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Introduction

Throughout this paper R will denote an integral domain with quotient field
K and we will assume that R # K. An overring of R is a domain T such
that RCT C K.

A fractional ideal of R (or simply an ideal) is an R-submodule I of K
such that dI C R for some nonzero element d € R. If I C R, we say
that I is an integral ideal. Any finitely generated R-submodule of K is a
fractional ideal. We denote by F(R) the set of nonzero fractional ideals
of R and by f(R) its subset of finitely generated ideals. Both F(R) and
f(R) are semigroups with respect to multiplication of ideals. An invertible
element of F'(R) is called an invertible ideal. Principal ideals are invertible
and invertible ideals are finitely generated. Denoting by Inv(R) the group
of invertible ideals and by P(R) its subgroup of principal ideals, we have a
chain of semigroups

P(R) C Inv(R) C f(R) C F(R).

Two wide classes of integral domains, namely Noetherian and Priifer do-
mains, may be defined by the property that one of these inclusions becomes
an equality. In fact R is a Noetherian domain (a domain satisfying the
ascending chain condition on integral ideals) if and only if each ideal is
finitely generated, that is if f(R) = F(R), and R is a Prifer domain (a
domain whose localizations at maximal ideals are valuation domains) if and
only if each finitely generated ideal is invertible, that is Inv(R) = f(R). A
Dedekind domain is a Noetherian Priifer domain, that is a domain such that
each ideal is invertible, or Inv(R) = F(R). If each ideal is principal, that is
P(R) = F(R), R is called a principal ideal domain, for short a PID.

In this course we will give similar characterizations of more general
classes of domains by introducing other semigroups of ideals; this kind of
study is particularly useful for investigating some arithmetical properties.
For example it is well known that a PID is a unique factorization domain,
for short a UF' D, and that it is precisely a one-dimensional (equivalently a
Dedekind) UFD. To study UF Ds in dimension greater than one, it is nec-
essary to enlarge the class of Dedekind domain to the class of Krull domains
(classically defined as intersection of DV Rs with finite character) and con-
sider the semigroup of v-ideals, or divisorial ideals. In fact P. Samuel proved
that a UFD is precisely a Krull domain such that each divisorial ideal is
principal [39]. In the same vein, A. Bouvier and M. Zafrullah showed that
to study the existence of the greatest common divisor one has to enlarge the
class of Krull domains to the class of Priifer v-multiplication domains, for
short PvM Ds (domains whose localizations at ¢-maximal ideals are valua-
tion domains), and consider the semigroup of t-ideals. Indeed they proved
that a domain with the greatest common divisor, for short a GC D-domain,
is precisely a PuM D such that each t-invertible ideal is principal [8].



Divisorial and t-ideals are examples of star ideals, that is ideals closed
under a star operation. In order to unify the notations, we will firstly in-
troduce star operations and survey their main properties. Then we will
use t-ideals to study Mori domains (domains satisfying the ascending chain
condition on integral divisorial ideals) and PvM Ds. The reason for intro-
ducing Mori domains in this context is that a Krull domain is precisely a
Mori PvM D. Finally we will introduce the Class Group of t-ideals and show
that a UF D (respectively a GC D-domain) is a Krull domain (respectively
a PvM D) with trivial class group.

We will assume a good knowledge of the basic properties of Noetherian
and valuation domains; for these one can refer to [20, 13, 3, 7].

1 Star operations

A star operation is a map I — I* from the set F'(R) of nonzero fractional
ideals of R to itself such that:

(1) R* = R and (al)* = al*, for all a € K ~\ {0};

(2) I CI* and if I C J then I* C J*,

(3) I =TI*.

General references for star operations and systems of ideals are [20, 24,
25, 32].

A nonzero fractional ideal I is called a *-ideal if I = I*; the set of *-ideals
of R will be denoted by F,(R). The identity is a star operation, called the
d-operation; thus Fy(R) = F(R).

The following properties can be easily proved. Recall that for two ideals
I and J of R, the set (I :J):={x € K; xJ C I} is an ideal of R.

Proposition 1.1 Let * a star operation on R. For all I, J € F(R) and
any family of nonzero ideals {1}

(a) If .1, € F(R), O 1,)" = O_I%)*; in particular (I + J)* = (I* +
J¥)*.
(b) If NI, # (0), NI% = (NI})*; in particular, F.(R) is closed under finite

intersections.
(&) (LD)* = (I"J)" = (I"J*)".
(d) (I*:J*)=(I":J) is a x-ideal.

A star operation x* is of finite type if I* = U{J*; J C I and J is finitely
generated}, for each I € F(R). To any star operation %, we can associate a
star operation *; of finite type by defining I*/ = UJ*, with the union taken
over all finitely generated ideals J contained in I. Clearly I'*f C I* and the
equality holds if I is finitely generated. Note that I = I*f if and only if
(x1,...,2,)* C I, for every finite set {x1,...,z,} C I.



The set of star operations defined on R can be ordered. We say that *o
is coarser than 1 and write x; < o, if [*1 C I*2 for all [ € F(R). Hence,
if ¥1 < 9, a *g-ideal is also a *1-ideal. Note that x; < * and, when *; < *9,
we also have (x1)5 < (x2)f.

A nonzero ideal [ is called x-finite if I* = J* for some finitely generated
ideal J and strictly x-finite if I* = J* for some finitely generated ideal J C I.
The set of *-finite *-ideals will be denoted by fi(R).

Proposition 1.2 Let I be a nonzero ideal of R. The following conditions
are equivalent:

(i) I is strictly >-finite;
(ii) I is *¢-finite;
(ili) I s strictly *¢-finite.

Under these conditions, I* = J* = J*f = I*7 for some finitely generated
ideal J C 1.

Proof. (i) = (iii) Let I* = J*, with J C I finitely generated. Hence
I'=J"=J% C It CI*. Whence I* = J*7 =TI*I.

(i) = (ili) Let I*f = H*/, where H := 1R+ --- + x,R. Since *; is
of finite type, for each ¢ = 1,...,n, there exists a finitely generated ideal
F; C I such that x; € F;'. Hence J := Fy +---+ F, C T and I'*f = H*/ C
J*f C I*f. Thus J*f = I*/.

(ili) = (ii) is clear and (iii) = (i) because *§ < . O

A prime *-ideal is called a *-prime ideal. A *-mazimal ideal is an ideal
that is maximal in the set of the proper *-ideals. It is easy to check that
a x-maximal ideal (if it exists) is a prime ideal. The set of the x-maximal
ideals of R will be denoted by *-Max(R).

Proposition 1.3 If x = *; is a star operation of finite type, the set of the
x-mazximal ideals of R is not empty. Moreover, for each I € F(R),

I’ = mMe*-Max(R)I*RM;
in particular R = Nyreq Max(Rr)BM -

Proof. Let I be the union of an ascending chain {I,} of *-ideals. If
Zi,...,Ty € I, then (x1,...,2,)* is contained in some I, and so in I. It
follows that I is a #-ideal and by applying Zorn’s Lemma, *-Max(R) # 0.
For the second part, it is enough to consider integral x-ideals I = I* C
R and show that Nysci Max(r)IRMm C 1. Let x € IRy, for each M €
x-Max(R) and write x = a(M)/t(M), with a(M) € I and t(M) € R\ M.



Hence t(M) € (I:z)NRand (I :gz)=(I:2)NR ¢ M. It follows that
(I:px)*=({I:gpz)=Randsozel. O

Since xy < *, each *-ideal is contained in a *y-maximal ideal. However
we will see later that, if * is not of finite type, the set of x-maximal ideals
may be empty (Remark 1.8).

Proposition 1.4 For any star operation *, a minimal prime of a *-ideal
(in particular of a nonzero principal ideal) is a *¢-prime.

Proof. Let I = I* and P a prime minimal over I. We have to show that
J* C P, for each finitely generated ideal J C P. Since vIRp = PRp,
J"Rp C IRp for some n > 1. Let s € R\ P be such that sJ" C I. Then

ST (s(T)) = (sT) CIC P

and so J* C P. |

1.1 The v-operation and the t-operation

The v- and the t-operations are the best known nontrivial star operations.
The v-operation, or divisorial closure, is defined by setting

I, = (R: (R: 1))
for each I € F(R). A v-ideal is also called a divisorial ideal.
Proposition 1.5 For each I € F(R), I, = {yR; y€ K, I CyR}.

Proof. Let J := N{yR; y € K, I C yR}. Since principal ideals are
divisorial, I, C J. Assume that I, & J and let z € J\I,. Thenz(R:I)Z R
and x ¢ 27 'R for some z € (R : I). This is a contradiction, since I C z 1R,
and so J C z71R. O

Proposition 1.6 The following statements are equivalent for a monzero

ideal I of R:
(i) I is dwvisorial (i.e. I =(R:(R:1));
(ii) I =(R:J), for some ideal J;

(ili) I=nN{yR; ye K, I CyR}.

Proof. (i) = (ii) Take J := (R : I).

(ii) = (iii) follows from Proposition 1.5, since (R : J) is divisorial (Propo-
sition 1.1, (d)).

(iii) = (i) Because a nonzero intersection of divisorial ideals is a divisorial
ideal (Proposition 1.1, (b)). O



The t-operation is the finite type star operation associated to the v-
operation: it is therefore defined by

I == U{J,; J C I and J is finitely generated},

for each I € F(R), and J, = J; whenever J is finitely generated.

Since (R : I) = (R : I*) (Proposition 1.1 (d)), we have I* C I,, for
each ideal I € F(R) and each star operation *. It follows that a divisorial
ideal is a *-ideal and a t-ideal is a *y-ideal. In other words, the v-operation
is the coarsest star operation on R and the t-operation is the coarsest star
operations of finite type.

Proposition 1.7 An height-one prime is a t-ideal.

Proof. It is enough to observe that an height-one prime is minimal over a
principal ideal and apply Proposition 1.4. O

Remark 1.8 Let V be a valuation domain. Then:

(a) Each nonzero ideal of V is a t-ideal, because each finitely generated
ideal is principal.

