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Relative multiplication and distributive modules

Jost EScORIzA, BLAS TORRECILLAS

Abstract. We study the construction of new multiplication modules relative to a torsion
theory 7. As a consequence, T-finitely generated modules over a Dedekind domain are
completely determined. We relate the relative multiplication modules to the distributive
ones.

Keywords: torsion theory, semicentered torsion theory, multiplication module, distribu-

tive module
Classification: 13A15, 13G13

1. Introduction

Multiplications rings constitute an important class of rings and they have been
studied by many authors (cf. [7], [8], [10], [18], [19], and [20]). They are generali-
zations of Dedekind domains. Two concepts of multiplication module have been
given. The first one was due to Singh and Mehdi (cf. [11]) and the second one, the
most spread, was introduced by Barnard (cf. [2]). Multiplication modules have
been recently considered by many authors, either over a commutative ring ([5],
[9], [14] and their references) or over a noncommutative ring (cf. [13], [18], [19]
and [20]). Multiplication modules relative to a torsion theory have been defined
and studied in [6] as a natural generalization of the absolute case.

The aim of this paper is to study the operations of relative multiplication
modules in the commutative case. It is a work which will serve to research into
the noncommutative case, which will be exposed in a subsequent paper. Section 2
is devoted to preliminaries and notation. We also include some results on relative
multiplication ring and ideals. In [6], it was observed that every Krull domain
with the canonical torsion theory is a 7-multiplicaton ring. Now, some examples of
T-multiplication rings which are not Krull domains are given. In Section 3, firstly,
some properties for any hereditary torsion theory are found and are applied to
find out if a module is or not relative multiplication. Then, operations such as
intersection, sum, direct sum, multiplication, etc, between multiplication modules
relative to a torsion theory have been studied. Finally, these results are applied to
find out what modules over a Dedekind domain are 7-multiplication. In Section 4,
relative distributive modules are introduced. Distributive modules have been
studied in [1], [2], [4] and [17]. Relative distributive rings have been researched by
Nastasescu (cf. [12]). Some elemental properties of relative distributive modules
are shown. It is found the relationship between relative distributive modules
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and relative multiplication modules in the main theorem. In the case of perfect
torsion theories the distributive property of a module is characterized in terms
of distributive property for its module of quotients with respect to the torsion
theory.

2. Preliminaries and general notation

Throughout this paper, 7 is a hereditary torsion theory on a commutative ring
R and M € R-Mod. The Gabriel filter associated to 7 is denoted by F and the
set Spec(R) — F is denoted by K (7). A torsion theory 7 is semicentered (cf. [3],
[16]) if for each I ¢ F there exists a prime ideal P such that P ¢ F and I C P.
The ring R has enough T-criticals if for every ideal I ¢ F of R there exists an
ideal P such that I C P and P is maximal with this condition. The set of such
ideals is denoted by Maz £(R).

We shall give some easy properties of closure operations that will be useful
for future results. If S is a multiplicatively closed subset of R, then S™!7 is the
induced torsion theory by 7 on the ring of quotients S~1R, whose Gabriel filter
is {S™1I;I < R}. If P € Spec(R), then 7p is the induced torsion theory in Rp
with Gabriel filter Fp = {Ip;I € F}.

Let M, N be two R-modules. We denote by (M : N) = {r € R;r.N C M}
and by (Mp : Np) ={x € Rp;x.Np C Mp} where P is any prime ideal of R.

R; and M, represent the ring and the module of quotients with respect to 7
respectively (cf. [16]).

The following lemma recollects some useful technical results. They are well-
known and the proof is omitted.

Lemma 2.1. Let S be a multiplicatively closed subset of R. Let T be a semi-
centered torsion theory in R-Mod. Let P € K(7). Let M, N be two R-modules.
Let L < M. Then

1. STrOM(L) = ci§ "\ M(S1L);

2. CIMP(Lp) = Lp;

3. if N isT-finitely generated, then (M : N)p = (Mp : Np) forall P € K(7);

4. if M is T-finitely generated, then, for every P € K(7), (ann(M))p =
ann(Mp).

Recall that an R-module M is called T-multiplication if for every r-closed
submodule N of M there exists an ideal I of R such that N = CIM(1.M).

The definition of strongly 7-multiplication module is a generalization of Singh
and Mehdi’s definition (cf. [11]) for multiplication modules.

Definition 2.2. An R-module M is called strongly T-multiplication if for all T-
closed submodules N C L, there exists an ideal I of R such that N= CIM(I.L).

A ring R is called 7-multiplication if given A, B 7-closed ideals of R such that
B C A, then there exists an ideal I of R verifying B = C1E(I.4).
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Obviously, every ring R is 7-multiplication as an R-module and it is strongly
T-multiplication as an R-module if and only if it is a 7-multiplication ring.

Example 2.3. Consider M = Zpo as a Z-module. Let 7 be such that (p) € F.
Since M is 7-simple, it is strongly 7-multiplication, but it is not multiplication
according to Singh and Mehdi’s definition (cf. [11]).

Let R be an integral domain and let K be its field of quotients. Let 7 be a
torsion theory in R-Mod. A is a fractional ideal of R if there exists d € R such
that d.A C R and it is an R-module.

Definition 2.4. A fractional ideal A of R is called T-invertible if there exists a
fractional ideal B such that C1X(A.B) = R.

Proposition 2.5. Every 7-invertible ideal is T-multiplication.

