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w-MODULES OVER COMMUTATIVE RINGS

HuAYyvu YIN, FANGGUI WANG, XIAOSHENG ZHU, AND YOUHUA CHEN

ABSTRACT. Let R be a commutative ring and let M be a GV -torsionfree
R-module. Then M is said to be a w-module if Exth(R/J, M) = 0 for
any J € GV(R), and the w-envelope of M is defined by M, = {z €
E(M)|Jxz C M for someJ € GV(R)}. In this paper, w-modules over
commutative rings are considered, and the theory of w-operations is de-
veloped for arbitrary commutative rings. As applications, we give some
characterizations of w-Noetherian rings and Krull rings.

0. Introduction

Let R be a domain with quotient field K, and let F'(R) be the set of nonzero
fractional ideals of R. For A € F(R), set A~! = {z € K|zA C R}. Recall
from [17] that for a domain R and a torsionfree R-module M, the w-envelope
of M is defined by

My,={z € KQM | Jx C M for some finitely generated ideal J with J~' = R}.
R

M is called a w-module if M,, = M, and M is said to be a w-ideal when M is an
ideal of R with M,, = M. For A € F(R), the map w : F(R) — F(R), defined by
A — Ay, is a x-operation called the w-operation. One can see that the notion
of a w-ideal coincides with the notion of a semi-divisorial ideal introduced by
Glaz and Vasconcelos in 1977 [5] which may have some far reaching effects
on the theory of x-operations. As a x-operation, the w-operation was briefly
yet effectively touched on by Hedstrom and Houston in 1980 under the name
of F.-operation [6]. Later, this x-operation was intensely studied by Wang
and McCasland in a more general setting. In particular, Wang and McCasland
showed that the w-envelope notion is a very useful tool in studying strong Mori
domains [17, 18]. For the definition of a %-operation, the reader may consult
[4].

There is a considerable amount of research devoted to extending multiplica-
tive ideal theory to commutative rings containing zero divisors, see for example
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[7, 8, 10, 11, 12, 15]. Recently, the subject of the w-operation has generated
considerable interest. For more information on the w-operation and strong
Mori domains, the reader may consult Anderson and Cook [1], El Baghdadi
and Gabelli [3], and Park [13, 14], etc. A natural problem is: how to extend
the notion of w-modules to commutative rings with zero divisors. This is a mo-
tivation of our study. Our main purpose is to extend the notion of a w-module
to commutative rings without any further regularity assumption. The meth-
ods employed in obtaining some results come from homological algebra, which
are different from the methods used in the domain case. So we will see that
the w-operation can bring in a lot of more homological algebra than the other
x-operations on commutative rings. In addition, we prove enough results on
w-modules which can be switched over to the w-envelopes of modules. As one
might expect, some results on the w-operation on commutative rings coincide
with the results obtained in the domain case. However, it is not to say that
the proofs of some results are straightforward generalizations of the proofs for
domains.

In Section 1, as a first step to the main goal, we introduce and study the
concepts of GV-ideals and GV -torsionfree modules both of which constitute
basic tools for subsequent considerations in this paper.

After preliminary studies of GV-ideals and GV-torsionfree modules, in Sec-
tion 2, we devote to the study of w-modules over commutative rings. Let R be
a commutative ring. A GV -torsionfree R-module M is said to be a w-module if
Exty(R/J, M) = 0 for any GV-ideal .J. We record some observations regarding
w-modules.

In Section 3, we consider the w-envelope of a module. For a GV -torsionfree
R-module M, the w-envelope of M is defined by M,, = {z € E(M)|Jx C
M for some GV-ideal J}, where E(M) is the injective envelope of M. M is a
w-module if and only if M,, = M. It will be seen later that the w-modules in
the sense of [17, 18] are still w-modules. However, the notion of a w-module
given in this article is more general. It is worth noting that different definitions
of x-operations on arbitrary commutative rings appeared in the literatures [7],
[8] and [15], but our “w-operation” satisfies all of them.

As applications, in Section 4, we give some new characterizations of Krull
rings and display several w-Noetherian analogues of well-known results for Noe-
therian rings.

Throughout this paper, R will denote a commutative ring with identity 1 £ 0
and with total quotient ring T'(R). An element of R is regular if it is not a zero
divisor. An ideal of R which contains a regular element is said to be a regular
ideal.

1. GV-ideals and GV -torsionfree modules

Recall that if A, B, B; and C are R-modules, and o : B — By is an R-
homomorphism, then there exist induced R-homomorphisms «, : Hompg (A, B)
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— Hompg(A4, By) and o* : Homg(B;,C) — Hompg(B,C), which are defined
by a.(f) = af for all f € Homg(A, B) and by a*(g) = ga for all g €
Hompg (B, C), respectively.

