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GRADED INTEGRAL DOMAINS IN WHICH EACH
NONZERO HOMOGENEOUS IDEAL IS DIVISORIAL

GYU WHAN CHANG, HALEH HAMDI, AND PARVIZ SAHANDI

ABSTRACT. Let I" be a nonzero commutative cancellative monoid (written
additively), R = @, er Ra be a I'-graded integral domain with R # {0}
foralla € ', and S(H) = {f € R|C(f) = R}. In this paper, we study ho-
mogeneously divisorial domains which are graded integral domains whose
nonzero homogeneous ideals are divisorial. Among other things, we show
that if R is integrally closed, then R is a homogeneously divisorial domain
if and only if Rg(g) is an h-local Priifer domain whose maximal ideals
are invertible, if and only if R satisfies the following four conditions: (i) R
is a graded-Priifer domain, (ii) every homogeneous maximal ideal of R is
invertible, (iii) each nonzero homogeneous prime ideal of R is contained
in a unique homogeneous maximal ideal, and (iv) each homogeneous ideal
of R has only finitely many minimal prime ideals. We also show that if
R is a graded-Noetherian domain, then R is a homogeneously divisorial
domain if and only if Rg(g) is a divisorial domain of (Krull) dimension
one.

0. Introduction

Let R be a commutative ring with identity and M be a unitary R-module.
Then Homp (M, R), called the dual of M, is an R-module, and there is a natural
R-module homomorphism ¢ from M into Homg(Hompg(M, R), R) given by
o(m)(f) = f(m) for all m € M and f € Hompg(M,R). An R-module M is
said to be reflexive if ¢ is bijective. We say that R is a reflexive ring if every
submodule of a finitely generated R-module is reflexive [11, page 6]. It is known
that if R is a Noetherian domain, then R is reflexive if and only if every ideal
of R is reflexive [11, Theorem 3.8]. Also, let D be an integral domain with
quotient field K, and note that if I is a nonzero ideal of D, then Homp (1, D)
is naturally isomorphic to I=! = {z € K |2l C D}; hence [ is reflexive if and
only if (I~1H)~t=1.

Let F(D) be the set of all nonzero fractional ideals of D. An ideal of D
means a fractional ideal I of D with I C D. For I,J € F(D), let (I :x
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J)={r € K|zJ C I}; then (I :x J) € F(D). Also, I"! = (D :x I) and
I, = (I"Y)~7L. Tt is known that 1f {A,} C F(D) with N, Aa # (0), then

(Aa)v = (Na(Aa)v)w- Also, (1), = (1yJ)y = (IyJy)y and (aD), = aD for
all I, J € F(D) and 0 # a € K. We say that I is a divisorial ideal or a v-ideal
if I, = I. Note that if A is a nonzero fractional ideal of D, then there exists
a nonzero element ¢ € D such that aA C D, and since (a4), = a(A,), 4 is
divisorial if and only if aA is divisorial. Hence, every nonzero fractional ideal
of D is divisorial if and only if every nonzero ideal of D is divisorial. We say
that D is a divisorial domain if every nonzero ideal of D is divisorial. Hence,
if D is Noetherian, then D is divisorial if and only if D is reflexive.

Divisorial domains have been studied by many researchers (see, for example,
[5,7,11]). In [7], Heinzer showed that (i) if D is a divisorial domain, then D is
an h-local domain (i.e., every nonzero ideal of D is contained in only finitely
many maximal ideals and every nonzero prime ideal of D is contained in a
unique maximal ideal) and (ii) if D is integrally closed, then D is a divisorial
domain if and only if D is a Priifer domain whose nonzero maximal ideals are
invertible, each nonzero prime ideal of D is contained in a unique maximal
ideal and each ideal of D has only finitely many minimal prime ideals. Matlis
[11] studied a larger class of domains, the class of reflexive domains, where a
nonzero ideal of D that is D-reflexive is just the divisorial ideal. Among other
things, he showed that D is a Noetherian divisorial domain if and only if D
has (Krull) dimension one and M~1! is two generated for all maximal ideals
M of D [11, Theorem 3.8]. In [5, Proposition 5.4], Bazzoni and Salce proved
that D is a divisorial domain if and only if D is an h-local domain and D), is
a divisorial domain for every maximal ideal M of D. In this paper, we study
homogeneously divisorial domains which are graded integral domains whose
nonzero homogeneous ideals are divisorial. (Definitions related with graded
integral domains will be reviewed in the sequel.)

Let I" be a nonzero torsionless grading monoid, R = @ . Ra be a I'-graded
integral domain with R, # {0} for all @ € T', H be the saturated multiplicative
set of nonzero homogeneous elements of R, and S(H) = {f € R|C(f) = R}.
In Section 1, we show that if R is a homogeneously divisorial domain, then
every nonzero homogeneous ideal (resp., homogeneous prime ideal) of R is
contained in only finitely many homogeneous maximal ideals (resp., a unique
homogeneous maximal ideal) and R\ p is a homogeneously divisorial domain
for all P € h-Max(R). In Section 2, among other things, we prove that if R
is integrally closed, then R is a homogeneously divisorial domain if and only
if Rg(y) is a divisorial domain, if and only if R satisfies the following four
conditions: (i) R is a graded-Priifer domain, (ii) every homogeneous maximal
ideal of R is invertible, (iii) each nonzero homogeneous prime ideal of R is
contained in a unique homogeneous maximal ideal, and (iv) each homogeneous
ideal of R has only finitely many minimal prime ideals. Suppose that R is
a gr-Noetherian domain. In Section 3, we show that R is a homogeneously
divisorial domain if and only if Rg\p is a homogeneously divisorial domain
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for all P € h-Max(R), if and only if Rg () is a divisorial domain of (Krull)
dimension one, if and only if each nonzero homogeneous prime ideal of R has
height-one and M ~! is generated by two elements for every M € h-Max(R).