ProOF: Let A be a 7-invertible ideal and B C A another ideal of R such that
Cl2(B) = B. Then, there exists a fractional ideal C' such that CIX(A.C') = R.
Therefore, we have B = CI12(B.R) = CIX (B.CIE(A.C))NA = CIE(B.C.A)NA =
CIA((B.C).A). Moreover, since B.C' C A.C, B.C'is an ideal of R. O

If A is an integral ideal and C1Z(A.B) = R for some fractional ideal B, then A is
a T-multiplication ideal, i.e., it is 7-multiplication as an R-module. In particular,
every ideal belonging to the Gabriel filter is 7-multiplication.

It follows immediately that the product of two 7-invertible ideals is T-invertible
and therefore, it is 7-multiplication.

In [6] it is proved that a Krull domain with the canonical torsion theory is a
T-multiplication ring. The following example is a ring which is not multiplication
but is 7-multiplication and is not a Krull domain.

Example 2.6. Let R = I;cyR; where R; = Z4. According to [8, Example 3],
R is not a multiplication ring. Set S = ®;cnR;. Obviously, 5% = S and it is
possible to consider the Gabriel filter F = {A < R;S C A}. If B is an ideal
of R, then CIE(B) = (B : S) clearly. Denote by e; the element of R which has
the i-th coordinate equal to 1 and the others are 0. If x € B and B is 7-closed,
then each component z; of x has to verify x;.e; € B. Let x = (x;);en verifying
the preceding condition. If s € S, the product y.s can be seen as a finite sum of
elements of B and therefore, it belongs to B. This means that B = II;en(BNR;).
Thus 7-closed ideals are ideals of the form B = Il;cnB; with B; < Z4. Let A, B
be 7-closed ideals of R such that A C B. Since Z4 is a multiplication ring (it is
uniserial), for every i € N, there exists an ideal C; of Z4 such that A; = C;.B;.
Consequently, A = CIE(C.B), where C = IL;cnC;.

Remark 2.7. Notice that the ring of quotients with respect to 7 is
Rr = Homp(S, R) = IljenHomp(R;, R) = jenR; = R.

Since R; is not a multiplication ring but R is a 7-multiplication ring, it is proved
that Proposition 4.14 in [6] is not necessarily true if 7 is not perfect.
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Example 2.8. If R is a 7-multiplication ring and F is the corresponding Gabriel
filter, then R® R is multiplication with respect to the torsion theory whose Gabriel
filter is {(I, J); I, J € F}. Therefore, if D is a Krull domain and 7 is the canonical
torsion theory, then D & D is a relative multiplication ring and obviously, it is
not a Krull domain.

In the relative noetherian case, the following characterization is immediate
from [6, Theorem 4.18].

Proposition 2.9. If R is T-noetherian and 7 is semicentered, then R is a 7-
multiplication ring if and only if Rp is a multiplication ring for each P € K (7).

Some examples of relative multiplication rings appear in [6] and other examples
are obtained in forecoming sections.

3. Operations with 7-multiplication modules

If P € Spec(R), then the set {x € M;c.m = 0 for some ¢ € R — P} is denoted
by Tp(M). An R-module M is called P-torsion if M = Tp(M).
The starting point is the following result, which appears in [6].

Proposition 3.1. Let 7 be a semicentered torsion theory on R. M is a 7-
multiplication module if and only if for all P € K(7), M is P-torsion or c¢.M C
CIM(R.m) for some m € M and c € R — P.

Proposition 3.2. If R is T-noetherian (7-artinian) and M is a T-multiplication
module, then M is T-noetherian (T-artinian).

PrOOF: Show that M has A.C.C. on 7-closed submodules. In fact, we consider
N1 < Ny < ... with N; < M 7-closed (i € I). Then N; = CIM((N; : M).M) by
[6, Lemma 3.11]. But CIM(N; : M) = (CIM(N;) : M) from [6, Proposition 2.7]
and therefore (N; : M) is a 7-closed ideal for every ¢ € I. Moreover, (N1 : M) <
(N2 : M) < ... . By hypothesis, there exists ¢ such that (V; : M) = (Nj41 :
M) = (Nj42 : M) = ... and hence

N; = CIM((N; : M).M) = CIM((Njy1 : M).M) = Nj;q = ...

and therefore M is 7-noetherian. For the artinian case the proof is analogous.
O

The converse result is false. In fact, consider the ring Z which is 7-noetherian
for any 7. Let M = Z & Z. M is t-noetherian but it is not 7-multiplication for
any torsion theory 7 different from the trivial one (cf. [6, Lemma 3.13]).

Example 3.3. Let M = Z[z1, 22, -] be the Z-module consisting of all polyno-
mials in infinite indeterminates x1, x2, - - - By [16, Corollary V1.6.15], every torsion
theory on Z is semicentered. If 7 is different from the trivial one, then M is not
T-noetherian, obviously. By applying Proposition 3.2, M is not 7-multiplication.
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Definition 3.4. Let 7,0 be torsion theories on R with Gabriel filters F, and F,
respectively. Then T A ¢ is the torsion theory whose Gabriel filter is Fr N Fg.

Proposition3.5. Let 7 and o be two hereditary torsion theories on R. If M €
Mod-R is 7 and o-multiplication, then M is a T A o-multiplication module.

PrOOF: Let N be 7 A o-closed. Then N is 7-closed and o-closed. By hypothesis
and by [6, Lemma 3.11], N = CIM (N : M).M) = CIM((N : M).M). So, for
every n € N there exist I, € Fr and J, € F, such that Iy.n C (N : M).M and
Jn.n C (N : M).M. Then I, N Jp, € Fr N Fy verifying (InNJy).n C (N : M).M.
Hence N = CI1M (N : M).M). O

TN

Compare the next result with [14, Lemma 7].

Proposition 3.6. If M is a T-multiplication R-module and M = ;. M;, then
N = Cl,]r\/[(ziel(N N M;)) for each N 7-closed submodule of M.