For an R-module M, the dual module Hompg (M, R) of M is denoted by M*.
There is a natural R-homomorphism ¢ from R into I* given by ¢(r)(a) = ra

for all » € R and a € I, where I is an ideal of R. It is obvious that R £ I*if
and only if Homg(R/I, R) = 0 and Extk(R/I, R) = 0.

Definition 1.1. Anideal J of a commutative ring R is called a Glaz-Vasconcelos
ideal or a GV-ideal, denoted by J € GV (R), if J is finitely generated and the
natural homomorphism ¢ : R — J* is an isomorphism.

Proposition 1.2. Let R be a commutative ring.

(1) R e GV(R).

(2) Let J1 and Jo be finitely generated ideals of R, and J C Jo. If J; €
GV (R), then J5 € GV(R).

(3) Let Ji and Jy be GV -ideals of R. Then J1J2 € GV (R).

(4) If J € GV(R), then J[X] € GV(R[X]).

(5) Let Ji, o be ideals of commutative rings Ry, Ra, respectively. Assume
that R = Ry X Ry. Then J = J; X Jy € GV(R) if and only if J; € GV (R;) for
1=1,2.

Proof. (1) is clear.
(2) Tt is easy to verify that the following diagram

) L -
Jo*
is commutative, where 1 and o are defined as in the beginning of this section,

and A* is induced by the inclusive map A : J; — J. To show that J, € GV(R),
it suffices to prove A\* is an isomorphism.

Here we consider an exact sequence 0 — Hompg(J2/J1,R) — Hompg(J2, R) X
Homp(J1, R). To conclude the proof, we only need to show that Hompg(J2/J1,
R) =0. Let f € Homg(J2/J1, R) and b € Jo. Then we have af(b) = f(ab) =0
for any a € J;, where b = b+ J;. Hence J; C ann(f(b)) (the annihilator of f(b)
in R). Define g : R/J; — R as follows: g(7) = rf(b), where 7 = r+.J;. Clearly,
g is a well-defined R-homomorphism. Since Homg(R/Ji, R) = 0, f(b) = 0, and
so f=0.

(3) By [16, Theorem 2.11], we have

Homp(Jy (X) J2, R) = Homp(J1, Homp(J2, R)) 2 Homp(J1, R) = R.
R
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The epimorphism o: J; Q) r J2 = J1J2 induces a monomorphism
o*: HomR(JlJQ,R) — HOHIR(J1®J2,R),
R

where ¢ is defined by o(a ® b) = ab for all @ € J; and b € J,. Since the
composite R % Hompg(J1Jo, R) & Hompg(J; @ J2, R) is an isomorphism
with ¢ defined as in the beginning of this section, o* is onto. It follows that ¢
is an isomorphism.

(4) For an R-module A, set A[X] = Ay R[X]. We have a canonical
R-homomorphism

04 : R[X]%HomR(A,R) — Homppx(A[X], R[X]),
which is defined by
‘9A(f®9)(éai ® fi) = ég(ai)ffi,

where f, f; € R[X], a; € A, and g € Hompg(A, R). It is easy to see that 64 is
monic, and 0 4 is an isomorphism when A is a finitely generated free R-module.

Let 0 = N — F — J — 0 be a short exact sequence, where F' is a finitely
generated free R-module. Then we have the following commutative diagram
with exact rows:

0 — R[X]QrHompg(J, R) — R[X] Q Homg(F, R) — R[X] Q  Homg(N, R)

| - -
0 — Hompgx)(J[X], R[X]) — Hompg(x)(F[X], R[X]) — Hompgx)(N[X], R[X]).
Note that 0 is an isomorphism, and 6y, 6; are monomorphisms. By diagram

chasing, we have 6 is epic and so is an isomorphism. Thus, J[X] € GV (R[X]).
(5) Note that

R Rl X R2
Hompg(J, R) == Homg, (J1, R1) x Homg, (J2, R2)
is a commutative diagram, and so (5) holds. O

Definition 1.3. An R-module M is called a GV -torsionfree module if whenever
Jx =0 for some J € GV(R) and x € M, then z = 0.

The following theorem shows that a GV -torsionfree module has some homo-
logical properties, and provides a justification for the terminology.

Theorem 1.4. For an R-module M, the following are equivalent:
(1) M is GV -torsionfree.
(2) Hompg(N, M) =0 for any J € GV(R) and R/J-module N.
(3) Homp(R/J, M) =0 for any J € GV(R).
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Proof. (1) = (2). Let f € Homg(N,M). For any x € N, Jf(z) = f(Jzx) =
f(0) = 0. Tt follows that f(z) =0.

(2) = (3). Trivial.

