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1. Introduction

Let (P, <) be a partially ordered set. A closure operation on (P, <) is a map ¢ : P — P that is extensive
(x < ¢(z) for all z), order-preserving (if < y, then ¢(z) < ¢(y)) and idempotent (¢(c(x)) = ¢(x) for all z).
In commutative algebra, there are several classes of closure operations in use, where the set P is usually a
set of ideals of a ring R or a set of submodules of a given R-module; to be connected with the algebraic
properties of the ring (or the module), the definition of such classes usually includes a multiplicative property
relating the product x - ¢(I) with the closure c(zI), where x varies among the elements of the ring and T
among the set of ideals or submodules considered. The three main classes of closure operations are semiprime
operations, star operations and semistar operations (see Section 2 for the definitions).

These three classes are defined very similarly, and it is natural to think that they are somewhat interre-
lated. Indeed, star and semistar operations are often introduced and studied together (and the latter were
actually born as a generalization of the former [16]); on the other hand, restricting a semistar operation we
get a semiprime operation, and this correspondence can partly be inverted [5]. However, the study of these
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classes is usually pursued in different contexts: star and semistar operations are defined only in the integral
domain setting (although they can be generalized: see [3]), and their study is often connected with Priifer
domains and their generalizations, while semiprime operations can be defined for arbitrary rings, and are
studied especially in the Noetherian context. In particular, a major point of difference is that the most useful
semiprime operations have some functorial properties, while star and semistar operations usually behave
very badly under quotients, with only some sparse exception [7].

In this paper, we define and study multiplicative operations, a class of closure operations that encom-
passes these three classes of closures, allowing to study them in a unified way. Following the concept of
star operation on an extension introduced by Knebush and Kaiser [15, Chapter 3, Section 3], our setting
will always be a ring extension A C B, with no hypothesis on A and B, and our partially ordered set
will be a subset G of the set F4(B) of A-submodules of B which is, in principle, arbitrary (but we will
need some hypothesis to get good properties). The main advantage of our definition is the possibility of
varying B and G: for example, with B = A and G = F4(A4) (i.e., G is the set of all ideals) multiplicative
operations reduce to semiprime operations, while if A is a domain, B its quotient field and G = F 4(B)
we obtain the semistar operations. In Sections 4 and 5, we show how the choice of B and G influences
the set Mult(A, B, G) of the multiplicative operations on (A4, B,G), and how the flexibility of the definition
allows to prove functorial properties. We also show how this point of view allows to generalize the study
of semiprime operations of discrete valuation domains done in [22] to arbitrary one-dimensional valuation
domains (Example 4.12).

In Sections 6 and 7, we specialize to the case where B is a principal ideal domain: in particular, we show
how in this context it is possible to relate the multiplicative operations on (A, B,G) with the multiplicative
operations on a quotient (A/I, B/I,G’), where I is a common ideal of A and B and G’ depends on G. When
A is a one-dimensional Noetherian domain with finite normalization, we show how the set of star operations
on A can be interpreted as the set of multiplicative operations on a proper quotient of A; in particular, if
B is the normalization of A and we fix the length £4(B/A), we only get finitely many possibilities for the
set of star operations, giving a “high-level” explanation of some results of [12]. This line of investigation,
together with explicit bounds on the number of star operations, will be pursued in a forthcoming paper
[20].

2. Notation and background

Throughout the paper, all rings will be commutative and unitary.

Given a ring A, we denote by Z(A) the set of ideals of A; if M is an A-module, we denote by F4(M) the
set of A-submodules of M. If D is an integral domain, a fractional ideal of D is a D-submodule I of the
quotient field of D such that dI C D for some d € D \ {0}; we denote by F(D) the set of fractional ideals
of D.If G CF4 (M), we set G* :=G\ {(0)}.

Definition 2.1. Let (P, <) be a partially ordered set. A closure operation on (P,<)is amapc:P — P
such that, for every z,y € P:

o x < c(x);
o x <y implies ¢(z) < ¢(y);

o cle(x)) = e(x).

We denote by Clos(P) the set of closure operations on P. This set is endowed with a natural partial
order, where ¢; < ¢g if and only if ¢;(z) < co(x) for every x € P, or equivalently if and only if = co(z)
implies that = = ¢ ().
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When P is a subset of F4(M) (for some A and M) we consider it a partially ordered set under the
containment order; furthermore, we write the image of I € F4(M) under the closure operation ¢ by I°.

The most common classes of closure operations in commutative algebra are semiprime, star and semistar
operations.

o A semiprime operation on A is a closure operation ¢ on Z(A) such that x- I° C (zI)° for every I € Z(A)
and every z € A [17].

e A fractional star operation on an integral domain D is a closure operation x on F(D) such that = - I* =
(zI)* for every I € F(D) and every x in the quotient field of D [21]. We denote the set of fractional
star operations by FStar(D).

o A star operation on an integral domain D is a fractional star operation x on F(D) such that D = D*.
We denote the set of star operations by Star(D).

o A semistar operation on an integral domain D is a closure operation * on Fp(K) (where K is the
quotient field of D) such that = - I* = (zI)* for every I € Fp(K) and every z € K. We denote the set
of semistar operations by SStar(D).

For the standard results on the theory of star and semistar operations, the reader may consult [8, Chapter
32], [16] or [3].
We will also need the following terminology.

Definition 2.2. Let (P, <) be a partially ordered set and let G C P. We say that G is:

o downward closed in P (or a downset) if, when z € G and y < z, then y € G;
o upward closed in P (or an upset) if, when 2 € G and z < y, then y € G;

e an interval in P if, when z <y are in G and z < z < y, then also z € G;

e quasi-downward closed in P if G is an interval with a minimum;

o quasi-upward closed in P if G is an interval with a maximum.

When G is a set of A-submodules of B, we shall silently consider P = F4(B), and drop the “in P”.
3. Multiplicative operations

Definition 3.1. Let A C B be a ring extension, and let G C F 4(B). A multiplicative operation on (A, B,G)
is a closure operation x : G — G, I — I* such that

(t) (L:b)* C(I*:b) forall I € G, be Bsuchthat (I:0)€g.

We say that I € G is x-closed if I = I*, and we denote by G* the set of x-closed elements of G. We denote
by Mult(A, B, G) the set of those maps.

Condition (}) is somewhat different from the properties used to define semiprime or semistar operations,
since it involves the conductor instead of the product of ideals. However, (}) is more useful in contexts where
G is upward closed, since in this case conductors are in G more often than products. In the basic cases, this
condition reduces to a more usual definition, as we show next.

Lemma 3.2. Let G C F4(B) and suppose that, for every I,J € G, b € B with J # (0) and b # 0, we have
(I:J),(I:b),IJ,bI €G. Let x: G — G be a closure operation. The following are equivalent:
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(i) bI* C (bI)* for all I € F 4(B) and all b € B;
(ii) JI* C (JI)* for all I, J € FA(B);
(iii) (I:b)* C (I* : b) for all I € F4(B) and all b € B.

Proof. The equivalence of (i) and (ii) is proved in [15, Chapter 3, Lemma 3.1]. Suppose (i) holds: then,
using it on (I'* : b), we have

b(I* : b)* C (b(I” : b)) C(I")* =17,
and so (iii) holds. Conversely, if (iii) holds then
I C (T : b)* C ((b1)* : 1)
and so bI* C (bI)*, i.e., (i) holds. The claim is proved. O

The hypothesis of the lemma hold, for example, if G = F4(B) or if A is a domain, B its quotient field
and G the set of fractional ideals of A.

Example 3.3. Definition 3.1 is very general, and includes several already studied classes of closure operations.

(1) If G = F4(B), then the notion of multiplicative operation on (A, B, G) coincides with the notion of star
operation on the extension A C B, as defined in [15, Chapter 3].

(2) If A is a domain and B is its quotient field, then a multiplicative operation on (A, B,F4(B)®) is just
a semistar operation on A. On the other hand, the multiplicative operations on (A, B,F 4(B)) are the
semistar operations and the closure sending every submodule to B.

(3) If A= B, then F4(A) = Z(A) is just the set of ideals of A. By Lemma 3.2, the multiplicative operations
on (A, A,Z(A)) are exactly the semiprime operations on A.

(4) If A is a domain and B is its quotient field, then a multiplicative operation on (A, B, F(A)*) is ex-
actly a fractional star operation on A. To obtain star operations, we need to consider only integral
ideals; while the proof is easy, it needs some care, and for this reason we give it explicitly in the next
proposition.