PROOF: Since M is 7-multiplication module we have

N = CIM((N : M).M) = CIM (N : M).()_ M) € CLY (N = M)~ M;).

iel el

Thus N C C1M(3,c/(M; N N)). Therefore N = CIM (3, /(N N M)). 0
Proposition 3.7. Let 7 be a semicentered torsion theory on R and let M =
dicr CIM(R.m;) for some elements m; € M (i € I). M is a T-multiplication
module if and only if there exists an ideal J; (i € I) such that CIM(R.m;) =
CIM(J;.M) for eachi € I.
PRrROOF: The necessity is clear.

Conversely, suppose the existence of such ideals J; and let P ¢ F. If there
exists ¢ € I such that .J; € P, then, by hypothesis, J;.M C CIM(R.m;). Hence,
there exists ¢ € J; — P C R — P such that ¢.M C CZ,ZFVI(R.mZ-). If not, we have
J; € PforallicI. SoCIM(Rm;)=CIM(J;.M)C CIM(P.M) for all m; € M
and M = CIM (P.M) by the hypothesis. Therefore, there exists an ideal J; of R
such that CIM (R.m;) = CIM(J;.M) = CIM (J;.CiM (P.M)) = CIM(P.J;. M) =
ciM(P.CIM(J;.M)) = CIM(P.m;). Thus m; € CIM(P.m;). So, there exists
H; € F such that H;.m; C P.m; and moreover H; ¢ P. Thus there exists h —p €
R — P such that (h — p).m; = 0 and hence m; € Tp(M). Then R.m; C Tp(M).
Obviously, CIM(Tp(M)) = Tp(M). Thus CIM(R.m;) C Tp(M) and therefore
M = Tp(M). By Proposition 3.1, M is 7-multiplication. O

It is straightforward from Proposition 3.7 that every 7-cyclic module is a 7-
multiplication module.

Example 3.8. Consider the Z-module M = Zpx = {I% +Z;i € Z2*} C Q/Z

where p is a prime. If (p) € F, then M = CIM(Z.(% +2)) and by Proposition 3.7,
M is a T-multiplication module.

If (p) ¢ F, then M is not 7-noetherian. By Proposition 3.2, it is not 7-
multiplication.
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Proposition 3.9. Let 7 be a semicentered torsion theory on R. If I is a 7-
multiplication ideal of R and M is a T-multiplication R-module, then I.M is a
T-multiplication R-module.

ProOF: Consider P € K(7). It is clear that if ] = Tp(I) or M = Tp(M),
then Tp(I.M) = I.M. It I # Tp(I) and M # Tp(M), then there exist ¢,d €
R — P such that ¢.] C Clf(R.a) and d.M C CIM(R.m) for some a € R and
m € M. Therefore c.d.I.M C CIE(R.a).CIM(R.m) C CIM(R.a.m). Hence by
Proposition 3.1, I.M is a 7-multiplication module. (I

The next result answers the question of when the sum of 7-multiplication mo-
dules is 7-multiplication. It is the analogous one to [14, Theorem 2].

Theorem 3.10. Let 7 be a semicentered torsion theory on R. Let M; (i € I)
be a family of T-multiplication T-closed submodules of an R-module M such that
M =3 e M;. Let A =3, ;(M; : M). Then the following conditions are
equivalent:

1. M is a T-multiplication module;

2. M; = CIM((M; : M).M) for alli € I;

3. ann(m)+ A€ F for allm € M;

4. for every P € K (1) either M = Tp(M) or there exist z € U;erM; and
¢ € R — P such that c¢.M C CIM(R.z2).

PrOOF: 1 = 2 is clear. Now suppose 2 holds. Suppose that m € M and
ann(m) + A ¢ F. Since 7 is semicentered, there exists P € K(7) such that
ann(m)+ A C P. So, (M; : M) C P for all i € I. Hence (M; : M).M C P.M
and we have M; = CIM ((M; : M).M) C CIM(P.M). Thus M = CIM(P.M). As
m € M, then m = 21 + x9 + -+ - + x, with z; € M; for i € {1,2,...,n}. Since
M; is a 7T-multiplication module, we have CIM (R.xz;) = CIM(B;.M;) for some
ideal B; of R. Then, by the same argument as in the proof of Proposition 3.7,
CIM(R.x;) = CIM(P.x;). Therefore there exists K; € F such that K;.z; C P.x;
for each ¢ € {1,2,...,n}. Hence there exists ¢; € R — P such that ¢;.z; = 0 for
each ¢ € {1,2,...,n}. Therefore there exists ¢ € R — P such that ¢.m = 0. But
then, ¢ € ann(m) which contradicts ann(m) C P. Thus 3 is satisfied.

3 = 4. Let P € K(7) and suppose that Tp(M) # M. Then there exists
m € M such that ann(m) C P. By condition 3, A ¢ P. Therefore, there exists
i € I such that (M; : M) € P. Hence there exists ¢ € R — P such that ¢.M C M;,.
Moreover, M; # Tp(M;) because if not, then ¢.M C Tp(M;) and M would be
P-torsion. By Proposition 3.1, there exist ¢ € R — P and y € M; such that
d.M; C CIM(R.y). Therefore c.d.M C ¢.M; C CIM(R.y) and c.c/ € R — P.

4 = 1 by Proposition 3.1. O

Remark 3.11. The result is still true if M = CIM (3, M;).

Corollary 3.12. Let T be a semicentered torsion theory on R. Let M; (i €
I) be a family of T-multiplication T-closed submodules of an R-module M. If
Y icr(M;: M) € F, then M is a T-multiplication module.
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ProOF: We have M = CIM((3;c;(M; : M)).M) C CIM (3 ,c,(M; : M).M)

C CIM(Y e M;). Since ann(m) + 3,/ (M; : M) € F, it suffices to apply

Theorem 3.10 and Remark 3.11. 0
In these conditions we denote by A =3, ;(M; : M).