(b) A nonzero principal prime ideal of V' is maximal. In fact, let P = xR
and y € R\ P. Then P C yR and z := 2y~! € R. Since x = 2y, P is
prime and y ¢ P, we have z := 2y~ ! € P = xR. Hence y~! € R and
1y is invertible.

(c) If P is a nonprincipal prime ideal of V', then Vp = (P : P) = (V : P).
To show this, we first note that Vp C (P : P). This is clearly true
if P is maximal, that is V = Vp; thus we can assume that V & Vp.
Let # € Vp\ V. Then y := 2! € V\ P and so P C yV. It follows
that P C V. Also P = xzyP and y ¢ P implies P C P. Hence
x € (P: P). Finally (V : P) C Vp. In fact, let z € (V : P). Since Vp
is a valuation domain, if 2 ¢ Vp, then 2=t € PVp C P(P: P) C P.
Hence 1 = z7'2 € P(V : P) and P is invertible, that is principal. A
contradiction.

(d) The maximal ideal M of V is divisorial if and only if it is principal.
Indeed, if M is divisorial, V' ¢ (V : M). Thus, if x € (V : M)\ V, we
have M, = M C 2=V C V, whence M =z~ 1V.

(e) If P is a nonzero nonmaximal prime ideal of V, then P is divisorial.
In fact, if P is nonmaximal, Vp is a proper overring of V and P, =
(V:(V:P))=(V:Vp)is a proper ideal of Vp. Since PVp = P(P :
P)=P C P, & Vp, we conclude that P = P,,.



We see that when M is not principal v -Max(V) is empty, while ¢ -Max (V') =
{M?}. Also, if V' is a one-dimensional non-discrete valuation domain, M is
an height-one prime that is not divisorial.

A v-maximal divisorial ideal M may be properly contained in a t-maximal
ideal; examples are given in [19] or [31]. However the next result shows that
this cannot happen if M is v-finite.

Proposition 1.9 A v-finite v-mazimal ideal is a t-maximal ideal.

Proof. Assume that J is finitely generated and J, := M € v-Max(R).
Since I, = I; for any I finitely generated, for each ¢ M we have (M +
zR): = (Jt + zR); = (Jy + *R), = R. Hence M € t-Max(R). O

1.2 The w-operation

If {R,} is a family of overrings of R such that R C R, C K and R = NR,,
for all I € F(R), the map I — I* = NIR, is a star operation induced by
the family {R,} [20]. Then, by Proposition 1.3, one can consider the star
operation induced by the family {Rys} Met-Max(R)- Lhis operation is called
the w-operation and is defined by setting

Iy, = ﬁMEt—MaLX(R)IRJ\/[v
for each nonzero ideal I. An equivalent definition is obtained by setting
I, :=U{(I: J); J is finitely generated and (R: J) = R}.

By using the latter definition, one can see that the notion of w-ideal co-
incides with the notion of semi-divisorial ideal introduced by S. Glaz and
W. Vasconcelos in 1977 [22]. As a star-operation, the w-operation was first
considered by E. Hedstrom and E. Houston in 1980 under the name of Fi-
operation [26]. Since 1997 this star operation was intensely studied by Wang
Fanggui and R. McCasland in a more general context. In particular they
showed that the notion of w-closure is a very useful tool in the study of
Strong Mori domains [41, 42].

The w-operation is of finite type and distributes over intersections, that
is (INJ)y = LyNJy, forall I, J € F(R). This is equivalent to say that
(I:J)w=Ty:J)=(Ly: Jy) forall I, J € F(R) and J finitely generated.
We have w-Max(R) = t-Max(R) and IRy = I,Ry C IRy, for each
I € F(R) and M € t-Max(R). Thus w < ¢t < v. In addition, w is the
coarsest star operation is of finite type which distributes over intersections.



1.3 t-compatible extensions of domains

The v-operation, t-operation and w-operation are intrinsecally defined on
any domain, so it makes sense to study the behaviour of these operations
with respect to extensions of domains R C T. The general problem of
comparing a star operation on R with a star operation on T is studied in
[11].

Given an extension of domains R C T, we will denote by v’ and ¢’
respectively the divisorial closure and the t-operation in T

Proposition 1.10 Let R C T be an extension of domains. The following
conditions are equivalent:

(i) Jy C (JT)y, for each nonzero finitely generated ideal J of R;

)
(ii) (I,T)y = (IT)y, for each nonzero ideal I of R;
)

)

(iii) I' N R is a t-ideal, for each t'-ideal I' of T such that I' N R # 0;

(iv) (IT)y N R is a t-ideal, for each nonzero ideal I of R.

Proof. (i) = (ii). From the definition of the ¢-closure, condition (i) implies
that I; C (IT)y, for each ideal I of R. Whence (I,T)y = (IT)y.

(ii) = (iii) If J is a finitely generated ideal, the v- and the t-operation
coincide on J and so, if (ii) holds, J, C (J,T)y = (JT),. Then, if J C I'NR,
we have J, C (JT)y NRCI'NR and I'N R is a t-ideal.

(iii) = (iv) = (i) are clear. O

Under the equivalent conditions of Proposition 1.10, we say that the
extension R C T is t-compatible.

We now show that flat extensions and generalized rings of fractions are
t-compatible.

Proposition 1.11 Let R C T be a flat extension of domains. Then:
(a) (R:J)T = (T :JT), for each nonzero finitely generated ideal J of R.
(b) The extension is t-compatible.

(c) If J is a nonzero finitely generated ideal of R and (R : J) is v-finite,
(J,T)y = J,T.

Proof. (a) Let J:= xR+ -+ :L‘nR Then (R:J)=2;'RN---Na;'R
and, by flatness, (R : J)T = ;] 1T N---Na T = (T:JT).

(b) If J is finitely generated, by ( ) we have J, C J,T7 C (T : (R :
INT)=(T:(T:JT)) = (JT)y.



(c) Let J be finitely generated and (R : J) = H,, with H finitely gener-
ated. By part (b), (HT), = (H,T), . Hence

J,T = (R: H)T = (T : HT) = (T : H,T)
=T :(R:)T)=(T:(T:JT)) = (JT)y.

O

If S is a multiplicative set of nonzero integral ideals of R, the generalized
ring of fractions of R with respect to S is the overring

Rs:=U{(R:J); J e S}.

When S C R is a multiplicative part of R, setting S := {zR;z € S} we
have Rs = Rg.

For any ideal I of R, the set Is := U{(I : J); J € S} is an ideal of Rs
such that IRs C Is.

The saturation of S is the multiplicative system of ideals

S:={I CR; there exists J € S such that J C I}.

Clearly Is = I for each ideal I, thus if necessary we can assume that S = S,
in other words that S is saturated.

We will denote by vs and ts respectively the divisorial closure and the
t-operation in Rgs.

Proposition 1.12 Let I, J be nonzero ideals of R and S a multiplicative
set of ideals. Then:

(a) Is = Rs if and only if I € S;

(b) (I :J)s C (Is : Js) and if J is finitely generated, (I : J)s = (Is :
Js) = (Is: JRs).

(c) If J is finitely generated, (Jy)s C (Js)vs = (JRs)vg; whence the
extension R C Rg is t-compatible.

(d) If J is finitely generated and (R : J) is v-finite, (JyRs)vs = (Ju)s =
(JRS)vs -

Proof. (a) Let I € S. If x € Rg, then xH C R for some H € S and
xHI C 1. Since IH € S, then z € I =1Is and so Is = Rs.

Conversely, if Is = Rg, then 1 € Is and so H = 1H C I, for some
H € S. It follows that I € S.

(b)If z € (I:J)s and y € Js, then xy € Is. Indeed, if H, L € S are
such that xH C (I : J) and yL C J, then HL € S and xyHL C I. Hence
(I:0)sC(Is:Js) C (Is: JRs).
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Now assume that J := z1R + -+ + x, R is finitely generated. Let y €
(Is : JRs), so that yJ C Is, and let H; € S be such that yx; H; C I,
i=1,...,n. Hence H := Hy...H, € Sand yJH CI. Whencey € (I : J)s
and (IS : JRs) - (I : J)S.

(c) By applying (a), for I = R, we have that (Js)ys = (JRs)vs. In
addition

(Jo)s € (Rs: (R:J)s) = (Rs: (Rs:Js)) = (Js)vs = (JRS)uvs-

(d) Let J be finitely generated and (R : J) = H,, with H finitely gener-
ated. By using (a),

(Jo)s=(R:H)s=(Rs:Hs)=(Rs:(Rs:JRs)) = (JRs)ys-
In addition J,Rs C (Jy)s = (JRs)vs, whence (JyRs)vs = (JRS)vs- O

Remark 1.13 (1) An overring T of R is flat if and only if Ty = Rynr
for each maximal ideal M of T' [15, Lemma 6.5].

(2) It is well known that a ring of fractions of R is a flat overring. In
addition, a flat overring is an intersection of localizations of R (by the
previous remark) and an intersection of localizations is a generalized
ring of fractions (indeed, if Z C Spec(R) and T' = N{Rp;P € Z},
then T = Rs with S =8 = {ideals I C R;I ¢ P, for each P € Z}).
On the other hand, none of the previous implications reverses: an
example of a generalized ring of fractions that is not an intersection
of localizations is given in [13, Example 8.4.6] and an example of an
intersection of localizations that is not flat is given in [15, pag. 32].
Priifer domains are characterized by the property that each overring
is flat [13, Theorem 1.1.1].

(3) Polynomial rings are flat extensions; hence they are ¢-compatible.
Moreover, if I C R is any divisorial ideal (respectively a t-ideal, a
w-ideal) its extension I[X] is still a divisorial ideal (respectively a ¢'-
ideal, a w'-ideal) of R[X] [26, Proposition 4.3].

(4) The ring Int(R) := {f(X) € K[X]; f(R) C R} of the integer valued
polynomials over R is t-compatible [9, Lemma 4.1]. But the extension
of a divisorial ideal of R is not necessarily divisorial [9, Example 4.2].

1.4 x-invertibility

The set Fy(R) of *-ideals of R is a semigroup (with unity R) with respect
to the x-multiplication, defined by

(I*,J*) — (1J)*

11



and the set fi(R) of *-finite x-ideals is a subsemigroup of Fy(R).