(3) = (1). Let Jz = 0 for some J € GV(R) and « € M, and suppose x # 0.
Define g : R/J — M by g(7) = rz for all r € R, where 7 = r + J. It is easy to
verify that g is well-defined, and g # 0, a contradiction. O

Corollary 1.5. R is a GV -torsionfree R-module.

Corollary 1.6. Let M be a GV -torsionfree R-module and F a flat R-module.
Then F @y M is GV -torsionfree. In particular, a flat R-module is GV -torsion-
free, and so T(R) is a GV -torsionfree R-module.

Proof. For any J € GV (R), Homg(R/J,F @r M) = FQrHompg(R/J, M)
by [16, Lemma 3.83]. O

We use E(M) to denote the injective envelope of an R-module M.

Proposition 1.7. (1) Let M be a GV -torsionfree R-module with a submodule
N. Then N is also GV -torsionfree.

(2) Let {M;|i € T'} be a family of GV -torsionfree R-modules. Then both
[Licr Mi and @, M; are GV -torsionfree.

(3) Let M be an R-module and N a GV -torsionfree R-module. Then Homp
(M, N) is a GV -torsionfree R-module. In particular, M* and M** are GV -
torsionfree R-modules. Therefore, reflexive modules are GV -torsionfree.

(4) If M is a GV -torsionfree R-module, then so is E(M).

Proof. (1) and (2) are clear.

(3) Let Jf = 0 for some J € GV(R) and f € Homg(M,N). For each
x € M, we have Jf(z) = 0. Since N is GV-torsionfree, f(z) = 0. The “In
particular” statement comes from Corollary 1.5.

(4) Let Jz = 0 for some J € GV(R) and z € E(M), and suppose x # 0.
Then there exists » € R such that rx # 0 and rx € M. But we have Jrz = 0,
and so rz = 0. This contradiction shows that x = 0. (]

2. w-modules over commutative rings

We now introduce the notion of a w-module which comes from homological
algebra.

Definition 2.1. A GV-torsionfree R-module M is said to be a w-module if,
for any J € GV (R), Exth(R/.J, M) = 0.

It is clear that R is a w-module, and that, for a GV -torsionfree R-module
M, E(M) is a w-module.

Theorem 2.2. Let M be a GV -torsionfree R-module. Then the following are
equivalent:
(1) M is a w-module.
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(2) Every R-homomorphism f : J — M, where J € GV (R), can be extended
to R.
(3) If Jx C M, where J € GV(R) and x € E(M), then x € M.

Proof. (1) < (2). For each J € GV(R), we have an exact sequence
0 — Homp(R/J, M) — Hompg(R, M) — Hompg(.J, M) — Extk(R/J, M) — 0.

The equivalence now follows from this consideration.

(2) = (3). Suppose Jr C M for some J € GV(R) and « € E(M). Define
f:J—= Mby f(r) =rx for all r € J. It is easily seen that f is well-defined.
Note that f can be extended to g : R — M. Then Jx = f(J) = g(J) = Jg(1).
Since M is GV -torsionfree, so is E(M) and hence x = g(1) € M.

(3) = (2). For each f:J — M, where J € GV(R), there exists g : R —
E(M) such that the diagram

fT Tg

— R
is commutative. Then Jg(1) = ¢g(J) = f(J) € M. Thus g(1) € M, as
desired. 0

Proposition 2.3. Let {M;|i € T'} be a family of GV -torsionfree R-modules.
Then the following are equivalent:

(1) M; is a w-module for each i € T.

(2) [er M; is a w-module.

(3) Djcr M; is a w-module.

Proof. (1) < (2). Extp(R/J [Lcr Mi) = [1;er Extr(R/J,M;) for any J €
GV (R).
(1) & (3). By [2, Exercise 16.3], we have the following commutative diagram:

@ Homp(R, M;) — @ Hompg(J, M;) — @ Extk(R/J, M;) —= 0
i€l i€l i€l

b

Hompz(R, @ M;) — Hompg(J, @ M;) — Extk(R/J, @ M;) — 0.
i€l el el

By the Five Lemma,  is an isomorphism. O
As an immediate consequence of the above proposition, we have
Corollary 2.4. FEvery projective module is a w-module.

Proposition 2.5. As an R-module, T(R) is a w-module.
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Proof. By Theorem 2.2, we only need to show that if Jo C T'(R) for some J €
GV(R) and z € E(T(R)), then x € T(R). Since J is finitely generated, there
exists a regular element s of R such that Jsz C R. Let E(T(R)) = E(R)p N
for some R-module N. Set x = y + 2z, where y € F(R) and z € N. Then we
have Jsz = Js(z —y) C N(E(R) = 0. Since N is GV-torsionfree, sz = 0,
and so sx = sy € E(R). Again by Theorem 2.2, sx € R. Thus x € T(R). O

Proposition 2.6. Let M be a GV -torsionfree R-module, and let {M; |i € T'} be
a directed family of w-submodules of M. Then |, M; is also a w-submodule
of M.

