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Abstract. In this paper, we introduce and study some new generalizations of second submodules via
a function ¢ on the set of all submodules of a module. Let R be a ring with non-zero identity, M be an
R-module and ¢ : S(M) — S(M) be a function where S(M) is the set of all submodules of M. A non-zero
submodule N of M is said to be a p-second submodule if, for any element a of R and a submodule K of M,
aN C K and ap(N) € K imply either N C K or a € anng(N). Let n > 2 be an integer and ¢, : S(M) — S(M)
be the function defined by ¢,(L) = (L :y anng(L)"™) for every L € S(M). Then a ¢,-second submodule of
M is said to be an n-almost second submodule of M. We determine various algebraic properties of these
submodules and investigate their relationships with other known submodule classes such as second, prime
and semisimple submodules. We study the structure of n-almost second submodules of modules over

ZPI-rings and Dedekind domains. We also give some characterizations of modules and submodules by
using n-almost second submodules.

1. Introduction

In commutative ring theory, it is an important matter whether all proper ideals of a ring can be written
as a product (or intersection) of some special ideals. This is because the structure of an ideal can be more
easily determined by using favorable properties of the ideals in the product (or intersection). The most
basic tools used in research on this subject are prime ideals and their various generalizations. For example,
Dedekind domains are the integral domains in which every proper ideal is a product of prime ideals and
this ring class is a fundamental tool for many studies in algebraic geometry and algebraic number theory.
As another example, Laskerian rings are the rings in which every proper ideal is a finite intersection of
primary ideals and they have an important role in commutative algebra since they generalize Noetherian
rings. Therefore, in order to expand the scope of prime ideals and to study with larger ring classes, many
different generalizations of prime ideals have been introduced and the rings in which all proper ideals
are a product (or intersection) of these generalized prime ideals have been tried to be characterized (see
[2], [3], [12], [19], [21]). In this paper we use the concept of ¢p-prime ideal which was defined in [2]. This
concept generalizes prime ideals by the following way. Let J(R) denote the set of all ideals of R and
¢ : I(R) — I(R) U {0} be a function. A proper ideal I of R is called a ¢-prime ideal of R if, for x, y € R,
xy € I\¢p(I) implies x € [ or y € I [2]. Let ¢, : 7(R) — I(R) be the function defined by ¢,(I) = I" for an
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integer n > 1. Any ¢,-ideal of R is called an n-almost prime ideal of R [2]. In particular, for n = 2, a 2-almost
prime ideal of R is called an almost prime ideal of R [12].

Prime submodules are the module theoretic versions of prime ideals. The class of prime submodules
has an important role in commutative ring theory as it gives characterizations of important ring classes
such as Dedekind domains, Priifer domains, arithmetical rings. The concept of prime submodule was first
introduced in 1965 by E. H. Feller and E. W. Swokowski [23]. Let R be a commutative ring with non-zero
identity. A proper submodule P of M is called a prime submodule if whenever rm € P, wherer € R, m € M,
we have either » € (P :g M) or m € P. If P is a prime submodule of M, then p = (P :x M) is a prime ideal of R
and in this case P is called a p—prime submodule [27]. If (0) is a prime submodule of M, then M is called a
prime module. It can be easily seen that M is a prime module if and only if anng(N) = anng(M) for every
non-zero submodule N of M [27].

Besides the prime submodules, module theoretic versions of generalizations of prime ideals have been
investigated since the begining of 2000s (see for example [11], [20], [25], [28], [29], [32]). In [32], the author
introduced the concept of @-prime submodule as follows. Let R be a commutative ring with non-zero
identity, M be an R-module, S(M) be the set of all submodules of M, and ¢ : S(M) — S(M) U {0} be a
function. A proper submodule P of M is called a @-prime submodule if a € R and x € M with ax € P\¢(P)
implies that a € (P :g M) or x € P. Let n > 2 be an integer and ¢, : S(M) — S(M) U {0} be the function
defined by ¢,(N) = (N :x M)""'N for every N € S(M). Then a ¢,-prime submodule of M is said to be an
n-almost prime submodule of M. In particular, for n = 2, a 2-almost prime submodule of M is called an almost
prime submodule of M. In this article we introduce and study the dual notion of these submodule classes.

Second submodules of modules over commutative rings were introduced in [31] as the dual notion of
prime submodules. According to this definition a non-zero submodule N of an R-module M is said to
be a second submodule if for all r € R, either YN = 0 or rN = N. If N is a second submodule of M, then
p = anng(N) is a prime ideal of R. In this case, N is called a p-second submodule of M [31]. In recent
years, second submodules have attracted the attention of many researchers and it has been understood
that this submodule class has an important role in determining characterizations of modules and rings (see
for example [9], [13], [14], [15]). Along with the increased work on the second submodules, generalization
of these submodules has begun to be investigated and it has been seen that these generalized second
submodules also have interesting and important algebraic properties (see for example [7], [16], [17], [18],
[22]).

