, and let M be a non-zero finitely
generated torsion-free R-module with endomorphism ring A = Endg(M). Consider
the following statements,

(i) A is locally semiperfect and if X andY are indecomposable direct summands
of My, and M,, respectively, for some m # n € mSpec(R). Then rank(X)
and rank(Y') are coprime.

(ii) Every module in Add(M) is a direct sum of finitely generated modules.

Then (i) always implies (ii) and the converse is true provided M is a generator
and R has Krull dimension 1.

Proof. Notice that by Lemma 2.1.22, A is torsion-free as an R-module, and A is
simple artinian.

Let us show that (i) = (ii). Assume that (i) is true. We will use the notation
introduced at the beginning of the section. Note that r;, and r;; are coprime
whenever i # j, a € {1,...,¢}, b € {1,...,t;}. We want to check that (ii) of
Proposition 7.2.3 is true.

Consider ay, ..., ap, a; € {1,...,t;}, and A =T['_; r;.,. Fix 1 < j < (. Since
Tlays---sT0a, are pairwise coprime, there exists ¢ € {0,..., A — 1} such that
t =0 (mod r;,,) if i # j and t = r;;, (mod 7;,,). If t < r;; we can increase ¢ by a
suitable multiple of A, so we may assume t > r;;,. Set z; :=t/r;,, if i # j and
xj = (t —7j4)/Tja;- Then x1,..., x, are non-negative integers, and t = x;7; 4, if
i # jandt = 2,74, +7;. In other words, the condition (ii) of Proposition 7.2.3 is
true. Then any projective A-module is a direct sum of finitely generated modules.
(ii) follows from Proposition 1.2.12.

Now, assume that (ii) is true, and suppose that Trg(M) = R, and R has
Krull dimension 1. Then, by Lemma 7.3.1, A is locally semiperfect. Keeping
the notation of Proposition 7.2.3, we have to prove that r; , and r;; are coprime
whenever i # j, a € {1,...,t;},and b € {1,...,¢;}. Note that it is trivial if either
ria = 1 orr;, = 1. By Lemma 7.3.1, for any m € mSpec(R), R, is a direct
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summand of M, (so M, has a direct summand of rank 1, cf. the remarks before
Lemma 7.3.1). Therefore, if 7;,, > 1, then there exists ¢ € {1,...,¢;} such that
ric = 1. Then r; . + xr; . = yr;p is solvable only if r; ., 7;, are coprime. Now (i)
follows from Proposition 7.2.3. O]
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8 Locally semiperfect algebras
and representations of finite
groups
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In this chapter, we prove Theorem G from the introduction.

Theorem G (Corollary 8.2.5). Let R be a noetherian domain of Krull dimension
1 with field of fractions Q). Let A be a locally semiperfect module-finite torsion-free
R-algebra such that Ag is semisimple artinian. Let {Dy, | m € mSpec(R)} denote
the decomposition matrices associated with A. For each mazximal ideal m of R, let
Uni, - Uny, be a set of representatives of the indecomposable projective right
Aw-modules, and fix ry, € (Nj).

Then, there exists a countably generated projective right A-module P with
genus sequence {Tw fmemspec(r) if and only if for any pair of mazimal ideals m and
nof R

D,r., =D,r..

In Section 8.1, we extend results from the world of maximal orders over
Dedekind domains to locally semiperfect algebras over h-local domains with
semisimple artinian ring of quotients. We study the structure of a locally semiper-
fect algebra modulo a trace ideal of a countably generated projective right A-
module and conclude with some Package Deal results.

In Section 8.2, we introduce decomposition matrices associated with a locally
semiperfect algebra A over a commutative domain R with semisimple artinian
ring of quotients Ag. In this section, we prove Theorem G.

In Section 8.3, we review known results about idempotent ideals of group
algebras of finite groups over a noetherian domain. Over a noetherian ring, trace
ideals are precisely the idempotent ideals. We provide an algorithm to compute
every full idempotent ideal in a group algebra with respect to either Aug(A) or A.

In Section 8.4, we apply these results to develop complete classifications, up
to genus, of infinitely generated projective modules over group algebras of finite
groups. We focus on the first two simple alternating groups: As; and Ag.
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8.1 Locally semiperfect algebras with semisimple
ring of quotients

In this section, our aim is to extend the results of Section 6.3 for A a locally
semiperfect module-finite algebra over a commutative noetherian domain A is
semisimple artinian. An important example where this occurs is in the context of
orders. Orders extend the notion of the ring of integers in an algebraic number field
to non-necessarily commutative algebras. They are studied within the frameworks
of algebraic number theory, representation theory, and non-commutative algebra.

8.1.1 Projective modules over maximal orders

We now recall the definition of order.

Definition 8.1.1. Let R be a commutative noetherian domain with field of
fractions (), and let A be a finite dimensional Q-algebra. An R-order in the
Q-algebra A is a subring A of A with 1, = 14 such that it is a finitely generated
R-submodule in A and Ag = A. Note that A is both left and right noetherian,
since A is finitely generated over the noetherian domain R.

Remark 8.1.2. Note that in this context, A is a module-finite torsion-free R-algebra
with AQ = A.

Examples 8.1.3.

(1) Let R be a commutative noetherian domain with field of fractions @, and
let A= M,(Q). Then A = M, (R) is an R-order in A.

(2) Let R be a Dedekind domain with field of fractions @, and let L be a finite
separable extension of (). Let S be the integral closure of R in L. Then S'is
an R-order in L (cf. Theorem 4.7 in [55]). In particular, the ring of integers
of any algebraic number field L is a Z-order in L.

(3) Let R be a commutative noetherian domain with field of fractions @, and
let A= QG, where G is a finite group. Then A = RG is an R-order in A.

Thus, the study of orders includes the study of rings of integers in algebraic
number theory, as well as the integral representation theory of finite groups. We
will focus on group algebras at the end of the chapter.

A particularly good situation arises when the algebra A is separable. When A
is separable, every order is contained in a maximal order (Corollary 10.4 in [55]),
and maximal orders are left and right hereditary (Theorem 21.4 in [55]). We recall
the notions of separability and split semisimplicity.

Definition 8.1.4. Let @ be a field, and let A be a Q-algebra. Let M be a right
A-module. We say that

(1) Ais separable if for every field extension E/Q), A®q E is semisimple artinian.

(2) M is absolutely simple if for every field extension E/Q), M ®¢ E is a simple
A ®¢g E-module.
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(3) A is split semisimple if A is a finite dimensional semisimple artinian Q-
algebra and every simple right A-module is absolutely simple.

Clearly, every split semisimple algebra is separable, and every separable algebra is
semisimple artinian.

Proposition 8.1.5 (Theorem 3.34 in [11]). Let Q be a field, and let A be a finite-
dimensional semisimple artinian Q-algebra such that A = M,,, (D) x - --x M, (D)
for suitable division rings D1, ..., Dy. Then the following are equivalent:

(1) A is a split semisimple Q-algebra;
(ii) A= M, (Q) x---x M, (Q), that is, D; = Q for eachi=1,...,k;
(iii) End4(S) = Q for each simple right A-module S.

Lemma 8.1.6. Let R be a Dedekind domain with field of fractions Q). Let A be
an R-order in a separable Q-algebra A. Let A=eA®--- P e A, whereeq,..., e
are the primitive central idempotents of A. Then

(i) There exists a finite set S(A) of mazimal ideals of R such that for any m ¢
S(AN), Ay is a mazimal Ry-order in A. In particular, Ay = e1Aq @+ - - DepApy
Jor every m ¢ S(A).

(ii) For each mazximal ideal m ¢ S(A), if M and N are finitely generated right
Aw-modules which are torsion-free as Ry-modules, then M = N if and only
if M ®@p, Q@ = N ®g,, Q as right A-modules.

(iii) For each mazimal ideal m ¢ S(A), let M be a finitely generated right Ay-
module which is torsion-free as an R-module. Then M 1is projective as a

Aw-module. Moreover, M is indecomposable if and only if Mg is a simple
A-module.

(iv) Let I be a trace ideal of a projective right A-module, and let B C {1,... k}
be such that Ag/Ig = @icpeiA. Then, for any mazimal ideal m ¢ S(A),

(A/I)m = Am/I = Dicn eil\m.

Proof. (i) Assume that A is not a maximal order. Otherwise, the statement is
trivial by Theorem 11.5 in [55] (the property of being a maximal order localizes).
By Corollary 10.4 in [55], A is contained in a maximal R-order I' in A. Then I'/A
is a finitely generated torsion R-module, so there is a non-zero element d € R
such that dI' C A. Since R has Krull dimension 1, d is contained in only finitely
many maximal ideals m of R. Let S(A) be the set of all maximal ideals of R
containing d, which is a finite set. For any maximal ideal m ¢ S(A), d/1 is a unit,
so ' = Am-

The final statement follows from Theorem 10.5 in [55].

(ii) follows from (i) and Theorem 18.10 in [55].

(iii) The first part follows because maximal orders are left and right hereditary
(cf. Theorem 21.4 in [55]). The second part is Corollary 21.5 in [55].

(iv) follows from (i) and (iii). O
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8.1.2 Locally semiperfect algebras modulo a trace ideal

We are going to generalize the situation of Lemma 8.1.6 to locally semiperfect
torsion-free algebras over an h-local domain with semisimple ring of quotients.
First, we need the following lemma.

Lemma 8.1.7. Let R be a domain with field of fractions Q. Let A be a torsion-free
R-algebra, and let I be a two-sided ideal of A. Then I N R # {0} if and only if
I®rQ =Ag.

Proof. 1f there is a non-zero d € I N R, then it is an invertible element in I ®g Q,
so I ®r Q = Ag. On the other hand, if 1 € I ®p Q, then there exist d € R\ {0}
such that 1 = 3 for A € I. Therefore, d € I N R. O

Lemma 8.1.8. Let R be an h-local domain with field of fractions Q). Let A be a
locally semiperfect torsion-free R-algebra such that Aq is semisimple artinian, so
that Ag = M, (D1) X -+ x My, (Dy) for suitable Dy, ..., Dy, division rings. Then

(i) There exists a finite set S(A) of maximal ideal of R such that for any
m & S(A), Am = M, (AT) x -+ x M, (AF) with AT a local torsion-free
R-algebra such that AT ®p, Q@ = D; foranyi=1,... k.

(ii) Let m be a mazximal ideal of R that is not in S(A), and let P be a Ay-
module. If P is an indecomposable projective Ay-module then P g, Q is
an indecomposable projective Ag-module.

(iii) Let I be a trace ideal of a projective A-module, and let B C {1,...,k} be
such that Ag/Ilo = Tliep Mn, (D;). Then, for any m maximal ideal of R that
is not in S(A), (A/I),, = An/In = Tliep Ma, (AT).

In particular, (A/I),, is a torsion-free R-algebra for any m & S(A).

Proof. (i) Fix an isomorphism ¢: M, (D) x --- x M, (D)) — Ag. Let d €
R\ {0} be a common denominator for the central idempotents of Ag, as well as
for all matrices {¢(0, ... ,62, oy, 0)}igr, where 62 € M,,,(D;) denotes the matrix
that has 1 in the (¢, t) entry and zero everywhere else.

Let S(A) be the set of all maximal ideals of R containing d. Since R is h-local,
S(A) is a finite set.

Let m be a maximal ideal of R that is not in S(A). By the choice of d, the central
idempotents of Ag and the matrix units of the decomposition of A as semisimple
artinian ring are in Ay. Therefore, Ay = M, (AT) x -+ x M, (A}), where, for
i=1,....k, A = End,, ((p((), . 76?1, o ,())Am). As A is torsion-free and

semiperfect and (0, ... 7671;)1, o, 0)Ay ®pg, @ is simple, (0, ... ,e?l, o 0)Ay s

a cyclic, indecomposable, projective A,-module. Thus, its endomorphism ring is
a local ring. Therefore, AT is a local R-algebra for any i =1,... k.
Statements (ii) and (iii) are a direct consequence of (i). O

Let A be an algebra over a commutative domain R, and let X be a right
A-module. Then its R-torsion submodule

tr(X) ={z € X | xr = 0 for some non-zero r € R}
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is a A-submodule of X.

Recall that if A is a module-finite algebra over a commutative noetherian ring
R, by Corollary 6.2.10, every countably generated projective module is relatively
big. Therefore, we are interested in understanding the structure of A/I, where

I is the trace ideal of a countably generated projective module, to compute
Lrera) V(A/I), and then V*(A).

Lemma 8.1.9. Let R be a noetherian domain of Krull dimension 1 with field of
fractions Q. Let A be a locally semiperfect module-finite torsion-free R-algebra
such that Ag is semisimple artinian. Let X be a finitely generated right A-module.
Then, the following statements are equivalent

(i) X = tr(X);

(ii) X is an artinian A-module, so it is a finite-length module as an R-module
and as a A-module;

(iil) X ®@rQ = {0}.
In particular, for any A-module X, tgr(X) = {0} if and only if Soc(X,) = {0}.

Proof. (i) = (ii). Set X = Y., x;A. By assumption, anng(z;) # {0}. So
I =N, anng(x;) # {0}, and X is a finitely generated module over R/I, which
is an artinian ring because R is a domain of Krull dimension 1. Hence, X is also
artinian as a A-module.

(ii) = (i). Assume X is a finitely generated artinian right A-module. If for
any r € R\ {0}, multiplication by r is an injective A-module homomorphism then
it is also bijective (recall that any injective endomorphism of an artinian module
is bijective). So X is a Ag-module which is finitely generated as A-module and,
hence, as an R-module. As R has Krull dimension 1, this implies that X = {0}.

If X is a finitely generated non-zero artinian right A-module, then in the short
exact sequence

0 —tr(X) — X — X/tr(X) — 0

the module X /tg(X) is a finitely generated, torsion-free, artinian right A-module.
By the first part of the proof, X /tgr(X) = {0}. So X = tg(X) is a torsion module.
It is clear that (i) and (iii) are equivalent statements.
The last part of the statement follows because of the equivalence of (i) and

(ii). O

Lemma 8.1.10. Let R be a noetherian domain of Krull dimension 1 with field of
fractions Q. Let A be a locally semiperfect module-finite torsion-free R-algebra
such that Ag is semisimple artinian, so that Ag = M,,,(D;) x --- x M, (Dy) for
suitable division rings Dy, ..., Dy.