el

Proof. Since |J;cr M; is a submodule of M, it is GV-torsionfree. Let Jx C
Uier M; for some J € GV(R) and = € E(U;cp M;) € E(M). Since J is finitely
generated, there exists ¢ € I" such that Jz C M;. Let E(M) = E(M;) @ N for
some R-module N. Set x = y + z, where y € E(M;) and z € N. Then we have
Jz=Jx—-—y) CNOEM;) =0, and so z = 0. Thus z =y € E(M;). By
Theorem 2.2, x € M;. Therefore, | J;.p M; is a w-submodule of M. (I

Theorem 2.7. Let M be a GV -torsionfree R-module. Then the following are
equivalent:

(1) M is a w-module.

(2) If0 - M - F - N — 0 is an R-exact sequence, where F is a w-
module, then N is a GV -torsionfree R-module.

(3) There exists an R-ezact sequence 0 — M — F — N — 0 such that F is
a w-module and N is a GV -torsionfree R-module.

Proof. (1) = (2). For each J € GV (R), we have exactness of Homg(R/J, F') —
Hompg(R/J, N) — Exth(R/.J, M). By Theorem 1.4 and Definition 2.1, we have
Homp(R/J,F) = Exty(R/J, M) = 0, and so Homg(R/J, N) = 0, as desired.
(2) = (3). Choose an R-exact sequence 0 - M — E(M) — E(M)/M — 0.
(3) = (1). For each J € GV (R), there exists an exact sequence Homp(R/J,
N) — Extp(R/J, M) — Extg(R/J, F). Again by Theorem 1.4 and Definition
2.1, we have Homg(R/J, N) = Exth(R/J, F) = 0, and so Exth(R/J, M) = 0.
Then (1) holds. O

Theorem 2.8. Let A be an R-module and M a w-module. Then Hompg(A, M)
is a w-module. In particular, A* and A** are w-modules. Therefore, reflexive
modules are w-modules.

Proof. Let F=@D R be a free R-module. Since Hompg(F, M) = [[Hompg(R, M)
>~ J[ M, Hompg(F, M) is a w-module by Proposition 2.3. Let 0 - B — F —
A — 0 be an exact sequence with F' free. Then there exists an exact sequence
0 — Homp(A, M) — Homp(F,M) — X — 0, where X is a submodule of
Homp (B, M). By Proposition 1.7 and Theorem 2.7, X is GV -torsionfree and
so Homp(A4, M) is a w-module. O
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3. The w-operation on commutative rings

We start with a study of the w-envelope of a GV-torsionfree module over a
commutative ring R.

Definition 3.1. Let M be a GV-torsionfree R-module. Then the w-envelope
of M is the set given by

M, ={x € E(M)|Jx C M for someJ € GV(R)}.

By Theorem 2.2, we have M is a w-module if and only if M,, = M. So M
is a w-ideal when M is an ideal of R with M,, = M. It is easy to see that M,
is a w-module and 0,, = 0.

Proposition 3.2. Let M be a GV -torsionfree R-module with submodules A
and B. Then the following hold:

(1) cAy C (cA)y, for all c € R.

(2) AC Ay, and AC B= A, C B,.

(3) (Aw)w = Aw'

Proof. (1) Let € Ay,. Then Jx C A for some J € GV(R), and so Jex C cA.
Let E(A) = E(cA) @ N for some R-module N. Set © = y+z, where y € E(cA)
and z € N. Then we have Jez = Je(z —y) C N[ E(cA) =0, and so cz = 0.
Thus cz = cy € E(cA). Therefore, cx € (cA)y.

(2) and (3) are straightforward. O

Recall that an element a € R is called a zero divisor for an R-module M if
there exists x € M\{0} such that ax = 0. a is regular if it is not a zero divisor.

Corollary 3.3. (1) Let A be a GV -torsionfree R-module and ¢ € R. If ¢ is
a regular element for A, then cA, = (cA)w. In particular, if ¢ is a regular
element of R, then (¢)y = (¢).

(2) If c€ T(R) and A is an R-submodule of T(R), then cAy C (cA)y.

Proof. (1) Clearly, c is also a regular element for A,,. Thus we have cA,, = A,
and so cA,, is a w-module. Since cA C cAy, (cA)w C (cAw)w = cAy.
(2) Set ¢ = g, where r, s € R, and s is a regular element of R. By Proposition

3.2, we have rA,, C (rA),. By (1), s(5A4)y = (rA),. Hence cA, = LA, C

LrA), = (ZA)y = (cA),. 0

Remark 3.4. For a domain R with quotient field K, it is routine to verify that
a torsionfree R-module is G'V-torsionfree, and that K @, M = E(M) for a
torsionfree R-module M. Therefore, the w-modules in the sense of [17, 18] are
also w-modules in the sense of Definition 2.1 but the converse does not hold in
general. In fact, let R be a domain, and a € R\{0}. It is clear that R/(a) is not
a torsionfree R-module, but it is a GV-torsionfree R-module by Theorem 2.7
and Corollary 3.3. Therefore, we have E(R/(a)) is a w-module in this article.

