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Abstract. This paper continues the study of the recently introduced notion of J-ideals by Khashan and Bani-Ata, extending
it to a module-theoretic and homological framework. First, we introduce and investigate J-injective modules, providing a
Baer-type characterization and studying their relation to J-torsion-free and J-divisible modules. We then define and ex-
amine J-Noetherian modules and rings, showing that many classical properties such as the ascending chain condition and
the Cartan-FEilenberg—Bass Theorem admit J-analogues. Finally, we develop the theory of J-flat and J-coherent modules,
characterizing J-coherent rings through homological conditions and examples. Our results reveal that many homological
behaviors persist in this broader setting, shedding light on the structural richness of the J-ideal framework.

Key Words: J-submodule, J-injective module, J-Noetherian module, /-Noetherian ring, J-flat module, J-coherent module,
J-coherent ring.
2010 MSC: 13A15, 13A18, 13F05, 13G05, 13C20.

1 Introduction

Let R be commutative ring with identity element, J(R) its Jacobson radical, Z(R) the set of all zero-
divisors of R, and Nil(R) the set of all nilpotent elements of R.

Recently, Khashan and Bani-Ata [14]] introduced the notion of J-ideals as follows: a proper ideal
I of a ring R is called a J-ideal if whenever a,b € R with ab € I and a ¢ J(R), then b € I. The authors
study various properties and provide examples of this class of ideals. Furthermore, they explore
its relationship with several well-known types of ideals, including r-ideals, prime ideals, primary
ideals, and maximal ideals. They also extend the notion to J-submodules of an R-module M and
investigate their properties, particularly in the case of multiplication modules.

In 18], Mimouni further investigates this concept in various contexts of commutative rings, specif-
ically in trivial ring extensions, amalgamated constructions of rings, and pullback diagrams. Exam-
ples are provided to illustrate the scope and limitations of the results.

This notion has also been studied in other frameworks, such as the S-version, the graded version,
and within multiplicative lattices [} 2} 7} [11], (16}, [22]).

In contrast to the above works, the present paper approaches the theory of J-ideals from a module-
theoretic and homological perspective. Our goal is to investigate this notion not only within the
structure of modules but also through the lens of homological algebra, thereby revealing new insights
and extending the applicability of J-ideals beyond the classical ideal-theoretic framework.

This paper aims to extend the classical theory of modules and rings by incorporating the con-
cept of J-ideals, recently introduced by Khashan and Bani-Ata, into a broader module-theoretic and

*Corresponding author.
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homological framework.

In Section 2, we introduce and investigate the notion of J-injective modules, which generalizes the
classical concept of injectivity. We establish a version of Baer’s Criterion in this setting and explore
the relationship between J-injectivity and J-torsion-free modules via Ext-vanishing conditions. Par-
ticular attention is given to ZJ-rings, in which the zero-divisors are contained in the Jacobson radical,
and under which many simplifications occur.

Section 3 is devoted to the study of /-Noetherian modules and rings. We show that J-Noetherianity
satisfies analogues of the ascending chain condition and the maximal condition for J-submodules.
We also present a J-version of the Cartan-Eilenberg-Bass Theorem, characterizing J-Noetherian
rings through the behavior of direct sums and direct limits of J-injective modules.

In Section 4, we develop the theory of J-flat and J-coherent modules. We define J-flatness via the
exactness of tensor sequences involving finitely generated J-ideals and characterize J-coherent mod-
ules as those for which every finitely generated J-submodule is finitely presented. Several equivalent
conditions for a ring to be J-coherent are provided, involving vanishing Tor functors, behavior of
direct products, and the existence of J-flat preenvelopes.

These developments demonstrate that many familiar homological properties can be meaningfully
extended to the J-setting, offering a rich generalization of classical module theory.

2 On J-injective modules

In this section, we initiate the development of a new theory through the study of certain submodules.

Definition 2.1. Let R be a ring and M an R-module. The module M is said to be J-torsion free if, for
every s € R\ J(R) and every m € M, the condition sm = 0 implies m = 0.

An R-submodule N of M is called a J-submodule of M if either N = 0 or the quotient module M/N
is J-torsion free; that is, for every s € R\ J(R) and every m € M, the condition sm € N implies m € N.

Remark 2.2. 1. An ideal I of Ris a J-submodule if and only if either I = 0 or I is a J-ideal in the
sense of [14].

2. When R is a local ring, it is easy to see that every submodule of an R-module is a J-submodule.
In particular, every ideal of R is a J-submodule of R.

Definition 2.3. A proper submodule N ¢ M is called a J-submodule in the sense of [14]] if, for all a € R
and me M,
ameN and ae(](R)M:M) — meN.

It is important to compare our definition of J-submodules with the one given by the authors of
[14]. The following Proposition clarifies this comparison.

Proposition 2.4. For every R-module M and every submodule N C M, if N is a J-submodule in the sense
of Definition[2.1} then N is a J-submodule in the sense of Definition|2.3]

Proof. Recall that
J(RM :M)={aeR[aM CJ(RIM}, ]J(R) C (J(R)M : M).
Hence,
R\ (J(R)M : M) € R\ J(R). (%)

Assume N satisfies Definition [2.1] Take a € R\ (J(R)M : M) and m € M such that am € N. By (x),
we have a € R\ J(R), so the defining property of Definition [2.1|forces m € N. Thus, N also satisfies
Definition[2.3] O
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Remark 2.5. The converse of Proposition is false in general as we will show in the following

Example[2.6]
Example 2.6. Let p be a prime, set R =Z (so J(R) = 0), and take

M=7Z/pZ, N:=0CM.

* N satisfies Deﬁnition Here J(R)M =0 and (J(RIM : M) =pZ. Forae Z\pZ and me M,
am = 0 implies m = 0 because a is invertible modulo p. Hence N is a J-submodule in the sense
of Definition [2.3]

* N fails Definition The quotient M/N = M is not J-torsion free: choose s = p € R\ J(R)
and m =1 € M, then sm =0 e N but m ¢ N. Thus N is not a J-submodule in the sense of
Definition [2.1]

Hence Definition [2.3]does not imply Definition
As in the classical case, we introduce a new generalization of injective modules as follows.

Definition 2.7. Let R be a ring and E an R-module. We say that E is J-injective if, for every extension
of R-modules M C N, where M is a J-submodule of N, any R-homomorphism from M to E can be
extended to a homomorphism from N to E.

Remark 2.8. 1. Clearly, every injective module is J-injective. From Remark [2.2] every J-injective
module over a local ring is injective.

2. Let R be a ring. Since every R-module is an epimorphic image of a free R-module, a standard
verification shows that an R-module E is J-injective if and only if Exty(M,E) = 0 for every
J-torsion-free R-module M.

We now establish an analogue of the well-known Baer’s Criterion to characterize J-injectivity in a
manner similar to the classical case.

Theorem 2.9. Let R be a ring and E an R-module. Then E is J-injective if and only if every R-
homomorphism from a J-ideal of R to E can be extended to a homomorphism from R to E.

Proof. The necessity follows directly from Remark [2.2)(1).

Conversely, let M be a J-submodule of an R-module N, and let f : M — E be an R-homomorphism.
Consider the collection & of all pairs (C,g) such that M C C C N, C is a J-submodule of N, and
g :C — E is an R-homomorphism satisfying g|; = f. Clearly, € = 0 since (M, f) € €. Partially order
¢ by declaring (C,g) < (C’,¢’) if C C C’ and ¢’|c = . Then € is inductive, and by Zorn’s Lemma, it
has a maximal element, say (Cy, o).

Suppose Cy # N. Choose x € N \ Cy and define I = {r € R: rx € Cy}. We claim that I is a J-ideal
of R: indeed, for any 4,5 € R with s ¢ J(R) and as € I, it follows that s(ax) € Cy, and since Cj is a
J-submodule of N, we conclude ax € Cy, hence a € I.

Now define h: I — E by h(r) = go(rx). Then h is an R-homomorphism and extends to h’: R — E by
assumption. Define §: Cy+ Rx — E by g(cq + rx) = go(co) + h'(r).

If co +rx = c)+1'x, then (co — ¢j) = (r' —r)x € Cy and hence " —r € I. It follows that

8o(co—cg) = go((r' =r)x) = h(r' = 1) = W'(r' 1),

SO
8o(co) +h'(r) = go(cg) + H'(r").
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Therefore, ¢ is well-defined and agrees with f on M. Consider the following commutative diagram
with exact rows and columns:

0 0

0 5 0 y N y N/Cy —— 0
| l H

0 — Co+Rx > Q y N/Cy —— 0
0 0

Since N/Cj is a J-torsion free R-module and C is a J-submodule of N, we conclude that Cy + Rx is
a J-submodule of Q (and hence of N). Thus, (Cy+Rx, g) € €, contradicting the maximality of (Cy, go).
Therefore, Cy = N, completing the proof. O

Corollary 2.10. Let R be a ring and E an R-module. Then E is J-injective if and only if Extp(R/I,E) = 0
for every J-ideal I of R.

Proof. This follows immediately from Theorem [2.9 O

Corollary 2.11. The class of ]-injective modules is closed under direct products.

Proof. This follows directly from the fact that Ext commutes with products in the second variable.
O

In the remainder of this paper, we focus on rings R satisfying the condition Z(R) C J(R). We refer
to such rings as ZJ-rings. In particular, every local ring is a Z]-ring.

Corollary 2.12. Let R be a Z]-ring. The following statements are equivalent for an R-module E:

1. E is J-injective;

N

. Ext'fz(M,E) = 0 for every J-torsion-free R-module M and every k € IN*;

(SN

. Exty(M,E) = 0 for every ]-torsion-free R-module M;
4. Exth(R/I,E) = 0 for every J-ideal I of R and every k € N*;
5. Exth(R/I,E) = 0 for every J-ideal I of R.

Proof. The implications (2) = (4), (4) = (5), (2) = (3), and (3) = (5) are all immediate.

(5) = (1) follows directly from Corollary

(1) = (2): The case k = 1 follows from Remark (2). Assume now that k > 1, and let M be a
J-torsion-free R-module. Consider a projective resolution of M:

0>K—>F,—>—>F—->M-=0,
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where each F; is a free R-module. Then K is a torsion-free R-module. Since R is a Z]-ring, every
torsion-free R-module is J-torsion-free. In particular, K is J-torsion-free, and thus

Extk(M, E) = ExtL(K,E) =0
by dimension shifting. Therefore, statement (2) holds for all k € IN*. ]

It is well known that in the classical setting, injective modules are divisible. We now introduce an
analogous concept for J-injectivity.

Definition 2.13. Let R be a ring, s € R, and M an R-module. We say that s is a J-regular element if s
is regular in R and the ideal (s) generated by s is a J-ideal.
An R-module M is said to be J-divisible if aM = M for every J-regular element a € R.

Remark 2.14. Clearly, when R is a local ring, J-regularity and J-divisibility coincide with classical
regularity and divisibility, respectively. In particular, by [24, Theorem 2.4.5 (3)], over an integral
domain, a (J)-torsion-free R-module E is J-injective if and only if E is injective.

Corollary 2.15. Let R be a ring and E an R-module. If E is J-injective, then E is J-divisible.
Proof. This follows immediately from Corollary and [24, Exercise 3.3 (3)]. O

3 J-Noetherian Modules

Having introduced the notion of J-injective modules as a generalization of injectivity, we now fol-
low the classical approach to define a new class of modules and rings that extends the concept of
Noetherianity.

Definition 3.1. Let R be a ring and M an R-module. We say that M is J-Noetherian if M is finitely
generated and every J-submodule of M is also finitely generated.
The ring R is called a J-Noetherian ring if it is a J-Noetherian module over itself.

Remark 3.2. Clearly, every Noetherian R-module is J-Noetherian. In particular, for a local ring R,
Noetherianity and J-Noetherianity coincide by Remark[2.2](2).

Let A be a commutative ring and let E be an A-module. The trivial ring extension of A by E, also
called the idealization of E, is the set

AxE:={(a,e)|ac A ecE},
with addition defined componentwise:
(a,e)+(a’,e):i=(a+a’,e+e),

and multiplication defined by:
(a,e)(a’,e’) = (aa’,ae’ +a’e).

It is easy to verify that A o E is a commutative ring with unity (1,0), where 0 denotes the zero of
E.

The ring A « E contains a natural ideal 0 « E := {(0,¢) | e € E}, which is isomorphic to E as an
A-module. Also, A « E/(0 «« E) = A, so the projection map onto the first component gives a ring
homomorphism A «c E — A.

This construction, introduced by D. D. Anderson and M. Winders [3]], is often used to transfer or
study ring-theoretic and module-theoretic properties in a new context (for instance, [13]), particu-
larly for investigating properties like coherence, clean rings, or Gorenstein dimensions.

It is important to illustrate that the J-Noetherian property does not imply classical Noetherianity.
The following example provides such a case.
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Example 3.3. Let 1t : ZxZ — Z be the projection map defined by 7(a, b) = a. It is easy to verify that =
is a ring homomorphism. Let A = ZxZ. Then every abelian group can be viewed as an A-module via
the structure induced by 7. Let p be a prime integer, and set R = A oc Z,~. Then R is a J-Noetherian
ring that is not Noetherian.

Proof. First, observe that Z,~ is not a finitely generated abelian group. Consequently, it is not a
finitely generated A-module, and thus R is not a Noetherian ring.

On the other hand, as noted in [4], the group Z,« is almost Noetherian, meaning that every proper
subgroup is finitely generated. Therefore, every proper abelian subgroup of Z,~ is a finitely gener-
ated R-module.

Next, observe that J(R) = Nil(R) = 0 occ Z,~, which is not a J-ideal of R. Indeed, we have:

((1,0),0) : ((0, 1)70) = ((010):0) € ](R);

yet neither ((1,0),0) nor ((0,1),0) belongs to J(R).

Suppose, for contradiction, that there exists a J-ideal I C J(R) that is not finitely generated. Then I
has an infinite generating set of the form {(0,0),¢;};. It is easy to see that R((0,0),e;) = (0,0) oc Ae; for
each i, and so

1=(0,0)c ZAeZ- CJ(R).

Hence, H =} ; Ae; is a proper A-submodule of Z,«. Since H is a finitely generated abelian subgroup
of Z,, it is also a finitely generated A-module — a contradiction.

Therefore, every J-ideal of R contained in J(R) must be finitely generated. By [14, Proposition 2.2],
we conclude that R is a J-Noetherian ring. O

We now show that J-Noetherian modules satisfy the ascending chain condition and the maximal
condition, in a form analogous to the classical Noetherian case.

Theorem 3.4. Let R be a ring. The following statements are equivalent for an R-module M:
1. M is a J-Noetherian module;

2. M satisfies the ascending chain condition (ACC) on J-submodules, that is, for any ascending
chain
M,CM,C---CM,C---,

where each M; is a J-submodule of M, there exists a positive integer m such that M,, = M,, for

all n > m;

3. M satisfies the J-maximal condition, that is, every nonempty set of J-submodules of M contains
a maximal element.

Proof. (1) = (2): Let {M,,} be an ascending chain of J-submodules of M, and define N :=J,, M,,. By
assumption, N is a J-submodule of M, and hence finitely generated. Write N = Rxy +---+ Rxy. Then,
for some m, all x; belong to M,,,, so N € M,,. Since M,, C N, we have N = M,,. Therefore, the chain
stabilizes at M,,,.

(2) = (3): Let I be a nonempty set of J-submodules of M with no maximal element. Choose any
M; eT. Since M is not maximal, there exists M, € I such that M; C M,. Repeating this process, we
obtain an infinite strictly ascending chain

MycM,c---CcM,C:--,

contradicting the assumption that every ascending chain of J-submodules stabilizes.
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(3) = (1): Let N be a J-submodule of M, and consider the set
I':={A C N |Ais a finitely generated J-submodule of N}.

Clearly, I is nonempty since 0 € I'. By assumption, I has a maximal element, say A. If A # N, then
there exists x € N\ A, and A; := A+ Rx is a finitely generated submodule of N strictly containing
A. As in the proof of Theorem one can verify that A, is a J-submodule of M, contradicting the
maximality of A. Hence, N = A is finitely generated, and M is J-Noetherian. O]

Corollary 3.5. Let R be a ring. The following statements are equivalent:
1. Ris a J-Noetherian ring;
2. R satisfies the ascending chain condition (ACC) on J-ideals, that is, for any ascending chain
LCL,C---CI,C---,
there exists a positive integer m such that I, = I,,, for all n > m;

3. R satisfies the J-maximal condition, that is, every nonempty set of J-ideals of R has a maximal ele-
ment.

Proof. This follows immediately from Theorem [3.4] O

We now establish the relationship between exact sequences and /-Noetherianity, in analogy with
the classical theory.

Theorem 3.6. Let R be a ring, and let

T
”—>0

0->M >M->M

be a short exact sequence of R-modules, where M’ is a J-submodule of M. Then M is a J-Noetherian
module if and only if both M’ and M” are J-Noetherian modules.

Proof. Assume that M is J-Noetherian. Let X be a J-submodule of M’. To show that X is finitely
generated, it suffices to prove that X is a J-submodule of M. Let x € M and s € R\ J(R) such that
sx € X. Then sm(x) = 0in M”. Since M” is J-torsion free, it follows that 7(x) = 0, and hence x € M’.
So x € X as sx € X and X is a J-submodule of M’. Thus, X is a J-submodule of M, and therefore
finitely generated. Hence M’ is J-Noetherian.

Now let Y be a J-submodule of M"”, and consider the following pullback diagram:

> M’

M/
Since M”/Y = P/M, and M”/Y is J-torsion free, we conclude that P is a J-submodule of M. By
assumption, M is J-Noetherian, so P is finitely generated. It follows that Y is finitely generated, and

hence M” is J-Noetherian.
Conversely, suppose M’ and M” are J-Noetherian. Let

0 > M” > 0

My cM,C---CM,C---



8 Moroccan Journal of Algebra and Geometry with Applications/ Y. El Haddaoui and H. Kim

be an ascending chain of J-submodules of M. Then
M,ﬂMl QM/ﬂMZ c---
is an ascending chain of J-submodules of M’, and

M1+M, M2+M,
g g...
M’ M’

is an ascending chain of J-submodules of M/M’: for each i, we have

MZ'+M,~ M,;
M~ MnM’

Let s € R\ J(R) and suppose x € M/M’ satisfies sx € M;/(M; N M’). Then sx —m; € M; N M’ for some
m; € M;, so sx € M; and since M; is a J-submodule, it follows that x € M;, hence x € M;/(M; N M’).
Thus, M;/(M; N M’) is a J-submodule of M/M’.

Since M’ and M/M’ are [-Noetherian, the above chains stabilize at some m € IN. That is,

M'NM,=M'NnM,, and M’ +M,=M"+M,, foralln>m.
It follows that M,, = M,, for all n > m, so M is J-Noetherian by Theorem 3.4] O

Corollary 3.7. Let R be a ring and {M;};c; a finite collection of J-torsion-free R-modules. Then @ie[ M;
is a J-Noetherian R-module if and only if each M; is J-Noetherian.

Proof. We proceed by induction on the number of summands, applying Theorem 3.6 O

Corollary 3.8. Let R be a ring and I a J-ideal of R. Then R is a J-Noetherian ring if and only if both I and
R/I are J-Noetherian R-modules.

Proof. This follows immediately from Theorem 3.6] ]

Corollary 3.9. Let R be a Z]-ring that is J-Noetherian, and let M be a J-torsion-free R-module. Then M
is J-Noetherian if and only if it is a finitely generated R-module.

Proof. The forward direction is immediate, since /-Noetherian modules are, in particular, finitely
generated. Conversely, suppose M is finitely generated. Then M is a quotient of a finite direct sum
R, Since Z(R) C J(R), R is J-torsion-free, and by Corollary R™ is J-Noetherian. Therefore, M
is J-Noetherian by Theorem 3.6 O

Theorem 3.10 (J-version of Cartan-Eilenberg—Bass). The following statements are equivalent for a
ring R:

1. Ris J-Noetherian;
2. every direct limit of J-injective R-modules is J-injective;
3. every direct sum of J-injective R-modules is J-injective.

Proof. (1) = (2): Let E = li_n)lE]-, where each E; is a J-injective R-module, and let I be a J-ideal of R.
Then
1 1 1
Extp(R/I,E) = h_)mExtR(R/I,Ej)

by [24, Theorem 3.9.4 (1)]. Since each Ej is J-injective, each term vanishes, so Ext%z(R/I,E) = 0. Thus,
E is J-injective by Corollary
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(2) = (3): This follows from [24], Example 2.5.30 (3)], since direct sums are special cases of direct
limits.

(3) = (1): Suppose R is not J-Noetherian. Then, by Theorem there exists a strictly ascending
chain I; I, C--- of J-ideals that does not stabilize. Let I = | J;2; I;. Then I/I; = 0 for all i.

Define f; as the composition of the natural map t; : I — I/I; with the inclusion into its injective
envelope E(I/I;). Define f : I — @21}3(1/11-) by f(a) = (f;(a));. Since each a € I belongs to only
finitely many I;, f(I) is well-defined.

If @1 | E(I/I;) were J-injective, then f would extend to an R-homomorphism g: R — @ E(I/1;)
by Theorem. 2.90 Let 7t; be the projection onto the j-th component. Then, for sufficiently large i, we
have 71;0¢(1)=0,soforael,

fi(a) =m0 f(a)=1;0g(a)=a-m;(g(1)) = 0.

This implies that each f; is eventually zero, contradicting the assumption that I/I; # 0 for all i. Hence,
the direct sum is not J-injective, and the result follows. O]

Remark 3.11. Let R = A oc Z,, where A = ZxZ, and Z,~ is the Prifer p-group viewed as an A-
module via the projection map 7((a, b)) = a. Over this ring (see Example , there exists a J-injective
R-module which is not injective. Consider the R-module
R
Ei=—=A=ZxZ.
J(R)

(i) E is J-injective. By Theorem[2.9) an R-module E is J-injective if every R-homomorphism ¢ : I —
E, where [ is a J-ideal of R, extends to a homomorphism R — E. In this case, the only proper J-ideal
of Ris J(R) = 0 «« Zy~. Since J(R)-E = 0, any such homomorphism must be the zero map, which
clearly extends to R. Thus, E is J-injective.

(ii) E is not injective. Consider the short exact sequence

0—J(R)>RSE—s0.

If E were injective, this sequence would split, implying that R = E @ J(R) as R-modules. Hence, J(R)
would be isomorphic to eR for some idempotent e € R. However, since J(R) € Nil(R), and the Jacobson
radical contains no nontrivial idempotents, we must have e = 0, contradicting the assumption J(R) =
eR # 0. Therefore, the sequence does not split and E is not injective.

4 On J-flat Modules and J-coherent Modules

We now generalize the concept of flat modules in the context of the J-setting.

Definition 4.1. Let R be a ring and F an R-module. We say that F is J-flat if, for every finitely
generated J-ideal I of R, the sequence

O —)I®RF —)R@RP
is exact.

Remark 4.2. Clearly, every flat R-module is J-flat. Moreover, by Remark J-flatness coincides
with classical flatness in certain cases.

It is straightforward to verify that the class of J-flat modules is closed under direct sums.
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Proposition 4.3. Let R be a ring and F an R-module. Then F is J-flat if and only if TorR(R/I,F) = 0
for every finitely generated J-ideal I of R. Moreover, if R is a Z]-ring, then F is J-flat if and only if
Torf(R/I,F) = 0 for every k € IN* and every finitely generated J-ideal I of R.

Proof. The first assertion follows by adapting the classical flatness criterion via Tor. The second
assertion follows similarly to the argument used in the proof of Corollary O

In what follows, we denote by #/ the class of all finitely presented cyclic J-torsion-free R-modules.

Definition 4.4. Let R be a ring and M an R-module. We say that M is J-coherent if M is finitely
generated and every finitely generated J-submodule of M is finitely presented.
We say that R is a J-coherent ring if R is a J-coherent module over itself.

Remark 4.5. A ring R is J-coherent if and only if it is &/ -coherent in the sense of [27], where ¢ = F /.

Example 4.6. Following [6]], a ring R is said to be left [-coherent if its Jacobson radical J(R) is a coherent
left R-module.

It is easy to see that J-coherence in the sense of [[6] implies our notion of J-coherence. In particular,
by [6, Example 2.8], let R be a non-coherent commutative domain and let G be a free abelian group
of infinite rank. Then the group ring RG is not coherent, yet it is J-coherent in our sense.

Theorem 4.7. Let R be a Z]-ring. If R is a J-Noetherian ring, then R is a J-coherent ring.

Proof. Let I be a J-ideal of R. Since R is J-Noetherian, I is finitely generated. Consider the following
pullback diagram of R-modules:

0 0
0 — R1) . P o 1 > 0
| l
0 —— R — R0 , R > 0
R/I R/I
0 0

Since R is a Z]-ring, Corollaryimplies that R is J-Noetherian. Because P is a J-submodule
of R, Theorem shows that P is also J-Noetherian. Therefore, as a J-submodule of itself, P is
finitely presented. By [10, Theorem 2.1.2 (2)], it follows that I is a finitely presented ideal. Hence, R
is J-coherent. ]

Here is another example of a J-coherent ring in our sense, which is not J-coherent in the sense of
[6], constructed via a trivial ring extension.

Example 4.8. Let R = Z « Q, the trivial ring extension of Z by Q. Then R is a J-coherent ring in our
sense, since the only finitely generated J-ideal of R is the zero ideal.

Indeed, by [3} Corollary 3.4] and [14, Proposition 2.2], any nonzero J-ideal I of R is of the form
I =0 o G where G is a subgroup of Q.

If G = Q, then I is a prime ideal but not finitely generated. Suppose instead that G is a proper
subgroup of Q. Then there exists % e\G.
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Assume Z C G. Then we have:
(3,0)(0,2) = (0,p) € 0 G,

but (0, g) ¢ 0 « G, contradicting the definition of a J-ideal. Thus, Z ¢ G, and there exists a € Z\ G.

Now choose € Z*' N G. Such g exists: if £ € G\ {0}, then x € sG C G (since G is a group), and we
may take g = x. Then % ¢ G, but:

(B%,0)(0,%) = (0,fa) €0 G.

Hence, 0 oc G is not a J-ideal of R, a contradiction. It follows that the only J-ideal of R is zero, which
is trivially finitely generated. Thus, R is J-coherent in our sense, but not J-coherent in the sense of
[6]], as it is not coherent.

The following result is an analogue of the well-known behavior described in [10, Theorem 2.2.1].

Theorem 4.9. Let R be a ring and consider a short exact sequence of R-modules

0P LNE M0
such that P is a J-submodule of N. Then:
1. If N is a J-coherent R-module and P is finitely generated, then M is a J-coherent R-module.
2. If M is a coherent R-module and P is a J-coherent R-module, then N is a J-coherent R-module.
3. If both N and M are J-coherent R-modules, then so is P.

Proof. (1) Since N is finitely generated, so is M. Let F be a finitely generated J-submodule of M.
Then F = A/P, where A is a finitely generated J-submodule of N and P is a submodule of A. Since
N is J-coherent, A is finitely presented. Therefore, by [15, (4.54) Lemma], the quotient F is finitely
presented. Thus, M is a J-coherent module.

(2) Since M is coherent and P is finitely generated, N is finitely generated by [10, Theorem 2.1.2
(1)]. Let X be a finitely generated J-submodule of N, and consider the following commutative dia-
gram with exact rows:

0 P N

Since X is finitely generated, g(X) is also finitely generated. As M is coherent, g(X) is finitely pre-
sented. Moreover, ker(gx) C P is a J-submodule and hence finitely presented by the J-coherence of
P. It follows that X is finitely presented, and by [10, Theorem 2.1.2], N is J-coherent.

(3) By [10, Theorem 2.1.2 (3)], P is finitely generated. Let G be a finitely generated J-submodule
of P. Then G is also a J-submodule of N. Since N is J-coherent, G is finitely presented. Hence P is
J-coherent. O

Theorem 4.10. Let R be a ring and let I be a finitely generated ideal contained in J(R). Then an
R/I-module M is J-coherent if and only if it is J-coherent as an R-module. In particular:

1. If Ris a J-coherent ring and I C J(R) is a finitely generated ideal, then R/I is a J-coherent ring.
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2. If R/I is a coherent ring and I is a J-coherent R-module, then R is a J-coherent ring.

Proof. We use the result from [10, Theorem 2.1.8], which states that an R-module M is finitely pre-
sented if and only if M/IM is a finitely presented R/I-module.

Now assume that M is a J-coherent R-module. We claim that M is also a J-coherent R/I-module.
Let N be a finitely generated J-submodule of M, considered as an R/I-module. Then N is also
a finitely generated J-submodule of M as an R-module. Since M is assumed J-coherent over R,
it follows that N is finitely presented as an R-module. Hence, by the above result, N is finitely
presented over R/I, and thus M is a J-coherent R/I-module.

Conversely, suppose M is a J-coherent R/I-module. Let N be a finitely generated J-submodule
of M as an R-module. Then N is also a finitely generated J-submodule of M considered as an R/I-
module. Since M is J-coherent over R/I, N is finitely presented over R/I, and therefore, by [10}
Theorem 2.1.8], N is also finitely presented over R. Thus, M is J-coherent over R.

For part (2), assume that R/I is a coherent ring and I is a J-coherent R-module. Then by part (1)
and Theorem (2), it follows that R is a J-coherent ring. O

To characterize J-coherent rings, we introduce a J-analogue of the well-known concept of FP-
injective modules.

Definition 4.11. An R-module M is said to be J-FP-injective if Exty(R/I,M) = 0 for every finitely
generated J-ideal I of R.

Theorem 4.12. The following statements are equivalent for a ring R:

1. Ris J-coherent;
2. For any finitely generated J-ideal I of R and any direct system (M,),c4 of R-modules, we have
li_)mExtllQ(R/I,Ma) =~ Extp(R/I, li_)mMa);

3. For any family {N,} of R-modules and any finitely generated J-ideal I of R, we have
Tork (]_[Na,R/I) = I_[Torlf (N, R/T);

. Any direct product of copies of R is J-flat;
. Any direct product of -flat R-modules is J-flat;

. Any direct limit of J-FP-injective R-modules is J-FP-injective;

4

5

6

7. Any direct limit of injective R-modules is J-FP-injective;

8. An R-module M is J-FP-injective if and only if M~ is J-flat;

9. An R-module M is J-FP-injective if and only if M** is J-FP-injective;
0

. An R-module M is J-flat if and only if M** is J-flat;

11. For any ring S, finitely generated J-ideal I of R, (R,S)-bimodule B, and injective S-module E,
we have
Tor} (Homg (B, E), R/I) = Homg (Extk(R/I, B), E);

12. Every R-module has a J-flat preenvelope.
Proof. This follows immediately from Remarkand [27, Theorem 3.3]. O
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1 Introduction

In this note, all rings are associative and commutative, and they are usually (integral) domains; all
inclusion of rings denote subrings; and all rings, ring homomorphims, and modules are unital. If R is
a domain with quotient field K, then by an overring of R, we mean any ring T such that RC T C K. For
any ring A, we let Spec(A) (resp., Max(A)) denote the set of all prime (resp., all maximal) ideals of A.
In the spirit of [12], we let GD denote the going-down property of ring homomorphisms (for instance,
of ring extensions). For the sake of completeness, this Introduction next gives two paragraphs of
background material; then a short paragraph stating the recent result of Spencer Secord that will be
reproved in Theorem 2.1; then a paragraph explaining why we believe that it would be natural to use
GD-theoretic methods while seeking a new proof of Secord’s result; and, finally, a short paragraph
announcing some new characterizations of straight domains and locally divided prime ideals that
will be proved in Corollary 2.2 and Proposition 2.4, as well as the simpler characterizations in Section
3 when the base domain is integrally closed.

Recall that if f : A — B is a (unital) ring homomorphism (for instance, a ring extension A < B),
then B can be canonically viewed as an A-module, via a-b := f(a)b for all a € A and b € B. This fact is
particularly useful when one is also given an ideal I of A, for f then induces a ring homomorphism
A/I — B/IB that allows B/IB to be viewed as a module over A/I. Some of the rest of this paragraph
results from editing the first and second paragraphs of the Introduction in [9)]. As in [7]], a ring
homomorphism R — T is said to be a prime morphism if T/PT is torsion-free over (the domain) R/P
for each P € Spec(R) (when the induced ring homomorphism R/P — T/PT is used to view T/PT as a
module over R/P). It was shown, inter alia, in Proposition 2.3 of [9] that a ring homomorphism R — T
is a prime morphism if and only if the induced map Ry; — Ty (:= Tr\p) is @ prime morphism for
each M € Max(R). As in [9]], a domain R is said to be a straight domain if R < T is a prime morphism
for each overring T of R. The most natural examples of straight domains are Pruefer domains (the
two-fold point being that Pruefer domains are the domains all of whose overrings are flat; and any
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flat ring homomorphism is a prime morphism). Moreover, it follows from the proof of Proposition
3.5 (b) of [9]] that if R is a domain, then: R is a straight domain < Rp is a straight domain for each
P e Spec(R) & Ry is a straight domain for each M € Max(R).

Recall from [5] and [8] that a domain R, with quotient field K, is said to be a going-down domain
if R C T satisfies GD for each overring T of R (equivalently, if R C V satisfies GD for each valuation
overring V of R; equivalently, if R C T satisfies GD for each domain T having R as a subring; equiv-
alently, if R C R[u] satisfies GD for each u € K). The most natural examples of going-down domains
are domains of Krull dimension 1 and Pruefer domains. It was noted in Remark 2.7 (b) of [6] that
a domain R is a going-down domain if and only if Ry, is a going-down domain for all M € Max(R)
(equivalently, if Ry is a going-down domain for all Q € Spec(R)). Next, recall from [6]] that a domain
R is said to be a divided domain if PRp = P for all P € Spec(R). (Such domains were introduced by T.
Akiba in [1I], where they were called AV-domains.) The most natural example of a divided domain is
a valuation domain. It was shown in Proposition 2.1 of [6] that each divided domain is a quasi-local
going-down domain. (Example 2.9 of [6] showed that if 2 < n < oo, then there exists a quasi-local
going-down domain of Krull dimension n which is not a divided domain.) Recall from Remark 2.7
(b) of [6] that a domain R is said to be a locally divided domain if Ry, is a divided domain for all
M € Max(R) (equivalently, if R is a divided domain for all Q € Spec(R)); and that any localization
of a locally divided domain is itself locally divided (hence, divided domains are the same as the
quasi-local locally divided domains).

In Corollary 3.1.1 of [14]], Secord recently proved that a domain is a straight domain if and only if
it is a locally divided domain. As noted in [14]], the “if” assertion was already known: see Corollary
3.8 of [9]. The next paragraph explains why/how Secord’s result settled a natural open question; and
why we have decided to devote Theorem 2.1 to giving a new proof of (the “only if” assertion in) the
theorem of Secord.

A noteworthy difference between our proof in Theorem 2.1 and the exposition in [14] is that our
proof features roles for the GD property of ring extensions and for the class of going-down domains.
This seems appropriate to us for two reasons: all the relevant kinds of domains considered here (and
many of those in [14]]) are examples of going-down domains; and a technical result on quasi-local
going-down domains from [6] (namely, its Corollary 2.6) will justify the only nontrivial step (apart
from a displayed calculation) in our proof of Theorem 2.1. For historical and motivational purposes,
we next recall the first sentence of a paragraph on page 760 of [9]: “The following observations
constitute much of the motivation for the present article.” That paragraph goes on to discuss the
hint that was given by Kaplansky for Exercise 37 on pages 44-45 of [12]. That material details a
torsion-theoretic characterization of the (commutative) ring homomorphisms that satisfy GD. The
paragraphs ends as follows: “As noted in [7], it follows easily that each prime morphism satisfies
GD.” Since straight domains are defined as the domains R such that R < T is a prime morphism for
each overring T of R, each straight domain is a going-down domain. As it was shown in Remark 2.7
(b) of [6]] that each locally divided domain is a going-down domain, it is natural to ask what connec-
tions, if any, exist between the class of straight domains and the class of locally divided domains. In
that regard, Corollary 3.8 of [[9] established that each locally divided domain is a straight domain;
and, after investigating a number of special contexts, the authors of [9] concluded its Remark 3.15
by stating that “we do not know an example of a straight domain that is not locally divided.” The
question that was implicit in that quotation was answered by Secord in Corollary 3.1.1 of [14], ap-
proximately 15 years after the publication of [9]. Frankly, one purpose of this note is to show that
appropriate use of some material which was available at the time that [9] was written would have
been sufficient (when conjoined with a suitable calculation) to provide a quick answer to the question
that had been left open in Remark 3.15 of [9].

Corollary 2.2 collects some characterizations of straight domains. Arguably, its condition (7) goes
beyond what can be found in [14]. Proposition 2.4 collects some characterizations of locally divided
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prime ideals of a domain. Its conditions (6) and (7) mark the first explicit appearances of sets of the
form Q)(R, P) in such characterizations. (The definition of (Q(R,P) is given in Section 2.) The main
point of Section 3 is that the locally divided prime ideals of an integrally closed base domain R can
be characterized, without any mention of the “straight" or “prime morphism" concepts, by suitably
using the “going-down to P" concept while restricting attention to overrings generated as R-algebras
by single elements of Q)(R, P).

2 A new proof of a result of Secord and an application

Theorem 2.1. (Corollary 3.1.1 of [14]) Let R be a domain. Then R is a straight domain if and only if
R is a locally divided domain.

Proof. The “if” assertion was proven in Corollary 3.8 of [9]]. We turn to the “only if” assertion. By
the material that was recalled above, we can assume, without loss of generality, that R is quasi-local,
say with (unique) maximal ideal M. Suppose that the assertion fails. Then R is a quasi-local straight
domain but not a divided domain. As we recalled above that any straight domain is a going-down
domain, an application of Corollary 2.6 of [6] yields w € K and P € Spec(R) such that w" € P for all
integers n > 2 and w € PRp \ P (= PRp \ R). Observe that P # M (since MRy; = MR = M). As w € PRp,
we can write w = p/z for some nonzero elements p € P and ze€ R\ P. In fact, z € M \ P, since the facts
that (R, M) is quasi-local, w ¢ R, and p € P combine to entail that z is a nonunit of R.

Now, consider the overring T := R[w] of R. Since w? € R, it follows that T = R+ Rw. As Ris a
straight domain, T/PT is a torsion-free module over R/P. Consider the elements p :=z+P € R/P and
t:=w+PT e€T/PT. We have p # 0 since z¢ P; and p- 7 =0, since

z-w=z(p/z)=peP CPT.

As T/PT is a torsion-free module over R/P, we get T = 0; that is, w € PT = P(R+ Rw) = P + Pw. Thus,
w = po + p1w for some elements py,p; € P. Then

(I-pr)w=w-pyw=py€P.

Since p; € P C M (and M is the Jacobson radical of R), 1 — p; is a unit of R. Hence, w = (1 —p;) 'pg €
Rpy C P, the desired contradiction. O]

In the spirit of the (equivalent) characterizations of going-down domains given in Theorem 1 of
(8], it seems reasonable to ask if one can harmlessly focus on some naturally occurring (and possibly
proper) subset of “test overrings” T in applying Theorem 2.1. In other words, is there a naturally
occurring class of overrings T of a given domain R such that R <> T being a prime morphism for
all T in that class would ensure that R is a locally divided domain? For the special case where R
is a conducive domain, it was shown in Theorem 3.19 of [9] that it is enough to use the fractional
overrings of R as the test overrings T. For an arbitrary domain R with quotient field K, it is enough
to use the finite-type R-subalgebras of K as the test overrings T (since it was shown in Proposition
2.4 of [9]] that the direct limit of prime morphisms is a prime morphism). One can actually do better,
in general. Indeed, Corollary 2.2 will use the proof of Theorem 2.1 and some globalization reasoning
to achieve an analogue of the characterization of going-down domains in condition (a) of Theorem 1
of [8], by showing that if R is an arbitrary domain with quotient field K, it is enough to use the singly
generated overrings of R (that is, the rings of the form R[u], with u € K) as the test overrings T.

The following notation will be useful in this section and in Section 3. Let R be a domain with
quotient field K and let P € Spec(R). Put

Q(R,P):={u€K|uePRp\PRgforsomeQ € Spec(R)with P C Q}

17
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and A(R,P):= K\ (RUQ(R,P)). Note that in the above definition of QQ(R, P), it is harmless to replace
the condition “Q € Spec(R)" with “Q € Max(R)".

Corollary 2.2 collects some characterizations of straight domains (equivalently, of locally divided
domains). One can make the case that the equivalence of conditions (1) and (5) in Corollary 2.2
is readily obtainable from what is explicitly in [14]. We do believe, however, that the equivalence
of conditions (1) and (7) in Corollary 2.2 is new here, since the possible localization/globalization
behavior of sets of the form Q(R, P) was not addressed in [14].

Corollary 2.2. Let R be a domain with quotient field K. Then the following conditions are equivalent:
(1) R is a locally divided domain;
) R is a straight domain;
) R = T is a prime morphism for all overrings T of R;
) T/PT is a torsion-free module over R/P for all overrings T of R and all P € Spec(R);
) R < Ru] is a prime morphism for all u € K;
) R[u]/PR[u] is a torsion-free module over R/P for all P € Spec(R) and all u € K;
) For all P € Spec(R), R < R[u] is a prime morphism for all u € QQ(R, P) and R < R[u] satisfies GD
for all u e A(R,P).

(2

(3
(4
(5
(6
(7

Proof. (1) © (2) by Corollary 3.1.1 of [14]] (or by the above Theorem 2.1); (2) & (3) by the definition
of a straight domain; each of the equivalences (3) & (4) and (5) & (6) follows from the definition of
a prime morphism; and each of the implications (3) = (5) and (4) = (6) is trivial. Moreover, (5) =
(7) since any prime morphism satisfies GD (cf. Exercise 37, pages 44-45 of [12])). Therefore, it will
suffice to prove that (7) = (1).

