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INTEGRAL CLOSURE OF
A GRADED NOETHERIAN DOMAIN

CHANG HwAN PARK AND M1 HEE PARK

ABSTRACT. We show that, if R is a graded Noetherian ring and I is a
proper ideal of R generated by n homogeneous elements, then any prime
ideal of R minimal over I has h-height < n, and that if R is a graded
Noetherian domain with h-dim R < 2, then the integral closure R’ of R
is also a graded Noetherian domain with h-dim R’ < 2. We also present
a short improved proof of the result that, if R is a graded Noetherian
domain, then the integral closure of R is a graded Krull domain.

1. Introduction

Let T" be a torsion-free cancellative commutative monoid with quotient group
G and let R = @WEF R, be a I'-graded commutative ring. A goal of this paper
is to generalize many of the well known results for Noetherian rings to graded
Noetherian rings.

A TI'-graded commutative ring R = @,Yer R, is said to be graded Noetherian
if R satisfies the ascending chain condition (a.c.c.) on homogeneous ideals, or
equivalently, if each homogeneous ideal of R is finitely generated.

Goto and Yamagishi [7, Theorem 1.1] show that, if I" is a finitely generated
abelian group, then R = ®7€F R, is graded Noetherian if and only if it is
Noetherian. One of the most natural and important examples of a I'-graded
ring is the monoid ring R[I'] = @, RX7. It is shown in [18, Theorem 2.4]
that a I'-monoid ring R[I'] is graded Noetherian if and only if R is Noetherian
and each ideal of I' is finitely generated. In view of a result of Budach [3]
(see [18, Theorem 2.2]), it follows that R[T] is Noetherian if and only if R is
Noetherian and I is finitely generated.

Thus if k is a field and G is an abelian group which is not finitely generated,
then the G-group ring k[G] is an example of a graded Noetherian ring which is
not Noetherian.
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After giving some needed definitions and preliminary results in Section 2,
we show in Section 3 that, if R is a graded Noetherian ring and I is a proper
ideal of R generated by m homogeneous elements, then any prime ideal of R
minimal over I has h-height < n (Theorem 3.6).

In Section 4 we prove that, if R is a I'-graded Noetherian domain with
h-dim R = 1, then any homogeneous overring of R is G-graded Noetherian with
h-dimension < 1. In fact, a more general statement is proved: Let R C A be
graded integral domains with homogeneous quotient fields K C L, respectively.
If R is graded Noetherian with h-dim R = 1 and L is finite over K, then A is
graded Noetherian with h-dim A < 1 (Theorem 4.2).

In Section 5, as an application of Theorem 3.6 and Theorem 4.2, we give an
alternate proof of [16, Theorem 2.10] or [15, Theorem 9.1]: If R is a I'-graded
Noetherian domain, then the integral closure of R is a G-graded Krull domain
(Theorem 5.3).

In Section 6 we show that, if R is a graded Noetherian domain with h-dimR <
2, then the integral closure R’ of R is also a graded Noetherian domain with
h-dim R’ < 2 (Theorem 6.8).

In the last section, we recall some well known results whose graded versions
fail to hold.

If the grading by I' is trivial, i.e., every element of the graded ring R has
degree zero, then Theorem 3.6, Theorem 4.2, Theorem 5.3, and Theorem 6.8
are exactly the same as the generalized principal ideal theorem of Krull [11,
Theorem 152], the Krull-Akizuki theorem [12, Theorem 11.7], the Mori-Nagata
theorem [13, Theorem 33.10], and the Nagata theorem [13, Theorem 33.12],
respectively.

As mentioned earlier, there exist examples of graded Noetherian rings which
are not Noetherian. Thus the graded statements given in this paper could be
considered to be real generalizations of the corresponding non-graded state-
ments.

For more information on graded rings, the readers are referred to [1, 5, 6, 7,
9, 15, 16, 17, 18].

2. Preliminaries

This section contains several definitions and a few known results that will
be used in what follows.

Throughout the paper, we let I" be a torsion-free cancellative commutative
monoid with quotient group G and let R = EB»yeI‘ R, be a I'-graded commuta-
tive ring with identity, unless otherwise stated.

Definition 2.1. Let R be a graded ring.

(1) Let h-Spec(R) denote the set of homogeneous prime ideals of R and let
h-Max(R) denote the set of ideals of R which are maximal in the set
of all proper homogeneous ideals of R. Then h-Max(R) C h-Spec(R).
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(2) The h-height of a homogeneous prime ideal P (denoted by h-ht P) is
defined to be the supremum of the lengths of chains of homogeneous
prime ideals descending from P.

(3) The h-dimension of R (denoted by h-dim R) is defined to be sup{h-ht P |
P € h-Spec(R)}.

(4) R is called a graded Noetherian ring if R satisfies the ascending chain
condition (a.c.c.) on homogeneous ideals.

Definition 2.2. Let R be a graded integral domain.