Proposition 3.5. Let J be a finitely generated ideal of R. Then J € GV (R)
if and only if J, = R.
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Proof. “Only if” part. By Proposition 3.2, we have J,, C R, = R. On the
other hand, it is clear that J1 C J. Let E(R) = E(J)@ N for some R-
module N. Set 1 = z + y, where x € E(J) and y € N. Then we have
Jy=J1—-z)C NNE(J)=0,and soy =0. Thus 1 =z € E(J). It follows
that 1 € J,,.

“If” part. There exists J; € GV(R) such that J; C J. By Proposition 1.2,
we have J € GV(R). O

The next theorem gives necessary and sufficient conditions for a GV'-torsion-
free module to be a w-module.

Theorem 3.6. Let M be a GV -torsionfree R-module. Then the following are
equivalent:

(1) M is a w-module.

(2) Extgr(N, M) =0 for any J € GV(R) and R/J-module N.

(3) Exty(Aw/A, M) =0 for any GV -torsionfree R-module A.

(4) Every R-homomorphism f: A — M, where A is GV -torsionfree, can be
extended to A,,.

Proof. (1) = (2). Let FF = @ R/J be a free R/J-module for J € GV (R).
Then we have Ext(F, M) = [[ Extr(R/J, M) = 0.

Let0 - A — F — N — 0 be an R/J-exact sequence, where F'is a free R/ J-
module. Then there exists an exact sequence Hompg(A, M) — Extp(N, M) —
Ext},(F, M) = 0. By Theorem 1.4, Homg(A, M) = 0. Thus Exth (N, M) = 0.

(2) = (1). Trivial.

(1) = (3). Let A, /A be generated by the set {&; |i € '}, where {z;|i €
I'} C A,. Then there exists J; € GV(R) such that J;z; C A for each ¢ € T', and
thus we have an epimorphism @, R/J; — A, /A. Let N be the kernel of this
homomorphism. Then Hompg(N, M) = 0. In fact, suppose f € Hompg(N, M).
For any € N, there is J € GV (R) such that Jz = 0. Hence Jf(x) = f(Jx) =
0. Since M is GV-torsionfree, we have f(x) = 0. Thus there exists an exact
sequence

0 = Hompg(N, M) — Exth(Ay,/A, M) — Exty(@ R/J;, M).
el
Since Exty (D, B/ Ji, M) = [Ter Extp(R/Ji, M) = 0, Exty (A, /A, M) = 0.
(3) = (4). It follows from the fact that
Homp (A, M) — Homp(A, M) — Exth(A,/A, M)

is an exact sequence.
(4) = (1). By Theorem 2.2 and Proposition 3.5. d

Proposition 3.7. Let M be a GV -torsionfree R-module. Then
My=U{Ny|N runs over all finitely generated R-submodules contained in M }.

Proof. Clearly, | N, € M,,. Conversely, suppose z € M,,. Then Jx C M for
some J € GV(R). Set N = Jz. Then we have Jx C N, and so € N,,. O
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As the maximal submodules being prime, we have maximal w-submodules
are prime. In this paper, we denote by w-max(R) the set of maximal w-ideals
of R. Let M be an R-module with submodules A and B. Set (A: B) ={r €
R|rB C A}.

Proposition 3.8. Let M be a w-module, and let A be a submodule of M which
is mazimal in the collection of proper w-submodules of M. Then A is prime.
Therefore, a maximal w-ideal is prime.

Proof. Let rx € A for some r € R and « € M, and suppose © ¢ A. Then
(A+ Rzx),, = M. By Proposition 3.2(1), rM = r(A+ Rx), C (rA+ Rrz),, C
Ay =A. Thusr € (A: M). O

We say that a GV-torsionfree module M is w-finite (or of finite type, when
no confusion is likely) if M,, = N,, for some finitely generated submodule N of
M. By Proposition 2.6, it is easy to show that if M is a w-module of finite type,
then any proper w-submodule of M is contained in a maximal w-submodule.

Theorem 3.9. Let M be a GV -torsionfree R-module. Then (M), = M, for
each prime w-ideal p of R. Therefore, if M is w-finite, then M, is a finitely
generated Ry-module for each prime w-ideal p of R.