Corollary 3.13. Let 7 be a semicentered torsion theory on R. Let M; (i € I)
be a family of T-closed T-multiplication finitely generated submodules of M. If
M =31 M;, then M is a T-multiplication module if and only if ann(M;)+A €
F.

PROOF: Suppose that M is 7-multiplication and M; = (x1,...,2zy) (n depending
on 4). From Theorem 3.21, ann(z;) + A€ F (1 < j < n). Hence

l[ann(z1) O -+~ Nann(zn)] + A 2 IJ_  (ann(z;) + A) € F.
Therefore ann(M;) + A = [N]_jann(z;)] + A € F for all i € I.

Now, suppose that ann(M;) + A € F for all i € I. Let m € M. Since
M = e My, m = my + --- +my with m; € M; (1 < j < r). Since
ann(m;j) 2 ann(Mj), ann(m;) + A € F for 1 < j < n. Moreover, ann(m) + A =
[M7_yann(m;)] + A 2 II7_; (ann(m;) + A) € F. Therefore ann(m) + A € F for
all m € M. By Theorem 3.10, M is a 7-multiplication module. O

Example 3.14. Let M = ©;2 ;Cpr where Cpn is the cyclic group of order p™
and p a prime integer. M is a Z-module. Every C is cyclic and therefore it is
T-multiplication.

If (p) ¢ F, then every Cpi is T-closed. Moreover, (Cpi :M)=0. Thus A =0.
It holds ann(C:) + A = (p') ¢ F for all i > 0. By Corollary 3.13, M is not
T-multiplication.

Suppose that (p) € F. Let x = z;, & --- S x;, € M where each z;; € Cp;. We
have (p'n).x = 0. Hence M is 7-torsion. Therefore M is T-multiplication in this
case.

Corollary 3.15. Let 7 be a semicentered torsion theory on R. Let M =
> icr Mi, M; being a T-closed T-multiplication finitely generated submodule of
M for alli € I. M is T-finitely generated if and only if there exists a finite subset
J C I such that ) ;c ;(M; : M) € F.

PROOF: Since M is 7-finitely generated, there exists a finitely generated sub-
module F of M such that M = CIM (F). Therefore there exists a finite subset
J of I such that M = CzM(ZiEJ M;). By Theorem 3.10 and Remark 4.12,
ann(m) + 3 ,c ;(M; : M) € F for all m € M, in particular for all m € F. As
F is finitely generated, it holds that ann(F) + > ,c;(M; : M) € F. However,
ann(F) C (M; : M) for all i € J. Hence ) ;. ;(M; : M) € F.

Conversely, suppose that ;. ;(M; : M) € F for some finite subset J of I.
By Theorem 3.10, M is 7-multiplication. Moreover, M = CIM((3,;c,(M; :
M)).M) = CIM(Y,c;(M; : M).M) = CIM (3, ; M;). Therefore M is r-finitely
generated. (Il
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Corollary 3.16. Let 7 be a semicentered torsion theory on R. Let K, L1, ..., Ly
be 7-closed submodules of M. If K, K + L; (1 <i¢<mn), L1 N---N Ly, are 7-
multiplication modules, then K + (L1 N ---N Ly) is a 7-multiplication module.

PRrROOF: Let P € K(r). Call L=Li;N---NLy. Clearly, L is 7-closed. Suppose
that Tp(K + L) # K + L. Then Tp(K 4+ L;) # K+ L; for each 1 < i < n.
Consider A = (K : (K + L;)) + (L; : (K + L;)). By applying Theorem 3.10 to
K + L;, we obtain A € P as there exists m € K + L; such that ann(m)+ A C P.
However, A = (K : L;) + (L; : K). Since (K : L;) C (K : L), we deduce that
(K: L)+ (L; : K) L Pforl1 <i¢<n. Hence (K : L)+ (L : K) = (K :
L)+ [(L1:K)N---N(Ly : K)] € P. Therefore there exists ¢ € R — P such that
d =a1+az with ay € (K : L) and ag € (L : K). Thus there exists c € R — P
(a1 or ag) such that c€ (K : L) or c € (L : K). Hence ¢.L C K or ¢.K C L and
therefore ¢.(K + L) C K or ¢.(K + L) C L. By [6, Corollary 4.24], K + L is a
T-multiplication module. ([l

Corollary 3.17. Let 7 be a semicentered torsion theory on R. If K, L are 7-
closed submodules of an R-module M such that (K : L)+ (L : K) € F, then
K + L is a T-multiplication module.

Lemma 3.18. Let 7 be a semicentered torsion theory on R. Let N1 and No
be T-closed submodules of an R-module M. If Ny, No and N1 + Ny are 7-
multiplication, then N1 N No is a T-multiplication module.

PRrOOF: Let P € K(7). If Tp(N1NN2) # N1NNo, then it is clear that Tp(Ny) #
N1, Tp(N2) # No and Tp(Ny + Na2) # N1 + Na. By Theorem 3.10, there exist
x € N1, y € No, z € N1 U Nog, c¢1,c0,¢ € N such that ¢1.Ny C C’l.]r\[:l (R.x),
¢2.No C CIN?(R.y) and c.(Ny + No) € CINHN2(R %),

Suppose z € Ny (similarly if z € Na). Then CIN (R.z) € 1IN N2 (Np) = Ny.
Moreover, c.y € No because y € Na, and c.y € Ny because c.y € c.(N1+N3) C Ny.
Therefore we have ca.c.(N1 N Ng) C c.C1N? (R.y) C CI (R.c.y).