In this paper, we study some generalizations of second submodules via a function ¢ on the set of all
submodules of a module. We investigate p-second and n-almost second submodules which were defined
in [22]. We determine various algebraic properties of these submodules and give some characterizations
of modules and submodules by using these submodule classes (see Theorems 3.2, 3.5, 3.8, 3.14). We
characterize ¢-second submodules of a comultiplication module (see Proposition 2.6). We investigate the
relationships of ¢-second and n-almost second submodules with other known submodule classes such
as second, prime and semisimple submodules (see Theorems 2.3, 3.3 and Proposition 3.1). We study the
structure of n-almost second submodules of modules over ZPI-rings and Dedekind domains (see Theorem
3.13). We introduce the notion of almost second radical of a submodule as a generalization of the second
radical of a submodule which was defined in [14]. We also define the concept of almost m*-system and we
give a characterization of almost second radical of a module via almost m*-systems (see Theorem 3.19).

Throughout this paper all rings will be commutative with non-zero identity and all modules will be
unital left modules. Unless otherwise stated R will denote a ring.

2. @-Second Submodules

In this section we study @-second submodules where ¢ is a function on the set of all submodules of
a module. In the rest of the paper S(M) will denote the set of all submodules of an R-module M and
@ : S(M) — S(M) will be a function.

Definition 2.1. [22, Definition 2.1] Let M be an R-module and N be a non-zero submodule of M. If, for any element
a of R and a submodule K of M, aN C K and ap(N) € K imply either N C K or a € anng(N), then N is said to be a
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@-second submodule of M.

Let gop @ S(M) — S(M) be the function defined by gm(L) = M for every L € S(M). Then a @u-second
submodule of M is said to be a weak second submodule of M.

Let n > 2 be an integer and ¢, : S(M) —> S(M) be the function defined by @,(L) = (L :p anng(L)"™1) for every
L € S(M). Then a @-second submodule of M is said to be an n-almost second submodule of M. In particular, for
n = 2, a 2-almost second submodule of M is called an almost second submodule of M.

Let M be an R-module and N be a submodule of M. Since p(N)\N = (@(N) U N)\N, without loss of
generality, throughout this paper we will assume that N C ¢(N).

It is clear from the definition that every R-module M is a ¢-second submodule of itself for any function
@ : S(M) — S(M). But not every R-module is a second submodule of itself. For example, Z is not a second
Z-submodule of itself but Z is ¢-second Z-submodule of itself.

Theorem 2.2. [22, Theorem 2.16] Let M be an R-module and Q be a non-zero submodule of M. Then the following
are equivalent.
(1) Q is a g-second submodule of M.
(2) (X :r Q) = annr(Q) U (X :r ¢(Q)) for every submodule X of M with Q € X.
(3) (X :r Q) = anng(Q) or (X :r Q) = (X :r ¢(Q)) for every submodule X of M with Q € X.
(4) For any ideal I of R and any submodule L of M, IQ C L and Ip(Q) & L imply either I C anng(Q) or N C L.
(5)IQ = Qor IQ = Ip(Q) for every ideal I of R with I € anng(Q).

Theorem 2.3. Let N be a ¢-second submodule of M such that N = M; + ... + My where My,..., My are submodules
of M such that anng(M;) is a maximal ideal of R for each i (1 <i < k). Then either N is second or N = @(N).

Proof. Without loss of generality we may assume that N ¢ Z’;Zl M; for any i (1 < i < k). By Theorem 2.2,
j#i

(X2 M; i N) = anng(N) or (T2, M r N) = (£ M; :r p(N)). If the first case holds for some i (1 <i < k),
j#i j#i i

then anng(M;) C (Z’;zl M; g N) = anng(N) and so anng(M;) = anng(N). This implies that N is a second

j#i

submodule as anng(N) is a maximal ideal of R.

Now suppose that for each i (1 < i < k), (Z’;zl M; :x N) # anng(N). So we have (Zl;:1 M; ;g N) =
j#i j#i

(21;21 M; g ¢(N)) for each i (1 < i < k). If anng(M;) C anng(N), then anng(N) is a maximal ideal and so N is
j#i

a second submodule. So we may assume that anng(M;) € anng(N). Take an element r € anng(M;)\anng(N).

