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Abstract. Lattices of submodules of modules and the operators we can define on these
lattices are useful tools in the study of rings and modules and their properties. Here we
shall consider some submodule operators defined by sets of left ideals. First we focus
our attention on the relationship between properties of a set of ideals and properties of a
submodule operator it defines. Our second goal will be to apply these results to the study
of the structure of certain classes of rings and modules. In particular some applications to
the study and the structure theory of torsion modules are provided.
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1. INTRODUCTION

The aim of this paper was originally to consider and extend the theory of hon-
est subgroups, as it was developed by Abian and Rinehart in [1], to modules over
noncommutative rings. In the mentioned paper the authors proved that if a nonzero
subgroup H C M is honest in a torsion Abelian group M, then: (1) M is p-primary
for some prime integer number p, (2) H is a direct sum of copies of the cyclic Abelian
group Z,, and (3) H is a direct summand of M. In our approach to the theory first
we considered modules over a Dedekind domain, and showed that the same result
holds. After that, we extended the notion of honest subgroup to honest submodule
with respect to a set of ideals. In particular we considered the case of sets of ide-
als defined from sets of maximal ideals, and showed that the Abian-Rinehart result
holds, in this case, over any commutative ring.

In order to develop a similar theory over non commutative rings we shall con-

sider certain algebras over an algebraically closed field, for instance the field C of all

Research partially supported by DGES BMF2001-2823, MTM2004-08125 and FQM-266
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complex numbers; examples of these algebras are, for instance, the enveloping alge-
bra of a finite dimensional solvable Lie algebra or the coordinate algebra of certain
quantum groups ¢,(SLy,(C)), ¢ not being a root of unity. These examples have the
particularity that they are Noetherian algebras in which cofinite prime ideals have
codimension one; hence, in particular, they are maximal as left and right ideals. In
this case a result similar to Abian-Rinehart’s result for Abelian groups holds.

To develop this theory in the mentioned examples we find that it is useful to realize
a general study of submodule operators, defined by sets of ideals, and show that the
properties of these submodule operators are directly induced by the properties of
the sets of ideals and vice versa. This shall be our first goal: the characterization
of properties of submodule operators in terms of properties of the sets of left ideals
that define them.

Our first examples of submodule operators consists in considering the notion of
closed submodule and define two submodule operators. The first one is more well
known and consists in defining it as the intersection of all the closed submodules
containing a given submodule. The second one is based in an elementarywise defi-
nition that shall allow us to study the relationship between properties of the set of
left ideals and properties of the submodule operator.

As an extension of these two submodule operators we define the honest operator
and study its properties. A rich behavior occurs when we consider sets of left ideals
satisfying certain properties: weak closed under intersections or inductive and, more
in general, topological or linear filters. When we consider these properties of the sets
of left ideals we shall establish the corresponding properties of the honest operator.
Finally, when we put together all these properties we shall obtain the announced
results on honest submodules.

Honest submodules also allow us to characterize certain classes of rings. Thus,
following the theory developed by Fay and Joubert in [3] we obtain the characteriza-
tion of rings of quotients in terms of the honest operator. In fact, a ring R is a ring
of quotients iff the honest operator with respect to the set of all regular elements is a
closure operator iff the honest operator is the identity operator. The relationship be-
tween the different submodule operators also characterizes when the set of elements
is a left Ore set.

The structure of this paper is as follows. The paper is divided into four sections.
The first section is introductory. The second one deals with closed submodules,
the closed operators and their relationship with sets of ideals. The third section is
devoted to honest submodules and the honest operator; also the relationship with
the sets of ideals used to define honest submodules is studied; with enough conditions
on the set of ideals we obtain that a honest submodule is either torsion or closed.
As a consequence, as the closed case is well understood, we shall focus our attention
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on the torsion case in the section devoted to examples. In the last section we study
the forerunner examples of the theory. First we see, following Fay and Joubert,
how the honest operator characterizes rings of quotients and extend the theory to
characterize, in general, left Ore subsets. After that we deal, in the commutative
case, with torsion modules having a nonzero honest submodule with respect to sets
of ideals generated by maximal ideals and apply the theory to honest submodules
over Dedekind domains. As a final example we show that the theory can be applied
to a noncommutative framework. In fact, if we consider the set of all cofinite left
ideals in the complex enveloping algebra of a finite dimensional solvable Lie algebra
or in the quantum coordinate algebra of SL,(C), ¢ not being a root of unity, then
the same result holds for torsion modules having a nonzero honest submodule.

