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Abstract. Let R be a commutative ring with nonzero identity and M be an R-module. In this paper, first
we give some relations between S-prime and S-maximal submodules that are generalizations of prime and
maximal submodules, respectively. Then we construct a topology on the set of all S-prime submodules of
M , which is generalization of prime spectrum of M. We investigate when Specs(M) is Ty and T;-space. We
also study on some continuous maps and irreducibility on Specs(M). Moreover, we introduce the notion of
S-radical of a submodule N of M and use it to show the irreducibility of S-variety Vs(N).

1. Introduction

Throughout the paper, R denotes a commutative ring with identity, M denotes an R-module. Spec(R),
Spec(M) and Max(R) denote the set of all prime ideals of R, prime submodules of M and maximal ideals of
R, respectively. For ideals I, | of R the residual of I by ] denoted by (I :g J) is the set of elements a of R such
that a] C I. For a submodule of N of M the residual of N by M denoted by (N :g M) is the set of elements a
of R such that aM C N. If no confusion arises, we can omit R and write (I : J) instead of (I :r J).

In [9], the author constructed a topology on Spec(M) which is the set of all prime submodules of M.
He proved some results that are known for Spec(R). Also he defined absolutely flat R-module. In 1995,
Chin-Pi Lu investigated some properties of Spec(M). She gave a relation between Spec(M) and Spec(S~*M).
She showed that the statement “Spec(M) # 0 if and only if M # 0” is not necessarily true for all modules
by giving an example of a nonzero module M with Spec(M) = (. She also showed Spec(M) # 0 for some
special modules such as multiplication modules. Moreover, she proved the existence of a surjective map
between Spec(M) and Spec(R/Ann(M)) where M is a finitely generated R module. This map is bijective if
and only if M is multiplication [13]. In [16], the authors investigated when Spec(M) has a Zariski topology.
Let M be a finitely generated R-module. They proved that Spec(M) has a Zariski topology if and only if M
is a multiplication module. After that, in [14], Chin-Pi Lu continued to investigate topological properties of
Spec(M). She obtained conditions when Spec(M) is a spectral space. Furthermore, she showed that the map
¢ : Spec(M) — Spec(R/Ann(M)) plays a significant role for Spec(M) being spectral space. Currently, Sevim
et al. introduced the notion of S-prime submodules which is a generalization of prime submodules [19].
Let P be a submodule of an R-module M such that (P : M) NS = (. Then P is said to be S-prime submodule
if there exists s € S such that am € P implies sa € (P : M) or sm € P. They gave many features of S-prime
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submodules and characterized some prime submodules by using S-prime submodules. More recently,
Yildiz et al. constructed a topology on the set of all S-prime ideals denoted by Specs(R) and this topology is
a generalization of classical Zariski topology [23]. They investigated some topological properties of Specs(R)
such as connectedness, compactness and separation axioms.

In this paper, firstly we define S-maximal submodules and give some relations between S-maximal and
S-prime submodules (See, Lemma 2.5, Proposition 2.6, Proposition 2.7). Then we introduce a topology on
the set of all S-prime submodules of R-module M. We define the set Vs(IN) = {P € Specs(N) : s(N : M) C (P :
M)for some s € S}. The collection of Vg(N) for every submodule N of M satisfies the axioms of closed sets
in a topological space (See, Theorem 3.6). Then Specs(M) with these closed sets induces a topology and we
call it as S-Zariski topology. Further, we illustrate that S-Zariski topology and classical Zariski topology are
two different concepts with examples (See, Example 3.1, Example 3.2). Starting from this, we give a basis
for S-Zariski topology (See, Theorem 3.7) and investigate some properties of this topological space such
as Ty, T1 axioms and continuity of some maps on the space (See, Theorem 3.13, Proposition 3.15, Theorem
3.16, Theorem 3.17). Also we define the closure of a subset of Specs(M) (See, Theorem 3.10).The last section
is dedicated to the irreducibility of the topology. We define the notion of S-radical that is a generalization
of the radical of a submodule and use it to investigate irreducibility.

2. S-maximal and S-prime submodules

Definition 2.1. Let @ # S C Rsuch that 0 ¢ S. Then S is called a multiplicatively closed set if 1 € S and for all
s,s’ €85, ss€S.

Let P be an ideal of R such that PN S = (. Then P is called an S-prime ideal if there exists an s € 5 and
ab € P for some a,b € R, implies either sa € P or sb € P [10].

Let N be a submodule M such that (N : M) NS = . Then N is called an S-prime submodule if there
exists an s € S such that am € N for some a € R,m € M implies that sa € (N : M) or sm € N [19].

