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1. Introduction

1.1. Graded Rings and Semigroup Rings

Let R be a commutative ring with identity and let I be a commutative monoid written additively.
Then R is called a I'-graded ring if there exists a nonempty family {R, |« € T'} of additive abelian
groups such that R = @yer Ry and Ry - Rg € Ry p foralla, p €T

Let R = @,cr Ra be aI'-graded ring. It is obvious that for all & € T, R, is an Ro-module. (In this
paper, all modules are assumed to be unitary.) In particular, Ry can be regarded as a subring of
R. Also, it is easy to see that [J,r Ry is the set of homogeneous elements of R. An ideal I of R is
said to be homogeneous if I = @,r(I N Ry ) (or equivalently, I has a set of homogeneous generators).
It is routine to show that if I and ] are homogeneous ideals of R, then (I : J) := {x € R|x] C I}
is also a homogeneous ideal of R. Let {Ig | B € A} be a nonempty set of homogeneous ideals of R.
Then } g 5 Ig is anideal of R which has a set of homogeneous generators; so } g 5 Ig is a homogeneous
ideal of R. In particular, if {I | € A} is a chain of homogeneous ideals of R, then Ugca g is also a
homogeneous ideal of R.

For more on graded rings, the readers can refer to [1].

One of the most important examples of I'-graded rings is the semigroup ring. Let R be a
commutative ring with identity, I' a commutative monoid written additively and R[I'] the set of
functions f from I' to R that are finitely nonzero with the usual addition and multiplication defined as

(f&)(7) = Latp=r f(2)8(B)-

Then R[I'] becomes a commutative ring with identity and we call R[T'| the semigroup ring of T
over R.

Let R[I'] be the semigroup ring of I over R. Then each f € R[I'] can be written as f = a7 X" +
-+~ +a,X* forsomeay,...,a, € Rand ay,...,a, € T. Also, R[] = @ er RX* is a I-graded ring in
the natural way with (R[I']), = RX".

The readers can refer to [2] for semigroup rings and semigroups.

Mathematics 2020, 8, 1532; d0i:10.3390 / math8091532 www.mdpi.com/journal/mathematics


http://www.mdpi.com/journal/mathematics
http://www.mdpi.com
http://dx.doi.org/10.3390/math8091532
http://www.mdpi.com/journal/mathematics
https://www.mdpi.com/2227-7390/8/9/1532?type=check_update&version=2

Mathematics 2020, 8, 1532 20of 11

1.2. S-Noetherian Rings

The concept of Noetherian rings is one of the most important tools in the arsenal of algebraists.
Because of its significance, there have been many attempts to generalize the notion of Noetherian
rings. One of several generalizations is an S-Noetherian ring. Let R be a commutative ring with
identity, S a (not necessarily saturated) multiplicative subset of R and M a unitary R-module. In [3],
the authors introduced the concept of “almost finitely generated” to study Querre’s characterization
of divisorial ideals in integrally closed polynomial rings. Later, in [4], Anderson and Dumitrescu
abstracted this notion to any commutative ring and defined a general concept of Noetherian rings.
Recall from (Definition 1 [4]) that an ideal I of R is S-finite if there exist an element s € S and a finitely
generated ideal | of R such that sI C | C I; and R is an S-Noetherian ring if each ideal of R is S-finite.
Also, M is said to be S-finite if there exist an element s € S and a finitely generated R-submodule F of
M such that sM C F. If S consists of units of R, then the notion of S-Noetherian rings (resp., S-finite
ideals, S-finite modules) is precisely the same as that of Noetherian rings (resp., finitely generated
ideals, finitely generated modules).

For more on S-Noetherian rings, the readers can refer to [4-12].

Let R be a commutative ring with identity and let S be a (not necessarily saturated) multiplicative
subset of R. Recall from [4] (p. 4411) that S is an anti-Archimedean subset of R if ;. {s"RNS # @
for all s € S. This concept originally came from that of anti-Archimedean rings [13] (p. 3223). As an
example, every multiplicative subset consisting of units is anti-Archimedean. Also, if V is a valuation
domain with no height-one prime ideals, then V' \ {0} is an anti-Archimedean subset of V (Proposition
2.1 [13]).