On the other hand, it is obvious that ca.c.(N7 N N2) C Nj. So, there exists
ca.c € R — P with ¢g.c.(N1 N Ny) € CIN2(R.c.y) N Ny = CIM™N2(R.c.y) and by
Proposition 3.1, N1 N N is a m-multiplication module. O

Theorem 3.19. Let 7 be a semicentered torsion theory on R. Let Ny,..., N be
7-closed submodules of an R-module M such that N; + Nj is a T-multiplication
module for all i, j, such that 1 <i < j < k. Then

1. N1+ ---+ N is a T-multiplication module;
2. Ni,..., Ny are T-multiplication modules if and only if NyN---N Ng is a
T-multiplication module.

PRrOOF: To prove the first part, it suffices to follow the proof of [14, Theorem 8]
with slight modifications. Proposition 3.1 and Theorem 3.10 are needed.

For the second part, we use induction on k. Suppose Ni,...,Nj are 7-
multiplication modules. Consider the 7-multiplication module X = NoN---NNy.
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By Corollary 3.16, N1 + X is a 7-multiplication module and by Lemma 3.18,
N1 N X is a 7-multiplication module.

Let P € K(7). If Tp(Ny1 + N;) = N1 + Nj, then Tp(N1) = Ny. Suppose that
NiN---NNg is a T-multiplication module. Let P € K (7). Suppose Tp(N1+ N;) #
N1+ N; for all i € {2,3,...n}. By Theorem 3.10, there exist u; € N1 U N; and
¢; € R— P such that ¢;.(IV; + N1) C Clivl"'Ni (R.u;). If for some i, u; € Ni, then
c;.N71 C o (R.u;) and by Proposition 3.1, Ny is 7-multiplication. If u; € N;
for every 2 < ¢ < k, then we have co...cpz. N1 € Ny N--- N N as ¢;.N1 C
ci- (N1 + N;) € N; (2 <i<k). By |6, Corollary 4.24], N7 is a 7-multiplication
module. ([

Corollary 3.20. Let 7 a semicentered torsion theory on R. Let K; (1 <1i <n)
be a family of T-closed submodules of an R-module M which are T-multiplication
modules and such that K; + Kj is T-multiplication for 1 < i < j < n. Then
(Kin---NKp)+ (Kpy1 NN Ky) is a 7-multiplication module for every
positive integer m < n.

ProoF: Consider L = K,,4+1N---NKy,. By Theorem 3.19, L is a 7-multiplication
module. By Corollary 3.16, K; + L is a 7-multiplication module (1 < i < n) and
by Corollary 3.16 again, L + (K1 N---N Ky,) is a 7-multiplication module. O

Denote M; = @©jxiM;. Compare the next result with [5, Theorem 2.2].

Theorem 3.21. Let 7 be a semicentered torsion theory on R. Let M an R-
module such that M = @;c 1 M; where Mz's are T-closed submodules of M. Then
M is a T-multiplication module if and only if the two following conditions are
satisfied:

1. M; is a T-multiplication module for each i € I;

2. for each i € I there exists an ideal A; of R, such that

PROOF: Suppose that M is a 7-multiplication module. Then M; = M/MZ
and therefore it is a quotient of a 7-multiplication module. Thus M; is a 7-
multiplication module.

On the other hand, since M; is 7-closed, there exists an ideal A; of R such that
M; = CIM(4;.M) = CI}i(A;.M). So Ai.M C M;. But A;.M = (©je1Ai.M;) =
®jer(A;.Mj) € M;. Therefore A;.M; = 0 for all j # i and hence Ai.Mj = 0.
MOI‘GOVGI‘, AZM = AZMZ and Mi = CZM(AZMZ)

Suppose that P € K(7). If M; = Tp(M;) for all ¢ € I, then for each m € M;
there exists ¢ € R — P such that c.m = 0. Hence, for each x € M there exists
¢ € R — P such that c.x = 0. Thus Tp(M) = M.

Suppose that there exists j € I such that M; # Tp(M;). Then by Propo-
sition 3.1, there exist ¢ € R — P and m € M, such that c.M; C CIM(R.m).

By condition 2, there exists an ideal A; < R such that CZM(Aj.Mj) = M;

and A;.M; = 0. We have c.A;.M; C c.CIM(A;.M;) = Mj.c C CIM(Rm). If
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A; C P, then M; = CIM(A;.M;) C CIX (P.M;) and hence M; = C12" (P.M;).
Therefore M; = Tp(Mj), a contradiction. Thus there exists d € (R — P) N A;
such that c.d.M C c.d.(®jerM;) C c.d.M; C C1M(R.m) and by Proposition 3.1,
M is a T-multiplication module. O

Corollary 3.22. Let T be a semicentered torsion theory on R. Let M; (i € I)
be a family of finitely generated T-closed modules such that M = @®;crM;. Then,
M is a T-multiplication module if and only if M; is a T-multiplication module
and ann(M;) + ann(M;) € F for eachi € 1.

PROOF: Suppose that M is 7-multiplication module. By Theorem 3.21, the first
condition, M; is a T-multiplication module for each i € I, is true. Suppose that

there exists ¢ € I such that ann(M;) + ann(M;) ¢ F. Since 7 is semicentered,
there exists P € K(7) such that ann(M;) + ann(M;) C P. From Theorem 3.21,
there exists A; < R verifying M; = CIM(AZ-.MZ-) and AZ]\ZI'Z = 0. Therefore
A; C ann(Mi). Thus A; € P. Hence M; = CIM(P.M;). Since M; is finitely
generated, there exists ¢ € R — P such that c¢.M; = 0, a contradiction because
c € ann(M;)N(R—P)=1.