Definition 2.2. Let S be a multiplicatively closed subset of R and P be an ideal of R that is disjoint from S.
Then P is said to be an S-maximal ideal if there exists a fixed s € S such that P € Q for some ideal Q of R
implies either sQ C Por QNS # 0 [23].

A submodule N of M with (N : M) NS = ( is said to be an S-maximal submodule if there exists a fixed
s € Sand N C K for some submodule K of M, implies either sK C N or (K: M)N S # 0.

Proposition 2.3. ([23, Proposition 10]) Every S-maximal ideal is an S-prime ideal.
The converse of Proposition 2.3 is not true in general. See the following example.

Example 2.4. LetR = Z[X]and S = {(X+2)" : n € N}U{1}. Take the ideal P = (X?>+2X). Here PNS = (. Now
choose f(X)g(X) € P € (X). Since X is a prime ideal, f(X) € (X) or g(X) € (X). This gives that sf(X) € P
or sg(X) € P where s = X + 2. Hence P is an S-prime ideal of R. If we choose K = (X, 3). Then P C K and
KNS =0. Alsoforany s’ = (X +2)" €S, s’K € Psince 3(X + 1)" ¢ P. Therefore, we conclude that P is not
an S-maximal ideal of R.

Lemma 2.5. Let R be a ring, M be a finitely generated R-module, S be a multiplicatively closed subset of R and K, N
be finitely generated submodules of M. Then S™'K = S™IN if and only if sK € N and s'N C K for some s, s’ € S.

n
Proof. Assume that ST'K = S™IN. Since K is finitely generated, we can write K = Y, = Rm; for some
i=1
my,my, ..., m, € K. This gives that = € S7'K = S™'N. Then there exists s; € S such that s;m; € N. Put
s =5152...5; € S. Thus we have sK € N. Similarly s’N C K for some s’ € S. For the reverse direction,
suppose that sK € N and s’N C K for some s,s’ € S. Let £ € ST'K. Then there exists u’ such that u’a € K.
Since sK C N for some s € S, we have su’a € sK C N. Then ¢ = 24 ¢ §~IN which implies that S'K € S!N.

su'u
Similarly, one can show that SIN c 57K, as required. [
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Recall from [3] that a module M is called S-Noetherian if for each submodule N of M, sN € K C N for
some s € S and some finitely generated submodule K.

Proposition 2.6. Let M be a finitely generated R-module, S be a multiplicatively closed subset of R. If a submodule
P such that (P : M) N S = 0 is S-maximal submodule of M, then S™'P is a maximal submodule of M. The converse is
also true when M is an S-Noetherian module and P € Specs(M).

Proof. Assume that P is S-maximal submodule. Choose a maximal submodule S7*Q such that S~'P € S71Q
where Q is prime submodule and (Q : M)NS = 0. Then P C Q. Since P is S-maximal, sQ € P for somes € S.
So S71(sQ) = S7'Q € S~'P which completes the proof.
Now suppose S7!P is a maximal submodule of S7'!M. Let P C Q. Then S™'P € S7'Q € S7'M. As S™'Pis
maximal, ST'P = S"!Qor ST'Q = S7IM.
n
Case 1: Assumethat S™'P = S71Q. Since Q1is S-finite, there exists m1, my, ... m, € QsuchthatsQ C Y, Rm;.
i=1
As 5 € §7'Q = 57D, there exists s; € S such that sim; € P. Now puts’ = ss1s,...5, € S. Then we have
s’Q C P. Since P is S-prime, there exists a fixed t € S such that tQ € P.
Case 2: Assume that S71Q = S~!M. Since M is S-finite, by a similar argument in Case 1, we get tM C Q
forsomet € S. Thust € (Q : M) N S; thatis, (Q: M) N S # 0, as required.
Consequently, P is an S-maximal submodule of M. O

Recall that an R-module M is called multiplication if (N : M)M = N for every submodule N of M [7]. An
R-module M is said to be a cancellation module if IM = JM implies I = | for all ideals I, ] of R [4]. One can
easily see that, in a cancellation module M, (IM : M) = I for any ideal I of R. We call here a multiplication
module that is cancellation module as a cancellation multiplication module.

Proposition 2.7. Let M be a cancellation multiplication R-module. Then P is an S-maximal submodule of M if and
only if (P : M) is an S-maximal ideal of R.

Proof. Assume that P is S-maximal submodule and let (P : M) € I. Then (P : M)M < IM implying P C IM.
Since P is S-maximal, either sIM C P for some s € S or (IM : M) N S # 0. This implies that sI C (P : M) or
INS # 0, as needed.

