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Abstract. All rings are commutative with identity and all modules are
unital. Let R be a ring, M an R-module and R(M ), the idealization
of M. Homogenous ideals of R(M) have the form [N, where [ is an
ideal of R and N a submodule of M such that /M C N. A ring R (M)
is called a homogeneous ring if every ideal of R (M) is homogeneous.
In this paper we continue our recent work on the idealization of mul-
tiplication modules and give necessary and sufficient conditions for a
homogeneous ideal to be an almost (generalized, weak) multiplication,
projective, finitely generated flat, pure or invertible (g-invertible). We
determine when a ring R(M) is a general ZPI-ring, distributive ring,
quasi-valuation ring, P-ring, coherent ring or finite conductor ring. We
also introduce the concept of weakly prime submodules generalizing
weakly prime ideals. Various properties and characterizations of weakly
prime submodules of faithful multiplication modules are considered.
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0. Introduction

Let R be a commutative ring and M an R-module. M is a multiplication module
if every submodule N of M has the form /M for some ideal I of R. Equivalently,
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N = [N : MM, [12]. A submodule K of M is multiplication if and only if
NN K =[N : K|K for all submodules K of M, [30, Lemma 1.3].

Let P be a maximal ideal of R and let Tp(M) = {m € M : (1 —p)m =0
for some p € P}. 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 g € P such that (1—¢)M C Rm. El-Bast and P. F. Smith, [13, 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. M is said to be an almost multiplication module if Mp is a
multiplication module for each prime ideal P of R. Weak multiplication modules
are defined to be the modules in which every prime submodule P has the form
[P : M]M. The Z-module @ is weak multiplication but not multiplication. An
R-module M is weak multiplication if and only if it is locally weak multiplication,
from which it follows that a weak multiplication module over a local ring is a
multiplication module. Thus the concepts of weak multiplication and multipli-
cation coincide if the module is finitely generated. An R-module M is called a
generalized multiplication module if for every pair of proper submodules K and N
of M, KNN = [K : N]N, [20]. The Z-module Zp is a generalized multiplication
module which is not a multiplication module. Let N be a submodule of M and [
an ideal of R. The residual submodule N by I'is [N :py I] ={m € M : Im C N},
23] and [24]. Obviously, [N : IM]M C [N :j; I]. The reverse inclusion is true if
M is multiplication, [3]. If M is faithful multiplication, [0 :j; I] = (annl)M. If
M is a flat R-module and I a finitely generated ideal of R, then this property also

holds. For, let I = > Ra; and m € [0 :p; I]. Then a;m = 0 for each 1 < i < n.

i=1

As M is flat, [24, Theorem 7.6] shows that there exist 7, € R and k € M such

that r;a; = 0 and m = r;k. Hence m € ann(a;)M for each i, from which it follows

that m € () ann(a;) M = (ﬂ ann(ai)) M = (annl)M, [24, Theorem 7.4]. Hence
i=1 i=1

(annl)M D [0 :pr I] and the equality holds.

Let R be a ring and M an R-module. A submodule N of M is pure in M
if N is a direct summand of M, [24]. Every ideal I of R is pure if and only if
it is multiplication and idempotent. M is projective if and only if it is a direct
summand of a free R-module. It is proved, [31, Theorems 2.1 and 2.2], that a
finitely generated I is projective (resp. flat) if and only if I is multiplication and
ann/ = Re for some idempotent e of R (resp. annl is a pure ideal of R). More
generally, if M is a finitely generated multiplication such that annM = Re for
some idempotent e, then M is projective, [32, Theorem 11], and multiplication
modules with pure annihilator are flat, [6, Corollary 2.7] and [26, Theorem 4.1].
It is also well-known that a finitely generated ideal I of R is projective if and only
if I is flat and ann/ is finitely generated, [33, Corollary 3.1].

Let R be a ring and M an R-module. Let S be the set of regular elements of
R and Rg the total quotient ring of R. For a non-zero ideal I of R, let I™' = {z €
Rs:xI C R}. Iisan invertible ideal of Rif [T =R. Let T={t€ S:tm =0
for some m € M implies m = 0}. T is a multiplicatively closed subset of S, and
if M is torsion-free then 7" = S. Let N be a non-zero submodule of M and let
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Nt={x € Rp : «N C M}. N~!is an Rg-submodule of Ry, R C N~! and
NN~' C M. Following [28], N is invertible in M if NN~' = M. Tt is shown,
28, Remark 3.2 and Lemma 3.3], that if is I an invertible ideal of R then IM
is invertible in M. The converse is true if M is finitely generated, faithful and
multiplication.

Let R be a commutative ring with identity and M an R-module. Then
R M = R(M) with coordinate-wise addition and multiplication (r1,mq)(rz, mo)=
(r179, 1Mo +19my ) is a commutative ring with identity called idealization of M or
the trivial extension of R by M. The idealization of a module is a well-established
method to facilitate interaction between a ring on the one hand and a module over
a ring on the other. The basic construction is to embed the module M as an ideal
in a ring R(M) which contains R as a subring. This technique was used with great
success by Nagata, [25]. For a comprehensive survey on idealization, Anderson
and Winders [10] and Huckaba [19, Section 25] can be consulted. An ideal H
of R(M) is called homogeneous if H = [+ N where [ is an ideal of R and N a
submodule of M. In this case, [(wN = (RivyM)(IN) = IHy(IM + N) gives
that /M C N (equivalently, [N :p I] = M). In [2] we called a ring R(M) is
homogeneous if every ideal H of R(M) is homogeneous. Several properties and
characterizations of homogeneous ideals and homogeneous rings are considered
in [1] and [2]. In this note we continue our investigation of homogeneous ideals
and homogeneous rings. In Section 1 we determine when a homogeneous ideal of
R(M) is finitely generated flat (finitely generated projective), almost (generalized,
weak) multiplication, pure or invertible. In Section 2 we investigate properties of
a ring R(M), especially when R(M) is homogeneous. We show how properties of
R(M) such as SPIR, general ZPI-ring, Bezout ring, quasi-valuation ring, P-ring,
coherent ring or finite conductor ring are related to those of R and M. In the
last section of the paper we introduce the concept of weakly prime submodules as
a generalization of weakly prime ideals. Various properties and characterizations
of weakly prime submodules of faithful multiplication modules are given.

All rings are assumed to be commutative with 1 and all modules are unital.
For the basic concepts used, we refer the reader to [15], [16], [19], [23], [24], [25],
and [34].

The author is grateful to the referee for helpful suggestions which have resulted
in an improvement to the paper.

1. Homogenous ideals

Let I+»N and Ji+) K be two homogenous ideals of R(M). Then the ideal [I+)N:g()
JeoK] =1[I:JN[N : K]+[N :p J]is homogeneous, [2, Lemma 1]. Consequently,

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

If I is a (finitely generated) ideal and M a (flat) faithful multiplication R-module
then [0 :ps I] = (annl) M, and hence ann(/+)N) = ann/NannN +)(annl)M. Let r
be a regular element in R. If (r,m) is a regular element of R(M) then r is regular
in R from which it follows that if IV is a regular ideal of R(M) then [ is a
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regular ideal of R, see [1, Lemma 6] and [10, Theorem 3.5]. The converse is true if
M is torsion-free. For, let r be regular and m € M. Let (s,n) € R(M) such that
(r,m)(s,n) = (0,0). Then rs = 0 (and hence s = 0) and rn + sm = 0. This gives
that rn = 0. As M is torsion-free, n = 0. Let Z(R) be the set of zero-divisors
of R and Z(M) the set of zero-divisors on M, that is Z(M) ={r € R:rm =0
for some non-zero m € M}. Then Z(R(M)) = (Z(R) U Z(M))+M and the
set of regular elements of R(M) is SM where S = R — (Z(R) U Z(M)), [10,
Theorems 3.5 and 4.3] and [19, Theorem 25.3]. If M is a torsion-free R-module
then Z(M) C Z(R) and hence Z(R(M)) = Z(R)+ M and S M = {(r,m) : r is
a regular element of R and m € M}.