2. CLOSED SUBMODULES

Let 2 be a non empty set of left ideals of a ring R such that 0 ¢ 2 (this
restriction is only to avoid the trivial case) and let N C M be a submodule of a left
R-module M. We say N is a 2 -closed submodule, or N is 2 -closed in M, if for
any [ € 2" and any m € M, if Im C N, then m € N. We write N C% M.

The notion of 2'-closed submodule was used by many authors under different
names; let us recall some of them: 2 -pure submodule, by J.S.Golan in [5], 2 -
isolated submodule, by T.H. Fay and S. V. Joubert in [3], 2 -super-honest submodule,
by S. V. Joubert and M. J. Schoeman in [8] (the last two when 2" is a set of elements
of R); and, of course, we have the corresponding notion when R = Z and 2 is the
set of all nonzero integer numbers, see [4].

In the literature there are different methods to study .2°-closed submodules. But
before we start this study we show, without proof, some of their elementary proper-
ties.

Lemma 2.1. Let H C N C M be submodules, then the following statements
hold.
(1) If HC N and N C M are 2 -closed, then H C M is % -closed, i.e.: H Sy
NCY M= HC% M.
(2) N C M is 2 -closed if and only if N/H C M/H is 2 -closed, i.e.: N C% M <
N/H C% M/H.

Lemma 2.2. Let {Nx: A € A} be a family of 2 -closed submodules of M, then
Ny is 2 -closed.
A
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Once we have established these results we may, using Lemma 2.2, define a sub-
module operator, C%(—), in such a way that the image C%(N ) of any submodule
N C M is the smallest 2 -closed submodule of M containing N, i.e.:

CY(N)=({HCM: NCH and H is 2 -closed in M}.
Thus we have:

Lemma 2.3. For any submodule N C M we have that C}L(N) is the smallest
% -closed submodule of M containing N.

In fact C%(—) defines a closure operator, i.e., for any left R-module M we have
an operator C% (—) on the lattice of all R-submodules of M satisfying the expansive
and monotone properties, and in addition it is continuous.

(1) Expansive. N C C4L(N) for any N C M.
(2) Monotone. If Ny C Ns, then C%(Nl) - C%(Ng) for any Ny, No C M.
(3) Continuous. For any homomorphism f: M — M’ and N C M we have
FCUL(N)) € O (F(V)).
Proof. We only need to show that if f(N) C L C% M’, then N C f~*(L) C%

M. (]

In addition this closure operator satisfies the following property:
(4) Idempotent. CH.CYL = CHL.
For any submodule N C M we say N is C¥.-closed if N = C}L(N), and C%.-dense
if C3L(N) =M.

2.1. Torsion and closure. The closure operator C%(—) has, in general, a wild
behavior. In order to control it we shall study properties of the set of left ideals 2 .

One of the traditional ways to study closed submodules was to use hereditary
torsion theories or, equivalently, linear filters. In this section we start from a very
general set of left ideals 27, non necessarily a linear filter, and define for any sub-
module N C M a subset Cl%(N) C M. We shall study properties of the “operator”
N — Cl% (N) in terms of properties of the set 2 . In fact it will be possible to
characterize linear filters in terms of the operator le;[;.

Let M be a left R-module, we define the 2 -torsion of M as the subset

Ty (M) ={m € M: thereis I € 2 such that I'm = 0}.

A left R-module is 2 -torsion if Ty (M) = M and 2 -torsionfree if Ty (M) = 0.
Let N C M be a submodule, we define the 2 -closure of N is M as

Cly(N) = {m € M: there is I € 2" such that Im C N}.
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Of course Ty (M) = C13.(0) and T4 (M/N) = CI}/(N)/N (as sets!). Thus we
obtain that a submodule N C M is 2 -closed (if C1}-(N) = N) if and only if it is
CY -closed. A submodule N is named 2 -dense if Cl}-(N) = M.

Remark 2.4. In general, for arbitrary sets 2, the sets T'y- (M) and Cl% (N) are
not submodules of M, and the notation Cl% (N)/N refers only to sets.

Lemma 2.5.

(1) If 2 is weak closed under intersection (i.e., for any I, Io € % there exists
J € 4 suchthat J C I; N Iy), then for any left R-module M and any submodule
N C M we have that Cl%(N) is a subgroup of M.

