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1. Introduction

In this paper we introduce finitary monoids as a new class of monoids (by a
monoid we always mean a commutative cancellative semigroup with identity
element). The main examples of finitary monoids are v-noetherian G-monoids
(see [6]) and in particular finitely generated monoids, strongly primary monoids
(see [8]) and abstract congruence monoids (see [9]). Finitary monoids satisfy the
ACCP (ascending chain condition on principal ideals), finite direct products of
finitary monoids are finitary, and saturated submonoids with torsion class group
of finitary monoids are finitary again.

The main motivation for introducing finitary monoids stems from the
theory of non-unique factorizations in integral domains. In general, the multi-
plicative monoids even of noetherian integral domains are highly complicated.
It turned out to be a standard method in factorization theory to construct
suitable auxiliary monoids of a relatively simple structure which reflect the
arithmetical properties of the integral domains in question. Up to now the
auxiliary monoids in the centre of interest in factorization theory are finitely
generated and finitely primary monoids (see [16]) and saturated submonoids of
finite products of strongly primary monoids with finite class group (see [8]).
All these monoids are finitary, and it is our feeling that, to a large extent, fini-
tary monoids should take over their role in factorization theory (see [19] and
Example 4.16).

In Section 2 we fix our notations and recall some fundamentals from the
ideal theory of monoids. In Section 3 we define finitary monoids, prove some
structural properties (Theorems 3.5 and 3.8), discuss examples and establish
the central arithmetical result on finitary monoids (Theorem 3.10). Section 4
deals with v-noetherian G-monoids which turn out to be finitary and have
only finitely many prime s-ideals (Theorem 4.6). In particular, we shall prove
that the multiplicative monoid of a noetherian domain is finitary (resp. a v-
noetherian G-monoid) if and only if the domain is one-dimensional and semilocal
(Proposition 4.14).
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2. Preliminaries

Let N denote the positive integers, Ng = N U {0}, and for a,b € Z we set
[a,b] ={veZ]|a<v<b}.

Throughout, a monoid is a commutative cancellative semigroup with
identity element. If not denoted otherwise, we use multiplicative notation. Let
H be a monoid with unit element 1y =1 € H. We denote by H* the group
of invertible elements of H, and we call H reduced if H* = {1}. We denote
by Hyea = {aH™ | a € H} the associated reduced monoid of H and by Q(H)
a (fixed) quotient group of H whose elements we write as fractions ¢ (where
a,be H).

An element u € H\H* is called

e irreducible (or an atom) if, for all a,b € H, u = ab implies a € H* or
be H*.

e prime (or a prime element) if, for all a,b € H, w | ab implies u | a or
ulb.

Every prime element is irreducible. The monoid H is called atomic (resp.
factorial), if every a € H\H* has a factorization into a product of irreducible
(resp. prime) elements. It is well known that H is factorial if and only if H is
atomic and every irreducible element is prime (see [17], Theorem 10.7).

For a submonoid S C H we always assume that Q(S) C Q(H), and we
denote by

SilH:{g|a€H,s€S}CQ(H)

the quotient monoid of H with respect to S. In particular, H 'H = Q(H).
A submonoid S C H is called

e saturated, if a,b € S, ¢ € H and a = bc implies that ¢ € S (equivalently,
S=HnNQ(9)).

e divisor-closed, if a € H, b€ S and a | b implies that a € S.
e cofinal, if for every ¢ € H there is some a € S such that ¢ | a.

By definition, every divisor-closed submonoid is saturated.
For a subset U C Q(H), let [U] C H denote the submonoid and (U) the
subgroup of Q(H) generated by U. For a subset U C H, let

[[Ullg = [[U]] = {« € H | z divides some s € [U]}
denote the smallest divisor-closed submonoid of H containing U. We say

that H is finitely generated, if H = [U] for some finite subset U C H. If
U={u1,...,um}, weset (as usual) [U] = [ug,...,Up] and (U) = (ug, ..., Un).
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For subsets X, Y C Q(H), weset (X :Y) ={z¢€ QH) | zY C X}, and
X1 =(H:X). We denote by

H={zec Q(H)|z" € H for some n € N}
the root closure of H and by
H = {z € Q(H) | there exists some ¢ € H such that cz™ € H for all n € N}
the complete integral closure of H. We have
HcHcHcQ(H).

Our main reference for ideal theory is [17]. Note however that a monoid
in [17] contains a zero element. Thus in order to apply results of [17] we either
have to adjoin a zero element to our monoids and ideals or have to remove the
zero element from the monoids and ideals in [17]. For the readers convenience,
we recall some central notions.

By an ideal system r on H we mean a map

[P(H) —P(H)
T x ~ X,

such that the following conditions are fulfilled for all X, Y C H and all ¢ € H.

(Id1): X C X,

(Id 2): X CY, implies X, C Y.

(Id 3): {c},=cH.

(Id 4): X, = (cX),.

For an ideal system r on H we denote by
L(H)={X, | X CH}={JCH|[J=J]}

the set of all r-ideals of H. Note that § = (), € Z,(H). We define the ideal
system r; on H by

X, = U E, for X CH,

s

ECX
E is finite
and we call r finitary if r = r5. The ideal system r; is always finitary. We say
that H is r-noetherian, if the ascending chain condition for r-ideals is satisfied.
Note that H is r-noetherian if and only if H is rs-noetherian, and then r = r;.
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The most important ideal systems are the s-system, the v-system and
the t-system. For X C H, they are defined by

X, = XH, X, =(Xx1H! and ¢ =v,.

