N

N

Refinement monoids, equidecomposability types, and
Boolean inverse semigroups
Friedrich Wehrung

» To cite this version:

Friedrich Wehrung. Refinement monoids, equidecomposability types, and Boolean inverse semigroups.
2016. hal-01197354v2

HAL Id: hal-01197354
https://hal.science/hal-01197354v2

Preprint submitted on 14 Jul 2016 (v2), last revised 17 Aug 2017 (v3)

HAL is a multi-disciplinary open access L’archive ouverte pluridisciplinaire HAL, est
archive for the deposit and dissemination of sci- destinée au dépot et a la diffusion de documents
entific research documents, whether they are pub- scientifiques de niveau recherche, publiés ou non,
lished or not. The documents may come from émanant des établissements d’enseignement et de
teaching and research institutions in France or recherche francais ou étrangers, des laboratoires
abroad, or from public or private research centers. publics ou privés.


https://hal.science/hal-01197354v2
https://hal.archives-ouvertes.fr

Refinement monoids, equidecomposability types,

and Boolean inverse semigroups

Friedrich Wehrung

LMNO, CNRS UMR 6139, DEPARTEMENT DE MATHEMATIQUES, UNIVER-
SITE DE CAEN NORMANDIE, 14032 CAEN CEDEX, FRANCE

E-mail address: friedrich.wehrungOi@unicaen.fr

URL: http://wuw.math.unicaen.fr/ wehrung



2010 Mathematics Subject Classification. 06F05; 06E15; 08A30; 08A35; 08A55;
08B10; 08C05; 16E20; 16E50; 18A30; 19A31; 19A49; 20M14; 20M18; 20M25;
28B10; 43A07; 46180

Key words and phrases. Semigroup; monoid; commutative; inverse; distributive;
Boolean; bias; additive homomorphism; additive enveloping algebra; refinement
monoid; partial monoid; enveloping monoid; type monoid; equidecomposable;
V-measure; V-homomorphism; V-congruence; group-induced; groupoid-induced;
group-measurable; groupoid-measurable; locally matricial; AF; semisimple;
lattice-ordered; path algebra; strongly separative; fork

ABSTRACT. For an action of a group G on a set €2, preserving a ring B of
subsets of 2, the commutative monoid freely generated by elements [X], for
X € B, subjected to the relations [@] = 0, [¢X] = [X] (for g € G), and
[XUY] =[X]+[Y] (where U denotes disjoint union), is called the monoid of
equidecomposability types of elements of B, with respect to G, and denoted by
Z+(B)//G. 1t is well known that Z1(B) /G is a conical refinement monoid. We
observe, as an easy consequence of known results, that every countable coni-
cal refinement monoid appears as ZT(B) /G, and we develop the underlying
algebraic theory, discussing in detail the quotients of refinement monoids by
special sorts of congruences called V-congruences.

Having in mind representation problems in nonstable K-theory of rings
and operator algebras, we are naturally led to type monoids of Boolean inverse
semigroups. Observing that those monoids are identical to monoids of equi-
decomposability types, and formally similar to those appearing in nonstable
K-theory of von Neumann regular rings, we investigate various similarities and
differences between those theories.

In the process, we prove that Boolean inverse semigroups form a congru-
ence-permutable variety in the sense of universal algebra. We deduce from this
that they encode a large number of embedding problems of (not necessarily
Boolean) inverse semigroups into involutary rings and C*-algebras.
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CHAPTER 1

Background

1-1. Introduction

The present work is an outgrowth of a few lines scribbled by the author on a
result, obtained in Ara and Exel (cf. [7, Theorem 7.11]), about monoids of equi-
decomposability types. Due to many ramifications to other topics, more came out
than originally expected.

1-1.1. First short motivation. Let G be a group acting on a set €2, and let B
be a ring of subsets of 2 (viz., a nonempty set of subsets of €2, closed under finite
union and set difference). The monoid of G-equidecomposability types of elements
of B, denoted by Z1(B) /G (explanations about that notation will follow), is defined
as the commutative monoid defined by generators [a]g, where a € B, and relations
[@]le =0, [gale¢ = [a]g, and [a U b]g = [a]lg + [b]g, where U denotes disjoint union.

A large part of the present work arises from the question asking which monoids
can be represented as monoids of equidecomposability types, see for example Kerr
[66, Question 3.10], Kerr and Nowak [67], Rgrdam and Sierakowski [95, p. 285].
A vpartial result in that direction, due to Ara and Exel (cf. [7, Theorem 7.11]),
states that every finitely generated conical commutative monoid embeds into the
equidecomposability types monoid of a Boolean algebra under a free action of a
free group. We prove a stronger result, namely:

Every countable' conical refinement monoid is isomorphic to
some Z(B) JG.