Recall that for a commutative monoid I, a I'-graded ring R = @, Rq is a graded Noetherian ring if
every homogeneous ideal of R is finitely generated. In [14,15], the authors studied graded Noetherian
rings. More precisely, Goto and Yamagishi showed that if I' is a finitely generated abelian group and
R = @, er Ry is aI-graded ring, then R is a graded Noetherian ring if and only if R is a Noetherian
ring, if and only if Ry is a Noetherian ring and R is a finitely generated Ry-algebra (Theorem 1.1 [14]).
Also, Rush proved that if R is a commutative ring with identity and I' is a torsion-free cancellative
monoid, then R[I'] is a graded Noetherian ring if and only if R is a Noetherian ring and T is finitely
generated (Theorem 2.4 [15]). In [11], the authors dealt with semigroup rings as S-Noetherian rings.
For a commutative ring R with identity, an anti-Archimedean subset S of R and a commutative
monoid T, it was shown that if R is an S-Noetherian ring and T is finitely generated, then R[I'] is an
S-Noetherian ring (Proposition 3.1 [11]); and if R[I] is an S-Noetherian ring and T’ is cancellative with
G(T') = {0}, Ris an S-Noetherian ring and T is finitely generated, where G(T') is the largest subgroup
of I' (Lemma 3.2 and Proposition 3.3 [11]).

Motivated by the results in the previous paragraph, in this paper, we introduce the concept of
graded S-Noetherian rings and determine when the both a graded ring and the semigroup ring are
graded S-Noetherian rings. In Section 2, we introduce the concepts of graded S-Noetherian rings
and S-finite algebras and show that if I is a finitely generated abelian group, R = @,cr Ry is a
I'-graded ring and S is an anti-Archimedean subset of Ry, then R is an S-Noetherian ring if and only
if R is a graded S-Noetherian ring, if and only if Ry is an S-Noetherian ring and R is an S-finite
Rp-algebra. In Section 3, we investigate to study when the semigroup ring is a graded S-Noetherian
ring. More precisely, we prove that if R is a commutative ring with identity, S is a multiplicative subset
of R and T is a torsion-free cancellative monoid, then R[I'] is a graded S-Noetherian ring if and only
if R is an S-Noetherian ring and every ideal of I' is finitely generated. We also give an example of a
graded S-Noetherian ring which is not an S-Noetherian ring.

2. Graded Rings as Graded S-Noetherian Rings

Let R be a commutative ring with identity and let T be a unitary R-module. Then we say that R is
a direct summand of T as an R-module if there exists an R-module A such that T = R ® A.
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Lemma 1. Let R C T be an extension of commutative rings with identity, S a multiplicative subset of R and |
an ideal of R. Suppose that R is a direct summand of T as an R-module. Then I is an S-finite ideal of R if and
only if IT is an S-finite ideal of T.

Proof. (=) Suppose that I is an S-finite ideal of R. Then there exist an element s € S and a finitely
generated ideal ] of R such thatsI C | C I. Hence sIT C JT C IT. Note that JT is a finitely generated
ideal of T. Thus IT is an S-finite ideal of T.

(<=) Suppose that IT is an S-finite ideal of T. Then there exist an element s € S and a finitely
generated subideal | of I such thatsIT C JT. Since R is a direct summand of T as an R-module, we can
define an R-module epimorphism ¢ : T — R such that ¢(r) = r forall¥ € R. Let a € I. Then there
exist ji,...,jn € Jand ty,...,t, € T such thatsa = Y/ ; jktx. Therefore we obtain

sa = P(sa) = ¢(Xy_q jktk) = Li—1 kP (tx) € J.
Hence sI C | C I. Thus I is an S-finite ideal of R. [

Let I be a commutative monoid and let R = @, Ry be a I'-graded ring. Then for each a € T,
Ry - R denotes the ideal of R generated by the set R,.

Lemma 2. Suppose that T is a cancellative monoid. Let R = @,cr Ra be a I'-graded ring and let S be a
multiplicative subset of Ry. For an element « € T, if Ry - R is an S-finite ideal of R, then R, is an S-finite
Ry-module.

Proof. Suppose that R, - R is an S-finite ideal of R. Then we can find s € Sand a3, ...,4, € Ry such
thatsR, - R C (ay,...,a,). Leta € R,. Then there exist r1,...,7,; € Rsuch thatsa = a;ry + -+ - + ayry.
Since T is cancellative, we may assume that r; € Ry foralli € {1,...,n}. Hence sRy C a1Ry+ -+ +
a;Rg C R,. Thus R, is an S-finite Ry-module. [

We denote by Z the (additive) group of integers.