Then r ¢ anng(M;) for some i (2 < i < k). Since anng(M;) is a maximal ideal, Rr + anng(M;) = R. On

the other hand we have r € anng(M;) C (Zl]f:zMj R N) = (Zl;zzMj : @(N)). Therefore, R = (Z];:ZM]- ‘R

P(N)) + anng(M;). It follows that p(N) € Y., M; + anng(Mi)p(N) € X5, Mj + (L) M; 1z N)p(N). Since
j#i

X\ Mj :x N) ¢ anng(N) and (L%, M; :x N)N # N, Theorem 2.2 implies that (Lj_; M; = N)p(N) =
J#L j#i J#L

(X521 M; :x N)N. It follows that p(N) € X5, M; + (X M; ir N)N € X5, Mj+ X5y Mj = My + ..+ My = N.
j#i j#i j#i

Thus we get that N = p(N). O

Recall that an R-module M is called co-semisimple if each proper submodule of M is an intersection of
maximal submodules [30].

Corollary 2.4. Let M be an R-module and N be a -second submodule of M. If one of the following holds, then either
N is second or N = @(N).

(1) M is a finitely generated semisimple R-module.

(2) M is a finitely cogenerated co-semisimple R-module.
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Proof. (1) This follows from the fact that anng(S) is a maximal ideal of R for every simple submodule S of
M.

(2) A finitely cogenerated co-semisimple module M is semisimple by [30, 23.1]. M is also finitely
generated by [1, Proposition 10.6]. So the result follows from part (1). O

Recall from [4] that 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 :j I). It also follows that M is a comultiplication module if and
only if N = (0 :p anng(N)) for every submodule N of M [4].

In [22], the authors gave a characterization of ¢-second submodules of a comultiplication module as
follows.

Proposition 2.5. [22, Theorem 2.9] Let ¢ : T(R) — I (R) U {0} be a function and N be a non-zero submodule of an
R-module M.

(1) If anng(p(N)) C Y(anng(N)) and N is a p-second submodule of M, then anng(N) is a 1-prime ideal of R.

(2) Let annr(p(N)) = Y(annr(N)) and M be a comultiplication R-module. Then N is a ¢-second submodule of
M if and only if anng(N) is a Y-prime ideal of R.

Let M be an R-module and N, K be submodules of M. The coproduct of N and K is defined by
(0 :pr anng(N)anng(K)) and it is denoted by C(NK).

In the following proposition we give a characterization of ¢-second submodules of a comultiplication
module via coproduct.

Proposition 2.6. Let M be a comultiplication R-module and N be a non-zero submodule of M. Then the following
are equivalent.

(1) N is a g-second submodule of M.

(2) If K and L are two submodules of M such that N € C(KL) and ¢(N) € C(KL), then N € Kor N C L.

Proof. (1) = (2) Let N € C(KL) = (0 :p anng(K)anng(L)) and ¢(N) € C(KL). Then anng(L)N € (0 :m
anng(K)) = K and anng(L)p(N) € (0 :p anng(K)) = K. Since N is g-second, anng(L) € anng(N) or N € K.
Thus N = (0 :p anng(N)) € (0 :pp anng(L) = L or N C K, as desired.

(2) = (1) Let I be an ideal of R and K be a submodule of M such that IN € K and I¢(N) € K. Since
M is comultiplication, K = (0 :p J) for some ideal | of R. Then JIN = 0 and JIp(N) # 0. It follows that
N € (0 :m IJ) = C((0 :m DK) and @(N) € C((0 :pm I)K). By (2), we have either N C Kor N C (0 :p I). Thus
N € KorI Canng(N) asneeded. O

Proposition 2.7. Let M be an R-module and K be a submodule of M. Let ¢* : S(K) — S(K) be the function defined
by *(L) = @(L) N K for every L € S(K). Then the following hold for a submodule N of K.

(1) If N is a @-second submodule of M, then N is a pX-second submodule of K.

(2) Let (N) C K. Then N is a pX-second submodule of K if and only if N is a gp-second submodule of M.

(3) If K € @(N) and N is a @-second submodule of M, then N is a weak second submodule of K.

(4) If p(N) € @(K), K is a p-second submodule of M and N is a weak second submodule of K, then N is a ¢-second
submodule of M.

Proof. (1) Let aN C L and apX(N) ¢ L for a € R and a submodule L of K. Then a(p(N) N K) ¢ L and so
ap(N) € L. Thus a € anng(N) or N C L, as needed.

(2) If (N) C K, then pX(N) = ¢(N) and the result follows.

(3) If K € ¢(N), then pX(N) = K and the result follows.

(4) Let aN C L and a@p(N) € L for an ideal I of R and a submodule L of M. Then a@p(K) € L by the
hypothesis. If aK C L, then a € anng(K) C anng(N) or N € K C L and we are done. If aK ¢ L, then
aK = apx(N) £ LN Kand aN C L N Kimply thata € anng(N) or N C L asneeded. O

Let R; be a ring and M; be an R;-module fori =1, ...,n. Denote R := R; X ... X R, and M := M; X ... X M,,.
Then M is an R-module and it is well-known that each R-submodule N of M is of the form N = N; X...X N,
for some submodules N; of M; (1 <i < n).
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Proposition 2.8. Let R; be a ring and M; be an R;-module for i = 1,2. Denote R = Ry X Ry and M = M; X M,.
Suppose that Ny is a weak second submodule of My such that (N7 X {0}) € M; X {0}. Then Ny x {0} is a ¢-second
submodule of M.