We start this section by a result showing how properties of a submodule N of
M are related to those of the ideal 0N of R(M).

Proposition 1. Let R be a ring, M an R-module and N a submodule of M.
(1) N is almost multiplication if and only if 0c)N is an almost multiplication
ideal of R(M).
(2) N s generalized multiplication if and only if 0+)N is a generalized multipli-
cation ideal of R(M).
(3) If 0c+)N is a pure or projective ideal of R(M) then N = 0.

Proof. (1) This follows by the fact that N is locally cyclic if and only if 0N
is a locally principal ideal of R(M), [9, Theorem 3.1].

(2) Suppose N is generalized multiplication. Let H; and Hjy be ideals of R(M)
that are properly contained in 0+)N. Then H; = 0hK and Hy = O L for some
proper submodules K and L of N. It follows that

HNHy=0+KNO0wnL =0pKNL= 0(+)[K : L]L
= ([K : Lle»M)(0» L) = [0 K :reary 0 L]0+ L)
= [Hl ‘R(M) H2]H27

and 0N is generalized multiplication. The argument is reversible.

(3) Suppose 0N is a pure ideal of R(M) then R(M) = 0N & H for some ideal
H of R(M) It follows that O+ N = H(O(+)N) C HNOwN =0, so that Oy N =0
and hence N = 0. If 0N is projective, it follows by, [5, Theorem 3.3], that
R (M) = ann (0o N)* = ann (0 N) = annN + M. Hence R = annN, and hence
N = 0. Alternatively, by the Dual Basis Lemma there exist a family of R (M)-
homomorphisms f; : 0cn)N — R (M) and a family of elements {(0,k;)} C 0N
such that for each (0,n) € 0N,

Hence n = 0, and this implies that N = 0. U

A. G. Naoum introduced in [27] quasi-invertible (g-invertible) ideals as a general-
ization of invertible ideals: An ideal I of R is called g-invertible for an idempotent
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e if II"' = Re and annl = ann(e). If I is g-invertible for e then I is finitely
generated. It is shown, [27, Theorem 1.5], that [ is g-invertible for e if and only
if I is a finitely generated projective ideal and ann/ = ann(a) = ann(e) for some
acl.

The next theorem shows that properties of an ideal I of a ring R such as
multiplication, projective, flat, pure, invertible or g-invertible are usually related
to those of the ideal I+ IM of R(M).

Theorem 2. Let R be a ring, M an R-module and I an ideal of R.

(1) I is pure if and only if I+)IM is a pure ideal of R(M).

(2) I is almost multiplication if and only if I+ IM is an almost multiplication
ideal of R(M).

(3) If I»IM is an invertible ideal of R(M) then I is invertible. The converse
1s true if M 1is torsion-free.

(4) If I IM is a finitely generated flat ideal of R(M) then I is finitely generated
flat. The converse is true if M is torsion-free.

(5) If IenIM is a finitely generated projective ideal of R(M) then I is finitely
generated projective. The converse is true if M is flat.

(6) If M is finitely generated, faithful and multiplication and I +)IM is q-inver-
tible for (e,0) then I is g-invertible for e. Conversely, if M is flat and I is
q-invertible for e then I IM is q-invertible for (e,0).

(7) If I»IM is a generalized multiplication ideal of R(M) then I is generalized
multiplication.

Proof. (1) Suppose [ is a pure ideal of R. Then R = I & J for some ideal J
of R. It follows that R(M) = (I + J)«(I + J)M = I« IM + JJM. Since
INJ=0,1J=0. As R=1+ J, we infer that

IMNJM =IIMOJM)+ JIMOJM)C IJM =0,

so that IMNJM = 0. This implies that I IMNJJM = (INT)H(IMNJM) =
0, and hence I IM is a direct summand of R(M). Therefore I+ /M is a pure
ideal of R(M). Conversely, let I+ IM be pure. Then R(M) = IIM & H
for some ideal H of R(M). Let H + 0vM = JwM for some ideal J of R.
Then R(M) = IIM + JoM = (I+J)M. Hence R = I + J. Since R(M) =
I IM + H is a multiplication ideal of R(M), we obtain from, [7, Theorem 2.1],
that

0oM =0y M+(IIMNH) = [ MNH+0M = IoMNJ M = (INJ) M.

Hence I N'J =0, and hence R =1@® J. So [ is a pure ideal of R.

(2) It follows by the fact that I is locally principal if and only if I+ M, is a
locally principal ideal of R(M), [1, Theorem 7].

(3) Suppose I+ IM is an invertible ideal of R(M). Then I+ IM is a regular

ideal of R(M) and hence it contains a regular element, say (a,n). Hence a is a
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regular element of I. As I+ M is multiplication, R(M)(a,0) = H(I+IM) for
some ideal H of R(M). Let H + 0»M = J+) M for some ideal J of R. Then

RawIM = R(M)(a,0) + 0 IM = H(IIM) + 0 IM
= (H + O(+)M)(I(+)IM) = (J(+)M)(I(+)IM) = JIIM.

So Ra = JI and hence [ is an invertible ideal of R. Alternatively, as I M
is invertible, R(M) = (I IM)(IhIM)~. Suppose (r,m) € (IcHIM)~'. Then
(r,m) € R(M)sym = RsMg, where S = R — (Z(R) U Z(M)), [10, Theorems
3.5 and 4.1]. It follows that (r,m)(a,b) € R(M) for each (a,b) € I+ IM. Hence
ra € R for each a € I, and hence rI C R. This implies that r € I~ and hence

R(M) = (IcyIM)(I IM)™ ' C (I IM)(IT ' yMg) = IT y(IMg + 1T M),

This shows that R C II-! C R, so that I/~! = R and I is invertible. Conversely,
let M be torsion-free and [ invertible. Suppose a € [ is regular. Then (a,0) is a

regular element of [ IM. Now, since [ is invertible, Ra = JI for some ideal J
of R. Hence

R(M)(a,0) = RacaM = JIJIM = (I IM)(JnHJ M),

and hence I+ I M is an invertible ideal of R(M).

(4) An R-module M is flat if and only if it is locally flat, [15]. Also, finitely
generated flat ideals are locally either zero or invertible [18, Lemma 2.1] and [33,
Lemma 6]. The result follows by these two facts and (3).

(5) Let It IM be a finitely generated projective ideal of R(M). Then IIM is
finitely generated flat and by (4), I is finitely generated flat. Also, ann(I/+IM) =
annl [0 :ps I] is finitely generated from which it follows that ann/ = annl [0 :,
I1/0)[0 :ps I] is a finitely generated ideal of R. Hence I is finitely generated
projective, [33, Corollary 3.1]. Conversely, suppose M is flat (hence torsion-free)
and let I be finitely generated projective. Then [ is finitely generated flat, and by
(4), I+I M is finitely generated flat. Since ann/ is finitely generated, it follows by,
[1, Theorem 7], that ann(/IM) = annl ) (annl)M is finitely generated. Hence
I I M is finitely generated projective.

(6) Suppose M is finitely generated, faithful and multiplication. Let I IM be
g-invertible for (e,0). Then [ IM is finitely generated projective and by (5),
I is finitely generated projective. It follows by, [27, Theorem 1.5, that there
exists (a,n) € I+ IM such that ann(/IM) = ann(a,n) = ann(e,0). Hence
ann/+ (ann/)M = ann(e)wann(e)M, and hence ann/ = ann(e). Next,

ann/+(ann/)M = ann(a,n) 2 ann(Raw Rn+aM) = ann(a)Nann(n)+ann(a)M.