We say that an ideal I € F(R) is x-invertible if I* is invertible in the
semigroup Fi(R). It is easy to check that in this case the x-inverse of I*
in Fi(R) is (R : I). Hence I € F(R) is *-invertible if and only if (I(R :
I))* = R. It follows that if * = * is of finite type, I is *-invertible if and
only if I(R : I) is not contained in any *-maximal ideal of R. When % = d
is the identity, we obtain the usual notion of invertible ideal. The group of
«-invertible x-ideals will be denoted by Inv.(R). It is easy to see that when
x1 < %9, a *xq-invertible ideal is also *o-invertible.

Proposition 1.14 An invertible ideal is divisorial.
Proof. If I[(R:I) =R, the inverse of (R:I)isI=(R:(R:1I))=1,. O

We are particularly interested in v-invertibility and ¢-invertibility: a suit-
able reference for these notions is [43].

Proposition 1.15 A nonzero ideal I of R is v-invertible if and only if (I,
I,) = R.

Proof. It is enough to note that (I, : [,) = (R: I(R: I)). O

It is well known that a nonzero ideal is invertible if and only if it is finitely
generated and locally principal. This characterization can be extended to
t-invertible ideals in the following way.

Proposition 1.16 The following conditions are equivalent for a nonzero
ideal I of R.

(i) I is t-invertible;
(i) I ist-finite and I;Rys is principal, for each M € t-Max(R);
(iii) I is v-invertible and I, (R : I) are t-finite.

Proof. (i) = (iii) Since ¢ < v, I is v-invertible. If (I(R:I)); =R, 1 € H,
for some finitely generated ideal H C I(R : I). Let H := ©1R+ --- +
2, R and write z; = Z;“:l aijbij, with a;; € I and bj; € (R : I). Letting

:ZaURCIandG waRC (R:I), where i = 1,...,s and
=1,...ns, we have R = H, C (FG), € (IG)y, € (I(R:1)), = R. Thus
G)U = (IG), = R and it follows that Gv =(R: I) and F, = (R : G) = I,.

(iii) = (ii) Let I, = J, and (R : I) = H,, with J, H finitely generated.
Since (JH); = (JH), = R, JH ¢ M for each M € t-Max(R). Hence
(JH)Ry = (JRm)(HRy) = Ry It follows that JR)s is invertible and
finitely generated, hence principal. Finally I; = J; by Proposition 1.2 and
IiRy = JeRy = (JRwy)t,, = J Ry by Proposition 1.12 (d).

F
j
(F
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(ii) = (i) Let I; = J; with J C I finitely generated (Proposition 1.2). By
(ii) and Proposition 1.12 (¢), ItRyr = (ItRar)ty, = (JtRar)ty, = (JRur)t,, 1S
principal, for each M € t-Max(R). Hence

Ry DUU(R: 1)) Ryr = (Le(R:1))eRps
Q(It(R : J))RM = ItRM(RM : JRM) = Ry.

It follows that (I(R : I));Ry = R, for each M € t-Max(R), and so
(I(R:1I)); = R (Proposition 1.3). O

Corollary 1.17 A t-invertible t-ideal is divisorial and v-finite.

Proof. If I = I, is t-invertible it is strictly v-finite by Proposition 1.16.
Hence I = I, by Proposition 1.2. O

If the intersection R = Njpse, +-Max(R) B has finite character, that is
each nonzero noninvertible element of R is contained only in finitely many
* p-maximal ideals, we say that R has *;-finite character.

The following result holds more in general for any star operation of finite
type (in particular for the identity); we give a proof for the t-operation.

Proposition 1.18 Assume that R has t-finite character. Then a nonzero
ideal I of R is t-invertible if and only if [; Ry is principal, for each M €
t-Max(R).

Proof. By Proposition 1.16 we have only to prove that if R has t¢-finite
character and I; Ry is principal, for each M € t-Max(R), then I is ¢-finite.
It is enough to consider integral ideals.

Let My, ..., M, be the t-maximal ideals containing I and let I; Ry, =
iRy, i € I, 1 = 1,...,n. Set J := xuyR+---+z, R If J; ¢ I,
let My,...,M,, Ni,..., N, be the t-maximal ideals containing J, take y €
I\ (N1 U---UNyp) and set H := J + yR. Then we have x;Ry;, € Hi Ry, C

IiRy;;, = ziRyy,, so that Hiy Ry, = IRy, for ¢ = 1,...,n and moreover
H:Ry = bRy = Ry for each t-maximal ideal N # M;. It follows that
H; = I; with H C I. O

1.5 t-invertible t-prime ideals

We now study t-invertibility of ¢-prime ideals.

Proposition 1.19 A proper integral divisorial ideal M of R is a v-maximal
ideal if and only if M = xRN R, for each x € (R: M) \ R.

Proof. If I C R is a proper divisorial ideal, then I C 27 'RN R # R, for
eachz € (R: 1)\ R.
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Since an ideal of type zR N R is divisorial, If M € v-Max(R) we have
M =z 'RN R, for each x € (R : M)\ R. Conversely, assume that I =
v 'RNR, for each z € (R: I)\ R. If I C J for some proper divisorial ideal
JC R,wehave  CJ Cy 'RNR # R, foreachy € (R: J)\RC (R:I)\R.
It follows that I = y"'RN R = J is a v-maximal ideal. U

Proposition 1.20 A v-invertible v-prime ideal is a v-maximal ideal.

Proof. Let P be a v-invertible v-prime ideal and let y € (R : P) \ R. If
P ¢y 'RNR, then zy~! € R\ P for some x € R. So that 27!y € Rp and
y € xtRp C Rp. Let z € R\ P be such that zy € R. Then zyP C P and,
since yP C R and z ¢ P, we get yP C P, that is y € (P : P). Since P is
divisorial and v-invertible, by Proposition 1.15 we have (P : P) = R; thus
y € R. This contradiction shows that P = y"!RNR for eachy € (R: P)\ R
and thus P is a v-maximal ideal (Proposition 1.19). O

Proposition 1.21 The following conditions are equivalent for a prime ideal

P of R:
(i) P is a t-invertible t-ideal;
(ii

) P is a t-invertible t-maximal ideal;
(iii) P is a v-finite v-invertible v-prime ideal;
)

(iv) P is a v-finite v-invertible v-mazimal ideal.

Proof. (i) = (iii) follows from Proposition 1.16.
(iii) = (iv) follows from Proposition 1.20.
(iv) = (ii) P is t-maximal by Proposition 1.9. We have P C P(R :
) (P(R : P)); € R. If P is not t-invertible, then P = P(R : P) and
(P:P)=(R: P). It follows that (P(R : P)), = (P(P : P)), = P, while P
is v-invertible.
(ii) = (i) is clear. O

Remark 1.22 (1) A v-finite v-invertible ideal I of R need not be t-
invertible; in fact (R : I) need not be v-finite (see the next Remark
2.13).

(2) A v-invertible v-maximal ideal need not be ¢t-maximal; in fact it need
not be v-finite (see the next Remark 2.10).

(3) If M € t-Max(R), M Ry need not be a ty-ideal of Ry [43]. How-
ever, MRy is a tp-ideal when M is t-invertible (in this case M Ry,
is principal by Proposition 1.16) or when M is divisorial (in this case
M = yR N R for some y € K by Proposition 1.19 and, by flatness,
MRy = yRas N Ry is divisorial in Ryy).
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(4) If IRy is tas-invertible, for each M € t-Max(R), the ideal I of R need
not be t-invertible. In fact, when M € ¢t-Max(R) and M Ry is not a
tar-ideal of Ry, M is not t-invertible and (M Ry )¢y = Ry is clearly
ty-invertible, for each N € t-Max(R).

(5) If M is an height-one t-invertible ideal, then Ry; is a DV R. In fact it
is a local one-dimensional domain with principal maximal ideal.

2 Relevant classes of domains

In this section we introduce the main classes of domains we need to know
in order to study arithmetical properties.

2.1 Completely integrally closed domains

Dealing with non-Noetherian domains, it is useful to weaken the notion of
integral dependence by considering almost integral elements. A nonzero
element x of K is said to be almost integral over R if there exists a nonzero
element d of R such that dz* € R, for i > 0.

Proposition 2.1 The following conditions are equivalent:
(i) € K is almost integral over R;
(ii

)

) The sub-R-module R[z] of K is a fractional ideal of R;
(iif)

)

)

)

R[z] C iR, for some d € R;
(iv) R[x] is contained in a finitely generated sub-R-module of K ;
(v) R
(vi) z € (L : 1) for some fractional ideal I of R.

[x] is contained in a fractional ideal of R;

Proof. (i) < (ii) by definition, since R[z] is generated over R by the powers
of z.

(ii) = (iii) = (iv) = (v) = (ii) are clear.

(ii) = (vi) Take I := RJz].

(vi) = (ii) Since (I : I) is an overring of R, R[x] C (I : I). But (I : I) is
also a fractional ideal of R. Hence R[z] too is a fractional ideal of R. O

Corollary 2.2 Ifz,...,x, € K are quasi integral over R, then R[z1,. .., xy)
s contained in a finitely generated sub-R-module of K.
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Proof. If M; := m;1 R+- - -+my;, R is a finite sub- R-module of K containing
RJ[z;] (Proposition 2.1), then R[x1,...,z,] is contained in the finite sub-R-
module M;j ... M, of K, generated by all the products myj, ... my;,, 1 <
Ji < k. O

We recall that an element x € K is integral over R if and only if R[z] is
a finitely generated sub-R-module of K, if and only if x € (J : J) for some
finitely generated ideal J. Hence integral elements are almost integral and
the converse holds when R is Noetherian. B

The complete integral closure of R in K, here denoted by R, is the set of
the elements of K that are almost integral over R. It follows from Corollary
2.2 that R is an overring of R. One says that R is completely integrally
closed if R = R. B

Denoting by R’ the integral closure of R, one has R C R’ C R and
R’ = R when R is Noetherian.

Proposition 2.3 The complete integral closure of a domain R is an inte-
grally closed domain.