Proof. Clearly, N1 X {0} # {Om}. Let (r1,72) € R and K; X K; be a submodule of M such that (r,7,)(IN1 X
{0}) C K; X K; and (7’1, 7’2)(p(N1 X {0}) ¢ Ki X K;. Then (7’1, 7’2)(M1 X {0}) ¢ Ki; X K; and so rnM; ¢ Kj.
Since N; is a weak second submodule of M;, we have r; € anng,(N7) or Ny € Kj. This implies that
(r1,1m2) € anmg, (N1) X Ry = anng(N7 X {0}) or N1 X {0} C K7 X K; as desired. O

Let M be an R-module. We define the function ¢, : S(M) — S(M) as @ (L) = Y. ;cz+ (L :p anng(L)’) for
every L € S(M).

Let M be an R-module, ¢ : S(M) — S(M) and i : S(M) — S(M) be two functions. If p(N) € (N) for
every N € 5(M), the we will write ¢ < 9.

Corollary 2.9. Let R; be a ring, M; be an R;-module for i = 1,2. Denote R = Ry X Ry and M = My X M,. Suppose
that @ : S(M) — S(M) is a function with ¢ < @,. Then, N1 X {0} is a @-second submodule of M for any weak
second submodule of N1 of Mj.

Proof. (N7 X {0}) € ¢u(N71 X {0 }?

ZzeZ+(N1 X {0} :pr anng(N1 X {0))) = Yiezr (N1 v, anmg, (N1)") X (0 :p,
R3) = Yiez (N7 iy, anng, (N1)') X {0} € M

0} x {0}. Thus the result follows from Proposition 2.8. [
3. n-Almost Second Submodules and Almost Second Radical of a Module

In this section we investigate n-almost second submodules and we give a generalization of the second
radical of a submodule which was defined in [14].

Proposition 3.1. Let M be a prime R-module and N be a proper almost second submodule of M. Then N is a prime
submodule of M.

Proof. Letr € R, m € M and rm € N. Since M is a prime R-module, anng(N) = anng(M). If r € anng(N), then
r € (N g M) and we are done. So we may assume that r ¢ anng(N). Then, by Theorem 2.2, we have either
rN = Nor rN = (N :p anng(N)) = (N :pr anng(M)) = M. If YN = N, then rm = rn for some n € N. It follows
that r(m — n) = 0. Since M is a prime R-module and r ¢ anng(M), we have m = n € N. If rN = M, then
rm € rN. This implies that m € N as in the previous case. Thus N is a prime submodule of M. O

Theorem 3.2. Let M be an R-module. If there exist maximal ideals Py, ..., P, of R such that Py N ...N P, C anng(M),
then for any ideal I of R, (0 :p1 I) = 0 or (0 :p 1) is an almost second submodule of M.

Proof. Suppose that (0 :p I) # 0. First we show that (0 :p I) = (0 :p I?). Clearly, (0 :p I) € (0 :p ?). Let
m € (0 :m I?) and a € I. Without loss of generality, we may assume that there exists t (0 < t < n) such that
aePiNn..NPranda ¢ Py U...UP, Now, foranyt+1<i<n, R=P;+Raandsol =xi+2;’;1r,-lawhere
x; € P; and r; € R. Thus there exists b € I such that 1 = x,1...x, + b and hence a = ax;41...x,, + ab. Since
axiy1...x, € anng(M) and abm = 0, we have am = 0. Thus Im = 0and so m € (0 :p; I). Hence (0 :p1 I) = (0 :p1 I?).

Now, clearly, (0 :p I) € ((0 :pm I) :m anng(0 :p I)). On the other hand, ((0 :p I) :pm anng(0 :p ) € (0 :m
1) = (0 :p D). Thus (0 :a I) = ((0 2 1) :ar anng(0 :pp 1)) and so (0 1 I) is an almost second submodule of
M. O

Theorem 3.3. Let M be an R-module, a € R, (0 :p1 a) # (0) and (0 :p a) = aM. Then (0 :p a) is an almost second
submodule of M if and only if it is a second submodule of M.

Proof. If (0 :p a) is a second submodule, then clearly it is an almost second submodule. Suppose that
(0 :p1 a) is an almost second submodule of M. Let b(0 :p; a) € K for b € R and a submodule K of M.
If b((0 :m a) :m anng(0 :m a)) = DM € K, then we are done. So we may assume that bM € K. Now,
(b+a)0:ya) CK. If (b+a)M ¢ K, then we have (0 :p; a) C Kor b € anng(0 ;1 a) as (0 : a) is almost second.
So assume that (b + a)M C K. bM C K gives that aM C K. Since (0 :p a) € aM, we have (0 :p a) € K which
shows that (0 :pr a) is a second submodule of M. [
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Recall from [8] that an R-module M is said to be fully coidempotent if N = C(N?) for every submodule
N of M.