Proof. Obviously, M, C (M,),. Conversely, let € (M,,),. Then there exists
s € R\p with sz € M,,. Thus Jsx C M for some J € GV (R). By Proposition
3.5, we have J € p. It follows that J, = Ry, and so sz € Jysx C M,. Hence
x € My, and then (M), C M,. O

Corollary 3.10. Let M be a GV -torsionfree R-module with submodules A and
B. Then A, = By, if and only if Ay = By for any m € w-max(R).

Proof. Let w-max(R) = (J, and suppose that ¢ is a regular element of R. Then
(¢) = (¢)w = R, and so c¢ is a unit. Therefore R = T'(R). Here we consider the
case w- max(R) # 0.

“Only if” part is clear by Theorem 3.9.

“If” part. Suppose z € A,,. Set I = (B, : Rz). Then I is a w-ideal of R.
By Theorem 3.9, we have (By)m = Bm = Am = (Aw)m. It follows that

[m:{aeRm|a%e(Bw)m}z{aeRm\a%E(Aw)m}ZRm-

Thus I € m for any maximal w-ideal m, and so I = R. Therefore, x € B,,. It
follows that A,, C B,,. The inverse can be proved similarly. O

Before moving to another topic, we should note that different definitions of
s-operation on arbitrary commutative rings appeared in the literatures [7], [§]
and [15], but our “w-operation” satisfies all of them.

Let §(R) be the set of R-submodules of T(R). For A € F(R), set A~! =
{x € T(R)|zA C R}, A, = (A~Y)~1 and A; = |J B,, where B runs over all
finitely generated R-submodules of A. It is easy to see that for an ideal I of
R, I™!' = I* if | contains a regular element. Thus a finitely generated regular
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ideal J of R is a GV-ideal if and only if J~' = R. A star operation * on R is
a mapping A — A, from F(R) to F(R) which satisfies the following conditions
for all c € T(R) and A, B € §(R):

(1) cAs C (cA)..

( ACA*7andACBlmpllesA C B,.

(

(

2)

3) (Ay). = A..

4) R. = R.
It is routine to see that the w-operation and the t-operation on R are -
operations. An A € F(R) is called a xmodule if A, = A, and is called a
x-ideal when A is an ideal of R with A, = A. A star operation * is said to have
finite character if for any A € F(R),

A, = U{Bx« | Bruns over all finitely generated R-submodules contained in A}.
We define the w-operation by A — A,, for all A € F(R). Then, by Proposition

3.7, the w-operation on R has finite character.

Proposition 3.11. Let A and B be R-submodules of T(R), and let {B;} be a
family of R-submodules of T(R). Then the following hold:

) (225 Bi)w = (324(Bi)«)«-

(1

(2) (;(Bi)s = ([;(Bi)s)-

(3) (A ) (AsB)y = (AxBi)x.

(4) (A7 ) =A"

(5) (A,)~t = A=Y, Therefore, if Ay = B., then A71 =

(6) A, C A,. Therefore A, C Ay provided that * has ﬁmte chamcter

Proof. The proofs of all parts are straightforward. O

For A € §(R), we say that A is *-invertible if (AA™!), = R. If A is
w-invertible, then A is w-finite, and A, is a free Ry-module for any m €
w-max(R). In the domain case, Anderson and Cook [1] and Park [13] have
independently shown that a nonzero ideal of R is t-invertible if and only if it
is w-invertible, and that an ideal of R is a maximal ¢-ideal if and only if it is a
maximal w-ideal. As in the domain case, there are also nice relations between
the t-operation and the w-operation on arbitrary commutative rings, which will
be useful in our further study.

Theorem 3.12. Let A be a regular ideal of R. Then Ay = R if and only if
Ay = R.

Proof. If A, = R, then A; = R because of A4, C A;. Conversely, suppose
Ay = R. Then there exists a finitely generated subideal B of A such that
B, = R. Without loss of generality, we can assume that B is regular. In this
case, B € GV(R). Consequently, R = B,, C A,, C R implies A4,, = R. O

Corollary 3.13. Let A be a regular ideal of R. Then A is t-invertible if and
only if A is w-invertible.

Proof. By Theorem 3.12, (AA~!), = R if and only if (AA™!),, = R. O
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Corollary 3.14. Let m be a regular ideal of R. Then m is a mazximal t-ideal
if and only if m is a maximal w-ideal.

Proof. “Only if” part. Suppose that [ is a w-ideal of R properly containing m.
Then I; = R, and so I, = R. Thus m is a maximal w-ideal.

“If” part. Clearly, m; # R. Since m; is a w-ideal, m;y = m. Thus m is a
maximal t-ideal. O

Proposition 3.15. Let p be a prime ideal of R. Then either p,, = p orp, = R.

Proof. Suppose p,, # R. For x € p,,, there exists J € GV (R) such that Jz C p.
Since J Z p, € p. Therefore, p,, = p. (]

Proposition 3.16. Let p be a w-invertible regular prime w-ideal of R. Then
p is a mazimal w-ideal.