(The requirements, that G is free and its action is free, both come for free: just
replace G by any free group preimage F' of G, and let any element of F' act as its
image in G; then replace Q by Q x F, so the action of F becomes free.) This result,
which we state in Theorem 4-8.9 (in a different, but equivalent, form), turns out to
be an easy consequence of known results, mostly by Hans Dobbertin. Nonetheless,
this turns out to be only the tip of the iceberg. The present work is mostly devoted
to show what lies underneath.

1-1.2. Second short motivation. It is known since Tarski [105] that in the
context of Section 1-1.1 above, the assumption, that G be exponentially bounded,
implies that the monoid Z*(B) /G satisfies the monoid implication® x +z =y + 2z
= x =y + z (such commutative monoids are nowadays called strongly separative).

Alexander Pruss raised on http://mathoverflow.net/questions/140693 the
question whether the supramenability of G was sufficient, and this in the context

1Throughout this work, “countable” will always mean “at most countable”.

2We will always write (syntactical) objects in sans serif fonts, such as x, y, z, p, ... while keep-
ing the notation z, vy, z, p, ... for the objects that they interpret, denizens of a given mathematical
structure.
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where B is a powerset algebra. By invoking a measure-theoretical result established
in Armstrong [15, Proposition 1.7], Pruss obtained there a positive answer.

However, a direct attempt at extending Pruss’ argument to arbitrary Boolean
rings B (and using the results of Moreira Dos Santos [80] instead of Armstrong’s)
could not lead us further than proving that a + ¢ = b+ 2¢ implies that a and b+ c
are equivalent modulo the least congruence of Z*(B) /G with separative quotient.

In this work we solve completely the extended form of Pruss’ question (cf.
Theorem 5-3.8). Once again, this is only the tip of the iceberg.

In view of Wagon’s question, whether every supramenable group is exponen-
tially bounded, Theorem 5-3.8 seems to be in danger of getting some day stripped
of its content by its specialization to exponentially bounded groups, which we state
in Theorem 5-3.6 (originating in Tarski [105, Theorem 16.10]). On the other hand,
the general belief seeming to be currently in favor of a negative solution to Wagon’s
question (see, in particular, Examples 71 and 74 in Ceccherini-Silberstein, Grig-
orchuk, and de la Harpe [25]), it is plausible that the inclusion in the present work
of Theorem 5-3.8 is a reasonable anticipation.

1-1.3. Third (not so short) motivation. The Murray - von Neumann
equivalence classes of square matrices over a ring R form a commutative mon-
oid V(R), encoding the nonstable K-theory of R (cf. Subsection 1-2.4). The prob-
lem of which monoids appear as V(R), for various types of rings R, has been, for
decades, an active field of research. For example, every conical commutative mon-
oid with order-unit is isomorphic to V(R) for some unital hereditary ring R: this is
proved in Theorems 6.2 and 6.4 of Bergman [19] for the finitely generated, unital
case, and in Bergman and Dicks [20, page 315] for the general, unital case. The
general, non-unital case is established in Ara and Goodearl |9, Proposition 4.4].

The problem above, restricted to various classes of rings, yields fascinating open
problems, especially for rings that are either regular (in von Neumann’s sense®),
or exchange rings, or C*-algebras of real rank zero. The problem, as to whether
every conical conical refinement monoid appears as V(R) for a regular ring R, first
appeared in print in Goodearl [50]. Counterexamples, in any cardinality beyond R,
were constructed in Wehrung [119]. The cases of cardinality either countable or ¥y
are still open. For an interesting survey about the regular case, see Ara [6].

The intuition underlying the arguments involved in the above-mentioned paper
was very much relying on the concept of equidecomposability briefly discussed in
Subsections 1-1.1 and 1-1.2 above, laced with some basic infinite combinatorics. A
crucial concept used there was the one of a measure. Here, measures are finitely
additive measures, defined on Boolean algebras, with values in commutative mon-
oids.

The class of measures relevant to our matters, introduced in Dobbertin [32], are
called V-measures. Elements of a countable Boolean algebra, with the same mea-
sure, are related by a measure-preserving partial automorphism. The semigroups
of partial automorphisms thus considered are inverse semigroups, as opposed to
groups. In addition, those inverse semigroups are closed under finite orthogonal
join (which, for partial functions, coincides with the least common extension). Such
semigroups, called Boolean inverse semigroups, have been over the last few decades
an active topic of research, see for example Exel [40], Kudryavtseva et al. [68],

3A ring R is regular if its multiplicative semigroup is regular, that is, for all x € R there
exists y € R such that x = zyz.
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Lawson [71, 72], Lawson and Lenz [73]. By definition, an inverse semigroup S
with zero is Boolean, if its semilattice of idempotents is (generalized) Boolean and
if S has finite orthogonal joins.