Then X; C X; C X, and Z,(H) C Z:(H) C Is;(H). Note that H is v-
noetherian if and only if H is t-noetherian, and then ¢ = v. For every ideal
system r on H, we have Z,(H) C Z,(H) C I;(H) and X; C X, C X, for
every subset X C H. If r is finitary, then X, C X; and Z;(H) C Z.(H).

An r-ideal p C H is called prime if H\p is a submonoid of H. We
denote by r-spec(H) the set of prime r-ideals, and we set r-spec(H)® = r-
spec(H)\{0}. Note that a subset p C H is a prime s-ideal if and only if H\p
is a divisor-closed submonoid of H. For an s-ideal a C H, we define its radi-
cal by

Va={a € H|a" € a for some n € N}.

If r is a finitary ideal system and a € Z,.(H), then

Va= ()

pEr-spec(H)
pDa

Let m: H — H,eq denote the canonical epimorphism. Then the ideal
system 7 induces an ideal system 7yeq on Hyeg by means of n(X), , = 7n(X,).
A subset a C H is an r-ideal if and only if 7(H) is an 7.eq-ideal. In par-
ticular, Z,.(H) and Z,_,(Hyea) are isomorphic lattices, and thus the r-ideal
theory of H “coincides” with the rq-ideal theory of H,.q. The ideal sys-
tems Sred; Ured and tpeq On Hyeq are just the systems s, v and ¢ on Hieq,
respectively.

3. Finitary monoids
We start with a simple technical lemma.

Lemma 3.1. Let H be a monoid and b C H an s-ideal.

1. Let aq,...,a, C H be s-ideals and nq,...,n, € Ny such that a;* C b for
every i € [1,r]. If n=ny+---+n,, then (a; U---Ua, )" Cbh.

2. Let r be an ideal system on H, b an r-ideal and a C H an r-finitely
generated r-ideal such that a C \/b. Then there exists some n € N such
that a™ C b.

Proof. 1. Ifa€ (aqU---Ua.)”, then a = a"* - ----a™, where a; € a;,
m; € Ng and n =mq + -+ m,. Since n = n; + --- + n,, there exists some
i € [1,7] such that m; > n;, which implies a;"* € b and hence a € b.

2. By [17], Theorem 6.7.(v). n
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Lemma 3.2. Let H be a monoid and U C H a subset.

1. If a,b € H, then b € VaH if and only if a € [[b]]. In particular,
VaH = VbH if and only if [[a]] = [[b].

2. {@}| we U} ={VaH |a € H} if and only if {[[u]] | v € U} = {[[a]] |
[AS .

3. If U c H\H* and UN )] # 0 for every b € H\H*, then H\H* =
VvVUH.

4. If s-spec(H) is finite, then {[[a]] | a € H} is the set of all divisor-closed
submonoids of H .

Proof. 1. If a,b € H, then a € [[b]] if and only if a | b" for some n € N,
and the latter condition it equivalent to b € VaH .

2. follows from 1.

3. Clearly, U ¢ H\H* implies VUH C H\H*. If b € H\H*, then
there exists some u € U N [[b]], and by 1. we obtain b € vVul C VUH.

4. Let S C H be a divisor-closed submonoid. Since s-spec(H) is finite,
the set of divisor-closed submonoids of H is also finite. Let [[a]] be maximal
in {[[]] | b € S}. We assert that [[a]] = S. Indeed, if b € S\[[a]], then
[[a]] € [[ab]] C S contradicts the maximal choice of [[a]]. n

Definition 3.3.  Let H be a monoid. A subset U C H\H* is called an
almost generating set of H , if there exists some n € N such that

(H\H*)" C UH.

We denote by M(U) the smallest possible n € N for which the above inclusion
holds.

Lemma 3.4.  Let H be a monoid and U = {uq,...,u,} C H\H* an almost
generating set of H .

1. For any k1,...,k. € N, the set {u]f1 s ulr} is an almost generating set
of H.

2. Let v1,...,v, € H\H* be such that v; | u; for all i € [1,7]. Then
{v1,...,0:} is an almost generating set of H. In particular, if H is
atomic, them H possesses an almost generating set consisting of
atoms.

3. Let V. C U be such that {[[v]] | v € V'} is the set of all minimal elements
of {[[u]] | w € U} (with respect to set-theoretical inclusion,).

(a) V is an almost generating set of H .
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(b) {[[v]] | v € V} is the set of all minimal elements of {[[a]] | a €
H\H*}.

(¢) If W is any almost generating set of H, then {[[v]] | v € V} C
{[lw]] | we W},

Proof. 1. Weset a= UH = wyHU---Uu.H, b = {u}",... ,uf}H and
k = max{ky,...,k.}. Then (u;H)* = v*H C b for all k € [1,7], and by
Lemma 3.1.1 there exists some N € N such that a® C b. If n € N is such
that (H\H*)"™ C a, then (H\H*)N"™ C b, whence {uf' ... u¥"} is an almost
generating set of H .

2. Obvious, since v; | u; implies u; H C v; H.

3. (a) It is sufficient to prove that if u,v € U and [[v]] C [[u]], then
U\{u} is an almost generating set of H. If u,v € U and [[v]] C [[u]], then
v | u* for some k € N. By 1., (U\{u}) U {u*} is an almost generating set,
and by 2. the set (U\{u}) U {v} = U\{u} is also an almost generating set
of H.