Conversely, it suffices to apply Corollary 3.13. O

Corollary 3.23. Let 7 be semicentered. Let M = My @ - -- & M,, where M; is
a 7-closed T-multiplication finitely generated module for 1 < i < n. Then M is
T-multiplication if and only if ann(M;) + ann(M;) € F for all 1 <i # j < n.

PROOF: Suppose that M is 7-multiplication. Clearly ann(M;) C ann(M;), if

j # i. By Corollary 3.22, ann(M;) + ann(M;) € F for 1 < i < n. Thus
ann(M;) + ann(M;) contains an element of the Gabriel filter and therefore it
belongs to the filter.

Suppose that the second part of the equivalence is true. Since ann(]\;[i) =
ﬂj#ann(Mj),

ann(M;)+ann(M;) = ann(M;)+0j2;ann(M;) 2 Tz [ann(M;)+ann(M;)] € F.
(]

We can apply this corollary to find all finitely generated 7-multiplication mo-
dules over Dedekind domains.

Corollary 3.24. Finitely generated T-multiplication modules over a Dedekind
domain are just modules of the form M = CIM (N) where N is isomorphic to an
ideal of R and T-cyclic modules.

PRrROOF: Let R be a Dedekind domain. A finitely generated R-module M is of
the form
ML & - ®I, ®R/og & @ R/an,

where o; C a1 (1 <4 <n), I; (1 <j<n)is an ideal of R and every R/o; is a
cyclic R-module.
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Since R is a commutative noetherian ring, by [16, Corollary VI.6.15], every
torsion theory is semicentered.

If 7 is trivial, then every module is 7-torsion. Thus every module is 7-multi-
plication. Suppose that 7 is not trivial. Consider three cases.

Case A: n=0.
If r = 1, then M is a projective ideal. By [15, Theorem 1], it is multiplication.
If » > 2, then Ij is 7-closed (1 < j < r) and 7-multiplication. Moreover,
ann(I1) + ann(l2) = 0 ¢ F. By Corollary 3.23, M is not 7-multiplication.

Case B: o] € F.

Assume r = 0. Then M is 7-torsion and hence it is 7-multiplication.

Suppose that r > 1. For each z € M we havez € CIM (1 ®-- - I, ®0®- - -©0).
Let N=1 ®---® I,. By [6, Theorem 3.7], M is 7-multiplication if and only if
N is T-multiplication.

If r = 1, then N is a projective ideal and therefore it is 7-multiplication.
Consequently, M = CIM(N) where N is isomorphic to an ideal of R.

If > 1, then ann(l1) + ann(lz) = 0 ¢ F. By Corollary 3.23, N is not a
T-multiplication module.

Case C: a1 ¢ F.

Suppose that n = 1.

If r = 0, then M = R/« is a cyclic module and therefore it is a multiplication
module.

Now, assume r > 1. We have ann(l1) + ann(R/a1) = a1 ¢ F. By Corol-
lary 3.23, M is not 7-multiplication.

Suppose n > 2.

If there exists ay, (2 < k < n) such that aj, € F, then a2 C CIM (L @ --- @
I, ®R/a1 @ - ® Rlojy_1000---0). Lt N=1, & DL ®R/ay - &
R/aj_1®0&@---0. By [6, Theorem 3.7], M is T-multiplication if and only if N
is T-multiplication.

If r > 2, then ann(ly) + ann(l2) =0 ¢ F.

If r =1, then ann(l1) + ann(R/a1) = a1 ¢ F.

Ifr=0and k —1 =1, then N is cyclic and therefore it is multiplication. In
this case M is 7-cyclic.

If r=0and k—1 > 2, then ann(R/a1) + ann(R/ag) = ag ¢ F. By Corol-
lary 3.23, M is not 7-multiplication.

If none of a;’s belongs to the Gabriel filter, the situation is absolutely similar
to the preceding one. O

Immediately it follows the next corollary.

Corollary 3.25. Finitely generated T-multiplication modules over a P.I.D. are
just T-cyclic modules.
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Proposition 3.26. Let R, S be rings such that R C S. If X, Y are T-multipli-
cation R-modules inside S, then X.Y is a T-multiplication R-module.

PROOF: Let N = CIX-Y(N). Since X and Y are 7-multiplication, CIX (NNX) =
CIX(I.X) and CIY (NNY) = CIY(J.Y) for some I,J < R. By applying the
properties of the closure operation which appear in [6], we have CIXY(N) =
CIXY(NNX.Y) = CIXY ((NNX).(NNY)) = CIXY (CIX (NNX).CIY (NNY))
CIEXY (CIX(1.X).CIY (JY)) = CIX=Y(1.J.X.Y).

O

4. 7-distributive modules

An R-module M is called distributive if it has distributive property of the sum
with respect to the intersection or distributive property of the intersection with
respect to the sum, for the lattice of submodules.

Definition 4.1. A module M is called T-distributive if the lattice of T-closed
submodules, denoted by Cr(M), is a distributive lattice.

The case M = R has been considered in [12]. Obviously, every distributive
module is a 7-distributive module for any 7. It is also immediate that every ring
is 7-distributive if and only if it is 7-distributive as an R-module. If F = {R}
and 7 the corresponding torsion theory, then 7-distributive modules are just the
distributive modules. If 7 is perfect, then the R-module M is 7-distributive if
and only if the R--module M is distributive. This is due to the isomorphism of
lattices which appears in [16, Proposition 3.7].

Recall that a 7-torsionfree module M is called 7-uniserial if its only 7-closed
submodules are M and a chain (finite or infinite) of the form

O=MogCcMyC---CMy,C...
Example 4.2. Every 7-uniserial module is 7-distributive.

