CANCELLATION IN
PRIMELY GENERATED REFINEMENT MONOIDS

GARY BROOKFIELD

ABSTRACT. We prove that any primely generated refinement monoid M has
separative cancellation, and even strong separative cancellation provided M
has no nonzero idempotents. A form of multiplicative cancellation also holds:
na < nb implies a < b for a,b € M and n € {1,2,3,...}. In addition, M is
a semilattice in the sense that, given c1,c2 € M, there is an element d € M
such that c1,co < d and, for all a € M, ¢1,c2 < a implies d < a. Finally, we
prove that any finitely generated refinement monoid is primely generated; in
fact, this holds for any refinement monoid with a set of generators satisfying
the descending chain condition.

1. INTRODUCTION

In recent years there has been an increasing recognition that certain questions
arising in module theory can be usefully reformulated and generalized as questions
about the cancellation properties of refinement monoids. Before giving examples
of this we define the relevant monoid properties: A commutative monoid M has
refinement (2.2) if the equation a; + as = by + by in M implies the existence of
C11,C12, C21, Co2 € M such that a1 = ¢c11 + ¢12, as = co1 + co2, by = ¢11 + ¢21, and
ba = c12 + co2. There are many cancellation properties that we will discuss in this
paper. Two of these are separativity: (Va,b € M) 2a =a+b=2b = a =b);
and strong separativity: (Va,be€ M) (2a =a+b = a=0b).

The clearest example of this use of refinement monoids in module theory appears
in the work of P. Ara, K. R. Goodearl, K. C. O’Meara and E. Pardo [1] on exchange
rings: For a ring R let R-Proj be the category of finitely generated projective left
R-modules, and for P € R-Proj, let (P) be the isomorphism class containing P.
Let V(R) be the set of isomorphism classes with operation + induced from the
direct sum, that is, (P;) 4 (P2) = (P1 ® Ps) for all P, P, € V(R). Then V(R) is an
commutative monoid. If R is an exchange ring (see [1, Section 1] for the definition),
then V(R) has refinement. Examples of exchange rings are (Von Neumann) regular
rings, semiregular rings, and C*-algebras of real rank 0.

Many important open questions about exchange rings have been reduced to the
single (unresolved) question: Is V(R) separative? Thus a module theoretic problem
has been reduced to a question about cancellation in refinement monoids.

To discuss the second example of a refinement monoid arising in module theory,
we need more definitions: For a monoid M, let < be the preorder (2.1) on M
defined by a < b if and only if there exists ¢ € M such that a + ¢ =b. An element
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p € M is prime (2.6) if for all aj,as € M, p < a1 + ag implies p < a1 or p < as.
A monoid is primely generated if each of its elements is a sum of primes.

The second example comes from the study of the extensional structure of module
categories [2], [3], [4]. The monoid in question, M(S), is defined for any Serre
subcategory S of left R-modules, and has the universal property that any map
from S to a commutative monoid which respects short exact sequences, factors
through M(S). As a consequence of the Schreier refinement theorem, M(S) is a
refinement monoid. For the details of this construction see, in particular, Section
3 of [3].

Suppose R is commutative Noetherian (or more generally, fully bounded Noe-
therian), and R-Noeth is the Serre subcategory consisting of all Noetherian R-
modules. Then M (R-Noeth) is a primely generated refinement monoid. (In fact,
in this case, M (R-Noeth) is Artinian (6.1) [2, 19.6].)

The module theory part of this claim about M (R-Noeth) will be developed in
a subsequent paper. The purpose of the current paper is to show that refinement
monoids which are primely generated have a lot of structure regardless of how they
arise.

We will prove, for example, that a primely generated refinement monoid M is
separative, and is strongly separative if 2e = e in M implies that e = 0 (4.5). Also,
M has the multiplicative cancellation property (5.11(5)) that na < nb implies a < b
for all a,b € M and n € N = {1,2,3,...}. In addition, M is a semilattice (5.16)
in the sense that, given c1,co € M, there is an element d € M such that c1,co < d
and, for all @ € M, ¢1,co < a implies d < a. These cancellation properties are
summarized in 5.19.

We will also show that, if M is cancellative, it has a very simple structure: It
must be the direct product of an Abelian group and a free commutative monoid
(5.14). Other properties of such monoids appear in Sections 4 and 5.

In Section 6 of the paper we show that any refinement monoid whose generators
satisfy the descending chain condition relative to the preorder < is primely gener-
ated (6.7). In particular, this means that any finitely generated refinement monoid
is primely generated, and hence has all of the properties described above.

It should be pointed out that, in general, refinement monoids need not have
any of these cancellation properties. This is a consequence of the fact that any
commutative monoid can be embedded in a refinement monoid [11], [6, 5.1], [19].
Thus, for example, the non-separative non-refinement monoid {0, 1,00} of 3.2(2)
can be embedded in a refinement monoid which is not separative. From the results
of this paper such a non-separative refinement monoid cannot be finitely generated,
or more generally, be primely generated. For the question about exchange rings,
this provides in a sense a “lower bound” on the complexity of any V(R) which is
not separative.

The author thanks Ken Goodearl and Fred Wehrung for their helpful comments
during the preparation of this paper.

2. DEFINITIONS

All monoids and semigroups in this paper will be commutative, so we will write
+ for the operation and 0 for the identity element unless this conflicts with existing
notation. We refer the reader to [13] and [14] for the standard concepts of monoid
theory.
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‘We collect here some notation we will need:

Notation 2.1. Let M be a monoid and a,b € M.

a<b <= dce M such thata+c=20>
a<Lb <<= a+b<d

a=b << a<bandb<a
{=a}={ceM|c=a}

axb <= dn €N such that a < nb
{xa}={ce M|cxa}

axb < bxaxb
<at={ceM|cx=xa}

The relation < is a preorder on M. (This would not be true if M were merely a
semigroup. Without an identity element, < need not be reflexive.) For the monoid
(Z*,+), the set of nonnegative integers, this preorder coincides with the usual
order. For the monoid (Z,+) we have m < n for all m,n € Z. So, for Z, the
preorder < is not the same as the usual order on the integers.

The relation < is transitive,  is a preorder, and = and < are congruences. The
set {o< a} is a submonoid and {x< a} is a subsemigroup of M.

Definition 2.2. Let M be a monoid.

(1) M has refinement [17], [6], [7], [18] if for all a1, a2,b1,bs € M with a1 +
as = by + ba, there exist c11,c12,Ca1,Coa € M such that

ap = c11 + ci2 Gz = €21 + C22
by = c11 + ¢ by = c12 + ca2.
(2) M has decomposition if for all a,by,by € M with a < by + by there exist
ay,as € M such that a1 < by, as < by and a = a1 + as.
It is easy to check that for a monoid M,

M has refinement = M has decomposition.

Example 3.2(2) shows that the converse is not true.

A simple induction shows that the refinement property extends to equations
involving sums of more than two elements: If a1 +ao+...+ay, =by+b2+...+ b,
in a refinement monoid, then there are ¢;; such that a; =3, ¢;; and b; = 3, ¢;j.

It is convenient to record refinements using matrices. The refinement of a1 4+as =
b1 + by from the definition would be written

by b
ap ( €11 C12
az \ca1 22 )’
This means that the sum of the entries in each row (column) equals the entry
labeling the row (column).
Definition 2.3. Let M be a semigroup.
(1) M is cancellative if for all a,b,c € M, a4+ ¢ = b+ ¢ implies a = b.
(2) M is strongly separative [1], [3, 2.3] if for all a,b € M, 2a = a+b
implies a = b.

(3) M is separative [5, Chapter 4.3] if for all a,b € M, 2a = a+b = 2b
implies a = b.
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Obviously, for a semigroup M we have the implications
M cancellative =—> M strongly separative = M separative.

We should mention one simple but extremely useful fact which will be used
without comment throughout this paper: If a,b, c,d are elements of a monoid M
such that a + c =b+ c and ¢ < d, then a +d = b+ d. In particular, if ¢ < a then
2a = a+b, and if ¢ < a,b then 2a = a + b = 2b.

