DE GRUYTER Forum Math. 2020; 32(5): 1109-1129

Research Article

Dario Spirito*

Decomposition and classification of length
functions

https://doi.org/10.1515/forum-2018-0168
Received July 17, 2018; revised March 6, 2020
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1 Introduction

The concept of a (generalized) length function on the category Mod(R) of modules over a (commutative,
unitary) ring R was introduced by Northcott and Reufel [12] as a generalization of the classical length of
a module; more precisely, they defined a length function as a map from Mod(R) to the set of nonnegative real
numbers (plus infinity) that is additive on exact sequences and such that the length of a module is the supre-
mum of the length of its finitely generated submodules. In particular, they were interested in classifying all
the possible length functions on a valuation domain; their results were later deepened and expressed in a dif-
ferent form by Zanardo [21]. Shortly after [12], Vamos [20] distinguished the two properties used to define
a length functions (which he called additivity and upper continuity), showed that they were independent one
from each other and classified all length functions on Noetherian rings. Ribenboim [13] subsequently con-
sidered length functions with values in an arbitrary ordered abelian group, though he needed to restrict the
definition to a smaller class of modules (constructible modules) due to the possible non-completeness of the
group (more precisely, due to the possible lack of suprema). More recently, length functions have been linked
to the concept of algebraic entropy [2, 14, 15], the study of which also involves invariants satisfying a weaker
form of additivity [16].

The purpose of this paper is to investigate two closely related problems: the first one is the possibility of
“decomposing” a length function £ on an integral domain D as a sum of length functions defined on overrings
of D (in particular, localizations of D); the second one is the possibility of expressing the set £(D) of the length
functions on D (and/or some distinguished subset of £(D)) as a product of the set of length functions on
a family of overrings of D. Both problems can be seen, more generally, as asking for a way to find all length
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functions on D by reducing to “simpler” domains and cases. We pursue this problem first from a general point
of view and then for two special classes of domains, namely Noetherian domains and Priifer domains.

Section 3 can be seen as a generalization the case of Dedekind domains treated in [12, Section 7]. In
it, we analyze the relationship between the length functions on D and the length functions on the overrings
of D or, more generally, on D-algebras. We show that any length function on D induces, by restricting its
domain, a length function on any D-algebra (Proposition 3.1) and, conversely, that a length function ¢ on
aflat D-algebra T induces a length function on D by extension of scalars, i.e., defining £° (M) := ¢(M ®p T) for
every D-module M (Proposition 3.3); we also show that the latter construction can be adapted to using a whole
family of flat algebras. Then we analyze how these two operations relate one to each other; in particular, we
show that if we take a Jaffard family of D (that s, a family © of flat overrings of D that is complete, independent
and locally finite; see Section 2 for a precise definition), then every length function ¢ is equal to the sum
Y reo € ® T (Theorem 3.10) and that the set £, (D) of length functions such that £(D) = oo is order-isomorphic
to the product [ ¢ Loo(T).

In the next two sections, we study how to obtain similar results when we do not have Jaffard families; in
particular, we try to obtain an equality £ = Y ;.o € ® T with the additional flexibility of allowing © to vary in
function of ¢.

In Section 4, using Vamos’ results, we show that such a decomposition holds on Noetherian domains;
more precisely, we show that any length function € on a Noetherian domain D can be writtenas } pcs,) € ® Dp,
where X(¢) := {P € Spec(D) | £(D/P) > 0} (Proposition 4.5). This is accomplished by studying how length
functions acts on D/I, where I is a primary ideal or an ideal admitting a primary decomposition. In the latter
case, in particular, we show that if I is an ideal of a domain D with a primary decomposition, then £(D/I) is
equal to the sum of £(D/Q), as Q ranges among the primary components of I (Proposition 4.7).

In Section 5, we study length functions on Priifer domains; in this case, the main tool is the study of
¢(D/I), where I is an ideal whose radical is prime. We show that, if every ideal of D has only finitely many
minimal primes, then we can always write £ = } .5, € ® Dp, where Z(¢) is defined in a manner similar but
more complicated than the Noetherian case (Theorem 5.4). Since every Dp is a valuation domain and the
length functions on valuation domains are classified [21], this representation allows a much deeper analysis
on the length functions of D; we use it to partition X(¢) into four subsets (some of which can be empty), and
then to characterize a length function € through these subsets (Proposition 5.10). With this characterization,
we can prove that, for this class of Priifer domains, the set £(D) depends only on the topological structure of
Spec(D) and on which prime ideals are idempotent (Theorem 5.12).

In the final section, Section 6, we connect singular length functions (i.e., the length functions such that
£(M) can only be 0 or o) to localizing systems and to stable semistar operations. More precisely, we show
that, for any domain D, there is a natural bijection between the set of singular length functions and the set
of localizing systems on D (Theorem 6.5); using the known correspondence between localizing systems and
stable semistar operations, we obtain a bijection between singular length functions and stable semistar oper-
ations. We show that, for Priifer domains, this correspondence connects also two natural “normalizations”
of length functions and stable operations (Proposition 6.8), and we use it to give two examples of widely
different behavior in how singular length functions can be decomposed.

2 Background and notation

All rings considered in the paper are commutative and unitary.

Let R=° denote the set of nonnegative real numbers, and let I' := R U {co}. Then T has a natural struc-
ture of (commutative) ordered additive semigroup, where, for everyr € I', r + co = co + r = co and r < oo.

If A ¢ T is a (not necessarily finite) set, we define the sum of A as the supremum of all the finite sums
AL +---+ A, as {A4, ..., Ay} ranges among the finite subsets of A. Since all elements of A are nonnegative,
this notion coincides with the usual sum if A is finite. If uncountably many elements of A are positive, then
the sum of A is infinite.
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Let R be aring, and let Mod(R) be the category of R-modules. A map ¢: Mod(R) — T is a length function
on R if
e £(0)=0,
o ¢is additive: for every short exact sequence 0 — M; — M, — M3 — 0, we have ¢(M;) = ¢(My) + £(M3),
o ¢is upper continuous: for every R-module M,

(M) = sup{€(N) | N is a finitely generated submodule of M}.

The first hypothesis is adopted by Northcott and Reufel [12] and by Vamos [20], but not by Zanardo [21]. The
only function it excludes is the map ¢, sending every module to co. We call the length function ¢y such that
£o(M) = 0 for every module M the zero length function; in [21, Section 3.1], £y and £, are called trivial length
functions, but we shall not use this terminology. If ¢ is different from the zero length function, then £(R) > 0.
If M1 and M, are isomorphic modules, then ¢(M1) = £(M;); indeed, the sequence 0 - M; > M, - 0—0
is exact, and thus ¢(M;) = £(M;) + £(0) = (M) by additivity and since £(0) = 0. Moreover, if N is a submod-
ule or a quotient of M then £(N) < £(M).
Three examples of length functions on a ring R are
+ the “usual” length function (i.e., the Jordan-Ho6lder length of a module): we denote it by lengthp,
« the function ¢ such that £(M) = 0 if M is a torsion R-module, while £(M) = co otherwise,
o if Ris anintegral domain, the rank function: rank(M) := dimg (M ® K), where K is the quotient field of R.
If R is an integral domain, then the rank function is, up to multiplication by a constant, the only length
function ¢ such that £(R) < co (see [12, Theorem 2]).
Let Im(¢) denote the image of ¢, i.e., the set of £(M) as M ranges in Mod(R). We say that a length function
eis
o singular if Im(¢) = {0, oo},
o discrete if Im(¢) is discrete in T'.
We denote by
o L(R) the set of length functions on R,
e Lo (R) the set of length functions such that £(R) = co,
e Lsing(R) the set of singular length functions,
e Lgisc(R) the set of discrete length functions.
The set £L(R) has a natural order structure, where ¢; < ¢, ifand only if £1 (M) < £, (M) for every R-module M. In
this order, £(R) has both a minimum (£y) and a maximum (the function sending all nonzero modules to co).
We shall use often the following result.

Proposition 2.1 ([21, Proposition 3.3]). Let £1, £, be length functions of R. If £1(R/I) = £5(R/I) for every ideal
IofR, then £y = ¢5.

Let D be an integral domain with quotient field K; an overring of D is a ring comprised between D and K.
A Jaffard family of D is a family © of overrings of D such that [18, Proposition 4.3]

o every T € O isflat,

e« K¢O,

o I=(\{IT|T e ©}foreveryideal I of D (i.e., © is complete),

e TS =Kforevery T + S belonging to © (i.e., © is independent),

« forevery x € K, there are only finitely many T € © such that x is not a unit in T (i.e., O is locally finite).
Note that this is not the original definition; see [4, beginning of Section 6.3 and Theorem 6.3.5] for two other
characterizations.

In particular, if © is a Jaffard family of D and P € Spec(D) is nonzero, then there is exactly one T € © such
that PT + T (see [4, Theorem 6.3.1 (1)]).