Lemma 3. Let R = @,z Ra be a Z-graded ring and let S be a multiplicative subset of Ry. If every ideal of R
generated by elements of Ry is S-finite, then Ry is an S-Noetherian ring.

Proof. Let I be an ideal of Ry. Then IR is an ideal of R generated by elements of Ry. By the
assumption, IR is an S-finite ideal of R. Hence by Lemma 1, I is an S-finite ideal of Ry. Thus
Rp is an S-Noetherian ring. O

Let R be a commutative ring with identity, A an R-algebra and S a (not necessarily saturated)
multiplicative subset of R. We say that A is an S-finite R-algebra if there exists € Sand ay,...,a, € A
such that sA C Rlay, ..., a,).

For a Z-graded ring R = @,c7 R, let RT = @,~9 Ry and R~ = @, Ry Then R - R denotes
the ideal of R generated by the set Rt and R~ - R stands for the ideal of R generated by the set R™.
It is easy to see that R - R (resp., R~ - R) is the ideal of R generated by all homogeneous elements of
R" (resp., R7). Fora,b € Z with b < a, we define Ro[Ry, . .., R,] to be the Rp-algebra generated by the

Set Ubglga Rl

Lemma 4. Let R = @,cz, Ry be a Z-graded ring and let S be an anti-Archimedean subset of Ro. If Rt - R,
R™ - Rand Ry - R for all « € Z are S-finite ideals of R, then R is an S-finite Ro-algebra.

Proof. Suppose that R - R and R~ - R are S-finite ideals of R. Then there exists,t € S, f1,..., fu € RT
and g1,...,9m € R™ such that

s(R*-R) C (f1,...,fn) and t(R™ -R) C (g1,---,9m)-
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By an easy calculation, we may assume that f1,..., fu,g1,...,gm are homogeneous. Leta =
Max{deg(f;) |1 <i<n}and b = Min{deg(g;) |1 <i < m}.
Claim: There exists an element u € S such that uR* C Ry[Ry, ..., R,].

Letx € Ry41. Thenstx € (fi,..., fu); sothereexistcy,...,c, € Rsuchthatstx = fic;+- - -+ fucn.
Since stx is a homogeneous element of R with deg(stx) = a + 1, we may assume that for each
ie{l,...,n}, eitherc; = 0or1 < deg(c;) < a. Therefore stx € Ryg[Ry,...,Rs] € Ro[Ryp,...,Rq].
Hence stR,11 € Ro[Ry, ..., Ra-

Fix an integer k > 2 and suppose that (st)'R,,; C Rq[Ry,...,R,] foralli = 1,...,k— 1.
Then we have

(st)*"'Rati € Ro[Rp, ..., Ra]

foralli =1,...,k—1. Lety € R, . Then sty € (f,...,fn); so there exist dq,...,d, € R such
that sty = fidy + - - + fudy,. This implies that (st)*y = (st)*~1(fidy + - - + fudy). Since (st)Fyis a
homogeneous element of R with deg((st)*y) = a + k, we may assume that for eachi € {1,...,n}, either
d; = 0 or k < deg(d;) < a-+k — 1. Note that by the induction hypothesis, (st)*~1d; € Ro[Ry, ..., R,]
foralli € {1,...,n}; so we have

(Sf)ky — fl (St)k_1d1 4. +fn(st)k—ldn
S Ro[Rh,. . .,Ru].

Hence (st)* R, C Ro[Ry, ..., Rq].
By the induction, (st)/ Ra1j € Ro[Ry, ..., Ry] forall j > 1. Since S is an anti-Archimedean subset
of Ry, there exists an element u € ﬂ;’;l (st))Ry N S; so we have

uRa—i—j Q RO [Rbr e ,Ru]
forall j > 1. Thus uR™ C Ry[Ry, ..., Rq].

Also, a similar argument as in Claim shows that uR™ C Ry[Ry, ..., R,], where u is as in the proof
of Claim. Hence uR C Ry[Ry,...,R,;] C R.

Leta € Z with b < a < a. Then by the assumption, R, - R is an S-finite ideal of R; so there exist
sa € Sand Wy, ..., Wap, € Ry such that

$a(Ry - R) C (a1, ..., Wap, )R € Ry - R.