Definitions related to graded integral domains. Let I' be a nonzero
torsionless grading monoid, that is, I' is a commutative cancellative monoid
(written additively) and (I') = {a — b|a,b € T'} be the quotient group of T'; so
(T) is a torsionfree abelian group. It is well known that a cancellative monoid is
torsionless if and only if it can be given a total order compatible with the monoid
operation [12, page 123]. By a (I'-)graded integral domain R = @ . Ra, we
mean an integral domain graded by I'. That is, each nonzero z € R, has degree
a, i.e., deg(z) = a, and deg(0) = 0. Thus, each nonzero f € R can be written
uniquely as f = zq, + - - +Tq, with deg(zq,) = o; and oy < -+ < . Clearly,
Supp(R) = {a € T'| Ry, # {0}} is a submonoid of I" because R is an integral
domain. Hence, by replacing I' with Supp(R), we may assume that R, # {0}
for all @ € I'. A nonzero x € R, for every « € T is said to be homogeneous.

Let H = J,er(Ra \{0}); so H is the saturated multiplicative set of nonzero
homogeneous elements of R. Then Ry, called the homogeneous quotient field
of R, is a (I')-graded integral domain whose nonzero homogeneous elements
are units. We say that an overring E of R is a homogeneous overring of R
if B = @,er(EN(Ru)a); so E is a (I')-graded integral domain such that
R C E C Ry. Clearly, if A = {a € (I)|EN(Ru)a # {0}}, then A is a
torsionless grading monoid such that I' € A C (') and E = @, x (EN(RH)q)-
It is obvious that Rg is a homogeneous overring of R for a multiplicative set
S of nonzero homogeneous elements of R (with deg(§) = deg(a) — deg(b) for
a € Hand b € S). For a fractional ideal A of R with A C Ry, let A*
be the fractional ideal of R generated by homogeneous elements in A. The
A is said to be homogeneous if A* = A. Clearly, A* C A; and if A is a
prime ideal, then A* is a prime ideal; in particular, the minimal prime ideals
of a nonzero homogeneous ideal are homogeneous. The letter R will denote
a graded integral domain henceforth. A homogeneous ideal of R is called a
homogeneous maximal ideal if it is maximal among proper homogeneous ideals
of R. It is easy to see that each proper homogeneous ideal of R is contained in
a homogeneous maximal ideal of R. Let h-Max(R) be the set of homogeneous
maximal ideals of R. It is known that if A is a homogeneous ideal of R, then
A =(W{ARp\p| P € h-Max(R)} [16, Proposition 2.6]. For f € Ry, let C(f)
denote the fractional ideal of R generated by the homogeneous components of
f. It is well known that if f,g € Ry, then C(f)"T1C(g) = C(f)"C(fg) for
some integer n > 1 ([12] or [2, Lemma 1.1]); so if S(H) = {f € R|C(f) = R},
then S(H) is a saturated multiplicative subset of R.

We say that R is a graded-Prifer domain if each nonzero finitely generated
homogeneous ideal of R is invertible. R is a graded-valuation domain (gr-
valuation domain) if either aR C bR or bR C aR for all a,b € H; equivalently,
if R is a graded-Priifer domain with unique homogeneous maximal ideal. We
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call R a graded-Noetherian domain (gr-Noetherian domain) if R satisfies the
ascending chain condition on homogeneous ideals. Clearly, R is a gr-Noetherian
domain if and only if each homogeneous ideal of R is finitely generated, if and
only if each homogeneous prime ideal of R is finitely generated [15, Lemma
2.3].

Notation. Throughout this paper, I' denotes a nonzero torsionless grading
monoid (written additively), R = @, Ra is a ['-graded integral domain with
R, # {0} for all a € ', h-Max(R) is the set of homogeneous maximal ideals of
R, H is the saturated multiplicative set of nonzero homogeneous elements of
R,and S(H) ={f € R|C(f) = R}. In order to avoid a trivial case, we always
assume that R C Ry.

1. Some results in the general case

Let R = @, Ra be a graded integral domain. We will say that R is a
homogeneously divisorial domain if each nonzero homogeneous ideal of R is
divisorial. We begin this section with an example of graded integral domains R
such that R is a homogeneously divisorial domain but not a divisorial domain.

Example 1.1. Let D be an integral domain with quotient field K and R =
D[X, X~ 1] be the Laurent polynomial ring over D. Then R is a Z-graded
integral domain with deg(aX™) =n for 0 # a € D and an integer n € Z, and
H={aX"|0#a€ Dandne€Z};so Ry =K[X,X1].

(1) If D # K, then (a,1+ X) C (a,1 + X), = R for any nonzero nonunit
a € D. Hence, R is a divisorial domain if and only if D = K.

(2) Note that each nonzero homogeneous element of R is of the form aX"
for some 0 # a € D and n € Z. Note also that aX™ R = aR. Hence, a nonzero
ideal A of R is homogeneous if and only if A = I' R for some nonzero ideal I of
D. In this case, A, = I, R [8, Proposition 2.2], IRND =1 and I, RN D = I,,.
Thus, R is a homogeneously divisorial domain if and only if D is a divisorial
domain.

(3) Let D = Z be the ring of integers. Then, R is a homogeneously divisorial
domain by (2), while there is a nonzero ideal of R that is not divisorial (for
example, (2,14+ X) € (2,1 + X), = R).