The next two lemmas give conditions which are equivalent to separativity and
strong separativity. The proofs are easy.

Lemma 2.4. [1, 2.1], [2, 8.10] For a decomposition monoid M, the following are
equivalent:

(1) M is separative.
(2) (Va,b,ce M) ((a+c=b+c andcxab) = a=h)
(3) (Va € M) ({x a} is cancellative)
(4) (Va,b e M)(¥Ym,n € N) ((ma =mb and na = nb) =
(ka = kb where k = ged(m,n)))
(5) (Va,b,ce M)(V¥neN) (a+nc=b+nc = a+c=b+¢)
(6) (Va,b,ce M) ((a+c=b+candc<a,b) = a=10)

Items 1-4 of this lemma are, in fact, equivalent even when M does not have
decomposition.

Lemma 2.5. [3, 2.3] For a monoid M, the following are equivalent:

(1) M is strongly separative.
(2) (Va,b,ce M) ((a+c=b+candc<a) = a=0b)
(3) (Va,b,ce M)(VneN) (a+(n+1l)c=b+nc = a+c=0b)

Definition 2.6. Let M be a monoid and p € M.

(1) p is prime if for all a1,a2 € M, p < a1 + as implies p < ay or p < as.
(2) p is proper if p £ 0.

(3) p is regular if 2p < p (equivalently, 2p = p or p K p).

(

(

)

3)

4) p is idempotent if 2p = p.
5) p is free if for all m,n € N, mp < np implies m < n.

An element a € M is primely generated if it is the sum of prime elements
of M. The monoid itself is primely generated if all its elements are primely
generated.

Notice that, by this definition, any element p < 0 is prime. Also, if p = ¢, then
p is prime (regular, free, proper) if and only if ¢ is prime (regular, free, proper).
Evidently, a free element is not regular and vice versa, but, in general, a monoid
may have elements which are neither as in 3.2(2).

Every idempotent is regular, and every regular element is associated with a
unique idempotent by the following lemma.

Lemma 2.7. If q is a regular element in a monoid, then there is a unique idem-
potent e in {= q}, and {= q} = {= e} is an Abelian group with identity e.

Proof. Since 2q < ¢, there is some s € M such that 2¢4+ s =g¢q. Set e =g+ s. It
is then routine to confirm that e is the unique idempotent in {= ¢} and that the
remaining claims are true. ([l
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We see from this lemma that every regular element in a monoid is associated
with an Abelian group. We will actually be able to associate a group with any
element of any monoid as follows.

Definition 2.8. Let u be an element of a monoid M. Define a congruence ~,, on
M by

aryb <= uta=u+b

for a,b € M. We will write [a],, for the ~,-congruence class containing a € M.
Define G, = {[a]u | a < u}. One can easily show that G, is the set of all units
(invertible elements) of the quotient monoid M/~, and so is an Abelian group.

The following facts about G, are easy to check:

Lemma 2.9. Let u,v,e be elements of a monoid M.

(1) If v = u, then ~, and ~, coincide. In particular, G, = G,.

(2) The map Q: G, — {= u} defined by Q([x].) = v+ x is a bijection (but not
in general a homomorphism). If we define the operation O, on {= u} by
aO, b=u+z+y wherea =u+x and b = u+y, then the set {= u} with
operation O is a group isomorphic to G, with identity u.

(3) If e € M is an idempotent, then the operation O, coincides with + on
{= e}, and the map Q: G, — {= e} is a group isomorphism.

From 2, we see that we could have defined G, to be ({= u}, O,,u). The
advantage of this is that the elements of the group are then elements of M, rather
than congruence classes. The disadvantage is that if v = u, then we have G,, = G,
as sets, but the operations O, and 0O, are, in general, different.

3. EXAMPLES

This section provides some examples and special cases of monoids having some
of the properties defined previously, and also illustrates the complex relationships
between these properties.

Example 3.1. Let Z* be the set of nonzero integers with multiplication as monoid
operation. 7Z* is a cancellative refinement monoid for which 1 is the identity el-
ement. (Here we must deviate from our convention of additive notation.) The
monoid preorder < becomes divisibility: (a < b <= a | b). The only regular
elements are 1 and —1. All other elements are free. 1 is the only idempotent. The
numbers £1,+2, 43, £5,+7, ... are the prime elements. For every element a € Z*
we have G, 2 Z/27.

Example 3.2.

(1) We will write {0,00} for the monoid such that co + oo = oo. This is a
primely generated refinement monoid which is separative but not strongly
separative.

(2) The monoid {0,1,00}, where 1 +1 =14 00 = 0o + 00 = 00, has decom-
position but not refinement since the equation 1 +1 = oco + oo cannot be
refined. The defining equation shows that this monoid is not separative.
The elements 0 and 1 are prime, so this monoid is primely generated. The
element 1 is neither free nor regular.

The following result is well known. Since its simple proof does not appear else-
where in print (except perhaps in [8, 2.1] where it is applied to partially ordered
Abelian groups) we include it here.
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Theorem 3.3. Let M be a cancellative monoid. Then M has decomposition if
and only if it has refinement.

Proof. Suppose that M has decomposition and there are a1, as, b1, bo € M such that
a1 +as = by +by. Since a; < by +bs, there are ¢11, 12 € M such that a; = ¢11 +c9,
c11 < by and ¢12 < by. From the inequalities there are ca1, co2 such that by = ¢11+c¢o1
and by = c12+c22. Now we have aj+as = b1+ba = c11+ca1+c12+c22 = a1+ca1+C29,
so cancellation of a; gives as = c21 + co2. Thus we have constructed a refinement
of the original equation. ([l

Example 3.4. Let (M,+,0) be an Abelian group. It is easy to see that a < b
for all a,b € M, and so, in particular, all elements of M are reqular primes. This
monoid is trivially a decomposition monoid. Since M is cancellative, it is also a
refinement monoid. For any elementa € M, G, = M.

The above example shows that any theorem that applies to primely generated
refinement monoids also applies to Abelian groups. Thus, for example, we will not
get cancellation of the form 2a = 20 = a = b for primely generated refinement
monoids, since this is not true for Abelian groups. The fact that Abelian groups
have refinement is also a trivial consequence of the next theorem:

Theorem 3.5. Let M be a monoid such that (Va,b € M) (a <b orb<a). Then
M is separative if and only if M has refinement.

Proof. Suppose M is separative and we have a; + as = by + by in M. Using the
hypothesis on < we can, without loss of generality, assume that a1 < as,b1,bs. In
particular, by = a1 + x1 for some 1 € M. Thus we have the equation as + a1 =
(bo+x1)+ay with a; < ag, bo+x1. This implies that 2as = ag+(ba+x1) = 2(ba+x1).
Since M is separative, we have as = by + x1 and then

b1 bo

aq aq 0
as <.131 b2>
is a refinement of the original equation.

For the converse, we show that ((a +c¢=b+cand ¢ < a,b) = a =) for
a,b,c € M. Since M has refinement, this property is equivalent to separativity
(2.4).

We make a refinement of the equation a +c¢ = b+ ¢:

b ¢

a d1 aq
C b1 C1

Without loss of generality, we can assume a; < by and hence b; = a; + x; for some
xr1 € M. We now have c = ¢; + b1 = ¢1 + a1 + 21 = ¢+ 1, and, since ¢ < a, this
implies a =a+x,. Finally b=d; + b =di +a1+ 21 =a+ 1 = a. O

The monoids Z and R* (the nonnegative real numbers) are totally ordered by
< and are cancellative, so by the theorem they are refinement monoids.

We now consider examples of monoids which are, in a sense, as far from cancella-
tive as possible: A poset L is a semilattice if for each pair of elements, a,b € L,
the supremum a V b exists. A semilattice £ which has a minimum element 0 is
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called a O-semilattice. In this case, (£, V,0) is a monoid in which all elements are
idempotent.

Conversely [12, 1.3.2], if M is a monoid in which all elements are idempotent,
then

Ma,be M) (a<b < a+b=b < a<b),

and (M, <) is a O-semilattice with minimum element 0 in which 4+ and V coincide.
Though 0-semilattices are not cancellative or strongly separative, they are trivially
separative.