Let F = {w,j|b <a<aand1 <j < p,} and lets = [J<y<, 82 Then foreacha € {b,...,a},
5(Ra - R) C (wa1,- .., Wap, )R C Ry - R. Since Z is a group, we have

SR C (W, -, Wap, )Ro € Ro[F] € R
foreacha € {b,...,a}. Hence we have
suR C5Ro[Ry, ..., Ry] € Ro[F] C R.
Note that Ry[F] is a finitely generated Rp-algebra. Thus R is an S-finite Rp-algebra. [

Lemma 5. Let A C B C C be extensions of commutative rings with identity and let S be a multiplicative
subset of A. If B is an S-finite A-algebra and C is an S-finite B-algebra, then C is an S-finite A-algebra.

Proof. Suppose that B is an S-finite A-algebra and C is an S-finite B-algebra. Then there exist s,t € S,
by,...,bp € Bandcy,...,c € Csuch thatsB C A[by, ..., by] and tC C Blcy, ..., cm]. Hence we have
stC CsBley, ..., cm]) C A[by, ..., by, c1, ..., Cml-

Thus C is an S-finite A-algebra. O
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In (Corollary 2.1 [16]) or (Theorem 3.1 [6]), the authors showed the Eakin-Nagata theorem for
S-Noetherian rings which states that for an extension R C T of commutative rings with identity and a
multiplicative subset S of R, if R is an S-Noetherian ring and T is an S-finite R-module, then T is an
S-Noetherian ring. If S is anti-Archimedean, then we have the following result.

Lemma 6. Let R C T be an extension of commutative rings with identity and let S be an anti-Archimedean
subset of R. If R is an S-Noetherian ring and T is an S-finite R-algebra, then T is an S-Noetherian ring.

Proof. Suppose that T is an S-finite R-algebra. Then there exist s; € Sand ty,...,t, € T such that
s1T C R[t, ..., tn]. Let {Xq,..., X} be a set of indeterminates over R and let ¢ : R[Xy,..., Xu] —
R[t1,...,ts] be the evaluation homomorphism such that ¢|r is the identity map on R and ¢ sends
Xitot;foralli € {1,...,n}. Then R[ty,...,t,] is isomorphic to R[Xy,..., X,]/Ker(¢). Since R is
an S-Noetherian ring and S is an anti-Archimedean subset of R, R[X3, ..., X,] is an S-Noetherian
ring (Proposition 9 [4]) or (Corollary 3.3 [5]). Hence R[Xj,..., Xn]/Ker(¢) is an S-Noetherian
R[X3,..., Xu]-module (Lemma 2.14(1) [5]).

Let S/Ker(¢) = {s+ Ker(¢)|s € S}. Then S/Ker(¢) is a multiplicative subset of
R[Xy,...,Xu]/Ker(¢). Since R[Xy,...,Xu]/Ker(¢) is an S-Noetherian R[Xj,..., X,|-module,
R[Xy,...,Xu]/Ker(¢) is an (S/Ker(¢))-Noetherian ring. Note that R[Xj,..., X,]/Ker(¢) is
isomorphic to R[ty, ..., t,] and S/Ker(¢) is isomorphic to S. Hence R[ty, .. ., t4] is an S-Noetherian ring.

Let I be an ideal of T. Then s1I C INR[ty,...,t,]. Since R[ty,...,t,] is an S-Noetherian ring,
there exist s, € Sand ay,...,a, € INR]ty,...,t,] such that

so(INR[t, ..., tn]) C (a1, ..., am)R[t, .., b

Therefore we obtain
s1521 C 52(1 N R[tl, .. .,tn]) - (al, .. .,um)T ClL
Hence I is an S-finite ideal of T. Thus T is an S-Noetherian ring. [

Let I' be a commutative monoid, R = @, Ry a I'-graded ring and S a multiplicative subset of
Rp. Then we say that R is a graded S-Noetherian ring if every homogeneous ideal of R is S-finite.

We are now ready to give the main result in this section.

Theorem 1. Suppose that I is a finitely generated abelian group. Let R = @ 1 Ra be a T-graded ring and let
S be an anti-Archimedean subset of Ro. Then the following statements are equivalent.

(1)  Risan S-Noetherian ring.
(2)  Risagraded S-Noetherian ring.
(8)  Roisan S-Noetherian ring and R is an S-finite Ro-algebra.

