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Introduction

Star operations were introduced by W. Krull in a series of papers starting from
1936. The purpose was to generalize Kronecker’s theory of divisibility, holding in
Dedekind domains, to arbitrary integrally closed domains. The main obstacle for
this generalization was the restriction on domains enjoying Gauss’ Lemma. In fact,
Gauss’ Lemma holds in an integrally closed domain R if and only if R is a Priifer
domain, i.e., an integral domain in which every nonzero finitely generated ideal is
invertible (cf. |23, Corollary 28.5 and Theorem 28.6]).

By means of star operations it is possible to define a special kind of multipli-
cation for ideals, i.e. the x-multiplication, and then to isolate a particular class of
star operations, i.e. the e.a.b. star operations, enjoying cancellation properties on
*-multiplication. In such a situation a more general version of Gauss’ Lemma holds
in every integrally closed domain and a given integrally closed domain R can be
associated to a Kronecker function ring, a Bézout domain (i.e. an integral domain
such that every finitely generated ideal is principal) generalizing the classical domain
introduced by Kronecker and consisting of the possible ged’s of elements in R. A
thorough historical overview on star operations and Kronecker function rings can be
found in [18].

It is well-known that the set of valuation overrings of an integral domain may
have a large variety of structures. The simplest of these structures is realized in
valuation domains, for which valuation overrings form a linearly ordered set.

In the class of integrally closed domains, a way to evaluate how complicated
is the set of valuation overrings is to look at the number of Kronecker function
rings admitted by the domain. In fact, the more complicated is the set of valuation
overrings of an integrally closed domain, the more the possible ways in which the
domain can be represented as an intersection of valuation overrings, the more the

possible number of distinct Kronecker function rings the domain admits.

Let R be an integral domain with quotient field K. Let §(R) denote the set of



nonzero fractional ideals of R. A star operation on R is then defined as an application

«: F(R) — F(R): I — I*, such that for all I, J € §(R) and € K \ {0}:
(x1) R* = R and (z])* = 2I*;

(x0) ICI* and I C J = I* C J*;

(53) I = (I*)" = I"

A star operation % is called endlich arithmetisch brauchbar (in brief, e.a.b.) if for
each finitely generated I,J, H € §(R), (IJ)* C (IH)* implies J* C H*. Given an

e.a.b. star operation the Kronecker function ring of R with respect to x is defined by:

Kr(R,%) :=={f/g|f,9 € RIX], g #0,C(f)" € C(9)"},

where C(f) denotes the content of the polynomial f(X) (i.e., C(f) is the ideal of
R generated by the coefficients of f). It is known that Kr(R, ) is a Bézout domain
with quotient field K (X) such that Kr(R,x) N K = R (see Theorem 1.1.9).

Given any two star operations x; and xo on R, we say that x; and %9 are equivalent
(and we write x; ~ *9) if they agree on finitely generated ideals. If x; and %o
are e.a.b. it is not hard to see that x; ~ *g if and only if Kr(R,*1) = Kr(R,*2)
(cf. Remark 1.1.14).

Although a celebrated theorem by W. Krull states that an integrally closed do-
main can be written as an intersection of its valuation overrings, there are in general
many possible representations of an integrally closed domain by means of its valua-
tion overrings. To each such representation can be associated an e.a.b. star operation
(see Theorem 1.1.8). As a consequence of Krull’s intersection theorem, an integral
domain admits an e.a.b. star operation if and only if it is integrally closed.

Let us denote by Zar(R) the set of valuation rings of K containing R. Suppose
¥ C Zar(R) is such that R = (\y;cx, V. Then the application I +— I*> := (\,c5, IV
is an e.a.b. star operation (see Theorem 1.1.8). Moreover Theorem 1.1.15 shows
that an e.a.b. star operation on R is equivalent to a star operation *y, for a suitable
Y C Zar(R).

Hence, equivalence classes of e.a.b. star operations, and consequently the number
of distinct Kronecker function rings, are closely related to representations of R as
intersection of its valuation overrings.

Suppose ¥ C Zar(R) is such that (o5, V' = R, we say that W € ¥ is irredundant
for the representation if (({V € X:V # W} D R. If every W € X is irredundant
then we say (,cx V(= R) is an irredundant representation of R (cf. Definition
2.1.2).



In [24, Theorem 1.7|, R. Gilmer and W. Heinzer proved that if a Priifer domain
has an irredundant representation, then it is the unique such representation. We
recall their result in Theorem 2.1.3.

The valuation overrings of Kr(R,x), for an e.a.b. star operation x, are given
by Gaussian extensions of valuation overrings of R (for more details on Gaussian
extensions see the discussion at page 13). Hence, denoting by V? the Gaussian
extension to K(X) of a valuation ring V' of K, we have that an irredundant repre-
sentation (5 V of R lifts to an irredundant representation (5, V? of Kr(R, x5
for some e.a.b. star operation depending on ¥ (see Proposition 2.1.7). Reciprocally
if a maximal Kronecker function ring of R has an irredundant representation, this
representation restricts in K to an irredundant representation of R (see Proposition
2.1.8).

So, if an integrally closed domain with a unique Kronecker function ring has an
irredundant representation, then it is the unique such representation (see Corollary
2.1.9). More precisely, an integrally closed domain has at least as many distinct Kro-
necker function rings as the number of irredundant representations of the domain. In
general, an integrally closed domain may not have any irredundant representation
and either one or more Kronecker function rings. For an example of such situa-
tion it is enough to consider a Priifer domain that does not have an irredundant
representation (cf. Examples 2.1.6 (b)).

If I is an ideal of the integral domain R, an element x in the quotient field K of

R is integral over I, provided there exist a; € I’ such that:

1

" +az" 4+ -+ ap_1z +a, =0.

By |50, Theorem 1, Appendix 4|, the set I consisting of the elements of K integral
over the ideal I, i.e. the integral closure of I, coincides with the ideal ﬂVEZar( R) 1V,
called the completion of I.

An integrally closed domain, then, has a unique Kronecker function ring if and
only if every e.a.b. star operation is equivalent to the b-operation (or integral closure
of ideals, or completion), which coincide, by using the language introduced before,
with the star operation y;, where ¥ = Zar(R). In particular, an integrally closed
domain with a unique Kronecker function ring has a rather simple Zariski space, so
that it is not possible to generate non equivalent representations of the domain itself.

K. A. Loper called domains having a unique Kronecker function ring, vacant
domains, to point out this “lack” in valuation overrings. We will use the same

terminology throughout.



Definition. An integrally closed domain is wvacant if it has a unique Kronecker

function ring.

In Chapter 2 we tackle the problem of characterizing vacant domains from dif-
ferent points of view.

We start by studying the property of having a unique Kronecker function ring
for distinguished classes of domains of classical ideal theory. We prove that the most
celebrated classes (whose definitions are recalled later), i.e. Krull domains, PxMD’s,
where x is any star operation, GCD-domains and more in general generalized GCD-
domains, have a unique Kronecker function ring if and only if they are Priifer.

In Section 2.3 we give characterizations of integrally closed domains having a
unique Kronecker function ring, by studing their Zariski space and the integral clo-
sure of finitely generated ideals (Theorem 2.3.1). We deduce a new characterization
of Priifer domains as integrally closed domains for which whenever I is a finitely
generated ideal, I” is flat.

Motivated by what is to our knowledge the only example in literature of a non-
Priifer vacant domain (namely, |23, Example 12, Section 32]), Section 2.4 is devoted
entirely to the study of pseudo-valuation domains (in brief, PVD’s; the definition is
recalled in Section 1.4). We prove, in Theorem 2.4.9, that having a unique Kronecker
function ring for an integrally closed PVD R with maximal ideal M and associated
valuation overring V', is equivalent to the requirement that the transcedence degree
of the residue field V/M over R/M is 1. For our proof we added the hypothesis that
the field V/M is a finite extension of a transcendental extension of R/M.

In order to build new examples of non-Priifer vacant domains, in Section 2.5, we
study how the uniqueness of the Kronecker function ring is preserved in a pullback
diagram. We prove in Theorem 2.5.1, that an integrally closed domain R with a
divided prime ideal P (i.e. a prime ideal for which P = PRp), such that Rp is a
valuation domain, has a unique Kronecker function ring if and only if so has R/P.
In particular it will immediately follow that the CPI extension of a domain R with
respect to a prime ideal P (i.e., the pullback 7—(R/P), where 7 is the canonical
projection of Rp onto Rp/PRp), for which Rp is a valuation domain has a unique
Kronecker function ring if and only if R/P has a unique Kronecker function ring.

By means of the results collected, we give in Section 2.6 new examples of domains
having a unique Kronecker function ring. We construct quasi-local domains with
this property which are neither valuation domains, nor pseudo-valuation domains.
We give next two ways to build semi-quasi-local domains with a unique Kronecker

function ring and a pre-assigned number of maximal ideals such that the localization



in each of those is not a valuation domain.

In 2001 two generalizations of the concept of Kronecker function rings were pro-
posed: one by F. Halter-Koch [25], and the other one by M. Fontana and K. A. Loper
[16, 17]. Halter-Koch’s construction starts from an axiomatization of two properties
of the classical Kronecker function ring, whilst the Fontana - Loper approach uses
semistar operations (see |38, 39]). According to Halter-Koch’s axiomatization, if F' is
a field and X is an indeterminate over F', an F'-function ring is a domain H C F(X)
such that:

(Ax1) X, X! e H;
(Ax2) for all f € F[X], f(0) € fH.
(cf. Definition 1.3.12).

It is easily seen that the Gaussian extension to F'(X) of a valuation ring V' of F’
satisfies (Ax1) and (Ax2). Moreover any intersection of F-function rings is still an
F-function ring, so that every Kronecker function ring of a domain with quotient field
F is an F-function ring (cf. Remark 1.3.13). In general when H is an F-function ring
such that H N F has quotient field F', then H is a Kronecker function ring of R (in
the sense that there exists an e.a.b. star operation x on R such that H = Kr(R, x)).
However, the notion of F-function ring does not require that H N F has quotient
field F'. Thus H N F can even be a field and, in this case, for lack of fractional ideals,
it is not possible to build a star operation on K := H N F to make H a Kronecker
function ring.

In Chapter 3 we show that by shifting focus to projective model we can introduce
ideals in this context and build projective star operations to deduce F-function rings
in a way very similar to the classical one. These results are a joint work with
O. Heubo.

Let F be a field and R a subring (possibly a field) of F. We denote by Zar(F'/R)
the Zariski space of F' over R and keep the notation Zar(R) when F' is the quotient
field of R. A natural topology, called the Zariski topolgy, can be introduced on
Zar(F/R) by taking as an open basis the sets of the form:

U(z1y. .. zn) ={V € Zar(F/R) : z, € V, Vi=1,...,n},
for all finite subsets {z1,...,2,} C F. The set of prime ideals Spec(R) of R, is
endowed with the Zariski spectral topology. There is a continuous map:

¢ : Zar(F/R) — Spec(R)
V — P:=MynD,



where My is the (unique) maximal ideal of the valuation ring V.

This construction can be generalized, to include also the case in which R is a
subfield of F', by introducing the concept of complete model. We denote by L(F/R)
the set of quasi-local domains S, such that R C .S C F. A basis for a topology on
L(F/R) is given by the following collection of open sets:

W(z1,...,2n) :={S € L(F/R) : z; € S}, for all finite subsets {z1,...,2,} C F.

With this construction, Zar(F/R) is a topological subspace of L(F/R) and the in-
duced topology coincides with the Zariski topology on Zar(F/R) (see the discussion
at page 59).

For any domain T, with RC T C F, V(T) := {Tp : P € Spec(T)} is a subset of
L(F/R), and a topological subspace, homeomorphic to Spec(T).

A complete model of F over R is then a collection M := |J;_, V(R;), such that:

(M1) R C R; C F and each R; is finitely generated over R;
(M2) for each V' € Zar(F'/R) there exists a unique S € M dominated by V.

If the R;’s are such that R; = R[i—?, ol %], for some finite set {xg,...,z,} C F,
the model M = |J;-_, V(R;) is called a projective model. (A quick overview on model
and ideals in models will be given in Section 3.1. More details can be found in |50,
Ch. VI, § 7] and [1, § 6, p.167]).

If F:= K(Y1,...,Y,) is a purely transcendental extension of K we can associate
to Zar(F'/K) a projective model of F' over K, such that all the R;’s can be chosen to
be integrally closed and have quotient field F' (see [50, Lemma 1, Ch. VI, § 17] and
[50, pages 119-120]). It is possible indeed to take the underlying domains as R; :=
K[%, A %, YlTZY"] With a change of variables we have that R; = KB((—?, A ))%;]
and the model M = |J;_, V(R;) can be endowed with a scheme structure, precisely

it can be viewed as the projective scheme Proj(S) where S := K[Xo,..., Xy].

With this new setting we can consider coherent sheaves of ideals on Proj(S) and
define a projective star operation as an application from the set of coherent sheaves
of ideals into itself, satisfying the same properties of classical star operations. For
this construction we can reduce to consider homogeneous ideals of S, in view of the
bijection between the set of coherent sheaves of ideals of Proj(S) and homogeneous
saturated relevant ideals of S (see Proposition 3.2.7).

Denoting by H(S) the set of nonzero homogeneous relevant ideals of S, we shall
say that an S-submodule J of F'is a homogeneous fractional ideal if there exists a
homogeneous f € S such that fJ € H(S).



A projective star operation on S (or equivalently on Proj(S)) is a mapping * :
§(S) — §(S); I — I*, such that, whenever I € H(S) then I* € H(S), and for every
nonzero homogeneous rational function f (i.e., f = £ with g and h # 0 homogeneous
polynomials in S) in the quotient field of S and every I,.J € H(S):

(@) (f)=(f), (fI)* = fI%
(b) I C I*andif I C.J then I* C J*;
(c) I*™ := (I*)" = I".

(cf. Definition 3.3.4).

So we will consider projective star operations as maps from the set of homoge-
neous fractional ideals into itself satisfying (a), (b) and (c) above.

Projective star operations can be sometimes deduced from star operations on
S. More precisely if a star operation x on S preserves homogeneous ideals (namely
I € H(S) implies I* € H(S)), then it can be restricted to a projective star operation.
We compare then the set of star operations of S with the set of projective star
operations on Proj(S), and give examples of star operations on S preserving or
not preserving homogeneous ideals: we observe, in Section 3.2, that the identity
d-, the saturation sat, the b- and the v- operation have the homogeneous preserving
property, while for the v(I)’s operations (for which J,,y) := (I : (1 : J))) it is possible,
by choosing a suitable I, that for a homogeneous ideal J, J* is not homogeneous
(Example 3.3.6 (b)).

Because of the fact that we can move ideals of S to each of the R;’s, by using
the dehomogenization a; (see the discussion at page 61 and Theorem 3.2.3), and the
other way round, by homogenization h (see the discussion at page 62 and Theorem
3.2.4), we prove, in Section 3.3, that each projective star operation x induces a star

operation x; on each R; by defining for each ideal I of R;:

T = i ((hI)*)
This process can be reversed. If a compatibility condition between star operations on
different R;’s is given (cf. Definition 3.3.12), the projective star operation built from
those local compatible star operations xq, ..., *, is defined, for each homogeneous
ideal J of S, by:

T = sat (ﬂ h ((a’I)*2)> ’
=0
where, for each ideal J of S:

S J:={f€S:Vi=0,...,nIm; > 0such that X" f € J}.

7



In Section 3.4, we show that the projective b-operation (resp., v-operation) dehomog-
enizes to the integral closure of ideals (resp., divisorial closure of ideals) in each R;,
and observe that the saturation sat is a projective star operation which dehomog-
enizes to the identity star operation (Lemma 3.4.1, Lemma 3.4.2 and Proposition
3.4.3 for the b-operation, Proposition 3.4.5 and Remark 3.4.6 for the v-operation).
Furthermore given any projective star operation x, the composition sat o x is again
a projective star operation and dehomogenizes to the same star operations obtained
locally from x. We obtain then a bijection between the (n + 1)-tuples of compat-
ible star operations, each of those defined on one of the R;’s and projective star

operations of the form sat o —:

{*0y---,*n} sat o %
*; = star operation on R;, — * = projective star operation
*; compatible with x;, Vi, j on S

The e.a.b. property is then defined for projective star operations in the natural way
(cf. Definition 3.5.1). We prove that we can associate to such a projective e.a.b. star
operation a projective Kronecker function ring, PKr(S, sat o x), which turns out to
be an F-function ring (cf. Corollary 3.5.6), and has a natural interpretation in terms
of valuations of F'. In particular, the F-function ring H = ﬂVGZar( F/K) V? coincides
with the projective Kronecker function ring PKr(S, sat o b) (cf. Corollary 3.5.9).



Chapter 1
Background results

This chapter collects the basic background results that will be used throughout
Chapter 2 and Chapter 3. To avoid heavy notations and an excess of concepts, some
of them are reformulated in a more synthetic version.

For the proofs references are given, except when the used techniques, or results,
are of particular interest for our purposes. In this latter case, for the sake of the
reader, the complete proof is included.

All rings considered are commutative rings with identity 1. A ring homomor-

phism ¢ will always satisfy ¢(1) = 1.

Notation 1.0.1. For a quasi-local domain S, we shall denote by Mg its unique
maximal ideal and by kg its residue field S/Mg.
Given I, J ideals in the integral domain R having quotient field K, we will use
the identification:
End(I)=({:I)={ze K 2zl CI}.

1.1 Star operations and Kronecker function rings

Let R be an integral domain with quotient field K. We shall denote by F(R) the set

of nonzero fractional ideals of R.
Definition 1.1.1. A star operation on R is an application:

*:F(R) — F(R)

I — I
satisfying the following properties for each I,J € F(R) and = € K \ {0}:

(x1) R* = R and (al)* = «I*;



(k) ICTI*and I C J = I* C J*
(*3) I** = (I*)* — I*,

Conditions (%1) and (%) imply that if I is an (integral) ideal of R, then I* C
R* = R is an (integral) ideal too. Moreover if J is a fractional ideal of R, then there
exists ¥ € R\ {0} such that J = I C R. Therefore, by (x1), J* = (z711)* = 27 1I*,
so that the behavior of the star operation x is completely determined by its action

on integral ideals.

Definition 1.1.2. Let x be a star operation on the integral domain R. A fractional
ideal J of R is called a %-ideal provided J* = J.

It is easily seen that, by condition (*3), J is a *-ideal of R if and only if there
exists H € §(R) such that H* = J.

Definition 1.1.3. Let x be a star operation on the integral domain R. A %-ideal .J
of R is called %-finite if there exists H € §F(R) finitely generated such that H* = J.

Each finitely generated x-ideal of R is clearly x-finite.

Basic properties of x-ideals are summarized in the following results:

Proposition 1.1.4. (|23, Proposition 32.2]) Let x be a star operation on the integral
domain R. Then for all I,J € §(R) and for each subset {I,} of F(R), we have:

(a) Oy L) = O, 10", if >, In is a fractional ideal of R.
(b) N 1a = (Na )" if Mo La # (0).
(©) (I1)* = (L7 = (I"F*)"

Given a star operation %, the set of x-ideals has in particular the following dis-
tinguished properties. Furthermore, each set of ideals S satisfying those properties

yields a star operation x having S contained in the set of x-ideals.

Proposition 1.1.5. ([23, (32.3)]) Let * be a star operation on the integral domain
R. Let S denote the set of x-ideals of R. The following hold:

(a) Each nonzero principal ideal of R can be expressed as an intersection of a set
of elements of S.

(b) If J € S and if x € K \ {0}, then zJ € S.

10



Proposition 1.1.6. (|23, Proposition 32.4|) Let S be a subset of F(R) satisfying (a)
and (b) of Proposition 1.1.5. For J € §(R), we define J* to be the intersection of

the set of elements of S which contain J. Then J — J* is a star operation on R.