Let S(A) be the finite set of mazimal ideals of R defined in Lemma 8.1.8. Let
A={ey,...,ex} be the set of primitive central idempotents of Ag.

Let I be the trace of a projective right A-module and assume that I N R = {0}.
Let A; = A/I, and denote by Ny the prime radical of A;. Then

(i) Ny is a nilpotent ideal and A;/Ny is semiprime. Moreover, Ny N R = {0}
and N5 is an artinian A-module.
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(ii) A;/N; =T x Ty where Ty is semisimple artinian and Ty is a semiprime
Goldie, torsion-free R-algebra.

(iii) (I'2)m = {0} and (Np)m = {0} for every mazimal ideal m ¢ S(A).
(iv) (Ar)g = T1)g = Ilicp Mi(D;) where B = {i € A | el # {0}}.
(v) V(A;) =2 V(Th) x V(I'y).

Proof. (i) As A; is noetherian, N; is nilpotent, and A;/N; is semiprime, see
Theorem 3.11 in [20]. On the other hand, (A;)q is a quotient of Ag. Hence,
it is a semisimple artinian ring, and thus it does not have non-zero nilpotent
ideals. Hence, Ny ® @ = 0. Lemma 8.1.7 implies that N; N R = {0}, and by
Lemma 8.1.9, Ny is an artinian Aj;-module.

(ii) Since A; is noetherian, (i) implies that A;/N; is a semiprime Goldie ring.
By Theorem 7.15 in [20], A;/N; = T'; x T'y, where TI'y is semisimple artinian and
I’y has zero socle. By Lemma 8.1.9, I'y is torsion-free as an R-module.

By (i), the central ring embedding R — A composed with the projection
A — A;/Njp is still a central ring embedding. As I'y is non-zero and torsion-free,
it is a torsion-free R-algebra.

Since A;/Ny is a semiprime Goldie ring, so is I'y.

(iii) By Lemma 8.1.8, (As)n is torsion-free for any maximal ideal m of R that
is not in S(A). Therefore, (N;)m = {0} and (I'y)m = {0} are torsion as R-modules
by Lemma 8.1.9.

(iv) By (iii), (Ar)g = (I't)q- The final isomorphism follows from Lemma 8.1.8,

(v) This statement follows from well-known general facts about finitely gener-
ated projective modules. O

Remark 8.1.11. Notice that as R has Krull dimension 1, any proper quotient of R
is artinian. So the ring I's in Lemma 8.1.10 satisfies that

Ly [ (To)m.

meS(A)

8.1.3 Package Deal Theorems

As we have done in previous sections, we need a way to glue localizations,
and this is achieved with a Package Deal Theorem. First, we consider A to be
torsion-free and then prove the main theorem.

Lemma 8.1.12. Let R be a noetherian domain of Krull dimension 1 with field of
fractions Q. Let A be a locally semiperfect module-finite torsion-free R-algebra
such that Ag is semisimple artinian, so that Ag = M, (D;) x --- x M, (Dy) for
suitable division rings Dy, ..., Dy, and let Sy, ..., Sk be a set of representatives of
the isomorphism classes of simple right Ag-modules.

Fiz r = (ry,...,r;) € N§. For each mazimal ideal m of R, let P(m) be a
finitely generated projective right Ay-module such that P(m)g = @F_, SI*. Then
there exists a finitely generated projective right A-module P such that Py, = P(m)
for every maximal ideal m of R.
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Proof. Let S(A) be the finite set of maximal ideals of R given by Lemma 8.1.10.
Hence, whenever m € mSpec(R) \ S(A), Ay = M,,, (AT) X --- x M,,, (A}) where,
forany i =1,...,k, AT a local torsion-free R-algebra such that AT ®p, @ = D;.

Let m € S(A). Let Uy, ..., Unyi be a set of representatives of the indecompos-
able, projective right Ap-modules such that Uy; ®p, Q = S;, fori=1,... k. As
Ay, is semiperfect, any projective Ay-module is isomorphic to a direct sum of such
indecomposable projectives. Therefore, for any m ¢ S(A), P(m) = @}, Uy,.

Let ¢ be such that r; < n;q for any ¢ =1,... k. Set ' = A?. Further, let U
be a finitely generated A-submodule of F' such that Ug = @%_, SI*. Since the
embedding U < F splits over Ay, it splits over almost all maximal ideals of R,
cf. Lemma 2.3.2 (or see also Lemma 2.4 in [34]). Then U is a finitely generated
A-module, which is torsion-free as an R-module, such that U, is projective for
almost all maximal ideals m of R and Uy = @F_, SI*. So let S be a finite set of
maximal ideals of R such that S(A) C S, and satisfying that U, is projective for
any m ¢ S. In particular, for any m ¢ S, Uy, = P(m) & @F_ | X;(m)".

By Lemma 2.1.15, for any m € S, we can choose a submodule U(m) of Uy
such that U(m) = P(m). For m ¢ S, we set U(m) = Ul,.

Note that for any maximal ideal m of R, U(m)g = Ug. Therefore, we can apply
Package Deal Theorem 2.9 in [34] and conclude that there exists a finitely generated
A-submodule P of U such that P(m) = U(m) = P, for every m € mSpec(R).
As P is finitely presented and locally projective A-module, P is a projective
A-module. O

Package Deal Theorem 8.1.13. Let R be a noetherian domain of Krull dimen-
sion 1 with field of fractions Q). Let A be a locally semiperfect module-finite R-
algebra such that Ag is semisimple artinian, so that Ag = M,,, (Dy) X ---xM,, (Dy)

for suitable division rings D, ..., Dy, and let Sy, ..., Sy be representatives of the
simple right Ag-modules such that Endy,,(S;) = Dy, fori=1,... k.
Fizr = (ry,...,m%) € NE. For each mazimal ideal m of R, let P(m) be a

finitely generated projective right Aw-module such that P(m)g = @r_ | S/, Then
there ezists a finitely generated projective right A-module P such that P, = P(m)
for every mazimal ideal m of R.

Proof. Throughout the proof, let S(A) be the finite set of maximal ideals of R
given in Lemma 8.1.10.

As a first step, we assume that N(A) = 0. Then, by Lemma 8.1.10, A = 'y x I'y
with I'; torsion-free and I'y semisimple artinian, such that (I'y), = {0} for any
m ¢ S(A) and (I)q = {0}.

Therefore, for any maximal ideal m of R, P(m) = P;(m) & Py(m), where
Py (m) is a finitely generated projective (I';)n-module, Py(m) is a finitely generated
projective (I'y)n-module, and P(m)g = Pi(m)q. In addition, that Py(m) = {0}
for any m not in S(A).

By Lemma 8.1.12, there exists a finitely generated projective I';y module P’
such that (P'), = Pi(m) for any m € mSpec(R). Then P = P’ @ (®mesn)o(m))
is the projective module we are looking for (cf. Remark 8.1.11).

Now assume that A is as stated. Let N = N(A) denote the nilradical of
A. By Lemma 8.1.10, Ag = (A/N)g, and for any maximal ideal m, P(m)g =
(P(m)/P(m)N)g. By the previous step, we know that there exists a finitely
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generated projective right A/N-module P’ such that P, = (P(m)/P(m)N)q.
Since N is a nilpotent ideal, by Lemma 6.1.2, there exists a finitely generated
projective A-module P such that P/PN = P’. So P satisfies the properties
claimed in the statement. [

Apart from a Package Deal Theorem for projectives, we also need a Package
Deal Theorem for idempotent ideals.

Proposition 8.1.14. Let R be a noetherian domain of Krull dimension 1 with field
of fractions Q. Let A be a locally semiperfect, module-finite, torsion-free R-algebra
such that Ag is semisimple artinian, so that Ag = My, (D) x -+ x My, (Dg) for
suitable division rings D1, ..., Dy.

Let I be an idempotent ideal of Ag. Assume that for each mazimal ideal m of
R, there is an idempotent ideal I(m) of Ay such that I(m)g = I. Then there exists
a unique idempotent ideal L of A such that, for any m € mSpec(R), Ly, = I(m).

Proof. Throughout the proof, let S(A) be the finite set of maximal ideals of R
given by Lemma 8.1.8.

Let eq,...,ex be the set of primitive central idempotents of Ag. Then there
exists A C {1,...,k} such that [ =Y ;c, e;Aq.

Let d € R\{0} be such that de; € Aforany i € {1,...,k}. Let U =3 ,c 4 de;A.
Notice that, since e; and d are central in Ag, U is a two-sided ideal of A.

Since R is a domain of Krull dimension 1, d is contained in only a finite number
of maximal ideals of R. Therefore, we can choose a finite subset S C mSpec(R)
containing S(A) such that for any maximal ideal m ¢ S, Uy = Yica €illn.
By Lemma 8.1.8, it also follows that U, = I(m) for any maximal ideal m €
mSpec(R) \ S.

By Lemma 2.1.15, for any m € S, we can choose a submodule U(m) of Uy,
such that U(m) = I(m). For m ¢ S, we set U(m) = Uy,

Note that for any maximal ideal m of R, U(m)g = Ug. Therefore, we can apply
Package Deal Theorem 2.9 in [34] and conclude that there exists a finitely generated
A-submodule M of U such that M, = U(m) = [(m) for every m € mSpec(R).
Finally, by Proposition 10.5 in [25], L = Trp(M) is the idempotent ideal for which
we are looking.

As isomorphic idempotent ideals are equal and determined by their localization,
the idempotent ideal L is uniquely determined by the family of idempotent ideals

{I(m) | m € mSpec(R)}. O

8.2 Decomposition matrices of locally semiper-
fect algebras

Notation 8.2.1. Consider a semisimple artinian ring A = M, (Dy) x- - -xM,,, (D)
for suitable division rings D1, ..., Dy, and let Sy, ..., Sk be a set of representatives
of the simple right A-modules such that, for i = 1,... k, End,(S;) = D;. Then
any A-module is isomorphic to a direct sum of simple modules, and such a direct
sum is uniquely determined up to isomorphism (cf. Theorem 1.2.8).
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If M= Eszl Sl-(Bi) is a countably generated A-module, we set the dimension
of M as dimy(M) = (ry,...,m) € (N§)*, where r; = oo if the set B; is infinite,
and r; = | B;| if B, is a finite set.

Then dimp (M) (or just dim(M) if the ring A is clear) determines M up to
isomorphism. Notice that dim: V*(A) — (N#)* is an isomorphism of monoids.

Assume the ring A is semiperfect. Let Uy, ..., U, be a set of representatives of
the indecomposable projective right A-modules. Therefore, if P is a countably
generated projective right A-module, then P = @'_, U for suitable sets B; (cf.
Lemma 1.2.10).

As before, we can set dimy (P) = (r1,...,7¢) € (N§)* where r; = oo if the set
B; is infinite and r; = |B;| if B; is a finite set. We also get a monoid isomorphism
dim: V*(A) — (N3)~

In order to understand how a countably generated projective module over a
locally semiperfect algebra with semisimple artinian ring of quotients decomposes
locally, for each maximal ideal m of R, we need to know how the finitely generated
indecomposable projective right Ay-modules decompose when we extend them to
Ag as a direct sum of simple right Ag-modules.

Remark 8.2.2. Let R be a commutative domain with field of fractions @), and let
A be a locally semiperfect R-algebra such that A is semisimple artinian, so that
Ao =M, (Dy) x -+ x M, (Dy) for suitable division rings Dy, ..., Dj.

Since Aq is semisimple artinian, by Wedderburn-Artin Theorem 1.2.8, there
are exactly k non-isomorphic simple right Ag-modules, namely Si, ..., S;. Then,
for every countably generated projective Ag-module P, there exists a sequence of
sets Ay, ..., Ay, unique up to cardinality, such that P = @F | SZ(Ai).

Since A is locally semiperfect, for each maximal ideal m of R, by Lemma 1.2.10,
there is a finite set of non-isomorphic indecomposable projective right A,-modules,
namely Un1,...,Ung,. Then, for every maximal ideal m of R and every count-
ably generated projective Ay-module P(m), there exists a sequence of sets
Ami,- -, Ams,, unique up to cardinality, such that P(m) = @ir, U,fﬁm’i).

Therefore, for each maximal ideal m of R, the image of the monoid homo-
morphism ¢y : V' (Ay) — V*(Ag) defined by [P] — [P ®g, Q] is completely
determined by the images of each indecomposable projective right A,-module
[Unm,i] in V*(Ag) (in fact, in V(Ag)) and by how they decompose into a direct sum
of the simple right Ag-modules [S;].

For each maximal ideal m of R, and for each i = 1,...,4,,, let
dm,i - dimAQ(Um,i ®Rm Q)
Consider the matrix Dy € My, (Ng) with columns dy 1, . . ., dn .., respectively.

The family of matrices {Du fmemspec(r) is called the decomposition matrices asso-
ciated with A. By Lemma 8.1.8, Dy, = Id; for any m ¢ S(A). So it suffices to
consider the finite sequence {Dy, fmes(a)-

Let P be a countably generated projective right A-module. Let r = dimy,, (Fp).
For any m € mSpec(R), set ry = dimy,, (Py), then

D,rl =’
Remark 8.2.3. Let G be a finite group, and let R be a Dedekind domain of
characteristic 0 with field of fractions @, such that RG is locally semiperfect.
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Let p be a prime ideal of R containing a rational prime p and let k = R/p.
The decomposition matrices associated with A in Remark 8.2.2 agree with the
decomposition matrices associated with the p-modular system (Q, R, k) and a
finite group G defined in Definition 16.20 of [11].