Proof. (1) = (2) This implication follows from definitions of S-Noetherian rings and graded
S-Noetherian rings.
(2) = (3) Suppose that R is a graded S-Noetherian ring.

Case 1. I' = Z" for some n € Ny. We use the induction on n. If n = 0, then there is nothing to
prove. If n = 1, then the result comes directly from Lemmas 3 and 4.

Fix an integer n > 2 and suppose that the result is true for T = Z"~!. For each € Z, let Ap =
{(ay,...,an) € Z"| Y} a; = B} and let Ty = Dacay Ra- Let T = Bpez, Tp. Then it is routine to
see that T is a Z-graded ring. Note that R = T as sets; so T* - T, T~ - T and Tg - T for all B € Z are
homogeneous ideals of R. Since R is a graded S-Noetherian ring, T* - T, T~ - Tand Tg - T forall p € Z
are S-finite ideals of T. Note that S is an anti-Archimedean subset of Tj; so by Lemma 4, T is an S-finite
Tp-algebra.
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Let ¢ : Z'"!' — Z" be the group homomorphism given by ¢(r,..., 7, 1) =
(r1,...,tu_1, — 0= 1;) forall (ry,...,r,_1) € Z""'. Foreach y € Z"~},let C,, = Ry () and consider
C := @,czn1Cy. Then it is easy to check that C is both a 7" 1-graded ring and a subring of R.
Note that C = Ty as sets and every homogeneous element of C is homogeneous in R. Let I be a
homogeneous ideal of C. Then IR is a homogeneous ideal of R. Since R is a graded S-Noetherian
ring, IR is an S-finite ideal of R; so by Lemma 1, I is an S-finite ideal of C. Therefore C is a graded
S-Noetherian ring. By the induction hypothesis, Cy is an S-Noetherian ring and C is an S-finite
Cop-algebra. Since T is an S-finite Ty-algebra and Ty is an S-finite Cp-algebra, T is an S-finite Cp-algebra
by Lemma 5. Note that R = T and Cy = R¢(0) = Ryp. Hence Ry is an S-Noetherian ring and R is an
S-finite Ry-algebra.

Thus by the induction, the result holds for all n € Ny.

Case 2. We consider the general case. Let G denote the torsion part of I'. Then there exists an
integer n > O such that ' = Z" © G. Foreach ¢ € G, let Ay = @yczn Ratg, and let A = @gec Ag.
Then it is easy to see that A is a G-graded ring. Note that A = R as sets. Let ¢ € G be fixed. Then A, - A
is a homogeneous ideal of R. Since R is a graded S-Noetherian ring, A¢ - A is an S-finite ideal of R.
Hence by Lemma 2, Ag is an S-finite Ap-module. Since G is a finite set, A is an S-finite Ag-module,
and hence R is an S-finite Ap-module.

Let I be a homogeneous ideal of Aj. Then IR is a homogeneous ideal of R. Since R is a graded
S-Noetherian ring, IR is an S-finite ideal of R; so by Lemma 1, I is an S-finite ideal of Ag. Hence
Ay is a graded S-Noetherian ring as a Z"-graded ring. Note that (A)o = Ro; so by Case 1, Ry is an
S-Noetherian ring and Ay is an S-finite Rp-algebra. Since R is an S-finite Ap-module and Ay is an
S-finite Rg-algebra, Lemma 5 forces R to be an S-finite Ry-algebra.

(8) = (1) This implication follows directly from Lemma 6. O

Corollary 1. Let I'g be a submonoid of a finitely generated abelian group, R = @yer,, Ra a To-graded ring and
S an anti-Archimedean subset of Ro. Then the following assertions are equivalent.

(1)  Risan S-Noetherian ring.
(2)  Risagraded S-Noetherian ring.
(3)  Roisan S-Noetherian ring and R is an S-finite Ry-algebra.

Proof. Let I'y be a submonoid of a finitely generated abelian group I' and let

=

R, ifa €Ty
{0} otherwise.