(7) = (1): Assume (7). Fix an arbitrary Q € Spec(R). Our task is to prove that Ry is a divided
domain. As it was shown in Proposition 2.3 of [9] that the “prime morphism” property is preserved
by the formation of rings of fractions, (7) yields that Ry <= R[u]r\o (= Rg[u]) is a prime morphism
(and hence satisfies GD) for all u € QQ(R, P) for all P € Spec(R) such that P C Q. On the other hand,
if u € A(R,P) for some P € Spec(R) such that P C Q, then R — R[u] satisfies GD by (7), and so
Rg = Rlu]r\g (= Ro[u]) also satisfies GD. Thus, Ry € Rg[u] satisfies GD for all u € K. As K is (also)
the quotient field of R, an application of Theorem 1 of [8] shows that (the quasi-local domain) R, is
a going-down domain. Bearing in mind that a quasi-local locally divided domain is the same thing as
a divided domain, we can now revisit the proof of Theorem 2.1, beginning with its fourth sentence,
with the current Ry playing the role that R had played from the fourth sentence onward in the proof
of Theorem 2.1.

The following words of caution pertain to that revisiting. We will not need to use any assertions
in the proof to the effect that R is known to be a straight domain; we can apply Corollary 2.6 of [6]
to the base ring Ry and a supposed nondivided prime ideal P = PR of R (with P a suitable prime
ideal of R contained in Q) to find a suitable element w € PRp \ PRg, with w = p/z for some p € P
and z € Q\ P, such that w?, w3 € P; as before, we do consider T := RQ[w]; most importantly, even
though we do not (yet) know that Ry, is a straight domain, we do get from (7), since w € ()(R, P) (and
the formation of rings of fractions preserves prime morphisms), that Ry < T is a prime morphism,
whence T/PT (= T/PT) is a torsion-free module over Ry/P: and then (with Ry still playing the
earlier role of R) the second paragraph of the proof of Theorem 2.1 carries over uneventfully, thus
(obtaining the desired contradiction and) completing the proof. O

Although Corollary 2.2 showed that the singly generated overrings of a domain R suffice as a
family of “test overrings" (relative to appropriate torsion-free behavior) in determining whether R
is a straight domain (equivalently, a locally divided domain), one may plausibly assert that such a
conclusion would also be deducible from the methods of Secord in [14]. Proposition 2.4 will begin
the process of sharpening Corollary 2.2 by recording that the “straight domain" (or “locally divided
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domain") conclusion for a given quasi-local domain R can be obtained by using a significantly smaller
class of “test overrings" of a domain R. To ease the way to Proposition 2.4, we devote two paragraphs
to recalling some definitions and facts about certain local/global behavior and then give Lemma 2.3,
which collects some elementary but useful facts concerning such behavior. Proposition 2.4 sharpens
the characterization of “sharp prime ideals" that was given in the main result of [14]. We wish
to recognize that the proof of Proposition 2.4 makes explicit use of use of an argument from [14].
We wish to reiterate that for the case of integrally closed (but not necessarily quasi-local) domains,
Section 3 will present an alternate GD-theoretic approach to the results and themes in the present
section that will make no appeal to material from [14] (apart from using its definition of a sharp
prime ideal of a domain).

By definition, a prime ideal P of a domain R is said to be a locally divided prime ideal of R if PRy,
is a divided prime ideal of Ry, for each maximal ideal M of R that contains P; equivalently, that
PRp = PRy, for any such M, since

(PRy)(Rym)pr,, = (PRy)Rp = P(RyRp) = PRp.

In particular, if R is a quasi-local domain, a locally divided prime ideal of R is the same as a divided
prime ideal of R.

Recall from [9] that if R — T is a ring homomorphism (for instance, an inclusion of rings) and
P € Spec(R), then we say that f is a prime morphism at P if T/PT is a torsion-free module over R/P
(with respect to the module-theoretic structure induced by R — T). In case f is an inclusion of
domains R <= T and P € Spec(R), it will be convenient to use the terminology “P is straight with
respect to R C T” to describe this condition. If a prime ideal P of a domain R is straight with respect
to R C T for all overrings T of R (contained in some preassigned quotient field of R), we will say
that “P is a straight prime ideal of R". This replaces the terser (but possibly ambiguous) usage “P is
straight" which occurred notably in Theorem 3.1 of [14], a result that has Corollary 3.1.1 of [14] (that
is, the above Theorem 2.1) as a consequence. Note that a domain R is a straight domain if and only if
each prime ideal of R is straight with respect to R C T for each overring T of R, that is, if and only if
each prime ideal of R is a straight prime ideal of R.

Lemma 2.3. Let R be a domain.

(a) Let E be an R-module. Then E is a torsion-free R-module if and only if Eg\y; is a torsion-free module
over Ry for all M € Max(R).

(b) Let P € Spec(R) and let T be a domain containing R as a subring. Then P is straight with respect to
R C T if and only if PRy is straight with respect to Ry; C Tg\y for all M € Max(R) that contain P.

(c) Let R be a domain with quotient field K, and let P € Spec(R). Let C be a nonempty collection of
overrings of R that are contained in K. Let M € Max(R) such that P C M; let Cpg := {Tr\p | T € C}. Then
Cn is a nonempty collection of overrings of Ry that are contained in K and, moreover, each overring S of
Ry that is contained in K satisfies S = SRy = Sp\p and is an overring of R.

(d) Let R, K, P and C be as in (c). Then the following conditions are equivalent:

(1) P is straight with respect to RC T forall T € C;
(2) For each M € Max(R) that contains P, PRy is straight with respect to Ry; C S for all S € Cypy.
(e) Let R, K and C be as in (c). Then the following conditions are equivalent:
(1) Each prime ideal of R is straight with respect to RC T forall T €C;
(2) For each P € Spec(R) and each M € Max(R) that contains P, PRy, is straight with respect to
Ry; €S forall S € Cyy.

Proof. (a) This assertion follows easily via globalization.
(b) Apply (a) to E := T/PT, noting the canonical isomorphisms

(R/P)M/P = RM/PRM and ER/P\M/P = TR\M/PRMTR\M
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for all M € Max(R) that contain P.
(c) The assertion is easily verified.
(d) It suffices to apply (b) to each T € C.
(e) It suffices to apply (d) to each prime ideal P of R. O

Recall that one purpose of this paper is to show that some material which was available at the
time that [9]] was written would have been sufficient to provide a quick (and self-contained) answer
to the question that had been left open in Remark 3.15 of [9]. The proof of Theorem 2.1 has done
just that. However, by focusing on one prime ideal at a time in the statement of Theorem 3.1 of [14],
Secord has produced a stronger result. Proposition 2.4 will sharpen that stronger result of Secord.
We believe that an objective reading of the rest of this section will show that the only part of [14]]
that we will be using there (apart from some material which was available at the time that [9] was
written) is Lemma 2.2 of [14]. For that reason, we have concluded that Lemma 2.2 of [14]] is the most
important contribution in [14], and we wish to express the hope that the method of proof of that
result will find additional applications in the future, even though, prior to the statement of Lemma
2.2 of [[14]], Secord expressed the view that his Theorem 3.1 “will make this Lemma [his Lemma 2.2]
redundant”.

Next, in the spirit of Corollary 2.2, the (R, P) concept appears in two entries in a list of charac-
terizations of locally divided prime ideals.

Proposition 2.4. Let R be a domain, with quotient field K. Let P € Spec(R). Then:
(a) The following five conditions are equivalent:
(1) P is a locally divided prime ideal of R;
(2) P is straight with respect to R C T for each overring T of R;
(3) T/PT is a torsion-free module over R/P for all overrings T of R;
(4) P is straight with respect to R C R[w] for each w € K;
(5) R[w]/PR[w] is a torsion-free module over R/P for each w € K.
(b) Assume also that R is quasi-local, with maximal ideal M. Then the conditions (1)-(5) in (a) are also
equivalent to the following two conditions:
(6) P is straight with respect to R C R[w] for each w € ()(R,P) and R C R[u] satisfies “GD to P" for
all u € A(R, P);
(7) P is straight with respect to R C R[w] for each w € Q(R, P).

Proof. (a) Both of the equivalences (2) & (3) and (4) & (5) follow from the above definition of a
prime 1dea1 of R being straight with respect to a given domain extension of R. On the other hand,
each of the implications (2) = (4) and (3) = (5) is trivial. Therefore, it will suffice to prove the two
implications (1) = (3) and (5) = (1).

(1) = (3): Assume (1). As explained above, this assumption means that PRp = PRy, for each
maximal ideal M of R that contains P. On the other hand, it follows from Lemma 2.3 (e), with C
defined as the set of all overrings of R contained in K, that (3) is equivalent to PR); being straight
with respect to Ry; C Tr\p for all overrings T of R (contained in K) and all maximal ideals M of
R that contain P. Hence, we can assume, without loss of generality, that R is quasi-local, say with
maximal ideal M. Thus PRp = P, and our task is to prove that T/PT is a torsion-free module over
R/P for each overring T of R. This, in turn, can be done by repeating the second paragraph of the
proof of Proposition 3.7 (a) of [9] (with A:=Rand B:=T).

(5) = (1): Consider the analyses, in the above proof of the implication (1) = (3), of the condition
(1) and of the special case of the condition (3) where the rings T are taken to be of the form T = R[w],
as w varies over K. The upshot is that here, in the proof of the implication (5) = (1), we can assume,
without loss of generality, that R is quasi-local, say with maximal ideal M. Our task is to prove that
PRp =P, given that (5) holds. It will be useful to note that (4) also holds.
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Suppose that the assertion fails. Choose & € PRp \ P (= PRp \ R). Consider the ring T := R[{7!]. By
Lemma 2.3 (b) and (5), T/PT is torsion-free over R/P. Also, as noted in the proof of Lemma 2.2 (i) of
[14], it follows that & € PR[&]. (For the sake of completeness, we recall its proof: as & = p/z for some
p € Pand z € R\ P, one need only combine the fact that z& = p € PR[&] with the hypothesis that P is
straight with respect to R C R[£].) Next, as (4) gives that P is straight with respect to R C T, it follows
from the hint given by Kaplansky for Exercise 37 on pages 44-45 of [12]] that R C T satisfies “GD
to P". That fragment of GD-like behavior is enough to allow us to adapt the first paragraph of the
proof of Lemma 2.4 (a) of [[€] in order to conclude that & is integral over R. In particular, S := R[]
is a finitely generated R-module. To get the desired contradiction (that S = R), it will suffice (by
Nakayama’s Lemma) to show that M(S/R) = S/R, that is, to show that S € R+ MS. As S is the subring
of K generated by RU {&}, we need only note that RC R+ MS and & € PR[{]=PS C MS C R+ MS.

(b) (4) = (6): As QQ(R,P) C K, it suffices to appeal once again to Exercise 37 on pages 44-45 of [12].

(6) = (1): Since R is assumed quasi-local, it suffices to rework the second paragraph of the above
proof that (5) = (1). Observe that the element & in that paragraph is assumed to be in (R, P). In
reworking the earlier argument, it is also necessary to observe that £~! € A(R,P). Since & ¢ R, this
comes down to showing that Ele Q(R,P). This, in turn, holds, since the proper ideal PRp of Rp
would otherwise contain both & and &1, whence £&71 € PRp, a patent contradiction.

(6) = (7): Trivial.

(7) = (1): In our opinion, this is the main application in [14]. For the sake of completeness,
we summarize Secord’s argument here. As in the above proof that (5) = (1), one uses Nakayama’s
Lemma to show that R is integrally closed in R+ PRp; and as noted in the proof of Lemma 2.2 (i) of
[14], one shows that each & € ()(R, P) satisfies & € PR[&]. Thus, since R is quasi-local, we get that £
is the root of a polynomial in R[X] having a unit coefficient. So, since & ¢ R, it follows from a well
known generalization of Seidenberg’s “u, u~! Lemma" (cf. Lemma 3.8 of [10]) that £~! € R. This
would give a contradiction, since & would be an element of the proper ideal PRp of the larger ring
R+ PRp. Hence, no such & can exist. This completes the proof. O]

We close this section with a multi-faceted remark/mélange.

Remark 2.5. (a) The equivalent conditions (4) and (5) in the statement of Proposition 2.4 gave the
sharpest “straight-theoretic" or “torsion-theoretic" characterizations of a locally divided prime ideal
of a domain that I was able to develop by using mostly only “old" material involving GD and going-
down domains. About “mostly":  humbly acknowledge that the final two sentences of the proof that
(5) = (1) in the proof of Proposition 2.4 were a mild adaptation of an innovative argument using
Nakayama’s Lemma that was part of Secord’s proof of Lemma 2.2 (ii) in [14]]. Thus, apart from that
appeal to Nakayama’s Lemma (and the use of the definition of a prime ideal being straight with
respect to a ring extension), our GD-theoretic proof that (4) and (5) each characterize locally divided
prime ideals of a domain is, in effect, independent of [14].

As the property of being a locally divided prime ideal of a domain is a local property, it seemed
reasonable to include a part (b) of Proposition 2.4 to address the context of a quasi-local base domain.
For that context, the proof that condition (6) characterizes a divided prime ideal (of a quasi-local
domain) featured roles (that we found pleasant) for the “Q(R,P)" and “GD to P" concepts, with
proofs that were also, in effect, independent of [14] (apart from Secord’s above-mentioned innovative
use of Nakayama’s Lemma). That explains our interest in including condition (6) in the statement of
Proposition 2.4. I am glad to acknowledge and appreciate the superiority of the condition (7) (vis-
da-vis condition (6)) in Proposition 2.4 as a characterization of a divided prime ideal of a quasi-local
domain. In that regard, we note again that the above proof that (7) = (1) in Proposition 2.4 is merely
a reworking of some of Secord’s arguments.

(b) By way of partial summary of (b), I am pleased to acknowledge that Secord has given a sharper
characterization of a divided prime ideal of a quasi-local domain than I could while using only GD-
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theoretic methods. One may ask whether the characterization of (not necessarily quasi-local) straight
domains (equivalently, locally divided domains) given by condition (7) in Corollary 2.2 surpasses
anything that could reasonably be attributed to [14]]. Because of the content of the next paragraph, I
would caution against rushing to such a rash conclusion.

By combining Lemma 2.3 (b) and Proposition 2.4 (b), one gets the following result. Let R be a (not
necessarily quasi-local) domain and let P € Spec(R). Then P is a locally divided prime ideal of R if
and only if, for each M € Max(R) that contains P, PRy, is straight with respect to Ry; C Rys[w] for
each w € (Q(R, P). It seems reasonable to conclude that this result would be noticed by many readers
of [14].

(c) If Ris any domain, we can obtain another characterization of locally divided domains R (equiv-
alently, straight domains R) by applying universal quantification over P € Spec(R) to the result in
the second paragraph of (b). That characterization deserves to be added to the list of equivalent
conditions in the statement of Corollary 2.2.

(d) In view of the roles played by sets of the form ()(R,P) and the prevalence of globalization
considerations in this section, it is tempting to ask about the relationship, given an arbitrary domain
R and prime ideals P C M of R, between Q(Rps, PRys) and Q(R, P)g\ps- In our opinion, this question
merits further scrutiny.

(e) Although the concept of a prime ideal being straight with respect to a ring extension was
innovative and has been fruitful, we believe that more can/should be learned about it. One possible
source of questions is provided by known results on prime morphisms. The next four paragraphs
discuss the use of one such source, namely, Proposition 2.6 of [9], which gave some general results
on how the above-mentioned concept may be preserved or reflected under composition of (for our
applications, injective) ring homomorphisms.

Suppose that R C S are (distinct) domains, but not fields, such that Spec(R) = Spec(S) (as sets).
The first paper studying the “Spec(R) = Spec(S)" condition was [2]. The most familiar example of a
ring extension satisfying this condition is given by an arbitrary pseudo-valuation domain R (in the
sense of Hedstrom and Houston [L1]]) which is not a field and its canonically associated valuation
overring S. By adapting the proof of Proposition 2.16 of [9], one can obtain the following conclusion
(for R c S distinct domains, but not fields, with the same prime ideals). Let P € Spec(R) (= Spec(S))
and let T be an overring of S (that is, an overring of R that contains S). Then: if P is straight with
respect to S C T, then P is straight with respect to RC T.

The next paragraph will comment briefly on the proof of the above conclusion. Before that, we
will make two points that help to explain the tractability of data satisfying the “Spec(R) = Spec(S)"
condition. The first of these was noted in Proposition 2.1 (a) of [9]: because every vector space over a
field K is a torsion-free K-module, if follows that if A is a (commutative) ring and M € Max(A), then
M is a straight ideal of A (that is, M is straight with respect to A C B for any commutative ring B
containing A as a subring). Second, if R C S are domains, but not fields, such that Spec(R) = Spec(S),
then R and S are each quasi-local, they have the same maximal ideal (say M), and S is an overring
of R (this follows from Proposition 3.3 of [2]) and if in addition P € Spec(R) \ Max(R), then Rp = Sg\p
(so, the stalks of the canonical structure sheaves of the affine schemes Spec(R) and Spec(S) differ only
at the point M).

The proof of the above conclusion is an easy consequence of the proof of Proposition 2.6 (c) of [9],
which uses the fact that the “Spec(R) = Spec(S)" hypothesis ensures that the inclusion map R < S is
a prime-producing homomorphism that satisfies the quasi-lying-over property.

It seems natural to ask for additional hypotheses under which the converse of the above result
would be valid. In other words: if Spec(R) = Spec(S) (as sets) for domains R C S, T is an overring
of S, and P € Spec(R) is straight with respect to R C T, under what additional conditions (if any)
must P be straight with respect to S C T? It seems that none of the other parts of Proposition 2.6 of
[9] would be helpful in settling this question. Only some of the homological properties used in the
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proof of the just-cited result, such as flatness, have relevance in the study of overrings of domains.
Some other homological properties that were involved in that proof, such as faithfullyflatness, would
be irrelevant for the kind of focused study that I am proposing. (After all, no domain has a proper
faithfully flat overring.) I suggest that it may be necessary to develop a deeper study of some ideal-
theoretic properties in order to obtain a satisfactory answer to this question. Such an answer will
surely call for something that would go beyond a facile restatement involving conductors.

3 Integrally closed domains admit a simpler characterization of locally
divided prime ideals

Many of the objects of study in this paper (certain kinds of domains or prime ideals) are defined, and
often characterized, via formulations involving universal quantifications. Proposition 2.4 pursued
Secord’s approach of removing the universal quantification over the prime spectrum of a given do-
main R (which had been involved in the definition of a straight domain in [[9]]) by focusing on whether
a given prime ideal P of R is a locally divided prime ideal of R (equivalently, a straight prime ideal of
R) while still using universal quantification over the overrings of that domain R that can be generated
over R by a single element of (Q(R,P). As Proposition 2.4 (b) recorded, that approach is successful
when the base domain R is quasi-local. It is natural to ask if one can remove (or, at least, relax) that
hypothesis of quasi-locality. An initial attempt along such lines was made in the second paragraph
of Remark 2.5 (b), at the cost of replacing consideration of a triple (P, R, T) with consideration of the
set of triples {(PRps, Ry, Tr\m) : M € Max(R), P € M}. In this brief section, we show that one can,
for the special case where R is integrally closed, remove the “quasi-local" hypothesis and also avoid
consideration of the above-mentioned maximal ideals M: see Corollary 3.5.

It seems natural to focus on something like the universe of integrally closed domains in studying
the “straight" and “locally divided" concepts. Indeed, in Corollary 11 of [13]], McAdam showed
(using other terminology) that an integrally closed domain is a going-down domain if and only if
it is a locally divided domain. (The statement of the just-cited result included the extra hypothesis
that the given domain is quasi-local, but that stated result easily globalizes.) This was generalized
by replacing “integrally closed" with “root closed" in Corollary 2.8 of [5]], whose method of proof
yields the further generalization in which “root closed" is replaced by “seminormal”. In short, for a
seminormal domain R: R is a straight domain < R is a going-down domain < R is a locally divided
domain. Note, however, that a going-down domain need not be a straight domain (and hence need
not be a locally divided domain). This was shown in Example 4.4 of [9]] by further analyzing a certain
two-dimensional quasi-local domain which had been constructed for other purposes by Boisen and
Sheldon in [4] (and which had been shown to be a quasi-local going-down domain that is not a
divided domain in Example 2.9 of [6]).

The first result in this section extracts part of what was actually shown in a result in [5)]. This
is then used in proving the main result of this section, Theorem 3.2 (b), which gives a companion
for the results in the earlier sections by having a statement and proof featuring the “going-down
to P" concept while ignoring the “P is straight with respect to R € T" concept. The subsequent
corollaries specialize matters to integrally closed based domains and feature statements replacing
the occurrences of “going-down to P" with their less general “straight" analogues.

Lemma 3.1. Let R be a domain with quotient field K and let u € K \ {0}, such that R is integrally closed in
both R[u] and R[u~"']. Let P € Spec(R) such that R C R[u] satisfies GD to P. Then R C R[u~!] satisfies GD
to P.

Proof. The assertion can be extracted from the proof of Theorem 2.6 of [5]. O
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Theorem 3.2. (a) Let R be a quasi-local domain, P € Spec(R) and u € PRp \ {0}. Suppose that R is
integrally closed in both R[u] and R[u~!] and that R C R[u] satisfies GD to P. Then u € P.

(b) Let R be a domain, P € Spec(R) and u € PRp \ {0}. Suppose that R is integrally closed in both
R[u] and R[u~'] and that R C R[u] satisfies GD to P. Then u € PRy, for each maximal ideal M of R
that contains P.

Proof. (a) By Lemma 3.1, R C R[u~!] also satisfies “GD to P". Therefore, it follows, as in the proof
of Lemma 2.4 (a) of [5]), that 1 € PR[u"!]. Hence, 1 = py+Y [, piu~! for some finite list p, ..., p, of
elements of P (and some n > 1). Multiplying this equation through by u" reveals that u is integral
over R. As R is integrally closed in R[u], we get u € RN PRp = P, as asserted.

(b) Fix a maximal ideal M of R that contains P. Then u € PRp = (PRy;)(Rp)pR,,- Since R C R[u]
satisfies GD to P, it is easy to use the lore of localizations to check that Rys C Rlu]r\am (= Rp[u])
satisfies GD to PRy;. Also, the lore of integrality (cf. Proposition 5.12 of [3]) leads to Ry; being
integrally closed in both R[u]g\um (= Ry[u]) and R[u"]g\u (= Ry[u7!]). Hence, by applying (a) to
the base ring Ry, and its prime ideal PR, we get u € PRy,. O]

Corollary 3.3. Let R be a domain, P € Spec(R) and u € PRp \ {0}. Suppose that R is integrally closed in
both R[u] and R[u~'] and that P is straight with respect to R C R[u]. Then u € PRy, for each maximal
ideal M of R that contains P.

Proof. Since P is straight with respect to R C R[u], it follows from the oft-cited exercise of Kaplansky
[12] that R C R[u] satisfies “GD to P". So, the assertion follows from Theorem 3.2 (b). O

Corollary 3.4. Let R be an integrally closed domain, P € Spec(R) and u € PRp \ {0} such that P is straight
with respect to R C R[u]. Then u € PRy for each maximal ideal M of R that contains P.

Proof. Apply Corollary 3.3. O

We close by showing that if the base domain R is integrally closed (but not necessarily quasi-local),
it suffices to use the overrings generated by a single element of QO(R, P) to determine whether a prime
ideal P of R is locally divided.

Corollary 3.5. Let R be an integrally closed domain and P € Spec(R), such that P is straight with respect
to R C R[u] for all u € QQ(R, P). Then P is a locally divided prime ideal of R.

Proof. It suffices to show that PRp = PR, for each maximal ideal M of R that contains P. One has,
on general principles, that PRy, C PRp. If the assertion fails, there exists u € PRp \ PRy, for some
maximal ideal M of R that contains P. Then u € (J(R, P), and so an application of Corollary 3.4 gives
the desired contradiction, thus completing the proof. O
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1 Introduction

The universal property is a fundamental concept in mathematics that describes the unique and uni-
versal nature of certain mathematical constructions. Universal properties define objects uniquely
up to a unique isomorphism [1I]. Therefore, one strategy to prove that two objects are isomorphic is
to show that they satisfy the same universal property. The universal property is a powerful tool in
various areas of mathematics, such as category theory, algebra, topology, and beyond [2], (3] [6].

Let K be a commutative field. A local algebra on K is a finite-dimensional commutative algebra
A with unit 1, admitting a unique maximal ideal of codimension 1 on K (see [7,[8], (L1, [12]] for more
details). Theset D = {a+eb/ e? = 0,(a,b) € R} = R®cR is a local algebra over R with maximal m = ¢R.
The local algebra ID is called algebra of dual numbers the or Study numbers. It is also called truncated
polynomial algebra of degree 1 (see [4,[7,[10]). We denote by (1p,, ) the dual basis of the basis (1, ¢)
of ID. Let m be the unique maximal ideal of local algebra A. Then the set Ag = {1-14/A € K} is
a subalgebra of A of dimension 1. Moreover, Ag N"m = (0) et Ag + m = A. Thus, a local algebra A
can be represented by a direct sum A = Ay ®m. The map K—Aj A+ A- 1,4 is an isomorphism
of algebras, that is, Ag ~ K. So A=K-14,®m. When A is a local algebra on K, then the surjection
7y : A —> A/m ~ K is a homomorphism of algebras called augmentation of A (see [4} 9] [13] for more
details).

In this paper, we consider an algebra F and a local algebra A. The purpose of this paper is to find
an algebra X and a homomorphism y of algebras from F into A ® X having the following universal
property: For any algebra L and any homomorphism u from algebra F into algebra A®L, there exists
a unique homomorphism # such that (idy ® ii) o y = u. The pair (X, y) is a solution of this universal
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problem if the application
Homp (X, L) — Homyg(F,A®L), ¢ +—> (idg®@ @) oy,

is a bijection.

The paper is organized as follows. In Section |2, we briefly recall some universal properties in
commutative algebra. In Section |3, we define the prolongation of algebra by a local algebra and
we construct the canonical solution to the universal problem corresponding to the algebras F and
A in cases where A is a local algebra. Finally, in Section |4, we describe the covariant functor and
the contravariant functor in the categories corresponding to the prolongations of algebras by a local
algebra.

2 Preliminaries

In this section, we recall some universal properties in commutative algebra which will be necessary
for the subsequent sections.
Throughout this section, A denotes a commutative ring with unit.

Theorem 2.1. [2] (Universal property of quotients). Let M and P be two A-modules, N a submodule
of M and  : M — M/N the quotient map. For every A-module homomorphism f : M — P with
N Cker f, there exists a unique A-linear map f : M/N — P such that f ot = f.

Let M and N be two A-modules. We assume that M is a free A-module and let (¢;);c; be its basis,
where [ is a set of finite indices. If (y;);c; is a family of elements of N, then there exists a unique
linear map f : M — N such that f(e;) = y;, for all i € I (see [2,16] for more details).

For any set X, we denote by AX) the free A-module generated by X, and (ey),cx its basis, where
the map e, : X — A is defined by e,(y) = { éllff;;;c

We denote by iy : X — AX) the map such that iy (x) = ey, for all x € X.

Given any set X and an A-module M, we look an A-module Y = AX) and a map iy of X into AX)
having the following universal property

Theorem 2.2. [2] (Universal property of the pair (A<X), iX)). Let X be any set and M be an A-module.

If f : X — M is a map, then there exists a unique A-linear map f : AX) — M such that the following
diagram

AX)
ix
X ! M

commutes, that is, f o iy = f. Thus, f(e,) = f(x), for all x € X.

Definition 2.3. The pair (Y,iy) is called solution to the universal problem if the map Homy (Y,M) —
Ens(X,M),p — @ oiy is a bijection.

Let M and N be two A-modules and H be the A-submodule of AM*N) generated by the elements
of the form
€lxi+x2,9) ~ €(x1y) T E(x2y)
€x91+92) T Exp1) T Expa)
Elaxy) ~ €(x,p)
C(x,ay) ~ A€(x,y)r
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for all xy, xp,x € M, 1, v,y € Nand a € A.

A tensor product of M and N is an A-module quotient M Q) N = AM*N)/}_ The class of the element
A

e(xy) € AMN) in M Q)N is denoted by 2, = x®7.
A

The map i(y,n) = Toipun - MXN T, AMXN) Y 4 (MxN) /3y =M (X) N defined by MmN (X Y) = x®Y
A

is A-bilinear. Every element z € M (X) N can be written as a fini sum z = }_x; ®y;, with x; € M and
A iel
Vi € N.

Theorem 2.4. [2] (Universal property of the pair (M @ N, iim,N)))- Let M, N, P be three A-modules.
A

For any bilinear map f : M x N — P, there exists a unique linear map f : M(X)N —> P such that
A

foimny = f,thatis, f(x®p) = f(x,), for any x € M and for any p € N.

In the category of modules over a commutative ring A, the universal property of a tensor product
M @) N is the possession of a bilinear mapping M x N — M (X) N, that is, M (X) N is a representing
A

A A
object for the covariant functor which sends a module P to the set of bilinear mappings M xN — P.
An algebra on A or an A-algebra is an A-module E which is equipped with an A-bilinear map
p:ExXE— E,(x,y) — x-y such as:

x-(y-2)=(xy)z

for all x,y,z€ E.

Let A be a commutative ring with unit and let M be an A-module. For n > 0, we denote TX(M) =A,
Tj (M)=Mand T} (M) = M®M®...M, (n-times). A tensor algebra is an A-algebra Ty(M) = @ T (M
which is equipped with a multiplication - defined by "=

(X1 ®x,®... ®xp) . (Xp+1 QXp12® ... ®xp+q) =X1®X®...8Xpyg,

a-(x; ®x; ®...®xp) =a(x; ®X2®...®Xp),

forallp>0,9>0,ac Aand x; € M.

It is immediate that the multiplication - defined on T4(M) is associative and admits as unit element
the unit element 14 of A = TX(M). We denote by i : T'(M) = M —> T(M), the canonical injection
map. The tensor algebra T4(M) has the following universal property.

Theorem 2.5. [2}[6] (Universal property of tensor algebra). For any associative A-algebra E with a
unital element 1g, and any homomorphism f : M — E of A-modules, there exists a unique homo-
morphism of A-algebras f : Ty(M) — E, such that f (14)=1gand foi=f.

The symmetric algebra of an A-module M, denoted by S (M), is the quotient algebra over A of the
tensor algebra T4 (M) by the two-sided ideal Z generated by the elements x®y -y ®x of T4(M), where
x,y € M. The map i : M — S(M) is called the canonical injection

Theorem 2.6. [2} [6] (Universal property of symmetric algebras). Let M be an A-module, E be an
A-algebra with and ¢ : M — E be a linear map such that ¢(x)@p(y) = ¢(v)@(x), for all x,y € M. There
exists a unique homomorphism of A-algebras ¢ : S(M) — E such that g oi = ¢.
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3 Canonical solution of universal problem for the prolongation of alge-
bra by a local algebra

Given an algebra F and A a local algebra. Let I be a finite set, (a;);c; a basis of the algebra A, (a});¢;
the dual basis of the basis (4;);c; and S(A*® F) the symmetric algebra of the vector space A*®F.

Definition 3.1. The prolongation of the algebra F by A, denoted by F4, is the quotient algebra of

S(A*®F) by the ideal J of S(A* ® F) generated by the elements of the form ¢ ® 1 — ¢(14) and
POxY — Z(p(a]-ak)(a; ®x)(a, ®y), for all ¢ € A* and for all x,y € F.
ik

The class of the element p ® x € A*®F in F4 = S(A*® F)/J is denoted by p ®x.

Proposition 3.2. The map yap): F— A ® FA such that

Var(®)=) 4@ ex) (1)

i
is a homomorphism of algebras, for all x € F. Moreover, this writing does not depend on the chosen basis.

Proof. The map Y4 r) is by construction well-defined and is linear. By definition of J, for all x,y € F
and for all p € A*, we have

POxY— Z(p(ajak)(a; ®x)(a,®y)=0.
jk

This implies that,

oY =) plaja)(@;®x)(a,8), 2)
ik

Thus, by and , for all x,y € F, we have

Var)(xy) = Zﬂi ®

i

) ai(ajan)(@ @x)(a; 8)
jok |

Z[Zaj(ajak)a,- ® (a; ®x)(a; ®Y)

ik L

Zajak ® (a’]‘. ®x)(a, ®Y).
ik

It follows that

Yan(y) = ) [a;8@8x)][a® (@8]
Jk

{Zaj@)(a;@x)

j
= YanX)yap®)

Zak®(az QY
k
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Let (bj)jer be an other basis of A. Let (b} )]el be the dual basis of the basis (;);c;- By H for all x in

F, we have
) bjebex
j
Zb ® Zb* a;®x
Z[Z b(a;)b;®(a; ®x)
= Za’{ (ai)(a’{ ®x).
i
Therefore, the homomorphism (4 ) does not depend on the chosen basis. O]

The homomorphism 4 ) is called the canonical homomorphism of the algebra F into the algebra
A®FA.

Proposition 3.3. Let L be an algebra and A be a finite-dimensional algebra over K. Then, (a; ® 1);cr is a
basis of the L-module A® L defined by the map

LxA®L—+A®LALZ:m®h)He2:@®Ub
i i
Proof. For x e A®L, there exists a family (I;);c; € L such that
x=)a;®l; =) l;(a;®1r). Since x is arbitrary in A® L, then the family (a; ® 11),_, generates the

L—modlllle AQL. 1
On the other hand, let (/;);c; be a family of elements of L such that

Z:u@®1g:§:@®h:a
i i

Then, for all j € I, we have (a}f ®idp)(}_a;®l;)=0. Thus,
i

Zﬂ;((li)li = Zél]ll = l] =0
i i

Hence, the family (a;®1} )¢y is linearly independent. Therefore, (a;®1;);¢; is a basis of the L-module
AQL. O

Theorem 3.4 (Universal property of the pair (AQF4, Y(AF)))- Let F be an algebra, A a finite-dimensional
algebra over K and y(4 r) the canonical homomorphism of F into A ® FA. For any algebra L and any
homomorphism u from algebra F into algebra A® L, there exists a unique homomorphism i such
that the following diagram

A®FA
Y(AFW W
F . A®L
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commutes, that is,
(idg®1i1) o y(a,Fp) = . (3)

Proof. The uniqueness of i : Let v : F4 — L be an other algebra homomorphism such that (id4 ®v)o

Y(a,F) = u. For all x € F, we have
Zai ®v(a; ®x) = Zai ®1(a; ®x).

i i

Za- ®‘U(M) - Zai ®ﬂ(m)

1

Z[ v(a; ®x) —il(a; ®x)](al-®1L).

This implies that,

o
Il

Hence, by the Proposition v(a;®x) = ii(a; ®x), for all i € 1. Since the elements a; ® x generate
FA, then v = i.
For the existence of i: For all x € F, we have u(x) = }_a; ® (a; ®id) [u(x)].

1
Consider the map f : A* x F — L such that, for all (¢,x) € A*xF, f(@,x)=(p®idy)[u(x)]. This
map is well-defined and bilinear by construction. According to the universal property [2.4 applied
to the pair (A" ® F,is+F)), where i4-F) is the canonical map of A* x F into A*® F, there exists a
unique linear map f : A*® F — L such that f o i(ar) = f. Let us denote by is.gr the canonical
injection of the module A*® F in symmetric algebra S(A*® F) of A*® F. By virtue of the universal
property of symmetric algebra (Proposition[2.6) applied to the pair (S(A*®F),is-gr), there is a unique
homomorphism g: S(A*® F) — L such that gois.gr = f, where igigp : A*® F — S(A*®F). Thus, for

allpeA*and x € F, (goiggr) (@®x) = f (¢ ®x), that is,

gle®x)=fp®x)=f(p,x) = (p®idy) [u(x)].
For all ¢ € A and for all x,y € F, we have

g

(p®xy)- Y plaja)(a; ®x)(a ®y)] =0 (4)
ik

Indeed, for ¢ € A and for all x,y € F, we have

g|(@p®xy)= ) plaja)(@®x)(a; ®y)
jk

= gle®xy)-gl) ¢laja)(a;®x)(a; @)
jk

= flpexy)-) plaa)ga ex)ga oy)
jk

= flpw)- ) plaja)f(a;@x)f(a8)
jk
= (p@id)[u(xy)]- ) @laja)f(a,x)f (@)
ik
= (p@idy)[u(x)u(y)]
=) glajan)l(@; ®idy) [u(x)])[(a} @ idy) [u(p)]]
ik
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This implies that,

For all ¢ € A*, we have

gllp®xy)= ) plaja)(a;®x)(a; ©)]
ik
(p@id)() ai®(@@id)[u(x)]) ao@eid)u@)
jk jk

- Z(P(ﬂjak)[(a} ®idy) [u(x)]][(a; ®idL)[u(p)]]
ik

(p@id)() a;® (@ ®idy)[u(x)]a ®(a;@idy)[u(y)])
ik

=) glajan)l(@; ®idy) [u(x)])[(a} @ idp) [u(p)]]
jk

(p@id)() aia ®|(;@idy)[u(x)])l(a; ®id)[u(y))]
ik

=Y plajan)l@; @idy) [u(x)][(@; @idy) [u(y)]
ik

(p@id)()_ai ®[(a;®idy)[u(x)|)(a} ®idy)[u(y))]
ik

=) glajan)l(@; @idy) [u(x)])[(a} @ idp) [u(p)]]
ik

Z(P(ﬂiﬂl)[(ﬂ’f ®idy) [u(x)]][(a ®idp)[u(y)]]
il
- Z(P(ajak)[(a} ®idy) [u(x)]][(a; ®idL)[u(p)]]
ik
0.

g(e®1p—¢@(14))=0.

Indeed, for all ¢ € A*, we have

glp@lp—p(ly) = fle®lp)—¢@(la)g(lk)
= flelp)—@(la) 1L
= (p®idp)[u(1p)]—@(1a)- 1L
= (p®idy)(1a®11)—p(14) 1t
= @(la)-id(11)—@(1a)- 1

0.

By (4) and (5), the map g vanishes on J. Therefore, according to Theorem [2.1] there exists a unique
linear map # : FA — L such that the following diagram

S(A"®F)/J
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commutes, that is, i o p = g, where p : S(A*® F) — F4 = S(A*® F)/J is the canonical surjection.
Furthermore, for all ¢ € A*and x € F,

(Top)p®x)=g(p®x),

that is, 71(p ® x) = g(¢ ® x). Hence, for all @1, ¢, € A" and for all xy,x; € F,

gl(p1®x1)(p2®x,)]
g(p1 ®x1)g(p2®x3)
(1 ®x1)i(Pr ®X)).

i[(p1 ®x1)(P2®x7)]

Since the elements @ ® x generate F4, then i is a homomorphism of algebras.
On the other hand, for all x € F,

[(da@moyup|x) = (di@m) aio(@ex)

Zui ®ii(a; ®x)

) ai®(a;@idy)[u(x)]
= ul(x).

Since the element x is arbitrary in F, we conclude (ids ® if) o y(a,p) = u- O

The pair (F4, Y(a,F)) is called solution of the universal problem for homomorphisms of an algebra F
into an algebra A® FA.

Remark 3.5. The existence and uniqueness of homomorphism 7 : FA — L such that (ida®i)oy(aF) =
u for every homomorphism u : F — A® L proves that the map

Hom(FA,L) — Hom(F,A®L), 1 +—> (idy ® 1) o y(a F)
is a bijection.

Example 3.6. For L = K, there exists a canonical bijection of Hom(F4,K) into Hom(F,A). In particu-
lar, if M is a paracompact smooth manifold and if A is a local algebra on R, then the manifold M* =
Homp,(C*(M), A) of infinitely near points is canonically in bijection with HomAlg(C""(M)A, R) (see
(7,19} [13]] for more details).

Proposition 3.7. Let G be a commutative algebra with unit over K and p a homomorphism of the algebra
G into the algebra A® L. If the pair (G, B) is another solution of the same universal problem, then there
exists a unique isomorphism O of the algebra F* into the algebra G such that the following diagram

A®FA
| W
V(AF)
B
F ARG

commutes, that is,
(ida®60)oyaF =pB- (6)
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Proof. The existence and uniqueness of homomorphism 6 follows from Theorem applied to al-
gebra G and to homomorphism f of algebra F into the algebra A® G. Moreover, let 6 be the unique
homomorphism of G into F# such that

(ida®0’) o yar) = - (7)
We deduce from relations @ and that

[ida® (0" 00)] o Viar) = V(aF) (8)

and
[idA®(000')] 0 = . (9)
Since the pairs (F4, Y(a,F)) and (G, p) are two solutions of the universal problem for homomorphisms
of an algebra F into an algebra A®L, then the map 6’00 is the unique endomorphism of the algebra F4
satisfying the relation (8) and the map 6 0 6’ is the unique endomorphism of the algebra G satisfying
the relation (9).
Since idy @ idpa = idsgps and idy ® idg = idpgg, then the endomorphisms idpa and idg respec-
tively verify relations (8) and (9). It follows from the uniqueness that 6’0 6 = idpa and 0 0 0’ = idg.
Therefore, the homomorphism 6 is an isomorphism. O]

4 Functorials properties

In this section, we describe the covariant functor and the contravariant functor in the categories
corresponding to the prolongations of algebras by a local algebra.

Proposition 4.1. Let F and G be two algebras over K, let A be a local algebra over K and let W : F — G be
a homomorphism of algebras. Then, there exists a unique homomorphism of algebras W2 from the algebra
F4 into the algebra G such that the following diagram

Y(A,G)
G AQGA
V7 ‘ ‘ idyg @ WA
Y(AF)
F AQFA

commutes, that is, (idy ® W) o YaF) =Yac oW
Moreover, for all ¢ € A* and x € F, we have

YA (@pex)=p@W¥(x).

Proof. The existence and uniqueness of the homomorphism W# results from the Theorem ap-
plied to the algebra G* and to homomorphism y(4,6)0 W : F > A® G*. For all x € F, the homomor-
phism W4 is such that

[(ids @ W) 0 yiap)(x) = (yar) o ¥)().