Now suppose (P : M) is an S-maximal ideal of R. Let P € Q € M. Then (P : M) C (Q : M). As (P : M) is
S-maximal, there exists s € S such that s(Q : M) C (P : M) or (Q : M) N S # (. If the former case holds, then
s(Q : M)M C (P : M)M showing that sQ C P. If the latter case holds, then we are done. [

3. Topologies on Specs(M)

Let R be a ring, S be a multiplicatively closed subset of R and I be an ideal of R. Define the set
Vs(I) = {P € Specs(R) : sI C P for some s € S} which is called S-variety of I. Then the collection of Vs(I) for
any ideal I of R satisfies the axioms for closed sets in a topological space and so induces a topology. This
topology is known as the S-Zariski topology on Specs(R) [23].

The set of all S-prime submodules of M is denoted by Specs(M). For any submodule N of M, we have
two different types of S-varieties denoted by V{(N) and Vs(N).

Define V;(N) = {P € Specs(M) : sN C P for some s € S}. Then:

(i) Vs(M) = 0 and V((0)) = Specs(M).

() ﬂ Ve(Ni) = V5 (Z N;) where N; < M and [ is an index set.

(111) V* S(K)U Ve (N) C Vs (KN N) for any submodules K, N of M.

Next defme VS(N) P € Specs(M) : s(N :x M) € (P :gx M) for some s € S}.
() Vs(M) = 0 and V5((0)) = Specs(M).

(i1) ﬂ Vs(N;) = VS(Z(NZ :r M)M) for any submodule N; of M.

(111) VS(K) U Vs (N) VS(K N N) for any submodules K, N of M.
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In order to construct a topology on Specs(M), we address the above sets V¢ (N) and Vs(N). The collection
of Vi(N) where N < M induces a topology, say 7, if and only if finite union of Vi(N) where N < M is
closed. In this case, the induced topology is called S-quasi Zariski topology on Specs(M). A module is said
to be S-top module if 75 (M) is a topology. A module is not necessarily to be an S-top module. On the other
hand, the collection of Vs(N) and V(IM) always induces a topology, say 7s, on Specs(M). This topology is
called S-Zariski topology.

Note that if P € Spec(M) with (P : M) N S = 0 then P € Specs(M). But the following example shows that
the converse is not true in general.

Example 3.1. Let M = Z3 X Z, R = Z. Consider the submodule P = 0 % 0 of M. Here (6 X0:2Z3x7Z)=0.
Though 3(1,0) = (0,0) € P, neither 3 € (0 x 0 : Z3 X Z) nor (1,0) € 0 x 0. Thus P is not a prime submodule
of M. On the other hand, take S = Z — {0}. Then (P : M) NS = 0. Choose r(a,b) = (ra,+b) € P. This gives
a=0and rb = 0. If r = 0, we are done. So assume that r # 0. Then b = 0 and this implies 3@, b) = (0,0) € P
where s = 3. Hence P is an S-prime submodule of M. Since P € Specs(M) but P ¢ Spec(M), we conclude that
Specs(M) is strictly bigger than Spec(M).

Example 3.2. Let M = Z X Z and R = Z. Take N = 6Z x 5Z. Here (N : M) = 30Z. Then V(N) =
[2Zx 7,32 X Z,Z x 5Z}. On the other side, Vs(N) = @ where S = Z — {0}. Now suppose N = 0X5Z,6Z %0
or 0 X 0. Then Vs(N) = Specs(M). Therefore, though Spec(M) has many varieties, Specs(M) has only 0 and
Specs(M) itself.

Theorem 3.3. Let R be aring, S C R be a multiplicatively closed subset and M be an R-module. Then the following
statements hold:
(i) Vs(A) = Vs((A)) for any subset A of M where (A) denotes the submodule generated by the subset A € M.
(i) Vs(M) = 0 and Vs((0)) = Specs(M).
(iil) N Vs(N;) = Vs(Q.(N; :r M)M) for any submodule N; of M.
(

iel

i€l
iv) Vs(K) U Vs(N) = Vs(K N N) for any submodules K, N of M.

Proof. (i) It is clear.

(i) Let P € Vs(M). Then there exists s € S such that s(M :x M) € (P :g M). This givess € (P :(g M)N S,
a contradiction. So Vg(M) = 0. Now choose P € V5(0). Then we have s(0 :x M) € (P :x M) for some s € S.
This is true for all P € Specs(M). Thus Vs((0)) = Specs(M).