(1) Let S be the set of nonzero homogeneous elements of R, then S is a
multiplicatively closed set. The quotient ring Rg is a G-graded ring,
where Rs = @, c;(Rs), with each (Rs), = {} [ a € Ra, b € Rg\
{0}, and a — 8 = ~}, and it is called the homogeneous quotient field
of R. Note that each nonzero homogeneous element of Rg is a unit.

(2) An overring A, with R C A C Rg, is called a homogeneous overring
if A=, (AN (Rs)y). Thus A is a G-graded integral domain with
A, =AN(Rg), for each v € G.

(3) The h-global transform of R is defined to be the set R" = {z € Rg |
My - Mz C R, where M; € h-Max(R), not necessarily distinct, k >
1}. Note that R"9 is a homogeneous overring of R.

(4) Let {Ra}rea be a family of homogeneous overrings of R such that
R = () Rx. The intersection R = [ R, is said to be homogeneously
locally finite if each nonzero homogeneous element of R is a unit in all
Ry but a finite number of the R,.

(5) R is called a graded DVR if R has the unique nonzero homogeneous
prime ideal and it is principal (generated by a homogeneous element).

(6) R is called a graded Krull domain if it is completely integrally closed
and satisfies the a.c.c. on homogeneous v-ideals (For the definition of
v-ideal, see Section 5).

Theorem 2.3. Let R be a graded ring.

(1) [18, Lemma 2.3] R is a graded Noetherian ring if and only if each
homogeneous prime ideal of R is finitely generated.

(2) [1, Theorem 5.15] Assume, moreover, that R is an integral domain.
Then R is a graded Krull domain if and only if R = (\ V), where the
intersection is homogeneously locally finite and each V) is a homoge-
neous overring of R which is a graded DVR.

Theorem 2.4. Let R be a graded Noetherian domain.

(1) [16, Lemma 2.2 and Lemma 2.3] The complete integral closure R* and
the integral closure R' of R are the same and it is a homogeneous
overring of R.

(2) [16, Theorem 1.4] Let A be a homogeneous overring of R contained in
R". Then A is a graded Noetherian domain.
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3. The principal ideal theorem

In this section we prove a graded version of the principal ideal theorem of
Krull. The proof we give is adapted from [11].

We say that a nonzero graded R-module M is h-irreducible if M has no
nontrivial homogeneous submodules. Note that any h-irreducible graded R-
module is isomorphic to R/m as graded R-modules, where m is a maximal
homogeneous ideal of R.

For a nonzero graded R-module M, a chain M = My D My D --- D M, =
(0) of homogeneous submodules of M is called an h-composition series of M
if each M;/M,; 1 is h-irreducible; the integer r is called the length of the h-
composition series.

Theorem 3.1 (cf. Jordan-Holder [19, Chapter III, §11, Theorem 19]). If a
nonzero graded module M has an h-composition series of length r, then any h-
composition series of M has length v and any chain of homogeneous submodules
of M can be refined to an h-composition series.

Proof. We prove the theorem by induction on r. If » = 1, then the assertion
is obvious. Let r > 1. Assume that the theorem is true for graded modules
having an h-composition series of length less than 7.

Let M = My D My D --- D M, = (0) be an h-composition series of length r.
Then by the induction hypothesis M can have no h-composition series of length
less than r. It suffices to show that any chain of homogeneous submodules of
M has length at most r.

Let M = Ng D Ny D -+ D Ny = (0) be a chain of distinct homogeneous
submodules of M. If Ny = M, then since M; has an h-composition series
M; D - D M, = (0) of length r — 1, by the induction hypothesis s —1 <r—1
and hence s < r. If Ny C My, then M1 D Ny D N3 D --- D Ny = (0) is a
chain of homogeneous submodules of M7 of length s. Again by the induction
hypothesis, s <r —1 and so s < r.

Assume that Ny € M;. Then M; + Ny = M. Note that M /M, = (M; +
Ny)/My = Ny /(M; N Ny) as graded modules. Since M /M; is h-irreducible, so
is Nl/(Ml n Nl)

Since M; has an h-composition series of length » — 1 and M; D M; N Ny,
by the induction hypothesis M; N N; has an h-composition series of length at
most 7 — 2. Then since there are no homogeneous submodules between Np
and M7 N Ny, N7 has an h-composition series of length at most » — 1. By the
induction hypothesis, s — 1 <r — 1 and hence s < r. O

The length of an h-composition series of M is called the h-length of M and
denoted by hl M.

Lemma 3.2. Let R be a graded integral domain with h-dim R = 0. Then every
finitely generated graded R-module has finite h-length.
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Proof. Note that, since R has no nontrivial homogeneous ideals, R as a graded
R-module is h-irreducible. Let A be a nonzero finitely generated graded R-
module. Write A = Rxy+- - -+ Rz, where each x; is a homogeneous element of
A. We will use induction on n. If n = 1, then A = Rx; =2 R/(0 :g x1) as graded
R-modules. Since R is h-irreducible, (0 :p 1) = (0) and A is h-irreducible,
i.e., hlA=1. Let n > 1 and set B := Rxo+---+ Rx,. Then by the induction
hypothesis, B has finite h-length. Consider the chain A 2 B 2 (0). Since
A/B = Rz, it is (0) or h-irreducible. Therefore, hl A = hl1(A/B) + hlB <
14+ hlB < 0. O

Lemma 3.3. Let R be a graded Noetherian ring with h-dim R = 0. Then every
finitely generated graded R-module has finite h-length.

