ON THE ARITHMETIC OF MONOIDS OF IDEALS

ALFRED GEROLDINGER AND M. AZEEM KHADAM

ABSTRACT. We study the algebraic and arithmetic structure of monoids of invertible ideals (more pre-
cisely, of r-invertible r-ideals for certain ideal systems r) of Krull and weakly Krull Mori domains. We
also investigate monoids of all nonzero ideals of polynomial rings with at least two indeterminates over
noetherian domains. Among others, we show that they are not transfer Krull but they share several
arithmetic phenomena with Krull monoids having infinite class group and prime divisors in all classes.

1. INTRODUCTION

Let R be a (commutative integral) domain, r be an ideal system on R, Z.(R) be the semigroup of
nonzero r-ideals with r-multiplication, and Z(R) C Z,(R) be the subsemigroup of r-invertible r-ideals.
As usual, we denote by v the system of divisorial ideals and for the d-system of usual ring ideals we omit
all suffices (i.e., Z(R) = Z4(R), and so on). Factoring ideals into finite products of special ideals (such as
prime ideals, radical ideals, and more) is a central topic of multiplicative ideal theory. The monograph
[32] of Fontana, Houston, and Lucas shows the rich variations of this theme. Algebraic and arithmetic
properties of ideal semigroups help to understand the multiplicative structure of the underlying domain.
To mention some classical results, R is a Dedekind domain if and only if Z(R) = Z*(R) if and only if Z(R)
is a factorial monoid, and R is a Krull domain if and only if 7} (R) is a factorial monoid. Recent progress in
such directions can be found in the work by Anderson, Chang, Juett, Kim, Klingler, Olberding, Reinhart,
and others (e.g., 211, 54, 63, 53] 3, 55, 61, 62, 57]).

In the present paper, we first study factorizations of r-invertible r-ideals into multiplicatively irre-
ducible r-ideals of weakly Krull Mori domains and, in particular, of Krull domains. Clearly, monoids
Zr(R) of r-invertible r-ideals are commutative cancellative monoids. After some preparations in the
setting of abstract monoids in Section [3] we show in Section [4] that the monoid of invertible ideals of a
weakly Krull Mori domain is a weakly Krull Mori monoid again and that a domain R is Krull if and only
if the monoid Z;}(R) (with r-multiplication) is a Krull monoid (Theorems and [L.5)). Much is known
about the arithmetic of weakly Krull monoids and, in particular, of Krull monoids. The arithmetic of the
latter is uniquely determined by its class group and the distribution of prime divisors in the classes. We
focus on two arithmetical properties, namely on the structure of unions of sets of lengths and on being
fully elastic (definitions are recalled at the beginning of Section|3). Our arithmetic results on the monoids
of invertible ideals (as given in Corollary and Proposition are based on our understanding of their
algebraic structure.

In Section |5 we study the semigroup of all nonzero ideals. In general, these semigroups are not
cancellative, and for this reason only first steps have been made towards the understanding of their
arithmetic. However, under natural ideal-theoretic assumptions they are unit-cancellative and even BF-
monoids (Propositions and . In the last years, parts of the existing machinery of factorization
theory, developed in the setting of cancellative monoids, was generalized to the setting of unit-cancellative
monoids (for a first paper, see [30]). In Section [2] we introduce all the required arithmetical concepts
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in the setting of unit-cancellative monoids. The monoid of all nonzero ideals was studied for orders in
Dedekind domains with finite class group [I8] 42] [I5]. In this setting, monoids of all nonzero ideals
share arithmetical finiteness properties with monoids of invertible ideals and, more generally, with Krull
monoids having finite class group. Our main result in Section [5| deals with the monoid of nonzero ideals
of polynomial rings R with at least two variables over noetherian domains, and they show a completely
different behaviour. Theorem shows that Z(R) is not transfer Krull and that factorizations in Z(R)
are as wild as possible. Indeed, they share arithmetical phenomena with Krull monoids having infinite
class group and prime divisors in all classes (see Theorem Conjecture Example and the
preceding discussion). The methods, used in the proof of Theorem [5.1} stem from the theory of Grébner
bases in polynomial ideal theory.

2. BACKGROUND ON THE IDEAL THEORY AND THE ARITHMETIC OF MONOIDS

We denote by N the set of positive integers and we set Ny = NU {0}. For real numbers a,b € R, we
let [a,b] = {z € Z: a <z < b} denote the discrete interval between a and b. Let A and B be sets. We
use the symbol A C B to mean that A is contained in B but may be equal to B. Suppose that A and
B are subsets of Z. Then A+ B = {a+b: a € A,b € B} denotes their sumset and the set of distances
A(A) C N is the set of all d € N for which there is a € A such that AN[a,a+d] = {a,a +d}. f ACN,
then p(A) = sup A/ min A € Q> U {oo} denotes the elasticity of A, and we set p({0}) = 1.

Let H be a multiplicatively written commutative semigroup with identity element. We denote by H*
the group of invertible elements of H, and we say that H is reduced if H* = {1}. An element a € H is
said to be

e cancellative if b,c € H and ab = ac implies that b = ¢, and
e unit-cancellative if a € H and a = au implies that v € H*.

By definition, every cancellative element is unit-cancellative. The semigroup H is said to be cancellative
(resp. unit-cancellative) if every element a € H is cancellative (resp. unit-cancellative).

Throughout this paper, a monoid means a
commutative unit-cancellative semigroup with identity element.

For a set P, we denote by F(P) the free abelian monoid with basis P. Elements a € F(P) are written
in the form
a= H p»@  where v,: F(P) = Ny
peP
is the p-adic valuation. We denote by |a| = > pvy(a) € No the length of a and by supp(a) = {p €
P:vy(a) > 0} C P the support of a. Let H be a monoid. A monoid H is cancellative if and only if it
has a quotient group, which will be denoted by q(H). Let H be a cancellative monoid. We denote by
o H' ={x € q(H): thereis N € N such that "™ € H for all n > N} C q(H) the seminormalization
of H, and by
e H = {x e q(H): thereis c € H such that cz”™ € H for all n € N} C q(H) the complete integral
closure of H.
Then H C H' C H C q(H), and H is called
e seminormal if H = H' (equivalently, if € q(H) and 2%,2® € H, then x € H), and
e completely integrally closed if H = H.
A submonoid S C H is called divisor-closed if a € S and b € H with b | a implies that b € S. For a
subset S C H, we denote by [S] the smallest divisor-closed submonoid generated by S. Let ¢: H — D
be a monoid homomorphism to a cancellative monoid D. We set H, = {a™'b: a,b € H,¢(a) |p ¢(b)}
and we say that ¢ is a divisor homomorphism if a,b € H and ¢(a) | ¢(b) in D implies that a | b in H
(equivalently, H, = H).
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Ideal Theory of Monoids. Our notation of ideal theory follows [51], but note that the monoids
in this paper do not contain a zero element. An ideal system on a cancellative monoid H is a map
r: P(H) — P(H), where P(H) is the power set of H, such that the following conditions are satisfied for
all subsets X,Y C H and all elements a € H:

e X CX,,
X CY, implies that X,. C Y.,
aH C {a},, and
aX, = (aX),.
We say that r is finitary if, for all X C H, X, is the union of all F, over all finite subsets £ C X. As
usual, the v-system denotes the system of divisorial ideals. The monoid H is said to be

e a Mori monoid if it is cancellative and satisfies the ACC on divisorial ideals, and
e a Krull monoid if it is a completely integrally closed Mori monoid.

Let r be any ideal system on H. A subset I C H is called an r-ideal if I, = I, and Z,.(H) is the set of
nonempty r-ideals. Then Z,.(H) together with r-multiplication (defined by I -. J = (I.J), for all I,J €
Z,(H)) is a reduced semigroup with identity element H. Let F,.(H) denote the semigroup of fractional
r-ideals and F,.(H)* the group of r-invertible fractional r-ideals. Then Z;)(H) = F,.(H)* NZ.(H) is the
cancellative monoid of r-invertible r-ideals with r-multiplication and Z>(H) C Z.(H) is a divisor-closed
submonoid. If ¢ is a further ideal system on H with Z,(H) C Z,(H), then, by [51, Theorem 12.1],

(2.1) Fo(H)* C Fy(H)* C Fy(H)* are subgroups and Z;(H) C Z;(H) C Z;(H) are submonoids.

The cokernel of the group homomorphism q(H) — F,.(H)*, a — aH, is called the r-class group of H. It
will be denoted by C,.(H) and written additively. Thus, if I, J € F.(H)*, then [I-,.J] = [I|+[J] € C,.(H).
We denote by X(H) the set of all minimal nonempty prime s-ideals of H and note that X(H) C t-spec(H).
We say that H satisfies the r-Krull Intersection Theorem if

(") =0 forall I €T (H)\{H}.

n>0

Arithmetic of Monoids. Let H be a monoid. An element p € H is said to be

e irreducible (an atom) if p ¢ H* and p = ab with a,b € H implies that a € H* or b€ H*,

e primaryif p ¢ H* and p | ab with a,b € H implies that p | a or p | b™ for some n € N, and

e primeif p ¢ H* and p | ab with a,b € H implies that p | a or p | b.
We denote by A(H) the set of atoms of H. The free abelian monoid Z(H) = F(A(Heq)) is the fac-
torization monoid of H and mw: Z(H) — Hyeq, defined by 7(u) = u for all u € A(Hyeq), denotes the
factorization homomorphism of H. For a € H,

e Zy(a) =Z(a) = m~*(aH*) C Z(H) is the set of factorizations of a,

e Ly(a)=L(a) ={|z]: z € Z(a)} C Ny is the set of lengths of a, and

o L(H)={L(a): a € H} is the system of sets of lengths of H.
If S C H is a divisor-closed submonoid and a € S, then Z(S) C Z(H), Zs(a) = Zg(a), and Lg(a) = Ly (a).
We say that H is

atomic if L(a) is nonempty for all a € H,
half-factorial if |L(a)| =1 for all a € H,
a BF-monoid if L(a) is finite and nonempty for all a € H,
an FF-monoid if Z(a) is finite and nonempty for all a € H, and
locally finitely generated if [a]rea C Hyea is finitely generated for all a € H.
Every Mori monoid H is a BF-monoid and if, in addition, r-max(H) = X(H), then H is of finite r-
character ([38, Theorems 2.2.5.1 and 2.2.9]). Krull monoids are locally finitely generated and locally
finitely generated monoids are FF-monoids ([38 Proposition 2.7.8]).
The next lemma gathers the properties of ideal semigroups needed in the sequel.
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Proposition 2.1. Let H be a cancellative monoid and r be an ideal system on H.
1. If H is a Mori monoid, then

(™) =0 forall I €I;(H)\{H}.
n>0
2. If H is r-noetherian, then (Z:(H), ) is a Mori monoid.
If (ZX(H), ) is a Mori monoid, then H is a Mori monoid.
4. If r is finitary and H satisfies the r-Krull Intersection Theorem, then I.(H) is unit-cancellative
and if, in addition, H has finite r-character, then I.(H) is a BF-monoid.