(b) Let @« € H\H*. We have to show that there exists some v € V' such
that [[v]] C [[a]]. Obviously, 3.(a) implies the existence of some n € N and
v € V such that ¢ € vH. By Lemma 3.2.1 we obtain v € [[a]] and hence
[[v]] < [[a]-

(¢) If v € V, then there exists some n € N and w € W such that
v™ € wH and hence [[w]] C [[v]] by Lemma 3.2.1. By (b), there exists some
vg € V such that [[w]] C [[w]] C [[v]], and by the choice of V we obtain

[[v] = [fvo]] = [[w]. u

Let H be a monoid. An element a € H is called archimedean, if

ﬂ a"H = (.

n>0

The monoid H is called archimedean, if every a € H\H* is archimedean. Every
monoid satisfying the ACCP (ascending chain condition on principal ideals) is
archimedean and atomic (see [17], Ch. 3, Ex. 6, and Proposition 10.3).

Let H be an atomic monoid, a € H\H* and a = uy - -+ - up a
factorization of a into irreducible elements wuq,...,ur. Then k is called the
length of that factorization, and

L(a) = {k € N | a has a factorization of length k} C N

is called the set of lengths of a. For a € H* we set L(a) = {0}. The monoid
H is called a BF-monoid (bounded factorization monoid), if it is atomic and
L(a) is finite for every a € H. Every BF-monoid satisfies the ACCP (see [15],
Corollary 1).
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Theorem 3.5. Let H be a monoid with H # H>*. Then the following
statements are equivalent:

1. H has a finite almost generating set consisting of archimedean elements.
2. H is a BF-monoid and possesses a finite almost generating set.

3. H satisfies the ACCP and has a finite subset U C H\H* such that for
some n € N we have

H=UHU{a€ H |supL(a) < n}.

Proof. 1. = 2. Let U C H\H* be a finite almost generating set of
H counsisting of archimedean elements, and a € H\H*. Then there exists
some N € N such that a ¢ uNH for every u € U, and we assert that
maxL(a) < M(U)N|U| (then L(a) is finite). Assume, to the contrary, that
there exists a factorization @ = ay - --- - a;, where aq,...,a; € H\H* and
t > M(U)N|U|. By the very definition of M(U) and Lemma 3.1.1, we obtain

a € (H\H*)MUNIUL ¢ (um)MVl ¢ | ] uNH,
uelU

a contradiction.
2. = 3. Every BF-monoid satisfies the ACCP, and if U is an almost
generating set of H and a € H satisfies maxL(a) =t > M(U), then

ae (H\H*) c (H\H*)MY) c UH.

3. = 1. Since H satisfies the ACCP, H is archimedean. If a €
(H\H*)™, then supL(a) > n whence a € UH. Thus U is an almost generating
set of H. -

Definition 3.6. A monoid H is called finitary, if H # H* and H satisfies
the equivalent conditions of Theorem 3.5.

Example 3.7.  The following four classes of monoids are finitary: 1. Finitely
generated monoids; 2. Strongly primary monoids; 3. v-noetherian G-monoids; 4.
Abstract congruence monoids. We discuss here finitely generated and strongly
primary monoids. w-noetherian G-monoids will be investigated in detail in
Section 4. For the definition of congruence monoids we refer the reader to [11],
§3. A thorough investigation of congruence monoids will be presented in [9]
where we shall also prove that they are finitary.

Finitely generated monoids. Let H be a monoid such that H,eq is finitely
generated and H # H*. Then there exists a finite subset U C H\H* such
that H = [U U H*], and consequently H\H* C UH. It follows from [15],
Theorem 2, that Hyeq (and hence H) is a BF-monoid. Therefore H is finitary,
U is an almost generating set of H and M(U) =1.
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Strongly primary monoids: A monoid H is called strongly primary if
H # H*, and there exists a function M: H — Ny such that (H\H*)M(@ c
aH for every a € H\H* (see [8]).

Let H be strongly primary. If a,a1,...,a, € H\H* and a=aj----- ar,
then aj - -+ - a,_1 € (H\H*)""1\aH, whence r < M(a). Hence we obtain
maxL(a) < M(a) for all « € H\H*, and consequently H is a BF-monoid.
Therefore H is finitary, and for every a € H\H* the singleton {a} is an
almost generating set of H satisfying M({a}) = M(a).

A monoid H is called primary if H # H*, and if ) and H\H* are the
only prime s-ideals of H (see [17], Ch. 15.5 for various equivalent characteri-
zations). Obviously, every strongly primary monoid is primary. We assert that,
conversely, every primary finitary monoid is strongly primary.

Let H be a primary finitary monoid, U C H\H* an almost generating
set of H and a € H\H*. Since H is primary, we have [[u]] = H for every
uw € H\H*. Since U is an almost generating set, the same is true for U U {a}
and, by Lemma 3.4.3, {a} is also an almost generating set of H. Hence there
exists some n € N such that (H\H*)" C aH, whence H is strongly primary.

Theorem 3.8.  Let H be a monoid.
1. H is finitary if and only if Hyeq s finitary.
2. Let H be finitary and S C H a saturated submonoid such that S # S* .

(a) If H possesses a finite almost generating set U such that U C S,
then U is an almost generating set of S and S is finitary.

(b) If Q(H)/Q(S)H™ s a torsion group, then H has an almost gener-
ating set U with U C S.

(¢) If H is a finite direct product of strongly primary monoids, then S
is finitary.

(d) If S is divisor-closed, then S is finitary.

3. Let ke N and Hy,...,Hy be submonoids of H such that H = Hy X --- X
Hy, and H; # H) for all i € [1,k]. Then H is finitary if and only if H;
is finitary for every i € [1,k].