Proposition 3.4. Let D be an integral domain and let K be its quotient field. Then, the map

U Star(D) — Mult(D, K,Z(D)*®),

* > *|z(D)e
is an order isomorphism.

Proof. The restriction of a star operation is clearly multiplicative, and thus ¥ is well-defined and order-
preserving. Furthermore, if x; # xo then I** # [*2 for some fractional ideal I; if d # 0 satisfies dI C D,
then (dI)** = dI** # dI** = (dI)*?, and thus ¥ is also injective.

Suppose now that x € Mult(D, K,Z(D)*). For every fractional ideal I of D, let d # 0 be such that
dI C D, and define I* := d~1(dI)*. We claim that % is a star operation whose restriction is *.

We first show that * is well-defined: indeed, suppose dI,el C D for some d,e # 0. Then, (dI : e~'d) =
el C D, and thus

(el)* = (dI : e 'd)* C ((dI)* : e7d) = ed™(dI)*
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and so e~t(el)* C d~1(dI)*. By symmetry, also the opposite containment holds, and thus * is well-defined.
The definition immediately implies that * is extensive; it is also order-preserving since if I C J and dJ C D
then also dI C D. It is idempotent since, if dI C D, then dI* = d(d~'(dI)*) = (dI)* and so

(I*')* =d Y (dI)* = d 'dI* = I*.
Similarly, for every e € K, if dI C D then e~ 'del C D and thus
(e)* = ed (e tdel)* = e(d 1 (d)*)) = el™.

Finally, using d = 1 (and the fact that D is the maximum of Z(D)®) we see that D* = D and I* = I* for
every I € Z(D)®; therefore, x = ¥(%) and ¥ is surjective. Hence, it is an order isomorphism, as claimed. O

Like in the case of semistar operations, using Z(D) instead of Z(D)® we obtain a single new multiplicative
operation, namely the one sending every ideal to A.

Remark 3.5.

(1) As an A-algebra, B is also an A-module. There are several kinds of closure operations that can be
defined on the submodules of an A-module (see e.g. [4, Section 7]); however, the notion of multiplicative
operation cannot be reduced to any of them, since multiplication by elements of B is an integral part
of Definition 3.1. For example, if A is a field and G = F4(B), the set of multiplicative operations on
(A, B,G) depends not only on the A-module structure of B (i.e., on the dimension of B over A) but
also on its ring structure.

(2) Even if all elements of G are contained in a subalgebra B’ C B, the multiplicative operations on
(A, B,G) are not the same as the multiplicative operations on (A, B, G). For example, if A is a domain
and G are the ideals of A, the multiplicative operations on (A, A,G) are the semiprime operations,
while the multiplicative operations on (4, K,G) (where K is the quotient field of A) correspond, by
Proposition 3.4, to star operations (plus the trivial map I — A).

While multiplicative operations usually act very similarly to semistar, star or semiprime operations, often
additional care is needed in describing their properties, since the set G of definition may not be closed by
sums or by intersections. We usually circumvent this problem by adding some hypothesis on G.

Proposition 3.6. Let x be a multiplicative operation on (A, B,G), and let I € G, {Ix}xen € G. Then, the
following hold.

(a) If S\ D>, Ix € G, then (3, In)" = (X, I3)". In particular, this happens if G is quasi-upward closed.
() IfNy I Ny I3 € G, then (N In)" = (N, IX)". In particular, this happens if G is quasi-downward closed.
(c) If I is x-closed and (I : b) € G, then (I : b) is x-closed.

(d) I* is equal to the intersection of all the x-closed modules containing I.

Proof. It is enough to apply the definitions. O
Point (d) of the previous proposition has a significant consequence.
Corollary 3.7. Let x1,%2 € Mult(A, B,G). If G** = G*2, then x1 = 5.

Proof. By Proposition 3.6(d), for every I € G the closure I'* can be defined uniquely through G*. Hence, if
*1 and %9 close exactly the same modules then they must be equal. O
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Two common properties of closure operations in the algebraic setting are being of finite type and being
stable. These definitions and the related constructions work only partially for multiplicative operations.

Proposition 3.8. Let A C B be a ring extension and let G C F4(B) be downward closed; let x €
Mult(A, B,G). The map

*p I U{J* | J C I is finitely generated}
is a well-defined multiplicative operation on (A, B,G), and xy = (x5)s.
We say that % is of finite type if = x.

Proof. Since G is downward closed, J* is defined for every finitely generated A-module J C [I; furthermore,
the union is in G because it is contained in I*. Hence, x; is well-defined as a map from G to G. The fact
that x is a closure operation follows exactly as in the star or in the semiprime case.

Let I € G and b € B. Suppose © € (I : b)*/: then, there is a finitely generated J C (I : b) such that
x € J*. Hence,

z € J* C (bJ:b)* C ((bJ)* :b) C (I* : b)

since bJ C I is finitely generated and thus (bJ)* = (bJ)*f C I*/. Hence, *; is multiplicative; the fact that
*¢ = (%f) follows again as in the star or in the semiprime setting. O

We say that a multiplicative operation x on (A, B, G) is stable if (INJ)* = I*NJ* for every I,J € G.

Proposition 3.9. Let A C B be a ring extension and let G C F4(B) be downward closed; suppose A € G.

(a) The map
*: I | {(I: B)| E* = A%}

is a well-defined stable multiplicative operation on (A, B,G). Furthermore, @ = %, and % is stable if
and only if x = *.
(b) The map

s i L U{(I :E) | E* = A*, E is finitely generated}
is a well-defined stable multiplicative operation of finite type on (A, B,G). Furthermore, xy, = (% )w-

Proof. Since A € G, it makes sense to consider the modules E such that E* = A*. If z € (I : E) and
E* = A* then £ C (I : z) and thus

le A*=F*C(I:2)" C(I*:2),

sox € I*, ie., (I: E) C I*. Hence, I* C I'* and since G is downward closed I* € G. The fact that * is a
closure operation follows as in the star operation setting (see e.g. [1]).
Let I € Gand b€ B.If x € (I : b)*, then there is an F such that E* = A* and such that x € (({ : b) : E).
Thus, zbE C I and zb € (I : E) C I*. Hence, x € (I* : b) and ({ : b)* C (I* : b), i.e., x is multiplicative.
All the other claims follow as in the star operation setting (see again [1]). The case for %, is completely
analogous (adding “finitely generated” when needed). O
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The set Mult(A, B, G) inherits from Clos(G) a natural order structure. Unlike Star(D) or SStar(D), in
general this order does not satisfy any significant property: for example, it needs not to admit infima or
suprema, even of finite subsets. Adding hypothesis on G helps.

Proposition 3.10. Let A C B be a ring extension and let G C F4(B) be an interval. Let A C Mult(A, B, G)
be nonempty. Then, the following hold.

(a) A has an infimum inf A, and

Iian _ m I*

*EA

for every I € G.
(b) Suppose that every L € G is contained in a submodule that is x-closed for every x € A. Then, A has a
supremum sup A, and

A= (I €G I CT=J" forall x€ A}
for every I € G. In particular, if G is quasi-upward closed then sup A exists for every A C Mult(A, B, G).
Proof. (a) Let # be the map sending I to (), ., I*. If x € A is arbitrary, then since G is an interval every
element between [ and I* is in G; this applies in particular to the intersection (1, ., I*, so that f is actually
a map from G to itself.

Clearly, # is a closure operation, and it is the infimum of A in the set of all closures. Suppose I, (I : b) € G.
Then,

(I:b)f=(U:b)*C <ﬂf*;b>(1ﬁ;b)

*EA *EN

and thus # is multiplicative. Hence, it is the infimum of A in Mult(A, B, G).

(b) Let I* be the intersection on the right hand side; the hypothesis guarantees that there is always some
J = J* containing I, and thus I* is well-defined. Since G is an interval and I C I*, we see that I* € G;
hence, the map 4 : I — I* is a self-map of G. It is also easy to see that # is a closure operation and that it
is the supremum of A in Clos(A, B, G).

Suppose I, (I : b) € G. The module I* is x-closed for every « € A and, since each  is multiplicative, also
(I : b) is *-closed; it follows that (I : b)* C (I* : b), so that f is multiplicative.

The last remark follows, since the maximum of G is closed by every multiplicative operation. O

Remark 3.11.

(1) Part (b) can be applied, in particular, if B € G; hence, it holds in the set of semiprime or semistar
operations.