Zﬂi ® (m)

i

Thus, by , we have

(idy ® W4) = yanP ().

This implies that,
Zui QWA ®x) = Zai ® (@ ®P(x),

i i



Canonical solution of universal problem for the prolongation of algebra by a local algebra 35

that is
Z[ai ®\PA(a’lf ®x)—a; ®(a; ®\If(x)] =0,
i

hence

Zai ®[wA (@ &x)— (4] W (x)| = 0.

i

According to Proposition we conclude that \I’A(a’lf ®x) = (a; ® W(x), for any i € I. It follows that,
YA (p®x)=@®W¥(x), for all ¢ € A* and x € F, since the elements a; ® x generate FA, O]

Proposition 4.2. For any local algebra A, the map F — F? is a covariant functor of the category of
algebras over K in itself.

Proof. Consider the composition oW : F — G — H of two homomorphisms of algebras. According
to Proposition [4.1], we have

[idA®(<Do‘I’)A]O7/(A,F) = Yo (PoW)
= (y(A’H)oq))o\I’
= (ida®@®*)oyuc oV
= (idy @) o (idg ® ™) 0 y(ap)
= [ida®(@* o W) 0 (4 p)-

Since (® o W)4 is the unique homomorphism verifying the relation
[ida® (@ oW)*|oyiur = yiam o (@oW).

We conclude that (P o W)4 = ®4 o WA,
On the other hand, since the elements ¢ ® x, where ¢ € A* and x € F, generate F4, then (idp)} (@ ® x) =

e®idp(x) = ®ux, for all ¢ € A* and x € F. It follows, according to the uniqueness of the homomor-
phism (idp)?, we deduce that (idp)A = idpa. O

Proposition 4.3. Let A and B be two finite-dimensional algebras and u : A — B be a homomorphism of
algebras. For any algebra F, there exists a unique homomorphism F* : FB —s FA such that

(idg®F") o ypp) = (U ®idpa) o y(ap).

Furthermore, the homomorphism F* is such that F*(@p ® x) = 'u(¢@)®x, for all ¢ € B* and x € F .

Proof. The existence and uniqueness of the homomorphism F* result from the Theorem applied

A . . Y(AF) A u®idpa A
to the algebra F* and to the homomorphism (u ® idpa)o Yo ) : F — A®F? — B®F". Then, we
have
(idg®F")oypr = (u®idpa)oyar)
that is, for all x € F,
[((idg® F") oy p)l(x) = [(u®idpa)o y(a,plx).

Hence,

(idg® F*) Zb]@(b;@x)

J

= (u®idFA)[Zai®(a’{®x)

i
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implies that

Z@@F”[(W)] = Zu(ai)@a(a;@x)

j

= ) |2 _blu@)
]

= Z Z[t )b ®(a; ®x)]

b] ®(ﬂ;®x)

that is,
ij®P”[(b]*-®x)] = ZZ% [Fu(6)](a;)a; ®x)
j
- Zb ® Z [u(b))](a )aj@x)]
= Zb]® Ll
j
Thus,
) beF[Fiex)]=) beub)ex,
j j
that is

ij ®[F"(b®x) - u(b})®x] = 0.
j

It follows that,

Z[F“(b; ®x) - [u(b}) @ x](b;®1¢) = 0.
j

According to Proposition we have F”(b;®x) - tu(b})@x =0, for all j € ], that is, P”(b;®x) =
ut(b]*.)®x, for all j € J. By linearity of F* and "u, we conclude that F¥ (¢ ® x) = tu(¢)®x, for all ¢ € B*
and x e F. O

Lemma 4.4. For any algebra F, the map A —> F4 is a contravariant functor from the category of finite-
dimensional algebras over K in the category of algebras over K.

Proof. Let u: A— Band v:B— C be two algebras homomorphisms. According to Proposition 4.3}
we have

(idg®F")oyp,p) = (u®idpa) o yiar);
(idc®F") o y(c,r) = (v®idps) o y(pF)

and
(idc®F"")oyc,py=((vou)®idpa)o yaF).
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Thus,

idc ® F")o (idc ® F') o y(c F)
idc @ F") o (v®idgs) o y(p,p)

(idc®(F"oF')oycry =

(

(

[zdcov) (F*®idpe) o V(B,F)
= (v®F")oy@sr

(v®idpa)o (idg® F") o y(p )

(v®idpa)o (u®idpa) o yap)

(vou)®idpa)oyar).

By uniqueness, we conclude that F'°* = F" o F”. In particular, for B = A and u = id,, we have
(idy ® F9a) o V(aF) = (idg ®idpa) o ¥4 r). We conclude by uniqueness that Fida = idpa. O

Given an algebra L and a homomorphism # from FA into L, we know how to determine the
homomorphism from F into A® F corresponding to #: it is the homomorphism (idj ®7 ) o (4 F). It is
useful to determine the homomorphism from F4 onto L corresponding to F in A®L.

Lemma 4.5. Let L be an algebra and A be a finite-dimensional algebra. There exists a unique homomor-
phism B from (A® L) into L such that

(ida®B)oV(a,aeL) = idasL (10)

Moreover, the homomorphism 8 is such that

Ble®l®a)=qp(a)-l,
forallpe A", acAandlel,

Proof. The existence and uniqueness of the homomorphism f : (A®L)* — L result from the Theorem
applied to the algebra L and to the homomorphism idjg. Thus, (ids ® B) 0 (4,4s1) = idaer and
forallae Aand [ € L, we have

[(ida®pB) o Yaaen)a®l) =adl.

It follows that,

(idA®ﬁ)[Zai ® (@ ®avl) = Za’;(a)ai ® 1.

i i

Zai@)ﬁ(W) = Zai®al*-(a)-l

i i

Hence,

implies that

0 = Zai ®[pa ®acl)-al(a)-]

Z[ﬁ S ®asl) - l] 4; ® 1 pgr).

By the Proposmon we have f(a;®a®l)—aj(a)-1 =0, foralli €] thatis, f(a;®a®!)=aj(a)-l, for
all i € I. By linearity, we conclude that (¢ ®®a) = ¢(a)-1, forall p e A,ac Aand [ € L. O]

37
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Proposition 4.6. Let ® : Hom(FA, L) — Hom(F,AQ®L),ii — (idy ®ii) o Y(A,F) be the bijection from
Hom(FA,L) into Hom(F,A®L). Then the map WV : Hom(F,A® L) — Hom(F4,L),u —> o u? is the
inverse bijection of .

Proof. For all u e Hom(F,A®L), we have

(PoW)(u) = D(Bou)
(idA ®(Bo ”A)) © Y(AF)
(ida®B)o(idyou)oyur

According to Proposition and by (10), we have

(@oW)(u) = (ida®p)oyaasr) ol
= ddpgrou =u.

Thus, DoV = idHom(F,A@F)-
Conversely, for all i € Hom(F4,L), we have

(W o@)(#) W[(idy®1) o ya,p]

Bol(ida®i)oyapl™

Putting fo[(idy ®il) o y]A = v, we have

D(v)

®[pol(idg®)oyian]]
(ida®[pollida®@m) oyanl®]oyan
(ida®p)o [idA ®[(idy®ii)o V(A,P)]A] ° Y(AF)

According to Proposition we have

O(v) = (idy ® B) o Y(a,a81) © (ida ®11) 0 V(4 F)-

By , we get O(v) = (idg ® 1) o y(a,r) = D(i7). Since D is a bijection, we have

Bollida®i)oyar)* = i.

Therefore,
\I] o @ = idHom(FA,L)‘
]

For L = F4 and for u = YaF:F— A®F%, the corresponding homomorphism is idps € Hom(F4, F4).
Indeed, for all x € F,

(idy ®idps) Zui®(a’;®x)

i

Zﬂi ® (W)

i

[(ida ®idps) o yia,p(x)

T

That is, (idy ® idpa) o y(a,F) = V(a,F)- By the uniqueness, we conclude that i = y4F) = idpa.
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Proposition 4.7. Let A be a finite-dimensional algebra over K. Then the homomorphism
p:K—KL A — T e
is an isomorphism of algebras. Its inverse homomorphism 1 : KA — K is such that
(ida®1)oyak) =U

where u : K — A=AQK,A+— A-1,4 =1, ® A is the canonical homomorphism.

Proof. The map ¢ is well-defined by construction. Since, forall 11,1, € K, [1, ® (A; + A;)] = (12 ® N )+
(13,®1) and Ty ®@ A1 4, = A4(13® A5), we have (A1 + 12) = p(A1) + p(A;) and p(A1 ;) = A1p(Ay).
On the other hand, for all A € K, we have ¢(A) = A(17, ® 1) = A1%(14) = Alga. So, since for all
ALA K, T @414, = /\1?\2(12‘2’ 11<) = (A A2)15(14), we p(A1Ap) = (A1 Ap)1ga = (Ag - 1ga) (Ao 1ga) =
@(A1)@(A,). The map ¢ is therefore a homomorphism of algebras.

Letu:K—>A=A®K,A+—> A-1, =1,® ) be the canonical homomorphism and let 7 : K4 — K

be the unique homomorphism of algebras such that id, ®1)oy(4 k) = u. Since (4 k) does not depend
of a choisen basis in A, consider the basis (¢;);c; of A. By the Proposition 3.2 we have for all A € K,

YaxN)=) eo@el)=) ¢oAeelx)=) eeid(l),

i i i

implies that

V(A,K)(/\) = 1A®-1*A(/\-1A) = 1A®/\'1jq(]-A) = 1A®(1j¢1®/\)'
Thus, for all X € K,

[((da®@@)oul(A) = (ida®@@)[u(A)] = (ida®@p)(14® 1)
That is _
[(da®@@)oul(A) =140 (13 ® 1) = ya,k)(A)

for all A € K. Hence, (id4 ® @) ou = y( k) Since y(4 k) : K — A®K* is a homomorphism of algebras,
the map ¢ ® i : K* — K —> K% is the unique homomorphism of algebras such that

[ida®(pot)]oyaxk) =VaK): (11)
Consider the map (idy ® idga) o y(ax): K — A®KA — A®KA. For all A € K, we have

[((ida®idga)oyax)l(A) = (ida®idga)[ya k()]
(idg®idga)[14®(1, ®A)]
Y(AK)(A).

We deduce that
(idg ®idga) o V(ak) = V(AK) (12)

By and (12), It follows by uniqueness that ¢ o i = ida.
On the other hand, ¢ o i is the unique homomorphism of algebras such that

[ida®(fio@)|lou=u. (13)
Since for all A € K,

[(idp®idg)ou](A) = (ida @idg)[u(A)] = (idgy ®@idk)(14 @ A),
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thatis [(idy ®idg)ou](A)=14® A =u(A), for any A € K. Hence
(idy®idg)ou=u (14)

By and (14), we deduce by uniqueness that 7 o ¢ = idg. Therefore ¢ is an isomorphism of
algebras. This isomorphism allows us to identify K# with K. O

Letu:F— F=K®F,x+— 1 ®x be the canonical isomorphism.

Proposition 4.8. Let F be an algebra over K and u : F — F = KQF be the canonical isomorphism. Then,
the canonical homomorphism yx p): F — K ® FX = FX is an inverse isomorphism of the homomorphism
i : FX — F such that (idx ® 1) o y(k F) = .

Proof. Let yxr) : F — K® FX be the canonical homomorphism and let Y(k,F) ® 1 be the unique
homomorphism of algebras such that

[idk ® (Y(k,F)© )] 0 Y(k,F) = V(K ,F)- (15)

Since for all x € F, Yk )(x) = 1g ® (1, ® x) and

1K®(1}<®X)

idg(1g) ®idpx (W)
= (idg ®idpx)[1x ® (I ®x)],
then y(x.p)(x) = (idg ® idpe)[yx.p)(x)] = [(idx ® idpx) 0 Yk p))(x). Which implies
(idg ®idpx) o Y(k,F) = V(K,F)- (16)

By and (16), we conclude by uniqueness that y(k ) o #f = idp«.
On the other hand, since for all xin F,

(idg ®y)(1g ®x)
1K®[1K®(1*K®x)],

[(idk ® Y(k,F)) 0 u](x)

that is,
[((idxk ® Yk ,F)) o u](x) = 1 - 1g ® (1 ®X) = Yk F)(X),

for all x in F. Hence, (idK ®7/(K,F)) o U = Y(K,F)
The homomorphism # o y(k r) is the unique homomorphism of algebras such that

[(idx ® (o y(k,Fp))] ot = u. (17)

As (idg ®idp) ou = u and since for all x € F,

[(idx ®idp) o u](x) (idx ®idp)[u(x)]

(1dg ®idg)(1g ®x),

implies that
[(idk ®idp) o u](x) = (1x ®x) = u(x),
for all x € F. Hence,
(idg @idp)ou =u. (18)
By and (18), we deduce by uniqueness that i o y(g r) = idF.
It follows that y(k ) is an isomorphism of algebras with inverse . This canonical isomorphism
allows us to identify F with FK, O]
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Proposition 4.9. Let A and B be two algebras of finite dimensions. Then, there exists a unique isomorphism
0 : FA®B s (FNB such that

UdA®B®6UO7«A®&F>:(ii4®7«&FM)°7«Afr

Proof. By applying the Propositionto the algebra (F4)B and to the homomorphism u = (idA ® V(B,F4) )o
Yar) :F— A®F" — (A®B)®(F*)?, we prove the existence and uniqueness of the homomorphism
0 : FA®B 5 (F4)B such that

(idagB ® 0) 0 V(agB,F) = (i da® V(B,FA)) ° Y(A,F)-

Furthermore, let L be an algebra and a : F — A® B® L be a homomorphism of algebras. Let
@: FA — B®L be the unique homomorphism of algebras such that

(ida®a)oyar =a, (19)
and let @ : (F4)® — F% be the unique homomorphism such that
(idg®d) oy = a. (20)
By composing by tensor product on the left of the relation by id4, we have
idy®[(idp®d)o ypray| =idy ®a.

It follows that,
(ida®[(idg®a)o ¥ ray]) 0 ¥(aF) = (ida®a) 0 Y (aF)
that is
(idp®idp®a)o(ids ® ¥ r4)) © YA F) = [(ida® )] 0 Y F)- (21)

Since id,®idg = id sgp, (idA ® '}/(B’FA))O')/(A,F) = u and by , the relation becomes (idy ® idg ® &)o
u = a. By uniqueness of the homomorphism &, the pair ((PA)B,u) is therefore a solution of the
universal problem for the algebras F and A® B® L, for any algebra L.

It follows that the homomorphism 6 : FA®8 — (FA)B is an isomorphism of algebras. O
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1 Introduction

Throughout this paper, all rings considered are assumed to be commutative with nonzero identity. If
Risaring, we denote by J(R) and U(R) the Jacobson radical of R and the set of units of R, respectively.
A nonempty subset S of R is called a multiplicative subset if 1 € S, 0 ¢ S, and for all 5,5, € S, we
have s;s, € S. For a multiplicative subset S of R, the localization of R at S is denoted by S™!R =
{% ta€R,seS}. The saturation of S is defined as §* = {r € R: {is a unitin S‘lR}; note that §* is a
multiplicative subset containing S.

In recent years, various generalizations of prime ideals have been introduced and extensively stud-
ied. Among these, Abadi and Moghimi [[II] introduced the concept of (m, n)-absorbing ideals, where
m and n are positive integers with m > n. A proper ideal I of R is called (m, n)-absorbing if, when-
ever aj---a, € I for some nonunit elements ay,...,a,, € R, there exist n of the a;’s whose product
lies in I. This line of generalization was extended by Badawi, El Khalfi, and Mahdou [8], who de-
fined (m, n)-absorbing prime ideals: a proper ideal I of R is called (m, n)-absorbing prime if, whenever
nonunit elements ay,...,4,, € R satisfy a, ---a,, € I, then either ay---a, € I or a,,1---a,, € I. They also
introduced the notion of AB-(m,n)-absorbing ideals, where a proper ideal I of R is called AB-(m,n)-
absorbing if, whenever a;---a,, € I for some ay,...,a,, € R, there exist n of the a;’s whose product
belongs to I.
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In 2020, Hamed and Malek [18] introduced the concept of S-prime ideals as a generalization of
prime ideals. Given a multiplicative subset S and an ideal I of R disjoint from S, the ideal I is called
S-prime if there exists an s € S such that, for all 4,b € R, ab € I implies sael or sbeI.

Among the many generalizations of prime ideals, the notion of n-absorbing ideals introduced by
Anderson and Badawi [4] plays a prominent role. For a natural number n and an ideal I of R, the ideal
I is said to be n-absorbing if, whenever x; ---x,,.1 €I for xy,...,x,,1 € R, there exist n of the x;’s whose
product belongs to I. The study of n-absorbing ideals has become an active area of research, with
many results published on their properties (see, for example, the survey article [[6]] and its references).

More recently, Baek, Choi, and Lim [5]] introduced the concept of S-n-absorbing ideals, which gen-
eralize both S-prime ideals and n-absorbing ideals. An ideal I disjoint from § is called S-n-absorbing
if there exists s € S such that for all rq,...,7,,; € R, the condition ry ---7,,; € I implies that

s H r,el

1<i<n+1
i#]

for some 1 <j<n+1.

Considering these developments, it is natural to ask whether the (m, n)-absorbing type ideals and
their S-generalizations can be studied within a unified framework. In this paper, we address this
question by introducing new classes of ideals. Let R be a commutative ring with identity, S a mul-
tiplicative subset of R, and I a proper ideal of R disjoint from S. Let m and n be positive integers
with m > n. We say that I is an S-(m, n)-absorbing ideal of R if there exists s € S such that, whenever
nonunit elements ay,...,4,, € R satisfy a; ---a,, € I, there exist n distinct indices iy,...,i, € {1,..., m}
such that sa; ---a; €1.

Similarly, I is an S-(m, n)-absorbing prime ideal if there exists s € S such that, whenever ay,...,a,, €
R and a;---a,, € I, then there exist n distinct indices iy,...,i, € {1,...,m} such that sa; ---a; €. An
ideal I is called an S-AB-(m, n)-absorbing ideal if, for any ay,...,4,, € R with ay---a,, € I, there exist
s € § and n distinct indices {iy,...,i,} C{1,...,m} such that sa; ---a; €I. In each of these cases, we say
that I is associated to s.

It is easy to see that any (m,n)-absorbing prime ideal (resp., (m,n)-absorbing ideal, AB-(m,n)-
absorbing ideal) disjoint from S, as well as any S-prime ideal, is an S-(m, n)-absorbing prime ideal
(resp., S-(m,n)-absorbing ideal, S-AB-(m, n)-absorbing ideal) for any positive integers m, n. Further-
more, an S-n-absorbing ideal as defined in [5]] is precisely an S-AB-(n + 1,n)-absorbing ideal. We
demonstrate that many interesting properties of (m, n)-absorbing type ideals and S-n-absorbing ide-
als continue to hold for these new classes. However, we also show that certain properties valid for
the former do not extend seamlessly to the latter.

This paper is organized into three sections, including the introduction. In Section 2, we investi-
gate the fundamental properties of S-(m,n)-absorbing prime ideals, S-(m, n)-absorbing ideals, and
S-AB-(m,n)-absorbing ideals. In addition, we examine their behavior under various ring-theoretic
constructions, such as homomorphic images and localizations (see Theorems[2.28]and [2.30). More-
over, Proposition characterizes S-Noetherian rings in terms of the finiteness properties of S-
(m,n)-absorbing ideals and S-AB-(m, n)-absorbing ideals.

Finally, Section 3, the concluding part of the paper, is devoted to an in-depth study of these ideals
within the framework of trivial ring extensions and amalgamated algebras along an ideal (see Theo-
rems and [3.3). Several illustrative examples are provided throughout to clarify and support the
theoretical results established in the paper.

Any undefined notation and terminology can be found in [22].
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2 Main Results

The following definitions provide the foundation upon which this section is built.

Definition 2.1. Let R be a ring, S a multiplicative subset of R, and I a proper ideal of R such that
INS =0. Let m and n be positive integers with m > n. Then:

1. I is called an S-(m,n)-absorbing ideal of R if there exists s € S such that, whenever nonunit
elements ay,...,a,, € R satisfy a; ---a,, € I, there exist n distinct indices i,...,i, € {1,...,m} such
that sa; ---a; €1.

2. I is said to be an S-(m, n)-absorbing prime ideal of R if there exists s € S such that, whenever
nonunit elements ay,...,a,, € R satisfy a, ---a,, € I, then either say---a, €I or sa,.{---a,, €.

3. I is defined as an S-AB-(m,n)-absorbing ideal of R if there exists s € S such that, whenever
elements ay,...,a,, € R satisfy a; ---a,, € I, there exist n distinct indices iy,...,i, € {1,...,m} such
that sa; ---a; €1.

In all of these cases, the ideal I is said to be associated with s.

Remark 2.2. 1. If S consists entirely of units of R, then the notions of (1, n)-absorbing ideals and
S-(m, n)-absorbing ideals coincide. The same holds for (m,n)-absorbing prime ideals and S-
(m, n)-absorbing prime ideals, as well as for AB-(m, n)-absorbing ideals and S-AB-(m, n)-absorbing
ideals.

2. Every S-prime ideal is both an S-(m, n)-absorbing prime ideal and an S-(m, n)-absorbing ideal
for any multiplicative subset S of R and for all positive integers m and n with m > n.

3. For any multiplicative subset S of R, every (m, n)-absorbing ideal is an S-(m, n)-absorbing ideal.
Similarly, every (m, n)-absorbing prime ideal is an S-(m, n)-absorbing prime ideal, and every
AB-(m, n)-absorbing ideal is an S-AB-(m, n)-absorbing ideal.

In general, the converses of statements (2) and (3) in the previous remark do not hold, as illustrated
by the following example.

Example 2.3. Let R = Z[X] be the ring of polynomials with integer coefficients, and let S = {4" |
n € N} be a multiplicative subset of R. Consider the ideal I := 2X?Z[X]. Let f,g,h € Z[X] such that
fghel. Since X?Z[X]is XZ[X]-primary, it follows that X? divides at least one of the products fg, gh,
or fh. Therefore, at least one of 4f g, 4gh, or 4fh belongs to I, showing that I is an S-(3,2)-absorbing
ideal of R.

However, I is not an S-prime ideal of R. Indeed, we have 2X - X € I, but for every n € IN, neither
4"X nor 4"(2X) belongs to I. Moreover, I is not a (3,2)-absorbing ideal of R, since 2- X -X € I, yet
neither 2X nor X2 belongs to I.

The following remark follows directly from the definition of S-(m, n)-absorbing prime ideals.

Remark 2.4. Let R be a ring with a multiplicative subset S C R, and let I be a proper ideal of R. Let
m and n be positive integers with m > n. Then the following statements hold:

1. I'is an S-(2,1)-absorbing prime ideal of R if and only if I is an S-prime ideal.
2. I'is an S-(3,2)-absorbing prime ideal of R if and only if I is an S-1-absorbing prime ideal.

3. If I is an S-(m, n)-absorbing prime ideal, then I is also an S-(m +1,n + 1)-absorbing prime ideal.
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4. I is an S-(m, n)-absorbing prime ideal if and only if it is an S-(m, m — n)-absorbing prime ideal.
The following example shows that the converse of Remark[2.4(3) does not necessarily hold.

Example 2.5. Let R = Z[X] and let S = {2" | n € N}. Then S is a multiplicative subset of R, and

P = 4X7Z[X] is an S-(2,1)-absorbing prime ideal of R. Indeed, let f,g € R such that fg € P. Since

fgePCXZ[X], it follows that X divides either f or g, so 4f € P or 4g € P. Note that PN S = 0.
However, P is not an S-(2,1)-absorbing prime ideal of R, because 2-2X € P, yet 2¢ P and 2X ¢ P.

The proof of the following proposition is straightforward and is therefore omitted.

Proposition 2.6. Let R be a ring, S a multiplicative subset of R, I a proper ideal of R, and let m and n be
positive integers with m > n. Then the following statements hold:

1. If I is an S-AB-(m, n)-absorbing ideal of R, then I is also an S-(m,n)-absorbing ideal.

2. If1is an S-(m,n)-absorbing prime ideal of R, and k = max{n, m —n}, then I is an S-(m, k)-absorbing
ideal of R.

3. Every S-n-absorbing ideal is an S-AB-(m, n)-absorbing ideal for any multiplicative subset S of R.

The following example illustrates that the converses of statements (1), (2), and (3) in Proposi-
tion 2.6/ do not hold.

Example 2.7. Let A = Z,[[X,Y,Z,W]] and set H = (X?+ Y?,Y? + Z?)A. Define R = A/H, and let
x,9,2z,w denote the images of X,Y,Z, W in R, respectively. Let S = {w" | n € N} be a multiplicative
subset of R. Consider the ideal

I=(H+(XYZX(Y+Z),Y(X+Z2),X*)A)/H.
Note that I NS = 0.

1. We show that I is an S-(4,2)-absorbing ideal of R, but not an S-AB-(4, 2)-absorbing ideal. In-
deed, 1-x-y-z €I, but for any s € S, none of sxy, syz, or sxz belongs to I. Thus, I is not S-AB-
(4,2)-absorbing. To show I is S-(4,2)-absorbing, let T = {x,v,z}, and let D be the set of nonunit
elements of R. An argument similar to [8, Example 2.3(1)] shows that I is a (4,2)-absorbing
ideal of R, and hence an S-(4, 2)-absorbing ideal.

2. Leta; =x,a; =9, a3 =x, and ay = z. Then aja,asza, € I, but for all s € S, neither sa;a; € I nor
sazay € I. Hence, I is not an S-(4, 2)-absorbing prime ideal.

3. AsIisan S-(4,2)-absorbing ideal but not an S-AB-(4,2)-absorbing ideal, it follows that I is not
an S-n-absorbing ideal of R.

An integral domain R is said to be a valuation domain if, for all 0 # x,y € R, either x | p or v | x.
Every valuation domain is a Bézout domain, i.e., a domain in which every finitely generated ideal is
principal. Moreover, every local Bézout domain is a valuation domain by [10, Proposition 1.5]. The
following theorem provides a necessary condition under which an S-(m, n)-absorbing ideal becomes
an S-n-absorbing ideal.

Theorem 2.8. Let R be a Bézout ring, and let S be a multiplicative subset of R. Then an ideal I is an
S-(m,n)-absorbing ideal if and only if I is an S-n-absorbing ideal. In particular, this holds when R is
a valuation domain or a principal ideal domain (PID).
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Proof. Let I be an S-(m, n)-absorbing ideal of R. We show that I is also an S-(m—1,n)-absorbing ideal.
Suppose ay ---a,,_1 € I for some nonunit elements ay,...,4,,_1 € R. Since R is a Bézout ring, the ideal
(a1,...,am-1) = xR for some x € R. Then for each 1 <i < m -1, there exists y; € R such that a; = xy;.
Hence,

1

— A=
ay-p-1 =X Y1 Ym-1 €1

By assumption, there exists s € S such that one of the following holds:
e sx"el,or
* sy, -y €1 for some {iy,...,i,} C{1,...,m—1}, or

* sx'y; ---y; €l for some 0 <t <nand corresponding indices.

o:

In each case, it follows that sa; ---a; € I, and thus I is an S-(m — 1,n)-absorbing ideal. The “in
particular” part follows directly. O

Remark 2.9. Let §; C S, be multiplicative subsets of R, and let I be an ideal of R disjoint from S,.
Clearly, if I is an S;-(m, n)-absorbing ideal of R, then I is also an S,-(m, n)-absorbing ideal. However,
the converse does not hold in general.

To see this, consider the ideal I = (X?,2X) in the ring R = Z[X], and let S; = {1} and S, = {2" |
n € IN}. Note that X?> € I, but 1-X ¢ I, so I is not an S;-(2,1)-absorbing ideal. On the other hand,
(I : 2) = XZ[X] is a prime ideal, and thus I is an S,-prime ideal, making it an S,-(2,1)-absorbing
ideal.

Proposition 2.10. Let R be a ring, and let S; C S, be multiplicative subsets of R such that for every s € S,,
there exists t € S, with st € Sy. If I is an S,-(m, n)-absorbing ideal of R, then I is also an S1-(m, n)-absorbing
ideal of R, for some integers 1 < n < m.

Proof. Assume [ is an S,-(m,n)-absorbing ideal. Then there exists s, € S, such that, for nonunit
elements ay,...,a,, € Rwith ay ---a,, € I, there are distinct indices iy,..., i, such that

Spa; ---a; €1

By assumption, there exists t € S, such that s; :=ts; € S;. Multiplying both sides by ¢, we obtain
sia; ---a; €1,

showing that I is an S;-(m, n)-absorbing ideal of R. O]

Recall that if S is a multiplicative subset of a ring R with 1 € S, then the set
§* = {r €R: ; € U(S‘IR)}

is called the saturation of S. It is easy to see that S* is a multiplicative subset of R containing S. If
S =§%, then S is said to be saturated. Moreover, it is clear that S = S* (see [L6])).

Proposition 2.11. Let R be a ring, S a multiplicative subset of R, and I an ideal of R disjoint from S. Then
I is an S-(m, n)-absorbing ideal of R if and only if I is an S*-(m, n)-absorbing ideal of R.

Proof. We first show that S*NI = (. Suppose, for contradiction, that there exists r € S*NI. Since
1€ U(S7IR), there exist a € R and s € S such that 1% =1. This implies there exists t € S such that
tra=ts, hence traeINS,sincerel,aeR, and t € S. This contradicts the assumption that I NS = 0.
Thus, S*NI1=0.

Now, by taking S; = S and S, = 5%, the result follows immediately from Proposition|2.10 O]
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Theorem 2.12. Let Rbe aring and S a multiplicative subset of R. Then the following assertions hold:

1. Let I be an S-(m, n)-absorbing ideal of R, and let ] be an ideal of R such that J NS # 0. Then I]
is an S-(m, n)-absorbing ideal of R.

2. Let RC T be a ring extension. If J is an S-(m, n)-absorbing ideal of T, then ] N R is an S-(m, n)-
absorbing ideal of R.

Proof. (1) Suppose I is an S-(m, n)-absorbing ideal of R. Let ay,...,a,, € Rbe such thata;---a,, € I] CI.
Then, by assumption, there exists s € § and n distinct indices iy,...,i, € {1,...,m} such that sa; ---a; €
I. Since JNS = 0, there exists t € JNS, and hence sta; ---a; € I]. Therefore, I] is an §-(m, n)-absorbing
ideal of R.

(2) Suppose J is an S-(m,n)-absorbing ideal of T, and let a4,...,a,, € R such that a;---a,, e JNR.
Since ay---a,, € ] and ] is S-(m, n)-absorbing in T, there exists s € S and n distinct indices iy,...,i, €
{1,...,m} such that sa; ---a; €]. Since aj, € R for each j, it follows that sa; ---a; € JAR. Thus, JNRis
an S-(m, n)-absorbing ideal of R. O

Theorem 2.13. Let R be a ring, S a multiplicative subset of R, and let m, n,k,€ be positive integers.
Let I be a proper ideal of R such that I NS = 0. The following statements hold:

1. Iisan S-(m,n)-absorbing ideal of R if and only if there exists sy € S such that whenever a; ---a; €
I for nonunit elements ay,...,a; € R with k > m, there exist n distinct indices iy,...,i, € {1,..., k}
such that spa; ---a; €1.

2. If I is an S-(m, n)-absorbing ideal of R, then I is also an S-(k,{)-absorbing ideal of R for all k > m
and ¢ > n. In particular, I is an S-(m — 1)-absorbing ideal of R.

3. If each I]- is an S—(mj,n]-)—absorbing ideal of R associated with sj € Sforjell,...,p},and I =

ﬂ?zll]- is disjoint from S, then I is an S-(m, n)-absorbing ideal of R, where n = y P and

J=17
m = max{my,...,my,n+ 1}. Moreover, I is associated with t =] |§-7:1 sj €S.

Proof. Parts (1) and (2) are routine and thus omitted.

(3) Assume that each I; is an S-(m;}, nj)-absorbing ideal associated with s; € S, for j € {1,...,p}, and
that [ = ﬂ?zl I; is disjoint from S. Set n = Z?:l nj and m = max{my,...,m,,n+1}. By part (2), each I;
is also an S-(m, nj)-absorbing ideal associated with s;.

Lett= ]_[?:1 sj €S, and suppose ay,...,4a, € R are nonunit elements such that a; ---a,, €I = ﬂ;}:l I;.
Then ay---a,, € I; for each j. Since I; is S-(m, nj)-absorbing, there exists a subset I} C {1,...,m} with

|T;| = n; such that
S]' l—[ay EI]
Vel

Define I := U?:l I} and P :=[],er a). Then for each j, we have

sjP:sj- I—Iay . I_[ ay EI]-.

yel yel\[;

Multiplying both sides by [[..; sk, we obtain tP € I;. Since this holds for all j, it follows that

P
tPe( =1
j=1

Thus, I is an S-(m, n)-absorbing ideal associated with t € S. O
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Theorem 2.14. Let R be a ring, S a multiplicative subset of R, and I a proper ideal of R. Let m
and n be positive integers, and suppose there exists some i € I such that 1 +i ¢ U(R). Then I is an
S-AB-(m,n)-absorbing ideal of R if and only if I is an S-(m, n)-absorbing ideal of R.

Proof. Suppose I is an S-AB-(m, n)-absorbing ideal of R. Then, by definition, I is also an S-(m, n)-
absorbing ideal.

Conversely, assume [ is an S-(m, n)-absorbing ideal of R. Suppose aya;---a,, € I for some elements
ai,a,...,a, € R. Without loss of generality, assume that for some integer k > n + 2, the elements
Ag, Ag41,---, Ay are units in R, and ay, a,,...,a,_; are nonunits.

Then ay---ay_; €I.Since 1 +i ¢ U(R) for some i€, set by =by,y =---=b,, =i+ 1. Then:

al"'akflbk"'bm :al“‘ﬂk,l(l'+1)m7k+1 cl.

Since I is an S-(m, n)-absorbing ideal, there exists s € S and n elements among the a;’s (1 <i <k-1)
and b;’s (k < j < m) whose product lies in I.

Note that i € I, 1 ¢ I, and (i + 1)° ¢ I for every integer e > 1. Thus, among the n elements, at least
one must come from the a;’s. Suppose there exist h such elements ay,...,a; with 1 <h < such that

say-ap(i+1)" el
Note that (i + 1)"" = fi+1 for some f € R (if h = n, take f = 0). Then
sap--ap(fi+1)el,

which implies say---a;, € I (since fi € I and I is an ideal). Hence, I is an S-AB-(m,n)-absorbing
ideal. O

Corollary 2.15. Let m,n > 1 be positive integers with m > n, let R be a commutative ring with a multi-
plicative subset S, and let I be a proper ideal of R such that I Z Jac(R). Then I is an S-AB-(m, n)-absorbing
ideal of R if and only if I is an S-(m, n)-absorbing ideal of R.

Proof. Since I Z Jac(R), there exists i € I such that 1 +i ¢ U(R). The result follows directly from
Theorem 214 O

Example 2.16. Let R be a semiprimitive ring (for example, R = Z), and let m,n > 1 be positive
integers with m > n. Let S be a multiplicative subset of R, and let I be a proper ideal of R. Then I is
an S-AB-(m,n)-absorbing ideal of R if and only if I is an S-(m, n)-absorbing ideal of R.

Proposition 2.17. Let Ry and R, be commutative rings, and let S; C Ry and S, C R, be multiplicative
subsets. Let I, and I, be ideals of Ry and Ry, respectively. If I x I, is an (S1 x S,)-(m, n)-absorbing ideal of
Ry X Ry, then I is an Sy-(m, n)-absorbing ideal of Ry, and I, is an S,-(m, n)-absorbing ideal of R,.

Proof. Assume that I; x I, is an (S; x S,)-(m, n)-absorbing ideal of R; x R,. Let ay,...,a,, € Ry be such
thata,---a,, €I,. Then (a,---a,,0) € I; xI,. By assumption, there exists (s,t) € S; x S, such that

(s, t)(aj, ---a; ,0) = (sa; ---a; ,0) € [} X I,

for some n-tuple of indices. This implies sa; ---a; € I;. Hence, I; is an §;-(m, n)-absorbing ideal of
R;. A similar argument applies to I. O]

The converse of Proposition does not hold in general, as shown by the following example.
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Example 2.18. Let R = Z x Z, with multiplicative subsets S; = {7" | n € N} and S, = {1}. Let I, = 4Z
and I, = 9Z. Then I; and I, are (4, 2)-absorbing ideals of Z. Hence, I; is S;-(4, 2)-absorbing and I is
S,-(4,2)-absorbing.

Now consider I = I; x I, C R. We claim that I is not an (S; x S;)-(4,2)-absorbing ideal of R. Let

x1=(2,1), x=(2,1), x3=(1,3), x4=(1,3).

Then x4,...,x4 are nonunit elements of R and x;x,x3x4 € I. However, for every (s,t) € S; x S, the
product of (s, t) and any pairwise product x; x;, is not in I. Hence, I is not an (S; X 5,)-(4, 2)-absorbing
ideal of R.

In view of Example we now present the following result:

Theorem 2.19. Let R = Ry x R,, where R; and R, are rings, and let S = S; x S, be a multiplicative
subset of R, where S; C Ry and S, C R, are multiplicative subsets. Let I; be an ideal of R and I, an
ideal of R;, and set I = I; x I,. Then the following statements are equivalent:

1. I is an S-(m,n)-absorbing ideal of R;
2. I is an S;-AB-(m, n)-absorbing ideal of Ry;
3. I, is an S,-AB-(m, n)-absorbing ideal of R,.

Proof. (1) = (2): Suppose I; is not an Sy-AB-(m, n)-absorbing ideal of R;. Then there exist elements
X1,..., Xy € Ry such that xq---x,, € I}, but for all s € S;, no product of n of the x;’s lies in I; when
multiplied by s.

Define d; = (x;,0) e R foreachi=1,...,m. Then dy---d,, = (x1---x,,,,0) € I. Since I is assumed to be
S-(m,n)-absorbing, there exists (s1,5;) € S = S; x S, such that the product of n of the d;’s multiplied
by (s1,s2) lies in I. This implies that some product s;x; ---x; € Iy, a contradiction. Hence, I; must be
S1-AB-(m, n)-absorbing.

(2) = (3): By symmetry, the argument applies to I,.

(3) = (1): Since every S-AB-(m, n)-absorbing ideal is, in particular, an S-(m, n)-absorbing ideal, the
conclusion follows. 0

Let R be a ring with a multiplicative subset S C R, and let m,n be positive integers with m > n.
In the following result, we show that if R admits an S-(m, n)-absorbing prime ideal that is not an
S-(m—1,n—1)-absorbing prime ideal, then R must be a quasi-local ring. Moreover, if R is not quasi-
local, then a proper ideal I of R is an S-(m, n)-absorbing prime ideal if and only if it is an S-prime
ideal.

Theorem 2.20. Let S be a multiplicative subset of R, I a proper ideal of R, and let m,n be positive
integers with m > n. Then the following statements hold:

1. Assume that R is not a quasi-local ring. Then the following conditions are equivalent:

(a) Iis an S-(m,n)-absorbing prime ideal of R;
(b
(c
(d) Iis an S-prime ideal of R.

I'isan S-(m—1,n—1)-absorbing prime ideal of R;
I'isan S-(m—n+1,1)-absorbing prime ideal of R;

)
)
)
)

2. I is an S-(n + 1,n)-absorbing prime ideal if and only if either I is an S-prime ideal, or R is
quasi-local with maximal ideal M such that SM" C I.
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Proof. (1) (a) & (b): By Remark3), it suffices to prove (a) = (b). Assume I is an S-(m, n)-absorbing
prime ideal but not an S-(m — 1,n — 1)-absorbing prime ideal. Then there exist nonunit elements
ai,...,4,—1 € Rand s € S such that:

ay--+ayq1 €I, saj---a,_1¢I, and sa,---a,_1¢l.

Let d be a nonunit of R. Then da; ---a,,_ € I. Since I is S-(m, n)-absorbing prime and sa,,---a,, 1 €1,
we must have sda;---a,_; € 1.
Now let ¢ be a unit of R, and suppose d+c is a nonunit. Since (d+c)a; ---a,,_1 € [ and sa,,;---a,,_1 €1,
we get:
s(d+c)ay---a,_1 =sday---a,_1 +scay---a,_1 €1.

Because sday---a,_1 € I, it follows that sa;---a,_; € I, contradicting the assumption. Hence, d + ¢
must be a unit. The conclusion follows from [7, Lemma 1].

(b) & (c): This follows by induction on #.

(c) & (d): Assume [ is S-(m —n + 1,1)-absorbing prime. By Remark 4), this implies I is also
S-(m—n+1,m — n)-absorbing prime. Then the implication (a) = (c) implies that I is S-prime. The
converse is obvious since every S-prime ideal is S-(m, n)-absorbing prime for any m > n.

(2) We prove the “only if" direction. Suppose I is an S-(n + 1,n)-absorbing prime ideal. If R is not
quasi-local, then by (1) I is an S-prime ideal. Now assume R is quasi-local with maximal ideal M
and SM" Z I. We show that I is also S-(n,n —1)-absorbing prime.

Assume the contrary: that I is not S-(n,n—1)-absorbing prime. Then there exist nonunit elements
ai,...,a, € R such that:

ar---ap €1, say---a,_1¢l, sa,el

for some s € S. Let xy,...,x, € SM. Then
X1+ Xpay---a, €1
Since I is S-(n+ 1,n)-absorbing prime and sa,, ¢ I, we must have
SX1++Xpa1 0,1 €L

Similarly, since say ---a,_1 € I, it must be that x; ---x,, € I, implying SM" C I, a contradiction. Thus I
is S-(n,n—1)-absorbing prime. Repeating this process inductively, we conclude that I is S-prime. [

As a direct consequence of Theorem we obtain the following result.