Proof. 1. Let m: H — H..q be the canonical epimorphism. Then a subset
U C H\H* is an almost generating set of H if and only if 7(U) is an almost
generating set of Hyeq. Since H is a BF-monoid if and only if H,eq is a BF-
monoid, the assertion follows by Theorem 3.5.

2. Since S C H is saturated, we have S* = H*NS and uH NS = uS for
every u € S. By [15], Theorem 3, S is a BF-monoid. We shall use Theorem 3.5
to prove that S is finitary.

(a) Let U C S be a finite almost generating set of H. Then

(S\SWMWU) = 0 (H\H*YMWY) c UH NS = US.

Hence U is an almost generating set of S, and therefore S is finitary.
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(b) Suppose that Q(H)/Q(S)H* is a torsion group. Let {vy,...,v,} C
H\H* be an almost generating set of H, and let k € N be such that v¥ €
Q(S)H*, say vf = w;e;, where u; € Q(S) and ¢; € H*. By Lemma 3.4,
{u1,...,u,} is an almost generating set of H, and since u; = Ejlvf e HN
Q(S) =S for all i € [1,7], it follows that {uy,...,u.} CS.

(c) Suppose that H =[], H; where Hi,..., H, are strongly primary
monoids. Then every a € H may be written uniquely in the form a =ay-----a,
where a; € H; for every ¢ € [1,n]. Let T: H — {0,1}" be defined by
T(a) = (a1,...,ap) where a € H and «; = 0 if and only if a; € H for

€ [1,n]. Let U C S\S™ be a finite set with T(U) = T'(S\S*) and let

m=2"M where M = max{M(u;) |u € U,i € [1,n]}.

We show that
(S\S™)™ c US.

Let a € (S\S*)™, say a = [[I~,b®) with b)) ... (™ € S\S*. Since
|T(S)| < 2™, there exists some A C [1,m] with |A| = M, say A = [1, M], such
that T(bM) = .. = TOM) = (3y,...,B,) € {0,1}". We set [[L,b™) =b=
by-----b, with b; € H; for every i € [1,n]. Let w € U with T(u) = (f1,...,0n)-
If for some i € [1,n] we have 3; = 1, then b; € (H;\H,)™ whence u; |g b;. If
for some i € [1,n] we have 3; = 0, then w; € H*,b; € H and thus u; |z b;.
Therefore we obtain that w |z b |y a whence u |s a since S C H is saturated.

(d) Let U C H\H* be a finite almost generating set of H, andlet S C H
be divisor-closed. Then

(S\S*WMWU) c UH NS =(UNS)S,

and therefore U NS is a finite almost generating set of S'. Hence S is finitary.

3. It suffices to consider the case kK = 2. If H is finitary, then H; and
Hy are divisor-closed submonoids of H, and therefore they are finitary by 2.

Suppose that, for ¢ € {1,2}, H; is finitary and U; C H;\H is a
finite almost generating set of H;. We shall prove that L(a) is finite for every
a € H\H*, and U = U; UU, UU; U, is an almost generating set of H. Set
M = max{M(U;), M(Us)}.

If a € H\H*, then a = ajas, where a; € H; and a; ¢ H* or ag ¢ H*.
If ay € H*, then L(a) = L(ay) and o™ € UyH,HS C UH. If ay € H*,
then L(a) = L(ag) and a™ € HUsHy C UH. If ay ¢ H{ and ay ¢ HJ,
then factorizations of a into irreducibles are performed component-wise, and
therefore L(a) = L(a1) + L(az) and o™ € U H,UsHy = UH. Hence the
assertion follows. ]

Example 3.9. A monoid H possessing a finite almost generating set which
is not finitary. We consider the additive monoid

H = (Z x Rs0) U (Ng x {0}) C (R?, +).
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We assert that H is a reduced valuation monoid with |s-spec(H)®| = 2 (for the
theory of valuation monoids see [17], Ch. 15 and 16). Indeed, if (m, ), (n,y) €
H, then (m,z) | (n,y) if and only if (n —m,y —x) € H, and this is equivalent
to either y > z or [y = and n > m]. Hence the principal s-ideals of H form
a chain, and therefore H is a valuation monoid. Obviously, H is reduced. If
y € Ryg and n € Z, then [[(n,y)]] = H, and if n € N, then [[(n,0)]] = Ngx{0}.
Therefore H\H* = H\{(0,0)} = (1,1) + H and H\(Ny x {0}) are the only
non-empty prime s-ideals of H. Since H is not a discrete valuation monoid, it
is not atomic (see [17], Theorem 16.4) and thus not finitary.

Since H\H* = (1,0) + H, the singleton {(1,0)} is an almost generating
set of H.

Next we study the arithmetic of finitary monoids. We show that locally
tame finitary monoids have finite catenary degree. This is already known for
various subclasses of finitary monoids. The proof given here for the general case
is so simple that it encourages us to believe that finitary monoids might serve
as an appropriate conceptual tool in factorization theory.

We recall the notions of local tameness and of the catenary degree. For
the relevance of these two fundamental concepts in factorization theory we refer
the reader to the survey article [7].

Let H be an atomic monoid, A = A(Hyeqa), Z(H) = F(A) the free
abelian monoid with basis A and 7: Z(H) — Hyeq the canonical epimorphism.
For z =a;-----a, € Z(H) (where r € Ny and ay,...,a, € A) we call |z| = r the
length of z. For z =yay----- ar and 2’ = yby - - - by € Z(H) (where y € Z(H),
k,l € Ng, at,...,ag,b1,...,b € A and {ay,...,ax} N{b1,..., 0} =0) we call
d(z,2") = max{k,l} € Ny the distance between z and z’.