(2) Let A be a domain and B its quotient field. If G is the set of nonzero fractional ideals and A is the
set of star operations on A, then part (b) can be applied, since every fractional ideal J is contained in
some principal ideal bA and (bA)* = bA* = bA for every b € B. This can also be seen by viewing star
operations as the multiplicative operations on (A, B,Z(A)®) (through Proposition 3.4) since Z(A)® has
a maximum (A itself).

(3) Let A, B,G be as in the previous case, and suppose that the set T of overrings of A that are fractional
ideals of A has no maximum (or, equivalently, no maximal element). Associate to each T € T the
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multiplicative operation Ap : I + IT: then, the set {Ar | T € T} has no supremum in Mult(4, B, G).
This happens, for example, if A is a valuation domain without an height-one prime (as all localizations
of A different from the quotient field B are fractional ideals) or if A is a one-dimensional Noetherian
domain whose integral closure is not finite over A.

Let A C B be a ring extension, and let By, By be two rings between A and B. Let G C F4(B;)NF4(Bs)
be an interval. While multiplicative operations on (A, B1,G) and (A4, B2,G) do not necessarily coincide
(see Example 3.3, points (3) and (4)), we can consider both Mult(A4, By, G) and Mult(A, Bz, G) as subsets
of Clos(G), the set of closures on G, so in particular it makes sense to consider their intersection. The
constructions in Proposition 3.10 imply the following.

Proposition 3.12. Let A, B, By, Ba, G be as above, and suppose that G is an interval. Let A C Mult(A, B1,G)N
Mult(A, B2, G). Then, the following hold.

(a) The infimum of A inside Mult(A, B1,G) coincides with the infimum of A in Clos(G) and in
Mult(A, Bz, G).

(b) Suppose A satisfies the hypothesis of Proposition 3.10(b). Then, the supremum of A inside Mult(A, By, G)
coincides with the supremum of A in Clos(G) and in Mult(A, By, G).

We shall study in a deeper way the relationship between Mult(A, By, G) and Mult(A, Bs, G) in Section 5.
4. Changing G and principal operations

In this section, we want to analyze how the set of multiplicative operations changes by going from G; to
G2 (and conversely), where Gy C G are two subsets of F 4(B) (with A and B remaining fixed). The passage
from G, to G; can be obtained by restriction.

Proposition 4.1. Let A C B be a ring extension, and let Gy C Go be two subsets of F 4(B).

(a) If x € Mult(A, B,Gs) restricts to a map " : G1 — Gy, then ¥’ € Mult(4, B,G;).
(b) If Gy is an interval and Gy and Go have a common mazimum, then every multiplicative operation on
(A, B,G2) can be restricted to Gy, and the map

p: Mult(A, B, Ga) — Mult(A4, B, Gy)

* — *|g,
is well-defined and order-preserving.

Proof. Part (a) is obvious. For part (b), let T be the maximum of G; and Gy. Then, T* = T for every
* € Mult(A, B, Gs), and thus I* C T for every I € G;. Since G is an interval, it follows that I* € G; for
every I € Gy, and thus * restricts to a multiplicative operation on G;. Hence, p is well-defined; the fact that
it is order-preserving follows immediately from the definitions. O

To study extensions from G to Go, we need a way to build closures: we do so by attaching to each element
of G a multiplicative operation. We shall give the definition in the quasi-upward closed case, and prove the
extension property in the upward closed case; the latter condition, in particular, does not cover all important
cases (in particular, it misses star operations), but will be enough for the applications in Section 7.
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Definition 4.2. Suppose G is quasi-upward closed, and let J € G. The multiplicative operation generated by
J on (4, B,G) is the closure

xy = sup{* € Mult(4, B,G) | J = J*}.
Likewise, if S C G, the multiplicative operation generated by S is
xs :=sup{x € Mult(4,B,G) | J = J" for all J € S} =inf{x, | J € S}
If x = %, for some J € G, we say that * is a principal multiplicative operation.

Note that the supremum is well-defined since G has a maximum, and so the supremum exist (and belongs
to Mult(A, B, G)) by Proposition 3.10(b).

Lemma 4.3. Suppose G is quasi-upward closed. Then, * = xg~ for every = € Mult(4, B, G).

Proof. Let S:=G*. If I € S, then *; > x, and thus *xs > . In particular, G*s C G* = S. Furthermore, I is
closed by *g, and thus G* =S C G*S. Hence, S = G*S and thus * = xg by Corollary 3.7. 0O

If G is upward closed, we can give a more explicit description of *; by means of a “double dual” con-
struction.

Lemma 4.4. Suppose that G is upward closed in Fo(B). Then, I*7 = (J :p (J:p I)) for all I € G.

Proof. For simplicity of notation, we use (I : J) for (I :p J).
We first show that

(J:(T:D) =N :b) | TS (J:b)}

Indeed, if x € (J : (J : I)) then #(J : I) C J. If I C (J : b), then b € (J : I), and thus zb € J;
hence, x € (J : b) and thus « is in the intersection. Conversely, if x is in the intersection and s € (J : I),
then I C (J : s) and thus z € (J : s), i.e., xs € J; since s was arbitrary, 2(J : I) C J, or equivalently
ze(J:(J:1)).

Hence, the map § sending I to (J : (J : I)) is a closure. With a reasoning analogous to the one in [15,
Chapter 3, Proposition 3.6] or [10, Proposition 3.2], we see that it satisfies b- I* C (bI)* for every I € F 4(B)
and every b, and thus it is multiplicative on (A, B,F4(B)) by Lemma 3.2; hence, it is also multiplicative
on (A, B,G). Since J* = (J : (J : J)) = J, we have *; < f; conversely, since .J is *s-closed then also each
(J : b) is x y-closed, and so also (J : (J : I)) is * j-closed, being the intersection of * j-closed modules. Hence,
I*7 C (J:(J:1)) and so x; < f. Therefore, x; = f, as claimed. O

As defined, the multiplicative operation x; is relative to the triple (A, B, G). However, Lemma 4.4 shows
that it is essentially independent from G.

Corollary 4.5. Let G; C Ga be upward closed subsets, and let J € Gy; for i € {1,2}, let *; be the principal
operation generated by J on (A, B,G;). Then, *x3|g, = *1.

Proof. By Lemma 4.4, for every I € G; we have I*2 = (J :g (J :g I)) = I**. The claim is proved. O

Lemma 4.4 does not hold if G is only quasi-upward closed. For example, let A be an integral domain, B
its quotient field and G := Z(A). If J € G satisfies (J : J) # A, then the map I — (J : (J : I)) sends A to
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(J:J) ¢ G, and thus it is not equal to the principal operation generated by J. Furthermore, if G’ := F(A),
then with the same notation the multiplicative operation generated by J on (A, B,G) will be different from
the multiplicative operation generated by J on (4, B,G’).

Proposition 4.6. Let A C B be a ring extension, and let Gy C G be two upward closed subsets of F o(B).
Then, the following hold.

(a) For every = € Mult(A, B, G,), the map

*: Gy — G

I— () (J:s (J:B1))
Jegy
J=J*
is a multiplicative operation on (A, B,Gs).
(b) The map

n: Mult(A, B,G1) — Mult(A, B, Gs)
*— %

is well-defined and order-preserving.
(c) If p is the map defined in Proposition 4.1, then p on is the identity on Mult(A, B,G1), i.e., X|g, = *.
In particular, n is injective and p is surjective.

Proof. By Lemma 4.4 and Corollary 4.5, % is just the multiplicative operation generated by Gf := {J € G |
J = J*} on Ga, so that n: x — % is well-defined; the fact that 7 is order-preserving is obvious.

Furthermore, by Lemma 4.3, x can be seen as the multiplicative operation generated by Gi in Gp: hence,
if I €G then I* = N{(J: (J:1))|J € Gf}, and in particular I* = I*. Thus * restricts to x and p o is
the identity. O

In general, the extension of a multiplicative operation * on (A, B,G) is not unique, either for trivial (for
example, if Gy = {B}) or nontrivial reason (see Example 4.11 below).
We now use principal operations to introduce an order on gG.

Definition 4.7. Let A C B be a ring extension, and let G C F 4(B) be quasi-upward closed. Let I, J € G. We
say that I is multiplicatively minor than J on (A, B,G) if 1 > *; (where *; denotes the principal operation
generated by I on (A, B,G)), or equivalently if .J is *;-closed. In this case, we write I <4 pg) J, or I = .J
if the triple (A, B, G) is understood from the context. We call < the multiplicative order of G with respect
to A C B.