Proposition 1.1.4 and Proposition 1.1.5 suggest that a special x-multiplication
can be defined for x-ideals. In fact, although in general (IJ)* # I*J*, we have,
by (c) of Proposition 1.1.4, that (I*J*)* = (IJ)*, and we can define I* x J* :=
(I*J*)* = (IJ)*. Some star operations enjoy good cancellation properties with
respect to x-multiplication and form, from our point of view, an important class of

star operations.

Definition 1.1.7. Let R be an integral domain. A star operation x on R is arit-
metisch brauchbar or, in brief, a.b. (resp., endlich aritmetisch brauchbar, or, in brief,
e.a.b.), provided:

(IJ)*C(IH)" = J"CH*

for all I, J, H € F(R), I finitely generated (resp., I, J, H finitely generated).

It follows directly by definition that an a.b. star operation is also e.a.b.. The
reverse implication is not true in general. A counterexample has been recently pre-
sented by M. Fontana and K. A. Loper in [20].

The following result gives an alternative method to build star operations. This
process will be widely used later, in view of the fact that an e.a.b. star operation can

be always associated, up to equivalence, to an e.a.b. star operation built as follows.

Theorem 1.1.8. (|23, Theorem 32.5]) Let R be a domain with quotient field K,
and assume {Ry} is a family of overrings of R such that R =, Ra. If I € §(R),
we define I* := (\, IR,. Then the mapping I — I* is a star operation on R and
IR, = I*R,, for each I € F(R) and each . If each Ry is a valuation ring, then this

star operation is a.b..

A star operation associated to a family of valuation overrings {V5 },er, as in The-
orem 1.1.8, was classically called a w-operation (cf. [23, Section 32|). Later the name
w-operation was used in a different sense to denote a precise star operation, that
will be introduced in Section 1.3. Hence, to avoid confusion and also to emphasize
the family I' to which the chosen valuation domains belong to, we will denote by *r
the star operation associated to the family I', as in Theorem 1.1.8. We will use the

name w-operation with the meaning it has nowadays.

Given a domain R and a polynomial f € R[X], we denote by C(f) the content
of f, i.e. the ideal of R generated by the coefficients of f.

11



Each integral domain, endowed with an e.a.b. star operation, can be associated to
a Bézout domain, living in a larger quotient field. Nevertheless, the starting domain

is strictly related to such a Bézout domain:

Theorem 1.1.9. (|23, Theorem 32.7]) Let R be an integral domain with quotient
field K. Let x be an e.a.b. star operation on R. Let

Kr(R,x) :={f/g]f,0# g€ RIX], C(f)" € C(g)"}.
Then:
(a) Kr(R,*) is a domain with identity with quotient field K (X); Kr(R,*)NK = R.
(b) Kr(R,*) is a Bézout domain.
(c) If I is a finitely generated ideal of R, then I* = IKr(R,*) N R.

If x is an e.a.b. star operation on the domain R, Kr(R, ) is called the Kronecker
function ring of R with respect to the star operation * and the indeterminate X.
Since a Kronecker function ring is a Bézout domain, hence an integrally closed

domain, by (a) of Theorem 1.1.9 the following corollary is straightforward.

Corollary 1.1.10. (|23, Corollary 32.8|) If an integral domain R admits an e.a.b. star

operation, then R is integrally closed.

It is easily seen that the converse of Corollary 1.1.10 is also true. For, let R be
an integrally closed domain and, as in the Introduction, denote by Zar(R) the set
of valuation overrings of R (the set, or more precisely, the topological space Zar(R),
will be widely investigated in Section 1.2). Consider the mapping from §(R) into
itself that associates to I € F(R) the fractional ideal I° := (vezar(r) IV Since R
is integrally closed R? = ﬂVeZar(R) V = R and, by Theorem 1.1.8, b is an e.a.b. star
operation on R. This construction corresponds to a well-known star operation, called
the b-operation (see Examples 1.1.17 (b)).

It follows that an integral domain R admits an e.a.b. star operation if and only if
b is a star operation on R. Hence for each integrally closed domain we can consider
the Kronecker function ring Kr(R,b) and, whenever we assume an integral domain
to admit a Kronecker function ring, we need that the domain is integrally closed, by
Corollary 1.1.10.

12



Given a valuation v of a field K with values in an ordered abelian group I'; if X

is an indeterminate for K, the mapping
w: K[X] — TU{c0}
n ; 00 if f=0;
f = Zi:o aiX — w(f) = {

ming<j<n(v(a;)) otherwise.

induces a valuation, v°, of K(X) by defining for each f,g € K[X]\ {0}, v*(f/g) :=

b

w(f) —w(g). The valuation v° is called the Gaussian extension, or the trivial exten-

sion, of v to K(X) and enjoys the following properties:

(a) v extends the valuation v, namely the restriction v° |g= v;

(¢) the class X of the residue field of v° is transcendental over the residue field of v.

For more details on the trivial extension of a given valuation the reader may refer
to [12, Section 2| and [23, Section 18§].
The following results show how the valuation overrings of an integrally closed

domain R are related to the valuation overrings of a Kronecker function ring of R.

Theorem 1.1.11. (|23, Theorem 32.10]) Let R be an integrally closed domain with
quotient field K and let x be an e.a.b. star operation on R, with Kronecker func-
tion ring Kr(R,*). If W is a valuation overring of Kr(R,x), then W is the trivial
extension of W N K to K(X).

Theorem 1.1.12. (|23, Theorem 32.11|) Let R be an integrally closed domain with
quotient field K and let {V\}xea be a family of valuation overrings of R such that
R = (Nyea V- Let %5 : I +— I™ be the e.a.b. star operation induced by the family
{Va}rea (as in Theorem 1.1.8). Let Kr(R,xp) be the Kronecker function ring of R
with respect to xa, and, for each X € A, let V)f’ denote the trivial extension of Vy to
K(X). Then Kr(R,x)) = Nyep V¥

The problem to determine the number of Kronecker funciton rings admitted by an
integrally closed domain cannot be solved just by looking at the number of distinct
e.a.b. star operations on the domain. In fact, different e.a.b. star operation may
induce the same Kronecker function ring. It is possible anyway to introduce, on the
set of star operations on a given domain, an equivalence relation, which, restricted to
e.a.b. star operations collects together star operations defining the same Kronecker

function ring.
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Definition 1.1.13. Let x; and x be star operations on the domain R. Then % is

equivalent to *3, and we write x; ~ xo, if for each finitely generated ideal I of R,
I =2,

Remark 1.1.14. (|23, Remark 32.9]) It is easily seen that if x; and 9 are e.a.b. star
operations on the (integrally closed) domain R, then x; ~ 9 if and only if Kr(R, *1) =
Kr(R,*2). For suppose x; ~ %9, and let f,0 # g € R[X]. The content C(f) (resp.,
C(g)) is a finitely generated ideal of R, hence, by assumption, C(f)*! = C(f)*?
(resp., C(g)** = C(g)*?). Therefore

Flg € Ki(R, %) & C(f)* C C(g)"* & C(f)*2 C Cg)*2 & f/g € Kr(R, %),

so that Kr(R, ;) = Kr(R, *2).
For the converse it is enough to apply (c¢) of Theorem 1.1.9 to conclude that, for
each finitely generated ideal I of R, I = IKr(R,*1) N K = IKr(R,*2) N K = I*2.

Furthermore, as shown in the following theorem, in each equivalence class of

e.a.b. star operations there is a distinguished representative of the form *y.

Theorem 1.1.15. (|23, Theorem 32.12]) Each e.a.b. star operation on an integrally

closed domain R is equivalent to a star operation of the form *x. for some ¥ C
Zar(R).

We introduce now some of the most commonly used star operations. Other
examples require more advanced tools and will be given in Section 1.3. We start

with a result that yields a whole family of star operations.

Proposition 1.1.16. (|29, Proposition 3.2]) Let R be an integral domain and I an
ideal of R. If (I : I) = R, then the mapping J — J°D) = (I : (I : J)) is a star

operation on R.

Examples 1.1.17. (a) The identity star operation d, such that, for each I € F(R),

I? := T is trivially a star operation for any domain R.

(b) The integral closure b, for which I° := ﬂVEZar(R) IV, is a star operation on R
if and only if R is integrally closed (in fact R® = R if and only if R is integrally

closed). In this case, b is an a.b (hence e.a.b.) star operation by Theorem 1.1.8.

(¢) The divisorial closure v, for which IV := (R : (R : I)), is a star operation for
any domain R (cf. [23, Theorem 34.1 (1)]).
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(d) If R is integrally closed, then (I : I) = R for each nonzero finitely generated
ideal I of R (cf. |23, Proposition 34.7|). Hence, by Proposition 1.1.16, every
finitely generated ideal I of an integrally closed domain defines a star operation

of the form v(I). In this setting, the divisorial closure v = v(R).

Given an integrally closed domain R with quotient field K, the collection of
Kronecker function rings of R is a poset with respect to inclusion. Moreover if Sp
and S are Kronecker function rings of R, then each T such that S; C T C S5 is
still a Kronecker function ring of R. The set of Kronecker function rings of each
integrally closed domain R has a minimum, namely Kr(R,b), but may not have any

maximum element. The following results summarize all these properties.

Theorem 1.1.18. (|23, Theorem 32.15]) Let R be an integrally closed domain with
quotient field K, and let Kr(R,b) be the Kronecker function ring of R with respect

to the b-operation.

(a) If S is an integrally closed overring of R, then for each e.a.b. star operation
* on S, the Kronecker function ring Kr(S,«) is an overring of Kr(R,b) such
that Kr(S,x) N K = S.

(b) If T is an overring of Kr(R,b), then T is a Kronecker function ring of TN K.
By Theorem 1.1.18 (a) has an immediate consequence:

Corollary 1.1.19. (|23, Corollary 32.14|) Each Kronecker function ring of an in-
tegrally closed domain R contains Kr(R,b), the Kronecker function ring of R with

respect to the b-operation.

It follows from (b) of Theorem 1.1.18 that the set of Kronecker function ring of
an integrally closed domain R with quotient field K, is completely determined by
those overrings 1" of Kr(R, b) such that 7N K = R. Although the set of Kronecker
function rings of R has always a minimum and an easy application of Zorn’s Lemma
shows that maximal elements exist, it is hard in general to determine them. We will
give some more details on this problem in Section 2.1, since it is partially related to
the representations of the domain R as an intersection of its valuation overrings.

An exception is given by the class of domains we are going to introduce, i.e. the
class of v-domains. As we will see, such domains have always a Kronecker function

ring which is the largest.

Proposition 1.1.20. (|23, Theorem 34.1 (4)|) Let R be an integral domain with
quotient field K. If x is a star operation on R, then, for each I € F(R), I™! :=
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(R : I) is a x-ideal. In particular IV is a *-ideal and I* C IV. If I,J € F(R),
then I* C J* implies IV C JV. Therefore if the v-operation on R is e.a.b., then the
Kronecker function ring of each e.a.b. star operation on R is contained in Kr(R,v),

the Kronecker function ring of R with respect to the v-operation.

Definition 1.1.21. An integrally closed domain R such that the v-operation on R

is e.a.b. is called a v-domain.

Recall that if R C S is a ring extension, an element s € S is almost integral
over R if all powers of s belong to a finite R-submodule of S. The ring R is said
completely integrally closed in S if every element of S, almost integral over R, is in
R. A domain is completely integrally closed if it is completely integrally closed in its
quotient field.

Examples of v-domains are completely integrally closed domains (cf. |23, Theo-
rem 34.3|) and Priifer domains (cf. |23, Proposition 32.18]).

1.2 The Zariski space and the space of integrally closed

overrings of a domain

Definition 1.2.1. Let R be a domain (possibly a field) contained in a field K. The

Zariski space of R with respect to K is the set of valuation rings of K containing R:
Zar(K/R) :={V : V valuation ring of K, RC V'}.

When K is the quotient field of R, as briefly mentioned in Section 1.1, we will
simply write Zar(R) rather than Zar(K/R).

Let V € Zar(R). It is well-known that My N R is a prime ideal of R. In general,
an application between Zar(R) and the set of prime ideals of R, Spec(R), can be

considered:

¢ :Zar(R) — Spec(R)
V — MyNR
The set Spec(R) is endowed with the Zariski spectral topology, i.e. the topology
having as an open basis the complements of the form D(f) := Spec(R) \ V(f) =
{P € Spec(R) : f ¢ P}, for f € R (cf. [4, Exercises 15 and 17]).

A natural question is whether there exists a topology on Zar(R) making ¢ a
continuous map. O. Zariski gave a positive answer to this question introducing
the following topology on Zar(R) (see [50, Ch. IV, § 17|): for each finite subset
{z1,...,2} of K define

Ur(z1,...,zn) ={V € Zar(R) : z; € V, Vi =1,...,n} = Zar(R[z1, ..., zy]).
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It is easily seen that these sets verify the axioms for an open basis of a topology on
Zar(R).

It is not hard to prove that ¢ is also surjective and closed (see |23, Theorem 19.6]
and [6, Theorem 2.5]). Hence the map ¢ is close to being an isomorphism, but it is
not injective except in rare cases, precisely, in the integrally closed case, if and only
if R is a Priifer domain (|6, Proposition 2.2|).

Although the map ¢ is not a homeomorphism, Zar(R) turns out to be a spectral
space, meaning that there exists a ring S such that Zar(R) is homeomorphic to
Spec(S). In |6, Theorem 4.1] it is shown that, for any domain R, Zar(R) satisfies
M. Hochster’s necessary and sufficient conditions for a topological space in order to
be a spectral space (cf. [31, Proposition 4]). Later, in [8], D. Dobbs and M. Fontana
present a homeomorphism between Zar(R) and Spec(Kr(R, b)), where R denotes the
integral closure of R. So they find an explicit construction, which works for any

integral domain R, of a ring whose prime spectrum is homeomorphic to Zar(R):

Theorem 1.2.2. (|8, Theorem 2|) Let R be an integral domain. Then Zar(R) is
homeomorphic to Spec(Kr(R,b)).

For an integral domain R, the homeomorphism built in [8, Theorem 2|, is given
by:
¢ : Zar(R) — Spec(Kr(R,b))
V o My NKr(R,b)

It is easily seen that ¢ is a bijection. In fact, ¢ is obtained as the composition of

the following applications:
Zar(R) L Zar(R) -2 Zar(Kx(R, b)) -2 Spec(Kr(R, b))

As observed earlier, since Kr(R,b) is a Bézout (hence a Priifer) domain the
application ¢ is a homoeomorphism, in particular, a bijection. Moreover Theorem
1.1.11 and Theorem 1.1.12 imply that if the Kronecker function ring of an integrally
closed domain is taken with respect to the b-operation, then the correspondence
o : Zar(R) — Zar(Kr(R,b)), V — V? is one-one.

Therefore 1 is a bijection. Furthermore ¢ and the identity id are homeomor-
phisms. The fact that ¢ is a homeomorphism too is guaranteed by the following

proposition:

Proposition 1.2.3. ([8, Lemma 1|) If R is an integrally closed domain with quotient
field K, then the bijection o : Zar(R) — Zar(Kr(R,b)) is a homeomorphism.
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Proof. It is easily seen that:

O—(Z/{R(xh RN x’ﬂ)) = uKr(R,b) (xlv s 71.77»)7

so that ¢ is an open map.
As o is a bijection, it now suffices to show that o~! maps the typical subbasic
open set L{KT(R,b)(a) to an open set. The case o = 0 is trivial. If a # 0, we can write

in lowest terms:
agta X 4+ ap X"

T bt b X 4t by X

with all the a;’s and b;’s in K. Let v denote the valuation associated to the valuation

domain V. Ignoring possible vanishing coefficients, we have:

J_l(LlKr(R,b) () = {V € Zar(R) : o € Vb} =
= {V € Zar(R) : inf{v(a;)} > inf{v(b;)}} =
= U {V € Zar(R) : v(a;) < wv(ax) YA, v(b;) <v(by) VY, v(a;) > v(bj)} =

1,]
:UZ/{R<{%:1§/\§n}u{b*‘:1§u§m}u{a"}).
i,J @i bj bj

Thus o~ (Uky(rp)()), as a (finite) union of open sets, is open and ¢ is continuous.
O

The correspondence established, for an integrally closed domain R, between
Zar(R) and Spec(Kr(R,b)), led recently to two different generalizations. On one
side O. Heubo proved that the Zariski space Zar(K/R) is spectral, also in the case
in which K is not the quotient field of R. In Heubo’s result R may even be a field.
This result will be recalled in Section 1.3.

In another direction, B. Olberding considered a natural extension W of ¢ to larger
spaces, i.e. the space of integrally closed overrings of an integral domain R and the
space of prime semigroup ideals of the Kronecker function ring Kr(R, b). He showed
that, given an integrally closed domain R, even though ¥ may not be surjective, the

homeomorphism is preserved on the image of W.

Definition 1.2.4. [41, Section 2|. Let R be an integral domain with quotient field
K. We define the space of integrally closed overrings as the set:

Over(R) :={S: RC S C K, S integrally closed},
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endowed with the Zariski topology whose basic open sets are of the form:
Er(z1,...,2y) :={S € Over(R) : z; € S,Vi=1,...,n},
for {z1,...,x,} that ranges over the finite subsets of K.

In this setting Zar(R) is a subset of Over(R) and the Zariski topology of Over(R)
induced on Zar(R) coincides with the Zariski topology on Zar(R).
In order to generalize Theorem 1.2.2 we need to consider on the set Over(R) a

topology finer than the Zariski topology.

Definition 1.2.5. Let Over(R) be the set of integrally closed overrings of an inte-
gral domain R with quotient field K. The b-topology on Over(R), is the topology

generated by declaring as subbasic open sets those of the form:
Egr(I,J) = {5’ € Over(R) : I C Jbs},

where I, .J are finitely generated R-submodules of K, and bg denotes the integral

closure of J in S.

We will see in Section 1.3 that such a bg belongs to a large class of applications

that generalize star operations, namely semistar operations.

Proposition 1.2.6. ([41, Proposition 2.5]) Let R be an integrally closed domain.
The mapping
h:Over(R) — Over(Kr(R,b))
S — Kr(S,b)

is a homeomorphism of Over(R) onto its image in Over(Kr(S,b)) with respect to the
b-topology.

Proposition 1.2.7. ([41, Corollary 2.8|) If R is an integrally closed domain, then
the subspace topology on Zar(R) induced by the b-topology on Over(R) is the same
as the Zariski topology on Zar(R).

Moreover the Zariski topology and the b-topology coincide on Over(R) when R
is a Priifer domain (cf. [41, (2.2)]).

Definition 1.2.8. Let R be an integral domain. A semigroup ideal is a subset J of
R such that for all x € R, zJ C J. A semigroup ideal J is prime if whenever x,y
are elements of R such that xy € J, then z € J or y € J.
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As observed in [41, (2.3)] a nonempty subset P of R is a prime semigroup ideal
if and only if R\ P is a saturated multiplicatively closed subset of R. Hence, P is a

prime semigroup ideal of R if and only if P is a union of prime ideals of R.

Definition 1.2.9. Let R be an integral domain. The space of prime semigroup
ideals of R is the set S(R) of prime semigroup ideals of R together with the topology

obtained by declaring as basic open sets:
'DR<1‘1,...,.’L'H) = {PE S(R) 1T ¢P, Vi = 1,...,77,},
where z1,...,z, € R.

Given an integrally closed overring S of the integral domain R, it is easily seen

that the following set is a prime semigroup ideal of R:
Psg:={reR:2S5#S}.

Recall that an integral domain R is a QR-domain if every overring S # K of R
is a quotient ring of R, namely, S = Rp, (cf. |23, Section 27]). A QR-domain is

necessarily Priifer and Bézout domains are QR-domains (cf. |23, Theorem 27.5]).
Lemma 1.2.10. (|41, Lemma 2.10]) If R is a QR-domain, then the mapping:

g:Over(R) — S(R)
S — Pg

18 a homeomorphism with respect to the b-topology.
Hence, by means of Proposition 1.2.6 and Lemma 1.2.10, we have:

Theorem 1.2.11. ([41, Theorem 2.11]) If R is an integrally closed domain, then
the mapping:
U : Over(R) — S(Kr(R,b))
S — Pry(sp)

is a homeomorphism of Over(R) onto its image in S(Kr(R,b)) with respect to the
b-topology on Over(R).