This implies that ann(a)M C (annl)M, and by, [32, Corollary to Theorem 9],
ann(a) C ann/ C ann(a), and hence ann/ = ann(a). This shows that I is ¢-
invertible for e. Conversely, let M be flat and I g¢-invertible for e. Then I is
finitely generated projective and by (5), I+ IM is finitely generated projective.
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Now, there exists a € I such that ann/ = ann(a) = ann(e). Hence ann(I/(+IM) =
ann(a,0) = ann(e, 0), and therefore I(+)IM is g-invertible for (e, 0).

(7) Suppose A and B are ideals of R that are properly contained in /. Then
A+ AM and B+ BM are ideals of R(M), each of them is properly contained in
IIM. As I IM is generalized multiplication, we have that

ANB+-HAMNBM = AwAM N BwBM = [AcyAM gy By BM| (B« BM)
= ([A: B|t[AM :j; B]) (BsyBM) = [A: B] B ([A: B]BM + [AM :); B] B) .

Hence AN B = [A: B]B, and this shows that [ is generalized multiplication. [

The next theorem shows how properties of I(+)N can be transferred to its com-
ponents [ and N.

Theorem 3. Let R be a ring, M an R-module and I+ N a homogeneous ideal of
R(M).
(1) If I+)N is pure then I is a pure ideal of R and N a pure submodule of M.

(2) If I+)N is invertible then I is an invertible ideal of R and N an invertible
submodule of M .

(3) If 1N is generalized multiplication then I is a generalized multiplication
ideal of R and N a generalized multiplication submodule of M.

(4) If I++)N is almost multiplication then I is an almost multiplication ideal of
R. Assuming further that M is almost multiplication then N is an almost
multiplication submodule of M.

(5) If 1+)Nis finitely generated flat then I is a finitely generated flat ideal of
R. Assuming further that M 1is finitely generated flat then N s a finitely
generated flat submodule of M.

(6) If I+)N is finitely generated projective then I is a finitely generated projective
ideal of R. Assuming further that M 1is finitely generated projective then N
is a finitely generated projective submodule of M.

Proof. (1) If (N is pure then I (nIM =TI IMNIpN = (I(+)[M)([(+)N) =
I wIN. Hence IM = IN. But I(/N is idempotent. Thus I[N = (I(HN)? =
I wIN. Hence N = IN = IM. By Theorem 2(1), I is a pure ideal of R. Now,
there exists an ideal J of R such that R =1& J. Then M = IM + JM. Since
R=1+Jand INJ =0, we infer that IM N JM = 0 (see the proof of Theorem
2(1)). Hence M = IM & JM, and hence N = I M is pure in M.

(2) Suppose [N is an invertible ideal of R(M). Since (I(+)N)? = I*(HIN =
(I+)N)(I+IM), we obtain that

I[N = (IoN) " (IoN)* = IoN) " IoN) I IM) = Il M,
and hence N = IM. It follows by Theorem 2(3) that I is an invertible ideal

of R. Now, R = II"" gives that M = IMI~* C (IM)(IM)™' C M. Hence
M = (IM)(IM)™', and IM = N is invertible in M.
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(3) [1, Theorem 9] shows that if I(+)N is principal then [ is a principal ideal of
R and if we assume that M is cyclic then N is a finitely generated multiplication
submodule of M (in fact N can be generated by two elements). The result is now
obvious.

(4) It is easy to check that every submodule of a generalized multiplication R-
module is generalized multiplication. If (+)N is a generalized multiplication ideal
of R(M) then so too are O0+)N and I IM. The result follows by Proposition 1
and Theorem 2.

(5)—(6) Let I+ N be finitely generated flat (resp. finitely generated projective).
It follows by, [5, Theorem 3.3], [33, Lemma 6] and [18, Lemma 2.1], that I+ is
locally either zero or invertible. Hence N = I'M is locally true and hence globally.
By Theorem 2, [ is a finitely generated flat (resp. finitely generated projective)
ideal of R. If M is finitely generated flat (resp. finitely generated projective) then
N =1IM = 1® M is a finitely generated flat (resp. finitely generated projective)
submodule of M. U

The next theorem gives necessary and sufficient conditions for the ideal I+)M to
be projective (weak multiplication).

Proposition 4. Let R be a ring, M an R-module and I an ideal of R.
(1) If I+)M s a projective ideal of R(M) then I is projective and M = IM.
Conversely, if I is projective and M torsion-free then I ) IM s a flat ideal
of R(M).
(2) I+)M is a weak multiplication ideal of R(M) if and only if I is weak mul-
tiplication and for every prime ideal P )M C I+ )M either PoyM = )M
or M =1M.

Proof. (1) Suppose I+ M is a projective ideal R(M). There exists a free ideal
F of R(M) such that F' = I(yM @& H for some ideal H of R. Let F' 4+ 0nM =
AeM and H + 0M = J+M for some ideals A and J of R. It follows that
AwyM = (I + J)+M from which one gets that A =T+ J. Since F = [(v/M + H
is a free (hence multiplication) ideal of R(M), it follows by, [7, Theorem 2.1], that

0oM =0 M+ I MNH)=IoMNOM+H =1y MNJoyM =10JwM.

Hence 0 = I N J, and this shows that A = I & J. To complete the proof that I is
projective, we need to show that A is a free ideal of R. By, [7, Theorem 2.1], we
have that

FNnOosoM ={UIwM+ H)NO0-M = I-M N0 M + HN O+ M
=0 M+ HNOM =0 M.

Hence 0cyM C F, and therefore F' = F + 0+ M is a free ideal of R(M). Next,
F = AwM is a free ideal of R (M) and by [29, Ex. 1.3], AcvM is cancellation.
Since

(A AM) (A M) = A%2(HAPM = (A(+)AM)2,
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it follows that AM = AwAM. Assume {(a,,0)} is a basis of AcyAM. Then
A AM = > R(M)(aq,0), from which we get that A = > Ra,. To show {a,}

is a basis of A, let > r,a, = 0, where r, € R. Then > (r4,0)(aq,0) = (0,0),

and hence (r,,0) = (0,0) (and hence r, = 0). This shows that A is a free ideal
of R. Next, let I(nwM be projective. If I = 0, then 0)M is projective implies
that M =0, and hence M = IM. So, suppose that I £ 0. Then I+)M is locally
free, and hence it is locally cancellation. It follows by, [29, Proposition 2.2], that
I M is cancellation and hence M = IM. Alternatively, IM is locally either
zero or invertible. Hence M = I'M is locally true and hence globally. Suppose I
is projective and M torsion-free. By, [5, Theorem 3.3], I is locally either zero or
invertible, and so too is I I M. This gives that [ IM is locally flat and hence
I IM is flat.

(2) Suppose )M is weak multiplication. Let P C I be a prime ideal of R. Then
PwyM C I(+)M is a prime ideal of R(M). Hence

PiyM = [PiyM gy IeoM](IyM) = ([P : I}e»xM)(L M)
=[P:IlI([P:I]+1)M.

It follows that P = [P : I|I (and hence I is a weak multiplication ideal of R) and
M = ([P : I]+ I)M. Since P is a prime ideal of R, either P = I (and hence
PwyM = I M) or P =[P : I]and in this case M = I M. Conversely, let PyM C
I+yM be a prime ideal of R(M). If PiyM = I M = R(M)(I+ M), then I+ )M
is weak multiplication. Let M = IM. Since P C I and [ is weak multiplication,
P =[P :I]I. Hence PiyM = [P : I|IvM = ([P : I]e»M) (I»M), and this also
shows that IHM is weak multiplication. U

The next result shows some conditions under which a homogeneous ideal I(+)N of
R(M) is multiplication, invertible, finitely generated flat (projective) or pure.