Lemma 3.4. An R-module M is fully coidempotent if and only if N = (N :p anng(N)™) for every submodule N of
M and positive integer m.

Proof. Suppose that M is a fully coidempotent R-module. Let N be a submodule of M and m be a positive
integer. It is sufficient to show that N = (N :j anng(N)). We have N = C(N?) = (0 : anng(N)?). Also,
N C (0 :p anng(N)) implies that (N :p anng(N)) € ((0 :p anng(N)) :pm anng(N)) = (0 :p anng(N)?) = N and
so (N :p anng(N)) € N. Since the other inclusion always holds we have (N :y anng(N)) = N and hence
N = (N :p anng(N)Y™) for all m > 1.

Conversely, suppose that N = (N :j; anng(N)™) for every submodule N of M and positive integer m.
Then N = (N :j; anng(N)). We have

C(N?) = (0 :py anng(N)?) € (N 3 anng(N)?) = (N a1 anng(N)) :p anng(N)) = (N :p anng(N)) = N. Thus
we get that C((N?) € N and so N = C(N?). [

Theorem 3.5. Let R = Ry X ... X Ry, and M = M; X ... X M,,, where R; is a vring, 0 # M; is an Ri-module for all
i €{1,..,m}and n,m > 2. Then every non-zero submodule of M is n-almost second if and only if M is a fully
coidempotent R-module.

Proof. Suppose that every non-zero submodule of M is n-almost second. So every non-zero submodule of
M is almost second. We will show that M; is fully coidempotent for each i € {1, ..., m}, hence M will be fully
coidempotent. Suppose on the contrary that M; is not fully coidempotent. Then there exists a non-zero
submodule N7 of M; such that (N :p1, anng, (N1)) € N1. Wehave (1,0, ..., 0)(N1 XMz X...xM,,) € N1 x0X...x0
and (1,0, ..., 0)(N1 XMy X ... XMy, :pm anng(N1 XMy X...XxMy,)) € N1 x0X...x0. By hypothesis, N1 X Mj X ... X M,,
is almost second. So (1,0, ...,0) € anng(N1 X My X ... X M) or Ny X My X ... X M, € Nj X 0... X 0 which are
both contradictions. Similarly, M; is fully coidempotent for each i € {2, ...,m}. The converse is clear. O

Corollary 3.6. Let R = Ry X ... X Ry, and M = Mj X ... X M,, where R; is a ring, 0 # M, is an R;-module for all
ie€f{l,..,m}and n,m > 2. Then every non-zero submodule of M is n-almost second if and only if every non-zero
submodule of M (n+1)-almost second.

Proof. Suppose that every non-zero submodule of M is n-almost second. Then M is fully coidempotent by
Theorem 3.5. Since n + 1 > 2, every non-zero submodule of M is (n+1)-almost second again by Theorem
35. O

Lemma 3.7. Let M be an R-module, N be a submodule of M and I be an ideal of R. Suppose that (0 :p I) # (N :p I)
and (N :pr I) # N. Then K := (N = I) is an almost second submodule of M if and only if K = (K :p1 anng(K)).

Proof. If K = (K :pr anng(K)), then clearly, K is an almost second submodule of M. Conversely, assume that K
is an almost second submodule of M. If I C anng(K), then we have (0 :p; I) = (N :p I), a contradiction. Thus
I ¢ anng(K). By Theorem 2.2, IK = K or IK = I(K :p anng(K)). If IK = K, then K = IK = I(N :;; I) € N and
hence N = K, a contradiction. Therefore, IK = I(K :p; anng(K)) € N and hence (K :p; anng(K)) € (N :p I) = K.
Thus K = (K :p; anng(K)) as desired. [

Theorem 3.8. Let M be an Artinian R-module, I C Jac(R) and N be a submodule of M such that (N :x M) = 0 and
0 :m ) # (N :pm I). Then (N :p ) is not an n-almost second submodule of M for any integer n > 1.

Proof. We have (N : I) # N, otherwise, if (N :r I) = N then, by [24, Proposition 3.5], N = M which
is a contradiction. Note that (N :p I) € (N :p anng(N iy I)). If (N :p I) is n-almost second, then it
is almost second and Lemma 3.7 implies that (N 3 I) = (N :m ) :m anng(N :ym I)). It follows that
(NmIP)=((N:mDipm D) S (N iy anng(N v D) iag ) = (N iy D) iy anng(N iy 1)) = (N iy ). Since the other
inclusion always holds, we have (N : I) = (N :y I2) = (N :m ) :m I). By [24, Proposition 3.5], we get that
(N:myI)=MandsolIC (N :x M) =0. This is a contradiction since (0 :ps ) # (N :p ). O
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Lemma 3.9. Let I be an ideal of R and M be an R-module. Then (0 :p1 (anng(0 :pm 1))") = (0 :p I") for every integer
n > 1. In particular, (0 :p I) :p (anng(0 :pp I))™1) = (0 :pp I7).

