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Abstract: The categorical treatment of fuzzy modules presents some problems, due to the well known
fact that the category of fuzzy modules is not abelian, and even not normal. Our aim is to give
a representation of the category of fuzzy modules inside a generalized category of modules, in
fact, a functor category, Mod—"P, which is a Grothendieck category. To do that, first we consider
the preadditive category P, defined by the interval P = (0, 1], to build a torsionfree class J in
Mod—P, and a hereditary torsion theory in Mod—P, to finally identify equivalence classes of fuzzy
submodules of a module M with F-pair, which are pair (G, F), of decreasing gradual submodules of
M, where G belongs to 7, satisfying G = F?, and Uy F(a) is a disjoint union of F(1) and F(a)\G(a),
where « is running in (0, 1].

Keywords: fuzzy set; fuzzy module; gradual element; gradual module; gradual ring; functorial
category

MSC: 03E72; 08A72; 16Y80; 20N25

1. Introduction

The behaviour of fuzzy ideals and modules is reflected in the category of fuzzy
modules, but this category, as it was pointed out by Lopez-Permouth and Malik, in [1],
has no relevant properties; for instance, it is not an abelian category. On the contrary, it
seems more a kind of category of topological objects. Following the theory of gradual
elements, introduced in [2], see also [3] and applied to subsets and subgroups in [4], our
aim in this work is to expone a categorical framework in which to embed the theory of
fuzzy modules. To do that, first we consider a preadditive category A, and the additive
functors from A to Ab, the category of abelian groups. These functors are the objects of an
abelian category, in fact a Grothendieck category, which we represent by .A—Mod, each
of these functors is called a left A-module. The counterpart are the right .A-modules (the
contravariant additive functors from A to Ab). This framework can be extended to consider
a commutative ring A and the category A—Mod, of A-modules, instead of Ap, or even
more, to consider an arbitrary ring R; in this case we need to change the building method.
In all these cases we have a Grothendieck category, but in the commutative case the Yoneda
embedding provides some particular and interesting consequences, as the existence of
enough projective and injective modules in A—Mod.

The category .A—Mod is well known, even if we do not impose any extra condition
to A, but such a general theory is not interesting for the applications we have in mint; for
instance, the existence of simple modules or chain conditions properties are assured only in
very restrictive cases. Otherwise, the category .A—Mod is a generalization of the category,
R—Mod, of left modules over a ring R; in fact R—Mod is an example of a functor category.
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In the study of the category R—Mod, left ideals are a fundamental tool; in the func-
tor category A—Mod left ideals are defined as submodules of the particular modules
Hom 4 (X, —), for any object X € Obj(.A). Right ideals are defined, in the same way, using
the contravariant functors Hom 4(—, X). Our first goal in the study of general functor
categories is to demonstrate the basic arithmetic properties of ideals and modules.

Once we have established the category .A—Mod, of left A-modules, as the framework
in which develop the theory, we study some particular examples of preadditive categories
A; in particular, those defined by a poset P. Indeed, fixed a commutative ring A, we may
associate to P several preadditive categories, one of them is denoted P, which is defined
by the hom-sets: for any a,b € P, either Homp(a,b) = Af,;, (the free A-module on
{fap}), whenever a < b, or Homp(a,b) = 0, otherwise; and the composition in the obvious
way. A left P-module is an A-additive functor from P to A—Mod. In addition, if P is
a directed set, for any left P-module F we can build a directed system of A-modules:
({F(a) | a € P}, {F(fap) | a,b € P}), and its direct limit: lim F. In this way, every
left P-module has associated, uniquely, with an A-module. If P has a maximum, say 1,
then lim F = F (1), in other cases it is a module defined by the usual construction of the
direct limit.

The particular case of Homp(a, —) is of interest: since f; ; is both a monomorphism
and an epimorphism, for every a < b, we have that (f,;)* : Homp (b, x) — Homp(a, x)
and (f, )« : Homp(x,a) — Homp(x,b) are always monomorphisms, and if we take
direct limits, Homp(x,a) is a submodule of lim Homp (x,—). It happens that those
P-modules satisfying this properties have special properties.

The class J of all P-modules F such that F(a) C lim F, ie, F (fap) is always a
monomorphism is closed under: submodules, direct product, hence direct sums, and
group-extensions.

This means that 7 is the torsionfree class for a torsion theory in P—Mod. On the other
hand, this torsion theory defines a torsion class, i.e., a class of P-modules closed under:
quotients, direct sums, and group—extensions, and, in addition, it is closed under submodules.

Hence, J is the torsionfree class of a hereditary torsion theory; therefore, it is closed
under essential extensions. Thus, J contains every module of the shape Homp (x, —), all
of them are projective, and for any module F € 7, the injective hull E(F) also belongs to
J . This means that J is an example of a class of modules that have been well studied. In
particular, in this paper, we identify this hereditary torsion theory, and demonstrate that it
is defined by the dense ideals.

In this case, to any P-module F in 7 we define a new module F? in such a way that
the operator F +— F? is an interior operator, and study the behaviour of this operator with
respect to arithmetic properties of left ideals and modules; so later we verify that it defines
a class of modules in 7 that allow us to define fuzzy submodules in a natural way.

To find, in this context, a representation of fuzzy modules, we consider F—pairs, i.e.,
pairs (G, F) of decreasing gradual submodules of a module M such that G = F¥ and M is
the disjoint union of the family {F(«) \ G(«)}; see [4]. Our objective is to find a model of the
fuzzy theory using a functor category, or equivalently gradual modules, and we can do that
first considering algebraic operations on fuzzy submodules (the sum of two submodules,
11, M2, is the smallest submodule containing both submodules whenever 1 (0) = 32(0)),
hence we define an equivalence relation in the set of all fuzzy submodules of M, saying
1 ~ pa whenever pj(x) = pp(x) for any 0 # x € M; in this way every equivalence class
contains a unique submodule #° with x°(0) = 1.

With this baggage we can establish a correspondence between F-pair on M and equiv-
alence classes of fuzzy submodules of M. What is of interest in this correspondence is that
we use the a—levels theory to associate a decreasing gradual submodule, o (), the inverse
is built using the property (F), or equivalently the F-pair theory. This correspondence is
not a homomorphisms with respect to the sum of submodules; it has also a problem with
respect to arbitrary unions. To solve this, we establish a new correspondence between
fuzzy submodules and gradual submodules. Indeed, for any fuzzy submodule y, we define
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a strictly decreasing gradual submodule; it is noting more that o(), and demonstrates
that the correspondence between equivalence classes of fuzzy submodules and strictly
decreasing gradual submodules satisfying property (inf-F) is a bijection, and, in addition, it
is a homomorphism with respect to sum, join and meet.