Note that, like the operation generated by a module, the relation < is relative to the triple (4, B,G).
Corollary 4.5 can be naturally reparaphrased using <.

Proposition 4.8. Let Gy C Gy be upward closed, and let I,J € Gi. Then, I =4 g, J if and only if
I=3,B,6:) J-

Proof. Both conditions are equivalent to J = (I :5 (I :5 J)). O

The relation <==(4 p,g) is easily seen to be reflexive and transitive, and thus a preorder. In general, it is
not an order: for example, if A is a domain, B its quotient field and G = F 4(B), then I < bI and bl =< I for
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every nonzero b € B. We denote by [G] the set of equivalence classes of G through the equivalence relation
induced by < on G (i.e., such that I and J are equivalent if and only if 7 < J and J < I), and by [I] the
class of I € G. For ease of notation, we continue to use < to denote the order induced on [G] by the preorder

onG.
Proposition 4.9. Let G be quasi-upward closed. Then, the following hold.

(a) If T is the mazimum of G, then [T is the minimum of ([G], =).
(b) The set G* is downward closed in (G, <).

(c) For every J € G, the set G*7 is the down-set of J in (G, =<).

(d) If ([G], =) has a mazimum [w], then %, is the identity.

Proof. (a) follows from the fact that T is %-closed for every x € Mult(4, B,G) (as T C T*). (b) and (c)
follow directly from the definitions, while (d) is a direct consequence of (¢). O

Note that ([G], X) may not have a maximum, or even maximal elements. If [w] is a maximum of ([G], X),
we say that w is a canonical ideal for (A, B,G).

Since G* is downward closed, if we want to describe all multiplicative operations on (A, B,G) we just
have to find which downsets are in the form G*. The following is a useful criterion.

Proposition 4.10. Let G be upward closed, and let D be a downset of (G,=). Then, D = G* for some
* € Mult(A, B,G) if and only if the intersection of every subfamily of D is either in D or out of G.

Proof. Let I be the intersection of a family of x-closed ideals. If I € G, then I must be x-closed; hence, if
D=G*and I € G then I € D.
Conversely, suppose the condition holds, and define, for every J € G,

J=(WleD|JCI}

Since G is upward closed, the map J — J* goes from G to G and is a closure operation. To show that it is
multiplicative, let J € G and b € B be such that (J : b) € G. Then,

(o)=Y L:b|=[)(L:0).
JEL giat
For all these L, we have (J : b) C (L : b), and thus (L : b) € G; since (L : b) < L and D is a downset with
respect to <, we have (L : b) € D. Hence, (J : b)* C (L : b) for every such L, and thus (J : b)* is contained
in the intersection. Therefore, (J : b)* C (J* : b), and * is multiplicative. It follows that G* =D. 0O

To conclude this section, we show how to use Lemma 4.4 and the multiplicative order to describe some
sets of semiprime operations.

Example 4.11. Let A = B be a discrete valuation ring with uniformizer 7. Let G := Z(V)® be the set of
nonzero ideals of A. Both G and Z(V') are upward closed. By Lemma 4.4, we have

(A A)=7"A if m>n,

(rmA)*A = (7" A (7" A T A)) =
(a"A Ay =7mA if m<n.
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In particular, 7™ A is *,» 4-closed if and only if m < n, and thus every equivalence class with respect to <
is a singleton (i.e., we can consider [G] = G). Moreover, G is a chain under <==(4 4,6

A<mA<m?A< . <a"A <.

The downsets of G are thus G itself (which corresponds to the identity map) and the sets {7"A} =
{A,7A, ... ,7m" A}, for n € N (with {7" A} corresponding to the principal operation *.n 4).

Considering also (0), we see that in (Z(V), <) the zero ideal is comparable only with A (for which
A < (0)). If each n™A is closed, then also (0) is closed; hence, the identity map extends only to the
identity map on Z(V'). On the other hand, %, 4 extends to two different multiplicative operations, namely
*rnA A *() = inf{#zna, %)} and *zn4, according to whether (0) is closed or not. In this way, we obtain
exactly the semiprime operations described in [22].

Note that (G, <) has no maximal elements, while (Z(V'), <) has a unique maximal element (the zero
ideal) that is not a maximum. In particular, (4, A,G) and (A, A,Z(V)) do not have a canonical ideal.

Example 4.12. Suppose that V is a non-Noetherian one-dimensional valuation domain with valuation v and
value group I' C R; let G :=Z(V)* and let A := Mult(V,V, G).
There are two classes of nonzero ideals:

e P(§):={x eV |v(z)> 6}, for § € RZO;
e J(6):={x €V |v(x)>d}, for § € RZO.

In particular, V = P(0), while J(0) is the maximal ideal of V. If § € R=%\ T'2% then J(§) = P(J), while if
§ € 120 then J(0) # P(6).

Let P be the set of all P(§), and let J be the set of the J(§) with § € T'Z°. Then, (P, J) is a partition
of G. To study ===(4,4,6), We start with studying it on P and J.

By direct calculation, we have

\% ifa<p

(P(a):v P(B)) = (P(a) :v J(B)) = {P(a ~B) ifa>p;

doing it again, we see that P(a) < P(B) if and only if a < 3, and thus (P, <) is order-isomorphic to R=Y.
Likewise,

\%4 ifa<p
Ja-p) ifa>p

and

umerw»—{V pess
Pla-p8) ifa>p
so J(a) = J(B) if and only if o < 8, and (J, <) is order-isomorphic to I'Z°. Furthermore, we see that
P(a) X J(P) if and ounly if & < 8, and J(«) =< P(B) if and only if o < §. In particular, as in the discrete
case, we can consider [G] = G.

Let now D := G* for some x € Mult(A, A, G): then, D is a downset of G. Thus, D; := DN P is a downset
of P (and is nonempty since V' € Dy), while Dy := DN J is either a downset of J or the empty set. Hence,
they are intervals in the form [0,¢) or [0,t]. Set p := sup{f5 | P(B) € D1} and
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_Jsup{a| J(a) € Do} if Dy #0
LR if Dy = 0.

We analyze separately p and .

If p < oo, then ﬂaE[O,p) P(a) = P(p), and thus P(p) is x-closed, i.e., P(p) € D. Thus, x < *p(,). On the
other hand, if p = oo then x < vp, where vp := inf{xp(g) | B € R=%} is the multiplicative operation closing
exactly all the P(«). (More precisely, vp is the divisorial closure on V.)

If v = —oo we have nothing to say. Suppose v # —oo, and let d(y) := inf{*;) | 8 < v}. Then,
* < *p(p) A d(7); furthermore, once we know p and +, the only ideal of which we can’t say if it is closed or
not is J(%).

If J(7y) ¢ Da, then x = xp,y Ad(y). If J(7) € Da, then x < xp(py) Ad(Y) A*j(y) = *p(p) A *5(+); in this
case, moreover, 7 ¢ I'Z0 since otherwise *p(p) N\ ¥J(v) = *P(p) \ ¥P(y) = *P(sup{p,r}) Would not close any
element of 7, a contradiction.

Therefore, we have the following four possibilities:

o if p < oo and v = —oo then x = *p(,);

e if p =00 and v = —oo then x = vp;

e if p<ooand J(v) € Dy then x = xp(y) A *5(+);

o if p=o00and J(v) ¢ Dy (or v = 00) then x = *p(,) Ad(7).

If we now consider the set A" := Mult(V,V,Z(V)) of all the semiprime operations, we see that *(g) closes
only (0) and V, and that no other # ;) or *p(g) close (0). Hence, if p = co or v = co then % extends
uniquely to Z(V'), while if p < oo and v < oo we have exactly two extensions, namely * and % A *(q).

As in the Noetherian case, (G, <) has no maximal elements, (Z(V'), <) has a unique maximal element
(the zero ideal) that is not a maximum, and neither (A, A, G) nor (A, A,Z(V)) have a canonical ideal.

5. Functoriality

In this section, we study how multiplicative operations behave under ring homomorphisms. We need the
following definitions.

Definition 5.1. Let A C B and A’ C B’ be two ring extensions, and let ¢ : B — B’ be a ring homomorphism.
We say that ¢ is:

e a homomorphism of extensions if p(A) C A’;
e an isomorphism of extensions if ¢ is an isomorphism and ¢(A) = A’;
 a quotient of extensions if ¢ is surjective and ¢p~1(A’) = A.