Proof. Since I C anng(0 :p I), we have I" C (anng(0 :p I))" and hence (0 :p (anng(0 :p 1))") € (0 :p 7).
Let m € (0 :p; I'"). Take an element r € anng(0 :p1 I). Then #(0 :p; I) = 0. Since I""'m C (0 :p I), we have
rI"'m € (0 ;1) = 0. Thus rm € (0 zpy I"™1). Since I""2rm C (0 :p; I), we have #2I"2m C (0 :p I) = 0 and so
r?m € (0 :p I"2). Repeating this process, we get that r"m € (0 :py R) = 0. Thus (anng(0 :p I))"m = 0 and so
m € (0 :p (anng(0 :p 1))"). Therefore, (0 :p I") € (0 :m (anng(0 :p 1))"). For the second part,

(0 :p 1) 2 (anng(0 :pr D)) = (0 oy (@nng(0 e DY) i D) = (O ") e ) = 0 I7). O

It is well-known that a commutative ring R is a Von Neumann regular ring if and only if I? = I for each
ideal I of R [1, p. 176]. Lemma 3.9 implies that if M is a module over a Von Neumann regular ring R and I
is an ideal of R with (0 :p; I) # 0, then (0 :p I) is an n-almost second submodule of M.

Recall from [6] that an R-module M is called a strong comultiplication module if M is a comultiplication
R-module and annr(0 :p I) = I for every ideal I of R.

Proposition 3.10. Let M be a strong comultiplication R-module and I be an ideal of R. Then, I is an n-almost prime
ideal of R if and only if (0 :u I) is an n-almost second submodule of M.

Proof. By Lemma 3.9, ,,((0 :p 1)) = ((0 :m1 I) :p (anng(0 :pp 1))") = (0 :p I™). Since M is strong comultipli-
cation, anng(0 :m I") = I" and anng(0 3y I) = I. Thus anng(9,((0 :m 1)) = Pu(anng(0 :p I)). By Proposition
2.5-(2), I is an n-almost prime ideal of R if and only if (0 :j; I) is an n-almost second submodule of M. [

Example 3.11. Let R = F[[X3, X*, X°]] where F is a field, and I = RX® + RX*. Then I is an almost prime ideal of R
which is not a 3-almost prime ideal by [2, Example 11]. Let M be a strong comultiplication R-module. By Proposition
3.10, (0 :p 1) is an almost second submodule of M which is not a 3-almost second submodule of M.

Example 3.12. Let M be a co-semisimple R-module. Then [7, Theorem 4.8] and [10, Theorem 2.3] imply that
(0 :p I) = (0 :pp I™) for every ideal I of R and an integer n > 1. By Lemma 3.9, (0 :p 1) is an n-almost second
submodule of M for each integer n > 1.

A ring R is called a ZPI-ring if every proper ideal of R can be written as a product of prime ideals of R
[26].

Theorem 3.13. Let n > 1 be an integer, M be an R-module and I be an ideal of R with (0 :p I) # 0.

(1) If R is a ZPI-ring and (0 :p I) is an n-almost second submodule of M, then (0 3y I) = (0 :pm ") or
(0 :p I) = (0 :p1 P) for some prime ideal P of R.

(i1) If R is a Dedekind domain, then (0 :p I) is an n-almost second submodule of M if and only if (0 :pr I) = (0 :p1 I')
or (0 :p I) is a second submodule of M.

(i) If (R, m) is a local ZPI-ring and (0 :p 1) is finitely cogenerated, then (0 :p I) is an n-almost second submodule
of M if and only if (0 :pr I) = M or (0 :p I) = (0 :p m).

Proof. (i) Since R is a ZPI-ring, I = P;l...P}t{k for some distinct prime ideals of R and positive integers ¢;.
Suppose that (0 :p I) # (0 :pm P) for every prime ideal P of R. We have (0 :p I) = (0 :m P;’ ...P;(k). Without
loss of generality we may assume that (0 :p I) # (0 :m P?*l...P,tf) and (f{f — 1)+t + ... + ty > 0. Put
N := (0 P7..P¥) and K := (0 2 I). Then K = (N 1y P1), (0 :m P1) # Kand K # N. By Lemma 3.7, we
have K = (K 1y anng(K)"™1), thatis (0 :p 1) = ((0 :p 1) :m (anng(0 :pr )" ). By Lemma 3.9, (0 :pp I) = (0 i I).