The previous result will be used in Section 2.3 (precisely in Proposition 2.3.7) to
characterize integrally closed domains having a unique Kronecker function ring and
such that each integrally closed overring has a unique Kronecker function ring too

(we will call such domains totally vacant domains).
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1.3 Semistar operations and generalizations of Kronecker

function rings

The notions of star operation and Kronecker function ring led to two major devel-
opements. On one side A. Okabe and R. Matsuda introduced in [38, 39| the more
general concept of a semistar operation. This approach was followed afterwards by
many authors and, in particular, by M. Fontana and K. A. Loper. In [16, 17, 19|
they associated a more general kind of Kronecker function ring to semistar opera-
tions and the classical Kronecker function rings are completely included in the class
introduced by Fontana and Loper.

On the other hand, F. Halter-Koch axiomatized two main properties of Kronecker
function rings and defined the notion of F-function ring (cf. [25]). We will give an
overview on F. Halter-Koch’s generalization, since the concept of F-function ring is
crucial for our results in Chapter 3. We will recall also the main definitions and
properties of semistar operations. In fact, even if this work is focused basically on
star operations, we will apply some of the results on semistar operations to the more
restrictive case we consider.

It is worth observing that both of the approaches we just mentioned allow to
build a function ring for every domain, hence, not necessarily integrally closed, and
the operation associated to the function ring is not anymore required to be e.a.b..
The original purpose that motivated these new constructions, in fact, was precisely

to overcome those restrictions on the chosen domain and the star operation.

Let R be an integral domain with quotient field K. Let F(R) denote the set of

nonzero R-modules contained in K.

Definition 1.3.1. A semistar operation on R is an application: * : F(R) — J(R);
E — E* satisfying for all E, F € F(R) and z € K \ {0} the following conditions:

(1) (zE)* = zE™;
(¢0) ECE*, and EC F = E* C F*,
(x3) E** :=(E*)* = E*.

Remark 1.3.2. A star operation x can always be lifted to a semistar operation ,
by defining E* := E* if E € F(R), and E* := K otherwise. Conversely a semistar
operation * such that R* = R can be restricted to the set of nonzero fractional

ideals, i.e. its restriction to F(R) is well-defined, and induces a star operation on
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R.

Because of this property such a semistar operation is often called a (semi)star

operation.

Definition 1.3.3. Given a star operation x on R, an ideal I of R such that I* =T

is called a %*-ideal. A x-prime is a x-ideal which is also prime and a x-mazimal ideal

is a maximal element for the set of x-primes.

To each semistar operation x on R (and in particular to each star operation) it

is always possible to associate:

(a)

a semistar operation of finite type, denoted by *:
JH = U {F*: F CJ, F € §(R) finitely generated},

for all J € F(R). If x is a star operation of finite type, an application of Zorn’s
lemma shows that the set of x-maximal ideals of R, denoted by * — Max(R), is

nonempty.
A stable semistar operation of finite type, denoted by *:
J* = U {(J:I): 1 CR,I" =R, I finitely generated}

for all J € F(R) (see [17, Remark 2.8]).

(A semistar operation * is called stable if for each pair I, .J € F(R) we have that
(INnJ)y*=1I"NnJ").

An e.a.b. semistar operation of finite type, denoted by *g:
I = U {(IH)* : H*) : H € §(R) finitely generated},

if I is finitely generated, and then, for each nonzero R-module J contained in
K:
Jre = U {F* : F C J, F € §(R) finitely generated} .

(see [17, § 4]).

Definition 1.3.4. A star (resp., semistar) operation x (resp., %) on an integral

domain R is of finite type if xy = % (resp., xy = *).

It is easily seen that (xf); = x¢ so that xf is always of finite type.
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Remark 1.3.5. It is worth observing that starting from a star operation x, xy and *
are star operations too, whilst x, may not be a star operation, but a proper semistar
operation. For an example of such situation, suppose R is an integrally closed domain
which is not a v-domain. We claim that v, is not a star operation. Suppose by way
of contradiction that RY* = R. This is equivalent to (I, : I,) = R, for each [ finitely
generated (by definition of v,), and, by |23, Theorem 34.6], this holds if and only if
R is a v-domain. Hence R"* O R and v, is a proper semistar operation.
Furthermore, for each J € §(R), the following equality holds:

JF = ﬂ JRp.
Pexy—Max(R)

(cf. |17, Corollary 2.7 and Remark 2.8]).

Examples 1.3.6. Let R be an integral domain, not necessarily integrally closed.
Let K be the quotient field of R.

1. The mapping d : J +— J, for every J € F(R) is the identity semistar operation.

2. The mapping b : J +— Jb := Nvezar(ry JV» for each J € S(R) is a semistar
operation, called the b-operation. If R denotes the integral closure of R, we
have R® = R. If R is integrally closed the restriction of the semistar operation
b to the set §(R) coincides with the star operation b considered in Examples
1.1.17 (b). Moreover, it is not hard to prove that b = d,, hence b is e.a.b. and
of finite type.

3. The mapping v : J — J? := (R: (R : J)), for each J € F(R), defines a semistar
operation, called the wv-operation. Since R’ = R the semistar operation v
restricts naturally to the set §(R) and the restriction coincides with the star

operation v considered in Examples 1.1.17 (c).

4. The mapping t : J — J' := J{F": F C J, F € §(R) finitely generated}, for
each J € F(R) is the semistar operation of finite type associated to the semistar
operation v, and is called the t-operation. According to Remark 1.3.5, the
restriction of the semistar operation ¢ to the set of fractional ideals of R is a

star operation (of finite type).

5. The mapping w : J — JY :=J{(J:I): I C R, I" = R, I finitely generated},
for each J € F(R) is a semistar operation called the w-operation. the w-
operation is the stable semistar operation associated to the semistar opera-

tion v. Also in this case, as observed in Remark 1.3.5, the restriction of w
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to the set F(R) is a (stable) star operation and, for each J € F(R), J¥ =
ﬂPEt—Max(R) JRp.

It is possible to give to the set of star (resp., semistar) operations on an integral

domain a structure of a partially ordered set:

Definition 1.3.7. Given *; and %y star (resp., semistar) operations on R we say
that %1 is coarser than %o, or, equivalently, that %o is finer than %1, (and we write
*1 < *9) if the following equivalent conditions hold for any nonzero (fractional) ideal
I of R (resp. R-submodule of K):

(a) I C I*2.
(b) (I*)*2 = I*2.
(c) (I*2)* =12,

In particular, given a star operation x on the domain R, we have: x < wv, xy <t
and * < w (cf. Theorem 1.1.20).

Remark 1.3.8. Recall that the equivalence between two star operations x; and 9
on the integral domain R holds if for every I € §(R) finitely generated, I** = I*2. So
if we consider the finite type star operations (x1)s and (x2), associated to x; and %
respectively, it is easily seen that i ~ % if and only if (x1)f = (x2)s. Furthermore

every star operation x on R is equivalent to the finite type star operation x;.

As mentioned earlier, semistar operations were introduced to generalize the the-
ory of star operations holding for integrally closed domains to arbitrary domains.
Recall that an integral domain R is integrally closed if and only if (I : I) = R for
each nonzero finitely generated ideal I of R (cf. [23, Proposition 34.7]).

Definition 1.3.9. Let R be an integral domain, and * a semistar operation on R.

The semistar integral closure of R with respect to * is the domain:
RM .= U {(I": I") | I € F(R) finitely generated }.

As remarked in [11] for any semistar operation %, R* C RM and R* = R (see
[16, Proposition 4.5]).

Definition 1.3.10. Let R be an integral domain and * a semistar operation on R.

(a) R is quasi-x-integrally closed if R* = R
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(b) R is x-integrally closed if R = R

Proposition 1.3.11. ([11, Lemma 4.13]) Let R be an integral domain and * a

semastar operation on R.
(a) If * is e.a.b., then R* = RI (i.e. R is quasi-+-integrally closed).
(b) R is quasi-*-integrally closed if and only if R* is integrally closed.

More details on semistar integral closures and Kronecker function rings with

respect to semistar operations can be found, for instance, in [11, 16, 17, 19].

As pointed out in Section 1.1, a Kronecker function ring is a Bézout domain,
with good additional properties, that can be associated to a given integrally closed
domain. F. Halter-Koch considered the opposite point of view. More precisely he
studied domains having the good properties of Kronecker function rings, by axiom-
atizing two properties enjoyed by each Kronecker function ring, and he obtained a
larger class of domains. This class does not depend on a base domain, but just on a
field, that, in the classical case, coincides with the quotient field of the base domain

R.

Definition 1.3.12. Let F' be a field and X an indeterminate for F'. An F'-function
ring is a domain H C F(X) such that:

(Ax1) X and X! € H;

(Ax2) for each f € F[X], f(0) € fH.

If R=HNF, then H is called a function ring of R.

Remark 1.3.13. It is easily seen that if H is an F-function ring then (cf. [25,
Remarks 1]):

1. If Fy C F is a subfield, then H N Fy(X) is an Fp-function ring.
2. Every ring H', with H C H' C F(X) is also an F-function ring.

3. The intersection of any family of F-function rings is again an F-function ring.
Furthermore, if the chosen family consists of F-function rings of R, the inter-

section is again an F-function ring of R.

4. Every F-function ring of R is contained in a maximal F-function ring of R (by
Zorn’s Lemma) and contains a (unique) smallest F-function ring of R (namely,

the intersection of all of them).
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Conditions (Ax1) and (Ax2) are enough to obtain, for each F-function ring, all
the properties enjoyed by Kronecker function rings. Thus Kronecker function rings

associated to star operations become a subclass of Halter-Koch’s F-function rings.

Theorem 1.3.14. ([25, Theorem 2.2|) Let H C F(X) be an F-function ring and
R:=HNF.

(a) If f=apy+ a1 X+ +a,X" € F[X], then fH=aoH +a1H + -+ a,H.
(b) H is a Bézout domain with quotient field F(X).

(¢) R is integrally closed in F. In particular R is an integrally closed domain, and

the quotient field of R is relatively algebraically closed in F.

The same thorough classification made for valuation overrings of a Kronecker

function ring (cf. Theorem 1.1.11), can be found for F-function rings.

Proposition 1.3.15. Let F be a field and H C F(X) be an F-function ring. If
V € Zar(F(X)/H) then V = (VN F)°.

Proof. The proof goes exactly as the one for Kronecker function rings.

Let V be a valuation overring of H. Denote by v the valuation associated to V,
by w the restriction v | and by v® the Gaussian extension of w to F(X). We want
to prove that v = v®. It is enough to show that if o := fo+ f1 X +---+ f, X" € F[X],
we have v(a) = v*(a) (= (infoci<n(w(f;))). Since X and X! are in H C V, then
v(X) = 0. Thus, for each f € F, v(fX?) = v(f) = w(f). Therefore v(a) > v*(a).

For each i = 0,...,n, by (Ax2), fi/a € H. Hence v(a) < v(f;) = w(f;), for each
i=0,...,n. Thus v(a) < v’(a) and equality holds. O

Next we want to point out the greater generality of an F-function ring compared
to Kronecker function rings. For this purpose we propose the example that motivated

mostly our study on F-function rings (cf. Chapter 3).

Example 1.3.16. Let K C F be a field extension which is not algebraic. Consider
the Zariski space Zar(F/K). Since K C F' is not algebraic, the algebraic closure
of K in F'is strictly contained in F. The domain H := ﬂVGZar(F/K) VP is an F-
function ring. The intersection H N F is the algebraic closure Kiof Kin F. It
is straightforward to observe that, in this case, it is not possible to build a star
operation * on K" such that H is a Kronecker function ring of K" in the sense of
Section 1.1. In fact, K" being a field, it has just one nonzero ideal, and only a trivial

star operation (i.e., the identity).
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1.4 Basic properties of domains of classical ideal theory

Part of this work is devoted to a wide ranging study of a new class of domains,
namely integrally closed domains having a unique Kronecker function ring. So we
thought it was something natural to compare the class we were interested in with
distinguished classes of domains, well-known in classical ideal theory. We give here
a synthetic overview on these classes and their main properties.

In the literature there can be found a large amount of characterizations for the
domains we are going to mention. Hence, in our presentation, we just wish to point
out those properties which are relevant for our purpose. For deeper overviews we

added some references, which however might not be exhaustive either.

Proposition 1.4.1. (|23, Theorem 22.1]|) For an integral domain R the following

conditions are equivalent:
(a) Ewvery nonzero finitely generated ideal of R is invertible.
(b) For each maximal ideal M of R, Ry is a valuation domain.
(c) For each prime ideal P of R, Rp is a valuation domain.

An integral domain is a Prifer domain if it satisfies one of (equivalently, all) the

conditions in Proposition 1.4.1.

Proposition 1.4.2. (|23, Theorem 24.7 and Theorem 26.2]) For an integrally closed

domain R the following are equivalent:
(a) R is a Priifer domain.
(b) Each overring S of R is integrally closed.
(¢) Each overring S of R is a Prifer domain.
(d) Each ideal of R is integrally closed.

From the point of view of star operations, Priifer domains have a very simple

structure, as shown in the next results.

Proposition 1.4.3. (|23, Proposition 32.18|) Let R be a Priifer domain. Each star

operation on R is a.b., hence e.a.b., and any two star operations on R are equivalent.

Proposition 1.4.4. (|23, Proposition 34.12|) Let R be an integral domain. Then R

is a Priifer domain if and only if I = I* for each nonzero ideal I of R.
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Therefore Priifer domains are characterized by the condition that the star oper-

ation t is the identity.

Recall that Dedekind domains are integral domains in which each nonzero ideal is
invertible. So Dedekind domains are (one-dimensional, Noetherian) Priifer domains
(cf. |23, Theorem 37.1| or [33, Theorem 96]).

More details on Priifer domains can be found, for instance, in [14, 23, 40].

Since invertibility of ideals has an important role in characterizing domains from
an ideal-theoretic point of view, it is natural to ask what may happen when general-
izing invertibility: so, what if invertibility with respect to the identity star operation
d is replaced by invertibility with respect to a star (resp., semistar) operation? A
first answer is given in [23, Section 34| for the special case of the v-operation. Then,

in [15] and [21], the case of an arbitrary semistar operation is examined.

Definition 1.4.5. Let R be an integral domain and % (resp., *) a star (resp., semis-
tar) operation on R. A mnonzero ideal I of R is called x-invertible if (II71)* = R
(resp., (II71)* = R*).

It turns out that, by means of x-invertibility it is possible to define a new class

of Priifer-like domains, i.e. Priifer x-multiplication domains.

Definition 1.4.6. Let * be a star operation (resp., a semistar operation) on a
domain R; R is a Priifer x-multiplication domain (in brief, a PxMD) if each finitely
generated ideal I of R, is xf-invertible. (cf. for instance [15] and [21]).

So Definition 1.4.6 includes, in the special case x = v, the well-known class of
PvMD’s (cf. for instance |23, Section 34|) and, in the case x = d, one has back the
definition of Priifer domain. Furthermore, because of the fact that the set of star
(more generally semistar) operations on an integral domain is a poset having v as
maximum, if R is a PxMD, then it is also a PuMD (the proof is straightforward, and

will be given in more details in the proof of Proposition 2.2.8).

Definition 1.4.7. An integral domain R is a finite conductor domain (in brief,
an F'C-domain) if for each a,b € R the intersection aR N bR is finitely generated
(cf. [48]).

Definition 1.4.8. An integral domain R is a generalized GCD-domain (in brief, a
gGCD-domain) if the intersection of two integral invertible ideals is invertible, or,

equivalently, if the intersection of two principal ideals is invertible (cf. [2]).
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It is clear by definition that a gGCD-domain is an FC-domain.

Remark 1.4.9. In [48, Theorem 2| is shown that an integrally closed FC-domain is
a PuMD, hence also an integrally closed gGCD-domain is a PvMD. So, dealing with
integrally closed domains, we can reduce to the case of a PuMD in each of the three

cases above.

Priifer domains generalize valuation domains by globalization, i.e. a Priifer do-
main is locally a valuation domain. A different generalization is given by pseudo-
valuation domains. This class of domains shares many properties with valuation
domains and each pseudo-valuation domain is associated, in a sense that will be

clarified later, to a valuation domain.

Definition 1.4.10. Let R be a domain with quotient field K. A prime ideal P of R
is called strongly prime if whenever xy € P for z,y € K then either x € P or y € P.

Definition 1.4.11. An integral domain R is called a pseudo-valuation domain, (in

brief, PVD) if every prime ideal of R is strongly prime.

A PVD is quasi-local, more precisely its prime spectrum is linearly ordered
(cf. |26, Corollary 1.3|). Furthermore it is easily seen that each valuation domain is
a PVD. For suppose V is a valuation domain, P is a prime ideal of V', and xy € P,
with x,y in the quotient field of V. Then, if z and y are in V, either x or y is in P,
because P is prime. If z ¢ V, then 27! € V, and y = (zy)z~! € P.

Theorem 1.4.12. (|26, Theorem 2.7|) For a quasi-local domain (R, Mg) the follow-

ing conditions are equivalent:
(a) (R, MRg) is a PVD;
(b) R has a (unique) valuation overring V. with mazimal ideal Mp;

(¢c) There exists a valuation overring V in which every prime ideal of R is also a

prime ideal of V.

It is not hard to see that, even though, given a PVD R, the valuation domain
V associated to R is unique, the converse is not true. So, starting form a valuation
domain V', we can possibly have many different PVD’s with V' as associated valuation
domain. In fact, by following the same argument proposed in |26, Example 2.1], if
V = F 4+ My is a valuation domain and K is a proper subfield of F', the domain
R:= K + My is a PVD and V is its associated valuation domain. Hence, a proper
subfield K of F', K’ # K, yields K’ + My as another PVD associated to V.
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Proposition 1.4.13. (|26, Proposition 2.6]) Let R be a PVD with mazimal ideal

M. If P is a nonmazimal prime ideal of R, then Rp is a valuation domain.

Another way to characterize PVD’s is by means of pullback constructions (cf. [13]).
In fact, every PVD arises as the pullback of a valuation ring V' with a subfield F' of
the residue field ky of V over ky:

Ri=7nYF)—>F

7

s kv

In fact if R is a PVD with maximal ideal M, then by Theorem 1.4.12, V = End(M)
is the unique valuation overring of R having M as maximal ideal. Then, by choosing
F := R/M we have the desired pullback diagram. Conversely if R is the pullback
77 1(F) then R is quasi-local with maximal ideal M (cf. [13, Proposition 2.1]). So,
by Theorem 1.4.12 (b), R is a PVD.

The analogues of Priifer domains for PVD’s are given by those domains which
are locally PVD. These domains have been studied by D. Dobbs and M. Fontana in

17].

Definition 1.4.14. An integral domain R is a locally pseudo-valuation domain (in
brief an LPVD) if R)ys is a PVD for each maximal ideal M of R.

In [7, Proposition 2.2] is shown that an integral domain R is an LPVD if and only
if every prime ideal of R is locally strongly prime, namely, for each P € Spec(R),
PRp is strongly prime in Rp.

To conclude we recall that, following H. Matsumura (cf. [36, Section 12]):

Definition 1.4.15. A domain R with quotient field K is a Krull domain if R =
Mxca Ba, where each Ry is a DVR and the family {Ry},., has finite character
(i.e. each nonzero z € K is invertible in all but finitely many Ry). The family

{R)} ¢y is called a defining family for R.

Remark 1.4.16. It is worth remarking that sometimes the definition of Krull do-
main includes also the condition that each R is a localization of R at a height-one
prime ideal. Actually this additional requirement is not restrictive, in fact, as shown
in [36, Theorem 12.3], a Krull domain always admits a defining family consisting

of localizations at height-one primes. The reason for including the existence in the
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definition is because such a defining family is uniquely determined and is a mini-
mal defining family, so that it is sometimes called the defining family for the Krull

domain R.

A Krull domain, being an intersection of completely integrally closed domains,
is itself completely integrally closed. In particular each Krull domain is a v-domain.