Proof. Since h-dim R = 0, Min(R) = h-Spec(R) = h-Max(R). By [16, Corol-
lary 1.2], there are only a finite number of minimal prime ideals, say P, ..., Pp.
Then we have P, --- P, C P, N---N P, =+/(0). Since 4/(0) is a homogeneous

ideal, it is finitely generated and hence \/@k = (0) for some k, which implies
that (P --- P,)* = (0).

Let A be a nonzero finitely generated graded R-module, and consider the
chain of homogeneous submodules

A D PAD P!AD .- D PFAD PFP,A D PFP2A
D> -+ D PFPFA D PFPFP3A O - D PFPF.---PFA=(0).

Let B and P; B be any two consecutive modules in this chain. Then since each
P; is a finitely generated homogeneous ideal of R and A is a finitely generated
graded R-module, B/P;B is a finitely generated graded module over R/P;.
Since R/P; is a graded integral domain with h-dim R/P; = 0, B/P; B has finite
h-length by Lemma 3.2. Therefore, hl (B/P;B) < co, and the sum hl A of these
terms is also finite. (|

Lemma 3.4. Let u,y be nonzero homogeneous elements in a graded integral
domain. Then

(1) The modules (u,y)/(u) and (u?,uy)/(u?) are isomorphic as graded mod-
ules.

(2) Assume further that tu® € (y) implies tu € (y). Then the modules
(u)/(u?) and (u?,y)/(u?, uy) are isomorphic as graded modules.

Proof. See the proof of [11, Theorem 143].

(1) Since u is a homogeneous element, the multiplication by u induces a
graded module isomorphism of (u,y)/(u) onto (u?,uy)/(u?).

(2) Multiplication by u induces a graded module isomorphism of R/(u) onto
(u)/(u?). Also, under the given assumption, multiplication by % induces a
graded module isomorphism of R/(u) onto (u2,y)/(u?, uy). O
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Theorem 3.5 (cf. Principal Ideal Theorem [11, Theorem 142]). Let x be a
nonunit homogeneous element in a graded Noetherian ring R and let P be a
prime ideal minimal over (x). Then h-ht P < 1.

Proof. Suppose on the contrary that there is a chain P D P; D P» of distinct
homogeneous prime ideals. Replacing R by R/P, and then considering Rg\ p,
where S is the set of nonzero homogeneous elements of R, we may assume that
R is a graded Noetherian domain with the unique maximal homogeneous ideal
P.

Choose a nonzero homogeneous element y in P;. Let I; denote the ideal
((y) :r %), k=1,2,.... Then I; C I, C --- is an ascending chain of homoge-
neous ideals. Since R is graded Noetherian, the chain must become stable, say
at I,. Then t € ((y) : #2*) implies t € ((y) : ™). Set u = a2, then tu? € (y)
implies tu € (y). The ring T = R/(u?) is a graded Noetherian ring with ex-
actly one homogeneous prime ideal, and hence h-dim7T = 0. Therefore, by
Lemma 3.3, every finitely generated graded T-module has finite h-length. This
applies in particular to the module (u,y)/(u?), which is a graded R-module
annihilated by u? and hence a graded T-module. It follows from Lemma 3.4
that b1 ((u, 5)/(u?) = b1 ((u,9)/(u)) + 1 ((u)/(u?) = Bl ((u?, uy)/(u2)) +
hl ((u?,y)/(u? uy)) = hl ((u?,y)/(u?)). Thus the graded T-module (u,y)/(u?)
and its graded submodule (u?,y)/(u?) have the same h-length. This is possi-
ble only if (u,y) = (u?,y), ie., u € (u?,y). Write u = cu? + dy, where ¢,d
are homogeneous elements in R. Then 1 — cu € ((dy) :g u). Since P is the
unique maximal homogeneous ideal of R and 1—cu ¢ P, the homogeneous ideal
((dy) :g u) must be equal to R. Thus we have u € (dy) C (y) € P;. But P is
minimal over (z) and hence also minimal over (u) = (™). This contradiction
completes the proof. (I

Theorem 3.6 (cf. Generalized Principal Ideal Theorem [11, Theorem 152]).
Let R be a graded Noetherian ring and let I # R be an ideal generated by n
homogeneous elements ay,...,a, in R. Let P be a prime ideal minimal over
I. Then h-ht P <n.

Proof. Replacing R by Rg\p, we may assume that R is a graded Noetherian
ring with P as its unique maximal homogeneous ideal.

Suppose that there exists a chain P = Py D P; D --- D P,4+1 of homogeneous
prime ideals of length n + 1. Replacing P; by the ideal which is maximal in
the family {P’} of the homogeneous prime ideals such that P, C P’ C P, we
can also assume that there is no homogeneous prime ideal properly between P;
and P.