Proof. 1. See [51l, Theorem 12.5].
2. and 3. follow from [39], Example 2.1].
4. See [15, Lemma 4.1] and [42] Section 4]. O

e

Rings. By a ring, we mean a commutative ring with identity element and by a domain, we mean a
commutative integral domain with identity element. Let R be a ring. Then its multiplicative semigroup
R*® of regular elements is a cancellative monoid. All arithmetic concepts introduced for monoids will be
used for the monoids of regular elements of rings. Thus, we say that R is atomic (factorial, and so on) if
R* has the respective property and we set p(R) := p(R®) and similarly for all arithmetical invariants. If
R is a v-Marot ring, then R is a Mori ring resp. a Krull ring if and only if R® is a Mori monoid resp. a
Krull monoid (J41, Theorem 3.5]).

Let R be a domain. We denote by H(R) the monoid of nonzero principal ideals of R, and note that
H(R) = R?,,. Let r be an ideal system on R. Then r restricts to an ideal system r’ on R®, whence for
every subset I C R, we have I, = (I*),» U{0}. We use all ideal theoretic concepts introduced for monoids
for domains. In particular, Z.(R) is the semigroup of nonzero r-ideals of R, Z*(R) is the subsemigroup
of r-invertible r-ideals of R, and C,(R) = F.(R)*/q(H(R)) is the r-class group of R.

The usual ring ideals form a finitary ideal system (the d-system), and for these ideals we omit all
suffices, whence Z(R) = Zy(R), and the d-class group C4(R) = F(R)*/q(H(R)) is the Picard group
Pic(R) of R. Throughout this paper, we suppose that Z,.(R) C Z(R), whence
(2.2) I*(R) CI:(R) CZ;(R).

If R satisfies the r-Krull Intersection Theorem, then Z,(R) is unit-cancellative by Proposition [2.1}4. If
R is a Mori domain, then (Z}(R),-,) is a Mori monoid by Proposition 2.1}2. If R is a one-dimensional
Mori domain, then Z}(R) = Z*(R), R has finite character by [35, Lemma 3.11], Z(R) is unit-cancellative
by [42, Corollary 4.4], whence Z(R) is a BF-monoid by Proposition 2.1]4. For I € Z(R), we define
w'(I) € Ng U {00} to be the smallest N having the following property:
If n e Nand Jy,...,J, € Z(R) with Jy - ... - J, C I, then there exists a subset  C [1,n] such
that [ < N and [[,cq Jx C 1.
The invariant w’(I) is closely related to a well-studied invariant w(-) where, in the definition, containment
is replaced by divisibility (see, for example, [30, 39]). Thus, for invertible ideals I € Z*(R), we have
w(I) =w'(I).

Suppose that R is noetherian. Then the integral closure R is a Krull domain by the Theorem of Mori-
Nagata. Since noetherian domains are Mori, they are BF-domains but they need not be FF-domains.
An algebraic characterization of when noetherian domains are locally finitely generated is given in [56,
Theorem 1]. The next proposition shows that Z(R) is a BF-monoid.

Proposition 2.2. Let R be a noetherian domain and I € T(R).
1. If J € Z(R) with I C J and J/I = R/P (as R-modules) for some prime ideal P C R, then
W) <W'(J)+1.
2. W'(I) < c0.
3. sup Lz(py(I) < w'(I). In particular, Z(R) is a BF-monoid.
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Proof. Since R satisfies Krull’s Intersection Theorem, Z(R) is unit-cancellative by Proposition [2.1}4.

1. Since J/I = R/P, we obtain PJ C I and P = {s € R: sr € I} for every r € J\I. If
Ji, .y Jn €Z(R) with Jy -...-J, C I, then Jy - ... J, C J. Therefore, there exists a subset Q0 C [1,n]
such that [ < w'(J) and [[,cqJx € J. If [[ycq Jr C I, then the statement follows. If []\cq Jx € 1,
then there exists r € R with r € [[,. Jx \ I C J\ I. Thus, we have

r- H J)\CJl'...'JnCI,
AE[1,n]\Q

and so [[ye(1 upo Jx C P. Therefore, there exists £ € [1,n] \ Q such that J, C P, whence

Jo-[[hcPicr.
AEQ

2. We need the following module theoretic result: if M is a nonzero finitely generated R-module and
N C M a submodule, then there exist a chain of submodules N = Ny C N; C ... C N, = M and prime
ideals P; C R such that N;y1/N; = R/ P, for all i € [0,m —1] ( [58, Theorem 6.4]). Thus since w'(R) = 0,
the claim follows by 1.

3. Let I,J1,...,J, € Z(R) with I = Jy - ... J,. Then there exists a subset  C [1,n] such that
Q] <w'(I) and J" =] cq Jx C 1. Setting J” =[] c(1 0 Jr, We obtain that

JcIr=JJ"cJ,

whence J' = J'J"”. Therefore J” = R, Q = [1,n], and n = |Q| < «'(I). Finally, the in particular
statement follows now by 2. O

3. ON UNIONS OF SETS OF LENGTHS AND SETS OF ELASTICITIES

Let H be a BF-monoid. Then
AH)= |J A@) cN

LeL(H)
is the set of distances of H. Let k € Ng. If H = H*, then we set Uy, (H) = {k}, and otherwise we set
uk:(H) = U L C NO
keL,LeL(H)

is the union of sets of lengths containing k. Then pp(H) = supUy(H) is the k-th elasticity of H and

pr(H)

k
is the elasticity of H. We say that H has accepted elasticity if there is L € L(H) with p(L) = p(H). By
definition, H is half-factorial if and only if A(H) = 0 if and only if p(H) = 1. If H is not half-factorial,
then min A(H) = ged A(H).

We start with a discussion on elasticities. In [23] [I4], Chapman et al. initiated the study of the set
{p(L): L € L(H)} C Q>1 of elasticities of all sets of lengths. By definition, H is half-factorial if and
only if {p(L): L € L(H)} = {1}. The reverse extremal case, namely when the set of elasticities is as
large as possible, found special attention. We say that H is fully elastic if for every rational number ¢
with 1 < ¢ < p(H) there is an L € L(H) such that p(L) = ¢q. Thus, by definition, every half-factorial
monoid is fully elastic. For a detailed study of sets of elasticities in the setting of locally finitely generated
monoids we refer to [66].

Next we discuss the structure of sets of lengths and of their unions. To do so, we need the concept of
almost arithmetic (multi) progressions. Let d € N, M € Ny, and {0,d} C D C [0,d]. A subset L C Z is
called an

p(H) =sup{p(L): L € L(H)} = lim
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e almost arithmetic multiprogression (AAMP) with difference d, period D, and bound M if
L=y+(LuL*ul"yCcy+D+dZ,
where y € 7Z is a shift parameter, L* is finite nonempty, with min L* = 0 and L* = (D + dZ) N
[0,max L*], L' C [-M,—1], and L” C max L* + [1, M], and
e almost arithmetic progression (AAP) with difference d and bound M if L can be written in the
form
L=y+(LuL*ulLl")Cy+dZ,
where y € Z is a shift parameter, L’ C [-M, —1], L* is a nonempty arithmetic progression with
difference d and min L* = 0, L” C max L* + [1, M] if L* is finite, and L = @ if L* is infinite.
Note that AAPs need not be finite, whereas AAMPs are finite. Moreover, an AAMP with period D =
{0,d} is an AAP with difference d. We say that H satisfies the
o Structure Theorem for Sets of Lengths if there are M € Ny and a finite nonempty set A C N such
that every L € L(H) is an AAMP with difference d € A and bound M, and
o Structure Theorem for Unions if there are d € N and M € Ny such that Uy (H) is an AAP with
difference d and bound M for all sufficiently large k € N.
We refer to [38, Chapter 4.7] for background on the Structure Theorem for Sets of Lengths and to
[36, 30, [65] [67], [I7, Theorem 6.6], [22, Proposition 4.9], [I12] Theorem 1.1], [II, Theorem 3.9], [60,
Theorem 5.4], [59, Theorem 5.5] for background and recent progress on the Structure Theorem for
Unions.
The next lemma gathers simple properties of unions of sets of lengths which we need in the sequel.

Lemma 3.1. Let H be a BF-monoid and k,f € N.

1. Uk(H) —I—Z/[e(H) C uk+z(H),
2. We have k € Uy(H) if and only if ¢ € Uy(H).
3. IfZ/[Q(H) = Nzg, then Z/lk(H) = Nzg fO?” all k Z 2.

Proof. 1. and 2. follow immediately by the definitions.
3. Suppose that Us(H) = N>o. We proceed by induction on k. Let k > 2 and suppose that
Ui (H) = N>5. Then 1. implies that

N3 =14+ Nso =14+ U,(H) CUp11(H).
Since k + 1 € Us(H), 2. implies that 2 € Uy41(H). Thus, we obtain that Uy41(H) = N>o. O

In [I3] it was proved that every commutative cancellative monoid having a prime element and accepted
elasticity is fully elastic. We generalize this result.

Proposition 3.2. Let H be a BF-monoid. Consider the following conditions.

(a) There are submonoids Hy and Hy such that H = Hy x Hs, where Hy is half-factorial but not a
group. This holds true in particular if H has a cancellative prime element.
(b) For every q € Q with 1 < q < p(H), there is an element ¢ € H such that

p(L(c®) = p(L(c)) > q forallk €N.
This holds true in particular if H has accepted elasticity.
(b)) For every m € Nxq there is L € L(Hz) with min L = 2 and max L = m.
If Conditions (a) and (b) or Conditions (a) and (b’) hold, then H is fully elastic.
Proof. If p(H) = 1, then Condition (b) holds trivially, H is half-factorial, and hence it is fully elastic.

From now on we suppose that p(H) > 1.
1. We first check the two in particular statements stated in (a) and (b).
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(i) If p € H is a cancellative prime element of H, then
H=F{p}) xT,where T={ac H:pfa}.
If a € H and k € N, then
maxL(a®) > kmaxL(a) and minl(a*) < kminL(a),
whence

max ak max a
(3.1) p(La)) = Zxte) , kmaxLio)

minL(a¥) = kminL(a) = plL(@)).

(ii) Suppose that H has accepted elasticity, say p(L(a)) = p(H). By (3.1)), we infer that p(L(a*)) =
p(L(a)) = p(H) for all k € N and, if p(L(a*)) = p(L(a)) for some k € N, then

(3.2) max L(a") = kmaxL(a) and minL(a*) = kminlL(a).

(iii) Suppose that (a) and (b) hold. To show that H is fully elastic, we choose an atom p € Hy. Then
for every a = a1ao € H = Hy X Hy and every k € N, we have

(3.3) Lu(p*a) = L, (p"a1) + La, (a2) = k + Lz, (a1) + L, (a2) = k + Lu(a) .
Let ¢ € Q with 1 < ¢ < p(H), and let ¢ € H with
p(L(c") = p(L(c)) > ¢ forall k € N.

We set

T
g=- with r,seN,
s

i=r—s, j=smaxL(c)—rminL(c), and b=c'p’.
Then, by and ,
max L(b) =j 4+ imaxlL(c) and minl(b) =7+ iminl(c).
Putting all together we obtain that

max L(b) _ Jt+imax L(c)
p(L®) = minL(b)  j+iminL(c)

_ (r—s)maxL(c) + smaxL(c) — rminL(c)
(r — s)minL(c) + smax L(¢) — rminL(c)
r(max L(c) — minL(c))
(0) — winL(c)

s(max L(c

w3

:q.

