Beitrage zur Algebra und Geometrie
Contributions to Algebra and Geometry
Volume 49 (2008), No. 2, 449-479.

Multiplication Modules and
Homogeneous Idealization 111

Majid M. Ali

Department of Mathematics and Statistics, College of Science
Sultan Qaboos University, P.O. Box 36, P.C. 123, Al-Khod, Sultanate of Oman
e-mail: mali@squ.edu.om

Abstract. In our recent work we gave a treatment of certain as-
pects of multiplication modules, projective modules, flat modules and
cancellation-like modules via idealization. The purpose of this work is
to continue our study and develop the tool of idealization, particularly
in the context of closed, divisible injective, and simple modules. We de-
termine when a ring R (M), the idealization of M, is a quasi-Frobenius
or a distinguished ring. We also introduce and investigate the concept
of M-3 (weak) cancellation ideals.
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0. Introduction

All rings are commutative with identity and all modules are unital. Let R be a
ring and M an R-module. M is a multiplication module if every submodule N of
M has the form IM for some ideal I of R. Equivalently, N = [N : M| M, [18]. A
submodule K of M is multiplication if and only if NN K = [([NNK): K| K =
[N : K] K for all submodules N of M.

Let P be a maximal ideal of R and let Tp (M) = {m € M : (1—p)m =0
for some m € M}. Then Tp (M) is a submodule of M. M is called P-torsion
if Tp (M) = M. On the other hand M is called P-cyclic provided there exist
m € M and ¢ € P such that (1 —¢) M C Rm. El-Bast and P. F. Smith, [19,
Theorem 1.2], showed that M is multiplication if and only if M is P-torsion or
P-cyclic for each maximal ideal P of R. A multiplication module M is locally
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cyclic and the converse is true if M is finitely generated, [18, Proposition 4]. A
submodule N of M is called a pure submodule of M if IN = N N IM for every
ideal I of R, [20]. An ideal [ is a pure ideal of R if and only if I is locally either
R or zero, [22].

Let N be a submodule of M and I an ideal of R. The residual submodule N
by I'is [Ny I] ={m € M : Im C N}, [24] and [25]. Obviously, [N : IM]M C
[N :pr I]. The reverse inclusion is true if M is multiplication. If M is faithful
multiplication or projective then [0 :3; I] = (ann/) M. See [7] and [2, Lemma 5.

For a ring R and an R-module M, the idealization of M is the ring R+M =
R (M) which is formed from the direct sum R & M by defining multiplication of
elements (r,m) and (s,n) of R(M) by (r,m) (s,n) = (rs,rn + sm). The purpose
of idealization is to put M inside a commutative ring A so that the structure of
M as an R-module is essentially the same as that of M as an A-module, that
is an ideal of A. 0wxM is an ideal of R (M) satisfying (O(+)M)2 = 0. Every
ideal contained in 0+M has the form 0N for some submodule N of M and
every ideal contains O)M has the form I M for some ideal I of R. Since
R = R(M)/0+M,I — I+)M gives a one-to-one correspondence between the
ideals of R and the ideals of R (M) containing OM. Thus prime (maximal)
ideals of R (M) have the form P)M for some prime (maximal) ideals P of R.
Homogeneous ideals of R (M) have the form [N where I is an ideal of R, N a
submodule of M and IM C N. These ideals play a special role in studying prop-
erties of R (M) and showing how these properties are related to those of R and M.
It is shown, [17, Theorem 3.3], that a principal ideal R (M) (a, m) is homogeneous
if and only if R (M) (a, m) = Raw(Rm +aM) = R (M) (a,0)+R (M) (0,m), and
every ideal of R (M) is homogeneous if and only if every principal ideal of R (M)
is homogeneous. A ring R (M) is called homogeneous if every ideal of R (M) is
homogeneous, [3] and [4]. It is shown, [17, Corollary 3.4], that if R is an integral
domain then R (M) is homogeneous if and only if M is divisible. In this case every
ideal of R (M) is comparable to O M. If R is a local ring but not an integral
domain, R (M) is homogeneous if and only if M = 0, [17, Theorem 3.3]. If I+ N
and J K are homogeneous ideals of R (M) then

[[(+)N “R(M) J(-s-)K} = [[ : J] N [N : K] (+) [N M J]

is homogeneous, [1, Lemma 1]. In particular, ann (I(+)N) = (annl NannN)w)
[0 :p7 I]. If M is faithful multiplication or projective then ann (I(+)IM) = annl+)
(annl) M.

In our recent work on idealization we investigated the idealization of mul-
tiplication modules, projective modules, flat modules, like-cancellation modules,
invertible submodules, large and small submodules. We also determined when
a ring R (M) is a multiplication ring, ZPI-ring, arithmetical ring, Priifer ring,
Bezout ring, (quasi) valuation ring, Marot ring, P-ring, coherent ring, finite con-
ductor ring or generalized GCD ring, see [1]-[5].

In the first part of this paper we investigate the idealization of modules, partic-
ularly in the context of closed, divisible, injective and simple modules, continuing
and extending some of our results in [1]-[5]. In the second part we show how
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quasi-Frobenius and distinguished properties of R (M) are related to those of R
and M. In the last part we introduce and investigate the concept of M —% (weak)
cancellation and M —% join principal ideals, particularly when M is a multiplica-
tion module. In the first and third part of the paper, some of our results of [3]
will be improved by weakening the required conditions.

All rings are commutative with identity and all modules are unital. For the
basic concepts used, we refer the reader to [20]—[25].

1. Some properties of homogeneous ideals

In this section we explore several properties of a homogeneous ideal of R(M) and
show how these properties can be transferred to its components and conversely.

Let R be a ring and N a submodule of an R-module M. Then N is called an
addition complement (resp. intersection complement), briefly adco (resp. inco),
of a submodule K of M if K + N = M (resp. K NN = 0) and N is minimal
(resp. maximal) in K + N = M (resp. K NN = 0), that is for all submodules
L of M with L+ K = M (resp. LN K =0)and L C N (resp. N C L) then
N = L. Tt is shown, [23, Corollary 5.2.2|, that for all submodules K and N of M,
K & N = M if and only if N is adco and inco of K in M. It is also well-known,
(23, Lemmas 5.2.4 and 5.2.5], that for all submodules N, K and L of M if N is
adco (resp. inco) of K and K is adco (resp. inco) of L then N is adco (resp. inco)
of L. A submodule N of M is large in M if for all submodules K of M, NNK =0
implies K = 0. A submodule X of M is said to be closed in M if whenever X
is a large submodule of a submodule U of M then X = U. It is proved that a
submodule X of M is closed in M if and only if X is inco of a submodule of
M, [23]. Every submodule of M is a direct summand in M if and only if every
submodule of M is closed in M. For properties of adco, inco, large and closed
submodules and ideals, see for example [20] and [23].

The following result gives some basic properties of the addition complement,
intersection complement and closed ideals and submodules.

Proposition 1. Let R be a ring, M an R-module, I and J ideals of R and K
and N submodules of M.

(1) Let M be finitely generated multiplication. If I + annM is adco of J then
IM is adco of JM and the converse is true if we assume further that M is
faithful.

(2) Let M be faithful multiplication. If I is inco of J then IM is inco of JM
and the converse is true if we assume further that M is finitely generated.

(3) Let M be faithful multiplication. If I is closed in R then IM is closed in M
and the converse is true if we assume further that M 1is finitely generated.

(4) Let M be finitely generated multiplication. If [N : M| is adco of [K : M]
then N is adco of K and the converse is true if we assume further that M
is faithful.

(5) Let M be faithful multiplication. If [N : M| is inco of [K : M] then N is
inco of K and the converse is true if we assume further that M is finitely
generated.
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(6) Let M be faithful multiplication. If [N : M| is closed in R then N is closed in
M and the converse is true if we assume further that M is finitely generated.

Proof. (1) Let M be finitely generated multiplication. Let I+annM be adco of J.
Then I +annM + J = R, and hence IM + JM = M. Suppose L be a submodule
of M such that L+ JM = M and L C IM. It follows that M = ([L : M|+ J)M,
and by, [22, Theorem 76|, we have that

R=[L:M]+J+aunM =[L: M|+ J.

Since [L: M] C [IM : M] = I + annM, we get that [ + annM = [L: M]
and hence IM = L. So IM is adco of JM. Conversely, assume M is finitely
generated, faithful and multiplication. Let IM be adco of JM. Then (I + J) M =
IM + JM = M, and hence I + J = R, [29, Corollary 1 to Theorem 9]. Assume
A is an ideal of R such that A+ J = R and A C I. Then AM + JM = M and
AM C IM. Since IM is adco of JM, AM = IM, and hence A = 1. So [ is adco
of J.

(2) Suppose M is faithful and multiplication. Let I be inco of J. Then INJ =0
and by, [19, Corollary 1.7], IM N JM = 0. Let L be a submodule of M such
that LN JM = 0and IM C L. So [L:M|nJ C[L: M|N[JM : M] =
(LNJM): M]=[0: M]=0and I C[L:M] It follows that I = [L: M] and
hence IM = L. Then I'M is inco of JM. Conversely, let I M be inco of JM. Then
IM N JM =0, and hence (I N.J) M = 0. This implies that I NJ C [0: M| =0.
Let A be an ideal of R such that ANJ =0and I C A. Then AMNJM =0 and
IM C AM. Hence IM = AM and hence I = A. This gives that [ is inco of J.
(3) Let I be closed in R and let /M be large in a submodule L of M. Then
I is large in [L : M]. For, let J C [L: M] and I NJ = 0. Since M is faithful
multiplication, it follows by, [19, Corollary 1.7], that IMNJM = 0. Since JM C L
and IM is large in L, JM = 0, and hence J = 0. As [ is closed in R, we get that
I =[L: M]and hence L = IM. So IM is closed in M. For the converse, suppose
that IM is closed in M. Let I be large in J. Then IM is large in JM. For, if
L C JM and IM N L =0, then

0=1[0: M =[IMNL): M| =IN[L:M]|.

It follows that [L : M] = 0, and hence L = 0. This implies that /M = JM, and
hence I = J. So I is closed in R.

The proofs of (4), (5) and (6) follow by (1), (2) and (3) respectively. O

The next two results give some properties of idealization of addition complement,
intersection complement and closed ideals and submodules.