Proof. Suppose that I is an ideal of R properly containing p. Choose ¢ € I'\p,
and let p = B,,, where B is a finitely generated subideal of p. Without loss of
generality, we may assume that B is regular. Set J = (B,¢c). For z € J~!, we
have x¢B C B C p. Since ¢ € p, B C p. Then xp = 2B, C (zB)yw C p. So
app~t Cpp~t. Since (pp~1)y = R, € R. Thus J~! = R, and so J € GV (R).
Since J C I, I, = R, as required. O

4. Characterizations of w-Noetherian rings and Krull rings

In this section, we will give some new characterizations of Krull rings through
the w-operation and display several w-Noetherian analogues of well-known re-
sults for Noetherian rings. But first we have to look at the w-Noetherian ring
which is an extension of the notion of a strong Mori domain introduced by
Wang and McCasland (see [17, 18]).

Definition 4.1. A w-module M is called a w-Noetherian module if M satisfies
the ACC on its w-submodules. R is said to be a w-Noetherian ring if R is a
w-Noetherian module.

By the above definition, it is clear that every w-submodule of a w-Noetherian
module is a w-Noetherian module. The proofs of the next two results are
routine, therefore they will be omitted.

Proposition 4.2. For a w-module M, the following are equivalent:
(1) M is a w-Noetherian module.
(2) Every w-submodule of M is of finite type.
(3) Every non-empty set of w-submodules of M has a mazimal element.
(4) Every submodule of M is of finite type.

When M = R, we have

Proposition 4.3. For a commutative ring R, the following are equivalent:
(1) R is a w-Noetherian ring.
(2) Every w-ideal of R is of finite type.
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(3) Every non-empty set of w-ideals of R has a mazimal element.
(4) Every ideal of R is of finite type.

Corollary 4.4. If R is a w-Noetherian ring, then R, is Noetherian for each
prime w-ideal p of R.

Proof. Tt follows from Proposition 4.3 and Theorem 3.9. O

It is easy to verify that, for any two submodules A and B of a GV -torsionfree
R-module M, (A+ B)y = (Aw + By)w- Here we have:

Proposition 4.5. Let My, M, ..., M, be w-modules. Then @?:1 M; is a
w-Noetherian module if and only if M; is a w-Noetherian module for each
1<t <n.

Proof. “Only if” part is trivial.

“If” part. It suffices to prove the case n = 2. Let M = My € Ma, and let N
be a w-submodule of M. Set B = N[\ M; and C = n(N), where 7 : M — M>
is a projective map. Then we have the following commutative diagram with
exact rows:

0 B N —"=C 0

oo

0 M, M —Z= M, 0

Since M; and My are both w-Noetherian modules, we have B = (By),, and
Cy = 7(N1)w, where By and Nj are finitely generated submodules of B and
N, respectively. Next we show N = (B1 + N1)4.

Let € N. Then w(z) € C. Thus Jr(z) C 7(Ny) for some J € GV (R).
It follows that Jz C (B + Ni). Hence z € (B + N1)y = (B1)w + (NV1)w)w =
(B1 4+ N1)y, and so N = (By + Ni)y. Therefore, M is a w-Noetherian module
by Proposition 4.2. ([l

We adopt Kennedy’s definition of a Krull ring. Recall from [10] that a ring
R is called a Krull ring if there exists a family {(V,, P,)|a € T'} of discrete
rank one valuation pairs of T'(R) with associated valuations {v, |« € T'} such
that:

(1) R =({ValaeT}.

(2) vo(a) = 0 almost everywhere on I' for each regular element a € T(R),
and each P, is a regular ideal of V,.
So we do not assume that Krull rings are Marot rings. Recall that a ring R
is said to be a Marot ring if every regular ideal can be generated by a set
of regular elements. There is another definition of a Krull ring (see [7, 15]),
which is precisely a Marot Krull ring. In [10] Kennedy showed that a Krull
ring is completely integral closed and satisfies the ACC on regular v-ideals. In
response to Kennedy’s question, Matsuda [12] proved that the converse is also
true. We will see below that R is a Krull ring if and only if R is completely
integrally closed and satisfies the ACC on regular w-ideals.
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Theorem 4.6. Let R be a commutative ring. Then the following are equivalent:
(1) R is a Krull ring.

2) Every regular ideal is w-invertible.

) Every regular w-ideal is w-invertible.

) Every regular prime ideal is w-invertible.

) Every regular prime w-ideal is w-invertible.

) R is completely integrally closed and satisfies the ACC on regular w-

S.

)

R is completely integrally closed and satisfies the ACC on reqular v-

(8) R is completely integrally closed and every regular t-ideal is a v-ideal.

(9) R is completely integrally closed and every regular mazimal w-ideal is a
v-ideal.