(2) 2 is weak closed closed under intersection if and only if Cl%(Nl) N Cl% (N2)
= Cl% (N1 N Ny) for any submodules N1, No C M and any left R-module M.

(3) If 2 is weak closed under intersection, then 2 is left closed (i.e., for any r € R
and any I € 2 there is J € 2 such that Jr C I), if and only if Cl’y.(N) is a
submodule of M for any submodule N C M and any left R-module M.

Proof. (1). Let a1, zo € Cl%(N), then there exist I1, Io € 2 such that
Lixz; C N, for i = 1,2, then (I} N I2)(21 + x2) C N, then a1 + x5 € CI}L(N).

(2) (=). We always have Cl%(Nl N Nz) C Cl%(Nl) N Cl%(Ng); otherwise if
x € Cl%(Nl) 001%(]\72) there exist I, I € 2 such that ;z C N;, then there
exists J € % such that J C I N Iy, hence Jr C Ny N Ny, and x € Cl%(Nl N Na).

(«<). Let I, I, € 2, then 1 € C1}.(I;) and then 1 € C1%-(I; N I,), hence there
exists J € 2 such that J C I N I>.

(3) (=). Let z € Cl%(N) and r € R, then there exists I € 2 such that
Ix C N, since there exists J € 2 such that Jr C I we have Jrxz C Ix C N, hence
re € Cl%(N).

(<). Let I € 2 and r € R, then Clgg (I) = R, hence r € Clgg (I) and there is
J € 2 such that Jr C I. O

A sufficient condition for left closedness is the following: for any element r € R
and any ideal I € 2 we have (I : 1) € 2.

We say 2 is inductive if for any I € 2 and any left ideal J D I, we have J € 2.

A set of left ideals is called a topological filter if it is closed under intersections,
inductive and left closed.

Lemma 2.6. Let 2" be an inductive set of left ideals, then the following state-
ments are equivalent:
(a) 2 is a topological filter.
(b) le;{/ (N) is a submodule for any submodule N C M.
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Proof. We only need to show the implication (b) = (a). As a matter of fact,
Z is weak closed under intersections and left closed as Cl%(N ) is a submodule
for any submodule N C M. Then 2 is a topological filter because it is inductive,
therefore it is closed under intersections. 0

A topological filter is a linear filter whenever it satisfies: if I C R and J € &
satisty (I :y) € F for anyy € J, then [ € 7.

In the following linear filters will be denoted by the letter ¥ and topological filters
will be denoted by the letter 7.

Proposition 2.7. Let 7 be a topological filter, the following statements are
equivalent:
(a) 7 is a linear filter.
(b) C1% C1Y = ClY for any left R-module M.

Proof. (a)= (b). Indeed, if N C M is a submodule and z € ClY CIY(N),
there exists I € 7 such that Ix C CIA;(N), then to any y € I there exists I, € .
such that Iyyz C N, hence I,y C (N : z), i.e., for any y € I the ideal ((V : z) : y)
belongs to .7, therefore (N : z) € & as 7 is a linear filter.

(b) = (a). Let J € 7 and I C R be such that for any y € J the ideal (I : y) € .7;
then J C C1%(I), hence R = C1%(J) C C1% C1%(I) = C1%(I), therefore C1% (1) =
R and we have I € 7. O

Remark 2.8. When 7 is only a topological filter, in general we have that leg(N )
is a submodule that is not necessarily & -closed in M; to be Z-closed we need that
 is a linear filter.

Let us summarize the properties of Cl% in terms of properties of 2. First we
observe that in general, without any assumption on 2", we have the following prop-
erties:

(1) Expansive. N C le;[f (N) for any N C M.

(2) Monotone. If N; C N, then C13(Ny) C Cl3.(Ny) for any Ny, No C M.

(3) Continuous. For any homomorphism f: M — M’ and N C M we have
FICIBL(N)) C CIE (F(N)).

(4) Hereditary. C1}.(X)= NN CL/(X) for any X C N C M.

As a consequence Cl% is a closure operator when 2~ is weak closed under inter-
sections and left closed, i.e., when for any submodule N C M we have that Cl% (N)
is a submodule; in particular when 2 is a topological filter.

Let us now assume that 7 is a topological filter.

