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Abstract. Let R = ®;czR; be a Z—graded ring and M = @,.zM; be a graded
R-module. Providing some results on graded multiplication modules, some equivalent
conditions for which a finitely generated graded R-module to be graded multiplication
will be given. We define generalised graded multiplication module and determine some
of'its certain graded prime submodules. It will be shown that any graded submodule of a
finitely generated generalised graded multiplication R-module M has a kind of primary
decomposition. Using this, we give a characterisation of graded primary submodules
of M. These lead to a kind of characterisation of finitely generated generalised graded
multiplication modules.

2010 Mathematics Subject Classification. 13A02, 13C05, 13C13, 13C99.

1. Introduction. Let R be a commutative ring with a non-zero identity and M
be a unital R-module. Then M is called a multiplication module if any submodule N
of M has the form aM for some ideal a of R [4]. This gives N = aM = (N :x M)M,
where (N :g M) = {r € R:rM C N} is the residual of N by M. The ring R is called a
multiplication ring if any ideal of R is a multiplication R-module in the above sense [12].
These concepts have attracted the interest of several authors in the last two decades,
and have led to more information on the structure of R-modules (see for example
[2, 3, 7, 20, 21]). In [9], multiplication modules in the category of R-modules graded
by a group G were introduced and some interesting results were obtained (see also
[8]). Nevertheless, based on the author’s knowledge few results are known on this
concept. In this paper we deal with the category of graded multiplication modules
over a Z-graded ring R and obtain some concerning results. More precisely, among
other things, it will be shown that for a graded submodule N of a finitely generated
generalised graded multiplication R-module M, there exists a primary decomposition
N = ﬂpeP N(p), where P denotes the set of all minimal primes of (N :x M). We
also show that for a finitely generated graded multiplication R-module M, this kind
of primary decomposition for each submodule N of M, together with other two
conditions, gives that M must be a generalised graded multiplication R-module. It
should be noted that all of the results remain valid if one replaces the grading group
Z with any torsion-free abelian group G having a total order < compatible with its
structure. However, for the convenience we are interested in more concrete abelian
group Z.

The organisation of the paper is as follows. In Section 2, we collect some
preliminary results on graded multiplication modules. Some characterisations for
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finitely generated graded multiplication modules will be presented (Theorem 2.6). In
Section 3, among other things, we give results about certain graded prime submodules
of generalised graded multiplication modules, which yields to a kind of primary
decomposition theorem (Theorem 3.6), the main theorem of this section. Section 4
concerns graded primary submodules. A kind of characterisation of graded primary
submodules is presented (Theorem 4.6). We also give a characterisation of finitely
generated generalised graded multiplication modules (Theorem 4.8).

2. Preliminary results. Throughout the rest of this paper, R = ®,czR; is a Z-
graded (commutative with identity) ring and M = @,z M, is a graded R-module. If
x € M;, we write deg(x) = i and say that x is a homogeneous element of degree i. The
set of all homogeneous elements of R (resp. a typical graded R-module X) is denoted by
H(R) (resp. H(X)). For a multiplicative closed subset S € H(R), the ring of fractions
S~!Rturnsintoa graded ringby (S~'R); = {r/s : r € H(R), s € S, i = deg(r) — deg(s)},
for each i € Z. Then S™' M is a graded S~! R-module in a usual way. In the case that p
is a graded prime ideal of R and S = H(R) \ p, we denote S~' R and S~ M by Ry and
My, respectively. A graded ideal m is called *maximal if it is maximal in the lattice of
all graded ideals of R. It is well known that for each graded prime ideal p of R, the ring
Rp) is a graded ring with unique *maximal ideal pR(y).

Let N be an arbitrary submodule of M. Then by N* we mean the graded submodule
of M generated by all homogeneous elements x € N. It is clear that N* is the largest
graded submodule contained in N.

A proper submodule P is called a prime submodule of M if for r € R, x € M,
rx € Pimpliesr € (P :g M) or x € P. Itis easily proved that P is a prime submodule if
and only if (P :g M)isaprimeideal of Rand M/Pisatorsion-free R/(P :x M)-module
[16]. For a graded proper submodule Q of M, it is well known that Q is primary if and
only if for r € H(R), x € H(M); rx € Q, gives thatr € \/Q :g M or x € Q[19, Section
2.13, Lemma 14]. Similar criterion is true for a graded prime submodule. One can see
that if P is a prime submodule then P* is also prime. One can also see that for a graded
prime submodule P of M if (P :x M) is an *maximal ideal, then P is prime.