The next result appears in [1, Proposition 2.5] which is essential in the
subsequent arguments, and we use it without citation.

Lemma 1.2. Let R = @ . Ra be a graded integral domain with quotient
field K. If I and J are homogeneous fractional ideals of R, then (I :x J) is
also a homogeneous fractional ideal and (I :x J) = (I :p, J). Thus if I is a
homogeneous fractional ideal of R, then both I~ and I, are homogeneous.

Let I be a nonzero fractional ideal of an integral domain D. Then I, is
the intersection of all principal fractional ideals of D containing I [6, Theorem
34.1]. The next result is a graded integral domain analog.
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Lemma 1.3. Let R = @ . Ra be a graded integral domain. If I is a homoge-
neous fractional ideal of R, then I, is the intersection of the set of homogeneous
principal fractional ideals of R containing I.

Proof. Assume that {(£x)}aea is the set of homogeneous principal fractional
ideals of R which contain I. If A € A, then I C (£)), and hence I, C (&)), =
(6x)- Thus, I, € e (€xr)- For the reverse containment, let # € Ry \ I,. Then
xl1 Q R, and hence za ¢ R for some homogeneous element a € I~!. Thus,
x ¢ (a™t), but I C (a~') because a € I, Consequently, (,cp(6x) € 1, O

Lemma 1.4 (cf. [7, Lemma 2.1]). Let R = @, Ra be a homogeneously
divisorial domain and {As} be a set of homogeneous fractional ideals of R

such that (), Aa # (0). Then (N, 4a)"t=>, A"

Proof. Note that (), Ae C A, for each a; so Ayt C (N, Aa)~ !, and hence
Yo Azt € (N, A4e) ! and Y A' is a homogeneous fractional divisorial
ideal. For the reverse containment, let A = >~ A;'. Then A;! C A im-
plies that A=! C (A ')~ = A, for each a. Thus, A~! C ), Aq, and hence
(NaAa)™t (AT = 30, AT 0

Lemma 1.5 (cf. [7, Lemma 2.2]). Let R = @, Ra be a homogeneously
divisorial domain and P be a homogeneous mazimal ideal of R. Then R C P~1
and P~' = R+ xR for all homogeneous elements v € P~\R.

Proof. Note that P = (P~!)71; so R € P~!, and since P! is homogeneous,
the homogeneous elements of P~'\R is non empty. Set ' = xR + R for a
homogeneous element x € P~1\ R. Then R C F C P!, and hence P =
(P11 CF'CRysoP=F' Thus, P\ = (F~1)~! = F. O

Lemma 1.6 (cf. [7, Lemma 2.3]). Let R = @, Ra be a homogeneously
divisorial domain, A be a nonzero proper homogeneous ideal of R, and P be a
homogeneous mazimal ideal of R containing A. If {Bs} is the set of homoge-
neous ideals of R which contain A and are not contained in P, then B = (), Ba
is not contained in P. Hence, A C B.

Proof. If By € {B,}, then B; ¢ P, and hence By + P = R because P is a
homogeneous maximal ideal and By + P is homogeneous. Thus, R = (By +
P)~!' = By'n P!, Choose a homogeneous element x € P~'\R. If {B;}1, is
a finite subset of {B,}, then (;_; B; is a homogeneous ideal of R which is not
contained in P; so (I, B; € {Ba}. Thus, = ¢ (NI, B:))~' =31, B; ' by
Lemma 1.4 because (), B;)~' N P~ = R by the second sentence above. It
follows that = ¢ > By = (), Ba) ™. Hence, P~ ¢ (N, Ba) ™', and thus
N. Ba ¢ P. O

Let D be an integral domain, Max(D) be the set of maximal ideals of D,
and {Dy} be a set of overrings of D such that D = (1, Dx. We say that the
intersection (1), Dy is locally finite if each nonzero nonunit of D is a unit in D)
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for all but a finitely many Dy of {D,}. Following [10], we call D an h-local do-
main if (i) each nonzero prime ideal of D is contained in a unique maximal ideal
and (i) D has finite character, i.e., the intersection [ enax(p) P is locally
finite. As a graded integral domain analog, we will say that R = @ . Ra
is homogeneously h-local if (i) each nonzero homogeneous prime ideal of R is
contained in a unique homogeneous maximal ideal and (ii) the intersection
ﬂMeh_Max(R) R\ is locally finite.

We next give a graded integral domain analog of [7, Theorems 2.4 and 2.5]
(or [11, Theorem 2.7]) that D is an h-local domain when every nonzero ideal
of D is divisorial.

Theorem 1.7. Let R = @, . Ra be a homogeneously divisorial domain. Then
R is a homogeneously h-local domain.

Proof. (1) Let Q be a nonzero homogeneous prime ideal of R, and assume that
there exist two distinct homogeneous maximal ideals P, and P, of R which
contain Q. Let {B,} be the set of all homogeneous ideals of R such that
Q C B, Q Py, and set B = (), Ba. Then B is a homogeneous ideal of R
with B ¢ P; by Lemma 1.6. Choose a homogeneous element y € B\P;. Then
y* ¢ P1, and hence Q + (y*) € {Ba}. Hence, y € Q + (y%); so y = ¢ + 19
for some ¢ € Q and r € R. Thus, y(1 —ry) = ¢ € Q. Note that y ¢ Q; so
1 — ry € Q. However, note also that P, € {B,} because Q C P» and P> € Py;
soy € BC P,. Thus, 1 = (1 —ry) + ry € P, a contradiction.