(5) Relationship between C1% and C¥.
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For any submodule N C M we have Clg(N) C CY(N),asif m e le\;(N), there
exists I € 7 such that Im C N C CY(N), hence m € C¥%(N). Otherwise we have
the equality CIA;(N ) = CH(N) if and only if 7 is a linear filter. Indeed we have
the following equivalences for any left R-module M and any submodule N C M:

ClY(N) = C3(N) if and only if
C1Y(N) is Z-closed if and only if
CIY (CIY(N)) = CI%(N) if and only if

Z is linear.

3. HONEST SUBMODULES

A parallel notion to 2 -closed submodule is the notion of 2 -honest submodule; in
this case the zero submodule will be always an 2 -honest submodule and, as we will
see later, the existence of nonzero 2 -honest submodules induces some particular
properties on the structure of the module. In addition, every 2 -closed submodule
is 2 -honest.

If 2 is a nonempty set of ideals such that 0 ¢ 27, a submodule N C M of a left
R-module M is said to be an 2 '-honest submodule, or N is %2 -honest in M, if for
anyIG%andanymGM,ifO;éImQN,thenmEN,andwewriteNQ’}KM.
Of course, if N is 2 -closed in M, then N is 2 -honest in M.

Contrary to the notion of 2'-closed, the 2 -honest notion was used only by a
reduced number of authors; let us recall some of them: [1] where the authors define
honest subgroups using instead of 2~ the set of all nonzero integer numbers, and [3]
where the authors define honest submodules using a set of elements of the ring.

As a matter of fact we collect the basic results on the behavior of honest submod-

ules.

Lemma 3.1. Let H C N C M be submodules, then the following statements

hold:

(1) If H C N and N C M are 2 -honest submodules, then H C M is 2 -honest,
ie: HCh NCl M=HCh M.

(2) If N C M is 2 -honest, then N/H C M/H is 2 -honest, i.e.. N Cl. M =
N/H Q’% M/H.

(3) If H C M and N/JH C M/H are 2 -honest, then N C M is 2 -honest, i.e.:
Hg’gg M and N/H g% M/H:Ngtég M.

Proof. (1) Let me M, I € 2 be such that 0 # Im C H, then 0 # Im C N,
hence m € N, and we see that m € H.
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(2) Let m € M and I € 2 besuchthat 0 # I(m+ H) C N/H, then0# Im C N,
hence m € N and we obtain m+ H € N/H.

(3) Let m € M and I € 2 be such that 0 # Im C N. If Imm C H, then
meHCN.If Im¢ H, then 0% I(m+ H)C N/H, hence m+ H € N/H, and we
obtain m € N. |

Lemma 3.2. Let {Ny: X € A} be a family of 2 -honest submodules of M, then
(N is 2 -honest.
A

Proof. Letm € M and I € 2 such that 0 # Im C (| Ny, then m € N,. O
A A

We saw that .2"-closed submodules are .2 -honest submodules, but this is only part
of a more close relationship between the 2 -torsion submodule of M and 2 -honest
submodules.

Proposition 3.3. Let N C M be a submodule, then the following statements
are equivalent:
(a) N is @ -honest in M. If, in addition, % is inductive, then the above statements
are also equivalent to:
(¢) For any m € Cl%(N) \ N we have (N : m) = Annm.
(d) For any m € le;[;(N) \ N we have Rm NN = 0.

Proof. (c) = (d) = (a) & (b). These are obvious.

(b) = (c). Let « € Cl15.(N)\ N, then there exists I € 2 with Iz C N, then
Iz =0. Hence I C Annx C (N : z), therefore (N : z) € 2 and (N : ) = Annx.
Thus we deduce that Rx " N = 0. ]

Lemma 3.4. Let N C M be an % -honest submodule, thus

ClY (N) = NU Ty (M).

Proof. Letz e Cl%(N)\N, there exists I € 2 such that 0 = Iz C N, thus

Corollary 3.5. Let N C M be a submodule such that Ty (M) C N, then N C M
is an 2 -honest submodule if and only if it is 2 -closed.

In particular, if M is % -torsionfree, then a submodule N C M is % -honest if
and only if it is 2 -closed.

Proof. Indeed,if N C M is 2 -honest then Cl%(N) =NUT4(M)= N, and
N is Z -closed. O

232



Corollary 3.6. Let & be a linear filter, then for any R-module M the torsion
submodule T'y, (M) C M is %#-honest.