The following result is well known [7], [9], but since its proof does not appear
elsewhere in print we include it here.

Theorem 3.6. Let M be a 0-semilattice. Then M has decomposition if and only
if it has refinement.

Proof. Suppose that M has decomposition and there are a1, as,b1,by € M such
that a; + as = by + ba. Since a1, as < by + by, there are ci1, ¢12, 21, 20 € M such
that a1 = ¢11 + ¢12, ag = o1 + €22, ¢11,¢21 < b1 and c¢q9, a2 < by. Similarly, there
are dll,dlg, dgl, d22 € M such that bl = dll +d21, b2 - d12 +d22, d117 d12 S aq and
da1,dos < as. It is then easy to check that

b1 ba

ar (ci1+din ciz2+dia
az \ ca1 +dor  co2 + dao

is a refinement of the original equation.
We confirm this for ai: We have aq S ay + d11 + d12 =11 + d11 + c19 + d12 S
4a7 = ay. Since < is a partial order, this implies ¢11 + dq11 + ¢12 + d12 = a;. O

In semilattice theory the decomposition property is called distributivity because
a lattice (£,V,A) is distributive if and only if the semilattice (£, V) has decom-
position. See [10, p. 99]. An element a in a semilattice (£, V) is irreducible if
a = by V by implies a = by or a = b for all by,bs € L. One easily checks that in a
decomposition 0-semilattice, an element is irreducible if and only if it is prime. The
monoid {0, co} is a simple example of a primely generated refinement 0-semilattice.

4. CANCELLATION I

In this section we consider the cancellation properties of a primely generated
refinement monoid M. We have seen that M could be a 0-semilattice and hence
far from cancellative. We will also see that, if M is cancellative, then M has a
very special structure (5.14). So it is perhaps surprising that an arbitrary primely
generated refinement monoid has any cancellation properties at all.

To make clear what properties are possible, suppose that we have the equation
a+c=>b+ cin M, and hence also a refinement matrix

b ¢

a dl aq
& b1 C1
Consider the following conditions that the entries of the matrix might satisfy:
A. a; = bl =0

B.c=¢
C.c=c
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Trivially A = B = C. Condition A occurs if and only if ¢ cancels from the
original equation to give a = b. For cancellative monoids B is equivalent to A, but
B is attainable for O-semilattices too: Given the refinement matrix as above, we
have ¢; < ¢, andso ¢c;+c=cand a;+c = aj;+c;+c¢ = 2c=c. Similarly b; +c = c.
Consequently the entry ¢; in the refinement matrix can simply be replaced by ¢ to
yield a refinement matrix satisfying B.

Thus B is a good candidate for a cancellation rule which allows M to be a 0-
semilattice. What actually occurs for primely generated refinement monoids is C
as the next theorem shows.

Theorem 4.1. Let M be a refinement monoid, a,b,c € M with ¢ primely gener-
ated. If a + c=0b+ c, then there is a refinement matriz

b ¢
a dl aq
C bl C1

Proof. Let C be the class of all elements ¢ € M such that a + ¢ = b+ ¢ implies the
existence of a refinement as above. Clearly 0 € C. We will show that if ¢ € C and
p € M is prime, then ¢+ p € C.

Suppose we have a + ¢+ p = b+ ¢+ p for some ¢ € C and prime p. Since ¢ € C,
there is a refinement

with ¢ < ¢y.

b+p ¢
a+p d a
c v c1
with ¢ < ¢;. Refining the equation b+ p = d’ + b’ and then refining the resulting
equation involving a + p we get a new refinement matrix, still with ¢; as an entry:
b p ¢
a dg g asg

plb p1 po
c\bs p3

Note that p = by + p1 + p2 = as + p1 + p3. Now we consider two cases:
o If p<pyorp<pyorp<p;s then c+p<ci+p1+p2+p3 and
b c+p
a do as + as
c+p (bz +b3 c1+p1+pe +p3>
is a refinement of the form we seek.

o If p £ p; and p £ ps and p £ p3, then since p is prime we must have p < as
and p < by. Hence as = p + a4 and by = p + by for some ay4,by € M, and

b c+p
a do+p a3 + aq
c+p \bs+by p+eci+pr+p2+p3

is a refinement of the form we seek.

We have shown therefore that ¢ + p € C, and by induction, that any primely
generated element is in C. (]
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Corollary 4.2. Let M be a refinement monoid and a,b,by,bs,c,c1,c0 € M with
¢, c1,co primely generated.

(1) a+c<b+c = (Ja; < ¢ such that a <b+aq)

2) a < c1+ca = (Jay,as such that a = a1 + az, a1 K ¢1 and ag K ¢3)
) a=c1+ce = (Jai,as such that a = a1 + az, a1 = c¢1 and as = ¢3)
) a=c = a is primely generated

ye<a<cH4b,c+by = (Ib<by,by such that a =c+b)

(

(3
(4
(5

Proof.

(1) There is some x € M such that a + x + ¢ = b+ ¢, and then, from 4.1, a
refinement matrix

b ¢
at+z (di a1
C ( b1 C1 )
with ¢ < ¢;. This impliesa < a+x =d; + a1 < b+ a; with a; < c.

(2) We have a + ¢; + ¢2 < ¢1 + ¢2. Using 1, there is some a), < ¢o such that
a+cy; < ¢1+ab. Using 1 again, there is some a} < ¢; such that a < a} +ab.
Decomposing this last inequality, there are a1 < af < ¢ and as < @y < ¢o
such that a = a1 + as.

(3) We have ¢; + ¢2 < a so there is some u such that ¢; +co +u =a < ¢; + ca.
Since u < ¢1 + ¢2, by 2, there are uy,us with u = u; + us, u; < ¢; and
Uy K cg. Set a1 = ¢ +up = c¢1 and as = ¢ + us = ¢o, then a = a1 + as.

(4) Let ¢ =p1 +p2+ ...+ pn where p1,pa, ... ,py are primes. Using 3 induc-
tively one sees that a can be written a = p} + ph + ... + ply where p; = p;
fori=1,2,...,N. Thus a is primely generated.

(5) Let x be such that ¢ = ¢+ x. We then have c+x < ¢+ by, c+ b2 so from 1,
there are ai,as < ¢ such that x < by 4+ a1, bs + a2. Using decomposition,
there are ¥ < b; and asz < aj such that x = b 4+ a3. Since ¥/ < 2 <
by + ao, there are b < by and a4 < as such that ¥’ = b+ as. We now have
T =b+az+ay withd < b < b, b<byandasz+as <aj+a < c
From the last inequality we get ¢ = ¢ + a3 + a4. Adding b to this yields
b+c=b+ctast+as=c+zx=a.

O

TItem 4 of this corollary will be strengthened in 5.18(3).
The cancellation property of item 1,

(a+c<b+c = (Ja; < csuch that a < b+ ay)),

is called pseudo-cancellation by F. Wehrung [18], [19], [20]. Note that claims 2,3
and 5 of this corollary follow from it and decomposition.

We next consider the cancellation of a from the equation 2a = a + b in a monoid
M. If the monoid has nonzero idempotents, 2a = a + b need not imply a = b. To
see this, suppose e = 2e € M is an idempotent and b € M is any element such that
e £ b, then setting a = b+ e we get 2a = a + b but a # b. The next theorem is a
generalization of the fact that, for a primely generated refinement monoid, this is
the only way that cancellation fails for the equation 2a = a + b.
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Theorem 4.3. Let M be a refinement monoid and a,b,c,d € M with ¢ primely
generated. If a+d = b+ d and d x ¢ x a, then there is a primely generated
idempotent e € M such that a = b+ e.

Proof. Since d ¢, there is some n € N such that d < nc. From a+d =b+d
we then get a + nc = b+ nc. Since nc is primely generated and nc « a, we have
reduced our task to proving the following special case: If a + ¢ = b+ ¢ with ¢
primely generated and c¢ o a, then there is a primely generated idempotent e such
that a = b+ e.