A Priifer domain is an integral domain such that the localization at every prime ideal is a valuation
domain. If V is a valuation domain and P € Spec(V), we say that P is branched if P is minimal over a principal
ideal; equivalently, if the union of all the prime ideals properly contained in P is different from P. A prime
ideal that is not branched is called unbranched. If D is a Priifer domain, we say that P € Spec(D) is branched
if PDp is branched in Dp.
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Unreferenced statements about Priifer and valuation domains are standard; see, for example, [7] for
a general reference.

3 Jaffard families

The following section is a generalization of [12, Section 7], of which we follow and generalize the method.
Let D be an integral domain, and let T be a D-algebra. Then every T-module is also (in a canonical way)
a D-module; thus, given any ¢ € £(D), we can define a function €7 by

(M) := ¢(M) for every M € Mod(T).

Proposition 3.1. Let D, T, ¢ be as above.
(a) eris alength functionon T.

(b) If ¢is singular, so is €.

(c) Ifeisdiscrete, sois €7.

Proof. (a)Let0 — M; — M, — M3 — 0bean exact sequence of T-modules. Then it is also an exact sequence
of D-modules; hence, £7(M3) = €(M>) = £(M1) + £(M3) = €7(My) + €7(M3). Thus, €7 is additive. Suppose now
£7(M) > x for some x € R. Then £(M) > x, and thus there is a finitely generated D-submodule N of M such that
¢(N) > x;let N:=e1D +---+exD. Then NT = e T +---+ e,T is a submodule of M containing N, and thus
27(NT) = ¢(NT) = £(N) > x. Hence, £7(M) = sup{€r(N') | N' ¢ M is finitely generated over T}, and thus £7 is
upper continuous. Therefore, £7 is a length function on T.

(b) and (c) are obvious. O

In general, it is possible for £7 to be the zero length function even if ¢ is not; for example, if £(D/I) = 0 and
T = D/I, then £7(M) will be O for all T-modules M.

Proposition 3.2. Let D be an integral domain, and let T be a D-algebra.

(a) If T is torsion-free over D, then £(T) #+ O for all nonzero € € £(D).

(b) If T is torsion-free over D and € € Lo (D), then €1 € Loo(T).

(c) If Tis torsion-free over D and rankp(T) < co, then £ € Lo (D) if and only if €1 € Loo(T).
(d) IfTis an overring of D, then € € L,(D) if and only if €1 € Loo(T).

Proof. (a) If T is torsion-free, then the canonical map D — T is injective; hence, if € is an arbitrary nonzero
length function, £7(T) = €(T) = ¢£(D) > 0.

(b) As above, for every € € £, (D), we have €7(T) = £(T) > £(D) = oo, and thus €7 € L (T).

(c) Suppose T is torsion-free and rankp(T) < co, and let £ € £L(D). If £ € L,(D), then €1 € L (T) by (b).
On the other hand, if £ ¢ £.,(D), then by [12, Theorem 2], £(M) = a - rankp (M) for every D-module M, where
a := €(D); in particular, £7(T) = £(T) = rankp(T) < oo by hypothesis, and thus €7 ¢ L (T).

(d) follows from (c) since T ®p K = K (where K is the quotient field of D) and so rankp(T) = 1. O

Hence, if T is a torsion-free D-algebra, then by the previous proposition we have a map
Ap,r: £(D) — L(T), €+ er,

that restricts to a map
Ap,1: Loo(D) = Lo(T), €+ £1.

Clearly, both KD,T and Ap,r are order-preserving.

A more interesting question is if (and how) we can construct a length function on D from a length function
on a D-algebra T. We shall mainly be interested in the case when T = Dp is a localization of D, but there is no
harm in working more generally with a flat algebra.

Let thus T be a flat D-algebra, and let £ € £(T). We define ¢2 as the map such that

2(M) := e(T ®p M) for all M € Mod(D).
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This construction behaves similarly to the construction €7.

Proposition 3.3. Let D, T, ¢ be as above.
(@) €2 e (D).
(b) €0 € Loo(D) ifand only if € € Loo(T).

Proof. (a) follows in the same way of [12, Proposition 2], using the flatness of T. (b) is immediate because
¢2(D) = ¢(T ®p D) = &(T). O

Therefore, we can define a map \T’T, p by setting
Yrp: L(T) - L(D), € — €°;
by part (b) of the previous proposition, also its restriction
¥rp: Loo(T) = Loo(D), £+ €0
is well-defined.

Proposition 3.4. Let D be an integral domain, and let T be a flat overring of D. Then KD,T ° "I\’T,D is the identity
on L(T).

Proof. Let ¢ € L(T). Then, for every M € Mod(T), we have
(Ap,T o ¥r,p)(©)(M) = (€2)7(M) = €P(M) = (M ®p T).

Since T is a flat overring of D, the inclusion D < T is an epimorphism (being D — K an epimorphism; see
[9, Chapitre IV, Corollaire 3.2] or [8, Proposition 4.5]); hence, for every T-module D, we have

T®DM= T®D (T®TM)=(T®D T)®TM= T®TM=M

as T-modules, with the second-to-last isomorphism coming from the fact that the inclusion is an epimor-
phism (see [9, Lemma 1.0] or [8, Lemma A.1]). Thus, (¢2)7(M) = €(M); since M was arbitrary, (¢2)r = ¢, i.e.,
KD,T o @T,D is the identity. O

Remark 3.5. Proposition 3.4 does not work for arbitrary flat D-algebras. For example, if T = M = D[x] is the
polynomial ring over D, then M ®p T = D[x, y] = T[y] as T-modules; hence, if £ is the rank function of T, we
have (M) = 1, while (¢2) (M) = co.

Let now £ be a length function on D, and let T be a flat D-algebra. We set
€® T := (¥rp o Ap,1)(®).
This notation comes from the fact that if M is a D-module, then
(e T)(M) = (e)”(M) = ex(M@p T) = é(Mep T).

The construction £ ® T is easily seen to satisfy an associative-like property; if T1, T are flat D-algebras, then
(€® T1) ® Tz =f® (T1 ®p Tz).
In general, ¢ ® T is different from ¢; for example, if I is a proper ideal of D such that IT = T, then

(e T)D/I)=¢(D/Iep T) =€(T/IT) = €(0) =0,

but clearly there may be length functions such that £(D/I) + O.
Hence, if we want to construct an isomorphism from KD,T and ‘T’T, p, We need to consider more rings, and
to do so, we must define the sum of a family of length functions.

Definition 3.6. Let A := (€4)qca be a family of length functions on D. The sum of A, which we denote by
Y aea La> is the map
Y €y: Mod(D) - T, M ) £a(M).

acA acA
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Recall that the sum of an arbitrary family of elements of I" is defined as the supremum of the set of the finite
sums (see the beginning of Section 2).

Lemma 3.7. The sum of a family A of length functions on D is a length function and the supremum of A in £(D).
Proof. Just apply the definitions. O

Lemma 3.8. Let {Mgy}aca be a family of D-modules, and let € be a length function on D. Then

(D M) = Y eMa.

acA acA

Proof. If the family is finite, the claim follows immediately from additivity and induction on the cardinality
of A.
If A is an arbitrary family, set N to be the direct sum of the My; then &(N) > &(Mg,) +--- + €(Mg,)

for all finite subsets aj, ..., a,. Furthermore, every finitely generated submodule of N is contained in
Mgy, @@ My, forsome ay, . . ., ay; by upper continuity, it follows that £(N) must be exactly the supremum.
The claim is proved. O

The following lemma is a (partial) generalization of a property of h-local domains; see [11, Theorem 22].

Lemma 3.9. Let D be an integral domain, and let © be a Jaffard family of D. If M is a torsion D-module, then

M:@M@D T.
Te®

In particular, if I + (0) is an ideal of D, then
D T (D
— = —_ = — ®p T).
=D =Dl7

Proof. We shall follow the proof of [11, Theorem 22, 3 = 4]; we start by showing that K/D = @y.q K/T.
Indeed, consider the natural map

D: K — @K/T, d— (d+ TDreo-
TeO®

Note that @ is well-defined since 0 is locally finite.

Thekernel of @ is (g T = D. Hence, we need only to show that @ is surjective, and to do so, it is enough
to show that every element of the form e(a, U) := (0,...,0,a+ U, 0, ..., 0)isin theimage of ®;i.e., we need
to show that, for every U € © and every a € K, there is an a’ € K such that a’ — a € U, while a’ ¢ T for every
Teo\U.

Let U’ := rc@\y T; by [18, Proposition 4.5 (b)], U'U = K. Hence, we have

U+U' = (JW+UNT=WU+UU)n (]| UT+U'T)=K.
Te® Te®\U

In particular, a = 8 + a' for some B € U, a' € U'; since a’ — a = B € U, we have e(a, U) = ®(a’), as required.