Theorem 2. Let R be a ring, M an R-module and R (M) the idealization of M.
Let I be an ideal of R and N a submodule of M.

(1) If 0cH)N s adco of an ideal H of R (M) then H = R(M).
(2) Let M be faithful. If I+\M 1is inco of an ideal H of R (M) then H = 0.
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(3) N is adco of a submodule K of M if and only 0c»N is adco of 0K in
O+ M.

(4) N is inco of a submodule K of M if and only if 0N s inco of 0K in
O+ M.

(5) N is closed in M if and only if 0cyN is closed in O M.
(6) Let M be faithful multiplication. If I+ IM is closed in R(M) then I is closed

in R. The converse is true if we assume further that M is finitely generated.

(7) If IeHIM is adco of an ideal J+JM of R (M) then I is adco of J. The con-
verse is true if R (M) is homogeneous and M finitely generated and faithful.

(8) Let M be faithful multiplication. If I IM is inco of an ideal J+JM of
R (M) then I is inco of J. The converse is true if we assume further that
R (M) is homogeneous.

Proof. (1) If 0c»N is adco of H then 0N + H = R(M). Hence H (0»hN) =
0N, and hence 0N C H. So H = R(M).

(2) If I(+yM 1is inco of H then I+ M N H = 0, and hence 0cHM N H = 0. Since M
is faithful, 0c» M is large in R (M), [3, Proposition 14]. Hence H = 0.

The proofs of (3), (4) and (5) are easy exercises by using the fact that any ideal
H C 0(+»M has the form 0+ K for some submodule K of M.

(6) Suppose I+ IM is closed. Let J be an ideal of R such that [ is large in J.
Then I IM is large in JJM. For, let H C J+JM such that I nIMNH = 0.
Then I IMNHNO+HM = 0. Assume HNO+M = 0K for some submodule K
of M. Then 0chIMNK =0, and hence IMNK = 0. Next, 0co K = HNO+HM C
J M N0y M = 0+yJM, and hence K C JM. Since [ is large in J, IM is large
in JM and this implies that K = 0 and hence 0 = HN0OxM. Since 0+)M is large
in R(M), H=0. So [+ IM is large in J)JM gives that [\ IM = J)JM, and
hence I = J. So I is closed in R. Conversely, let I be closed in R and suppose
H is an ideal of R (M) such that I+ /M is large in H. Then I M is large in
HNOwmM = 0K for some submodule K of M. We show that IM is large in
K. Let LC K with IMNL=0. Then I+ IM N0wL =0 where O C 0 K.
It follows that 0L = 0 and hence L = 0. As [ is closed in R, we get from
Proposition 1 that IM is closed in M and hence IM = K. This implies that

IHIMNOeM =0+ 1IM =0+ K = HNOwnM.

Similarly, I IM is large in H (0 M) = 0+ X for some submodule X of M and
hence I M is large in X. Since IM is closed in M, IM = X, and hence

(I IM) (0M) =0IM =0nHX = H (0 M) .

Since M is finitely generated faithful multiplication, 0M is finitely generated
multiplication, [1, Theorem 2] and [15, Theorem 3.1], and moreover ann (0 M) =
OcyM. So by, [29, Theorem 9], we have that [ IM + 0+ M = H 4+ 0+ M. Using
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the modular law which states that for all submodules K, L and N of M such that
K C N then (K+L)NN =K+ (LNN), one gets that

H=(H+0-M)NH=InIM+0+-M)NH
=IwIM+(HNOoM) =TI IM+ 0 M
= I+IM.

Hence I+ IM is closed in R(M).

(7) Suppose IhIM is adco of JyJM. Then (I + J)(I+ J)M = I IM +
JeoJM = R (M) and hence I + J = R. Suppose A is an ideal of R such that
A+J=Rand A CI. Then Ay AM+JnJM = A+J(A+ J)M = R(M) and
AmAM C I IM implies that AqyAM = I IM. Hence A = I and I is adco
of J. Suppose now M is finitely generated faithful multiplication and R (M) is
homogeneous. Let I be adco of J. Then I +.J = R and hence I - IM + JJM =
R (M). Suppose A+ K is an ideal of R (M) such that A K + J+JM = R (M)
and AmK C I(pyIM. Then A+ J = R with A C [ and K + JM = M with
K C IM. Since [ is adco of J, A = I. Since M is finitely generated faithful
multiplication, it follows by Proposition 1 that IM is adco of JM and hence
K=1IM. So AK = I+ IM and this shows that I+)IM is adco of J)JM.

(8) If I(+IM is inco of J)JM then [ IMNJ+)JM =0 implies that I N.J = 0.
Suppose B is an ideal of R such that BN J =0 and I C B. Since M is faithful
multiplication, we have that B.yBM N JJM = BN Jw(BNJ)M = 0. As
IIM C ByBM, we get that I(IM = BBM, and hence I = B. So [ is inco
of J. Conversely, suppose R (M) is homogeneous. Let B L be an ideal of R (M)
such that BiwLNJ+wJM =0and I+ IM C BL. Then BNJ=0with I CB
and LN JM = 0 with IM C L. Since [ is inco of J, I = B. By Proposition
1, IM is inco of JM and hence L = I'M. This shows that B)L = I»IM and
hence I+ IM is inco of J+)JM. O

Proposition 3. Let R be a ring, M an R-module and [(+)N and J+) K homoge-
neous ideals of R (M) .
(1) If I»N s adco of JK then I is adco of J. If I is adco of J and N is
adco of K such that R (M) is homogeneous then [+ N is adco of J+ K.

(2) If I)N s inco of J K then N is inco of K. If I is inco of J and N is
inco of K such that R(M) is homogeneous then I+\N is inco of J+ K.

(3) If I+N s closed in R (M) then N is closed in M.

Proof. (1) Suppose I+ N is adco of J+ K. Then Iv)N + J+ K = R(M) which
implies that I + J = R. Let A be an ideal of R such that A+ J = R and A C I.
Since AM C IM C N, AN is a homogeneous ideal of R (M) which satisfies
that AcyN C I N and AN + JK = R(M). This gives that AN = I[N
and hence A = I. So [ is adco of J. Now, let R (M) be a homogeneous ring, [
is adco of J and N is adco of K. Then [ +J = R and N + K = M, and hence
I+ J)»(N+ K)=IN+J+ K = R(M). Suppose A+ L be an ideal of R (M)
such that AL + JK = R(M) and AL C I[(+N. It follows that A+ J = R
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with ACJand L+ K = M with L C K. Hence A = I and L = N from which
we get that AL = [N, and hence I(+)N is adco of J K.

(2) Let I(+)N be inco of J K. Then I(wN N J+ K = 0 and hence N N K = 0.
Suppose L is a submodule of M such that LN K =0 and N C L. Since IM C
N C L, I+L is a homogeneous ideal of R (M). Moreover, I+ L N J+K =0 and
I N C IL. This implies that I(+\N = I L and hence N = L. Hence N is
inco of K. Assume now R (M) is a homogeneous ring, I inco of J and N inco
of K. Then INJ = 0 and N N K = 0 which shows that I(vwN N JHK = 0.
Let AL be an ideal of R (M) such that AL N JK =0 and I(+HN C A L.
Hence ANJ =0with I C Aand LN K =0 with L C N . Therefore I = A and
N = L from which we infer that /+) N = AL and hence I+)/N is inco of J K.

(3) Suppose I+ N is closed in R (M). Then I+)N is inco of some ideal H of R (M).
It follows that I(nwNNH =0, and hence [’ NNHNO+M =0. Let HNO+HM =
0L for some submodule L of M. Then O (NNL) = I[N NO+L = 0, and
hence NN L = 0. We claim that N is inco of L. Let X be a submodule of M
such that X N L =0and N C X. Since IM C N C X, I X is a homogeneous
ideal of R (M) which satisfies [(HX N0+ L = 0 and I+W\N C [(HX. This gives
that I(+N = I(HX and hence N = X. Hence N is closed in M. O

An R-module M is called finitely cogenerated if for every non-empty collection of

submodules Ny (A € A) of M with () Ny = 0, there exists a finite subset A’ of A
AEA
such that () Ny =0. M is called uniform if the intersection of any two non-zero
AN
submodules of M is non-zero, while M has finite uniform dimension if it does not

contain an infinite direct sum of non-zero submodules, [23]. As a dual of large
submodules, a submodule N of M is called small in M if for all submodules K of
M, N+ K = M implies K = M. It is shown, [23, Lemma 5.1.4], that a submodule
N of M is not small in M if and only if there exists a maximal submodule ) of
M with N ¢ Q.

Compare the next result with [3, Propositions 17 and 18].

Proposition 4. Let R be a ring, M an R-module and I +)N a homogeneous ideal
of R(M).
(1) I+)N is small if and only if I is a small ideal of R.

(2) Let M be finitely generated and faithful. If N is a small submodule of M
then I N s small.

(3) Let M be faithful multiplication. If I is a large ideal of R then I(+)N is large.
The converse is true if we assume further that I+)N is pure.

(4) Let M be faithful. If N is a finitely cogenerated (resp. uniform, has fi-
nite uniform dimension) submodule of M then I+)N is finitely cogenerated
(resp. uniform, has finite uniform dimension).

Proof. (1) Suppose I(+)N is not small. There exists a maximal ideal P)M of
R (M) such that IchvN &€ PwyM. Hence I ¢ P, and hence I is not small. The
statement is reversible.
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(2) Suppose M is finitely generated and faithful. Let N be a small submodule
of M. Then [N : M] is a small ideal of R. For, let A be an ideal of R such
that [N : M]+ A = R then M = [N: M]M + AM C N+ AM C M, so that
N+ AM = M. Hence AM = M. Since M is finitely generated faithful, it follows
by, [22, Theorem 76], that A = R, and hence [N : M] is small. It follows by (1)
that [V : M|+ N is a small ideal of R (M). Since I+ N C [N : M|+ N, we infer
that ()N is small. Alternatively, since [N : M] is small we get that I C [N : M]
is small and by (1), I(+)N is small.