Proof. Since .# is a linear filter then T (M) is a #-closed submodule, hence
#-honest. 0

Remark 3.7. In the above Corollary we have in fact that _# is a linear filter if and
only if T'o (M) C M is #-closed for any left R-module M if and only if T (M) C M
is #-honest for any left R-module M.

Corollary 3.8. Let 2 be a set of ideals weak closed under intersections, then
any 4 -honest submodule N C M satisfies either N C To-(M) or T (M) C N.

Proof. Since N is 2 -honest in M, Cl}}(N) = N UT, (M). Since 2" is weak
closed under intersections, C13-(N) and Ty (M) are subgroups. Hence either N is
included in Ty (M) or T4 (M) is included in N. O

If ¥ is a linear filter and N C T (M) is #-honest, then, by Lemma 3.1, we have
that N C M is honest.

Corollary 3.9. Let 2 be a set of ideals weak closed under intersection. If
0 # N C M is an % -torsionfree 2 -honest submodule, then M is 4 -torsionfree
and N C M is g -closed.

At this point, by Corollaries 3.5 and 3.8, we have a nice characterization of 2 -
honest submodules containing the subgroup T4 (M): they are the % -closed sub-
modules. We deal now with the problem of studying the 2 '-honest submodules
which are contained in the 2 -torsion submodule. Thus we may restrict ourselves to
the case in which M is 2 -torsion.

3.1. Torsion honest submodules. The following is an interesting result on the

annihilator of some torsion submodules.

Lemma 3.10. Let 2 be an inductive set of ideals. Let M be a left R-module
then for any % -honest submodule N G Ty (M) and any m € Ty (M) \ N we have
0# Annm C Ann N € 2.

Proof. We take m € Ty (M)\ N, then Annm € 2. If Aunm ¢ Annn, for
some n € N, we have Annmn # 0. Thus we have 0 # Annmn = Annm(m+n) C N,
hence m +n € N, as N is 2 -honest. Thus m € N, which is a contradiction. (|
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Corollary 3.11. Let 2 be an inductive set of ideals. Let N C M be an % -
honest submodule such that N G Ty (M), then

U{Annm: m €Ty (M)\ N} C Ann N # 0.

3.2. Honest submodules which are direct summands.

Theorem 3.12. Let 2 be an inductive set of ideals. Let N C M be an % -
honest submodule such that M /N is cyclic, nonzero and  -torsion, then N is a
direct summand of M.

Proof. We assume M/N = R(m + N), then m ¢ N and (N : m) € 2.
Since N is 2 -honest in M and m ¢ N, Rm NN = 0 (see Proposition 3.3(d)) and
M =Rm® N. (]

This result can be extended as follows.

Theorem 3.13. Let 2 be an inductive set of ideals. Let N C M be an % -
honest submodule such that M /N is nonzero, 2 -torsion and a direct sum of cyclic
submodules, then N is a direct summand of M.

Proof. Let us assume that M/N = @ycaR(my + N) is a direct sum with

my + N # 0 for any A\ € A, then we have that Rm) N N = 0 for any A € A.
t

Otherwise, if we take 0 # m € (Z Rm>\> N N, we may assume m = y r;my, for

AEA i=1
some r; € R and r;my, # 0 for i = 1,...,¢. Thus we have:

t t
r1m>\1+N:72rim>\i+NER(mAlJrN)ﬂZR(m)\iJrN):O-

=2 =2

Hence r1my, € N. Therefore rymy, = 0, which is a contradiction. Thus we obtain

ZRm,\ﬁNzoandM:NEB(ZRm,\>. O
AEA AEA

As a consequence if M is an Abelian group and 2" is the set of all nonzero ideals,
then any 2 -honest submodule N of M, such that M/N is finitely generated and

torsion, is a direct summand.

Problem 3.14. Is it true, in general, that if 2 is inductive and N C M is an
Z -honest submodule such that M/N is nonzero finitely generated and 2 -torsion,
then N is a direct summand of M7
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3.3. Direct summands. Let us study the 2 -honest direct summands of a left
R-module M, mainly when 2 is an inductive set of ideals.

We deal now with the problem of determining which direct summands are 2'-
honest.

Proposition 3.15. Let 2  be an inductive set of ideals. Let M = N & K be
a direct sum such that K is not 2 -torsionfree, then the following statements are
equivalent:
(a) N C M is 2 -honest.
(b) U{Annk: 0#£k €Ty (K)} C Ann N #0.

Moreover, in this case N is 4 -torsion.