Let D = @ycr Da. Then D = R; so R can be regarded as a I'-graded ring. Thus the equivalences
follow directly from Theorem 1. [

Let I be a commutative monoid and let R = @, R4 be a I'-graded ring with identity. Then we
say that R is a graded Noetherian ring if every homogeneous ideal of R is finitely generated. Let S be a
multiplicative subset of Ry. If S is the set of units of Ry, then S is an anti-Archimedean subset of Ry
and the concept of graded S-Noetherian rings (resp., S-Noetherian rings, S-finite algebras) is precisely
the same as that of graded Noetherian rings (resp., Noetherian rings, finitely generated algebras).
Hence by Corollary 1, we obtain

Corollary 2. (cf. (Theorem 1.1. [14])) Let T be a submonoid of a finitely generated abelian group and let
R = @ger, Ra be a To-graded ring. Then the following conditions are equivalent.

(1)  Risa Noetherian ring.
(2)  Risagraded Noetherian ring.
(8)  Rois a Noetherian ring and R is a finitely generated Ro-algebra.
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We end this section with some examples which show that some conditions in Lemma 6 and
Theorem 1 are not superfluous.

Example 1.

(1) Let F be a field and let Y and Z be indeterminates over F. Let T = {Y} U {YZ?" |n € No}, D = F[T],
S = D\ {0} and X an indeterminate over D. Then it is easy to see that D is an S-Noetherian ring.
However, D is not agreeable [17] (p. 73); so D[X] is not an S-Noetherian ring (Remark 2.1 [3]). (Recall
from [3] (p. 4862) that an integral domain D with quotient field K is agreeable if for each fractional ideal I
of D[X] with I C K[X], there exists a nonzero element d € D such that sI C D[X].) Note that D[X] is an
S-finite D-algebra and S is not an anti-Archimedean subset of D because ;.1 Y"D NS = @. Hence the
anti-Archimedean condition in Lemma 6 is essential.

For each o € 7, let
_ DX* ifa € Ny
¢ {0}  otherwise.

Then Ry = D and D[X] = @,ez, Ra is a Z-graded ring. Hence the anti-Archimedean condition in (3) =
(1) in Theorem 1 is also essential.

(2) Let p be a prime integer and let I = Z[%]/ Z be a nonfinitely generated additive abelian group.
In (Proposition 3.1 [14]), the authors found an example of I'-graded integral domains R = @Pyer Ra
such that R and Ry are fields but R is not a finitely generated Ry-algebra. Thus the finitely generated
condition on I in (1) = (3) and (2) = (3) in Theorem 1 is essential. This is the case when S consists of
units of Ro1z.

3. Semigroup Rings as Graded S-Noetherian Rings

In this section, we study the graded S-Noetherian property via the semigroup ring which is a
special example of graded rings. To do this, we require the next lemma.

Lemma 7. Let R be a commutative ring with identity, S a multiplicative subset of R and I' a commutative
monoid. Then the following assertions are equivalent.

(1)  R[I]is an S-finite R-algebra.
(2)  RIT] is a finitely generated R-algebra.
(B) T is finitely generated.

Proof. (1) = (3) Suppose that R[] is an S-finite R-algebra. Then there exists € Sand fi,..., fu € R[T]
such that sR[T'] C R[f1,..., fu] € R[T]. Note that f,..., f, € R[X",..., X"] for some &1, ..., &, €T;
so we obtain

sR[I] C R[X™,...,X%] C R[T].

Let I'y be the submonoid of I' generated by the set {aj,...,a,} and let « € T. Then sX* €
R[X*,...,X"n]. Hence there exist nonnegative integers ki, ...,k such that « = Yt kiaj, which
shows that a € I'g. Thus I' = I'g, which indicates that I is finitely generated.

(3) = (2) Suppose that I' is generated by the set {ay,...,a,,} and leta € T. Then o = Y ; kja;
for some nonnegative integers kq, ..., ky; so X* = (X"‘l)kl . (X“’")k”l € R[X™,...,X"n]. Hence
R[] = R[X",..., X%]. Thus R[I] is a finitely generated R-algebra.

(2) = (1) This implication is obvious. [

Theorem 2. Let R be a commutative ring with identity, S an anti-Archimedean subset of R and I' a submonoid
of a finitely generated abelian group. Then the following statements are equivalent.

(1)  R[I'] is an S-Noetherian ring.
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(2) R[] is a graded S-Noetherian ring.
(8)  Risan S-Noetherian ring and I is finitely generated.

Proof. Suppose that I' is a submonoid of a finitely generated abelian group G. Then R[I'] = @,c; Ra
is a G-graded ring, where

R — {aX*|ae R} ifaeTl
f {0} otherwise.