Theorem 5. Let R be a ring, M an R-module and I +)N a homogeneous ideal of
R(M).
(1) Let M be divisible. If I is a finitely generated faithful multiplication ideal of
R then [+)N is finitely generated multiplication.
(2) Let M be divisible and torsion-free. If I is an invertible ideal of R then I )N
15 invertible.
(3) Let M be divisible and torsion-free. If I is a finitely generated flat ideal of
R such that annl C annN then I+)N is finitely generated flat.
(4) Let M be divisible and flat. If I is a finitely generated projective ideal of R
such that annl C annN then I+)N is finitely generated projective.
(5) Let M be divisible and flat. If I is g-invertible for e such that annl C annN
then I+)N is g-invertible for (e,0).
(6) Let ann (Ip) C ann (Np) for each prime ideal P of R. If I is a pure ideal
of R then I+)N 1is pure.
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(7) If I is a multiplication ideal of R and N a multiplication submodule of M
such that annl + [IM : N] = R then I+)N is multiplication.

(8) Let M be finitely generated multiplication. If I is a finitely generated idem-
potent ideal of R then I+ )M 1is finitely generated multiplication.

Proof. (1) Let M be divisible and I finitely generated faithful multiplication.
Let P be a prime ideal of R. Then Ip is a regular principal ideal of Rp. Since
M is divisible, so too is Mp and hence Mp = IpMp. As IM C N, we infer that
Np = IpMp. As P is arbitrary, N = IM. Hence (7N = [ IM and the result
follows by, [1, Theorem 7], see also [2, Proposition 5].

(2) Suppose M is divisible and torsion-free and I invertible. Then I is finitely
generated faithful multiplication, [16], and by (1), I+ is finitely generated mul-
tiplication. Since [ is regular and M torsion-free, we infer that IV is regular.
Hence [N is invertible. Alternatively, if M is divisible and torsion-free then
every regular ideal H of R(M) has the form [+)IM where [ is a regular ideal of
R, [10, Theorem 3.9]. Hence the result follows by Theorem 2(3).

(3) Let M be divisible and torsion-free and [ finitely generated flat. Let P be
a prime ideal of R. Then Ip = Op or Ip is invertible, [18] and [33]. If Ip = 0p
and since ann/ C ann/N, we get that Rp = ann (/p) = (ann/), C (annlNV), C
ann (Np), so that Np = 0p, and hence Np = IpMp. If Ip is invertible and since
Mp is divisible, we also have Np = IpMp. So both cases show that Np = I[pMp.
Hence N = IM. The result follows by Theorem 2(4).

(4) This is now clear by Theorem 2(5) and the fact that projective ideals are
locally either zero or invertible, [5, Theorem 3.3].

(5) Follows by (4), Theorem 2(6) and the fact that g-invertible ideals are finitely
generated projective, [27, Theorem 1.5].

(6) Suppose I is a pure ideal of R. Let PyM be a prime ideal of R (M). Then
P is a prime ideal of R. Hence Ip = 0p or Ip = Rp. As ann (Ip) C ann (Np),
the first case shows that Np = Op. Since IM C N, the second case gives that
Np = Mp. Both cases show that Np = IpMp. Hence N = IM, and the result
follows by Theorem 2(1).

(7) [2, Proposition 7]. However, we give here an alternative proof by using a
Theorem of El-Bast and P. F. Smith, [13, Theorem 1.2], which we think that it
is of some interest. Suppose P M is a maximal ideal of R(M) and let I+ N be
not P M- torsion. Then Opyar # (L N)piym = IpNp. It follows that P is
a maximal ideal of R and either Ip # 0p or Np # O0p. We discuss two cases.
Case 1. Let Ip # Op. Since R =annl + [IM : N|, Rp = (annl)p+ [IM : N]p C
ann(lp) + [IM : N]p C Rp. Since Rp is local, we have that Rp = [IM : N]p.
There exists p € P such that 1 —p € [IM : N] and hence (1 —p)N C IM. Since [
is multiplication and I not P-torsion, we get from, [13, Theorem 1.2], that there
exists ¢ € P with (1—¢)I C Ra for some a € I. Let 1 —p' = (1—p)(1 —¢q). Then
p € P, (1—p)I C Raand (1 —p )N CaM. It follows that

((1,0) = (¢, 0)InN) = (1 =p,0)({nN) = (1 = p) (1 = p)N
C RawaM = R(M)(a,0).
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Hence I(+)N is P M-principal and [13, Theorem 1.2] shows that [+ NV is multi-
plication.

Case 2. Suppose Np # 0p. Since N is multiplication, it follows by, [13, Theorem
1.2], that there exists p € P, n € N such that (1 — p)N C Rn. As Rp =
(annl)p + [IM : N]p, we get either Rp = (annl)p or Rp = [IM : Nlp. If
Rp = (annl)p, then there exists ¢ € P such that 1 — ¢ € ann/, and hence
(1—¢q) =0. Let 1 —p' = (1 —=p)(1 —¢q). Then p’ € P and (1 — pr)I = 0 and
(1 —p')N C Rn. This implies that

((1,0) = (,0)(I»N) = (1 = p/,0)(I{»N) = (1 = p) (1 = p')N
C O+ Rn = R(M)(0,n),

and hence I(+)N is P M-principal and by [13, Theorem 1.2], I+ is multiplica-
tion. Finally, if [IM : N]p = Rp, then there exists s € P such that (1—s)N C I M.
Also Rp = [IM : N]p C [(IM)p : Np| C Rp, that is Np = (IM)p. Since
Np # 0p, Ip # 0p and Case 1 shows that I+)N is multiplication.

(8) I = Re for some idempotent e of R, [16, Corollary 6.3]. Since M is finitely gen-
erated multiplication (hence weak cancellation), we have that annl + [IM : M| =
ann (e) + Re + annM = R. The result follows by (7). O

2. Homogeneous rings

An ideal H of R(M) need not to have the form I+ N, that is, need not to be
homogeneous. In [2] we called a ring R(M) is a homogeneous ring if every ideal
of R(M) is homogeneous. It is shown, [10, Corollary 3.4 |, that if R is an integral
domain then R(M) is homogeneous if and only if M is divisible (that is M = sM
for every regular s in R). In this case every ideal of R(M) is comparable to 0+ M,
equivalently, every ideal of R(M) has the form I+ M for some ideal I of R or Oy N
for some submodule N of M. It is also shown, [10, Theorem 3.3], that a ring R(M)
is homogeneous if and only if every principal ideal of R(M) is homogeneous. In this
case R(M)(a,m) = Raw(Rm + aM) = R(M)(a,0) + R(M)(0,m). Since @ is a
divisible Z-module, Z)@Q is a homogeneous ring while Z4+Zs is not homogeneous.
In fact, the principal ideal of Z41)Zs that is generated by (2,1) = {(0,0)}, (2,1)}
is not homogeneous. If R is a local ring but not a domain, R(M) is homogeneous
if and only if M = 0, [10, Theorem 3.3]. In this section we study ring-theoretic
constructions and properties of R(M), and in particular of homogeneous rings
and show how these properties of R and M relate to those of R(M).

A principal ideal ring (PIR) is special (SPIR) if R is a local ring, not a field,
whose maximal ideal is nilpotent. If every ideal of R is a finite product of prime
ideals, then R is called a general ZPI-ring, [19]. R is a general ZPI-ring if and
only if R is a finite direct sum of Dedekind domains and SPIRs, [19, p. 114], and
R is a general ZPI-ring if and only if it is a Noetherian multiplication ring, [16,
p. 225).