Remark 5.2.

(1) If A C B C C are ring extensions, then the inclusion ¢ : B — C is a homomorphism between the
extensions A C B and A C C. Furthermore, the identity ¢ : C — C' is a homomorphism between the
extensions A C C and B C C.

(2) The fact that ¢ : B — B’ is a homomorphism of extensions can also be expressed by saying that the
diagram
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A—— B

oL

A —— B

is commutative. Under this point of view, ¢ is a quotient if and only if ¢ is surjective and A is the
pullback of A" under ¢.

The first step is going from multiplicative operations on (A’, B, G’) to operations on (A, B, G).

Proposition 5.3. Let A C B and A’ C B’ be ring extensions and let ¢ : B — B’ be a homomorphism of
extensions. Let G' C F a(B') be upward closed in F a:(B'), and let G := ¢=1(G"). Then, the following hold.

(a) For every x € Mult(A’, B',G’), the map
*gpt g — g
I ¢ ((o(1)A'))
is a multiplicative operation on (A, B,G).
(b) If L C ker ¢, then L*¢ = (ker ¢)*¢ = ¢~ 1((0)*).

(¢) The map

U: Mult(A’, B',G') — Mult(4, B,G)

*%—)*(b

is well-defined and order-preserving.

Proof. We first note that *4 is well-defined since (¢(I)A’)* € G’ and thus its inverse image is in G. It is also
clear that x4 is extensive and order-preserving. To show that it is idempotent, let I € G. Then,

(1) = 7L (B(I")A')");
however,
BI")A' = 6 (671 (B(DA)) &' = (D A))A = ((1)A')"
and thus
(1) = 67 (D) A')") = I

and «, is idempotent. Likewise, let I € G and b € B be such that (I : b) € G. Then, ¢(I : b) € G’, and since
G’ is upward closed and ¢(I : b) C (¢(I) : ¢(b)) we have (H(I) : ¢(b)) € G'. Hence,

(I:0) =07 (oI : b)A)") C
C o (((e(]) = 6(0))A)") C
C o (DA 6(b))") C
C o (DA : 6(0)))

Let ¢ € (I : b)**. Then, ¢(t) € (H(I1)A')* : ¢(b)), i.e., d(t)(b) = b(th) € (¢(I)A’)*. Therefore,
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the ¢! ((¢(1)A")) =I*,
and so t € (I : b)**. Thus, (I : b)*¢ C (I** : b) and * is multiplicative, as claimed.

The other two points follow directly from the definitions. O

Proposition 5.4. Let A C B and A’ C B’ be two ring extensions and let ¢ : B — B’ be a quotient of
extensions. Let G C F 4(B) be upward closed in F4(B), and let G’ := ¢(G). Let also U be the map defined
in Proposition 5.3. Then, the following hold.

(a) For every x € Mult(A, B, G), the map
x%:G — ¢
I ¢ (1))

is a multiplicative operation on (A',B’,G").
(b) The map
®: Mult(A, B,G) — Mult(4', B, G")
* — %?
1s well-defined and order-preserving.
(c) ® oW is the identity on Mult(A’, B',G'); that is, (%4)? = x for every » € Mult(A’, B',G").

(d) If ker C L for every L € G, then W o ® is the identity on Mult(A, B,G); that is, (1%)s = £ for every
£ € Mult(4, B,G).

Proof. Since ¢~!(A’) = A, each ¢(I) is an A’-module, and thus x? is well-defined. It is also clearly extensive
and order-preserving. To show idempotence, we calculate

N _ _ _ _

() =@~ (I1)**) = d(6™ o0 (1)) = oo~ (1)") = I*.
To show that «* is multiplicative, let I € G’ and let b € B’ such that (I : b) € G'. Let b = ¢(a) for some
a € B. Since ¢ is surjective and G is upward closed, ¢~1(I : b) C (¢~1(I) : a) are both in G. Hence, we have
s _ _ _
(I:0)" =o(e™ ' (1:0)") So((07 (1) :a)*) S p(6™(I)" : a).

If t = ¢(s) € (I :b)*", then sa € ¢~*(I)*, and thus th = ¢(sa) € I**. Hence, t € (I** : b) and so
(I:0)*" C (I*" :b).

The second point follows directly from the definitions; for (c), let I € G’ and let L := ¢~'(I). Then, for
every » € Mult(A’, B',G"),

109" = (L) = (61 ((L)*)) = $(L)* = I*.

To show (d), let J € G and L := ¢(J). Take § € Mult(A, B,G). Then,
T = 67 (L) = 07 (oo (L)) = 67 (L) = I,

with the last equality coming from the fact that ¢=1(¢(J)) = J as J contains the kernel of ¢. The claim is
proved. O

Corollary 5.5. Let ¢ : B — B’ be a quotient between the extensions A C B and A’ C B'. Let Gy := {L €
Fa(B) | ker¢ C L}. For every G C Gy, we have Mult(A, B, G) ~ Mult(A’, B’, $(G)).
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6. Principal ideal domains

Let A C B be a ring extension. We set
Fo(A,B):={I e F4o(B) | IB = B};

note that if C is a further extension of B then this set is also equal to {I € F4(C) | IB = B}. To simplify
the notation, we set

Multo(A, B) := Mult(4, B, Fo(A, B)).

If D is an integral domain and K its quotient field, Fo(D, K) is just the set of nonzero D-submodules of
K, and thus Multy (D, K) is the set of semistar operations on D.

If D is an integral domain with quotient field K, an overring of D is a ring contained between D and K;
if T is an overring of D, we set

Fp(D,T):={I e Fp(K) | IT = aT for some a € K}.

Theorem 6.1. Let D be an integral domain with quotient field K, let T be an overring of D, and let A(T) :=
{* e Mult(D, K, F,(D,T)) | T =T*}. Then, the restriction map
p: A(T) — Multg(D, T)

* *|f0(D,T)

is an order isomorphism.

Proof. To simplify the notation, let G := F,(D,T) and Go := Fo(D,T).

Let x € A(T). If I € Gp, then I C T;since T =T*, wehave I CI* CT and thus T =IT C I*T C T,
ie., I*T =T or I* € Gy. Hence, p(*) is well-defined.

Clearly, p(x) is a closure operation; furthermore, it is multiplicative as it is the restriction of a multi-
plicative operation. Thus, p is well-defined. Since I* = I*™*) for every I € Gy, p is injective.

We now show that p is surjective. Let x € A(T'), and define

1:9 —9,

I—a(a™'D)*

where a is any element of K such that IT = aT. Then, £ is well-defined since if IT = a’T then a’ = ua for
some unit u of T', and

ala™ ' )* = auu (o' D = au(uta T )* = d/(d/ D).
In particular, f is an extension of .
The map 4 is clearly extensive, and (bI)* = bI* for every b € K and every I € Gy. Since J C J* C T for
every J € Fo(D,T), we have I*T = IT for every fractional ideal I, and thus

(Iﬁ)ﬁ = a(ailjﬁ)* _ a(aila(aflf)*)* _ a(aflj)* _ Iﬁ,

that is, § is idempotent.
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To show that it is order-preserving, let I C J be two elements of G, and suppose IT = aT', JT = bT. By
multiplying for b~!, we can suppose without loss of generality that J7' = T’; in particular, a € T. We have
a1 € Gy, and thus

a'ICalInT Ca™ T NT = (J* :7 a).

The ideal (J* :7 a) is contained between a~!I and T', and thus it is in Gy. Since * is multiplicative, it follows
that (J* :7 a) is also x-closed; hence, (I :7 a)* C (J* :7 a) C (J* :r a), that is, a(a=1I)* C J*. Since
JT =T, we have J* = J¥, and so I C J*.

Hence, every x € Mult(D,T,Gy) = Multg(D,T) can be extended to a multiplicative operation on
(D, K,G), and thus p is surjective. Since p is clearly order-preserving, it follows that p is an order iso-
morphism. 0O

The most obvious application of Theorem 6.1 is when 7' is a principal ideal domain; with two additional
lemmas, we can say something more.

Lemma 6.2. Let D be an integral domain, and let T be an overring. If J is a D-module such that JT =T,
then (D :T) C J.