In modular representation theory, there exists a commutative diagram called the
Cartan-Brauer triangle, which relates Ko(RnG), Go(QG), Ko(kG), and Go(kG).
For a given ring A, Go(A) denotes the Grothendieck group of A, and Ky(A)
denotes the projective class group (as defined in Definition 16.5 in [11]). By
Propositions 16.6 and 16.7 in [11], Ko(RnG), Go(QG), Ko(kG), and Go(kG) are
free abelian groups.

Let {[Fi],...,[F;]} be a basis of Go(kG), {[U1], ..., [U.]} be a basis of Ko(kG),
and {[Z1],...,[Zs]} be a basis of Go(QG). By Proposition 16.17 in [11], there is
a homomorphism of free abelian groups

d: Go(QG) — Go(kG),

defined by [Z;] — >7_, di[F}] for every i = 1,..., s, where d;; is the multiplicity
of F}; as a composition factor of the kG-module obtained by reduction mod p of a
finitely generated right RG-module M; which is projective as an R-module and
such that (M;)g = Z;. The map d is called the decomposition map associated
with (@, R, k) and the finite group G, and the s x r matrix D = (d;;) is called
the decomposition matriz associated with (Q, R, k) and the finite group G.

By Propositions 16.4 and 16.6 in [11], there is a homomorphism of free abelian
groups

C: Ko(k‘G) — Go(kG),

defined by [U;] + 377_, ¢ij[Fj] for every i = 1,...,7. The map c is called the
Cartan map associated with (@), R, m) and the finite group G, and the r x r matrix
C = (¢yj) is called the Cartan matriz associated with (@), R, m) and the finite
group G.

There is a homomorphism of free abelian groups

0: Ko(RnG) — Go(QG),
defined by [P] — [P ®g, Q]. By Theorem 18.2 in [11], there is an isomorphism of

free abelian groups Ko(RnG) = Ko(kG). By Proposition 18.5 in [11], there is a
homomorphism of free abelian groups

e: Ko(k}G) — GO(KG),

defined by composing the ¢ with the isomorphism Ko(kG) — Ko(RnG). In
particular, there exists a commutative diagram of free abelian groups

Ko(RaG) —— Go(QG)

| 7 s

Ko(kG) ——s Go(kG).

By Theorem 18.9 in [11], the matrix E of the map e: Ko(kG) — Go(KG)
with respect to the bases {[Ui],...,[U,]} and {[Zi],...,[Zs]} is E = D’. By

154



Corollary 18.10 in [11], the Cartan matrix is then C = E - D = D'D. Note that
the Cartan matrix is a symmetric matrix.

The matrix of the decomposition map is the transpose of the decomposition
matrix defined in Remark 8.2.2. From our point of view, we need the map ¢,
which has not yet been mentioned in the literature. However, if we fix an ordering
in the bases of Ko(RnG) and Ky (kG), such that the isomorphism between both
abelian groups is the identity map, then ¢ is the transpose of the decomposition
map. Hence, the matrix of ¢ with respect to the free bases {[Una];- -, [Unz|} of
V(Ay) and {[S1],...,[Sk]} of V(Ag) is the decomposition matrix.

Package Deal Theorem 8.2.4. Let R be a noetherian domain of Krull di-
mension 1 with field of fractions Q. Let A be a locally semiperfect module-
finite torsion-free R-algebra such that Ag is semisimple artinian, so that Ag =
M., (Dy) x -+ - X My, (Dg) for suitable division rings Dy, ..., Dy, and let Sy, ..., S
be representatives of the simple right Ag-modules. We use the notation introduced
in Notation 8.2.1.

Fizr = (ry,...,r.) € (N})*. For each mazimal ideal m of R, let P(m) be
a countably generated projective right An-module such that dimy, (P(m)q) = 7.
Then there exists a countably generated projective right A-module P such that, for
every mazimal ideal m of R, P, = P(m).

Proof. Let s = (s1,...,s1) € (N§)* be defined by s; = oo if 7; = 00, and s; = 0
otherwise. If s = 0, then » € N, and the result follows from Theorem 8.1.13, so
we may assume that s # 0. Let

A={ie{l,... k}|s =0

For each m € mSpec(R), and because A, is semiperfect, P(m) is a relatively
big projective by Proposition 6.3.4. So there exists an idempotent ideal 7(m) of Ay,
such that it is the trace of a countably (finitely) generated projective Ay-module
P’(m), and such that

P(m) = P(m) @ (P'(m))“

and P(m)/P(m)I(m) is finitely generated. Moreover, dim,,, (P'(m)q)“) = s.

Notice that for any m € mSpec(R), the trace ideal of P'(m)q is the same
idempotent ideal /. For any m € mSpec(R), let I(m) be the trace ideal of P'(m)
in Ay. Then, by Lemma 2.1.9, I(m)g = I.

By Proposition 8.1.14, there exists an idempotent ideal J of A such that
Jm = I(m) for any m € mSpec(R). As A is noetherian, there exists P’ countably
generated projective A-module with trace ideal J. Hence, by Lemma 2.1.9,
(P = (P'(m))® for any m € mSpec(R).

If P(m)/P(m)I(m) = {0} for any m € mSpec(R), then r = s, and P = (P"))
is a countably generated projective module that satisfies the conclusion of the
theorem. Therefore, we can assume that there exists some m € mSpec(R) such
that P(m)/P(m)I(m) # {0}. In particular, this implies RN J # R.

If I = Jy = Ag, then by Lemma 8.1.7 and because R has Krull dimension 1,
A/J is a finitely generated algebra over the non-zero artinian ring R/J N R.

Let § = {my,...,my} be the set of maximal ideals of R that contain J N R.
Therefore,

J4 l
ALT 2 T A/, = [T A/ T(ms).
i=1 i=1
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Notice that J, = A, for any m € mSpec(R) \ S, so that (P.)® = P(m) for
such maximal ideals. So @!_, P(m;)/P(m;)I(m;) is a finitely generated projective
A/J-module.

By Theorem 1.5.4, there exists a countably generated projective A module
P" such that P"/P"J = @!_, P(m;)/P(m;)I(m;). Then P = P" @ (P")“ is a
countably generated projective module that satisfies the conclusion of the theorem.

From now on, we can assume that J N R = {0}, so that Jo = I # Ag.
Therefore, Ag/I = [Tijea My, (D;). Moreover, (A/J)g = Ag/I.

Let 7: (N3)* — (N#)“ be the canonical projection on the components in A.
Then 7(r) = dimy,,/r(P(m)/P(m)I(m))o = dimy, /1 (P(m)q/P(m)ol).

By Theorem 8.1.13, there exists a finitely generated A/.J-module P such that
Py = P(m)/P(m)I(m) for any m € mSpec(R). By Theorem 1.5.4, there exists
a countably generated projective A-module P” such that P”/P"J = P. Then
P = P"@ (P)® is a countably generated projective module that satisfies the
conclusion of the theorem. This completes the proof of the statement. O

As we show in the next statement, Theorem 8.2.4 can be thought of as a
converse of Remark 8.2.2. To simplify the statement, let us call the sequence
{dimy,, (P)}memspec(r) the genus sequence of the projective module P.

Corollary 8.2.5. Let R be a noetherian domain of Krull dimension 1 with field
of fractions Q). Let A be a locally semiperfect module-finite R-algebra such that
Ag is semisimple artinian, so that Ag = M, (D) x --- x My, (Dy,) for suitable

division rings D1, ..., Dy, and let Sy, ..., Sy be representatives of the simple right
Ag-modules.
For each mazimal ideal m of R, let Uy 1,...,Uny, be a set of representatives

of the indecomposable projective right An-modules.

For each mazimal ideal m of R, fir 7o, € (N3)™. Then, following the notation
of Remark 8.2.2, there exists a countably generated projective right Ay-module P
with genus sequence {Tw}memspec(r) of and only if

D,r! =D,r!
for any pair of maximal ideals m and n of R.

Remark 8.2.6. Let A be as in Corollary 8.2.5. By Remark 8.2.2, D, = Id; for
almost all maximal ideals m of R. Then, we only need to check the condition

D,r! =D,r!

in Corollary 8.2.5 for a finite number of maximal ideals, namely the ones in S(A).
If P is a countably generated projective module over A, then the decomposition
of Py is the same as the decomposition of Py for every maximal ideal m ¢ S(A).

Let GG be a finite group, and let R be a commutative noetherian domain of Krull
dimension 1. Then A = RG is a module-finite R-algebra, so by Corollary 6.2.10,
every countably generated projective module is relatively big. In order to apply
Corollary 8.2.5 when A is the group algebra of a finite group, we need to know
when A is locally semiperfect. We need the following definition.

Definition 8.2.7. Let GG be a finite group, let @) be a field, and let E/Q be a field
extension. We say that E' is a splitting field for G if every simple right EG-module
is absolutely simple, that is, if EG is a split semisimple F-algebra.
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Corollary 8.2.8. Let G be a finite group, and let E be a field. Then E is a
splitting field for G if and only if EG = M,,, (E) x --- X M, (£).

Proof. Follows from Proposition 8.1.5. O

Remark 8.2.9. Note that there is not a unique splitting field for a group G. We
are not assuming that if F is a splitting field for a group, it must be the minimal
splitting field for this group. However, from now on, if we write the splitting field
for a group, we mean the minimal splitting field for this group containing Q. In
particular, by Corollary 8.2.8, this minimal splitting field for a given group is
obtained by taking the extension of Q generated by the complex values of the
character table of the group.

The following result provides a splitting field for each finite group and all its
subgroups.

Proposition 8.2.10 (Corollary 15.18 in [11]). Let F' be a field of characteristic 0,
G a finite group of exponent n, and w a primitive n-th root of 1 over Q. Then
every field E containing F(w) is a splitting field for G and all of its subgroups.

In particular, to obtain the minimal splitting field for a given group, it suffices
to take the algebraic number field obtained by adding to @Q all the complex values
of the character table of the group.

The importance of the notion of a splitting field for a group is that if we take
the ring of integers of a splitting field for a finite group, then the group algebra
over this ring is locally semiperfect, as the following result states.

Proposition 8.2.11 (Section 6B in [11]). Let G' be a finite group, and let R be
either

(i) a complete local ring in the p-adic topology, where p is a prime ideal of R,
or

(i) a discrete valuation ring with field of fractions Q, provided that Q is a
splitting field for G such that the characteristic of QQ does not divide the
order of G.

Then RG is a semiperfect ring. In particular, if R is the ring of integers of an
algebraic number field Q), which is a splitting field for G, that is, the integral
closure of Z in @), then RG is locally semiperfect.

We close this section by applying the Package Deal Theorem 8.2.4 to the
particular case of group algebras.

Corollary 8.2.12. Let G be a finite group, and let Q) be an algebraic number field
such that Q is a splitting field for G. Let R be the ring of integers of Q, and let
A= RG. Let Sy,...,Sk be representatives of the simple right Ag-modules.

For each mazimal ideal m of R, let Uy 1,...,Uny, be a set of representatives
of the indecomposable projective right Ay-modules.

For each maximal ideal m of R, fix 7o, € (N3)™. Then, following the notation
of Remark 8.2.2, there exists a countably generated projective right A-module P
with genus sequence {Tm fmemspec(r) i and only if

t t
D7, = Dy,

for any pair of maximal ideals m and n of R.
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Proof. By Proposition 8.2.11, A is locally semiperfect. Since G is finite, A is
module-finite, and since R is a domain, A is torsion-free as an R-module. By
Maschke’s Theorem, A is semisimple artinian, and S(A) corresponds to the prime
ideals of R containing each rational prime that divides the order of the group.
The statement then follows from Package Deal Theorem 8.2.4. m

8.3 Full idempotent ideals of integral group al-
gebras

We start this section by summarizing what is known about projective modules
over group algebras when the ring is a Dedekind domain of characteristic 0.

Theorem 8.3.1. Let R be a Dedekind domain of characteristic 0, and let G be a
finite group such that no prime divisor of the order of G is a unit in R. Then

(i) (Corollary 6.4 and Theorem 8.1 in [66]) Every finitely generated projective
right module over RG is locally free.

(ii) (Theorem A in [66]) Every finitely generated projective right module over
RG is the direct sum of a free right RG-module and an ideal I of RG.

If, in addition, G is solvable, then

(iii) (Theorem 7 in [67]) Every projective module over RG is either finitely
generated or free.

(iv) (Theorem 3 in [57]) The group ring RG has no non-trivial idempotent ideals.

Remark 8.3.2. Statement (iv) in Theorem 8.3.1 follows from statements (i) and
(iii) of the same theorem. By (i), if [ is the trace of a non-zero finitely generated
projective module over RG, then I, = A, for every maximal ideal m of R. By
Lemmas 10.3 and 10.4 in [25], two trace ideals with isomorphic localizations at
the maximal ideals of R are equal. Therefore, I = A. On the other hand, if G
is solvable, since every projective module over RG is finitely generated or free,
the only possible trace ideal of a non-finitely generated projective module is RG.
Hence, the only possible trace ideals are 0 and RG.

Remark 8.3.3. Let A be as in Corollary 8.2.12. For each maximal ideal m of R,
write Ay, = U,i‘:‘l’l @D Ui}ﬁm for some positive integers dy 1, .., dne,, and let
dw = (dwn1,- .- dng,). By Theorem 8.3.1(i), every finitely generated projective
right A-module is locally free. Therefore, if {Tn}memspec(r) is the genus sequence
of a finitely generated projective right A-module P and P,, = A}, for some positive
integer n, then r, = nd,.

The converse of Theorem 8.3.1(iv) is also true, i.e., if the group ring RG has no
non-trivial idempotent ideals, then G is solvable, and is a result by Roggenkamp
(cf. Proposition on page 125 of [57]). We include here an alternative proof.
Recall that the augmentation ideal of a group algebra RG is the kernel of the
augmentation homomorphism e: RG — R defined by £(3° e 2g9) = > seq Q-

Proposition 8.3.4. Let R be a ring, and let G be a group. Then
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(i) If G is a perfect group, then the augmentation ideal of G is a non-trivial
idempotent ideal of RG.