Let C be the class of all elements ¢ € M such that a+c¢ = b+ c and ¢ «x a implies
the existence of a primely generated idempotent e € M with a = b+ e. Clearly
0 € C. We will show that if c € C and p € M is prime, then c+p € C.

Suppose we have a +c+p=0b+ ¢+ p with ¢ + p x a for some ¢ € C and prime
p. Since ¢ € C and ¢ x a < a + p, there is a primely generated idempotent e € M
with @ + p = b+ p + e. From 4.1, there is a refinement matrix

b+e p
a dq ai
p < by P1>
with p < p1.

Since p < p+c x a = dy + a; and p is prime, we have p < d; + a; and hence
two cases to consider:

e If p < dy, then p; < p < dy, and the equation a; + p; = by + p1 implies
a1 +dy = by +dy, that is, a = b+ e.

o If p < ay, then 2p < ay + p1 = p, so p is regular. By 2.7, there is some
idempotent f = p. We have p < f, and so a +p = b+ e + p implies
a+f=b+e+f. Also f <p <a, and so f = 2f implies a = f + a.
Consequently a = b+ e + f. The element f is prime and so e + f is a
primely generated idempotent.

We have shown therefore that ¢ +p € C, and by induction, that any primely
generated element is in C. (]

Corollary 4.4. Let M be a refinement monoid, a,b,c,d € M with ¢ primely
generated and n,m € N. Then

(1) (a+d=b+danddxcxa,b) = a=hb
(2) (de{xc}anda+nd=b+nd) = a+d=0b+d
(3) {x ¢} is cancellative
(4) (a,b € {=xc} and ma = mb and na = nb) =
(ka = kb where k = ged(m, n))

(1) From the theorem we have a = b+ e and b = a + f for some idempotents
e, f € M. In particular, e < a < b, so from e+¢e = ¢ we get b+e = b. Thus
a=b+e=0.

(2) We have (n —1)d ¢ < a + d,b+ d so this follows from 1.

(3) If a,b,d € {< ¢} such that a + d = b+ d, then d x ¢ x a,b and so, from 1,
we get a = b.

(4) Without loss of generality, we can assume m > n and m = hn + r for
suitable h,r € ZT with r < n. By the Euclidean algorithm for calculating
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the ged of m and n, it suffices to show that na = nb and ma = mb imply
ra = rb.

If = 0 there is nothing to prove, so we assume r > 1. Then ma = mb
implies hna + ra = hnb + rb and, since na = nb, hna + ra = hna + rb. We
also have hna « ¢ « ra,rb, so, from 1, ra = rb. O

Theorem 4.5. Any primely generated refinement monoid M is separative. If, in
addition, M has no proper idempotents, it is strongly separative.

Proof. If 2a = a + b = 2b for elements a,b € M, then we have a + a = b+ a with
a < a,b. Using 4.4(1) we can cancel the a to get a = b.

Suppose now that M has no proper idempotents and we have 2a = a + b for
some a,b € M. Since a « a, 4.3 provides an idempotent e such that a = b+ e. By
hypothesis we have e = 0, so a = b. O

We will see in 5.9 that it suffices to check that there are no proper regular prime
elements for M to be strongly separative.

There exist separative refinement monoids with no proper idempotents which
are not strongly separative. An example of such a monoid is obtained by removing
the element (oo, 0) from the monoid {0, 00} x RT. See [2, 9.7] for discussion of this
example.

5. CANCELLATION II

If a is a primely generated element of a refinement monoid M, there will, in
general, be many ways of expressing a as a sum of primes. In this section, by
being more precise about which expressions are possible for a, we will gain further
information about the structure of the monoid.

We will often find it convenient to work with the quotient monoid M /= for which
the preorder < is, in fact, a partial order, and so we establish some notation that
will be in effect throughout this section:

Notation 5.1. Let M be a monoid. We will write M = M/=. If a,b,c,p,q,...
are elements of M, we will write @,b,¢,p,q, ... for the corresponding elements of
M. P will be set of all proper prime elements of M. The element 0 is the only
nonproper prime in M so we write Py for the set of all primes of M.

It is easy to confirm that M is partially ordered by < and that, for a,b € M, we
have:

a<b <= a<b

a<b = a<b<+= at+tb=>b
a=b <= a=b+<= a=b
axb < axb

axb < axb

a is prime (proper,regular, free) <= a is prime (proper,idempotent, free)
a primely generated = @ primely generated
M primely generated = M primely generated

It is an interesting open question whether there is a refinement monoid M such
that M does not have refinement. At least in the special case under discussion this
does not occur:

Theorem 5.2. If M is a primely generated refinement monoid then so is M.
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Proof. We have already noted that M is primely generated, so we need only show
refinement. o o

Suppose @1 + ag = by + by in M, then ay + ag = by + by. From 4.2(3), there are
ay,al such that, ay = a}, ag = da, and a) + ay, = by + ba. We make a refinement of
this equation:

b bo
/
ap ( i1 Ci2
/
as \ €21 €22
Since a; = a} and as = aj,
b b2
ai (Ci1 Ci2
az \ C21 C22
is a refinement of the original equation. O

A primely generated refinement monoid for which < is a partial order, such
as M, is called primitive by R. S. Pierce. Pierce [15] showed how an arbitrary
primitive monoid can be described by generators and relations. F. Wehrung [20,
Ch. 6] showed, as a consequence, that any primitive monoid embeds into a direct
product of copies of the monoid Z>, where Z> = Z* U {oo} with n + oo = oo for
all n € Z* and co + oo = co. Thus certain cancellation properties of Z* are easily
proved to be properties of primitive monoids.

Similarly, some properties of a primely generated refinement monoid M are best
seen as immediate consequences of the corresponding property of the primitive
monoid M or of Z*®. For example, Z*°, and hence primitive monoids, have multi-
plicative cancellation: (na = nb = a =b) for n € N and a, b in the monoid. As
a consequence, in M, we have (na =nb = a =b). See 5.11.

Nonetheless there are some cancellation properties of primely generated refine-
ment monoids which cannot be proved this way. Separativity is an example: The
separativity of M does not follow directly from the separativity of Z> and M.

In this section we take a more direct route than Pierce and Wehrung from M
to Z°° by defining a homomorphism ¢,: M — Z°> for each proper prime element
pe M.

Definition 5.3. For any element p of a monoid M, define ¢pp: M — Z> by
¢p(a) =sup{n € Z* [ np < a}
foralla e M.
Among the simpler properties of ¢, are the following:
o ¢p(a) =0 if and only if p £ a.
o If @ < b, then ¢,(a) < ¢,(b).
o If a =b and g = p, then ¢,(a) = ¢4(b).
o ¢pla) = dp(a).
Since, if p = ¢, we have ¢, = ¢, we can label ¢, as ¢;. This causes no ambiguity:
¢ is a map from either M or M such that ¢,(a) = ¢z(a) = ¢5(a) for all a € M.

Theorem 5.4. If M is a refinement monoid and p € M is a proper prime, then
@p 15 a monoid homomorphism.
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Proof. Since p £ 0 we have ¢,(0) = 0, so we need to show only that ¢, (a1 +a2) =
dplar) + ¢p(az) for all a1, as € M.

If ny,n2 € ZT such that n;p < a1 and nop < ag, then (ny + n2)p < a1 + az,
so n1 +ng < ¢p(ar + az). Taking the supremum over all such n; and ng gives
Pp(ar) + ¢p(az) < ¢p(ar + az).

To show the opposite inequality, suppose np < a; + as for some n € Z*. Then
there is some b € M such that np + b = a1 + a3 and we get the refinement matrix

b p p ... p

ar (b1 x1 Ty ... T,

az \b2 y1 Y2 ... Yn
Since p is prime, for each ¢, we have either p < z; or p < y;. So there are some
ni,ne € ZT such that n = ny + na, nip < a1 and nop < as. Thus n < ¢p(ar) +

¢p(az), and taking the supremum over all such n we get ¢,(a1 + a2) < ¢p(ar) +
(bp(a,g). U

Remark: This theorem remains true if the hypothesis on M, that it has refine-
ment, is replaced by strong separativity. See [4, 3.3].