Corollary 2.21. Let Ry and R, be commutative rings, and let S; C Ry and S, C R, be multiplicative
subsets. Let m and n be positive integers with m > n. Suppose that I; C Ry and I, C R, are ideals. Then the
following statements are equivalent:

1. I} x Iy is an Sy x S-(m, n)-absorbing prime ideal of Ry x Ry;
2. I} xIp is an Sy x Sy-prime ideal of Ry x Ry;
3. Either Iy is an Sy-prime ideal of Ry and I, = Ry, or I} = Ry and I, is an S,-prime ideal of R,.
Proof. Since R; x R, is not quasi-local, the conclusion follows directly from Theorem ). O

Corollary 2.22. Let R be a ring with a multiplicative subset S, and let m,n be positive integers such that
m > n. Assume that I is an S-(n+ 1, n)-absorbing prime ideal of R that is not S-prime, and that I C ] for
some proper ideal | of R. Then | is an S-(m, n)-absorbing prime ideal of R.
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Proof. Since I is an S-(n + 1,n)-absorbing prime ideal that is not S-prime, it follows from Theo-
rem 2) that R is a quasi-local ring with maximal ideal M such that SM" C I. Since SM" C1 C],
the conclusion is immediate. O

Theorem 2.23. Let R be a ring, S a multiplicative subset of R, I a proper ideal of R, and let m, n be
positive integers with m > n. If I is an S-(m, n)-absorbing prime ideal of R associated with some s € S,
then VI is an S-prime ideal of R. In particular, if I is not an S-prime ideal, then R is quasi-local with
maximal ideal M, and if m = n+ 1, then VI = sM.

Proof. Assume I is an S-(m, n)-absorbing prime ideal of R. Let x,y € R such that xy € VI. Without loss
of generality, assume x and y are nonunits. Then there exists a positive integer p such that xPy? € I.
Consider the product:

m—n—1

x"xPy yw=ay-a,€l,

where we definea; =xfor 1 <i<n-1,a,=xP,anda; =y forn+1<i<m-1, with a,, = yP. Since I
is S-(m, n)-absorbing prime, we conclude that

n+p—1

$aj---a, = sx €l or sayq---a,=sy" P el

Hence, sx € VI or sy € \/T, which shows that VI is an S-prime ideal.
Now assume I is not S-prime. Then by Theorem 1), R is quasi-local with maximal ideal M. If
m =n+ 1, then Theorem 2) implies sM" C I, hence VI = sM. O

Theorem 2.24. Let S be a multiplicative set of a ring R, and let I be an ideal of R disjoint from S.
Let m,n be positive integers such that m > n > 2, and suppose that I is an S-(m, n)-absorbing prime
ideal of R. Let d € R\ I be a nonunit element of R. Then (I :d)={x€R|dxel}isan S-(m—1,n—1)-
absorbing prime ideal of R. In particular, for every proper ideal I of R with | € I, the colon ideal
(I:])is alsoan S-(m—1,n—1)-absorbing prime ideal of R.

Proof. Suppose I is an S-(m,n)-absorbing prime ideal of R. Then there exists s € S such that for any
nonunit elements ay,...,a,, € R with a; ---a,, € I, we have either sa; ---a,, €I or sa,,1---a,, € 1.

Now assume aj ---a,,_1 € (I : d) for some nonunit elements ay,...,4,,_; € R. Then da;---a,,_1 € I.
Suppose sa;---a,_1 € (I :d), ie., dsay---a,_1 € 1. Since I is S-(m,n)-absorbing prime, we must have
Say-+-apy_1 €(I:d). Hence, (I : d)is an S-(m —1,n —1)-absorbing prime ideal of R. O

Recall that a ring R is called a *chained ring* if the set of all ideals of R is linearly ordered by
inclusion. Moreover, R is called an *arithmetical ring* if R, is a chained ring for every maximal
ideal M of R. We next determine the S-(n + 1,1)-absorbing prime ideals in a chained ring.

Theorem 2.25. Let R be a chained ring with maximal ideal M, S a multiplicative set of R, and I an
S-(n+ 1,n)-absorbing prime ideal of R disjoint from S, for some integer n > 2. If I is not an S-prime
ideal of R, then I = SM¥ for some integer k with 2 < k < n. Furthermore, if k < 1, then I is also an
S-(k + 1, k)-absorbing prime ideal of R.

Proof. Assume I is an S-(n + 1, n)-absorbing prime ideal of R that is not S-prime. Since R is a quasi-
local ring with maximal ideal M, Theorem [2.20(2) implies that SM" C I.

Let k = min{i | M’ C I}. We claim that I = SM. Suppose for contradiction that SM* ¢ I. Then
there exist elements a € SM*! \land bel\ SMF. Since R is chained, b € aR, so b = ar for some r € R,
and hence r € M. Then b = ar € SM¥, contradicting the choice of b. Thus, I = SMFk.

It is evident that SM* is an S-(k + 1, k)-absorbing prime ideal. O]

Corollary 2.26. Let R be an arithmetical ring with Jacobson radical M, and let I be an S-(n+1, n)-absorbing
prime ideal of R for some integer n > 2. If I is not an S-prime ideal, then I = SM* for some k with 2 <k < n.
Furthermore, if k < n, then I is also an S-(k + 1, k)-absorbing prime ideal of R.
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Proof. If R is not quasi-local, then I is S-prime by Theorem 1). Assume instead that R is quasi-
local with maximal ideal M. Since R is an arithmetical quasi-local ring, it follows that R is a chained
ring. Thus, by Theorem I = SMF for some k with 2 <k < n. O]

Theorem 2.27. Let S be a multiplicative subset of R, and let I be a proper ideal of R. Then I is
an S-(m,n)-absorbing prime ideal of R associated to some s € S if and only if, for any proper ideals
L,....I, of Rwith I; ---I,, C I, we have sl; ---I,, CI or sl,..;---1,, C I.

Proof. It suffices to prove the “if" direction. Suppose that I is an S-(m, n)-absorbing prime ideal
associated tosome s € S, and let I3,...,I,, be proper ideals of Rsuch that;---1,, CIand sl ---1, ZI.
Then there exist elements a,,; € I,,,1,...,4,, € I, such thatsa,,---a,, ¢ I. For arbitrary b; € I,...,b, €
I,,, we have b;---b,a,,1---a,, € I. Since I is S-(m,n)-absorbing and sa,,;---a,, € I, it follows that
sby---b, €l. Thus,sly---1,, C 1. O

Let R and T be commutative rings with identity, and let S be a multiplicative subset of R. Let
f : R — T be aring homomorphism such that f(S) does not contain zero. Then f(S) is a multiplicative
subset of f(R).

Theorem 2.28. Let R and T be commutative rings with identity, and let S be a multiplicative subset
of R. Suppose f : R — T is a ring homomorphism such that f(S) contains no zero divisors. Then the
following statements hold:

1. If J is an f(S)-(m, n)-absorbing ideal of T, then f~!(J) is an S-(m, n)-absorbing ideal of R.

2. If f is surjective and I is a proper ideal of R containing Ker(f), then I is an S-(m, n)-absorbing
ideal of R if and only if f(I) is an f(S)-(m, n)-absorbing ideal of T.

Proof. (1) Assume that a; ---a,, € f~1(J) for some nonunit elements a;,...,a,, € R. Then f(a;)--- f(a,,) €
J. Since ] is an f(S)-(m, n)-absorbing ideal, there exists s € S and n distinct indices iy,...,i, € {1,..., m}
such that

f(s)f(ai)---f(a;)€].

Thus, sa; ---a; € f~1(J), and f~'(J) is an S-(m,n)-absorbing ideal of R.

(2) Suppose f(I)is an f(S)-(m,n)-absorbing ideal of T. Since I = f~!(f(I)) and Ker(f) C I, it follows
from part (1) that I is an S-(m, n)-absorbing ideal of R.

Conversely, assume that I is an S-(m, n)-absorbing ideal of R. Let xy---x,, € f(I) for nonunit ele-
ments xq,...,x, € T. Then there exist ay,...,a,, € Rsuch that f(a;) =x; fori=1,...,m,and a;---a,, €1
since Ker(f) C I. Since I is S-(m, n)-absorbing, there exists s € S and n distinct indices iy,...,1, such
that sa; ---a; €1, hence

f(s)xi -x; = f(sa ---a; )€ f(I).
Therefore, f(I) is an f(S)-(m, n)-absorbing ideal of T. O

Corollary 2.29. Let Rbe aring, S a multiplicative subset of R, and I C | proper ideals of R. Let f : R — R/I
be the canonical surjection. Assume that a+ 1 is a nonunit in R/I for every nonunit element a € R. Then |
is an S-(m,n)-absorbing ideal of R if and only if J/I is an f(S)-(m,n)-absorbing ideal of R/I.

Let R be a ring and I an ideal of R. The set
Zi(R):={xeR:xy el for some p ¢ I}

is known as the set of zero-divisors modulo I (see [21]]).
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Theorem 2.30. Let R be a ring, and let S,S” C R be multiplicative subsets. Let I be an ideal of R
disjoint from S. If I is an S’-(m,n)-absorbing ideal of R with I NS = @, then S~'I is an S~1S’-(m,n)-
absorbing ideal of S™'R. The converse holds if Z;(R)N'S = 0.

Proof. If S’ is a multiplicative subset of R, then S~'S” is a multiplicative subset of S~'R. Since INS =0,
S~ is a proper ideal of S"'Rand S~'INS~1S' = 0.

Assume g—:‘;—: € S7'T for nonunit elements ay,...,4,, € R and sy,...,s,, € S. Then ta, ---a,, €I for
some t € S. Since [ is S’-(m, n)-absorbing, there exists s’ € S’ and distinct indices i,...,i, € {1,...,m}
such that s’ta; ---a; € 1. Hence,

s’ a; aj

—~—1"'JES_1I,
1 S; i

S
1 In

proving S~'I is S7'S’-(m, n)-absorbing.
Conversely, suppose S~'I is S71S’-(m,n)-absorbing and Z;(R)N'S = 0. Let a; ---a,, € I for nonunit
elements ay,...,a, € R. Then %---% € S™'I. By assumption, there exists £ € S!S’ and indices

i1,...,1, such that

S_ai@ c 5_1].

s 1 1
Hence, for some v € S, we get vs’a; ---a; € 1. Since v & Z(R), it follows that s’a; ---a; € I. Therefore,
I is §’-(m, n)-absorbing. O

Theorem 2.31. Let S be a multiplicative subset of R, I an ideal of R, and m, n positive integers with
m > n. Then there exists an S-(m, n)-absorbing ideal of R that is minimal among all S-(m, n)-absorbing
ideals of R containing I. In particular, R has a minimal S-(m, nn)-absorbing ideal.

Proof. Let V denote the set of all S-(m, n)-absorbing ideals of R that contain I. Since any maximal
ideal containing I is S-(m, n)-absorbing, V is non-empty. Order V by reverse inclusion: for I;,I, € V,
define I; <I, if and only if I} 2 I,.

Let C = {I,} ca be a non-empty chain in V and let ] = () cp ). Clearly J # Rand J € V. Let
ai,...,a, € R be nonunit elements with a; ---a,, € J, and suppose that for every s € S, no n-subproduct
of the a;’s multiplied by s lies in J. Since C is a chain, there exists some I such that this also fails in
I,, contradicting that I, is S-(m, n)-absorbing. Hence ] is S-(m, n)-absorbing.

By Zorn’s Lemma, V has a maximal element with respect to inclusion, which is a minimal S-(m, n)-
absorbing ideal of R containing I. O

Corollary 2.32. Let S be a multiplicative subset of R, I an ideal of R disjoint from S, and n a positive
integer. Then there exists a minimal S-n-absorbing ideal of R containing I.

As a generalization of Noetherian rings, Anderson and Dumitrescu introduced the concept of S-
Noetherian rings. Recall from [3] that a ring R is called an S-Noetherian ring if every ideal I of R
is S-finite; that is, there exists s € S and a finitely generated ideal ] of R such that sI C ] CI. The
following result characterizes the S-Noetherian property in terms of S-AB-(m, n)-absorbing ideals
and S-(m, n)-absorbing ideals.

Proposition 2.33. Let S be a multiplicative subset of a ring R. Then the following statements are equiva-
lent:

1. Ris an S-Noetherian ring;
2. Every S-AB-(m,n)-absorbing ideal is S-finite;

3. Every S-(m,n)-absorbing ideal is S-finite.



On S-(m, n)-absorbing ideals and S-(m, n)-absorbing prime ideals of commutative rings

Proof. (1) = (2): Suppose that R is S-Noetherian. Then every ideal of R is S-finite. In particular,
every S-AB-(m,n)-absorbing ideal is S-finite.

(2) = (3): Assume that every S-AB-(m, n)-absorbing ideal is S-finite. Let I be an S-(m, n)-absorbing
ideal of R. Then I is also an S-AB-(m, n)-absorbing ideal, so by assumption, I is S-finite.

(3) = (1): Assume that every S-(m, n)-absorbing ideal is S-finite. In particular, every S-prime ideal
is S-finite. Thus, by [18], Theorem 3], R is an S-Noetherian ring. O

3 S-(m,n)-absorbing Ideals in Trivial Extension Rings and Amalgamated
Algebras

Let E be a unitary A-module. The idealization of E in A, denoted by A « E = A@®E, is a commutative
ring with componentwise addition and multiplication defined by

(a1,e1)(az, ex) = (ayay,are; +ase;)

for all a;,a, € A and ey, e, € E [2]. For an ideal I of A and a submodule F of E, theset [ c F=1&F
is not necessarily an ideal of A « E; it is an ideal if and only if IE C F [2, Theorem 3.1]. If S is a
multiplicative subset of A, then the set S o« E = {(s,e) | s € S, e € E} is clearly a multiplicative subset
of A « E. For background on trivial ring extensions, see [[14}[20]. We now present some properties of
S-(m,n)-absorbing ideals in the context of the trivial extension.

Theorem 3.1. Let A be aring, E an A-module, S a multiplicative subset of A, I an ideal of A, and F a
submodule of E such that IE C F. Then the following statements hold:

1. If < F is an S oc E-(m, n)-absorbing ideal of A oc E, then I is an S-(m, n)-absorbing ideal of A.

2. I < Eisan S « E-(m,n)-absorbing ideal of A « E if and only if I is an S-(m, n)-absorbing ideal of
A.

Proof. (1) Suppose I « F is an S o« E-(m,n)-absorbing ideal of A o E, and let ay,...,a,, be nonunit
elements of A such that a;---a,, € I. Then,

(a1,0)---(a,,0)=(ay---a,,0) €l < F.
Hence, there exists (s,t) € S oc E and n distinct indices iy,...,i, € {1,...,m} such that
(s, t)(a;,,0)---(a; ,0) €[ oc F.

Therefore, sa; ---a; €1, proving the assertion.
(2) By part (1), it suffices to prove the “if" direction. Let (ay,e;),...,(a,,, ;) be nonunit elements of
A « E such that
(a1,e1) - (am, ey) €I < E.

Then clearly a; ---a,, € I. Since I is S-(m, n)-absorbing, there exists s € S and n distinct indices iy,..., i,
such that
sa; ---a; €1

Note that
(s,0)(a,,e;,)--(a; e )= (sa; ---a;,c)

for some c € E. Hence, (s,0)(a; ,e; )+ (a; ,e; ) € [ o« E, proving the claim. O

The following example illustrates Theorem |3.1

55



56 Moroccan Journal of Algebra and Geometry with Applications /M. Assalami, A. Kharbouch and H. Kim

Example 3.2. Let A be a ring, E an A-module, S a multiplicative subset of A, and F a submodule
of E such that IE C F. Let m,n be positive integers. If I is an S-prime ideal of A (e.g., A = Z[X],
E =F = 4XZ[X], I = 8XZ[X], and S = {2¥ | k € Z}), then by Remark I is an S-(m, n)-absorbing
ideal of A. Hence, by Theorem[3.1} I o F is an S o E-(m, n)-absorbing ideal of A o E.

Let A and B be commutative rings, | an ideal of B, and f : A — B a ring homomorphism. Define
the following subring of A x B:

Avd J:={(a, f(a)+])|acA, je])

The ring A »</ ] is called the amalgamation of A with B along ] with respect to f. This construction
generalizes the amalgamated duplication of a ring along an ideal (cf. [11}, [13} 12} [15]).
Let I be an ideal of A, S a multiplicative subset of A, and K an ideal of f(A)+J. Define:

S :={(s,f(s)) s €S},
I/ Ji={(i, f()+])i€l, je]),
s =5 f(5)+])Is€S, je]),
K =@ f@+j)lacA, je], fla)+jeK).

Clearly, S” and S~ are multiplicatively closed subsets of A</ J, and both I >/ J and K’ are ideals
of Av</ J. Our next result characterizes when these ideals are S-(m,n)-absorbing in A baf J.

Theorem 3.3. Let A and B be commutative rings, f : A — B a ring homomorphism, ] an ideal of B, I
an ideal of A such that SNI =0, and K an ideal of f(A)+] disjoint from f(S). Let S be a multiplicative
subset of A, and let m, n be positive integers such that m > n. Then the following statements hold:

1. I is an S-(m, n)-absorbing ideal of A if and only if I »</ J is an S”"f—(m,n)—absorbing ideal of
Avdl T

2. Kisan f(S)-(m,n)-absorbing ideal of f(A)+] if and only if K isan S""f—(m, n)-absorbing ideal
of Assf J.

Proof. (1) Define ¢ : A — (A ])/({0} »</ J) by @(a) = (a, f(a)) + ({0} =</ J). Then @ is a ring isomor-
phism and ¢(S) = S”"f/({O} >/ J). By Theorem 1), I is an S-(m, n)-absorbing ideal of A if and
only if ¢(I) = (I =/ J)/({0} »</ J) is an ¢(S)-(m,n)-absorbing ideal of (A s/ ])/({0} »<f ). Applying
Corollary this is equivalent to I >/ | being an S""f-(m, n)-absorbing ideal of A</ J.

(2) Define ¢ : A vf | — f(A)+] by ¥(a, f(a)+j) = f(a) +j. Then @ is an epimorphism with
Ker() = (/) x {0}, p(K') = K, and (5) = £(5).

Suppose K is an f(S)-(m, n)-absorbing ideal of f(A)+]. Let xq,...,x,, be nonunit elements of A o/ |
such that x;---x,, € Ef. Then (xq -+ x,,) = P(x1)---P(x,,) € K, and each (x;) is a nonunit in f(A)+].
By assumption, there exists f(s) € f(S) and distinct indices iy,...,1, such that f(s)i(x; )---¥(x; ) € K.
Thus,

(s, fls)xi, x5, ) €K,

=

f . Hence, K

which implies (s, f(s))x;, -+ x; € K is an S""f—(m,n)—absorbing ideal.

Conversely, assume K is an S"“f—(m,n)—absorbing ideal of A >/ J, and let v;,...,7,, be nonunit
elements of f(A)+ ] such that y;---y,, € K. Since ¢ is surjective, there exist x,...,x,, € A >/ ] with
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P(xj) = y; for all j. As x; are preimages of nonunits, they are also nonunits. Then x;---x,, € & By

assumption, there exists (s, f(s)) € s and distinct indices iy,...,i, such that
(5, f(s))x;, -+, € K.
Applying 1 yields f(s)y;, ---v; € K. Hence, K is an f(S)-(m,n)-absorbing ideal of f(A)+]. O

Example 3.4. Let A = Z[X], B = k[X] with k a field, J an ideal of B, and let S = {5 : k € N} be a
multiplicative subset of A. Let m,n be positive integers. Consider the ideal I = 5XZ[X]. It is easy to
verify that I is an S-prime ideal of A, and hence I is an S-(m, n)-absorbing ideal of A. Therefore, by

Theoreml), I/ Jisan S""f—(m, n)-absorbing ideal of A s/ .

Let I be a proper ideal of A. The (amalgamated) duplication of A along I (see [9]) is a special case
of amalgamation and is defined as

Avl:={(a,a+i)|acA, iel}.

The next corollary is an immediate consequence of Theorem regarding the transfer of the S-
(m,n)-absorbing ideal property to duplications.

Corollary 3.5. Let S be a multiplicative subset of a ring A, | an ideal of A, and let m,n be positive integers
with m > n. Define S™ ={(s,s) | s € S}, which is a multiplicative subset of A»]. Then:

1. 1is an S-(m,n)-absorbing ideal of A if and only if I > ] is an S™-(m, n)-absorbing ideal of Av<].

2. K is an f(S)-(m,n)-absorbing ideal of f(A)+] if and only if K is an S™-(m,n)-absorbing ideal of
Arxa].

Corollary 3.6. Let A and B be rings, | an ideal of B, and f : A — B a ring homomorphism. Consider the

amalgamation of A and B along ] with respect to f. Let S be a multiplicative subset of A, and let I be an

ideal of A such that SNI = 0. Let K be an ideal of f(A)+ ] disjoint from f(S), and let m,n be positive
integers with m > n. Then:

1. Every S"“f—(m,n)—absorbing ideal of A v/ | containing {0} x ] is of the form I »/ ], where I is an
S-(m,n)-absorbing ideal of A.

2. Every S”“f—(m,n)—absorbing ideal of A v/ | containing f~1(J) x {0} is of the form K, where K is an
f(S)-(m, n)-absorbing ideal of f(A)+].

Proof. Let L be an ideal of A »</ ] disjoint from S Define two ring epimorphisms:
i A [ 5 A, w(afla)+))=a

1, Avd [ f(A)+], mola f(a)+]) = f(a)+].

(1) By Theorem 1), I >/ Jis an S""f—(m,n)—absorbing ideal for any S-(m, n)-absorbing ideal I of
A. Conversely, assume L is an S”"f—(m,n)—absorbing ideal of A b/ | containing {0} x J. Then it is
straightforward to verify that L = 7t{(L) o/ J. Since Ker(rt;) = {0} x J, it follows from Theoremm
that 711 (L) is an S-(m, n)-absorbing ideal of A.

(2) Similarly, by Theorem MZ), K is an S““f—(m,n)—absorbing ideal of A »f J for any f(S)-(m,n)-
absorbing ideal K of f(A)+]. Now suppose L is an S“"f—(m,n)—absorbing ideal containing f~1(J) x {0}.

Then one can check that L = nz(L)f. Since Ker(r,) = f~1(J) x {0}, it follows again from Theorem [2.28
that 7t,(L) is an f(S)-(m, n)-absorbing ideal of f(A)+], as desired. O
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ideals. Additionally, we present an example of a graded S-prime ideal that does not meet the criteria to be considered
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ring.

Key Words: Graded S-r-ideals, Graded S-pr-ideals, Nagata’s idealization.

2010 MSC: Primary 13A02; Secondary 16W50.

1 Introduction

Let G be a multiplication group with identity e. A ring R is called a G-graded ring if R = @ Rg with

geG
the property RoRj, C Ry, for all g,h € G, where R, is an additive subgroup of R for all ¢ € G. The

elements of R, are called homogeneous of degree g. If x € R, then x can be written uniquely as ng,

geG
where x, is the component of x in R,. The set of all homogeneous elements of R is h(R) = U R,.

geG
Let P be an ideal of a G-graded ring R. Then P is called a graded ideal if P = @P ,i.e, forxeP,

geG

X =) gegXg where xo € P for all g € G. An ideal of a G-graded ring is not necessary graded ideal (see
[2]). Let P be a proper graded ideal of R. Then the graded radical of P is denoted by Grad(P) and it
is defined as written below:
Grad(P) ={x= ng € R|for all g € G, there exists ny € IN such that x;g € P}.

geG
Note that Grad(P) is always a graded ideal of R (see [15]). The graded radical of P is the set of all
x € R such that for each g € G there exists ng > 0 with xgg € P. Note that, if r is a homogeneous
element of (R, G), then r € Grad(P) if and only if r" € P for some n € IN.

Lemma 1.1. ([14]) Let I,] be graded ideals of R. Then

1. 1C Grad(l).
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2. Grad(Grad(I)) = Grad(I).
3. Grad(I)=RiffI =R.
4. Grad(I]) = Grad(IN])= Grad(I) N Grad(]).

Throughout this paper, all rings are to be commutative with 1 # 0. A graded ideal P of a graded
ring R is called graded prime, ab € P where a,b € h(R) implies a € P or b € P (see [3]]). In recent years,
prime ideals and graded prime ideals play a very important role in the Commutative graded rings
theory. There are several ways to generalize this concept of a prime ideals graded prime ideals, for
example, in [19], Yavuz and all, introduced the notion of weakly S-2-prime ideals of commutative
rings. Let S a multiplicative subset of R. A proper ideal Q of R with QNS =0 is called a weakly
S-2-prime ideal of R if there exists an s € S such that for all 4,b € R with 0 = ab € Q, we have
sa? € Q or sb? € Q. In [16]], H. Saber and all, further generalized this concept by introducing graded
S-prime ideals. In their influential paper, a proper graded ideal I of R is termed graded S-prime if
ab € I for some a,b € h(R) implies either sa € I or sb € I for some s € S. In [12]] Issoual and Ugurlu
introduced the notion of graded 1-absorbing primary ideals and graded weakly 1-absorbing primary
ideals. Subsequently, in 2021 the authors in ([4]) introduced the notion of graded S-primary ideals.
A graded ideal I of R is called graded S-primary if ab € I for some a,b € h(R) implies either sa € I or
sb™ € I for some s € S and some positive integer n. As usual, if R is a graded ring and a € R, then
ann(a) denotes the set of annihilator of 4 in R. ann(a) = {r € R | ra = 0}. In commutative algebra,
graded r-ideal have an important role. There have been lots of studies on this issue (See [2]]). Recall
that a proper graded ideal I is called graded r-ideal (resp., graded pr-ideal), if for all x,y € h(R) such
that xy € I with ann(x) = 0, then x € I (resp., " € I for some positive integer n). It’s clear that any
graded r-ideal (or graded pr-ideal) disjoint from S automatically qualifies as a graded S-r-ideal (or
graded S-pr-ideal). However, Example illustrates a counterexample showing that a graded S-
r-ideal (or graded S-pr-ideal) does not necessarily retain its status as a graded r-ideal (or graded
pr-ideal) in general.

The main aim of this paper is to expand upon the concept of graded ideals by introducing and
investigating graded S-r-ideals (and graded S-pr-ideals) within graded rings. This approach serves
to generalize essentially all the results pertaining to graded r-ideals and graded pr-ideals. Let R be
a graded ring and S C h(R) a multiplicative subset of R. A proper graded ideal P of a graded ring
R disjoint from S is said to be a graded S-r-ideal (resp., graded S-pr-ideal) of R if whenever nonunit
elements x,y € h(R) such that xy € P and ann(a) = 0, then sy € P (resp., sy € Grad(P)). In the opening
section, we commence with counterexamples illustrating graded S-r-ideals and graded S-pr-ideals
that do not belong to be a graded S-prime ideals. Moreover, we offer an illustration of a graded S-
prime ideal that does not satisfy the requirements to be considered a graded S-r-ideal or a graded
S-pr-ideal (see Example [2.2and [2.3).

Among many results in paper, we investigate graded S-r-ideal (resp., graded S-pr-ideal) within
the context of graded homomorphisms Proposition Also, Theorem proves that if P is a
graded S-r-ideal of R, then (P : a) is a graded S-r-ideal of R for all a € h(R)—-P. Additionally, Theorem
and Theorem allows us to identify all graded S-r-ideal (resp., graded S-pr-ideal) within
the Cartesian product of two cross products. Let R be a graded ring, then zd(R) denotes the set of
zero divisors of R and Reg(R) = R—zd(R). Consider S C Reg(R) in Proposition we show that if I
be an graded S-prime ideal of R, then I is a graded S-r-ideal of R if and only if (I : t) N h(R) C zd(R)
for some t € S.

Finally, in the current section, our focus lies in investigating the graded S-r-ideal (resp., graded
S-pr-ideal) and graded S(+)M-r-ideals (resp., graded S(+)M-pr-ideals) of R(+)M.

61
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2 Basic results

Definition 2.1. Let R be a graded ring and S C h(R) a multiplicative subset of R. A proper graded
ideal P of a graded ring R disjoint from S is said to be a graded S-r-ideal (resp., graded S-pr-ideal)
of R if whenever nonunit elements x,y € h(R) such that xy € P and ann(a) = 0, then sy € P (resp.,
sy € Grad(P)).

Let R be a graded ring, S C h(R) a multiplicative subset of R, and P a graded ideal of R disjoint
from S. According to the definition of graded S-prime ideals given in [L6], P is considered a graded
S-prime ideal of R if there exists an element s € S such that for all x,y € h(R) such that xy € P, then
sx € P or sy € P. In the following, we will provide an example of a graded S-prime ideal which is
neither a graded S-r-ideal nor a graded S-pr-ideal of R.

Example 2.2. Consider R = Z[i] and G = Z,. Then R is G-graded by Ry = Z and R; = iZ. Consider
the multiplicative subset S = {2" | n € N} and the graded ideal I = 5R of R. To see more details to show
I is graded prime ideal of R (see [4], Example 1); so S-prime ideal of R since INS = 0. But I is neither
an S-r-ideal nor an S-pr-ideal of R. Indeed, we have 5-2 € I with ann(5) = 0, but 2" - 2 ¢ Grad(I) for
all positive integer n. This shows that I is neither an S-r-ideal nor an S-pr-ideal of R.

Now, we give an example of graded S-r-ideal which is not graded S-prime ideal.

Example 2.3. Consider R = Zg[i]and G = Z,. Then Ris G-graded by Ry = Zg and R; = iZ4. Consider
the multiplicative subset S = {1,5} and the graded ideal P = {0} of R. Let x, € h(R) such that xy € P
and ann(x) = 0, then y = 0 € P which implies that P is a graded r-ideal of R; so is a graded S-r-ideal
of R since PN'S = (). But P is not a graded S-prime ideal of R. Indeed, 2-3 = 0 € P, but s2 ¢ P and
s3¢PforallseS.

Let Rand S are two G-graded rings, then Rx S is a G-graded ring by (RxS), = Rg xS, forall g € G,
(see [L6]]). Also, if P be an ideal of a G-graded ring R and K be an ideal of a G-graded ring S. Then
PxK is a graded ideal of Rx S if and only if P is a graded ideal of R and K is a graded ideal of S ([7]]).

Example 2.4. Consider R = Z,[i] X Z,[i] x Z,[i] and G = Z,. As A = Z,]i] is a G-graded ring by
Ay=2Zyand Ay =iZ,, Ris G-graded by Ry =Z, xZ, xZ, and Ry =iZ, xiZ, xiZ,. Consider the
multiplicative subset S = {(1,1,0),(1,1,1)} and the graded ideal P = 0 x 0 x iZ, of R. Let x,y € h(R)
such that xy € P and ann(x) = 0. If x € Ry = Z, x Z, x Z,. Since Z, x Z, x Z, is boolean, x*> = x; so
x—1 eann(x) =0, thus x = 1. This implies that y € P. If x € Ry = iZ, xiZ, x iZ,, then there exits
a,b,c € Z, such that x = (ia,ib,ic). Thus x? = (—a®,—b%,—c?) € Z, x Zy x Z,. Since Zy x Z, x Z, is
boolean, x* = (—az,—bz, —C2)2 = (—az,—bz, —cz) =x2.Sox?-xe ann(x) = 0, thus x3 = x which implies
that x> — 1 € ann(x) = 0; so x> = 1. As xy € P, x>y € P. This implies that y € P. Hence P is a graded

s(1,0,1) g P for all s € S. This implies that P Does not have a graded S-prime ideal of R.

Lemma 2.5. ([[11l]) Let I be a proper graded ideal of a G-graded ring R. Let ¢ € h(R), then (I : c) ={r € R|
cr € I} is a graded ideal of R.

Theorem 2.6. Let R be a G-graded ring, S C h(R) a multiplicative subset of R and P be a graded ideal
of R disjoint from S. Then P is a graded S-r-ideal if and only if for all a € h(R) if ann(a) = (0), then
(P:a)C(P:s)forsomeseS.

Proof. Let a € h(R) such that ann(a) = (0) and let x € (P : a). As (P : a) is a graded ideal of R, x, € (P : a)
for all g € G, then axg € P for all g € G. Since P is an S-r-ideal, $Xg € P for some s € S; so x € (P : s).
Conversely, let a,b € h(R) with ab € P and ann(a) = (0). Then b e (P :a) C (P :s) for some s € S; so
sb e P. Hence P is a S-r-ideal of R. O
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Let R be a G-graded ring, and S C h(R) a multiplicatively subset of R. Then S* = {a, € h(R) | aTg isa
unit of S™!R} denotes the saturation of S, S* C h(R) is a multiplicative subset of R containing S (see

[170).
Proposition 2.7. Let R be a G-graded ring, and S C h(R) be a multiplicatively closed subset of R. Then

1. If S € T are multiplicatively subsets of R such that PNT = (0 and P is a graded S-r-ideal (resp.,
S-pr-ideal) of R, then P is a graded T-r-ideal (resp., T-pr-ideal) of R. If for any s € T, there exists
t € T satisfying st € S, then P is a graded T-r-ideal (resp., T-pr-ideal) of R implies P is a graded
S-r-ideal (resp., S-pr-ideal) of R.

2. P is a graded S-r-ideal (resp., S-pr-ideal) of R if and only if P is a graded S*-r-ideal (resp., S*-pr-
ideal) of R.

3. If S CReg(R), then P is a graded S-r-ideal of R if and only if (P : s) is a graded r-ideal for some s € S.

4. If S C Reg(R), then P is a graded S-pr-ideal of R if and only if (P : s) is a graded pr-ideal for some
seS.

Proof. (1). It is clear that if P is a graded S-r-ideal of R, then P is a graded T-r-ideal of R. Now,
assume that P is graded T-r-ideal of R, there exists s € T such that if xy € P for all x,y € h(R) with
ann(x) = 0, then sy € P. By assumption w = ts € S for some t € T. So wy = tsy € P. Consequently, P is
a graded S-r-ideal of R.

(2). Assume that P is a graded S-r-ideal of R. First, we want to show that PN S* = (. Suppose

g

there exists a; € PN S*. Then + is a unit of S~IR, it follows that there exist by, € h(R) and s; € S such

that al—gz—’? = 1. Hence t;s; = tjasby, for some t; € S. So t;s; = tjab, € PN S, a contradiction. Therefore
PNS*=0. Now, by (1) we get P is a graded S*-r-ideal of R. Conversely, assume that P is a graded
S*-r-ideal of R. Let xy € P with ann(x) = 0 for some x,y € h(R). Then there exists a, € §* such that
agy € P. Since aTg is a unit of ST!R, there exist bj € h(R) and s,t € S such that ts = tayb;. It follows that
(ts)y = tagb;y € P. Therefore, P is a graded S-r-ideal of R.

(3). Assume that P is a graded S-r-ideal of R. Then for all x,y € h(R) if xy € P with ann(x) = 0,
then sy € P for some s € S. Now, let a,b € h(R) such that ab € (P : s) with ann(a) = 0. Then sab € P.
It follows that sy € P; so y € (P : s) since ann(s?) = 0. This implies that (P : 5) is a graded r-ideal of
R. Conversely, assume that (P : s) is a graded r-ideal of R for some s € S and let x,y € h(R) such that
xy € P with ann(x) =0. Then xy € (P :s); soy € (P :s). hence sy € P.

(4). Assume that P is a graded S-pr-ideal of R. Then for all x,y € h(R) if xy € P with ann(x) = 0,
then sy € Grad(P) for some s € S. Now, let a,b € h(R) such that ab € (P : s) with ann(a) = 0. Then
sab € P. It follows that sy € Grad(P), then sy € P for some positive integer m. As s € Reg(R),
ann(s™) = 0;so ™ € (P : s). This implies that (P : s) is a graded pr-ideal of R. Conversely, assume that
(P :s)is a graded pr-ideal of R for some s € S and let x,y € h(R) such that xy € P with ann(x) = 0.
Then xy € Grad(P : s); so y" € (P : s) for some positive integer n which implies that sy” € P. Hence
sy € Grad(P). O

Let R be a G-graded ring, and S C h(R) a multiplicatively subset of R. Note that S™!R is a G-graded
ring with SR = {{ | r € R,s € S}. If P is a graded ideal of R and PNS = 0, then S7!P = S7IR,
S~'Grad(P) = Grad(S~'P) and S~!P is a graded ideal of S™'R (see [6] and [13]).

Proposition 2.8. Let R be a graded ring S C h(R) a multiplicative subset of R and P a graded ideal of R. If
P is a graded S-r-ideal (resp., S-pr-ideal) of R, then S™'P is a graded r-ideal (resp., pr-ideal) of S™'R.

Proof. Assume that P is a graded S-r-ideal of R. Let %, %,e h(S’lR) such that %% € S71p with
anng-1g(3) = 0. Then there exists s € S such that sxy € P with anng(x) = 0. Since P is a graded
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S-r-ideal of R, there exists s; € S such that s;sy € P. Therefore, % = % € S71P. Hence, S'Pis a
graded r-ideal of S~'R. O

Proposition 2.9. Let R be a G-graded ring and S C Reg(R) a multiplicative subset of R. Then P is a graded
S-r-ideal if and only if S~ P is a graded r-ideal of S'R and (S~'P)Nh(R) = (P ‘h(R) S) for some s € S.

Proof. Assume that P is a graded S-r-ideal of R. By Proposition S~'Pis a graded r-ideal of S~!R.
Now, we show that there exists an s € S such that (S~'P)Nk(R) = (P ‘h(r) §)- As Pis a graded S-r-ideal
of R, there exists an s € S such that for all x,y € h(R), if xy € P with ann(x) = 0, then sy € P. Let
x € (P (g ). Then sx € P. As S C Reg(R), the graded mapping ¢ : R — S™'R defined by ¢(r) = |
is an injective rings homomorphism. Thus x = § = % € S7'P; so x € (S7'P) N h(R). Conversely, let
x € (S7'P)Nh(R). Then x = ¢ for some a € P and some t € S. So xt = a € P with ann(t) = 0, then sx € P
since P is a graded S-r-ideal. Hence x € (P iR ).

Now, assume that S~'P is a graded r-ideal of S™'R and (S~!P) N h(R) = (P ‘h(r) S) for some s € S.
Let x,y € h(R) such that xy € P with ann(x) = 0. Then %% € S7'P and ann(3) = 0; so % € S7'P which
implies that y = % €eST'PNh(R)=(P :n(r) S) for some s € S. Hence sy € P.

O

Proposition 2.10. Let R be a G-graded ring, S C h(R) a multiplicative subset of R and P a graded ideal of
R disjoint from S. Then P is a graded S-r-ideal (resp., S-pr-ideal) if and only if whenever 1,] are graded
ideals of R such that I] C P and I N Reg(h(R)) # 0, then s] C P (resp., s] € Grad(P)) for some s € S.

Proof. Suppose that P is a graded S-r-ideal of R. Let I,] be two graded ideals of R such that I] C P
and I N Reg(h(R)) # 0. There exists a € I N Reg(h(R)). Let g € G and b € Jg. Then ann(a) = 0 and
abelJg CI] CP. Since P is a graded S-r-ideal, sb € P for some s € S. So sJg C P for all g € G which
implies that s] C P. Conversely, let a,b € h(R) such that ab € P with ann(a) = {0}. Then I = (a) and
] = (b) are graded ideals of R such that I] C P and a € I N Reg(h(R)). By assumption, s] C P for some
se€S. Sosb e P. Hence, P is a graded S-r-ideal of R. O

Theorem 2.11. Let R be a graded ring, S C h(R) a multiplicative subset of R and P a graded ideal
of R disjoint from S. If P is a graded S-r-ideal of R, then (P : a) is a graded S-r-ideal of R for all
a€h(R)-P.

Proof. Put a € h(R) — P, then (P : a) is a graded ideal of R. Let x,y € h(R) such that xy € (P : a) with
ann(x) = 0. Then axy € P; so say € P for some s € S since P is graded S-r-ideal and ann(a) = 0. Thus
sy € (P:a). O

For G-graded rings Ry and R;, a G-graded ring homomorphism f : Ry — R; is a ring homomor-
phism such that f((R;)g) € (Ry), for every g € G (see[l1]]). By 18, Remark 2.6], we have the following
results.

1. If I, is a graded ideal of R and f : R; — R, is a graded ring homomorphism, then Grad(f~(I,)) =
f~Y(Grad(I,)).

2. If I isa graded ideal of Ry such that Ker(f) C I; and fis a graded epimorphism, then f(Grad(l;)) =
Grad(f(I)).

Proposition 2.12. Let R, R’ be two G-graded rings, f : R — R’ be a graded isomorphism with f(1) =1 and
S € h(R) a multiplicatively subset of R such that f(S) does not contain zero. Then

1. Assume that for every nonunits homogeneous elements r of h(R), we have f(r) is nonunit element of
W(R’). If P" is a graded (f (S))-r-ideal of R, then f~'(P’) is a graded S-r-ideal of R.
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2. If Pis a graded S-r-ideal of R, then f(P) is a graded (f(S))-r-ideal of R'.

Proof. (1). Assume that P’ is a graded (f(S))-r-ideal of R’. First, we want to show that f~1(P")nS = 0.
Suppose on the contrary that there exists s € f "1 (P’)NS. Then f(s) € P’Nf(S), which is a contradiction
since P’ N f(S) = 0. Now, let x,y € h(R) such that xy € f~}(P’) with ann(x) = 0. Since f is bijective,
ann(f(x)) = 0. We have f(xy) = f(x)f(y) € P’. Since P’ is a graded (f(S))-r-ideal of R’, there exists
s € S such that f(s)f(y) = f(sy) € P’. Hence sy € f 1 (P’).

(2). First, we show that f(P)N f(S) = 0. Assume not. Then there exists u € f(P)N f(S), which
implies u = f(x) = f(s) for some x € P and s € S. Hence, x —s € Ker(f) =(0) CP and s € PN S, which
is a contradiction. Now, let x,9” € h(R’) such that x’y’ € f(P) with ann(x’) = 0. Say x” := f(x) and

v’ := f(y) for some x,y € h(R) with ann(x) = 0. This yields that there exists an s € S such that sy € P.
Thus, clearly we have f(s)y” € f(P). O

Let R be a G-graded ring and S C h(R). Then R/I is a G-graded ring by (R/I); = (Rg +I)/I for all

g € G. Moreover, if P and I are graded ideals of R, then P/I is graded ideal of R/I and S = {s+1 | s € S}
is a multiplicative subset of R/I (see [L6]]).