Let p be a graded prime ideal of R and N be a graded submodule of M. We put

Np)={xeM:rxe N forsome re H(R)\p}.

Then N(p) is a graded submodule of M containing N with the property that for each
graded ideal b of R with b N (H(R) \ p) # ¥, (bN)(p) = N(p). In particular we put

Op)={xeM:rx=0 forsome re H(R)\p}.

If O(p) = M, we say that M is graded p-torsion, and M is called graded p-cyclic if there
existsr € H(R) \ pand x € H(M) such that rM C Rx[9]. If M is finitely generated and
p is a minimal prime ideal over (N :g M) (note that such a p must be graded, otherwise
(N :g M) C p* C p), then N(p) is a p-primary submodule (see Remark (e)).

As it was defined in [9], the graded R-module M is called graded multiplication if
for any graded submodule N of M there exists a graded ideal a of R with N = aM.
The graded ring R is graded multiplication if each graded ideal of R is a graded
multiplication R-module. We say that M is a generalised graded multiplication module
if any proper graded submodule of M is a graded multiplication R-module.

https://doi.org/10.1017/5S0017089511000279 Published online by Cambridge University Press


https://doi.org/10.1017/S0017089511000279

FINITELY GENERATED GRADED MULTIPLICATION MODULES 695

LEMMA 2.1. Let M be a finitely generated graded R-module and a be a graded
ideal of R such that aM = M. Then there exists a € H(a) with deg(a) = 0 such that
(1—aM=0.

Proof. This is proved using the usual determinant argument with a careful notice
to the degree of elements (see also [6, Remark 2.1(i)]). [

THEOREM 2.2. ([9, Theorem 5.9]) Let M be a graded R-module. Then M is graded
multiplication if and only if for any graded prime ideal p, M is graded p-torsion or graded
p-cyclic.

LEmMMA 2.3. (cf. [1, Corollary 1.7]) 4 graded R-module M is a graded multiplication
R-module if and only if
@ Myea@M) = (Nyeplan + (0 :g MM for any non-empty collection of graded
ideals a; (A € A) of R, and
(1) for any graded submodule N of M and any graded ideal a of R with N C aM,
there exists a graded ideal b of R such thatb C aand N C bM.

For a graded submodule N of M we set *V(N) = {P € *specM : N C P}, where
*specM denotes the set of all graded prime submodules of M.

A graded R-module M is said to be graded cyclic if there exists x € H(M) such
that M = Rx.

LEMMA 2.4. Let k be a field and t an indeterminate over k. Let M be a graded module
over the graded field S = k[t, t~'] (i.e. each non-zero homogeneous element is invertible)
such that for each graded submodules N, L of M there exists a graded submodule K of
M with*V(N)JU*V(L) =*V(K). Then M is a graded cyclic module over S.

Proof. By [10, Lemma 1.1.1], M is a graded free S module. We show that M has
rank one. Suppose the contrary. Note that (0) is the only *maximal ideal of S. Hence,
any graded proper submodule P of M satisfies (P :x M) =0, and so it is a graded
prime submodule. Choose a non-trivial graded prime submodule P of M and let
x € HM)\ P,0 # p € H(P) with deg(x) = deg(p). Then Sx and S(x + p) are graded
prime submodules of M such that Sx N S(x + p) = 0 € P. By our assumption, there
exists a graded submodule K of M such that

“V(Sx) UMV (S(x + p)) ="V (K).

Now we have S(x) € *V(Sx) C *V(K), so that K C Sx. Similarly, K € S(x + p). Thus,
K € SxN S(x+ p) =0 and we have

*V(Sx) UV (S(x + p)) ="*V(0).
This gives that Sx € P or S(x + p) € P, which is not the case. Therefore, M must be
of rank one, as desired. O

THEOREM 2.5. ([9, Theorem 5.18]) Let M be a finitely generated graded R-module.
Then M is graded multiplication if and only if M) is a graded cyclic Ry)-module for
each graded prime ideal p of R, if and only if M (w) is a graded cyclic Rw)-module for
each *maximal ideal m of R.