2. Suppose that (a) and (b’) hold and let ¢ € Q with 1 < ¢ < p(H). Then there are r, s € N such that
g = r/s. By assumption, there is as € Hy such that minL(as) = 2 and maxL(az) = r — s+ 2. We choose
an atom u € H; and define

b=u’""asy.
Then
maxL(b) maxL(u*"?)+maxl(az) (s—2)+(r—s+2)
~ minL(b)  minL(u*~2) +minL(ay) (s—2)+2 B
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Example 3.3.
1. Consider the additive monoid Hy = (N2U{(0,0)},+) C (NZ, +). For every m > 2, (m—1,1), (1, m—
1) € A(Hz) and we have

(mym)=(m-1,1)+1A,m-1)=1,1)+...+(1,1),

whence min L((m,m)) = 2 and max L((m,m)) = m. Thus, Condition (b’) of Proposition [3.2]is satisfied.
Moreover, Us(H) = N>o, whence Uy (H) = N>, for all kK > 2 by Lemma The forthcoming Proposition
shows that Hs is not fully elastic (because Hs is strongly primary). However, if H; is any half-factorial
monoid, then Hy x Hs is fully elastic by Proposition (3.2

2. In Section [p, we show that the monoid of nonzero ideals of a polynomial ring with at least two
variables also satisfy Conditions (a) and (b’) of Proposition (Theorem [5.1]).

4. ON MONOIDS OF INVERTIBLE IDEALS OF WEAKLY KRULL DOMAINS

In this section we study the algebraic structure of monoids of invertible ideals and we derive some
consequences for their arithmetic. Our focus will be on weakly Krull domains and Krull domains. We start
with a result in the setting of r-invertible r-ideals. Then our discussion is divided into four subsections,
namely on weakly Krull domains[4.1] Krull domains[4.2] transfer Krull monoids[4.3] and on the arithmetic
of transfer Krull monoids [£.41

Let H be a cancellative monoid and r be an ideal system on H. An ideal I € F,(H) is called an
r-cancellation ideal if whenever I .. Jy = I -. Jy for Jy1, Jy € T,.(H), we have J; = Jo. Tt is easily seen that
I is an r-cancellative if and only if whenever I . J; C I -. Jp for all Jy,Jo € Z,.(H), we have J; C Jo. All
r-invertible ideals (whence all principal ideals) are r-cancellation ideals, whence Z* (H) is a cancellative
monoid. A divisorial ideal is v-invertible if and only if it is v-cancellative ([5I, Chapter 13.4]). Let R be
a domain. A nonzero ideal I of R is a cancellation ideal if and only if I is locally principal ([5] and [34]),
and Z(R) is a cancellative monoid if and only if R is almost Dedekind (|51, Theorem 23.2]). If R is a
Mori domain, then every nonzero locally principal ideal is invertible ([6, Corollary 1]). If p € R is prime,
then pR is a cancellative prime element of Z*(R) and of Z(R). Moreover, if R is noetherian, then p is
also a prime element of R (|26, Lemma 4.7]; for more on prime elements in noetherian domains, we refer
to [25]).

Theorem 4.1. Let H be a cancellative monoid and let r be an r-noetherian ideal system of H.

1. If ZX(H) has a prime element, and if either T*(H) has accepted elasticity or is locally finitely
generated, then ' (H) is fully elastic.

2. Suppose that H has finite r-character and satisfies the r-Krull Intersection Theorem. If H has an
r-invertible prime r-ideal, and if either Z,.(H) or all divisor-closed submonoids generated by one
element have accepted elasticity, then T,.(H) is fully elastic.

Proof. In both cases we verify the assumptions of Proposition [3.2}

1. Since r is r-noetherian, Z)(H) is a Mori monoid by Proposition 2 and hence it is a BF-monoid.
Let P € Z}(H) be a prime element. Since Z(H) is a cancellative monoid, P is a cancellative prime
element.

Let ¢ be a rational number with 1 < q < p(Z*(H)). If Z}(H) has accepted elasticity, then there is
J € T¥(H) such that p(L(J)) = p(Z:(H)), whence

p(L(J*)) = p(L(J)) > q forallkeN.

Now suppose that Z*(H) is locally finitely generated. We choose an ideal I € Z*(H) with p(L(I)) > ¢q. We
consider the divisor-closed submonoid S = [I] C Z}(H). Then S is a finitely generated monoid. Thus,
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by [38, Theorem 3.1.4], there is an ideal J € S with p(S) = p(Ls(J)) > p(Ls(I)) = p(Lz+m) (1)) > q.
Therefore, we obtain that
p(L(J*)) = p(L(J)) > q forall ke N.
Thus, Conditions (a) and (b) of Proposition are satisfied, whence the assertion follows.
2. Since H is r-noetherian, r is a finitary ideal system by [51, Theorem 3.5]. Thus Z,(H) is a BF-
monoid by Proposition 2:1}4. Let P be an r-invertible prime r-ideal. Then P is a cancellative prime
element of Z,.(H). Arguing as in 1., we obtain an r-ideal J such that

p(L(J®)) = p(L(J)) > q forall k € N.
Thus, Conditions (a) and (b) of Proposition are satisfied, whence the assertion follows. O

4.1. Weakly Krull domains. In this subsection, we consider weakly Krull domains. We start with the
local case and for this we need the concept of primary monoids. Let H be a cancellative monoid and
m = H\ H*. Then H is called

o primary if H # H* and for all a,b € m there is n € N such that b € aH, and

o strongly primary if H # H* and for every a € m there is n € N such that m™ C aH (we denote

by M(a) the smallest n € N having this property).

Primary Mori monoids are strongly primary and strongly primary monoids are BF-monoids. The multi-
plicative monoid of nonzero elements of a domain is primary if and only if the domain is one-dimensional
and local. If R is a one-dimensional local Mori domain, then Z7(R) = Z*(R) = R*® and R* is locally tame
strongly primary ([43, Corollary 3.10]).

Proposition 4.2. Let H be a strongly primary monoid.

1. If H is not half-factorial, then there is 8 € Qs1 such that p(L) > 8 for all L € L(H) with p(L) # 1.
In particular, H is fully elastic if and only if it is half-factorial.

2. If H is locally tame, then H satisfies the Structure Theorem for Sets of Lengths and the Structure
Theorem for Unions.

Proof. 1. The first statement follows by [44] Theorem 5.5]. Since half-factorial monoids are fully elastic,
the in particular statement holds.
2. This follows from [37, Theorem 4.1]. |

A family of monoid homomorphisms ¢ = (¢,: H — D,),ep is said to be

e of finite character if the set {p € P: ¢,(a) ¢ D’} is finite for all a € H, and
e a defining family (for H) if it is of finite character and

H=()H,,
peP
If ¢ is of finite character, then it induces a monoid homomorphism

po: H— D= H(Dp)red, defined by ¢(a) = (gop(a)D;)

9
eP
peEP P

and ¢ is a defining family if and only if ¢ is a divisor homomorphism.

We recall the concept of weak divisor theories and weakly Krull monoids ([50], [5I, Chapter 22]). A
monoid is said to be weakly factorial if it is cancellative and every nonunit is a finite product of primary
elements. Every reduced weakly factorial monoid has a unique decomposition in the form

D= H D,, where D, C D are reduced primary submonoids.
peP
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Let D be a reduced weakly factorial monoid as above. If (a("));c; is a family of elements a(?) € D with

components ag), then a is called a strict greatest common divisor of (a(i’))ie[, we write

a=NaD)er,
if the following two properties are satisfied for all p € P:

e a,|ay foralliel, and

®a,= a](f) for at least one i € I.

A monoid homomorphism 0: H — D is called a weak divisor theory if the following two conditions are
satisfied:

(a) 0 1is a divisor homomorphism and D is reduced weakly factorial.

(b) For every a € D, there are aq,...,an, € H such that a = d(a1) A... Ad(am).

A monoid is said to be a weakly Krull monoid if it is cancellative and one of the following equivalent
conditions is satisfied:

e H has a weak divisor theory 9: H — D.
e The family of embeddings (¢p: H — Hy)pex(m) is a defining family for H.
o o1 H = [l cx(mr)(Hyp)rea is a weak divisor theory.

By the uniqueness of weak divisor theories, the (weak divisor) class group C(H) = q(D)/q(0(H)) depends
on H only and it is isomorphic to the ¢-class group C;(H) of H ([5I, Theorems 20.4 and 20.5]). If H is
weakly Krull Mori, then C(H) = C;(H) = C,(H). A monoid is weakly factorial if and only if it is weakly
Krull with trivial class group. The localizations H, are primary for all p € X(H).

A domain R is a weakly Krull domain if R® is a weakly Krull monoid. If R is a one-dimensional Mori
domain, then R is a weakly Krull Mori domain, Z}(R) = Z*(R), and C,(R) = Pic(R) (|38, Proposition
2.10.5]). In particular, orders in holomorphy rings of global fields are weakly Krull Mori domains and
every class of their Picard group contains infinitely many invertible prime ideals (|38, Corollary 2.11.16
and Proposition 8.9.7]). To mention higher-dimensional weakly Krull domains, recall that all Cohen-
Macaulay domains are weakly Krull. We mention a recent characterization of when monoid algebras
are weakly Krull. Let D be a domain with quotient field K and let S be a cancellative monoid with
torsion-free quotient group G = q(S). Suppose that G satisfies the ACC on cyclic subgroups. Then the
monoid algebra D[S] is weakly Krull if and only if D is a weakly Krull domain satisfying the G-UMT
property and S is a weakly Krull monoid satisfying the K-UMT property (|28, Theorem 3.7]). Monoid
algebras, that are weakly Krull Mori and have height-one prime ideals in all classes, are studied in [27].

Theorem 4.3. Let R be a weakly Krull Mori domain. Then I} (R) is a reduced weakly factorial Mori
monoid. The inclusion T*(R) — I(R) is a weak divisor theory, T*(R) is a weakly Krull Mori monoid
and its class group is isomorphic to Cy,(R)/Pic(R). If every class of C,(R) contains at least one (resp.
infinitely many) p € X(R), then every class of C,(Z*(R)) contains at least one (resp. infinitely many)
q € X(Z*(R)).

Proof. By [40, Proposition 5.3], we have a monoid isomorphism

(4.1) Z;(R) — [I (Bp)rea
pEX(R)

whence Z}(R) is a reduced weakly factorial Mori monoid (the Mori property follows from Proposition
R.1]2). Since R is a weakly Krull Mori domain, the inclusion H(R) < Z}(R) is a weak divisor theory.
To verify that the inclusion Z*(R) — Z}(R) is a divisor homomorphism, let I,J C R be invertible
ideals such that I | J in Z}(R). Then I7'J € F(R)* NZ;(R) C F(R)* NZ(R) = I*(R). Thus,
the inclusion Z*(R) — Z}(R) is a divisor homomorphism. This implies that Z*(R) is a Mori monoid
by [38, Proposition 2.4.4]. Since H(R) — Z(R) is a weak divisor theory, every I € Z}(R) is a strict
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greatest common divisor of principal ideals and hence a strict greatest common divisor of invertible ideals.
Therefore, Z*(R) — Z}(R) is a weak divisor theory and for the class group we have

4T3 (R)/a(T* (R)) = Fo(R)* /F(R)* = (F,(R)* /a(H(R))) / (F(R)* Ja(H(R))) = Cu(R)/ Pic(R)

The claim on the distribution of prime divisors q € X(Z*(R)) follows immediately from the above iso-
morphisms. O

Let D be a weakly Krull monoid. If H C D is a submonoid such that H < D is a divisor homomor-
phism and the class group q(D)/D*q(H) is torsion, then H is a weakly Krull monoid by [40, Lemma
5.1]. This abstract result applies to the setting H(R) — Z*(R) — Z}(R), provided that the respective
class groups are torsion. But, we did not check the general case.