Proof. Let x € K be integral over R and 2" —i—gn_m”_l 4+--4+ay=0
be an equation of integral dependance for z over R. Then z is integral over
the subring S := Rla,_1,...,a0] of R and S[z] = S + 25 + --- + 2" 1§
is an S-module finitely generated. On the other hand, S is contained in
a finite sub-R-module M = y1R + --- 4+ yp R of K (Corollary 2.2). Hence
S[z] = S+ xS+ -+ + 2" 1S is also contained in a finite sub-R-module
of K, namely S[z] € M + M + - + 2" 'M = 37} 2?21 z'm;R. By
Proposition 2.1, we conclude that x is almost integral over R and so x € R.
O

Remark 2.4 (1) The complete integral closure is not a proper closure
operation. In fact many examples have been given to show that the
complete integral closure of a domain might not be completely inte-
grally closed [21, 27, 30, 34, 40].

(2) A localization of a completely integrally closed domain is not neces-
sarily completely integrally closed; an example is given by the ring of
entire functions over the complex field [29].

Proposition 2.5 For any domain R,
R=U{(I:I);I € F(R)}=U{(I,: I,);I € F(R)}.

Proof. By Proposition 2.1, (i) & (vi), R = U{(I : I);I € F(R)}. Now
observe that (I : 1) C (I, :I)= (I, :I,) C R. O

Proposition 2.6 The following conditions are equivalent for a domain R.
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(i) R is completely integrally closed;
(i) R=(I:1), for each ideal I of R;
(iii) Fach nonzero ideal of R is v-invertible.

Proof. It follows from Proposition 2.5 and Proposition 1.15. U

If each finitely generated ideal of R is v-invertible we say that R is a
v-domain. A recent nice survey on v-domains is [14].

Proposition 2.7 A completely integrally closed domain is a v-domain and
a v-domain s integrally closed.

Proof. A completely integrally closed domain is a v-domain by Proposition
2.6. Assume that R is a v-domain and let J be a finitely generated ideal
of R. Since J is v-invertible, we have (J, : J,) = R (Proposition 1.15) and
since RC (J:J)C (Jy: Jy) = R, we also have (J : J) = R. It follows that
a v-domain is integrally closed. U

Proposition 2.8 A valuation domain is completely integrally closed if and
only if it has dimension one.

Proof. We apply Proposition 2.6. Let V be a valuation domain. If V is
one-dimensional, then V' does not have proper overrings [20, Theorem 17.6].
Hence V. = (I : I), for each ideal I of R, and V is completely integrally
closed.

Conversely, let P a nonzero nonmaximal prime ideal of V. Then Vp =
(P : P) is a proper overring of R (Remark 1.8) and V is not completely
integrally closed. U

Proposition 2.9 Let R be a completely integrally closed domain and P a
divisorial prime ideal of R. Then P is a v-maximal ideal and Rp is a DV R,
in particular P has height one.

Proof. Since P is v-invertible (Proposition 2.6), P is v-maximal by Propo-
sition 1.20. Let @) be a nonzero prime ideal such that @ & P and let
x€ P\ Q. Then z(R: P) C R and zQ(R : P) C Q; whence Q(R: P) C Q
and (R : P) C (Q : Q) C R = R (Proposition 2.5). This is a contra-
diction since P is divisorial. It follows that P has height one. To show
that Rp is a DV R, it is enough to show that PRp is principal. Since
(P:P)CR=RG (R:P), there exists z € (R : P)\ (P : P). Then
rzPRp C Rp and xPRp SZ PRp; whence ztPRp = Rp and PRp = 2 'Rp
is principal. O
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Remark 2.10 (1) A v-maximal ideal P of a completely integrally closed
domain need not be ¢t-maximal; indeed, being v-invertible, P is t-
maximal if and only if it is v-finite if and only if it is ¢-invertible
(Proposition 1.21). An example is given in [19, Example 3.1].

(2) An height-one prime of a completely integrally closed domain need
not be divisorial. It is enough to consider the maximal ideal of a
non-discrete one-dimensional valuation domain (Proposition 2.8 and
Remark 1.8).

(3) It is easily seen that any intersection of completely integrally closed
domains with the same quotient field is a completely integrally closed
domain. However intersections of one-dimensional valuation domains
do not exhaust the class of completely integrally closed domains [35].

2.2 Priifer v-multiplication domains

A domain whose localizations at maximal ideals are valuation domains is
called a Priifer domain and a domain whose localizations at t-maximal ideals
are valuation domains is called a Prifer v-multiplication domain, for short
a PvM D. Clearly a Priifer domain is a PvM D.

In the next proposition, the equivalence (i) < (ii) is due to Griffin [24,
Theorem 5] and the equivalence (i) < (iii) is due to Kang [33].

If f(X) € R[X] is a polynomial, we denote by cy the content of f(X),
that is the ideal of R generated by the coefficients of f(X). Given two
nonzero polynomials f(X), g(X) € R[X] with d := deg f(X), the Dedekind-
Mertens formula says that c;lflcg = lechg [20, Theorem 28.1].

Theorem 2.11 The following statements are equivalent for a domain R:
(i) Risa PvMD (i.e. Ry is a valuation domain for each M € t-Max(R) );
(ii) Each finitely generated ideal of R is t-invertible;

(iii) R is integrally closed and each w-ideal is a t-ideal.

Proof. (i) = (ii) Let J be a finitely generated ideal of R and M €
t-Max(R). Since Ry is a valuation domain, J Ry is a principal ideal. Hence,
denoting by tjs the t-operation on Rys, we have (JyRar)t,, = (JRuM )ty =
JRyr. From this, we get that J. Ry = JRjs is principal and so J; is t-
invertible (Proposition 1.16).

(ii) = (iii) Since t-invertible ideals are v-invertible (Proposition 1.16),
R is a v-domain and so is integrally closed (Proposition 2.7). To show that
w=t,let I € F(R) and H C I be a finitely generated ideal. Since H is
t-invertible, there exists a finitely generated ideal L such that L C H(R : H)
and L, = R. Now Hy(R: H) C R=(H : H) C (I : H), whence H,L C
H,(R:H)H) CI. Then H, C (I : L) C I, and so I; = I,.

18



(iii) = (i) Given a, b € R\{0}, we have to show that the ideal aRps+bR s
is invertible, for each t-maximal ideal M.

Since R is integrally closed, for each nonzero finitely generated ideal J,
we have (J : J) = R. Since in addition w = ¢, we also have R = (J : J),, =
(Jw : Jw) = (Je o Jp) = (Jy = Jy). It follows that each J is v-invertible.

By applying the Dedekind-Mertens formula for the content to the poly-
nomials f :=aX + b, g :=aX — b € R[X], we get

(aR+DbR)? = c?ccg =cscpg = (@R +bR)(a®R + V*R),
whence
((aR +bR)*); = ((aR +bR)?), = (a*>R + b*R), = (a*R + b*R);,

because the ideal (aR + bR) is v-invertible. Localizing at a t-maximal ideal
M, we get
(aR+bR)*Ry; = (a*R + b*R) Ry,

because w = t. It follows that ab € a®?Rys + b*Rys and this is enough to
conclude that the ideal aRy; + bRy is principal. In fact, if ab = za? + yb?,
r,y € R, multiplying by y/a?, we obtain that z := yb/a is integral over R);.
Then z € Ry and (aRpr + bRyr)(yRy + (1 — z)Ryr) = aRyy. O

As a consequence, we recover some well known characterizations of Priifer
domains.

Theorem 2.12 The following statements are equivalent for a domain R:

(i) R is a Prifer domain (i.e. Rys is a valuation domain for each mazimal
ideal M );

(ii) R is a PuMD and each ideal is a t-ideal;
(iii) R is integrally closed and each ideal is a t-ideal;

(iv) Each finitely generated ideal of R is invertible.

Proof. (i) = (ii) follows from the fact that each ideal of a valuation domain
is a t-ideal (Remark 1.8, (a)). Indeed, let I C R be an ideal and J C I any
finitely generated ideal. By ¢-compatibility (Proposition 1.12, (c)), for each
maximal ideal M we have JyRyr C (JRar)e,, = JRym C IRy Hence J; C 1
and I is a t-ideal.

(ii) = (iii) = (iv) by Theorem 2.11.

(iv) = (ii) R is a PuMD by Theorem 2.11. To show that each ideal
is a t-ideal, it is enough to observe that each finitely generated ideal, being
invertible, is a t-ideal (Proposition 1.14).

(ii) = (i) is clear. O
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Remark 2.13 A v-domain is not necessarily a PvM D; indeed a v-invertible
finitely generated ideal J is t-invertible if and only if its v-inverse (R : J)
is v-finite (Proposition 1.16). The first example of a non-PvM D v-domain
was given by J. Dieudonné in 1941 [10].

A domain with the property that (R : J) is v-finite whenever J is finitely
generated was named in [12] a v-coherent domain. With this terminology, a
PuvM D is precisely a v-coherent v-domain.

2.3 Mori domains

A Mori domain is a domain satisfying the ascending chain condition on
integral divisorial ideals (for short acc on divisorial ideals). Clearly the
class of Mori domains includes Noetherian domains. A good reference for
Mori domains is [4].

Theorem 2.14 The following statements are equivalent for a domain R:

(i) R is a Mori domain (i.e. R satisfies the acc on divisorial ideals);

(ii) Any descending chain of divisorial ideals {1} of R such that NI, # (0)
stabilizes;

(iii) Fach nonzero ideal of R is t-finite.

Proof. (i) = (ii) Let {I,} be a descending chain of divisorial ideals of
R. Assume that I := NI, # (0) and let = € I be a nonzero element.
Then (R : I,) € (R: 1) C (R: 2R) = 27 'R and so {z(R : I,)} is
an ascending chain of proper integral divisorial ideals of R. By the acc,
z(R:1g) =x(R: 1), that is I3 = I, for v > .

(ii) = (i) Let {I,} be an ascending chain of proper integral divisorial
ideals of R and I := UI,. Since R C (R : 1) C (R : I,), we have N(R :
I,) # (0). Hence the descending chain of ideals {(R : I,)} stabilizes and,
by divisoriality, so does the chain {I,}.