Moreover the following characterization will be very useful:

Proposition 1.4.17. (|32]) An integral domain R is a Krull domain if and only if
(II7Y)t = R for each nonzero ideal I of R.
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Chapter 2

Integral domains having a unique

Kronecker function ring

2.1 Representations of an integrally closed domain

Definition 2.1.1. Let R be an integrally closed domain with quotient field K. Let
Y. be a subset of Zar(R), such that:

R= (V.

vVex

Then we say that X is a representation of R.

For some classes of domains the possible (or, in some cases, effective) representa-
tions admitted has been completely characterized, but it is still of interest to know
what happens in the general case. Evidently the more complicated is the set of
valuation overrings of the domain, the more varied are representations that can be
generated. We will focus on irredundant representations, as we mean in the following
definition. In general, representations are involved also in different kinds of problems,
for instance, to determine the domains in between a given domain and the quotient
field, or related to topological properties of the Zariski spaces (cf. [24, 35, 41, 42, 43]).

Definition 2.1.2. Let 3 be a representation of an integrally closed domain R. An
element W € ¥ such that N{V € X:V # W} D R is called irredundant for the
representation Y. If each W € X is irredundant, we say that X is an irredundant

representation of R.

It is well-known that a Krull domain R has always an irredundant representation.

This representation is obtained by intersecting the members of the defining family of
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R (cf. Remark 1.4.16). Even Krull domains, for which the existence of an irredundant
representation is guaranteed, may fail the uniqueness of such representation. For
instance a 2-dimensional UFD is a Krull domain and has infinitely many irredundant
representations (to generate such representations it is enough to replace one of the
DVR’s W, with a 2-dimensional valuation domain V' C W).

Priifer domains have a sort of the opposite property. A Priifer domain may not
have any irredundant representation, but if it does, the representation is unique and
the valuation overrings it consists of are characterized in the following way.

Let R be a Priifer domain. Let F denote the set of the maximal ideals M of R
having the following property: there is a finitely generated ideal I of R such that M

is the unique maximal ideal of R containing I.

Theorem 2.1.3. (|24, Theorem 1.7|) Let R be a Prifer domain, and let {P,} be
a collection of prime ideals of R such that R = (1, Rp,. If the representation R =
N Rp, is irredundant, then {Py,} = F.

Corollary 2.1.4. (|24, Corollary 1.8]) A Priifer domain R has an irredundant rep-
resentation if and only if R = (\y;er Ryt

Corollary 2.1.5. (|24, Corollary 1.9]) If a Prifer domain R has an irredundant

representation, then it is unique.

Examples 2.1.6. (a) A very easy example of a Priifer domain having an irredun-
dant representation is given by the integers Z = ﬂpEZ Z(p), where p ranges over

the prime numbers. This is in fact also a Krull domain.

(b) Another example of a Priifer (in fact a Bézout) domain having an irredundant
representation is given by the domain F consisting of the entire functions over C
(i.e., complex functions which are analytic in the whole plane). In this case the
family F consists of those maximal ideals associated to the points of C, called
fized maximal ideals. Precisely, for each z € C, M, = (Z — z) is a maximal ideal
having height one. By [14, Proposition 8.1.1], E is a Bézout domain having
infinite dimension and E = (\,.c En,. Now it is not hard to see that this
representation is irredundant. For, observe that, given any a € C, the function
f(Z):=1/(Z — «) belongs to all Ey;, with z # «, so that f € <ﬂa;£ze<c EMZ>.
On the other hand f is not analytic in «, hence f ¢ E. By the generality of the

coiche of av € C, it follows that the representation E = (), ¢ Er, is irredundant.

zeC

(c) Let F' be a field which is not algebraically closed, and let F[X;,...,X,] be

the polynomial ring in n > 2 indeterminates over F'. Let X be the subset of
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Zar(F[X1,...,X,]) consisting of all the valuation domains having residue field
F. Then, by [34, Theorem 1.2|, the domain R := [),o5, V is a Priifer domain
with quotient field F/(X1,...,X,).

In [42, Example 6.4, B. Olberding proves that such a Priifer domain has no
irredundant representatives. Precisely, each nonzero proper finitely generated
ideal I of R is contained in at least two distinct maximal ideals of R, so that the
family F is empty. The assumption that the field F' is not algebraically closed

is essential.

The Priifer case has strong consequences also in the case of arbitrary integrally
closed domains. In fact, each representation 3 of an integrally closed domain R, can
be lifted to a representation of a Priifer domain, namely the Kronecker function ring
Kr(R,*yx).

Proposition 2.1.7. (|24, Proposition 2.1]) Let R be an integrally closed domain. If
R has an irredundant representation 3, then R has a Kronecker function ring having

an irredundant representation, namely Kr(R,*y).

Proposition 2.1.8. (|24, Proposition 2.3]) Let S be a mazimal Kronecker function
ring of the integrally closed domain R. If S has an irredundant representation then

R has an irredundant representation.

Although each representation ¥ of an integrally closed domain R is associated
to a Kronecker function ring of R by means of the star operation %y, in general
two different representations of the same domain may or may not induce the same
Kronecker function ring. An interesting case is given by assuming that the integrally
closed domain R has a unique Kronecker function ring. In fact, in this case, each
representation of R lifts to a representation of the unique Kronecker function ring
Kr(R,b) of R, which is, of course, a Priifer domain.

Therefore, an integrally closed domain having a unique Kronecker function ring
behaves just like a Priifer domain from the point of view of representations. More

precisely:

Corollary 2.1.9. (|24, p. 310]) Let R be an integrally closed domain having a unique
Kronecker function ring. Then R has an irredundant representation if and only if
Kr(R,b) has an irredundant representation. Such a representation, if it exists, is

unique.
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Remark 2.1.10. More generally, an integrally closed domain R has at least as many
Kronecker function rings as the number of its irredundant representations as inter-
section of valuation overrings. Thus the number of irredundant representations of an
integrally closed domain gives a lower bound for the number of Kronecker function
rings the domain has. For, if R does not have any irredundant representation, it
has anyway Kr(R, b) as a Kronecker function ring. So that the number of Kronecker
function rings of R is always bigger than or equal to 1.

Suppose R has n irredundant representations, with n not necessarily finite. Then,
by Proposition 2.1.7, each such representation of R corresponds to an irredundant
representation of a Kronecker function ring of R. Now it is enough to observe
that since a Kronecker function ring is a Bézout domain, if it has an irredundant
representation, then it is unique. Hence each irredundant representation of R is
associated to one and only one Kronecker function ring of R. Therefore, the number
of Kronecker function rings of R is bigger than or equal to the number of irredundant

representations of the domain R.

We will need to refer to the property of having a unique Kronecker function ring
repeatedly throughout this work. Hence we thought it was useful to have a name for
the property. Recently, K. A. Loper referred to domains having a unique Kronecker

function ring as vacant domains.

Definition 2.1.11. Let R be an integrally closed domain. Then R is a wvacant

domasin if it has a unique Kronecker function ring.

A reason to justify the term vacant is that the Zariski space of a domain having
a unique function ring is rather simple. So, unlike the large variety of valuation
overrings that can be found in the Zariski space of an arbitrary integrally closed
domain, domains having a unique Kronecker function ring have a lack from this

point of view.

2.2 Vacant domains and domains of classical ideal theory

First of all, we wish to compare the class of vacant domains with other classical
classes of integral domains. It is clear that Dedekind domains (and, more in general,
generalized Dedekind domains), Bézout domains and Priifer domains are vacant.
We shall see that many distinguished classes of domains, not included in the class
of Priifer domains (e.g., UFD’s, Krull domains, GCD-domains, PvMD’s and more
generally PxMD’s), when provided with the additional property of being vacant, fall

into the class of Priifer domains.
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We start by remarking the well-known fact that Priifer domains are vacant.

Remark 2.2.1. Suppose * is a star operation on an integral domain R and [ is an
invertible ideal of R. Then, by |23, Lemma 32.17|, for each J € §(R) (IJ)* = [J*.
Therefore, in a Priifer domain, since every finitely generated ideal is invertible, each
star operation is e.a.b. and there is a unique equivalence class of star operations,
including the identity star operation d (see [23, Proposition 32.18]). So, Priifer

domains have a unique Kronecker function ring.

Since their introduction, star operations first, and semistar operations later, were
widely used to characterize whole classes of domains. For instance, as we saw earlier,
Priifer domains can be characterized by the fact that for each nonzero ideal I, It = I
(cf. Proposition 1.4.4).

Other examples are given by those domains in which the v-operation coincide
with the identity, called divisorial domains and studied by W. Heinzer in [27]. Or by
domains in which the w-operation is the indentity called DW-domains (see [37, 45]).

A vacant domain has a unique Kronecker function ring, hence, for such a domain,
there is a unique equivalence class of star operation that can be represented by the
star operation b. This condition on equivalence classes is not as restrictive as it
looks like. The main obstacle is that we cannot say, for an arbitrary vacant domain,
how many star operations the equivalence class consists of. Even worse we cannot
say which star operations, other than b, are in the class. Nevertheless we can use
the technique of comparing star operations to study whether or not given classes of
domains, characterized by special behaviors of their ideals under distinguished star
operations, are vacant.

However, in the very general case, it is hard to characterize vacant domains by

means of star operations.

Proposition 2.2.2. Let R be an integrally closed domain. If R is vacant then R is
a DW-domain.

Proof. By Proposition 1.3.11 (b) we have that R = R" is integrally closed if and
only if R is quasi-w-integrally closed. Hence R = R* = R = R%s so0 we have
that R = R and (wa)|3(r) is an e.a.b. star operation on R. With a little abuse of
notation, we will still write w, instead of its restriction. Since R is vacant necessarily
w, ~ b and, being star operations of finite type, w, = b. By [17, Corollary 4.5],
wglﬁg:m.Hencewzgzd. O

By Remark 2.2.1 and Proposition 2.2.2, it follows that, if R is an integrally closed
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domain, the following implications hold:
R is a Priifer domain = R is a vacant domain = R is a DW-domain.

None of the implications above can be reversed. An example of a vacant domain
which is not Priifer is |23, Example 12, p. 409], whilst a DW-domain which is not
vacant will be presented at the end of this chapter (Example 2.6.8).

Corollary 2.2.3. Let R be an integrally closed domain, X an indeterminate for R.
Then R[X] is vacant if and only if R is a field.

Proof. If R is a field the assertion is trivial. Conversely if R is not a field then R[X]
is not a DW-domain (see [37, Proposition 2.12|), so by Proposition 2.2.2, R[X] is

not vacant. O

Remark 2.2.4. In [45, Theorem 3.7|, G. Picozza and F. Tartarone proved that an
integrally closed DW-domain is a Priifer domain if and only if it is an FC-domain.
This follows from the fact that an integrally closed finite conductor domain is a
PvMD, according to [48, Theorem 2|. Thus, by Proposition 2.2.2, a finite conductor

vacant domain is a Priifer domain, and a vacant PvMD is a Priifer domain.

Remark 2.2.5. It is worth observing that a domain R for which the v-operation is
e.a.b., i.e. a v-domain, is vacant if and only if b = t. First of all, note that a v-domain
is necessarily integrally closed, having v as an e.a.b. star operation (cf. Corollary
1.1.10).

Suppose R is vacant, then the b-operation is the unique e.a.b. star operation of
finite type and ¢ has to be equal to b. Conversely if b = ¢ and * is any e.a.b. star

operation on R, then b < x; <t, hence b = xy =t and b ~ x. Therefore R is vacant.

Proposition 2.2.6. If R is a vacant Krull domain (in particular a vacant UFD, or

a vacant integrally closed Noetherian domain), then R is a Dedekind domain.

Proof. By Proposition 1.4.17, R is a Krull domain if and only if (I7-) = R for
each nonzero ideal I of R, and the ¢-operation is e.a.b.. So if R is vacant b = ¢ and
we have that R = (I1-1)! = (II-1)®. Therefore R = II~! for any nonzero ideal I
of R. In fact, suppose by way of contradiction II~' C R, then I1~' C M for some
maximal ideal M of R. So that (II7')® C M® = M C R, a contradiction. Thus

every nonzero ideal of R is invertible and R is a Dedekind domain. O

Proposition 2.2.7. If R is a vacant generalized GCD-domain (in particular, a

vacant GCD-domain), then R is a Prifer domain.
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Proof. A generalized GCD-domain is finite conductor, then R is a finite conductor

vacant domain, which is Priifer by the discussion in Remark 2.2.4. O

Proposition 2.2.8. If R is a vacant PxMD, for some star operation x on R, then

R is a Priifer domain.

Proof. It is easily seen that if R is a PxMD, for some star operation x on R, then R is
also a PuMD. (For suppose I is a finitely generated ideal of R such that (I1-1)*f = R,
then R = (II"Y)* C (II71)* C R, so that (II71)! = R and R is a PvMD.)
Therefore, by Remark 2.2.4, a vacant PxMD is a Priifer domain. O

2.3 Characterizations of vacant domains

Theorem 2.3.1. Let R be an integrally closed domain with quotient field K. The

following are equivalent:
(a) R is vacant.

(b) Whenever R = Ry N ---N Ry, with R; integrally closed overrings of R, then
Zar(R) = U, Zar(R;).

(¢) Whenever R = Ry N ---N Ry, with R; integrally closed overrings of R, then
Kr(R,b) = Kr(Ry1,b) N --- N Kr(R,,b) (where the b-operation is taken with

respect to the appropriate domain).

(d) Whenever R = Ry N ---N Ry, with R; integrally closed overrings of R, then
I" = (IR’ N --- N (IR,)? for all finitely generated ideals I of R (where the

b-operation is taken with respect to the appropriate domain).

We will prove that (a)=-(c)=(d)=(c)=(b)=(a).
The equivalence of (a) and (b) is an unpublished result of B. Olberding.

Proof. (a)=(c). Observe that since Kr(R;,b) N K = R;, then Kr(Ry,b) N ---N
Kr(R,,b))NK = RiN---NR, = R. Hence Kr(Ry,b)N---NKr(R,,b) is a Kronecker
function ring of R. Since R is vacant by hypothesis, Kr(Ry,b) N--- N Kr(R,,b) =
Kr(R,b).

(¢)=(d). Suppose whenever Ry N ---N R, = R for integrally closed overrings
Ry,..., R, of R, then Kr(R,b) = Kr(Ry,b)N: - -NKr(Ry,,b). If I is a finitely generated
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ideal of R then I® = IKr(R,b)N K. Furthermore, since Kr(R, b) is a Bézout domain,
IKr(R,b) is a principal ideal fKr(R,b), for some f € IKr(R,b). Hence:

I’ = IKr(R,b) N K = fKr(R,D)N K =
= f(Kr(Ry,b) N---NKr(Ry, b)) NK =
= fKr(Ry,b) N --- N fKr(Ry, b)) N K =
= ([Kr(Ri,b)NK)N---NUIKr(Ry, b)) NK) =
= (IR)"N---N(IRy)".

Therefore I* = (IR1)* N ---N (IR,)°.

(d)=-(c). It is enough to apply (d) to the ideal I = R.

(c)=(b). Suppose that Kr(R,b) = Kr(Ry,b) N--- N Kr(R,,b), whenever R =
Ry N---N R,, with R; integrally closed overrings of R. Let V € Zar(R), then
VP = (Kr(Ry,b) N - NKr(Ry, b)) p for some prime ideal P of Kr(R,b). Therefore,
denoting by S := Kr(R,b) \ P:

VP =Kr(Ry,b)sN---NKr(R,,b)s = V° = Kr(R;, b)g, for some 1,

then V=V*NK DKr(R;,b)N K = R; and V € J_, Zar(R;).

(b)=-(a). Suppose by way of contradiction that R is not vacant. Then there exists
an e.a.b. star operation * on R, such that Kr(R, %) is a Kronecker function ring of R
distinct from Kr(R,b). Let a € Kr(R, *) \ Kr(R,b). Therefore Kr(R,b)[o] N K = R.
Let U’(a) be the open subset of Zar(Kr(R, b)) consisting of the valuation overrings
of Kr(R,b)[a]. By Proposition 1.2.3, the preimage o~ !(U’()) is a finite union of
open sets of the form U (A1) U--- UU(Ay) in Zar(R) and

U(a) = o(U(A) U--- UU(AL)) =UP(A) U - UUY(A,).
Denoting by S; := R[A;], it is easily seen that, for each i, S; C nVeu(Ai) V', so that:

Sin---NS, CKr(R,b)[oJNK=R=5nN---NS, =R.

By assumption Zar(R) = |J;_, Zar(S;) = U;_, U(A;). Therefore, by using the fact

that o is a homeomorphism:
Zar(Kr(R,b)) = o(Zar(R)) = | JU"(4),
=1

so that @ € Kr(R,b), which is a contradiction. O
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A natural question arising from Theorem 2.3.1 is whether is possible to handle
the number of overrings intersecting to R in such characterization. As we are about
to see, this is closely related to a more general question, namely: given a vacant

domain R, is every integrally closed overring of R vacant too?

Definition 2.3.2. An integrally closed domain R is m-vacant if whenever there
exist m integrally closed overrings Ry, ..., R, such that R = R; N---N R,,, then
the Zariski space Zar(R) = |J;", Zar(R;).

As an easy Corollary of Theorem 2.3.1 we have that:

Corollary 2.3.3. An integrally closed domain R is vacant if and only if it is m-

vacant for each m > 2.

Definition 2.3.4. An integrally closed domain R is totally vacant if every integrally

closed overring of R is vacant.

Remark 2.3.5. It is easily seen that for an integrally closed domain R n-vacant
always implies (n — 1)-vacant. For if R = Sy N---NS,_1 with S; integrally closed
overrings of R, let V' be any valuation overring of S7, then R=5,N---NS,_1NV.
By assumption R is n-vacant so if W € Zar(R) is not a valuation overring of S;
for all s = 1,...,n — 1, necessarily W 2 V. Hence W D V 2 Si, and Zar(R) =
Ui Zax(S,).

Although we were not able to prove the converse of the previous statement,
we will see that it reverses when we consider the whole space of integrally closed
overrings of a given integrally closed domain R. We will also give a topological
characterization of totally vacant domains. Recall that Over(R) denotes the set of

integrally closed overrings of R. We have the following:

Proposition 2.3.6. Let R be an integrally closed domain. Then R is totally vacant
if and only if every S € Over(R) is 2-vacant.

Proof. (=). This is clear since every integrally closed overring of R is vacant and
vacant implies 2-vacant.

(«<). Denote by (P,) the property: “every element in Over(R) is n-vacant”. We
will prove then the Proposition by induction on n. The basis (P) of the induction is
given by the hypothesis. Suppose (P,) is true, so that every element of Over(R) is
n-vacant. We will show that then every element in Over(R) is (n + 1)-vacant. For,
let S € Over(R) and suppose S = T1 N --- N T4y, If Vis an element of Zar(5)
we need to show that V € Zar(T;) for some i € {1,...,n+1}. If V € Zar(Ty)
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we are done, so suppose V & Zar(T}). By (P) it follows that V' € Zar(T') where
T :=TyN---NTyt1. Since we assumed (P,) to be true we have V' € Zar(7;) for
some i € {2,...,n+ 1}, which proves the proposition. O

Let ¥ be the mapping considered in Theorem 1.2.11. A topological characteri-

zation of totally vacant domains follows.

Proposition 2.3.7. Let R be an integrally closed domain. Then R is totally vacant
if and only if ¥ is a homeomorphism with respect to the b-topology.

Proof. The mapping V¥ is obtained as the composition g o h, where:

h: Over(R) — Over(Kr(R,b))  ¢: Over(Kr(R,b)) — S(Kr(R,b))
S — Kr(S, b) T — Pr

Since Kr(R, b) is a Bézout domain, hence a QR-domain, g is a homeomorphism (see
Lemma 1.2.10). On the other hand, according to Proposition 1.2.6, h is a homeomor-
phism of Over(R), with respect to the b-topology, onto its image in Over(Kr(R,b)).
We need to show that h is surjective if and only if R is totally vacant.