(3) Since M is faithful multiplication and I is large, we infer that IM is a large
submodule of M, [6, Proposition 12]. Since IM C N, N is a large submodule
of M. Since M is faithful, it follows by, [3, Proposition 14|, that (N is large.
Conversely, suppose I+)N is a large and pure ideal of R (M). Let J be an ideal of
R such that IN.J = 0. Then IJ = 0, and hence J C ann/ from which it follows
that J(annl) M is a homogeneous ideal of R (M). Next

Je(annl ) M N IHyN = JN I+ (annl) M NN
COn[0:p IJNN.

Using the fact that for any pure ideal A of R (hence A is locally either R or zero),
ANannA = 0 is true locally and hence globally, one gets that

0=IwNnNnam (I+N)=I+N N (annl NannN) ) [0 157 ]
= (Inann/ NannN) N N[0 I].

This gives that J(annl) M NI N = 0, and hence J+(annl) M = 0. So J =0
and hence [ is a large ideal of R.

(4) Suppose M is faithful. Let Hy (A € A) be a non-empty collection of ideals of

R (M) that are contained in I+ N such that (| Hy = 0. Then () (HANO0O+M) =
AEA AeA

(N Hy) N0 M = 0. Assume Hy, N 0+ M = 0K for some submodules K

A€A

of M. Since Hy C I(vN, OcpK, C 0N and hence K, C N. As N is finitely

cogenerated, there exists a finite subset A’ of A such that [ K, = 0. It follows
reN
that

0=0+ N K\= ﬂO(+>K,\:<ﬂH>\)ﬂ0<+>M.
AEN/ AEN/ AN/
Since M is faithful, 0 M is a large ideal of R (M) by [3, Proposition 14| and

this shows that () Hy, = 0. Hence I(+)N is finitely cogenerated. The uniform
AEA!

case is now obvious. Finally, if I(+)/N contains a direct sum of subideals H) then

0N = IvN N0 M contains a direct sum of subideals Hy N 0+ M. Assume

HyNO0wM = 0 K, for some submodules K of M. It follows that Y K, is a
AEA
direct sum and contained in N. Since N has finite uniform dimension, all but a

finite number of K is zero. If K = 0, then Hy N 0HM = 0K, = 0. Since
M is faithful, Oc+)M is large in R(M) and hence Hy = 0. Hence I(+)N has finite

uniform dimension. O
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An R-module M is called divisible if for every regular element r € R, M = rM.
And M is called injective if it is a direct summand of any R-module B that is a
submodule of, that is M is injective if for R-modules B with M C B,B= M & K
for some submodule K of B, [23]. A Z-module M is injective if and only if M is
divisible. More generally, if R is an integral domain then a torsion-free R-module
M is injective if and only if M is divisible, [23]. In this paper we say that a
submodule N of M is weak injective if it is a direct summand of any submodule
of M that is contained in. In particular, if N is weak injective then it is a direct
summand of M. Let I be an ideal of R and M a faithful multiplication R-module.
If I is weak injective then IM is weak injective. For if N is a submodule of M
with IM C N, then I C [N : M] and hence [N : M| = I & A for some ideal A of
R, hence N = IM @& AM. The converse is true if one assumes further that M is
finitely generated. Let I C J for some ideal J of R. Then IM C JM, and hence
JM =IM® K =1M @ [K : M] M. This implies that J = I & [K : M]. So for a
submodule N of a faithful multiplication module M, if [N : M] is a weak injective
ideal of R then N is weak injective and the converse is true if we suppose further
that M is finitely generated.

The next two results show how the divisibility and weak injectivity of a ho-
mogeneous ideal of R (M) can be transferred to its components and conversely.

Proposition 5. Let R be a ring, M an R-module, I an ideal of R and N a
submodule of M.

(1) If N is divisible then 0N is a divisible ideal of R (M) and the converse is
true if M 1is torsion-free.

(2) If M is torsion-free and I+ IM a divisible ideal of R (M) then I is divisible.
The converse is true if we assume further that M is divisible.

(3) Let IM C N. If M is torsion-free and 1+N a divisible ideal of R (M) then
I is divisible and N divisible. The converse is true if we assume further that
M s divisible.

Proof. (1) Suppose N is divisible. Let (r,m) be a regular element of R (M ). Then
r is a regular element of R and hence N = rN. This gives that (r,m) (0 N) =
OcyrN = 0N, and hence 0N is divisible. Assume M is torsion-free. Suppose
0N is divisible and let 7 € R be regular. Then (r0) is regular in R (M), [1,
Lemma 6], and hence 0cHN = (r0) (0»N) = 0crN. So N = rN, and hence N
is divisible.

(2) Suppose M is torsion-free and I+ I M is divisible. Let r € R be regular then
(r0) € R(M) is regular. It follows that I« IM = (r0) ({+IM) = rlwriM, and
hence I = rI which means that [ is divisible. Conversely, assume M is torsion-free
and divisible and I is divisible. Let (r,m) € R (M) be regular. It follows by [17,
Theorem 3.9] that R (M) (rm) = R(M)(r,0) and r is a regular element of R.
This implies that I IM = rIwriM = (r0) (IsoIM) = (rm) (IIM). Hence
I IM is divisible.

(3) Since IM C N, I+N is a homogeneous ideal of R (M). Suppose M is torsion-
free and I+ N divisible. Let r € R be regular then (r0) € R (M) is regular.
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Hence I(+)N = (r0) ({(»N) = rlsrN, and hence I =r] and N =rN. So [ is a
divisible ideal of R and N a divisible submodule of M. Conversely, assume M is
torsion-free and divisible. Let (rm) € R (M) be regular then r is regular and by
[17, Theorem 3.9], we have that

R(M)(rm)(I+N)= (RrcvM) (I N)=rIw(rN+1IM)
= TI(+)(TN -+ TIM) =rleyrN =I1w)N.

Hence I+ N is divisible. O

Proposition 6. Let R be a ring, M an R-module, I an ideal of R and N a
submodule of M .

(1) If 0HN is a weak injective ideal of R (M) then N = 0.
(2) Let IM C N. If I+N is a weak injective ideal of R(M) then I is weak in-
jective. Assuming further that M is multiplication then N is weak injective.

(3) I is weak injective if and only if I+ IM is a weak injective ideal of R (M).

Proof. (1) If 0N is weak injective then it is a direct summand of R(M) and
hence N = 0, [4, Proposition 1].

(2) Suppose I+ N is weak injective. Then I+ N is a direct summand of R(M)
and hence R (M) = I(+yN@® H for some ideal H of R (M). Let H+0+M = AyM
for some ideal A of R. Then R (M) = I+ N + A+ M and hence R = I+ A. Let J
be an ideal of R such that I C J. Since I + A is multiplication, we get from, [14,
Corollary 1.2] and [29, Proposition 4], that J = JN ([ +A) = (JNI)+(JNA) =
I+ (JNA). Since R(M) = I+ N + H is multiplication, it follows again by, [14,
Corollary 1.2] and [29, Propostion 4], that

0nvM = (I NN H)+0+M = (I[N + 0 M) N (H + 0 M)
=] MNAHM = (I N A) +M.

So INA =0 and hence I N (JNA) = 0. This implies that J = I & (J N A).
Hence I is a weak injective ideal of R. Suppose now M is multiplication. Since
R (M) = IN + H is a multiplication ideal of R(M), we infer that

OcM = ([N + H) N0 M
={Is»NNOHM) + (HNOwM) = 0N + (H N0 M).

Assume H N 0pM = 0L for some submodule L of M. Then M = N + L.
Let K be a submodule of M such that N C K. Hence K = K N (N + L).
As M = N + L is multiplication, it follows by [14, Corollary 1.2] that K =
(KNN)+ (KNL)=N+ (KNL). On the other hand, we have I(wNNH =0
and hence I(wN N H NO+-M =0. So I(+HN N0+ L = 0 and hence NN L =0
which implies that N N (K N L) = 0. This finally implies that K = N & (K N L)
and this shows that N is a weak injective submodule of M.

(3) Suppose I is weak injective. Then R = I & J for some ideal J of R. The fact
R =1+ J implies that R (M) = I\ IM + J+JM. Let H be an ideal of R(M)
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such that I(IM C H. As I IM + J+JM is a multiplication ideal of R (M),
we get from, [14, Corollary 1.2], that

H=Hn(IwIM+ JoJM)
= (HNIwIM)+ (HN JoJM) = (IIM)N (HN JeJM)

Since IN.J =0,1J =0 and hence
IMNJM =IIMNJM)+J{IMNJM)C IJM =0.

So InIMNJwnwJM = INJwIM N JM = 0. This implies that I IM N
(HNJ+JM) = 0, and hence H = I+ IM & (HN J+JM). This shows that
IHIM is a weak injective ideal of R (M). The converse follows by part (2). O

An R-module M is said to be simple if M # 0 and for every submodule N of M
either N =0 or N = M, [23]. Obviously, simple modules are multiplication. The
next result gives some properties of simple ideals and modules.

Proposition 7. Let R be a ring and M an R-module. Let I be an ideal of R and
N a submodule of M.

(1) If M is finitely generated faithful multiplication then I is simple if and only
IM s a simple submodule of M.

(2) If [N : M] is a simple ideal of R and M faithful multiplication then N is
simple. The converse is true if we assume further that M is finitely gener-
ated.

(3) N is simple if and only if 0N is a simple ideal of R (M).

(4) If Ic»IM is a simple ideal of R (M) then I is simple. The converse is true
if M is finitely generated faithful multiplication and every ideal contained in
I IM is faithful.

(5) Let IM C N. If I/)N is a simple homogeneous ideal of R(M) and I # 0
then I is simple. Assuming further that M s faithful then N is simple.

Proof. (1) Since [ is simple and M faithful, IM # 0. Suppose K is a submodule
of M such that K C IM. Then [K: M| C[IM:M]=1. So [K : M] =0, and
hence K = [K : M| M =0, or [K : M] = I. The latter case shows that K = IM.
Hence I M is simple. Conversely, suppose I M is simple. Then I # 0. Let J C I be
an ideal of R. Then JM C IM. Hence JM = 0, and hence J =0 or JM = IM.
Since M is finitely generated faithful multiplication, it follows by [29, Corollary
to Theorem 9] that J = I. So I is simple.

(2) Follows by (1).
(3) Suppose N is simple. Then 0N # 0. Every ideal contained in O+)N has the

form O K for some submodule K of N. Hence K =0 or K = N from which we
get that 0K =0 or 0K = 0+)N. The statement is reversible.