Since P is minimal over I, we can not have I C P; and so may assume that
ay ¢ Py. Tt follows that P is the unique prime ideal minimal over P; + (a;)
and hence that P = y/P; + (a1). Since P is finitely generated, there exists
an integer ¢ > 1 such that P* C P, + (a1). Consequently, we can write a} =
b; + c;a1, where b;, ¢; are homogeneous elements of R and b; € Py, i =2,...,n.
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Let J = (ba,...,b,), then J is a homogeneous ideal contained in P;. Since
h-ht P, > n, by the induction hypothesis, P, is not minimal over J. Let @ be
a homogeneous prime ideal such that J C @ C P;. The ideal @ + (a1) contains
some power of each of the a;’s, whence P is a prime ideal minimal over Q+ (a1).
We now pass to the graded Noetherian ring R/Q. Then the image P/Q of P
is minimal over the image of (a1), but there is a chain P/Q 2 P;/Q 2 (0) of
homogeneous prime ideals. This contradicts Theorem 3.5. O

4. The Krull-Akizuki theorem

Let M be a torsion-free graded module over a graded integral domain R.
Then any two subsets of homogeneous elements of M which are maximally
linearly independent over R have the same cardinality, which is defined to be
the h-rank of M.

Lemma 4.1. Let R be a graded Noetherian domain with h-dim R =1, K its
homogeneous quotient field, and M a torsion-free graded R-module of finite

h-rank r. Then for any nonzero homogeneous element a € R, hl (M/aM) <
r-hl(R/aR).

Proof. First assume that M is finitely generated. Choose homogeneous ele-
ments z1,...,z, € M which are linearly independent over R and set £ =
Rxy + -+ + Rx,. Then for any x € M, there exists a nonzero homogeneous
element ¢ € R such that tx € E. If we set C = M/E, then C is a finitely gen-
erated graded R-module and tC' = 0 for some nonzero homogeneous element
t € R. Since R/tR is a graded Noetherian ring with h-dim (R/tR) = 0 and C
is a finitely generated graded R/tR-module, hl C' < co by Lemma 3.3.

Let a be a nonzero homogeneous element of R. Then the exact sequence of
graded R-module homomorphisms

E/a"E - M/a"M — C/a"C — 0

gives h1 (M/a™"M) < hl1(E/a™E) + hl(C/a™C) < hl(E/a™FE) + hl1(C) for all
n > 0.

Now E and M are both torsion-free graded R-modules, a'E/a'™ E = E/aE
as graded R-modules and similarly for M. Hence we have n - hl (M/aM) <
n-hl(FE/aE) 4+ hlC for all n > 0. Since both hl (M/aM) and hl(E/aE) are
finite (Lemma 3.3), the previous inequality implies hl (M/aM) < hl (E/aE).

Since F = Rx1+- - -+ Rx, with x1, ..., z, linearly independent homogeneous
elements over R, we have hl (E/aFE) = r-hl(R/aR). This completes the proof
in the case that M is finitely generated.

If M is not finitely generated, take a finitely generated graded submodule
N = Ryy + -+ Ry, of M = M/aM, where each ; is a homogeneous element
of M. Choose a homogeneous inverse image y; in M for each 7; and set M; =
Ry, + --- + Rys. Then since N = (M + aM)/aM = M;/(M; N aM) as
graded R-modules, we get hl(N) = hl(M;/(M; NnaM)) < hl(M;/aM;) <
" -hl(R/aR) < r-hl(R/aR), where r' is the h-rank of M;. The right-hand
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side is independent of N, so that hl M < r-hl(R/aR) < oo and M is in fact
finitely generated. U

Theorem 4.2 (cf. Krull-Akizuki Theorem [12, Theorem 11.7]). Let R C A be
graded integral domains with homogeneous quotient fields K C L, respectively.
Assume that R is graded Noetherian with h-dim R = 1 and L is finite over
K. Then A is graded Noetherian with h-dim A < 1, and if J is a nonzero
homogeneous ideal of A, then A/J is a graded R-module of finite h-length.

Proof. Since K is a graded integral domain with h-dim K = 0 and L is a finitely
generated graded K-module, L has finite h-length by Lemma 3.2. Let r be the
h-length of L as a graded K-module. Then A is a torsion-free graded R-module
of h-rank r. By Lemma 4.1, for any nonzero homogeneous element c of R, the
h-length of A/cA as a graded R-module, hlg (A/cA), is finite.

Now let J be a nonzero homogeneous ideal of A and a a nonzero homoge-
neous element of J. Since L is finite over K, the quotient field of A is algebraic
over the quotient field of R. Therefore, a satisfies an equation of the form
Cm@™ 4 C_1a™ 1+ +cia+co = 0, where the ¢; are homogeneous elements
of R, not all zero. Since A is an integral domain, we may assume that ¢y # 0.
Then ¢ € JN R\ {0} and so hlg (A/J) < hlg (A/cpA) < cc.