Proof. By hypothesis, 1 € JT', and thus we can find ji,...,j, € J, t1,...,t, € T such that 1 = j1¢; +--- +
Jntn. If z € (D :T), then

z=(it1+ -+ intn)z = jitiz+ -+ jatpz € 1D+ -+ D CJ
since t;z € T(D : T) C D for every 4. Hence, (D:T)C J. O

Lemma 6.3. Let D be an integral domain. There is at most one overring of D that is both a principal ideal
domain and a fractional ideal of D; furthermore, if it exists then it is the largest overring of D that is also
a fractional ideal.

Proof. Suppose there are two, say 71 and Tb; without loss of generality, 7> ¢ Ty. Then, T1T% is a proper
overring of T7 which is also a fractional ideal over T7; however, since T7 is a principal ideal domain this is
impossible. The last claim follows in the same way. O

Theorem 6.4. Let D be an integral domain, and let T' be an overring of D that is a principal ideal domain.
If1:=(D:T)# (0), then the sets FStar(D), Multo(D,T') and Multq(D/I,T/I) are order-isomorphic.

Proof. Since T is a PID, F,(D,T) coincides with the set of fractional ideals of D. Since (D : T') # (0),
T is a fractional ideal of D; by Lemma 6.3, T is the largest overring of D that is a fractional ideal of D.
Hence, T' = T* for every fractional star operation x and so (in the terminology of Theorem 6.1) A(T) =
Mult(D, K, F(D)*). As FStar(D) = Mult(D, K, F(D)*®), by Theorem 6.1 we have an isomorphism between
FStar(D) and Multy(D,T).

The map ¢ : T — T/I is a quotient between the extensions D C T and D/I C T/I. Each member of
Fo(D,T) contains ker ¢ = I (Lemma 6.2); moreover, ¢(Fo(D,T)) = Fo(D/I,T/I). Thus, by Corollary 5.5,
we have Multg(D,T) ~ Multo(D/I,T/I). The claim is proved. O

Corollary 6.5. Let D be an integral domain, and let T be an overring of D that is a principal ideal domain.
If I .= (D :T) # (0), then there is an isomorphism between Star(D) and {*x € Multo(D/I,T/I) | D/I =
(D/1)*}.
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Proof. The isomorphisms of Theorem 6.4 preserve whether D is closed. O

Corollary 6.6. Let D, D’ be integral domains, and let T, T’ be principal ideal domains that are overrings of
D and D', respectively. If the ring extensions D/(D :T) CT/(D:T) and D'/(D' : T") CT'/(D': T’) are
isomorphic, then Star(D) ~ Star(D’).

Remark 6.7. In the proof of Theorem 6.1, the restriction map p : FStar(D) — Multo(D,T) can also be
seen as the composition of two restrictions: the first one, say p1, going from FStar(D) = Mult(D, K, F(D)*®)
to Mult(D,T,Fp(T)*®), and the second one going from Mult(D,T,Fp(T)*) to Mult(D, T, Fo(D,T)) =
Multo(D,T). However, while p; is injective, it is not surjective: for example, the map * sending every
I € Fp(T) to T is a multiplicative operation on (D, T,Fp(T)®), as (I*:b) = (T :b) =T for every b€ T,
but it clearly cannot be the restriction of a fractional star operation.

As a less trivial example, let T := K[[X]] and D := K[[X?3, X% X°]] = K + X3K[[X]]; then, (D : T) =
mp = X3K[[X]]. Let I := D+ X2D = K + X2K[[X]], and let J := XD +mp = XK + X?K[[X]]. Then,
J = X1, and thus if x is a star operation on D then I is x-closed if and only if J is x-closed.

Let G be the set of D-submodules of T' contained between mp and T'. Consider the multiplicative operation
t on (D, T,G) generated by D and I: then, J* = (D 7 (D 7 J)) N (I i (I :7 J)). We have

(D J) = X°K[[X]] = (D :r (D i1 J)) = XK[[X]]
and, likewise,
(I :r J) = XK[X]] = (I :x (I .7 J)) = XK[[X]]

so that J* = XK][[X]] # J. In the Artinian setting, this means that the restriction map from
Mult(K, K[[X]]/(X?), Fx(K[[X]]/(X?))) to Multy(K, K[[X]]/(X?)) is not an isomorphism.

The way to obtain Theorem 6.4 from Theorem 6.1 can also be used in a slightly more general setting.

Proposition 6.8. Let D be an integral domain, and let T be an overring of D that is a fractional ideal of D.
Let 1:=(D:T).

(a) If every I ¢ F,(D,T) is divisorial over T, then there are isomorphisms between {* € FStar(D) | T =
T*}, Multo(D,T) and Multg(D/I,T/I).

(b) If every I ¢ F,(D,T) is divisorial over D, then there are isomorphisms between Star(D), {x €
Multo(D,T) | D = D*} and {* € Multo(D/I,T/I) | (D/I) = (D/I)*}

Proof. Let N := F(D) \ F,(D,T). By hypothesis, all elements of N/ are nondivisorial over T' (case (a)) or
over D (case (b)).

(a) As in the proof of Theorem 6.1, we are going to show that the restriction map p from A(T) := {x €
FStar(D) | T = T*} to Multg(D,T) is an isomorphism; the fact that p is well-defined and injective follows
in the same way.

To show that it is surjective, let x € Multy(D,T'), and define

t: F(D) — F(D),

a(a=tI)* if IT = aT,
I +—
I ifIeN.
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The restriction of § to F,(D,T) is a multiplicative operation on (D, T, F,(D,T)); it is clear that f itself is
extensive and idempotent.

To show that it is order-preserving, let I C J. If I € N or if both I,.J € F,(D,T) then clearly It C Jt
Suppose I € F,(D,T) and J € N; without loss of generality, IT = T. Then,

F=I"C(T:p (T:p D)= (T:p (T:pIT)) =T =IT.

However, as J € N, by hypothesis J is divisorial over T, and thus in particular it is a T-ideal; hence,
I*=IT CJT =T = J* and so t is order-preserving. The fact that # is multiplicative follows immediately
by the multiplicativity of § on F,(D,T) and by the fact that (I : ) =b"'I € N if and only if I € N.

Therefore, p is surjective and thus an isomorphism, as claimed. The claim about the quotient follows as
in the proof of Theorem 6.4.

(b) is proved similarly: p is well-defined and injective, § is defined in the same way and the only problem
is showing that # is order-preserving, with the only non-trivial case being when I € F,(D,T) and J € N.
Suppose we are in this case, and without loss of generality suppose IT = T. Then, I* = I* C (D :p (D :1 I));
since IT =T, we have

(D I)C (D :x T C(T i IT) =T,
and so (D :x I) = (D :p I). Therefore,
(D T (D T I)) = (D T (D ‘K I)) g (D ‘K (D ‘K I)) =1

However, as J € N, we have J = J¥ D I; thus, I* C J = J¥ and so f is order-preserving. The fact
that § is multiplicative follows immediately by the multiplicativity of § on F,(D,T) and by the fact that
(I:b)=>b"11 € N ifand only if I € N. Thus, p is an isomorphism, as claimed. The part about the quotient
follows as in the proof of Theorem 6.4. O

Theorem 6.4 and Proposition 6.8 can be seen as generalizations of some already known results.

Recall that a conductive domain is an integral domain D such that (D : T') # (0) for all overrings T of
D different from the quotient field of D. If D is conductive and seminormal, then by [2, Proposition 2.12(i)]
D is the pullback of the diagram

Vi»

Ne—

9

where V is a valuation overring of D and K is the residue field of V.
The “in particular” statement of the following proposition is part of [13, Theorem 2.5].

Proposition 6.9. Let D,V,K, A be as above. Then, there is an isomorphism between Star(D) and {* €
Multy(A, K) | D = D*}. In particular, if K is the quotient field of A then there is an isomorphism between
Star(D) and {x € SStar(A) | A = A*}.

Proof. Let v be the valuation relative to V. Take an I € F(D) \ F,(D,V): we claim that I = ({aD | I C
aD}. Since IV is not principal, v(I) has no infimum in the value group of V. Let x be in the intersection,
and suppose there is an ¢ € I such that v(i) < v(z). Then, there is a j € I such that v(j) < v(z), and thus
v(zj~!) > 0, i.e., zj! belongs to the maximal ideal of V, which by construction is (D : V). Therefore,
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x € j(D:V)C 4D C I. Thus, I is equal to the intersection and so it is D-divisorial. The claim now follows
from Proposition 6.8(b).