(iii) Take P € () Vs(N;). Then P € Vs(N;) for all i. Since P is S-prime submodule, there exists a fixed s € S

i€l
such that s(N; : M) € (P : M) for each N;.

s(N;: M) C(P: M) = s(N;: M\)M C (P: M\)M
e (Ni : MM C ((P:M)M:s)
S ((Ni: MM - M)C((P-MM:s):M)=(((P:MM:M):s)
S s((Nj : MM : M) C((P: MM : M) =(P: M)
& s() (Ni: MM : M) € (P: M)
iel
o Pe VS(Z(N,- : M)M).

i€l

(iv) Take P € Vg(N) U Vg(L). Then P € Vg(N) or Vg(L). This means that s(N :x M) € (P :x M) or
s(L :g M) € (P :g M) for some s € S. Thus s(N N L :g M) C (P :r M) giving that P € Vs(N N L).

Let P € V(N N L). Then there exists s € S such that s((N :x M) N (L :g M)) =s(NNL:x M) C (P :g M).
So, s(N ;g M) € (P ;g M) or s(L :x M) C (P :g M). This gives either P € V5(N) or P € Vs(L). Hence
P e Vs(N)U Vg(L), as needed. [
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From the previous theorem, there exists a topology on Specs(M) having the collection of Vs(N) for N < M
as the family of all closed sets. This topology is called S-Zariski topology on Specs(M). It can be seen that
any open set on S5-Zariski topology has the form Specs(M) — Vs(N) for N < M.

Proposition 3.4. Let M be an R-module and N be a submodule of M. Then Vs(N) = Vs((N : M)M) = V((N :
M)M).

Proof. Let P € Vg(N). Then s(N : M) C (P : M) for some s € S. This implies that s(N : M)M C (P : M)M.
So we have s(N : MM : M) € (s(N : MM : M) € (P : M)M : M) = (P : M). Thus we conclude that
P € Vs((N : M)M). For the other inclusion, take P € Vs((N : M)M). Then s((N : M)M : M) C (P : M) for
some s € 5. Since (N : M)M : M) = (N : M), we get s(N : M) C (P : M) showing that P € Vg(N).

Let P € Vi((N : M)M). Then s(N : M)M C P for some s € S. This gives s(N : M) = s((N : M)M :
M) C (s(N : MM : M) € (P : M). Hence P € Vs(N). Choose P € Vs(N) = Vs((N : M)M). Then
s((N : M)M : M) C (P : M) for some s € S implying s(N : M)M C P and this gives P € Vi((N : M)M), as
desired. [

Define the set Spec’;(M) = {P € Specs(M) : S~Y(P : M) = S71p,p € Specs(R)}.

Proposition 3.5. Let M be an R-module and N be a submodule of M. Then,

Vs(N) = U Spech(M).
peVs((N:M))

Proof. Choose P € Vg(N). Then s(N : M) C (P : M) for some s € S implying S™(N : M) € S7Y(P: M) = S7!p.
Here, s'(N : M) C p for some s’ € S. Thus p € V(N : M)). This means that P € U Specg(M).
peVs((N:M))

On the other hand, let Q € U SpecZ(M). Then Q € SpecZ(M) for some p € Vs((N : M)). So
peVs((N:M))

SHQ : M) = S'p where s(N : M) C p for some s € S. This implies that S"(N : M) € S~!p = S71(Q : M).
Hence we have s'(N : M) C (Q : M) showing Q € Vs(N). O

Lemma 3.6. Let R be a ring, M be an R-module, S be a multiplicatively closed subset of R and K, N be submodules
of M. If STH(K : M) = STY(N : M), then Vs(K) = Vs(N). The converse is also true when K and N are S-prime.

Proof. Assume that S™Y(K : M) = S7Y(N : M). Take P € V5(K). Then there exists s € S such that s(K : M) C
(P : M). Choose r € (N : M) implying £ € ST/(N : M) = S"/(K : M). So s'r € (K : M) for some s’ € S. Then we
get ss'r € s(K : M) C (P : M). Since (P : M) is S-prime ideal, there exists t € S such that tr € (P : M) and so
HN : M) C (P : M), that is, P € Vg(N). Similar argument shows that Vs(N) C Vs(K), as desired.

On the other hand, suppose that Vs(K) = Vs(N). Choose £ € S™I(K : M). Then there exists u € S such
that ua € (K : M). Since s"(K : M) € (N : M) for some s’ € S, we get s'ua € s'(K : M) € (N : M). Then
£ = £ ¢ GI(N : M). This shows that S™/(K : M) € S/(N : M). For the converse, take £ € STI(N : M).
Then there exists u € S such that ub € (N : M). Since s’(N : M) € (K : M) for some s’ € S, we get
s'ub € (N : M) C (K : M). Then % = €4 ¢ §-Y(K : M). This shows that ST'(N : M) € S7Y(K : M) which
proves the equality. [

Theorem 3.7. The collection of D5 = {P € Specs(M) : s(aM : M) ¢ (P : M) for all s € S} where a € R is a basis for
S-Zariski topology.