Proposition 2.13. Let R be a G-graded ring and S C h(R). Let I be a graded r-ideal of R disjoint from S
and P a graded ideal of R such that I C P. Then P is a graded S-r-ideal of R if and only if P/I is a graded
S-r-ideal of R/I.

Proof. Note that PN'S = @ if and only if (P/I)NS = 0. Now, assume that P is a graded S-r-ideal of
R. Leta+1,b+1 € h(R/I) such that (a+1)(b+1I) € P/I with ann(a+1) = 0. Then (ab+1) € P/I; so
abeP. As P is a graded S-r-ideal of R and ann(a) = 0, there exists s € S such that sb € P. This implies
that (sb + 1) € P/I. Conversely, since P/I is a graded S-r-ideal of R/I, there exists t € S such that
for all a+I,b+1 € h(R) if (a+I)(b+1) € P/I with ann(a+1) =0, then 5(b+1) € P/I. Let xy € ] for
all x,y € h(R) with ann(x) = 0. Then (x +I)(y +I) € P/I, since I is graded r-ideal, ann(x +1) = 0. So
(ty+1)=(t+I)(y+1I)eP/I. This implies that ty € P. O

Proposition 2.14. Let R be a graded ring and S C h(R) a multiplicative subset of R. Then the following
are hold.

1. If 1 is a graded S-r-ideal of R, then I N h(R) C zd(R).

2. Let I be an graded S-prime ideal of R. If S C Reg(R), then I is a graded S-r-ideal of R if and only if
(I:t)Nh(R) Czd(R) for some t € S.

Proof. (1). Let I be a graded S-r-ideal of R. Then for all x,y € h(R) such that xy € I with ann(x) =0,
then sy € I for some s € 5. Assume that I N h(R) € zd(R). There exists an a € I N h(R) such that so
ann(a)=0. Sinceacl,s-1€l;soselINS contradiction. Hence I N h(R) C zd(R).

(2). Assume that I is a graded S-prime ideal. There exists an t € S such that for all x,y € h(R) such
that xy € I, then tx € I or ty € I. If I is a graded S-r-ideal, then by Proposition[2.7} (I : t) is a graded
r-ideal. AsINS =0, (I:t)NS =0;so (I : t)isa graded S-r-ideal of R. Then by (1), (I : t)Nh(R) C zd(R).
Conversely, A assume that (I : t) N h(R) € zd(R). Let x,y € h(R) such that xy € I with ann(x) = 0. We
have txelortyel. If txel, then x e (I :t)Nh(R) C zd(R), contradiction. So ty € I. This implies that
I'is a graded S-r-ideal of R. O

Lemma 2.15. Let R be a graded ring, S C h(R) a multiplicative subset of R and P a graded ideal of R. Then
P is a graded S-pr-ideal of a graded ring R, if and only if Grad(P) is a graded S-r-ideal of R.

Proof. Assume that P is a graded S-pr-ideal. There exists s € S such that for all a,b € h(R) if ab € P
with ann(a) = 0, then sb € Grad(P). Let x,y € h(R) such that xy € Grad(P) with ann(x) = 0. Then

(xy)" € P. So sx""1y" € P which implies that s>2x""2y" € P as ann(x) = 0. We continue this process,
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we obtain s"y" € P. This implies that sy € Grad(P). Hence Grad(P) is a graded S-r-ideal of R.
Conversely, Assume that Grad(P) is a graded S-r-ideal. There exists s € S such that for all a,b € h(R)
if ab € Grad(P) with ann(a) = 0, then sb € Grad(P). Let x,y € h(R) such that xy € P C Grad(P) with
ann(x) = 0, then sy € Grad(P) for some s € S. This implies that P is graded S-pr-ideal of R. O

Proposition 2.16. Let R be a graded ring and S C h(R) a multiplicative subset of R. Let P be an graded
S-primary ideal of R. If S C Reg(R), then P is a graded S-pr-ideal of R if and only if (P : s) N h(R) C zd(R)
for some s € S.

Proof. Let P be a graded S-primary ideal of R. Then for all x,y € h(R) if xy € P, then sx € P or
sy € Grad(P) for some s € S. Assume that P is a graded S-pr-ideal of R, then Grad(P) is a graded S-r-
ideal of R. So (Grad(P):s)Nh(R) C zd(R). As P C Grad(P), (P :s)Nh(R) C (Grad(P) : s) N h(R) C zd(R).
Conversely, assume that (P : s) N h(R) C zd(R). Let x,y € h(R) such that xy € P with ann(x) = 0, then
sx € Por sy € Grad(P). If sa € P, then a € (P :s)Nh(R) C zd(R) contradiction. Then sb € Grad(P). This
implies that P is a graded S-pr-ideal of R. O

Note that in R a G-graded ring and I,] are graded ideals of R, then I N] is a graded ideal of R and
Grad(IN])= Grad(I)N Grad(]) (see [9] and [14]).

Theorem 2.17. Let R be a graded ring, S C h(R) a multiplicative subset of R and I,] are a graded
S-r-ideals (resp., S-pr-ideals) of R disjoint from S. Then I N] is graded S-r-ideal (resp., S-pr-ideal)
of R.

Proof. First,since INS =0 and JNS =0,INJNS =0. Let x,y € h(R) such that xy € IN] with ann(x) = 0.
Then xy € I. Since I is a graded S-r-ideal, sy € I for some s € S. Similarly, ty € | for some t € S and
hence sty € INJ. Therefore, IN] is a graded S-r-ideal of R. O

Theorem 2.18. Let I be a graded S-r-ideal (resp., S-pr-ideal) of R. For a graded ideal J of R with
JNS=0,1N] is graded S-r-ideal (resp., S-pr-ideal) of R.

Proof. Since INS =0, clearly we have (IN])NS =0. Suppose that I is a graded S-r-ideal of R. There
exists an s € S such that for all x,y € h(R), if xy € I with ann(x) =0, thensy € I. Let xy e INJ C I with
ann(x) = 0. Then sy € I. Choose t € JN'S. This means w = st € S. Thus wy € I which implies that
wyeln].SolN]isagraded S-r-ideal of R. O

Theorem 2.19. Let R be a G-graded ring, S C h(R) a multiplicative subset of R and I,] be graded
prime ideals of R which are not comparable disjoint from S. If I N] is a graded S-r-ideal of R, then I
and J are graded S-r-ideals of R.

Proof. Let x,v € h(R) such that xy € I with ann(x) = 0. Suppose that a € ] —I. Then xya € I NJ. Since
INJis graded S-r-ideal, sya € INJ for some s € S. Then sya € I. Since I is a graded prime ideal of R
and a ¢, sy € I. Hence, I is a graded S-r-ideal of R. Similarly, ] is a graded S-r-ideal of R. O

Theorem 2.20. Let R = R; x R, where each R; is a G-graded ring for all i € {1,2}, P = P, x P, a graded
ideal of R where each P, is a graded ideal of R; and S = §; xS, C h(R) a multiplicative subset of R
such that Sy NP, =0 and S, N P, = 0. Then the following are equivalents.

1. P=P, x P, is a graded S-r-ideal of R.

2. P = Ry and P, is a graded S,-r-ideal of R, or P, = R, and P, is a graded S;-r-ideal of Ry or
either P, is a graded S;-r-ideal of R; and P, is a graded S,-r-ideal of R,.
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Proof. (1)=(2). Suppose that P = P, xP, is a graded S-r-ideal of R and P, = R,. We will show that P, is
a graded Sy-r-ideal of R;. Let x,y € h(R;) such that xy € P; with ann(x) = 0. Note that ann(a, 1) = (0,0)
and (a,1)(b,0) = (ab,0) € P. Since P is a graded S-r-ideal of R, there exists an s = (s1,5;) € S such that
s(b,0) € P;sos;b € P,. Hence P, is a graded S;-r-ideal of R;. Similarly, one can easily show that P, is a
graded S,-r-ideal of R, and P; = R;. Assume that P;, I, are proper ideals, similarly, P;, P, be graded
S;-r-ideals of R; respectively.

(2)=(1). Assume that P;, P, be S;-r-ideals of R; for every i = 1,2. Now, let (ay,4a5),(by,b;) € h(R)
such that (aj,a;)(by,by) = (a1by,aby) € Py x P, with ann(ay,a,) = (0,0). Then ann(ay) = ann(a,) = 0.
Note that a;b; € P; with ann(a;) = 0. So s;b; € P, for some s; € S since P;, P, be graded S;-r-ideals of
R; for every i = 1,2. Put s = (s,5;) € S. Then (s1,5,)(b1,by) = (s1b1,5,b;) € P. This implies that P is a
graded S-r-ideal of R. In other cases, one can similarly prove that P is a graded S-r-ideal of R. O]

Let R be a G-graded ring. Then the graded radical of R is denoted by Grad(R) and equal R (see
(14]).

Lemma 2.21. ([5]]) Let R = Ry x R, where each R; is a G-graded ring for all i € {1,2}. Then the following
hold.

1. Py is a graded ideal of Ry, if and only if Grad(P; x R,) = Grad(P;) X R,.
2. P, is a graded ideal of R,, if and only if Grad(Ry x P,) = Ry x Grad(P,).

3. Py is a graded ideal of Ry and P, is a graded ideal of R,, if and only if Grad(P, x P,) = Grad(Py) x
Grad (D).

By analogy, in Theorem it is straightforward to demonstrate the preceding theorem.

Theorem 2.22. Let R = Ry x R, where each R; is a G-graded ring for all i € {1,2}, P = P, x P, a graded
ideal of R where each P, is a graded ideal of R; and S = §; x S, C h(R) a multiplicative subset of R
such that S{ NP, =0 and S, N P, = 0. Then the following are equivalents.

1. P =P xP,is a graded S-pr-ideal of R.

2. P, =R, and P, is a graded S,-pr-ideal of R, or P, = R, and P, is a graded S;-pr-ideal of R; or
either P, is a graded S;-pr-ideal of R; and P, is a graded S,-pr-ideal of Rj.

Corollary 2.23. Let R = Ry xR, where each R; is a G-graded ring for all i € {1,2} and P = P, x P, a graded
ideal of R where each D; is a graded ideal of R;. Then the following are equivalents.

1. P =P, x P, is a graded r-ideal (resp., pr-ideal) of R.

2. Py =Ry and P, is a graded r-ideal (resp., pr-ideal) of R, or P, = R, and P, is a graded r-ideal (resp.,
pr-ideal) of Ry or either Py is a graded r-ideal of Ry and P, is a graded r-ideal (resp., pr-ideal) of R,.

In the case S = {1}, a proper graded ideal P of a graded ring R is said to be a graded r-ideal (resp.,
pr-ideal) of R if whenever nonunit elements x,y € h(R) such that xy € P and ann(x) = 0, then y € P
(resp., v € Grad(P)) [2]]. It is recognizable that a graded r-ideal (resp., pr-ideal) of R disjoint with S is
a graded S-r-ideal (resp., S-pr-ideal) of R. However, a graded S-r-ideal (resp., S-pr-ideal) of R needs
not be a graded r-ideal (resp., pr-ideal) of R, see the following example.

Example 2.24. Let R, R, be two graded rings. Let P, be a proper non graded pr-ideal ring and P,
be a proper graded S,-r-ideal of R,, where S, a multiplicative subset of R,. We consider R = R; x R,
and a multiplicative subset S := (S; U {0} x S;), where S; be a multiplicative subset of R;. Then S
is a multiplicative subset of R. By Corollary P; x P, is neither an graded r-ideal nor graded
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pr-ideal of R. Now, we will show that P; x P, is an graded S-r-ideal of R, and so graded S-pr-ideal
of R. Since P, is a graded S,-r-ideal, there exists an s, € S, such that for any x,y € h(R;) such that
xy € P, with ann(x) = 0, then s,y € P,. Let (a,x),(b,v) € h(R; x R,) such that (a,x),(b,y) € P, x P, with
ann((a,x)) = (0,0), then (xy € P, with ann(x) = 0. So s,y € P,. Take s :=(0,s,) € S. Then for any
(0,52)(b,v) =(0,5,v) € {0} x P, C P, x P,. This implies that P x P, is a graded S-r-ideal.

Assume that M is an R-module. Then M is said to be G-graded if M = @Mg with ReMj, € Mgy,

geG
for all g,h € G where M, is an additive subgroup of M for all g € G. The elements of M, are called

homogeneous of degree g. It is clear that M, is an R,-submodule of M for all g € G. We assume

that h(M) UMg. Let N be an R-submodule of a graded R-module M. Then N is said to be graded
geG
R-submodule if N = GB(N N Mg), i.e, forxe N, x = ng where Xg € N for all g € G. It is known
geG geG
that an R-submodule of a graded R-module need not be graded. For more terminology (see [10] and
[13]). Let G be an abelian group and M be a G-graded R-module. Then X = R(+)M is G-graded
by X, = Re(+)M, for all g € G. Note that, X, is an additive subgroup of X for all g € G. Also, for
g,]’l e G, Xth = (Rg(+)Mg)(Rh(+)Mh) = (Rth,Rth +RhMg) C (Rgthgh +th) C (Rgh;Mg ) = Xgh as
G is abelian [18]. Moreover, if P is an ideal of R and N is an R-submodule of M such that PM C N,
then P(+)N is a graded ideal of R(+)M if and only if P is a graded ideal of R and N is a graded R-
submodule of M [[18] Proposition 3.3]. Consequently, i(R(+)M) = {(a,x);a € h(R), x € h(M)}. Clearly, if
S is a multiplicative subset of h(R), then S(+){0} and S(+)h(M) are multiplicative subset of h(R(+)M).

Lemma 2.25. ([8)], [11] and [18l]) Let R = @Rg be G-graded ring and M = @Mg be a G-graded R-
geG geG

module. Let I be a graded ideal of R and N a graded submodule of M such that IM C N. Then the following

hold:

1. I(+)N is a graded ideal of R(+)M.
2. Grad(I(+)N)= Grad(I)(+)M.

Theorem 2.26. Let G be an abelian group, R be a G-graded ring, M be a G-graded R-module, S be

a multiplicative subset of h(R) and I be a graded ideal of R disjoint with S. Then the following are
hold.

1. Iis a graded S-r-ideal of R, then I(+)M is an (S(+)M)-r-ideal of R(+)M.
2. If Z(M) =zd(R) and I(+)M an S(+)M-r-ideal, then I is an S-r-ideal of R.

Proof. (1). First, [(+) M N (S(+)M) =0, as INS = 0. Now, let (x,a),(y,p) € h(R(+)M) such that
(x, ), B) = (xv,xp + va) € I(+)M with ann(x,a) = (0,0). Then xy € I with ann(x) = 0; so sa € I
for some s € S since I is a graded S-r-ideal of R. This implies that (s,0)(y,f) = (sy,sa) € I(+)M =.
Hence I(+)M is a graded (S(+){0})-r-ideal of R(+)M. As (S(+){0}) € S(+)h(M), then by Proposition
I(+)M is a graded (S(+)M)-r-ideal of R(+)M.

(2). Let x,v € h(R) such that xy € I with ann(x) = 0. Then (x,0),(y,0) € h(R(+)M) with (x,0)(y,0) =
(xy,0) € I(+)M. As Z(M) = zd(R), ann(x,0) = (0,0). This implies that (s,m)(y,0) = (sy,ym) € I(+)M for
some (s,m) € S(+)h(M). Thus sy € I; so I is a graded S-r-ideal of R.

O
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Example 2.27. Consider the G =Z;, R = Z[i] a G-graded ring and M = R a G-graded R-module, by
Roy=My=Zand R; =M, =iZ. Let S = {1,-1} a multiplicative subset of R, I = {0} a graded ideal of R
and N = 6R a graded submodule of M. Note that I is a graded S-r-ideal of R. But I(+)N note have a
graded (S(+)M)-r-ideal of R(+)M. Indeed, we have (1,2)(0,3) € h(R(+)M), (1,2)(0,3) = (0,6) € I(+)N
and ann(1,2) = (0,0) but s(0,3) ¢ I(+)N for all s € S(+)M. This shows that I(+)N does not have a
graded (S(+)M)-r-ideal of R.

Theorem 2.28. Let G be an abelian group, R be a G-graded ring, M be a G-graded R-module, S be a
multiplicative subset of h(R), I be a graded ideal of R disjoint with S and N be a graded submodule
of M with IM C N. Then the following are hold.

1. Iis a graded S-pr-ideal of R, then I(+)N is an (S(+)M)-pr-ideal of R(+)M.
2. If Z(M) =zd(R) and I(+)N an S(+)M-pr-ideal, then I is an S-pr-ideal of R.

Proof. (1). First, [(+) M N (S(+)M) =0, as INS = 0. Now, let (x,a),(y,f) € h(R(+)M) such that
(x,a)(v,B) = (xv,xp + ya) € I(+)N with ann(x,a) = (0,0). Then xy € I with ann(x) = 0; so sa €
Grad(I) for some s € S since I is a graded S-pr-ideal of R. This implies that (s,0)(y, ) = (sy,sa) €
Grad(I)(+)M = Grad(I(+)N). Hence I(+)N is a graded (S(+){0})-r-ideal of R(+)M. As (S(+){0}) C
S(+)h(M), then by Proposition[2.7} I(+)M is a graded (S(+)M)-pr-ideal of R(+)M.

(2). Let x,y € h(R) such that xy € I with ann(x) = 0. Then (x,0),(y,0) € h(R(+)M) with (x,0)(y,0) =
(xy,0) € I(+)N. As Z(M) = zd(R), ann(x,0) = (0,0). This implies that (s,m)(y,0) = (sy,ym) € Grad(I(+)N) =
Grad(I)(+)M for some (s,m) € S(+)h(M). Thus sy € Grad(I); so I is a graded S-pr-ideal of R. O

Example 2.29. Consider the G = Z,, R = Z[i] a G-graded ring and M = R a G-graded R-module, by
Ro=My=7Zand Ry =M; =iZ. Let S = {1,-1} a multiplicative subset of R, I = {0} a graded ideal of
R and N = 6R a graded submodule of M. Note that P is a graded S-pr-ideal of R. Then by Theorem
I(+)N is a graded (S(+)M)-pr-ideal of R(+)M. But by Example I(+)N does not have a
graded (S(+)M)-r-ideal of R.
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1 Introduction and preliminaries

The prime ideal, which is an important subject of ideal theory in commutative rings has been
widely studied by many authors to obtain various generalizations of prime ideals. Since the first
paper on absorbing ideals as in [3] by A. Badawi, much work in the literature has been devoted to
studying different generalizations of absorbing ideals in commutative rings. Following the concept of
1-absorbing primary ideals in commutative rings as in [4] by A. Badawi and E. Y. Celikel, the authors
in [14], introduced the idea of 1-absorbing prime ideals in commutative rings. Afterwards, this
notion of 1-absorbing prime ideal was coined as OA-prime ideal and OA factorization was studied
(see [10] and [8]]). In an attempt of generalizing the notion of 1-absorbing prime ideal in commutative
rings, E. A. Ugurlu in [13], introduced the notion of 1-absorbing prime submodule in ring modules.

R. P. Dilworth in [7]] took a major step in giving a concrete abstract formulation of the ideal theory
of commutative rings R with identity. He intended that the treatment should be purely ideal theo-
retic and therefore the system which was chosen for the study was multiplicative lattices. Following
this, we find that researchers have extended different types of ideals in R to respective types of ele-
ments in multiplicative lattices. Moving alike, A. Reinhart and G. Ulucak in [11]] extended the notion
of 1-absorbing prime ideals in R to non-modular multiplicative lattices. In this paper, we revisit the
concept of 1-absorbing prime elements in multiplicative lattices. The main aim of this paper is to
investigate further properties of 1-absorbing prime elements in multiplicative lattices.

Before starting this work, let us review few definitions in multiplicative lattices. A multiplica-
tive lattice L is a complete lattice in which there is a commutative, associative multiplication which
distributes over arbitrary joins and has greatest element 1 as a multiplicative identity. 0 is the least
element of L. An element a € L is called compact if for X C L, a < VX implies the existence of a finite
number of elements ay,a,,---,a, in X such thata<a; Va, V---Va,. A multiplicative lattice is called
a compactly generated lattice or simply a CG-lattice, if every element of it is a join of compact ele-
ments. By a C-lattice, we mean a (not necessarily modular) multiplicative lattice which is generated
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under joins by a multiplicatively closed subset C of compact elements. We note that, in a C-lattice, a
finite product of compact elements is again compact.

R. P. Dilworth gave the following classical example of a multiplicative lattice. Let R be a commu-
tative ring with unity and I,] be the ideals of IR. If L(IR) = L denotes the set of all ideals of IR then
<L;A,V,->is a multiplicative lattice where the lattice operations defined are as follows:

D IA]J=IN]
@Iv]=I+]=(1U])

@I-]:{ Y a;-b;eR|a;e€land b; €]}

finite
L(RR) is known as the ideal lattice or the lattice of ideals of R and has following features:
1. Every principal ideal of IR is a compact element of L(IR).

2. L(R) is a compactly generated multiplicative lattice and a C-lattice.

Throughout this paper, L denotes a C-lattice, L, denotes the set of all compact elements of L and
Z, denotes the set of all natural numbers. The product of any two elements a and b of L will be
denoted by ab instead of a - b for convenience.

Fora,belL, (a:b)=V{xeL|xb<a}). Notethat c<(a:b)if andonlyif cb <aanda<?b 1mphes
(a:c)<(b:c)Va,b,ce L. The radical of a € L is denoted by v/a and is defined as V{x € L, | x"
for some n € Z,}. An element g € L is said to be proper if g < 1. An element m <1 in L is said to be
maximal if m < x <1 imply x = 1. A proper element q € L is said to be prime if ab < g imply either
<qorb<qVa, belL. InaC-lattice, an element g is prime if and only if ab < g imply either a < g or
b <qVYa, beL,. Anelement g€ L is called semiprimary if 4/7 is a prime element. A proper element
q € L is said to be primary if ab < g imply either a < q or b" < g for some n € Z, wherea, beL,. A
proper element q € L is called p-prime if g is prime and p = /7 is prime. A proper element g € L is
called p-primary if ¢ is primary and p = /7 is prime. In a C-lattice L, va = A{p € L| p > a is a minimal
prime over aj= Af{p € L | p is prime and a < p}. (See also Theorem 3.6 of [12]). Note that g < /g for
every q € L. According to [9], a proper element g € L is said to be 2-absorbing if for every a, b, c€ L,
abc < q imply either ab < g or bc < q or ca < g. According to [5]], a proper element g € L is said to
be 2-absorbing primary if for every a, b, c € L, abc < g imply either ab < g or bc < /g or ca < /3.
According to [5]], a proper element g € L is called p-2-absorbing primary if g is 2-absorbing primary
and p = /7 is 2-absorbing. For general background and terminology in multiplicative lattices, the
reader may consult 1] and [2].

The content of the paper is as follows: Initially, we revisit the definition of a 1-absorbing prime
element in L. We obtain characterizations of a 1-absorbing prime element of L (See Theorems
[2.5}[2.8}[2.9). We show that if g € Lis 1-absorbing prime, then ¢ is semiprimary in Theorem [2.6}@ and
hence we define a p-1-absorbing prime element (See definition . In Theorems
and[2.15] we obtain results regarding the meet of 1-absorbing prime elements in L. In Theorem [2.16}
we show that if a proper element g € L is 1-absorbing prime, then for every x £ ¢, (¢ : x) is prime.
Then we investigate under which condition(s), converse of Theorem holds true (See Theorems
[2.18|and [2.26). In an attempt of highlighting the future scope of this paper, we conclude this paper
by defining the notion of “weakly 1-absorbing prime element" and “n-1-absorbing prime element"
(n>11in Z,) of L in the last section.



Revisiting 1-absorbing prime elements in multiplicative lattices

2 Results on 1-absorbing prime element in L

We begin with introducing (revisiting) the notion of 1-absorbing prime elements in C-lattices.

Definition 2.1. (See also Definition 2.1 of [11]]). A proper element g € L is called a 1-absorbing prime
element if for all proper elements a,b, c € L such that the product of a,b,c need not collapse to one of
the element among them, abc < q imply either ab < g or c <g.

Without loss of generality, we define above notion of [2.1]in the following way.

Definition 2.2. A proper element g € L is called a 1-absorbing prime element if for every a,b,c € L,
abc < q imply either ab < g or c <g.

Note that in view of the concept of 2-absorbing element of L, a prime element of L is nothing but
1-absorbing element of L.

Clearly, every 1-absorbing element of L is a 1-absorbing prime element of L. Its converse need not
be true as seen in the Example 2.2 of [11].

Theorem 2.3. If a proper element g € L is 1-absorbing prime, then g is a 2-absorbing element of L.

Proof. Let abc < g, ab € q and bc € g where a,b,c € L. Since q is 1-absorbing prime, abc < g, ab £ g
gives ¢ < g and hence ac < g. Therefore, g is a 2-absorbing element of L. O]

The converse of Theoremneed not be true as seen in the Example 2.3 of [11]].

Now before obtaining the characterization of a 1-absorbing prime element of L, we state the fol-
lowing essential lemma which is outcome of Lemma 2.3.13 from [6].

Lemma 2.4. Let ay, a; € L. Suppose b € L satisfies the following property:
(+). If h e L, with h < b, then either h < a; or h<a,
Then either b <ay or b<a,

We present Lemma 2.4 of [I1]] in the following result in an alternative way.

Theorem 2.5. Let g € L be a proper element of L. Then the following statements are equivalent:
@D. g is a 1-absorbing prime element of L.
@. for every a,b,c € L such that q <c, abc < q implies either ab < g or c =q.
Q. for every a,b € L such that ab £ g, (9 : ab) = g.
@. for every x,y,z € L,, xyz < g implies either xy < qor z<q.

Proof. ®=@. It is obvious.

@=@. Suppose @ holds. Let h € L, be such that h < (q : ab) and ab £ g where a,b € L. Then
hab < q. Clearly, ab(h v q) < q. Let u = hV q. Now as g < u, abu < g and ab £ q, by hypothesis @), it
follows that 1 = q and so h < q. Hence by Lemma|2.4} we have (q : ab) < 9. Consequently, (¢ : ab) = .

Q@=®@. Suppose @ holds. Let xyz < q and xy £ q where x,y,z € L,. Then as L, C L, by hypothesis
Q), it follows that (g : xy) = g and we are done, since z < (g : xy).

@:@ Suppose @ holds. Let abc < q and ab £ q where a,b,c € L. Since abc < g, there exist
a’,b’,c’ € L, with a’ <a, b’ <b and ¢’ < ¢ such that a’b’c’ < q. Since ab £ g, there exists ay, by € L, with
a; <aand by < b such that a;b; £ q. Let a, =a; Va’' and b, = by vV b’. We show ¢ < g. Choose ¢, € L,
such that ¢, < c. Now since a,b,(c’ V ¢,) < q and apb, € g where ay,by,(c’ V ¢,) € L,, by hypothesis
@), we have (¢’ V ¢,) < g which implies ¢, < gq. Hence by Lemma we have ¢ < g. Therefore, g is a
1-absorbing prime element of L. ]

In the following result, we present Proposition 2.5 (1) of [I1] in a different way.
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Theorem 2.6. Let a proper element q € L be 1-absorbing prime.
. For each x € L, x < /7 if and only if x* < g.
@. If x,y < +/q where x,y € L, then xy <g.
®. (va)* <q.

@. q is a semiprimary element of L.

Proof. @. Let h € L, be such that h < /7. Then there exists a least positive integer k such that h* < g.
So hhhk=2 < q with h¥=2 £ . Since q is 1-absorbing prime, we get hh = h*> < q.

Suppose x < /g where x € L. Let a,b € L, be such that a < x and b < x. Since a < /g and b < /g, it
follows that a® < g and b? < g. Hence a(avb)b g. As g is 1-absorbing prime, we get either a(aVvb) <gq
or b < q. Consequently, ab < q. As x> = V{ab|a,be L, ,a < x,b < x}, it follows that x> < q. The converse
is obvious.

@. Let x,9 € L be such that x < y/7 and v < /7. By O, x* < ¢ and y* < q. Hence x(x Vp)y <q. As g
is 1-absorbing prime, we get either x(x V y) < q or y < gq. Consequently, xy <q.

@. It follows from @), since (\/ﬁ) =V{ab|abel,,a< \/_ b< \/_

@. Let a,b < L, be such that ab < /4. Then by @, (ab)*> < g. Since ¢ is 1-absorbing prime and
aab? < q, we get either aa = a® < q or b? < q. Hence either a < \/q or b < /g and we are done. O]

Corollary 2.7. If q is a p-prime element of L, then p* < q.

Proof. The proof is obvious. ]

The following characterization of a 1-absorbing prime element in L is an outcome of the Theorem
2.6

Theorem 2.8. A proper element g € L is a 1-absorbing prime element of L if and only if g is a semipri-
mary element of L and (y/4)? < ¢.

Proof. If g is a 1—absorbing prime element of L, then by Theorem [2.6]@ and @), we are done. Con-
versely, assume that (1/7)? < g and q is a semiprimary element of L. Let xyz < g where x,,z € L,. If
either x < g or yz < g, then we are done. So assume that x € g and yz £ g. Now, g being semiprimary,
\/q is prime. Also, g < +/q. So xyz < \/_ g gives x < 4/q and yz < /. Thus x,y < /g or x,z < 4/g. Since

viab | a,b € L, ,a < +/q,b < g} = (17)* < g, it follows that either (xy < g with z £ q) or (xz < q with
v £ q) and hence g is a 1-absorbing prime element of L. O]

Theorem 2.9. Let g be a p-primary element of L. Then g is a 1-absorbing prime element of L if and
only if p? < q. In particular, m? is a 1-absorbing prime element of L for each maximal element m € L.

Proof. The proof is obvious. O]

Similar to the concept of p-prime element of L, we define p-1-absorbing prime element of L.

Definition 2.10. If a proper element g € L is 1-absorbing prime, then by Theorem[2.6}®, g is semipri-
mary (i.e. p = /g is a prime element of L). In this case, we say that q € L is a p-1-absorbing prime
element of L.

In the following 4 successive results, we obtain results regarding the meet of 1-absorbing prime
elements in L.

Theorem 2.11. If q1,95,...,q,, are p-1-absorbing prime elements of L for some prime element p € L,
then g = AL, q; is a p-2-absorbing primary element of L.
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Proof. Clearly, Ai_;g; = q # 1 and by property (p4) of [12], we have /g = A}, \/qi = p. Let abc < g,
ac £ q and bc £ /q where a,b,c € L. Then ac £ ¢; for some i (1 <i < n)and bc £ /q; for some

j (1 <j < n). Without loss of generality, assume i = j. As g; is a p-1-absorbing prime element,
(ac)b < q < gq; and ac £ q;, we have b < q; < /q; and hence ab < \/g; = p = 1/. (Also considering
qj as a p-1-absorbing prime element, (bc)a < g < ¢; and bc £ g, we have a < g; < /7; and hence
ab <./q; = p = y/q)- The proof is complete as p is a 2-absorbing element because every prime element
of L is a 2-absorbing element of L. O]

The following lemma is a statement made by C. Jayaram et. al. in [9].
Lemma 2.12. If py and p, are the prime elements of L, then py A p, is a 2-absorbing element of L.

Theorem 2.13. If g, is a p;-1-absorbing prime element of L and ¢, is a p,-1-absorbing prime element
of L for some prime elements py, p, € L, then gq; A g, is a 2-absorbing primary element of L.

Proof. Suppose h = g1 A q,. Let abc < h, ac <« Vh and be £ Vh where a,b,c € L. Then a,b,c £ Vh. As

p1 = +/q1 and p, = /g, by property (p4) of [12], we have Vh = p; A p, and so by Lemman, Vh
is a 2-absorbing element of L. Hence ab < Vh. Since p; is prime and ab < Vh < p;, we assume that

< p1. Also, since p, is prime, ab < VI < p, and a € VI, we must have a € p, and b < p,. As b < p,
and b £ Vh, we must have b € py. If a < g; and b < g,, then ab < h and we are done. So assume that
a X qi. As q is 1-absorbing prime, abc < h < q; and a £ q;, we have bc < q; < +/q; = p;. Since b < p;

and be < py, we have be < Vh, a contradiction. Thus we must have a < g;. Slmllarly, if we assume that

b £ q,, then we get a contradiction to ac € Vi and hence we must have b < q,. Therefore, ab < h and
the proof is complete. O

Theorem 2.14. If q; and g, are two 1-absorbing prime elements of L, then g; A g, is a 2-absorbing
element of L.

Proof. Let abc < (g1 A gp) but ac £ (g1 A g2) and be £ (g1 A g2) where a,b,c € L. Then ac £ g; for some
i €{1,2} and bc £ g; for some j € {1,2}. If i = j, then as a(bc) < q;, bc £ q; and q; is 1-absorbing prime,
we have a < q; and hence ac < q;, which contradicts ac £ g;. So let i # j; say ac € g1 and bc £ q5. As
(be)a < qp, be £ g, and g5 is 1-absorbing prime, we have a < g, and hence ab < g,. Also, as (ac)b < gy,
ac £ q1 and ¢, is 1-absorbing prime, we have b < q; and hence ab < q;. Thus ab < (q; A ;) and we are
done. O

The next result shows that the meet of a family of ascending chain of 1-absorbing prime elements
of L is again 1-absorbing prime.

Theorem 2.15. Let {g; | i € Z,} be an ascending chain of prime elements (or 1-absorbing prime
elements) in L. Then /} q; is a 1-absorbing prime element of L.
i€Z,

Proof. Clearly, ( /\ qi) #1. Let abc < (. /\ ql) and ab £ ( A ql) where a,b,c € L. Then ab £ g; for some
i€z

i€
j € Z, but abc < q] implies ¢ < g; as q] e L is a prime element (or a 1-absorbing prime element).
Now let g; # g;. Then as {g;} is a chain, we have either g; < g; or q; < g;. If g; <gj, then as g; is a
prlme element (or a 1-absorbing prime element), abc < q; and ab £ q;, we have ¢ < g;. If q; <g;, then
<gj <gj. Thus c <( A ¢;) and we are done. O]
i€Z

+

In the following result, we revisit Proposition 2.5 (2) of [L1I].

Theorem 2.16. If a proper element g € L is 1-absorbing prime, then for every x € L such that x € g,
(g : x) is a prime element of L.

75



76 Moroccan Journal of Algebra and Geometry with Applications/A. V. Bingi

Proof. Let x € L be such that x € g. Then (g:x)# 1. Letab<(q:x) and a £ (q : x) where a,b € L. Since
q is 1-absorbing prime, axb < ¢q, ax £ q gives b < q < (g : x). Therefore, (g : x) is a prime element of
L. O

Corollary 2.17. Let q be a 1-absorbing prime element of L. Then the following statements hold true:

@. If x,y € L such that x £ q and xy £ q, then (9 : xy) = (g : x) = q.

@. If x,y € L such that x £ q and (q : x) <(q:v), then (q: (axVby)) =(q: x), ¥V a,b € L such that
ab £ (q: x). In particular, (q: (x V7)) =(q:x).

Proof. D. Let x,y € L be such that x € g and xy £ q. To show (g : xy) < (g : x), consider z € L such that
z2<(q:xy). Then yz<(q:x)and y £ (g : x) which implies z < (g : x), because as x £ q, by Theorem
(q : x) is prime. Hence (g : xy) < (g : x). Further, as xy < x, we have (g : x) < (g : xy) and hence
(q:xy) =(q:x). By Theorem[2.5[3), as xy € q, we have (4 : xy) = q and we are done.

@. Let x,y € L be such that x £ g and (g : x) <(gq:v). Let a,b € L be such that ab £ (g : x). Clearly,
(q:x)<(q:(axVby)). Assume that (q: (axV by)) # (9 : x). Then there exists z < (g : (ax V by)) such that
z %€ (q:x)for some z € L. So zax < q and hence za < (q: x). As x £ q, by Theorem 6} (g : x) is prime.
It follows that either z< (g: x) or a < (g : x), a contradiction. Therefore, (g : (ax V by)) =(q : x). For the
particular case, put a = b =1 and we are done. O

We will investigate under which condition(s), the converse of Theorem holds true.

Theorem 2.18. Let q be an element of L such that g # /g and /7 is a prime element of L. If (g : x) is
a prime element of L for each x < /g with x £ g such that (q:x)<(g:a)YVae Lwherex#aanda=1,
then g is a 1-absorbing prime element of L.

Proof. Consider xyz < q where x,y,z € L. Since, /g is prime, at least one of the elements x,7,z is less
than or equal to /7. Without loss of generality, assume that x < /7. If x < g, then we are done. So
suppose x £ . As (g : x) is a prime element of L and yz < (q: x), we have either y < (g:x)or z<(q: x).
It follows that either y < (g:z) or z<(q:y), since (9:x)<(q:a)V ae L where x #a and a = 1.
Therefore in any case, yz < q and we are done. O]

Theorem 2.19. Let g be a 1-absorbing prime element of L and let p and p’ be prime elements of L. If
V3= (pAp’), then (q:x)is a prime element of L and /(q: x) = /g, forall x £ (p V p’).

Proof. Let x € (p V p’). Then x £ \/g = (p Ap’) and hence x £ g. So by Theorem [2.16} (4 : x) is a prime
element of L. Now to show +/(q: x) < /g, let y < 4/(q: x) where y € L,. Then there exists k € Z, such
that y* < (q: x). As (q: x) is prime, it follows that y < (q : x) and hence xy < 4/g. Since, by Theorem

@, 19 is prime and x £ /g, we have y < /g and thus +/(q < /4. Clearly, 1/g < +/(q:x) \/_

and we are done.

Lemma 2.20. Let q be a 1-absorbing prime element of L and py,p, be two distinct minimal primes over q.
If x1,x, € L, are such that x; < py, X1 £ pp, X < pp and x, £ py, then x1x, < q.

Proof. Let xq,x, € L, be such that x; < py, x; € py, x, < py and x, € p;. By Lemma 3.5 in [1]], there
exist cj,c; € L,, ¢; € p1, and ¢; £ p, such that c;x] < g and ¢1x}' < g, for some m,n € Z,. As q
is 1-absorbing prime and (cyx{~ U)x; < g, it follows that either c;x; < g or x; < g. If x; < g, then
x1 < p, a contradiction. So the only possibility is c;x; < g. Similarly, c;x5' < g will lead to ¢y x; < g.
Clearly, (c; V ¢p)x1x, < g. Since (¢; V ¢3) € p1, (¢1 V ¢3) € po and py, p, are primes, we conclude that
(c1 Vea)xy € pa, (€1 Vep)xy € pr. Hence (¢1 V ep)x; € g and (1 V)X, £ g because g < p; and g < p; as
p1, P2 are minimal primes over q. Moreover, (c; V¢,) £ g because if (c; Vey) < g, then ¢y < (c1Vey) < py,
a contradiction to ¢, £ p;. Considering ((c; V c3)x1)x < ¢, (¢1 V ¢3)x; £ g and q is 1-absorbing prime,
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we get x, < q which contradicts x, € p;. Considering ((c; V ¢)x2)x; < ¢, (¢; Vc)xp £ g and ¢ is 1-
absorbing prime, we get x; < g which contradicts x; € p,. Considering (c; V¢y)(x1%2) < ¢, (c1 V) € g
and ¢ is 1-absorbing prime, we get x;x; <g. O]

Lemma 2.21. If q is a 1-absorbing prime element of L, then there are at most two prime elements of L that
are minimal over q.

Proof. Let A = {p; | p; is a prime element of L that is minimal over g}. Assume that A has at least
three elements. Let p;, p, € A be two distinct prime elements. Then there exists x;, x; € L, such that
x1 < p1, X1 € py and x, < py, X3 € p1. By Lemma[2.20] we have x;x, < 4. Now assume that there exists
p3 € A distinct from p; and p,. Then we can choose y; € L, such that y; <p;, y; € p; for i = j where
i,j =1,2,3. By Lemma we have y;v, < q < p3, a contradiction. Therefore, A has at most two
elements. O

Theorem 2.22. If q is a 1-absorbing prime element of L, then one of the following statements hold
true:

. v/ = p is a prime element of L such that p <gq.

@. v/g = p1 Ap2 and pip, < g, where p;, p, are the only distinct prime elements of L that are
minimal over 4.

Proof. By Lemmau we have either /g = p is a prime element of L or /g = p; Ap, where py, p, are
the only distinct prlme elements of L that are minimal over q. If \/g = p is a prime element of L, then
by Theorem. p~ < g, so the condition @D holds.

Now assume that 1/g = p; A p, where p;, p, are the only distinct prime elements of L that are
minimal over q. We show that p;p, <g. Observe that p;p, = V{xy | x,y € L, ,x < p1,y < p,}. Following
3 cases arise:

Case 1. If x, y < p; Ap, = +/q, then by Theorem @, xy<q

Case 2. If x, v € L, are such that x < p;, x € pp, and y < p,, ¥ € p, then by Lemma [2.20} xy < g

Case 3. Let x, y € L, be such that x < /g, and y < py, ¥ € p;. Choose y; € L, such that y; <p; and
1 € po. Then by Lemma [2.20} v, < g. Clearly, (x vV y;) < p; but (x V ;) € p,. So by Lemma[2.20]
(x V¥1)y < g and hence xy < q. Similarly, one can show that if y < /g, x <p; and x £ p,, then xy <gq.

Thus, in any case, xy < g. Consequently, we get p;p, < g, so the condition @ holds. O]

Lemma 2.23. Let q be a 1-absorbing prime element of L such that \/[q = p is a prime element of L and
assume that q # p. Then the following statements hold true:
@. For each x < p and x £ q, (q : x) is a prime element of L such that p <(q: x).

@. Either (q:x)<(q:y)or(q:v)<(q:x), forallx, y<pandx, y£q.