In particular, Ry = R. Note that by Theorem 1, R[I'] is an S-Noetherian ring if and only if R[I'] is a
graded S-Noetherian ring, if and only if R is an S-Noetherian ring and R[I'] is an S-finite R-algebra;
and by Lemma 7, R[T'] is an S-finite R-algebra if and only if T is finitely generated. Thus (1), (2) and (3)
are equivalent. [

In Theorem 2, if S consists of units in R, then we recover

Corollary 3. (cf. (Corollary 1.2 [14])) Let R be a commutative ring with identity and let T be a submonoid of a
finitely generated abelian group. Then the following conditions are equivalent.

(1) R[] is a Noetherian ring.
(2)  RI[I'] is a graded Noetherian ring.
(38)  Risa Noetherian ring and T is finitely generated.

Let R be a commutative ring with identity and let S be a multiplicative subset of R. In (Corollary
5 [4]) or (Corollary 2.3 [6]), it was shown that R is an S-Noetherian ring if and only if every prime ideal
of R (disjoint from S) is S-finite. This result is known as the Cohen type theorem for S-Noetherian rings.

We next give the Cohen type theorem for graded S-Noetherian rings.

Proposition 1. Suppose that T is a torsion-free cancellative monoid. Let R = @, Ry be a T-graded ring and
let S be a multiplicative subset of Ro. Then the following assertions are equivalent.

(1)  Risagraded S-Noetherian ring.
(2)  Every homogeneous prime ideal of R is S-finite.

Proof. (1) = (2) This implication is obvious.

(2) = (1) Suppose to the contrary that R is not a graded S-Noetherian ring and let F be the
set of homogeneous ideals of R which is not S-finite. Then by the assumption, F is nonempty.
Let {Iz| B € A} be a chain of elements in 7 and let I = Ugen Ig- Then I'is a homogeneous ideal of R.
Suppose that I is not S-finite. Then there exists € Sand ay,...,a, € Rsuch thatsI C (ay,...,a,) C [;
so for some 8 € A, slg C (ar,...,a,) C Ig. This shows that Ig is an S-finite ideal of R, which is a
contradiction. Consequently, I is not an S-finite ideal of R. Also, it is obvious that [ is an upper bound
of the chain {Ig | B € A}. By Zorn's lemma, there exists a maximal element in F, say P. Suppose that P
is not a prime ideal of R. Then there exist homogeneous elements 4,b € R \ P such that ab € P (p. 124,
Lemma 13 [1]). Since P + (a) is a homogeneous ideal of R properly containing P, P + (a) is an S-finite
ideal of R by the maximality of P. Hence there exists € S, py,...,pn € Pand rq,...,r, € R such that

s(P+ (a)) C(pr1+ary,...,pn+ary) C P+ (a).

Since (P : a) is a homogeneous ideal of R containing P and b, (P : a) is an S-finite ideal of R by
the maximality of P; so there existt € Sand ¢y, ...,4m € R such that

t(P:a) C (q1,---,9m) € (P :a).
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Let x € P. Then sx = Y/ ; u;(p; + ar;) for some uy,...,u, € R. Since a(Y!; ujt;) = sx —
Y uipi € P,wehave }/'j u;r; € (P :a). Therefore t(}_}" ; u;r;) € (q1,...,qm). Hence we obtain

n n
sty =Y tupi+ Y tuiria
i=1 i=1
€ (tpr, .-, tPn, 18, ..., qma).
Since g; € (P:a) foralli € {1,...,m},qa € Pforalli € {1,...,m}; so we have
stP C (tpy, ..., tpn,q14,...,qma) C P.
This means that P is an S-finite ideal of R, which is a contradiction to the choice of P. Thus R is a

graded S-Noetherian ring. [J

Let R[I'| be the semigroup ring of ' over R. For an element f = Y ! ; ;X% € R[I'], c¢(f) denotes
the ideal of R generated by the set {ay,...,a,}.

We next give the main result in this section.

Theorem 3. (cf. Propositions 3.1 and 3.3 [11]) Let R be a commutative ring with identity, S a multiplicative
subset of R and T a torsion-free cancellative monoid. Then the following statements are equivalent.

(1) R[] is a graded S-Noetherian ring.
(2)  Risan S-Noetherian ring and every ideal of T is finitely generated.