Proof. First, we will show that D3 is open for any a € R. Let P € Specs(M) — DS. Then P ¢ D3 implying that
s(aM :x M) C (P :r M). Hence P € Vs(aM) which gives Specs(M) — D3 C Vs(aM). For the reverse inclusion,
take P € Vs(aM). Then s(aM :x M) C (P :x M). This means that P ¢ DS and so P € Specs(M) — D3. Since
Specs(M) — D = Vs(aM) and Vs(aM) is closed in Specs(M), we conclude that D3 is open.

Now we will show that any open set Specs(M) — Vs(N) can be written as a union of D3, that is,
Specs(M) — Vs(N) = U D;. If P € Specs(M) — Vs(N). Then P ¢ Vs(N) which means that s(N ;g M) ¢ (P :x M)
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foralls € S. So (N :g M) € ((P :r M) :g s). Then there exists s’ € S such that ((P :x M) :x s) € (P :x M) g &)

foralls € Sby [19, Lemma 2.16]. Let N = ), asMand A’ = {i€ A: (a;M ;g M) € (P :r M) r ")}. Then for
{ie)

eachs € 5,1 € A’, we have s(a;M :g M) € (P :r M). This gives P € Dfi implying that P € (J Dfi. Conversely,
ieA’
choose P € |J D5. Then P € D; for somei € A, a; € R. So s(aiM :x M) € (P :x M) for all s € S. Then we get
ieN
a(N :g M) £ (P :g M) forall s € S. Thus P ¢ Vs(N) giving P € Specs(M) — Vs(N), as desired. [J

Lemma 3.8. ([17]) Let B and B’ be basis for topologies T and ', respectively, on X. Then ' is finer that t if and
only if for each x € X and each basis element x € B € B, there is a basis element B’ € B’ such that x € B’ C B.

Recall from [2] that a module M is called S-multiplication if for each submodule N of M there exists an
seSsuchthatsNC (N: MM CN.

Note that the collection of D;° = {P € Specs(M) : saM ¢ P foralls € S} where a € R is a basis for
quasi S-Zariski topology in an S-top module. In this case, quasi S-Zariski topology is finer than S-Zariski
topology. In particular, in an S-multiplication module, they are coincide.

Proposition 3.9. Let M be a S-multiplication R-module. Then T3 = Ts.

multiplication module, we have sN C (N : M)M C N for some s € S and it implies that Vi(N) € V(N :
M)M) € Vi(N). Thus we obtain Vi(N) = Vi((N : M)M) = Vs(N) by Proposition 3.4. Thus 73 = 15, as
desired. O

Proof. We already know that 75 C 7 by Proposition 3.4. For the other inclusion, since M is an S-

By [19, Lemma 2.16], there exists an s € S such that (P :j; s") € (P :m s) for each s’ € Sand (P :p 5) is a
prime submodule. From this time forth, we denote this s € S for P € Specs(M) by sp. The following theorem
illustrates a relationship between the closure of any subset of Specs(R) and closed sets.

Theorem 3.10. Let M be a finitely generated R-module and Y C Specs(M). Then,

Y= Vs(ﬂ(P M Sp))-

Pey

Proof. Let Q € Y. Then () (P :m sp) € (Q :m Sp) and this implies that so () (P :m sp) € Q.
Pey Pey

(S \(P i sp) ik M) € (Q x M) = so(| (P im 5p) ik M) € (Qir M) = Q € V([ |(Pwr 5p)

Pey Pey

=>YC Vs(ﬂ(P M Sp))
PeY

=YC Vs(ﬂ(P ‘M SP))-

Pey

Conversely, suppose Y C Vs(N). If P € Y then P € Vs(N). This gives that s(N :x M) C (P :x M) for some
s€eSs.

(N :r M) C((P:r M) :r 8) S ((P:r M) :r sp) = (P :m 8p) :r M)

= (N i M) € [\ 50) s M) = ()P ona sp) 2 M).
PeYy PeYy
Let Q € Vs(( (P :p sp)). Then we get s(N : M) C s(() (P :m sp) : M) € (Q : M), thatis, Q € Vg(N), as
PeY PeY
desired. O



E. Yildiz et al. / Filomat 36:20 (2022), 7103-7112 7109

Let R be a ring, M be an R-module and S be a multiplicatively closed subset of R. Define the set
0 ={S7Y(P: M) : P € Specs(M)}. S™1(P : M) is a maximal element of 6 if S~}(P : M) € S7}(Q : M) implies that
S7HP : M) = STY(Q : M) where Q € Specs(M).