Moreover, since hly (J/cpA) < hlg (J/coA) < hlg (A/coA) < 00, J/cpA is
a finitely generated A-module and hence J is a finitely generated A-module.
Therefore, A is a graded Noetherian ring.

If P is a nonzero homogeneous prime ideal of A, then A/P is a graded
Noetherian domain of finite h-length as a graded A-module (and hence as a
graded A/P-module). We will show that P is a maximal homogeneous ideal
of A. Let I be a nonzero minimal homogeneous ideal of A/P and let = be a
nonzero homogeneous element of I. Then x/ C I. By the minimality of I,
we have xI = I, and consequently, *+ = xa for some a € I. Then a = 1, so
I = A/P. Thus A/P has no nontrivial homogeneous ideals and hence P is a
maximal homogeneous ideal of A. Therefore, h-dim A < 1. O

5. The Mori-Nagata theorem

It was shown in [16, Section 2] and [15, Theorem 9.1] that the integral closure
of a graded Noetherian domain is a graded Krull domain, which is a graded
version of the Mori-Nagata theorem. The proof could be simplified by using
induction as in [2, 10]. The key will be Theorem 3.6, which is a variation of
the generalized principal ideal theorem.

We recall first the v- and t-operations. For each nonzero fractional ideal I
of an integral domain R with quotient field F, I, = (I"*)~!, where I71 =
{r € F |2l C R}, and I; = |J{J, | J is a finitely generated subideal of I'}. If
I = I,, then I is called a v-ideal or a divisorial ideal, and if I = I;, then I is
called a t-ideal.

We denote by h-t-Max(R) the set of ideals of a graded integral domain
R which are maximal in the set of all proper homogeneous t-ideals of R. It
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is easy to check that any prime ideal minimal over a homogeneous t-ideal is
a homogeneous t-ideal and any proper homogeneous t-ideal is contained in a
maximal homogeneous ¢-ideal. Thus each ideal in the set h-t-Max(R) is a prime
ideal and the set h-t-Max(R) is nonempty unless R is equal to its homogeneous
quotient field.

Lemma 5.1. Let R be a graded integral domain and let S be the set of nonzero
homogeneous elements of R. Then R = ﬂpeh_t_Max(R) Rs\p.

Proof. Since the intersection [ Peh-t-Max(R) Rg\ p is a homogeneous overring of
R, it suffices to show that each homogeneous element of the ring

N Rs\p

Peh-t-Max(R)

is contained in R. Let x be a homogeneous element of the ring

(N Bswe

Pech-t-Max(R)

Then the ideal (R :g ) is a homogeneous ¢-ideal of R which is not contained
in any maximal homogeneous t-ideal. Therefore, we have (R :g ) = R, which
implies that x € R. [l

Lemma 5.2. Let R be a graded Noetherian domain and let S be the set of
nonzero homogeneous elements of R. Then the intersection

R= N Rg\p
Pech-t-Max(R)

is homogeneously locally finite.

Proof. Let a be a nonzero homogeneous element of R. Suppose that a is con-
tained in infinitely many maximal homogeneous t-ideals of R, say Pi, Ps,....
Set I, = ﬂle P;, k=1,2,.... Since each P; is a finitely generated t-ideal, it
is divisorial. Therefore, {1} }72, is a strictly descending chain of homogeneous
divisorial ideals. Thus we have an infinite chain of homogeneous integral ideals
al, 7! Cal,”" C ---, which contradicts the fact that R is a graded Noetherian
domain. O

Theorem 5.3 (cf. Mori-Nagata [13, Theorem 33.10]). Let R be a graded
Noetherian domain. Then the integral closure R' of R is a graded Krull domain.

Proof. By Lemma 5.2, R = ﬂMeh_t_Max(R) Rg\pr is homogeneously locally fi-
nite. Then by [16, Lemma 2.2 and Lemma 2.3], we have

R = N (Rs\ar)'
M eh-t-Max(R)

and it is also homogeneously locally finite. In view of [1, Theorem 5.15], it
suffices to show that each (Rg\as)" is a graded Krull domain. Thus by replacing
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R with Rg\ s, we may assume that R is a graded Noetherian domain with the
unique maximal homogeneous ideal M. Then by Theorem 3.6, h-dim R =
h-ht M < co. We will prove the theorem by induction on h-dim R := n.

If n = 1, then R’ is a completely integrally closed graded Noetherian domain
(Theorem 4.2) and hence a graded Krull domain.

Let n > 1. Assume that the assertion is true for the graded Noetherian
domains with h-dimension less than n.

Let A= R'NR". Then A is a homogeneous overring of R contained in R"9
and hence A is a graded Noetherian domain by [16, Theorem 1.4]. Again by
Lemma 5.2 and [16, Lemma 2.2 and Lemma 2.3], A’ = ﬂpeh_t_Max(A) (Ap\p)
is homogeneously locally finite, where T is the set of nonzero homogeneous
elements of A. We will show that for each P € h-t-Max(4), (Ap\p)’ is a
graded Krull domain.