The “in particular” statement follows since if K is the quotient field of A then SStar(4) =
Multo(A, K) O

Recall that a domain D is a pseudo-valuation domain (PVD) if there is a valuation overring V of D such
that (D : V) is the maximal ideal of V; in this case, V is called the valuation overring associated to D [9].
If D is a PVD, F is the residue field of D and L the residue field of V, the multiplicative operations on
(F, L, Fo(F, L)) closing F are exactly what in [19, Section 3] were called “F-star operations on L” (since
Fo(F,L) =Fp(L)*). Under this terminology, the following corollary is a different form of [19, Theorem 3.1].

Corollary 6.10. Let D be a pseudo-valuation domain with associated valuation overring V, and let F' and
L be their respective residue field. Then, Star(D) is isomorphic to the set of the x € Multo(F, L) such that
F=F~*.

Proof. A pseudo-valuation domain is seminormal and conductive, and thus we can apply Proposition 6.9. O
Another consequence is the case of Priifer domains, which was treated in [13, Theorem 2.5].

Corollary 6.11. Let D be a Priifer domain that is not a valuation domain, and let P C Jac(D) be a nonzero
prime ideal. Then, there is an isomorphism between Star(D) and (S)Star(D/P), where (S)Star(D/P) is the
set of semistar operations on D/P closing D/P.

The case of fractional star operations is slightly more delicate (since P and Dp may not be closed by
every such closure), but can be treated similarly. See [21, Proposition 2.2] for a description.

7. Artinian extensions

In this section, we study the consequences of the previous results on one-dimensional Noetherian domains.
In view of [12, Theorem 2.3] and [18, Theorem 5.4], it is not restrictive to consider only local domains.

Suppose thus that D is a local one-dimensional Noetherian domain, and suppose furthermore that its
integral closure T is finite over D (i.e., D is analytically unramified). Then, T is a principal ideal domain and
(D :T) # (0): by Corollary 6.6 the sets Star(D) and FStar(D) depend only on the extension D/(D : T) C
T/(D : T), which is an extension A C B of Artinian rings, with A:= D/(D :T) localand B:=T/(D:T) a
principal ideal ring. In particular, B can be written as a product By X - - - X By, where each B; is an Artinian
local ring that is also an A-algebra and a principal ideal ring.

Example 7.1. Suppose A = k is a field; this corresponds to the case where (D : T') is the maximal ideal mp
of D. Then, each B; is a k-algebra; furthermore, by [14, Theorem 8|, B; is isomorphic to L;[[X]]/(X¢) ~
L;[X]/(X*®), where L; is the residue field of B; and e; > 1 is a natural number. In particular, setting
fi = [L; : k], we have

(D)D) = La(B) = 3 cifi

and thus, if n := £4(B) is fixed, there are at most a finite number of choices for e; and f;. Moreover, if k
is finite, then f; uniquely determines L;; hence, there are only finitely many possibilities for B, and thus
finitely many possibilities for Star(D) and FStar(D) ~ Multg(k, B).

For example, if n = 3, we have only five possible cases:
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I
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) f
f

1 3;
3, 1

SIS
Il

L[]

-+

I
Mol

—e1=1fi=2e=fo=1;

—e1=2, fi=liea= fo=1;
o« t=23:

- ei:fizlfori€{1,2,3}.

Those cases correspond exactly to the five cases of [12, Theorem 3.1]: more precisely, they correspond,
respectively, to points (3), (4), (5), (6) and (2) of the theorem. In particular, our method gives a “high-
level” justification for the fact that the study of star operations splits into these cases.

The case (D : T) = mp will be studied in more detail in [20].
Example 7.1 can be generalized. If n, ¢ < oo, we denote by C(n,q) the set of domains D such that:

e D is one-dimensional, local and Noetherian;
e the residue field of D has cardinality ¢;
o the integral closure T of D is finite over D and ¢p(T/(D : T)) = n.

Proposition 7.2. Fiz n,q < oo. Then, there are only finitely many possibilities for Star(D) and FStar(D),
as D ranges in C(n,q).

Proof. Take any D € C(n,q) and let A := D/(D : T) and B :=T/(D : T). By Theorem 6.4 and Corol-
lary 6.6, the sets Star(D) and FStar(D) depend only on A C B; hence, it is enough to show that there are
only finitely many possibilities for the extension A C B.

Since £4(B) =£p(T/(D : T)), we have £ 4(A) < n: hence, £4(A) < n and thus |A| < ¢”, so that there are
only finitely many possible structures for A. Likewise, £4(B) = {a(A)+£a(B/A) < 2n, and thus |B| < ¢*";
hence, there are only finitely many possible extensions A C B. The claim is proved. 0O

We can interpret Proposition 7.2 by saying that, once n and ¢ are fixed, we can find a finite family
of integral domains that “represents” all one-dimensional local domains with |D/mp| = ¢ and ¢p(T/(D :
T)) = n, in the sense that for any such domain D the sets Star(D) and FStar(D) are isomorphic to Star(7T')
and FStar(T') for some member T of the family. We now want to show that, under some hypothesis, these
members can be taken to be close to a polynomial ring.

Lemma 7.3. Let k be a field and let Ly, ..., L; be finite algebraic extensions of k (not necessarily distinct).
Then, the following hold.

(a) There are an integer m and a principal ideal domain T that is an overring of k[ X1, ..., Xm] such that
T has t maximal ideals, and the residue fields of T are exactly Ly, ..., L;.

(b) If each L; is a simple extension of k, then T can be taken to be a localization of k[X1,..., Xm].

(c¢) If each L; is a simple extension of k and k is infinite, we can take m = 1.

Proof. (a) Let Ny,..., N; be prime ideals of k[X] with residue field k, and let 71 := S™1k[X] with S :=
E[X]\ U, N;. Using repeatedly the construction in [11, Section 2], we can construct domains 73 C 75 C - - -,
such that, for ¢« > 1, T; is a principal ideal overring of T;_1[X;] (and so of k[X1,...,X;]) and such that
one of the following holds: if the residue fields of T;_; are Fi,..., F}., then the residue fields of T; are
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either Fy,..., F., F; (for some 1 <i <) or Fy,...,F/,...,F,, with F! being a simple extension of F;. In
particular, after finitely many steps the residue fields will be Lq,..., L,, as claimed.

(b) For each i, let p;(X) € k[X] be a polynomial whose splitting field is L;; then, the requested T will
be S71k[X1,..., X:], where S is the multiplicatively closed set k[X]\ U, (p:(X:))-

(c) For a given L € {L4,..., L;}, there are infinitely many irreducible monic polynomials in k[X] whose
splitting field is L: since L is simple there will be one, say p(X), and the others will be those in the form
p(X + s) for s € k (since p(X + s) = p(X + s’') can happen only finitely many times for each s). Hence,
for every L there are infinitely many maximal ideals of k[X] with residue field L. In particular, we can take
distinct maximal ideals My, ..., M, of k[X] such that k[X]/M; ~ L;; the requested T will be S~1k[X],
where S :=E[X]\ U, M;. O

Remark 7.4. The integer m obtained in the proof of Lemma 7.3 is not tight: for example, it is possible than
E[X] has already L1, ..., L; as residue fields even if k is finite (e.g., if each L; appears only once, or more
generally if it does not appear too many times). If each L; is actually k, an application of the methods of
[11, Section 2] gives an upper bound m < 1+ log, ¢ (or m = 1 if k is infinite, as in part (c) of the lemma).

Proposition 7.5. Let D be a one-dimensional local Noetherian domain with residue field k of characteristic
p; let T be the integral closure of D and let n := |Max(T)|. Suppose that (D : T) # (0) and thatp € (D : T).
Then, the following hold.

(a) Ifk is perfect and infinite, then there are a localization T" of k[ X] and a one-dimensional local Noetherian
domain R CT', with integral closure T', such that Star(D) ~ Star(R).

(b) There are an integer m, a principal ideal overring T' of k[X1,...,Xm] and a one-dimensional local
Noetherian domain R CT', with integral closure T', such that Star(D) ~ Star(R).

(¢) If T is local with residue field L, there is an integral domain R C L[[X]], with integral closure L[[X]],
such that Star(D) ~ Star(R).

Proof. Since p € (D : T), the quotient D/(D : T) is a k-algebra, and thus so is B := T/(D : T); let
B = B; X --- X By. Then, also all the B; are k-algebras. By [14, Theorem 8], each B; is isomorphic to
L;[[X]]/(X¢) ~ L;[X]/(X*), where L; is the residue field of B; and the e; > 1 are integers. Furthermore,
if B is local then n = 1 and so B ~ L[[X]]/(X¢). Moreover, each L; is finite over k since T is finite over D.