Theorem 3.11. Let M be an R-module and P € Specs(M). Then we have the following:

(@) (P} = Vs(P) = Vs((P :m sp)).__

(if) For any Q € Specs(M), Q € {P} iff s(P : M) € (Q : M) for some s € S iff Vs(Q) € Vs(P).

(iii) {P} is closed in Specs(M) if and only if STY(P : M) is a maximal element of O and SpecZ(M) = {P} where
STHP : M) = S7'p, that is, |Specy(M)| = 1.

Proof. (i) {P} = Vs( N (P :m sp)) = Vs((P :m sp)). Since P C (P :u sp), it is clear that Vs((P :m sp)) € Vs(P).
Pe{P}

Now choose Q € Vs(P). Then s(P : M) € (Q : M) for some s € S. This implies that ssp((P :u sp) : M) =
ssp((P: M) :sp) Cs(P: M) € (Q:M)and so Q € Vs((P :m sp)) which completes the proof.

(ii) Take Q € {P} = V5(P). Then s(P : M) C (Q : M) for some s € S. Let N € V5(Q). Then there exists
s’ € Ssuch that s'(Q : M) C (N : M). This gives s’s(P : M) Cs’(Q : M) € (N : M). Thus N € Vg(P) implying
Vs(Q) € Vs(P). _

For the converse, let Q € V5(Q) € Vs(P). Then s(P : M) C (Q : M) for some s € S. Hence Q € Vs(P) = {P}
which completes the proof.

(iii) Suppose {P} is closed. Then {P} = {P} = Vs(P). Since S™(P : M) € S™}(Q : M) where Q € Specs(M)
implies s(P : M) C (Q : M) for some s € S, we have Q € Vg(P) = {P}. Thus Q = P and this means that
S~1(P : M) is a maximal element of 0. Also, we have Spec’;(M) C Vs(P) = {P}.

On the other hand, choose Q € {P}. Then there exists s € S such that s(P : M) C (Q : M). It means that
S7HP: M) C STH(Q : M). Since S™}(P : M) is a maximal element of 6, wehave S}(P: M) = S71(Q : M) = S71p.

So Q € Spec(M). As |Speci(M)| =1, P = Q. Then we conclude that {P} = {P} and so {P} is closed. [

Theorem 3.12. Let M be an R-module and P, Q € Specs(M). Then the following statements are equivalent:
(i) The natural map ¢ : Specs(M) — Spec(S™'R/Ann(S"1M)) is injective.
(it) If Vs(P) = Vs(Q), then P = Q.
(iii) |Spech(M)] < 1.

Proof. (i) = (ii) Assume that Vs(P) = Vs(Q). Then we have S™H(P : M) = S}(Q : M) by Lemma 3.6. This
gives that S71(P : M) = S71(Q : M) implying ¢(P) = ¢(Q). Since ¢ is injective, we get P = Q.

(if) = (iii) Let P,Q € SpecZ(M). Then S™Y(P : M) = S™'p = STY(Q : M). This implies that Vs(P) = Vs(Q)
and so P = Q, as desired.

(iti) = (i) Let ¢(P) = ¢(Q). Then STH(P: M) = S71(Q: M) = S~'p. Thus we have P,Q € SpecZ(M). As
ISpec’;(M)l <1, P = Q which shows ¢ is injective. [

Theorem 3.13. Let M be an R-module. Then the following are equivalent:
(i) Specs(M) is Ty-space.
(ii) If Vs(P) = Vs(Q), then P = Q for any P, Q € Specs(M).

Proof. (i) = (ii) Assume that Vs(P) = Vs(Q). Then we have {P} = {Q}. Since Specs(M) is Ty, we conclude
that P = Q.

(if) = (i) Assume that Vs(P) = Vs(Q) implies P = Q. Since P} = Vs(P), {P} = {Q} means that
Vs(P) = Vs(Q) and so P = Q by the assumption. Thus Specs(M) is To-space. O

Corollary 3.14. If M is a multiplication module, then Specs(M) is a To-space for both S-Zariski topology 15 and
quasi S-Zariski topology 5.

Proof. Suppose Vs(P) = Vs(Q) for P,Q € Specs(M). Then S7Y(P : M) = S™(Q : M) by Lemma 3.5. This
implies that (P : M) = (Q : M). As M is a multiplication module, we have P = (P : M\)M = (Q : M\)M = Q.
Thus Specs(M) is Ty by Theorem 3.13. The rest follows from the fact that ts < 7. O
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Proposition 3.15. Let M be an R-module whose Specs(M) may be empty. Specs(M) is a Ty-space if and only if
S™YP : M) is a maximal element of 6 and ISpec’;(M)l < 1 for every p € Specs(R).