Let R be a weakly Krull Mori domain. Many aspects of the arithmetic of Z(R) have been studied in a
variety of settings, from orders in quadratic number fields to seminormal weakly Krull domains to stable
weakly Krull domains (see [40, Theorem 5.8], [44, Theorem 5.8], [45], Corollary 4.6], [I8, Theorem 1.1], [42]
Theorem 5.13], [I5, Theorem 5.10]). The following corollary characterizes when - under some additional
assumptions - Z*(R) is fully elastic (compare with Proposition [4.9}1). For the sake of completeness and
in order to compare it with Theorem [5.1] we also recall two results on the structure of sets of lengths and
their unions.

Corollary 4.4. Let R be a weakly Krull Mori domain with nonzero conductor (Rﬁ)
1. Z¥(R) satisfies the Structure Theorem for Sets of Lengths.

2. Suppose that ]/%\pX/RpX is a torsion group for all p € X(R) and that T} (R) has finite elasticity.
Then T (R) satisfies the Structure Theorem for Unions, and it is fully elastic if and only if there
is q € X(R) such that Ry is half-factorial. If T)(R) is not fully elastic, then R is a one-dimensional
semilocal Mori domain with C,(R) = 0.

Proof. 1. See [47, Theorem 7.4.3].

2. The additional assumptions imply that Z:(R) has accepted elasticity ([45, Theorem 4.4.(ii)]),
whence it satisfies the Structure Theorem of Unions by [65, Theorem 1.2]. We set § = (R:R), P* = {p €
X(R):pDOf}, P=%(R)\ P*, and

T =[] (B)rea-

peP*
By , we obtain that
(4.2) I:(R) = H (R;)red = H(R;)red xT = ]:(P) xT.
pEX(R) peP

The localization Ry, is a discrete valuation domain if and only if p € P. For all p € P*, R} is a primary
Mori domain, whence it is strongly primary.
(i) Let g € X(R) such that Rq is half-factorial. Then

I;(R) = (R;)red X H (R;)red X H (R;)red .

Y peP\{q} peP*\{a}
Hs 1 Ha,2
If X(R) = {q}, then Z}(H) is half-factorial, whence it is fully elastic. Suppose that X(R) # {q}. Then
Hy := Hy; x Hy is a nontrivial monoid. Since Hy; is free abelian, it has accepted elasticity. Since

I/%;X /Ry is a torsion group for all p € X(R) and since Z;(R) has finite elasticity, (Rp)rea has accepted
elasticity by [45, Lemma 4.1 and Theorem 4.4] for all p € P*\ {gq}. Thus Hs has accepted elasticity by
[45, Lemma 2.6]. Therefore, Z*(R) is fully elastic by Proposition
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(ii) Suppose that Rq is not half-factorial for all ¢ € X(R). Then X(R) = P* is finite, whence Z)(R) = T
is a finite product of non-half-factorial strongly primary monoids, say T =Ty X ... x T,,. Let i € [1,n].
By Proposition there is 8 € Qs such that p(L) > 8 for all L € L(T;) with p(L) # 1. We set
m; =T; \ T/ and we choose af € m; with [L(a})| > 1. If M = max{M(a}),..., M(a})}, then

M(aj)

M *
m;” Cmy Ca;T;.

Now let a € T' with p(L(a)) > 1. Then a = a; -...-a, and, after renumbering if necessary, we may assume
that p(L(a;)) > 1 for all i € [1,m] and p(L(a;)) =1 for all i € [m + 1,n] with m € [1,n]. If i € [m+1,n],
then p(L(a;)) = 1 implies that a; ¢ mM, whence L(a;) = {k;} for some k; € [0, M — 1]. Then

maxLl(a; -... ay) maxl(a;)+ ...+ maxL(apm)
Llar ... am)) = — = — . >p,
pltla am)) minl(ay - ... am) minL(ay) + ... 4+ minL(an,) p
and
maxLl(ay ... am) + kme1 + ...+ kn

plLia)) = minl(ay ... am) + kmt1 +...+kn
Thus, there is 8* € Qs; such that p(L(a)) > g* for all a € T with p(L(a)) > 1, whence T' = Z*(R) is not
fully elastic.
(iii) Suppose that Z;(R) is not fully elastic. Since v-spec(R) = X(R) (|61, Theorem 24.5]), the
equivalence of (i) and (ii) shows that v-spec(R) is finite. Thus, v-max(R) = max(R) and R is one-
dimensional with C,(R) = 0 by [38, Propositions 2.10.4 and 2.10.5]. O

4.2. Krull domains. Let H be a cancellative monoid. A divisor theory for H is a weak divisor theory
w: H — D, where D is a free abelian monoid. The following statements are equivalent ([38, Chapter
2.4].

(a) H is a Krull monoid (i.e., H is a completely integrally closed Mori monoid).

(b) The map 0: H — Z}(H), defined by a — aH for all a € H, is a divisor theory.

(¢) H has a divisor theory ¢: H — F(P).

(d) There is a divisor homomorphism ¢: H — D, where D is a factorial monoid.
Let H be a Krull monoid. Then there is a free abelian monoid F(P) such that the inclusion Hyeq < F(P)
is a divisor theory. Then

C(H) = a(F(P))/a(Hzea)

is called the (divisor) class group of H and Gp = {[p] = pa(Hyea): p € P} C C(H) is the set of classes
containing prime divisors. By the uniqueness of divisor theories, C(H) and the set Gp C C(H) depend
on H only. In particular, C(H) is isomorphic to C,(H).

Theorem 4.5. Let R be a domain and r be an ideal system on R with Z,,(R) C Z(R). Then the following
statements are equivalent.

(a) R is a Krull domain.

(b) The monoid of principal ideals H(R) is a Krull monoid.

(¢) The monoid of invertible ideals Z*(R) is a Krull monoid.

(d) The monoid of r-invertible r-ideals Z)(R) is a Krull monoid.
(e) The monoid of v-invertible v-ideals T*(R) is a Krull monoid.

If these conditions hold, then the inclusion T (R) < I (R) is a divisor theory with class group C(Z}(R))

being isomorphic to C,(R)/Cr(R). Moreover, if every class of C,(R) contains at least one prime divisor
resp. infinitely many prime divisors, then the same is true for C(Z*(R)).

Remark. Clearly, there is a redundancy in the above formulation. If r = d is the system of usual ideals,
then 7 (R) = Z*(R) and if r = v is the system of divisorial ideals, then Z*(R) = Z;(R). But, we want to
emphasize these two important special cases.
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Proof. A monoid H is Krull if and only if the associated reduced monoid Hyeq is Krull and, clearly,
H(R) 2 (R®)rea- Thus (a) and (b) are equivalent by [38, Chapter 2]. Therefore, it remains to verify that
(a) and (b) are equivalent to (d). We have

q(Z;(R)) = Fr(R)* and q(Z;(R)) = Fu(R)*.

By Equation (2.1)), F,(R)* is a subgroup of F,(R)* and, in particular, r-ideal multiplication in F,.(R)*
coincides with the v-multiplication. We continue with three assertions.

Al. H(R) — Z}(R) is a divisor homomorphism.

A2. T¥(R) — I} (R) is a divisor homomorphism.

A3. If D is a Krull monoid and H — D is a divisor homomorphism, then H is a Krull monoid.
Proof of Al. If a,b € R*® such that aR | bR in Z}(R), then bR = aR -, I for some I € Z}(R), and
a"'bR =1 C R implies that a | b in R.

Proof of A2. Let I,J € Z7(R) such that I divides J in Z*(R). Then I='-. J € F.(R)* NZ:(R) C
Fr(R)* NZ(R) = Z}(R). Thus, the inclusion Z}(R) — ZX(R) is a divisor homomorphism.
Proof of A3. If D is Krull, then there is a divisor homomorphism ¢: D — F, where F' is a factorial
monoid. Since the composition of divisor homomorphisms is a divisor homomorphism again, we obtain
a divisor homomorphism H — D — F from H to a factorial monoid, whence H is a Krull monoid.
Suppose that (a) and (b) hold. Then Z(R) is free abelian by [38, Theorem 2.3.11] and hence Krull.
Thus, Z}(R) is Krull by A2 and A3, which means that (d) holds. Conversely, if (d) holds, then H(R) is
Krull by A1 and A3.
Now suppose that (a) — (e) hold. Since the inclusion H(R) < Z(R) is a divisor theory, every I € ) (R)
is a greatest common divisor of principal ideals and hence a greatest common divisor of r-invertible r-
ideals. This, together with A2, shows that the inclusion Z}(R) < Z}(R) is a divisor theory with class
group

QT (R) /4T3 (R)) = Fu(R)/Fo(R)* = (Fo(R)* [a(H(R)) ) [ (Fo(R)* Ja(H(R)) ) = CulR)/Cr(R).

The monoid 7} (R) is free abelian with basis v-spec(R). If every class of C,(R) contains at least one resp.
infinitely many prime v-ideals, then the same is true for the factor group C,(R)/C,(R). O

Thus, if R is a Krull domain, then the monoid Z*(R) of invertible ideals is a Krull monoid with
class group isomorphic to C,(R)/Pic(R). This factor group shows a wide range of behavior. Daniel D.
Anderson gave a characterization when the factor group is a torsion group and he showed that the factor
group is trivial if and only if Ry, is factorial for all m € max(R) ([2, Theorems 3.1 and 3.3]; see also [7]).
We consider monoid algebras that are Krull. For a domain D and a cancellative monoid S, the monoid
algebra D[S] has the following properties:

e D[S] is Krull if and only if D is Krull, S is Krull, q(S) is torsion-free, and S* satisfies the ACC
on cyclic subgroups (this was first proved by Chouinard in [24]; see also [48, Theorem 15.6]).
e DI[S] is seminormal if and only if D and S are seminormal ([19, Theorem 4.76]).

Corollary 4.6. Let D be a domain and S be a cancellative monoid such that the monoid algebra R = D[]
is Krull. Then Z*(R) is a Krull monoid with class group C(Z*(R)) = C,(R)/Pic(R), Cy(R) = C,(D) &
Cy(S), Pic(R) = Pic(D), and every class of C,(Z*(R)) contains infinitely many prime divisors.