We organize this paper as follows. In Section 2, we introduce background notions on
functor category defined by an preadditive category which includes Yoneda embedding,
and demonstrate that it is a Grothendieck category, see [5,6]. We discuss the different rings
we can use, starting from the ring Z of integer numbers, continuing with a commutative ring,
and we collect the useful arithmetical notions on modules and ideals. In Section 3, we study
the class of torsionfree modules when we particularize to the preadditive category defined
by a directed poset; it is the torsionfree class of a hereditary torsion theory. In addition,
we introduce an interior operator which will be of utility in studying fuzzy submodules.
We introduce several elements associated to gradual submodules; in particular, decreasing
gradual submodules, and related them with torsionfree modules, and strictly decreasing
gradual submodules. To introduce them, we need to study an interior operator, and show
that it defines a hereditary torsion class, which we relate with dense ideals. In Section 4,
the relationship with the theory of fuzzy submodules is studied, where we establish a
correspondence with strictly decreasing gradual submodules through a map which is a
homomorphism with respect to the sum, product, union and intersection, and allows us
to translate properties of fuzzy submodules and ideals to similar properties on gradual
modules and submodules, and vice-versa.

2. Preadditive Categories

In this section, we introduce the basic notions of functor categories and modules over
a preadditive category as background for studying gradual rings and modules.

2.1. Preadditive Categories
A category A is preadditive if it satisfies:

(i) Homy(X,Y) is an abelian group for any X,Y € Obj(A).

(i) Forany X,Y,Z, T € Obj(A), and morphisms f1, f» € Hom4(X,Y), ¢ € Homy(Z, X)
and h € Hom 4 (Y, T) we have:

(fi+ f2)§ = fig + fogand h(f1 + f2) = hf1 + hfa. 1

In a category C:

* anobject T is terminal if for any object X there is only one morphism from X to T,
*  anobject I is initial if for any object X there is only one morphism from I to X,

Lemma 1. Let A be a preadditive category,

(1)  IfEnd 4(X) has only one element then X is a zero object.
(2)  For any object X € Obj(.A) either X is the zero object or Hom 4(X, X) = End 4(X) is a
unitary ring.

Corollary 1. If A is a preadditive category, for every nonzero objects X, Y € Obj(A), we have
that Hom4 (X, Y) is

(1) aright End 4(X)-module and
(2)  aleft End 4(Y)-module.

The following are examples of preadditive categories.

Example 1.

(1)  The category Ab of all abelian groups and homomorphisms of abelian groups is a preadditive
category, as is the category of left R—modules for any ring R.
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(2)  If Ris aring and consider the category R with only one object, say *, whose endomorphisms
are parameterized by R, then R is a preadditive category with 4 the sum in R, and composition
the product in R.

(3)  If A is a preadditive category, the apposite category A°F is preadditive, being Obj(.AP) =
Obj(A), Hom 40p (X, Y) = Homy (Y, X), for any X,Y € Obj(.A), and the composition 7
defined f x°P ¢ = g o f for any f,g morphisms in A°P for which the composition is defined.

(4)  For any partial ordered set P, and any ring R, we define a new category P whose objects are
the elements of P, the homomorphism sets are

[ {fap}R =R, ifa < b, with neutral element written 0, ,
Homp(a,b) = { {000}, ifa £ 0. (2)

and composition given by the following table, whenever a < b < c (ifa < b < c is not
satisfied the composition does not exist):

Ob,c © Oa,b = 04, fb,c © Ou,b = 04,c
Ob,c o fu,b = 0gc, fb,c © fu,b = fa,c

For simplicity, we may write 0 by O, ,. The sum in Homp (a, b) is defined through the sum in
R; if b € P is a bottom element, b € Obj(P) is an initial object, and if t € P is a top element,
t € Obj(P) is a terminal object.

®)

Given preadditive categories A and B, a functor F : A — B is additive whenever
F(fi+ f2) = F(f1) + F(f2) for any f1, fo» € Hom 4(Aj, A3), and any pair A;, A, € Obj(A).

The following functors between preadditive categories will be additive unless the
contrary is indicated.

2.2. Modules

Let A be a preadditive category. A left A-module (or simply an A-module) is an additive
functor F : A — Ab, to the category of abelian groups.

If F is an A-module, for any X € Obj(A), any homomorphism f in the category A,
and any element m € F(X), we define the dot—product:

[ F(f)(m) € F(Y), whenever f € Homy(X,Y), .
fom= 0 € F(Y), otherwise, i.e., if f € Hom4(Z,Y) and Z # X. @

The dot-product, for convenient f; and m;, satisfies the following properties:

1) f~(m1+m1)=f-m1+f~m2.
@ (A+fo) m=fi-m+fo-m
@ (Afs) m=fi(f2-m).

4) idx-m=m.

Let G, F be A-modules, a homomorphism from F to G is an abelian group natural
transformation 6 : F — G.

Observe that an .A-module is a collection of abelian groups together with a family
of homomorphisms satisfying the commutative properties induced by the commutative
relations of A.

In the following, A will be an skeletally small preadditive category; this means that the
class of isomorphisms of A constitutes a set. We impose this condition to assume that in
the category we shall construct the Hom's are sets.

In this case, the A-modules and homomorphisms of .A-modules constitute a category,
that we call A—Mod; indeed, it is an abelian category, as we are going to demonstrate later.

In the same way, we define right A-modules, as contravariant additive functors from
A to Ab; homomorphisms of right A-modules, and the category Mod—.A of right .A-
modules.



Mathematics 2022, 10, 4272

50f21

We can enrich the category A—Mod whenever we consider a category A—Mod instead
of Ab, being A a commutative ring. In this case, we need the preadditive category A the
Hom'’s sets to have an extra structure of A-module.

Let A be a preadditive category, and A be a commutative ring; we say A is a preadditive
A-—category (or simply an A—category) if
(1) any Hom 4(X,Y) is an A-module, and
(2) forany X,Y,Z € Obj(.A) the map Hom 4(Y, Z) x Hom 4(X,Y) — Hom (X, Z) is

A-bilinear.

As a consequence, for any nonzero object X € Obj(.A) we have that End 4(X) is an
A-algebra.

2.3. Yoneda Embedding

Remember that if A is a preadditive A—category, and X € Obj(.A), then the induced
functor Hom 4 (X, —) : A — A — Mod is an A-module as it is A-additive. The image of
any f € Homy(X,Y) is f, defined as:

f«(g) = fg, for any g € Hom 4(A, X). (5)

There is a map Y : Obj(A) — Obj(.A—Mod), defined by Y(A) = Hom 4(A, —). For
any homomorphism ¢ € Hom 4(B, A), and any object X € Obj(.A), we have a homomor-
phism

¢* :Hom 4 (A, X) — Hom 4(B, X). (6)

Therefore, we obtain a contravariant functor, )V, from A to A—Mod; it is called the

Yoneda embedding.

Lemma 2 (Yoneda lemma). For every X € Obj(.A) there is an A—module isomorphism
w : Hom 4_p04(Hom 4 (X, —), F) = F(X). (7)

Corollary 2. The Yoneda embedding, Y : A — A — Mod, is a full and faithful contravari-
ant functor.

Ideals and Product of Ideals

Let A be a preadditive A—category. A left ideal of A is a submodule a of an .A-module
Hom 4(X, —), letus call i : a — Hom 4(X, —) the natural transformation inclusion. In
particular, for any homomorphism f € Hom4(Y, Z), we have a commutative diagram

a(Z) ®)

Hom 4(X,Y) — Hom (X, Z).

Hence for every a € a(Y) and any f € Hom 4(Y, Z), we have f.(a) = fa € a(Z).