(4) Suppose I+ I M is simple. Then I # 0. Let J C I be an ideal of R. Then
JoJM C IHIM, and hence JyJM = 0 or JnJM = I IM. So J = 0 or



460 M. M. Ali: Multiplication Modules . ..

J =1, and hence I is simple. For the converse, let I be simple. Then I IM # 0.
Let H C I+IM be an ideal of R (M). Since H is faithful by assumption, H # 0.
We show that H = I+ IM. We have H N 0+ M C IIM N OM = 0+IM.
Since M is faithful, O+ M is a large ideal of R (M) and hence H N0+M # 0. By
(1) and (3), Oc+)/ M is a simple ideal of R (M). Hence H N0+ M = 0+ I M. Next,
H+0+oM C IIM 4+ 0+ M = (M. Assume H + 0nM = JM for some
ideal J of R. Then J C I. Since JJM C IIM is faithful, we infer that .J is
faithful, [1, Theorem 9]. Hence J # 0 and therefore J = I. So H + 0cvyyM = I+
M = I IM + 0HyM. Using the modular law one gets that

H=(H+0M)NH=InIM+0nHM)NH
=IIM+ (HNOoM) =TI IM+ 0 I M
= [ IM.

Hence [+)IM is a simple ideal of R (M).

(5) Suppose I)N is simple. Then I+)N # 0. Since I IM C I+»N and I # 0
(and hence [+ IM # 0), we get that I(IM = I+)N. The fact that I is simple
follows by (4). Suppose M is faithful. Since 0N C I+ N, we have either
0y N = 0 (hence N = 0) or [(vHN = 0)N. The case that N = 0 implies that
IM = 0 and hence I = 0, a contradiction. Hence I(+)N = 0N and the result
follows by (3). O

In the following result we show how purity, multiplicativity or flatness of a homo-
geneous ideal of R (M) can be transferred to its components. Compare with [2,

Theorems 9(3) and 7(2)].

Proposition 8. Let R be a ring, M an R-module and I+)N a homogeneous ideal
of R(M).
(1) If Ic)N is pure then I is a pure ideal of R and N a pure submodule of M.

(2) Let every principal ideal contained in I+)N be homogeneous. If I is a finitely
generated multiplication ideal of R and N a finitely generated multiplication
submodule of M then I+)N is finitely generated multiplication.

(3) If I)N is multiplication then N is a multiplication submodule of M if and
only if IM 1s.

(4) If I+)N is flat then I is a flat ideal of R. Assuming further that M 1is flat
then N is a flat submodule of M.

Proof. (1) Let J be an ideal of R. Since I+)N is pure, we get that

JInJN = (JyJM)I+N) = JapdM N I-HN
=JNIwnJMNN.

Hence JI = JN I and JN = JM N N which shows that I is a pure ideal of R
and N a pure submodule of M. Alternatively, let P be a prime ideal of R then
PwM is a prime ideal of R(M). Hence IpcyNp = (IehN)p 0 = Opym or
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R(M)P<+>M. It follows that Ip = Op or Ip = Rp and hence I is a pure ideal of
R and Np = 0p or Np = Mp. The latter case shows that for any ideal J of R,
the equality JN = JM N N is true locally and hence globally. So N is a pure
submodule of M.

(2) I+N is finitely generated, [1, Theorem 9], and hence it is enough to prove
the result locally, [18, Proposition 4]. So we may assume R (M) is a local ring
and hence R is local. It follows that [ = Ra and N = Rn for some a € I and
n € N. Hence I(+)N = RaRn = Raw(Rn+aM) = R (M) (a,n), [17, Theorem
3.4]. So I+)N is multiplication.

(3) Suppose I+ N is multiplication. We first show that I is multiplication. Let
J C I be an ideal of R. Then JM C IM C N and hence JnwN C I[N is a
homogeneous ideal of R (M). It follows that J N = H (I(+)N) for some ideal H
of R(M), and hence

JyN = JoyN + 0 IM = H (I+N) + 0 I M
=(H+0M)(I+N).

Assume H + 0nyM = A M for some ideal A of R. Then J+N = Al (AN +

M). So J = AI and hence [ is multiplication. Assume now that M is multipli-
cation. Let P be a maximal ideal of R such that Np # 0p. Then P)M is a max-
imal ideal of R (M) and (I<+)N)P(+)M # Opynm- Hence I )N is P M-principal
and by, [1, Theorem 9], we have that I is P-principal. From, [1, Proposition 10],
we get that [ = I [IM : N| and hence Ip = Ip [IM : N],. Since Ip is principal,
we infer from, [22, Theorem 76], that Rp = [IM : N|, 4+ ann (/p). As I is multi-
plication and P-principal, we get that Ip # Op, that is, ann (Ip) # Rp and hence
Rp = [IM : N]p. There exists p € P such that (1 —p) € [IM : N| and hence
(1—p)N C IM. The fact that N is multiplication follows by, [29, Corollary to
Lemma 1]. Conversely, assume that N is multiplication. Let P be a maximal
ideal of R such that (/M) # Op. Hence Ip # Op and as we have seen above we
have p € P such that (1 —p) N C IM. The fact that I M is multiplication follows
by [13, Corollary 2] and [14, Proposition 4.1].

(4) Suppose I)N is a flat ideal of R(M). The fact that I is a flat ideal of R
follows by [2, Theorem 7(2)]. Since I = [(+)N/0+N is a flat R-module, we infer
from, [25, Example 1, p. 54] and [20, Corollary 11.21], that 0N is a pure R-
submodule of I+)N. Consider R(M) as a direct sum of R and M and since M is
a flat R-module, one gets that R(M) is a flat R-module. The map f: R — R(M)
defined by f(a) = (a,0) is a homomorphism of rings and hence R(M) is a flat
R-Algebra, [25, pp. 45-46]. Now, I[N is flat over R(M) and R(M) is a flat
R-Algebra, so by the transitivity of flatness one obtains that I is flat over R,
see for example [25, p. 46]. Using the fact that pure submodules of flat modules

k
are flat, [20], we infer that 0N is a flat module over R. Let >  r;n; = 0, where
i=1

r; € Rand n; € N. Then Z r; (0,n;) = (0,0). Since O+ N is flat over R, it follows
by, [25, Theorem 7.6], that 1 there exist (0,h;) € 0N and a;; € R,1 < j < {, such
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that i ,
0= Eriazj, (0, ’IIZ> = Zla,-j (0, hj) .
i= Jj=

k ¢
This implies that 0 = ) “r;a;; for all j and n; = > a,;h; for all ¢ and this shows
=1 j=1

that N is a flat R-module, [25, Theorem 7.6]. O

Let R be a ring and K, N submodules of an R-module M. Then K divides
N, denoted K|N if N = IK for some ideal I of R. If K|N then N C K
and the converse is true if M is multiplication. The common divisor by every
common divisor of K and N (if it does exist) is denoted by GCD (K, N). Similarly,
we define LCM (K, N) as a submodule of M which is a common multiple of K
and N which divides every common multiple of K and N (if such exists). The
existence and arithmetic properties of these in the case of finitely generated faithful
multiplication modules (ideals), finitely generated projective modules (ideals) and
invertible submodules (ideals) are discussed in [9]-[12]. The next theorem gives
some relationships between the ged and lem of a homogeneous ideal and those
ones of its components.

Theorem 9. Let R be a ring and M an R-module.

(1) For all submodules K and N of M, if M is multiplication and ged (0 K,
0 N) ezists then GCD(K, N) ezists. The converse is true if M is a faithful
prime module and in both cases

ng (0(+)K, 0(+)N) = O(+)GCD (K, N) .

(2) For all submodules K and N of M, lem (0K, 0+ N) exists if and only if
LCM (K, N) exists and in this case

lem(0 K, 0o N) = 0o LCM (K, N) .

(3) Let M be divisible and torsion-free. For all invertible ideals I and J of R,
ged (I, J) exists if and only if ged (I IM, JoJ M) and in this case

ged (I IM, JwJM) = ged(I, J) ged (1, J) M.

(4) Let M be divisible and multiplication. For all homogeneous ideals I+ N
and JooK of R(M), if I and J are finitely generated faithful multiplication
ideals of R andlem (I, J) exists then lem (1N, J+K) exists. The converse
1s true if we assume further that M is faithful, and in both cases

lem (IcoN, JK) = lem (I, J) ) LCM (N, K) .

Proof. (1) Suppose M is multiplication and let ged (0K, 0 N) = H. Since
K = IM for some ideal I of R, 0K = 0)IM = (I(H»M) (0+HM) and hence
0cyM |0+ K. Similarly, 0 M |0+ N, and hence OcyM|H. So H C 0¢+)M and this
means that H = 0)G for some submodule G of M. Now, 0)G |0+ K implies that
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0nK = H (0+G) = (H +0M) (0»HG) for some ideal H' of R(M). Assume
H +0M = Aw)M for some ideal A of R. Then 0K = 0(HAG, and hence K =
AG, that is G|K. Similarly, G|N. Suppose G’ is any submodule of M such that
G'|K and G’|N. Then K = BG' and N = C'G’ for some ideals B and C' of R. This
implies that 0K = 0BG = (BwM) (0»HG') and 0N = (CoyM) (0HG").
So O(+)G'|O(+)K and 0(+)G/|O(+)N, and this gives that 0(+)G/|O(+)G. If 0 pG =
H" (0cHG") for some ideal H” of R (M), then 0cnG = (H" + 0 M) (0G') =
(D M) (0+-G") for some ideal D of R. Hence G = DG’ and hence G'|G. So
G = GCD(K, N) and hence ged (0K, 0 N) = 0HGCD (K, N). Conversely, let
GCD (K,N) = G. Then G|K and G|N and hence 0G |0 K and 0+ G|0)N.
Assume H is an ideal of R (M) such that H|0+ K and H|0+N. Then 0cnK C H
and hence annH C ann (0 K) = annK M. Since M is faithful and prime, we
infer that annH C 0+ M and hence annH = 0L for some submodule L of M.
This implies that H (0 L) = 0 and hence H C ann (0 L) = annLM = 0+ M.
So H = 0 G for some submodule G" of M. As 0@’ |0 K and 0»HG'|0HN,
we get that G'|K and G'|N. Hence G'|G and this implies that 0 G'|0+G. So
O(+)G = ng (O(+)K, 0(+)N).