Consider the case where P is not a maximal homogeneous ideal of A. Since
A is integral over R, P N R is not a maximal homogeneous ideal of R and
hence h-dim A\ p = h-ht P < h-ht (P N R) < h-ht M = h-dim R = n. By the
induction hypothesis, (A7 p)" is a graded Krull domain.

Assume now that P is a maximal homogeneous ideal of A. Then PP~! = P
or A. Suppose that PP~! = P. Then P~' = (P : P) C A’ = R’ since P is a
finitely generated ideal of A. Also, P~! = (A: P) C (R" : PN R) = (R"9 :
M) = R". Therefore, P~' C R’ N R" = A, which implies that P, = A. But
since P is a finitely generated t-ideal of A, it is a divisorial ideal of A. We reach
a contradiction. Therefore, P is invertible.

We claim that h-ht P = 1. Suppose that there exists a nonzero homogeneous
prime ideal @ properly contained in P. Then Q C (\,—; P* [4, Theorem 7.6].
Choose a nonzero homogeneous element a € (. Then we have an infinite chain
of homogeneous integral ideals aP~! C a(P?)~! C ---, which contradicts the
fact that A is a graded Noetherian domain.

Thus we have h-dim A7\ p = h-ht P = 1. Then by Theorem 4.2, (Ap\p)’ is
a graded Krull domain.

Since A" =N Peh-t-Max( A)(AT\ p)’ is homogeneously locally finite and each
(Ap\p)" is a graded Krull domain, it follows that A’ = R’ is a graded Krull
domain. 0

6. The Nagata theorem

In this section we generalize the following Nagata theorem to a graded Noe-
therian domain: If R is a Noetherian domain with dim R < 2, then the integral
closure R’ of R is a Noetherian domain. We follow the proof by Nishimura
[14]. As in his proof, the graded versions of the Krull-Akizuki theorem (The-
orem 4.2), the Mori-Nagata theorem (Theorem 5.3), and the Mori-Nishimura
theorem (Theorem 6.7) will play critical roles in our proof of the main theorem,
Theorem 6.8.
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Lemma 6.1. Let M be a finitely generated graded module over a graded Noe-
therian ring R. Then M is a graded Noetherian R-module, i.e., every graded
R-submodule of M 1is finitely generated.

Proof. We prove the assertion by induction on the number of generators of M.
If M is generated by the empty set, then M = {0} and the assertion is obvious.
Assume that M = Rxy + - -+ 4+ Rx,, where each z; is a homogeneous element
of M. Set M’ = Rxg + --- + Rx,. Then by the induction hypothesis, M’ is
graded Noetherian.

Now let N be a graded R-submodule of M. Let I be the set of elements
a of R such that azy € N+ M’ ie, I = (N + M') :g x1). Then since I is
a homogeneous ideal of R, I is generated by a finite number of homogeneous
elements of R, say ai,...,a,. Foreach i =1,...,m, let y; be a homogeneous
element of N such that y; —a;x1 € M’, and let N’ be the graded R-submodule
Ry1+- -+ Rym of N. Then N = N'+(NNM’). Since M’ is graded Noetherian,
N N M’ is finitely generated and hence N is finitely generated.

Therefore, M is graded Noetherian. O

Lemma 6.2. Let R C A be graded rings with A integral over R. Then the
h-dimension of A equals the h-dimension of R. In particular, if R is a graded
Noetherian domain, then h-dim R’ = h-dim R.

Proof. Consider a chain P, C P, C --- C P, of homogeneous prime ideals of R.
Then by GU, there exists a chain Q1 C Q2 C -+ C @, of prime ideals of A such
that Q; N R = P;. Let Q} be the ideal generated by the homogeneous elements
in Q;. Then Q7 is a homogeneous prime ideal of A such that Qf "R = F;. By
INC, Qf = Q, i.e., Q; is homogeneous. Therefore, h-dim R < h-dim A.
Conversely, let Q1 C -+ C @, be a chain of distinct homogeneous prime
ideals of A. Then by INC, @1 " R C Q2NR C --- C @, N R is a chain of
distinct prime ideals of R. Since each Q; N R is a homogeneous ideal of R,
h-dim A < h-dim R. O

Lemma 6.3. Let R be a graded ring, and let I, ..., I, be homogeneous ideals
in R such that (;_, I, = (0) and each R/I; is graded Noetherian. Then R is
graded Noetherian.

Proof. Tt suffices to consider the case n = 2.

Since (I1+12) /12 is a homogeneous ideal of the graded Noetherian ring R/ I,
there exist a finite number of homogeneous elements of I, say aq,...,a,, such
that (I; + IQ)/IQ = ((a1,...,a,) + I2) /Ig, ie, I1 + I, = (ai,...,a,) + Is. By
assumption that Iy NI = (0), we have Iy = (aq,...,a,). Similarly, I5 is finitely
generated.