Recall that for f = ap + a1z + - + a,2" € R[X], the content Ay of f is
the ideal ) Ra,;. The set N = {f € R[X]|A; = R} is a saturated multiplicative

=1
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closed subset of R[X], in fact N = R[X] — UP[X] where the union runs over
all maximal ideals P of R. Then R(X) = R[X]y and if M is an R-module
then M(X) = M[X]|y is an R(X)-module. It is shown, [10, Corollary 4.7], that
R (M) (X) is naturally isomorphic to R(X )M (X).

R is a general ZPI-ring if and only if R(X) is a general ZPI-ring if and only
if R(X) is a PIR, [19, Theorem 18.8]. Another fact which is also useful for the
proof of our next result is that an ideal I of R is finitely generated and locally
principal (equivalently, finitely generated multiplication) if and only if TR(X) is
principal, [19, Corollary 15.2].

A ring R which is an almost multiplication R-module is an almost multiplica-
tion ring, [8]. A Noetherian almost multiplication module is multiplication and a
finitely generated almost multiplication module over a multiplication ring (a ring
in which every ideal is multiplication) is a multiplication module [20, Theorem
2.11]. Tt is proved, [23, Theorems 9.23, 9.27 and 9.28], that a ring R is an almost
multiplication ring if and only if Rp is a general ZPI-ring. It is also shown, [8,
Theorem 8], that R is an almost multiplication ring if and only if R(X) is an
almost multiplication ring and R [X] is an almost multiplication ring if and only
if R is von Neumann regular.

An R-module M is said to be distributive, [34], if the lattice of its submodules
is distributive, that is, (X +Y)NZ =X NZ+Y N Z for any of its submodules
X, Y and Z. Equivalently, (X NY)+Z = (X + Z)N (Y + Z) for all submodules
X,Y and Z of M. Some authors call such modules arithmetical modules. An
R- module M is arithmetical if and only if it is locally chained, that is for each
prime ideal P of R, the set of (cyclic) submodules of Mp is totally ordered by
inclusion. If all 2-generated submodules of M are multiplication modules, then
M is distributive, [35, Proposition 2.5]. A ring R which is a distributive R-
module is called a distributive (or an arithmetical) ring. R is an arithmetical
ring if and only if every finitely generated ideal of R is multiplication, [21]. For
properties of distributive rings and modules, consult [14], [21] and [34]. M is
called a Bezout module if each of its finitely generated submodules is a cyclic
module, [34]. Equivalently, for all m,n € M, Rm + Rn is cyclic. It is proved, [4,
Proposition 1.2], that if R is an integral domain and M a faithful multiplication
R-module then M is a Bezout module if and only if R is a Bezout domain.

We next characterize when a ring R(M) is a SPIR, a general ZPI-ring, an
almost multiplication ring, a distributive ring or a Bezout ring. Compare with [1,
Theorem 11] and [10, Lemma 4.9 and Theorems 4.10 and 4.16].

Theorem 6. Let R be a ring and M an R-module.

(1) If R(M) is a SPIR then R is a SPIR and M a cyclic module. The converse
is true if R(M) is homogeneous.

(2) If R(M) is a general ZPI-ring then R is a general ZPI-ring and M a finitely
generated multiplication module. The converse is true if R(M) is homoge-
neous.

(3) If R(M) is an almost multiplication ring then R is an almost multiplication
ring and M an almost multiplication module. The converse is true if R(M)
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18 homogeneous.
(4) If R(M) is a distributive ring then R is a distributive ring and M a dis-
tributive module. The converse is true if R(M) is homogeneous.

(5) If R(M) is a Bezout ring then R is a Bezout ring and M a Bezout module.
The converse is true if M is finitely generated and R(M) is homogeneous.

Proof. (1) Let R(M) be a SPIR. Let I be an ideal of R. Then [+IM is
a principal ideal of R(M), say R(M)(a,0) for some a € I. Then I = Ra is a
principal ideal of R and hence R is a PIR. If P)M is the unique nilpotent
maximal ideal of R(M), then P is the unique nilpotent maximal ideal of R, and
hence R(M) is a SPIR. Since 0+)M is a principal ideal of R(M), M is cyclic, [9,
Theorem 3.1]. The converse is trivial since M = 0.

(2) Suppose R(M) is a general ZPI-ring. It follows by, [10, Corollary 4.7] and
[19, Theorem 18.8], that R(M) (X) = R (X)+M(X) is a PIR. Hence R(X) is a
PIR and this gives that R is a general ZPI-ring. Next, (0 M)(X) = 0 M (X)
is an ideal of R (M) (X), hence it is principal. It follows by, [19, Corollary 15.2],
that O+ M is a finitely generated locally principal (equivalently finitely generated
multiplication) ideal of R(M). By, [9, Theorem 3.1], M is finitely generated
multiplication. Conversely, suppose R is a general ZPI-ring, M finitely generated
multiplication and R(M) is homogeneous. Since R is a general ZPI-ring, R(X) is
PIR, [19, Theorem 18.8]. As M is finitely generated multiplication (hence finitely
generated locally cyclic), we get from, [19, Theorem 18.8], that M (X) is a cyclic
R(X)-module. It follows by [1, Theorem 11| that R(M)(X) = R(X)+M(X) is a
PIR and by [19, Theorem 18.8], R(M) is a general ZPI-ring.

(3) Using the fact that R (resp. M) is an almost multiplication ring (resp. module)
if and only if Rp (resp. Mp) is a general ZPI-ring (resp. cyclic module). The result
follows by (2).

(4) Let R(M) be a distributive ring. Let A, B and C be ideals of R. Then
AnM, ByM and C+) M are ideals of R(M). Hence

(A + B) NCoM=A+B+sMnNnCHM
= (A M + ByM)NCryM = (AmMNC+M)
+BeoMNCoM)=ANCM+BnNCHM =(ANC)+ (BNC)+HM,

and this gives that (A+ B)NC = (ANC)+ (BNC). Hence R is distributive.
Now, let K, N and L be submodules of M. Then 0K, 0N and O L are ideals
of R(M). Hence

O0n(K+N)NL)=(0+K+N)N0+L
= (0K +0+N) N0+ L =0 K N0+ L
+0HNNOHL =0 EKNL+0-NNL=0+(KNL)+ (NNL),

and hence (K + N)NL = (KNL)+ (NNL)and M is distributive. For the
converse, let AN, B K and C+) L be ideals of R(M). Since each of R and M
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is distributive, we get that

(AN + B K)NCwL =(A+ B)»(N+ K)NCwL
=(A+B)NCHIN+K)NL=(ANnC)+(BNC)s»(NNL)+ (KNL)
= (Aﬂ CoNNL+BNnCwhHKNL=AyNNCwL+ BwhKNCwL,

and R(M) is a distributive ring.

(5) Suppose R(M) is a Bezout ring. Let I be a finitely generated ideal of R. Then
I IM is a finitely generated ideal of R(M), hence it is principal and this gives
that I is principal. Hence R is Bezout. If N is a finitely generated submodule of
M, then 0N is a finitely generated ideal of R(M), hence principal. It follows
that N is cyclic and M is Bezout. Conversely, let I+ /N be a finitely generated
ideal of R(M). Then [ is a finitely generated ideal of R (hence principal). Since
M is finitely generated, N is a finitely generated submodule of M (hence cyclic),
see [1, Theorem 9]. Let I = Ra and N = Rn for some a € R, n € M. Since [N
is homogeneous, IM C N, and hence aM C Rn. It follows by, [10, Theorem 3.3],
that

I+)N = RaRn = Raw)(Rn+ aM) = R(M)(a,n)

is a principal ideal of R(M). Hence R(M) is Bezout. This concludes the proof of
the theorem. O

The condition that R(M) is homogeneous in the above theorem is crucial. For
example, the ring Zy ) Zs is neither SPIR nor distributive ring (and hence it is
neither ZPI-ring nor Bezout ring). In fact the maximal ideal 2Z4+Zs is finitely
generated but not principal (equivalantly, not multiplication since the ring is lo-
cal).