(2) Suppose lem (0 K,0N) = H. Then 0 K|H and 0HN|H. So H C
O (K N N), and hence H = 0¢+)L for some submodule L € KNN. So 0+ K |0+ L
and 0 N|0w L. This implies that K|L and N|L. Suppose L' is any submodule
of M such that K’L/ and N|L/. Then O(+)K|O(+)L/ and O(+)N|O(+)L,. So O(+)L|0(+)L'
and hence L|L' and L = LCM (K, N). This also shows that lem (0 K, 0 N) =
0L = 0»LCM (K, N). The converse is now obvious.

(3) For all ideals of A of R, if AsH)AM is an invertible ideal of R (M) then A is
invertible and the converse is true if M is torsion-free, [4, Theorem 2|. Suppose
M is divisible and torsion-free. Then for any ideal A of R, if A, = (A=) " is
invertible then

(AwAM), = (A AM) ™) = (A oM) ™ = Ay M
- Av(+)AvM7
[21, Theorem 25.10] and [17, Theorem 3.9]. Suppose ged (I, J) exists. It follows
by, [12, Theorem 2.1}, that ged (/, J) = (I + J),. Since (I + J), is invertible and

M divisible, we infer that (I + J), (I + J), M is an invertible ideal of R (M),
see [4, Theorem 5]. Moreover,

(IoIM+JwJM), =((I+ )T +I)M), =T+J),+T+J), M.

Hence (I+IM + J+JM), is an invertible of R (M) and hence ged(IIM,
JJM) exists and

ng([(+)[M, J(+)JM) = ([—i— J)U (+) ([—i— J)UM = gcd (I, J) (+)ng ([, J) M.

Conversely, suppose ged (I I M, JJM) exists. Then (I + J)« (I +J)M), =
(I +J),M is an invertible ideal of R (M). It follows by [4, Theorem 2| that
(I +J), is an invertible ideal of R and ged ([, J) exists and is (/¢+)J),. Since
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(I +J), is invertible and M divisible (I +J),;vM = (I +J),x»(I +J), M =
(I IM + JJM),. Hence ged (I IM, JnJM) = ged (1, J)nged (I, J) M.

(4) Suppose M is divisible, I and J are finitely generated faithful multiplication
ideals of R. It follows by, [4, Theorem 5], that I(+ N and J+ K are finitely gen-
erated multiplication ideals of R (M). Since M is multiplication, we infer from,
[1, Theorem 9] and [3, Theorem 3], that NV and K are multiplication submodules
of M. If lem (I, J) exists then lem (I, J) = I N J is a finitely generated faith-
ful multiplication ideal of R, [11, Lemma 5]. It follows that (I N J+ (N NK))
is a finitely generated multiplication ideal of R (M) and consequently K N N is
a multiplication submodule of M, [4, Theorem 5] and [1, Theorem 9]. Using
the fact that for all submodules X and Y of M if X NY is multiplication then
LCM (XY) exists and LCM(XY) = X NY, we get that lem (/»N, J»HK) =
IoNNJswK=(INJ)+(NNK)=Ilem(I,J)+LCM (N, K). For the converse,
suppose M is faithful multiplication. Then I+)N and J+ K are finitely gener-
ated faithful multiplication ideals of R (M). Suppose lem ()N, J+ K) exists. It
follows by [11, Lemma 5| that lem (I(+\N, JnK) = (I N J)+(N N K) is a finitely
generated faithful multiplication ideal of R (M). Hence I N J is multiplication
and hence lem (I, J) exists and is I N J. Since M is multiplication, N N K is
multiplication and hence lem (N, K) exists and is N N K. Hence

lem (I)N, J»K) =1lem (I, J) »LCM (N, K) .
This completes the proof of the theorem. O

2. Annihilator conditions via idealization

In [2] we discussed two annihilator conditions, namely (a.c.) and property (A)
via idealization. A ring R satisfies Property (A) if each finitely generated ideal
I C Z (R) has a nonzero annihilator, where Z (R) is the set of zero divisors of R.
A condition closely intertwined with Property (A) is the annihilator condition;
abbreviated as (a.c.): A ring R satisfies (a.c.) if for each pair of elements a and
b in R, there exists ¢ in R such that ann (Ra + Rb) = ann (c¢). More generally,
we say that an R-module M satisfies (a.c.) if for each pair of elements m and n
in M, there exists k in M such that ann (Rm + Rn) = ann (k), [21]. It is proved
that if M is flat and R(M) has property (A) then so too has R and the converse
is true if M is finitely generated. On the other hand, let R(M) be homogeneous.
If M is flat and each of R and M satisfies the (a.c.), then so too does R(M)
and the converse is true if M is finitely generated faithful and multiplication, [2,
Theorem 16]. In this paper we investigate another two annihilator conditions on a
ring R. Recall that R is a quasi-Frobenius ring, shortly QF ring, if R is Artinian
and ann (ann/) = [ for each ideal I of R. And an R-module M is called a QF
module if M is Artinian and [0 :j; annN] = N for each submodule N of M, [23,
p. 336]. A ring R is called distinguished if annl # 0 for each proper ideal I of R
and M is distinguished if [0 :p; I] # 0 for each proper ideal I of R, [26]. A ring R
is QF if and only if every ideal of R is projective, equivalently, every ideal of R
is injective, [23, Theorem 13.6.1]. Since QF rings are Artinian rings, we first give
necessary and sufficient conditions for a ring R (M) to be Artinian. The proof of
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the next result is given in [17, Theorem 4.8] however we give here different proof
which may be of some interest.

Proposition 10. Let R be a ring and M an R-module. Then R (M) is Artinian
(resp. Noetherian) if and only if R is Artinian (resp. Noetherian) and M is Ar-
tinian (resp. Noetherian).

Proof.  Suppose R (M) is Artinian. Let Iy O Iy O --- be a descending chain
of ideals of R. Then Iyn[{M O IynloM O --- is a descending chain of ide-
als of R(M) and hence there exists a positive integer k such that I IzM =
Iy yoly yM = ---. This implies that I, = I,; = ---, and hence R is Ar-
tinian. Next, let Ny O Ny O --- be a descending chain of submodules of M then
0Ny 2 0)Ny O -+ is a descending chain of ideals of R (M). There exists a
positive integer [ such that 0+)N; = 0+ N1 = - -+, and hence N; = Njyp = - -.
Hence M is Artinian. Conversely, suppose R is an Artinian ring and M an Ar-
tinian module. Let H; O Hy O --- be a descending chain of ideals of R (M).
Then H; + O0vM D Hy + 0pM DO --- and HiNO+M DO Ho,NO+M D ---
are descending chains of ideals of R (M). Assume H; + 0vyM = [;»HM and
H; N0+ M = 0 N; for some ideals I; of R and some submodules N; of M. This
gives that Iy D I, O --- is a descending chain of ideals of R and Ny D Ny D - --
is a descending chain of submodules of M. Hence there exist positive integers
k and [ such that I, = I, = --- and N, = Ny = ---. It follows that
H, + 0+M = Hyyy + 0M = ---) and HLNOoM = H gy NOM = ---.
If £k <, then Hy, + 0vwM = Hpyq + 0vM and Hy N O+ M = Hpyqy N O+ M. So
by using the modular law, one gets that

Hy = (Hpy+00oM) N Hy = (Hg1 + 0 M) N H,
= Hpp + (HeNOwM) = Hyy + (Hppr N0 M)
= Hk+1~

Similarly, if & > [ then H; = H;y1 = --- and this shows that R (M) is an Artinian
ring. The Noetherian case is now obvious by replacing the descending chain of
ideals (submodules) by ascending chain of ideals (submodules). Alternatively, let
R (M) be Noetherian. If [ is an ideal of R, then I+ IM is a finitely generated
ideal of R (M). It follows by [1, Theorem 7| that I is finitely generated. If N is
a submodule of M then O+ N is a finitely generated ideal of R(M), and hence N
is finitely generated [1, Theorem 2] and [14, Theorem 3.1]. So R is a Noetherian
ring and M a Noetherian module. Conversely, suppose R is a Noetherian ring and
M a Noetherian module. Suppose H is an ideal of R (M), and let H + 0 M =
I+ M for some ideal I of R and H N 0»M = 0+ N for some submodule N of
M. Since I is finitely generated and M Noetherian (hence finitely generated),
IvM = H + 0 M is finitely generated. Also N is finitely generated since M
is Noetherian. So 0+)N = H N 0+)M is finitely generated. The fact that H is
finitely generated follows by [25, Example 2.3, p. 13]. Hence R (M) is Noethe-
rian. Il

We next determine when R (M) is a QF ring or a distinguished ring.
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Theorem 11. Let R be a ring and M an R-module.

(1) If R(M) is a QF ring then M is a QF module. Assuming further that M
s projective then R is a QF ring.

(2) Let M be faithful. If R is a QF ring and M a QF module then R (M) is a
QF ring.

(3) If R(M) is a distinguished ring then R is a distinguished ring or M a
distinguished module. The converse is true if M s faithful.

(4) Let M be faithful multiplication. If R (M) is a distinguished ring then R is
a distinguished ring and M o distinguished module.

Proof. (1) If R(M) is a QF ring then R (M) is Artinian, so by Proposition 10,
R is Artinian and M Artinian. Suppose N is a submodule of M. Then

0N = ann (ann (0 N)) = ann (annN M)
= ann (ann/N) NannM ) [0 :py annN],

and hence N = [0 :p; annN|. This gives that M is a QF module. Suppose now
M is projective and I an ideal of R. It follows by, [2, Lemma 5], that

IvIM = ann (ann (I(+IM)) = ann (ann/) (nann (ann (1)) M.

So I = ann (ann/), and R is a QF ring.

(2) Suppose M is faithful. Since R is QF (hence Artinian) and M is a QF (hence
Artinian) R-module, we infer from Proposition 10 that R (M) is Artinian. Let H
be an ideal of R(M). Assume H + 0yM = [+ M and H N 0M = 0N for
some ideal I of R and some submodule N of M. Then

H+ 0M = IHyM = ann (annl) (M
D ann(ann/) NannM +) [0 :pr annl| + O M
= ann (ann ([(+M)) + 0 M
= ann(ann (H + 0 M) + 0o M
= ann (annH N O+ M) + O M
D ann (annH ) + ann(0- M) + 0 M
= ann (annH) + 0-M D H + 0 M.