Suppose R is totally vacant and let T be an overring of Kr(R,b). Note that T is
necessarily integrally closed since Kr(R, b) is a Bézout domain. The integrally closed
overring S := T N K of R is vacant since R is totally vacant. Hence T' = Kr(S, b) =
h(S).

If h is surjective the conclusion is straightforward. O

To conclude this section, we can give the following characterization of Priifer

domains.

Proposition 2.3.8. The following are equivalent for an integral domain R:
(a) R is a Priifer domain.
(b) For each finitely generated ideal I of R, I° is flat (as an R-module).

Proof. (a)=(b). This is clear because in a Priifer domain each ideal is flat.
(b)=-(a). In [49, Corollary 6| Zafrullah characterized generalized GCD-domains
with the following property: for each finitely generated ideal I there exists a star
operation x, such that I'* is flat. Hence, if (b) holds, R is a gGCD-domain, which is
finite conductor. We prove that the property stated in (b) implies vacant, so that R
is a finite conductor vacant domain, and then a Priifer domain by Remark 2.2.4.
In a recent paper by G. Picozza and F. Tartarone, [44, Theorem 1.4], it is shown

that every flat ideal of an integral domain R is a t-ideal. It follows directly that,
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assuming (b), then for every finitely generated ideal I of R, I® = (I°)t = I, so that
R is vacant, according to Remark 2.2.5. Thus R is a vacant FC-domain, which is a

Priifer domain. O

2.4 Vacant pseudo-valuation domains

The only example in the literature of a vacant domain which is not a Priifer domain
is given in |23, Example 12, Section 32| and is a pseudo-valuation domain. So we
wish to characterize pseudo-valuation domains with respect to the property of being

vacant.

Lemma 2.4.1. Let k C F be a field extension and let o, B,y € F' be transcendental
over k. If ~y is algebraic over both k(«) and k((), then o and [ are algebraically
dependent.

Proof. «a, 3 and v are supposed to be transcendental over k, then ~ is algebraic over
k(a) (resp. k(3)) if and only if a (resp. ) is algebraic over k(). The field extension
k(a) C k(a,v) C k(a, 7y, () is algebraic, being a composition of two algebraic exten-
sions. Hence k(a) C k(a, ) is algebraic too, indeed it is contained in the algebraic
extension k(a) C k(a, 7, 5). O]

Lemma 2.4.2. Let R be an integrally closed domain and P € Spec(R). Suppose
V = End(P) is a valuation ring with mazimal ideal My = P. Then for every
W € Zar(R) either W CV orVCW.

Proof. Consider the two cases: either PW = W or PW # W. If PW = W then
V = End(P) C End(PW) =W.

Let PW # W and suppose W € V. Then there exists z € W\ V. So 27! €
My =P. But z,27' € W andso1l=2x-2"! € PW # W, a contradiction. Hence
W CV. O

Remark 2.4.3. By Lemma 2.4.2 if End(P) is a valuation overring of R with maximal
ideal P and S is an integrally closed overring of R which is not a valuation domain,
necessarily S C V := End(P). For if Zar(S) is the Zariski space of S, then clearly
Zar(S) C Zar(R), hence every valuation overring of S is comparable to V. So only
two cases are possible: every valuation overring of S contains V', or there exists
W € Zar(S) such that W C V. In the first case S is an overring of V', and then is a

valuation domain. In the second case S C W C V as required.

42



Notation 2.4.4. Let F' and R be domains (possibly fields) with R C F. We shall
denote by R the integral closure of R in F. If R and F are fields, with the same

notation we mean the algebraic closure of R in F.

Proposition 2.4.5. Let R = (R, Mg) be a quasi-local integrally closed domain
and let kr = R/Mpg. Suppose D := End(Mpg)/Mp is an integral domain and
End(MRg) # R. If there exist X, Y € D transcendental and algebraically independent

over kg, then R is not vacant.

Proof. R is quasi-local with maximal ideal Mg, then we can write R as the pullback

of the following diagram:

End(Mp) — E0dWMe) _ p

with X and Y in End(Mg)/Mp algebraically independent over kgr. Since R is
integrally closed, kr must be integrally closed in D and kr = kR(X)D N kR(Y)D (it

follows combining Lemma 2.4.1 and the fact that if an element ~ is integer over kg,

then it is, obviously, algebraic over kg).
It follows that kr = kgr[X ]D N kR[Y}D this intersection being between the two
members of the previous equality. By pulling kr[X ]D and kR[Y]D back we obtain

two integrally closed overrings of R, namely R[z| and R[y] where x and y belong to
V \ R and map onto X and Y respectively. Moreover R = R[z] N\ R[y] = R[z] N R[y].
To prove that R[z] (resp. Rly]) is the pullback of mD (resp. mD), let = be
an element of V' that maps onto X, so that X = = + Mg, then it is clear that R[x]

is contained in the pullback of kg[X]. For the reverse containment it is enough to

prove that the preimage of X is all contained in R[z|. Suppose t € End(Mpg) is
another element that maps onto X, then t + Mr =2+ Mg and t —x = m € Mg.
Now we can conlcude that ¢ is in R[z] because m € Mpr C R C R[z] and = € R|[z].
Then the integral closure of R[z] is the pullback of the integral closure of kr[X] in
K.

Define R := R[z~!,y7 1], then R C R’ C V since kg C kg[X 1, Y71 C D.
Observe that since R is quasi-local we can choose exactly 7! (resp. y~1) as the
element of End(Mp) that maps onto X~ (resp. Y~!). For suppose x’ and y' are
such that 2/ — X' and ¢/ — Y ! then za’ — XX ! =1, hence 2z’ = 1 + m,

m € Mp and Mp coincides with the Jacobson radical Jac(R). Thus za’ = u is

43



invertible in R. Then R[z'] = R[uz~!] = R[z~!], and the same holds for y. Also
x~Y y~! € End(MRg) since Mg C Jac(End(Mg)). For suppose that x € End(Mg)
and End(Mpg) = xEnd(Mpg) + M. Then there exists y € End(Mg) and m € Mg
such that 1 = xy + m. But then zy = 1 — m is invertible in R (since m € Mpg), so
x is invertible in End(Mg).

Let P be the preimage of the ideal (X1, Y1) of k[X~1,Y~!]. P is a prime
ideal of R’ since its image is a prime ideal of kgr[X !, Y ~!]. Then there exists a
valuation overring W of R’ centered on P, that is such that z=!,y~! € Myy. Hence
by taking the representation of R = R[z] N R[y], W 2 R (since W D R’ D R), but
W 2 R[z] and W 2 R[y|. Thus R is not vacant by Theorem 2.3.1. O

As a direct consequence of Proposition 2.4.5, we have the following:

Corollary 2.4.6. Let R = (R, MRg) be an integrally closed PVD which is not a
valuation domain. Let V := End(Mpg). If trdeg(V/Mpg, R/Mg) > 2 then R is not

vacant.

Definition 2.4.7. Let R, S be integrally closed domains with quotient field K, we
denote by Zarg(R) := {W € Zar(R)|S € W }.

We proceed now with a characterization of PVD’s with respect to the property
of being vacant. The following lemma will be crucial for the proof of main main

theorem.

Lemma 2.4.8. ([42, Lemma 4.1]) Let K be a field, and let F be a finitely generated
field extension of K of transcendence degree 1. Let A be a proper K-subalgebra of
F having quotient field F', and let 3 be a collection of valuation rings containing K

and having quotient field F'. Suppose that there is a valuation ring U containing K
and having quotient field F' such that (ﬂ\/ez V) NACU. ThenU e X or ACU.

Theorem 2.4.9. Let R be an integrally closed PVD, not a valuation domain, with
mazimal ideal M and let V := End(M). Suppose End(M)/M is finite over a tran-

scendental extension of R/M, then the following are equivalent:

(a) R is not vacant;
(b) trdea(V/M, R/M) > 2,

(¢) R has uncountably many Kronecker function rings.
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Proof. Since R is a PVD, then V = End(M) is a valuation overring of R, and R is
the pullback of the following diagram:

In such a diagram R is integrally closed if and only if k is algebraically closed in ky/,
more generally every intermedate ring T between R and V is integrally closed if and
only if 7(7T) is integrally closed in ky = 7(V) (see [22, Theorem 1.2| and observe
that since V' is a valuation ring the integral closure of R (resp. T') in V coincides
with the integral closure of R (resp. T') in its quotient field).

(a)=-(b). Observe first that when applying Lemma 2.3.1 in this situation, by
Remark 2.4.3 it follows that if some W € Zar(R) \ (U;_, Zar(S;)), then W C V.
Without loss of generality we can in fact reduce to the case S; C V, for each i =
1,...,n. For suppose that R is not vacant, hence, by Theorem 2.3.1, R = S1N---NSy,
for integrally closed overrings S; of R.

By Remark 2.4.3 each S; is comparable to V. In particular it is not possible that
V C S; for each i, because in this case the intersection of the S;’s would contain V.
Furthermore if some S; contains V' it can be cancelled from the intersection. Then
with each Sij cV.

Assume, by way of contradiciton, that trdeg(ky /k) = 1. Our strategy will be to

we can reduce to an intersection R = S; N---N.S;,,
show that every W C V is necessary for any representation of R. So that, whenever
R=51N---NS,, once we have reduced, as explained above, to S; C V for each 1,
necessarily Zar(R) = |J;_; Zar(S;), and the conclusion will follow by Theorem 2.3.1.
Hence, we will focus on just the elements of Zary (R), which correspond, by [13,
Theorem 2.4], to the valuation rings of ky containing k.

Suppose then ky = k(X,aq,...,a,), where X is transcendental over k and,
for each i = 1,...,n, a; is algebraic over k(X). In particular if U € Zar(ky /k),
then U extends some element U’ € Zar(k(X)/k), and U and U’ have the same
rank (see [23, Theorem 19.16]) so that U is rank one (discrete). Hence 7~1(U)
has dimension 1 + dim(V'), and given any two distinct Wy, Wy € Zary(R) they
are incomparable because they have the same dimension. In fact, by [13, Theorem
2.4], there exist Uy, Uy € Zar(k(X)/k) such that W; = 7= Y(U;) for i = 1,2, and
dim(U;) = dim(Uz) = 1, so that dim(W;) = 1 4 dim(V') = dim(W3).

Thanks to the bijection established in [13, Theorem 2.4|, between Zar(ky /k) and
Zary (R), it is enough to show that the representation of k = Y given by all the
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valuation rings of K is irredundant. Suppose by way of contradiction that there
exists U € Zar(ky /k) which is redundant, then U 2 Ny czar(y /ey quy V- Let W be
any element of Zar(ky /k) \ {U} and denote by ¥y := Zar(ky /k) \ {U,W}. Then
by Lemma 2.4.8 we have that:

UD ﬂ VIinW= U2>W o Uexy.
Velw

Since U and W have the same dimension the containment cannot hold, but by
assumption U ¢ Xy, hence we have a contradiction. We can conclude that R is
vacant, since the unique possible representation of R is given by intersecting all the
elements of Zar(ky /k) and it is possible to generate just one Kronecker function
ring.

(b)=-(c). Suppose now the transcendence degree of End(M)/M over R/M is
strictly greater than 1.

Denote by X := {X;},.; a transcendence basis of End(M)/M = ky over R/M =
k, hence ky = k(X, a1, ..., a,) where o is algebraic over k(X), and «; is algebraic
over ky (X, aq,...,a;-1) for each j =2,...,n.

To prove this implication we will build uncountably many irredundant represen-
tations of k of the form k[X]NV,, where v is a positive irrational real number. This
is possible because the transcendence degree of the field extension V/M D R/M is
strictly greater than 1, in fact, as we are about to see, the construction needs at least
two distinct fixed variables.

Let v be a positive irrational real number. Let G := €, ; R, ordered lexico-
graphically. Let X1, X5 be fixed elements in X. We define v, as a valuation such
that:

) 0,...)

vy(X1) = (—1,0,...,0,.
vy(X2) = (—7,0...,0,...)

i—th
vy (X;) = (O,...,O,Z—’y,(),...), for eachi € I, i # 1,2.

0
0

Note that, since v is irrational, the value of v, can be easily determined for each
f € k[X] (and, more generally f € k(X)), because, for each pair nj,ny € Z there is

always a strict inequality between n; and yne. Hence:

U’Y(f) = (min{_ord)ﬁ(f)v - OrdXQ(f)}7O7 =7 OrdXs(f)ﬂ .. )

We have that k = k[X] N V,, where k[X] = (Vk[X]s) and f ranges over the

irreducible polynomials of k[X]. It is well-known that the above representation of
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k[X] is irredundant (recall that k[X] is a UFD) and that V, is irredundant in that
representation of k. For instance, for each i € I, X; € k[X], but X; ¢ V,. We need
to prove that for each f irreducible polynomial of k[X], the valuation ring k[X] ) is
irredundant.

Suppose by way of contradiction that for some f € k[X]:

KX]ip 2 () kXN Vs = k.
g#f
In this case we have that 1/ f € k[X],) for each g # f, as both f and g are irreducible.
Since f is a polynomial only a finite number of indeterminates appear in f, hence
without loss of generality we can assume that the only indeterminates appearing in

fare Xi,..., X, for some m > 1. Denoting by n; = ordx, (f), we have:

vy (f) = (min{—ny, —yn2},0, —yng, ..., —ynm,0...),

Therefore f ¢ V., and f~! € V,, that is f~! € k which is a contradiction.

We can now extend the previous representation of k to a representation in val-
uation rings of ky. Clearly we have k = mkv N Vﬁf(l) N---N V,Y(t) where Vv(j ) are
all the possible extensions of V, to ky. All the possible extensions of V, to ky are
finitely many because ky is a finite extension of k(X), hence by [12, Corollary 3.2.3|
t is less than or equal to the degree of the extension ky D k(X).

By [23, Theorem 43.13] we have that k‘[X]kV

defining family is given by the extensions of the members in the defining family of

is a Krull domain. Moreover its

k[X]. Therefore, no elements in the extended defining family are redundant, so we

could possibly have that some of the Vv(j )

is redundant. In any case, we cannot omit
all of the V,Y(j ) to represent k, otherwise when contracting in k(X) we would have
k = k[X] which is clearly not possible. Hence, we have the irredundant representation
required.

When ~ ranges over the possible positive irrational real numbers, we get uncount-
ably many irredundant representations and uncountably many Kronecker function
rings. For, if v and « are two distinct positive irrational numbers, there exists a

rational number ¢ = % such that v < ¢ < a, because Q is dense in R. Then

X7 X7
UA,(X§> =v-5—71<0, va<X;s>—a-s—r>0.

Thus € Vo \ V; and 5 €V, \ Vo
(¢)=(a). If R has uncountably many Kronecker function rings, clearly R has

more than one Kronecker function ring and it is not vacant. O
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2.5 Pullbacks of vacant domains

As a matter of fact pullback constructions have always been very useful to build
examples. So we aim to characterize how the property of being vacant is preserved in

some kind of pullback diagrams in order to provide new examples of vacant domains.

Recall that if V is a valuation domain with maximal ideal My, then V =
End(My). Hence if P is a divided prime ideal of R and Rp is a valuation do-
main, then, by Remark 2.4.3, every integrally closed overring of R is comparable to
Rp = End(P). In particular every integrally closed overring of R which is not a

valuation domain is contained in Rp. So, we have the following:

Theorem 2.5.1. Let R be an integrally closed domain such that Rp is a valuation
domain for some nonmazximal divided prime ideal P of R. Then R is n-vacant if and

only if R/ P is n-vacant. In particular, R is vacant if and only if R/P is vacant.

Proof. By hypothesis it follows that V := Rp = End(P) and the domain R is the
pullback of the following diagram:

V = End(P) s ky/

R/P

where we set, as usual, ky := Rp/P.

By Lemma 2.4.2 every valuation overring of R is comparable to V. As observed
in Remark 2.4.3 this means that every integrally closed overring of R is comparable
to V.

(=). Suppose, by way of contradiction, that R/P is not n-vacant. Then, by
Theorem 2.3.1, there exist integrally closed overrings Ti,...,T, of R/P and W €
Zar(R/P) such that R/P =T, N---NT, and W 2 T;, for each i = 1,...,n. By
[22, Theorem 1.2] we have that S; := 7= 1(T;), i = 1,...,n are integrally closed
overrings of R and S1N---N S, = R. Since V = End(P) is a valuation domain and
the quotient field of W is ky, then W’ := 7=1(W) is a valuation domain too (see
[13, Theorem 2.4]). Then W = (7= Y(W)) = #(W') 2 #(S;) = n(x~YT})) = T;, a
contradiction. Therefore R is not n-vacant.

(<). Suppose, by way of contradiction, that R is not n-vacant. Then, by Theorem
2.3.1, there exist St,...,S, C V, integrally closed overrings of R, and W € Zar(R)
such that R=51N---NS, and W 2 5;, for all i = 1,...,n. It follows by Lemma
2.4.2 that W C V since V contains each S;. Hence P is a prime ideal of W and
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W/P is a valuation overring of R/P contained in ky; that is, W/P is a valuation
ring of ky .

Clearly, for each i, P is a prime ideal of S;, as S; C End(P), and since S; is
integrally closed so is S;/P (by |22, Theorem 1.2|). In particular R/P = (S1/P) N
-+ N (S;/P) and W/P 2 S;/P, for each i = 1,...,n. For suppose z € S; \ W,
then 7(z) € (S1/P)\ (W/P). Since x ¢ W then = € My and w(z~!) € My /P
which is the maximal ideal of the valuation ring W/P. Since w(z~!) = 7(2)~! then
m(x) ¢ W/P.

With the same argument, we can prove that for z; € S; \ W, w(x;) € (S;/P) \
(W/P). Thus there exist integrally closed overrings Si/P,...,S,/P of R/P and
a valuation overring W/P of R/P such that R/P = (S1/P)N---N(S,/P) and
W/P 2 S;/P, for each i, and R/P is not n-vacant. O

Corollary 2.5.2. Let R be an integral domain, P a nonmaximal divided prime ideal
of R such that Rp is a valuation domain. Then every integrally closed overring of

R is vacant if and only if every integrally closed overring of R/P is vacant.

Proof. For each integrally closed overring T' of R/P, T = ©(S) = S/P for some
integrally closed overring S of R. By applying Theorem 2.5.1 to the diagram:

S S/P

]

End(P) —> End(P)/P

S is vacant if and only if S/P is vacant. It is straightforward that the overrings of R

which are also overrings of End(P) are vacant, as they are valuation domains. [

Though we could not generalize Theorem 2.5.1 to the case in which Rp is not
a valuation domain, we give the following description of the Zariski space of an
integrally closed domain R having a divided prime ideal P. We shall see that the
correspondence for Zariski spaces is not as good as in the case of prime spectra.

Let R and S be integrally closed domains, with S an overring of R. The Zariski
space of R can always be split into the disjoint union Zar(S) U Zarg(R). Given
an integrally closed domain R with a nonmaximal divided prime ideal P, we will
describe Zarg, (R) in terms of Zar(R/P). We will see that, in general, there is not a
bijection, unlike the case of prime spectra (see |5, 13| for details), between Zar(R/P)
and Zarg, (R).
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Lemma 2.5.3. Let R be an integrally closed domain and P o divided prime ideal of
R, let V € Zar(R). V € Zar(Rp) if and only if one (and only one) of the following
holds:

(a) PV =V;
(b) My NR = P.

Proof. Let V € Zar(R). If PV =V then Rp C End(P) C End(PV) = V. Suppose
PV £V, then PV is an ideal of V so that PV C My and My N R O P. Thus
MyNR=MyNRpNRCPNR=P.