The following is a characterisation of finitely generated graded multiplication
modules.
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THEOREM 2.6. Let M be a finitely generated graded R-module. The following
statements are equivalent:

(1) M is graded multiplication.
(i1) For any graded submodule N of M, there exists a graded ideal a of R such that
*V(N) =*V(aM).
(iil) For any graded prime ideal p and any graded submodules U and W of My, there
exists a graded submodule X of My such that * V(U)U *V(W)="V(X).
(iv) For any graded prime ideal p of R, there exists at most one graded prime submodule
Pof M with(P:g M) =1p.
(v) For any *maximal ideal m with (0 :x M) C m, the graded R/m-module M /M
is graded cyclic.

Proof.

(1) = (ii) is clear.

(i1) = (iii) Let p be a graded prime ideal of R and let U, W be graded submodules
of M. There exist graded submodules L and K of M such that U = L, and
W = K. By our assumption (ii), there exists graded ideals a and b of R such
that*V (L) = *V(aM)and *V(K) = *V(bM). Itisnot hard to see that * V' (a M)U
*V(bM) =*V(J), where J = abM. So *V(L)U *V(K) = *V(J). Now, as there
is a one-to-one correspondence between the set of all graded prime submodules
P of M satistfying (P :g M)N(H(R)\ p) = ¥ and the set of all graded prime
submodules of M), given by P — P(;), one can easily see that

VO)YUV(W)="V (L) UV (Kp) ="V p)

and the result follows.

(iii) = (iv) Let p be a graded prime ideal of R and let P be a graded submodule
of M with (P :g M) = p. Then in view of [5, p. 35], R,)/p Ry 1s either a field,
or else is of the form k[t, 1~'], where k is a field and ¢ is a homogeneous
element of positive degree, which is transcendental over k. So by Lemma 2.4,
My /(pM) ) is a graded cyclic module over R /pR(p). As (0 M)y € Py €
My, we conclude that P,y = (pM)p) or Py = M(y,). These respectively gives
that P = P(p) = (pM)(p) or P = P(p) = M. As P = M is not the case, we must
have P = pM.

(iv) = (v) Evidently mM is a graded prime submodule of M withm = (mM :x M).

Now, as R/m is either a field or a graded field, by [10, Lemma 1.1.1], M/mM

is a finite rank-graded free module over R/m. Let N be a graded submodule of

M withmM C N C M. It follows that (N :x M) = m and so by our hypothesis

N = mM. This gives that M /mM is a graded cyclic R/m-module.

= (1) By Theorem 2.5, we may assume that m is the only *maximal ideal of

R. By our assumption, there exists x € H(M)\ mM such that M = mM +

Rx. This gives that M /Rx = m(M/Rx). Thus, by Lemma 2.1, there exists a €

H(m) with deg(a) = 0 such that (1 — a)(M/Rx) = 0. It follows that M is a

graded m-torsion. Now for any graded prime ideal p C m, as (1 —a) ¢ p, M is

also a graded p-torsion. Consequently, by Theorem 2.2, M must be a graded

multiplication R-module. O

(v

~—
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3. A primary decomposition theorem. Let M be a graded module over a graded
integral domain R. Then the torsion submodule of M, T(M) = {x € M : (0 :g x) # 0},
isa graded submodule. In order to see this, let 0 # x,,, + - - - + x, = x € T(M). We show
that all components x; € T(M) (m < i < n). There exists 0 #a, +---+a,=a € R
with 0 = ax = Z,-+j=r aixj forr=m+p,---,n+ q. It follows that a,x,, = 0, and by
induction a;)xmﬂ,l =0 for all i > 1. Thus, 0 # a;*’”“ € (0:r x;) for m <j <n. So
xj € T(M) for m < j < n as desired.

LEMMA 3.1. Let R be a graded integral domain, which is not a graded field. Let M
be a generalised graded multiplication R-module. If M is not a torsion module, then it is
a torsion-free module.