Proof. . Let x p and x £ q. By Theorem |2.16} (g : x) is prime. Now, by Theorem @, p?
Clearly, xp < p? and hence p < (g : x).

@. Letx, y<pand x, y £ q. Choose any z€ L, suchthat z<(q:x)and z£ (q:y). Asx<p and
x4 q, by, wehave p<(q:x). Asy<pand y £ q, by ©, we have p <(q:v). So z £ p and hence
z £ q. To show (g :v) <(q: x), consider w € L, such that w < (q:y). If w<p, thenas p <(q:x), we
have w < (g : x) and we are done. So assume that w £ p. Clearly, (x V y)zw < q and zw £ q. Moreover,
if (x Vy)z < g, then yz < q which contradicts z £ (g : ). Considering (x V y)(zw) < ¢, zw £ g and q is 1-
absorbing prime, we get (xVy) < g which is a contradiction, since x,y € g. Considering ((xVy)z)w < g,
(xVy)z £ g and q is 1-absorbing prlme we get w < g which implies w < (g : x), since g < (q: x) and we
are done. Considering ((x V y)w)z < ¢, z € q and q is 1-absorbing prime, we get ((x V y)w) < g which
implies xw < g and hence w < (g : x). O]
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Lemma 2.24. Let q be a 1-absorbing prime element of L such that q # \/q = p; A py where py and p; are
the only non-zero distinct prime elements of L that are minimal over q. Then the following statements hold
true:

@. For each x<+/qand x £ q, (q: x) isa prlme element of L such that py < (q:x) and p; <(q : x).

@. Either (q:x)<(q:p)or (q:v)<(q:x), forall x, y <+/qand x, y £ q.

Proof. . Let x<+/gand x £ q. By Theorem- g : x) is prime. Further, by Theorem P1p2 < 4.
So we have xp; < g and xp, <q. Thus p; <(g:x)and p, <(q:x).

@. The proof is similar to the proof of Lemma[2.23|@ and hence omitted. O

Lemma 2.25. Let q be a 1-absorbing prime element of L such that q # \/q = p; A py where p; and p; are
the only non-zero distinct prime elements of L that are minimal over q. Then the following statements hold
true:

@. For each x < +/q and x £ q, (q : x) is a prime element of L such that p1p, < q.

@. If (q : x) is proper and either x < py or x < p,, then (q : x) is a prime element of L.

Proof. (. Let x <+/g and x £ g. By Theorem|2 - (q x) is prime. Further, by Theorem- pP1p2 < 4.
@. Let x < p; and x £ p,. Since by Theorem[2.22} p;p, < ¢q, we have xp, < g. Hence (q: x) =pyisa

prime element of L. Similarly, if x < p, and x € py, then (g : x) = p; is a prime element of L. If x < p;
and x < p; and x £ g, then by Theorem [2.16, (g : x) is a prime element of L. O

Theorem 2.26. Let g € L such that q # \/[g = p; A p, where p; and p, are the only non-zero distinct
prime elements of L that are minimal over g. Let (g : x) be proper element of L such that either x < p;
or x<p;.If (g:x)<(q:a) Vae L where x#aanda=1, then qisa l-absorbing prime element of L.

Proof. Consider xyz < q where x,y,z € L. Without loss of generality, assume that x < p;. If x <g, then
we are done. So suppose x € q. By Lemma|[2.25] (g : x) is a prime element of L. So as yz < (q : x), w
have either y < (g: x) or z < (g : x). It follows that either y < (q:z) or z<(q:v), since (q: x) < (q
a) ¥ a € L where x # a and a # 1. Therefore in any case, yz < g and we are done. O

3 Future scope

In an attempt to push ahead and give future scope to the concept of “1-absorbing prime element"
in L, we define the following notions and conclude the paper.

Definition 3.1. A proper element g € L is called a weakly 1-absorbing prime element if for all proper
elements a,b, c € L such that the product of a,b, c need not collapse to one of the element among them,
0 # abc < q imply either ab<qor c<q.

Clearly, every 1-absorbing prime element of L is weakly 1-absorbing prime.

Definition 3.2. Let n > 1 in Z,. A proper element g € L is said to be n-1-absorbing prime if for all
proper elements xy,---,x,,1 € L such that the product of x;,---,x,,1 need not collapse to one of the
element among them, x; ---x,;1 < g imply either x; ---x, <qor x,,1 <q.

Clearly, “2-1-absorbing prime element" of L is “1-absorbing prime element" of L.
Obviously, “1-1-absorbing prime element" of L is “prime element" of L.
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Abstract. In this paper, we introduce the following positive-additive functional equation in C*-algebras
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Using fixed point methods, we prove the stability of the positive-additive functional equation in C*-algebras. Moreover, we
prove the Hyers-Ulam stability of the positive-additive functional equation in C*-algebras by the direct method of Hyers
and Ulam.
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1 Introduction and preliminaries

The stability problem of functional equations was originated from a question of Ulam [33] con-
cerning the stability of group homomorphisms. Hyers [16] gave a first affirmative partial answer
to the question of Ulam for Banach spaces. Hyers’ Theorem was generalized by Aoki [1]] for addi-
tive mappings and by Th.M. Rassias [29]] for linear mappings by considering an unbounded Cauchy
difference.

Theorem 1.1. (Th.M. Rassias) let f be an approximately additive mapping from a normed vector
space E into a Banach space E’, i.e., f satisfies the inequality

lf (x+p)=f(x)= f(V)l
[IxII" + [lplI”

for all x,y € E, where € and r are constants with € > 0 and 0 < r < 1. Then the mapping L: E — E’
defined by L(x) :=1lim,,_,, 27" f(2"x) is the unique additive mapping which satisfies

F) Ll _ 2
||” T 2-2

forall xe E.

The paper of Th.M. Rassias [29] has provided a lot of influence in the development of what we
call generalized Hyers-Ulam stability or Hyers-Ulam-Rassias stability of functional equations. A gen-
eralization of the Th.M. Rassias theorem was obtained by Gavruta [12] by replacing the unbounded
Cauchy difference by a general control function in the spirit of the Th.M. Rassias’ approach. J.M.
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Rassias [26]-[28] followed the innovative approach of the Th.M. Rassias’ theorem [29] in which he
replaced the factor ||x[|P +|[y||P by ||x||[P-||y||? for p,q € R with p+g # 1. The stability problems of several
functional equations have been extensively investigated by a number of authors and there are many
interesting results concerning this problem (see [6} 9}, [10}, (17, [19]).

Definition 1.2. 8] Let A be a C*-algebra and x € A a self-adjoint element, i.e., x* = x. Then x is said
to be positive if it is of the form yy* for some y € A.
The set of positive elements of A is denoted by A*.

Note that A* is a closed convex cone (see [§]).

It is well-known that for a positive element x and a positive integer n there exists a unique positive
element y € A* such that x = y". We denote y by xn (see [14]).

In this paper, we introduce the following functional equation

f(x+3x%\/§+3y%\/9_c+y) = f(0)+3f ()5 V@) +3f )V 0+ f (@) (1)

in the set of for all x,y € A* , which is called a positive-additive functional equation. Each solution of
the positive-additive functional equation is called a positive-additive mapping.

Note that the function f(x) = cx, ¢ >0, in the set of non-negative real numbers is a solution of
the functional equation (1.1).

Let X be a set. A function d : X x X — [0, 00] is called a generalized metric on X if d satisfies

(1) d(x,y)=01if and only if x = p;

(2)d(x,v)=d(y,x) for all x,y € X;

(3)d(x,z) <d(x,y)+d(y,z) for all x,p,z € X.

We recall a fundamental result in fixed point theory.

Theorem 1.3. [7}, (30, [32] Let (X,d) be a complete generalized metric space and let ] : X — X be a
strictly contractive mapping with Lipschitz constant L < 1. Then for each given element x € X, either

d(J"x, ] x) = 0o

for all nonnegative integers n or there exists a positive integer n such that
(1) d(", 1) < oo, Vn > ng;
(2) the sequence {J"x} converges to a fixed point y* of J;
(3) y is the umque fixed point of ] in the set Y = {y € X | d(J™x,p) < co};
(4)d *)—1L (v,Jy)forallyeY.

In 1991, Baker [2]] used the Banach fixed point theorem to give generalized Hyers-Ulam stability
results for a nonlinear functional equation. In 2003, Radu [25] applied the fixed point alternative
theorem to prove the generalized Hyers-Ulam stability. Mihet [20]] applied the Luxemburg-Jung
fixed point theorem in generalized metric spaces to study the generalized Hyers-Ulam stability for
two functional equations in a single variable and L. Gavruta [11]] used the Matkowski’s fixed point
theorem to obtain a new general result concerning the generalized Hyers-Ulam stability of a func-
tional equation in a single variable. For a new method, see [13]]. In 1996, G. Isac and Th.M. Rassias
(18] were the first to provide applications of stability theory of functional equations for the proof of
new fixed point theorems with applications. By using fixed point methods, the stability problems of
several functional equations have been extensively investigated by a number of authors (see [4}5}[15],
22}-[24), [31]).

This paper is organized as follows: In Section 2, using the fixed point method, we prove the Hyers-
Ulam stability of the functional equation (1) in C*-algebras. In Section 3, using the direct method,
we prove the Hyers-Ulam stability of the functional equation (1) in C*-algebras.

Throughout this paper, let A* and B* be the sets of positive elements in C*-algebras A and B,
respectively. Assume that m is a fixed integer greater than 1.

81
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2 Stability of the positive-additive functional equation (1): fixed point
approach

In this section, we investigate the positive-additive functional equation (1) in C*-algebras.

Lemma 2.1. Let T : A* — B be a positive-additive mapping satisfying (1). Then T satisfies T(8"x) =
8"T(x) for all x e A" and all n € Z.

Proof. Putting x = p in (1), we obtain T(8x) = 8T (x) for all x € A*. So one can show that T(8"x) =
8"T(x) for all xe A" and all n € Z. O

Using the fixed point method, we prove the Hyers-Ulam stability of the positive-additive func-
tional equation (1) in C*-algebras. Note that the fundamental ideas in the proofs of the main results
in this section are contained in [3} |4, [5].

Theorem 2.2. Let ¢ : A* x A* — [0, 00) be a function such that there exists an L < 1 with

@(%%)S %qo(x,y) (2)

for all x,y € A*. Let f : A* — B* be a mapping satisfying
[ (x4 353 y5 + 33 Va +) - £ = 3£ 0 VT GBI - 30V - f0) < @) (3)

for all x,y € A*. Then there exists a unique positive-additive mapping A : A* — A" satisfying (1) and

If (x) - Al < % (4)
forall x € A*.
Proof. Letting p = x in (3), we get

1f (83) - 8f (x)I < (. %) (5)

for all x € A*. Consider the set
X:={g:A* > B"}

and introduce the generalized metric on X:
d(g, h) =inf{p € (0,+00) : ||g(x) — h(x)|| < pep(x,x), Yx €A™},

where, as usual, inf ¢ = +c0. It is easy to show that (X, d) is complete (see [21]]). Now we consider the
linear mapping J : X — X such that

X
=8¢ =
Jg(x) g( 8)
for all x € A*. Let g, h € X be given such that d(g,h) = €. Then
lIg(x) = h(x)Il < e@(x, x)

for all x € A*. Hence

g~ Thol = I8 ) - 845 )1l < Lewx, )
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for all x € A*. So d(g, h) = € implies that d(Jg,Jh) < Le. This means that

d(g,Jh) < Led(g,h)

forall g,h e X.
It follows from (5) that

X
re-s7(3)
forall xe A*. Sod(f,Jf) < &.
By Theorem 1.2, there exists a mapping A : A* — B* satisfying the following:
(1) Ais a fixed point of J, i.e.,

X 1

()3

for all x € A*. The mapping A is a unique fixed point of ] in the set
={geX:d(f,g) <oo}.
This implies that A is a unique mapping satisfying (6) such that there exists a p € (0, 00) satisfying

IIf (x x| < pep(x, x)

forall xe A™;
(2)d(J"f,A) — 0 as n — oo. This implies the equality

)=

for all x € AJr
a(f,A) < 1 d(f,]f), which implies the inequality

L
alf.A) < 8(1-L

This implies that the inequality (4) holds. By (2) and (3),

(3% v+ 393V + ) = A0 - 34007 AT - 34()F VAT + A |
sn[f(%w(%rJ%Tw(:—nr@%)—dﬁ
_3f(§7)3m 3 (&) \/frg)‘f(sl)]ﬂ
Y

< lim sn(p(i,—)

= lim
n—+oo

for all x,y € A*. So

[4(x+ 353 B+ 393 Vr +9) - A(x) - 3405 VA(p) - 3A() S VAR) - A(y)| = 0

for all x,y € A*. Thus the mapping A: A* — B is positive-additive, as desired. O
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Corollary 2.3. Let p > 1 and 61,0, be non-negative real numbers, and let f : A¥ — B* be a mapping such
that

If (x+ 355 y5+ 393 Vi + ) - £(x) = 3£ (03 NF ) - 3 )3T - F0)| 7)
<0, (IP +lIpllP) + 0 - [l -Ilyll=
for all x,y € A*. Then there exists a unique positive-additive mapping A : AT — B* satisfying (1) and

(201 + 0,)llx|1P

I () - Al < =2

forall x e A*.

Proof. The proof follows from Theoremby taking @(x,v) = 01 (||x|IP + |[p|IP) + O, - ||x||[21 . ||y||% for all
x,7 € A*. Then we can choose L = 8! "7 and we get the desired result. O]

Theorem 2.4. Let ¢ : A* x A™ — [0, 00) be a function such that there exists an a <1 with

Xy
’ S 8L S 5
P(x.7) <P( 3 3)
for all x,y € A*. Let f : A* — B* be a mapping satisfying (3). Then there exists a unique positive-
additive mapping A : AT — B* satisfying (1) and

If (x) - A(x)l| < £
forall xe A*.

Proof. Let (X,d) be the generalized metric space defined in the proof of Theorem Consider the
linear mapping J : X — X such that

T8l = 58 (8

for all x € A*. Tt follows from (5) that

f(8x)|| 1
— <
Hf(X) g || < g
forallxe A*. Sod(f,]Jf) < %. The rest of the proof is similar to the proof of Theorem|2.2 O]

Corollary 2.5. Let 0 < p < 1 and 64,0, be non-negative real numbers, and let f : A* — B* be a mapping
satisfying (7). Then there exists a unique positive-additive mapping A : A* — B* satisfying (1) and

20, + 0, p
1) - Al < 222

forall x e A*.

Proof. The proof follows from Theoremby taking @(x,v) = 01 (||x[|P +[|y[|P) + O, - ||x||% . ||y||% for all
x,y € A*. Then we can choose L = 87! and we get the desired result. O
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3 Stability of the positive-additive functional equation (1): direct method

In this section, using the direct method of Hyers and Ulam, we prove the Hyers-Ulam stability of the
positive-additive functional equation (1) in C*-algebras.

Theorem 3.1. Let f : A¥ — B* be a mapping for which there exists a function ¢ : A* x A* — [0, )
satisfying (3) and

@'(x,y):ifiﬂp(%,%) < o0 (8)
1

for all x,y € A*. Then there exists a unique positive-additive mapping A : A* — A" satisfying (1) and

1__
Ilf (x) = A(x)|| < §<p(x,y) 9)
for all x € A*.
Proof. It follows from (5) that
X X
Jre-ss(3)| <o (5 5)
for all x € A*. Hence
X X 1 k X X
I ) qk el - j e
Hsf(sl) 8 f(sk)“ = 3 .;18 (P(sf’sf) (10)
]:

for all nonnegative integers k and ! with k > [ and all x € A*. It follows from (8) and (10) that the
sequence {Sff (é)} is Cauchy for all x € A*. Since B* is complete, the sequence {ij (%)} converges.
So one can define the mapping A: A* — B* by

A(x):= lim Sff(é)

j—ooo

for all x € A*. By (3) and (8),

HA((xé +y%)3)— (A5 +Ap))

o) et e
e R AR
< Jm¥o(5 )=

for all x,y € A*. So
A((x% +y%)3)—(A(x)% +A(y)%)3 =0

for all x,y € A*. Hence the mapping A : A* — B™ is positive-additive. Moreover, letting I = 0 and
passing the limit k — oo in (10), we get (9). So there exists a positive-additive mapping A : A* — B*
satisfying (1) and (9).
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Now, let A”: A" — B* be another positive-additive mapping satisfying (1) and (9). Then we have
X X

q Z A=

8 HA(S‘?) A(8‘1)
x x

q = f1=

oJals)-1(50)

g1~ i)
28 ¢(m’w’

1A(x) - A" ()

IA

+8‘7‘

#(5)-1 ()

IA

which tends to zero as g — oo for all x € A™. So we can conclude that A(x) = A’(x) for all x € A*. This
proves the uniqueness of T. O

Corollary 3.2. Let p > 1 and 61,0, be non-negative real numbers, and let f : A* — B* be a mapping
satisfying (7). Then there exists a unique positive-additive mapping A : A* — B* satisfying (1) and

261 + 62

If () - Al < =

— o IlIP
forall x e A*.

Proof. Define ¢(x,7) = 91(||x||P+||y||P)+62-||x||§ -||y||%, and apply Theorem Then we get the desired
result. O

Theorem 3.3. Let f : A* — B* be a mapping for which there exists a function ¢ : A" x A* — [0, c0)
satisfying (3) such that

i(p 8]x,8] <o

j=0

for all x,y € A*. Then there exists a unique positive-additive mapping A : A* — B™ satisfying (1) and
1_
If (x) = Al < g P(x,x)

for all x € A™.

Proof. It follows from (5) that

f8x)|| 1
_ < _
‘f@) g || < g
for all x € A*. The rest of the proof is similar to the proof of Theorem O

Corollary 3.4. Let 0 < p < 1 and 64,0, be non-negative real numbers, and let f : A* — B* be a mapping
satisfying (7). Then there exists a unique positive-additive mapping A : AT — B* satisfying (1) and

20, + 0,

If (- Al <

— = lIlIP
forall x € A*.

Proof. Define ¢(x,v) = 61(||x||p+||y||”)+62-||x||% -||y||%, and apply Theorem Then we get the desired
result. O
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1 Introduction

Graded ring structures have attracted considerable attention in recent decades due to their deep
connections with algebraic geometry and module theory. Graded versions of classical ideal-theoretic
concepts often provide deeper insights into ring-theoretic properties and allow for more refined clas-
sifications. In particular, generalizations of prime and primary ideals to graded settings have led to
a rich framework in which ideal-theoretic behavior can be better understood in terms of homoge-
neous components. A substantial portion of graded ideal theory focuses on extending the concepts
of primality and primary decomposition to the graded setting. In this regard, graded prime ideals
and graded primary ideals have been studied extensively [4], [8], [9], [10], [12], [L3]. More recently,
a number of generalizations of prime-like ideals have continued to expand this landscape [1I], [2],
and [11]]. These developments reflect a growing interest in the graded analogues of multiplicative
structures and the pursuit of finer classifications that preserve essential algebraic properties.

Motivated by these trends, this paper introduces and investigates a new class of graded ideals,
termed graded weakly 2-absorbing quasi-primary ideals. This class unifies and extends both graded
weakly 2-absorbing ideals and graded 2-absorbing quasi-primary ideals. We show that this general-
ization is nontrivial and exhibits behavior consistent with other known classes, while also offering
novel structural characteristics.

Throughout this paper, all rings given are assumed to be commutative with identity, and all mod-

ules are unital. Let R = & R, be a G-graded ring, where G is a group and each R, is an additive
geG

subgroup of R, satisfying RgR;, C Ry, for all g,h € G. An R-module M is said to be a G-graded R-

module if M = geeaGMg, where each M, is an additive subgroup of M and R,M, C Mgy, for g,h € G.

In this context, the elements of R, are called homogeneous elements of degree g, and the set of all

homogeneous elements is denoted by h(R) = [J R,. For simplicity, we will refer to these structures
geG

as graded rings and graded modules.
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Graded prime ideals have been studied thoroughly in the literature due to their significant role
in the extension of classical ideal theory (see [1-4, 6-11, 13-14]). The notion of 2-absorbing ideals,
introduced by Badawi in [[5], was later extended to the graded context by Naghani and Moghimi [7]].
A graded ideal I of a graded ring R is said to be a graded 2-absorbing ideal if for any homogeneous
elements r,s,t € h(R), the condition rst € I implies that at least one of rs € I, rt € I, or st € I holds.
Following this, graded 2-absorbing primary ideals were defined in [3]] as ideals I C R such that rst € I
implies that rs € I, or rt € Gr(I), or st € Gr(I), where Gr(I) denotes the graded radical of I, defined
by Gr(I) = {r ER: r;g €I for some ny > 0, where g€ G } In [13]], this class was further generalized
through the definition of graded 2-absorbing quasi-primary ideals. A graded ideal I of R is called a
graded 2-absorbing quasi-primary ideal if for all homogeneous elements r,s,t € h(R), the condition
rst € I implies that rs € Gr(I), or rt € Gr(I), or st € Gr(I).

The main objective of this paper is to introduce a new class of graded ideals, which we call graded
weakly 2-absorbing quasi-primary ideals, and to study their fundamental properties. We examine
the relationship between these ideals and other well-known classes of graded ideals, such as graded
weakly 2-absorbing ideals and graded 2-absorbing quasi-primary ideals. One of our key results
shows that if R is a reduced graded ring and I is a graded weakly 2-absorbing quasi-primary ideal of
R, then the graded radical Gr(I) is a graded weakly 2-absorbing ideal. In addition, we provide char-
acterizations of graded weakly 2-absorbing quasi-primary ideals under graded ring homomorphisms
and quotient constructions. Theorem addresses their behavior under localization. In Theorem
[2.9] we study these ideals in the setting of cross products, and in Theorem we examine them
within the idealization of graded modules.

2 Characterizations of Graded Weakly 2-absorbing Quasi Primary Ide-
als

Definition 2.1. A graded ideal I of R is called a graded weakly 2-absorbing quasi primary ideal if 0 # abc €
I whenever ab € Gr(I) or ac € Gr(I) or bc € Gr(I) for each a, b, c € h(R).

Theorem 2.2. For any ideal of reduced ring R, if I is a graded weakly 2-absorbing quasi primary
ideal of R, then Gr(I) is a graded weakly 2-absorbing ideal of R.

Proof. Suppose that I is a graded weakly 2-absorbing quasi primary ideal of R. Let 4,b,c € h(R) such
that 0 # abc € Gr(I). Then there exist n € IN such that 0 = (abc)" = a"b"c" € I. As I is a graded
weakly 2-absorbing quasi primary ideal of R then a”b" € Gr(I) or a’c" € Gr(I) or b"c" € Gr(I) and so
ab e Gr(I) or ac € Gr(I) or bc € Gr(I). Hence the proof is completed. O

Remark 2.3. For given rings Ry and R,, a graded ring homomorphism ¢ : Ry — R, is a ring homomor-
phism with property that ¢(Ry ¢) C Ry, for every g € G.

Remark 2.4. (i) If Q, is a graded ideal of R, and ¢ : Ry — R, is a G-graded ring homomorphism, then

Gr(e™(Q2) = ¢ (Gr(Q2))-
(1) If Qq is a graded ideal of Ry such that Kerg C Qq, then p(Gr(Q1)) = Gr(@(Q1)).

Theorem 2.5. Suppose that R; and R; are two graded rings and ¢ : Ry — R; is a graded ring homo-
morphism. Then the followings hold:

(i) If ¢ is a graded monomorphism and Q) is a graded weakly 2-absorbing quasi primary ideal of
R,, then ¢~ 1(Q,) is a graded weakly 2-absorbing quasi primary ideal of R;.

(ii) If @ is a graded epimorphism and Q; is a graded weakly 2-absorbing quasi primary ideal of R
containing Kerg, then ¢(Q;) is a graded weakly 2-absorbing quasi primary ideal of R,.
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Proof. (i) Let r,s,t € h(R;) such that 0 = rst € ¢~'(Q,). Then we have 0 = ¢(rst) = @(r)p(s)p(t) € Q2
Since Q2 is a graded weakly 2-absorbing quasi primary ideal of Rz, we get p(r)p(s) € Gr(Q,) o
P(r)@(t) € Gr(Qy) or p(s)p(f) € Gr(Q,) and so rs € p~1(Gr(Q,)) = Grip™(Qy)) or rt € 9~1(Gr(Q,)) =
Gr(p~1(Q,)) or st € p~1(Gr(Q,)) = Gr(¢~1(Q,)) and this completes the proof.

(ii) Let r',s',t € h(R,) such that 0 # r's't € @(Qy). Since @ is epimorphism then there exist r,s,t €
h(R,) such that (r) =7, @(s) =s, @(t) = t. Then 0 = @(rst) = r'st € @(Qy). Since Q; 2 Kerg, we
conclude that 0 = rst € Q. This implies rs € Gr(Qq) or rt € Gr(Qy) or st € Gr(Q;) and hence ¢(rs) =
r's € p(Gr(Q1)) = Gr(e(Qy)) or ¢(rt) = 7't € p(Gr(Qy)) = Gr(p(Qy)) or (st) = s't € (Gr(Qy)) =
Gr(@(Qq)). Therefore ¢(Q;) is a graded weakly 2-absorbing quasi primary ideal of R;. O

Corollary 2.6. Let ] C I be ideals of R with I # R. Then the followings hold:

(i) If ] is a graded ideal of R and I is a graded weakly 2-absorbing quasi primary ideal of R, then I/] is a
graded weakly 2-absorbing quasi primary ideal of R/].

(i1) If ] and 1/] are graded weakly 2-absorbing quasi primary ideals, then I is a graded weakly 2-absorbing
quasi primary ideal of R.

Proof. (i) It follows from Theorem [2.5)(i)

(ii) Let 0 # abc € I for some a,b,c € h(R ) Thus (a+])(b+])(c+]) €l/]. If abc € ], then either ab €
Gr(J) € Gr(I)or ac e Gr(J) C Gr(I)or bc € Gr(J) € Gr(I). Solet abc ¢ J. Then 0 = (a+])(b+])(c+]) € 1/].
Since I/] is a graded weakly 2-absorbing quasi primary ideal, it follows either (a+J)(b+]) € Gr(I/])
or (a+])(c+])e Gr(I/])or (b+])(c+]) € Gr(I/]). Therefore ab € Gr(I) or ac € Gr(I) or bc € Gr(I). This
completes the proof. O]

Theorem 2.7. Let R be a graded ring and S C h(R) be a multiplicatively closed subset of R. For a
graded ideal I of R, the followings hold:

(i) If I is a graded weakly 2-absorbing quasi primary ideal of R such that INS =@, then S7!I is a
graded weakly 2-absorbing quasi primary ideal of S~!R.

(ii) If S is the subset of regular elements and S™!I is a graded weakly 2-absorbing quasi primary
ideal of ST'R and S N G-Z;(R) = 0, then I is a graded weakly 2-absorbing quasi primary ideal of R.

Proof. (i) Let 0 = ?1 ?2 ?3 € S~ for some al € h(S7'R), where 1< i < 3. Then we have 0 # (ta;)a,as € I

for some t € S. As Q is a graded weakly 2- absorblng quasi primary ideal of R, taya, € Gr(I) or tajaz €
Gr(I) or ayas € Gr(I). This means ?1 Z; = Zi?zz e S™YGr(I)) = Gr(S7'I) or Z—l”;—: e STYGr(I)) = Gr(S7'T)
or Z—;‘;—j e STYGr(I)) = Gr(S7I).

(ii) Let a,b,¢ € h(R) such that O # abc € I. Then we have 0= “Tbc = %%% € S7'I and this implies
%— € Gr(S7'I) = STHGr(I)) or 2¢ € S7Y(Gr(I)) or 2¢ € S‘ (Gr(I)) hence S7'I is a graded weakly
2-absorbing quasi primary 1dea1 of S7IR. Suppose that b e Gr(S71) = $71(Gr(I)). Then we have
v(ab) € Gr(I) for some v € S and this yields v"(a"b") € I for some n € IN. Since v" € § and S N G-

Z(R) = 0, we come to the conclusion that a"b” € Q and so ab € Gr(I). In other cases, we also get
ac € Gr(I) or bc € Gr(I). Thus I is a graded weakly 2-absorbing quasi primary ideal of R. O]

A G-graded ring R= & R, is said to be a cross product if R, contains a unit for every g € G [3].
geG

Lemma 2.8. Suppose that R = Ry x R, where Ry and R, are cross products. Let I, be an ideal of Ry. The
followings are equivalent:

(i) Iy x Ry is a graded weakly 2-absorbing quasi primary ideal of R.

(ii) I, is a graded 2-absorbing quasi primary ideal of Ry.

(iii) I} x Ry is a graded 2-absorbing quasi primary ideal of R.
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Proof. (i) = (ii) : Let abc € I; for some a,b,c € h(Ry). Since R, is a cross product, there exists a
unit homogeneous element i € R, such that deg(i) = deg(a). As R, is a cross product, there exist
unit homogeneous elements j,k € R, such that deg(b) = deg(j) and deg(c) = deg(k). Then we have
(0,0) = (a,i)(b,j)(c, k) € Iy xRy. As I} xR, is a graded weakly 2-absorbing quasi primary ideal of R, we
have (a,1)(b,j) € Gr(I; x Ry) or (a,i)(c, k) € Gr(I; x Ry) or (b,j)(c, k) € Gr(I; x R;). This completes the
proof.

(ii) = (iii) : Follows from [13]] Lemma 2.13.

(iii) = (i) : Itis clear. O

Theorem 2.9. Suppose that R = R; x R, where Ry and R, are cross products. Let I; be a nonzero
graded ideal of R; for each i = 1,2. The following statements are equivalent:

(i) I; x I, is a graded weakly 2-absorbing quasi primary ideal of R.

(ii) I, = Ry and I, is a graded 2-absorbing quasi primary ideal of R, or I; is a graded 2-absorbing
quasi primary ideal of Ry and I, = R, or Iy, I, are graded quasi primary ideals of R; and R,, respec-
tively.

(iii) I; x I, is a graded 2-absorbing quasi primary ideal of R.

Proof. (i) = (ii) : Suppose that I} x I, is a graded weakly 2-absorbing quasi primary ideal of R.

Case 1: Let I} = Ry. In this case, let us show that I, is a graded 2-absorbing quasi primary ideal
of R,. Let x,9,2, € I, for some x,,v,,2, € h(R;). Since R; is a cross product, there exist unit homo-
geneous elements 7, j,k € Ry such that deg(i) = deg(x,), deg(j) = deg(y,) and deg(k) = deg(z;). Then
(0,0) = (i,x2)(j, v2)(k, zp) € Iy xI. As I xI, is a graded weakly 2-absorbing quasi primary ideal of R, we
have (1,x;)(j,v2) € Gr(Iy xI,) or (i,x5)(k,z5) € Gr(Iy xI,) or (j,v2)(k, z5) € Gr(Iy xI,). Then x,y, € Gr(I,)
or x,z; € Gr(I,) or y,z, € Gr(I,). Therefore, I, is a graded 2-absorbing quasi primary ideal of R,.

Case 2: Let take I, = R,. The rest can be shown as Case 1.

Case 3: Let I # Ry and I, # R,. Now, we will show that I}, I, are graded quasi primary ideals. Let
ab € I, for some a,b € h(R;). Since I; is a nonzero graded ideal, there exists 0 = i € h(I;). As Ry, R,
are cross products, there exist unit homogeneous elements r € R, and j,k € R; such that deg(i) =
deg(r), deg(j) = deg(a) and deg(k) = deg(b). Then note that (0,0) = (i,7)(j,a)(k,b) = (ijk,rab) € I} x I,.
Since I} xI, is a graded weakly 2-absorbing quasi primary ideal of R, then (i,7)(j,a) = (ij, ra) € Gr(I; x
Ip) or (i,7)(k,b) = (ik,rb) € Gr(I; xI,) or (j,a)(k,b) = (jk,ab) € Gr(I; x I,) which implies that ra € Gr(I,)
or rb € Gr(I,) or jk € Gr(I}). As r,j,k are units, we have a € Gr(I,) or b € Gr(I) or jk € Gr(I;). Since
I} # Ry, it follows that jk ¢ Gr(I;). So that a € Gr(I,) or b € Gr(I,). Therefore I, is a graded quasi
primary ideal of R,. Similarly one can show that I; is a graded quasi primary ideal of R;.

(ii) = (iii) : Case 1: Assume that I; = Ry and I, is a graded 2-absorbing quasi primary ideal of R,.
Then by Lemma [2.8]1; x I, is a graded 2-absorbing quasi primary ideal of R.

Case 2: Suppose that I, = R, and [; is a graded 2-absorbing quasi primary ideal of R;. Again by
Lemma|2.8|I; x I, is a graded 2-absorbing quasi primary ideal of R.

Case 3: Assume that I; and I, are graded quasi primary ideals of R; and R,, respectively.
Let (ay,a5)(by,by)(cy,c3) € I xI, for some homogeneous elements a;, b;, ¢; € h(R;) and for i = 1,2. Then
a;b;c; € I;. Since I; is a graded quasi primary ideal, Gr(I;) is a graded prime ideal. As a;b;c; € Gr(I;),
we have a; € Gr([;) or b; € Gr(I;) or ¢; € Gr(I;). Without loss of generality, it may be assumed that
ay € Gr(I}) and b, € Gr(I;). In this case (ay,a;)(by,b;) = (a1by,a,b,) € Gr(I}) x Gr(Ip) = Gr(I} x I,).
Hence, I; x I, graded 2-absorbing quasi primary ideal of R.

(ii1) = (i) : Tt is clear. O

Proposition 2.10. Let I}, I,...,I,, be a graded weakly 2-absorbing quasi primary ideal of R where Gr(I;) = P
n

foreachi€l,2,..,n. Then (1 is a graded weakly 2-absorbing quasi primary ideal of R.
i=1
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n n n
Proof. First note that Gr((I;) = (" Gr(I;) = P. (See [9]], Proposition 2.4). Let 0 = abc € () I; for some
i=1 i=1 i=1
a,b,c € h(R). Then for each i € 1,2,...,n we have 0 # abc € I;. Since I; is a graded weakly 2-absorbing
n

quasi primary ideal, then ab € Gr(I;) = P or ac € P or bc € P. So () I; is a graded weakly 2-absorbing
i=1
quasi primary ideal of R. O

Remark 2.11. Recall that the idealization of M, R(+)M = {(a,m) : r € R,m € M} is a commutative ring
with component wise addition and multiplication (a,my)(b,m,) = (ab,bmy + am,) for each a,b € R and
nq,my € M [6]

Theorem 2.12. Let G be an Abelian group, I be a graded ideal of a graded ring R, and M be a graded
R-module. Then the followings are equivalent:

(i) I(+)M is a graded weakly 2-absorbing quasi primary ideal of R(+)M.

(ii) I is a graded weakly 2-absorbing quasi primary ideal of R whenever abc = 0 and ab, ac, bc € Gr(I)
for some a,b,c € h(R) where deg(a) =s,deg(b) = u,deg(c) = t. Then abM; = acM,, = bcM; = 0.

Proof. (i) = (ii) : 0 # abc € I for some a,b,c € h(R). Then (0,0) = (a,0)(b,0)(c,0) € I(+)M. By [13]
Corollary 3.5 we know that Gr(I(+)M) = Gr(I)(+)M. As I(+)M is a graded weakly 2-absorbing quasi
primary ideal of R(+)M, we have (a,0)(b,0) € Gr(I)(+)M or (a,0)(c,0) € Gr(I)(+)M or (b,0)(c,0) €
Gr(I)(+)M. Then ab € Gr(I) or ac € Gr(I) or bc € Gr(I). Now we will show that abM; = 0. Suppose
to the contrary that abM; # 0. Then there is a homogeneous element m € h(M) such that abm = 0
and deg(m) = t. Then we have (0,0) = (a,0)(b,0)(c,m) = (0,abm) € I(+)M. As I(+)M is a graded
weakly 2-absorbing quasi primary ideal of R(+)M, (a,0)(b,0) € Gr(I(+)M) or (a,0)(c,m) € Gr(I(+)M)
or (b,0)(c,m) € Gr(I(+)M). Then we get ab € Gr(I) or ac € Gr(I) or bc € Gr(I) which is a contradiction.
Hence abM; = 0. Similarly one can show that acM,, = 0 and bcM; = 0.

(i) = (i): Let (0,0) = (a,my)(b,my)(c,m3) € I(+)M where deg(a) =s,deg(b) = u,deg(c) =t.

Case 1: Asume that abc = 0. In this case since I is a graded weakly 2-absorbing quasi primary
ideal of R and abc € I, we get (a,my)(b,m;) € Gr(I(+)M) or (a,my)(c,m3) € Gr(I(+)M) or (b, m;)(c,m3) €
Gr(I(+)M). Hence I(+)M is a graded weakly 2-absorbing quasi primary ideal of R(+)M.

Case 2: Assume that abc = 0. If ab € Gr(I) or ac € Gr(I) or bc € Gr(I), then we are done. Now
suppose that ab,ac,bc ¢ Gr(I). In this case by assumption abms = acm, = becm; = 0. This gives
(a,my)(b, my)(c,m3) = (abc,abms + acm, + bemy) = (0,0) which is a contradiction. O
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1 Introduction

Let R be an associative ring with identity and M be an unital right R-module. Recall [12], M is
isosimple if every nonzero submodule of M is isomorphic to M. Simultaneously, in [7,8,[10], authors
defined such type of modules to be iso-retractable modules and studied several characterizations
and properties of this class of modules. An isosimple submodule N of M means N is isosimple as
an R-module. Further, recall [[2] that a module M is called N-injective if, for every submodule K
of N, every homomorphism from K to M extends to N and M is called simple N-injective if, for
every simple submodule K of N, every homomorphism from K to M extends to N. Several authors
have studied these notions (see [2, 9] [3] 4} [6] (14}, [19]). The notion of simple N-injective modules
generalizes the notion of N-injective modules. Inspired by the notion of simple N-injective modules,
in this paper, we introduce and study the “isosimple” version of N-injective modules as a proper
generalization of N-injective modules. A natural way to extend the notion of N-injective module
to isosimple N-injective module is to replace “arbitrary submodule” by “isosimple submodule”. We
say that an R-module M is isosimple N-injective if for every isosimple submodule K of N, every
homomorphism from K to M extends to N. The class of isosimple N-injective modules lies between
the class of N-injective modules and the class of simple N-injective modules.

Section 2 discusses the main objective of the paper which is devoted to the study of isosimple
N-injective modules. We extend several results on N-injective modules to isosimple N-injective
modules. For instants, if M is isosimple N-injective and B is a submodule of N, then M is isosimple
B-injective (see Proposition [2.5). Also, every isosimple summand of an isosimple direct injective
right R-module M is isosimple M-injective (see Proposition [2.11)). Moreover, for R-modules M and
N with X = M @&N, N is isosimple M-injective if and only if for each isosimple submodule K of X
with KNM = KNN =0, there exists a submodule C of X such that K < C and N @ C = X. Finally, we
provide a connection between isosimple direct injective modules and isosimple N-injective modules
(see Proposition [2.11).

Unless otherwise stated, all rings are associative with identity and all modules are unital right
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modules. We denote N C® M if N is a direct summand of M, N = M if N is isomorphic to M, Soc(M)
denotes socle of M and E(M) denotes the injective hull of M. For undefined terms and notions, we
refer 3,15, [15] and [18]).

2 Isosimple N-injective modules

We begin this section by introducing the concept of isosimple N -injective modules as a generalization
of N-injective modules.

Definition 2.1. Let R be a ring and N be an R-module. An R-module M is said to be isosimple N-
injective if for every isosimple submodule S of N, any homomorphism f : S — M can be extended to
a homomorphism g: N — M.

It is clear from the definition that every N-injective module is isosimple N-injective, and every
isosimple N-injective module is simple N-injective. The following example shows that there is a
simple N-injective module which is not isosimple N-injective.

Example 2.2. Consider two Z-modules M = N = Z and an isosimple submodule K = 2Z of N. Define
a homomorphism f : K — M by f(x) = 3, for all x € K. Then there is no homomorphism g: N — M
that extends f. This implies that M is not an isosimple N-injective module. However, M is simple
N-injective because N has no nonzero simple submodules.

Now, we characterize isosimple N-injective modules.

Theorem 2.3. Let N and M be R-modules and X = N @ M. Then the following statements are equiv-
alent:

1. M is isosimple N-injective.

2. For each isosimple submodule K of X with KN M = 0, there exists a submodule C of X such
that K<Cand M@ C =X.

Proof. (1) = (2). Let K be an isosimple submodule of X with KNM =0. Let iy : NeéeM — N
and 1ty : N@® M — M be canonical projections. Notice that M & K = M & ny(K) and 7t (K) is an
isosimple submodule of N. Let k € K. Write k = n+m, where n € N,m € M. Define a homomorphism
¢ : N (K) — mp(K) by ¢p(n) = m. Then by [12, Lemma 3.1], ¢ is a monomorphism. Since M is
isosimple N-injective, ¢ can be extended to a homomorphism ¢ : N — M such that ¢ o i = ¢, where
i : my(K) — N be the inclusion map. Consider a submodule C = {n - ¢(n) : n € N} of X. Then
X=M&Cand K<C.

(2) = (1). Let ¢ : A - M be a homomorphism, where A is an isosimple submodule of N. Take
the submodule K = {a — ¢(a) : a € A} of X. Then K is a submodule of A® ¢(A). This implies that
1N (K) = A, because ¢p(A) <M and KNM = 0. Consequently, MK = M@ny(K)=M@A, and K is an
isosimple submodule of X. By assumption, there exists a submodule C of X containing K such that
M@ C=X.Lett: M&C — M be a canonical projection, then 7|y extends ¢. This implies that M is
an isosimple N-injective R-module. ]

Proposition 2.4. Direct summand of an isosimple N-injective module is isosimple N-injective.