Proof. Since D[S] is Krull, the previous remark implies that D is a Krull domain and S is a Krull monoid,
whence D and S are seminormal. Thus, the natural map

Pic(D[S]) — Pic(D)
is an isomorphism by [8, Corollary 1] (note, since D is completely integrally closed, D is strongly quasi-
normal in the sense of [§]). We have C,(R) = C,(D) @ C,(S) by [48, Corollary 16.8]. Since every class

of C,(R) contains infinitely many prime divisors by [29, Theorem], the same is true for the factor group
C,(Z*(R)) by Theorem O
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Most arithmetical results, valid for weakly Krull Mori monoids H, are established under the additional
assumption that H has nonempty conductor (H : H ) to its complete integral closure. Now let R be a
weakly Krull Mori domain. We already know that Z*(R) is a weakly Krull Mori monoid. The next
corollary shows that, if R has nonzero conductor (R : E), then also Z*(R) has nonempty conductor,

whence all arithmetical results, valid for weakly Krull Mori monoids with nonempty conductor, also
apply to Z*(R).

Corollary 4.7. Let R be a weakly Krull Mori domain with (R: R) # {0}. Then Z}(R) and I*(R) are
weakly Krull Mori monoids with (Z*(R):Z}(R)) # 0 and with (Z*(R):Z*(R)) # 0.

Proof. T*(R) and Z*(R) are weakly Krull Mori monoids by Theorem whence it remains to prove the
statements on the conductor.
(1) To prove the claim on Z(R), we use the same notation as in the proof of Corollary Thus, we

set f = (R:]%), P*={peX(R):pDf}, P=%X(R) \7)* and by Equation we have
(43) I:(R) = H (Rp)er - X H rcd .

peX(R) peEP*
Note that P* is finite. We use the following simple facts on the complete integral closure of cancellative
monoids S, 52, and S.

(a) If S = 51 x 53, then S =35, x S5. Thus, iﬁ\(Si:@) # () for all ¢ € [1,2], then (S:5) # 0.

(b) If (S:S) # 0 and p € X(S) # 0, then (S,:S,) # 0.
Since (R:R) # {0}, it follows that (Ry: /\p) # [Z) for all p € P*. Thus, by the isomorphism in and
by Property (a), it follows that (Z ( ):Z (R))

(ii) Next we show that (Z*(R):Z (R)) £ 0. By Theorem the inclusion Z*(R) — Z;(R) is a divisor
theory, whence Z*(R) N q(Z*(R)) = Z*(R). By (i), there is I € (Z:(R): Z:(R)) # 0. Then there is
J € T*(R) and a € R such that I -, J = (I.]), = aR € (Z*(R):Z:(R)). Then

(aR)T*(R) C (aR)T;(R) Nq(Z*(R)) C T:(R) Na(Z*(R)) = T*(R),
whence aR € (Z*(R) I/*(\R)) #0. O

4.3. Transfer Krull monoids. A monoid homomorphism §: H — B is called a transfer homomorphism

if it has the following properties:

(T1) B=6(H)B* and 0~'1(B*)=H*.

(T2) Iffue H, b,ce B and 6(u) = be, then there exist v, w € H such that v =vw, 6(v) € bB*,
and 6(w) € cB*.

Transfer homomorphisms allow to pull back arithmetical properties from B to H. In particular, we have

Ly (a) = Lg(f(a)) for all a € H, whence L(H) = £L(B). This implies that an element a € H is an atom

of H if and only if 6(a) is an atom of B. A monoid H is called transfer Krull if there are a Krull monoid

B and a transfer homomorphism 6: H — B. A commutative ring R is said to be transfer Krull if its

monoid R*® of regular elements is a transfer Krull monoid.

If H is half-factorial, then : H — (Ng, +), defined by 6(u) = 1 for all u € A(H) and (g) = 0 for every
€ € H*, is a transfer homomorphism, whence all half-factorial monoids are transfer Krull. Furthermore,
all Krull monoids are transfer Krull (with 6 being the identity). Since transfer homomorphisms preserve
lengths of factorizations, all transfer Krull monoids are BF-monoids but they need neither be v-noetherian
nor completely integrally closed. A list of transfer Krull monoids and domains that are not Krull can be
found in [47, Example 5.4], and we refer to [16] for a systematic study of the transfer Krull property. On
the other hand, here are some monoids that are not transfer Krull.
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e Int(Z) is not transfer Krull, by [33, Remark 12].

e The monoid of polynomials having nonnegative integer coefficients is not transfer Krull, by [20]
Remark 54.].

e The monoid of finite nonempty subsets of the nonnegative integers (with set addition as operation)
is not transfer Krull, by [3I], Proposition 4.12] (see the discussion after Conjecture [5.12)).

Moreover, let R be a weakly Krull Mori domain. Then Z}(R) is transfer Krull if and only if it is half-
factorial (in the local case this follows from Proposition 1 and Proposition the general case is a
simple consequence, see [47), Proposition 7.3] and also [I5, Theorem 5.9]). For more results of this flavor,
see the references given in the discussion before Corollary .

We continue with a simple lemma which we will use to show that the monoid of nonzero ideals over a
polynomial ring with at least two variables is not transfer Krull (Theorem [5.1)).

Lemma 4.8. Let H be a cancellative monoid and r be an ideal system on H. Suppose there is a
non-r-cancellative ideal I € I,(H), an ideal J, € A(Z.(H)), and a Jo € I,(H) \ A(Z.(H)) such that
I Jy=1-Jy. Then Z,(H) is not a transfer Krull monoid.

Proof. Assume to the contrary that there are a Krull monoid B and a transfer homomorphism 6: Z,.(H) —
B. Then 6(1)0(J1) = 6(1)8(J2), whence 6(J;) = 6(J2) because B is cancellative. Since J; is an atom of
Z.(H), 0(J1) = 0(Js) is an atom of B and hence Js is an atom of Z.(H), a contradiction. O

4.4. Arithmetic of transfer Krull monoids. The arithmetic of Krull monoids is determined by their
class groups and the distribution of prime divisors in the classes. There is an abundance of literature on
the arithmetic of Krull monoids (see [38] and the survey [64]). We briefly summarize some results valid
not only for Krull monoids but more generally for transfer Krull monoids, but we restrict for results on
sets of lengths. This will allow us to compare them with the arithmetic of the monoids of ideals discussed
in Section [5] In order to do so we recall the monoid of zero-sum sequences over an abelian group.

Let G be an additive abelian group and Go C G be a subset. An element S = g1 -...- g, € F(Go),
with £ € Ny and g¢1,...,9¢ € Gy, is called a sequence over Gy. Then |S| = ¢ € Ny is the length of S,
o(S)=g1+...+ ge € G is the sum of S, and

B(Go) = {T S ]:(Go) U(T) = 0} C I(Go)

is the monoid of zero-sum sequences over Gy. Since the inclusion B(Gy) < F(Gp) is a divisor homo-
morphism, B(Gp) is a Krull monoid. As usual, we set L(Go) = L(B(Go)), p(Go) := p(B(Gp)), and
Ui (Go) = U(B(Gyp)) for all k € N.

Let B be a Krull monoid, ¢: B — D = F(P) be a divisor theory, and let Gp = {[p]: p € P} C G
denote the set of classes containing prime divisors. The map

B: B — B(Gp), defined by B(a)=[p1] ... [pd],

where p(a) =p1 - ... pe with p1,...,ps € P, is a transfer homomorphism.

Let H be a transfer Krull monoid and 6,: H — B be a transfer homomorphism to a Krull monoid
B. If G is an abelian group, Gy C G a subset, and 03: B — B(Gy), then § = 03 060,: H — B(Gy) is a
transfer homomorphism from H to the monoid of zero-sum sequences over Gy. In this case, we say that
H is a transfer Krull monoid over Gy. Since every Krull monoid has a transfer homomorphism onto a
monoid of zero-sum sequences, every transfer Krull monoid has a transfer homomorphism to a monoid
of zero-sum sequences. If H is a Krull monoid with class group G and every class contains at least one
prime divisor, then H is a transfer Krull monoid over the class group G.

Proposition 4.9. Let H be a transfer Krull monoid and let 0: H — B(Gy) be a transfer homomorphism,
where Go C G is a subset of an abelian group.

1. H is fully elastic.
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2. If Gy is finite, then the elasticity p(H) < oo, H satisfies the Structure Theorem for Sets of Lengths
as well as the Structure Theorem for Unions.

3. If Gy contains an infinite abelian group, then for every finite subset L C N>o, there is a € H such
that L(a) = L, whence Uy (H) = N>o for all k > 2.

Proof. 1. This follows from [46, Theorem 3.1].

2. Suppose that Gy is finite. We have L(H) = L(Gy), whence p(H) = p(Gy), and U (H) = U (Go)
for all k& € N. Since Gy is finite, B(Gy) is finitely generated, whence p(Ggy) < oo by [38, Theorem 3.1.4].
Furthermore, H satisfies the Structure Theorem for Sets of Lengths by [38, Chapter 4.7] and the Structure
Theorem for Unions by [36, Corollary 3.6 and Theorem 4.2].

3. Suppose that Gy contains an infinite abelian group G;. By [38, Theorem 7.4.1], every finite subset
L C N>g lies in £(G1), and hence L € L(G1) C L(Gy) = L(H). Since {2,k} € L(H) for every k € N>o,
it follows that Us(H) = N>o, whence Uy, (H) = N>, for every k > 2 by Lemma O

Let 6: H — B(Gyp) be as above. If Gy is a finite abelian group, then there is a rich literature on
invariants controlling the structure of sets of lengths ([64]). The elasticity p(H) can be finite even if
Gy is infinite (if G is finitely generated, then [49] offers a characterization of when p(H) is finite, and if
p(H) < oo, then also the Structure Theorem for Unions holds). The unions Uy (H) are intervals if Gy
is a group, but they need not be intervals in general. There are Krull monoids that do not satisfy the
Structure Theorem for Unions ([30, Theorem 4.2]), and there are Krull monoids that neither satisfy the
Structure Theorem for Sets of Lengths nor does every finite subset L C N>5 occur as a set of lengths.

5. ON THE MONOID OF NONZERO IDEALS OF POLYNOMIAL RINGS

The main goal of this section is to prove the result given in Theorem We start with a couple of
remarks. Let D be a noetherian domain, n > 2, S = (N§,+), and R = D[S] = D[X;3,...,X,]. Then D
is Krull if and only if D is integrally closed if and only if R is Krull if and only if Z*(D) resp. Z*(R) are
Krull (see Theorem 4.5)). Furthermore, C(D) and C(R) are isomorphic, D is factorial if and only if R is
factorial if and only if C(D) is trivial. If D is factorial (for example, if D is a field), then

(5.1) {aR:a € R*} =TI*(R) =1;(R) =Z,(R) and all these monoids are factorial.

In orders of Dedekind domains with finite class group, monoids of all nonzero ideals and monoids of
invertible ideals have similar arithmetical properties ([I8, 42, [15]). In contrast to and in contrast
to orders in Dedekind domains, our conjecture (Conjecture is that the arithmetic of the monoid
Z(R) is completely different from the arithmetic of Z*(R) and that it is as wild as it is for Krull monoids
with infinite class group and prime divisors in all classes (see Proposition 3). The main result of this
section (Theorem is a first step towards this conjecture.