Proof. Suppose the contrary, T(M) # 0 and M/ T(M) # 0. As Ris not of the form
k[t, t~'], we can find a non-zero proper submodule N/ T (M) of M/T(M). Then there
exists a non-zero graded ideal a of R such that T(M) = aN. This gives that N is a
torsion submodule of M containing 7'(M). Hence, N = T(M), which is impossible.
This completes the proof. U

Let X =®;ezXi, Y = ®iczY; be graded R-modules. By a homogeneous
homomorphism f : X — Y is a homomorphism satisfying /(X;) € Y; foralli € Z.

THEOREM 3.2. ([9, Proposition 5.6]) The ring R is a graded multiplication domain if
and only if it is a graded Dedekind domain.

A non-zero unitary graded module X over a commutative graded ring 4 is called
graded uniform if any two non-zero graded submodules of X intersect non-trivially.

LEMMA. 3.3. Let M be a non-zero torsion-free generalised graded multiplication
module over the graded integral domain R. Then R is a graded Dedekind domain, and M
is a graded uniform R-module.

Proof. We note that for each ¢ € Z, the t-th shifted module M(f) = ®;cz M;y, is
a torsion-free generalised graded multiplication module. Let 0 # x € H(M) with a =
deg(x). Then the map R — M(a) given by r — rx is a homogeneous monomorphism
of graded R-modules. Thus, R is a graded multiplication domain, and by Theorem 3.2,
is a graded Dedekind domain.

For the second part, suppose M is not a graded uniform R-module. Then we can
find non-zero graded submodules NV and L of M suchthat VN L =0and N + L C M.
So there exists a non-zero graded ideal a of R such that N = a(N + L). Thus,

aLCalN+L)NL=NNL=0,

which is impossible. So M must be a graded uniform R-module. ]

LEMMA 3.4. Let R be a graded integral domain and M be a torsion-free finitely
generated generalised graded multiplication R-module. Then M is a graded multiplication
module.

Proof. By Lemma 3.3, R is a graded Dedekind domain and M is a graded
uniform R-module. Now let 0 # x € H(M). Then Rx = R as R-modules. As M is
graded uniform, M/ Rx is a torsion R-module. Thus, as M is finitely generated, we can
find r € H(R) such that r(M/Rx) = 0 and so rM C Rx. Let t = deg(r). Then the map
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M(—t) - Rx given by y — ry (y € M) is a homogeneous monomorphism of graded
R-modules. So M isisomorphic to a graded submodule of Rx, and thus it is isomorphic
to a graded ideal of R. Hence, M is graded multiplication by Theorem 3.2. O

THEOREM 3.5. Let m be an *maximal ideal of R and M be a finitely generated
generalised graded multiplication module with (0 :x M) C m. Let P be a prime submodule
of M properly contained in mM. Then P = (,.y "M and P = mP.

Proof. By graded version of Nakayama’s Lemma we have mM # M so that mM is
a graded prime submodule of M. Now let P be a graded prime submodule of M such
that P C mM. There exists a graded ideal a of R with P = amM. Asm ¢ (P :g M) and
P is a prime submodule of M, we conclude that aM C P and so P C mP. It therefore
follows that P C [,y m"M. In order to prove the other inclusion, we note that A//P
is a torsion-free finitely generated generalised graded multiplication module over the
graded integral domain R/(P :x M). Thus, by Lemma 3.3, R/(P :g M) is a graded
Dedekind domain, and so is a (graded) Noetherian domain ([18, I1.2.1. Theorem]).
Hence, using [17, 8.10], it follows that (), .y[m/(P :gx M)]" = 0. On the other hand,
Lemma 3.4 gives that M/ P is also a graded multiplication R/(P :x M)-module. So by
Lemma 2.3, we deduce that

[\ m"(M/P) = ([ \[m/(P :r M)]")(M/P) =0.

neN neN
Therefore, (), m"M C P and the proof is complete. O

REMARKS:

(a) Assume that p is a (graded) prime ideal of R and P is a (graded) prime
submodule of M such that p = (P :x M). Then pM € PC M and M/P is
a torsion-free R/p-module. It follows that M /pM is not a torsion R/p-module.

(b) Let M be a finitely generated generalised graded multiplication R-module.
Assume that p is a graded prime ideal of R that is not *maximal, and P be a
graded prime submodule of M such that (P :x M) = p. Using (a) together with
Lemma 3.1, we see that pM is a graded prime submodule of M.