(i) If G has a non-trivial perfect normal subgroup N, then Aug(RN) @ gy RG
s a non-trivial idempotent ideal of RG.

(iii) If G is finite non-solvable, then there exists a non-trivial perfect normal
subgroup of G such that Aug(RN) @grn RG is a non-trivial idempotent ideal
of RG.

Proof. (i) Since G is a perfect group, [G,G| = G. Let I = Aug(RG). Recall that
I is generated by elements of the form g — 1 with g € G. For any z,y € GG, note
that

[(@=Dy-1)—(-D-Day =aya 'y — L (8.1)

isin I?. Let g — 1 € I. Since G = [G, G], we can write

)

g =Ty Y gy
Then, applying (8.1)

n—1=zgray'y -z y -1
= (ziyray 'yr ' — D) (@ayors 'ys ' meyery ty )
+ (zagpry yy 't — 1) (wsysas sz )
ot (g Yy 1)

Therefore, g — 1 € I?, so Aug(RG) is a non-trivial idempotent ideal of RG.

(ii) Let N be a perfect normal subgroup of G. By (i), Aug(RN) is a non-
trivial idempotent ideal of RN. Tensoring with RG, since N is normal in G,
Aug(RN) ®rn RG is a non-trivial idempotent ideal of RG.

(iii) Since G is finite and non-solvable, there exists a non-trivial perfect normal
subgroup of G. The statement follows from (ii). O

Therefore, because of Theorem 8.3.1(iii) and Proposition 8.3.4, we will focus
our attention on infinitely generated projective modules over group algebras
of finite non-solvable groups. In particular, we want to find all the possible
idempotent ideals of A = RG when R is a Dedekind domain of characteristic 0,
and G is a finite non-solvable group.

Definition 8.3.5. Let R be a commutative domain with field of fractions (), and
let A be an R-algebra. Let J be an ideal of A. An idempotent ideal I of A is full
with respect to J if I C J and Ig = Jg. If J = A, we will simply say that [ is a
full idempotent ideal.

When R is the ring of integers of the splitting field of a finite group G,
A = RG is locally semiperfect, so one has the decomposition matrices associated
with (@, R,p) and G as invariants of A. The following algorithm computes the
localizations of the full idempotent ideals with respect to A using precisely these
decomposition matrices.
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Algorithm 8.3.6. Let GG be a finite group, and let () be a splitting field for G of
characteristic 0 with ring of integers R. Let A = QG, and A = RG. Let p be a
rational prime, and let m be a maximal ideal of R lying above p. Let A, be the
localization of A at m.

Let {[S1],...,[Sk]} be a set of representatives of the isomorphism classes of
simple right A-modules, and let {[U1],...,[Us]} be a set of representatives of the
isomorphism classes of finitely generated projective right Ay-modules.

Let D = (d;j) € Myxe(Np) be the decomposition matrix associated with
(Q, R,m). Let K < () be the set of output subsets.

Input: Decomposition matrix D € My, ,(Np).
Output: A collection K = {Jy,...,J,,} of subsets of {1,...,¢} such
v Uj) is a full idempotent ideal for every

.....

t=1,...,m.

Step 1. Initialize:
e I+ {1,...,s} (indices of simple A-modules),

o J <« {1,...,7} (indices of projective indecomposable Ay-modules).
Step 2. Reduce trivial columns:

e For each i € I, do:

— If there exists a unique j € J such that d;; # 0 and d;;» = 0 for all
J e J\{i}:
x Set J « J\{j},
* Set [ < {i € I |d;; =0} (remove rows supported by 7).

Step 3. Recursive search:
o If I =0, then:
— Add every subset of the sorted subset J to K if not already present.
o IfI#0and J=1{ji,...,Jm}, then:

— For each j € J, define:

« Ji=J\ A}
« [;:={iel|d; =0} (remove rows supported by j),
* Recursively apply Step 3 with (I;, J;).

Return: The collection K.

Remark 8.3.7. (1) Assume that G is perfect. Then, if we assume that the first
column is associated with the trivial representation and delete the first column of
the decomposition matrix, the previous algorithm is also valid for computing full
idempotent ideals with respect to Aug(A). Whenever we apply the algorithm to
compute the full idempotent ideals with respect to Aug(A), we will denote that
matrix by D.

(2) In order to reduce notation, after applying Step 2 in the algorithm, we
will delete all the columns and rows that do not appear in I or .J, respectively,
and denote the new matrix by Dyeq.
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Example 8.3.8. Let G = PSL(2,11). The minimal splitting field for G is
Q = Q(v/—11,/5). Let R = Z[L VQ_H, #] be the ring of integers of (). The
decomposition matrix of G for a prime ideal p containing p = 11 is:

10 0 0 0 0]
001000
001000
010100
D=Dy(RG)= 11 4 ¢ o 1 0
00000 1
001100
0100 1 0

(cf. Appendix A to know how to compute decomposition matrices with GAP).
Step 1. Let I ={1,2,...,8}, and let J ={1,2,...,6}.

Step 2. For ¢ = 1, we observe that dy; # 0 and d; ; = 0 for all j € J\ {1}. As
a result, we update J to be J = {2,3,4,5,6}. Furthermore, since d;; # 0 and
ds1 # 0, we update I to [ = {2,3,4,6,7,8}. This is illustrated by the following
matrix:

For i = 2, we observe that dy3 # 0 and dy; = 0 for all j € J \ {3}. As a result,
we update J to J = {2,4,5,6}. Moreover, since dy3 # 0, d3 3 # 0, and dr3 # 0,
we update I to I = {4,6,8}. This is illustrated by the following matrix:

040007
D:_l 1 00
0 0 0 1
160010

For i = 6, we observe that dg # 0 and dg ; = 0 for all j € J \ {6}. As a result,
we update J to J = {2,4,5}. Moreover, since dgg # 0 we update I to I = {4,8}.
This is illustrated by the following matrix:

_— D P D= D DD

S+ P DO DDD
_— O P = O P DD
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Step 3. Now we analyze: [ = {4,8} and J = {2,4,5}. We will work with the
reduced matrix

110]
1 01

Dred = |:

o For j = 2, note that dys # 0 and dgo # 0. We set Jo, = J \ {2} and
I, =1\ {4,8}. Repeating Step 3 with ([5, ), since I, = 0, we add P(.J3)
to IC, that is, K = {0, {4},{5},{4,5}}.

+——o
Dyiea = |:_ o i}

o For j = 4, note that dyy # 0. Weset J, = J\ {4} and I, = I\ {4}.
Repeating Step 3 with (14, J;), since I; # (), we analyze I; = {8} and

Jy = {2,5).
o [

- FOI‘j = 27 note that d&g 7& 0. We set J472 = J4 \ {2} and 1472 = I4 \ {8}
Repeating Step 3 with (Iy2, Js2), since Iyo = ) but Jy» = {5} € K,
we do not add anything to /.

— For j =5, note that dg5 # 0. Weset Jy5 = Jy, \ {5} and Iy5 = I, \ {8}.
Repeating Step 3 with (I3, Jy5), since I;5 = 0 and Jy5 = {2} ¢ K,
we add P({2}) to K, that is, £ = {0, {2}, {4}, {5}, {4,5}}.

o (41

o For j =5, note that dg 5 # 0. Weset J; = J\{5} and I5 = I'\{8}. Repeating
Step 3 with (I, Js), since I5 # (), we analyze: Iy = {4} J; = {2,4}.

o (L]

— For j = 2, note that dy2 # 0. We set Jso = J\ {2} and 52 = I, \ {4}.
Repeating Step 3 with (I52, J52), since Is o = (), but J5o = {4} € K,
we do not add anything to .

- FOI‘j = 47 note that d474 7& 0. We set J574 = J5 \ {4} and 1574 = I5 \ {4}
Repeating Step 3 with (I 4, J54), since I54 = 0 but Js 4 = {2} € K,
we do not add anything to /.

o= [
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Return. K = {0,{2},{4},{5},{4,5}}. Therefore, the list of full idempotent
ideals with respect to A is

Ay =Tr(Up1a ® Up 30 D Upsa ® Upra ® Upoa @ Upi1a)
Ky =Tr(Up1a ® Upsa @ Upra @ Up oo @ U 11a)
Ky =Tr(Up1a ® Up3a ® Upsa ® Upoa @ Up11a)
K5 =Tr(Up1a ® Up3a ® Upsa @ Up7a @ Up11a)
Kus=Tr(Upra ® Upsa @ Upsa ® Upi1a)

Note that K475 Q K4, K5 and KQ, K4, K5 Q Ap.

In Table 8.1, we have a summary of the number of full idempotent ideals found
in simple non-abelian groups of low order.

Group | J = Aug(A) | J =A

As 1 4
Ly(7) 1 2
A 4 28
Ly(8) 27 64
Ly(11) 3 5
L(13) 5 32
Ly(17) 13 84
A, 8 96

Table 8.1 Number of non-trivial full idempotent ideals with respect to Aug(A) and A
of group algebras of the first eight simple non-abelian groups over the ring of integers of
their corresponding minimal splitting field.

8.4 Infinitely generated representations of finite
groups

8.4.1 Alternating Group As

Notation 8.4.1. Let G = Aj be the alternating group on 5 letters, and let
@ = Q(v/5) denote the splitting field for As. Let R = Z[¢s + ('] = Z[H—Q‘/ﬂ,
where (5 is a primitive Hth root of unity, denote the ring of integers of Q.

Let A = RG. Note that the rational primes dividing the order of G are
5, 3, and 2. We have three prime ideals of R containing 5, 3, and 2. Namely,
S(A) = {ps = (v/5),p3 = (3),p2 = (2)}. We will denote by A, the tensor product
A ®gr R,, where p, is a prime ideal containing a rational prime p.

Let {S1a, S3a1, 5342, S1a; Ss5a} be representatives of the isomorphism classes of
the simple modules over Ag, and let {Us 14, Us 34, Us 50} {Us10, Us 301, Us 302, Us 44 }
and {Us 14, Uz 241, Us 242, Us 4q } be representatives of the isomorphism classes of
the indecomposable projective right modules over A5, A3, and A, respectively.
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The decomposition matrices associated with A are

100 1 000 100 0
010 0100 1100
D;=10 10 D;=10 0 1 0 D,=1|1 010
1 10 0001 0001
0 01 1 001 1110

see Appendix A.
Remark 8.4.2. Let P be a countably generated right A-module, and let
r = dimp, (P ®r Q) = (T1as 7341, 7302 Tas T5a)-
Let {Tm}memspec(r) denote the genus sequence of P, where
75 = (75,10, 7'5,3a> T5,50)
r3 = (7’3,1a, 73,3a15 73,302, 7“3,4a)

ro = (7“2,1a, 72,2415 172,242 7‘2,4a)

T,=T if p#£5,3,2.
By Corollary 8.2.12, the following systems of equations must be satisfied

1 00 1000 10 00 T1la
01 0| [rsia 010 0] 110 of " P30l
01 0] [rsa| =100 1 0| =101 0] =|rsm
11 0| |rss 00 0 1|32 00 0 1|22 Fia
00 1 10 0 1] LM% 111 0] LM% Psa
We can rewrite the equations in the following way

( 4 (

5,1a = Tla 3,1a = Ta 2,1a = Tla

75,30 = T'3al 73,301 = 7'3al 72941 T Ta = T3a1

5504 = T'5a { 73302 = T'3a2 72942 T T1a = T3a2

Ta + 7301 = T4a 3,40 = T4a 2,40 = T4a

\T3(I,1 = T3a2 \7’1(1, + T4a = T5q \Tla, + 50 = T3a1 + 7342

Lemma 8.4.3. There are 5 different non-zero idempotent ideals in A: the aug-
mentation ideal of A and 4 full idempotent ideals with respect to A.

Proof. In order to determine the possible full idempotent ideals with respect to
an ideal J, we consider the equations in Remark 8.4.2 relating to the elements of
the sequence r = (7'1(“ T3a15 7302, T4a, ’f’5a)2

T1q + 7301 = T4a
T'3a1 = T'3a2
Tia + T4a = T'sa
Tia + T5a = T3a1 1 T3a2
Let K be an idempotent ideal of A. Then Ky can be written as the trace
of a direct sum of some of the simple right Ag-modules. Each simple right Ag-
module S; appearing in the decomposition of K¢ as the trace of these simple right

Ag-modules corresponds to r; being oo in the above system of equations.
We distinguish the following cases:
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(1) If 4 = oo, then the 1st equation implies that r4, = 0o, the 3rd equation
implies that r5, = 0o, and the 2nd equation together with the 4th equation
implies that r3,; = r3,2 = co. In this case, Ko = Ag.

(2) If 7341 = r3qe = 00, then the 1st equation implies that ry, = 0o, and the 3rd
equation implies that 75, = co. In this case, Ko = Aug(Ag) or Kg = Ag.

(3) If r4, = 00, then the 3rd equation implies that 75, = oo, and the 2nd
equation together with the 4th equation implies that 13,7 = 13,0 = 00. In
this case, Ko = Aug(Ag) or Kg = Ag.

(4) If r5, = 0o, then the 2nd equation together with the 4th equation implies
that r3,1 = r3.0 = 00, and the 1st equation implies that r4, = oo. In this
case, Ko = Aug(Ag) or Ko = Ag.

Therefore, every idempotent ideal of A is a full idempotent ideal either with
respect to Aug(A) or A.
By Algorithm 8.3.6 applied to the following matrices

D; = D; —

O~ =
_ o O O
o O O -
o O = O
S
|
_ o O =
—_— O = O
o~ O O

we can deduce that the only full idempotent ideal of A with respect to the
augmentation ideal of A is Aug(A).

By Algorithm 8.3.6 applied to D5, D3, and Dy, respectively, we can deduce that
the full idempotent ideals of A with respect to A are in bijective correspondence
with the set

{0} x {0} x P({2al,2a2}).