A ring R is said to have few zero-divisors if Z(R) is a finite union of prime
ideals. A ring R is a quasi-valuation ring if it has few zero-divisors and for every
pair of regular elements a,b € R, either Ra C Rb or Rb C Ra and R is a P-ring if
it has few zero-divisors and every finitely generated regular ideal of R is invertible,
[22] and [23]. Several characterizations and properties of quasi-valuation rings and
P-rings are given in [22, Theorem 5] and [23, pp. 152-155]. Among them, R is a
P-ring if and only if IJ = (I + J)(I N J) for all regular ideals / and J of R. It
is also shown that R is a P-ring if and only if Rg(p) is a quasi-valuation ring for
every regular maximal ideal P of R, where S(P) is the set of regular elements of
R/P which is a multiplicative subset of R.

We next wish to determine when R(M) is a quasi-valuation ring or a P-ring.

Theorem 7. Let R be a ring and M a torsion-free R-module.
(1) R(M) is a quasi-valuation ring if and only if R is a quasi-valuation ring and
M divisible.
(2) R(M) is a P-ring if and only if R is a P-ring and M divisible.
Proof. Since M is torsion-free, Z(M) C Z(R) and hence Z(R(M)) = Z(R)+ M.
This shows that Z(R) = 6 P; if and only if Z(R(M)) = LTJ (P M), where {P;}

=1 =1
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is a finite set of prime ideals of R. Hence R has a few zero-divisors if and only if
R(M) has.
(1) Suppose R(M) is quasi-valuation. By, [23, Ex. 25(b)], R(M) is integrally

2
closed. Let s € S and m € M. Then (0, @) = <(O’7§)) € R(M). Since (O, @> =
s s, s
2
((0’ 73))2 = (0,0), we infer that (0, @) is integral over R(M ). Hence (0, T) € R(M)
s, s s

and hence m € M. This shows that m € sM, and hence M C sM C M, so that

M = sM afld hence M is divisible, see [10, Theorem 3.9]. Let a, b be regular
elements of R. Since M is torsion-free, (a,0) and (b,0) are regular elements of
R(M). It follows that RawaM = R(M)(a,0) C R(M)(b,0) = Rb+bM (hence
Rb C Ra) or R(M)(b,0) C R(M)(a,0) from which it follows that Ra C Rb.
This shows that R is a quasi-valuation ring. Conversely, let M be divisible and
R quasi-valuation. Let (a,m),(b,n) € R(M) be regular elements. Since M is
divisible, [10, Theorem 3.9] shows that R(M)(a,m) is homogeneous and hence
R(M)(a,m) = Raw(Rm + aM). Since a is regular, aM = M. This implies
that R(M)(a,m) = RaM. Similarly, R(M)(b,n) = Rb+ M. The result is now
obvious.

(2) Suppose R(M) is a P-ring. Then R(M) is integrally closed, [23, Theorem
10.18], and hence M is divisible. Let I and J be regular ideals of R. Since M is
torsion-free, I+ IM and J+)JM are regular ideals of R(M). It follows by, [22,
Theorem 5|, that

IJ I IM = (I IM)(JnJM) = (I IM + JyJM)(I o IM N T JM)
=+ oI+ HM)((INT)o(IMNJIM))
=I+NUIUnT)oUINI)I+I)M+ T+ J)IMNJIM).

This gives that [J = (INJ)(/+J), and hence R is a P-ring. Conversely, suppose
M is divisible and R is a P-ring. Let H; and Hy be regular ideals of R(M). It
follows by, [10, Theorem 3.9], that Hy = [+ M and Hy = J+)M for some regular
ideals I and J of R. Hence

(H, N Hy)(Hy + Hy) = (1N Ty M)(I + JenM) = (INJYI + J)eo(I + J)M.

Since I+J is regular and M divisible, it follows that if x is a regular element in
I+ Jthen M =aM C (I +J)M C M, so that M = (I + J)M. Hence

(HyN Hy)(Hy + Hy) = 1J M = (I+yM)(J+ M) = HyH,
and this gives that R(M) is a P-ring. O

An R-module M is called a coherent (resp. finite conductor) module if for all
finitely generated submodules K and N of M (resp. for all k,n € M), KNN (resp.
Rk N Rn) is a finitely generated submodule of M and for each m € M, ann(m)
is a finitely generated ideal of R, [17]. A ring which is a coherent (resp. finite
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conductor) R-module is called a coherent (resp. finite conductor) ring, [17]. If R
is a coherent ring then it is a finite conductor ring. It is shown, [17, Proposition
2.1], that an R-module M is a finite conductor module if and only if for all
k,n € M, [Rk : Rn] is a finitely generated ideal of R. Several properties of
coherent and finite conductor rings (modules) are given in [17]. The next theorem
gives necessary and sufficient conditions for a ring R (M) to be a coherent ring or
a finite conductor ring.

Theorem 8. Let R be a ring and M an R-module.

(1) If R(M) is coherent then R is a coherent ring and M a coherent module.
The converse is true if R(M) is homogeneous and M finitely generated flat.

(2) If R(M) is a finite conductor ring then R is a finite conductor ring and M
a finite conductor module. Conversely, if R(M) is homogeneous, R coherent

and M finitely generated faithful multiplication finite conductor module then
R(M) is finite conductor.

Proof. (1) Suppose R(M) is a coherent ring. Let I and J be finitely generated
ideals of R. Then I+ IM and J)JM are finitely ideals of R(M). Hence (I N
Jo(IMNJIM) = I IMN JeJM is finitely generated and by [1, Theorem 7],
I'NJ is finitely generated. Let ¢ € R then (¢,0) € R(M) and hence ann(c,0) =
ann(ReeM) = ann(c)[0 :pr Re] is finitely generated. It follows that ann(c)
is a finitely generated ideal of R. Hence R is a coherent ring. Let K and N be
finitely generated submodules of M. Then O+ K and 0N are finitely generated
ideals of R(M). Hence 0K NN = 0+ K NO) N is finitely generated from which
it follows that K N N is finitely generated, [9, Theorem 3.1]. Let k& € M. Then
(0,k) € R(M), and hence ann(0,k) = ann(k)+ M is finitely generated. Hence
ann(k) is finitely generated, [1, Theorem 9], and hence M is a coherent module.
Conversely, let R(M) be homogeneous, R coherent and M a finitely generated flat
and coherent module. Suppose I(+N and J+) K are finitely generated ideals of
R(M). Then I, J are finitely generated ideals of R. Since M is finitely generated,
K and N are finitely generated submodules of M, [1, Theorem 9]. It follows that
IowNNJnK =1INJsN N K is finitely generated. Let (r,m) € R(M). Since
R(M) is homogeneous and M flat, we obtain that

ann(r,m) = ann(RrRm + rM) = ann(r) N ann(m)wann(r) M.

As R and M are coherent, ann(r) and ann(m) are finitely generated and so too
is ann(r) N ann(m). Since M is finitely generated, [1, Theorem 9] implies that
ann(r,m) is finitely generated and hence R(M) is a coherent ring.