Theorem 5.5. If p and g are primes in a refinement monoid, then ¢,(q) €
{0,1,00} and

(1) ¢p(Q) =00 <= pkKq

(2) ¢p(q) =1 < (p=q and p is free)

(3) #p(q) =0 <= p£Lyq

Proof. If p < 0 then ¢,(q) = oo and the claim is trivially true. So it remains to
consider the case where p £ 0 and hence ¢,, is a homomorphism:

(1) Notice that if ¢,(¢) > 2 then 2p < g, so there is some z € M such that
2p + x = q. Since ¢ is prime we have either ¢ < x or ¢ < p. In either case
we get ¢ < p+xand so qg+p < 2p+ x = g, that is, p < ¢q. Conversely,
if p < g, then a simple induction shows that np + ¢ < ¢ for all n € N, so
dp(q) = oo.

(2) If ¢p(q) =1 then p < g, so there is some = € M such that p+ z = ¢. Since
q is prime we have either ¢ < z or ¢ < p. The first case implies p < g and
hence, from 1, ¢,(q) = 0o, so we must be in the second case, that is p = ¢.
To show freeness, suppose mp < np for some m,n € N, then mq < np < ng,
and so m = ¢,(mq) < ¢p(ng) = n.

Conversely, if ¢ = p and p is free, then for any n € N, we have np <
g <= np<p <= n<1 Thus ¢,(¢) = 1.
(3) This we have already noted.

Finally we note that the argument of 1 shows that ¢,(q) € {0, 1, co}. O
One important thing to notice here is that, in contrast to 3.2(2), a prime element
p in a refinement monoid is either free or regular: Either ¢,(p) = co and hence p

is regular, or ¢,(p) = 1 and p is free. We will soon show (5.9) that this dichotomy
extends also to primely generated elements.

Definition 5.6. Let M be a monoid. For a € M, define
Lo ={pePo|p<a}l={peP|¢ya) >0}

Then the support of a, Suppa, is the set of mazximal elements of T',.
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Clearly Suppa is incomparable, meaning that, for all py,p2 € Suppa, p1 < P2
implies p; = ps. If the monoid has refinement then for pi,ps € Suppa, we have
from 5.5 that

0 if p1 # po
05, (D2) =41 if p1 = po is free
oo if p; = pgy is regular

Lemma 5.7. Let M be a refinement monoid, a,b € M and p € P.

(1) axb = TI'y =T, = Suppa = Suppb
(2) ¢p(a) eN = p € Suppa

Proof.

(1) This follows very easily from the fact that if, for some prime p, we have
p < acx b, then p <b.

(2) Since ¢p(a) # 0, we have p < @ and hence p € I',. Now suppose we have
g € 'y such that p < §. Then § < a and ¢5(7) < ¢z(a) € N, so that
¢5(d) < co. From 5.5 we must have ¢5(q) = 1 and so p = g. Thus p is
maximal in T',. [l

Theorem 5.8. Let ¢ be a primely generated element of a refinement monoid M.
Then Suppc is finite and writing Suppc = {p1,D2, .- ,PK,q1,q2s--- ,qr} with P;
free and q; idempotent we get

c=mnpr+nePe+ ... +NgPrk + @ + G+ ...+ 4L
where n; = ¢p,(c) €N fori=1,2,... K.

Proof. Suppose ¢ = pj + P + ...+ Py for some primes py,ph, ..., 0y € Pp. Set
A = {p|,p5, ..., Py} Clearly A C T';, and further, if p € I'; then p < ¢ =
Py + Py + ... + Py and, since p is prime, there is some p’ € A such that p < p/.
Since every element of I'.. is less than or equal to some element of A and vice versa,
it follows that I'. and A have the same set of maximal elements. Since A is finite,
Supp c is finite.

Next we show that the nonmaximal elements of A contribute nothing to the sum
C=p) +P5+ ...+ Py. Indeed, if p' € A is nonmaximal, there is some maximal
7" € A such that 7 < ", and hence ' +b = " for some b € M. Since p' is prime,
and p’ # p', we must have p’” = b. Thus p” = p’’ + p, and ' can be removed from
the sum. Therefore ¢ is a sum of elements of Supp c:

c=mn1p1 +nep2+ ...+ NPk + @1 + G2+ ...+ 4L

for some nq,n9,... ,ng € N.
Since the set Suppc is incomparable, applying the homomorphism ¢z, to the
above equation yields n; = ¢5,(c) e Nfori =1,2,... | K. O
The proof of this theorem shows that if X = {p1,p2,...,0k,q1,d2,--- ,qr} is
an incomparable set of primes in M such that é = n1p1 +neps + ... + ngpx + G +
G2 + ...+ qr, for some ny,n9,... ,nxg € N, then X = Suppec.

Translating this into a theorem about M rather than M we have the following: If
¢ is a primely generated element of a refinement monoid M, there is an incomparable



PRIMELY GENERATED REFINEMENT MONOIDS 15

set of primes {p1,p2,... ,PK,q1,92,--- ,q9.} € M with p; free and ¢; regular such
that

C=mp1 +Nep2+ ... +NgPrk +q1 +q2+ ...+ 4L

and n; = ¢p,(c) € Nfor i =1,2,... , K. The primes {p1,p2,... ,Pk,q1,¢2,--- ,qL}
are unique up to =-congruence.

Notice that we do not claim that ¢ = nipy +nops+...+ngpr+q1+q+...+qr.
This would be too much to hope for even in the simplest of monoids. For example,
let M = Z* as in 3.1. The element —4 is primely generated (as is any element),
and can be written as —4 = (—2)(2) (multiplicative notation), but here —2 and 2
are =-congruent primes, that is, {—2,2} is not incomparable. On the other hand
we do have —4 = 22 which is an expression of the form provided by this theorem.
Corollary 5.9. Let ¢ be a primely generated element in a refinement monoid.
Then c is either free or reqular.

Proof. Let ¢ = n1py + nopo + ...+ ngpx + 1 + G2 + ... + qr, with n;,p;, @; as in
58. If K =0, then ¢ = ¢4 + g2 + ... + ¢, is idempotent and hence c is regular.
Otherwise, given mc < nc for some m,n € N, we apply the monoid homomorphism
¢p, to the inequality to get mn; < nnq, and so m < n. Hence c is free. O

Notice that c is regular if and only if it is a sum of regular primes. Thus we can
make a slight improvement in 4.5: If M is a primely generated refinement monoid
with no proper regular primes, then M is strongly separative.

It is convenient to combine all the homomorphisms ¢ for p € P into a single
homomorphism. Thus, we define ®: M — (Z>)F by

®(a) = (¢p(a))per
for a € M.

Theorem 5.10. Let ¢ be a primely generated element in a refinement monoid M.
Then for all a € M

c<a = B(c) < B(a) <= (V5 € Suppe) (dp(c) < Bp(a).
Proof. The implications
c<a = ®(c) < P(a) = (VP € Suppc) (d5(c) < Pp(a))

are trivial so we prove that, if ¢5(c) < ¢5(a) for all p € Suppe, then ¢ < a.

Let ¢ =nipy+nopa+...+ngpx +q@ +q2+...+qr with n;, p;, g; as in 5.8. Since
D1 € Suppe, we have ny = ¢5,(¢) < ¢p,(a), and so n1p1 < a and there is some
@, € M such that @ = n1p; +a,. Applying the homomorphism ¢p, to this equation
gives ¢p,(a1) = ¢5,(a). Since ng = ¢5,(¢) < ¢p,(a) = Pp,(a1), we get naps < as,
and hence a = n1py + ngoPs + ao for some ao € M. This process can be repeated for
the remaining free primes and, with obvious modification, for the idempotent primes
in Supp ¢ to give the inequality ni1p; +nopo + ...+ ngpx + @1+ G+ ...+ 4. < a.
Thus ¢ < a and ¢ < a. O

Corollary 5.11. Let M be a primely generated refinement monoid and a,b € M.
(1) a=b <= P(a) = 0(b)
(2) M embeds via ® in the monoid (Z>°)F.
3) ("neN)(na<b) = a<kbd
(4) (MneN)(na<(n+1)bh) = a<b



16 GARY BROOKFIELD

(5) (VneN) (na<nb = a<b)
(6) (VneN) (na=nb = a=0b)

Proof. Claims 1 and 2 follow immediately from the theorem. The other claims are
true about M because they are true about Z>°. For example, we prove 5: If na < nb,
then for all € P we have ngz(a) < noz(b). In Z°°, this implies ¢z(a) < ¢z(b).
Therefore ®(a) < ®(b), and so, from the theorem, a < b. O

See 6.2 for a cancellative refinement monoid which does not have the property
of item 3: ((Vn € N) (na <b)) = a < b.