On the other hand,

H N O0HM = 0N = 00+ [0 :p annN]
= ann (ann (0 /N)) = ann (ann (H N0 M))
D ann(annH + 0 M)
= ann(annH) N 0 M D H N O+ M.

The application of the modular law shows that H = ann (annH ) and hence R (M)
is a QF ring.
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(3) Suppose R (M) is distinguished. Let I be a proper ideal of R. Then I+ M is
a proper ideal of R(M) and hence 0 # ann (I(+) M) = annl NannM [0 157 I]. If
ann/ NannM # 0, then ann/ # 0 and hence R is distinguished. If [0 :y, I] # 0,
then obviously M is distinguished. For the converse, assume R is distinguished
and M is faithful and let H be a proper ideal of R (M). Assume H+0M = I M
for some ideal I of R. Then

annH DO ann (I M) = annl NannM ) [0 :p 1]
=0 [0 :p7 I] 2 Oy (annT) M.

Since M is faithful and ann/ # 0, (annl) M # 0. So annH # 0 and R (M) is
distinguished. Suppose now that M is distinguished. Then annH D 0)[0 :ps I] #
0 and clearly R (M) is distinguished.

(4) Suppose M is faithful multiplication. Let I be a proper ideal of R. Then 0 #
ann (I IM) = O (annl) M. Hence (ann/) M # 0, and hence ann/ # 0. So R is
distinguished. Moreover, [0 :j; I]#0 and this shows that M is distinguished. O

An R-module M is called finitely annihilated if annM = annN for some finitely
generated submodule N of M, [30]. The next result gives necessary and sufficient
conditions for a homogeneous ideal of R(M) to be finitely annihilated.

Proposition 12. Let R be a ring, M an R-module, I an ideal of R and N a
submodule of M.
(1) N is finitely annihilated if and only if 0N is a finitely annihilated ideal of
R(M).
(2) Suppose M is finitely generated faithful multiplication and IM C N. If [N
1s finitely annihilated then I is finitely annihilated and N finitely annihilated.
(3) Suppose M s faithful multiplication or projective. If I is finitely annihilated
then I+ IM s a finitely annihilated ideal of R (M). The converse is true if
M is finitely generated faithful and multiplication.

(4) Suppose M is finitely generated faithful multiplication and IM C N. If
I)N s finitely generated and I finitely annihilated then 1N is a finitely
annihilated ideal of R (M).

(5) Suppose M is faithful multiplication and IM C N. If I is finitely annihilated
and annl C annN then [+)N is a finitely annihilated ideal of R (M).

(6) Suppose R has the property that annA = ann(annA) for each ideal A of R
and M a faithful multiplication module such that IM C N. If I is a finitely
annihilated ideal of R (M) then I+)N is finitely annihilated.

Proof. (1) Suppose 0+ NN is finitely annihilated. There exists a finitely generated
ideal H C 0N of R (M) such that annH = ann(0+/N). Assume H = 0K for
some finitely generated submodule K of N, [15, Theorem 3.1]. Then annK )M =
annH = ann (0HN) = annN )M, and hence annK = annN. So N is finitely
annihilated. The statement is reversible.
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(2) Suppose M is finitely generated faithful multiplication. Let I(+)N be finitely
annihilated. There exists a finitely generated ideal H of R (M) that is contained
in I(+)N with annH = ann (I(+)N). Then annH = annN (ann/) M, and hence

ann(H + 0 M) = annH Nann(0+M) = annH N 0)M = O+ (annl) M.
Assume H + 0+ M = JoM for some ideal J of R. Then
Oc(annJ)M = ann (J M) = O+ (annl) M.

This gives that (annJ)M = (annl)M and hence annJ = ann/. Since H 40+ M =
JyM is finitely generated, it follows by, [1, Theorem 9], that J is finitely gen-
erated, and this shows that [ is finitely annihilated. Alternatively, suppose

H =Y R(M)(a;,m;). It follows that
i=1

annN ) (annl) M = ann (I(+N) = annH = ()ann (a;, m;) .

=1

For all 7,

ann (a;, m;) 2 ann (Ra;(Rm; + a;M))
= ann (a;) Nann (Rm; + a;M) (mann (a;) M
= ann (Rm; + a; M) (vann (a;) M.

Since M is faithful multiplication, it follows by [19, Corollary 1.7], that

annH DO (ann (Rm; + a;M) ¢+ (ﬂann (ai)> M
i=1 ;

=1

— amn (i(Rmi 4 al-M)) o (i_zn:lann (ai)) M.

i=1
Since M is finitely generated faithful multiplication, we infer from [29, Corollary

n n
to Theorem 9| that ann/ O ann)  Ra; O annl, so that ann/ = ann) _ Ra;, and
i=1 i=1
n

I is finitely annihilated. Also annN O ann (Z(RmZ +a;M )) D annhN, so that

i=1

ann/N = ann (ZRmi + a;M ), and N is finitely annihilated.

=1

(3) Assume M is faithful multiplication or projective. Let J C I be finitely
generated ideal of R such that ann/ = annJ. It follows by, [1, Theorem 7],
that J)JM is a finitely generated ideal of R(M) that is contained in [)IM.
Moreover,

ann (I (/M) = annl+) (annl) M = annJ ) (annJ) M
=ann (JJM).
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Hence I+ M is finitely annihilated. The converse follows by (2).

(4) Since M is finitely generated and I+)N is finitely generated, it follows by, [1,
Therorem 9], that N is finitely generated. Let J C I be a finitely generated ideal
of R such that ann/ = annJ. Since JM C IM C N, J+N is a homogeneous
ideal of R(M) that is finitely generated. As

ann (/(+N) = annN ) (ann/) M = annN ) (annJ) M
=ann (JHN),

we infer that IV is finitely annihilated.

(5) Using the same arguments of parts (3) and (4) and the fact that ann/ CannV,
there exists a finitely generated ideal J)JM that is contained in I+ N with the
property ann (I(+)N) = ann (J+JM). So I(+)N is finitely annihilated.

(6) Assume that J C [ is a finitely generated ideal of R such that ann/ = annJ

and K C N is a finitely generated submodule of M such that annK = ann/V.
Since M is faithful and multiplication, we infer that

ann (I(+)N) = annN ) (annl) M = annK +) (annJ) M.

Since annK = annN C ann/ = annJ, we have that (ann[K : M])J = ann(K)J =
0, and hence J C ann(ann([K : M])) = [K : M]. This gives that JM C K and
hence J+ K is a finitely generated homogeneous ideal of R(M) that is contained
in I(v)N and ann (I(+)N) = ann (J ) K). So I(+)N is finitely annihilated. O

Let R be a ring and M an R-module. Define
T (M)={meM :ann(m) # 0} and Si(M)={meM : ann(m) is large in R}.

T (M) is called the torsion submodule of M and Si(M) the singular submodule
of M, [23]. If R is an integral domain then 7" (M) is closed in M, [23, p. 139].

The next result characterizes the torsion and singular subideals of homoge-
neous ideals of R (M).

Proposition 13. Let R be a ring, M an R-module and [+ N a homogeneous
ideal of R (M).
(1) If M is torsion-free then T (I(»N) =T (I)+)N.
(2) If M is faithful multiplication and R (M) a homogeneous ring then Si (I+)N)
= Si(I)+N.

Proof. (1) Let (a,m) € T (I(+yN). Then ann (a,m) # 0. Since M is torsion-
free, we infer that ann (a) # 0. Hence a € T (I) and hence (a,m) € T (I))N.
So T (ItyN) C T(I)HN. For the reverse inclusion, if (a,m) € T (I))N, then
a € T(I). Hence ann (a) # 0, and hence ann (a,m) # 0. So (a,m) € T (I N)
and hence T' (1)« N C T (I+N). This shows that T (I~ N) =T (I)+N.
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(2) Suppose (a,m) € Si(I+N). Then ann (am) is a large ideal of R (M). Since
R (M) is homogeneous, it follows by, [17, Theorem 3.3], that

ann (am) = ann (RaxRm + aM)

= ann (a) Nann (m) (mann (a) M.

By [3, Proposition 17|, ann (a) M is a large submodule of M. Since M is faithful
multiplication, we infer from [6, Proposition 12| that ann (a) is a large ideal of
R. Hence a € Si(I) and hence (am) € Si(I):»N. If (am) € Si({)+N then
a € Si(I) and hence ann(a) is a large ideal of R. It follows that ann (a) M
is a large submodule of M, [6, Proposition 12]. [3, Proposition 14] shows that
ann (@, m) = ann (a) Nann (m) +ann (a) M is a large ideal of R (M). So (am) €
Si (I N) and hence Si({(+N) = Si(I)+N. O

3. Cancellation modules

Generalizing the case for ideals, an R-module M is defined to be cancellation
(resp. weak cancellation) it IM = JM for ideals I and J of R then I = J
(resp. I +annM = J + annlM), [15] and [28]. Examples of cancellation modules
include invertible ideals, free modules [28] and finitely generated faithful multipli-
cation modules, [29, Corollary to Theorem 9]. If M is a finitely generated faith-
ful multiplication R-module (hence cancellation), then it is easily verified that
[IN : M] = 1[N : M] for all ideals I of R and all submodules N of M. Anderson,
[15], defined an R-module M to be restricted cancellation if IM = JM # 0 for
some ideals I and J of R then I = J. Every cancellation module is restricted
cancellation but the converse is not true in general, [15]. An R-module M is a
cancellation module if and only if it is a faithful weak cancellation module. It is
also shown, [15, Theorem 2.5|, that M is restricted cancellation if and only if it is
weak cancellation and annM is comparable to every ideal of R. A submodule N
of M is called join principal if [(IN + K) : N] = I + [K : N] for all submodules
K of M and all ideals I of R. Setting K = 0, N becomes weak cancellation. A
submodule N is join principal if and only if each of its homomorphic images is
weak cancellation, [15, Theorem 2.2]. An R-module M is called % cancellation
(resp. & weak cancellation) if for all ideals I of R, IM = M implies I = R (resp.
I+annM = R), [5] and [27]. M is a § cancellation module if and only if M # PM
for each maximal ideal P of R. In [5], we introduced and investigated the concept
of % join principal submodules. A submodule N of M is % join principal if for all
ideals I of R and all submodules K of M, N = IN + K implies R =1+ [K : N].