(i) Suppose that (0 :) I) is an n-almost second submodule of M. By part (i), (0 :;r I) = (0 :p I") Or
(0 :pr I) = (0 :p1 P) for some prime ideal P of R. If (0 :p1 I) = (0 :pr P) where P is a prime ideal of R, then P =0
or P is a maximal ideal of R. Clearly, P = 0 implies that (0 :p; 0) = (0 :ps [) = M and so (0 :p ") = M. If Pis
a maximal ideal of R, then anng(0 :p1 P) = anng(0 :p I) = P since (0 :p I) # 0. This implies that (0 :p I) is a
second submodule of M.
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For the converse, suppose that (0 :» I) is a second submodule of M or (0 :p1 [) = (0 :pr I"). If (0 :pr [) is @
second submodule, clearly, it is n-almost second. If (0 :ps I) = (0 :p ["), then the result follows from Lemma
3.9.

(#11) If (0 ;1 I) = (0 :pr m), then (0 :pr I) is a second submodule since anng(0 :p; I) = m is a maximal ideal
of R. If (0 :p I) = M, then clearly it is n-almost second.

Conversely, suppose that (0 :» I) is an n-almost second submodule of M. By [26, Theorem 9.10],
R is a Noetherian ring. If m = m?, Nakayama’s Lemma implies that m = 0 and so R is a field. Thus
(0 :p I) = (0 :p 0) = M. Now let m?> # m. Take an element a € m\m?. Then m* ¢ m? + Ra ¢ m. By [26,
Theorem 9.10], there are no ideals of R strictly between m?2 and m. So m? + Ra = m and by Nakayama’s
Lemma m = Ra. Now let P be a non-zero prime ideal of R and 0 # b € P. By the Krull’s intersection theorem,
we have N> m’ = 0. Thus there is a positive integer k such that b € m* and b ¢ m**1. Since b € m* = RdF,
there exists an element u € R such that b = ua* and since b ¢ m**1, 4 ¢ m. Thus u is a unit in R. Hence
@ = u7'b € Pand so a € P, that is m = P. Thus m is the only non-zero prime ideal of R. Now by part (i),
OmD=0:pI)orO:p)=0:pm0)=Mor (0:pm 1) =(0:p m). If (0:p I) = (0:p '), then
(0 ‘M I)/(O ‘M I) = ((O ‘M I) ‘M I”‘l)/(O ‘M I) = ((O m D) M/ (0:m]) I"_l). By [24, Proposition 3.5], we have
(0 ‘M I) =M. O

Let S be a multiplicatively closed subset of R and P be a prime ideal of R with SN P = 0. Recall from
[29] that S is called P-essential, if S N | # @, for each ideal | with | € P.

Theorem 3.14. Let N be an n-almost second submodule of an R-module M and I = anng(N). Then S = [(R\I) U
anng(N :p "™ Y)]\P is a P-essential multiplicatively closed subset of R for each prime ideal P of R.

Proof. First, we show that S is a multiplicatively closed subset of R. Letr,s € S. If r € anng(N :m "1 or
s € anng(N :p ") then rs € anng(N :p I""1)\P and so rs € S. So we may assume that 7, s ¢ anng(N :p I'™).
Suppose on the contrary that rs ¢ S. Thenrs € I. Also, rs ¢ P, forifrs € P,re SNPors e SNP,a
contradiction. Since rs ¢ anng(N :p I"™1), we have (N 1 anng(N)"™1) € (0 :p s) and ¥N C (0 :p s). Since N
is n-almost second, we have r € I or s € I, a contradiction. Thus rs € S and so S is a multiplicatively closed
subset of R. Now we show that S is P-essential. Let | be an ideal of R with | € P. If [ C P, then S = R\P
and clearly S is P-essential. Suppose that ] N'S # 0. Then one can see that ] N [(R\]) U anng(N :p ["1)] € P
and | C I U P. Therefore, | C I. On the other hand, N C (0 :p I) implies that (N : I"™?) C (0 :p [") and so
I" C anng(0 3 I") € anng(N :p I'Y). Hence J* € I"N ] € JNanng(N : I") € P and so | C P, a contradiction.
Thus ] NS # @ and hence S is P-essential. [

Let M be an R-module and N be a submodule of M. The sum of all second submodules of N is called the
second radical of N and denoted by sec(N). If there is no second submodule of N, then we define sec(N) = 0
[14]. A subset S ¢ M\{0} is called an m*-system if, for each ideal A of R and for all submodules K,L < M,
0k A)US #Mand (KNL)AUS # M imply that (KNL)U S # M. In [14, Theorem 2.13] it was proved
that sec(N) = {x € N :there is an m*-system S such that x ¢ S and N U S = M}. As generalizations of these
concepts we define almost second radical of a submodule and almost m*-system as follows. Then we give
a characterization of almost second radical of a submodule via almost m*-systems.