(2) Let A be a nonzero homogeneous ideal of R, and let {P, |« € A} be the
set of homogeneous maximal ideals of R which contain A. For each o € A, let
F, be the intersection of homogeneous integral ideals of R which contain A but
are not contained in P,. By Lemma 1.6, F}, is not contained in F,. Hence,
ACY Fyand Y F, ¢ Pgforall B € A. Thus, ) F, =Rand 1=t
for some t; € F; € {F,}. Hence, > | F; = R, and thus {P,} = {P;}I-,.
Indeed, if P, ¢ {Pi,...,P,}, then A C P, and P, € P, for i = 1,...,n.
Hence, F; C P, for i = 1,...,n, and therefore R = >' | F; C P, C R, a
contradiction. O

Corollary 1.8. Let R =@,
SH)={fe€R|C(f) =R}
(1) MaX(RS(H)) = {QS(H) |Q S h—MaX(R)}.
(2) Rsmy has finite character.
(3) Every mazimal ideal of Rg(gy is divisorial.

R, be a homogeneously divisorial domain and

Proof. Clearly, S(H) = {f € R|C(f), = R}. Also, by Theorem 1.7, the inter-
section (gep wax(r) L@ is locally finite. Thus, Max(Rgm)) = {Qs(m) | Q € h-
Max(R)} [2, Proposition 1.4 and Lemma 2.2]. Hence, Rs(mr) =(\gen Max(r) L1Q
and thus Rg (g has finite character. Also, if Q € h-Max(R), then (QRgssr))v =
QvRS(H) = QRS(H) [2, PI‘OpOSitiOn 13] ([
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We next give in Theorem 1.13 a graded integral domain analog of [5, Propo-
sition 5.4] that D is a divisorial domain if and only if D is h-local and D)y is
a divisorial domain for all M € Max(D). We prove this result by a series of
lemmas.

Lemma 1.9 (cf. [7, Lemma 3.4]). Let R = @, Ra be a homogeneously
divisorial domain, P be a homogeneous mazimal ideal of R, and A be a nonzero
proper homogeneous ideal of R such that AR\ p R = A. Then P is a unique
homogeneous mazimal ideal of R containing A.

Proof. Note that ARp\p N R = A implies VA = VARm p N R. Clearly,
AR\ p is the intersection of all homogeneous prime ideals of R\ p contain-
ing AR\ p. Hence, VA= N, Qo where {Q,} is the set of minimal primes of
A that are contained in P. Note that each @, is homogeneous; so if P; is a ho-
mogeneous maximal ideal of R distinct from P, then Q, ¢ Py by Theorem 1.7.
Hence, VA = N, @a € P by Lemma 1.6. Thus, P is a unique homogeneous
maximal ideal of R containing A. O

Lemma 1.10 (cf. [7, Lemma 3.5]). Let R = @, Ra be a graded integral
domain, P be a homogeneous mazximal ideal of R, and A be a homogeneous
ideal of R such that P is a unique homogeneous maximal ideal of R containing
A. Then ARH\P NR=A.

Proof. Since A is homogeneous,

A=({ARu\q|Q € h-Max(R)}

= AR\p N ([ {ARm\q | Q € h-Max(R) with Q # P})
=ARy\pNR
(see [16, Proposition 2.6] for the first equality). O

Lemma 1.11 (cf. [7, Theorem 3.6]). Let R = @, Ra be a homogeneously
divisorial domain and P be a homogeneous mazimal ideal of R. Then R\ p is
a homogeneously divisorial domain.

Proof. Let A’ be a nonzero homogeneous ideal of Ry p and A = A’NR. Then
A is a homogeneous ideal of R such that A" = AR\ p and AR;p\p N R = A.
Next, let B = (ARp\p)y, N R. Then B is homogeneous, BRy\p = (AR p)o,
and A C B. Choose y € H \ A. Since A is homogeneous, A, = A, and hence
there exists a homogeneous element x € Ry such that A C R and y ¢ xR by
Lemma 1.3. If E = xRN R, then F is homogeneous, y ¢ F, and A C E, and
since AR\ p N R = A, by Lemma 1.9, P is a unique homogeneous maximal
ideal of R containing E. Hence, by Lemma 1.10, ERy\p N R = E. Moreover,
E = zRNRimplies ERy\ p = xR\ pN R\ p which is a homogeneous divisorial
ideal of Ry p and contains ARg\p. Thus, (ARy\p)y = BRp\p € ERp\p,
and hence B C BRy\p N R C E. We conclude that y ¢ B; so A = B.
Therefore, A = ARH\p = BRH\p = (ARH\p)U = (A/)U. (I
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Lemma 1.12 (cf. [5, Lemma 2.3]). Let R = @, Ra be a homogeneously
h-local domain, M be a homogeneous maximal ideal of R, and A be a nonzero
homogeneous fractional ideal of R. Then

(ARH\M)_l = A_lRH\M and (ARH\M)’U = A'URH\I\/I-

Proof. Tt suffices to show that (ARH\M)_1 = A_lRH\M because A~! is ho-
mogeneous. Note that

(R:A)=( (] BRmw):A

Neh-Max(R)
= m (RH\N t A)
Neh-Max(R)
= [ Ruow:Amw)
Neh-Max(R)
= (Rm\m  Amar) N ( ﬂ (R~ : AmN))-

N#M

Also, if N is a homogeneous maximal ideal of R with N # M, then (Rg\ ) g\ m
= Ry because each nonzero homogeneous prime ideal of R is contained in a
unique homogeneous maximal ideal. Note that if A ¢ R, then there is an z € H
such that zA C R and zA is homogeneous; so we may assume that A C R.
Hence, Ry = nyp (Benw)m\m € Nygenr (B @ Apw)m\a © Ry Thus,

ARy = (R A

= (Rp\m - Amor) N ( ﬂ (Renn : Am\N) e\ M)
N#AM

=(Rp\m : Am) N Ry

= (RH\M : AH\M)

= (ARm\m) ™,
where the second equality follows because each nonzero nonunit of R is con-
tained in only finitely many homogeneous maximal ideals of R. O

Theorem 1.13. Let R = @, Ra be a graded integral domain. Then R is a
homogeneously divisorial domain if and only if R is homogeneously h-local and
R\ is a homogeneously divisorial domain for every M € h-Max(R).