Proof. (a)= (b). Forany 0 # k € Ty (K), if Ik = 0 for some I € 2, then
for any n € N we have I(n+ k) = In C N, thus In = 0 and we have I C Ann N.

(b) = (a). Let m € M and I € 2 be such that 0 # I'm C N. We may assume
m =n+k, hence Ik =0, and k € Ty (M). If £ # 0, then ] C Annk C Ann N and
we have I'm = 0, which is a contradiction. Hence k = 0 and m =n € N. O

The case in which K is 2 -torsionfree is well-known. In fact, it follows directly
from Corollary 3.5 that:

Proposition 3.16. Let M = N® K be a direct sum such that K is 4 -torsionfree,
then the following statements are equivalent:
(a) N C M is % -honest.
(b) N = CLI3E(N).

Proposition 3.17. Let M = N ® K be a direct sum such that N is nonzero and
% -torsionfree, then the following statements are equivalent:
(a) N C M is 2 -honest.
(b) K is 4 -torsionfree.
(c) N = CLlLL(N).
(d) M is g -torsionfree.

Proof. (a)=(b). LetI € 2. If Ik =0, then IN = 0, which is a contradiction.
O

3.4. The honest operator. As in the case of the closure operator we may define
the honest operator using Lemma 3.2.
Let N C M be a submodule, we define a new submodule as follows:

HY (N)=({H CM: NCHand HC M is 2 -honest}.
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Since the intersection of a family of 2 -honest submodules is 2"-honest, see Lem-

ma 3.2, we have:

Lemma 3.18. If N is a submodule of M then HY.(N) is the smallest 2 -honest
submodule of M containing N.

In fact H%{ defines an operator in the lattice of all R-submodules of M; the
properties of this operator are the following:
(1) Expansive. N C H% (N) for any N C M.
(2) Monotone. If N3 C Ny, then H%If (N7) C H%(NQ) for any N1, No C M.
(3) Idempotent. HY HY. = HY.
Observe that we do not include the continuity property. The reason is the follow-

ing:

Lemma 3.19. The following statements are equivalent:
(a) H% is a closure operator.
(b) Any submodule of any left R-module is 2 -honest.
(c) 2" ={R}.

Proof. (a)= (b). Let N C M be a submodule, we consider the canonical pro-
jectionn: M — M/N. Since HY. is a closure operator, n(H}. (N)) C H%/N(n(N)) =
HY/N(0) = 0, hence HM (N) C Ker(n) = N.

(b) = (c). Let 0T € 2", then 0# I1 C I, hence 1 € I and I = R.

(c) = (a). It is clear that any submodule is .2 -honest, hence the honest operator
is the identity operator which is a closure operator. O

As a consequence H%f is a closure operator if and only if it is the identity operator.
(5) Relation with CL.
Since C4(N) is 2 -honest in M, C3L(N) 2 HYL(N).

4. EXAMPLES AND APPLICATIONS

4.1. Left Ore rings. Let R be a ring and % be the set of all nonzero divisors of
R. We say R is a left Ore ring if

VYa € R, Vs € ¢, 3b € R and t € ¥ such that bs = ta,

i.e., if the set ¥ is a left Ore set of R. If R is a left Ore ring, then ¢! R is named
the classical left ring of quotients of R or the total left ring of quotients of R, and
we always have an injective ring map R — ¢! R = QL (R).
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A ring S'is a ring of quotients if any element which is not a zero divisor is invertible.
If S is a ring of quotients and R C S is a subring such that S = Q!,(R), then we say
R is a left order in S.

Let ¢ be a subset of R, such that 0 ¢ %, and consider the following set of left
ideals:

LEC={ICR: IN% +#}.

It is easy to prove that ¥ ¥ is an inductive set of left ideals. Hence we may consider
the honest operator H o . First we obtain:

Theorem 4.1. Let ¥ be the set of not containing zero divisors of R, then the
following statements are equivalent:
(a) The ¥-honest operator H o is a closure operator.
(b) R is a ring of quotients.
(¢) Each submodule is ¥ €-honest.
(d) The €-honest operator H o is the identity operator.

Proof. We only need to prove the relationship between statements (a) and (b)
as we know the equivalence between (a), (c) and (d).

(a) = (b). From Lemma 3.19 we have that ¥ ¥ = {R}, hence for any ¢ € ¥ the
left ideal Re satisfies Rec = R, so there exists d € R such that dc = 1, hence cdc = ¢
and, since c¢ is not a zero divisor, we obtain that c is invertible.