For the converse, it is enough to observe that if V' € Zar(Rp) then MyNR = MyN
RpNR C P. If MyNR = P there is nothing to prove, so suppose MyNR =@ C P.
Then My "R D PV N R D P which is a contradiction, hence PV = V. Therefore
if V' € Zar(Rp) then either (a) or (b) holds. O

Proposition 2.5.4. Let R be an integrally closed domain and P o divided prime
tdeal of R. Then the following statements hold:

(a) if V € Zarg, (R) then YOFE € Zar(R/P);
(b) if W € Zar(R/P) there exists V € Zarg, (R) such that W = VL;”P.
In particular Zar(R/P) = {Lﬁp |V € Zargr, (R) }

Proof. (a). Suppose V € Zarg,(R), then RC VN Rp C Rp and P is a prime ideal
of VN Rp. Let W := @ and x € kp \ W, we claim that then 27! € W, so
that W € Zar(R/P). It is clear that kp is the quotient field of W, since kp is the
quotient field of R/P. Observe that = € kp \ W if and only if 7=(z) € V N Rp.
Hence, by construction, 7=!(z) C Rp, so that if t € 7~!(x) then t € V. Therefore
t=t €V and t~! € Rp because t € 7~ 1(z) with x # 0, hence t is a unit in Rp. Now
it is enough to observe that 7(t7!) = 7(t)~! = 27 1.
(b). Let S := 7= 1(W). Then S is quasi-local (integrally closed) and R C S C Rp.
Since W # kp, then S # Rp. Let V be a valuation overring of S centered on Mg. We
claim that V' € Zarg, (R). For suppose by way of contradiction that V' € Zar(Rp),
then My NS =MyNRpNS C P C Mg, a contradiction.

Now S C VN Rp C Rp. We prove that S = V N Rp so that W = Vﬁiﬁp
for some V' € Zarg,(R). Suppose by way of contradiction that there exists some
t€ (VNRp)\S. Then n(t) ¢ W implies ()~ € My so that 7=! (m(¢)~!) € Mg.
As observed in the proof of part (a) ¢! is in particular in 7~ (7(t)"!) so that
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e Mg = MyNnS andt eV, which is a contradiction. Thus S = V N Rp and

W= Yoie, O

We give now an explicit example that shows how the correspondence for Zariski
spaces is quite far from being a bijection. We propose an integrally closed domain

R having a divided nonmaximal prime ideal P, such that:
(1) Rp = End(P) but is not a valuation domain.

(2) Each W € Zar(R/P) admits (at least) two valuation overrings of R, W; and Wy
such that W = @, fori=1,2.

Example 2.5.5. Let R be the pullback of the following diagram:

]

R:=n"
QX,Y]xy)—=Q

—_—

Since Q[X, Y] is a Krull domain, then so is Rp := Q[X, Y] (x y). Hence Q[X,Y]xy)
is completely integrally closed and End (1) = Q[X, Y](x y for each nonzero ideal I of
Q[X,Y](x,y) (see [23, Theorem 34.3]). By construction PRp := (X,Y)Q[X, Y] x v
is a divided nonmaximal prime ideal of R.

Consider the two following valuation overrings of Q[X,Y] and their respective

maximal ideals:

Vii=QY]y) + XQY)[X](x), My =YQ[Y]y)+XQ(Y)[X]x)
Vo = QIX](x) + YQX) Y]y, My, = XQ[X](x) + YQX)[Y](y)

It is easily seen that V; and V5 are not comparable to each other by inclusion. For
instance X/Y € Vi \ Vo and Y/X € Vo \ V4. Furthermore they are centered on
the maximal ideal (X,Y)Q[X,Y] of Q[X,Y], so that V; € Zar(Q[X,Y]x,y)) and
My, NQIX,Y](xy) = (X, Y)Q[X, Y](xv)-

Let p € Z be a prime number. Let S be the quasi-local integrally closed overring
of R obtained as the pullback 7~ *(Z,)). Then R C S C Q[X,Y]xy).

Consider, for ¢ = 1,2 the valuation domains:
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More precisely Wi(p) = Zp) + My;, and MW‘(p) = pZLy) + My;.

Note that, for ¢ = 1,2, Wi(p ) is a valuation overring of S. According to what
we proved in Proposition 2.5.4 (b), any valuation overring U of S centered on Mg
is such that U N Rp = S. Hence if Wi(p ) is also centered on the maximal ideal
Mg of S, we can conclude that Proposition 2.5.4 (b) holds. But this is clear since

M, ) = pZLy) + My,, and Mg = pZg) + (X, Y)QX, Y] (xy) = pZp) + (My, N S).

7

This process can be done for each prime p € Z, hence for each valuation domain

in Zar(Z) = Zar(R/P) there exist at least two valuation overrings Wl(p ) and WQ(p ) in
w®nRp

Zarg,(R) such that ——5—— = Z,).

Observe that another example of the same kind can be built by choosing Rp :=
k[X,Y, Z)xy), R/P = k[Z], so that R = Kk[Z] + (X,Y)k[X,Y, Z]xy) If kis
algebraically closed, the construction is then analogous to the one given in Example
2.5.5. It is enough to replace Q with k(Z) and p with Z — a, for a € k.

2.6 Examples

In this section we build some examples of vacant domains. In particular, we give
an example of a quasi-local vacant domain which is neither a valuation domain nor
a PVD. Then we produce for any n > 1 a semi-quasi-local vacant domain having
exactly n maximal ideals. Moreover the localization of the resulting domain at any
of its maximal ideal is not a valuation domain.

We start with some preliminary results which are needed for the subsequent

constructions.

Lemma 2.6.1. Let R be an integrally closed domain. If Ry is vacant for every
M € Max(R) then R is vacant.

Proof. Suppose R is not vacant. Then, by Theorem 2.3.1, there exist integrally closed
overrings S;, i = 1,...,nof Rand V € Zar(R) such that R = S1N---NS, and V' 2 5,
foreachi=1,...,n. Let P = MyNR. Then V O Rp and, hence, V O R, for every
maximal ideal containing P. So let M be any maximal ideal of R which contains P.
We have V' € Zar(Rys) and Ry = (S1N-- 'mSn)R\M = (Sl)R\Mm' . 'm(Sn)R\M with
(Si)r\ar integrally closed overrings of Ry for i = 1,...,n. Clearly V' 2 (S;)p\m

since V 2 S;. But then Rj; is not vacant, which is a contradiction. O

As a direct consequence of the Lemma above we have:
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Proposition 2.6.2. Let R be an integrally closed domain. The following are equiv-

alent:
(a) R is locally vacant;
(b) every flat overring of R is vacant.

Proof. By |46, Theorem 2|, T is a flat overring of R if and only of for each maximal
ideal M of T', Tpy = Ryng- Hence, if R is integrally closed, so is every flat overring
T of R.

(a)=-(b). Suppose Rp is vacant for any P € Spec(R). Let T be a flat overring of R.
Then Ths = Rynrg is vacant and, by Lemma 2.6.1, T is vacant.

(b)=(a). It is enough to observe that Rp is a flat overring of R for each prime ideal
P of R. O

Example 2.6.3 (Quasi-local vacant domain). Let V' be a valuation domain with
maximal ideal My such that its residue field ky has a valuation ring W of the form
F(X) + My, where F is a subfield of ky and X is transcendental over F. Such
hypothesis are realized for instance if V' = F[X,Y,Z]z) so that ky = F(X,Y).
Then, as shown in Theorem 2.4.9, the domain F'+ M is integrally closed and vacant.
In fact F'+ M is a PVD with purely transcendental residue fields extension having
transcendence degree 1. Moreover F'+ M has the same quotient field as W, namely
kyv. Let R:=7"Y(F + M):
T

W= F(X) + M — F(X)

F+ M

v

ky

It is easily seen that My := Ker(n) is a prime ideal of R, and V' = End(My ). Hence
we can apply Theorem 2.5.1 to R and conclude that R is a quasi-local vacant domain
which is not a PVD. Furthermore R has a (necessarily unique) irredundant repre-
sentation as intersection of valuation overrings. This representation is the pullback
of the unique irredundant representation of F'+ M. Moreover every integrally closed
overring of R is vacant too, since every such overring of R is a Priifer domain. In
fact, if S is an integrally closed overring of R either .S is a valuation domain, or, by
Remark 2.4.3, S is the pullback of an integrally closed overring of F' + M. Again
by Remark 2.4.3, any such overring of F'+ M is the pullback of an integrally closed
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domain in between F' and F(X), which is necessarily a Priifer domain. Now, it is

enough to apply [13, Theorem 2.4 (3)], to conclude that S is a Priifer domain too.

So far, we characterized and gave examples of some class of vacant quasi-local
domains. In the following examples we build a semi-local vacant domain. We start
by constructing, in (a), a 1-dimensional semi-local vacant domain, then, in (b), we
use the same process of Example 2.6.3 to obtain a semi-local vacant domain of any
finite dimension.

It will be also pointed out that a vacant domain may have integrally closed
overrings which are not Priifer domains. The example we propose first is a vacant
domain R having 2 maximal ideals M; and Ms. The localization of R at M;, 1 = 1,2,

is a PVD, which is not a valuation domain.

Recall that a domain T is a G-domain if the quotient field K of T is a finitely
generated ring extension of T', or, equivalently, if the nonzero prime ideals of T" have
nonzero intersection (|33, p. 11-12|).

Let D and T be integral domains with quotient field K.

Proposition 2.6.4. [28, Proposition 1.19]. If D has nonzero Jacobson radical J,
and T is a G-domain such that T is contained in only a finite number of rank one
valuation rings of K, say Vi, ..., V,, and if moreover D ¢ V; for each ¢, then D is a
localization of R:= DNT.

Proposition 2.6.5. [28, Proposition 1.15|. If D has nonzero Jacobson radical J
and T is 1-dimensional quasi-local, R := D NT is an irredundant intersection, and

D is a localization of R, then T is centered on a maximal ideal M of R and Ry =T

Example 2.6.6 (Semi-quasi-local vacant domain). (a) Let F' C K be a transcen-
dental field extension, and let X be an element of K that is transcendental over
F. Suppose that K has two distinct rank one valuation domains of the form
Vi=F(X)+ M; and Vo = F(X) + Ms. Let Ry = F + My and Ry = F + M.
Observe that Ry and Rp are integrally closed PVD. By Theorem 2.4.9, R; and

Ry are vacant.

Since V; has rank one for i = 1, 2, by Lemma 2.4.2 we have that Vj is the only rank
one valuation ring of K containing R;, i = 1,2. Moreover the Jacobson radical
of R; is M; which is, of course, different from zero. M; is the only nonzero prime
ideal of R;, hence R; is a G-domain. We can then apply Proposition 2.6.4 to
both R; and Ry and conclude that each of them is a localization of R := R1NRs.
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The intersection R = Ry N Ry is irredundant since there are no containments
between Vi and Vs, hence between R; and Rs. For suppose by way of contradic-
tion Ry C Ry, then V5 € Zar(R;). So that, by Lemma 2.4.2, V5 is comparable

to Vi, a contradiction.

Since Ry and Ry were chosen 1-dimensional we are in the hypothesis of Propo-
sition 2.6.5 for both R; and Ry playing the role of T so that there exist two
maximal ideals of R, P; and P, such that Rp, = Ry and Rp, = R».

The last thing which remains to be shown is that P; and P, are the only maximal
ideals of R, but that is clear because if d € R\ (P; U P») thend ¢ M, and d ¢ M,
so that d~1 € Rp, N Rp, = R N Ry = R. Thus every element of R not in P; or

P; is a unit, and hence P; and P, are the only maximal ideals of R.

(b) Combining the previous example with Example 2.6.3 we can increase the dimen-
sion of the semi-quasi-local domain just obtained. More precisely if R is the
semi-quasi-local domain built in (a) and V is a valuation domain with residue
field K = Qf(R) we can consider the following pullback diagram:

T

T by = K

R = fl(R)
|4

then R’ is vacant (by Theorem 2.5.1), semi-quasi-local and dim(R’) = dim(V') +
dim(R) > 1, where the equality for dimensions holds by [13, Proposition 2.1]|.

We give next an example showing that, for each n > 2, it is possible to build a
vacant domain R with exactly n maximal ideals, such that the localization of R at

any of its maximal ideals is not a valuation domain.

Example 2.6.7. Let K be a field and X1, ..., X,,, Z algebraically independent vari-
ables over K. Let F = K(Xy,...,X,). Let fi,..., f, be distinct irreducible el-
ements of F[Z]. Then V; := F[Z], is a valuation domain, in fact a DVR, with
quotient field F(Z). Moreover if M; denotes the maximal ideal of V;, V;/M; is
isomorphic to F', that is V; is of the form F' + M; for each i.

Let F; .= K(X1,...,X;—1,Xi41,...,X,) and R; the PVD obtained as the pull-
back of the following diagram:
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Each R; is integrally closed because the field extension F; C F' is purely transcen-
dental, and hence F; is algebraically closed in F.

For i # j the valuation domains V; and V; are incomparable to each other (they
are both DVR’s); furthermore the residue field of each V; is F' and F; # F}, so
{F;}! is a collection of distinct proper subfields of F. Then |7, Example 2.5] shows
that R :=(;_, R; is an integrally closed LPVD with exactly n maximal ideals, say
Q1,...,Qn. Also Ry, = R; for each ¢ = 1,...,n, which is vacant by Theorem 2.4.9.
Thus by Lemma 2.6.1 follows that R is a vacant domain having exactly n maximal

ideals.

To conclude we give the announced example showing that a DW-domain may

not be vacant. Recall that the inverse implication holds, thanks to Proposition 2.2.2

Example 2.6.8. Let X,Y and Z be algebraically independent variables over a field

[

k(X,Y)[Z)(7) —> F := k(X,Y)

k. The integrally closed domain:

—_—

<—)>]

is not vacant by Theorem 2.4.9 but is a DW-domain as it is one-dimensional (see
[45, Proposition 2.9]).

2.7 Discussion and questions

There are still many open problems about vacant domains. Most of them are gen-
eral problems about intrinsic properties of being vacant. We start by asking what

happens in general to localizations and finite integral extensions of a vacant domain.
Question 2.7.1. Let R be a vacant domain and P a prime ideal of R. Is Rp vacant?

Question 2.7.2. Let R be a vacant domain with quotient field K. Let F' be a finite
field extension of K. Is the integral closure R" of Rin F vacant?

It is well-known that for a domain R the following characterization holds: R is
a Priifer domain if and only if each overring of R is integrally closed, if and only if
each overring of R is a Priifer domain (|23, Theorem 26.2|).

Hence we ask:

Question 2.7.3. Is every integrally closed overring of a vacant domain R vacant

too?
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According to Proposition 2.3.7, the question above can be restated as in the

following conjecture.

Conjecture 2.7.4. Let R be an integrally closed domain. Then, for each n, R is

n-vacant if and only if R is 2-vacant.
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Chapter 3

Projective star operations and

graded rings

3.1 Projective models

We observed in Section 1.2 that the Zariski space Zar(R) of an integral domain R
is a spectral space. In a recent paper O. Heubo showed that each Zariski space
Zar(F/R), with R a subdomain of a field F, is spectral.

Proposition 3.1.1. (|30, Proposition 2.7|) Let F' be a field and R a domain (possibly
a field) contained in F. Let H := (Y czan(r/R) VP, Then the mapping:

¢:Zar(F/R) — Zar(H)
Vo o— VP

18 a homeomorphism with respect to the Zariski topology.

By Theorem 1.3.14 an F-function ring is a Bézout, hence a Priifer, domain, so
that Zar(H) is homeomorphic to Spec(H). Therefore Zar(F/R) is a spectral space
too. In other words, the Zariski spaces Zar(F/K), for each choice of a field F' and a
subdomain K of F', from a topological point of view, are just like the prime spectrum
of a ring.

We are going to see that, despite the fact that Zar(F/K) is spectral, we can
associate this topological space to a scheme, which is not in general affine. More

precisely, in the case we deal with, such a scheme is projective.

In the years around 1940, O. Zariski introduced a precursor to schemes theory
from an algebraic point of view. Afterwards his student S. Abhyankar used Zariski’s

setting to achieve results on resolution of singularities (cf. [1]).
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We give here a brief overview on models and ideals in models, which are the al-
gebraic objects corresponding to schemes and coherent sheaves of ideals respectively

in algebraic geometry.

Let F be a field and R a subdomain of F'. For a quasi-local domain S, we denote
by Mg its unique maximal ideal and by kg the residue field S/Mg.

Consider the set L(F/R) := {S: RC S C F, S quasi-local}. The set of quasi-
local rings between R and F' can be partially ordered by domination, as explained

in the following definition.

Definition 3.1.2. Let S; and S be in L(F/R). We say that S; dominates Sy if
S1 2 Sy and Mg, = Mg, N S1.

By using the relation of domination we can single out two important kinds of
subsets of L(F'/R):

Definition 3.1.3. Let X be a subset of L(F'/R). We say that X is irredundant if
for each V' € Zar(F'/R), there exists at most one element S € X dominated by V.
Reciprocally, we say X to be complete if for each V' € Zar(F/R), there exists at
least one element S € X dominated by V.
Given X and X’ subsets of L(F/R) we say that X dominates X' if every element

of X dominates at least one element of X'.

It is clear that Zar(F/R) is a subset of L(F/R). We introduce now a topology on
L(F/R). We will keep denoting the basic open sets of this topology by U, because, as
it will be evident soon, the Zariski topology on Zar(F'/R) coincides with the induced
topology. The Zariski topology on L(F/R) is given by declaring as an open basis

the following sets:
L{(a:l,...,a:n) = {SEL(F/R)CQ €S, Vi= 1,...,TL}.

Notation 3.1.4. Given a domain D, such that R C D C F', we denote by V(D) :=
{Dp : P € Spec(D)}. As topological spaces we consider Spec(D) with the spectral
topology and the induced Zariski topology on V(D).

Proposition 3.1.5. (|50, Lemma 1, Ch. VI, § 17]) Let R be a domain contained in
a field F. Let D be a domain in between R and F. The mapping:

f:L(F/D) — Spec(D)
S — MgnD

is continuous. The restriction of f to V(D) is a topological homeomorphism.
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We can define now the concept of a model.

Definition 3.1.6. Let F be a field and R a domain contained in F'. An affine model
over R is a set of the form V(R[x1,...,x,]) with 2; € F, for each i = 1,... n.

A model M is defined as an irredundant subset of L which is a finite union of
affine models, i.e. M = [J;-; V(R;), with each R; C F and finitely generated as an
R-algebra.

Definition 3.1.7. Let I be a field and R a domain contained in F. Let xg,...,x,
be nonzero elements of F. A projective model over R is a model M = |J!'_, V(R;)

whose underlying domains are R; := R[7°,..., 2],
k2 k2

By |50, Lemma 5, Ch. VI, § 17] a projective model is complete. Therefore a
projective model over R is an irredundant and complete subset of L(F/R).

Consider now the following special case: let S := K[Xy,..., X,], with Xo,..., X,
Xo Xn )

algebraically independent indeterminates over K. Let the field F' := K ( e X

K(%,,%) = F(y1,...,yn). Denoting by R; := K[%’,,%], a projective

model of F over K is then:

M := O V(R;).
=0

Furthermore the R;’s are integrally closed domains having quotient field F. Accord-
ing to Proposition 3.1.5 the model M just defined is homeomorphic, as a topological

space to:
U Spec(R;).
i=0

It is immediately seen that this is the same topological space underlying the pro-
jective scheme Proj(S) = U, D+(X;), where Dy (X;) is the set of homogeneous
prime ideals of S not containing X; (for details cf. [10, II1.2.1]).

Hence the model M defined above inherits, in a natural way, a structure of a
projective scheme, the same one defined for Proj(.S). So, by identifying the model M
with the projective scheme Proj(S) we gain a very useful new setting. In particular,

over a scheme, we can consider sheaves of ideals, as we will see in the next section.

3.2 Homogenization, dehomogenization and saturation

of ideals

Let K be a field. Let S := K[Xj,...,X,], the ring in n 4+ 1 indeterminates over K.

For i that ranges from 0 to n, we keep denoting by R; the ring K[%, ceey ))%]
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Thus S is graded with the standard grading obtained by giving to each variable

degree 1. Hence:

o0
S = @sk, where Sy =K and SpnSn C Snim.
k=0
Definition 3.2.1. An element f € S is said to be homogeneous (of degree d) if
f € 84 for some d.