Therefore, there are 4 full idempotent ideals of A with respect to A. Namely, I,
Ji, Jo, and A, where I, J;, and J, have the following localizations

Ioy = Tr(Uza ® Usge) and I, = A, for every p # (2)
(Jl)(g) = TI'(U271a EB U2,2a1 EB U274a) and (Jl)p = Ap fOI' every p # (2)
(J2)@2) = Tr(Uz1q @ U pap © Usya) and  (Jy), = A, for every p # (2). [

By Corollary 6.2.10, V(A) U B(A) = V*(A), and by Lemma 8.4.3, the non-zero
idempotent ideals of A are Aug(A), I, Jy, Jo, and A, so

B(A) = V(A/ Aug(A)UV(A/T)UV(A/J) UV(A/Jy) LV({0})

Clearly, the class of the relatively A-big projective A-module corresponding to
[{0}] € V({0}) is [A®)]. In the following lemmas, we will compute every monoid
in the disjoint union.

Lemma 8.4.4. Fvery relatively Aug(A)-big projective right A-module is of the
form F & P, where F is a finitely generated free A-module and P is the unique
relatively Aug(A)-big projective right A-module with trace ideal Aug(A).
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Proof. Note that A/ Aug(A) = R. Since R is a principal ideal domain, every
projective A-module over R is free. Therefore, V(A/Aug(A)) = V(R) = N,.
Hence, if X is a finitely generated projective R-module, then X = R" for some
n € Ny. The lifting of [{0}] € V(R) corresponds to a relatively Aug(A)-big
projective right A-module P with trace ideal Aug(A), while the lifting of [R"] €
V(R) for a positive n corresponds to [A™ @ P]. Since every relatively J-big
projective right A-module X is uniquely determined by the ideal J and the
isomorphism class X/XJ, by Lemma 5.1.7, P is unique up to isomorphism. [J

Lemma 8.4.5. Fvery relatively I-big projective right A-module is of the form
F @ X, where F is a finitely generated free A-module and X is isomorphic to one
of the following modules:

(1) B, which is the unique relatively I-big projective right A-module up to
isomorphism with trace ideal I,

(2) Bi, which is the unique relatively I1-big projective right A-module up to
isomorphism with trace ideal Jy such that (By1/B11)2) = Us241/Uz2a11(2),

(3) Bq, which is the unique relatively I1-big projective right A-module up to
isomorphism with trace ideal Jo such that (Ba/Bal)2) = Us242/Uz 2421 (2),

(4) By @ BY for some m,n € Ny, which are relatively I-big projective right
A-modules with possible trace ideals J, (if n=20), Jo (if m =0), or A (if
m,n #0).
Moreover, B® By = By, B® By~ By, and B} ® B X A @ B.
Proof. We first describe the structure of Ay := A/I. Since
Ioy = Tr(Usja @ Uz aa)

and I, = A, for every p # (2),

(AI)(Q (UQ 2a1/U2 2a1] ) (UQ 2a2/U2 2a2] ) - UQ 2a1 @ U2 2a29

and (A7), = {0} for every p # (2). Since (Ar)q = {0}, Us a1 ®r, Q = {0} and
U302 @R, Q@ = {0}, both U3.9a1 and Uj 49 are artinian.

By Lemma 8.1.10, A;/N; = I'y; = (I'y)(2) is semisimple artinian. Then,
Ar = (A7)), and by Lemma 5.1.7, every relatively I-big projective A-module is
uniquely determined up to isomorphism. Hence, every finitely generated projective
right A;-module is isomorphic to a direct sum of copies of U272a1 and U272a2. Since
the decomposition matrices of A; are empty matrices, there are no restrictions
on the multiplicities of the number of copies of each indecomposable projective
module over A;.

Let X be a relatively I-big projective right A-module. Then, the genus sequence
of X is given by

rs = (007 o0, OO)?
r3 = (00, 00,00, 00),
ro = (00, 72,241, 72,242, 00),  for some 73941, 72,242 € Ny

Tp: (00700700700;00) 1fp#5,3,2
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Therefore, V(A7) = N2 and each relatively I-big projective right A-module is
uniquely determined by the values (r9241,72.242) € N2.

Let B denote the unique relatively I-big projective right A-module with
(T2.2415 T2.242) = (0,0); let By denote the unique relatively I-big projective right
A-module with (rg241,72242) = (1,0); and let By denote the unique relatively
I-big projective right A-module with (72241, 72242) = (0,1). Then B/BI = {0},
By1/BiI = Usjs41, and By/ Byl = Ujg49. The isomorphism class of B is the lifting
of the neutral element in V(A;), so B® B; = By and B @ By = By. Therefore,
every relatively I-big projective right A-module is either isomorphic to P or to a
finite direct sum of the form B* & B} for some m,n € Nj.

Since (B} @ B2)/(Bi ® B3)I = U;,Zal = U;QQQ >~ (Ar)(2) and each relatively
I-big projective A-module is unique up to isomorphism, B? ® B 2 A@® B. [

Lemma 8.4.6. FEvery relatively J,-big projective right A-module is of the form
F & X, where F is a finitely generated free A-module and X is isomorphic to one
of the following modules:

(1) B%w), which is the unique relatively Jy-big projective right A-module with
trace ideal Jy, where By is the module defined in Lemma 8.4.5,

(2) B%w) @ By, which is a relatively Jy-big projective right A-module with trace
ideal A, where By is the module defined in Lemma 8.4.5.

Proof. We first describe the structure of A, := A/J;. Since
(Jl)(z) = Tr(Usz10 ® Uz 201 ® Us 4a)

and (J1), = A, for every p # (2),
(An)@ = (Uszaz/Usa2l2)? = U pn,

and (A,), = {0} for every p # (2). Since (Ay,)q = {0}, Us2a2 ®r,) @ = {0}, s0
UQ’QGQ is artinian.

By Lemma 8.1.10, A;,/Nj = I'y & (I'y)(2) is semisimple artinian. Then,
Ay, = (Ay)(2), and by Lemma 5.1.7, every relatively J;-big projective A-module is
uniquely determined up to isomorphism. Hence, every finitely generated projective
right Aj,-module is isomorphic to a direct sum of copies of UZQ(ZQ. Since the
decomposition matrices of Ay, are empty matrices, there are no restrictions on the
multiplicities of the number of copies of each indecomposable projective over Ay, .

Let X be a relatively Ji-big projective right A-module. Then, the genus
sequence of X is given by

rs = (007 o0, OO)’
TS — (OO, OO, OO, OO)?
ry = (00,00, T9,242,00), for some 1y 940 € Ny

rp:<O0,00,00,00,00> 1fp7£5,3,2

Therefore, V(A7) = Ny and each relatively J;-big projective right A-module is
uniquely determined by the value 99,2 € No.
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Note that the unique relatively J;-big projective right A-module with rg 9,0 =0
is isomorphic to B§w), where Bj is the unique relatively I-big projective A-module

with trace ideal J; and such that By/By1 = Us241/Uz 2411 defined in Lemma 8.4.5.
The isomorphism class of B%w) is the lifting of the neutral element in V(A ),
so the other representative of the relatively Ji-big projective right A-module is
B§w) @ By, where By is the unique relatively I-big projective right A-module with
trace ideal Jy and such that By/Bsl = Usg42/Us 240! defined in Lemma 8.4.5.
B%w) @ B, is the unique relatively J;-big projective right A-module with r9 9,0 = 1.
Since B? @ B3 2 A ® B and B® B; & By, B%w) ® B A® B{w). Therefore,
every relatively J;-big projective right A-module is either isomorphic to B%w) or
to B @ B for some n € Ny. O

Lemma 8.4.7. Every relatively Jo-big projective right A-module is of the form
F® X, where F is a finitely generated free A-module and X is isomorphic to one
of the following modules:

(1) Béw), which is the unique relatively Jo-big projective right A-module with
trace ideal Jo, where By is the module defined in Lemma 8.4.5,

(2) Bi® B2w), which is a relatively Jo-big projective right A-module with trace
ideal A, where By is the module defined in Lemma 8.4.5.

Proof. The proof has a symmetric argument, similar to the proof of Lemma 8.4.6,
but changes the roles of J; and Js. O]

Remark 8.4.8. One can think that the situation of the projectives that appear in
the decomposition of A/I is extreme: either they are all artinian or they are not.
This is not true, and we will see an example later in this dissertation.

Theorem 8.4.9. Fvery countably generated projective right A-module in B(A) is
of the form F & X, where F is a free right A-module and X is isomorphic to one
of the following countably generated projective right A-modules:

(1) P, which is the unique relatively Aug(A)-big projective right A-module with
trace ideal Aug(A),

(2) B, which is the unique relatively I-big projective right A-module with trace
ideal I,

(3) BY*@Bj for somem,n € N, where By and By are the unique relatively I-big
projective right A-modules with trace ideals Jy and Js, respectively, and such
that (By/B1I)2) = Uspa1/Us2a11(2) and (Ba/Bal)(2) = Us 242/ Us 2421 (2) -

Moreover, B& Bi = B, B& By, 2 By, BP®B22AN® B, and PO B~ AW,

Proof. Only the last relation needs a proof because everything has already been
proved in Lemmas 8.4.4 — 8.4.7. Since P/P Aug(A) = {0} and B/BI = {0}, by
the monoid operation defined in [ ;e o3 V(A/I) = B(A),

([0], Aug(A)) + ([0], 1) = ([0/0I @ 0/0 Aug(A)], Aug(A) + 1) = ([0}, A)

Therefore, P @ B = A, O]
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Remark 8.4.10. Recall now the structure of B(A):

B(A) = V(A/ Aug(A)UV(A/T)UV(A/J) UV(A/Jy) L V({0})
Identifying V(A/J1) = Ny with {oco} x Ng, V(A/Jy) = Ny with Ny x {oo}, and
V({0}) = {[A“]} with {(c0,00)} € (NG)?, then

V(A/D)UV(A/ L) UV(A/J) LV({0}) = (N)*.
Similarly, V(A/ Aug(A))UV({0}) = Nj. Therefore, B(A) = ((N§)2UNg)/~, where
~ is the congruence defined by (00, 00) ~ 0o, and where addition is induced by
the addition in each separate monoid and (0,0) + 0 := oco.

We illustrate the non-finitely generated, relatively big projective A-modules in
the following figure.

Relatively Aug(A)-big Relatively A-big
projective A-modules projective A-modules

Relatively Jy-big ©
projective A-modules A

—————————————————————————— —e

BkH B, & B2 A @ B! A*® B, |A*® B @B, A @ BY @B,
—————————————————————————— —0

B3k B, @ B3¢ A® B2 A @B N Ak @ BY
—————————————————————————— —e

B3 B @ B} Ao B A @ B¥*? A @ B! A@ BY
—————————————————————————— —e

By B, @ By B2® B, B*@®B, | B*"'@B, BY & B,
—————————————————————————— —e

B B, B? Bl2k B%H»l Bi”

Relatively I-big Relatively J;-big

projective A-modules projective A-modules

Figure 8.1 The semigroup B(A), where A = Z[lg‘/g}/ls-
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In [46], Pithoda classified every relatively big projective ZAs-module. We
will explain how this connects with Theorem 8.4.9 below, but first, we need to
reintroduce a little bit of notation.

Notation 8.4.11. Let G = Aj be the alternating group on 5 letters, and let ZAs.
In this case, S(ZAs5) = {(5), (3), (2)}.

Let {S],,S%,, Sias St.} be representatives of the isomorphism classes of the
simple modules over QAs, and let {Us 1,,Us 30, Us 503> U3 10> Uz 30, Uz a0}, and
{U314: U245 Us 4o} be representatives of the isomorphism classes of the inde-
composable projective right modules over Ay, A), and Aoy, respectively. In
particular,

S.. ®g Q(V5)

Ué,ma ®Z(5) Z [ 1+2\/5:|

[1+

V5
2
V5

Sza for every x € {1,4,5},

e Us zq for every x € {1,3,5},

U3, v Rz, Z }(3) = Us g, for every o € {1,4},
Uy za O, Z[”Q }(2) = Uy yq for every o € {1,4},

but
Séa ®q Q \/3) = S341 D Saaz,

U?/),3a Rz s L [1+2\/5 = Us 301 @ U3 342,
7

—
w
=

Ué,Qa ®Z(2) [1+2\/5 (2) = U2,2a1 > U2,2a27

Theorem 8.4.12 (Proposition 4.12 in [46]). Let A = ZAs. The non-zero idempo-
tent ideals of A are Aug(A), I', and A, where I' has the following localizations

Loy = Trpy (U1, @ Usy,) and  Ip = A, for every p # (2).

Remark 8.4.13. Note that I' @z Z[55] = I.

Theorem 8.4.14 (Theorem 4.13 in [46]). Let A = ZAs. Then, the elements of
V(A) U B(A) are either [F], where F is a free right A-module, or [F' ® X|, where
X is one of the following countably generated projective right A-modules:

(1) P, which is the unique relatively Aug(A)-big projective right A-module P
with trace ideal Aug(A),

(2) B’, which is the unique relatively I'-big projective right A-module with trace
ideal I,

(3) By, which is the unique relatively I'-big projective right A-module with trace
ideal A such that By/BiI' is the unique indecomposable projective right
A/I'-module.

Moreover, [B' & B;| = [By), and [B; ® Bi] = [A ® B'], and [P’ & B;] = [A®)].

Proof. By [56, Theorem 3.2], the class group of ZAjs is trivial, so every finitely
generated projective right module over the group algebra ZAj; is free. The rest of
the theorem is proved in Theorem 4.13 in [46]. O
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Remark 8.4.15. Note that P’ ®z Z[52]| = P and B' @z Z| 53| = B, where

P and B are the relatively big projective right Z[lg—‘/ﬂAymodules defined in
Lemmas 8.4.4 and 8.4.5, and P’ and B’ are the relatively big projective right
Z.As-modules defined in Theorem 8.4.14.

Moreover, B; ®z7Z [H—f} = B, ® By, where By is the relatively I-big projective
module over Z A5 with trace ideal ZAs defined in Theorem 8.4.14, and By and B,
are the relatively big projective modules over Z [H—Q\/ﬂ with trace ideals .J; and
Jo, respectively, defined in Lemma 8.4.5.