(2) Let R(M) be a finite conductor ring. Let a,b € R. It follows that

[R(M)(a,0) :gary R(M)(D,0)] = [RawaM gy RbedM]|
= [Ra : Rb|[alM :pr RD|

is a finitely generated ideal of R(M). Hence [Ra : Rb| is a finitely generated ideal
of R and this shows that R is a finite conductor ring, [1, Theorem 9]. Suppose
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m,n € M. Then
[R(M)(0,m) gy R(M)(0,n)] = [0 Rm gy 0o Rn] = [Rm : Rn]« M

is finitely generated from which it follows that [Rm : Rn] is finitely generated and
hence M is a finite conductor module. Conversely, let R(M) be homogeneous,
R coherent and M finitely generated faithful multiplication and finite conductor
module. Let (a,m), (b,n) € R(M). Then

[R(M)(a,m) :rary R(M)(b,n)] = [Raw(Rm + aM) gy Rb(Rn + bM]|
= [Ra : Rb]N[Rm + aM : Rn + bM|w[Rm + aM : bM|M.

Since Rac+)(Rm + aM) is principal (hence finitely generated multiplication) and
M finitely generated multiplication, we infer from [1, Theorem 9] that Rm + aM
is finitely generated and multiplication, see also [2, Theorem 3]. Suppose M =

¢
" Rk;. Tt follows by, [7, Theorem 1.2] and [32, Proposition 4], that

=1

[Rm + aM : Rn+ bM] = [Rm : Rn+ bM| + [aM : Rn + bM]
= [Rm: Rn|N[Rm :bM|+ [aM : Rn] N [aM : bM]
= [Rm : Rn) N (()[Rm : Rbk;)) + (D _[Rak; : Rn]) N [Ra : Rb),

i=1 i=1
and

[Rm + aM : bM| = [Rm : bM] + [aM : bM] = ﬂ[Rm : Rbk;] + [Ra : Rb.

=1

Since M is finitely generated finite conductor and R coherent, one gets that
[R(M), (a,m) gy R(M)(b,n)] is finitely generated and by, [17, Proposition
2.1], R(M) is a finite conductor ring. O

3. Weakly prime submodules

Let R be a commutative ring with identity. D. D. Anderson and E. Smith [11]
defined a proper ideal P of R to be weakly prime if 0 # ab € P implies a € P or
b € P. Prime ideals are weakly prime but not conversely. Various properties and
characterizations of weakly prime ideals are given in [11]. A proper submodule
P of an R-module M is called prime if whenever rm € P, where r € R,m € M,
then r € [P : M] or m € P. Obviously, if P is a prime submodule of M then
[P : M] is a prime ideal of R while the converse is true if M is faithful and
multiplication, [13, Lemma 2.10]. In this section we introduce the concept of
weakly prime submodules as a generalization of weakly prime ideals and prime
submodules: A proper submodule P of M is weakly prime if 0 # rm € P, where
r € Rand m € M, then r € [P : M] or m € P. However, since 0 is weakly
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prime (by definition), a weakly prime submodule need not to be prime. For a
less trivial example, if M is a non-zero local multiplication module with unique
maximal submodule @ such that [@ : M]Q = 0 then every proper submodule of
M is weakly prime.

We start this section by the following property of weakly prime but not prime
submodules. Compare with [11, Theorem 1|. The referee noted that this result
has been independently proved and will appear in Tamkang J. Math.

Proposition 9. Let R be a ring and M an R-module. Let P be a weakly prime
submodule of M. If P is not prime then [P : M|P = 0.

Proof. ~ We prove that if [P : M|P # 0, then P is a prime submodule of M.
Suppose rm € P for some r € R and m € M. If 0 # rm, then P weakly prime
gives 7 € [P : M] or m € P. So assume rm = 0. Suppose first that rP # 0.
Then rmg # 0 for some my € P. Hence 0 # r(m+mg) and therefore r € [P : M]
or m + mg € P from which it follows that m € P. We can assume rP = 0. Since
[P : M]P # 0, there exist rq € [P : M],ng € P such that rong # 0. It follows
that 0 # (r 4 179)(m + no), and hence 7+ 1 € [P : M| (and hence r € [P : M]) or
m +ng € P (and hence m € P). So P is a prime submodule of M. O

Let R be a ring and M an R-module. The M-radical, rad N, of a submodule N
of M is defined as the intersection of all prime submodules of M containing N.
If ] is an ideal of R then /T is defined as the intersection of all prime ideals of
R containing I, equivalently, /I = {a € R : a" € I for some positive integer n}.
If M is a faithful multiplication R-module, then M-rad N = /[N : M|M, [13,
Theorem 2.12]. Hence M-rad 0 = +/OM. As a consequence of the above result we
give the next corollary.

Corollary 10. Let R be a ring and M a faithful multiplication R-module. Let P
be a weakly prime submodule of M. Then either P C M-rad 0 or M-rad 0 C P.
If P C M-rad O then P s not prime, while if M-rad 0 C P then P is prime.
Consequently, if R is reduced then P is weakly prime if and only if P =0 or P is
prime.

Proof.  Suppose P is not prime. By Proposition 9, [P : M|P = 0. Since M
is faithful, we infer that [P : M]*> C [[P: M|]P: M] = [0 : M] = 0, so that
[P: M]?=0. If a € [P : M] then a®> = 0 and hence a € /0. So [P : M] C V0
and therefore P = [P : M]M C +/OM = M-rad 0. Now suppose P is prime and
let a € V0 then a” = 0 € [P : M] for some positive integer n. Since [P : M]
is a prime ideal of R, a € [P : M] and hence v/0 C [P : M]. This implies that
M-rad 0 C P. Finally, suppose R is reduced and P weakly prime. If [P : M|P # 0
then P is prime by Proposition 9. Suppose [P : M]P = 0. Then [P : M]?> = 0,
and hence [P : M] = 0. This gives that P = 0. O

We next give three other characterizations of weakly prime submodules.

Theorem 11. Let R be a ring, M an R-module and P a proper submodule of
M. Then the first three statements are equivalent. Assuming further that M is
faithful and multiplication then (1)—(4) are equivalent.
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(1) P is weakly prime.

(2) Forr€ R—[P:M], [Py Rr] = PU][0: Rr.

(3) Forr € R—[P:M], [Py Rrl =P or [Py Rr] =1[0: Rr].
(4) For ideals A of R and submodules K of M with 0 # AK C P implies

ACI[P: M) orKCP.

Proof. (1)=(2) Let m € [P :p Rr] where r ¢ [P : M]. Then rm € P. If
0 # rm then P weakly prime gives that m € P. If 0 = rm then m € [0 :); Rr]
and hence [P :y; Rr] € P U0 ;5 Rr]. As the reverse containment holds for any
submodule P, the equality holds.

(2)=(3) Obvious.

(3)=(1) Letr € R, m € M with 0 # rm € P. Suppose r ¢ [P : M]. Then either
[P :pp Rr] = P or [Py Rr] =1[0:p Rr]. Since rm # 0,m ¢ [0 :p; Rr], and hence
m € P.

(1)=(4) Suppose P is weakly prime. Suppose A is an ideal of R and K a
submodule of M such that AK C P but A € [P: M] and K ¢ P. We show
that AK = 0. Let a € A— [P : M]. Then aK C P and hence K C [P :j Ral.
Since K ¢ P, (1)=(3) shows that K C [0 :); Ra] and hence aK = 0. Next,
suppose a € AN[P: M]. Let b € [K : M]. If b € [P : M] then by Proposition 9,
ab € [P : M]* =0, so that ab = 0. Assume b € [K : M]—[P : M]. Then bM C K
and hence bAM C AK C P, from which we obtain that AM C [P :); Rb|. Since
A G [P : M], (1)=(3) also gives that AM C [0 :p; Rb], and hence bAM = 0.
Since M is faithful, bA = 0 and hence ba = 0. As b € [K : M] is arbitrary,
a[K : M] =0, and hence aKX = a[K : M]M = 0. So AK = 0.