Proof. If Specs(M) = 0, it is clear that the statement is true. Now suppose Specs(M) # 0. If Specs(M) is a
Ty-space, then S'(P : M) is a maximal element of 0 and Specg(M) = {P} where S (P : M) = S™!p, that is,
|Speci,(M)| = 1 by Theorem 3.11 (iii).

On the other hand, ISpecg(M)I = 1 for every S™!p € 0. Then {P} is closed for every P € Specs(M) by
Theorem 3.11. Therefore, Specs(M) is T1. O

Theorem 3.16. Let M be a S-multiplication R-module. Then the map ¢ : Specs(M) — Specs(R) defined by
¢(N) = (N : M) is continuous.

Proof. Let F be any closed set in Specs(R). We will show that ¢~!(F) is closed in Specs(M). Since F is closed
in Specs(R), we have F = Vg(I) where I < R. For any N € Specs(M), N € ¢~1(F) and so ¢(N) € Vs(I). Since
(N : M) € Vg(I), there exists s € S such that sI C (N : M). Then sIM C (N : M)M.

SIM: M) C ((N: MM : M) = s(IM: M) C (N : M).

This gives N € Vg(IM).

Conversely, take N € Vg(IM). Then s(IM : M) C (N : M) for some s € S.

Since M is S-multiplication, there exists s’ € S such that s’IM C (IM : M)M. This implies that ss"IM C
s(IM : M)M C N, that is, ss'I € (N : M). Then (N : M) € Vg(I), that is, N € ¢~}(F). Then we have
Vs(IM) C ¢1(F). Therefore, we conclude that ¢! (F) = Vs(IM) proving that ¢p~!(F) is closed in Specs(M). [

Theorem 3.17. Let M, M’ be R-modules, X = Specs(M) and X’ = Specs(M’). If f : M — M’ is epimorphism, then
¢ : X' — Xdefined by P’ — f~1(P’) is continuous.

Proof. Forany P’ € X’ and any closed set Vs(N) where N < M. Choose P’ € ¢~ (Vs(N)) = ¢ (VE((N : M)M)).
Then ¢(P') = f71(P) € Ve((N : M)M). This implies that s(N : M)M C ¢(P') = f~!(P'). Hence we obtain
F(S(N : MYM) C F(&(P')) = P'. Then
SN : MM CP = P’ € V(N : M)M’) = Vs((N : MM).
Conversely, take P’ € V(N : M)M’) = Vs((N : M)M'). Then

sS(N: MM’ C P = sf(N:MM)C P = s(N: MM C f(P) = p(P).

H(P) € V(N : M)M) = P’ € ¢~ (Ve(N : MIM) = ¢~ (Vs(N)).
O

4. Irreducibility in Specs(M)

Proposition 4.1. Let P be an S-prime submodule of an R-module M. Then Vs(P) is an irreducible closed subset of
Specs(M).

Proof. Assume that Vs(P) = Vs(K) U V(L) for some submodules N, L of M. It is clear that Vs(K) € Vs(P).
Since P € Vg(P), P € Vs(K) or P € Vg(L). Without loss of generality, suppose P € Vs(K). Then there exists
s € S such that s(K : M) € (P : M). Choose Q € Vs(P). Then s’'(P : M) € (Q : M). This implies that
§'s(K: M) Cs'(P: M) € (Q: M). This gives Q € Vs(K) implying Vs(P) € Vs(K). Thus we get Vs(P) = Vs(K)
which completes the proof. [

Proposition 4.2. Let M be an R-module and Y be a subset of Specs(M). Assume that S ( () (P :m sp) : M) = S7p
Pey

is a prime ideal of R. If Spec’;(M) # 0, then Y is irreducible.
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Proof. Let Q € Speci(M). Then S71(Q : M) = S'p = S™(() (P 1 sp) : M). Hence Vs(Q) = V() (P :um sp) =
PeYy PeYy
Y. Since Vs(Q) is irreducible for S-prime submodule Q of M, Y is irreducible. So Y is also irreducible. []

Corollary 4.3. Let M be an R-module and Y be a subset of Specs(M). If (1 P is an S-prime submodule of M, then Y
PeYy

is irreducible.

Proof. If () P is an S-prime submodule of M, Vs(( P) = Y is irreducible. So Y is irreducible. [
PeYy PeY

Corollary 4.4. Let SpecZ(M) # 0 for some p € Specs(R). If p is S-maximal ideal of R, then Spec’s’(M) is irreducible
closed subset of Specs(M).