An ideal I of S is homogeneous if I is generated by homogeneous elements, or,
equivalently, if for each f = fo + -+ fq € I, with f; homogeneous of degree i, we
have f; € [ forall:=0,...,d.

An ideal P of S is a homogeneous prime ideal if P is a homogeneous ideal which

is also prime.

Let f € S. The dehomogenization of f in R; is the element

. XO Xn
al = — DY .. —
f . f( Xz ] -y 9 Xz )
of R;. The application % is a ring homomorphism for each i = 0,...,n. Conversely

given an element g in R;, its homogenization in S is the homogeneous element

hg = Xmg(&, e &)
X X
of .S, where n; is the degree of g.

Before starting with all the properties of homogeneous and non-homogeneous
ideals from the algebraic point of view, we wish to give some details about the alge-
braic geometry behind our construction. In fact, the spirit we will use for definitions
and properties which seemed to be natural to us, when considered in the context of
scheme theory.

Keeping the notation above:

Proposition 3.2.2. (|10, Exercise I1I-13|) Let I be a homogeneous ideal of S. For
each open set U; := Spec(R;), let I(U;) be the ideal T - S[X; | N R;. This definition
can be extended in a unique way to other open sets in such a way that I becomes a

coherent sheaf of ideals.

So, a homogeneous ideal of S induces a coherent sheaf of ideals over Proj(5).
The process can be reversed to get a homogeneous ideal of .S from a coherent sheaf
of ideals, as in |10, Exercise III-14]. The correspondence is not one-one in general.

We will get over this restriction by using the saturation of a homogeneous ideal of

S.
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Given a homogeneous ideal I of S, the dehomogenization of I:
“J:={%f]fis homogeneous in I }

is an ideal of R;. Observe that the dehomogenization in R; of an ideal I of S coincides
with the ideal I(U;) considered in Proposition 3.2.2 (cf. also [50, Ch. VII, § 5, p.
185]).

We note that using the fact that the operation % is a ring homomorphism for
each ¢ = 0,...,n and the fact that I is generated by homogeneous elements, it is
clear that “I = {% f : f € I}. So, for a homogeneous ideal I of S, we have z € %1
if and only if = % f for some f € I.

For each i = 0,...,n, the operation I — %17 is onto the set of all ideals of R;

and preserves inclusion and the usual ideal-theoretic operations:

Theorem 3.2.3. ([50, Theorem 18, Ch. VII, § 5]) The operation I — *I maps the
set of all homogeneous ideals in S onto the set of all ideals of R;. It preserves inclu-

stons and the usual ideal-theoretic operations, i.e., it has the following properties:
(a) I C J implies “1 C %J.
(b) “(I+J)=%I+%].
(c) “(1J)=2%]%].
(d) “(INnJ)=2IN%J.
(&) (1 J) = (1 : ),
(£) “(VI) = Vol

The converse of dehomogenization for ideals is given by homogenization. Given
an ideal I of R;, let € be the set of all the homogeneous polynomials X" f (m > 0,
f € I). We denote by "I the homogeneous ideal in S which is generated by the
elements of €.

The operation I — "I is one-one and preserves inclusion and the usual ideal-

theoretic operations:

Theorem 3.2.4. ([50, Theorem 17, Ch. VII, § 5]) The operation J + "J maps
distinct ideals of R; into distinct ideals in S; it preserves inclusion and the usual

ideal-theoretic operations, i.e., it has the following properties:

(a) I CJ implies "I C"J.
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(b) MI+J)="T+"m.
(c) MIJ)="1mT.
(d) MInJ)y="rrn"J.
(e) "(I:d)=("1:"J).
(f) "(VI) = V1.

We note the properties of the composite operations %" and "% for each i =
0,...,n (see [50, Ch. VII, § 5, p. 182|):

(H1) @ ("I) = I, for any ideal I in R;;

(H2) M(*I) D I, for any ideal I in S;

(H3) X™("(1)) C I, for some integer m > 1.

A useful characterization of homogeneous prime ideals follows:

Proposition 3.2.5. (|9, Exercise 2.15 (c)|) Let S be a Z-graded ring. A homogeneous
tdeal P of S is prime if and only if whenever fg € P for homogeneous polynomials
f,g€ S then fe P orgeP.

Proof. (=). It follows by definition of a prime ideal.

(«<). Let f,g be elements of S such that fg € P. We assume without loss of
generality that S is graded positively. Then we can write f = Fy 4+ --- + F, and
g = Gog + --- + Gy, where all F;’s and G’s are homogeneous elements of S. By
assumption the product fg € P. Then every homogeneous component of fg € P
as P is homogeneous. Observe that if for all # < k both F; and G; are in P, then
F.Gy € P. In fact,

(f9)ar = FoGop + F1Gop 1 + -+ + FpGy + - - + G1Fop 1 + GoFa.

Thus FrGr = (f9)ar — (FoGar + F1Gogp—1 + -+ G1Fo—1 + Golo) € P.
Suppose d is the minimum such that F; € P and G4 € P, and d’ is the minimum
for which Fy ¢ P and Gy € P. If d and d’ do not exist we have that the element

with smaller degree between f and ¢ is in P. So we can assume that the minimum

d does exist, and we have that:
(f9)2a11 = FoGaay1 + -+ Fy1Ga + Gap1 Fa + -+ + Fag1Go.

Then Fy,1G4 € P and Gy € P implies Fj;1; € P. With the same argument it follows
that Fjy, € Pforall k=1,...(n—d), so that f € P. O
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Definition 3.2.6. Let I be an ideal of S, the saturation of I is the ideal:
S = {ye S|Vi=0,...,n, 3t; >0, yX}' € I'}.
An ideal I of S is saturated if I = I.

Proposition 3.2.7. (|10, Exercises III-14 and III-16]) There is a bijective corre-
spondence between homogeneous saturated ideals of S and coherent sheaves of ideals
over Proj(S).

In view of this correspondence, we will work with homogeneous saturated ideals
of S, but all our results can be applied to coherent sheaves of ideals over Proj(S) and
hence on ideals over the projective model M = |J_, V(R;). It is worth remarking

that ideals can be defined for models also in the more general case (cf. [1, Chapter
2,86, (64)]).

Remark 3.2.8. Let I be an ideal of S. Then

1
yesatI@yEIS[Y]ﬂSforalli:O,...,n.

7

eve (15[ L]ns) (5[] ns)
o= (o) (u[i])

Proposition 3.2.9. Let I be a homogeneous ideal of S. Then ™I =, haig

2

Thus

Proof. Let f € ®I. Then for each i = 0,...,n, there is a nonnegative integer n
such that X'f € I. Set g := Xf. Then we have g = "(%g) X", where m is the
degree of X; in the polynomial g. Clearly as f = X "g € S, we have m > n. So
f="g) X" € "(%]) for each i = 0,...,n. Therefore **] C L, "]

Now let f € N, hai[ with f a homogeneous polynomial. Then for each
i = 0,...,n, we can assume without loss of generality that f = X™("g;) with
m; nonnegative integer and g; € %I (i.e., g; = ¢, ¢ € I). Thus f = Ximih(aigp) =
X" X, " p, where my; is the highest power of X; that divides ¢. Therefore choose a
nonnegative integer s such that s > mg; —m; to have X3 f = X ™ ™0 € [ asp €
I. Hence f € *®]. Since (i, "¥ I is homogeneous, we have ¢ = ' "1, O

Proposition 3.2.10. Given I,J homogeneous ideals of S the following properties
hold:
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(a) for eachi=0,...,n, %] =],

(b) $¢] C$UJ =4[ C %] foralli=0,...,n;

(c) %9 is homogeneous

(d) for each (homogeneous) polynomial f € S, 9 (fI) = f59I;
(e) I C3 and if I C J then s®] C st J;

(f) SeH(I N J) = $at] A sat].

Proof. (a) The inclusion %] C %3] is trivial since dehomogenization preserves

inclusions. For the converse, since * commutes with intersections:

n n
aisatI _a; ﬂ hajI _ m aihajI C i,

(b) Suppose that $91 C %3], We have I C 5¢] C %% J. Thus for each i = 0,...,n:
ai] C @sal ] = ai J by (a). Conversely, suppose %[ C %.J for all i = 0,...,n.
Since the operation " preserves inclusion, we can conclude using Proposition
3.2.9 that 9] C sat ],

(c) Tt is straightforward by Proposition 3.2.9 and the fact that a finite intersection

of homogeneous ideals is homogeneous.

(d) Let f be a polynomial in S.

sat(fpy = <(f[)5[;,OD M- (UI)S[;%D

:f(<IS [;OD -0 (IS [;n]))

— fsatI_

(e) This is clear by the definition of saturation or by Proposition 3.2.9.

(f) It is clear by combining Proposition 3.2.9 and the fact that the operations
and " preserve intersection.

By definition of star operations, i.e., Definition 1.1.1, it is easily seen that (d)

and (e) imply that sat is a star operation on S. Furthermore sat is a stable star

operation, as shown in (f). O
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3.3 Star operations on homogeneous and non-homogeneous

ideals

Star operations work in general on nonzero fractional ideals. In our context we
want to apply the operations % and " to the ideals transformed by a star operation.
Hence, we extend the concept of being homogeneous to fractional ideals and build

an application enjoying the same properties of star operations on such ideals.

Definition 3.3.1. A fractional ideal J of S is homogeneous (resp. saturated) if
there exists a homogeneous polynomial f € S such that f.J is a homogeneous (resp.
saturated) ideal of S.

Definition 3.3.2. If J is a homogeneous fractional ideal of S, then the dehomoge-
nization of J is *J = %ai(f J), where f is a homogeneous element of S such that
fJ is a homogeneous ideal of S.

For each i = 0,...,n, if J is a fractional ideal of R; i.e., J is an R;-module in F
and there is a nonzero f € R; such that fJ is an ideal of R;, then the homogenization

of Jis "] = L (1),

Remark 3.3.3. For each ¢ = 0,...,n the operation % is well-defined for homoge-
neous fractional ideals of S: let J be an homogeneous fractional ideal of S. Suppose
that there are homogeneous polynomials f and g such that fJ and gJ are homoge-
neous ideals of S. Then:
1
oy )=

It is also clear by a similar argument that the operation

(9J) <= g (fJ) =" [f"(9)) <= (9f]) = “(fgJ)-

a;
a; g

h is well-defined for

fractional ideals of R;, for all ¢ =0,...,n.

Observe that if J is a homogeneous fractional ideal of S, then % J is a fractional
ideal of R;. Conversely given a fractional ideal I of R;, "I is a homogeneous fractional
ideal of S. In fact, if f € R; is such that fI C R;, then "f"I C"R; = S.

Definition 3.3.4. Let H(S) denote the set of nonzero homogeneous fractional ideals

of S. A projective star operation on S is a mapping:

x:H(S) — H(9)

I — I*

such that for every nonzero homogeneous rational function f (i.e., f = ¢ with 0 # h
and g homogeneous polynomials in S) in the quotient field of S and every I,.J € H(.5)

the following conditions are satisfied:
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(a) (f)=(f), (fI)* = fI%;
(b) I CI*andif I C J then I* C J*;
(c) I == (I*)* = I*.

Remark 3.3.5. If I — I* is a projective star operation on S, it is clear that
S = (1) = (1)* = 5% and if I is a homogeneous ideal of S, then I C [* C §* = S.
Hence each projective star operation on S induces a map I +— I* from H(S), the
set of homogeneous ideals of S, into H(S) satisfying conditions (a), (b) and (c).
Moreover, for each operation * from H(S) onto H(S) satisfying conditions (a), (b)
and (c), if J € H(S9), then there is a homogeneous element f € S such that fJ =: T
is a homogeneous ideal of S. Set J* = %I *. It is clear that % is well-defined and is a
projective star operation on S. Therefore, from now on, we will consider a projective
star operation on S as a map from H(SS) into H(S) satisfying conditions (a), (b) and

(c) (in condition (a), take f to be homogeneous element of S).

It is clear that a star operation on S which preserves homogeneous ideals is a
projective star operation, but, as expected, not every star operation on .S is homoge-
neous preserving. We provide next some examples of projective star operations and

an example of a star operation on S that is not a projective star operation.

Example 3.3.6. (a) The identity is clearly by definition a projective star opera-
tion. The saturation sat is also a projective star operation (Proposition 3.2.10
(c), (d), (e) and (f), together with the fact that ¢S = S). We will see later
that the b-operation and the v-operation are projective star operations on S

as well.

(b) Let I be an ideal of S. Since S is a Noetherian integrally closed domain, S
is completely integrally closed, and so S = (I : I) for each nonzero ideal I of
S (see [23, Theorem 34.3]). Therefore, by Proposition 1.1.16, the application
v(I):F(S) — F(S), J— (L :(I:J))is a star operation on S for each ideal I.

Consider the maximal ideal M := (Xy — 1, X1,..., X,;) of S and the homoge-
neous ideal [ := (X1,...,X,). We shall prove that I,yp = (M : (M : I))
is not homogeneous, and hence v(M) cannot be restricted to a projective
star operation. By [29, Lemma 3.1], Iy(ar) = (¢ ar ¢M with ¢ in the quo-
tient field of S. First of all, we observe that I,;) 2 I. Suppose by way
of contradiction that I = I,p7). Then, since S is Noetherian, the ideal
(M :1I)=(r,...,m5)S for some finite set {ry,...,r,} of the quotient field
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of S, and (M : (M : I)) = (M : (r1,...,m)S) = i, r; 'M. By setting

n n n
I= () aM=(\aM=()aMNRC[)aRNR=R,
ICqM i=1 i=1 i=1

where the last equality holds because [ is a prime ideal of height greater than
1 in an integrally closed Noetherian domain. Hence R = I, by [23, Corollary
44.8|, so that
n
R=I,C()aRNRCR.
i=1
Then, for each ¢, RN R = R and r; := q?l € R. Therefore I = %M n---N
%M NR. We can assume without loss of generality that for all 4, r; € R\M. For
if r; € M for some ¢, ?le = R then there is no contribution in the intersection.
We have then that (rq---7mp)I = (ro---rp)MO---N(ry - rp_1)MN(ry -+ 1) R.
Thus Iny = MRy (Vi, r; ¢ M), which is a contradiction because I is a prime
ideal properly contained in M. So I C 1,5y € My = M.
We prove now that I is maximal among the homogeneous ideals of S contained
in M. Since S is Noetherian the ACC on ideals holds and each chain in the
set:
F :={J : J is homogeneous and I C J C M},
has a maximal element P. Suppose P is not prime. Then by Proposition 3.2.5
there exist f,g € S\ P homogeneous such that fg € P. We can suppose
f is in M because M is prime, so we have P C (P, f) C M, because M is
not homogeneous, and this contradicts the maximality of P in F. Hence P is

prime and
(Xo) € (X0, X1)C---C(Xo,...,Xp 1) S PCM

is a chain of distinct primes of length n + 2 > dim(S) = n + 1, which is
impossible. Therefore I is maximal in F and, since I C I,y © M, I(pr) is

not homogeneous.

We next turn our attention to the “dehomogenization” of a projective star oper-

ation. In other words, we prove that a projective star operation x on S, induces a

star operation x; on R; for each i =0,...,n.

Proposition 3.3.7. Let x be a projective star operation on S. Then the mapping
(R — F(Ry), I — I* := %((")*), is a star operation on R; for each

1=0,...,n.
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Proof. Tt is enough to prove that conditions (*1), (x2) and (x3) of Definition 1.1.1
hold on (integral) ideals of R;. Let g € R; and I an ideal of R;;

(gD = ("(gD))" =4 ("g" )" = g% ("I)* = gI"'.

Since "R; = S for each i, condition (%1) holds. Condition (x2) is straightforward.
The fact that (I*1)* D I* follows from (*2) and we prove that the reverse inclusion
holds too. By (H3) we have X" (("I)*) C ("I)* for some m > 1. Since * is a

projective star operation,
* *
le |:hai ((hl)*)] — |:Ximhai ((hl)*)] C (hI)** — (hl)*.

Now as % preserves inclusion and % (X!") = 1, we have

Then x; is a star operation on R; for any i =0,...,n. 0

Proposition 3.3.8. Let x be a projective star operation on S and {*q,...,*n} the
set of star operations obtained as in Proposition 3.8.7. Then % (I*) = (%“I1)* for

each homogeneous ideal I of S and each 1 =0,...,n.

Proof. For each i =0,...,n, (hail)* D I[* = (U])" = (haiI)* D i (I%).
Conversely, by (H3) there exists m > 1 such that:

FoXxm (haq)* — @ ([*) D a (le (haq)*) — (@i XM (hail>* _
= (“I)* for eachi=0,...,n.
Where the last equality holds by the definition of %; given in Proposition 3.3.7. [
Corollary 3.3.9. Same hypothesis as Proposition 3.3.8. Then
) = (D)) N0 (D)),
Proof. By Proposition 3.2.9,

sat(I*) — hCLQ(I*) n--- ﬂha"(.[*)
= (L) e (),

The last equality is by Proposition 3.3.8. O

Proposition 3.3.10. Let x be a projective star operation on S and I be a homoge-
neous ideal of S. Then $% I = % (I*) if and only if (“1)* = %[ for everyi =0,...,n

(where x; are those built in Proposition 3.3.7).
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Proof. By Proposition 3.3.8 and Proposition 3.2.10, we have

(Y=Y <= Y (I")=%Tforalli=0,...,n

— sat(I*) _ satI
O

From a projective star operation x on S, we built star operations x; on R;,
1 =0,...,n. We want to consider the reverse process: how do we get a projective
star operation on S from the star operations on R;, i = 0,...,n? We start by
observing how the star operations %;, built from a given projective star operation,
interact with one another. In fact, we do not expect to be able to build a projective
star operation by choosing arbitrarily the star operations ;.

Moreover, we want to reverse the process of dehomogenization, and then com-
pose homogenization and dehomogenization to go back and forth between the set of
projective star operations and (n+ 1)-tuples of star operations, each of them defined

on one of the R;’s.

Lemma 3.3.11. Let x be a projective star operation on S and {xq,...,*n} the set
of star operations on Ry,..., R, obtained as in Proposition 3.3.7. Then for each

homogeneous ideal I of S,
(1) (wI)5 Ca[h(@I)*)] forallj=0,...,n andi=0,...,n.

(ii) For eachi=0,...,n there exists a nonnegative integer m; such that
XMajh((aif)x)] C (%)% for all j =0,...,n.

Proof. For (i), For each i = 0,...,n, (h‘”I)* D I*, ie., for each j = 0,...,n, For
eachi=0,...,n, % [(’wq)*} D 4(I*). By Proposition 3.3.8, (/1) C % [A((%1)*)]
forall j=0,...,nandi=0,...,n.

For (ii), a similar argument as for (i) works by using the inclusion X" (I*) C

I* for some m; > 1 for each 1 =0,...,n. O

By homogenization and dehomogenization we can “move” an ideal of R; to each
of the other R;’s. Condition (i) in Lemma 3.3.11 suggests that the behavior of an
ideal of R; under the star operation *; reflects the behavior of that same ideal moved
into R; under ;. Since a homogeneous ideal of S collects together the behaviors
of its dehomogenized components, if we want to glue together a collection of star
operations on different R;’s, we define two star operations to be compatible if we

can move ideals from R; to R;, through S, preserving the behavior of the given star

70



operations. This compatibility has to be satisfied by each pair of star operations
that we want to “glue” together into a projective star operation.

In particular it will not be possible to glue together star operations of very
different kinds.

Definition 3.3.12. Let xq,...,*, be star operations on Ry,..., R, respectively.
We say that *, ..., %, are pairwise compatible if (% 1) C % [*((%1)*)] for all 4,5 =

0,...,n, and all homogeneous ideals I of S.

Proposition 3.3.13. Let {x,...,*,} be a set of pairwise compatible star operations

on Ry, ..., R,. Then the mapping:

*:H(S) — H(S)
I IF = sat O h((@])* )]

is a projective star operation on S. Moreover if {xo,...,*p} are built from a projec-

tive star operation ' on S as in Proposition 3.3.7, then « = sat o «'.