In the same way, we may define a right ideal b as a submodule of Hom 4(—, X). In this
case, for every f € Hom 4(Y,Z) and any B € b(Z) we have f*(B) = Bf € b(Y).

The intersection of a family of left ideals {a; | i € I} is defined componentwise:

(Nia;) (Y) = N (Y). )

It is a left ideal.
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The sum of a family of left ideals {q; | i € I} is defined componentwise:

(Z ai) (V)= 2 a;(Y). (10)

It is a left ideal.
The product of a left ideal a C Homp (X, —) and an A-module F is defined as:

(aF)(Y)=({f-m| fea(Y) CHomy(X,Y), me F(X)}) (11)
It is a submodule of F.

3. Torsionfree Modules

In this section, we particularize to the case in which A = P, is the preadditive category
defined by a poset P, which is, in addition, a directed set. We shall use the P-module
instead of left P-module throughout this section if there is no risk of confusion.

3.1. Directed Posets

Let P be a poset, with minimum element 0; it is directed if for any a,b € P there exists
c € Psuchthata <cand b <c.

From the poset P, we build a category, P, whose objects are the elements of P. For any
a,b € P, we define

_ {Ou,b/ fa,b}/ ifa<b,
Homyp(a, b) = { {04}, otherwise, (12)

with composition and addition given, for any a,b,c € P, whenever a < b < ¢, by the rules:

Ob,cou,b = 04, Ob,cfa,b = 04,c; Ou,b + Oa,b = Ou,b Ou,b + fa,b = Oa,b;
fh,cozz,h = Oﬂ,C fb,cfa,b = fﬂ,C; fa,b + Oa,b = Oa,b fa,h + fa,b = fa,b-

Let B be a ring. It is possible to modify the above category P to get a new preadditive
B—category, also denoted by P, in defining

_ {fa,b}B =, ifa<b
Homp (a, b) = { {04}, otherwise, 14

(13)

identifying 0, , with f, ,0, and 0, ;x, for any x € B, with addition defined following the
addition in B, and composition using the former composition rules.

Lemma 3. P is a preadditive B—category.

Given a directed poset P, with minimum 0 € P, and a commutative ring A, consider
the preadditive A—category P, for any A-additive functor F : P — A —Mod, ie., a
left P-module; we consider the family {F(a) | a € P}, and, for any a,b € P the map
F(fap) : F(a) — F(b), whenever it exists; this defines a directed system of A-modules:

({F(a) | a€ P} {F(fap) | a <D}). (15)
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Since the existence of the direct limits in A—Mod is assured, we have an A-module:
hﬂ F, and homomorphisms, say q, : F(a) — m F, such that, for every pair a < b, the
following diagram commutes.

F(a) (16)

Lemma 4. Givena,b € Pifa < bthen f,, is an epimorphism and a monomorphism in P.

Proof. Indeed, if fy, . (n1f,p) = fo,c(M2fsp), thennyfy o = nyfac, hence ny = ny. In the same
way, we prove fj . is a monomorphism. [J

Let x € P, if we consider the P-module Homp(x, —), for any pair a < b we have a
module map (f, )« : Homp(x,a) — Homyp(x, b), which is a monomorphism. In general,
(fa,p)+ is not an epimorphism because if 2 < b and 0, # f € Homp(x,b), then x < b, but
it may be x £ a, hence Homp (x,a) = {0x.}.

The same holds if we consider the right P-module Homp (—, x).

Proposition 1. In the diagram (16), taking F = Homp (x, —), every map F(f, ) is a monomor-
phism. Therefore, each map q, is a monomorphism, i.e., each Homp(x,a) is a submodule of
lim Homp (x, —).

Proof. Itis a consequence of being f, , an epimorphism. Since, in the case F(f,;) = (fa)+
is a monomorphism, the construction of the direct limit in the category of A-modules, as
a quotient of a direct sum, implies that each g, is a monomorphism. Indeed, if g, (x) =0,
there exists b > a such that (f,)«(x) =0, hencex =0. O

The construction of Homp (x, —) implies that we may identify Homp(x,4) and Afy,
as A-modules, because both of them are isomorphic to A. Otherwise, if f € Homp(x,a),
there exists n € A such that f = nfy,. Hence, if x < g, then (fy,)« : Homp(x,x) —
Homp(x,a), and f = nfys = nfxafxx = ffxx = f- fxx. Therefore, fy . generates
Homp(x, —), ie., (fxx) = Homp(x, —).

Proposition 2. Each Homyp (x, —) is a cyclic P-module with generator fy. .

3.2. Torsionfree P—Modules

In the category P—Mod, we shall collect in a class all P-modules satisfying the
property given in Proposition (1). Let F be a P-module, we say F is torsionfree, if F(f, ) is
a monomorphism for every a < b, and denote by J the class of all torsionfree P-modules.

Proposition 3. The class J satisfies the following properties:

(1) It is closed under monomorphisms.
(2) It is closed under direct sums and direct products.
(3) It is closed under group—extension.

Proof. (1). Let F be a torsionfree P-module, and j: G+—— F be a monomorphism, if
a < b we have a commutative diagram (sometimes, when working with commutative



Mathematics 2022, 10, 4272

8 of 21

diagrams, we use the following notation: a monomorphism is represented by an arrow
such as +—— , and an epimorphism by —— ).

G(a)+———— F(a) (17)

Hence G(f, ) is a monomorphism.
(2). Let {F; | i € I} be a family of torsionfree P-modules; for any index i € I we have
a commutative diagram

E(a) (i)

Fi(fu,b)l:
Fi(b)+¢> ®;F;(b)

— @,Fi(a) (18)
i@ipi(fa,b)

and the kernel of @®;F;(f, ) is zero. The direct product case is similar.
(3). Let F1, K, F3 be P-modules; if F;,F, € J and 0 — F; — F, — F3 — 01is a short
exact sequence, we have a commutative diagram whenever a < b:

0 Fl(bl) - Fz(a) F3(a) —0 (19)
i Fi(fap) J/ FE(fap) \LFS (fap)
0 Fl(b) - FQ(b) F3(b) —0

By the hypothesis F; (f, ;) and F3(f, ;) are monomorphisms, then F,( f, ;) is a monomor-
phism. O

In particular, the class 7 is the torsionfree class of a torsion theory in P — Mod. To
find this torsion theory, for any P-module, F, and any a € P, we define

7(F)(a) = {u € F(a) | existsb € P,a <b, such that F(f,;)(u) = 0}. (20)
Lemma 5. #(F) is a submodule of F, and F /1 (F) is torsionfree.

Proof. We have #(F)(a), which is a submodule of F(a); indeed, if 11, up € 5(F)(a), there
exist by, by € P, such that F(f,,)(u;) = 0, and there exists ¢ € P such that foc = fy, o fap.,s
then ug + uy € 1(F)(a). Otherwise, for any u € #(F)(a) and any n € A, there exists b € P,
such that F(f, ;) (nu) = nf,,(u) =0, then nu € 5(F)(a).

We have #(F) is a submodule of F; indeed, for any f € Homp(a,b), and any u €
1(F)(a), there exists n € A such that f = nf,;, and ¢ € P such that F(f)(u) = 0. There
exists d € Psuch that f, s = foafap = fedfac and f-u € n(F)(b).