For a € H, the elements of Z(a) = 7~ *(aH *) are called the factorizations
of a. Let z,2' € Z(a) and N € Ny. By an N-chain of factorizations from z to
2’ we mean a finite sequence (zp, 21, ...,2;) in Z(a) such that zo = z, 2z, = 2’
and d(z;_1,%) < N for every i € [1,k]. We denote by c(a) € Ng U {oo} the
minimal N € NoU {oo} such that for each two factorizations z,2’ € Z(a) there
is an N-chain of factorizations from z to z’. Obviously, c(a) < supL(a). We
call

c(H) =sup{c(a) |a € H} € Ny U {0}

the catenary degree of H .

For u € A, let t(H,u) denote the smallest ¢t € Ny U {oo} such that for
every a € H the following holds: if Z(a) NuZ(H) # 0 and z € Z(a), then there
exists some 2z’ € Z(a)NuZ(H) such that d(z,z") < N. We say that H is locally
tame, if t(H,u) < oo for every u € A.

Theorem 3.10.  Fvery locally tame finitary monoid has finite catenary de-
gree.

Proof. Let H be a locally tame finitary monoid. Then H is a BF-monoid,
and by Lemma 3.4.2, H possesses a finite almost generating set U such that
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UcCA(H). For u e U, we set 4 =uH" € A(Hyeq). We shall prove that
cla) < M =max{M(U),t(H,a) |ue U} forall a€H.

Let a € H be given. Since H is a BF-monoid, we may proceed by induction
on maxL(a). If maxL(a) < M(U), there is nothing to do. Thus suppose that
max L(a) > M(U), and let z,2' € Z(a) be factorizations of a. By Theorem 3.5
we have a € UH, whence a = ub for some v € U and b € H. There exist
factorizations y,y’ € Z(b) (whence ay,ay’ € Z(a) )such that d(z,ay) < t(H,a)
and d(z’,ay’) < t(H,@). Since maxL(b) < maxL(a), there exists an M -chain
of factorizations (yo,...,yx) from y to y’. Then (z,ayo,...,uyx, 2’ ) an M-
chain of factorizations from z to z’. ]

4. v-noetherian G-monoids

Lemma 4.1. Let H be a monoid.

1. If p € s-spec(H), then

p= U

qCp
qEt-spec(H)

2. s-spec(H) is finite if and only if t-spec(H) is finite.

Proof. 1. If a € p, then aH is a t-ideal satisfying aH N (H\p) = (), and
by [17], Corollary 6.3, there exists some q € t-spec(H) such that aH C q C p.
This implies one inclusion and the other one is obvious.

2. If t-spec(H) is finite, then s-spec(H) is finite by 1., and since s-
spec(H) D t-spec(H), the assertion follows. n

Lemma 4.2. Let H be a monoid and a € H. Then the following conditions
are equivalent:

1. a €p for every p € s-spec(H)*.

2. a €p for every p € t-spec(H)*.

3. Every non-empty s-ideal contains a power of a.
4. Q(H)=[HU{a"1}].

5. H =[[d]].

Proof.  The equivalence of 1., 3. and 4. was proved in [6], Lemma 4, and the
equivalence of 1. and 2. follows by Lemma 4.1.1.

1. = 5. If [[a]] # H, then H\[[a]] € s-spec(H)* and a ¢ H\[[a]].

5. = 1. If p € s-spec(H)® and a ¢ p, then [[a]]Np = 0 and therefore
lol) £ H. .
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Definition 4.3. A monoid H is said to be a G-monoid, if there exists some
a € H satisfying the equivalent conditions of Lemma 4.2.

Proposition 4.4.  Let H be a monoid.
1. H is a G-monoid if and only if Heq is a G-monoid.

2. If H is a G-monoid and S C H a cofinal saturated submonoid, then S is
a G-monoid.

3. If H is a G-monoid and D is a monoid such that H C D C Q(H), then
D is a G-monoid.

4. Let k € N and let Hy,...,H; be submonoids of H such that H =
Hy X -+ x Hi. Then H is a G-monoid if and only if H; is a G-monoid
for every i € [1,k].

Proof. 1. If a € H, then H = [[a]] if and only if Hyeq = [[aH *]]. Thus the
assertion follows from Lemma 4.2.5.

2. Let a € H be such that H = [[a]]g, and let S C H be a cofinal
saturated submonoid. Then there exists some u € S such that a |y v, and we
assert that S = [[u]]s. Indeed, if ¢ € S, then ¢ |y a™ for some n € N, hence
¢|g u™, and since S C H is saturated, we obtain ¢ |s u™ whence ¢ € [[u]]s.

3. This follows by Lemma 4.2.4.

4. Tt suffices to consider the case k = 2. If ay € H; and ay € Hy, then
it follows from the very definition that H = [[aya2]] if and only if Hy = [[a1]]
and Hy = [[az]]. Hence, by Lemma 4.2.5, H is a G-monoid if and only if H;
and Hs are both G-monoids. [

Next we investigate monoids H for which s-spec(H) is finite in more
detail.

Proposition 4.5. Let H be a monoid.

1. If s-spec(H) is finite, then H is a G-monoid. In particular, every primary
monoid is a G-monoid.

2. s-spec(H) is finite if and only if s-spec(Hyeq) is finite.