Theorem 5.1. Let R = D[X;,...,X,] be the polynomial ring in n > 2 indeterminates over a domain
D, and suppose that Z(R) is a BF-monoid.

1. Z(R) is neither transfer Krull nor locally finitely generated. Moreover, if D™ is infinite, then Z(R)
is not an FF-monoid.

2. Uk(I(R)) = NZQ fO’I“ all k Z 2.

3. LI(R)(<X17X2>k) = [2,]€] fO’l" all k > 2.

4. Z(R) is fully elastic.

We briefly discuss the assumption that Z(R) is a BF-monoid (made in Theorem Lemma
Proposition and Conjecture5.12). If R is noetherian or a one-dimensional Mori domain, then Z(R)
is a BF-monoid (see Proposition Md the discussion after Proposition. But the property, that Z(R)
is a BF-monoid, seems to be much weaker than the above two assumptions. A crucial property in this
context is Krull’s Intersection Theorem, which guarantees that the semigroup Z(R) is unit-cancellative.
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We mention two further classes of polynomial rings which satisfy Krull’s Intersection Theorem (for more
on the validity of Krull’s Intersection Theorem, we refer to [4], 51]).
(i) Let D be a domain, D its integral closure (in the quotient field of D), and let D* be any domain
with D C D* C D. The integral closure of D[X7,...,X,] equals D[X7,...,X,], and we have
D[X1,...,X,] C D*[X1,...,X,] C D[X1,...,X,].

If D is noetherian, then D[Xq,...,X,] is noetherian, whence D*[Xj,..., X,] satisfies Krull’s
Intersection Theorem by [I, Theorem 5]. Moreover, if D is noetherian, then D is Krull and if D
is Krull, then D[X;, ..., X,] is a Krull domain with class group isomorphic to C(D) and infinitely
many prime divisors in all classes (compare with Corollary .

(ii) If the integral closure R of R = D[X{,..., X,] in some field extension of the quotient field of R is
noetherian, then R satisfies Krull’s Intersection Theorem by [52] Proposition 2.6].

We proceed in a series of lemmas. Let R be a domain and X1, Xo € R®. For all ¢ € N, we consider the
following four families of nonzero ideals of R:
(1) Cli(Xth) = <X1,X2>l,
(i) b;(X1, X2) == (X1, X3),
(iii) coi1 (X1, Xo) := ({XZH X2 X, U{XT/ X ¢ j € [1,2i+ 1] is even}), and
(iv) (X1, Xo) := ({ X2 XZIX,  U{X?77X] « je[1,2i] is even}).

Lemma 5.2. Let R be a domain and X1, Xs € R®.
1. Cll(XhXQ)k:ak(Xl,Xg) fOT all k € N.
2. ak(Xl,Xg) . bg(Xl,XQ) = ak+g(X1,X2) f07" all ]ﬂ,g e N with k > f—1.
3. a1 (X1, Xo) - eopy1 (X1, Xo) = agpya (X1, X2) forallk € N.
4. Cll(Xl,XQ) . Cgk(Xl,Xg) = a2k+1(X1,X2) for all k € N.

Proof. This follows by direct calculations. ]

Lemma 5.3. Let R be a domain such that Z(R) is a BF-monoid. Suppose there exist distinct X1, Xa € R®
such that a1(X1, X2),b2(X1, X2), and coi41(X1, X2) are atoms of Z(R) for all i € N. Then Z(R) has the
following properties.

1. Z(R) is not a transfer Krull monoid.
2. Z(R) is not locally finitely generated.
3. Up(Z(R)) = Nxg for all k > 2.

Proof. 1. By Lemma (items 1 and 2), we obtain that
a1 (X1, X2) - ba(X1, X2) = a3(X1, X2) = a1 (X1, X2) - a2(X1, Xa) .

Therefore, Lemma, implies that Z(R) is not transfer Krull.

2. By Lemma/[5.23, the divisor-closed submonoid [a; (X1, X2)] C Z(R) contains infinitely many atoms,
whence Z(R) is not locally finitely generated.

3. By Lemma [3.1]3, it suffices to prove that U2(Z(R)) = N>. Since ¢a;41(X1, X2) is an atom of Z(R)
for all ¢ € N, Lemma [5.2]3 implies that

{reN : v=0 mod 2} CUs(Z(R)).

Furthermore, by Lemma (items 2 and 3), we observe that

a2 (X1, Xo) - b2(X1, X2) = agi—1(X1, X2) - a3(X1, X2) = azi12(X1, Xo) = a1(X1, Xo) - c2i41 (X1, X2)

for all 4 € N, whence
{reN>3 : v=1 mod 2} CUz(Z(R)). O
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Lemma 5.4. Let R be a domain and q be a p-primary ideal of R for some p € spec(R). Let q = 1J,
where I and J are ideals of R such that q C I,J C R. Then RadI = Rad J = p.

Proof. Since p = Radq = RadI N Rad J, so either RadI = p or Rad J = p, say Rad I = p. It remains
to prove that Rad J = p. Clearly p C RadJ. Conversely, if ¢ € Rad J, then there exists some positive
integer s such that ¢g® € J. Since q C I, there exists an element f € I\ q. As f¢g° € [J =q and f & q,
there exists some positive integer ¢ such that g%t € q and hence g € Radq = p. O

From now on till the end of the proof of Theorem we fix the following notation. Let D be a
domain with quotient field K, and let R = D[X;,...,X,] and S = K[X},..., X,] be polynomial rings
in n > 2 variables X7, ..., X,,. They are equipped with the natural N-grading such that deg(X;) =... =

deg(X,) = 1. We set
R=@R, and S=HS,
t>0 >0

where R, C S; are the corresponding t-components. Every f € S can be written uniquely in the form
f=>>0 fi, where f; € S; for all i € Ny and f; = 0 for all but finitely many i € Nyo. We denote by < the
lexicographic order on monomials of K[Xi,...,X,] with X; > Xy > ... > X,,. For f € K[X,...,X,],
we denote by in(f) the initial monomial of f with respect to the order <.

The min-degree m-deg(f) of a nonzero polynomial f € S is the smallest nonnegative integer d such

that fy is nonzero. We set m-deg(0) = +00. The m-deg function satisfies the following two properties for
all f,gesS:

(i) m-deg(fg) = m-deg(f) + m-deg(g), and

(ii)) m-deg(f + g) > min {m-deg(f), m-deg(g)}, with equality if m-deg(f) # m-deg(g).
Next we introduce the minimal degree of an ideal of R. Let I C R be a nonzero ideal. We define the
min-degree m-deg(I) of I to be the smallest nonnegative integer d such that I contains a polynomial
whose min-degree is equal to d. We set the min-degree of the zero ideal equal to +oc.

The next lemma says that the map

m-deg : Z(R) — Ng  given by I+~ m-deg(I)

is a semigroup homomorphism.

Lemma 5.5. For every I,J € Z(R), we have m-deg(lJ) = m-deg(I) + m-deg(J).

Proof. We set d = m-deg(I), e = m-deg(J), m = m-deg(I.J), and we choose f € I with m-deg(f) = d,
g € J with m-deg(g) = e, and h € I.J such that m-deg(h) = m. By the above property (i), we have
m < d+e. On the other hand, we have h = f191 + ...+ fsgs, where f; € I and g; € J for all i € [1, 5].
Then the above property (ii) implies that

m = m-deg(h) > min{m-deg(f;) + m-deg(g;): i € [1,s]} > d+e. O

Let I,J € Z(R). We set I[i] = {f; : f € I} and note that I[i]] C R; is a D-module. For 7, j € Ny,

k
Ifd] - J[j] = {Zasbs 1 k>1, a5 €I, bs € J[j]}

is also a D-module. Let Ix[i] = Spang{I[i]}, Jx[j] = Spang{J[j]} and, for m € Ny, (IJ)g[m] =
Spang{ (IJ)[m]}. Clearly, Ix[i] C S;, Jx[j] C Sj, and (IJ)x[m] C Sy, whence Ix[i], Jx[j], (IJ)x[m]
are finite dimensional K-vector spaces.

Lemma 5.6. Let I,J € Z(R) with m-deg(I) = d, m-deg(J) = e, and m-deg(IJ) = m.

1. (IJ)[m] = I|d] - J[e].
2. (IJ)K[m]:IK[d]~JK[€].



ON THE ARITHMETIC OF MONOIDS OF IDEALS 19

Proof. 1. Let a € (IJ)[m]. Then there exists h € I.J such that h,, = a, say h = Zf: f@g®  where
f@ €1 and ¢g@ € J for all i € [1,k]. By Lemmam we obtain that a = h,, Zz L ()gg ), Whence
a € I[d] - Jle]. Conversely, if a € I[d] - J[e], then a = Zle a;b; where a; € I[d],b; € Jle] for all
i € [1,k]. Thus, there exist f) € I,¢ € J such that fdi) = a; and géi) =b; for all i € [1,k]. Hence
h=Y"r f9¢® e IJ with hy, = a € (I.J)[m)].

2. Let a € (IJ)k[m]. Then, by definition, a = > _ (o, /Bv)hy, where r € N, h, € (IJ)[m],
ay, B, € D and B, # 0 for every v € [1,7]. By 1., we obtain h, = 3°7"_, a ;y)b(y) where a(y) € I[d] and
bg) € Jle] for every j, € [1,s,]. Hence,

0= 33 (/8)aN € Icld) - Jicl].

v=1j,=1
Conversely, let Y7, a,b, € Ix[d] - Jxk[e]. Then

Sv

ty
Ay = Z (al/,j,,/ﬁz/,j,,)a;l:) and Z Y,k /91/ ko V)

Jv=1

where o\ € I[d], b") € Jle] and v, ﬁ,,d,,,%,ku,ey,ku € D with B, # 0 # 0,4, for all v, j,., k,. If we
denote 3, = HJ 1 511,3, and 0, = Hk 0.k, , then a,b, can be written as

Sv

al/ v 1/61/ v Z Z TJV gi)bg:f)’

Jv=1k,=1

where all 75, 1, € D. Setting 8 =[],_, 8, and 6 =[], _, 6, we obtain that

b = /5033 3 i ab)
v=1

v=1j,=1k,=1

where all p;, x, € D. Therefore, 36(>")_, a,b

)
H(i a,b,) =h

where h € I.J. Thus, we obtain that Y. _, a,b, € (IJ)k[m]. O

I[d] - J]e] and hence, again by using 1., we get

Before moving further we demonstrate in simple special cases how our techniques work for studying
factorizations in the monoid of nonzero ideals of polynomial rings.

Example 5.7.
1. We claim that the ideal (X? Y?) C K[X,Y] is an atom of Z(K|[X,Y]). Assume to the contrary
that there are two nonzero proper ideals I, J of K[X,Y]| with m-deg(I) = d, m-deg(.J) = e and
(X2 Y?) =1J.
By Lemma [5.6] we obtain
(5.2) Span{X?, Y?} = Ix[d] - Jx[e],

and we have d+e = 2 by Lemma Furthermore, we have Rad I = Rad J = (X,Y"), whence d = e = 1.
Clearly dimg I[d] > 1 and dimg J[e] > 1. Assume to the contrary that one of these dimensions equals
one, say Ic[d] = Spany{f} and Jk[e] = Spang{gi,...,gs}. Then X* = 3>°_ «;fg; where a; € K for
all j € [1,s]. This implies that f = aX for some a € K*, which is not possible since Y? € I[d] - Jx|e].
Therefore, dimg Ix[d] > 2 and dimg J[e] > 2. Since Ix[d], Jk[e] C Spang{X,Y}, it follows that
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Ix[d] = Jxle] = Spany{X,Y}. This implies that Ix[d] - Jx[e] = Spany{X?, XY, Y?}, a contradiction
to (5.2).