1£ (F/1(F)) (fy) (1) = 0, then F(fo) (1) € n(F)(b), and u € y(F).

1(F)@) F(a) (F/n(F))(@) e
W(F)(fa,b)l lP(fa,b) \L(F/’Y(P))(fa,b)
n(F)®) F(b) (F/n(F))(®)

A P-module F such that F = #(F) is called a torsion P-module. We may characterize
the P-modules, which are torsion:
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Lemma 6. A P—module F is torsion (F = 1 (F)) if, and only if, lim F = 0.

Proof. Let F be a torsion P-module, for any x € F(a) there exists b € P such that

F(fop)(x) =0. O

Presently, we can characterize the class 7 of all torsion P-modules. Indeed, 7 is a
hereditary torsion class,

Lemma 7.
(1)  Let G be a submodule of P—module F, then n(G) = n(F) N G.
(2) Let f: F — G be a homomorphism, then f(1(F)) C 5(G).

(3)  For any P—module F we have 1(F /n(F)) = 0.

In particular, v is a radical torsion and defines a hereditary torsion theory in P—Mod.

Proof. (1). We have (17(F) N G)(a) = 1(F)(a) N G(a) = 7(G)(a).
(2). Letu € n(F)(a), there exists b € P such that F(f,;)(u) = 0, hence

G(fap)f(a)(u) = f(O)E(fop)(u) = 0. (22)

(3). Letu € n(F/n(F))(a), there exists b € P such that (F/#(F))(f,)(#) = 0, hence
we have a commutative diagram with exact rows

0 —— 1(F)(a)+ F(a) (Fn(F)@—=0 @3
'/(F)(fa,b)l ip(fn/h) l(F/W(F))(fa,b)
0——1(F) (0)+ F(b) (F/9(F))(b) —~0

EF(fap)(u) € n(F)(b), and there exists ¢ € P such that F(f;:)F(f,y)(u) = 0; therefore
u € n(F)(a), hencenn =0. O

Since 77 is a hereditary torsion radical in the category P—Mod, the torsionfree modules
are those F such that 77(F) = 0, i.e., they satisfy that the image of any f, , is a monomor-
phism; hence, they are the torsionfree P-modules, previously introduced.

We write the following result as a paraphasic of the basic property of torsionfree
objects in a Grothendieck category.

Lemma 8. Let F be a P-module, for any P-module G such that G(f,) is a monomorphism
whenever a < b, and any homomorphism f : F — G there exists a unique homomorphism
f': F/y(F) — G such that f = pf’.

F—F ~F/y(F) (24)
|
7 \‘(alfl
G

3.3. Dense Ideals

Let F be an P-module, a € P, and x € F(a). For any submodule F' C F, we define
(F' : x) as follows; for any b € P we put

(F': x)(b) = {f € Homp(a,b) | F(f)(x) € F'(b)}. (25)
Lemma 9. With the above notation (F' : x) C Homp(a, —) is an ideal.

We call (F' : x) the residual ideal of x with respect to F’. We define the annihilator,
Ann(x), of x € F(a) as the residual ideal Ann(x) = (0: x).
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For any element a € P, a family of left ideals £(a) of Homyp (a, —) is a filter if it satisfies:

(1) Ifag Capand ag € L(a), then ay € L,, for every left ideals aj, a; of Homyp (a, —).
(2) Ifaj,ap € L(a), thena; Nay € L(a), for every left ideals ay, ay of Homp (a, —).

Presently, we are interested in the relationship of £(a) and £(b) whenever there exists
amap g : a — bin P. Therefore, we have:

(3) Ifg € Homp(a,b) and a € L(a), then (a:g) € L(b).

Observe that in this case we have:

(a:8)(c) ={f € Homp(b,c) | Homp(b,
= {f € Homp(b,c) | fg € a(c)

A family of filters £ = {L(a) | a € P} satisfying properties (1), (2) and (3) is called
linear filter in P — Mod.

Our objective is to parameterize hereditary torsion theories in 7 — Mod using families
of filters L = {L(a) | a € P}; to do that we need a fourth property. A linear filter
L ={L(a)| a € P} isa Gabriel filter if it satisfies the property:

i) <) 26

- Homp(b C)

(4) Leta C Homyp(a, —) be anideal, and b € L(a); if for every b € P and every x € b(b)
we have (a: x) € L(b), thena € L(a).

In [7], a correspondence is established between Gabriel filters and hereditary torsion
theories that associates to any Gabriel filter £ = {L(a) | a € P}; the torsion class 7 (£):
T(L) ={F| Ann(x) € L(a) for every a € P and every x € F(a)}. (27)

Otherwise, to any hereditary torsion class 7 associates, the Gabriel filter £(7), such
that, for any a € P:

£(T)(a) = {a C Homp(a,—) | HOmP(® =) T}. 28)

a
We have studied the hereditary torsion class of all torsion P-module, hence we are
interested in determining the associated Gabriel filter. Since 7 = {F | lim F = 0}, then
a € Homy(a, —) is in the Gabriel filter if, and only if, lﬂ H%y = 0, or equivalently, if

lim Homp(a,—) = lim a. In consequence, the Gabriel filter L, associated to the torsion
class of all torsion P—modules, satisfies

L(a) = {a € Homp(a,—) | lim Hom(a, —) = lim a}. (29)

Observe that this Gabriel filter £ can be also described as the filter of all ideals
a € Homyp (a, —) satisfying that for every b € P, and any ¢ € Homp(a, b), there exist c € P,
and i € Homp (b, ) such that hg € a(c). These are the dense ideals in [7].

3.4. An Interior Operator
Let F € J be a torsionfree P-module, for any a € P we define

F4(0) = F(0),
F¥(a) = °{F(b) | b<a}, ifa #0,

where this sum is in lim F.

(30)

Lemma 10. Let F be a torsionfree P—module, then F? defines a functor from P to A — Mod, hence
a P-module, and a submodule of F, which is also torsionfree.
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Proof. It is obvious that F¥(a) C F(a) is a submodule. On the other hand, for any f €
Homyp (a, c) there exists n € A such that f = nf,., and for any x € F%(a) there existe b € P
such that x € Im(F(f,)), say x = F(fp4)(x). Then, we have:

fox = F(nfae)(x) = nF(fac)F(fo,a) (x) = nF(fyc)(x) € F(c). (31)
O

This means that the operator d : J — J, defined by d(F) = F 4 is an interior operator.
Indeed, it satisfies the statements in the following Lemma.

Lemma 11.

(1) d(F) C FforanyF € J.
(2) d(F,) C d(F,) whenever F; C F,, forany Fy, F, € J.
(3) d(F)=dd(F)forany F € J.

A torsionfree P-module is d—open if d(F) = F.
Let us show some arithmetical properties of this interior operator, with respect to
submodules.