Hence, @ is surjective and K/D = Pr.q K/T.
Let now M be a torsion D-module; then, since every T is flat, we have (see e.g. [11, p. 9-10])

M = Tor?(K/D, M) ~ Torlf(@ K/T, M) ~ P Tor! (K/T, M)~ PMep T,
Te® Te® Te®

as claimed. The final assertion follows from the fact that D/I ®p T = T/IT. O

Theorem 3.10. Let D be an integral domain, and let © be a Jaffard family of D. For every length function
¢ € Loo(D), we have
=) ¢ol
Te®
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Proof. Let % := Y .o €® T; by Lemma 3.7, ¢ is a length function on D. To show that £ = €%, it is enough to
show that £(D/I) = €}(D/I) for every ideal I of D.
If I = (0), then £(D/I) = co = €*(D/I). Suppose I # (0). By Lemmas 3.8 and 3.9, we have

eD/I) = e(@ ? ® T) - Tezae(? ® T) - g@(m T)(D/T) = £(D/I).

Te®
The claim is proved. O

Theorem 3.11. Let O be a Jaffard family of D, and let A and ¥ ¢ be the maps

Ao: Loo(D) = [ Lool D), €+ (€1)7c0,
Te®
Yo: [ [ LoolT) = LooD),  (En)1eo = Y. (€m)P.
Te® Te®

Then the following hold.

(@) Ae and Y¢ are order-preserving bijections between L,(D) and []1ce £oo(T), inverse one of each other.
(b) Ag restricts to a bijection from Lsing(D) to [11co Lsing(T).

(c) If © s finite, Ag restricts to a bijection from Lgisc(D) to [[1eo Ldisc(T)-

Proof. (a) By Propositions 3.1, 3.3 and Lemma 3.7, Ag and ¥g are well-defined.

By definition,
YeoNe(e)= ) (er)?= ) €®T,
Te® Te®
which is equal to £ by Theorem 3.10. Hence, Wg o Ag is the identity on £(D).
Take now

(er)reo € [ ] LoolD).
Te®

Fix U € ©, and let ¢’ be the component with respect to U of (Ag « ¥g)(£7). As in the proof of Theorem 3.10,
we need to show that £y (U/]) = £'(U/]) for every ideal J of U. If ] = (0), then both sides are infinite; suppose
J # (0). Then
Wi = ew( Y WMenT)= Y en(UMep D).
Te® Te®

IfU + T, then
U

7®DTZMLD®D U®D T:ﬁ
since (J N D)T = T; hence, £'(U/]) reduces to €., ((U/]) ®p U) = €y (U/J]). Therefore, £’ = £y, and so Ag - Yo
is the identity, as claimed.

(b) If ¢ is singular, then so is every €7 by Proposition 3.1 (b). Conversely, if every €7 is singular, then
Y er(M® T) is always zero or infinite, and thus ¢ is singular.

(c) If ¢ is discrete, so is every £7 by Proposition 3.1 (c). On the other hand, if © is finite, say

®U=(0)

@ = {Tli ey Tn},
then Im(€) = {a; + - + an | a; € Im(€7,)}. Since each Im(£7,) is discrete, so is Im(¢). The claim is proved. O

The fact that every infinite length function ¢ can be “decomposed” as a sum of £® T is a rather special
property, which puts some constraints on the family ©.

Proposition 3.12. Let D be an integral domain, and let © be a nonempty family of flat overrings of D.

(@) If, for every £ € L(D), we have € = Y r.q £ ® T, then © = {D}.

(b) If, for every € € Loo(D), we have € = Y 1. € ® T, then for every nonzero prime P of D there is exactly one
T € © such that PT # T.

Proof. Given a length function £ on D, let £ := Y ;.o €® T.

(@) Let € be the rank function on D. Then £(D) = £(T) = 1 for every overring T of D, and in particular
(¢® T)(D) = 1 for every flat overring T. Hence, £*(D) = ¥ 1. 1 = |0]; since by hypothesis ¢ = £}, we must have
O] =1;1et® = {T}.
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Suppose T + D; then, since T is flat, there must be a prime ideal P of D such that PT = T. Let
¢ := (lengthp,)";

then
€(D/P) = lengthy (D/P ®p Dp) = lengthp (Dp/PDp) = 1.

On the other hand,
En(D/P) =(eT)(D/P)=¢D/P®T)=¢T/PT)=¢(0)=0,

against the hypothesis. Hence, T must be equal to D and © = {D}, as claimed.

(b) Fix a nonzero prime ideal Pof D, and let ®' := {P € © | PT # T}. Let ¢ := (lengthDP)D; then € € Lo (D),
and with the same calculation of the previous point, we see that £(D/P) = 1, while £#(D/P) = |®'|, which
means that |@'| = 1. The claim is proved. O

Remark 3.13. (i) Under the hypotheses of part (b) of the previous proposition, the only property needed to
show that O is a Jaffard family is the local finiteness of ©. We shall see in Example 6.9 that, at least for singular
length functions, this is not actually necessary; on the other hand, we shall present in Example 6.10 the case
of a one-dimensional domain having a length function ¢ that cannot be written as ) € ® Dy (with the sum
ranging among the maximal ideals).

(i) If © is an infinite Jaffard family, there could be elements in [] Lqisc(T) that do not come from dis-
crete length functions. For example, suppose © = {T1, ..., Ty, ...} is countable and that, for every i, there is
a discrete length function ¢; on T; such that ¢;(M;) # {0, oo} for some torsion T;-module M;. By possibly mul-
tiplying for some constant, we can suppose €;(M;) = 1/2! for every i. Let € := Wg(¢;). Then ¢(M;) = 1/21 for
every i; hence, we have ¢(@;_, M;) = 1 - 1/2X and ¢(®;c M;) = 1. In particular, Im(¢) is not discrete since 1
is not an isolated point of Im(#).

Example 3.14. Let D be a one-dimensional locally finite domain. Then {Dj; | M € Max(D)} is a Jaffard family
of D. By Theorem 3.11, it follows that alength function € on D is completely determined by the restrictions €p,.
In turn, this means that ¢ is completely determined by its values at £(Dp/QDp), where Q is a P-primary ideal;
as we shall see in Proposition 4.4 below, this means that ¢ is determined by the values ¢(D/Q), as Q ranges
among the primary ideals of D.

Similarly, if D is an h-local domain (meaning that D is a locally finite domain such that every nonzero
prime ideal is contained in only one maximal ideal), then {Dy; | M € Max(D)} is a Jaffard family, and thus
every length function € is determined at the local level.

4 Primary ideals

As shown by Proposition 3.12, the possibility of decomposing every length function ¢ as a sum of £® T, as
T ranges in a (fixed) family 0, is a quite special property, since it is usually not easy to find Jaffard fami-
lies of an integral domain D. In this section, and in the next one, we shall try to see when a decomposition
€ =Y 1co £ ® T can be reached if we allow © to be dependent on ¢; to do so, we must treat length functions in
a more intrinsic way.

Lemma 4.1. Let ¢ be a length function of D, and let M be a D-module. Then we have ¢(M) = 0O if and only if
¢(D/Ann(x)) = 0 forall x € M.

Proof. If £(M) = 0, then £(N) = 0 for all submodules N of M. In particular, this happens for N = xD for every
x € M; however, xD = D/Ann(x), and thus ¢(D/Ann(x)) = O.

Conversely, suppose ¢£(D/Ann(x)) = 0 for all x € M. By upper continuity, it is enough to prove that
£(N) = 0 for all finitely generated submodules N of M. Let thus N = (xq, ..., xp); then by [21, Proposi-
tion 2.2], &(N) = Y; &(Ni,1/N;), where Ny := (x1, ..., xx). However, Nj;1/N; is a cyclic D-module, gener-
ated by y := x;41 + Nj; in particular, it is isomorphic to D/Ann(y). However, Ann(y) 2 Ann(x;,1), and thus
¢(D/Ann(y)) < €(D/Ann(x;;1)) = 0. Therefore, £(N) = 0, and the claim is proved. O
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The following is a slight generalization of [12, Lemma 2], of which we follow the proof.

Lemma 4.2. Let R be a ring (not necessarily an integral domain); let a, € R. Then the following hold.
(@) €(R/aBR) < ¢(R/aR) + £(R/BR).

(b) If B is not a zero-divisor in R, then £(R/aBR) = ¢(R/aR) + £(R/BR).

(c) Ife(R) < oo and B is not a zero-divisor, then £(R/BR) = 0.

Proof. Consider the exact sequence O — SR/aR — R/aSR — R/BR — 0. Then, by additivity,
¢(R/apR) = £(R/BR) + E(BR/aBR);

furthermore, ¢(BR/aBR) < £(R/aR) since multiplication by B induces a surjection R/aR — BR/aBR. (a) is
proved.