The cancellation property of item 5, (na < nb = a < b), is called unper-
foration by F. Wehrung [20, 6.15] who proved it for primitive monoids. For such
monoids it implies also multiplicative cancellation: (na =nb = a =0).

The following example shows that a cancellative refinement monoid need not be
unperforated.

Example 5.12. [2,11.17] Let M be the submonoid obtained by deleting the element
(0,1) from the cancellative monoid RT x Zs. (We write Zo = {0,1} for the two
element group.)

M is a refinement monoid. Easily checked is that for (r1,x1), (re,x2) € M

(r1,21) < (re,z2) <= (r1 =712 and x1 = x2) orr1 < Ta.
Set a =(1,0) and b= (1,1). Then we have 2a = 2b but a £ b.

The refinement monoid {0, 00} is not cancellative but is unperforated. So these
examples show the independence of the two types of cancellation.

As we have already noted, we do not expect multiplicative cancellation to occur
in primely generated refinement monoids because it does not occur in the special
case of Abelian groups. For an Abelian group G, let

7(G) = {a € G | In € N such that na = 0},

the torsion subgroup. Then it is easy to see that G has multiplicative cancellation
if and only if 7(G) = 0. This result extends very easily to primely generated
refinement monoids.

Theorem 5.13. Let M be a primely generated refinement monoid. Then M has
multiplicative cancellation if and only if T(G,) =0 for all a € M.

Proof. Suppose that na = nb for some a,b € M and n € N, and that 7(G,) = 0.
From 5.11(6) and na = nb we get a = b, so there is some x < a such that b = a+z,
and hence na = na + nz. Using 4.4(2) we can cancel (n — 1)a from this to get
a = a+ nx, that is, n[z], = 0 in G,. Since 7(G,) = 0, this implies [z], = 0, and so
b=a+2z=a.

Conversely, suppose M has multiplicative cancellation and a € M. If we have
nl[z]e = 0 in G, for some z < a and n € N, then a = a + nz and so na = n(a + z).
Using multiplicative cancellation, we get a = a + x, and hence [z], = 0. Thus
7(Ga) =0 O

As mentioned in the introduction, a cancellative primely generated refinement
monoid M is the direct product of an Abelian group and a free commutative monoid.
In the proof of this fact, the full strength of cancellation is not actually needed.
What suffices is the rule (Ve,xz € M) (c+ 2 =c¢ = z = 0). Monoids with this
property are called stably finite.
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We remind the reader that from 2.8, G is the group of all invertible elements
of M, that is, Go = {x € M | x < 0}. Since [z]o = {z} for all z € M, we drop the
notation [z]y.

Theorem 5.14. Let M be a stably finite primely generated refinement monoid.
Then M is isomorphic to the free commutative monoid on P and M = M x Gy. In
particular, M is cancellative.

Proof. First we note the following simple fact: If ¢,x,y € M such that ¢+ z =
¢+ y < ¢, then there is some z € M such that c+ x4+ 2 =c+y+ 2z = ¢. Since M
is stably finite, this implies z + z = y + z = 0, that is, z,y,z € Gy. Since Gy is a
group, it follows that = = y.

Thus we have the following:

(1) If z < cfor ¢, € M, then z € Gy. If # < ¢ for ¢,7 € M, then 7 = 0.

(2) All regular elements of M are in Gy. The only regular element of M is 0.
In particular P contains only free primes.

(3) From 5.5 and 1, if p € P, then ¢;(q) € {0,1} for all primes ¢ € M. Hence
¢5(¢) < oo for all ¢ € M.

(4) f a=b for a,b € M, then a = b+ x for some unique z € Gy.

If 0 # ¢ € M then, using 5.8, and 2, we have ¢ = n1p; + ngps + ... + ngpx for
some p1, P2, ... ,pr € P with n; = ¢p,(¢) for ¢ =1,2,... , K. In fact, since ¢5(¢) is
nonzero for only a finite number of primes p € P, we can write ¢ = Zﬁe]}" ¢5(¢)p for
all ¢ € M. Thus M is isomorphic to the free commutative monoid on the set P.

Let P’ € M be a set of representatives of the elements of P. Then for ¢ € M
we have ¢ =37 _p ¢p(c)p and hence, by 4, c = > p dp(c)p + Wiere x € Gy is
uniquely determined. It is then easy to check that the map A: M — M x G defined
by A(c) = (¢,z) where € Gy is determined as above, is a monoid isomorphism.
Since M and Gy are cancellative, so is M. ([l

The simplest example of this theorem is the monoid M = Z* of 3.1. This monoid
is a cancellative primely generated refinement monoid. We have Gy = {1,—1}
and we can choose P’ = {2,3,5,7,11,...}. Then any element ¢ € M can be
expressed uniquely in the form ¢ = p'p3? ... ppFx (multiplicative notation) with
p1,p2, ... ,pK distinct elements of I, ny,ns,...nx € Nand z € Gjy.

We now set into place the context in which the remaining theorems of this
section will be proved. This will involve notation which depends on a choice of
representatives X of the elements of Suppc where ¢ is a fixed primely generated
element in a refinement monoid M.

Specifically, let X = {p1,p2,... ,PK,q1,42,-- ,9r} € M be such that Suppc =
{P1,D2, - yDK,qQ1,G2,--- ,q4r} with p; free and g; idempotent as in 5.8. From 2.7,
we can assume that g1, qq, ... ,qr are idempotents. It is easy to check that {o ¢} =
{x(pr4+pe+...+pk+a+aq,...+q)}

Our goal is to define a homomorphism Ux: {x ®(c)} — { ¢} which serves
almost as a one-sided inverse for ® restricted to {=< ¢}. To do so we will need to
make the convention that if ¢ € M is an idempotent, then coqg = ¢. With this
convention, the map p +— pg from Z* to M is a homomorphism.

Suppose we have v = (v;)pep € (Z*°)F such that v < ®(c). Then for all p € X
we have 75 < ¢5(c). In particular, for i = 1,2,... , K, we have 75, x ¢p,(c) € N,
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and so v, < oo. Consequently, with the above convention on the idempotents
{q1,42,--. ,q1}, we can define a homomorphism ¥x: {oxc ®(c)} — M by

Ux(7) =Y 7op-

peX

If a « ¢ then ®(a) x ®(c), and to shorten our notation we will write

o = (@) = 3 dpla) p.
peX
Notice that, by construction and 5.8, we have ¢ = c*.

We check that the image of ¥y is contained in {x c}: Suppose v x ®(c).
Then applying the homomorphism ¥y yields Ux(y) x ¥x(®(c)) = ¢* = ¢. Thus
Ux(y) xec

The next lemma says that ¥y is a one-sided inverse for ® when restricted to
{= ®(c)}. This follows from the facts that Z°° has only three <-congruence classes:
{0}, N and {o0}; and that ¢;(c) € N for only a finite set of primes p € P.

Lemma 5.15. Let M be a refinement monoid with ¢ € M and Vx as above. Let
7 = (9p)pep € (Z)F.

(1) y=®(c) <= (VPEP) (5 = ¢5(c))
< (1p €N forpe{p1,p2,... P} and v5 = ¢p(c) otherwise)
= Ux(y) <cand ®(Ux(y)) =7~

Proof.