Let R be aring and M an R-module. An ideal I of R is called M-cancellation
(resp. M-weak cancellation) if for all submodules K and N of M, IK = IN im-
plies K = N (resp. K + [0:p I] = N + [0:p I]). Equivalently, [IN :3; I] = N
(resp. [IN iy I] = N + [0:p I]) for all submodules N of M. I is said to
be an M-restricted cancellation ideal if for all submodules K and N of M, if
IK = IN # 0 then K = N. An ideal I of R is called M-join principal if
[(IK + N) 1] = K + [N I] for all submodules K and N of M. Setting
N =0, I becomes an M-weak cancellation ideal, [7]. Every M-cancellation ideal
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is M-restricted cancellation and every M-restricted cancellation is M-weak can-
cellation, and the three concepts coincide if both I and M are faithful. It is proved
that an ideal I of R is M-restricted cancellation if and only if [ is M-weak can-
Cellation and [0 :p; I] is comparable to every submodule N of M, [7, Proposition

1.5]. Several facts on M-cancellation properties are given in [7]. Motivated by the
termmology of 1 5 join principal and 1 5 weak (cancellation) modules, we introduce
the following deﬁnltlons Let R be a ring and M an R-module. An ideal [ of R
is called an M —% join principal ideal of R if for all submodules K and N of M,
IM = IK + N implies M = K + [N :j; I]. Tt is easily verified that I is M-3 join
principal if IM C IK + N then M = K + [N :j; I]. Setting N = 0, we deﬁne
I to be M—% weak cancellation. In particular, I is called an M—% cancellation
ideal of R if for all submodules K of M, IM = IK implies M = K. If N is a
proper pure submodule of M then [N : M] is not M —% cancellation. For, if N is
pure in M, then JN = JM N N for all ideals J of R. Take J = [N : M] then
[N:M]N =[N:M]MNN = [N : M] M. M-cancellation ideals are M-} cancel-
lation but not conversely. For a prime p, the Priifer p-group M = Z,~ is a faithful
but not multiplication Z-module. The only non-zero submodules of M are Z, C
D2 C -+ Lyos. For each k > 1, pZyx = Zyr—1. Hence p*Z,2 = p*Z, = 0, and hence
p*Z is not M-cancellation. On the other hand, for each k > 1, p*Zyec # p*Zyx, and
hence p?Z is an M —% cancellation ideal of R. Otherwise, if p*Zye = p°Z,, then
p"Zyo = 0, and hence p*Z C [0 : Zye] = 0, a contradiction. Neither M-3 can-
cellation ideals are % cancellation nor % cancellation ideals are M —% cancellation.
To explain the last statement, recall the ideal associated with an R-module M,

O (M)= > [Rm: M], which proved useful in studying multiplication modules.
meM
A finitely generated module M is multiplication if and only if § (M) = R. If M is

multiplication then M = 6 (M) M from which it follows that for any submodule
Nof M, N=6(M)N . If M is a faithful multiplication module then 6 (M) is
a pure ideal of R, that is multiplication and idempotent, [16, Theorem 2.6]. Let
M be a faithful multiplication R-module but not finitely generated. Then 6 (M)
is M-1 cancellation because for each submodule N of M, if (M) M =6 (M) N,
then M = N, [16, Lemma 1.1]. But 6 (M) is not % cancellation, since otherwise
0 (M) = (6(M))* implies § (M) = R and hence M is finitely generated. Let
R =7/AZ and I = 2Z/AZ. Then [ is a 3 cancellation ideal of R, [5]. Consider
M = 7/27 as an R-module, then /M = 0 and this shows that [ is not an M—%
cancellation ideal of R.

The following two results give some properties of M —% (weak) cancellation ideals.

First let us recall the trace ideal of an R-module M, Tr (M)= Y>> f(M).
feHom(M,R)

If M is a projective module then M = Tr (M) M, annM = annTr (M) and Tr(M)

is a pure ideal of R, [20, Proposition 3.30]. For any submodule N of M, N =

Tr (M) N, [8, Theorem 3.1]. If M is faithful multiplication then Tr (M) = 6 (M),

[16, Theorem 2.3].

Proposition 14. Let R be a ring, M an R-module and I an ideal of R.
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(1) I is M—% cancellation if and only if IM # IQ for each maximal submodule
Q of M.

(2) Let M be faithful multiplication or projective. If I is a faithful M-% weak
cancellation ideal then I is M-% cancellation.

(3) Let M be finitely generated faithful multiplication. If I is projective or faith-
ful multiplication and contains an M—% cancellation ideal of R then I is M—%
cancellation.

(4) If I is a pure ideal of R and contains an M-% cancellation ideal of R then
I s M—% cancellation.

Proof. (1) Obviously, if I is M-3 cancellation then IM # IQ for each maximal
submodule @) of M. Conversely, suppose [ is not M —% cancellation. There exists
a proper submodule N of M with IM = IN, and hence there exists a maximal
submodule @ of M with N C Q. SoIM =IN CIQ CIM,sothat IM =1Q, a
contradiction.

(2) Let N be a submodule of M with /M = IN. Then M = N + [0 : I]. Since
M is faithful multiplication or projective, [0 :ps I] = (annl) M = 0. So M = N,
and I is M-3 cancellation.

(3) Let J C I be M-% cancellation and N a submodule of M with /M = IN.
Since M is finitely generated faithful and multiplication, I = I [N : M|, and hence
Tr (I) = Tr (1) [V : M]. This implies that Tr (/) M = Tr (I) N. If I is projective,
then J = JTr (1), [8, Theorem 3.1], and hence JM = JN from which it follows
that M = N,and [ is M —% cancellation. Alternatively, if I is not M —% cancellation
then IM = IQ for some maximal submodule @ of M. Hence Tr (I) M = Tr (1) Q
and hence JM = JTr (I)M = JTr(I)Q = J@Q, a contradiction. If I is faithful
and multiplication then Tr (/) = 0 (I) and J = JO(I), [16, Lemma 1.1]. The
result is now clear.

(4) Let N be a submodule of M with /M = IN. Suppose J C I is M-1 cancel-
lation and [ is pure, then J = JI and hence JM = JN. So M = N, and hence
lis M —% cancellation. U

Proposition 15. Let R be a ring, M an R-module and I an ideal of R.

(1) Let M be finitely generated, faithful and multiplication. Then I is % join
principal (resp. % weak cancellation) if and only if I is M-% join principal

(resp. M-3 weak cancellation).

(2) If M is finitely generated faithful multiplication and I is % cancellation then

I s M—% cancellation. The converse is true if M is % cancellation.
(3) If M is multiplication and IM is a % join principal (resp. % weak can-
cellation) submodule of M then I is M—% join principal (resp. M—% weak

cancellation). The converse is true if we assume further that M is finitely

generated.
(4) If M is multiplication and IM is a § cancellation submodule of M then I

18 M—% cancellation. The converse is true if M is % cancellation.
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Proof. (1) Suppose [ is % join principal. Let K and N be submodules of M
such that /M = IK + N. Then IM = (I [K : M|+ [N : M]) M, and hence I =
I'[K : M]+ [N : M]. This implies that R = [K : M|+ [[N: M]:I]=[K: M]+
[N :IM], and hence M = [K : M|M + [N :IM|M = K + [Ny 1I]. So I
is M —% join principal. Conversely, let I be M—% join principal and let A and
B be ideals of R with I = Al + B. Then IM = I(AM) + BM, and hence
M = AM + [BM :p 1] = (A+ [BM : IM]) M. 1t follows that R = A+ [B : I],
and [ is % join principal. The % weak cancellation case is obvious by taking N = 0
and B = 0 respectively.

(2) Obvious.

(3) We only discuss the % join principal case. Let M be multiplication and IM
a % join principal submodule of M. Let K and N be submodules of M with
IM =IK+N. Then IM = [K : M| IM+ N, and hence R = [K : M|+ [N : IM].
So M = K + [N :p I], and [ is an M—% join principal ideal of R. Conversely,
let M be finitely generated multiplication and / an M —% join principal. Suppose
J is an ideal of R and K a submodule of M with IM = J(IM)+ K. Then
M=JM+[K ) I] = (J+[K : IM]) M, and hence R = J+[K : IM]+annM =
J + [K : IM]. This shows that IM is 5 join principal.

(4) Obvious. d

The following result is now straightforward.

Corollary 16. Let R be a ring and M a finitely generated faithful multiplication

R-module. The following statements are equivalent for a submodule N of M.

(1) N is 5 join principal (resp. 3 weak cancellation, 3 cancellation).

(2) [N : M] is a 5 join principal (resp. 5 weak cancellation, § cancellation) ideal
of R.

(3) [N : M] is an M-% join principal (resp. M-% weak cancellation, M—% can-

cellation) ideal of R.

The next theorem gives some relationships between M-join principal (resp. M-
cancellation) and M-1 join principal (resp.M-3cancellation) submodules (ideals)
and their products.

Proposition 17. Let R be a ring, M an R-module and I, J ideals of R.
(1) If I is M-join principal and J is M-% join principal (resp. M-% weak can-
cellation) then I.J is M-% join principal (resp. M-% weak cancellation).
(2) If I is M-cancellation and J is M-1 weak cancellation (resp. M-3 cancel-
lation) then I.J is M-} weak cancellation (resp. M-3 cancellation).
(3) If I is M-cancellation and I1J is M-% join principal (resp. M-3 weak can-
cellation) then J is M—% join principal (Tesp. M—% weak cancellation,).
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Proof. (1) We only do the join principal case. Let K and N be submodules
of M such that IJM = IJK + N. Since I is M-join principal, we infer that
JM C [IJM :p 1) = [IJK + N) iy I] = JK 4 [N iy I]. But J is M-3 join
principal. Thus M = K + [[N :p; I] :ar J] = K + [N :p 1J], and hence I.J is M-1
join principal.