(b) = (a). This is trivial as each element of % is invertible. O

This is an extension of the results given by Fay and Joubert in [3].

Now the following natural question arises: Could rings of quotients be character-
ized by the operators C’“J\; « and Clg%ﬂ ?

When we deal with the operator Clg% we arrive at left Ore sets in the following
way.

Proposition 4.2. Let ¥ be a multiplicative subset of a ring R, then the following
statements are equivalent:
(a) ¥ is a left Ore set.
(b) Cl%% is an idempotent closure operator.
(c) £ € is a linear filter.
(d) Z ¥ is a topological filter.
(e) CI%.(N) is a submodule of M for any submodule N C M.

Proof. (a) = (b). Let my, mo € Clg%(N), there exist s1, s2 € ¥ such
that Rs;m; C N. Since ¥ is a left Ore set, there exist b € R and t € ¥ such that
bsy = tsa, thus Rtsa(my + ms2) € N. On the other hand, if m € le\é%(N) and
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r € R, there exists s € ¥ such that Rsm C N, and there exist b € R and t € ¥ such
that bs = tr, thus Rtrm = Rbsm C N. Finally, if m € Cl},.. Cl% . (N), then there
exists s € ¢ such that sm € le\é%(N), and there exists ¢t € ¥ such that tsm € N,
thus m € le\é%(N).

(b) & (c) is a consequence of Proposition 2.7. (d) < (e) is a consequence of
Lemma 2.6. And (¢) = (d) is obvious.

() = (a). Let @ € R and s € ¥, then T «(R/Rs) C R/Rs; since 1 + Rs €
Ty (R/Rs), then Ty (R/Rs) = R/Rs as it is a submodule, hence there exists
t € ¢ such that t(a + Rs) = 0, therefore there exists b € R such that ta = bs and ¥
is a left Ore set. g

As a consequence Clg% defines a submodule operator if and only if ¥ is a left
Ore set. In particular, if ¥ is the set of all elements of R which are not zero divisors
of R, then R is a ring of quotients if and only if Cl%% is the identity operator.

Thus if ¥ is the set of all elements of R which are not zero divisors, we have that
the following statements are equivalent:

(a

R is a ring of quotients.
) gofq

(b) H¥ ., is a closure operator.

M

(c) Hy o = Cl

(d) ClY., is the 1dent1ty operator.

(e) HY ., is the identity operator.

And in the case in which we take a multiplicative subset ¥ we also have that the
following statements are equivalent:
M

(a) C%¢e =Clyy

(b) Cl%%(N) is a submodule of M for any submodule N C M.
(c) ¥ is a left Ore set.

4.2. Some concrete examples.

Example 4.3. Let us present an example of an honest submodule when we take
& = Z\ {0}. If we consider H = Z(1,1) C Z x Z = M, then H is %-honest
in M. As a matter of fact, if 0 # z(mq1,mz2) € H, there exists a € Z such that
z(my1,ma) = a(1,1), hence zmy; = a # 0 and zmg = a # 0. Thus m; = m2 and
m e H.

Example 4.4. H =7,(1,1) C Z, x Z, = M. In this case H C M is honest and
is not closed.

Example 4.5. pZ,: C 7, is not honest.
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4.3. Semiartinian modules. We shall study as a particular example honest
submodules in semiartinian modules over a commutative ring A. Remember that
an A-module M is semiartinian if the union of the socle series {Socs (M)}, is equal
to M, or equivalently, any nonzero homomorphic image of M contains a simple
submodule.

Let &2 be a nonempty set of maximal ideals and define ¥ = {I C A: there
exists Pp,...,P. € 2 such that P;... P, C I}, then & is a linear filter and each
#-torsion A-module is semiartinian. If, in particular, 42 is the set of all maximal
ideals, then an A-module M is semiartinian if and only if it is #-torsion.

Proposition 4.6. Let A be a commutative ring, let ¥ be defined as before by
a set &2 of maximal ideals and let H g T be a nonzero ¥-honest submodule of an
-torsion A-module T. Then there exists an ideal P € & such that Ann H = P
and for any 0 # x € T there exists a positive integer e such that P¢ C Annz C P.