(1) If v < ®(c), we have 5 =< ¢p(c) for all p € P. From 5.7(2), we see that
¢p(c) € Nif and only if p € {p1,P2,... ,Pr}. Thus we have the conditions
~v5 € Nfor p € {p1,D2,...,Pr} and 5 = ¢5(c) otherwise. Since ¢(c) € N
for only a finite set of primes p € P, one readily confirms that any v € (Z>°)¥
satisfying these conditions also satisfies v =< ®(c).

(2) Applying the homomorphism ¥Ux to v < ®(c) yields Ux(y) < ¢* = ¢
Thus Ux(y) =< ¢. From this we have ¢5(Ux(7)) =< ¢p(c) for all p € P.
For all primes p & {p1,P2,... Pk} we have ¢5(c) € {0,00} and hence,
with 1, ¢5(¥x (7)) = ép(c) = vp. For all primes p € {p1,p2,... ,Px}, a
direct calculation from the definition of U x (v) gives ¢5(¥x (7)) = 5. Thus
D(Vx (7)) =7

(3) Since ® is a homomorphism, we have ®({x ¢}) C {x ®(c)}. The opposite
inclusion is clear from 2. The claim that {x ®(c)} = NX follows from
1. O

Notice that Z* is a semilattice with Vv = max{p,v} for p,v € Z*>. It is
easy to check that p Vv =< u+ v for all u,v € Z°°. This fact enables us to show
that a primely generated refinement monoid is also a semilattice (with appropriate
accommodation of the fact that M is preordered rather than partially ordered):
Theorem 5.16. Let M be a refinement monoid. Then, given primely generated
elements c1,co € M, there exists a primely generated element d € M such that
c1,c0 < d and, for alla € M, c1,co < a implies d < a.

Proof. Let v = ®(c1) V ®(cg). For each p € P we have
Yp = ¢plc1) V dple2) < dp(cr) + ¢plcz) = dpler + ca).
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The element ¢ = ¢; + ¢o is primely generated so, from 5.15(1), we get v =< ®(c).
From 5.15(2), there is a primely generated element d = Ux () such that ®(d) =
v =®(c1) V P(cz). We have ®(c1), P(c2) < ®(d) so, from 5.10, ¢1, ¢z < d.

If ¢1,¢0 < a, then ®(c1), P(cz) < D(a), so that B(d) = P(cy) V P(c2) < P(a).
From 5.10 we get d < a. (I

If M is a primely generated refinement monoid, then M is a primely generated
refinement monoid which is partially ordered by <, so M is a semilattice in the usual
sense: Given ¢1,¢ € M, there exists d = V é. In contrast to 0-semilattices, the
operations V and + may be different.

Corollary 5.17. Let M be a refinement monoid. Then, given a,by,bs,c € M with
a and c primely generated such that a < ¢+ by, c+ ba, there exists b < by, by such
that a < c+b.

Proof. We have a, ¢ < ¢+by, c+by with a, ¢ primely generated, so from the theorem,
there is an element d € M such that a,c < d < ¢+ b1,c+ ba. Applying 4.2(5) to
the inequalities ¢ < d < ¢+ by, c+ by, we get some b < by, by such that d = b+ c.
Since a < d, we have also a < b+ ¢ O

The property discussed in this corollary,
(a<c+bi,c+by = Fb< by, by such that a < c+b,)

is called the interval axiom by F. Wehrung who proved it for primitive monoids
[20, 6.16].

One of the most surprising things about a primely generated element ¢ in a
refinement monoid is that it has considerable influence on elements in {< c¢}. For
example, the next theorem shows that all of these neighboring elements must be
primely generated. Here we use the definitions and conventions established for 5.15.
Theorem 5.18. Let ¢ be a primely generated element in a refinement monoid M.

(1) If a =< ¢, then ~, and ~. coincide. In particular, G, = G. and for all
reM, x<a if and only if x < c.

(2) axc = a*=a and ®(a*) = ®(a)

(3) a<xc¢c = a is primely generated

(4) {xc} 2 NX x G. where K is the number of free primes in Supp c.

Proof.
(1) Suppose x ~, y, that is, a+x =a+y. We have c+a+x = c+a+y with
axcxc+xc+y, and so, from 4.4(1), c+z =c+y. Thus x ~. y.
Conversely, if x ~. y, that is, c+x =c+y,thenc+a+x=c+a+y
with ¢ x ¢ x a + z,a + y and so, from 4.4(1), a+ 2z = a+y. Thus z ~, y.
(2) Since a < ¢, there are b € M and m € N such that a+b = mc. Adding cto b
and 1 to m if necessary, we can assume that b < c¢. Thus ®(a), ®(b) < D(c).
From 5.15(2) we have a*,b* < ¢ with ®(a) = ®(a*) and ®(b) = ¢(b*), and
hence, from 5.10, a* < a and b* < b. Since ® and ¥y are homomorphisms,
we have a* 4+ b* = mc* = me, and so

at+mc<at+a +b*<a+a*+b=a*+mec

with me o ¢ o« a,a*. Using 4.4(1) we can cancel mc from this inequality
to give a < a*. Thus a = a* as claimed.
(3) Since a = a* and a* is primely generated, the claim follows from 4.2(4).
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(4) Let S = ®({x ¢}). From 5.15(3), we have S = N¥ 5o it suffices to show

that {=< ¢} 2 S x G¢. Let 7: S x G, — {x ¢} be defined by 7(v,[z].) =
Ux(y)+z, and o: {< ¢} — S X G, be defined by o(a) = (®(a), [z].) where
x is determined by a = a¢* + x. Using 1, 2 and 5.15, the reader can confirm
that these maps are well defined inverse semigroup homomorphisms. O

In the next theorem we summarize all the cancellation properties of primely
generated refinement monoids that we have proved:

Theorem 5.19. Let M be a primely generated refinement monoid.

P1.

P2.

P3.

P4.

P5.

T.

S1.
S2.
S3.
S4.

S5.
S6.
71.
72.
Z3.
74.
Ul.

U2.

(Va,b,ce M) (a+c=b+c = (3 refinement
b ¢

a d1 a1
C bl C1
with ¢ < ¢1))

(Va,b,c € M) (a+c¢c <b+c¢ = (Jday < csuchthata < b+ ay))
—pseudo-cancellation
(Va,c1,c0 € M) (a € 1 + o =
(Ja1, as such that a = a1 + a2, a1 K ¢1 and az <K c2))
(Va,c1,c0 € M) (a=c¢1 4+ o =
(3a1, as such that a = a1 + as, a1 = c¢1 and as = ¢3))
(Va,by,ba,c € M) (c <a<c+b,c+by = (3b < by,by such that a =
c+b))
(Va,b,ce M) ((a+c=b+cand cxa) =
(Je such that 2¢ = e and a = b+ ¢))
(Va,be M) ((2a =a+b=20) = a=10) —separativity
(Va,b,ce M) ((a+c=b+cand cx a,b) = a=0>b)
(Va € M) ({x a} is cancellative)
(Va,b € M)(¥Ym,n € N) ((ma =mb and na = nb) =
(ka = kb where k = ged(m, n)))
(Va,b,ce M)(VneN) (a+nc=b+nc = a+c=b+c)
(Va,b,ce M) ((a+c=b+cand c<a,b) = a=0>b)
(Va,be M) ((Yn € N)(na <b)) = a < b)
(Ma,be M) ((MneN)(na < (n+1)b)) = a<b)
(Va,b € M)(Vn € N) (na <nb = a < b) —unperforation
(Va,be M)(¥Yn eN) (na=nb = a=b)
(Ver,co € M) (3d such that ¢1,c0 < d and (Va € M) (¢1,¢0 <a = d <
a)) —semilattice property
(Va,b1,ba,c € M) ((a < c+by,c+by) = (Ib < by, by such that a < c+b))
—interval axiom

Proof. P1 is from 4.1. P2-5 are from 4.2. T is from 4.3. S1 is from 4.5. S2-5 are
from 4.4 or from S1 and 2.4. Z1-4 are from 5.11. Ul is from 5.16. U2 is from

5.17.