(2) Suppose N is a submodule of M such that IJM = IJN. Then JM = JN.
Since J is M-3 weak cancellation, M = N + [0 :py J] € N + [0 157 I.J], so that
M = N +[0: IJ] and I.J is M-3 weak cancellation. The  cancellation case is
now obvious.

(3) Suppose K and N are submodules of M such that JM = JK + N. Then
IJM =1JK + IN, and hence

M=K+[IN:yIJ]=K+[IN I J)=K+[N:J,

and J is an M —% join principal ideal of R. The % weak cancellation modules case
follows by taking N = 0. O

The following result shows how properties such as M —% join principal (resp. M —%
cancellation) are related to Oc+)M —% join principal (resp. 0M — % cancellation).

Proposition 18. Let R be a ring, M an R-module and I an ideal of R.
(1) I is M-3 join principal ideal if and only if I IM is an 0cM-% join prin-
cipal ideal of R (M).
(2) I is M-% weak cancellation ideal if and only if IHIM is an 0<+)M—% weak
cancellation ideal of R (M).

(3) I is M-% cancellation ideal if and only if I+ IM is an O(+)M-% cancellation
ideal of R(M).

Proof. (1) Suppose [ is M — % join principal. Let K and N be submod-
ules of M and let (0 M) (LIM) = (00 K) (L +IM)+ 0+ N. Then 0nIM =
O (IK + N), and hence IM = IK + N. It follows that M = K + [N :; I], and
this gives that

0coyM = 0y (K + [N :p I]) = 0 K + Oy [NV :pp 1]
=0 K + [0N toiym LI M],

and Il M is an M—% join principal ideal of R (M). The converse is now clear.
(2) The M-3 weak cancellation case follows from (1) by letting N = 0.
(3) Clear. O

The next result gives some conditions under which the ideal I+ I M becomes weak
cancellation (resp. restricted cancellation). Compare with [3, Proposition 10 and
Theorem 11].

Proposition 19. Let R be a ring, M an R-module and I an ideal of R.
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(1) If I IM is a cancellation ideal of R(M) then I is cancellation and the
converse is true if M is torsion-free.

(2) If I(HIM is a weak cancellation ideal of R(M) then I is weak cancellation
and the converse is true if M is finitely generated, faithful and multiplication.

(3) If IenIM is a restricted cancellation ideal of R(M) then I is restricted can-
cellation and IM # 0 implies I is faithful. The converse is true if M 1is
finitely generated, faithful and multiplication.

Proof. (1) [5, Proposition 11].

(2) Suppose I+ IM is a weak cancellation ideal of R(M). By [15, Theorem
2.4], IvIM is a cancellation R(M)/ann(I+IM) = R(M)/annl)[0 :p 1] =
R/annl ) M/[0 :p; I]-module. It follows by (1) that I is a cancellation R/annl-
module and hence [ is a weak cancellation ideal of R, [15, Theorem 2.4]. Con-
versely, suppose M is finitely generated faithful multiplication and [ is weak
cancellation. Then [ is a cancellation R/ann/-module. Since M is a multiplica-
tion R-module, it is easily verified that M /(ann/)M is a multiplication R/annl-
module. Moreover, [0 :gjannr M/(annl)M| = [(annl)M : M]/annl. Since M
is finitely generated faithful and multiplication (hence cancellation), [0 :g/anns
M/(annl)M| = annl/annl = 0. That is M/(annl)M is a faithful multiplica-
tion R/ann/-module, and hence it is a torsion free R/ann/-module, [19, Lemma
4.1]. Tt follows by (1) that I+ IM is a cancellation R/annl)M/(annl)M =
R(M)/ann(I +IM)-module. This implies that I/ M is a weak cancellation ideal
of R(M).

(3) Suppose I+ IM is a restricted cancellation ideal of R (M). Then IIM is
weak cancellation and by (2), I is a weak cancellation ideal of R. Let A be an
ideal of R then AAM C ann (I(»IM) = annl+)[0 :p; I] from which we get
A C annl or ann(I+HIM) C A+ AM and this case gives that ann/ C A. By,
[15, Theorem 2.5], I is restricted cancellation. Now suppose IM # 0. Then
0# (InIM)(O0nM) = (IeyIM) (annl M), and hence annl = 0. Conversely,
suppose M is finitely generated, faithful and multiplication. Let I be restricted
cancellation. Then [ is weak cancellation and by (2), I+ /M is weak cancellation.
If 0 #£ I M, then [ is faithful. Since M is faithful multiplication, I+ M is faithful
and hence I+ I M is restricted cancellation (in fact, I IM is cancellation). If
IM =0, then M = [0 :p; I] = (annl)M. Since M is finitely generated, faithful
and multiplication (hence cancellation), R = ann/, that is [ = 0, and this case
shows that I+ /M = 0 is again a restricted cancellation ideal of R(M). O

We close by a result that gives necessary and sufficient conditions for a homoge-
neous ideal of R (M) to be join principal.

Theorem 20. Let R be a ring, M an R-module and I+)N a homogeneous ideal
of R(M).
(1) If LN 1is join principal then I is a weak cancellation ideal of R and N/IM
is a weak cancellation R-submodule of M/IM.
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(2) If I+)N is join principal then I is a join principal ideal of R. The converse
is true if H = [H gy 0 M] for any ideal H of R(M).

(3) Let M be cancellation. If I(+\N is weak cancellation then N is a weak can-
cellation submodule of M.

(4) Let M be cancellation. If I N is cancellation then N is a cancellation
submodule of M .

(5) Suppose I+)N is restricted cancellation. If I? # 0 then I is a restricted
cancellation ideal of R and if we assume further that M is restricted cancel-
lation then N is a restricted cancellation submodule of M. If I? = 0 then
I+)N is a nilpotent ideal of R (M) and if R is reduced or N faithful then I
15 restricted cancellation and N s restricted cancellation.

Proof. (1) [15, Theorem 2.2] says that if /(N is a join principal ideal of R (M)
then I+ N/0+)N = I is a weak cancellation ideal of R, and

I)N/IHIM = I IM + 0N/ I IM
= 0N/ I IM N0+ N
= 0(+)N/0(+)[M = 0(+)N/[M

is a weak cancellation ideal of R (M) /I IM = R(M/IM). It follows that N/IM
is a weak cancellation submodule of M /IM, [1, Theorem 2| and [15, Theorem 3.1].

(2) Suppose [N is join principal. The fact that [ is join principal follows by
[3, Theorem 9]. Note that if [ is join principal then I is weak cancellation and
that confirms part (1). For the converse, let H; and Hj be ideals of R(M) and
let Hy + 0+ M = AnwM and Hy + 0 M = BM for some ideals A and B of R.
Then

[(Hy (IeoN) + Hy) :pary IenN|
C[(Hi({N) + 00 IM) + Hy + 00 M) :piary (LN + 0 M)]
[(Hy + 0o M) (I +N) + Hy + 0)M) :reary L+ M]
(A M)(I+N) + BeoyM) gy IenM]
[(A[ + B)(+)M ‘R(M) [(+)M] = [(A[ + B) : [](+)M
=A+ [B:I|+-M =AM + [B: I|»M
= Hy + 0+ M + [BoM gy Lo M|
= Hi + [Hy + 0 M gy I M|
C Hy + [H2(0(+>M) “R(M) 0<+>]M]
C H + [(HQ ﬂO(+)M) CR(M) O(+)IM]
[Hs :rary 0 IM] = Hy + [Ha :rouy (00 M) (L N)]
C Hy + [Hy gy 00 M| :giary I N
[Hy “R(M) I+)NJ.

The other inclusion is always true and hence

[Hl(](+)N) + H2 :R(M) I(+)N] == H1 + [Hg :R(M) I(+)N].
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This shows that I(+)N is join principal. Note that we used in the proof the fact
that
0 M C BoyM C [BM gy I M.

(3) Suppose M is cancellation and I+ N a weak cancellation ideal of R (M). Let
A and B be ideals of R such that AN = BN. Since AIM C AN = BN, we infer
that 0HAIM C 0HBN, and hence

(0 AM) (I+»N) C (B+yBM) (0e»N) € (BwyBM) (I+)N) .
This implies that
0 AM + (annl NannN) ) [0 :py I] € B BM + (annl NannN) ) [0 :p7 1],

from which one gets that AM + [0 :p I] € BM + [0 :pr I]. Hence AIM C BIM,
and this gives that Al C BI. It follows that (AM) (I+N) C (ByM) (I+N),
and hence

AwyM + (annl NannN) (1) [0 :py I] € ByM ) (annl NannN) ) [0 157 1]

So A+ (ann/ NannN) C B + (ann/ Nann/NV). Since M is cancellation (hence
faithful) and IM C N, we have that annN C ann (/M) = ann/. This finally
gives that A +ann/N C B + annN. Similarly, B + annN C A 4+ ann/N. Hence N
is weak cancellation.

(4) Suppose M is cancellation and [N is cancellation. By (3), N is weak
cancellation. By [1, Proposition 14] I is cancellation and hence I M is cancellation.
It follows that annN C ann(/M) = 0, and hence N is cancellation.

(5) Suppose I(+)N is a restricted cancellation ideal of R(M). If I? # 0, then
0+# I*IN = (I<+)N)2 = (I+N)(I+IM). So I+\N = I IM. The fact that
I is restricted cancellation follows by Proposition 19. Suppose M is restricted
cancellation. Since N = I M, it is easily verified that N is restricted cancellation.
Next, let 72 = 0. Then I C ann/ and hence IM C (annl)M C [0 :p; I]. But I(nhN
is weak cancellation, [15, Theorem 2.5]. Therefore (I(nN)* = (IcoN) (I IM)
implies that

IyN + (ann NannN) +) [0 :ps 1] = I I M + (ann NannN )@ [0 a7 1]) .

So N+ [0:yI] = IM + [0:p I] and hence IN = I?M = 0. This gives that
(IHN)? = 0, and hence I+ N is nilpotent. If R is reduced then I = 0 is restricted
cancellation. Moreover, I(+)N = 0N is restricted cancellation implies that IV is
restricted cancellation, see [1, Theorem 2| and [15, Theorem 3.1]. Finally, if N is
faithful then /N = 0 implies / = 0 and again [ is restricted cancellation and N
is restricted cancellation (in fact, IV is cancellation). i
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