Proof. Letx €T\ H with Annx D P* ... P/, for some positive integers e;,
i=1,...,t,then P/* ... Pf* C Annx C Ann H. There is a multiple y; of = such that
Anny; O P; for any index i = 1,...,¢; since 0 # y; ¢ H we have P, C Ann H for any
index ¢ = 1,...,t, which is a contradiction if ¢ > 2. As a consequence Annz 2O P;'.
The other inclusion is a consequence of Ann H = P;. O

Proposition 4.7. Let A be a commutative ring, let ¥ be defined as before by
a set & of maximal ideals and let H ; T be a nonzero ¥-honest submodule of an
#-torsion A-module T'. Then there exists an ideal P € &2 such that H is a direct
sum of copies of A/P.

Proof. We assume Ann H = P € &2, then for any nonzero element h € H we
have Annh = P. Thus H is a (direct) sum of copies of A/P. O

Proposition 4.8. Let A be a commutative ring, let ¥ be defined as before by
a set &2 of maximal ideals and let H C T be a nonzero ¥-honest submodule of an
#-torsion A-module T'. Then H is a direct summand of T .

Proof. We assume Ann H = P. First we point out that H N PT = 0. Indeed,
PH =0 and if for some ¢t € T\ H we have 0 ## PtNH C AtN H, then (H: t)t # 0,
hence t € H, which is a contradiction. Let L C T be maximal satisfying LN H =0
and PT C L. For any x € T\ (L® H) we have Pz C PT C L. On the other hand, by
the maximality of L, we have: (L+Axz)NH # 0, hence there are [ € L and a € A such
that 0 # | + ax € (L4 Az) N H, therefore ax € L 4+ H; in particular a ¢ P, if a € P,
then 0 # [ +ax € LNH = 0. Thus we have ax € L+ H and Px C L C L+ H,
hence z € Az = (Aa + P)z C L + H, which is a contradiction. O
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4.4. Dedekind domains. We shall study as a particular example honest sub-
modules in torsion modules on a Dedekind domain D; in particular since torsion
D-modules are semiartinian modules then we may apply the previous results. Thus
we have:

Proposition 4.9. Let D be a Dedekind domain and ¥ = D\ {0}. Let H C T
be a nonzero ¢-honest proper submodule of a €-torsion D-module T'. Then there
exists a prime ideal P such that T is P-primary.

Proposition 4.10. Let D be a Dedekind domain and ¥ = D\ {0}. Let H C T
be a nonzero ¢-honest proper submodule of a ¢-torsion D-module T'. Then there
exists a prime ideal P such that H is a direct sum of copies of D/P.

Proposition 4.11. Let D be a Dedekind domain and ¢ = D \ {0}. Let H C T
be a nonzero €-honest proper submodule of a ¥-torsion D-module T'. Then H is a
direct summand of T.

4.5. The enveloping algebra of a finite dimensional solvable Lie algebra.
Let R be the enveloping algebra of a finite dimensional solvable Lie algebra over the
field of complex numbers, then each cofinite prime ideal has codimension one, hence
it is maximal as a left and a right ideal. The same result holds when we consider
R = 04(5SL,(C)), the quantum coordinate algebra of SL,(C), ¢ not being a root of
unity, see [7, Corollary 3.3].

Let us consider the linear filter % generated by the set of all cofinite prime ideals,
then each ideal in & contains a product P; ... P;, where each P; is a cofinite prime
ideal. Let T be an #-torsion left R-module, and assume H ; T is a nonzero ¥-
honest submodule, then we have:

Proposition 4.12. With the above notation there exists a cofinite prime ideal
Py such that Ann H = Py, and for any x € T'\ H there exist cofinite prime ideals
Qo2,...,Qs such that P1Qs...Qs C Annzx.

Proof. Letax € T\ H with Annz D Py ... P, then P... P, = Anna C Ann H.
There is a multiple y of = such that Anny O Pi; since 0 # y ¢ H we have P, C
Ann H. Now, as P is maximal, we have Ann H = P;. As a consequence, for any
x € T'\ H there exist cofinite prime ideals Qs, . .., Qs such that P1Qs...Qs C Annz.

O

240



Proposition 4.13. With the above notation there exists a prime ideal P € &

such that H is a direct sum of copies of simple R/P-modules.

Proof. We have that R/P is a semisimple Artinian algebra, as it is finite

dimensional and prime, and H is a left R/P-module. 0

1]
2]

8]

Proposition 4.14. With the above notation H is a direct summand of T.

Proof. The same proof as in Proposition 4.8 works. O
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