O

There are of course many connections among these properties. For example, we
have seen in the proof of 4.2 that, for decomposition monoids, P1 implies P2, and
that P2 implies P3-5. From the proof of 4.5 we see that T implies S1. By 2.4,
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S1-4 are equivalent even without refinement, and S5-6 are equivalent to S1-4 in
decomposition monoids.
We end this section by proving one other connection:

Theorem 5.20. Let M be a refinement monoid. Then
Pl <= P2 (pseudo-cancellation) = S1-6 (separativity).

Proof. The implication P1 = P2 is proved exactly as 4.2(1), so we prove only
that P2 — P1:

Suppose M has pseudo-cancellation (P2) and we have a + ¢ = b + ¢ for some
a,b,c € M. We make a refinement of this equation:

b ¢

a d1 a1
C b1 C1

We have a; +c¢1 = by +¢; so, using P2, there is some x; < ¢; such that a; < by 4.
Decomposing this inequality we get a’ < by and 2’ < 77 < ¢; such that a; = o’ +2'.
Since a’ < by, there is some y' € M such that by = o' + ¢'. this gives us the
refinement matrix

b c
a (di+a '
c y c1+ad
and, since ' < ¢1, we also have ¢ = c¢; + a1 = ¢1 +d’ + 2’ < ¢ + d’ as required.
We show next that P1 implies S6. Since M has refinement, S6 is equivalent to
S1-5.

Suppose then that we have a + ¢ =b+ ¢ in M with ¢ < a,b. From P1, there is
a refinement matrix

b ¢

a d1 a1

C b1 C1
with ¢ < ¢q. Since ¢ < a, b, there are as, by € M such that a = as+cand b = by +c.
Thus as +c+by =a+by =dy +ay +b; =b+a; = by + c+ ay, and since ¢ < ¢y,

we get as +c1+by =by+c1+a1. Buteg +b1 =c1+a1 =cand soas+c¢c=bs+c,
that is, a = b. (I

6. ARTINIAN REFINEMENT MONOIDS

The purpose of this section is to show that refinement monoids which satisfy
certain descending chain conditions are primely generated. This provides a large
class of refinement monoids to which the cancellation results of the previous sections
can be applied. Since < is a preorder, not a partial order on monoids, we have to
extend the usual definitions used for partially ordered sets as follows:

Definition 6.1. Let L be a preordered set and X C L. Then an element x € X
is minimal in X if for ally € X, y < x implies that x < y. A maximal element
of X 1is, of course, defined dually.

The subset X is Artinian if every nonempty subset of X has a minimal element.
The equivalent chain condition definition is that X is Artinian if and only if for
every decreasing sequence ag > ay > as > ... in X, there is some N € N such that
ay > an for alln € Z+.
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If T is a submonoid of M then the preorder of I as a subset of M may be
different than its preorder as an independent monoid. Thus a submonoid of an
Artinian monoid may not be Artinian.

Example 6.2. [2,14.2] Let I be the submonoid of the Artinian monoid M = Z* X7
obtained by removing the set {(0,m) | m € N}. I is a cancellative refinement
monoid. Set ¢ = (0,—1) and a,, = (1,m) for m € Z*. One can easily check that
ap > ai > ag > ... has no minimal element so that the monoid I is not Artinian.
Note also that ag = a, +mnc forn € ZT. Thus nc < ag for alln € N but ¢ € ag.

Conversely, a submonoid I which is Artinian with its minimum preorder may
not be an Artinian subset of M.

Example 6.3. The preorder < on RT is the same as the usual order on real
numbers, so Rt is not Artinian. Let I = {0}U[1,00) C RT. Then I is a submonoid
which is not an Artinian subset of RT. Nonetheless, with its own preorder, I is an
Artinian monoid.

The motivation for our discussion of Artinian monoids is the following:

Theorem 6.4. Any Artinian decomposition monoid is primely generated.

Proof. Let M be an Artinian decomposition monoid and let D be the set of elements
of M which are not primely generated. If D is not empty it has a minimal element
p. We will show that p is prime, contradicting p € D.

Suppose p < ay + ag for some ay,as € M, then there are pi,ps € M such that
p1 < ay, po < as and p = p; + pe. Either p; or ps must be in D otherwise p
would be a sum of primes. But the minimality of p in D then implies that either
p <p1 <ayorp<ps <as, thus p is prime. O

We will show in 6.7 that a decomposition monoid is Artinian if and only if it
has a set of generators which form an Artinian subset. To do so, it is convenient
to reformulate the Artinian property in terms of decreasing functions from Z% into
the monoid:

Definition 6.5. Let IC, L be preordered sets. A function f: K — L is decreasing
if for all z,y € K, x <y implies f(x) > f(y). We will say a decreasing function f
converges if the image of f has a minimal element, and diverges otherwise.

If f,g: K — L are two functions we will write f < g if f(x) < g(zx) for allx € K.
The relation < is, in general, a preorder on functions.

Evidently, a monoid M is Artinian if and only if every decreasing function
f:Z*T — M converges.

Lemma 6.6. Let M be a decomposition monoid and f: ZT — M a divergent
decreasing function. Suppose f(n) = x1 + x2 + ...+ xp for somen € Z*, k € N

and x1,xs,... o € M. Then there is a divergent decreasing function f': ZT — M
such that

(1) fl(n) € {$1,$27 e vrk}

2 f<f

Proof. We define functions fi, fa, ..., fe: ZT — M such that for all m > n, f(m) =
film) + fa(m) + ...+ fi(m):

For all m < n and i € {1,2,...,k}, set fi(m) = x;. Notice that f(n) =
filn) + fa(n) + ...+ fr(n).
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To define these functions for m > n we proceed inductively. Assume then that
fi(m), fa(m), ..., fr(m) have been defined. We have f(m +1) < f(m) = fi(m) +
fa(m) + ...+ fr(m), so using the decomposition property, we can define f;(m + 1)
fori € {1,2,...,k} so that f;(m+1) < f;(m) and

fm+1) = fitm+1)+ fo(m+1) +...+ fu(m +1).

It is easy to see that each of the functions f1, fo,... , fx is decreasing and satisfies
1 and 2. If all of these functions converge, then there is some N € N such that
fitm) > fi(N) for all m > N and i € {1,2,... .k}, and hence f(m) > f(N) for
m > max{n, N}. This contradicts our hypothesis that f diverges.

Therefore there must be some index i € {1,2,... ,k} such that f; diverges. Set

"= fi O

Theorem 6.7. Let M be a decomposition monoid with a set of generators X C M.
If X is Artinian then M is Artinian.

Proof. We prove the contrapositive by assuming that there is a divergent decreasing
function f: Zt — M, and showing this leads to a divergent decreasing function
g 7T — X.

Using induction we will construct a sequence of divergent decreasing functions
f>fo>f1>...suchthat f,,(m) € X for all m € Z*:

Since X generates M, there are x1,xs, ...,z € X such that f(0) = x; + 22 +
...+ xg. The lemma then provides a divergent decreasing function f; such that
fo(0) € X and f > fp. Suppose now that f,,, has been defined as required. Then
fm(m+1) is a finite sum of elements of X and so using the lemma as before, there
is a divergent decreasing function f,+1 < fm such that f,11(m+1) € X.

Define the function ¢g: Z* — X by g(m) = f,(m) for m € Z*. Then g is
decreasing: If m < n in Z* then g(m) = f(m) > fn(m) > fu(n) = g(n).

Suppose g converges, that is, for some N € Z* we have g(n) > g(N) for all
n > N. Then for all n > N we get fy(n) > fn(n) =g(n) > g(N) = fn(INV), that
is, fy converges. This is a contradiction and so g must diverge. (I

As an immediate consequence of this theorem and 6.4 we get

Corollary 6.8. Let M be a refinement monoid with a set of generators X C M.
If X is Artinian, then M is primely generated. In particular, any finitely generated
refinement monoid is primely generated.

This corollary provides a large class of primely generated refinement monoids,
and hence a large class of monoids having the cancellation properties described in
the previous two sections.
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