1-1.4. A statement of purpose. Various experiments, about the questions
raised in Subsections 1-1.1-1-1.3, suggested that a number of problems, pertain-
ing to those questions, could be successfully handled via an appropriate blend of
Tarski’s ideas (about monoids of equidecomposability types), Dobbertin’s ideas
(about V-measures), and a more ring-theoretical / universal algebraic approach to
Boolean inverse semigroups, thus giving rise to an algebraic theory of equidecom-
posability types semigroups.

The purpose of the present work is to consolidate that framework. We are
dealing with refinement monoids, that is, commutative monoids satisfying the re-
finement axiom, stating that any equation of the form ag+a; = byp+b; has a common
refinement (cf. Section 1-4). A congruence relation I' on a refinement monoid is a
V-congruence (cf. Section 2-6) if for any relation of the form ag + a1 T'b, there is a
decomposition b = by + b; with each a; I' b;.

The main focus of attention of the present work is the study of commutative
monoids of the form M/T', where M and I" are both well understood.

Two fundamental examples of that situation are the following:

(1) Every ring B of subsets of a set Q, closed under the action of a group G, gives
rise to a commutative monoid Z*(B), which turns out to be the positive cone
of an Abelian lattice-ordered group (cf. Example 2-2.7), and to a V-congru-
ence ~g on ZT(B) (cf. Section 2-8). The monoid of equidecomposability types
ZT(B)//G, alluded to in Subsection 1-1.1, is then just the quotient monoid
ZT(B)/~c.

(2) Every Boolean inverse semigroup S gives rise to a conical refinement monoid,
called the type monoid of S and denoted by Typ S (cf. Definition 4-1.3), see
Kudryavtseva et al. [68]. If B denotes the generalized Boolean algebra of all
idempotents of S, then TypS = Z*(B)/2*, where 2 denotes the monoid
congruence on Z1(B) generated by the restriction to B of Green’s relation 2.

It will turn out that the two classes of monoids, described in (1) and (2)
above, are identical. This will be stated formally in Proposition 4-8.5. These
monoids are all conical refinement monoids (this is an important difference with
the monoids, constructed from separated graphs, introduced in Ara and Good-
earl [9]). The converse fails: by a series of counterexamples, of cardinality N,
originating in Wehrung [119], not every conical refinement monoid is isomorphic
to some ZT(B) /G (equivalently, Typ S).

1-1.5. Levels of non-commutativity. In a scale measuring levels of non-
commutativity, of various existing mathematical theories, the position of Boolean
inverse semigroups is quite modest. Such semigroups are not necessarily commu-
tative, so they definitely stand above Boolean algebras. On the other hand, all
idempotents of an inverse semigroup commute, thus inverse semigroups stand be-
low rings in the above-mentioned hierarchy.

Nonetheless, the idea that many idempotents commute is implicit in various
works on the problematic raised in Subsection 1-1.3. This idea makes Boolean
inverse semigroups a potentially fruitful paradigm, for studying even less commu-
tative ring-theoretical questions. More specifically: we are given a ring-theoretical
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question (e.g., the representation problem of countable conical refinement monoids
as V(R) for a regular ring R); could one first get a hint, by solving a related question
for Boolean inverse semigroups?

The present work partly aims at answering the above question in the positive.

1-1.6. A new link with universal algebra: biases. The environments, of
such objects as semigroups (inverse or not) or Boolean algebras, are traditionally
quite friendly to universal algebra and model theory. While the axioms defining
Boolean inverse semigroups are originally stated in the language of inverse semi-
groups (a binary operation for the multiplication, a unary operation for the inver-
sion, and a constant for the zero) enriched by a symbol for the binary orthogonal
join @, which is a partial operation, we find in Section 3-2 an alternate axiomatiza-
tion of Boolean inverse semigroups, obtained via the introduction of two new (full)
binary operations, that we call the skew difference © and the skew addition V. We
thus obtain a variety of algebras (in the sense of universal algebra), that is, the
class of all structures satisfying a given set of identities. We call those structures
biases. Hence, Boolean inverse semigroups are definitionally equivalent to biases.
This enables us to apply directly tools of universal algebra, notably free algebras,
to Boolean inverse semigroups.

An unexpected byproduct of that study is the following: The class of all
Boolean inverse semigroups is congruence-permutable (cf. Theorem 3-4.11). This
means that any two bias congruences, of a given Boolean inverse semigroup, per-
mute. Hence, The lattice of all bias congruences, of a given Boolean inverse semi-
group, is modular®. As should be expected by the readers more familiar with uni-
versal algebra, congruence-permutability is achieved via a so-called Mal'cev term.
This term is written out in (3-4.5). It involves the inverse semigroup operations,
together with the two new operations © and V.

The congruence-permutability result, for Boolean inverse semigroups (biases),
says that those structures are much closer to rings than to semigroups.