2. We claim that the ideal (X3 + Y3, X2Y, XY?) C K[X,Y] is an atom of Z(K[X,Y]). Assume to the
contrary that there are two nonzero proper ideals I, J of K[X,Y| with m-deg(I) = d, m-deg(J) = e and

(X3 4+Y3 X%V, XY? = 1J.

By Lemma [5.6| we obtain
(5.3) Span {X? +Y?, X?Y, XY?} = Ix[d] - Jx[e],
and we have d + ¢ = 3 by Lemma Since (X,Y)* C (X? + Y3 X?Y, XY?), we infer that Rad I =
RadJ = (X,Y). Thus, d,e > 1, and after renumbering if necessary we suppose that d = 1 and e = 2.
Clearly dimg I[d] > 1 and dimg J[e] > 1. Assume to the contrary that one of these dimensions equals
one, say Ix[d] = Spang{f} and Jk[e] = Spang{g1,...,gs}. Then X2Y = ijl o fg; where a; € K
for all j € [1,s]. This implies that f = aX or f = o'Y for some «a,«’ € K*, which is not possible since
X3 +Y3 € Ig[d] - Jkle]. Therefore, dimg Ix[d] > 2 and dimg J[e] > 2. Since I [d] C Spang{X,Y}, it
follows that Ix[d] = Spang{X,Y}. For every i € [1,s], we have Xg; € Ix[d] - Jxle] and thus, by (5.3]),

Xgi = Bi1(X?+Y?) + B2 X?Y + B3 XY?
where 3;; € K for every j € [1,3]. This implies that 8;1 = 0 and g; = 3;2XY + 3;3Y2. Similarly,
Yg; € I [d] - Ji [6} yields

Ygi = 7i1( X2+ Y?) +72X?Y + 7, 3XY?
where v;; € K for every j € [1,3]. This implies that 7,7 = 0 and g; = 7;2X? + 7;,3XY. Hence
Bis =vi2 =0 and g; = ;2 XY. Therefore, Jx[e] = Span,{XY}, a contradiction to dimg Jx[e] > 2.

3. The following equation

(X2 V2N(X? + Y3 XY, XY?) = (X,Y)°
involves only atoms of Z(K[X,Y]), whence it shows that 2,5 € Lz(xx,v))((X,Y)?).

Example 1 was already settled in [52] Proposition 4.6], but our techniques allow us to study
polynomial ideals over domains whose semigroup of nonzero ideals is a BF-monoid (see Proposition
5.10). For m € Ny, let M,,.1.2 denote the set of all monomials of the form X7X35 with r +s = m and
r,s € Np.

Lemma 5.8. The ideals
c/(XhXQ) = <Xf +X§7X12X2’X1X22> and a(leXQ) = <{X{nanL} UN>7

wherem € N and N C Moy,.1 2 is any subset, are (X1, Xo)-primary in R. In particular, if ¢ (X1, X2) = I.J
or a(Xy,Xs) = IJ, where I and J are ideals of R such that ¢/ (X1,X2) CI,J C R ora(Xy1,X2) CI,JC
R, then m-deg(I) > 1 and m-deg(J) > 1.

Proof. We set ¢ := ¢/(X1, X2) and a := a(Xy, X2). It is a well known fact that if an ideal ¢ C R is
p-primary, then its extension q[X] C R[X] is p[X]-primary, cf. [I0, Exercise 4.7 (iii)]. We proceed by
induction on the number of indeterminates n > 2.

Let n = 2. Then the ideal extensions ¢/ K[ X1, X5 and aK[X7, Xs] are (X7, X2) K[X7, Xs]-primary, be-
cause <X1, )(2>[(p(17 X2]4 C C/K[Xl, XQ], <X1, X2>K[X1, X2]2m_1 C Cl[([)(l7 XQ] and <X1, X2>K[X1, XQ]
is a maximal ideal. Therefore the ideal contractions ¢/ K[X;, X2]ND[X;, X3] and aK[X;, X2]ND[X1, X2]
are (X1, Xo)K[X1, Xo] N D[X1, Xo]-primary. If we prove that

<X17X2>K[X1,X2]QD[X1,X2] C <X1,X2>,c’K[Xl,Xg]ﬂD[Xl,Xg} C ¢ and aK[Xl,Xg]ﬂD[Xl,Xg] Ca,

then we are done. Let f/a = g € (X7, Xo)K[X1, X2] N D[X1, Xy], where f € (X;,X5),9 € D[X1, X]
and o € D*. Then ag € (X7, X5) and hence g € (X7, X3).
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Let now f/a =g € /K[X;1, X3] N D[X1, Xs], where f € ¢/, g € D[X1,Xs] and « € D*. Then ag € ¢
and it only requires to show that g € ¢’. But ag € ¢ implies that g = 3(X + X3) + 921 X7 Xo+ 912 X1 X3 +
g', where B, g21,g12 € D and ¢’ € D[X1, X3] with m-deg(g’) = 4. Since ¢’ € (X1, X2)* C ¢/, s0 g €.

Let now f/a =g € aK[X;, X2) N D[ X1, Xs], where f € a,g € D[X;,X5] and « € D*. Then ag € a
and hence by using similar calculations as above we get g € a.

Assume now the result is true for n > 2 and consider the ring R[X,+1]. So ¢/[X,,41] and a[X,,41] are
(X1, X2)[ Xy 41]-primary ideals of R[X,,41], but in R[X,,41] we have

Xng1] =7, alXpp]=a and (X1, Xo)[Xpp] = (X7, Xo).
Thus a and ¢ are (X7, Xs)-primary. The in particular statement follows by Lemma O

Lemma 5.9. Let V C Sy, with d € N, be a K-vector subspace of dimension dimg (V) = s. Then there
are linearly independent elements fi1,..., fs € V such that in(f1) > ... > in(fs).

Proof. Let g1,...,gs be linearly independent elements of V. If we consider the canonical isomorphism
Sq 2 K (HZA), then ¢1,...,9gs will represent the corresponding linearly independent vectors of V' C
K(Hgil) Let A be an s x (d+3_1) matrix whose rows are ¢gp,...,9s. Now we apply the Gaussian
elimination on A and reduce it to row echelon form. The resulting matrix is represented by rows, say
fis---, fs € V, which are again linearly independent elements and satisfy our requirement in(f;) > ... >

in(fs). O

Proposition 5.10. Suppose that Z(R) is a BF-monoid. Then the following ideals are atoms of Z(R).

1. b;(X1, X5) for every i € N,

2. c9;41(X1, X2) for every i € N,

3. c2i(X1,X2) for every i € N>3, and

4. CI(Xl,XQ) = <X13 +X23,X12X2,X1X22>

Proof. For all i € N, we use the abbreviations b; := b;(X1, X3), c2;41 := ¢2;41(X1, X2), ¢2; := c2;(X1, X2),
and ¢’ := ¢/(X1, X2). In order to show that an ideal a is an atom of Z(R), it suffices to show that there
are no ideals I, J € Z(R) with a C I, J C R such that a = I.J, because Z(R) is a reduced unit-cancellative
semigroup.

1. Let ¢ € N and assume to the contrary that b; = I.J with b; C I, J C R such that m-deg(/) = d and
m-deg(J) = e. Then, by Lemma we have d > 1 and e > 1, and by Lemma 2 we obtain that

(5.4) Span { X1, X3} = Ix[d] - Jx[e]-

Note that I [d] and Jx [e] are finite vector spaces and by Equation[5.4]it is not possible that dimg I [d] =
dimg Jg[e] = 1. Thus, without loss of generality, we may assume that dimg I [d] > 2 and dimg Jx[e] >
1. Let f1, fo € Ik |[d] be linearly independent and g € Ji[e] any nonzero element.

By Lemma we may assume that in(f1) > in(fa). If in(f;) does not equal X or X4, then in(fig) (=
in(f;)in(g)) does not equal X? or X3, which is not possible by (5.4). This means we must have in(f;) = X{
and in(f2) = X¢. If in(g) = X%, then in(fog) = X{X¢, a contradiction to (5.4). If in(g) # X¢, say
in(g) = Xi"* -...- Xg» such that 37 | a; = e with a; < e and a; > 1 for some j € [2,7], then in(f1g) is
divisible by XX}, again a contradiction to .

2. Let ¢ € N and assume to the contrary that co; 11 = I.J with ¢, 41 € I, J C R such that m-deg(I) =d
and m-deg(J) = e. Then, by Lemma[5.8] we have d > 1 and e > 1, by Lemmal/[5.5] we have 2i+1 = d+e,
and Lemma [5.6]2 implies that

(5.5)  Spangp {({XZTL XZX,} U{X7IXIT © je1,2i+1]and j =0 mod 2}} = Ix[d] - Jx[e].
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We claim that dimg I[d] > 2 and dimg J[e] > 2. Indeed, if Ix[d] = Span,{f} and Jx[e] = Spang{g1,...,9s},
then Ix[d] - Jx[e] = Spang{fgi,..., fgs}. From (5.5)), we get

S
X3Pt = Zajfgj, where o; € K for all j € [1,5],
j=1

and we deduce f = aX{ for some o € K*. Hence X3! cannot belong to Ir[d] - Jx[e], a contradiction
to (5.5).

Let dimg I[d] = r > 2 and fi1, fo,..., fr € Ix[d] be linearly independent such that in(f1) > in(f2) >

. > in(f,) (we use Lemma [5.9). Similarly, let dimg Jx[e] = s > 2 and let g1,...,9; € Jk[e] be
linearly independent such that in(gy) > ... > in(gs). If in(f1) # X{, then in(fig) # Xt for any
g € Jkle], which is not possible by Thus, we have in(f;) = X{, and hence in(g;) = X{. Without
loss of generality assume that d is odd, while e is even. If in(f2) = Xf_“XéL for an even u € N, then
in(fag1) = X3~ X% a contradiction to . If in(fy) = X37“X¥ for an odd u € N, then we consider
in(ga). Ifin(ga) = XF7XY for an odd v € N, we get a contradiction as in(fags) = X{Te "7 v X4, If
in(ga) = X¢™UXY for an even v € N, we get a contradiction as in(f1g2) = X¢T°7UXY. Note that a case of
in(fi,) = X7'-.... X~ (similarly for g;,) with > jv=dand j, > 0 for some v € [3,n] is not possible
by the same argument.

3. Let ¢ € N>3 and assume to the contrary that co; = IJ with ¢o; C I, J C R such that m-deg(l) =d
and m-deg(J) = e. Then, by Lemma we have d > 1 and e > 1, by Lemma we have 20 = d + e,
and Lemma [5.6]2 implies that

(5.6) Span; {{XZ X X, U{XP7X] : je[1,2i]and j =0 mod 2}} = Ix[d] - Jx[e].