Proof. If R is a homogeneously divisorial domain, then R is homogeneously h-
local by Theorem 1.7 and R\ 5/ is a homogeneously divisorial domain for every
M € h-Max(R) by Lemma 1.11. For the reverse implication, let A be a nonzero
homogeneous ideal of R. Then ARp\ns = (ARmp\n)v = AvRp\ay for all M €
h-Max(R) by assumption and Lemma 1.12. Thus, A = {ARp\m | M €
h-Max(R)} = ([{A.Rm g | @ € h-Max(R)} = A, [16, Proposition 2.6]. O
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2. Integrally closed graded integral domains

In this section, we completely characterize integrally closed homogeneously
divisorial domains. We first need a gr-valuation domain analog of [7, Lemma
5.2] that if V' is a valuation domain with maximal ideal M, then M is principal
if and only if every nonzero ideal of V' is divisorial.

Lemma 2.1. Let V = @, Va be a gr-valuation domain with homogeneous
maximal ideal M. Then the following statements are equivalent.

(1) M is principal.

(2) V be a homogeneously divisorial domain.

(3) M is divisorial, i.e., M, = M.

Proof. (1) = (2) Let € V be a homogeneous element such that M = zV,
and A be a homogeneous ideal of V. If y € V' \ A is a homogeneous element,
then A C yV, and hence iA C V. Hence, iA C 2V, and thus A C zyV C yV.
Thus, A, C zyV and y ¢ A,. Therefore, A = A,.

(2) = (3) Clear.

(3) = (1) Note that V' C M~! and M~! is homogeneous; so we can choose
a homogeneous element a € M~1\ V. Then % € V, and thus M = M, =
(La)t=Vniv=1v. 0

We next give a complete characterization of integrally closed graded integral
domains in which each nonzero homogeneous ideal is divisorial.

Theorem 2.2 (cf. [7, Theorem 5.1]). Let R = @, Ra be an integrally closed
graded integral domain. Then the following statements are equivalent.

(1) R is a homogeneously divisorial domain.
(2) R satisfies the following four conditions.
(a) R is a graded-Prifer domain.
(b) Fach homogeneous mazimal ideal of R is invertible.
(¢) Each nonzero homogeneous prime ideal of R is contained in a
unique homogeneous maximal ideal.
(d) Fach homogeneous ideal of R has only finitely many minimal prime
ideals.
(3) R is a homogeneously h-local graded-Prifer domain in which each ho-
mogeneous maximal ideal is invertible.

Proof. (1) = (2): (a) This follows from [17, Corollary 3.4].

(b) Let P be a homogeneous maximal ideal of R. Then P, = P, and hence
there are homogeneous elements a,b € R such that P = (1, g)’l by Lemma
1.5. Note that (1, %) is homogeneous; so P! = (1, %), = (1,2) by (1). Thus,
P is invertible by (a).

(c) This follows from Theorem 1.7.

(d) Let A be a nonzero homogeneous ideal of R and {P,} be the set of
minimal prime ideals of A. (Note that each P, is homogeneous because A is
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homogeneous.) Then by Theorem 1.7, A is contained in only finitely many ho-
mogeneous maximal ideals of R, say {Mi,..., M,}. Since R is a graded-Priifer
domain, the homogeneous prime ideals of R contained in a fixed homogeneous
maximal ideal are linearly ordered with respect to inclusion. Thus, [{P,}| < n.

(2) = (1) Let A be a nonzero homogeneous ideal of R and P be a ho-
mogeneous maximal ideal of R. Then Ry p is a gr-valuation domain with
homogeneous maximal ideal PRy p by (a) and [16, Lemma 4.3 and Theorem
4.4]. Also, PRy p is principal because P is finitely generated by (b). Hence,
each nonzero homogeneous ideal of R\ p is divisorial by Lemma 2.1. Thus,
AR\ p is divisorial, and hence AR\ p = (), TaRp\ p for some homogeneous
elements x, € R (because each homogeneous element of R\ p is of the form
¢ with a € H and b € H \ P). Hence, if each zoRg\p N R is divisorial, then
ARmp N R = N, (zaRp\p N R) is divisorial [6, Theorem 32.2]. Also, since
A =ARu\oNR|Q € h-Max(R)} [16, Proposition 2.6], A is divisorial. Thus,
it suffices to show that aRg\ p N R is divisorial for each nonzero homogeneous
element a € R.

Let J = aRpg\p N R. If a ¢ P, then aRy\p = R\ p, and hence J = R is
divisorial. Next, assume that a € P. Then a is contained in only finitely many
homogeneous maximal ideals of R by (c) and (d), say {P, M1,...,M,}. Since
R\ p is a gr-valuation domain, /aR\ p is a homogeneous prime ideal, and
hence v/J C P is a nonzero homogeneous prime ideal of R because /aR mp N
R = +/J. Therefore, v/J, and hence J is contained in no M; by (c). Choose
a homogeneous element y; € J \ M; for each i, and let I = (a,y1,...,yn)R.
Then P is a unique homogeneous maximal ideal of R containing I. Note that
aelCJ;so

I:IRH\pﬁR:aRH\pﬂR:J.