Proposition 4.
(1) Let {F; | i € 1} bea family of torsionfree submodules of a P—module F, then

d
(Z R) =Y F. (32)

As a submodule of F%. Thus, the class of d—open submodules is closed under sums.
(2) Let Fi, F, C F be torsionfree submodules of a P—module F, then

(FNE)=F NnF. (33)

Thus, the class of d—open submodules is closed under finite intersections.
(3)  Let a be a torsionfree left ideal, and G C F be a submodule of a torsionfree P—module F, then

(aG)? = a?G". (34)
Thus, the class of d—open left ideals is closed under products.

Proof. (1). Leta € P, then

<12Fi>d(a) =Y <2Fi> ) =Y Y E(®b) = Z Y E(b) = ;F;i(a). (35)

b<a \ i

(2). Leta € P, then
(FENE)Y(a) =Y. (ANE)®) = Y (F(b) NE(b))

b<a b<a
=Y R()N Y E(b) =F(a)NF@). (36

b<a b<a

Due to the upper—continuous property of the lattice of A—submodules.
(3). Leta € P, then

(aG)*(a) = Y (aG)(b) = Y {{f -m| f € a(b) C Homp(c,b), m € G(c)})  (37)

b<a b<a



Mathematics 2022, 10, 4272

12 of 21

(a(a)G")(a) = (g-n | g € a’(a) C Hom(c,a), n € G(c))
=(g-n|ge ) ab),ne) Gle)) =) (g-n|gealb) CHom(cb), neG()), (38)

b<a e<c
and both are equal. O

Since F is torsionfree, we have lim F = U{F(a) | a € P}. For any a € P, we have

a short exact sequence 0 — F(a) — F(a) — Ifd(—&)) — 0, and taking direct limits, we also

have a short exact sequence
O—>liﬂF"I—>li4n}F—>0—>O (39)

Hence lim F* & lim F.

If we consider the inclusion F%(a) C F(a), and the difference set F(a) \ F¥(a), in
general, the union of all these difference sets does not coincide with lim F, i.e., U{F(a) \
Fia) | 0 # a € PYUF(0) C lim F. We say F satisfies property (F) whenever the
equality holds; in this case we can associate to each element x € lim F either 0 or a unique

a € P\ {0} such that x € F(a) \ F¥(a). Observe that this is a property of sets and not a
property of modules.

4. Gradual and Fuzzy Modules

Let M be an A-module, a fuzzy submodule is a map u: M — [0, 1] satisfying some
extra properties; we are interested in associating to a fuzzy submodule a filtration of
submodules: the a—level filtration, and establish properties of i via properties of the a—
level filtration, in order to have a useful theory of fuzzy modules inside the framework of
functorial categories. Our objective in this section is to demonstrate that another different
filtration to the a—level filtration picks up more efficiently the properties of y.

In this section, we work with P = (0, 1] and the preadditive A—category P; therefore,
with the category Mod—P of right P-modules.

4.1. Fuzzy Ideals
Let A be a commutative, a fuzzy subset y is a fuzzy ideal if for any x,y € A we have:

(1) u(x—y) >min{u(x),u(y)},

) p(xy) = max{p(x), u(y)} and
(3) u(0) # 0, to avoid the trivial case.

Lemma 12 ([8]). If p is a fuzzy ideal, then u(0) > u(x) for any x € A.

Proof. Takey =0in (2). O

Remember, for any a € [0, 1], the a—level of a fuzzy ideal y is defined as:
pao = {x € A| p(x) > a}. (40)
Observe that jg = A; for that reason we shall use a—levels with a« € (0,1].

Lemma 13 ([8]). Let p be a fuzzy subset of a ring A; the following statements hold:

(1) If pis a fuzzy ideal, yy is an ideal for every 0 < a < p(0).
(2)  Ifforany o € Im(p), we have py is an ideal, then y is a fuzzy ideal.

Proof. (1). Let x,y € g, then u(x —y) > min{u(x), u(y)} > «, hence x —y € p,.
Otherwise, if x € 4, for any y € A we have p(xy) > u(x) > a, then xy € p,.

(2). Since p, is an ideal then 0 € p,; this means that ¢(0) > a for any « € Im(u), hence
#(0) = max(Im(p)), and u(0) > p(x) for any x € A.
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Let x,y € Aand o« = min{u(x), u(y)}, then x,y € y,, and x —y € p,, hence p(x —
y) > a = min{u(x), u(y)}. Otherwise, if u(x) = a, for any y € A we have xy € p,, hence
u(xy) > a = p(x). In consequence, y is a fuzzy ideal of A. [

Let us call a decreasing gradual right ideal of A a family of ideals {a, | a € (0,1]} such
that if & < 3, then ag C ag, for any a, B € (0,1]. An example of a decreasing gradual right
ideal is given by the set of a—level of a fuzzy ideal.

Lemma 14. Let y be a fuzzy ideal of a ring A; if u(x) = u(y) = p(0), then pu(x —y) = u(0).
Proof. Itis a direct consequence of the above lemma as j1,(g) is an ideal. [

The problem of working with algebraic operations of fuzzy ideals is hard; as it is
pointed out in ([9], (p. 78)), if 41 and yu; are fuzzy ideals, then pq + p» non—necessarily
coincides with the smallest fuzzy ideal containing 31 and yi»; one condition in order to have
this property is that 11 (0) = u»(0).

A similar problem arose when associating a right P-module to a fuzzy ideal y. The
natural candidate is o (u), defined o(p)(a) = us = {x € A | u(x) > a}, the a—level of u,
which is empty if « > p(0).

This second problem can be easily solved if we put o(u)(«) = {0} whenever & > u(0),
and this means that a plethora of fuzzy ideals y have associated the same decreasing gradual
right ideal: exactly those which coincides in A \ {0}. To organize all fuzzy ideals, we may
define an equivalence relation ~ on fuzzy ideals by p1 ~ wup if p1(x) = pa(x) for any
0 # x € A. Observe that in the equivalence class [u] of u there exists exactly one element,

that attending to y is denoted by u?, such that 1°(0) = 1, i.e., u°(x) = { ]il(x>' 11;3; f 8’

Lemma 15 ([4]). Let y be a fuzzy ideal of a ring A, then u° is a fuzzy ideal.

As a consequence we may define a new sum operation on fuzzy ideals using equiv-
alence classes: [u1] + [u2] = [1 + u3]. Be careful, as the map (—)° is not necessarily a
homomorphism with respect to the sum of fuzzy ideals. If necessary, either we avoid the
use of parenthesis, or we adorne the sum symbol, as [+], to indicate we are working with
equivalence classes. For the two fuzzy ideals, y1 and y, we simply write

(Iia] + [p2]) (x) = (ua[+]p2) (x) = Sup{pf (y) Ap3(2) | y+2z =x}. (41)

In this case, associated to every class [y], there exists a right P-module o (), which
is a submodule of A, the constant right P-module equal to A, which is identify with the
contravariant functor Homp (—, 1).

Remark 1. Unfortunately, the map [u] — o (u) is not a homomorphism with respect to the sum of
submodules. Indeed, we have:

c(pm+lp)(x) ={xe A| (ul[+lp2)(x) >
={xeA] Sup{ul( ) A 140(2
D{y+z| y) > p
={y| my) >a}+{z
= 0o(p)(a) +o(p)(a).