Remark 8.4.16. In this case, the structure of V(A) LI B(A) is as follows:
V(A)UB(A) 2 V(A)UV(A/Aug(A) L V(A/T) U V({0}).

Since every finitely generated projective right A-module is free, V(A) = Ny =: H;.
Similarly, V(A/ Aug(A)) = V(Z) 2 Ny =: Hy and V(A/I') = Ny := Hj.

Identify V({0}) = {[A®)]} with {c0;}, {002}, and {oo3}, one copy of infinity
for each Ny in the decomposition of V(A) LUB(A). Then

V(A)UB(A) = (N UNG UNG)/~,

where ~ is the congruence defined by co; ~ 00g ~ 003. Let H = (NJLUNFUNE)/~.
The identity in H is the element (0,1) € Hy, and the operation is induced by the
addition in each separate monoid, together with the following additional rules:
0, 1)+ (m,2) ==l +m,2), ((,1)+ (n,3) := ({+n,3), and (m,2) + (n,3) := o0
for each (¢,1) € Hy, (m,2) € Hy, and (n,3) € Hs.

We illustrate the relatively big projective A-modules in the following figure.

Relatively Aug(A)-big Relatively A-big
projective A-modules projective A-modules
P/ A @ Pl A2 @ Pl J’ Azk ﬂB P! A2k+l @ P! J’

Finitely generated
projective A-modules

A2k A2k+L

Relatively I'-big
projective A-modules

B’ By A®B A®B AN@B Ar@ B Ar@ By

Figure 8.2 The monoid V(A)UB(A), where A = ZAs.

8.4.2 Alternating Group Ag

Notation 8.4.17. Let G = Ag be the alternating group on 6 letters, and let
@ = Q(1/5) denote the splitting field for Ag. Let R = Z[(; + (Y] = Z[H—z‘/ﬂ,
where (5 is a primitive 5th root of unity, denote the ring of integers of Q.
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Let A = RG. Note that the rational primes dividing the order of G are
5, 3, and 2. We have three prime ideals of R containing 5, 3, and 2. Namely,
S(A) = {ps = (v/5),p3 = (3),p> = (2)}. We will denote by A, the tensor product
A ®r R,, where p is a prime ideal containing a rational prime p.

Let {S1a, S5a, S5, Ssa1; Ssa2, S9a; S10a} be representatives of the isomorphism
classes of the simple modules over Ag. Let {Usia,Ussa, Ussp, Us.gas Us10at
{U3,1a>U3,3a1;U3,3a27U3,4a,U3,9a}7 {U2,1a7U2,4a7U2,4b;U2,8a17U2,8a2}7 be representa-
tives of the isomorphism classes of the indecomposable projective right modules
over A5, A3, and Ay, respectively.

The decomposition matrices of A are

O = O OO o
OO OO o+~ O
DO OO R OO
O == O OO
—_— o oo o oo
O O
— oo, OO O
—_ o= O o0 oo
— O = === O
O = O OO oo
Il
N = OO ==
= —_ 0 OO = O
OO Ok OO
O OO+ O OO
OO = OO oo

see Appendix A.

The alternating group on 6 letters is the first simple non-abelian group that
has proper full idempotent ideals with respect to the augmentation ideal, as the
following lemma shows.

Lemma 8.4.18. There are 32 different non-zero idempotent ideals in A: 4 are
full with respect to the augmentation ideal of A, and 28 are full with respect to A.

Proof. By Algorithm 8.3.6 applied to

1000 0010 1000
0100 0010 0100
~ 0010 = |1to10 =& 0010
D=1 010 P*=lo1 10 P27]0o001
0010 000 1 1100
00 0 1] 11 1 0] 110 0

we can deduce that the full idempotent ideals of A with respect to Aug(A) are in
bijective correspondence with

{0} x P({3al,3a2}) x {0}

Therefore, there are 4 full idempotent ideals with respect to Aug(A).
By Algorithm 8.3.6 applied to D,, for p = 5, 3, 2, the full idempotent ideals of
A with respect to A are in bijective correspondence with the set

{0} x (P({3al,3a2,4a})\ {0}) x P({4a,4b})

Therefore, there are (8 — 1) - 4 = 28 full idempotent ideals with respect to A. [
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Remark 8.4.19. Let P be a countably generated right A-module, and let

r = dimy, (P ®r Q) = (T14) T5a; T5b> T8als 7825 T9a> T'10a)-

Let {rm }memspec(r) denote the genus sequence of P, where

Trs = (7‘5,1(1, T5.5a, 75,50, 5,84, 7’5,10a)
r3 = (7”3,10” 7'3,3a15 73,3425 7'3,4a> 7”3,9a)
ro = (r271a7T2,4a>T2,4b>r2,8a17 7“2,8a2)

T,=T if p=#£5,3,2.

By Corollary 8.2.12, the following systems of equations must be satisfied

1 00 00 1 0 0 00
01000 51a 1 00 10 T3,1a
001060 T'5.5a 1 00 10 7'3.3a1
00010 75,50 =1 1 0 1 0 73 3a2
00010 T'5.8a 1 01 10 T3 4a
1 00 1 0] [7510a 0 0001 73.9q
00 0 0 1] 01 1 1 0]
[1 0 0 0 O] [ 714 |
110 00 21a T'5q
1 01 00 T2,4a T'sp
= 0 0 O 1 O 7“27417 = | T8al
0 O O O 1 T2’8a1 T8a2
1 1100 72,842 T9a
_2 1 10 O_ L.710a ]
We can rewrite the equations in the following way
4 ( 4
T51a = Tla 731a = Tla 721a = T1a
550 = T'5a 73301 T T5a = T'8al 7240 + Tla = T5a
556 = T5b 73302 T 50 = T'8a2 T2.4b + T1a = T5b
T58a = T'8al T340 T T1a = T5a 2,841 = T'8al
75,10a = T'10a 7390 = T9q 72,842 = T'8a2
T'8a1 = T'8a2 T'5q4 = T5b Ta + T9a = T5a + T5b
\rlu + 7841 = T9q \rla + 754 + T10a = 7841 T 7842 \T5a + 56 = T10a

As an example where the indecomposable projectives in the decomposition of
A/I are not all artinian or non-artinian, we compute all the big projective modules
with respect to one of the full idempotent ideals with respect to the augmentation
ideal of A.

Lemma 8.4.20. Let I be the idempotent ideal of A such that
I3) = Tra, (Us a0 @ Us 9a) and I, = Aug(A,) for every p # (3).

Then, every relatively I-big projective right A-module is of the form F @& X, where
F is a finitely generated free module and X is isomorphic to one of the following
modules:
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(1) P, which is the unique relatively I-big projective right A-module with trace
ideal I,

(2) B, which is the unique relatively I-big projective right A-module with trace
ideal J, where

Ji3y = Tr(Usja @ Usua ® Usga) and J, = A, for every p # (3),
such that (B/BI)(g) = U371a/U371a](3) and P D B= B,

(3) B, which is the unique relatively I-big projective right A-module with trace
ideal Jy, where
(J1)@3) = Tr(Uszar @ Usaa ® Usga)

and
(J1)p = Aug(A,) for every p # (3),
such that (B1/BiI)3) = Us3a1/Us3a1l(z) and P & By = By,
(4) Bs, which is the unique relatively I-big projective right A-module with trace

ideal Jo, where
(J2)3) = Tr(Us a2 ® Usaa ® Usga)

and
(J2)p = Aug(Ay) for every p 7 (3),
such that (BQ/BQ[)(g) = U3’3a2/U3’3a2]—(3) and P D Bg = Bg,
(5) B*@® BT @ By for some k,m,n € Ny, which are relatively I-big projective
right A-modules with possible trace ideals J (ifm =n=0), J; (ifk =n=0),

or A, and such that B& B} & By 2 A& P.

Proof. We first describe the structure of A; := A/I. Recall that A/ Aug(A) = R,
and since R is a projective R-module, the following short exact sequence of
R-modules

0 — Aug(A)/I — A/T — R — 0.

splits. Therefore, A; = R & Aug(A)/I as R-modules. Since
-[(3) - TI'A(B) (U3,4(L ) U3,9(L>

and I, = Aug(A,) for every p # (3)

9

(A7)@) £ Usia/Uspals) @ <U3,3a1/U3,3a1[(3))3 D (U3,3a2/U3a2[(3))3
= —3 =3 =3 —3
- U3,1a D U3,3a1 S U3,3a2 = R(B) D U3,3a1 D U3,3a27
and B

By Lemma 8.1.10, A;/N; =T'y x I'y, where I'; is torsion-free as an R-module
and 'y is semisimple artinian, and every finitely generated projective right Aj-
module is isomorphic to a direct sum of a finitely generated projective right
[';-module and a finitely generated projective right I's>-module.
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Since U&la = Rz — U371a QR Q= Q, U&la is torsion-free as an R-module.
Since Us 341 ®Rg, @ = {0} and Us 342 @Ry, @ = {0}, both Us a1 and Us 349 are

artinian. Therefore, I'y = R and I'; = I'(3) = (U;?)al ® U§73a2)/N1.

Since R is a PID, every projective R-module is free, so V(I';) = Ny. By
Lemma 5.1.7, every relatively I-big projective A-module X such that [X/X 1] €
V(I';) is uniquely determined up to isomorphism. On the other hand, since I'y is
semisimple artinian, by Lemma 5.1.7, every relatively I-big projective A-module X
such that [X/X ] € V(I'y) is uniquely determined up to isomorphism. Therefore,
every relatively [-big projective right A-module is unique up to isomorphism.

Let X be a relatively I-big projective right A-module. Then, the genus sequence
of X is given by

(T5,1a700700,00700)(\/5)7 (7’3,1a77”3,3a1,7’3,3a2;00700)(3)7 (7’2,1a,00700700,00)(2)7

and (7,14, 00, 00, 00, 00, 00, 00), for every p ¢ {(v/5), (3), (2)}. By Corollary 8.2.12,
D, rl = D,r. for every pair of maximal ideals m,n of R. By Remark 8.4.19,
the only restriction is that 731, = rp1, for every p # 3. Therefore, V(A;) = N3
and each relatively I-big projective right A-module is uniquely determined by the
values (73,14, 73341, 73,342) € Np.

Let P denote the unique relatively [-big projective right A-module with
(73,14, 73,301, 3,302) = (0,0,0); let B denote the unique relatively /-big projective
right A-module with (r314,73341,73342) = (1,0,0); let By denote the unique
relatively I-big projective right A-module with (7314,73341,73342) = (0,1,0);
and let By denote the unique relatively [-big projective right A-module with
(T371a,7’3,3a177‘373a2) = (0,0, ].) Then P/P] = {0}, B/BI = Ug,la, Bl/Blf =
U373a1, and By/Bsl = U373a2. The isomorphism class of P is the lifting of the
neutral element in V(A;), so P& B = B, P® B, = By, and B® By = By.
Therefore, every relatively I-big projective right A-module is either isomorphic to
B or to a finite direct sum of the form B* @ B™ & B} for some k, m,n € N.

Since (B®B}® B3)/(BOB}® B3I 2= Us 150U 3,1 ®Us 500 = (A1) 5) and each
relatively I-big projective A-module is unique up to isomorphism, B & B? @ B3 =
A@ P. O
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decomposition map, 154
decomposition matrix, 153, 154
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local ring homomorphism, 41
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Matlis” Problem, 19
module
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flat 21
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projective | 16
pure-projective 22
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of finitely generated projective modules, 101
reduced |, 101

Nakayama’s Lemma, 17
nilradical, 41, 47, 151

order, 146
order-unit, 101

Package Deal Theorem
Localizations of countably generated projective modules (semisimple artinian
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Localizations of finitely generated projective modules (semisimple artinian
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Localizations of submodules, 62
Localizations of trace ideals (simple artinian ring of quotients), 66
projective cover, 20
pure
__exact sequence, 21
_ideal, 21
_ submodule, 21

rank of a module, 45
right T-nilpotent subset, 111

ring
locally semiperfect | 123
PI- | 118
polynomial identity | 118
semiperfect | 20
semisimple artinian | 20
simple | 19

Serre’s Conjecture, 18
splitting field for a group, 156
submodule

RD-_ |77

pure 21

relatively divisible | 77

trace
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___map, 23

Wedderburn-Artin Theorem, 20

178



Bibliography

10.

11.

12.

13.
14.

15.

16.

ALvAREZ, R.; HERBERA, D.; PRfHODA, P. Torsion-free Modules over Commu-
tative Domains of Krull Dimension One. Revista Matemdtica Iberoamericana.
2025, 62 pages. On—line first. Available from DOI: 10.4171/RMI/1564.

ALvAREZ, R.; HERBERA, D.; PRiHODA, P. Relatively big projective mod-
ules and their applications to direct sum decompositions. Journal of Al-
gebra and Its Applications. 2026, 55 pages. Available from DOI: 10.1142/
S50219498825420186.

ANDERSON, F. W.; FULLER, K. R. Rings and Categories of Modules. Springer
New York, 1992. Graduate Texts in Mathematics 13.

ANTOINE, R.; ARA, P.; BosA, J.; PERERA, F.; VILALTA, E. The Cuntz
semigroup of a ring. Selecta Math. (N.S.) 2025, vol. 31, no. 1, Paper No. 6,
46. Available from DOI: 10.1007/s00029-024-01002-9.

Bass, H. Torsion free and projective modules. Transactions of the American
Mathematical Society. 1962, vol. 102, no. 2, pp. 319-327.

Bass, H. Big projective modules are free. Illinois Journal of Mathematics.
1963, vol. 7, no. 1, pp. 24-31.

BAzzoN1, S.; SALCE, L. Strongly Flat Covers. Journal of the London Math-
ematical Society. 2002, vol. 66, no. 2, pp. 276-294.

BERGMAN, G. M. Coproducts and some universal ring constructions. Trans.
Am. Math. Soc. 1974, vol. 200, pp. 33-33.