(10) R is completely integrally closed and every reqular w-ideal is a v-ideal.

Proof. (1) < (7) follows from [12].

(2) < (3) is clear.

( ) = (4) = (5). Trivial.

(5) = (3) is similar to the proof of (vi) = (v) of [17, Theorem 5.4].

(2) (6). Let I be a regular ideal of R. Then (II7!), = R, and so
(IT71), = R. Thus, by [10, Proposition 1.1], R is completely integrally closed.
On the other hand, since every regular ideal of R is w-finite, every non-empty
set of regular w-ideals of R has a maximal element. Therefore, R satisfies the
ACC on regular w-ideals.

(6) = (7) = (8) = (9) are obvious.

(9) = (2). Let I be a regular ideal of R. Then (II7'), = R by [10,
Proposition 1.1]. Suppose (I171),, # R. Then there exists a maximal w-ideal
m such that (I771),, € m. Thus (I7~'), C m, = m, a contradiction.

(3) 4+ (6) = (10). Note that every w-invertible regular w-ideal is a v-ideal.

(10) = (9) is trivial. O

=

=

=
=

One can borrow the techniques from [17, 18] to obtain easily the following
results, so the proofs are omitted.

Theorem 4.7. Let R be a commutative ring.

(1) (The Cohen Theorem for w-Noetherian rings) R is a w-Noetherian ring
if and only if each prime w-ideal of R is of finite type.

(2) (The Krull Intersection Theorem for w-Noetherian rings) Let R be a w-
Noetherian ring and M a w-Noetherian module. If B = (\,_,(I"M),,, where
I is an ideal of R, then B = (IB),,.

(3) (The Generalized PIT for w-Noetherian rings) Let R be a w-Noetherian
ring, and let I = (a1,az,...,an)w be a w-ideal of R. If p is a prime ideal of R
minimal over I, then htp < n

n=1

It is worth noting that for a w-Noetherian ring R, if p is a prime ideal of R
minimal over @ € R which is a regular element, then htp = 1.
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Proposition 4.8. A direct product of finitely many w-Noetherian rings is a
w-Noetherian ring.

Proof. Let Ry, Rs,..., R, be w-Noetherian rings. Set R = R; X Ry X +-- X R,,.
It is enough to prove the case n = 2. Let I be a w-ideal of R. Then I = I x I5,
where I; is an ideal of R; for ¢ = 1,2. By Proposition 4.3, (I;)w = (B;)w for
a finitely generated subideal B; of I;, where ¢ = 1,2. To complete the proof,
we only need to show that I = (B; X Bs),. Obviously, (B X B3), C 1.
Conversely, let a = (a1,a2) € I, where a; € I; for i = 1,2. Then there exists
J; € GV (R;) such that J;a; C B; for i = 1,2. Thus (J; X J2)(a1,a2) € By X Ba.
Hence a € (B x Bz),, by Proposition 1.2(5), and so I C (B X B2)q. O

Theorem 4.9 (The Hilbert Basis Theorem for w-Noetherian rings). If R is a
w-Noetherian ring, then R[X] is likewise a w-Noetherian ring.

Proof. Let H be a w-ideal of R[X]. Suppose that I, is the ideal of R generated
by leading coefficients of polynomials of degree s in H, where s = 0,1, .... Then
I; C Is11, and thus there exists a nonnegative integer m such that (I,,), =
(Imt1)w = +++ and Iy, I1,...,I,, are w-finite. Let (Is)y = (as1,-. ., Qsn, )w,
where as1,...,asn, € I for s =0,1,...,m. Then there exists polynomial f;
in H whose leading coefficient is as;, where i = 1,... ,ns and s =0,1,...,m.
Set A =3 5" R[X]fs. To show that R[X] is a w-Noetherian ring, it
suffices by Proposition 4.3 to show that H = Ay, where Ay, denotes the w-
envelope of A as an R[X]-module. Obviously, Ayy € H. On the other hand,
let f € H. First, 0 € Ay. Now let f = ax® 4 --- have degree s. Then a € I;.

We prove by induction that f € Ay for every s > 0. For s < m the assertion
is clear. Let s > m and assume the statement holds for all deg(f) < s. Then
a € (Is)w = (Im)w- Thus there exists J = (dy,...,d;) € GV(R) such that
Ja C (am1,- -, Amn,,), and so dja = Z:;"‘l biam; for 1 < j < t, where b; € R.
Set g; = djffzzlz’”l bixz® ™™ fy,; for each 1 < j < t. Then g; has degree less than
s, and hence g; € Aw by the induction hypothesis. Consequently, d;f € Aw
foreach 1 < j < t, and so J[X]f C Aw. By Proposition 1.2, J[X] € GV(R[X])
and thus f € Ay, as required. O
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