Thus, J is a finitely generated homogeneous ideal of R, and since R is a graded-
Priifer domain, J is invertible; so J is divisorial [6, Lemma 32.17].

(2) < (3) This follows because (d) is equivalent to that each nonzero ho-
mogeneous ideal of R is contained in only finitely many homogeneous maximal
ideals of R by (a) and (c). O

Corollary 2.3. Let R = @, Ra be an integrally closed graded integral do-
main and S(H) = {f € R|C(f) = R}. Then the following statements are
equivalent.

(1) R is a homogeneously divisorial domain.
(2) Rsm) is a divisorial domain.
(3) Rs(my is an h-local Priifer domain whose mazimal ideals are invertible.

Proof. (1) = (2) Clearly, S(H) = {f € R|C(f), = R}, and since Max(Rg(g)
= {Qsm) | Q € h-Max(R)} by Corollary 1.8, every ideal of Rg(s) is extended
from a homogeneous ideal of R by Theorem 2.2 and [2, Corollary 1.10]. Hence,
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if A”is a nonzero ideal of Rg(f), then A" = ARg g for some nonzero homoge-
neous ideal A of R. Thus, (A"), = (ARg(m))v = AvRs(a) = ARg(a) = A (cf.
[2, Proposition 1.3] for the second equality).

(2) = (1) Note that Rgg is integrally closed; so Rg (g is a Priifer domain
[7, Theorem 5.1]. Hence, if @ € h-Max(R), then Qg(gy € Rs(a), and thus
Rq = (Rs(m))Qs 18 @ valuation domain. Thus, R is a graded-Priifer do-
main [4, Theorem 2.1] and S(H) = {f € R|C(f)», = R}. Let A be a nonzero
homogeneous ideal of R. Then ARgy) = (ARg())v = AvRsm) [2, Propo-
sition 1.3], and since both A and A, are homogeneous, A = ARgy) N R =
AyRgmy N R = A, [3, Lemma 2].

(2) < (3) [7, Theorem 5.1]. O

We recall that R = @ Ra is a graded-Dedekind domain (gr-Dedekind
domain) if R is a gr-Noetherian and graded-Priifer domain. Hence, R is a
gr-Dedekind domain if and only if each nonzero homogeneous ideal of R is in-
vertible, if and only if each nonzero homogeneous prime ideal of R is invertible.
In [3, Corollary 7], Anderson and Chang showed that if I' N (—I") = {0}, then
R is a gr-Dedekind domain if and only if R is a Dedekind domain, if and only
if R is a PID.

Theorem 2.4 (cf. [7, Proposition 5.5]). Let R = @ . Ra be a completely
integrally closed graded integral domain and S(H) = {f € R|C(f) = R}. Then
the following statements are equivalent.

(1) R is a homogeneously divisorial domain.

(2) R is a gr-Dedekind domain.

(3) Rs(my is a Dedekind domain.

(4) RS(H) is a PID.

(5) R is a gr-Noetherian domain in which each homogeneous mazimal ideal
15 invertible.

Proof. (1) = (2) Let A be a nonzero homogeneous ideal of R. Since R is
completely integrally closed, (AA™1), = R [6, Theorem 34.3], and since AA~!
is homogeneous, (A471), = AA~!. Thus, AA~! = R.

(2) = (1) If R is a gr-Dedekind domain, then each nonzero homogeneous
ideal of R is invertible. Thus, R is a homogeneously divisorial domain.

(2) & (3) & (4) = (5) [3, Theorem 4].

(5) = (2) It suffices to show that Ry\p is a gr-valuation domain for all
P € h-Max(R). Let M be a homogeneous maximal ideal of R. Then MR\ s
is invertible by (5), and hence M R\ is principal. Also, since Ry\as is gr-
Noetherian, M R\ s is a unique nonzero homogeneous prime ideal of Ry .
Hence, R\ is a gr-Dedekind domain with a unique homogeneous maximal
ideal. Thus, R\ is a gr-valuation domain. (I

Corollary 2.5. Let R = @ Ra be a completely integrally closed graded
integral domain such that T'N (=T') = {0}. Then R is a divisorial domain if
and only if R is a homogeneously divisorial domain.
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Proof. If R is a homogeneously divisorial domain, then R is a gr-Dedekind
domain by Theorem 2.4, and thus R is a Dedekind domain [3, Corollary 7].
Hence, R is a divisorial domain [7, Proposition 5.5]. The converse is trivial. [

3. Graded-Noetherian domains

In this section, we study gr-Noetherian domains which are also homoge-
neously divisorial domains.

Lemma 3.1 (cf. [7, Corollary 3.2]). Let R = @ . Ra be a graded integral
domain, S be a multiplicative set of nonzero homogeneous elements of R, and
A be a finite intersection of principal homogeneous fractional ideals of R. Then
ARg is a homogeneous divisorial ideal.

Proof. Let A = (0", 2; R be a finite intersection of nonzero principal homoge-
neous ideals of R. Then ARg = (1, #;Rg [7, Lemma 3.1], and thus ARg is a
homogeneous divisorial ideal of Rg. O

Let V' be a rank 2 valuation domain with prime ideals (0) C P C M such
that M is principal but Vp is not discrete. Then each nonzero homogeneous
ideal of R = V[X, X 1] is divisorial, while Ry\pr = Vp[X, X~!] has a non-
divisorial homogeneous ideal PRy pr by Example 1.1. Hence, Lemma 1.11 is
not true for homogeneous non-maximal ideals. However, our next result shows
that every nonzero homogeneous ideal of Rg is divisorial for any multiplicative
set S € H when R = @ Ra is a gr-Noetherian homogeneously divisorial
domain.