If B is not a zero-divisor, then multiplication by 8 is an isomorphism, and thus (b) holds. In particular, if
a = 0, we have £(R) = £(R/BR) + €(R), and if £(R) is finite, then £(R/BR) must be 0. Thus, (c) holds. O

Lemma 4.3. Let D be an integral domain, and let € be a length function on D. Let Q be a P-primary ideal such
that £(D/Q) < co, and let I be an ideal such that Q ¢ I ¢ P. Then ¢(D/I) = 0.

Proof. Let x € I'\ P; then (Q : x) = Q since Q is P-primary [1, Lemma 4.4 (iii)], and in particular X is not
a zero-divisor in D/Q =: R. By Lemma 4.2, it follows that £g(R/XR) = 0; however, by definition, we have
¢r(R/XR) = ¢(D/(Q, x)). Since I 2 (Q, x), it follows that £(D/I) < £(D/(Q, x)) = 0, as claimed. O

Proposition 4.4. Let D be an integral domain, and let € be a length function on D. Let P' < P be two prime
ideals, and let Q be a P'-primary ideal. Then £(D/Q) = £(Dp/QDp) = £p,(Dp/QDp) = (¢ ® Dp)(D/Q).

Proof. Since Q is P'-primary and P’ c P, we have Q = QDp n D = QDp n D, and thus there is an exact
sequence
0—D/Q - Dp/QDp 5N -0

for some D-module N. If £(D/Q) = oo, then also £(Dp/QDp) = 0o, and we are done. Suppose £(D/Q) < co, and
let z = 1(x) € N. Consider I := Ann(z); then I contains Q since Q < Ann(x). Furthermore, if

x =x"+QDp € Dp/QDp,

there is an s € D \ P such that sx’ € D; hence, sx € (D/Q), or equivalently O = 7(sx) = sz. Therefore, I ¢ P,
and thus I ¢ P'; by Lemma 4.3, we have £(D/I) = 0. By Lemma 4.1, it follows that £(N) = 0, and thus
¢(D/Q) = £(Dp/QDp), as claimed.

The second and the third equalities come from the definitions. O

In particular, we can obtain a version of Vamos’ results in the vein of Theorem 3.10.

Proposition 4.5. Let D be a Noetherian domain, let ¢ be a length function on D, and let
Y(¢) := {P € Spec(D) | £(D/P) > 0O}.

Then
= ) ¢€eDp.
Pex(0)

Proof. Letet := Y pes(e) € ® Dp; then £%is alength function. By [20, Corollary to Lemma 2], to show that £ = ¢!
it is enough to show that £(D/Q) = £*(D/Q) for every prime ideal Q of D.

If Q ¢ Z(¢), then £(D/Q) = 0 (by definition of £(¢)). Furthermore, any ideal I properly containing Q sat-
isfies £(D/I) = 0 (by [20, Lemma 3] or Lemma 4.3), and thus no prime ideal containing Q belongs to Z(#).
However, if Q ¢ P, then

(¢®Dp)(D/Q) = €(D/Q® Dp) = £(Dp/QDp) = £(0) = O,

and thus also ¢#(D/Q) = 0.
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Suppose now that Q € Z(¢). Then, using the previous reasoning, we have

¢4(D/Q)= ) (¢®Dp)(D/Q)= ) €Dp/QDp)= Y &(D/Q),
Pex(f) Pex(e) Pex(f)
P2Q P2Q P2Q
with the last equality coming from Proposition 4.4.

If Q is a maximal element of %(¢), then £}(D/Q) = £(D/Q), as claimed. Suppose Q is not maximal in Z(¢);
then £(D/Q) = co since £(D/Q) > 0 (being Q € Z(¢)) and £(D/Q) cannot be finite (using again [20, Lemma 3]/
Lemma 4.3). Hence, both #(D/Q) and ¢*(D/Q) are infinite.

Therefore, £(D/Q) = £4(D/Q) for every prime ideal Q, and thus ¢ = ¢*, as claimed. O

More generally, Proposition 4.4 shows that, for a P-primary ideal Q, the value of £(D/Q) depends only on ¢p,,
which is a length function over Dp. We now want to extend this result to ideals having a primary decomposi-
tion; we premise a lemma, which already appeared, without proof, in [20].

Lemma 4.6. Let I, ] be ideals of a ring R (not necessarily a domain), and let € be a length function on R. Then
e(R/D) + &(R/]) = &(R/(I +])) + €&(R/(IN])).

Proof. To simplify the notation, let 7(A) := ¢(R/A) for every ideal A. From the two exact sequences

1 D D 0 and 0 I+] D D 0
- —_— 0 — > = > - — > - — —
In] InJ 1 ] Ji I+]

and additivity, we have

0

{T(Iﬂl) =) +ed/UIn))),
(J) =t +]) + e+ D/)).
Hence,
M+t +ed/In)) =tdn])+T1d+])+e(d+])/]).
Since I/(In]) = (I+])/], the claim follows if £(I/(I n])) < co. If not, then 7(J) > €¢((I + J)/J) = 0o, and thus
T(INn]) = 7(J) = 0o; hence, both sides are infinite, and the claim again follows. O

Proposition 4.7. Let D be an integral domain, and let € be a length function on D. Let I be an ideal of D having
a primary decomposition Q1 N ---N Qn. Then

n
e(D/T) = ) £(D/Qy).
i=1
Proof. Set T(A) := ¢(D/A) for every ideal A of D.

If 7(Q;) = co for some i, then 7(I) = co, and we are done. Suppose 7(Q;) < co for every i; we pro-
ceed by induction on the number n of components of I. If n = 1, the claim is obvious. Suppose the claim
holds up to n — 1; without loss of generality, P; := rad(Q1) is a minimal prime of I. Then I = Q1 N J, where
J:=Q2nN---N Qy. By Lemma 4.6, we have

T(I) + 7(Q1 +J) = 7(Q1) + T(J).

Theideal Q; + J is not contained in P4, for otherwise J ¢ Py, which is impossible since no primary component
of J is contained in P;. By Lemma 4.3, this implies that 7(Q; + J) = 0, and thus 7(I) = 7(Q1) + T7(J); the claim
now follows by induction. O

5 Priifer domains

In this section, we obtain a standard representation for length functions on Priifer domains where every ideal
has only finitely many minimal primes.
The starting point for this section is the following extension of Proposition 4.4.
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Proposition 5.1. Let D be a Priifer domain, and let € be a length function on D. Let I be an ideal of D such that
P :=rad(I) is prime. Then ¢(D/I) = ¢£(Dp/IDp) = (€ ® Dp)(D/I).

Proof. Let] := IDp n D; then Jis a P-primary ideal, and, by Proposition 4.4, £(D/]J) = €(Dp/JDp) = €(Dp/IDp),
with the last equality coming from the fact that JDp = IDp. Thus, we must prove that £(D/I) = €(D/]).

If 6(D/]) = oo, then £(D/I) > €(D/]) = 0o, and we are done. Suppose £(D/]) < co, and consider the exact
sequence O — J/I — D/I — D/J] — 0.Then ¢(D/I) = €¢(D/]) + £(J/I), and thus we need to show that £(J/I) = 0.

Letx € J,andlet A := (I : x); weclaimthat P ¢ A.Indeed, let M € Max(D);ifI ¢ M (equivalently, ifJ] ¢ M),
then ADy; = (IDy : x) = Dy contains PDy; = Dyy. Suppose I € M; then ADy = (IDy : xDyy). If ADy 2 PDyy,
then ADy; ¢ PDyy; localizing further at Dp, we have ADp € PDp. However, ADp = (IDp : x) = Dp, a contradic-
tion. Hence, P ¢ A; but since ADp # PDp, we must also P #+ Aandso P ¢ A.

Since ¢(D/]) < 0o, we can now apply Lemma 4.3, obtaining £(D/A) = 0; by Lemma 4.1, we have £(J/I) = 0
(since (I : x) is equal to the annihilator of x + I in J/I), and thus &(D/I) = £(D/]), as claimed. O

Definition 5.2. Let D be a Priifer domain, and let £ be a length function on D. The total spectrum of ¢ is
2(€) := {P € Spec(D) | £(D/Q) > 0 for some P-primary ideal Q}.

Lemma 5.3. Let D be a Priifer domain, € a length function on D, and let P' ¢ P be primeideals such that P € %(¢).
Then ¢(D/P') = oo, and in particular P' € %(¢).

Proof. Let L be a P-primary ideal. Then P’ = PPDpnD c LDpn D = L. If £(D/P’) < co, then by Lemma 4.3
(applied with Q = P'), we would have £(D/L) = 0. Since L was an arbitrary P-primary ideal, it would follow
that P ¢ X(¢), against the hypothesis. Hence, £(D/P') = co. O

The total spectrum of ¢ is exactly the set we are looking for.

Theorem 5.4. Let D be a Priifer domain such that every ideal of D has only finitely many minimal primes. For
every length function € on D, we have
t= ) teDp.
Pex(f)
Proof. Let €¥ := ¥ p s € ® Dp; then €* is a length function by Lemma 3.7. To show that € = ¢4, it is enough
to show that €(D/I) = €*(D/I) for every ideal I of D. Let thus I be an ideal of D, and let {P4, ..., P,} be the
minimal primes of I.