(c) Assume that N is a submodule of M such that (N :x M) is a graded ideal, then
(N* :g M) = (N :g M). In particular, if p is a graded ideal of R and P is a prime
submodule with (P :g M) = p, then P* is also prime with (P* :x M) = p.

(d) Let p be a graded prime ideal of R. Assume that M is finitely generated and N
is a graded submodule of M such that (N :x M) € p. Then using [15, Theorem
3.3] together with (c) we see that there exists a graded prime submodule P of
M such that N C Pand (P :g M) = p.

(e) Let M = (xy, ..., x,,) befinitely generated, N a proper submodule of M and p be
a prime ideal of R minimal over (N :g M). Then N(p)is a p-primary submodule
of M. In order to see this, let r € R, x € M \ N(p) and rx € N(p). These, in
turn, give that x/1 ¢ Ny, rx/1 € N(p),(= Ny). But, because of \/Ny, g, M, =
PRy, Ny is a primary submodule of M, and we must have r/1 € \/N, :r, M,.
Hence, we can find a positive integer ¢ such that r'x;/1 € N, fori=1,...,n.
Therefore, wecanfindu € R\ p withur'x; € N and thusr € p. Similar argument
shows that p € \/N(p) :x M. Hence, by [11, p. 386, Ex. 3], N(p) is a p-primary
submodule of M. We will call N(p) the isolated p-primary component of N.

Now we are ready to prove the following theorem.
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THEOREM 3.6. Let N be a graded submodule of a finitely generated generalised graded
multiplication R-module M. Let P be the set of all minimal prime ideals of (N :r M).
Then

N =Npep Nb), Q)

so that (1) is a primary decomposition of N.

Proof. By Remark (e) it suffices to prove the equality. We note that all elements of
‘P are graded. Suppose that x € H (ﬂp «p N(»)) \ N and look for a contradiction. Let
m be a minimal (graded) prime ideal over (N :z x). There exists p € P such thatp C m.
Evidently p € m. Now in view of Remark (d) there exists a graded prime submodule
P of M such that N € Pand (P :x M) = p. We claim that P = pM.

To this end, we note that M/P is a torsion-free (finitely generated) generalised
graded multiplication R/p-module. So by Lemma 3.3, R/p is a graded Dedekind
domain. Hence, by [18, I1.2.1. Theorem], R/p is a graded Noetherian domain and m
is an *maximal ideal of R. Now by Remark (b) we see that pM is a graded prime
submodule of M. Furthermore, by Lemma 3.4, M /pM is graded multiplication (also
generalised graded multiplication) over R/p. So applying Theorem 2.6 for R/p-module
M /pM we must have P = pM.

Now in view of [14, Result 2] and Theorem 3.5, we have pM =), m'M
and pM = mpM. As R/p as a graded Dedekind domain is a multiplication domain
(Theorem 3.6),and [(N :r x) + p]/p € m/p, thereexists a graded ideal a of Rwithp C a
such that (N ;g x) +p =am+p. If a C (N :g x) + p, then we have [(N :g x) + p]M =
[(N :g x)m + p]M. This gives that

(N :rx)M S [(N :g x)+ p]M
S [\ m'[(N & X)+ pIM +pM < pM.

neN

Thus, (N :g x) C p by [14, Result 2], which contradicts the fact that m is a minimal
prime over (N :g Xx).

So we conclude that a & (N :z x) + p. Thus,ax € N +px. Asx € N(p), N C P =
pM and pM is a prime submodule with (pM g M) = p, we see that ax C pM. So there
exists a graded ideal b of R such that ax = bpM. This gives that

ax = bpM = bmpM = max
€ (ma+p)x =[(N g x)+plx S N+ px,

which is a contradiction. The proof is now complete. O

4. Characterisation results.

PROPOSITION 4.1. Let M be a finitely generated graded R-module. Assume that for
each graded submodule N of M we have N = [ v (q), where q runs over all minimal
prime ideals of (N :g M). Suppose that Q is a graded primary submodule of M such that
(Q :r M) is not an *maximal ideal of R. Then Q = (Q :r M)Q.