(i) = (iii) It is enough to consider integral ideals. Let I C R be a nonzero
ideal and let 2 := {H,, ; H is a nonzero finitely generated ideal and H C I}.
By the acc on divisorial ideals, > has a maximal element J,,. We show that
Jy = I,. Clearly J, C I,,. If J, # I, then also J, & I. Let x € I\ J, and
consider the ideal F' := J 4+ zR. Then F, € ¥ and J, & F, = (J, + R),.
By this contradiction, J, = I,.

(iii) = (i) Let {I,} be an ascending chain of proper integral divisorial
ideals of R and I := UI,. Since I is t-finite, we have I = (x1R+- -+ z,R),
with z; € I, j = 1,...,n. Hence z; € I3 for some index 3 and all j and it
follows that Ig = Iy = I for v > §3. O

Proposition 2.15 A valuation domain is a Mori domain if and only if it
is a DV R.
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Proof. Since each ideal of a valuation domain is a t-ideal, by Theorem
2.14, a valuation domain is Mori if and only if it is Noetherian, equivalently
a DVR. O

Proposition 2.16 A generalized ring of fractions of a Mori domain is a
Mori domain.

Proof. Let R be a Mori domain and let & be a multiplicative set of nonzero
integral ideals of R. We show that each nonzero ideal of Rg is ts-finite. For
this it is enough to consider integral ideals. Let I’ C Rs be a nonzero ideal
and set I := I' N R. Then IRs C I' C Is. In fact, for the second inclusion,
ifxel’, wehave xtH € I'NR =1 for some H € S. Hence z € (I : H) C Is.

Since [ is t-finite, I, = J, with J C [ finitely generated. By applying
Proposition 1.12, we get

Is C(Iy)s = (Jy)s = (JRs)vs € (IRS)vs € (I")ps C (Is)us,
whence (I'),s = (JRS)vs- O

Proposition 2.17 An intersection with finite character of Mori domains
1s Mori.

Proof. Let {A)} be a family of Mori domains such that R = NA) with
finite character. To prove that R is Mori, we show that each ascending chain
of integral divisorial ideals {I;} of R stabilizes. Writing I; = (R : H;), we
have I; = (NAy : Hj) = N(Ay : H;jA)). Since by finite character H; Ay = Ay
for all indexes j and almost all indexes A and since the ascending chain of
ideals {(A) : H;jA))} stabilizes for each A, we conclude that the chain {I;}
stabilizes. O

In the study of Mori domains, it is useful to know their t-invertible ¢-
primes [5, 6].

Proposition 2.18 Let R be a Mori domain.
(1) Each t-ideal of R is divisorial.
(2) The following statements are equivalent for a divisorial prime P of R:

(i) P is t-invertible;
(ii) (P:P)& (R:P);
(iii) Rp is a DVR.

Under these conditions, P is a t-maximal ideal of height one.
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Proof. (1) follows from Proposition 1.2, because each ideal of R is t-finite
(Theorem 2.14).

(2) (i) = (ii) (P: P) & (R: P) because (P : P) = R (Proposition 1.15)
while P(R : P) = R.

(i) = (iii) If z € (R: P)\ (P : P), xPRp = Rp and so PRp = 2~ 'Rp
is principal. Since Rp is a Mori domain (Proposition 2.16), the strictly
decreasing chain of principal ideals {z7"Rp},>0 ha zero intersection. It
follows that P has height one and then Rp is a DV R.

(iii) = (i) P is t-finite because R is Mori. Since PRp is principal, P is
v-invertible by Proposition 1.16.

Condition (i) implies that P is a t-maximal ideal by Propositions 1.20
and part (1). O

By Proposition 2.16, each localization of a Mori domain is Mori. For a
converse we need the t-finite character.

Proposition 2.19 Fach proper divisorial ideal of a Mori domain is con-
tained only in finitely many divisorial primes. In particular a Mori domain
has t-finite character.

Proof. Let F be the family of divisorial prime ideals containing the nonzero

ideal I. By the acc, we can choose a sequence of divisorial primes P;, Ps, ..., Py, ...

such that P; is maximal in F and P, is maximal in F\ {Pi,...,P,_1} for
n > 2. Setting I, = P, N---N P,, we obtain a strictly descending chain
of divisorial ideals {/;};>1 whose intersection contains /. Hence the chain
stabilizes and it follows that F is finite. (]

Proposition 2.20 The following statements are equivalent for a domain
R:

(i) R is Mori;
(ii) Rar is Mori for each t-maximal ideal M and R has t-finite character.

Proof. (i) = (ii) by Propositions 2.16 and 2.19.
(ii) = (i) follows from Proposition 2.17. O

Remark 2.21 (1) If R is locally Noetherian and the intersection R =
N{Rnr; M € Max(R)} has finite character, then R is Noetherian. How-
ever a locally Noetherian domain need not be Noetherian [28, Example
2.2] and a Noetherian domain need not have finite character (just take

the polynomial ring k[X,Y], k a field).

(2) A finite intersection of Noetherian domains is Mori by Proposition
2.17, but need not be Noetherian. For example, let F' be a field and
let X, Y be independent indeterminate over F. Then, by properties of
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the D+ M construction [18, Theorem 4.6], Ry := F(X?)+Y F(X)[[Y]]
and Ry = F(X + X?) + YF(X)[[Y]] are Noetherian domains, but
R:=RiNRy=F +YF(X)[[Y]] is not Noetherian.

(3) A Mori domain such that R, is Noetherian for each ¢-maximal ideal
M is called a strong Mori domain. These domains were firstly studied
in [41, 42]; they are precisely the domains satisfying the acc on w-
ideals. A polynomial ring in infinitely many indeterminates over a
Strong Mori domain is a Strong Mori domain that is not Noetherian
[36].

2.4 Krull domains

A Krull domain is classically defined as an intersection of DV Rs with finite
character. We denote by X!(R) the set of the height-one prime ideals of R.

Theorem 2.22 The following statements are equivalent for a domain R:

(i) R is a Krull domain (i.e. R is an intersection of DV Rs with finite
character);

(ii) Rp is a DVR for each P € X'(R) and R = Npex1(ryRp with finite
character;

(iii) Rar ts a DV R for each M € t-Max(R) and R has t-finite character;
(iv) R is a completely integrally closed Mori domain;

(v) R is completely integrally closed and each t-maximal ideal is divisorial;

(vi) R is a PoMD and a Mori domain;

(vii) Each nonzero ideal of R is t-invertible.
Proof. (i) = (iv) Since DV Rs are completely integrally closed (Proposition
2.8) and Noetherian, R is completely integrally closed and Mori (Proposition
2.17).

(iv) = (iii) R has t-finite character and each M € t-Max(R) is divisorial,
because R is a Mori domain. Since R is completely integrally closed, Ry is
a DV R by Proposition 2.9.

(iii) = (ii) It is enough to observe that X!(R) = t-Max(R). In fact,
height-one primes are t-ideals by Proposition 1.7. Conversely, if Ry is a
DV R for each M € t-Max(R), each M has height one.

(ii) = (i) is clear.

(iv) = (v) Because in Mori domains ¢t = v (Proposition 2.18).

(v) = (vii) If I is not t-invertible, I(R : I) C M for some t-maximal ideal
M of R. Thus (R: M) C(R:I(R:1))=((R:I):(R:1)) =R, where the

23



last equality holds because R is completely integrally closed (Proposition
2.6). Then M, = R, which is a contradiction.

(vii) = (iv) Since t-invertible ideals are v-invertible and ¢-finite (Propo-
sition 1.16), R is completely integrally closed by Proposition 2.6 and is Mori
by Proposition 2.14.

(iii) = (vi) R is a PuM D by Theorem 2.11 and is Mori by Proposition
2.17.

(vi) = (vii) Since R is a PvMD each finitely generated ideal is t-
invertible and since R is Mori each ideal is t-finite, hence t-invertible. O

Proposition 2.23 Noetherian integrally closed domains are Krull domains.

Proof. Since for Noetherian domains the integral closure and the complete
integral closure coincide (Section 2.1), we can apply Theorem 2.22. O

A celebrated theorem of Mori-Nagata, proved in the middle fifties, asserts
that more generally the integral closure of a Noetherian domain is Krull. A
proof can be found in [15, Theorem 4.3].

An integrally closed Noetherian domain of dimension one is called a
Dedekind domain.

Theorem 2.24 The following statements are equivalent for a domain R:

(i) R is a Dedekind domain (i.e. R is an integrally closed Noetherian
domain of dimension one);

(ii) R is a one-dimensional Krull domain;

(iii) Rar is a DV R for each M € Max(R) and R = Nyrenax(r)yFm with
finite character;

(iv) R is a Prifer and a Mori domain;
(v) R is a Priifer and a Krull domain;

(vi) Each nonzero ideal of R is invertible.

Proof. It follows from Theorem 2.22, recalling that each ideal of a Priifer
domain is a t-ideal and that a Mori valuation domain is a DV R (Proposition
2.15). O

Remark 2.25 (1) An integrally closed Mori domain need not be Krull,
in fact it need not be completely integrally closed. For example we
can take R := Q + XC[[X]], where Q is the field of algebraic numbers
[18, Theorems 1.2 and 4.11].
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(2) The complete integral closure R of a Mori domain R is not always a
Krull domain. In fact there are examples of Mori domains R such that
R is not Mori or is not completely “integrally closed [37]. On the other
hand, if R is seminormal or (R : R) # (0), then R is a Krull domain
[4, Section 7.

(3) If R is a completely integrally closed domain (i.e. each nonzero ideal is
v-invertible), to check that R is a Krull domain (i.e. each nonzero ideal
is t-invertible) it is enough to check that each divisorial prime is ¢-finite.
However in general a domain whose divisorial primes are all ¢-finite is
not necessarily a Mori domain, for example consider R := Z+ X Q[[X]]
[4, Section 2.

By Theorem 2.22 a domain R is a Krull domain if and only if the semi-
group Fy(R) of its t-ideals is a group. We now show that this is equivalent
to say that the semigroup F,(R) of divisorial ideals is a free abelian group,
generated by the height-one prime ideals. Recall that, for a prime ideal P
and an integer e > 1, P(¢) := P°Rp N R.