For each i, let T; := (\{Dq | Q € V(P;)}, where V(A) := {P € Spec(D) | A < P}; then T; is a Priifer domain
whose prime ideals are the extension of the prime ideals comparable with P;. Let J; := IT; n D; thenrad(J;) = P;,
and, since every maximal ideal containing I survives in some T;, we have I = J; n---NJ,. Fix i, and let
L; = (4 Jx; then the minimal primes of L; are Py, ..., P;_1, Pis1, ..., Py. In particular, since rad(J;) = P;
and Spec(D) is a tree, there are no prime ideals containing both J; and L;; thus, J; + L; = D. By Lemma 4.6,
it follows that £/'(D/I) = ¢/(D/(J; N L;)) = €' (D/J;) + €' (D/L;) for every length function ¢'; by induction, it fol-
lows that £/(D/I) = ¥, ¢'(D/J;) for every ¢'. In particular, it holds for ¢’ = ¢ and for ¢’ = ¢*; hence, we need
only to prove that £(D/J;) = €4(D/J;) for every J;, or equivalently that £(D/J) = €4(D/J) for every J such that
rad(J) = P € Spec(D).

By Proposition 5.1, £(D/]) = (¢ ® Dp)(D/]). On the other hand,

e(D/])= ) (e®Do)D/J)= ) &Dqo/IDg).

QeX(e) Qex(¢)
If Q 2 P,then JDg = Dg, and so £(Dq/JDq) = 0. Hence,
D/ = ) eDq/IDg)= ) (¢®Do)D/]). (5.1)
Qex(f) QeX(¢)
Q2P Q2P

If P is maximal in %(¢), then (5.1) reduces to £*(D/J) = (¢ ® Dp)(D/]), and so is equal to £(D/]). If P is not
maximal, then by Lemma 5.3 £(D/P) = co, and so both £(D/]) and ¢*(D/]) are infinite; in particular, they are
equal. The claim is proved. O
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This theorem does not hold for general Priifer domain. We shall see an example at the end of the paper
(Example 6.10).

Since ¢ ® Dp = (£/)?, where ¢’ is a length function on Dp, the previous theorem effectively reduces the
study of the length functions on D to the local case. If V is a valuation domain, the length functions on V
have been studied in [12, 21]; they can be divided into the following four classes.

o Torsion singular length functions: if P € Spec(V), we define tp as

0 if Misa torsion V/P-module,
tp(M) := .
oo otherwise.

o Idempotent singular length functions: if P € Spec(V) is idempotent, we define ip as

. 0 if Misa V/P-module,
ip(M) := )
oo otherwise.

o L-rank functions: if P € Spec(V) is idempotent, and a € R*, then £ = a - rkp for some a € R*, where

ranky,p(M) if Misa V/P-module,

00 otherwise.

rkp(M) := Jl

o Valuative length functions: let P € Spec(D) be a branched prime ideal. Let Q be the largest prime ideal
contained in P, and let v be a valuation on Dp/Q. We define L, as the function

L,(M) := sup z inf{v(a) | @ € Ann(E;/Ei_1)},
i=1

where the supremum is taken over all finite chains of submodules (0) = Eo ¢ E1 ¢ -+ ¢ Es = M.

Remark 5.5. (i) The four classes of length functions are pairwise disjoint; however, the classes of idempo-
tent singular length functions and of L-rank functions could be merged by considering the functions of type
a - 1kp for a € R=C, i.e., by allowing a = 0 in the definition of L-rank function (and using the convention
0 - 0o = 00). However, in view of the study of singular length functions (see Corollary 5.8 and Section 6 from
below Proposition 6.7 onwards), it is more useful to consider them separately.

(ii) i (o) is the zero length function.

(iii) The rank function on V is 1k(); on the other hand, if M is the maximal ideal of V, then the “usual”
length is rkyy if M is idempotent, while if M = mV is principal (and thus, in particular, branched), it is equal
to L,, where v is a rank-one valuation on V/Q normalized in such a way that v(m) = 1.

Suppose now that D is a Priifer domain, P € Spec(D), and let £ be a length function on the valuation domain
Dp. Calculating ¢P(D/I) (where I is an ideal of D) corresponds to calculating the values of £(Dp/IDp), which
can be done easily by considering the various classes of length function of valuation domains; the results are
the following:

0 if PDp ¢ IDp,
(tep,)P(D/I) = { _
oo otherwise;

X 0 if PDp < IDp,
(ipp,)P(D/T) = _
oo otherwise;
kp,p(Dp/IDp) if PDp € ID 0 ifPDp¢ IDp,
ran i c ,
(tkpp,)(D/I) = DIFERITER PEP 11 it PDp = IDp,
o otherwise .
oo otherwise;
0 ifI ¢ P,
(L,)P(D/I) = {inf v(IDp/QDp) if P is minimal over I,
00 otherwise.
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Let now £ be a length function on the Priifer domain D (not necessarily satisfying the hypothesis of The-
orem 5.4). To each class of length functions on valuation domains, we can associate a subset of the spectrum
of D:

- %(e) := {P e Spec(D) | p, = tpp,},

o Zi(¢) :={P € Spec(D) | £p, = ippp},

o X.(¢) :={P e Spec(D) | €p, = arkpp, for some a € R*},

e 2,(¢) :={P e Spec(D) | £p, = L, for some rank-one valuation v on Dp/QDp}.

Lemma 5.6. Let D be a Priifer domain, € a length function.

(@) The four sets Z(£), Z;(£), Z,(£) and Z,(¢) are pairwise disjoint.

(b) Z(€) = Z¢(£) U Zi(£) U Z,(€) U Ly (8).

(c) IfP, Q € Spec(D) are such that P € £(¢) and Q ¢ P, then Q € Z:(¢).

Proof. (a) follows from the fact that the four classes of length functions on valuation domains are disjoint;
(b) follows from the calculations of 2 (D/I). (c) is another version of Lemma 5.3 since £(D/Q) = oo if and only
if Q € Z¢(0). O

With this terminology, we get a restatement of Theorem 5.4 and a way to characterize singular and discrete
length functions.

Corollary 5.7. Let D be a Priifer domain such that every ideal of D has only finitely many minimal primes, and
let ¢ be a length function on D. Then

e= Y (teo,)"+ Y (ipp,)°+ ) eD/P)akpp,)’+ Y (Ly,)",

PeZ(6) PeXi(¢) PeX, (8) PeX, (6)

where vp is a rank-one valuation on Dp/QDp (and Q is the prime ideal directly below P).

Corollary 5.8. Let D be a Priifer domain such that every ideal of D has only finitely many minimal primes, and
let ¢ be a length function on D.

(a) ¢issingularif and only if Z,(€) = Z,(¢) = 0.

(b) ¢isdiscrete if and only if Z,(€) does not contain any idempotent prime and the family

{€(D/P) | P € Z,(£) U Z,()}
is discrete.
The representation of Corollary 5.7 can also be seen as a way to define a length function: given
%1, %, 23,24 € Spec(D),
real numbers ap € R* and valuations vp on Dp/LDp, we can define a length function € by
e:=Y (tep,)? + ) (ipp,)’ + Y ap(tkpp,)’ + ) (Ly,)P.
Pex, Pe3, Pez; Pez,

In general, there is no guarantee that this representation is the same as the one obtained in the corollary, i.e.,
the conditions X = X:(€), £, = Z;(£), etc. need not to be satisfied; indeed, being arbitrary, the sets ; usually
do not satisfy conditions (a) and (c) of Lemma 5.6. For example, if P ¢ Q are two prime ideals, the families
21 ={Q}, %, =23 =%, =0and £| = {Q, P}, ¥}, = ¥} = ¥ = 0 give rise to the same .

However, we can obtain uniqueness just by excluding the more obvious problems. To express it in
a slightly less unwieldy way, we introduce the following definition.

Definition 5.9. Let (P, <) be a partially ordered set. A family {X1, ..., X,,} of subsets of P is a layered family
with core X} if

e XinX;=0ifi+]j,

o ifxe|J;X;iandy < x, theny e Xj.

Under this terminology, Lemma 5.6 (a) and (c) can be reparaphrased by saying that {Z:(¢), Z;(£), Z,(£), Z,(£)}
is a layered family with core Z:(¢).
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Proposition 5.10. Let D be a Priifer domain. Let {21, ,, 23, 24} and {2}, £, £}, =)} be layered families of

Spec(D) with core %1 and X!, respectively, and suppose that

« eachprimein,, £3, ¥, and ¥ is idempotent,

e eachprimeinZ, and Zz is branched,

« if Pisunbranched and every prime properly contained in P belongs to £ (resp., £} ), then P € £, U, U 23
(resp., P € 2] UZ, UZL).