Theorem 4.3. Let T be a semicentered torsion theory over R-Mod. The following
sentences are equivalent:

1. M is a t-distributive R-module;

2. if N, L, K are submodules of M, then CIM((N + L) N (N + K)) =
CIM(N + (LN K));

3. if N, L, K are submodules of M, then CIM (N N (L + N)) = CIM((L +
N) A (L + K));

4. Mp is distributive as an Rp-module for all P € K(1);

5. (Rm: Rn)+ (Rn: Rm) € F for all m,n € M;

6. CIM(R(m + n)) = CIM((Rm N R(m + n)) + (Rn N R(m + n))) for all
m,n € M;

7. CIM(Rm + Rn) = CIM(R(m +n) + (Rm N Rn)) for all m,n € M;

8. CIE(K +L): N) = CIE(K : N)+ (L : N)) for all K,L,N < M, N
being T-finitely generated;
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9. CIB(K : (LN N)) =CIE((K : L)+ (K : N)) for all K,L,N < M, L, N
being T-finitely generated;

10. Homp,((N/(NNL))p,(L/(NNL))p) =0 forall L, N < M and for all
P e K(r).

PROOF: 1 & 2 & 3 < 4 it is similar to [12, Theorem 7.3].

1 = 5. Suppose that 1 is true. Let m,n € M. By hypothesis, CIZ((Rm :
Rn) + (Rn : Rm)) = R. Let P € K(r). Then CIEP((Rp™ : Rp%) + (Rp% :
Rp%)) = Rp. By Lemma 2.1, (Rp§ : Rp%) + (Rp% : Rp#t) = Rp. Hence
(Rp : Rp%)+ (Rp% : Rp™) = Rp for all %, 2 € Mp. By [17, Theorem 1.6],
Mp is a distributive Rp-module for all P € K (7). By 4, M is 7-distributive.

5 = 1. Conversely, suppose that M is 7-distributive and (Rn : Rm) + (Rm :
Rn) ¢ F. Since 7 is semicentered, there exists P € K(7) such that (Rn :
Rm) + (Rm : Rn) C P. Thus [(Rm : Rn) : (Rn : Rm)]p C Pp C Rp. Thus
Mp is distributive as an Rp-module by Lemma 4.3 and by [17, Theorem 1.6],
[(Rm : Rn) + (Rn: Rm)|p = Rp, a contradiction.

6 = 5. By using [9, Lemma 3.1], we have

CIM(R(m +n)) = CIM((Rm : R(m +n))(m + n)+(Rn : R(m +n))(m + n))
= CIM((Rm : R(m +n))+(Rn : R(m + n))(m + n)).

Since ann(m +n) C (Rm : Rn) 4+ (Rn : Rm), (Rm : Rn) + (Rn: Rm) € F.

1= 6 is trivial.

7 = 5. By applying [9, Lemma 3.1], we have CIM (Rm) = CIM (Rm n (Rm +
Rn)) = CIM(((Rm : Rn) + (Rn : Rm))m).
Since ann(m) C (Rn : Rm), 2 follows.

1= 7. We have Rm C Rn+ R(m+n). Since M is 7-distributive, CI2 (Rm)
CIM((Rn 0 Rm) + (R(m + n) N Rm)). Analogously, CIM(Rn) = CIM((Rm
Rn) + (R(m + n) N Rn)). Easily, it can be checked that CIM(Rm + Rn
CIM((Rm N Rn) + R(m +n)).

1= 28. Let P € K(r). By 4, Mp is distributive as an Rp-module. By [1,
Theorem 1.9], (Kp+Lp): Np) = ((Kp : Np)+(Lp : Np)). Since Np is finitely
generated, we have (K + L) : N)p = (K : N)+ (L : N))p for all P € K(7).
Since 7 is semicentered, 2 follows.

>

8 = 1. We shall prove that Mp is distributive as an Rp-module for each
P e K(r). Let Kp,Lp, Np < Mp, Np being finitely generated. Since Np =
(ZL,..., L) there exists N’ = (z1,...,2,) < N such that (CIM(N'))p = N}, =
Np and obviously, Cly (N') is 7-finitely generated. From the hypothesis, by
using localization, we obtain ((K + L) : N')p = ((K : N) + (L : N))p. Hence
(KP +LP) : Np = (Kp : Np) + (Lp : Np). By []., Theorem ].9], Mp is
distributive.
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8 < 9. From [1, Theorem 1.9], it suffices to use localization.

1 & 10 is straightforward by applying [17, Proposition 1.1]. O
Corollary 4.4. Let 7 be a semicentered torsion theory on R. Let M be a 7-
distributive R-module. Let L, N be submodules of M. Then

1. if N is finitely generated and N N L = 0, then Homg(N, L) is T-torsion;
2. if M/L is finitely generated and N + L = M, then Homr(M /L, M/N) is

T-torsion.

PrOOF: We shall prove 1. Let P € K (7). By Theorem 4.3.10, Hompg,(Np, Lp)
= 0. Since N is finitely generated, the canonical morphism (Homg(N,L))p —
Homp,(Np, Lp) is injective. Thus (Homp(N,L))p = 0 for all P € K (7). Hence
1 follows.

Now, prove 2. Let P € K(7). By Theorem 4.3.10, we have

Homp,((N/(NNL))p,(L/(NNL))p)
=02 Hompg,(((N + L)/L)p,((N + L)/N)p).

By hypothesis this module is Hompg, ((M/L)p,(M/N)p). Since M/L is finitely
generated, (Homg(M/L,M/N))p = 0for all P € K (7). Therefore, the R-module
Homg(M/L,M/N) is T-torsion. O

Example 4.5. Let 7 be a semicentered torsion theory. By Theorem 4.3.4, every
Krull domain R is a 7-distributive ring, i.e., it is 7-distributive as an R-module.