Proof. Set q = (Q :r M) and p = ,/q. Suppose that, on the contrary, Q # qQ and
let x € H(Q) \ qQ. Let m be an *maximal ideal of R such that ¢ € m. Then p is the
only minimal prime ideal over m(qQ + Rx) :x M and is also the only minimal prime
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ideal over (qQ + Rx) :g M. So by our assumption, we have

m(qQ + Rx) = [m(qQ + Rx)](p)
=(qQ + Rx)(p) = 90 + Rx

(for the second equality note that m N (H(R) \ p) # ¥). Consequently, there exists y €
qQ andr € msuch that x = y + rx,and so (1 — r)x = y € qQ. As p is the only minimal
prime ideal of qQ :x M, another use of our assumption gives that qQ = (qQ)(p) and
so qQ is a p-primary submodule of M. Therefore, we must have | — r € p C m. Thus,
1 € m, which is not the case. This completes the proof. O

COROLLARY 4.2. Let M be a finitely generated generalised graded multiplication
R-module. Suppose that Q is a graded primary submodule of M such that (Q :r M) is
not an *maximal ideal of R. Then Q = (Q :x M)Q.

Proof. This immediately follows from Theorem 3.6 and Proposition 4.1. O

In the next theorem sufficient conditions under which a finitely generated graded
multiplication R-module to be generalised graded multiplication are given. That these
are also necessary conditions, will be given later in Theorem 4.8.

THEOREM 4.3. (cf. [13, 9.21]) Let M be a finitely generated graded multiplication
R-module satisfying the following conditions:
(i) For each graded submodule N of M, N =) q N(a), where q runs over all minimal
prime ideals of (N :g M).
(i1) For each graded primary submodule Q of M, there exists n € N such that Q =
(,/ Q ‘R M)nM.
(i) If N is a graded submodule of M and p is a minimal prime ideal of (N :g M), if
n is the least positive integer such that "M = N(p) and if p" M # p" ' M, then
N g V(@) ¢ pM, where q runs over all minimal prime ideals of (N :g M) other
than p.

Then M is a generalised graded multiplication module.

Proof. Let N C L be proper graded submodules of M. Let {p,} be the set of
all minimal (graded) prime ideals of both (N :zx M) and (L :zx M), {p’4} be the set of
minimal primes over (L :g M) but not over (N :x M) and {p”,} be the set of all minimal
primes over (N :g M) but not over (L :gx M). Then by assumptions (i) and (ii) we have

L (V) (1)

and
N = ((ezrat) 0 (V).

where /i, kg, my and n, are chosen to be the least positive integers such that p/« M =
/k ’ m / y —
L(pa), ' M = L(pj), pi* M = N(po), and p"* M = N(p,).

a

For each «, we have

pre M = N(py) € L(ps) = p' M,
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so by the minimality of 4, we have &, < m,. Set

= (ﬂ p?a’h‘*) N (ﬂ p;”y> :

Then in view of Lemma 2.3 (i), we have N C ¢M. It is not hard to see that ¢ C N. We
will prove that ¢cL = N.

Let p be a minimal prime ideal over (cL :gx M). Then (L :x M) C p or else ¢ C p.
If (L :x M) C p, then p is a minimal prime ideal over (L :gx M). Since (N :g M) C p,
there exists a minimal (graded) prime ideal q over (N :g M) such that q C p. Hence,

(cL:g M) S (N:x M) S qChp,

and so p must be a minimal prime ideal over (N :g M). Thus, p = p, for some «. On
the other hand if (L :x M) € p, then ¢ C p and it can be easily seen that p is a minimal
prime ideal over both (N :g M) and c. Thus, p = p7. Consequently by (i) we have

L = (ﬂ p;aM) n (ﬂ P M) ,

where r, and s, are the least positive integers such that p/« M = (cL)(p,) and p”‘j}M =

(L)p)).
Since ¢L € N, we have

poM = (cL)(pa) S N(pa) = pg M.

Hence, by the minimality of r, we have m, < r, for all «. Similarly n, <, for all y.
Now for each y we have

NCcMCp"yM=N@p').
Thus,
NGp")) S (M)p",) < G ME",) = ING")IE",) = NE",),
which gives that
(cM)(p",) =p") M.