Proof. Let M be an isosimple N-injective R-module and A be a direct summand of M. Let S be an
isosimple submodule of N and f : S — A be a homomorphism. Consider the following diagram of
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R-modules and R-homomorphisms

S — N
f
A
8
l'/
M

where i : S — N is inclusion map and i’ : A — M is an injection map. Since M is isosimple N-
injective, the map i’of : S — M can be extended to a homomorphism g : N — M such that goi =i’of.
Let 7 : M — A be the canonical projection and let ¢ = wog. Then ¢ is a homomorphism from N to A
and poi=mogoi=moi’of =1 0 f = f, where I4 is the identity map on A. Thus, ¢ extends f and
so A is isosimple N-injective. O

In the following, we prove that if a module M is isosimple N-injective, then it is isosimple B-
injective, for every submodule B of N.

Proposition 2.5. Let M be an isosimple N-injective R-module and B be a submodule of N. Then M is an
isosimple B-injective R-module.

Proof. Let S be an isosimple submodule of B (and so an isosimple submodule of N)and f: S -» M
be a homomorphism. Consider the following diagram of R-modules and R-homomorphisms

S il)B iz)N
f
N A
M

where 71,1, are inclusion maps. Since M is isosimple N-injective, f can be extended to a homomor-
phism g : N — M such that goiyoiy = f. Let ¢ = goi,. Then ¢ : B— M is a homomorphism and
¢oi; =goiyoi; = f. Therefore, ¢ extends f and so M is isosimple B-injective. O]

Recall [16]], an R-module M is said to be an iso C2-module if whenever A and B are two isosimple
submodules with A = B and B C® M, then A C® M. Also, an R-module M is said to be quasi isosim-
ple injective if M is isosimple M-injective. The following proposition gives a class of examples of
isosimple direct injective modules.

Proposition 2.6. Every quasi isosimple injective R-module is an iso C2-module.

Proof. Let M be a quasi isosimple injective R-module. Let A = B be two isosimple submodule of M
and B C® M. By Proposition B is an isosimple M-injective R-module. Consider the following
diagram of R-modules and R-homomorphisms

A—s M
if%
B

where i : A — M is the inclusion map. Let f : A — B be an isomorphism. Since B is isosimple
M-injective, f can be extended to a homomorphism g : M — B such that goi = f. Since f is an
isomorphism and (f'og)oi = f~!of =14, where I, is the identity map on A. Thus, the map
i: A — M splits and so A C® M. Therefore, M is an iso C2-module. O]
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Proposition 2.7. Let M be a quasi isosimple injective R-module and M = A® B, where A is isosimple. If
f : A — Bis a homomorphism, then Imf C® B.

Proof. Suppose M is a quasi isosimple injective R-module. Then by [16 Proposition 2.15], M is an
iso C2-module. Therefore, by [16] Proposition 3.1], M is an iso C3-module and so Imf C® B by [16],
Theorem 3.2]. O

Proposition 2.8. Let M be an isosimple R-module. If M is a pseudo isosimple N-injective module, for any
R-module N. Then any monomorphism f : M — N splits.

Proof. Let f : M — N be a monomorphism and f~! : f(M) — M be the inverse of f. Since M is pseudo
isosimple N-injective, the monomorphism f~! can be extended to a homomorphism g : N — M such
that goi = f~1, where i : f(M) — N is the inclusion map. Clearly, g o f = idy;. Thus the map f
split. O]

Proposition 2.9. Let N be an isosimple R-module. If a module M is a isosimple N-injective R-module,
then any nonzero homomorphism f : M — N splits.

Proof. Let f : M — N be a nonzero homomorphism and f~! : f(M) — M be the inverse of f. Since M
is isosimple N-injective, the homomorphism f~!' : f(M) — M can be extended to a homomorphism
g:N — M such that goi = f~!, where i : f(M) — N is the inclusion map. Clearly, g o f = idy;. Thus
the map f split. O]

Proposition 2.10. Let M be an isosimple R-module. Then M is injective if and only if M is pseudo
isosimple N -injective, for every R-module N.

Proof. Suppose M is pseudo isosimple N-injective, for all N. Then by Proposition[2.8} every monomor-
phism f : M — N splits. This implies that M is injective. The converse is obvious. ]

The following result shows that isosimple summand of an iso C2-module N is isosimple N-
injective.
Proposition 2.11. Let N be an iso C2-module. Then every isosimple summand of N is pseudo isosimple

N-injective.

Proof. Let A be an isosimple summand of N and f : K — A be a homomorphism, where K is an
isosimple submodule of N. Consider the following diagram of R-modules and R-homomorphisms

K -3 N

17

A

If f =0, then the projection map 7t: N — A be an extension of f. If f # 0 and f is a monomorphism.
Then K = f(K) = A (since A is isosimple). Since N is an iso C2-module and K = A, K is a direct
summand of N. Then the homomorphism fop: N — A extends f, where p: N — K be the canonical
projection. Thus A is pseudo isosimple N-injective. O

Question. Is the assumption “isosimple summand” necessary in the Proposition [2.11]?

Yes, this is necessary condition to prove Proposition In support, we provide the following
example.
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Example 2.12. [17, Example 2.13] Consider R = Zg and N = Zg @ 2Z3 & Zg ® 2Zg. By [16, Ex-
ample 2.3], N is an iso C2-module. Consider an isosimple submodule K = 4Zz®0® 0® 0 of N
and a direct summand A = 0@ 2Zg®0®0 of N. Let f : K > A be a homomorphism defined by
f((4,0,0,0)) = (0,4,0,0). We show that there is no homomorphism g : N — A that extends f. For
this, let ¢ : N — A be an arbitrary homomorphism. Then all possible values of g((1,0,0,0)) are

0,0,0)) +

(0,0,0,0),(0,2,0,0),(0,4,0,0),(0,6,0,0). Then g((4,0,0,0)) = g((1,0,0,0)) + g((1,0,0,0)) + g((1,
¢((1,0,0,0)) = (0,0,0,0), for all possible values of g((1,0,0,0)). This implies that f((4,0,0,0))

# ¢((4,0,0,0)). Consequently, g is not an extension of f. Thus, the direct summand A of N is not an
isosimple N-injective module, as desired. Here we observe that A is not isosimple.

| O

Proposition 2.13. If N @ M is a quasi isosimple injective R-module, then M is isosimple N -injective.

Proof. Let f : A — M be a homomorphism , where A is an isosimple submodule of N. Let ¢ : A —
N @M be a homomorphism defined by ¢(n) = (n, f(n)). Consider the following diagram of R-modules
and R-homomorphisms

A—L 3N
I s
M 4— NoM

Since M@N is quasi isosimple injective R-module, M@N is an isosimple N-injective R-module by
Proposmon- Therefore, ¢ can be extended to a homomorphism ¢ : N — N @M such that ¢[4 = ¢,
i.e., ¢poi=q,wherei: A — N be the inclusion map. Clearly, f = 7y 0 ¢ oi. This implies that 7ty 0 ¢
extends f. Thus M is an isosimple N-injective R-module. O]

Corollary 2.14. If M & M is a quasi isosimple injective R-module. Then M is quasi injective.
Proof. Follows from Proposition for M =N. O

In general, quotient of an isosimple N-injective module need not be isosimple N-injective. In the
following, we provide a sufficient condition on N so that quotient of isosimple N-injective modules
becomes isosimple N-injective.

Theorem 2.15. Let N be a projective isosimple R-module. Then

1. Every quotient module of an isosimple N-injective R-module is an isosimple N-injective R-
module.

2. Every quotient of an injective R-module is an isosimple N-injective R-module.

Proof. 1. Let E be an isosimple N-injective R-module and 7 : E — B be a surjective homomorphism,
where B is an R-module. We have to prove that B is an isosimple N-injective R-module. Consider
the following diagram of R-modules and R-homomorphisms

i

95}

oq
UU(TZ

T
B
~

> 0

Let f : S — B be a homomorphism, where S is an isosimple submodule of N. Since S = N, S is
projective. So there exists a homomorphism g : S — E such that tog = f. Since f is a monomorphism,
g is a monomorphism. Also, since E is an isosimple N-injective R-module, g can be extended to a
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homomorphism i : N — E such that g = hoi. Let g’ = woh, then ¢’ = woh : N — Bis a homomorphism
that extends f,i.e., tohoi = f. Thus B is an isosimple N-injective R-module.
2. Directly follows by (1). O]

It is well known that the direct product of N-injective modules is N-injective if and only if each
component is N-injective. It is natural to ask whether it is true for the case of isosimple N-injective
R-modules. This issue is addressed in the following result.

Proposition 2.16. Let N be an R-module and {M;} be a family of R-modules. Then M = [[M; is an
isosimple N-injective R-module if and only if each M is an isosimple N-injective R-module.

Proof. Suppose M; is isosimple N-injective. Let S be an isosimple submodule of N. Let f : S — [[M;
be a homomorphism. Consider the following diagram of R-modules and R-homomorphisms

Since M; is isosimple N-injective, the map mjo f : § — M; can be extended to a homomorphism
gi: N — M; such that tjo f = gjoi, wherei: S — N is the inclusion map. Let ¢’ =} i; o g;, where
i : M; — [[M; is the injection map, then g’ oi =} ijogioi=)ijomjof =Idyof =f. Thus, g
extends f, and so [[M; is an isosimple N-injective R-module.

Conversely, suppose [[M; is an isosimple N-injective R-module. Let S be an isosimple submodule
of N. Let f : § > M; be a homomorphism. Consider the following diagram of R-modules and
R-homomorphisms

i

S — N

f ,
~N g
M;
4
ij
[1M;

Since [[M; is isosimple N-injective, the map i;o f can be extended to a homomorphism g: N — [[M;
suchthatijof = goi. Let ¢’ = jog, where 7t; : [[M; — M; is the projection map, then g’oi = 7j0g0i =
mjoijof = IdM], of =f. Thus ¢’ extends f, and so M; is isosimple N-injective. O]

We end this section by proving finite generation of soc(M) under a mild condition.

Proposition 2.17. Let M be a finitely generated R-module. If the direct sum of isosimple M-injective
R-modules is isosimple M-injective, then Soc(M) is finitely generated.

Proof. Let Soc(M) = @S;, where S;’s are simple submodules of M. Let E(S;) be the injective hull of
S;, forall i e I. Leti:@®S; — @®E(S;) be the inclusion map. Since ®E(S;) is isosimple M-injective,
®E(S;) is Soc(M)-injective. Therefore, there exists a homomorphism g : M — @E(S;) that extends
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i. Since M is finitely generated, g(M) C ®;crE(S;), for some finite subset F of I. This implies that
Soc(M) =i(Soc(M)) = g(Soc(M)) C@®E(S;). Since ®E(S;) has finitely generated socle, Soc(M) is finitely
generated. O]
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1 Introduction

Throughout this paper, R will denote a commutative ring with identity and Z will denote the ring of
integers. Also, Nil(R) will denote the set of all nilpotent elements of R.

In [13]], the authors introduced and investigated the notion of N-prime ideals as a generalization
of prime ideals. A proper ideal P of R is said to be a N-prime ideal if ab € P, for each a,b € R, then
either a € P+ Nil(R) or b € P+ Nil(R) [L3]]. In [7] (resp. [8]]), the present author introduced the notion
of nil-prime (resp. nil-primary) ideals as a generalization of prime (resp. primary) ideals and studied
some basic properties of this class of ideals. A proper ideal P of R is said to be a nil-prime ideal if
there exists x € Nil(R) such that whenever ab e P,thenaePorbePora+xe€ P or b+ x € P for each
a,b € R (for generalizations of this notion for modules, see [9]]). Also, a proper ideal P of R is said to
be a nil-primary ideal if there exists x € Nil(R) such that whenever ab € P for some a4,b € R, then a € P
orb"ePora+xePorb"+xeP for somenelN.

For a submodule N of an R-module M, a non-empty subset K of M, and a non-empty subset ] of
R, the residuals of N by K and | are defined as (N :x K)={a€ R:aK CN}and (N:y J)={meM:
Jm C N}, respectively. In particular, we use Anng(M) to denote (0 :x M).

In algebra, some generalizations and weakenings for the concepts of Noetherian and Artinian
modules have arisen. In this regard, you can refer to [11}[6]. Motivated by nil-prime ideals, the pur-
pose of this paper is to introduce and investigate the notions of nil-M-Noetherian and nil-M-Artinian
modules as generalizations of Noetherian and Artinian modules. Also, in this regard we introduce
the notions of nil-M-cyclic, nil-M-finitely generated and nil-M-finitely cogenerated modules.

2 Main Results

Definition 2.1. We say that an R-module M is a nil-M-Noetherian module if there is r € \|Anng(M)
such that for each ascending chain

Ny CN,CN;C...CN; C...
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of submodules of M there is a positive integer t such that N;,; € N; + rM for all i > 0. Moreover, we
say that the ring R is a nil-R-Noetherian ring if R as an R-module is a nil-R-Noetherian module.

Definition 2.2. We say that an R-module M is a nil-M-Artinian module if there is r € \|Anng(M) such
that for each descending chain
Ny 2N;DN32..2N;2...

of submodules of M there is a positive integer t such that N; N (0 :p; ) € Ny, for all i > 0. Also, we
say that the ring R is a nil-R-Artinian ring if R as an R-module is a nil-R-Artinian module.

Remark 2.3. As 0 € \/Anng(M), we have that every Noetherian (resp. Artinian) R-module is a nil-
M-Noetherian (resp. nil-M-Artinian) R-module. This motivates the Question If \JAnng(M) =
0, then the notions of Noetherian R-modules and nil-M-Noetherian R-modules (resp. Artinian R-
modules and nil-M-Artinian R-modules) are equal. For example, for a positive integer n which
is square-free (i.e., n has not a square factor), consider the ring Z, of integers modulo n. Then

Anng (Z,) = 0 = Nil(Z,). Also, \JAnngz(Z) = 0 = Nil(Z) and ,[Anngy))(F[x])) = 0 = Nil(F[x]),
where F is a field.

Question 2.4. Let M be an R-module. Is every nil-M-Noetherian (resp. nil-M-Artinian) module a
Noetherian (resp. Artinian) module?

Definition 2.5. We say that a submodule N of an R-module M is a nil-M-cyclic if there exist r €
VAnng(M) and x € M such that N = Rx + rM.

Let M be an R-module. Since 0 € \/Anng(M), clearly each cyclic submodule of M is a nil-M-cyclic
submodule of M. But Example[2.6shows that the converse is not true in general.

Example 2.6. The submodule N = Zx+2Z,4[x,y] of the Z-module M = Z,[x,y] is a nil-M-cyclic since
2 € \JAnnz(M) and x € Z4[x,y]. But N is not a cyclic submodule of M.

Definition 2.7. We say that a submodule N of an R-module M is a nil-M-finitely generated (resp.
weakly nil-M-finitely generated) if there exist r € \/Anng(M) and x1,x5,...,x; € M such that N = Rx; +
Rxy+--+Rx; +rM (resp. N +rM = Rx; + Rxp + -+ + Rx; + rM).

Example 2.8. Consider the Z-module M = Z, ®Z1, ®Z1,®---. Then 6 € \/Annyz(M). For each
finitely generated submodule N of M we have N + 6M is a nil-M-finitely generated submodule of M
which is not a finitely generated submodule of M.

Remark 2.9. Let M be an R-module. Clearly, every nil-M-finitely generated submodule of M is a
weakly nil-M-finitely generated submodule of M. If N is a weakly nil-M-finitely generated submod-
ule of M such that (N :zx M) is prime ideal of R, then \/AnnR(M) c \/(N : M) = (N :xg M). This in
turn implies that N is a nil-M-finitely generated submodule of M.

Proposition 2.10. Let S be a multiplicatively subset of R and let M be an R-module. If N is a nil-M-
finitely generated submodule of M, then S™'N is a nil-S~! M-finitely generated submodule of S™' M.

Proof. Assume that N is a nil-M-finitely generated submodule of M. Then there exist r € \/Anng(M)
and x1,Xy,...,x; € M such that N = Rx; + Rx; +--- + Rx; + rM. By using the proof of [14, Lemma
9.12(ii)] and [I4, Lemma 5.31(iv)], we have S™!(y/Anng(M)) C \JAnns-1z(S~IM). Therefore, r/1 €
\/ATlTls—lR(S_lM) and x,/1,x,/1,...,x,/1 € S™'M such that

STIN = (S7TIR)(x1/1) + (STIR)(xp/1) + -+ + (STIR)(x,/1) + r/1(S T M).
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A proper submodule N of M is said to be completely irreducible if N = (;c; N;, where {Nj};c is a
family of submodules of M, implies that N = N; for some i € I. By [10], every submodule of M is
an intersection of completely irreducible submodules of M. Thus the intersection of all completely
irreducible submodules of M is zero [10].

Definition 2.11. We say that a submodule N of an R-module M is a nil-M-completely irreducible
submodule if there exist r € \/Anng(M) and completely irreducible submodule L of M such that N =
LN (0 ‘M 1’).

Definition 2.12. For a submodule N of an R-module M, we say that M/N is a nil-M-finitely cogen-
erated (resp. weakly nil-M-finitely cogenerated) if there exists r € \J/Anng(M) such that N = N N;
implies that N = N;¢;N; N (0 :p1 7) (resp. NigyN; N (0 :pr ) = N N (0 :p 7)) for some finite subset J of I.

Proposition 2.13. If for a submodule N of an R-module M we have M/N is a nil-M-finitely cogenerated
(resp. weakly nil-M-finitely cogenerated) module, then there exist r € \|Anng(M) and completely irre-
ducible submodules Ly,L,,...,L; of M such that N = LiyNL,N---NL;N(0 :pp 7) (resp. LyNLyN---NL;N(0 :py
r)=NN(0:p 7).

Proof. This follows from the fact that every submodule of M is an intersection of completely irre-
ducible submodules of M. O]

Remark 2.14. Let M be an R-module. Clearly, every nil-M-finitely cogenerated homomorphic image
of M is a weakly nil-M-finitely cogenerated homomorphic image of M. It is easy to see that, if M/N
is a weakly nil-M-finitely cogenerated homomorphic image of M such that Anng(N) is prime ideal
of R, then M/N is a nil-M-finitely cogenerated homomorphic image of M.

Proposition 2.15. Let M be an R-module. Then we have the following.

(a) If for a submodule N of M and r € \|Anng(M) we have N + rM = M, then N = M.
(b) If for a submodule N of M and r € \|Anng(M) we have N N (0 :p; r) =0, then N = 0.

Proof. (a) Suppose that for a submodule N of M and r € \J/Anng(M) we have N +rM = M. Then there
exists t € N such that r!M = 0. We have N +r>M = rM. This implies that rN + r?M + N = rM + N
and so N +r2M = M. Continuing this way, we get that M = N +r'M = N +0 = N.

(b) Suppose that for a submodule N of M and r € \/Anng(M) we have N N (0:ys r) = 0. Then there
exists t € N such that ¥!M = 0. Clearly, NN (0:j; r) = (0 :y 7). Hence, (0 :5 r) = 0. Therefore,

0:n 1) =(0:n71):in7)=(0:n7)=NN(0:1)=0.
Continuing this way, we have 0= (0:xy ') = NN (03 ') = NNM =N. O
Corollary 2.16. Let M be an R-module. Then we have the following.
(a) M is a nil-M-cyclic module if and only if it is a cyclic module.
(b) M is a weakly nil-M-finitely generated module if and only if it is a finitely generated module.

(c) The submodule 0 of M is a nil-M-completely irreducible submodule if and only if it is a completely
irreducible submodule.

(d) M is a weakly nil-M-finitely cogenerated module if and only if it is a finitely cogenerated module.
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Proof. (a) Let M be a nil-M-cyclic R-module. Then there exist r € \/Anng(M) and x € M such that
M = Rx + rM. This implies that M = Rx by Proposition [2.15] (a). Thus M is a cyclic module. Since

0 € \/Anng(M), the converse is clear.

(b) Let M be a weakly nil-M-finitely generated R-module. Then there exist r € \/Anng(M) and
X1,%2,...,X; € M suchthat M =M +rM = Rx; + Rxp +---+ Rx; + rM. Thus M = Rx; + Rx; +--- + Rx; by
Proposition (a). So, M is a finitely generated module. Since 0 € \/Anng(M), the converse is clear.

(c) Assume that the submodule 0 of M is a nil-M-completely irreducible submodule. Then there
exist r € \/Anng(M) and completely irreducible submodule L of M such that 0 = LN (0 :j; r). This
implies that L = 0 by Proposition [2.15| (b). So, 0 is a completely irreducible submodule of M. Since

0 € \/Anng(M), the converse is clear.
(d) Suppose that M is a weakly nil-M-finitely cogenerated R-module and 0 = N;¢;N;. Then there

exist r € y/Anng(M) and finite subset | of I such that N;e;N; N (0 :p; 7) = 0N (0 :p ) = 0. It follows
that N;;N; = 0 by Proposition 2.15] (b). Therefore, M is a finitely cogenerated module. Since 0 €
Anng(M), the converse is clear. O]

Theorem 2.17. Let M be an R-module. Consider the following statements:
(a) Every submodule of M is nil-M-finitely generated;
(b) M is a nil-M-Noetherian module;

(c) There exists r € \/Anng(M) such that any non-empty collection ¥ of submodules of M with the
form K +rM has a maximal element N +rM;

(d) Every submodule of M is weakly nil-M-finitely generated.
Then (a) = (b), (b) = (¢), and (c) = (d).
Proof. (a) = (b) Assume that the following is an increasing sequence of submodules of M
N; CN;CN3C...CNiC....

Consider N :=J;51 N;. Then N is a submodule of M, hence it is nil-M-finitely generated by part (a).

Thus there exist r € \/Anng(M) and uy,...,u; € M such that N = Ruy +---+ Ru; + M. Then we can
find s such that u; € N for all j = 1,2,...,t. In this case we have N +rM C N; + rM. Therefore, for all
i >0wehave N;,; CN CN +rM C N;+rM, as needed.

(b) = (c) First note that by part (b), there is r € \/Anng(M) such that for each ascending chain

Ny CN,CN3;C...CN;C...

of submodules of M there is a positive integer t such that N;,; € N; + rM for all i > 0. Suppose that
there exists a non-empty collection ¥ of submodules of M with the form N + rM such that it has no
maximal element. Let us choose N;+rM € X. Since this is not maximal, there is N,+rM € X such that
N;+rM C N, +rM, and we continue in this way to construct the following infinite strictly increasing
sequence of submodules of M:

Ni+rMCNy+rMCNz+rMcC....
By part (b), there is a positive integer t such that
Nijg +rM CNy+rM+rM =N;+rM,

which is a contradiction.
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(c) = (d) Suppose that there exists r € \/Anng(M) such that any non-empty collection ¥ of sub-
modules of M with the form K+rM has a maximal element. Let N be a submodule of M and consider
the family ¥ of all submodules of M with the form K +rM, where K = Rxy +---+ Rx; for some x; € N.
Clearly, ¥ is non-empty. By part (c), ¥ has a maximal element N + rM, where N = Rx; + --- + Rx,, for
some x; € N. If N+rM =N +rM, then there is u € N + rM \ N + M and the submodule Ru + N + rM
strictly containing N + rM, a contradiction. Thus N + rM = N +rM, as needed. O

Definition 2.18. (a) We say that a submodule N of an R-module M is a nil-M-Noetherian submod-
ule if there is r € \/Anng(M) such that for each ascending chain

Ny CN,CN3C...CN,C...
of submodules of N there is a positive integer ¢ such that N;,; € N; +rM for all i > 0.

(b) We say that a quotient module M/N of an R-module M is a nil-M-Noetherian quotient module if
there is r € \/Anng(M) such that for each ascending chain

Ni/NCNp/NCN3/NC...CNy/NC...
of submodules of M/N there is a positive integer t such that N;,;/N C (N;+rM)/N for all i > 0.

Recall that a submodule N of an R-module M is said to be pure in M if rM NN =rN for eachr € R
[12]]. M is said to be fully pure if every submodule of M is pure [2].

Proposition 2.19. Let M be a nil-M-Noetherian R-module. Then we have the following.
(a) Any pure submodule N of M is a nil-N-Noetherian R-module.
(b) Any quotient module M/N of M is a nil-M/N-Noetherian R-module.
(c) Any submodule N of M is a nil-M-Noetherian R-module.
(d) Any quotient module M/N of M is a nil-M-Noetherian R-module.
Proof. (a) Let N be a pure submodule of M and
KiCK,CK3;C...CK,C...

be an ascending chain of submodules of N. Then since this chain is also an ascending chain of
submodules of M, there is a positive integer s such that K,,; € K, + rM for all i > 0, where r €
JAnng(M) C \JAnng(N). As N is pure, N N rM = rN. Therefore, for r € \/Anng(N) we get that

Ko =Ko NN C (K +rM)NN = (K, AN)+ (rMNAN) =K, +rN,

for all i > 0. Thus N is a nil-N-Noetherian R-module.
(b) Let N be a submodule of M and

H{/N CH,/NCHy/NC...CH/NC...

be an ascending chain of submodules of M/N. Then
H,CH,CH;C...CH,C...

is an ascending chain of submodules of M. Thus there is a positive integer ¢ such that H;,; € H;+rM
for all i > 0, where r € \/AnnR(M) - \/AnnR(M/N). This implies that for all i > 0, H;,;/N C H;/N +
r(M/N), where r € \J/Anng(M/N). Hence, M/N is a nil-M/N-Noetherian R-module.

(c) This follows from the fact that any increasing sequence of submodules of N is also an increasing
sequence of submodules of M.

(d) This follows from the fact that any increasing sequence of submodules of M/N corresponds to
a sequence of submodules of M containing N, So M/N is a nil-M-Noetherian module. O

107



108 Moroccan Journal of Algebra and Geometry with Applications /F. Farshadifar

Theorem 2.20. Let M be an R-module. Consider the following statements:
(a) Every homomorphic image of M is nil-M-finitely cogenerated R-module;
(b) M is a nil-M-Artinian module;

(c) There exists r € \/Anng(M) such that any non-empty collection ¥ of submodules of M with the
form K N (0 :p; r) has a minimal element N N (0 :p 7).

(d) Every homomorphic image of M is weakly nil-M-finitely cogenerated.
Then (a) = (b), (b) = (c¢), and (c) = (d).
Proof. (a) = (b) Suppose that the following is a descending chain of submodules of M
N;2N;DN3;2...ON;D....

Consider N := ;51 N;. Then N is a submodule of M, hence M/N is nil-M-finitely generated by part
(a). Thus there exist r € \JAnng(M) and N; ,..., N;, of the above chain such that N = N; N...NN;,N(0 :
r). Then we can find s such that st C le, foralli=1,...,t. Therefore, N = st N (0 :ps 7). Now, for all
i >0 wehave N; N(0:p r)=N CNj_, as needed.

(b) = (c) First note that by part (b), there is r € \/Anng(M) such that for each descending chain
N;2N,2N32..2N;D...

of submodules of M there is a positive integer t such that N; N (0 :p; 7) € N;,; for all i > 0. Suppose
that there exists a non-empty collection ¥ of submodules of M with the form N N (0 :; r) such that
it has no minimal element. Let us choose Ny N (0 :); ) € £. Since this is not minimal, there is
N, N(0:pr 7) € X such that N, N (0:p 7) € Ny N (0 :p 1), and we continue in this way to construct the
following infinite strictly descending chains of submodules of M:

Nlﬂ(O:M T’)DNQH(OIM r)DN3ﬂ(0:M T)D....
By part (b), there is a positive integer t such that
NNO:pr)=NN(0:p )N (0:p1 1) SNy N(0:pp 1),

which is a contradiction.

(c) = (d) Suppose that there exists r € \/Anng(M) such that any non-empty collection ¥ of sub-
modules of M with the form KN (0 :j; ) has a minimal element. Let N be a submodule of M and
N = N;¢rN;. Consider the family ¥ of all submodules of M with the form N;¢;N; N (0 :pf 1), where J is
a finite subset of I. Clearly, ¥ is non-empty. By part (c), £ has a minimal element N;cgN; N (0 :p; 1),
where H is a finite subset of I. By the minimality, we get that N N (0 :pr ) = NiefN; N (0 :pp 7) =
N;egN; N (01 7), as needed. O

Corollary 2.21. Let M be an R-module. Then we have the following.
(a) If M is a nil-M-Noetherian R-module, then M is a finitely generated R-module.
(b) If M is a nil-M-Artinian R-module, then M is a finitely cogenerated R-module.

Proof. (a) Assume that M is a nil-M-Noetherian R-module. Then M is a weakly nil-M-finitely gen-
erated module by Theorem Now the result follows from Corollary[2.16| (b).

(b) Suppose that M is a nil-M-Artinian R-module. Then M is a weakly nil-M-finitely cogenerated
module by Theorem [2.20] Now the result follows from Corollary[2.16|(d) O]
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Definition 2.22. (a) We say that a submodule N of an R-module M is a nil-M-Artinian submodule
if there is r € \/Anng(M) such that for each descending chain

Ny 2N, 2N32..2N;2...
of submodules of N there is a positive integer ¢ such that N; N (0:); r) € N;; for all i > 0.

(b) We say that a quotient module M/N of an R-module M is a nil-M-Artinian quotient module if
there is r € \/Anng(M) such that for each descending chain

Ni/N2Np/NDON3/N2..2Ni/ND...

of submodules of M/N there is a positive integer t such that (N; N (0 :j; 7))/N € Ny,;/N for all
i>0.

A submodule N of an R-module M is said to be copure in M if (N :p; I) = N +(0:p I) for each ideal
I of R [I3]]. M is said to be fully copure if every submodule of M is copure [2].

Proposition 2.23. Let M be a nil-M-Artinian R-module. Then we have the following.
(a) Any submodule N of M is a nil-N-Artinian R-module.

(b) Any quotient module M/N of M is a nil-M/N-Artinian R-module, where N is a copure submodule
of M.

(c) Any submodule N of M is a nil-M-Artinian R-module.
(d) Any quotient module M/N of M is a nil-M-Artinian R-module.
Proof. (a) Let N be a submodule of M and
K;2K,2K32...2K;D...

be a descending chain of submodules of N. Then since this chain is also a descending chain of
submodules of M, there is a positive integer s such that K; N (0 :j; ) € K,; for all i > 0, where
r € \JAnng(M) C \JAnng(N). This implies that K, N (0 :5 r) = NNK;N (0 :p 1) € N N Ky, = Ky, for

r € \/Anng(N).

(b) Let N be a copure submodule of M and

H;/N2H,/N2H;/N2...2H/ND...

be a descending chain of submodules of M/N. Then we have the following descending chain of
submodules of M.
H,DH,2H;2...2H,2....

Thus there is a positive integer t such that H; N (0 :y, r) € Hy,; for all i > 0, where r € \/Anng(M) C
Anng(M/N). Since N is copure, (N :p; ) = N + (0 :ps 7). Thus we have
=(H;N(0:p7)+NCH;,;+N=H,,,.
This implies that for all i > 0, H;/N N (0 :p;/n ) € Hy,i/N, where r € \/JAnng(M/N). Hence, M/N is a
nil-M/N-Artinian R-module.
(c) This follows from the fact that any descending chain of submodules of N is also a descending
chain of submodules of M.

(d) This follows from the fact that any descending chain of submodules of M/N corresponds to a
descending chain of submodules of M containing N, So M/N is a nil-M-Artinian module. O
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Theorem 2.24. Let M be an R-module. Then we have the following.
(a) If M is a fully pure nil-M-Noetherian R-module, then M is a Noetherian R-module.
(b) If M is a fully copure nil-M-Artinian R-module, then M is an Artinian R-module.

Proof. (a) Assume that M is a fully pure nil-M-Noetherian R-module. Then by Proposition
(a), every submodule N of M is a nil-N-Noetherian R-module. Now, by Corollary [2.21] (a), every
submodule N of M is a finitely generated. Thus M is a Noetherian R-module.

(b) Assume that M is a fully copure nil-M-Artinian R-module. Then by Proposition [2.23] (b), for
every submodule N of M we have M/N is a nil-M/N-Artinian R-module. Now, by Corollary[2.21](b),
M/N is a finitely generated. Hence, M is an Artinian R-module. ]

Recall that an R-module M is said to be a multiplication module if for every submodule N of M
there exists an ideal I of R such that N = IM [5]. An R-module M is said to be a comultiplication
module if for every submodule N of M there exists an ideal I of R such that N = (0 :, I) [1I]. It is easy
to see that M is a multiplication (resp. comultiplication) module if and only if N = (N :x M)M (resp.
N =(0:p Anng(N))) for each submodule N of M.

Proposition 2.25. Let M be an R-module. Then we have the following.

(a) If R is a nil-R-Noetherian ring and M is a multiplication R-module, then M is a nil-M-Noetherian
module.

(b) If R is a nil-R-Artinian ring and M is a faithful comultiplication R-module, then M is a nil-M-
Noetherian module.

Proof. (a) Let
KiCK,CK3C...CK,C...

be an ascending chain of submodules of M. Then we have
(Kl ‘R M) c (K2 ‘R M) - (K3 ‘R M) c...C (Kt ‘R M) C...

is an ascending chain of ideals of R. Thus by assumption, there exist r € V0 C \/Anng(M) and a
positive integer t such that (N;,; :x M) C (N; :x M)+ rR for all i > 0. This implies that

Nt+i = (Nt+i :R M)M g (Nt :R M)M+TM :Nt+1’M

for all i > 0, as needed.
(b) Let
KiCK,CK3C...CK,C...

be an ascending chain of submodules of M. Then we have
Anng(Ky) 2 Anng(Ky) 2 Anng(Kz)2... 2 Anng(K;) 2...

is a descending chain of ideals of R. Thus by assumption, there exist r € V0 C \/JAnng(M) and a
positive integer t such that Anng(N;)N (0 :g r) € Anng(Ny,;) for all i > 0. As M is faithful, Anng(r) =
Anng(rM). Thus by using [4, Proposition 3.3], we have

Niyi = (0:p Anng(Nyy;)) € (0 :p Anng(Ny) N (0:g 7)) =

(0:pr Anng(Ny) N Anng(rM)) = Ny + rM.

for all i > 0, as needed. O
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Definition 2.26. Let M be an R-module and f be an endomorphism of M. We say that f is nil-epic
if there exists r € \J/Anng(M) such that (0:); r) C Imf. Also, we say that f is nil-monic if there exists

r € \JAnng(M) such that Kerf C rM.
Theorem 2.27. Let M be an R-module and f be an endomorphism of M.

(a) If M is a nil-Artinian module, then there exists r € \/Anng(M) such that (0:p; r) S Imf"+Kerf"
for some 1, whence if f is monic, then f is nil-epic.

(b) If M is a nil-Noetherian module, then there exists r € \/Anng(M) such that Imf" N Kerf" CrM
for some 1, whence if f is epic, then f is nil-monic.

Proof. (a) Clearly, we have
Imf 2Imf>2--.

Thus by assumption, there exists r € \/Anng(M) such that Imf" N (0 :p; r) C Imf?" for some positive

integer n. Now, let x € (0 :p; 7). Then rx =0 and so rf(x) = 0. Hence, f(x) € (0 :j; 7). This implies that

f™(x) € (0:p1 7). Therefore, f"(x) € Imf" N (0:pr r) € Imf2". Thus f™(x) = f?"(y). Clearly,
x=f"y)+(x—f"(y)) e Imf" + Kerf".

Finally, if f is monic, then Kerf" = 0. This implies that (0:p; r) CImf" CImf.
(b) Since
Kerf CKerf>C---,

by assumption, there exists r € \/Anng(M) such that Kerf?" C Kerf" + rM for some positive integer
n. Now, let x € Imf"NKerf". Then x = f"(y) and f"(x) = 0. Thus f?"(y) = 0. Therefore, y € Ker f?" C
Kerf"+rM. Thus

x=f"(y) € fH(Kerf")+ fH(rM) = rf"(M) S M.

Finally, if f is epic, then Imf" = M. It follows that Kerf C Kerf" C rM, as needed. O
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1 Introduction

All lattices considered in this paper are assumed to have a least element denoted by 0 and a greatest
element denoted by 1, in other words they are bounded. Recently, the study of algebraic structures,
using the properties of lattice theory, tends to a useful research topic. Associating a lattice with
an algebraic structure allows us to obtain characterizations and representations of special classes of
algebraic structures in terms of lattices and vice versa (see for instance [5, 6, 8-14]).

Over the years, several types of ideals have been developed in order to let us fully understand the
structures of rings in general. The notion of prime ideal plays a key role in the theory of commuta-
tive algebra, and it has been widely studied ( see, for example, [1]). Recall from [2], a prime ideal P
of R is a proper ideal having the property that ab € P implies either a € P or b € P for each a,b € R.
In [19], Mohamadian defined a proper ideal I of R as an r-ideal if whenever a,b € R with ab € I and
ann(a) = 0 imply that b € I. He investigated the behavior of r-ideals and compare them with other
classical ideals such as prime and maximal ideals. In [21], Tekir et al., defined and studied some
subclass of r-ideals, namely, the class of n-ideals. A proper ideal I of a ring R is called an n-ideal if
whenever a,b € Rwithabel and a ¢ \/6, then b € I. Khashan and Bani-Ata generalized the concept
of n-ideals in [17] (also see [16] and [18]). A proper ideal I of a ring R is called a J-ideal if whenever
a,b e Rwith ab el and a ¢ J(R), then b € I, where J(R) is the Jacobson radical of R. In [4], Abouhalaka
et al. defined an ideal I of a ring R disjoint from S is called an S-J-ideal, if there exists an (a fixed)
s e Ssuchthatforalla, b eR,if ab eI, then either sa € J(R) or sb € I, where S is a multiplicative subset
of R. Let £ be a bounded distributive lattice and J(£) denote the Jacobson radical of L. J-filters was
introduced in some detail in [12]. A proper filter P of L is called a J-filter if whenever x vV y € P with
x € J(£), then y € P for every x,v € L. We say that a subset S C L is joinif 0 € S and s; Vs, € S for
all s;,s, € S. In this paper, we continue this approach and present S-J-filters as a generalization of
J-filters. A proper filter F of £ disjoint from S is called an S-J-filter (resp. a weakly S-J-filter) of £,
if there exists an (a fixed) s € S such that for all x,y € £, if x Vy € F (resp. 1 # x Vy € P), then either
sVxeJ(R)orsVyeF. The S-J-filter was introduced and studied in [12] in a very special case when
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S ={0}.

Among many other results in this paper, the first, preliminaries section contains elementary ob-
servations needed later on. In the third section of this paper, we collect some basic properties of
S-J-filters. At first, we give the definition of S-J-filters (Definition 3.1) and we provide an example
of lattices for which their S-J-filters and J-ideals are the same (Proposition 3.3). Next, we provide
an example (Example 3.4) of a S-J-filter of £ that is not a J-filter (resp. is not prime filter). Many
equivalent characterizations of S-J-filters for any lattice are presented in Theorem 3.7, Theorem 3.10
and Proposition 3.13. It is proved in Proposition 3.19 that an intersection of a nonempty family of
S-J-filters of £ is an S-J-filter and we provide some condition under which the converse of Propo-
sition 3.19 is true (Theorem 3.20). Theorem 3.22 proves that S-J-filters and S-J-primary filters that
contained in the Jacobson radical are the same.

Section 4 is dedicated to the investigation of the stability of S-J-join subsets in some lattice-
theoretic constructions. Let X be a nonempty subset of £ with £\ J(£) € X. Then X is called an
S-J-join subset of L if there exists s € S such that for all x,y € L withsvxe L\]J(L)andsVyeX
we have s VxVy e X. The concept of S-/-join subset of £ introduced in definition 4.2 is of some
fundamental importance in the subject. one crucial example of the idea is £\ (s vV P), where P is an
S-J-filter of £ for some s € S (Theorem 4.3). Similar to the prime ideals (see [20, Theorem 3.44]), it
is shown in Theorem 4.5 that if P is a filter of £ and X is an S-J-join subset of £ such that sV X C X
and PN X =0 fo some s € S, then there exists an S-J-filter K containing P such that K N X = 0. Also,
similar to minimal prime ideals (see [15, Theorem 2.1]), it is proved in Theorem 4.6 that if Q is an
S-J-filter of L, P is a filter of £ with P C sV Q for some s € S and sV Q € ming;(P), then for each
x €5V Q, there is some y € sV Q such that sV xVy € P (also, see Corollary 4.8 and Corollary 4.9).

In Section 5, we investigate the properties of S-J-filters similar to prime ideals. In particular, we
investigate the behavior of S-J-filters under homomorphism, in factor lattices, V-lattices, cartesian
product lattices, S-finite filters, SJ-finite filters, SJ-Noetherian lattices and filterlization lattices (see
Theorem 5.1, Theorem 5.3, Theorem 5.5, Proposition 5.8, Theorem 5.13 and Theorem 5.14).