Proposition 4.6. If 7 is semicentered, then every submodule and every quotient
of a T-distributive module is a T-distributive module.

Proposition 4.7. Let 7 be a semicentered torsion theory over R-Mod. If M =
CIM(N), then M is T-distributive if and only if N is T-distributive.

PROOF: Suppose that M is 7-distributive. By Theorem 4.3.4, Mp is a distribu-
tive Rp-module for all P € K(7). Then Mp = (CIM(N))p = CIMP(Np) by
Lemma 2.1. Moreover, Mp = Np. Thus Np is distributive as an Rp-module.
By Theorem 4.3.4 again, N is 7-distributive. The converse can be proved in the
same way. O

Definition 4.8. A module is called T-Bezout if every T-finitely generated sub-
module is T-cyclic.

Proposition 4.9. 7-distributive modules over a P.I.D. are just T7-Bezout modu-
les.

ProOF: Straightforward from Corollary 3.25. O

The following results give different ways to obtain new relative distributive
modules from relative distributive modules .



Relative multiplication and distributive modules

Proposition 4.10. Let 7 be a semicentered torsion theory on R. Let M, N be
two T-distributive R-modules. Then

1. M ®g N is a T-distributive R-module;
2. if M is finitely generated, then Hom (M, N) is a T-distributive R-module.

ProOOF: By Theorem 4.3.4, 1 is trivial.

Since M, N are 7-distributive modules, Mp, Np are distributive Rp-modules
for all P € K(r). By [l, Lemma 4.1], Homp,(Mp,Np) is distributive as
an Rp-module. Since M is a finitely generated R-module, the canonical mor-
phism [Homg(M,N)|p — Homp,(Mp, Np) is injective. By Proposition 4.6,
[Hompg(M, N)]p is distributive for all P € K (7). By Theorem 4.3.4, Hom (M, N)
is a 7-distributive R-module. (]

Remark 4.11. If M is 7-finitely generated and IV is 7-torsion free the same result
is obtained. It suffices to realize that with the above hypothesis if M = CIM (F),
then two maps belonging to [Homg(M, N)]p which are equal over F are equal
over M.

For an R-module M, set 7 — Supp(M) = {P € K(7); Mp # 0}.

Proposition 4.12. Let M; (i € I) be a family of T-distributives modules. Then
®ierM; is T-distributive if and only if T — Supp(M;) N1 — Supp(M;) = 0 for all
i,jelij.
PROOF: Suppose that @®;crM; is 7-distributive and for some i # j, there exists
P € K(r) such that (M;)p # 0 # (Mj)p The Rp-module (®i€I(Mi))P ~
®ier(M;)p is distributive. By [1, Proposition 1.8], Supp(M;) N Supp(M;) = 0.
However P € Supp(M;) N Supp(M;) = (), a contradiction.

Conversely, let P € K (7). If there exists Q.Rp € Supp((M;)p)NSupp((M;)p),
then, since (Mi)pQ'RP > Mg, (M;)g # 0 # (Mj)g for i # j. If Q € F, then
P e F as Q C P. Therefore, Q € K(7), a contradiction. O

The following theorem establishes a relationship between 7-distributive modu-
les and 7-multiplication modules. It is a generalization of [2, Proposition 7).

Theorem 4.13. Let 7 be a semicentered torsion theory on R-Mod. Then M
is T-distributive if and only if every T-finitely generated submodule of M is 7-
multiplication.

PROOF: Suppose that M is r-distributive. Let N = CIN(F) < M, F being
finitely generated. By Theorem 4.3.4, Mp is distributive for all P € K (7). Since
Fp is finitely generated for all P € K(7) as an Rp-module, by [2, Proposition 7],
the Rp-module Fp is multiplication for all P € K(7). By [6, Theorem 4.18], F
is a 7-multiplication R-module. By [6, Theorem 3.7], N is 7-multiplication as an
R-module.

Conversely, suppose that every 7-finitely generated submodule of M is 7-
multiplication. Let P € K(7). We shall prove that Mp is distributive as an
Rp-module. Let Np = (%,..., %) with 2; € N (1 <i <r). Let Lp < Np.
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Consider K = (z1,...,2z,) < N. Obviously, Kp = Np. Since CIN(K) < M is
r-finitely generated, it is 7-multiplication. Hence CI1Y(LNN) = CIY(1.CI1Y (K))
for some ideal I of R. By localization, Lp = Ip.Np. Thus Np is multiplication
as an Rp-module. O

Corollary 4.14. Let 7 be a semicentered torsion theory. Every T-noetherian
T-distributive module is a strongly T-multiplication module.

Corollary 4.15. If 7 is semicentered, then every T-uniserial T-noetherian module
M is strongly T-multiplication.

Corollary 4.16. Let 7 be a semicentered torsion theory. Every t-noetherian
T-distributive ring is a T-multiplication ring.

In particular, if 7 is the canonical torsion theory, then every Krull domain is a
T-multiplication ring, by Corollary 4.16.

The following example shows that the 7-distributive modules class is strictly
wider than the distributive modules class.

Example 4.17. Let R = K|[z,y], K being a field. Let 7 be the canonical torsion
theory. Since R is a Krull domain, it is a 7-multiplication ring. Thus every
submodule of K is 7-multiplication. By Theorem 4.13, R is a 7-distributive R-
module.

R is a integral domain which is not a Dedekind domain. By [10, Proposition
9.13], there exists some ideal (which must be finitely generated as R is noetherian)
which is not multiplication as an R-module. By [2, Proposition 7], R is not
distributive as an R-module.
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