3. If s-spec(H) is finite and S C H s a saturated submonoid, then s-
spec(S) is finite.

4. If s-spec(H) is finite and S C H is a submonoid, then s-spec(S™1H) is
finite.

5. Let k € N and let Hy,...,H, be submonoids of H such that H =
Hy x --- x Hi. Then s-spec(H) is finite if and only if s-spec(H;) is
finite for every i € [1,k].
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Proof. 1. If s-spec(H)®* = {p1,...,p,} and a; € p; for all ¢ € [1,7], then
ay-----a. €p; for all ¢ € [1,r]. Therefore H is a G-monoid by Lemma 4.2.1.
2. If m: H — H,eq denotes the canonical epimorphism, then the assign-
ment [ — 7(I) defines a bijective map s-spec(H) — s-spec(Hyeq)-
3. Let S C H be a saturated submonoid. It 7" C S is any submonoid,
then [[T)]ls = [[T]]lg N S. Now, if p € s-spec(H), then p = H\[[S\p]]lz €
s-spec(H), and

pNS = S\([S\pllz NS) = S\[S\pl]s = p-

Hence the finiteness of s-spec(H) implies the finiteness of s-spec(S).

4. By [17], Theorem 4.4 viii) and Theorem 7.2.

5. It suffices to consider the case k = 2. We shall prove that the divisor-
closed submonoids of S C H; x Hs are exactly the monoids S = 57 x S5, where
S1 C Hy and Sy C Hy are divisor-closed submonoids.

Clearly, if Sy C H; and S C Hy are divisor-closed submonoids, the
S155 is a divisor-closed submonoid of H. Conversely, let S C H be a
divisor-closed submonoid. For i € {1,2}, let p;: H — H; be the canoni-
cal projection. Then p;(S) C H; and p2(S) C Hy are divisor-closed sub-
monoids, and S C p1(S)p2(S). We assert that equality holds. Indeed, suppose
that s = p1(s)p2(s”) € p1(S)p2(S), where s',s” € S. Since pi(s') |s &
and po(s”) |s §”, it follows that pi(s’) € S, pa(s”) € S and hence also
seS. ]

Example 4.6. A G-monoid possessing infinitely many prime s-ideals. Let
H be the additive monoid of all bounded sequences (n;);eny € Ni. Then Q(H)
consists of all bounded sequences (n;);eny € Z", and if e denotes the constant
sequence with value —1, then Q(H) = [H U{e}|. Hence H is a G-monoid. For
every v € N, the sequence p, = (0,i)ien is a prime element of H. Hence H
possesses infinitely many prime s-ideals.

Theorem 4.7.  Let H be a v-noetherian G-monoid and H #+ H* .
1. H is finitary and s-spec(H) is finite.
2. If (H: H) #0, then H is a Krull monoid, and s-spec(H) is finite.

Proof. 1. By Lemma 4.2.2, there exists some a € H lying in all p €

t-spec(H)®. Since H is v-noetherian, we have v = ¢, and therefore t-spec(H)

is finite by [17], Theorem 24.2. Hence s-spec(H) is finite by Lemma 4.1.2.
Every v-noetherian monoid satisfies the ACCP and therefore it is archi-

medean. Hence it remains to prove that H has a finite almost generating set.
For every q € t-spec(H), we consider the prime s-ideal

q = U p € s-spec(H).
pEt-spec(H)
pF#q
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By Lemma 3.2.4, there exists some aq € H\H* such that H\q* = [[aq]]. In
particular, aq ¢ p for all p € t-spec(H)\{q}, and therefore, by [17], Proposi-
tion 6.6 and Theorem 6.7,

VaH= | p=aq
pEt-spec(H)
ag€p
Since H is v-noetherian, every q € t-spec(H) is v-finitely generated. Hence
there exists some n € N such that q" C aqH for all q € t-spec(H).
We assert that

(H\H*)" C {aq | q € t-spec(H)*} H,

whence {aq | q € t-spec(H)®} is an almost generating set of H. Indeed, if
a € H\H*, then there exists some q € t-spec(H)® such that a € q and hence
a™ € agH.

2. By [17], Theorem 24.8.(i), H is a Krull monoid, and hence it is v-
noetherian. By Proposition 4.4.3, His a G-monoid, and by 1. s—spec(f[) is
finite. ]

We do not know whether the assumption (H : H) # () in Theorem 4.7.2

is necessary. If H is a G-monoid, then H is completely integrally closed by
[6], Theorem 4, but H need not be completely integrally closed (see [12],
Theorem 3). However, we do not know of an example of a v-noetherian G-
monoid for which H is not a Krull monoid.

Recall that a monoid H is said to be seminormal, if the following condi-
tion is satisfied:

If x € Q(H) and z" € H for all sufficiently large n € N, then « € H.

The condition of seminormality plays a central role in order to obtain strong
results on the structure of the complete integral closure (see [21], [4] and [5]). In
particular, the complete integral closure of a seminormal v-noetherian domain
is a Krull domain (see [2], Theorem 2.9).

Here we show that for a seminormal G-monoid H we always have (H :
H) # 0 (a corresponding result for integral domains was proved in [4],
Lemma 3.8).

Proposition 4.8. Let H be a G-monoid and

i= (] »

pEs-spec(H)®

1. Ifa€j and x € H, then there exists some k € N such that a*z™ € H
for all n € N.

2. If H is seminormal, then H = (j:j) and j C (H : H).



GEROLDINGER, HALTER-KOCH, HASSLER, AND KAINRATH 15

Proof. 1. Suppose that a €, = € H and let ¢ € H such that cz™ € H for
all n € N. Since by Lemma 4.2 [[a]] = H, there exist b € H and k € N such
that a* = bc and therefore a*z™ = bex™ € H for all n € N.