2 Preliminaries

A poset (£,<) is a lattice if sup{a,b} = aV b and inf{a, b} = a A b exist for all 4,b € £ (and call A the
meet and V the join). A lattice £ is complete when each of its subsets X has a least upper bound
and a greatest lower bound in £. Setting X = £, we see that any nonvoid complete lattice contains a
least element 0 and greatest element 1 (in this case, we say that £ is a lattice with 0 and 1). A lattice
L is called a distributive lattice if (aVb)Ac=(aAc)V (bAc)forall ab,cin £ (equivalently, L is
distributive if (aAb)Vc=(aVc)A(bVec)forall ab,cin £). A non-empty subset F of a lattice £ is
called a filter, if forae F,be £,a<bimplies b e F,and x Ay € F for all x,y € F (so if £ is a lattice
with 0 and 1, then 1 € F, {1} is a filter of £ and 0 € F if and only if F = £). A proper filter F of L is
called prime if xVy € F, then x € F or y € F. A proper filter F of £ is said to be maximal if G is a filter
in £ such that F C G with F # G, then G = L. We define the Jacobson radical of £, denoted by J(£), to
be the intersection of all the maximal filters of £. A proper filter P of a lattice L is called a J-filter if
whenever x,y € £L with x Vy € P and x ¢ J(£), then y € P. Assume that P is a filter of £ and let S be
a join subset of £ disjoint with P. We say that P is an S-prime filter of £ if there is an element s € S
such thatforall x,y e Lif xVy € P,thensvVxe PorsVy e P. Let D be a subset of a lattice £. Then the
filter generated by D, denoted by T(D), is the intersection of all filters that is containing D. A filter
F is called finitely generated if there is a finite subset D of F such that F = T(D). A lattice £ with 1 is
called £-domainifavb=1 (a,be L), thena=1orb=1 (so L is £L-domain if and only if {1} is a prime
filter of £). If x € £, then a complement of x in £ is an element y € £ such that xVy =1and xAy = 0.
The lattice £ is complemented if every element of £ has a complement in £. If £ and £’ are lattices,
then a lattice homomorphism f : £ — £ is a map from £ to £’ satisfying f(xVy) = f(x) V f(y) and
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f(xAy)=f(x)A f(y) for x,y € L. Let X be a nonempty subset of £ and a € L. By a vV X, we mean the
set {a VvV x:x € X}. Assume that (£q,<1),(£;,,<,) are lattices and let £ = £, x £,. We set up a partial
order <, on L as follows: for each x = (x1,x;),y = (v1,92) € £, we write x <, v if and only if x; <; y; for
each i € {1,2}. The following notation below will be used in this paper: It is straightforward to check
that (£,<,) is a lattice with x V v = (x; Vv1,X, Vv5) and x A, v = (x1 Ay, X2 A yp). In this case, we say
that £ is a decomposable lattice. An element x of £ is called identity join of a lattice £, if there exists
1 #y € L such that x Vy = 1. The set of all identity joins of a lattice £ is denoted by I(£). A lattice £
is called presimplifiable if I(£) C J(£). First we need the following easy observation proved in [5, 6,
8,9].

Lemma 2.1. Let £ be a lattice.

(1) A non-empty subset F of L is a filter of L if and only if xVze Fand x Ny € F forall x,y € F, z€ L.
Moreover, since x =xV (x Av), v=yV (x Ay)and F is a filter, x Ny € F gives x,y € F for all x,y € L.

(2)IfFy,Fparefiltersof Land a € L, then F{VF, ={fiVfy: f € F|, [, € Fp}andaVF, ={aVf : f; € F1}
are filters of L and F1 V F, = F{ N F,.

(3) Assume that A is an arbitrary non-empty subset of L and let a € L. Then T(A)={xe L: ay Aay A
~~ANay, <xforsomea; € A(1<i<n)}and T({a}))=T(a)={xVa:xeL}

(4) If L is distributive, F,G are filters of Land y € L, then (G:zy F)={xe L:xVFC G}, (F:£ T(y)) =
(F:ry)={aeL:avyeF}and (1:yy)={xeL:xVy=1}are filters of L.

(5) If {F;}iea is a chain of filters of L, then | J;cp F; is a filter of L.

(6) If L is distributive and Fq, F, are filters of L, then F{ AF, ={fi A fo: fi € F1, f, € F,} is a filter of L
and Pl,Pz - P1 /\Fz.

(7)If f : L — L is a lattice homomorphism with f(1) =1, then Ker(f) ={x € L: f(x) = 1} is a filter of
L.

For undefined notations or terminologies in lattice theory, we refer the reader to [5, 6].

3 Properties of S-J-filters

In this paper, by £ we mean a bounded distributive lattice, and S will denote a join subset of £. We
remind the reader of the following definition.

Definition 3.1. A filter P of £ disjoint from S is called an S-/-filter of £, if there exists an (a fixed)
seSsuchthatforall x,ye L,if xVy € P, then either svVxeJ(L)orsVvyeP.

Remark 3.2. (1) Due to the symmetry between x and y, we can show that if P is an S-J-filter with
sVx,sVy &P, thensVvx,svye](L).

(2) If S = {0}, then the J-filters and S-J-filters of £ are the same.

(3) By definitions, it is clear that J(£) is an S-J-filter of £ if and only if J(£) is S-prime.

(4) By definitions, it is clear that every J-filter is S-J-filter.

Referring to [12, Theorem 3.4] states that £ is quasi-local if and only if every proper filter is a
J-filter. The next result determines the class of lattices for which their J-filters and S-J-filters are the
same.

Proposition 3.3. If L is a quasi-local lattice with unique maximal filter M, then every proper filter of L is
an S-J-filter.

Proof. Let P be a proper filter of £ and let x,y € L such thatxVyePandsvxeJ(L)=M forseS.
Then M AT(sVx)=L by maximality of M. If T(sVx) # L, then T(sVx) C M by [11, Lemma 2.1] gives
M = L, a contradiction. Therefore, T(sVx)=L. So0=sVxV z for some z€ L. Then x =0 gives y € P
and so s Vy € P. Thus, P is an S-J-filter. O
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Example 3.4. (1) Let £; = {0,a,b,c,1} be a lattice with the relations 0 <a<c¢<1,0<b<c<1,
aVb=cand aAb=0. Consider £L = L; x Ly, P ={1,c} x{1} = {(1,1),(c,1)} and S = {0,¢c} x{0,c} =
{(0,0),(0,¢),(c,0),(c,c)}. Then P is a filter of L with PNS =0, J(£y) = {a,c,1} N {b,c,1} = {1,c} and
J(L)=J(Ly)xJ(Ly) ={1,c} x{1,¢c} ={(1,1),(1,¢),(c,1),(c,c)}. Now, we show that P is an S-J-filter. Let
(x,9) Ve (x',9") = (x V&', Vy) € P for some (x,v),(x’,y’) € L. Then by the definition of £, yVy’' =1
gives either y = 1 or y” = 1. Without loss of generality, we can assume that y = 1. Then (c,c) V (x,1) =
(cvx,1)e]J(L)sincecVx=corcVx=1. Therefore, P is an S-J-filter of L.

On the other hand, P is not a J-filter since (a,b) vV (b,1) = (¢, 1) € P but neither (a,b) € P nor (b,1) €
J(£). Thus an S-J-filter need not be a J-filter.

(2) The collection of ideals of Z, the ring of integers, form a lattice under set inclusion which we
shall denote by £ with respect to the following definitions: mZvnZ = (m,n)Z and mZ AnZ = [m,n|Z
for all ideals mZ and nZ of Z, where (m,n) and [m, n] are greatest common divisor and least common
multiple of m, n, respectively. Note that £ is a distributive complete lattice with least element the
zero ideal and the greatest element Z. By [8, Theorem 2.9 (ii)], £\ {0} is the only maximal filter of
L and so L is a quasi-local lattice. It follows from Proposition 3.3 that every proper filter of £ is an
S-J-filter. Consider P ={Z,27,47Z,---}. Since 52V 77Z = Z € P with 57,77 ¢ F, we infer that P is not
a prime (maximal) filter.

Proposition 3.5. If P is an S-]-filter of L, then sV P C J(L) for some s € S. In particular, if J(£) = {1},
then sV P = {1} for some s € S.

Proof. We keep in mind that there exists a fixed s € S that satisfies the S-J-filter condition. On the
contrary, assume that s vV P is not a subset of J(£). Then there exists p € P such that sV p ¢ J(£). Now
p=pVvO0ePandsVp¢](L)implies thats=sVv 0e PNS, a contradiction. Hence, sV P C J(£). The
"in particular" statement is clear. ]

Corollary 3.6. If P is a J-filter of L, then P C J(L). In particular, if ](L) = {1}, then P = {1}.
Proof. Take S = {0} in Proposition 3.5. O
In the following theorem we give one other characterizations of S-J-filters.

Theorem 3.7. If P is a filter of £ with S NP =0, then the following assertions are equivalent:

(1) Pis an S-J-filter of £;

(2) There exists s € S such that for all F, G two filters of £, if F vV G C P, then either sV F C J(£) or
sVGCP.

Proof. (1) = (2) Since P is an S-J-filter, we infer that there is an element s € S such that forall a,b € £,
ifavbeP,thensvae](L)orsVbeP. On the contrary, assume that for all t € S, there are F;, G; two
filters of L with F; VG, CP,but t VF, ZJ(£) and t vV G, € P. So there exist F,, G, two filters of £ with
F;VGyCP,butsVF,ZJ(L)and sV Gy € P, as s € S. This shows that there exist a5 € F; and b, € G;
such that a; Vb € P, sVas ¢ J(£) and sV bg ¢ P which is impossible, as P is an S-J-filter, i.e. (2) holds.

(2)=> (1) Leta,b e LsuchthatavbeP. Set F =T(a)and G = T(b). Then FV G C P gives there exits
seSsuchthatsvaesVFCJ(L)orsvVbesVvGCPby(2),i.e. (1)holds. O

Corollary 3.8. If P is a filter of L, then P is a J-filter of L if and only if for all filters F,G of L, FV G C P
implies that F C J(L) or GC P.

Proof. Take S = {0} in Theorem 3.7. O

Proposition 3.9. Let P be a filter of L disjoint from S. If there exists an s € S such that (P :/ s) is a ]-filter,
then P is an S-]-filter of L.
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Proof. Let xVy € P for some x,y € L. ThenxVy e (P :/s) gives x € J(L) or y € (P :/ 5) which implies
thatsvxeJ(L£)orsVyeP.,asneeded. O]

The following theorem provides some condition under which the converse of Proposition 3.9 is
true.

Theorem 3.10. Suppose that P is a filter of £ disjoint from S and J(£) is a J-filter of £ such that
J(£)N'S = 0. Then P is an S-J-filter of £ if and only if there exists s € S such that (P :/ s) is a J-filter
of L.

Proof. One side is clear by Proposition 3.9. To see the other side, assume that P is an S-J-filter of L.
Suppose that s € S satisfies S-J-filter condition for P. Let xVy € (P :/ s) for some x,y € £ and x & J(£).
Then xV (s Vy) € P gives either svVx e J(L)orsVyeP. If sVxe (L), then x € J(L) since J(L)NS =0,
a contradiction. Therefore, sVy € P andsoy e (P :/ s). O

Proposition 3.11. Let P be a filter of L disjoint from S. Then, P is an S-]-filter if and only if for some
seS,(P:pa)S(J(L):gs) forallag (P :y s).

Proof. Suppose that P is an S-J-filter of £. Let s € S satisfies S-J-filter condition for P. Now, let
x € (P :r a), where a ¢ (P :f s) (so aVs ¢ P). Then by assumption, aV x € P gives sV x € J(£), i.e.
x € (J(L£) :z s). Conversely, assume that x Vy € P for some x,y € L. If sVy ¢ P (i.e. y € (P :£ s)), then
by the hypothesis, x € (P :y v) C (J(£) :£ s). This shows that s vV x € J(£). O

Corollary 3.12. P is a J-filter of L if and only if (P :y a) C J(L) for all a ¢ P.
Proof. Take S = {0} in Proposition 3.11. O

Proposition 3.13. Let P be a filter of L disjoint from S. Then, P is an S-]J-filter if and only if for some
seS,(P:pa)C(P:gs)forallag (J(L):r s).

Proof. Suppose that P is an S-J-filter of £ and let s € S satisfies S-J-filter condition for P. Now, let
x € (P:ra), wherea e (J(£):rs) (sosVae](L)). Then by assumption, aV x € P gives sV x € P, i.e.
x € (P :z s). Conversely, assume that x Vy € P for some x,ye L. If svVx ¢ J(L) (i.e. x & (J(£) :£ 5)), then
by the hypothesis, y € (P : x) C (P :£ s). This shows that svVy e P. O

Corollary 3.14. P is a J-filter of L if and only if (P :y a) = P for all a & J(L).
Proof. Take S = {0} in Proposition 3.13. O

Corollary 3.15. If P is a proper filter of a lattice L, then the following statements are equivalent:
(1) P is a J-filter of L;
(2) P=(P:f x) for every x & ] (L);
(3) For filters G and K of L, GV K C P and G is not subset of (L) gives K C P;
(4) (P :z x) CJ(L) for every x & P.

Proof. This is a direct consequence of Corollary 3.8, Corollary 3.12 and Corollary 3.14. O]
Proposition 3.16. If P is an S-]-filter of L and a & P, then (P :/ a) is an S-]-filter.

Proof. Since P is an S-J-filter, we conclude that there is an element s € S such that for all x,y € £,
if xVyeP,thensvxe](L)orsVyeP. It suffices to show that there exists u € S such that for all
filters F,Gof £, if FV G C (P :; a), then either u VF C J(£) or u VG C (P : a) by Theorem 3.7. On
the contrary, assume that for all t € S, there are F;, G; two filters of £ with F; vV G; C P, but t V F; is
not a subset of J(£) and ¢ V G, is not a subset of (P :, a). So there exist F, G, two filters of £ with
F,V Gy C (P :f a), but sV F is not a subset of J(£) and s V G, is not a subset of (P :, a), as s € S. This
shows that there exist a, € F; and b, € G, such that a;,Vb,Vae P,sVa, ¢ J(L)and sV (byVa) ¢ P which
is impossible, as P is an S-J-filter, i.e. (P :/ a) is an S-]-filter. O
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An S-J-filter P of L is called a maximal S-J-filter if there is no S-J-filter which contains P properly.

Theorem 3.17. If P is a maximal S-J-filter of £, then P is a prime filter. If, in particular, P = (J(£) :£ s)
for some s € S, then the converse is true.

Proof. Suppose that P is a maximal S-/-filter and let x,y € £ such that xVy € P and x ¢ P. Then
(P :r x) is S-J-filter by Proposition 3.15 and P C (P :/ x). By Maximality of P, we havey € (P:y x) =P
and hence P is a pime. Suppose that P = (J(£) :/ s) for some s € S and let aV b € P for some a,b € L.
Since P is prime, we conclude that either sVvae PorsVvb e J(L). So P is an S-J-filter of L. Let Q be
any S-J-filer of £. Then by Proposition 3.5, Q C (J(£) :¢ s), which shows the maximality of P. O]

Theorem 3.18. If J(£) = {1}, then the following statements are equivalent:

(1) £ is an £-domain;

(2) The filter {1} is the only S-J-filter of £;

B)(L:zxVvy)=(1:£x)U(1:, ) for every x,y € L.
Proof. (1) = (2) If P is a S-J-filter of £, then sV P = {1} for some s € S by Proposition 3.5. If p € P,
thensVvp=1givesp=1andso P ={1}, as L is a L-domain. Clearly, P = {1} is an S-J-filter.

(2) = (3) Assume that s € S satisfies S-J-filter condition for {1}. At first, we show that (1 :, z) is
a S-J-filter foreach 1 #z € L. Let a,b € L suchthatavbe(l:sz)and sVva¢J(L). Then {1} is an
S-J-filter gives s VbV z=1; hencesVbe(l:,z). Therefore, by our hypothesis, we have (1 :/ z) = {1}
for each 1 #z € £. This immediately implies that (1: xVy) =(1:£ x)U (1 :£ p) for every x,y € L.

(3) = (1) Let xVy =1, where x,y € L. Then L =(1:£ xVy)=(1l:x)U(l: p) implies that
0e(l:xx)U(1:£y). This means that x=1ory=1,1i.e. (1) holds. O

Proposition 3.19. If {P;};ca is a nonempty family of S-J-filters of L, then P = N;caAP; is an S-]-filter of L.

Proof. Clearly, PNS =0. Leta,be LsuchthatavbePandsVx¢]J(L)forsomeseS. ThenavbeP,
for each i € A gives s Vb € P, for all i € A, as they are S-J-filters; hence s V b € P and so the result
holds. -

The following theorem provides some condition under which the converse Proposition 3.19 is true.

Theorem 3.20. Let Pj,---, P, be prime filters of £ which are not comparable. Then N, P, is an S-J-
filter of £ if and only if P, is an S-J-filter for i € {1,---,n}.

Proof. One side is clear by Proposition 3.19. To see the other side, assume that s € S satisfies S-
J-filter condition for N;_ ;. Let xVy € P; for some x,y € £ and take z € (N;,;jP;) \ P;. Therefore,
xVyVzeni P.Since NP is an S-J-filter, we conclude that either svVx e J(L)orsvVyVvzen P
and so s Vy Vze P,. This implies that s Vy € P;, i.e. P; is a S-J-filter of L. O

For a filter P of a lattice £, the Jacobson radical of P, denoted by J(P), is defined as the intersection
of all maximal filters of £ containing P.

Definition 3.21. A filter P of £ with PN S = 0 is called an S-J-primary, if there exists an (a fixed)
se S such that forall x,y € £, if x Vy € P, then eithersvVx e J(P)orsvyeP.

In the following result, we show that S-J-filters and S-J-primary filters that contained in J(£) are
the same.

Theorem 3.22. If P is a proper filter of a lattice £ such that P C J(£), then P is an S-J-filter if and
only if P is S-J-primary.

Proof. Suppose P is an S-J-filter of £. Assume that s € S satisfies S-]-filter condition and let xVy € P
with s vV x ¢ J(P). Since J(£) C J(P), we conclude thats V x ¢ J(£). Now, P is an S-J-filter gives s Vy € P
and so P is an S-J-primary filter of £. Conversely, assume that P is a S-J-primary filter of £ and let
avbePwithsvae](L)for somes e S. Now, P C J(£) implies that J(P) C J(J(£) =J(£) by [12, Lemma
3.17]. Therefore,sVa ¢ J(P) and sosVbe P, as P is S-J-primary. Hence, P is an S-J-filter. ]
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4 properties of S-J-join subsets

We continue this section with the investigation of the stability of S-J-join subsets in some ring-
theoretic constructions. Let us begin this section with the following lemma.

Lemma 4.1. If P is an S-]-filter of L, then sV P is an S-]-filter of L for some s € S.

Proof. If sV x € sV P for some x € P, then sV x € P, as P is a filter; hence s V P C P. Suppose that
s € S satisfies S-J-filter condition for P and let avVb € sV P C P for some a,b € L. Since P is an
S-J-filter, we conclude that either s Va € J(£) or s Vb € P which implies that either s Va € J(£) or
sVb=sV(sVvb)esVP. Therefore, sV P is an S-J-filter of L. O

Definition 4.2. Let 7 be a nonempty subset of £ with £\](£) C7. Then T is called a S-J-join subset
of L if there exists s € S such that for all x,y e Lwithsvxe L\]J(£)and sVy €T wehavesvxVvyeT.

In the following proposition, we describe the relation between S-J-filters and S-J-join-subsets of
L.

Theorem 4.3. If P is a proper filter of £, then the following statements are equivalent:
(1) P is an S-J-filter of £;
(2) L\ (sV P)is a J-join-subset of £ for some s € S.

Proof. (1) = (2) We keep in mind that there exists a fixed s € S that satisfies the S-J-filter condition
for P. Since sVP C J(L) by Proposition 3.4, we conclude that £\]J(£) € L\(sVP). Letsvx e L\](L) and
sVy e L\(sVP). We show that svxVy € L\(sVP). On the contrary, assume that sVxVy € sV P. Since
sV Pisan S-J-filter by Lemma 4.1 and s vV x ¢ J(£), we infer that s Vy € s V P which is a contradiction.
Thus,sVxVvyeL\(sVP)andso L\ (sVP)isan S-J-join subset of L.

(2)=>(1)Letx,ye LandxVye P (sosVxVyesVP)withsvxe]J(L). Then we havesvyesvP CP
since otherwise we would have s Vx Vy e £\ (s V P) which is impossible by (2), i.e. (1) holds. O

Proposition 4.4. For S-]-filters Py,---,P, of L, let s; € S satisfies S-]-filter condition for P;, where i €
{1,---,n}. Then T =N/_(L\(s; V P;)) is an S-]-join subset of L.

Proof. Tt is clear that L\ J(£) CT. Sets =V} ;s;. Let x,y € LsuchthatsvxeL\](£)andsVyeT.
Then for each i € {1,---,n}, s; vx e L\]J(L)and s; Vy € L\ (s; V P), as J(L), s; V P; are filters of
L. This shows that s; VxVye L\(s; VP) for each i € {1,---,n} by Proposition 4.3. We claim that
SVXVy = ((V?ijsj)Vx)v(s,- Vy)e L\(s; VP)forallie{l,---,n}. Otherwise, s; V P, is an S-]-filter gives
either svx e J(L)ors; Vy €s; VP which is impossible. This implies that sVxVy e 7, as needed. [

The following Theorem is a lattice counterpart of Theorem 3.44 in [20] describing the structure of
S-J-filters.

Theorem 4.5. Suppose P is a filter of £ and let 7 be a S-J-join subset of £ such that s € S satisfies
S-J-join subset condition for 7,sVvV7 €7 and PN7T = (. Then there exists an S-J-filter Q containing
P suchthat QN7 =0.

Proof. Let A be the set of all filters G of £ such that P € G and GN7T = 0. Since P € A, we conclude
that A = 0. Clearly, (A, C) is a partial order. Let {P,};cA be a chain of elements of A and set H = (J;cp B;.
It is clear that H is a filter of £ and H € A. Thus H is an upper bound of the chain {P,};c5; hence by
Zorn’s Lemma, A has a maximal element Q containing P such that QN7 = 0. It remains to show that
Qis an S-J-filter of £. Assume that s € S satisfies S-]-join subset condition for 7. On the contrary, let
xVy € Qsuchthatsvx¢J(L)andsVy ¢ Q (soy & Q). Since Q & (Q :£ x), we infer that (Q:x x)NT =0
by maximality of Q and so there exists t € 7 with sVt € sV7T C 7T such thattVvxe Q. SincesVx & J(L)
and sVt €T, we conclude that stV xe QN7 which is a contradiction. Therefore, Q is an S-J-filter
of Lwith QN7 =0and P C Q. O
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If P is a filter in £, the set of all minimal S-J-filters (resp. the set of all minimal J-filters) over P
will be denoted by ming;(P) (resp. minj(P)) (set ming;({1}) = ming;(£) and min;({1}) = min;(£))).

The following theorem is a weakly S-J-filters counterpart of Theorem 2.1 in [15] describing the
structure of such filters.

Theorem 4.6. Suppose that Q is an S-J-filter of £ such that s € S satisfies S-J-filter condition for Q
and let P be a filter of £ with P CsVv Q. If s V Q € ming;(P), then for each x € s vV Q, there is some
y€sVQsuchthatsvxvyeP.

Proof. Set X = L\ (sV Q). At first, we show that sVX C X. Let sVx e sV X for some x € X butsvx ¢ X
(sosVxesVvQ). Since L\ (L) C X by Proposition 3.4, then sV x ¢ J(£). Now, (sVx)vV0esVQand
sV(svx)=sVxeg](L)givess=sV0e(sVQ)NS, acontradiction, as s V Q is an S-J-filter by Lemma
4.1. SosvXCX.

Next, we prove that £\ (s V Q) is a S-J-join subset that is maximal with (£ \ (s V Q)) NP = 0. Since
(L\(sVQ))NP =0, the set A of all S-J-join subsets, say 7, with 7'NP = 0 is not empty. Of course, the
relation of inclusion, C, is a partial order on A. Now A is easily seen to be inductive under inclusion,
so by Zorn’s Lemma A has a maximal element 7 with PN7 =0 and sV 7 C 7. By Theorem 4.5,
there is a filter K of £ containing P that is maximal with respect to being disjoint from 7" which is
S-J-filter. Note that KN (£ \ (s V Q)) = 0 which implies that K = Q. Hence, 7 = £\ (s V Q). Therefore,
L\ (s vV Q) has the stated property. Let 1 #a € Q and set

T:{s\/b)v(/\;’zla):s\/beL'\(s\/Q), n=0,1,---}

(note that A;_,a is interpreted as 0, and clearly, Al_,a = a). Since Q is a S-J-filter of £, we conclude
that £\ (s vV Q) is a S-J-join subset of £ by Proposition 3.7;s0 L\ J(£L) S L\ (sVQ)C 7. Letu,ve L
such that sVu ¢ J(£) and s Vv € T. We show that s Vu Vv e 7. By the hypothesis, sVv=(sVb)Va
for some s Vb sV Q which implies that sVu Vv =(svVbVu)vVa. ThensVbVu¢sVQ (otherwise,
eithersvVueJ(L)orsvbesVvQbyLemma 4.1, a contradiction) and sosVu Vv € 7. Then 7 is an
S-J-join subset that properly contains £\ (s V Q); so PN7 = (0 by maximality of £\ sV Q. So there is
somesVbeL\(sVQ)suchthatsvavbeP. O

Corollary 4.7. Suppose that Q is an S-]-filter of L such that s € S satisfies S-]J-filter condition for Q. If
sV Q € ming;(P), then for each x € sV Q, there is some y € sV Q such that sVxVy =1.

Proof. Take P = {1} in Theorem 4.6. O

Corollary 4.8. Suppose that Q is a J-filter of L and let P be a filter of L with P C sV Q. If Q € minj(P),
then for each x € Q, there is some y & Q such that xVy € P.

Proof. Take S = {0} in Theorem 4.6. O

Corollary 4.9. Suppose that Q is a ]-filter of L. If Q € minj(L), then for each x € Q, there is some y € Q
such that xVy = 1.

Proof. Take S = {0} in Corollary 4.7. O]

Theorem 4.10. Suppose P is an S-J-filter of a presimplifiable lattice £ and let s € S satisfies S-
J-filter condition for P. If P is prime, s V P € ming;(£) and ¢ € £ has a complement in £, then
Q=(sVP)A(1:,c)isan S-J-filter.
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Proof. Let x,y € L such that x Vy € Q withsvx & J(£). ThenxVy =pAb for some p €sV P and
bV c=1. By Corollary 4.7, there exists g € sV P such that s Vp Vv g = 1. Therefore, (sVx)V(cVqVy)=
(cVsVq)V(xVy) = (cVsVq)V(pAb) = (cVsVqVp)A(cVsVqVvb) =1V1 =1. SincesVx & J(L), we conclude
that svx ¢I(£);socVvqVy=1¢€ P which implies that cVy € P, as P is prime. By assumption, there is
an element ¢’ € L such that cvc’=1and cAc’ = 0. Now, sVy = (sVy)V(cAc') = (sVyVe)A(sVyVe') € Q,
and therefore Q is an S-J-filter.

5 S-J-filters in related lattices

We begin this section with the investigation of the stability of S-J-filters in various lattice-theoretic
constructions.

Theorem 5.1. Let £ be a complemented lattice. If f : £ — £’ is a lattice homomorphism such that
f(0)=0and f(1) =1, then the following hold:

1) If f is epimorphism and P is an S-J-filter of £ with ker(f) C P, then f(P) is an f(S)-]-filter of
L.

(2) If K is an f(S)-J-filter of £’ with ker(f) CJ(L), then f~!(K) is an S-]-filter.

Proof. At ﬁrst, we need to prove that f(S)N f(P) = 0. Otherwise, there are elements pe Pand t € S
such that f = f(t). By assumption, pVp’ =1 and p Ap’ = 0 for some p’ € L. Since f(tVp') =
f()Vv£fip f pVp') =1, we conclude that t vV p’ € ker(f) C P which implies that t =tV (p Ap’) =
(tVp)A(t V p’)e PNS, as P is a filter, a contradiction. Also, it is clear that f(S) is a join subset of £’.

(1) Let x,y € £” such that x Vy € f(P). Since f is an epimorphism, there exist a,b € £ such that
x = f(a)and y = f(b). Then xVy = f(aVvb)e f(P)and so f(aV b) = f(c) for some c € P. By the
hypothesis, cVc¢’=1and cAc’ =0 for some ¢’ € L. Since f(avVbVvc')= f(avb)V f(c’) =1, we conclude
thatavbVvc eker(f)CP;henceavb=(avb)V(cAc)=(aVvbVec)A(avbVvc')eP,asPis a filter.
Then there exists s € S such that either svVae J(£)or sVvbe P, as P is an S-J-filter. Therefore, either
f(s)vx=f(sva)e f(J(L) SJ(L)or f(s)Vy = f(sVb)e f(P), as required.

(2) Since K is an f(S)-J-filter of £’, we infer that there exists s € S such that for all x’,y" € £’
with x’ vy’ € K we have f(s) Vx’ € J(L') or f(s)Vy’ € K. Now, let a,b € £L with aVv b € f1(K) and
sVaé]J(L). Then f(a)V f(b) = f(aV b) € K. First, we show that f(sVa) ¢ J(L’). On the contrary,
assume that f(sVa) € ]( ). Let M be any maximal filter of £. Then f(M) is a maximal filter of
L’. Since f(sVa) e J(L) C f(M), we conclude that f(sV a) = f(m) for some m € M. By assumption,
mvVm =1and mAm =0 for some m’ € L. As f(svavm’)= f(m)V f(m’) =1, we conclude that
svavm' eker(f)C M; hencesvVa=(svVa)V(imAm')=(sVaVvm)A(svVavm’')eM,as M is a
filter. Therefore, s vV a € J(£) which is a contradiction. Since K is an f( )-J-filter, f(a) Vv f(b) € K and
f(s)V f(a)e](L'), weget f(s)V f(b)=f(svb)eKandsosVbe f! O

Quotient lattices are determined by equivalence relations rather than by ideals as in the ring case.
If P is a filter of a lattice (£,<), we define a relation on £, given by x ~ y if and only if there exist
a,b € P satisfying x Aa =y Ab. Then ~ is an equivalence relation on £, and we denote the equivalence
class of a by a A P and these collection of all equivalence classes by £L/P. We set up a partial order <,
on L/P as follows: for each aAP,bAP € L/P, we write aAP <o bAP if and only if a < b. The following
notation below will be used in this paper: It is straightforward to check that (£/P, <) is a lattice with
(@aAP)Vqo(bAP)=(aVvb)APand (aAP)Ag(bAP)=(anb)AP for all elements aAP,b AP € L/P. Note
that p AP = P if and only if p € P (see [10, Remark 4.2 and Lemma 4.3]). An inspection will show
that if P is a filter of £, then S = {s A P : s € S} is a join subset of L/P.

Corollary 5.2. Suppose L is a complemented lattice and let P, Q be two filters of L with P C Q. Then the
followings hold:
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(1) If Q is an S-]-filter of L, then Q/P is an Sq-]-filter of L/P;
(2) If Q/P is an S-]-filter of L/P and P C J(L), then Q is an S-]-filter of L;
(3) If Q/P is an Sg-]-filter of L/P and P is a ]-filter of L, then Q is an S-]-filter.

Proof. (1) Let v : £L — L/P be the natural epimorphism defined by v(x) = x A P for x € L. Then
ker(v)={xe L:xAP=1AP}=P CQby[10, Lemma 4.3] and so by Theorem 4.1 (1) and [10, Lemma
4.3] that v(Q) = {x AP : x € Q} = Q/P is an S-]-filter of L/P, where v(S) = Sg,.

(2) Consider the natural epimorphism v : £ — £/P defined by v(x) = x AP for x € L. Since P C J(£),
we conclude that v™1(Q/P) = Q is an S-J-filter of £ by Theorem 5.1 (2).

(3) Since P is a J-filter of £, we conclude that P C J(£) by Corollary 3.5. Now the assertion follows
from (2). O

If F is a proper filter of £, then by a V-factorization of F we mean an expression of F as an inter-
section (7_, F; of S-J-filters. We call £ a V-lattice if every proper filter has a V-factorization.

Theorem 5.3. Let P be a proper filter of a complemented lattice £. If £ is an V-lattice, then £/P is
an V-lattice.

Proof. Let Q be a proper filter of £/P. Then Q = K/P for some proper filter K of £ by [10, Lemma 4.3
(5)]. Let K =N, P; be a V-factorization of K. Then Q = (N!_, P;)/P = N;_, P,/P by [10, Lemma 4.3 (7)].
By Corollary 5.2 (1), we conclude that P,/P is an Qg-J-filter of £/P for each i € {1,2,---,n}. It means
that £/P is an V-lattice. O

Lemma 5.4. Suppose L =L x L, is a decomposable lattice. Then J(L) = J(L) % J(L,).

Proof. If P is a proper filter of £, then P is a maximal filter of £ if and only if P = P| x £, for some
maximal filter P of £; or P = £ x P, for some maximal filter P, of £, by [12, Lemma 4.16]. Since
(P;xL2)N (L1 xP;) = P;xP; and (P,-><P]~)ﬂ(Pi’><Pj’) = (P,-ﬂPZ-’)x(PjﬂPj'), we infer that J(£) = J(£1)xJ(£,). O

We next show that S-J-filters are really only of interest in indecomposable lattices.

Theorem 5.5. Assume that £ = £ x £, is a decomposable lattice and let P, P, be filters of £;, £,
respectively. If S; is a join subset of £;, i = 1,2, then the following hold:

(1) Py x £, is an (S; x S,)-J-filter of £ if and only if P, is an S;-J-filter of £1 and J(£,) NS, = 0.

(2) L1 x Py is an (S x S,)-J-filter of £ if and only if P, is an S,-J-filter of £, and J(£;) N S; = 0.

Proof. (1) It is easy to see that (P, x£,)NS =0 if and only if P, NSy =0 and S = §; xS, is a join subset
of L. Suppose that P = P; XL, is an S-]-filter of £ and let (s1,s;) € S satisfies S-J-filter condition for P.
Since (1,0) V. (0,1) =(1,1) € P, we conclude that either (sy,s;) V. (0,1) = (s1,1) € P or (s1,5) V- (1,0) =
(1,s5) € J(L) = J(L£y) xJ(£,) by Lemma 5.4. This shows that either s, € J(£;) (so J(£;) NS, #0) or
s; € Py NSy which is impossible. Let p vV p’ € P for some p,p’ € £1. Then (p,0) V. (p’,0)=(pVvp’,0)eP
gives (51,52) Ve (p,0) = (s1 Vp,s2) €J(L) = J(L1) X J(L2) or (s1,52) Ve (p’,0) = (s1 V p',s2) € Py x L; hence
either sy VpeJ(L)ors; Vp'eP. Therefore, P, is an S;-/-filter.

Conversely, suppose P; is an S;-/-filter of £; and J(£;)N S, # 0. Assume s, € Sy satisfies S;-]-filter
condition for P; and let (p,q),(p’,q’) € L such that (p,q)V.(p’,q") =(pVp’,qVq’) € P. Thens; Vp € J(Ly)
or sy Vp’ € P, as pVp’ € P. By the hypothesis, there exists s, € S, such that s, € J(£,). This shows
that (p,q) V¢ (s1,52) = (51 Vp,52Vq) € J(L£) = J(L1)x] (L) o (s1,52) Ve (p',q") = (s1Vp',52Vq’) € P. Hence,
P is an S-J-filter of L.

(2) The proof is similar to that in case (1) and we omit it. O]

Lemma 5.6. If P is a finitely generated filter of L and a € L\ P, then aV P is a finitely generated filter.

Proof. Let P = T(A), where A = {py,---,p,} € P. An inspection will show that a vV P = T(B), where
B={aVpy,---,avVp,}CaVvP. O
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We say that a filter P of £ is S-finite if s V P C F C P for some finitely generated filter F of £ and
some s € S.

Proposition 5.7. For the lattice L, the following hold:

(1) Let P be an intersection of maximal filters of L. If P is a finitely generated S-]-filter, then J(L) is
S-finite.

(2) If J(L) is finitely generated, then it is S-finite. In particular, if P is a finitely generated maximal
S-J-filter, then J(L) is S-finite.

Proof. (1) Since P is S-J-filter, we conclude that J(£) € P C (J(£) :z s) for some s € S by Proposition
3.4. Therefore, sV J(£) CsV P CJ(L£) and since sV P is finitely generated by Lemma 5.6, we infer that
J(L£) is S-finite.

(2) This is a direct consequence of (1). O

Proposition 5.8. Let P, Q and K be filters of L such that sV K € J(L) for all s € S. Then the following hold:

(1) Let P and Q be S-]-filters of L. If P is a finitely generated with KV P = KV Q, then Q is a S-finite
filter.

(2) Let P and Q be S-J-filters of L. If Q a finitely generated with KV P = KV Q, then P is a S-finite
filter.

(3) If K V P is a finitely generated S-]-filter, then P is S-finite.

Proof. (1) Assume that s € S satisfies S-J-filter condition for Q. Since KVP = KvQ C Qand sVK € J(£)
, we conclude that s VP C Q by Theorem 3.6, as Q is an S-J-filter. Similarly, There exists t € S such
that t vV Q C P. Therefore, (sVt)VQCsVPCQ. Fors’=sVvteS,s’VQCsVPCQ,wheresVPis
finitely generated by Lemma 5.6. Hence, Q is S-finite.

(2) Similar to the proof of the part (1), one can show that P is S-finite.

(3) SincesVK € J(£) and K Vv P is S-]J-filter, we infer that sV P C KV P C P and so P is S-finite. [J

Corollary 5.9. Let P,Q and K be filters of L such that K  J(L). Then the following hold:
(1) Let P and Q be J-filters of L. If P is a finitely generated with KV P = KV Q, then Q is a S-finite
filter.
(2) Let P and Q be ]-filters of L. If Q a finitely generated with KV P = KV Q, then P is a S-finite filter.
(3) If K V P is a finitely generated J-filter, then P is S-finite.

Proof. Take S = {0} in Proposition 5.8. O

Definition 5.10. (1) A proper filter P of L is called SJ-finite if sV P C G C P C J(£) for some finitely
generated filter K of £ and some s € S.
(2) We say that £ is S]-Noetherian if each proper filter of £ is S]-finite.

Lemma 5.11. If P C J(£) is a filter of L which is maximal among all non-S]-finite filters of L, then P is a
J-filter of L.

Proof. Let a,b € L suchthatavbe P and a ¢ J(£) (so a & P). We show that b € P. On the contrary,
assume that b € P. By an argument like that in [13, Lemma 2.20], there exists,t € S, p1,---,p, € P and
by,---,by € (P:ra)suchthat (svt)VPCT(A)C P, where A={p, Vt--,p,Vt,aVby,--,aVvVb}CP;
hence P is S-finite, a contradiction. Thus P is a J-filter of L. O

Proposition 5.12. L is S]-Noetherian if and only if every J-filter of L (disjoint from S) is S-finite.
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Proof. One side is clear. To see the other side, suppose that P is S]-finite for each J-filter P of £
disjoint from S. On the contrary, Suppose that £ is not SJ-Noetherian. Then the set A of all non-
S]-finite filters of £ is inductively ordered under inclusion. By Zorn’s Lemma, choose Q maximal in
A. Then Lemma 5.11 implies that Q is a J-filter of £. If QNS # 0, then sV Q C T(s) C Q for every
se QNS gives Q is S]-finite, a contradiction. Thus QNS = 0. Now, by the hypothesis, Q is SJ-finite
which is impossible since Q € A. Thus £ is S§/-Noetherian. O

In the following theorem we give an SJ-version of Cohen’s Theorem (Theorem 2 in [7])

Theorem 5.13. For a lattice £, the following assertions are equivalent:
(1) £ is S]-Noetherian;
(2) Every S-J-filter of £ is S]-finite;
(3) Every J-filter of £ is S]-finite.

Proof. (1) = (2) By assumption, each proper filter of £ is S/-finite.

(2) = (3) Let P be a J-filter of L. If PNS # 0, then sV P C T(s) C P for every s € PN S gives P is
S]-finite. If PN'S =0, then P is an S-J-filter of £; hence by the hypothesis, P is S-finite.

(3) = (1) Follows from Proposition 5.12. O

Similar to the idealization of a module over a ring (Huckaba in [14]), the remaining part of this
section mainly devoted to investigation the stability of S-J-filters in the filterlization of a lattice and
a filter. Let M be a filter of lattice L. The filterlization L(+)M = {(a,m) : a € L,m € M} of M in
L is a lattice with respect to the following definitions: (1) (a,m) = (a’,m’) if a = a’ and m = m’, (2)
(a,mq1) Ap (b,my) = (aAb,my Amy)and (3) (a,m;1) VE (b,my) =(aV b,(aV my)A(bV mq)). Under these
definitions £(+)M becomes a lattice. An easy inspection will show that S, = S(+)M is a join subset
of L(+)M and J(L(+)M) = J(L)(+)M. In addition, if F is a filter of £, then for a subfilter N of M,
F(+)N is a filter of £(+)M if and only if F Vv M C N. Here we clarify the relationships between
S-J-filters in a lattice £ and in a filterlization lattice £(+)M.

Theorem 5.14. Let P be a filter of a lattice £ and K be a subfilter of M. Then the following hold:
(1) If P(+)K is an Syy-J-filter of L(+)M, then P is an S-J-filter of L.
(2) P(+)M is an S-J-filter of £(+)M if and only if P is an S-J-filter of L.

Proof. (1) Let P(+)K is an S -J-filter of L(+)M. So Sy N(P(+)K) =0 gives SNP =0. Let x,y € £ such
that x Vy € P. Then (x,1) Vg (,1) = (x Vy,1) € P(+)K implies that there exists (s,m) € Sy such that
either (s,m) Vg (x,1) = (s Vx,x Vm) € J(L(+)M) = J(L)(+)M or (s,m) Vg (y,1) = (s Vy,y vV m) € P(+)K.
Hence, either sVx e J(£)orsVyeP andso P is an S-]-filter of L.

(2) Suppose that P(+)M is an Sy,-J-filter of £L(+)M. Then P is an S-J-filter of £ by (1). To see the
other side, suppose P is an S-J-filter of £ and let s € S satisfies S-J-filter condition for P. Note that
SuNPH)M)=0,as SNP =0. Let (p,m) Ve (p’,m’)=(pVp’,(pVm')A(p’Vm)e P(+)M for some
(p,m),(p’,m’) € L(+)M. By the hypothesis, since p V p” € P, we conclude that either s V p € J(£) or
sV p’ € P which implies either (s,m) Vg (p,m) € J(L)(+)M = J(L(+)M) or (s,m) Vg (p’,m’) € P(+)M.
This shows that P(+)M is an Sy,-J-filter of L(+)M. O

Corollary 5.15. Let P be a filter of a lattice L and K be a subfilter of M. Then the following hold:
(1) If P(+)K is a J-filter of L(+)M, then P is an ]-filter of L.
(2) P(+)M is an ]-filter of L(+)M if and only if P is an J-filter of L.

Proof. Take S = {0} in Theorem 5.14. O
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