(4)=-(1) In this part the assumption that M is faithful multiplication is not
required. Suppose 0 # rm € P for some r € R, m € M. Then 0 # RrRm C P.
Hence Rr C [P : M] or Rm C P, and this implies r € [P : M] or m € P. This
concludes the proof of the theorem. O

An R-module M is said to be zero-dimensional if every prime submodule of M
is maximal. Using, [13, Theorem 2.15|, one can easily see that every non-zero
multiplication module over a zero-dimensional ring is zero-dimensional. Another
useful fact is that if M is a non-zero multiplication R-module then (M, Q) is a
local module if and only if (R, [Q : M]) is a local ring, see also [4, Proposition
1.4].

The next two results give further properties of weakly prime submodules. The
first one should be compared with [11, Theorem 4 and Corollaries 5 and 6] and
the second one with [3, Proposition 2.9] and [13, Corollary 2.11].

Proposition 12. Let R be a ring and M a faithful multiplication R-module.
(1) If P is a weakly prime submodule of M that is not prime then v/OP = 0.
(2) If P and Q are weakly prime submodules of M that are not prime then
[P:M]Q=0=[Q: MP.
(3) Suppose (M, Q) is a zero-dimensional local module. If P is a weakly prime
submodule of M then P =@ or[Q: M]P = 0.
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Proof. (1) Let a € V0. If a € [P: M] then a[P: M] C [P: M]* = 0 and
hence aP = a[P: M]M = 0. So suppose a ¢ [P : M]. By Theorem 11, either
[P :p Ra] = P or [Py Ra] = [0 :p Ral. Since P C [P :j; Ral, we infer from the
second case that aP C a[P :p Ra] = a0 :) Ra] = 0. Now, let [P :yy Ra] = P.
Suppose n is the minimal positive integer such that a® = 0. If a"! # 0, then
M faithful gives that a" M # 0. Since a"M C P, we have that 0 # a" 1M C
[P :pr Ra] = P. This implies that a € [P : M|, a contradiction.

(2) By Corollary 10 and part (1), P € v/OM and Q C v/OM. Hence [P : M]Q C
VO[P : M]M = +/OP = 0. Similarly, [Q : M] P = 0.

(3) Suppose P # Q. Then P is not prime. Since (R, [Q : M]) is a zero-dimensional
ring, we get that /0 = [Q : M]. It follows by (1) that 0 = VOP = [Q : M]P. O

Proposition 13. Let R be a ring, M a faithful multiplication R-module and I a
finitely generated faithful multiplication ideal of R.

(1) The following statements are equivalent for a proper submodule P of M.
(i) P is weakly prime.
(i) [P : M] is a weakly prime ideal of R.
(iii) P = QM for some weakly prime ideal Q of R.

(2) P is a weakly prime submodule of IM if and only if [P :p I] is a weakly
prime submodule of M.

Proof. (i)==(ii) Suppose P is a weakly prime submodule of M. Let a and b be
elements of R such that 0 # ab € [P : M]. Then abM C P. Since M is faithful,
abM # 0. By Theorem 11(4), a € [P : M] or bM C P (and hence b € [P : M]).

(ii)=(1) Let [P : M] be a weakly prime ideal of R. If 0 # rm € P, where r €
R,m € M, then r[Rm : M] C [Rrm : M] C [P : M]. Since M is multiplication,
r[Rm : M] # 0. By [13, Theorem 3(4)], r € [P : M] or [Rm : M] C [P : M].
The second case gives that m € [Rm : M|M C [P : M]M = P.

(i)=(iii). Take @ = [P : M].

(2) Suppose P is a weakly prime submodule of /M. Let 0 # rm € [P :p I] for
some r € R and m € M. Then rIm C P. Since M is faithful multiplication
and I faithful, 0 # rIm. It follows by Theorem 11 that Im C P (and hence
m € [P :p I]) or r € [P: IM] (and hence rIM C P). As [ is a finitely generated
faithful multiplication ideal of R, it follows by, [3, Lemma 2.4], that

rM =1 [IM i 1) C [FIM 13 1) C [P iy 1],

and hence r € [[P :p I] : M]. This gives that [P :p I] is a prime submodule of
M. Conversely, let 0 # AK C P for some ideal A of R and some submodule K of
IM. Then A[K :p I] C [AK :pp 1] C [Pt I]. We get from, [3, Lemma 2.4], that
A[K :p 1] # 0. It follows by Theoreml1l1 that A C [P :p I] : M| C [P : IM] or
[K :pp I) C [P :p I] from which we infer that K = [K :py I| I C [Py I]1 = P.
Hence P is a weakly prime submodule of I M. O

We close by a result of weakly prime ideals (submodules) using the method of
idealization. It may be compared with [11, Theorem 17].
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Theorem 14. Let R be a ring, M an R-module and I+)N a homogeneous weakly
prime ideal of R(M).
(1) I is a weakly prime ideal of R and N a weakly prime submodule of M.
(2) Foralla,b€ R, ab=0,a ¢ I, b¢ I implies a,b € annN and for all c € R,
ke M, ck=0,c¢[N:M],k¢&N implies c € annl and k € [0 :p; I].
(3) If I(»N s not prime then I )N = 10 @ 0¢+)N.
(4) If 1+)N is prime then N = M.

Proof. (1) Let a,b € R with 0 # ab € I. Then (0,0) # (a,0)(b,0) € IHN,
and hence either (a,0) € I[N or (b,0) € I[N from which it follows that a €
or b € I. Hence [ is weakly prime. Now, let r € R,;m € M with 0 # rm € N.
Then (0,0) # (r,0)(0,m) € [+ N, and hence (r,0) € I(+»N or (0,m) € I(»N. If
(r,0) € IyN then r € I C [N : M]. The second case shows that m € N and
hence N is a weakly prime submodule of M.

(2) Let a,b € Rwithab=0,a ¢ I,b¢ I. Suppose a ¢ annN. Then aN # 0 and
hence there exists n € N with an # 0. This implies that (0,0) # (a,0)(b,n) =
(0,an) € I+ N. Hence (a,0) € I(+N (and hence a € I) or (b,n) € [(+HN from
which we get that b € I, a contradiction. Assume now that ¢ € R,k € M, ck =
0,c ¢ [N : M]and k ¢ N. We discuss two cases.

Case 1. Suppose ¢ ¢ annl. Then ¢l # 0, and hence there exists a € [ with
ca # 0. It follows that (0,0) # (ca,0) = (¢, 0)(a, k) € [+ N. Hence (¢,0) € I[N,
and hence ¢ € I C [N : M] or (a,k) € I+ N and this implies £ € N which also
contradicts our assumption.

Case 2. Let k ¢ [0 :ps I]. Then Ik # 0. There exists a € I such that ak # 0. Since
ak € IM C N, we infer that (0,0) # (ac, ak) = (ac, ac+ak) = (a, k)(c, k) € [+HN.
Hence either (a,k) € I+)N or (¢, k) € I+»N. This implies that ¢ € I C [N : M]
or k € N, a contradiction.

(3) Tt follows by, [11, Theorem 4], that (I(+)N)+/0+)0 = 0. But v/0+)0 = VO M,
see [19, Theorem 25.1] and [10, Theorem 3.2]. Hence IM = 0, and the result
follows.

(4) [11, Corollary 2] shows that if I(+)N is a prime ideal of R(M) then /00 C
I N. This shows that N = M. O

Note that the last part of the above theorem confirms that prime ideals of R(M)
have the form I+ M where [ is a prime ideal of R.
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