On the other hand, as L ¢ p), M or equivalently as (L :r M) ¢ p), (note that M is a
graded multiplication), we deduce that

(cL)(py) = [e(L :r M)M](p}) = (cM)(p}) = p"} M, ()

which means that p”’;/ M is the isolated p;j-primary component of ¢cL. So we must have
n, =s,.

If p7« M = p™«t1 M, then p« M = p’= M, and by the minimality of r,, we conclude
that my, = ry.

Therefore, suppose p« M # p«t1M. Let

L= (ein | 0 (M),

S#u
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N = (e | 0 (e M)

S#a

and

=[N n (D)

SFa

By condition (iii) N € p, M. Applying Proposition 4.1 for p, M, gives that p, is an
*maximal ideal of R. So R = p/J* 4+ (N’ :gx M). This gives that
N =M ON = M ON)E + (N g M) € g
andsop*M NN =p“N'.
As hy < mg, we have pl«M # phe*1M. Thus, by (iii) we have L' ¢ p,M or
equivalently (L' :x M) € p,. Therefore, R = pl« 4+ (L' :r M). This gives that

L=plMnL =phr

AsN' € dMand N’ ¢ p, M, we must have ¢ ¢ p,. Consequently if m, — hy > 0, then
¢ = phahe 0 ¢ = pMehe¢’ Hence, in this case we have the equality ¢L = p™¢'L'. If
my — hy = 0, then ¢ = ¢’ and the same equality holds. As ¢/(L’ :gx M) € pg, thus

(cL)(pa) = (g ¢'L')(pa) = [pg (L' :r MYM](po) = (pg“ M)(po) = py“M, (D)

which means p/» M is the isolated p,-primary component of cL. As m, < rq, it follows
that m, = r,. Hence, by our assumption (i), (}) and (f) we must have N = ¢L as
desired. O

LEMMA 4.4. Let m be an *maximal ideal of R and M be a generalised graded
multiplication module withmM # M. Then for eachn € N, there is no graded submodule
of M properly between m" M and m"+' M.

Proof. Let N be a graded submodule of M such that m"*'M ¢ N € m"M. We
show that N = m"M. There exists a graded ideal a of R such that N = am”M and
a ¢ m. Hence, a + m = R, and we have m"M = m"(a + m)M = N as desired. O

LEMMA 4.5. Suppose that m is an *maximal ideal of R and M is a generalised graded
multiplication R-module. Let m"M # w"*'M for eachn € N. Then P = ("), m"M is
a graded prime submodule of M.

Proof. Clearly P is a proper graded submodule of M. Let x € H(M)\ P and
re H(R)\ (P :g M). Then there exists i,/ > 0 such that x € m'M \ m™*!'M, and r €
(WM :g M)\ (W' M :p M). This shows that there exists y € H(M) such that ry €
m/M \ /' M. Therefore, by Lemma 4.4 we have

m'M = m™*'M + Rx
and

WM =M + R(y).
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Thus,

m M = m' (/M + Rry)) = m™TM + m'(ry)
C m VM 4 rm™ M 4+ R(rx) € m™PH M+ R(rx).

As by our assumption m7M ¢ m™ 1M, we deduce that rx ¢ m™ M. So rx ¢ P
and P must be a graded prime submodule of M. ]

Now we prove the following characterisation of graded primary submodules of a
finitely generated generalised graded multiplication R-module.

THEOREM 4.6. Let M be a finitely generated graded generalised multiplication R-
module. Let Q be a graded primary submodule of M. Then there exists a positive integer

t such that Q = (/O :g M)'M.

Proof. Put p = \/Q :g M. Then p # R is a graded prime ideal of R. We consider
two cases. Case (1): p is not an *maximal ideal of R.

By Corollary 4.2, Q = (Q :g M)Q < pM. We shall show that Q = pM. Suppose
that x € H(pM) \ Q. Let m be an *maximal ideal of R containing p and put N :=
QO + mx. Then, evidently x ¢ N, and so by Theorem 3.6 there exists a minimal prime
ideal q over (N :g M) such that x ¢ N(q). Now let r € p. Then using Corollary 4.2, we
have "M C Q C gqM for some positive integer n. Therefore, in view of [14, Result 2],
we have r € q. Hence, p C q. On the other hand, let s € H(m) \ p. Thensx € N € N(q),
which gives that s € q (otherwise x € N(q), which is not the case). Hence, p C g, which
contradicts the fact that q is a minimal prime over (N :g M). Therefore, we must have
Q=pM.