2. It is sufficient to prove that jH C j. Indeed, then H C (G :j) and
the other inclusion follows by [17], Theorem 14.1. In particular, we obtain that
jH C H and hence j C (H : H).

Suppose that = € H and a € j. By 1.there exists some k € N such that
a*2™ € H for all n € N. For n > k we obtain

(az)" = a" *(aF2™) c aH Cc H
whence axz € H by seminormality, and even ax € vVaH C Vj =]. ]

Theorem 4.9. Let H be a monoid.

1. H is a v-noetherian G-momnoid if and only if Hiq 1S a v-noetherian
G-monoid.

2. FEvery saturated submonoid of a v-noetherian G-monoid is a v-noetherian
G-monoid.

3. If H is a v-noetherian G-monoid and S C H a submonoid, then S™'H
is a v-noetherian G-monoid.

4. Let k € N and let Hy,...,H; be submonoids of H such that H =
Hy x --- x Hy. Then H is v-noetherian G-monoid if and only if H;
is a v-noetherian G-monoid for every i € [1,k].

Proof. 1. If m: H — H..q denotes the canonical epimorphism, then the
assignment I — 7(I) defines a bijective map Z,(H) — Z,(Hyeq). Hence H is
v-noetherian if and only if Hq is v-noetherian. By Proposition 4.4.1, H is a
G-monoid if and only if H,eq is a G-monoid.

2. Let H be a v-noetherian G-monoid and S C H a saturated sub-
monoid. By Theorem 4.6.1, s-spec(H) is finite. Hence s-spec(S) is finite by
Proposition 4.7.3, and therefore S is a G-monoid by Proposition 4.7.1. By [10],
Proposition 6.6, S is v-noetherian.

3. By Proposition 4.4.3., S~'H is a G-monoid, and by [17], Corol-
lary 24.1, S~'H is v-noetherian.

4. If H is a v-noetherian G-monoid and i € [1,k], then H; C H is a

saturated submonoid and hence a v-noetherian G-monoid by 2. If Hy,..., Hy
are v-noetherian G-monoids, then H is a G-monoid by Proposition 4.4.3, and
H is v-noetherian by [10], Proposition 6.7. m

Corollary 4.10. Let H be a monoid such that H..q is finitely generated.
Then H is a v-noetherian G-monoid.

Proof. By Theorem 4.9.1 we may suppose that H is finitely generated,
say H = [u1,...,u,]. Then H = [[uq - --- - u,]] and, by Lemma 4.2.5, H
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is a G-monoid. By [17], Theorem 3.6, H is s-noetherian and hence v-noe-
therian. |

Remark 4.11. 1. There exists a primary monoid H (whence |s-spec(H)®|
=1 and thus H is a G-monoid) for which H is factorial (whence H a Krull
monoid) with finitely many non-associated prime elements and (H : H ) # 0,
but H is not v-noetherian (see [9]). This example is in contrast to the Eakin-
Nagata theorem in ring theory (see [20], Theorem 3.7).

2. We consider the (multiplicative) monoid H = {1} U2N C N. We
assert that H is finitary and v-noetherian, but not a G-monoid. Obviously,
H is a reduced BF-monoid, which is finitary since (H\{1})?> C 2H. If p is a
prime, then I, = 2pN is a prime s-ideal of H, but there is no @ € H lying in
all I,. Hence H is not a G-monoid. In order to prove that H is v-noetherian,
we show that Z,(H) = {2aN | a € N} U {0}.

Clearly, Q(H) = Qs¢. If § # X C 2N = H\{1}, then there exists some
a € N and a subset Xg C N such that ged(Xp) = 1 and X = 2aXy. Then
X1 =0a"IN and X, = (¢7!N)~! = 2aN. Therefore X is a v-ideal if and only
if X = 2aN for some a € N.

The monoid {1} U 2N is the simplest example of a non-trivial abstract
congruence monoid (see [9]).

Proposition 4.12.  Let H be a Krull monoid and U C H\H* an almost
generating set. Then we have p U # @ for all p € v-spec(H)®.

Proof.  Assume to the contrary that
Q={p € v-spec(H)* | pNU # 0} C v-spec(H)*.

Then there exists an element a € H such that a € q for some q € v-spec(H)*\(2,
and we choose a in such a way that

d=[{peQ|acp}

becomes minimal. Since U is an almost generating set of H, there exists some
u € H and n € N such that a™ € uH. Thus it follows that a € p for some
p € Q, hence d > 1, and we set

{p€Q|a’€p}:{p17apd}

For p € v-spec(H)®, we denote by v, the p-adic valuation of Q(H) (see
[17], 26.4). For i € [1,d], we set v; = vp,(u) € Ny and w; = v, (a) € N. By
construction, vy(u) = 0 for all p € v-spec(H)*\{p1,...,pa}, and v4(a) > 0.
Let j € [1,d] be such that
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and consider the element o' = w™"ia% € Q(H). We assert that o' € H
contradicts the minimal choice of a. Indeed, if ¢ € [1,d], then v, (a') =
—w;v; + vjw; > 0, vy (a') = 0, and if p € v-spec(H)*\{p1,...,pq}, then
vp(u) = 0 and hence vy(a’) = vp(a) > 0. In particular, o’ € H, vq(a’) > 0, and

{pecQ|d ep}C{p,...,paf\{p;},
a contradiction. [

Corollary 4.13.  Let H be a Krull monoid and H # H* . Then the follow-
ing conditions are equivalent:

1. H is a G-monoid.

2. H is finitary.

e

s-spec(H) is finite.
4. Hieq s finitely generated.