Proof. We need to prove that * satisfies the conditions (a), (b) and (c) of Defini-
tion 1.1.1. It is easily seen that S* = S. Moreover saturation, homogenization
and dehomogenization preserve inclusions. So I C [* and [ C J = [* C J* are
straightforward.
Suppose now that f is a homogeneous element in S. We claim that (fI1)* = fI*.
Now
G [(fI)*] € vt (h[(%‘ fI)*f]) . (by definition of %)

= %h[(% f1)*], (by Proposition 3.2.10, (a))
(1)
=% f(“I)", (since x; is a star operation)
aj fai[h (% [)*1)], (by the compatibility of the *;’s).

SRRt
Hence by Proposition 3.2.10 (b), we have *®[(fI)*] C f["((%1)*)] for all i =
0,...,n. Thus

N

n

(FD* S (D S ) (@) = fIm.

1=0

For the other inclusion we have
G(fI¥) =% fO(I1%) C % fER(DI)] =% f(DI) = [%(fI)].
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By compatibility of the x;’s,
G(FI*) C Y% fI)*)], for all i =0,...,n,
Le., SU(fI*) C sat (M((% fI)*))) for alli = 0,...,n, by Proposition 3.2.10 (b). Hence
fI* _ Sat(ff*) C ﬂ sat (h((aif[)*i))> — (f[)*.
i=0

So (fI)* = fI*.
For the last condition (c) left, it is clear that /* C I** on one hand. On the other
hand,

n n
I* _ sat ﬂ a] I* *J ﬂ aJI *J*J — m aJI *J = J*
The last part of this proposition follows directly from Corollary 3.3.9. 0

To keep a standard notation and avoid confusion between star operations de-
fined on different domains, we shall denote on S the identity, the integral closure of
ideals and the divisorial closure of ideals by d, b and v respectively. The same star
operations referred to R; will be denoted by d;, b; and v; respectively (cf. Examples
1.1.17).

Example 3.3.14. 1. The identities d;’s on the R;’s satisfy the compatibility con-
ditions. In fact, for an arbitrary homogeneous ideal I of S, I C "* ] for each
i=0,...,n,ie, %I C%("%]). Then the projective star operation on S built
from the identities on the R;’s is, by Proposition 3.2.9, the saturation %

2. Later (Proposition 3.4.3), we will see that the b;-operations on the R;’s are
pairwise compatible and that the projective star operation * on .S built from
those is the composition of the saturation and the b-operation on S, i.e., x =

sat o b.

3. Also, we will see in Proposition 3.4.5 that the v;-operations on the R;’s are
pairwise compatible and that the projective star operation on S built from

those is the v-operation on S.

Proposition 3.3.15. Let {x,...,*,} be a set of pairwise compatible star operations
on Ry,..., R, and let x be the projective star operation on S built in Proposition

3.3.13. Then for eachi =0, ...,n and for each ideal I of R;, we have I*" = %[("I)*].
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Proof. For each i =0,...,n, and each ideal I of R;, we do have

n n n
ai[(hI)*] _ aisat[ﬂ h(akhI)*k] _ ﬂ aih(akhI)*k —I*N ﬂ aih(akhl)*k.
k=0 k=0 ki,k=0
Hence .
I*i 2 I*i m ﬂ aih(akh])*k 2 I*i,
k+#i,k=0
by compatibility of the x;’s. So I* = %[("I)*]. O]

Remark 3.3.16. Given a projective star operation x on S, we can build star op-
erations x; on R; for each ¢ = 0,...,n. These star operations x;’s are pairwise
compatible. Therefore by applying Proposition 3.3.13 to the n + 1 star operations
obtained we get “almost” back the original projective star operation. Indeed we get
the projective star operation sat o x on S.

Reciprocally, if we start with a set {*q,...,*,} of pairwise compatible star op-
erations on Ry, ..., R,, then we can build a projective star operation x on S as in
Proposition 3.3.13. Then the star operations +; built from % coincides with «; for
each ¢ =0,...,n, by Proposition 3.3.15.

Furthermore we have that given any projective star operation % in S, the compo-
sition satox is a projective star operation. In particular the projective star operation

sat dehomogenizes to the identity on the domain R; for all i =0, ..., n.

We next prove that the same property as in Proposition 3.3.8 holds when we

start with a set of pairwise compatible star operations.

Proposition 3.3.17. Let {xo,...,*n} be a set of pairwise compatible star operations
on Ry, ..., R, and x the projective star operation on S built in Proposition 3.3.183.
Then for any homogeneous ideal I of S, we have (“I)* = %(I*) for alli=0,...,n.

Proof. Let i € {1,...,n}, by Proposition 3.3.15, we have (%“I)* = %[("%[)*]. On
the other hand, ("I)* D I*, which implies ()" = i (hai[)" D ai (T*).

Conversely
IO ((sz)hail>* — X" (hail)* NNOER (sz <haiI>*> — asf(hai y¥),

where m is any integer for which (H3) is satisfied. O
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3.4 The projective b- and v-operation

We first note that if I is a homogeneous ideal of S, then I° is a homogeneous ideal
of S |47, Corollary 5.2.3]. So the b-operation is a projective star operation on S. A
natural question is which star operations do we get locally from the b-operation and

vice-versa?

Lemma 3.4.1. Let I be an homogeneous ideal of S. Then %(I°) is an integrally
closed ideal of R; for alli=0,...,n.

Proof. For each i, we have R; = Sy, N K; where M; is the multiplicatively closed
subset of S consisting of powers of X; and K; is the quotient field of R;. Now
for I a homogeneous ideal of S, %(I%) = ISy, N K; = (ISy,)’ N K; (|50, VIL §
5.(10%)] and [47, Proposition 1.1.4]). Since (ISy;,)" is an integrally closed ideal in
S, (ISMi)b N K; is integrally closed in Sy, N K; = R;. So * (I?) is integrally closed
in R;. Hence % (1) is integrally closed in R; for each i = 0,...,n. O

Lemma 3.4.2. Let I be a homogeneous ideal of S. Then % (I%) = (%“1)% for all

1=0,...,n.

Proof. Let I be a homogeneous ideal of S. We have I C I b Since % preserves
inclusion for each i, we have “I C %(I%). But by Lemma 3.4.1, %(I?) is integrally
closed. Therefore (%1)% C % (I?).

For the reverse inclusion, let € %(I’). Then we can write 2 = %7 for some
element r € I®. Thus r satisfies an equation of integral independence of r over I of

the form 7° + 151+ ...+ co_17 + ¢s = 0 for some positive integer s and cj € I’ for

each j =1,...,s. Since % is a homomorphism, we have (%r)% 4 %c;(%ir)s~t .. +
Gicg 1%y + %ic, = 0 with %¢; € (%) for each j =1,...,s. Thus x = %r € (4I)%.
Hence % (1%) C (%1)%. So % (I) = (%“1I). O

The precedent Lemma says that if we start with the b-operation on S, then
the star operations *; obtained from it as in Proposition 3.3.7 are exactly the b;-

operations on the R;’s.

Proposition 3.4.3. The b;-operations satisfy the compatibility condition, hence
(%)% C % [h((%1)%)] for any homogeneous ideal I of S and for all i,5 =0, ...,n.

Proof. By Lemma 3.4.2, we have % [h((“if)bi)] =9 [hai (Ib)] D “J'(Ib) = (“J’I)bi, O

Remark 3.4.4. By Lemma 3.4.2; it is clear that if we start with the b-operation

(as a projective star operation) on S and construct the star operations x;’s on R;’s
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as before, then the x;’s are exactly the b;-operations on R;’s. Conversely, if we start
with the b;-operations on the R;’s, since those operations satisfy the compatibil-
ity conditions, they produce a projective star operation on S, which is sat o b, by
Proposition 3.3.13.

Suppose I is a homogeneous ideal of S. Then I, := (S : (S : I)) is homogeneous
too (see [50, VII. § 2. Theorem 8|), so if we restrict the divisorial closure in S to
H(S), we get a projective star operation on S. Let us denote by v this projective star
operation. Recall that the v-operation is bigger than or equal to each star operation
on S, in the sense of Definition 1.3.7. Hence we have that every star operation on

S, that can be restricted to H(S), is less than or equal to v.

Proposition 3.4.5. Let v be the v-operation on S. Then, for every i = 0,...,n
the star operation x; induced on R; by v, as in Proposition 3.53.7, is the divisorial
closure v;. In particular v; and v; are pairwise compatible for each i,j = 0,...,n.

Furthermore the projective star operation sat ov = v.

Proof. For each i = 0,...,n, let J be an ideal of R;, and let J* := %((".J),). We

will prove that x; = v;.
J* =%(("J),) (by definition of %;)
=G (S (S hJ)) (by definition of v)
= <‘“S 2 (MS ath)) (a; commutes with colon)
=(R;: (R;:J)) (since “S = R;)
=Jy, (by definition of v;).

Hence *; = v; and {vg, ..., v,} are pairwise compatible by Lemma 3.3.11 (i).

If % is the projective star operation obtained from {vy,...,v,} as in Proposition
3.3.13 we have that x = sat o v, but as discussed before sat is less than or equal to
v. So for every I € H(S), (5¢1), = *%(I,) = I,, and x = v. O

Remark 3.4.6. From Proposition 3.4.5, it follows that v is a maximum also in the
set of projective star operations. For suppose x is a projective star operation such
that v < %, then sat < v < % and sat o x = x. But for each i = 0,...,n, v; < *;,
since v < x. As wv; is the biggest star operation on R; it follows that v; = x; for each
1=0,...,n. Thus x = sat o x = sat ov = v. In particular every divisorial ideal of S

is saturated because (I,,)%% = I,.
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3.5 Projective Kronecker function rings

To introduce the concept of a Kronecker function ring associated to a projective
star operation, we need, first of all, to define the analogue of the e.a.b. property
(cf. Definition 1.1.7), for such operations. So we define an e.a.b. projective star
operation on S to be a projective star operation that yields e.a.b. star operations on
each R;. Next we show that an e.a.b. projective star operation * with sat o x = x

satisfies the cancellation property of the classical e.a.b. star operation.

Definition 3.5.1. A projective star operation * on S is e.a.b. if the star operations

*; on R;, i =0,...,n, built in Proposition 3.3.7 from x are all e.a.b. star operations.

From the definition above, we have in particular that satob is an e.a.b. projective

star operation on S.

Lemma 3.5.2. Let x be an e.a.b. projective star operation on S such that x = satox.

Then for any finitely generated homogenous ideals I, J and N of S,
(IN* C(JN)" = I*C J".

Proof. Let I,J,N be finitely generated ideals of S and suppose that (IN)%¥°* C
(JN)*°* Then we have by Proposition 3.2.10 (b): for each i = 0,...,n,

“((IN)) €% ((JN)?) 4= (ST N)™ C (4% N)"
= (D" C ()"

— (I*) C “(JY).

Thus by Proposition 3.2.10 (b), I%%°* C Js@°* The result follows since x = sat o
*. O

Now, we want to build a ring (called later projective Kronecker function ring)
from an e.a.b. projective star operation * on S that will behave like the classical
Kronecker function ring of an e.a.b. star operation and that will have a relationship
with the “affine” Kronecker function rings of the R;’s with respect to the e.a.b. star
operations x;. We start by investigating some properties of the notion of the content
ideal of a homogeneous polynomial of S[T|, where T is a variable over S.

If f=4fo+ AT+ ...+ fsT° € S[T], then the content of f, denoted C(f),
is the ideal of S generated by the coefficients fy, f1,...,fs of f. Note that if f
is a homogenous element of S[T] = K[Xy,...,X,,T] in n + 2 variables, then its

coefficients are homogeneous elements of S. Thus C(f) is a homogeneous ideal of S.
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Remark 3.5.3. Let f = fo+ fiT + ...+ fsT° be a homogeneous element of degree
m in K[Xo,..., Xy, T] = S[T]. Then

f h, R T fo T T
X _X[”+X;”‘1X¢+"'+Xf‘s(Xi) ER”[Xi]’
for each 1 =0,...,n.
We also have, for each ¢ =0,...,n:
aic __ (a4 a; Qg _ f
s(f)=("fo.“ fr,---, fs)—CRi(ﬁ) (1)

7

Now set

L= {f : f,g homogeneous of same degree in S[T] and g # O}
g

It is clear that L is a field and it is not hard to see that L is in fact the field

K(%, ceey %) Let x be an e.a.b. projective star operation on S such that satox = .
Let
Pir(S,4) = { L5 1.0 2.9 € HUSIT]). degt) = deg(o), and (" € o)
~{Lericurccor).

We can immediately note by Lemma 3.5.2 that the set PKr(S, x) is well-defined using
the fact that for all f,g € S[T]\{0}, C(fg)* = (C(f)C(g9))* (|23, Lemma 32.6]). We
also note that PKr(S, ) quite “looks” like the classical Kronecker function ring, but
contrary to the classical one S Z PKr(S,*). In fact, X; is not in PKr(S,*) for any
i =0,...,n. A natural question is whether PKr(S, %) is a ring. We give an answer

in the next proposition:

Proposition 3.5.4. Let x be an e.a.b. projective star operation on S such that
satox = . Then PKr(S,*) is a domain with quotient field L = K (22, ..., Xn) (We

T >
do have, K[32,...,52] C PKr(S,%) C K(32,...,32)).

Proof. The fact that PKr(S, ) is a domain is proved using the same argument as
the one of the classical Kronecker function ring (i.e., [23, Proof of Theorem 32.7
(a)]). It is clear that for each ¢ = 0,...,n, XLZ € PKr(S,*) C K(%, e %) Since
K C PKr(S, ), the result follows. O

We next make a connection between the ring PKr(S,x) and the classical Kro-

necker function rings Kr(R;,x;), 0 < i < n, when the %;’s are pairwise compatible

7



e.a.b. star operations on R;’s and % is built from the %;’s as in Proposition 3.3.13.
Note in this case that x is an e.a.b. projective star operation on S and sat o x = %
(Proposition 3.3.13).

Theorem 3.5.5. Let xq,...,*, be n + 1 pairwise compatible e.a.b star operations
on Ry, ..., R, respectively. Let x be the projective star operation on S built from the
*;’s in the sense of Proposition 3.3.13. Then PKr(S, %) = (o Kr(Ri, *i).

Proof. First we note that the quotient field of PKr(S,+) is L = K(2,...,%n)

T T
and the quotient field of each Kr(R;,x;), 0 < i < n, is K(%,...,)}(’?,%) =
K (%,,%) = L. We recall that for any homogeneous element f € S[T] of

degree m, “Cg(f) = CRZ.(X%), 0 < i < n (see relation (1) in Remark 3.5.3). Hence

we have:

X € PKr(S,) &= X = g,f,g € L,Cs(f)* € Cs(g)”

¢$ngjfyelﬁﬂaﬂﬁﬂ£“Kb@W

= x=1 fger s cEcs@lr vi=0,..n
g
f fo I e
== (<L) C CR (=2 )%, Vi=0,...
<:’>X g7f’g€L’CR'L(X;rn) _CRZ(XZTL) ,\V//L 0’ ,
_f oA .
@:X—;GﬂKWﬁm
=0

O

Our next goal is to prove that the projective Kronecker function ring of S with
respect to a projective star operation x on S, which is built from n+ 1 pairwise com-
patible e.a.b. star operations *q,...,*, on Ry,..., R, respectively is an F-function
ring in the sense of Halter-Koch (cf. Definition 1.3.12).

Recall that for each ¢ = 0,...,n R; = K[%, e ))%] with quotient field F' :=
K(%, e ))((—’Z) (the notation F' for the quotient field of R; is due to the fact that
it doesn’t depend on 7). Since %; is an e.a.b. star operation on R;, we can represent
the Kronecker function ring Kr(R;,x;) of R; in terms of valuations: Kr(R;, x;) =
Nyes, V? where 3; is a suitable subset of Zar(R;) (cf. Theorem 1.1.12 and Theorem
1.1.15).

By Theorem 3.5.5, we have:
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Corollary 3.5.6. Under the hypothesis of Theorem 3.5.5, PKr (S, x) is an F-function

Ting.

Definition 3.5.7. If x is a projective star operation on S built from compatible
e.a.b. star operations xo, ..., %, on Ry,..., R, respectively, then PKr(S, ) is called

the projective Kronecker function ring of S with respect to *.

As we already observed, the rings of the form mVeZar( F/K) Vb where K C F
is a field extension, are F-function rings which cannot be always derived from the
classical star operations. When we consider the case in which F' is a function field
of K, we will see that we can deduce such an F-function ring by using the notion of
projective star operation we introduced.

Recall that S = K[Xo,...,X,] and, for each i = 0,...,n, R; = K[i((?,,))%]
with quotient field F := K(%J, e ))((—’;) Set

H:= ﬂ Vb,

VeZar(F/K)

We want to prove that H is a projective Kronecker function ring PKr(S,*) of S,

where x is an appropriate projective star operation on .S.
Proposition 3.5.8. The F'-function ring H = ('_y Kr(R;, b;).

Proof. We remark first that Kr(R;,0:)=y czar(r/R,) VP Let V € Zar(F/R;). Then
K CR; CV CF. Hence V € Zar(F/K). Thus H C Kr(R;,b;) for alli =0,...,n.
Hence H C N, Kr(R;,b).

Now let V € Zar(F/K). We have FF C L = K(Xo,...,X,). Let w be a
valuation that extends the valuation v to L. Pick j such that w(X;)=min{w(X;) :
0 < i <mn}. Then w(%) >0 foralli=0,...,n. Hence Ry, CWNF =V CF.
So V' € Zar(F/R;) for some j. Thus (\yeza(r/r)) VP C Kr(R;,b))C Vb Hence
Nizo Kr(R;,b) C H. O

The same result can be proven by using models:

Proof. Recall that the model M = (J!' , V(R;) is complete, as a projective model.
Hence, each V € Zar(F/K) dominates at least one domain of the form (R;)p, for
some i. Therefore V' € Zar(F/R;) = Zar(R;) because F' is the quotient field of the
Ri’s. So V? € Zar(Kr(R;, b;)) and H 2 (,_, Kr(R;, b;). The other inclusion is clear
since, for each i = 0, ..., n, a valuation overring W of Kr(R;, b;) is such that WNF €
Zar(R;) and, in particular, W N F € Zar(F/K), so that W = (W N F)* D H. O
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By Proposition 3.4.3, the b;’s are pairwise compatible e.a.b. star operations on
the R;’s and the projective star operation built from those is sat o b, where b is the
b-operation on S. By Theorem 3.5.5, PKr(S, sat o b) = (", Kr(R;,b;) = H. Thus:

Corollary 3.5.9. The F-function ring H coincides with the projective Kronecker
function ring PKr(S, sat o b).

3.6 Discussion and questions

These results on projective star operations are a work in progress with O. Heubo.
Although we could build a natural correspondence between the set of projective star
operations over S and classical star operations defined on the underlying domains

R;’s, we are trying to generalize our work in the following directions:

Question 3.6.1. When S := K[Xj, ..., X,]/P is the quotient of a polynomial ring
over a homogeneous prime ideal, is it possible to make a similar construction? (In
this case F' can be chosen to be an algebraic function field of K, rather than a
function field).

The main obstacle for such a generalization is to define properly the operations
of dehomogenization and homogenization. The same problem occurs when going in

the following direction:

Question 3.6.2. A projective model is a topological space. In our case we cover it
with the n + 1 affine models V(R;). Does a projective star operation depend on the
choice of the R;’s? From the theory of projective schemes we know it should not,
since coherent sheaves of ideals are then defined on each open set. How could we
define for each open subset U of Proj(S) a star operation on O(U) (where O denotes
the structure sheaf of Proj(.5))?

Even in our more restrictive case, we were not able to find an example of a
mapping behaving like a star operation, but just on homogeneous ideals. Hence we

could not answer to the following question.

Question 3.6.3. We presented in Example 3.3.6 a star operation on S that is not
a projective star operation. What about the reverse situation? Does there exist a
projective star operation on S that is not a star operation in the classical sense on

S? Or is it always possible to lift a projective star operation to a star operation?
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