Definition 3.15. Let M be an R-module, N be a submodule of M and

T :={Q < N : Qis almost second and (N :p; anng(N)) = (Q :p anng(Q))}.

Then almost second radical of N is defined as the submodule a-sec(N) := Y0er Q if T # 0. If T = 0, then a-sec(N) is
defined as (0).

Definition 3.16. Let M be an R-module and S be a proper subset of M. If, for any submodules K, L of M and any ideal
Tof R, KNLYUS # M, (KN :p 1)) US # Mand (S :p anng(S°)) & (L :m I) imply that (KN (L :p 1)) US # M,
then S is called an almost m*-system.

Proposition 3.17. Let M be an R-module, Q be a non-zero submodule of M. Then, Q is an almost second submodule
of M if and only if S := M\Q is an almost m*system.
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Proof. Let Q be an almost second submodule of M. Suppose that (KNLYUS #M, (KN O :m )US #M
and (5S¢ :p anng(S9)) € (L :m I) where K, L are submodules of M and I is an ideal of R. Assume that
(KNL:pD)US =M. Then QS KN (L :p I). SolIQ € L and Q € K. Since Q is almost second, we have
I Canng(Q)or Q C L. If I C anng(Q), then Q C (0 :p I) and so Q € KN (0 :p I), this contradicts with
(KNO:py DYUS #M. IfQ C L, then Q C KN L and this contradicts with (KN L) U S # M. Therefore,
(KN(L:mD))US #Mandso S is an almost m*-system.

Conversely, suppose that S is an almost m*-system. Let IQ € K and I(Q :p anng(Q)) € K for an ideal I of
R and a submodule K of M. Assume that Q € Kand I € anng(Q). Then KUS #Mand (0 :py ) U S # M.
Since S is an almost m*-system (K :p ) U S # M and so Q € (K :um I) which is a contradiction. Therefore Q is
an almost second submodule of M. O

Theorem 3.18. Let S be an almost m*-system in M and Q be a non-zero submodule of M minimal with respect to the
properties that Q U S = M and (Q :p anng(Q)) = (5 :m annr(5°)). Then Q is an almost second submodule of M.

Proof. LetIQ C L and I(Q :p anng(Q)) € L where L is a submodule of M and I is an ideal of R. Suppose that
Q¢ Land I ¢ anng(Q). Since Q € L, QNL & Q. We claim that (QNL)U S # M. Otherwise, S C QNL
and then (QN L :p anng(Q N L)) C (Q :pm anng(Q N L)) € (Q :pm anng(Q)) = (5S¢ :p anng(S°)) € (QNL :y
anng(59)) € (Q N L :p anng(Q N L)). So we have (Q N L :p anng(Q N L)) = (S° :pr anng(5°)), a contradiction
with the minimality of Q. Thus (QNL)US # M. Similarly, since I € anng(Q), we have (QN (0 :p [))US # M.
Since S is an almost m*-system, we have (Q N (L :p I)) US # M. Since IQ C L, we have Q C (L :; I) and so
QUS # M, a contradiction. [

Theorem 3.19. Let M be an R-module and N be a submodule of M. If there exists an almost second submodule Q of
N with (N :p anng(N)) = (Q :m anng(Q)), then
a-sec(N) ={x e N:x ¢ S,NUS = Mand (N :p anng(N)) = (5 :p anng(S°)) for some almost m*-system S in M}.

Proof. Denote ‘WN ={xeN:x¢S NUS =M and (N :p anng(N)) = (5 :m anng(S°)) for some
almost m*-system S in M}. Take an element x € ‘VN. Consider the set W = {Q C N: QUS = M,
(Q :m annp(Q)) = (5° :p anng(S°))}. Since N € W, we have W # (0. W is a partially ordered set with respect to
reverse inclusion. Let {Q;}ie; be a chain in W. Clearly, (N;e1Q;) U S = M. Also,

(NierQi :m annr(NierQi)) = Nier(Qi :m annr(NierQi)) S Nier(Qi :m anng(Q;)) = (¢ :m anngr(S9)) € (NierQi :m
anng(59)) € (NierQi :m annr(NierQ;)) and so (S¢ iy anng(S)) = (NierQi :m annr(NierQ;)). Thus NigrQ; € W
and it is an upper bound for W. By Zorn’s Lemma, W has a minimal element Q with respect to inclusion.
By Theorem 3.19, Q is an almost second submodule of M. Since x € Q C a-sec(N), we have YN C a-
sec(N). Let Q be an almost second submodule of N with (Q :p annr(Q)) = (N :pm annr(Q)). By Proposition

3.17, S := M\Q is an m*-system. Also, NUS = M and x ¢ S for every x € Q. Thus Q C VYN and so
a-sec(N) € ‘VN. O
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