Proof. (1) = (2) Let I be an ideal of R. Then IR[I] is a homogeneous ideal of R[I']. Since R[] is a
graded S-Noetherian ring, there exist s € S and fy, ..., fu € R[I'] such that

SIR[T] C (fi,..., fa) C IR[T].

Therefore sI C c(f1) + -+ c(fu) € I. Hence I is an S-finite ideal of R. Thus R is an
S-Noetherian ring.

Let ] be an ideal of T and let A be the ideal of R[I'| generated by the set {X*|a € J}. Then A
is a homogeneous ideal of R[I']. Since R[I] is a graded S-Noetherian ring, there exist t € S and
g1, --,8m € R[] such that

tAC(g1,---,8m) C A.
Note that g1,...,9m € (X*,..., X%) for some a1, ..., &, € J; so we obtain
tA C (X™,..., X%) C A.

Let F be the ideal of I' generated by the set {aq,...,a,} and leta € J. Then tX* € (X*1,..., X"");
so there exists an element k € {1,...,n} such that a € a; + I'. Therefore « € F. Hence | = F, which
implies that | is a finitely generated ideal of I'. Thus every ideal of I' is finitely generated.

(2) = (1) Let P be a homogeneous prime ideal of R[I'] and let f be a nonzero homogeneous
element of P. Then f = aX* for some a € R\ {0} and « € I'. Since P is a prime ideal of R[],

we obtain that a € PN R or X* € P. Therefore every homogeneous generator of P can be chosen in
(PNR)U{X*|X* € P}. Since R is an S-Noetherian ring, there exists € Sand a1, ...,a, € R such that

s(PNR) C (ay,...,a,) CPNR.

Let A = {a € T|X* € P} and let ] be the ideal of T generated by the set A. Then by the
assumption, there exist ay, ...,a;; € A such that

J=U"(a; +T).

Hence we obtain



Mathematics 2020, 8, 1532 10 of 11

sP C (ay,...,a,,X4,..., X)) CP,

which shows that P is an S-finite ideal of R[[']. Thus by Proposition 1, R[I] is a graded
S-Noetherian ring. O

When S = {1} in Theorem 3, we recover

Corollary 4. (Theorem 2.4 [15]) Let R be a commutative ring with identity and T a torsion-free cancellative
monoid. Then the following conditions are equivalent.

(1) R[] is a graded Noetherian ring.
(2)  Risa Noetherian ring and every ideal of I is finitely generated.

We are closing this paper with an example of graded S-Noetherian rings which are not
S5-Noetherian rings.

Example 2. Let D and S be as in Example 1(1).

(1)  Note that every ideal of Ny is of the form {n,n+1,n+2,...} for some n € Ny; so every ideal of
Ny is finitely generated. Thus by Theorem 3, D[X] is a graded S-Noetherian ring.

(2)  Note that by Example 1(1), D[X] is not an S-Noetherian ring. Also, note that D[X] is regarded
as a Z-graded ring as in Example 1(1). Hence the anti-Archimedean condition in (2) = (1) in
Theorem 1 is essential.

4. Conclusions

In this paper, we introduce the concept of graded S-Noetherian rings and determine when both
the graded ring and the semigroup ring are graded S-Noetherian rings. More precisely, we show that
if I is a finitely generated abelian group and S is an anti-Archimedean subset of Ry, then a I'-graded
ring R = @,cr Ra is a graded S-Noetherian ring if and only if R is an S-Noetherian ring, if and only
if Rp is an S-Noetherian ring and R is an S-finite Rp-algebra. We also prove that if I is a torsion-free
cancellative monoid, then the semigroup ring R[I'] is a graded S-Noetherian ring if and only if R is
an S-Noetherian ring and every ideal of I' is finitely generated. By constructing an example from our
results, we find out that the concept of graded S-Noetherian rings is different from that of S-Noetherian
rings. Furthermore, we discover the existence of polynomial type rings of graded S-Noetherian rings
without any condition on S. This is a big difference from S-Noetherian rings because the polynomial
extension of S-Noetherian rings is possible under some condition on S (Proposition 9 [4]).

In ensuing work, we are going to study another properties of graded S-Noetherian rings including
the generalized power series ring extension, the Nagata’s idealization and the amalgamated algebra.
As one of the referees suggested, we will also try to find more applications of our results to several
areas of mathematics including algebraic geometry.
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