Now let P be a homogeneous prime ideal of R. Then I NI = (0) C P, and
hence I; C P or Iy C P. Assume that Iy C P. Then since I and P/I; are
finitely generated, so is P. Therefore, R is a graded Noetherian ring. (]
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Lemma 6.4. Let R be a graded ring and let M be a faithful graded R-module.
If M is a graded Noetherian R-module, then R is a graded Noetherian ring.

Proof. Since M is a graded Noetherian R-module, it is finitely generated. Write
M = Rxy + --- + Rx,,, where each z; is a homogeneous element of M. Then
each Rz; is a graded Noetherian R-module and Rx; = R/(0 :z x;) as graded
R-modules. Hence R/(0 :p ;) is a graded Noetherian ring. Now (!, (0 :r
x;) = (0 :g M) = (0), because M is a faithful R-module. Therefore, the
conclusion follows from Lemma 6.3. O

Lemma 6.5. Let R be a graded ring and let M be a graded R-module which is
finitely generated and faithful over R. Assume that the set of submodules of M
of the form IM with I a homogeneous ideal of R satisfies the ascending chain
condition. Then R is a graded Noetherian ring.

Proof. By Lemma 6.4, it suffices to show that M is a graded Noetherian R-
module. Suppose not. Let S be the set of submodules of M of the form I M,
where I is a homogeneous ideal of R and M/IM is not a graded Noetherian
R-module. Since (0) € S, S is non-empty. By assumption, S has a maximal
element, say I M.

Replacing M by M/IM and R by R/(0:g M/IM), we may assume that M
is not a graded Noetherian R-module, but for any nonzero homogeneous ideal
I of R, M/IM is a graded Noetherian R-module.

Let T be the set of graded R-submodules N of M such that M/N is a
faithful R-module. Since {0} € T, T is non-empty. Give a partial ordering on
T by set inclusion.

We will show that 7 is inductive; that is, let {Nx}xea be a chain in T, then
N :=Jyea Na is in 7. It is obvious that N is a graded R-submodule of M.
Suppose that M /N is not faithful over R. Then there exists a nonzero element
a € R such that a(M/N) = 0, i.e., aM C N. Since M is finitely generated
over R, aM C Ny, ie., a(M/Ny) = 0 for some A € A. This contradicts the
fact that M /Ny is faithful over R.

By Zorn’s lemma, 7 has a maximal element, say Nyg. Then M/Nj is a
faithful graded R-module. If M /Ny is a graded Noetherian R-module, then R
is a graded Noetherian ring by Lemma 6.4, and hence M is a graded Noetherian
R-module by Lemma 6.1. This contradicts our hypothesis.

Replacing M by M /Ny, we arrive at a graded R-module M with the following
properties:

(1) M is not a graded Noetherian R-module;

(2) for any nonzero homogeneous ideal I of R, M/IM is a graded Noe-
therian R-module;

(3) for any nonzero graded submodule N of M, M/N is not faithful over
R.

Now let N be any nonzero graded submodule of M. By (3), (0:r M/N) #
(0). Since (0 :g M/N) is a nonzero homogeneous ideal of R, there exists a
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nonzero homogeneous element ¢ € R such that a(M/N) = 0, i.e., aM C N.
By (2), M/aM is a graded Noetherian R-module, so that N/aM is finitely
generated. But since M is finitely generated, so is aM, and hence N is finitely
generated. Thus, M is a graded Noetherian R-module, which contradicts (1).

O

Theorem 6.6 (cf. Eakin-Nagata [12, Theorem 3.7]). Let A be a graded Noe-
therian ring and let R be a graded subring of A such that A is finite over R.
Then R is also a graded Noetherian ring.

Proof. Since A is an extension ring of R, it is a faithful R-module. Therefore,
the conclusion follows directly from Lemma 6.5. (]

Theorem 6.7 (cf. Mori-Nishimura [12, Theorem 12.7]). Let R be a graded
Krull domain and let Xg(R) be the set of homogeneous prime ideals of R of
height 1. If R/ P is a graded Noetherian domain for every P € Xy (R), then R
is a graded Noetherian domain.

Proof. By [18, Lemma 2.3], it suffices to show that each nonzero homogeneous
prime ideal @ of R is finitely generated. Choose a nonzero homogeneous ele-
ment a € . Then by [1, Proposition 5.6], aR = Pl(nl) N---N Pr(m), where
Py, ..., P. are distinct prime ideals in Xy (R) and ny,...,n, are positive in-
tegers. If each R/Pi("i) is graded Noetherian, then by Lemma 6.3, R/aR is
graded Noetherian, and hence Q/aR is finitely generated. Thus it follows that
@ is finitely generated.

Therefore, it is enough to show that R/ P is graded Noetherian for every
P € Xp(R) and positive integer n.