Proposition 2.26 Let R be a Krull domain and I C R a nonzero integral
ideal. Then I is divisorial if and only if I = (P;*...Pt"), = Pl(el) N---N
PT(LE”), where Py,...,P, € X'(R) and e1,...,e, > 0 are uniquely deter-
mined.

Proof. Since R is a Krull domain, the t-operation and the wv-operation
coincide, X'(R) = t-Max(R) and R = Npex1(p)Rp with finite character
(Theorem 2.22). Hence an integral divisorial ideal I of R is contained at
most in finitely many height-one primes Pi,..., P,. Since Rp, is a DV R,
IRp, = P for some ¢; > 0,¢=1,...,n, and

I=NpeximIRp=P'N---NP"NR= P ... plen),

Conversely, by t-compatibility, P(¢) := P RpNR is a t-ideal, for each height-
one prime P and a finite intersection of divisorial ideals is a divisorial ideal.

Now let J := P{* ... P¢». Since J is strictly v-finite (being ¢-invertible),
we can write J, = H,, with H C J and H finitely generated. By t-
compatibility, applying Proposition 1.12 (c), we have J,Rp = H,Rp C
(HRp)y,, = HRp C JRp, because Rp is a DV R for each P € X!(R).
Whence J,Rp = IRp for each P € X'(R) = t-Max(R) and it follows that
Jy = I. Since [ is t-invertible, the height-one prime ideals Pi,..., P, and
the exponents e, ..., e, are uniquely determined. O

In the rest of this section, for an ideal I of R and n > 0, we set [~ :=
(R:IM).
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Theorem 2.27 The following statements are equivalent for a domain R:
(i) R is a Krull domain;

(ii) A nonzero ideal I of R is divisorial if and only if I = (P{* ... Pin),,
where Py, ..., P, € XY(R) and ty,...,t, € Z are uniquely determined.

Proof. (i) = (ii) By Proposition 2.26 each integral divisorial ideal of R is of
the form (P{'...P%),, where Pp,...,P, € X}(R)ande; > 1,i=1,...,n
are uniquely determined.

Let J be any divisorial ideal and let d € R\{0} be such that I := dJ C R.
Write the integral principal ideal dR as a v-product of height-one primes, say
dJ = (Q ... Q% )y, a; > 1. Since Q; is v-invertible and the v-inverse of Q7"
is (R: Q) =((R:Q)")y =Q; %, we have d 'R = (R: Qf"...Q%) =
Q7™ ...Q,%)y. Since J = (d"'R)dJ and the integral ideal d.J is also
a v-product of height-one primes, we get that J is uniquely expressible as
a v-product J = (P{*...Pi),, where P,...,P, € X'(R) and t; € Z,
1=1,...,n

(i) = (i) For each z € K\ {0}, we have 2R = ([[ pe x1(p) PtP(*)), where
tp(x) € Z is uniquely determined and tp(x) = 0 for almost all P € X'(R).
In addition R C R if and only if tp(x) > 0 for each P € X!(R). It is easy

to check that the map
vp: K\ {0} —Z; zw—tp(x)

is a discrete valuation for all P € X!(R). Denoting by Vp the valuation
domain associated to vp, we have xR C R if and only if x € Vp for all
P € X'(R). Hence R = Npexi(p)Vp with finite character and it follows

that R is a Krull domain. O
Proposition 2.28 R is a Dedekind domain if and only if each nonzero ideal
I of R can be written in the form I = Pfl ... Pl where Py, ..., P, are prime
ideals and t1,...,t, € Z are uniquely determined.

Remark 2.29 The abelian free group ZX = @pc x1(r) PZ s alattice

ordered group with respect to the product order. In addltlon each nonempty
set of positive elements has (at least) a minimal element and the set of the
minimal positive elements is precisely X!(R).

On the other hand, also the set of divisorial ideals F},(R) can be endowed
with a structure of lattice ordered semigroup setting J, < I,, if J C I (with
inf(I,, J,) = I, N J, and sup(Ly, J,) = (I + J),).

The previous theorem says that R is a Krull domain if and only if F,(R)
is a group and there is an isomorphim of lattice groups F,(R) — 7(X*(R))
which reverse the order, given by

Fy(R) — 2N ) = @y PZ, (P{'...Pl)y tiPi+ -+ ty Py
PeX!(R)
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(X(R)

The additive group Z ) is called the divisor group of the Krull do-

main R.

3 Arithmetical properties

In this section we show how some arithmetical properties of a domain R, like
the existence of a greatest common divisor or of a factorization into prime
elements, are reflected by the properties of the semigroup of t-ideals of R,
or more precisely by the properties of the Class Group of R.

The t-Class Group or simply the Class Group of a domain R is the
quotient group C(R) := Inv¢(R)/P(R) of the t-invertible t-ideals modulo
the principal ideals. If R is a Priifer domain each ideal is a t-ideal and so
the Class Group coincides with the Class Group of the invertible ideals, also
called the Picard Group of R. If R is a Krull domain, since each t-ideal
is divisorial and wv-invertible, the Class Group coincides with the classical
Divisor Class Group [15]. A recent survey on the Class Group is [2].

We recall some basic definitions. Given two elements z, y of a domain
R, we say that y divides x in R if there exists an element z € R such that
x = yz; hence y divides z if and only if zR C yR. The zero element of R
does not divide any other element, but it is divided by any y € R. Hence
we will consider nonzero elements.

The invertible elements of R (also called the units of R) are precisely
the divisors of 1; they form a multiplicative group, that we denote by U(R).
We say that y is associated to x in R if there exists u € U(R) such that
y = ux. It is clear that this is an equivalence relation on R and that z and
y are associated if and only if x divides y and y divides x.

Any element x € R is divided by all the units of R and by all its as-
sociated elements: in fact z = 1z = u(u~'x), for each u € U(R). We say
that d is a proper divisor of x if d divides x and it is neither invertible nor
associated to x. A nonzero noninvertible element is called irreducible if it
has no proper divisors and it is called a prime element if it generates a prime
ideal. Hence p is a prime element if and only if, when p divides a product
xy, necessarily either p divides x or p divides y. By using this, it is easy to
check that any prime element is irreducible.

3.1 GCD-domains

Given two nonzero elements z, y of a domain R, we say that d is a greatest
common divisor, for short a GCD, of z and y and write d = (x,y) if
(a) d divides x and y;  (b) if d’ divides x and y then d’ divides d.
Dually, we say that m is a lowest common multiple, for short an lcm, of
x and y and write m = [z, y] if
(a) z and y divide m;  (b) if 2 and y divide m’, then m divides m/'.
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It is clear that if d is a greatest common divisor of = and y (resp. m is a
lowest common multiple), then also ud is a greatest common divisor (resp.
um is a lowest common multiple), for each unit v € U(R). If z and y have
no proper common divisors, we write (z,y) = 1 and say that = and y are
coprime.

If any two nonzero elements of R have a greatest common divisor (resp.
a lowest common multiple), we say that R is a GC'D-domain (resp. an lem-
domain). We will see soon that these two properties are equivalent. Recent
results on GC' D-domains and their generalizations can be found in [1].

An important property of GC D-domains is that irreducible and prime
elements coincide.

Lemma 3.1 (Euclide) Let R be a GCD-domain and let z, y, z € R be
nonzero elements. If x divides yz and (z,y) = 1, then x divides z.

Proof. (zz,yz) exists because R is a GC'D domain and it is easy to see
that (zz,yz) = z(x,y). Then, if (z,y) = 1 and x divides yz, it follows that
x divides (zz,yz) = z(z,y) = 2. O

Proposition 3.2 If R is a GCD-domain, then each irreducible element is
prime.

Proof. Let p € R be an irreducible element and assume that p divides zy.
If p does not divide «, then (p,z) = 1 and so p divides y by Lemma 3.1. O

If d = (x,y) is a GCD of z and y and it is possible write d = ax + by,
for some a, b € R, we say that this expression is a Bezout identity.

Proposition 3.3 Given two nonzero elements x, y of a domain R, the
following conditions are equivalent:

(i) zR+yR = dR is a principal ideal;

(ii) (z,y) = d and d = ax + by, for some a, b € R (i.e. there exists a
Bezout identity).

Proof. Recall that d divides « and y if and only if xR + yR C dR.

(i) = (ii) If xR+ yR = dR, d divides x, y and d = ax + by, for some
a, b € R. Hence each d' dividing z and y divides d and it follows that
x,y) = d.

(ii) = (i) If (z,y) =d, 2R+yR C dR and if d = ax + by, dR C xR+ yR.
O

A domain satisfying the equivalent conditions of Proposition 3.3 is called
a Bezout domain and if each ideal of R is a principal ideal, R is called a
principal ideal domain, for short a PID.
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Proposition 3.4 The following conditions are equivalent for a domain R:
(i) Ris a PID;
(ii) R is a Noetherian Bezout domain.

Proof. By induction, it follows directly from Proposition 3.3. U

We now characterize GC D-domains by means of t-ideals.

Proposition 3.5 Given two nonzero elements x, y of a domain R, the
following conditions are equivalent:

(i) = and y have a lowest common multiple and [x,y] = m;
(ii) zkRNyR =mR is a principal ideal;
(iii) (xR + yR), = dR is a principal ideal.
In addition, under (any of) these conditions, (x,y) = d and dm = xy.

Proof. (i) < (ii) follows directly from the definition of lem.

(ii) < (iii) We have (R: 2R+ yR) =2 'RNy 'R and so zy(R : *R +
yR) = zRNyR. It follows that (zR+yR), is principal if and only if tRNyR
is principal. In addition, xR N yR = mR if and only if (xR + yR), = dR,
with d = zy/m.

To finish, d’ divides z and y if and only if tR+yR C (tR+yR), C d'R.
Thus, if (xR + yR), = dR, we have dR C d'R. Tt follows that d’ divides d
and so (z,y) = d. O

Remark 3.6 By Proposition 3.5, the existence of a lowest common multiple
of two elements implies the existence of a greatest common divisor. But the
converse is not true. Thus (z,y) = d does not necessarily imply (xR+yR), =
dR. For example, in R := k[X?2, X3, k a field and X an indeterminate over
k, we have (X2, X3) =1, but X2, X* do not have a lowest common multiple.
In fact, up to units, the lem of X2 and X2 in k[X] is X°, but X° does not
divide any other common multiple of X? and X? in R (for example does
not divide X6).