Proposition 3.2 (cf. [7, Remark 3.3]). Let R = @ . Ra be a homogeneously
divisorial domain and S be a multiplicative set of nonzero homogeneous el-
ements of R. If R is gr-Noetherian, then Rg is a homogeneously divisorial
domain.

Proof. Let A be a nonzero homogeneous ideal of R and B = A~!. Then B is a
finitely generated homogeneous fractional ideal of R, say B = (z1,...,x,) for
some homogeneous elements x; € Ry, and hence

A=B"'=(R:z;)=[)(1/z:)R
i=1 1=1
Thus, ARg is divisorial by Lemma 3.1. ]

Let D be a Noetherian domain. It is known that if D is a divisorial domain,
then D has (Krull) dimension one [7, Corollary 4.3]. Also, if D has (Krull)
dimension one, then D is an h-local domain. Thus, D is a divisorial domain if
and only if Dy is a divisorial domain for all M € Max(D) [5, Proposition 5.4].

Corollary 3.3. Let R = @, Ra be a gr-Noetherian domain. Then R is
a homogeneously divisorial domain if and only if R\ p is a homogeneously
divisorial domain for all P € h-Max(R).
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Proof. Suppose that Ry p is a homogeneously divisorial domain for all P €
h-Max(R). Let A be a nonzero homogeneous ideal of R. Then A is finitely
generated, and hence ARm\p = (ARm\p)v = (AuRp\p)o [18, Lemma 4]; so
AR\ p = AyRp\ p for all P € h-Max(R). Thus,

A=({ARmq|Q € h-Max(R)}

=({4uRiq | Q € h-Max(R)
= A’U
[16, Proposition 2.6]. The converse is from Proposition 3.2 or Lemma 1.11. O

Let D be an almost Dedekind domain that is not Dedekind (see, for example,
[6, Example 42.6] for such an integral domain), and let R = D[X, X ~!]. Then
D is not an h-local domain, h-Max(R) = {P[X,X'|| P € Max(D)}, and
R\ pix,x-11 = Dp[X, X' is a gr-valuation domain such that PDp[X, X ']
is the homogeneous maximal ideal and PDp[X, X ~!] is principal. Hence, every
nonzero homogeneous ideal of Ry is divisorial for all @ € h-Max(R) by
Lemma 2.1, but R has a nonzero homogeneous ideal that is not divisorial by
Example 1.1. Thus, Corollary 3.3 does not hold if R is not a gr-Noetherian
domain.

We next prove in Theorem 3.9 that if R = @, Ra is a homogeneously
divisorial domain which is also gr-Noetherian, then every nonzero homogeneous
prime ideal of R has height-one. For which we first need several lemmas.

Lemma 3.4 (cf. [7, Lemma 4.1]). Let R = @ . Ra be a homogeneously
divisorial domain with a unique homogeneous maximal ideal P and xR be a
nonzero homogeneous principal ideal of R. Then xP~' is contained in any
homogeneous fractional ideal which properly contains rR.

Proof. Let A be a homogeneous fractional ideal of R with zR C A. Then
R=1(zR) C 14, and hence (1 4)~! C R. Note that 14 is homogeneous; so
(%A)_1 C P. Hence, P71 C (%A)v = %A, and thus P~ C A. O

We recall that a homogeneous ideal is h-irreducible if it is not a finite inter-
section of homogeneous ideals strictly containing it.

Corollary 3.5 (cf. [7, Corollary 4.2]). Let R = @ Ra be a homogeneously
divisorial domain with a unique homogeneous maximal ideal. Then every ho-
mogeneous principal ideal of R is h-irreducible.

Proof. Let © € R be a nonzero homogeneous element such that tR = AN B
for some homogeneous ideals A, B of R with zR C A and xR C B, and P be
the homogeneous maximal ideal of R. Then xP~' C AN B = 2R by Lemma
3.4, and thus P~! C R, a contradiction. O

An ideal I of R = @, Rq is called h-primary if ab € I for homogeneous
elements a,b of R implies that a € I or b™ € I for some integer n > 1. Clearly,
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a primary ideal is h-primary. Also, it is known that if @ is an h-primary
homogeneous ideal of R, then @ is a primary ideal of R [9, Proposition 5.6.20].

Lemma 3.6. Let R = @, Ra be a gr-Noetherian domain. Then each h-
irreducible ideal of R is a primary ideal.

Proof. Let I be a nonzero h-irreducible ideal of R. Assume that [ is not
primary. Then there exist homogeneous elements a,b € R such that ab € I,
a & I, and b ¢ I for all integers n > 1. Since R is a gr-Noetherian domain,
the ascending chain of homogeneous ideals (I :g b) C (I :g b*) C --- must be
stationary. Hence, there exists an integer m > 0 such that (I :g b™) = (I g
b™*+1). Consider the homogeneous ideals aR+ 1 and Y™ R+1. If z € (aR+1)N
(™R +1), then x = t1a+1i = t2b™ + j for some t1,t2 € R and ¢, € I. Hence,
tgbm+1 = (tgbm)b = (t1a+ (’L —j))b € I, and thus t, € (I ‘R bm+1) = (I ‘R bm),
so x = tob™ +j € I. Thus, (aR+I)N (™R +I) = I, and hence I is not
h-irreducible, a contradiction. 1

Corollary 3.7. Let R = @ Ra be a homogeneously divisorial domain with
a unique homogeneous maximal ideal. If R is gr-Noetherian, then every homo-
geneous principal ideal of R is primary.