Choose a nonzero homogeneous element a € P\ P®). Then aR = PN
PQ("Q) n---N Pﬁnr), where P, P,, ..., P, are distinct prime ideals in Xy (R) and
ng,...,n, are positive integers. Choose a homogeneous element b; € P; \ P
foreach i =2,...,r. Let x = W (or, let = a when aR = P). Then z
is a homogeneous element in Rg, where S is the set of nonzero homogeneous
elements of R. By [1, Proposition 5.5], R, is a DVR for each ¢ € Xy (R). Let
vg be the normalized additive valuation determined by R,. Then vp(x) =1
and vy(z) <0 for all ¢ € Xy (R) \ {P}.

Set A = R|z], then A is a homogeneous overring of R.

Claim: A/xA = R/P as graded rings.

Since vp(z) =1, xA C 2Rp = PRp and hence AN R C P. Conversely, let
y be a homogeneous element in P. Then since vp(%) > 0 and vy(%) > 0 for
all g € Xg(R)\{P}, £ € Rs N (Nyexp(r) Rq) = 1 [1, Theorem 5.8], and so
y € xR C zA. Therefore, P C xAN R. Thus we have P = xAN R. Moreover,

A= R+ zA, and hence A/rA= R/(xANR)=R/P.
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By assumption, A/zA is a graded Noetherian ring. Since any homogeneous
prime ideal of A containing z™A contains xA, A/x™A is also a graded Noe-
therian ring by [18, Lemma 2.3]. Note that A/z™A is a graded R/(z™ AN R)-
module generated by the images 1,z,...,2" . Then it follows from The-
orem 6.6 that R/(2z"A N R) is a graded Noetherian ring. Moreover, since
z"ANR C 2"RpNR =P"RpNR = P™, R/P(”) is also a graded Noetherian
ring. (I

Theorem 6.8 (cf. Nagata Theorem [14]). Let R be a graded Noetherian do-
main with h-dim R < 2. Then the integral closure R’ is also a graded Noether-
ian domain with h-dim R’ < 2.

Proof. By Theorem 4.2 and [16, Lemma 2.2 and Lemma 2.3], we may assume
that h-dim R = 2. By Theorem 5.3 and Lemma 6.2, R’ is a graded Krull
domain with h-dim R’ = 2. Therefore, by Theorem 6.7, it suffices to show that
R’/ P’ is graded Noetherian for every P’ € Xy (R').

If P’ is a maximal homogeneous ideal of R’, then R’/P’ has no nontrivial
homogeneous ideals and hence it is trivially graded Noetherian.

Assume that P’ is not a maximal homogeneous ideal of R'. Set P = P' N R.
Then since R’ is integral over R, P is not a maximal homogeneous ideal of R.
Since h-dim R = 2, h-ht P = 1 and each (homogeneous) prime ideal of R’ lying
over P is of h-height 1.

Since R’ is a graded Krull domain, there exist only a finite number of ho-
mogeneous prime ideals of R’ lying over P, say P’ P5,..., P.. Choose a ho-
mogeneous element x; € P’ \ P/ for each i = 2,...,r. Since R[za,...,2,] is a
graded subring of R’ and it is finite over R, R[xa,...,,] is a graded Noetherian
domain with h-dimension 2 by Lemma 6.1 and Lemma 6.2.

Replacing R by R[zs,...,x,|, we may assume that P’ is the unique homo-
geneous prime ideal of R’ lying over P.

Since Rg\p is a graded Noetherian domain with h-dim Rg\p = 1, it fol-
lows from Theorem 4.2 that (Rs\p)'/a(Rs\p)" = R p/alg p is a finite
Rg\ p-module for each nonzero homogeneous element a of Rg\p. In particu-
lar, Rg\P/P’Rg\P is a finite Rg\ p/PRg\ p-module. Note that Rg\P/P'Rg\P,
Rg\p/PRg\p are homogeneous quotient fields of R'/P’, R/P, respectively.
Since R/P is a graded Noetherian domain with h-dimR/P = 1, R'/P' is
graded Noetherian by Theorem 4.2 again. O

7. Concluding remarks

We have only investigated the results which can be generalized to graded
rings. But there are some important properties of rings whose graded versions
do not hold. We end this paper by mentioning two well-known negative results.

One is among the most useful tools in the theory of commutative rings: If
an ideal I is not contained in any of the prime ideals Pi,..., P,, then there
exists an element a € I\ U?Zl P;. However, the corresponding homogeneous
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version does not hold. That is, for a homogeneous ideal I and homogeneous
prime ideals P4, ..., P,, it may happen that all homogeneous elements in I are
in J_, P; even though I is not contained in any of P,.

Example 7.1. Let R = k[X,Y] = @D, ,n)en, xn, £X"Y ™. Then h-Spec(R) =
{(0), (X), (Y),(X,Y)}. Note that (X,Y) € (X)U(Y), but there does not exist
any homogeneous element in (X,Y) \ (X)U (Y).

The other is that if P C @ are prime ideals in a Noetherian ring such that
ht(Q/P) = 2, then there are infinitely many prime ideals between P and Q.
Ratliff Jr. and Rush show that the analogous result concerning homogeneous
prime ideals in a Z-graded Noetherian ring fails to hold. For specific examples,
see [17, Remark 3.12 and Example 4.9].
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