BERGMAN, G. M.; Dicks, W. Universal derivations and universal ring
constructions. Pacific J. Math. 1978, vol. 79, no. 2, pp. 293-337.

BUTLER, M. C. R.; CAMPBELL, J. M.; KovAcs, L. G. On infinite rank
integral representations of groups and orders of finite lattice type. Archiv der
Mathematik. 2004, vol. 83, no. 4, pp. 297-308.

Currtis, C. W.; REINER, 1. Methods of Representation Theory With Applica-
tions to Finite Groups and Orders. Vol. 1. John Wiley & Sons, 1981. Pure &
Applied Mathematics S.

DrESS, A. On the decomposition of modules. Bull. New Ser. Am. Math. Soc.
1969, vol. 75, no. 5, pp. 984-986.

Dumwmit, D. S.; FOOTE, R. M. Abstract algebra. 3rd. Wiley, 2004.

FaccHINI, A. Module Theory: Endomorphism rings and direct sum decom-
positions in some classes of modules. Birkhauser Basel, 1998. Progress in
Mathematics 167.

FAccHINI, A.; HERBERA, D. Local Morphisms and Modules with a Semilocal

Endomorphism Ring. Algebras and Representation Theory. 2006, vol. 9, no.
4, pp. 403-422.

FAaccHINI, A.; HERBERA, D.; SAKHAJEV, [. Finitely Generated Flat Modules
and a Characterization of Semiperfect Rings. Communications in Algebra.

2003, vol. 31, no. 9, pp. 4195-4214.

179


https://doi.org/10.4171/RMI/1564
https://doi.org/10.1142/S0219498825420186
https://doi.org/10.1142/S0219498825420186
https://doi.org/10.1007/s00029-024-01002-9

17.

18.

19.

20.

21.

22.

23.

24.

25.

26.

27.

28.

29.

30.

31.

32.

33.

FonTANA, M.; HOUSTON, E.; LucaAs, T. Factoring Ideals in Integral Do-
mains. Springer Berlin Heidelberg, 2013. Lecture Notes of the Unione Matem-
atica Italiana 14.

FucHus, L.; SALCE, L. Modules Over Non-Noetherian Domains. American
Mathematical Society, 2000. Mathematical Surveys and Monographs 84.

GOODEARL, K. R. Surjective endomorphisms of finitely generated modules.
Communications in Algebra. 1987, vol. 15, no. 3, pp. 589-609.

GOODEARL, K. R.; WARFIELD Jr, R. B. An Introduction to Noncommuta-
tive Noetherian Rings. 2nd ed. Cambridge University Press, 2004. London
Mathematical Society Student Texts, no. 62.

GURALNICK, R. M.; LEvy, L. S. Cancellation and direct summands in
dimension 1. Journal of Algebra. 1991, vol. 142, no. 2, pp. 310-347.

HERBERA, D.; PRIHODA, P. Big projective modules over Noetherian semilocal
rings. Journal fiir die reine und angewandte Mathematik (Crelle’s Journal).
2010, vol. 648, pp. 111-148.

HERBERA, D.; PRIHODA, P. Infinitely Generated Projective Modules over
Pullbacks of Rings. Transactions of the American Mathematical Society. 2014,
vol. 366, no. 3, pp. 1433-1454.

HERBERA, D.; PRiHODA, P. Reconstructing projective modules from its
trace ideal. Journal of Algebra. 2014, vol. 416, pp. 25-57.

HERBERA, D.; PRIHODA, P.; WIEGAND, R. Big pure projective modules
over commutative Noetherian rings: Comparison with the completion. Forum
Mathematicum. 2025, vol. 37, no. 4, pp. 1103-1146. Available from DOT:
10.1515/forum-2024-0031.

HERBERA, D.; SHAMSUDDIN, A. Modules with semi-local endomorphism
ring. Proceedings of the American Mathematical Society. 1995, vol. 123, no.
12, pp. 3593-3600.

HINOHARA, Y. Supplement to “Projective modules over weakly Noetherian
rings”. Journal of the Mathematical Society of Japan. 1963, vol. 15, no. 1,
pp. 474-475.

JAFFARD, P. Théorie arithmétique des anneaux du type de Dedekind. Bulletin
de la Société Mathématique de France. 1952, vol. 80, pp. 61-100.

KAPLANSKY, I. Projective Modules. Annals of Mathematics. 1958, vol. 68,
no. 2, pp. 372-377.

Lam, T. Y. Lectures on Modules and Rings. Springer New York, 1999.
Graduate Texts in Mathematics 189.

Lam, T. Y. A First Course in Noncommutative Rings. 2nd. Springer New
York, 2001. Graduate Texts in Mathematics 131.

LAZARD, D. Liberté des gros modules projectifs. Journal of Algebra. 1974,
vol. 31, no. 3, pp. 437-451.

LEUSCHKE, G. J.; WIEGAND, R. Cohen-Macaulay representations. American
Mathematical Society, 2012. Mathematical Surveys and Monographs 181.

180


https://doi.org/10.1515/forum-2024-0031

34.

35.

36.

37.

38.

39.

40.

41.

42.

43.

44.

45.

46.

47.

48.

49.

50.

ol.

LeEvy, L. S.; ODENTHAL, C. J. Package Deal Theorems and Splitting Orders

in Dimension 1. Transactions of the American Mathematical Society. 1996,
vol. 348, no. 9, pp. 3457-3503.

LEvy, L. S.; WIEGAND, R. Dedekind-like behavior of rings with 2-generated
ideals. Journal of Pure and Applied Algebra. 1985, vol. 37, pp. 41-58.

MAtLis, E. Injective modules over Noetherian rings. Pacific Journal of
Mathematics, Pacific J. Math. 1958, vol. 8, no. 3, pp. 511-528.

Martuis, E. Cotorsion Modules. American Mathematical Society, 1964. Mem-
oirs Series 49.

Matris, E. Torsion-free Modules. University of Chicago Press, Chicago-
London, 1972. Chicago Lectures in Mathematics.

MATSUMURA, H. Commutative Ring Theory. Cambridge University Press,
1987. Cambridge Studies in Advanced Mathematics 8.

McCONNELL, J.; ROBSON, J. Noncommutative Noetherian Rings. John
Wiley & Sons, Ltd., Chichester, 1987. Pure and Applied Mathematics (New
York).

NAZEMIAN, Z.; SMERTNIG, D. A monoid-theoretical approach to infinite
direct-sum decompositions of modules. 2024. Available from DOI: 10.48550/
arXiv.2401.08203.

OLBERDING, B. Stability, duality, 2-generated ideals and a canonical decom-
position of modules. Rendiconti del Seminario Matematico della Universita
di Padova. 2001, vol. 106, pp. 261-290.

OLBERDING, B. Characterizations and constructions of h-local domains. In:
Models, Modules and Abelian Groups. Walter de Gruyter, 2008, pp. 385-406.

PassmanN, D. S. A Course in Ring Theory. Providence, RI, 2004. AMS
Chelsea Publishing.

PRriHODA, P. Projective modules are determined by their radical factors.
Journal of Pure and Applied Algebra. 2007, vol. 210, no. 3, pp. 827-835.

PRIHODA, P. Fair-sized projective modules. Rendiconti del Seminario Matem-
atico della Universita di Padova. 2010, vol. 123, pp. 141-168.

PRIHODA, P. Classifying Modules in Add of a Class of Modules with Semilocal
Endomorphism Rings. In: Advances in Rings, Modules and Factorizations.
Springer International Publishing, 2020, pp. 269-282.

PRiHODA, P. Generalized lattices over one-dimensional Noetherian domains.
Journal of Commutative Algebra. 2022, vol. 14, no. 3, pp. 443-453.

PrinopA, P.; PUNINSKI, G. Iterated Power Intersections of Ideals in Rings
of Iterated Differential Polynomials. Journal of Algebra and Its Applications.

2013, vol. 12, no. 07, pp. 1350020, 10.

PRriHoDA, P.; PUNINSKI, G.; TOFFALORI, C. Pure projective torsion free

modules over Bass domains. Journal of Pure and Applied Algebra. 2013,
vol. 217, no. 4, pp. 757-762.

Procest, C.; SMALL, L. W. Endomorphism rings of modules over Pl-algebras.
Mathematische Zeitschrift. 1968, vol. 106, no. 3, pp. 178-180.

181


https://doi.org/10.48550/arXiv.2401.08203
https://doi.org/10.48550/arXiv.2401.08203

52.

53.

o4.

55.

56.

o7.

58.

99.
60.

61.

62.

63.

64.

65.

66.

67.

68.

69.

70.

71.

PUNINSKI, G. Some model theory over a nearly simple uniserial domain and
decompositions of serial modules. Journal of Pure and Applied Algebra. 2001,
vol. 163, no. 3, pp. 319-337.

Puninski, G.; ROTHMALER, P. Pure-projective modules. Journal of the
London Mathematical Society. 2005, vol. 71, no. 2, pp. 304-320.

QUILLEN, D. Projective modules over polynomial rings. Inventiones Mathe-
maticae. 1976, vol. 36, no. 1, pp. 167-171.

REINER, 1. Mazimal Orders. Academic Press, 1975. Monographs / London
Mathematical Society 5.

REINER, I.; ULLowMm, S. Class Groups of Integral Group Rings. Transactions
of the American Mathematical Society. 1972, vol. 170, pp. 1-30.

RoGGENKAMP, K. W. Integral group rings of solvable finite groups have no
idempotent ideals. Archiv der Mathematik. 1974, vol. 25, no. 1, pp. 125-128.

ROSENBERG, J. Algebraic K-theory and its applications. 1994th ed. New
York, NY: Springer, 2012. Graduate texts in mathematics, no. 147.

RoweN, L. H. Ring Theory, 83. Academic Press, 1991.

Rump, W. Large lattices over orders. Proceedings of the London Mathematical
Society. 2005, vol. 91, no. 01, pp. 105-128.

RusH, D. E. Rings with two-generated ideals. Journal of Pure and Applied
Algebra. 1991, vol. 73, no. 3, pp. 257-275.

SEXAUER, N. E.; WARNOCK, J. E. The radical of the row-finite matrices
over an arbitrary ring. Transactions of the American Mathematical Society.

1969, vol. 139, pp. 287-295.

SMALL, L. W. Localization in Pl-rings. Journal of Algebra. 1971, vol. 18, no.
2, pp.- 269-270.

SMALL, L. W.; RoBsoN, J. C. Idempotent Ideals in P.I. Rings. Journal of
the London Mathematical Society. 1976, vol. 14, no. 1, pp. 120-122.

SUSLIN, A. A. Projective modules over a polynomial ring are free. Sov. Math.,
Dokl. 1976, vol. 17, pp. 1160-1164.

SWAN, R. G. Induced Representations and Projective Modules. Annals of
Mathematics (2). 1960, vol. 71, no. 3, pp. 552-578.

SWAN, R. G. The Grothendieck ring of a finite group. Topology. 1963, vol. 2,
no. 1-2, pp. 85-110.

VASCONCELOS, W. V. On finitely generated flat modules. Transactions of
the American Mathematical Society. 1969, vol. 138, pp. 505-512.

VASCONCELOS, W. V. On Projective Modules of Finite Rank. Proceedings
of the American Mathematical Society. 1969, vol. 22, no. 2, pp. 430-433.

WARFIELD, R. Cancellation of modules and groups and stable range of
endomorphism rings. Pacific Journal of Mathematics. 1980, vol. 91, no. 2,
pp. 457-485.

WARFIELD, Robert. Purity and algebraic compactness for modules. Pacific
J. Math. 1969, vol. 28, no. 3, pp. 699-719.

182



72.

73.

WHITEHEAD, J. M. Projective modules and their trace ideals. Communica-
tions in Algebra. 1980, vol. 8, no. 19, pp. 1873-1901.

WIEGAND, R.; WIEGAND, S. Bounds for one-dimensional rings of finite
Cohen-Macaulay type. Journal of Pure and Applied Algebra. 1994, vol. 93,
no. 3, pp. 311-342.

183



184



List of Publications

1. ALvAREZ, R.; HERBERA, D.; PRiHODA, P. Torsion-free Modules over Com-
mutative Domains of Krull Dimension One. Revista Matemdtica Iberoameri-
cana. 2025. 62 pages. On-line first. Available from pDo1: 10.4171/RMI/1564

2. ALvAREZ, R.; HERBERA, D.; PRiHODA, P. Relatively Big Projective
Modules and Their Applications to Direct Sum Decompositions. To appear
in Journal of Algebra and Its Applications. 2026. 50 pages. Available from
DOI: 10.1142/S0219498825420186

185


https://ems.press/journals/rmi/articles/14298824
https://doi.org/10.1142/S0219498825420186

186



A Character tables and
decomposition matrices

All the computations of the character tables and the decomposition matrices
have been done with the computer algebra system GAP. The computations of the
prime ideals containing rational primes over rings of integers have been done with
the computer algebra system SageMath. For example,

ordtbl := CharacterTable("PSL(2,11)");
Display(ordtbl);

computes the character table of the group PSL(2,11). With a small modification
of this command, we can compute the Brauer simple character table of a group
for a given prime p, for example, for p = 11, the code

p = 11;
modtbl := CharacterTable("PSL(2,11)") mod p;
Display(modtbl);

computes the Brauer simple character table of the group PSL(2,11) for p = 11.
The decomposition matrix is then computed using this Brauer simple character
table. For example,

mat := DecompositionMatrix(modtbl);
Display(mat);

computes the decomposition matrix of the group PSL(2,11) over the localization
at a prime ideal containing the prime 11 over the ring of integers of a splitting
field for PSL(2,11). The computation of the Cartan matrix is then obtained by
computing DD and the computation of the Brauer projective character table as
D'DM, where M denotes the matrix of the Brauer simple character table.

cartan := TransposedMat(mat) * mat;
Display(cartan);

proj := cartan * Irr(modtbl);
Display (proj);

Finally, if the splitting field for a group G is given by a polynomial p(z), then
the prime ideal containing p can be computed in SageMath. For example, the
following code

p(x) = x74 - x73 + 2%x72 + 4*xx + 3
F.<w> = NumberField(p)

F
R = F.ring of_integers()
R.gens()

F.prime_above(3)

gives a prime ideal containing p = 3 of the ring of integers of Q[z]/(p(z)), where
p(x) =2t — 2% + 22% + 4z + 3.