Proposition 3.7 The following conditions are equivalent for a domain R:
(i) R is an lem-domain;
(ii) R is a GCD-domain;
(iii) xRN yR is a principal ideal, for any z, y € R\ {0};
)

(iv) (xR + yR)y, = dR is a principal ideal, for any x, y € R\ {0}.
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Proof. (i) & (iii) « (iv) = (ii) follow from Proposition 3.5.

(ii) = (i) Let =, y € R\ {0} and (x,y) = d. Set m := xy/d. Clearly x
and y divide m. We prove that [z,y] = m by using Euclide’s Lemma. We
have = da and y = db, with a, b € R and (a,b) = 1. If z and y divide an
element m/, then m’ = za’ = yb’. Whence daa’ = dbb’ and aa’ = bb'. Since a
divides bb’ and (a,b) = 1, by Lemma 3.1 a divides /. Hence m = zy/d = ya
divides m’ = yb'. O

The following theorem for PvM Ds is due to Bouvier and Zafrullah [8,
Corollary 1.5].

Theorem 3.8 The following conditions are equivalent for a domain R:
(i) R is a GCD-domain (resp. a Bezout domain);

(ii) R is a PuMD (resp. a Prifer domain) with trivial Class Group.

Proof. By induction, it follows from Proposition 3.7, recalling that R is a
PvMD if and only if each finitely generated ideal is ¢-invertible (Theorem
2.11) and a Priifer domain is a PvM D such that d =t (Theorem 2.12). O

3.2 Unique factorization domains

A domain R is called atomic if any nonzero noninvertible element x € R is a
product of irreducible elements. This property is granted by the ascending
chain condition on integral principal ideals (for short accp).

Proposition 3.9 If R is a domain satisfying accp, then R is atomic.

Proof. Let S be the set of principal proper ideals zR of R such that x is
not a product of irreducible elements. If S is not empty, S has a maximal
element mR (by the accp). Since m is not irreducible, m has proper divisors.
Hence we can write m = xy with mR & R & R and mR & yR & R. By
the maximality of mR, z and y can be factorized into irreducible elements;
but then also m can be factorized. This contradiction shows that S must
be empty. O

Remark 3.10 (1) By the proposition above, any Mori (in particular Noethe-
rian) domain is atomic.

(2) There exist atomic domains not satisfying accp [23].

We say that R is a unique factorization domain, for short a UF D, if

(a) Ris atomic; (b)Ifx =p1...pp =q1...qn are two factorizations of
x in irreducible elements, then n = m and, after a reordering, p; is associated
tog, fori=1,...,n.
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Proposition 3.11 A UFD is a GCD-domain.

Proof. If either = or y is invertibile, we have (x,y) = 1. Otherwise we

can write z = p{*...pl", y = plil ...p% where p1,...,p, are distinct prime
elements of R and a;, b; > 0, for i = 1,...,n. Then it is easy to check that
(z,y) =p" ...pp, where m; := min{a;,b;}, i =1,...,n. O

Proposition 3.12 Let R be an atomic domain. The following conditions
are equivalent:

(i) Ris a UFD;
(ii) Each irreducible element of R is prime;
(iii) R is a GCD-domain.

Proof. (i) = (iii) by Proposition 3.11.

(iii) = (ii) by Proposition 3.2.

(ii) = (i) Let z =p1...pn = @1 - .. ¢m be two factorizations of x into ir-
reducible elements. Since p; is prime, it divides one of the ¢;. By reordering,
we can assume that p; divides ¢; and so, since also ¢ is prime, p; = uiq1,
with u; € U(R). Canceling p1, we get p2...pp = q2...Gm. Repeating this
process, we obtain that, after a reordering, n = m and p; is associated to g;,
fori=1,...,n. O

Corollary 3.13 A domain R is a UFD if and only if each nonzero nonin-
vertible element of R is a product of finitely many prime elements.

We end by the theorem of Samuel [39].

Theorem 3.14 The following conditions are equivalent for a domain R:
(i) Risa UFD;
(ii) R is Krull domain with trivial Class Group;

(iii) R is Krull domain and each height-one prime ideal is principal.

Proof. (i) = (iii) Let # € R be a nonzero element and let P be a minimal
prime of xR. Then P contains a prime p dividing x and xR C pR C P. It
follows that pR = P. Since an height-one prime is minimal over a principal
ideal, we get that each height-one prime is principal. Hence the localizations
of R at the height-one prime ideals are DV Rs. In addition each nonzero
x € R is contained at most in finitely many height-one primes because it
has at most finitely many prime divisors. We conclude that R is a Krull
domain (Theorem 2.22).
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(iii) = (ii) By Theorem 2.27, each t-ideal of R can be written in the form
Iy = (P{*...P), where Py, ..., P, are height-one primes and ey, ..., e, >
0 are uniquely determined. If P; = p;R, with p; a prime element, we get
that I = p{' ...pS" R is principal.

(ii) = (i) Each height-one prime ideal of a Krull domain is a t-invertible
t-prime, hence it is principal. By Theorem 2.27, each nonzero principal ideal
of R can be written in the form xR = (P{* ... PS"), where P, ..., P, are
height one primes and eq,...,e, > 0 are uniquely determined. If P; = p; R,
with p; a prime element, we get that xR = p{'...p{" R and = = up{* ...p5",
u € U(R), is a factorization of x into prime elements. O

As a consequence, we get a classical characterization of principal ideal
domains.

Theorem 3.15 The following conditions are equivalent for a domain R:
(i) R is a PID;
(ii) R is a one-dimensional UFD;
(iii) R is a Dedekind UFD;
(iv) R is a Dedekind domain with trivial Class Group.

Proof. (i) = (ii) R is atomic by Proposition 3.9, because a PID is Noethe-
rian. In addition R is a Bezout domain, hence a GC' D-domain (Proposition
3.3). We conclude that R is a UF D by Proposition 3.12.

(ii) = (iii) = (iv) by Theorem 3.14, because a one-dimensional Krull
domain is Dedekind (Theorem 2.24).

(iv) = (i) because each ideal of a Dedekind domain is invertible (Theo-
rem 2.24). O

4 Extension theorems

In general, if R C T is an extension of domains, there is no way of comparing
the Class Groups of R and T, unless the extension is t-compatible. We
denote by v’ (resp. t’) the v-operation (resp. t-operation) on 7.

Proposition 4.1 Let R C T be a t-compatible extension of domains. If 1
is a v-invertible (respectively t-invertible) ideal of R, IT is a v'-invertible
(respectively t'-invertible) ideal of T

Proof. If [ is v-invertible, the ideal (I(R : I)), = R is clearly v-finite.
Hence, by Proposition 1.10,

T=UIR:1),TCUR:NT)y CUT(T:IT))y CT
and so (IT(T : IT)), = T. The proof for the t-operation is the same. [
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Proposition 4.2 Let R CT be a t-compatible extension of domains. Then
the map
0:Invy(R) — Invy(T); I+ (IT)y

is a homomorphism of groups which induces a homomorphism of Class
Groups

0:C(R)— C(T); 1w (IT)y.

Proof. It follows directly from Proposition 4.1, noting that if I is principal,
also 6(I) is principal. O

Remark 4.3 An extension R C T of Krull domains is t-compatible if and
only if T satisfies the so called Condition PDE (for pas d’eclatement): if @
is an height-one prime of T, either @ N R = (0) or @ N R is an height-one
prime of R.

We are interested in the two classical cases where T' = Rg is a generalized
ring of fractions or T'= R[X] is a polynomial ring. Note that if I € Invy(R),
since I and (R : I) are t-finite, we have (IRs)y = Is (Proposition 1.12 (c))
and (IR[X])y = I[X] (Proposition 1.11).

4.1 Generalized rings of fractions

We start by showing that a generalized ring of fractions of a PvM D is still a
PuMD. 1t is interesting to observe that, if R is a PuM D, a generalized ring
of fractions of R is an intersection of localizations; the converse is always
true (Remark 1.13 (2)).

Proposition 4.4 Let R be a PvMD (resp. a Krull domain) and let S be
a multiplicative system of nonzero ideals of R. Then:

(1) Rs = m{R(NmR) ; N et'-Max(Rgs)}.
(2) Rs is a PvMD (resp. a Krull domain).

Proof. Set T := Rs.

(1) Let N be a t-maximal ideal of T. Then by t-compatibility P :=
N N R is a t-prime ideal of R (Proposition 1.10) and Rp C Ty. Since
R is a PuMD, Rp is a valuation domain. Hence Ty = Rp and finally
T:={Tn; N €t'-Max(Rs)} = {Rnnry; N €t'-Max(T)}.

(2) As in (1), if R is a PuMD, Ty is a valuation domain, for each
N € t'-Max(T). Hence T is a PuMD.

By Theorem 2.22, a Krull domain is precisely a Mori PvMD. If R is
Krull, T'is a PvM D and is also a Mori domain by Proposition 2.16. Hence
T is a Krull domain. (]
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In general the canonical homomorphism C(R) — C(Rs), I + Is, is
neither injective nor surjective, even when S is particularly good [2, Section
6]. However we will show soon that it does be surjective when R is a PvM D,
in particular a Krull domain. Before, we consider the interesting case where
each t-ideal in S is t-invertible. This condition is always satisfied when R is
a Krull domain.

Proposition 4.5 Let S be a saturated multiplicative system of nonzero ide-
als of R. Then the following conditions are equivalent:

(i) SN F(R) C Invy(R);
(ii) SNt-Spec(R) C Invi(R);

(ili) SNFy(R) = {(M7* ... MS"); M; € S is a t-invertible t-prime ideal, e; >
0,i=1,...,n}.

Proof. (i) = (ii) and (iii) = (i) are clear.

(ii) = (iii) Since S is saturated, if I # R is a t-ideal in S, any t-prime P
containing [ is in S; thus P is t-invertible and hence t-maximal. In addition
P is minimal over I, because a minimal prime of a t-ideal is a t-prime.