(42)

—NO
—~

The following example shows that there are examples in which o(u1) 4+ o(p2) &
(i + pa)-

Example 2. As we know, for every fuzzy submodules y1, pip we always have an inclusion o (j11) +
o(p2) C o(p1 + p2); let us show that this inclusion could be proper. We define fuzzy submodules
u1 and yy as follows:
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0, ifx € Z\2Z, 0, ifx € Z\3Z,
pa(x) 1-2, ifxe2Z\27Z, m(x)={ -1, ifxesd'z\3+z, (43)
1, ifx = O 1, fo = 0

We claim (p1 + 12)(2) = Sup{p1(y) AN\2(2—y) | y € Z} < %. Indeed, we have
two possibilities:
(1) w(y) > %, theny € 47, i.e., there exists k € Z such that y = 4k. Hence, ya(2 —y) =

pa(2 — 4k) = u(2(1—2k)) < gas2—y #0.
2) my) <3

In both cases, we have u1(y) A p(2 —y) < % In addition, we can choose y, such that
p1(y) A pa(2 —y) is as closed to % as we desire. For any 2 < t,s € N there exist k,h € Z such that
2= 1k 3%h =1, hence 2 — Ztk =2(1-2" 1k) = 3%h; now, if we take y = 2tk then u1(y) >
1-— 3t and p(2 — y) > 3 — L. In consequence, ¥ > p1(y) Apa(2 —y) > 1 3,5, which implies
that (41 + p2)(2) = 3, tmd 2 € (1 + }42)7 On the other hand, we have (,141)% + (]/12)% =47,

and 2 ¢ (p1)1 + (p2)1-

N\'A

Remark 2. The intersection of two fuzzy ideals pq, pp satisfies o (pq N pp) = o(pu1) No(p2), and
the intersection of a family {y; | i € I} of fuzzy ideals satisfies o(N;u;) = Mo (p;). We point out
that the map (—)° is a homomorphism with respect to the intersection.

Remark 3. Since, for any fuzzy ideal p and elements x,y € A we have u(xy) > u(x) VvV u(y),
hence yg - up C vy, and this coincides with the multiplication of right ideals of P: if & < B then
o(a)-o(B) C o(B) as o(B) is an ideal; hence it is with the multiplication of right ideals in the
functor category.

Remark 4. The product of two fuzzy ideals y1, uy is defined as:

(‘ul}lz)(X) = Sup{Ai( 1(x ) A .142 ]/l ‘ X = sz]/l} (44)

Moreover, the map (—)° is a homomorphism with respect to this product. For any fuzzy ideals,
W1, Y2, we have:

(19p9) (x) = Sup{ (4 (x;) A pS (i) | x = Xi iy} (45)
= Sup{Ai(p1(xi) A pa (i) | x = Eixiyi} = (ap2)’(x),

if x # 0. On the other hand,

o(pipa)(e) = {x| prpa(x) > a}
= {x | Sup{Ai(p1(x;) Ap2(yi)) | x =Y xiyi} > a}
D {x| x=Y;xy;, xi € o(pr)(a), yi € o(p2)(a)} (46)
= o(p1)(a)o(p2) ()
= (o(u1)o(p2))(e).

and the equality does not necessarily hold.

It is very easy to build examples in which we have proper inclusion o (p1)o(p2) &
o(p112). In the following, we show one.

Example 3. Let K be a field, {X, Y} U{X, | n € N} be a family of indeterminates over K, and
a the ideal of the polynomial ring K[X,Y, Xy, .. .| generated by the set {X —Y"X,, | n € N}.
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We denote by A the quotient ring w = Klx,y,xo,...], satisfying the relations
x—y"*xy =0, for everyn € N.

In A, we have a strictly descending chain of ideals:

A2 (y,x0,x1,...) 2 (y?, x0,x1,...,) 22 W x0,x1,...) 2 2 (x0,xq,...). (47)

Therefore, there is a fuzzy ideal y, defined by

w((y" x0,x1,.- )\ (Y"1, x0,x1,...)) = % - zin,for everyn € N, and (48)
u(xo,x1,...) =1.

Observe that u(xg) = p(x) = 1, but (up)(x) = Sup{u(y) Au(z) | yz = x} < 3.
Therefore, x € o(u)(1)e(u)(1) = papa & (pp)1 = o(up)(1).

Up to the present, we considered the decreasing gradual right ideal o(u), defined by the
a-levels: o(p)(a) = p(«), for every a € (0,1]. On the other hand, if we consider 7(u) = (),
we obtain a decreasing gradual right ideal that satisfies o(up) = o(u)o(u), as we demonstrate

that o preserves the product. The same holds when we consider the sum.

To establish a homomorphism with respect to the sum and the product, first, let
us collect in the following proposition the behaviour of (—)" with respect to the usual
operations of fuzzy ideals.

Proposition 5. Lef i1, pip be fuzzy ideals, and the following statements hold:

(1) Ingeneral, (uy + p2)° # y(l) + 19, hence we define [p1] + [pa] = [y(l) + ud).
(2) (1 Np2)® = ud N ud, hence we may define [p1] N [pa) = [p1 N pa).

(3) (mip2)” = uip3, hence we may define [p1] - (2] = [pur - pa)-

Second, in order to arrange the drawback shows in Remarks (1) and (4): ¢ is not a
homomorphism with respect to the sum and product. We modify the notion of a—levels in
considering strict a-levels. Let y be a fuzzy ideal of a ring A, for any « € [0, 1], the strong
a—level ji, is defined as

0 i
w0 =t ={ (LS 4] ol 21 ey )

This definition can be extended to any fuzzy subset y such that Im () has a maximum
element ag. In this case, we shall define the strong a—level i, of y as:

~ [ A{xeA] ulx) >atu{0}, ifaecIm(p)\{ao},
”(”>(“)—"“—{ (xeA| ﬁ(x):ao}U{O}, oo ag (50)

Lemma 16. Let y be a fuzzy subset of a ring A such that Im(p) has a maximum, the following
statements hold,

(1) If pis a fuzzy ideal, for any a € [0, 1] we have that ji, is a decreasing gradual right ideal.
(2)  Ifforany a € [0,1], we have that ji, is an ideal, and then y is a fuzzy ideal.

Proof. (1). By Lemma (14) we have that ji; is an ideal. If & < p(0) and x,y € Ji,, then
p(x),1(y) > a hence Min{p(x),u(y)} > a and p(x —y) > Min{pu(x), p(y)} > &, ie,
X —Y € Jy. If x € Jiy, forany y € A we have u(xy) > u(x) > a, ie., xy € jy.

(2). Letx,y € Aand B = u(x) < u(y). For any & < B we have x,y € Ji,, hence
x—y € g and u(x —y) > a, hence u(x —y) > . Otherwise, if x,y € A and p(x) = B, for
any & < B we have x € Jiy, then xy € iy and p(xy) > «, hence p(xy) > p = u(x). O
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In this way, we have that there exists a right P—ideal ¢(u) associated to the fuzzy
ideal y,
o(p)(a) = iy, forany a € (0,1]. (51)

Observe that o(u) C o(u).