Case (ii): p is an *maximal ideal of R.

First suppose that p"M # p"*'M for each positive integer n. Then by Lem-
mas 3.5 and 4.5, the submodule (), p"M is the (only) graded prime submodule
of M properly contained in the graded prime submodule pM.

Suppose Q C p"M for each n € N. Then Q C (), P"M C pM and so

pP=V0irMC (ﬂp”M) x M

neN

= (ﬂ p”M) i M = (\(p"M :z M).

neN neN

Therefore, we have

pM < [ﬂ(p"M R M)} M S (\[(p"M :x MYM] S ()" M,

neN neN neN

which is not the case. Thus, there exists a positive integer ¢ such that Q C p’M and
O ¢ p"*1M. Now there exists a graded ideal a of R such that Q = ap’M and a € p. We
claim that a = R. Suppose the contrary. Let n be any *maximal ideal of R with a C n.
Then (Q :g M) = (ap'M g M) C (nM :g M) =n and so p = n. As this is impossible,
we must have a = Rand Q = p' M.

Continuing to assume that p is a *maximal ideal of R, we suppose that p"M =
p" T M for some positive integer n. Suppose further that Q C p"M. If x € H(p" M),
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then there is a graded ideal b of R such that Rx = bp" M = bp>" M = p"x. Hence, there
exists p € p such that x = px = p’x = - - -, and consequently x € Q (note that some
power of pisin (Q :g M)). Therefore, Q = p" M. On the other hand, suppose Q Z p" M.
Then there exists a positive integer  such that Q C p’M and Q ¢ p'+!' M. Now, just as
in the preceding paragraph, we have Q = p’ M.

Let N be a graded submodule of a finitely generated graded R-module M and p
be a minimal prime ideal over (N :g M). As it was shown in Remark (e), N(p) is a p-
primary submodule of M. By the previous theorem, whenever M is a finitely generated
generalised graded multiplication R-module, then there exists a positive integer 7 such
that N(p) = p” M, that is the isolated p-primary component of N is just p” M for some
positive integer n.

PROPOSITION 4.7. Let M be a finitely generated generalised graded multiplication
R-module and N be a graded submodule of M. Let {p, q;.}ren be the set of all minimal
prime ideals of (N :gp M) and "M = N(p) be the isolated p-primary component of N. If
M # p"t' M, then

(N & pM.

reA

Proof. For each A € A, let q}* M be the isolated q;-primary component of N. Let
L =(\cp d3"M. Then by Theorem 3.6, we have N = p”"M (| L. Now by the same
argument as in the proof of Theorem 3.6, pM is a graded prime submodule of M and
(pM :g M) = p. Therefore, applying Corollary 4.2 for the graded prime submodule
pM, p should be an *maximal ideal of R. By [19, Section 2.13, Lemma 14], this gives
that p"*! M is a p-primary submodule of M. We have N ¢ p"*! M, otherwise

p"M = N(p) S [p""' M](p) = p"' M,

which contradicts the hypothesis. So there exists a graded ideal a of R such thata ¢ p
and N = ap”M. Now for each A € A, we have ap”"M = N C q}*M and p" ¢ q;; thus,
aM C q;* M because of q;* M is a g,-primary submodule. Consequently, aM C L, and
as by [14, Result 2] aM ¢ pM, we must have L ¢ pM as desired. ]

Combining Theorems 4.3, 4.6 and Proposition 4.7, we can conclude the following
characterisation theorem.

THEOREM 4.8. Let M be a finitely generated graded multiplication R-module. The
following two statements are equivalent:
(1) M is a generalised graded multiplication R-module.
(2) M satisfies the following conditions:
(1) For each graded submodule N of M, N = ﬂq N(q), where q runs over all
minimal prime ideals of (N :g M).
(i1) For each graded primary submodule Q of M, there exists n € N such that
0=(Q:(rM)'M.
(ii1) If N is a graded submodule of M and p is a minimal prime ideal of (N :g M),
if n is the least positive integer such that p"M = N(p) and if y"M # p"+' M,
then (), N(q) ¢ pM, where q runs over all minimal prime ideals of (N :r M)
other than p.
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