Proof. One can easily see that p C (pM : M). Since p is S-maximal, we have either s(pM : M) C p or
(pM : M) NS # 0. If we assume (pM : M) NS # 0, then there exists s € S such thats € (pM : M). Let
P € Spec(M). This gives S~(P : M) = S~'p by the definition. So s'p C (P : M) for some s’ € S. Then,

sSpM C (P MM = s'(pM : M) C (s'’pM : M) C (P : M)M : M) = (P : M).

So, ss’ € (P : M), a contradiction. If the former case holds, then S7'(pM : M) C S7'p. So we have
S pM : M) = S'p. Now we claim that SpecZ(M) = Vs(pM) where p is S-maximal ideal of R. Let
P € Spec(M). Then S™(P : M) = S7'p = 57! (pM : M). This gives Vs(P) = Vs(pM). So P € Vs(pM). Now take
Q € Vs(pM). Then s(pM : M) € (Q : M) for some s € S. This gives S™'p = S7H(pM : M) € S7(Q : M). Since p
is S-maximal, S~!p is maximal. So we have S~'p = $71(Q : M) showing Q € Speci(M). [

Definition 4.5. Let M be an R-module and N be a submodule of M. Then, S-radical of N is defined as
VN={reR:s""MCN,Js €S, InecZ*).
Proposition 4.6. Let M be a finitely generated multiplication module and N be a submodule of M. Then,

YN = m ((P: M) : sp).

PeV(N)

Proof. Leta € YN. Thensa"M C N for some s € S and n € Z* implying sa” € (N : M). Take P € Vs(N). Then
s'(N : M) C (P : M). So we have s’sa" € s'(N : M) C (P : M). This gives a" € (P : M) : s’s) C (P : M) : sp).
Since ((P : M) : sp) is a prime ideal, a € (P : M) : sp) for all P € Vg(N).

Conversely, chooseb e (| ((P: M) :sp). Thenb € (P : M) : sp) for all P € Vs(N). Suppose b ¢ VN.
PeVs(N)

Sosb"M ¢ N foralls € Sand n € Z*. Then & = (£)"S™'M ¢ S~IN. This means that £ ¢ /(S"IN: S-IM).
There exists a prime submodule P* of S™'M with SN C P* such that 257'M ¢ P* = S7'P’ for some prime
submodule P’ of M. As S7IN € S™'P’, sN C P’ implying s(N : M) C (sN : M) C (P’ : M) and so P’ € Vs(N).
Since b € Npeyy)((P : M) : sp), b € (P’ : M) : sp) = (P' : M). Thus % € STHP’ : M) and this implies
%S‘lM C S71P’ = P*, a contradiction. [J

Proposition 4.7. Let M be a finitely generated multiplication module and N be a submodule of M. Then,
Vs(N) = Vs(VNM).
Proof. Since N = (N : M)M C VNM, we have Vs(VN) C Vg(N). For the converse, suppose Q € Vs(N).

AsVYN= () (P:M):sp) C((Q:M): 5Q), we obtain sQ\S/ﬁ C (Q : M) implying sg VNM € Q. Then
PEVS(N)

so(VNM : M) € (Q: M) and so Q € Vs(VNM), as desired. [
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Proposition 4.8. Let M be a finitely generated multiplication module and N be a submodule of M. If Vs(N) is
irreducible, then VN is a prime ideal.

Proof. Take ab € VNbuta ¢ YN and b ¢ VN. Then there exist P,Q € Vs(N) such thata ¢ (P : M) : sp) and
b ¢ ((Q: M) :sg). This implies thatsa ¢ (P : M) and sb ¢ (Q : M) for alls € S. So s(aM : M) € (P : M)
and s(bM : M) € (Q : M). So we conclude that P € D and Q € D; which imply P € D] N Vs(N) and
Q € D; N Vs(N). Thus D; N Vs(N) and D; N Vs(N) are nonempty open sets in subspace topology. Since
Vs(N) is irreducible, (D7 N Vs(N)) N (D; N Vs(N)) # 0. Suppose U € (D; N Vs(N)) N (D N Vs(N)). As
U € V5(N) = Vs(YNM) by Proposition 4.7, we get s(VNM : M) € (U : M). Also, U € DS N D} = D3, implies
s'(abM : M) € (U : M) for all s’ € S. But we have sab € (U : M) that gives sabM € (U : M)M. Then we have
s@abM : M) C (U : M)M : M) = (U : M), a contradiction. Thus VN is a prime ideal. [
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