We now show that I is contained in finitely many ¢-primes. By satura-
tion, given any chain of ideals Iy C [y C --- C I, C --- in &, their union
I :=J{I;;j > 0} is an ideal in S. Since (I;); and I; are t-invertible (being
in §), they are t-finite. Hence any chain of t-ideals in S stabilizes and any
nonempty subset of t-ideals of S has a maximal element. Assume that the
set of proper t-ideals of S contained in infinitely many ¢-primes is not empty
and let J be a maximal element of this set. Let P be a t-prime containing
J. Since P # J and P is t-invertible, we have that J C ((R: P)J): € R.
The ideal J' := ((R: P)J); is in S and, by the maximality of .J, is contained
in finitely many t-primes. Hence the ideal J = (P.J'); is also contained in
finitely many ¢-primes, which is a contradiction.

Let M be a t-maximal ideal containing I. Since M is minimal over I,
IRy is M Rys-primary and since M is t-invertible M Ry = xRy is principal.
Hence IRy = 2°Ryr = M€R) for some e > 1 [20, Theorem 7.6].

To finish, if My, -, M, are the t-maximal ideals containing I, then

I =( IR M € t-Max(R))} = ({IRu,NR; T C M;} = M{Vn---nMn).
Like in the proof of Proposition 2.26, we conclude that

I — Ml(e1) a---N MT(Len) _ (Ml(e1) o M(en))t

n

and that SNFy(R) C {(M;'... M) M; € S t-invertible t-maximal ideals, e; >
0}.

The other inclusion is clear. O
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Theorem 4.6 Let R be a PvMD and let S be a saturated multiplicative
system of nonzero ideals of R. Then:

(1) The canonical homomorphism 6 : Invi(R) — Invy(Rs), I — Is, is
surjective;

(2) Kerf =Invi(R)NS;

(3) If R is a Krull domain, Ker @ is the free abelian group generated by
the height-one primes in S.

Proof. (1) Let I' :== x1Rs + --- + x,Rs, x; € K, be a t'-invertible ideal
of Rs. Setting I := 1R+ --- + 2, R, we have that [ is t-invertible and
I' = IRs. Hence (I')y = (IRs)y = (I,)s = 0(I,).
(2) holds because Is = Rgs if and only if I € S (Proposition 1.12 (a)).
(3) holds by (2), Proposition 4.5 ((i) = (iii)) and Theorem 2.27. O

Remark 4.7 If each t-prime in the saturation S of S is principal, by Propo-
sition 4.5 ((ii) = (iii)) each t-ideal I € S is a product of principal prime
ideals, in particular it is principal. In this case, since (R : I) = (R : I;),
Rs is a ring of fractions of R with respect to a multiplicative part S C R
generated by prime elements.

Conversely, let S C R be a multiplicative part generated by a set of
prime elements {p,} and S = {zR; = € S} be the correspondent system of
principal ideals. Then the ¢-primes in S are precisely the principal primes
{paR}. In fact, if x € S and P is a t-prime containing x, P contains a prime
factor p of x and, since pR is t-maximal, we have that P = pR € §. From
Proposition 4.5 ((ii) = (iii)), it follows that each t-ideal in S is principal,
generated by a product pq, - .. Pa,, and so SN Fy(R) = S.

Theorem 4.8 Let R be a PuM D and let S C R be a multiplicative part gen-
erated by prime elements. Then the canonical homomorphism 0 : C(R) —
C(Rg), I — Ig, is bijective.

Proof. Setting S = {zR; = € S}, we have Rg = Rs. By Theorem 4.6,
the homomorphism 6 : Inv¢(R) — Invy(Rs) is surjective and Kerf =
Invi(R)NS. But, as in Remark 4.7, Ker§ = S C P(R). Hence 0 is bijective.
(]

Theorem 4.9 Assume that R is a PvMD (resp. a Krull domain).

(1) For any multiplicative system of ideals S of R, if R is a GC'D-domain
(resp. a UFD) then Rs is a GCD-domain (resp. a UFD).

(2) [Nagata’s Theorem| If S C R is a multiplicative part generated by
prime elements, R is a GCD-domain (resp. a UFD) if and only if
Rs is a GCD-domain (resp. a UFD).
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Proof. It follows from Theorems 4.4 and 4.8, recalling that a GC D-domain
(resp. a UFD) is a PuM D (resp. a Krull domain) with trivial class group
(Theorem 3.8). O

4.2 Polynomial extensions

We recall that I[X] N R = I, for any integral ideal I of a domain R. We
will use repeatedly the following properties.

Lemma 4.10 Let R be a domain. Then:

(1) (J = DIX]

= (J[X] : I[X]), for any nonzero ideals I, J of R. In
particular I,[ X] =

(L[XT)wr-

(2) There is an inclusion preserving injective correspondence I — I[X]
between the set of integral t-ideals of R and the set of integral t'-ideals
of R[X], whose left inverse is the intersection. In addition, I is t-
invertible if and only if I[X] is t'-invertible.

(3) Let N be a t'-mazximal ideal of R[X]. Then either N = M[X], with
M :=NNRet-Max(R) or N = fK[X] N R[X] for some irreducible
polynomial f € K[X]. In the second case, R[X|n = K[X];g(x] is a
DVR.

Proof. (1) It is enough to consider integral ideals. First note that if u €
K(X) is such that v/ C J[X]| C R[X], then v € K[X]. Let ¢, be the
content of u. Then u € (J[X]: I[X]) if and only if ¢, € (J : I), if and only
ifue (J:I)X].

(2) If I is a t-ideal, I[X] is a t’-ideal by part (1). In fact, let J' C I[X] be a
finitely generated ideal and J := J'NR. Then J,, = J[X], = J,[X] C I[X].
In addition 6 is injective because I = I[X] N R. If I is t-invertible, I[X] is
t'-invertible by Proposition 4.1. Conversely, if R[X] = (R[X] : (R[X] :
IX))y = (R:(R:1))X], then R= (R: (R:1I)): by the injectivity.

(3) f NN R:= M # (0), N is t-maximal if and only if M is t-maximal
because the map I — I[X] is inclusion preserving. If N N R = (0), since
K[X] = R[X]g is a ring of fractions of R[X], with S := R\ {0}, NK[X]| =
Ng is a prime ideal of K[X]. Hence NK[X] = Ng = fK[X], with f €
K[X] irreducible and N = Ng N R[X] = fK[X] N R[X]. Finally, R[X]y =
(R[X]s)ns = K[X]fr(x) is DVR, because K[X] is a Dedekind domain
(being a PID). O

Proposition 4.11 The following conditions are equivalent for a domain R.

(i) R is a PvMD (resp. a Krull domain);

(ii) The polynomial ring R[X]| is a PuM D (resp. a Krull domain).
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Proof. (i) = (ii) Assume that Ris a PvMD and let N € ¢'-Max(R[X]). If
N = M[X], with M € t-Max(R), let vps be the valuation on K associated
to the valuation domain Rjys. Then vjs can be extended to K (X) by setting
V(Y aiX?) = inf{vp(a;)}, for each polynomial Y a; X" € K[X]. It is
easy to verify that the valuation domain associated to v, is R[X]|y. If
NNR=(0), R[X]|n is a DVR. It follows that R[X]y is a valuation domain
for each N € t-Max(R[X]) and so R[X] is a PuMD.

If R is a Krull domain, Ry; is a DV R, for each M € t-Max(R), and
so also R[X]px) is a DVR. Since the intersections R = N{Ry; M €
t-Max(R)} and K[X] = N{K[X];x(x); f € K[X] irreducible} have finite
character, also the intersection R[X] = N{R[X|n; N € t-Max(R[X])} has
finite character. We conclude that R[X] is a Krull domain.

(ii) = (i) If M is a t-maximal ideal of R, M[X] is a ¢-maximal ideal
of R[X]. If R[X]is a PoMD, then R[X]yx] is a valuation domain and
so Ry = R[X]pyx) N K is a valuation domain too. It follows that R is a
PuMD.

In addition, if R[X] is a Mori domain, R = R[X] N K is a Mori domain
by Proposition 2.17. Hence, if R[X] is a Krull domain, also R is a Krull
domain. (]

Remark 4.12 If R is a Mori domain, R[X] need not be Mori [38]. However
R[X] is Mori when R is Mori integrally closed [4, Section 6].

Theorem 4.13 Let  : C(R) — C(R[X]), I ~ I[X] be the canonical
homomorphism of Class Groups. Then

(1) 0 is injective.
(2) If R is integrally closed, 8 is bijective.

Proof. It is enough to consider integral ideals.

(1) If I € R is an integral divisorial ideal such that I[X] = fR[X] is
principal, then I = I[X]N R = fR[X]N R = f(0)R is principal.

(2) Let I' C R[X] be a t'-invertible t'-ideal. If I’ R = I # (0), then
I is a t-invertible t-ideal and I’ = I[X]. If I' " R = (0), then I'K[X]
is a proper ideal of K[X]. Hence I'K[X]| = fK|[X] is principal, because
K[X]is a PID. Since R is integrally closed, choosing f € R[X], we have
FKIX] N R[X] = f(R : cf)[X], where c; denotes the content of f [20,
Corollary 34.9]. Hence I' C fK[X]NR[X] = f(R: ¢f)[X]. If d € R is
such that d(R : ¢f) C R, we have H' :=df ~'I' Cd(R : ¢f)[X] C R[X] and
H'K[X]| = dK[X] = K[X]. Hence H N R := H # (0) and H' = HR[X].
Finally I' =d ' fH' =d ' fH[X] and I’ = 0(H). O

Corollary 4.14 (Gauss’ Lemma) R is a GCD-domain (resp. a UFD)
if and only if R[X] is a GCD-domain (resp. a UFD).
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Proof. It follows from Proposition 4.11 and Theorems 3.8, 3.14 and 4.13.

O

Remark 4.15 (1) The converse of Theorem 4.13 (2) is also true, that is,

if § : C(R) — C(R[X]) is surjective then R is integrally closed [16,
Theorem 3.6].

(2) By induction on n, we get that if R is a GC'D-domain (resp. a UF D)

the polynomial ring R[X},...,X,] is a GCD-domain (resp. a UF'D).
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