Furthermore, for every P € 23 (resp., P € £%), let ap € R* (resp., aj, € R*), and for every P € £, (resp., P € %),

let vp (resp., v} ) be a valuation relative to Dp/QDp, where Q is the largest prime properly contained in P. Let £

and €' be the length functions

€= (tpp,)” + Y (ipp,)” + ) ap(tkpp,)” + Y (Ly,)°,

Pexq PeX, PeX; PeX,
I _ D : D ! D D
e =) (tep,)” + ) (ipp,)" + Y ap(tkpp,)? + Y (L,1)P.
Pex) Pex) Pes) Pex),

Then ¢ = ¢' if and only if the following hold:
. ijz;forj=1,2,3,4;

« ap=apforallPe3s3;

e vp=vpforallP e %,

Proof. If the three properties hold, then clearly ¢ = ¢'. Suppose now that £ = ¢'. Let X := U; Zj and = U; Z]f.
Let P be a prime ideal of D. Then a direct calculation shows that

0 ifPeXuXsorP¢Zx,
¢D/P)=qap ifPeX3,
oo ifPe Xq,

and analogously (mutatis mutandis) for €'. In particular, £(D/P) = oo if and only if P € £, and #'(D/P) = oo
ifand only if P € 2! ; since ¢ = ¢, it follows that £; = Z'l. Likewise, €(D/P) ¢ {0, oo} if and only if P € X5, and
analogously for ¢'; hence, 23 = X% and ap = aj, forall P € 3.

Let now B and U, respectively, be the set of branched and unbranched prime ideals of D. Let P be
a branched prime ideal, and consider a P-primary ideal L with L ¢ P. Another calculation shows that

0 ifP¢X,
¢(D/L) = {infvp(LDp/QDp) ifP € 34,
o0 ifPGZlUZZUZ3,

where Q is the biggest prime ideal properly contained in P. In particular, P € X if and only if ¢(D/L) > 0
(since L ¢ P); hence, £ n B = ¥’ n B. Furthermore, £(D/L) = oo if and only if P € £; U X, U £3, and similarly
for ¢'; since £, = ¥} and ¥3 = £} by the previous reasoning, and the ¥; and £} are disjoint, it follows that
LNB =%, n3.

Let P be an unbranched prime ideal. If P ¢ X, then by hypothesis, there is a Q ¢ P not contained in Z;
in particular (eventually passing to the minimal prime of an x € P\ Q), we can suppose that Q is branched.
By the previous reasoning, Q ¢ X', and thus also P ¢ ¥'. By the same reasoning, if P ¢ ¥/, then P ¢ X; hence,
LN U= X' nU. Furthermore, £, N U = 0 = £} N U; hence, £, N U = 5 nU.

Putting together the two cases, we see that £ = X' and X, = Z’z; hence, X, = Zz. Moreover,

infvp(LDp/QDp) = inf vi,(LDp/QDp)

implies that vp = v},. The claim is proved. O

Remark 5.11. If we drop the hypothesis on the unbranched prime ideals, the proposition above does not
hold. For example, let P be an unbranched prime ideal of D, and let A be the set of prime ideals properly
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contained in P. Then

0 ifQDq ¢ IDq forevery Q € A,
(¥ (tan)” )01 = { on e
Geh oo otherwise.

The first condition holds if and only if PDp < IDp; hence, Y o.a(top,)” = (ipp,)”. In the notation of Propo-
sition 5.10, this means the length functions induced by the families ¥; = A, ¥, =Z3 =%, =0 and 2’1 =A,
%} = {P}, £} = %} = 0 are the same, and thus uniqueness does not hold.

As a consequence, we can prove that (under the hypotheses of Theorem 5.4) the set £(D) depends only on
Spec(D) and the idempotence of the primes of D.

Theorem 5.12. Let A, B be Priifer domains such that every ideal of A and B has only finitely many minimal
primes. Suppose that there is a homeomorphism ¢ : Spec(A) — Spec(B) such that a prime ideal P is idempotent
if and only if ¢(P) is idempotent. Then there is an order isomorphism E: L(A) — L(B) that respects the classes
of £ ® Dp, i.e., such that ¢p(A(€)) = A(E({?))for each A € {%¢, %, %, I, ).

Proof. We first note that, if P € Spec(A), then P is branched if and only if ¢(P) is branched; indeed, the
homeomorphism ¢ induces homeomorphisms ¢p: Spec(Ap) — Spec(Byp)), and the maximal ideal M of
avaluation ring V is branched if and only if Spec(V) \ {M} is compact. Since Spec(Ap) \ {PAp} corresponds to
Spec(Byp)) \ {¢(P)By(p)}, we have that P is branched if and only if ¢(P) is branched.

For every branched prime ideal P of A, fix a valuation vp on Ap/LAp (viewed as a map to R), where L is
the largest prime properly contained in P; then all valuations on Ap/LAp are in the form Avp for some A € R*.
Similarly, if P is a branched prime ideal of B, fix a valuation wp on Bp/LBp (with the same notation for L).

Let ¢ € L(A). By Corollary 5.7, and with the notation as above, we can write

¢= Z (tpay)* + Z (ipa,)* + Z €(A/P)(tkpa,)* + z Lapvp)?s

PeX(6) PeZi(¢) PeZ,(¢) PeX,(6)

hence, we define

B = Y (tes)®+ Y (igs)®+ Y €A/PTHQ)Kke)P+ Y (Laygwe)®
Qep(Z(8)) Qep(Zi(6)) Qep(Z,(£) Qep(2,(8))
By the previous reasoning, every prime of ¢(Z;(¢)) and ¢(Z,(¢)) is idempotent and every prime of ¢(Z,(¢))
is branched; hence, $ is a well-defined map from £(A) to £(B). Furthermore, since ¢ is a homeomor-
phism, it is straightforward to see that {¢(Z¢(£)), p(Zi(£)), p(Z,(£)), p(Z,(£))} is a layered family with core
@(2¢(¢)), and that if every prime contained in the branched prime Q of B is in ¢(Z(¢)), then Q is in
O(Z(£)) U p(Zi(6)) U p(Z,(£)). By Proposition 5.10, thus, 5 is injective, and it respects the classes of £ ® Dp.

With the same reasoning, we can build an injective map F: L(B) — L(A), and it is an easy verification
that F is the inverse of ¢. Hence, ¢ and F are bijections between £(A) and £(B).

Suppose now £ < £, are length functions on A: we claim that 5(61) < 5(82). It is enough to verify the
inequality at B/J, where ] is an ideal of B; furthermore, with the same reasoning of the proof of Theorem 5.4,
we can reduce this verification to the case where rad(J) =: Q is a prime ideal, and by Proposition 5.1, we can
further suppose that J is a primary ideal. Let P := ¢~1(Q).

If P ¢ 2(¢1), then Q ¢ ¢p(2(¢£1)) = Z@(fl)), and thus, by Proposition 5.1, we have ¢;1(B/J) = 0. Hence,
G(€1)(B/]) < p(£2)(B/)). Suppose thus that P € £(£1), i.e., that Q € Z(¢p(£1)).

Then ¢(€1)(B/J)) = (¢(€1) ® Bo)(B/J). Furthermore, if Q is a prime ideal such that Q ¢ ¢(Z,(¢)) (equiva-
lently, if P ¢ Z,(¢)), then £(A/]) = E(E)(B /Q) for every length function ¢; in particular,

@(£1)(B/Q) = €1(A/P) < £,(A/P) = $(£,)(B/Q).

Thus, if ] = Q we are done; suppose now that J ¢ Q.

If P¢ %,(¢) and Ly, L, are P-primary ideals such that L1, L, ¢ P, then £(A/L{) = £(A/L;) (equal to O
if P ¢ 2(¢) and to oo if P € X(£)); hence, if P € 2(£1) \ Z,(¢), then £;(A/L) = co for every P-primary ideal
L ¢ P, which means that #,(A/L) = co; it follows that also 5(61)(3/ J) =00 = E(ez)(B/ ]), and in particular
@(€1)(B/]) < Pp(£2)(B/)).
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Hence, we only need to consider that case P € Z,(¢1); in particular, P is branched, and so Q is as well. If
P ¢ ,(£,), then £,(A/L) = oo for all P-primary ideals L ¢ P; hence ¢(¢1)(B/J) < ¢(£,)(B/]) since the latter is
equal to oo.

Suppose thus that P € £,(£1) N %,(¢,); let P! be the largest prime ideal of A propetly contained in P,
and let Q' be the largest prime ideal of B properly contained in Q. Let 1g: Bq — Bg/Q'Bq be the canon-
ical quotient map. If QBq is principal, then JBg = (QBg)" for some n, and we define I := (PAp)" nA. If
QB is not principal, then let 6 := inf{wq(mq(x)) | x € J} € R. If mp: Ap — Ap/P'Ap is the quotient, then
we define I :={y € A | vp(tp(y)) > 6}. In both cases, I is an ideal of A whose radical is P, and by con-
struction €(A/I) =6 = $(€)(B/]) for every length function ¢ such that P € X,(€); as above, it follows that
$(e1)(B/)) < P(&2)(BJJ).. B .