The definition of ¢ can be extended to equivalence classes of fuzzy ideals in the
obvious way. In this case, the map [u] — 7 (4°) is a homomorphism with respect to: the
sum, the intersection and the product of classes of fuzzy ideals. For simplicity, we consider
fuzzy ideals p such that u = %, and if by Proposition 5 we avoid the use of brackets, then
we have the following proposition:

Proposition 6. Let 1, pip be fuzzy ideals, then we have:
(1) o(pa[+]u2) = 0(i) + 7 (p2)-

() a(papa) = 7 ()7 (p)-

(3) a(prNp2) = (p1) NI (a).

Proof. (1). We have:

(pi[+]pm)(x) ={x€ Al (pa[+]p2)(x) > a}
={xc Al SUP{M( JAR(2) | y+z=x} > a}
={y+z| y) >a V3(2)> o}
— | W) > e+ 1z ] 1) > a}
=0 (1) (a) +0(p2)(a).

The same holds if we consider either the product or the intersection. [J

(52)

The proof of the following proposition is straightforward.

Proposition 7. For any family of fuzzy ideals {p; | i € I} we have:
(1) a(Xipi) = Xi o (pi)-
(2)  o(Nipi) S Mo (py).

In a similar way, we can develop this theory for fuzzy submodules of A-modules.

4.2. How to Associate Fuzzy Ideals to Gradual Right Ideals

We have studied how to associate a right P-ideal to each fuzzy ideal in such a way
that we have homomorphism with respect to the sum, intersection and product. In addition,
this association preserves arbitrary sums. Presently, we deal with the reciprocal problem:
associate a fuzzy ideal to a gradual right ideal.

Indeed, for any fuzzy ideal u (satisfying u = u°) the right P-modules o () and & (u)
below are torsionfree, i.e., they belong to the class J and, by [4], they can be identified with
decreasing gradual right ideals of A, i.e., maps ¢ from (0, 1] to the lattice of all ideals £L(A) of
A such that 0(B) C o(«) whenever a < B.

The problem is that not every decreasing gradual right ideal come from a fuzzy ideal;
hence, first we need to know how to characterize those which are images of a fuzzy ideal.

Let y be a fuzzy ideal; for any x € A we have that u(x) = Max{B | x € o(u)(B)}. For
any decreasing gradual right ideal o, we say ¢ satisfies property (max—F) if for any x € A
there exists Max{B | x € c(B)}.

In the same way, if we consider 7(u), for any x € A we have p(x) = Inf{7y | x & jia},
and it is not the minimum. Thus, for any decreasing gradual right ideal o, we say ¢ satisfies
property property (inf-F) if for any x € A there exists Inf{7y | x ¢ o ()}, and it is not the
minimum. See Lemma (22) below.

Let o be a decreasing gradual right ideal satisfying property (max-F), we define a map
u(o): A —[0,1] as follows:

u(o)(x) =Max{a | x € o(a)}. (53)
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First, we demonstrate that y(c) is a fuzzy ideal.

Lemma 17. If o is a decreasing gradual right ideal satisfying property (max—F), then (o) is a
fuzzy ideal and p(c) = u°.

Proof. Let x1,x; € A;if Max{y | x € o(y)} = u(0)(x1) = a1 < ag = pu(0)(x2) =
Max{B | x € c(B)}, then xo € pu(0)a, C u(0)a,, hence x1,x2 € p(0)s,, and x; — xp €
W(0)ay, i€, u(o)(x1 —x2) > ag.

Otherwise, forany x,y € A, if u(0)(x) = a, then xy € u(c)y, hence pu(o)(xy) > w. O

Lemma 18. With the above notation, the maps y — o () and o — (o) establish a bijective
correspondence between

(i)  Equivalence classes of fuzzy ideals and
(ii)  Decreasing gradual right ideals satisfying the property (max—F).

Proof. Let i be a fuzzy ideal, and consider u(c(u)); for any x € A, we have:

plo(p))(x) =Max{y | x € o(u)(v)} = Max{y | p(x) >} = u(x). (54)

Otherwise, let o be a decreasing gradual right ideal and consider o(y(c)); for any
a € (0,1], we have:

o(u(@) () = {x [ p(o)(x) =2 a} = {x| Max{y| x € o(7)} > a}
={x| xeo(a)} =c(a). (55)

O

Unfortunately, these maps are not homomorphisms when we consider the sum or
product of ideals.

In the following, we shall consider the map y +— ¢ (), which will be a homomorphism
with respect to sum, product and intersection of ideals. We are working for building an
inverse to the map ¢. Since () satisfies the property (inf-F), we can define

p(E () (x) = Inf{y [ x € 7 (u) (1)}, (56)

being Inf & = 1.

Lemma 19. Let y be a fuzzy ideal, then

(1) p(o(n)) is a fuzzy ideal.
2 u0 =@ ().

Proof. Forany 0 # x € A we have:

() (x) =Inf{y | x ¢ 7(u)(7)} = Inf{y | u(x) <7} =px). (57)
O

In particular, we can see the class of fuzzy ideals inside of the class of decreasing
gradual right ideals via the map y — o (u).

This means that y — () is an injective map from the set of equivalence classes of
all fuzzy ideals into the set of all decreasing gradual right ideals satisfying the property
(inf-F). Otherwise, for any fuzzy ideal y, we have o () C o(u), and the equality does not
necessarily hold.

The problem is to determine those decreasing gradual right ideals o, such that o = ()
for some fuzzy ideal u: we know that ¢ satisfies the following property:

(1) satisfies property (inf-F).
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To characterize them, we define an operator, o — o, in the set of all gradual right
ideals, i.e., maps o from (0, 1] to the lattice of all ideals of A together with maps o( fup:
o(B) — o(a), whenever a < B, satisfying o (fg,,)0(fa,p) = 0(fa,), if & < B < 7. For any
gradual right ideal o, we define a new gradual subset ¢ as follows:

d _ 0(1)/ lf N = 1,
7o) = { Y{o(B)| p>a}, foranya € (0,1). (58)
Lemma 20. If o is a gradual right ideal, then

(1) 0% is a decreasing gradual right ideal.
(2)  Not necessarily, we have o C o4,

(3) o =4,

Proof. (1). Foreverya € (0,1) we have o (a) = Y{c(B) | B > a} as a sum of submodules.
(2). It is easy.
(3). Forevery a € (0,1) we have:

o) =Y {o"(B) | B>at =Y {3 Ac(r) | v>B}| B>a}
=Y Ao | 7> p>a}=0c"a). (59

O

We name strictly decreasing gradual right ideal any gradual right ideal o such that 0¥ = .

Since ¢ = (rd, it seems that we have a kind of closure operator; we only need to be
situated in the suitable framework. In this case, it is the set of all decreasing gradual right
ideals. Indeed, we have:

Lemma 21. Let o be a decreasing gradual right ideal, then we have:

(1) o' Co.
2) o =gl

If o C T are decreasing gradual right ideals, in addition then
(3) o C .

(4) o is the largest strictly decreasing gradual right ideal contained in o.

In consequence, we have an interior operator, o + ¢“, on decreasing gradual right
ideals, which characterizes strictly decreasing gradual right ideals.

We shall relate the properties (max—F) and (inf-F) in the sense that one of them is
the proper one of the decreasing gradual right ideals and the other of strictly decreasing
gradual right ideals.