Proof. Tt follows from Corollary 3.5 and Lemma 3.6. O

Lemma 3.8. Let R = @, Ra be a homogeneously divisorial domain, P be a
homogeneous mazimal ideal of R, and 0 # x € P be homogeneous. Then there
is a homogeneous element y € R\zR such that P = (zR g y).

Proof. Note that R C P~! and P~! is homogeneous; so there are homogeneous
elements a,b € R such that £ € P='\ R. Clearly, P = P, = (2,1)7! =
SRNR = (aR :g b). Thus, if y = 22, then y € R\ 2R and P = (aR :p b) =
(R:g %)= (zR:rvy). O

The h-height of a homogeneous prime ideal @ of R = @, Ra (denoted by
h-htQ) is defined to be the supremum of the lengths of chains of homogeneous
prime ideals (0) C Q1 € -+ € @, = Q. Clearly, h-htQ < ht@, and equality
holds when every prime ideal P of R with P C @ is homogeneous. The h-
dimension of R (denoted by h-dim R) is defined to be sup{h-htQ|Q € h-
Spec(R)}.

Theorem 3.9 (cf. [7, Corollary 4.3]). Let R = @, Ra be a homogeneously
divisorial domain which is also gr-Noetherian. Then each nonzero homogeneous
prime ideal of R has height-one.

Proof. Let P be a homogeneous maximal ideal of R. Then Ry\p is a gr-
Noetherian domain whose nonzero homogeneous ideals are divisorial by Corol-
lary 3.3. Hence, by replacing R and P with Ry\p and PRy p, respectively,
we may assume that R is a gr-Noetherian domain with a unique homogeneous
maximal ideal P. Let a € P be a nonzero homogeneous element. By Lemma
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3.8, there is a homogeneous element b € R\aR such that P = (aR : b). We
show that vaR = (aR : b). Tt is clear that vVaR C \/(aR:b) = (aR : b). If
x € (aR : b), then zb € aR, and since aR is a primary ideal by Corollary 3.7 and
b ¢ aR, we have 2" € aR for some integer n > 1; so x € vaR. Consequently, P
is minimal over aR, and since R is a gr-Noetherian domain, h-hP < 1 [13, The-
orem 3.5]. Hence, h-dim(R) = 1, and if R is the integral closure of R, then R
is a homogeneous overring of R with h-dim(R) = 1 [14, Lemmas 2.2, 2.3, and
Corollary 1.6]. Let @ be a nonzero prime ideal of R such that @ C P. Then
there are prime ideals Q' C P’ of R such that Q'NR = Q and P'NR = P. Note
that P’ is a homogeneous ideal of R; so htP’ = 1 (cf. [14, Theorem 2.10] and
[1, Proposition 5.5]). Hence, @ = Q' N R =P N R = P. Thus, htP = 1. O

Corollary 3.10 (cf. [11, Theorem 3.8]). Let R = @, Ra be a gr-Noetherian
domain and S(H) = {f € R|C(f) = R}. Then the following statements are

equivalent.

(1) R is a homogeneously divisorial domain.

(2) Each nonzero homogeneous prime ideal of R has height-one and M1
is generated by two elements for all M € h-Max(R).

(3) Rg(my is a divisorial domain of (Krull) dimension one.

(4) R\ p is a homogeneously divisorial domain for all P € h-Max(R).

Proof. (1) = (2) Each nonzero homogeneous prime ideal of R has height-one
by Theorem 3.9 and M~ = R+zR for any homogeneous element z € M '\ R
by Lemma 1.5.

(2) = (3) Let M be a homogeneous maximal ideal of R. Then Ry is a
one-dimensional Noetherian domain such that (M Ry;)~! = M~1Rj; (because
M is finitely generated); so (M Rp)~! is two generated. Thus, each nonzero
ideal of Ry is divisorial [11, Theorem 3.8]. Next, note that (gey vax(r) R is
locally finite because R is gr-Noetherian and each homogeneous maximal ideal
of R has height-one; so Max(Rg(m)) = {Qs(m) | @ € h-Max(R)} by the proof
of Corollary 1.8. Thus, Rg(g) is a one-dimensional Noetherian domain, and
hence Rg(f) is an h-local domain. Note that (RS(H))MS(H) = Ry for all M €
h-Max(R). Thus, Rg(g is a divisorial domain [5, Proposition 5.4].

(3) = (1) Let A be a nonzero homogeneous ideal of R. Then A = ARg )N
R = (ARs(m))v "R = AyRg(gy N R = A, by [3, Lemma 2] and the proof of
Corollary 2.3. Thus, R is a homogeneously divisorial domain.

(1) & (4) Corollary 3.3. O

Corollary 3.11. Let R = @ Ra be a homogeneously divisorial domain
which is also gr-Noetherian. Then the integral closure of R is a gr-Dedekind
domain.

Proof. Let R be the integral closure of R and S(H) = {f € R|C(f) = R}.
Then Rg (g is a one-dimensional integrally closed Noetherian domain by Corol-
lary 3.10 because RS(H) is the integral closure of Rg(y). Thus, RS(H) is a
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Dedekind domain [6, Theorem 37.8]. Also, R is a homogeneous overring of
R [14, Lemmas 2.2 and 2.3]. Hence, if S(H) = {f € R|C(f) = R}, then
S(H) C S(H), and thus Rg(H) is a Dedekind domain. Thus, R is a gr-Dedekind
domain [3, Theorem 4]. O
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