Therefore, ¢(€1) < ¢(£2), and so ¢ is order-preserving. By symmetry, the same happens for ¢p=1 = ¢ ;
hence, 5 is an order isomorphism, as claimed. O

Remark 5.13. A different way to reduce the study of length functions over Priifer domains to valuation rings is
to apply the theory developed in Section 3 on Jaffard families, together with some results involving quotients
and a recursive algorithm, in a manner similar to what has been done in [19] for the study of star and semistar
operations. However, this method yields results that are at the same time weaker and more complex than the
ones obtained in this section; for the sake of completeness, we summarize here briefly the main ideas of this
alternative argument.

Let D be a Priifer domain. Under some hypothesis on D (namely that D is semilocal or that Spec(D) is
a Noetherian topological space), it is possible to construct a canonical Jaffard family © of D (the “standard
decomposition”) that is the finest possible, in the sense that each T € © does not possess any nontrivial Jaffard
family (see [18, Section 6]). For example, if D is also finite-dimensional, any member of © is obtained by an
intersection ({Dy | M € Max(D), P ¢ M}, where P is a prime ideal of D of height 1.

Take a T € ©. If T is semilocal, we can find a nonzero prime ideal Q < Jac(T) such that Jac(T/Q) does
not contain any nonzero prime. (Here Jac(A) denotes the Jacobson radical of A, that is, the intersection of its
maximal ideals.) Extending the results of Section 3 to quotients, it is possible to express £, (T) as the union
of L (T/Q) and a distinguished subset of £L,(T); since Ty is a valuation domain, the latter is known, while
by construction T/Q admits a nontrivial standard decomposition ©1/q9. Hence, it is possible to repeat the
construction starting from T/Q instead of D.

Suppose that, at some point, this procedure stops by reaching valuation domains; then, since the sets
L (V) of these rings are known, by climbing back quotients and localizations we can obtain a description of
the set L, (D). This works, for example, if D is semilocal or if it is locally finite and finite-dimensional.

However, this algorithm involves alternating two types of procedures (finding a Jaffard family and taking
quotients), whose effect on the set of length functions is quite different. Therefore, this description becomes
extremely complex, especially when an element T of the Jaffard family © is quotiented more than once.
Finally, the hypotheses that are needed to be put on D for this algorithm to work are less general than the
one used in this section; indeed, if D is semilocal or if it is locally finite and finite-dimensional, then every
nonzero ideal I is contained in only finitely many maximal ideals, and thus (since Spec(D) is a tree), I has
only finitely many minimal primes.

6 Singular length functions

In this section, we characterize singular length functions through purely ideal-theoretic means, by using the
concept of localizing system (see [5] or [6, Section 5.1]). We denote by J(D) the set of ideals of D.

Definition 6.1. Let D be an integral domain. A localizing system on D is a set F € J(D) such that,
o ifleFandIc],then]e T,

e ifleFand(J:iD) e Fforalliel, then] € F.

We denote by LocSist(D) the set of localizing systems on D.
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Our next aim is to prove that to every length function can be associated a localizing system, and conversely.
Definition 6.2. Let ¢ be a length function. The zero locus of ¢ is Z(¢) := {I € J(D) | £(D/I) = O}.
Proposition 6.3. The zero locus of a length function ¢ is a localizing system.

Proof. If I € Z(¢) and I < J, then £(D/]) < €(D/I) = 0, and so J € Z(£). Suppose I € Z(¢), and let J be an ideal
such that (J : iD) € Z(¢) for every i € I. From the exact sequence O — (I +J)/J] — D/] - D/(I1+]) — 0, and
from the fact that I + J € Z(€) (since [ + ] 2 I € Z(¢)), we have &(D/]J) = (I +])/]). Foreveryi+J € (I +])/],
we have Ann(i + J) = (J : iD) € Z(¢) by hypothesis; by Lemma 4.1, it follows that €((I + J)/J) = 0, and thus
¢(D/]) = 0,i.e., J € Z(£). Thus, Z(¢) is a localizing system. O

Conversely, let I be a localizing system on D. The length function associated to ¥ is

0 if Ann(x) € Fforallx € M,

oo otherwise.

b5 (M) := {

Proposition 6.4. For any localizing system 3 on D, €+ is a length function.

Proof. Clearly, £+ is upper continuous. Let 0 —» M; — M, M 3 — 0 be an exact sequence of D-modules. If
£5(M3) = 0, then Ann(x) € F for all x € M>; in particular, Ann(y) € F forall y € M; (and so £4(M7) = 0) and
Ann(z) = Ann(71(x)) 2 Ann(x) for all z = 71(x) € M3 (and so £5(M3) = 0). In particular,

b5 (M3) = €5 (My) + €5 (M3).

Suppose now £5(M,) = co; then there is an x € M, such that Ann(x) ¢ F. Suppose £5(M1) = €5(M3) =0,
let z := 71(x), and consider the exact sequence 0 — xD N My — xD — zD — 0. Since we supposed £5(M3) = 0,
wemust have I := Ann(z) € JF; furthermore, for everyi € I, we have ix € xD N My, and thus Ann(ix) € F. How-
ever, Ann(ix) = (Ann(x) : iD); since I € F, this would mean that Ann(x) € F, against the hypothesis on x.
Therefore, one between £+(M1) and £5(Ms) is infinite, and thus £5(M>,) = €4(M;) + £5(M3). Hence, £+ is
a length function. O

Theorem 6.5. Let D be an integral domain. The two maps

Lsing(D) — LocSist(D), € — Z(#),
LocSist(D) — Lsing(D), F = &5

are bijections, one inverse of the other. Furthermore, if LocSist(D) is endowed with the containment order, they
are order-reversing isomorphisms.

Proof. Since a singular length function is characterized by its zero locus, we need to show that Z(¢4) = F and
that €z, = ¢. Indeed,
Z(e5) =1{I € I(D) | £5(D/I) = O}.

However, for every x € D/I, we have Ann(x) 2 Ann(1 + I) = I, and thus €5(D/I) = 0 if and only if I € Z(¢).
Therefore, Z(¢5) = F.
On the other hand,

0 if Ann(x) € Z(¢) forall x € M,

oo otherwise.

Lz700)(M) = <|

If Ann(x) € Z(¢) for all x € M, then ¢£(M) = 0 by Lemma 4.1, while if Ann(x) ¢ Z(¢) for some x € M, then
xD = D/Ann(x), and thus, since ¢ is singular, £(M) > €(xD) = co. Thus, €z) = ¢, as claimed.

The last claim follows from the fact that, for singular length functions, one has ¢; < ¢, if and only if
Z(81) 2 Z(£7). O

Localizing systems are also closely related to the concept of stable semistar operations. Let F(D) be the set
of D-submodules of the quotient field K; a stable semistar operation on D is a map * : F(D) — F(D) such that,
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for every I, J € F(D) and every x € K,

o« IcCI*,
o ifIc ], thenI* cJ*,
o« (IM*=1I%,

o (xD*=x-1I7,

e (Unp*=I"n]J*.

(A map that satisfies the first four properties is called a semistar operation.) We denote by SStars(D) the set
of stable semistar operations.

There is a natural bijection between stable semistar operations and localizing systems; if * is a stable
semistar operation, then the set * := {I € J(D) | 1 € I*} is a localizing system, while if F is a localizing sys-
tem, then x5: I — (J{(I: E) | E € F} is a stable semistar operation; these two correspondences are inverse
one of each other [5, Theorem 2.10]. By composing them with the maps considered in Theorem 6.5, we obtain
two bijections

@: SStars¢ (D) — Lsing(D), * = €g~,
®1: Lging — SStarst(D), € — *z¢)

which are order-reversing isomorphisms if SStars (D) is endowed with the order such that x; < %, if I*1 € [*2
for every I € F(D). Note that, in this order, the infimum of a family A is the map sending I to (), I*.

Proposition 6.6. Let A be a nonempty set of stable semistar operations on the integral domain D. Then

D(infA) = ) D(x).
*€N

Proof. Since @ is an order-reversing isomorphism, we have ®(inf A) = sup ®(A); the claim now follows from
Lemma 3.7. (I

A special subset of stable semistar operations are spectral semistar operations, i.e., the closures in the form

sa: I ﬂ IDp,
PeA

where A ¢ Spec(D); furthermore, we can suppose that A is closed by generizations, i.e., it is such thatif P € A
and Q ¢ P, then also Q € A. The corresponding localizing system is
Fa:={I€ID)|I¢ P foreveryP e A},

while the associated length function ¢, is such that

0 ifI¢ PforeveryP €A,

oo ifIc PforsomeP €A,

en(D/I) = <|
or, more generally,

ea(M) = 0 if Ann(x) ¢ Pforevery P € Aand x € M,
: oo if Ann(x) ¢ Pforsome P € Aand x € M

for every D-module M. In particular, if A = Spec(D), then €5(M) = 0 if and only if M = 0, while if A = {(0)},
then €5 (M) = 0 if and only if M is torsion.
Such length functions have a decomposition like the ones found in Theorems 3.10 and 5.4.