Proof. Since H is wv-noetherian, Theorem 4.7 shows that 1. = 2. and
1. = 3., and Proposition 4.5.1 shows that 3. = 1.

3. <= 4. By Lemma 4.1.2, s-spec(H) is finite if and only if ¢t-spec(H) =
v-spec(H) is finite. By [17], Theorem 23.4, H possesses a divisor theory. If
0: H — D is a divisor theory, then D = 7,(H), and Z;(H) is free with basis
v-spec(H)® (see [17], Theorem 20.5 and Corollary 23.3). Hence s-spec(H) is
finite if and only if H has a divisor theory with only finitely many prime divisors,
and by [14] Satz 1, this is true if and only if H,eq is finitely generated.

2. = 3. Let U C H\H* be a finite almost generating set of H. By
Proposition 4.12, every p € v-spec(H)® contains some u € U. Since every
u € U lies in only finitely many v-prime ideals of H it follows that v-spec(H)
and hence also s-spec(H) is finite. [

We close with a few remarks concerning integral domains. If R is an
integral domain, then we denote by R®* = R\{0} its multiplicative monoid and
by R# = R*/R* the associated reduced monoid. The d-system on R® is
defined by Xgq = g(X)\{0}. Thus a subset a C R® is a d-ideal if and only
if aU{0} C R is a usual ring ideal. The domain R is called a G-domain, if
Mped-spec(reys P 7 O (see [13], §31 for the theory of G-domains). Since d is a

finitary ideal system on R®, Proposition 11.6 in [17] implies that

N »= N »

pEd-spec(R*®)® pEt-spec(R®)*®

Hence R*® is a G-monoid if and only if R is a G-domain. If R is a one-
dimensional semilocal domain, then d-spec(R®*)® = {p1,...,px} is finite whence
{0} CTI;—1ps €Ny pi and R is a G-domain.



18 GEROLDINGER, HALTER-KOCH, HASSLER, AND KAINRATH

An integral domain is called a Mori domain if it satisfies the ascending
chain condition on divisorial ideals. For a survey article concerning recent results
on Mori domains we refer the reader to [3]. Note that an integral domain R is a
Mori domain if and only if R*® is v-noetherian. Hence if R is a one-dimensional
semilocal Mori domain, then R® is a v-noetherian G-monoid. We summarize
our discussion in the following result.

Proposition 4.14.  For a noetherian domain R the following conditions are
equivalent:

1. R is a one-dimensional semilocal domain.
2. R® is a G-monoid.
3. R*® is finitary.

Proof. 1. = 2. follows from above and 2. = 3. from Theorem 4.7.1. To
verify 3. = 1., let U C R*\R* be a finite almost generating set of R®*. The
set P of minimal prime d-ideals lying over some u € U is finite and by Krull’s
principal ideal theorem every ideal in P has height one. If z € R*\R*, then
+MU) ¢ p for some p € P whence z € p. Thus if m C R is a maximal
d-ideal, then m C Upe’P p whence m C p. Therefore R is one-dimensional and
semilocal. ]

Proposition 4.14 does not stay valid any longer for Mori domains, as we
point out in the following remark.

Remark 4.15. 1. There are Mori domains in which Krull’s principal ideal
theorem does not hold: let k be a field and A = k + Xk[X,Y] where X and
Y are indeterminates. Then A is a Mori domain, the ideal M generated by
{XY™ | n €Ny} is a prime ideal which is minimal over X but has height two
(see [1], Example 3.6 (c) ).

2. Let R be a Mori domain, a € R and p C R a prime d-ideal which is
minimal over a and has height greater than one. Then R, is a Mori domain,
not one-dimensional and p, = Rp\R, is the only prime d-ideal lying over aR,
whence it is a v-ideal by [17], Proposition 6.6. Therefore we have \/aR, = p,
and by Lemma 3.1.2 there is some n € N such that (R,\R; )" C aR,. Thus
Ry is a finitary monoid and {a} is an almost generating set. Note that Ry is
not a primary monoid, since R, is not one-dimensional.

We close with a further example of v-noetherian G-monoids arising in
the theory of non-unique factorizations.

Example 4.16.  Local monoids in noetherian weakly Krull domains are v-
noetherian G-monoids. Let R be a noetherian weakly Krull domain (cf. [16]),
i.e. a noetherian domain such that

R= (] R,

pPEX(R)
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where X(R) denotes the set of height one prime ideals of R. Then the canonical
map
®: R¥ — H R#
pEX(R)

is a divisor homomorphism (note that for every r € R® we have r € R, for all
but finitely many p € X(R)). Let * € R* and V(z) = {p € spec(R) | = € p}.
Then

[[]] r# € R*

is called the local monoid belonging to x. These monoids are studied in detail
in [19], section three. It turned out that

[2l)r = {y € R | V(y) C V(2)} = {y € B | V(y) N X(R) C V(z) N X(R)}

and that

® s [eller = [[  RE (%)
peV (2)NE(R)

is a cofinal divisor homomorphism whose class group is a subgroup of the
class group of R ([19], Proposition 3.2 and Theorem 3.4). Since each R, is
a one-dimensional, local noetherian domain, R# is a v-noetherian G-monoid
by Proposition 4.14. Since V(x) N X(R) is finite, (x) and Theorem 4.9.2 imply
that the local monoid [[x]]g# is a v-noetherian G-monoid.

Local monoids allow to obtain finiteness results for arithmetical invari-
ants (such as the catenary degree or local tame degrees) under very moderate
finiteness assumptions on the class group of R (see [18], Section 5 and [19],
Section 4).
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