Asin 2., Ik [d] and Jk|e] are finite dimensional vector spaces of dimension at least two. Moreover, since
i > 3, dimg Ix[d] or dimg Ji[e] must be at least three, say dimg I[d] > 3. Let dimg I[d] = r > 3
and let fi,..., fr € Ix[d] be linearly independent such that in(f;) > in(f2) > ... > in(f.) (again we use
Lemma . Similarly, let dimg Jx[e] = s > 2 and let g1,...,9s € Jx[e] be linearly independent such
that in(g1) > ... > in(gs). Asin 2., we have in(f;) = X{, and hence in(g;) = X¥.

Consider now fo and go such that in(fo) = X% ?X¢ and in(go) = X¢ X%, where a,b € N. We
distinguish two cases.

CASE 1: a=1.

If b is even, then in(fag2) = Xere*b*ng+1 which is not possible, see . If b > 3 is odd, then
in(fig2) = X7 X% which again is not possible. Thus, b = 1 and dimg Jx[e] = 2. Consider now f3
such that in(f3) = X{°X§ with ¢ € Nsg. If ¢ is even, then in(fzga) = X{T¢ "1 X5t a contradiction to
1) and if ¢ is odd, then in(fsg1) = X{”echgc7 again a contradiction to (5.6). Hence dimg Ik [d] = 2,
which is not possible.

CASE 2: a > 2.

If a is odd, then in(fag1) = X¢T°7°X¢, which is a contradiction to . Therefore, a is even and,

hence b is also even. In general, there are only the following possibilities for in(f,) and in(g,):

in(f,) = X% X$ with all a,, even and 0 =a; < ... < a, < d
and
in(gy) = Xle_b”Xg” with all b, even and 0 = b1 < ... < by <ee.

Now as X271 X, € Ix[d] - Jile], so X2 1X, = o1 >v 1 Gy fuge With ay, € K for every u,v. If
a1 # 0, then initial monomial of the right hand side would be X% a contradiction. If a;; = 0, then

X271X, =in (ZZ%wfu%) < max {in(fugy): u € [1,r],v € [1,5]}

u=1v=1
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which is not possible, since the right hand side of the above inequality is X f e dug=bug Xg w0t which

is always less than X7~ X,.

4. Assume to the contrary that ¢ = I.J with ¢ C I, J C R such that m-deg(I) = d and m-deg(J) = e.
Then, by Lemma [5.8] we have d > 1 and e > 1, by Lemma [5.5] we have d + ¢ = 3, and Lemma [5.6]2
implies that

(5.7) Span; { X3} + X3, X7 Xo, X1 X3} = Ix[d] - Jk]e].
We may assume that d = 1 and e = 2. We claim that dimg I[d] > 2 and dimg Jle] > 2. Indeed, if

IK[d] = SpanK{f} and JK[e} = SpanK{gla'~'7gS}’ then ]K[d] ’ JK[e] = SpanK{fgl7"'7fgS}' From
(B.7), we get

X2X, = Zajfgj, where o; € K for all j € [1,s],
j=1
and we deduce either f = aX; or f = o/ X5 for some a,a’ € K*. Hence X} + X3 cannot belong to
Ik[d] - Jk[e], a contradiction to (5.7)). Note that similar argument works if we consider d = 2.

Let dimg I[d] =7 > 2 and let f1,..., fr € Ix[d] be linearly independent such that in(f1) > ... > in(f;)
(we use Lemma[5.9)). Similarly, let dimg Jx[e] = s > 2 and let g1, ...,gs € Jx[e] be linearly independent
such that in(g1) > ... > in(gs). On the other hand, for j € [3,n] in(f;,) = X; is not possible, whence
dimg I[d] = 2 and in(f1) = X1,in(f2) = Xo. Similarly, we obtain that dimg J[e] = 2 and in(g1) =
X2in(g2) = X1 X5. Assume g; = X? +aX3 4 --- . Then by

fog1 = al(X13 + X23) + a2X12X2 + a3X1X22, where a1, as, a3 € K

which implies that a = 0. Similarly, the coefficient of the term X2 in gy is zero as well. This shows that
X3 + X3 does not belong to Ix[d] - Jx|e], a contradiction. O

Remark 5.11. If 2 is a unit of D, then
ca(X1, X2) = (XI, X7 X0, X7 X3, X3) = (X7, X1 Xo + X3)(XT, X1 X2 — X3),
whence ¢4(X7, X2) is not an atom of Z(R).

Proof of Theorem[5.1} 1. and 2. We need to show the claim concerning the finite factorization property.
All other statements follow by Lemma and Proposition (clearly, a; (X1, X5) is an atom). Suppose
that D* is infinite. For every a € D*, we have the identity

(X1, Xo) (X7 4+ aX3, X1 Xs) = (X1, Xo)3.

If a, @’ € D* are distinct, then (X? + aX3, X1 X2) # (X? + o’ X3, X1 X3). Thus, the element (X7, X5)3
has infinitely many divisors, whence Z(R) is not an FF-monoid by [38, Proposition 1.5.5].

3. In order to show that Lz(g)(ar(X1, X2)) = L(ap(X1, X2)) C [2,k] for all k > 2, we choose £ € N>
and consider a factorization ay (X1, X2) = Iy -...- Iy, where I1, ..., I, are atoms in Z(R). By Lemma 5.8
we have m-deg(l;) > 1 for all j € [1,£]. Using Lemmawe obtain that

‘
k = m-deg(ay) = Z m-deg(I;) > ¢,
j=1

whence ¢ < k and L(ax(X1,X2)) C [2,k]. To verify the reverse inclusion we proceed by induction on k.
This is clear for k = 2. By Lemma|[5.2]2 (with £ = 2 and k = 1), we obtain that

ag(X1, Xo) = a1 (X1, X2) - ba(X1, Xo) .
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Since the involved ideals are atoms by Proposition 1, the assertion holds for & = 3. Suppose that
claim holds for k& > 3. Since axy1(X1, X2) = a1(X1, X2)-ar (X1, X2) and a1 (X7, X5) is an atom, it follows
that

[3, k + 1] cl+ L(ak(Xl,Xg)) C L(ak+1(X1,X2)) .

It remains to verify that 2 € L(agy1(X1,X2)). If k € N>z \ {4}, then the following identity (see
Lemma
apt1( X1, Xo) = a1 (X, Xo) - (X1, X2)
together with Proposition show that 2 € L(ﬂk+1(X1,X2) . If K = 4, then 2 € L(uk+1(X17X2))
because a5(X1, X2) = ba(X1, Xo) - ¢/(X71, X2) (use Proposition 4).
4. We set po = (X1), Hi = F({po}) and Hy = {a € Z(R) : po{ a}. Since py is an invertible prime
ideal, it is a cancellative prime element of Z(R), whence we get that

I(R) = H1 X H2 .
Note that ax(X1,X2) € Hy for all k € N. Thus, 3. shows that Conditions (a) and (b’) of Proposition [3.2]
hold, whence Z(R) is fully elastic. O

Theorem shows, among others, that unions of sets of lengths of the monoid of all nonzero ideals
are equal to N>o, as it is true for transfer Krull monoids (which include monoids of invertible ideals of
Krull domains) with infinite class group and prime divisors in all classes (Proposition . We post the
conjecture that also their sets of lengths coincide, namely that every finite subset L C N>j occurs as a
set of lengths.

Conjecture 5.12. Let R = D[Xy, ..., X,] be the polynomial ring in n > 2 indeterminates over a domain
D, and suppose that Z(R) is a BF-monoid. Then, for every finite subset L C N>q, there is a € Z(R)
such that Lz(g)(a) = L.

To conclude this paper, we would like to compare the arithmetic of Z(R), in particular Theorem
and Conjecture with the arithmetic of the power monoid of Ny. Following the terminology and
notation of Fan and Tringali [31], we denote by

e Pg,n(Np) the power monoid of Ny, that is the semigroup of finite nonempty subsets of Ny with set
addition as operation (i.e., for finite nonempty subsets A, B C Ny, their sumset A + B is defined
as A+ B={a+b:a€ Abec B}), and by

® Ppn0(No) the reduced power monoid of Ny, that is the subsemigroup of Pa,(Ng) consisting of all
finite nonempty subsets of Ny that contain 0.

Both, Pan(Ng) and Pay,0(Np), are commutative reduced unit-cancellative semigroups (whence monoids
in the present sense) and {0} is their zero-element. Power monoids are objects of primary interest in
additive combinatorics and their arithmetic is studied in detail by Antoniou, Fan, and Tringali in [31], [9].
Among others, they show that P, (Np) is not transfer Krull, that unions of sets of lengths of Pg, (Ny) are
equal to N>o, and that the set of distances equals N. The standing conjecture is that every finite subset
L C N> occurs as a set of lengths of Pgn(Ng) ([BI, Section 5]). Thus, the arithmetic of Z(R) and the
arithmetic of Pgn(Ng) seem to have pretty much in common. Our final result shows that the method,
developed to show that Z(R) is fully elastic, also allows to show that Pg,(Np) is fully elastic, a question
that remained open in [3I]. Moreover, Z(R) has a submonoid that is isomorphic to Pg,(Np).

Proposition 5.13.

1. The element {1} is a cancellative prime element of Pan(No), whence Pan(No) = F X Pan o(No),
where F is the free abelian monoid generated by the prime element {1}. Moreover, Pgn(Np) is
fully elastic.

2. Pen(No) is isomorphic to a submonoid of Z(R), where Z(R) is as in Conjecture[5.19
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Proof. 1. Tt is straightforward to verify that {1} is a cancellative prime element of Pg,(Np). Since
Prin,o(No) = {A € Psn(Np): {1} does not divide A}, it follows that Pgn(Ng) = F X Pgy 0(No). Proposition
4.8 in [3I] shows that, for every n > 2,

[27 n] = LPfir;,O(NO)([()’ n]) = Lpfixx(NO)([()? nD .

Thus, Condition (a) and Condition (b’) of Proposition [3.2] are satisfied, whence Pgy, (Np) is fully elastic.

2. Let R = D[Xy,...,X,] be the polynomial ring in n > 2 indeterminates over a domain D, and
suppose that Z(R) is a BF-monoid. We consider the monoid M (X1, X2) of all monomial ideals in the
indeterminates X, X5. This is a submonoid of Z(R). Recall that, for every m € Ny, we denote by M1 2
the set of all monomials of the form X7 X35 with r + s =m and r, s € Ny. Let Ma(X1, X2) C M(X1, X>)
consist of all ideals

WNVufxyh),

where m € Ny and N’ C M,,,.1 2 is any subset (note that, for example, (Xz) and (X3, X? X5, X3) are in
My (X1, X3), whereas (X3, X2X5) and (X?) do not belong to Ma(X1, X3)). Then My (X1, X2) C Z(R)
is a submonoid.

For A € Pun(Np), say A ={mq,...,me} with £>1 and 0 < m; < my < ... < my. We denote by

T o= (Xemmxm X ma Xma | e e e ey
an ideal which clearly belongs to My (X7, X2). Thus, we obtain a map
Pﬁn(No) —>M2(X1,X2), given by A’—)IA,

which is easily seen to be a monoid isomorphism. O
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