Lemma 22. Let o be a decreasing gradual right ideal, and the following statements are equivalent:
(a) o satisfies property (max—F),
(b) o satisfies property (inf-F).

Proof. (a) = (b). Letx € A, and &« = Inf{y | x ¢ ¢/(x)} = Inf{y | x ¢ o(v)}. Let
B=Max{y| x €0(y)}; hence p < a, forany p < < a wehave x € 0(J) as d < &, hence
B = 6; as a consequence 3 = «.

(b) = (a). Letx € A,and o« = Sup{y | x €o(y)}. lfx ¢ o(a), then p =Inf{y | x ¢
o(7)} <a. Forany B < 6 < o, we have x € 0(J), because § < «, and x ¢ 0(6) because
B < J, which is a contradiction. Therefore, x € o(a). [

Presently, the following result is immediate.
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Lemma 23. For any fuzzy ideal p, we have o(u)? = G (u).

Our aim is to establish a bijective correspondence between the sets of equivalence cla-
sses of fuzzy ideals and strictly decreasing gradual right ideals satisfying property (inf-F).
With this in mind, for any gradual right ideal ¢, we define a fuzzy subset ji(o) as follows:

(@) (x) = Inf{y [ x & o(7)}. (60)

To establish a well founded correspondence between fuzzy ideals and a class of
decreasing gradual right ideals, we need another definition. We continue with a use-
ful Lemma.

Lemma 24. Let o be a decreasing gradual right ideal, if (a(zx) \ ad(zx)) N (U(ﬁ) \ad([%)) #+ O,
then o« = B, forany a, p € P.

Proof. Let us assume & < B, and let x in the intersection, then x € ¢(«) and x ¢ (), i.e.,
x ¢ o(B) forany B > a, hence x ¢ o(B) \ c?(B). O

Let 0, T be a decreasing gradual right ideal, and the pair (o, 7) is an E-pair if the
following statements hold.

(i) ocCr70(1)=1(1),and o is d-open.
() {t(a)\o(a)| 1#aecP}U{r(1)} is a set of mutually disjoint subsets, i.e., any two
non—-empty sets have an empty intersection.

Lemma 25. For any E-pair (o, T) we have o C 7%

Proof. We have o = 0@ C 1@ C 7, hencec C . O

Proposition 8. If (¢, T) is an E-pair, then o = 7°.

Proof. We always have 7(«) \ 7¥(a) C 7(a)\ o(a). Otherwise, if x € 7(a) \ o(a), and
T(a

x ¢ t(a) \ 7 (a), then x € T¥(a), and there exists > « such that x € 7(8 (a). Since

n
) C
x ¢ o(a), thenx ¢ ¢(B), and x € (B) \ ¢(B). We have (t(a) \ o(a)) N (T (ﬁ( )\rf< 2) z,
n©

which is a contradiction by Lemma (24). As a consequence, T(«) \ o(a) = \ (), ie.,
o(e) =t¢(a). O

An E-pair (o, T) is an F—pair if, in addition, it satisfies:

(i) U{t(a)\o(a)| 1# a € P} UF(1) = Uty(a).

Remark 5. Observe that if o is a d—open gradual right ideal, then (0%, o) is an E-pair but it is not
an F—pair.

Let (o, T) be an F—pair, then for any x € U, (a), we define

(1, ifxeo(l),
o) (¥) = { a, ifxet(a)\o(a). (61)
Theorem 1. For any F-pair (o, T) we have that y, - is a fuzzy ideal satisfying ;1) (0) = 1.

Proof. It follows from the following fact: with this definition, for any a € (0, 1], the a-level
of p(g,r)y isjust T(a). O

Now we can build the announced correspondence.

Proposition 9. Let A be a ring, then:
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(1) If o is astrictly decreasing gradual right ideal satisfying property (inf-F), then ji(0) is a fuzzy ideal.
(2)  The maps y — o (u) and o — ji(c) establish a bijective correspondence between

(a) Equivalence classes of fuzzy ideals.

(b) Strictly decreasing gradual right ideals satisfying the property (inf-F).

(c) Gradual right ideals satisfy (max—F).

(d)  F-pairsin A.

Proof. Letxy,x; € A, if Inf{y | x1 ¢ o(7)} = ji(0)(x1) = a1 < ag = Ji(0)(x2) = Inf{B |
xp € 0(B)}, then x; — xp € 0(a7), and

p(o)(x1 —x2) =Inf{y | x1 —x2 € ()} > a1 = ag Ay = ji(0) (x1) A fi(0)(x2).  (62)

Let x1,xp € A, if Inf{y | x1 & o(y)} = ji(0)(x1) = ay, then x1x € o(aq), and
(o) (x1x2) 2 (o) (x1). O

4.3. Fuzzy and Gradual Submodules

We have studied fuzzy ideals and related them with gradual right ideals; in the same
way, we can perform these notions for fuzzy modules and gradual right modules.

Let M be an A-module, a fuzzy subset u of M is a fuzzy submodule if for any x,y € M
we have:

(1) p(x—y) > min{u(x), u(y)},
(2) wu(xr) > p(x) forany r € A and
(3) u(0) #0, to avoid the trivial case.

In the same way, we define a-levels, strong a-levels, and gradual right submodules
associated to a given fuzzy submodule. In this way, we obtain a similar result to the case of
fuzzy and gradual right ideals.

Proposition 10. Let A be a ring, and M be an A—module, then:

(1) If yis a fuzzy submodule of M, then o(y) and o (u) are decreasing gradual right submodules
of M.

(2)  Ifoisadecreasing gradual right submodule satisfying property (F), then (o) is a fuzzy submodule.

(3) If 0 is a strictly decreasing gradual right ideal satisfying property (inf-F), then ji(c) is a
fuzzy ideal.

(4)  The maps y — o (u) and o — Ji(0) establish a bijective correspondence between

(i) Equivalence classes of fuzzy ideals.
(ii)  Strictly decreasing gradual right ideals satisfying the property (inf-F).
(iii)  Decreasing gradual right ideals satisfy (max—F).
(iv)  F-pairin M.
(5)  In the case of strictly decreasing gradual right submodules, the bijection defined by y — o (u)
and o +— Ji(0) preserves sums, intersections and products by ideals.

5. Conclusions

In this paper we have built several object and categories with the aim of providing a
categorical framework for fuzzy modules.

(1) Starting from a directed poset P, we have constructed a preadditive category P and
the functor category P—Mod as ambient to study fuzzy submodules.

(2) If Pis (0,1], this module category has a special class of objects: 7 which is a torsionfree
class in P—Mod.

(3) Using this class, we have built a pair of modules, or equivalently, of gradual submodules.

(4) To assure that the sum of fuzzy submodules is a good operation, we have introduced
an equivalence relation and demonstrated that we can restrict ourselves to consider
operations on equivalence classes, to finally establish a bijective correspondence
between equivalence classes of fuzzy submodules and certain pairs: the F-pairs.
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(5) With this correspondence, we have shown that it is a homomorphism for the usual
operations of fuzzy ideals: the sum, the product, the union and the intersection, improving
the results obtained when using the usual a—levels associated to a fuzzy submodule.
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