Proposition 6.7. Let D be an integral domain, and let A ¢ Spec(D) be closed by generizations; let £ := D(sy),
and let £(¢) := {P € Spec(D) | P ¢ Z(¢)}. Then

(@) A=X(),

(b) €= ZPGZ(f) £ ® Dp.

Proof. From the bijections between SStars(D), LocSist(D) and Lsing(D), we see that prime P is in Z(¢) if and
onlyif 1 € PS2;since Ais closed by generizations, it follows that P € Z(¢)ifand onlyif P ¢ A, and thus A = X(¢).
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The semistar operation s, is the infimum of the family sp}, as P ranges in A; by Proposition 6.6, it follows
that

€ =D(sp) = z D(s¢p}),
PeA

and thus we only need to show that ®(s¢p}) = £ ® Dp; to do so, it is enough to show that their zero loci are
equal. We have

Z(D(spy) = T ={I € J(D) | I ¢ P}.
If I ¢ P, then Dp/IDp = 0, and thus

(¢®Dp)(D/I) = £(D/I ®p Dp) = £(Dp/IDp) = £(0) = O,
i.e., I € Z(¢ ® Dp); on the other hand, if I ¢ P then, using Proposition 4.4,
(¢® Dp)(D/I) = (¢® Dp)(D/P) = £(D/P) = o0

since P = PDp does not contain 1. Hence, I ¢ Z(¢ ® Dp), and thus Z(®(s¢p})) = Z(£ ® Dp). The claim is
proved. O

Let now D be a Priifer domain, and let « € SStars¢(D). The normalized stable version of « is (see [17, Section 4])

#:I— (] IDpn [ UDp)"r,
Pex; (%) Pex, (%)

where vp, is the v-operation on Dp (i.e., if ] is an ideal of Dp, then J"?» = (\{yDp | J < yDp}), and

21(x) :={P € Spec(D) | 1 ¢ P*},
Y,(*) :={P € Spec(D) | 1 € P*, 1 ¢ Q* for some P-primary ideal Q}.

(In the terminology of [17], Z1(*) =: QSpec* (D) is the quasi-spectrum of x, while Z,(x) =: PsSpec* (D) is the
pseudo-spectrum.) By [17, Proposition 3.4], and in the terminology introduced in Definition 5.9, furthermore,
{Z1(%), Z2(%)} is a layered family with core Z;(x).

This construction is analogous to the passage from a length function ¢ to

ei= Y (tep,)?+ ) (ipp,)° = ) €®Dp,

Pez(€) Pexi(e) Pex(¢)
as the next proposition shows.
Proposition 6.8. Let D be a Priifer domain. Then, for every stable semistar operation =, we have ®(%) = ®(x)!.

Proof. Let A be the set formed by the functions dp: I — IDp, for P € X1(x), and vp := I — (IDp)"’r, as
P € %,(x). By Proposition 6.6, it follows that

O(F) = Yy @dp)+ Y D(vp).

PeZy (%) PeX,(x)

On the other hand, by unpacking the definitions, we have Z;(®(x)) = Z1(*) and Z;(®(*)) = Z,(*); hence, it is
enough to show that ®(dp) = (tpDP)D and ®(vp) = (ipDP)D for every P € Spec(D), and to do so, it is enough to
consider their zero loci.

By a direct calculation,

Z(®(dp)) = {I € I(D) | I ¢ P} = {I € I(D) | PDp < IDp} = Z((tpp,)");

analogously,
Z(®(vp)) = {I € I(D) | PDp < IDp} = Z((ipp,)")

since (IDp)"?r = Dp if and only if IDp is equal to Dp or to PDp. The claim is proved. O
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Suppose now that every ideal of D has only finitely many minimal primes. Then Theorem 5.4 (and Corol-
lary 5.8) can be seen as a version of [17, Theorem 4.5 and Corollary 4.6]; like any singular length function
can be written as Y p.z, €® Dp + Y pcy, £ ® Dp, a stable semistar operation can be written as the infimum of
the semistar operations dp (as P ranges in some X;) and vp (as P ranges in X;).

More generally, suppose that * is a semistar operation which is equal to its normalized stable version,
i.e., suppose that there are £;, £, < Spec(D) such that {Z;, Z,} is a layered family with core £; and

x: 1 ﬂ IDpnN ﬂ (IDp)"».
Pe%y Pex,

Then, by Proposition 6.8, we see that the corresponding length function ¢ = ¢! can be decomposed as
€ =Y pes(e) € ® Dp. Thus, the fact that a stable semistar operation is determined at the local level (through the
closures dp and vp) corresponds to the fact that the corresponding length function depends exclusively on
length functions on the localizations of D.

We end the paper with two examples of Priifer domains of dimension 1 that are not locally finite and
whose behavior with respect to decomposition is very different; more precisely, in Example 6.9, we present
an example where every singular length function can be decomposed (despite the domain not satisfying
the hypothesis of Theorem 5.4), while in Example 6.10, we give a singular length function that cannot be
decomposed.

Example 6.9. Let D be an almost Dedekind domain (i.e., an integral domain such that Dy is a discrete valu-
ation ring for every M € Max(D)), and suppose that there is only a finite (nonzero) number of maximal ideals
of D that are not finitely generated. (See [10] for explicit examples of domains with this property.) In particu-
lar, D is one-dimensional and Spec(D) is not Noetherian, and so there are ideals with infinitely many minimal
primes.

We claim that every singular length function ¢ can be written as € = Y ycyaxp) € ® Du, and to do so, we
want to show that every stable semistar operation  is equal to x = s for some A ¢ Spec(D). If not, then by
[5, Theorem 4.12(3)], there is a proper ideal I of D such that I = I* n D but P # P* n D for every prime ideal P
containing I; since D is one-dimensional, it follows that 1 € P* for every P containing I, or equivalently that
P* = D*,

Suppose that P = pD contains I and is principal; then 1 € P* = (pD)* = pD*, and thus 1/p € T := D*.
Hence, I* = (ID)* = (ID*)* 2 ID[1/p]. The ideal ID[1/p] n D is not contained in pD since

(ID[1/p)n D)Dp = ID[1/p]Dp N DDp = Dp;

thus, ID[1/p] n D # I, a contradiction. Hence, I is not contained in any principal prime ideal; however, this
means that I has a primary decomposition, namely I = ();(IDy, N D), where {Mj, ..., My} are the maximal
ideal of D containing I. By Proposition 4.7, it follows that ¢(D/I) = ; £(D/(IDy, n D)); however, by Proposi-
tion 4.4,

¢(D/(IDy N D)) = &(Dy/IDy) = &(Dy/(MDy)¥) = 0

since Dy isa DVR (and so IDy; = (MDy)* for some k) and €(Dy/MDyy) = €(D/M) = 0. It follows that ¢(D/I) = 0,
and thusthatl € Z(¢) = {I € J(D) | 1 € I*}, against the fact that I = I* n D. Hence, * is spectral, and so x = Sp;
by Proposition 6.7, we have
=) ¢e®Dp= Y ¢te&Dy,
Pex(e) MeMax(D)

with the last equality coming from the fact that if M ¢ X(€), then € ® Dj; sends every proper quotient D/I to O.

Example 6.10. Let D := A be the ring of all algebraic integers. By [3, Example 4.5] and [17, Example 4.2],
we can build a stable semistar operation x such that Q* = D for every primary ideal Q, while D* = D (and
so (xD)* = xD for every x € D). The corresponding localizing system contains every ideal contained in only
finitely many maximal ideals, but it does not contain any proper principal ideal; hence, the associated length
function ¢ is such that £(D/I) = 0 if I is contained in only finitely many maximal ideals, while £(D/xD) = co
for all nonunits x € D.
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By Proposition 4.4, if Q is P-primary, then ¢p,(Dp/QDp) = €(D/Q) = 0, while £p,(Dp) = co; hence,
ep, = t(o) for every P € Max(D). It follows that :(¢) = {(0)}, while X;(¢) = Z,(¢) = Z,(¢) = 0; therefore, setting
€% := Y pes(e) € ® Dp, we have

’ D 0 if Misatorsion D-module,
(M) = (t))" (M) = _
oo otherwise,

and thus ¢¥(D/I) = 0 for every proper ideal I of D. In particular, £ # £%.
Furthermore, (¢ ® Dy)(D/I) = 0 for every nonzero ideal I and every maximal ideal M; hence, we also have

£+ Y £aDp
PeA

for every family A ¢ Spec(D).
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