The information of the splitting fields was also consulted in the database
https://beta.lmfdb.org.
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A.1 Alternating Group A;

Let G = Ajs, the alternating group on 5 letters!. The conjugacy classes of As
are represented by 1, (12)(34), (123), (12345), and (13524), with sizes 1, 15,
20, 12, and 12, respectively. The splitting field for G is K = Q(+/5), and its ring
of integers is R = Z [12—\/5] Let A= KG and A = RG. The complex character
table of G is

classes: | 1 (12)(34) (123) (12345) (13524)
sizes: 1 15 20 12 12
X1a 1 1 1 1 1
X3al 3 —1 —G—-¢G —G-¢
X3a2 3 —1 G -8 GG
X4a 4 : 1 -1 —1
X5a 5 1 —1

where (5 = exp(27i/5). The order of the group is 60 = 2% -3 -5, and the primes
containing 2, 3, and 5 are (2) = (2), (3) = (3), and (v/5) = (v/5), respectively.
Let €14, €341, €342, €4a, and es, be the primitive central idempotents of A. Then
A= e, ADezq1ADesnAd e Ades, A
as right A-modules. For every prime ideal p ¢ {2,3, (v/5)},
Ap = elaAp S¥ 63Q1Ap s> egagAp S5 64aAp S¥) €5aAp

as right Ay-modules.
Localization at (1/5). There are three 5-conjugacy classes in As. The Brauer

character table of simple A( v5-modules is obtained from the ordinary character
table by deleting the third and fourth rows and the fourth and fifth columns.

classes: |1 (12)(34) (123)
sizes: 1 15 20
P1a 1 1 1
¢3a 3 —1 .
¢5a 5) 1 —1

The Brauer character table of projective A( \/g)—modules is

classes: | 1 (12)(34) (123)
sizes: 1 15 20
Ma 5 1 2
N3a 10 -2 1
M5a ) 1 -1

1 A5 is also a simple group of Lie type, in particular As = A;(4) = A;(5), or equivalently,
As =2 Ly(4) = La(5)
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The decomposition matrix associated with A( V) 18

¢1a ¢3a ¢5a
Xla 1 .
X3al . 1
X342 : 1
X4a 1 1 .
X5a . . 1

The Cartan matrix associated with A( VB) is

‘ Ma M3a  Tsa
¢1a 2 1
¢3a 1 3 .
bsa | . .1

Let Us 14, Us3q, and Us 5, be representatives of the isomorphism classes of the
finitely generated indecomposable projective right A( v5-modules. Then

A(\/g) = U571a @ Ufiga @ U§’5a

as right A(\/g)—modules. There are 2 blocks: A5 1, = (1 — €5a)A(\/g) of defect 1, and
As5q = e5aA(\/5) of defect 0, where

3 5
As 10 2 Us 10 © Uy 3, As 50 = Uss,

Localization at (3). There are four 3-conjugacy classes in As. The Brauer
character table of simple A)-modules is obtained from the ordinary character
table by deleting the fifth row and third column.

classes: | 1 (12)(34) (12345) (13524)
sizes: 1 15 12 12
P1a 1 1 1 1
Pa1 3 -1 —¢-¢ G-
P3a2 3 -1 —G-G —¢G-¢
Pia 4 -1 -1
The Brauer character table of projective A)-modules is
classes: | 1 (12)(34) (12345) (13524)
sizes: 1 15 12 12
Ma 6 2 1 1
M3a1 3 -1 G- —G—G
N3a2 3 -1 —G-G —G-¢
Nia 9 1 -1 -1




The decomposition matrix associated with As) is

qbla ¢3a1 ¢3a2 ¢4a
X1a 1 . . .
X3al 1 .
X342 1 :
X4da . 1
X5a 1 1

The Cartan matrix associated with A3 is

Ma  M3a1 M3a2 Mia
gbla 2 . 1
¢3a1 1 .
¢3a2 . 1 .
¢4a 1 2

Let Usia, Us a1, Us 32, and Us 4, be representatives of the isomorphism classes of
the finitely generated indecomposable projective right A(sy-modules. Then

A(3) =Us1a @ U§,3a1 S U§,3a2 D U§,4a

as right A)-modules. There are three blocks: Az,
defect 1, A3 3,1 = e3q1A3) of defect 0, and As 3.2 = €342\ (3) of defect 0, where

~ 4
A3,1a - U3,1a % U3,4a7

Localization at (2).

As 301 =

3
U3,3a17

character table of simple A)-modules is as follows.

(1 — €3qa1 — €3a2)/\(3) of

3
Az 302 = Us 500-

There are four 3-conjugacy classes in As. The Brauer

classes: | 1 (123) (12345) (13524)
sizes: 1 20 12 12
®1a 1 1 1 1
®2a1 2 —1 G+¢ G +¢
®242 2 —1 G+¢ G+ ¢
P1a 4 1 —1 —1

The Brauer character table of projective A)-modules is

classes: | 1 (123) (12345) (13524)
sizes: 1 20 12 12
e 12 . 2 2
N3a1 8 —1 —Cg - Cg —(5 — Cg
1342 8 -1 —(— Cgl _§52 - CE?
Nda 4 1 —1 —1




The decomposition matrix associated with Ay is

gbla ¢2a1 ¢2a2 ¢4a
Xla 1 . . .
X3al 1 1 .
X3a2 1 : 1 :
X4a . . . 1
Xsa | 11 1

The Cartan matrix associated with Ay is

Ma M2a1  T2a2 Tda
¢1a 4 2 2
P21 | 2 2 1
D242 2 1 2 .
¢4a . . . 1

Let Uz 1a, U2241, Uz 242, and Us 4, be representatives of the isomorphism classes of
the finitely generated indecomposable projective right A()-modules. Then

Aoy = Uz1a @ U22,2a1 D U22,2a2 S5 U§,4a

as right A(g)-modules. There are two blocks: A1, = (1— €4a) N2y of defect 2, and
Az 4q = €40\ (2) of defect 0, where

~ 2 2 ~ 774
Ag1a F U210 © Us 91 © Uj 949, Az a = Uy yy-

A.2 Alternating Group Ag

Let G = Ag, the alternating group on 6 letters?. The conjugacy classes of Ag
are represented by 1, (12)(34), (123), (123)(456), (1234)(56), (12345), and
(13524), with sizes 1, 45, 40, 40, 90, 72, and 72, respectively. The splitting field
for G is K = Q(+/5), and its ring of integers is R = Z[H—Z‘/ﬂ Let A= KG and
A = RG. The complex character table of G is

classes: | 1 (12)(34) (123) (123)(456) (1234)(56) (12345) (13524)
sizes: 1 45 40 40 90 72 72
Xla 1 1 1 1 1 1 1
X5a 5 1 2 -1 -1 0 0
X5b 5 1 -1 2 -1 0 0
X8a1 8 0o -1 -1 0 —G-G -G-¢
X8a2 8 0o -1 -1 0 -G-¢ -6-G
X9a 9 1 0 0 1 -1 -1
X10a 10 —2 1 1 0 0 0

where (5 = exp(2mi/5). The order of the group is 360 = 2% - 32 - 5, and the primes
containing 2, 3, and 5 are (2) = (2), (3) = (3), and (v/5) = (V/5), respectively.

2 Ag is also a simple group of Lie type, in particular, Ag & A1(9), or equivalently, Ag = L2(9)
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Let €14, €54, €50, €841, €842, €9a, and eqg, be the primitive central idempotents

of A. Then
A= e, ADe1nADesgADesyAD egq1 A D egaad @ egeA D erpAd
as right A-modules. For every prime ideal p ¢ {2,3, (v/5)},
Ap = e1a\y @ esq Ny D esp\y D ega1 Ny D ega2\y B ega Ny @ €10\
as right Ay-modules.
Localization at (1/5). There are five 5-conjugacy classes in Ag. The Brauer

character table of simple A( v5-modules is obtained from the ordinary character
table by deleting the fifth and sixth rows and the sixth and seventh columns.

classes: | 1 (12)(34) (123) (123)(456) (1234)(56)
sizes: 1 45 40 40 90
P1a 1 1 1 1 1
bsa 5 1 2 —1 1
s 5 1 —1 2 1
bsa 8 : 1 1

®10a 10 -2 1 1

The Brauer character table of projective A( v5-modules is

classes: | 1 (12)(34) (123) (123)(456) (1234)(56)
sizes: 1 45 40 40 90
Na 10 2 1 1 P
M50 5 1 2 -1 -1
Nsb 5 1 —1 2 1
Nsa 25 1 -2 —2 1
M10a 10 -2 1 1

The decomposition matrix associated with A( VB 18

¢1a ¢5a ¢5b ¢8a ¢10a
X1a 1 . . . .
X5a 1 .
X5b 1
X8al 1
X8a2 . 1
X9a 1 1 .
X10a 1

The Cartan matrix associated with A( NG is

Ma Msa  Msb T8a  M10a
¢1a 2 . . 1
¢5a 1 .
Gsb 1 .
¢8a 1 3 .
®10a 1
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Let Usja; Ussa, Uspsy, Usse, and Us 1o, be representatives of the isomorphism
'(%lﬁsses of the finitely generated indecomposable projective right A( ﬁ)—modules.
en

A(\/g) = U5,1a D UE?,Sa D UEL?,Sb D U§,8a D UE},Ol(]a
as right A z-modules. There are 4 blocks: A5 1, = (1 — €50 — €55 — €10a)A (5, Of
defect 1, A5 5, = 65QA(\/5) of defect 0, A5 5, = e5bA(\/5) of defect 0, and Ajs 10, =
elOGA( VB) of defect 0, where
As 10 = Us 1o ® Us ga1 @ U gaz @ Usga

~ 5 ~ 5 ~ 10
A5,5a = U5,5a7 A5,5b = U5,5b7 A5,10a = U5,10a-

Localization at (3). There are five 3-conjugacy classes in Ag. The Brauer
character table of simple A()-modules is as follows.

classes: | 1 (12)(34) (1234)(56) (12345) (13524)
sizes: 1 45 90 72 72
P1a 1 1 1 1 1
D301 3 ~1 1 —G-G —¢-¢
O30 3 —1 1 —@G-¢ —-G6-G
oy 4 . —2 -1 -1
P9a 9 1 1 —1 —1

The Brauer character table of projective A(z)-modules is

classes: | 1 (12)(34) (1234)(56) (12345) (13524)
sizes: 1 45 90 72 72
Na 27 3 1 2 P
M3a1 18 -2 0 —G—-¢G —-G-¢
M3a2 18 —2 0 -G-¢ —6-G
Nda 36 0 -2 1 1
Toa 9 1 1 1 1

The decomposition matrix associated with A is

¢1a ¢3a1 ¢3a2 ¢4a ¢9a

Xla 1
X5a 1
X5b 1
X8al 1
X8a2 1 . .
X9a . . . . 1
X10a . 1 1 1

1
. . 1
1 . 1
1

The Cartan matrix associated with A is

Ma  M3a1 7302 M4a  "9a
¢ | 5 1 1 4
D341 1 2 1 2
D342 1 1 2 2
¢4a 4 2 2 5 .
¢9a . . . . 1
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Let Usiq, Ussa1, Us3a2, Usua, and Usg, be representatives of the isomorphism
classes of the finitely generated indecomposable projective right Ay-modules.

Then

A(3) = U3:10L ¥ Ug’,?)al S U§,3a2 D Ug’lAa D U§,9a

as right A(z)-modules. There are two blocks: Az, =

A3z 94 = e9q\(3) of defect 0, where

3 3 4
A&la = U371a @ U3,3a1 D U3,3a2 S U3,4a7

Localization at (2).

character table of simple A)-modules is as follows.

(1 = ega)A () of defect 2, and

9
Az9a Z Uz,

There are five 3-conjugacy classes in Ag. The Brauer

classes: | 1 (123) (123)(456) (12345) (13524)
sizes: 1 40 40 72 72
¢1a 1 1 1 1 1
s 4 1 —2 -1 -1
O 4 —2 1 -1 -1
P8a1 8 —1 -1 —G-¢G —-G¢-¢
Psa2 8 -1 -1 -G-¢ -G-G
The Brauer character table of projective A(g)-modules is
classes: | 1 (123) (123)(456) (12345) (13524)
sizes: 1 40 40 72 72
Ma 40 4 4 . .
Nia 24 3 . -1 -1
Nap 24 : 3 —1 —1
N8a1 8 —1 -1 —G-G —G-¢
M8a2 8 -1 -1 —¢G-¢ -G-G

The decomposition matrix associated with Ay is

The Cartan matrix associated with A is

gbla ¢4a ¢4b ¢8a1 ¢8a2
X1a 1 . . . .
X5a 1 1 .
X5b 1 1 )
X8al 1 .
X8a2 . 1
X9a 1 1 1
X10a 2 1 1

Ma Mia M4 "8al  7]8a2
¢1a 8 4 4
¢4a 4 3 2
Gap 4 2 3 )
®gat 1 )
Pga2 1
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Let Uz 14, Uz aa, Usap, Uz gar, and Usgqeo be representatives of the isomorphism
classes of the finitely generated indecomposable projective right A)-modules.
Then

A(2) =Us1a @ UgAa ® U§,4b ©® U28,8a1 D U28,8a2

as right A»)-modules. There are three blocks: Aj 1, = (1 — €ga1 — €s42)A(2) of
defect 17 Agjgal = GgalA(g) of defect O, and A278a2 = €8a2A(2) of defect 0, where

~ 4 4 8 8
A271a = U2,1a S U2,4a > U2,4bv A2,8a1 = U2,8a17 A278a2 = U2,8a2'
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