By Lemma 7.3, we can find a principal ideal domain 7" with residue fields L1, ..., L, which is an overring
of k[X] (if k is infinite and perfect) or of some k[X1,..., X,;,]. Let My, ..., M, be the maximal ideals of T”,
and let I := M{*--- Mg~: then, T"/I ~ B. Consider the pullback

J\

:L«T:U
45— N

—

Since A is local, also R is local; furthermore, since T” is a domain then R too is a domain with the same
quotient field of T" [6, Corollary 1.5(7)]. Moreover, since B is finite over A then 7" is finite over R [6,
Corollary 1.5(4)], and since A and B are Noetherian then R is Noetherian too [6, Proposition 1.8]. To
summarize, R is a one-dimensional local Noetherian domain with integral closure 7. By Theorem 6.4,
FStar(R) ~ Multg(A4, B) ~ FStar(D), and likewise Star(R) ~ Star(D). The claim is proved. O

In the local case, this result allows to calculate Star(D) through a fairly explicit domain D, with the
advantage of working on integral domains (instead of rings with zero-divisors). For example, if the integral
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closure T of D is local and (D : T) = mp, then we can calculate Star(D) by considering instead the ring
F + X™L[[X]], for some n and some field extension F' C L.

References

[1] D.D. Anderson, Sylvia J. Cook, Two star-operations and their induced lattices, Commun. Algebra 28 (5) (2000) 2461-2475.

[2] David E. Dobbs, Richard Fedder, Conducive integral domains, J. Algebra 86 (2) (1984) 494-510.

[3] Jesse Elliott, Rings, Modules, and Closure Operations, Springer Monographs in Mathematics, Springer, 2019.

[4] Neil Epstein, A guide to closure operations in commutative algebra, in: Progress in Commutative Algebra 2, Walter de
Gruyter, Berlin, 2012, pp. 1-37.

[5] Neil Epstein, Semistar operations and standard closure operations, Commun. Algebra 43 (1) (2015) 325-336.

[6] Marco Fontana, Topologically defined classes of commutative rings, Ann. Mat. Pura Appl. 4 (123) (1980) 331-355.

[7] Marco Fontana, Mi Hee Park, Star operations and pullbacks, J. Algebra 274 (1) (2004) 387—421.

[8] Robert Gilmer, Multiplicative Ideal Theory, Pure and Applied Mathematics, vol. 12, Marcel Dekker Inc., New York, 1972.

[9] John R. Hedstrom, Evan G. Houston, Pseudo-valuation domains, Pac. J. Math. 75 (1) (1978) 137-147.

[10] William J. Heinzer, James A. Huckaba, Ira J. Papick, m-canonical ideals in integral domains, Commun. Algebra 26 (9)
(1998) 3021-3043.

[11] Raymond C. Heitmann, PID’s with specified residue fields, Duke Math. J. 41 (1974) 565-582.

[12] Evan G. Houston, Abdeslam Mimouni, Mi Hee Park, Noetherian domains which admit only finitely many star operations,
J. Algebra 366 (2012) 78-93.

[13] Evan G. Houston, Abdeslam Mimouni, Mi Hee Park, Integrally closed domains with only finitely many star operations,
Commun. Algebra 42 (12) (2014) 5264-5286.

[14] Thomas W. Hungerford, On the structure of principal ideal rings, Pac. J. Math. 25 (1968) 543-547.

[15] Manfred Knebusch, Tobias Kaiser, Manis Valuations and Priifer Extensions. II, Lecture Notes in Mathematics, vol. 2103,
Springer, Cham, 2014.

[16] Akira Okabe, Ryuki Matsuda, Semistar-operations on integral domains, Math. J. Toyama Univ. 17 (1994) 1-21.

[17] J.W. Petro, Some results on the asymptotic completion of an ideal, Proc. Am. Math. Soc. 15 (1964) 519-524.

[18] Dario Spirito, Jaffard families and localizations of star operations, J. Commut. Algebra 11 (2) (2019) 265-300.

[19] Dario Spirito, Vector subspaces of finite fields and star operations on pseudo-valuation domains, Finite Fields Appl. 56
(2019) 17-30.

[20] Dario Spirito, Asymptotics for the number of star operations on one-dimensional Noetherian domains, in preparation.

[21] Dario Spirito, The sets of star and semistar operations on semilocal Priifer domains, J. Commut. Algebra (2020), in press,
https://projecteuclid.org/euclid.jca/1523433708.

[22] Janet C. Vassilev, Structure on the set of closure operations of a commutative ring, J. Algebra 321 (10) (2009) 2737-2753.


http://refhub.elsevier.com/S0022-4049(20)30256-5/bibE8F6D57714F28DE3712B93BD00D0B46Bs1
http://refhub.elsevier.com/S0022-4049(20)30256-5/bib2D3C2AF1D117659B251FC117B3CFDA39s1
http://refhub.elsevier.com/S0022-4049(20)30256-5/bib09EEEB70FA1095D01811AB17E30A47F6s1
http://refhub.elsevier.com/S0022-4049(20)30256-5/bib88C81973BE7865C9F9218D1DCBFD1B34s1
http://refhub.elsevier.com/S0022-4049(20)30256-5/bib88C81973BE7865C9F9218D1DCBFD1B34s1
http://refhub.elsevier.com/S0022-4049(20)30256-5/bibC9825A5B533F7C37CDE96B9D556027FAs1
http://refhub.elsevier.com/S0022-4049(20)30256-5/bib35883A2A7D369FBD2D95D0E853207E0Ds1
http://refhub.elsevier.com/S0022-4049(20)30256-5/bib894F497BCE56106AB045C50A8AAC2610s1
http://refhub.elsevier.com/S0022-4049(20)30256-5/bib9763DD438636199EAB6092F10DED0296s1
http://refhub.elsevier.com/S0022-4049(20)30256-5/bib78A84F93D185DCF4C59771263B3F1AF3s1
http://refhub.elsevier.com/S0022-4049(20)30256-5/bib7BF348054A79DE359CAFC07532B7BF05s1
http://refhub.elsevier.com/S0022-4049(20)30256-5/bib7BF348054A79DE359CAFC07532B7BF05s1
http://refhub.elsevier.com/S0022-4049(20)30256-5/bibED96CDC81D0A9370965DCB39BBFDA476s1
http://refhub.elsevier.com/S0022-4049(20)30256-5/bibCC461DB29AA5410E0B89DA033B482137s1
http://refhub.elsevier.com/S0022-4049(20)30256-5/bibCC461DB29AA5410E0B89DA033B482137s1
http://refhub.elsevier.com/S0022-4049(20)30256-5/bibA874C980D61DD59DB00B255476FD3881s1
http://refhub.elsevier.com/S0022-4049(20)30256-5/bibA874C980D61DD59DB00B255476FD3881s1
http://refhub.elsevier.com/S0022-4049(20)30256-5/bib6933650E8D26562A0D13213CD04EC14Bs1
http://refhub.elsevier.com/S0022-4049(20)30256-5/bib6B72D937D48EC5B69373900C56C1ADB3s1
http://refhub.elsevier.com/S0022-4049(20)30256-5/bib6B72D937D48EC5B69373900C56C1ADB3s1
http://refhub.elsevier.com/S0022-4049(20)30256-5/bib79B6D27D3427B67667164FFCEA537CD1s1
http://refhub.elsevier.com/S0022-4049(20)30256-5/bibE174400AB8D678246CE2EC1941DAE0F7s1
http://refhub.elsevier.com/S0022-4049(20)30256-5/bib55759159D3A46C57A68678A4F2A6B63As1
http://refhub.elsevier.com/S0022-4049(20)30256-5/bib14E1820EF2735E775F444021375D5F91s1
http://refhub.elsevier.com/S0022-4049(20)30256-5/bib14E1820EF2735E775F444021375D5F91s1
https://projecteuclid.org/euclid.jca/1523433708
http://refhub.elsevier.com/S0022-4049(20)30256-5/bib4E45468D0307F6482682F8BEDC855766s1

	Multiplicative closure operations on ring extensions
	1 Introduction
	2 Notation and background
	3 Multiplicative operations
	4 Changing G and principal operations
	5 Functoriality
	6 Principal ideal domains
	7 Artinian extensions
	References