1-1.7. Why should our inverse semigroups be Boolean? A few experi-
ments suggest that the introduction of the type monoid, that we give in Definition
4-1.3, makes the most sense for those inverse semigroups that are, in addition,
Boolean.

Nevertheless, the real reason, why the present work insists on Booleanity, lies
in the link with ring theory. Given a ring R, endowed with an involutary anti-
automorphism x — z* (then we say that R is an involutary ring), we are often
dealing with multiplicative subsemigroups S of R, that are also inverse semigroups,
satisfying that z* = ! for any = € S. Then we say that S is an inverse semigroup
in R (Definition 6-1.4). It turns out that in such a case, S is always contained in a
larger inverse subsemigroup S in R, which turns out to be Boolean (cf. Theorem
6-1.7). This is illustrated on Figure 1-1.1. Hence, the embedding problem of an in-
verse semigroup .S, in an involutary ring R, is essentially the same when considering
only Boolean inverse semigroups.

For a Boolean inverse semigroup S and a unital ring K, the additive enveloping
K-algebra K{S) can be defined as the universal K-algebra, containing a copy of S

4Recall that a lattice (L, V,A) is modular if £ A (y V z) = (x Ay) V z whenever z,y,z € L
with z < x.
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U

FiGURE 1-1.1. Embedding an inverse semigroup into an involu-
tary ring

centralizing K, such that finite orthogonal joins in S are turned to finite sums
in K(S).

We prove in Theorem 6-5.2 that for any unital involutary ring K, any (not nec-
essarily Boolean) inverse semigroup S, and any equation system 3 consisting of (for-
mal) equations of the form ;" z; = @?:1 yj, the involutary K-algebra K(S,3)
defined by generators S, centralizing K, and satisfying ¥, has the form K(S*)
for a suitable Boolean inverse semigroup S* (independent of K). This applies, in
particular, to the Leavitt path algebras Lk (F), or, more generally, to the algebras
L2b(E, C) introduced in Ara and Exel [7]. Analogues of those results also hold for
C*-algebras (see, in particular, Theorem 6-4.11).

Unlike the methods chosen in works such as Exel, Gongalves, and Starling [42],
Renault [93], Duncan and Paterson [35], Paterson [89], Steinberg [101, 102}, we
will handle the additive enveloping algebras K (S) without much mention to topol-
ogy, choosing instead to emphasize the use of the refinement property. In particular,
we describe K (S) as a quotient, defined in terms of finite subrings of the idempo-
tents, of the contracted semigroup algebra K[S]p. As a consequence, two elements
of K[S]o represent the same element of K(S) iff they are “locally” equal in K[S]o
(cf. Lemma 6-4.6).

1-1.8. Short descriptions of the chapters. Chapter 1 is devoted to intro-
ducing the present work, as well for motivation as for notation and terminology. We
also survey some known basic results, mainly about Boolean rings and refinement
monoids, that will be needed later.

Chapter 2 serves partly as a survey, partly as a gentle introduction to some
new results, the latter about tensor products of refinement monoids (Sections 2-5
and 2-6) and the quotient M /G of a refinement monoid M by the monoid con-
gruence generated by the action of a group G (Sections 2-8-2-10). Based on ideas
originating in Tarski [105], we give the relevant definition of a partial commutative
monoid. For those structures, the relevant morphisms are called V-homomorphisms
and the relevant relations V-relations. Every partial commutative monoid P has an
enveloping (full) commutative monoid Up,en(P), which behaves well with respect
to V-homomorphisms and V-relations. The behavior of the quotient monoid M /G
is discussed in detail, with many positive and negative results.

Boolean inverse semigroups come into play in Chapter 3. In Section 3-2, we
establish the above-mentioned identity between Boolean inverse semigroups and
the variety of all biases. In further sections, we prove that homomorphisms, con-
gruences, and ideals of biases, are identical to additive semigroup homomorphisms,
additive congruences, and additive ideals, respectively. We establish further results
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for known structures such as generalized rook matrices and Exel’s regular represen-
tation, and we introduce the crossed product of a Boolean inverse semigroup by a
group action.

Type monoids of Boolean inverse semigroups come into play in Chapter 4. We
establish that the type monoid functor preserves finite direct products and directed
colimits, and that it turns any crossed product to a quotient of the form M /G (cf.
Section 2-8). We also establish that the o-ideals of a type monoid of a Boolean
inverse semigroup S are in one-to-one correspondence with the additive ideals of .S,
and that the type monoid functor behaves well with respect to quotients. More-
over, we prove the identity between equidecomposability types monoids Z*(B) /G
and type monoids of Boolean inverse semigroups Typ.S, and we prove that every
countable conical refinement monoid has this form (Theorem 4-8.9).

In Chapter 5 we investigate type monoids of special classes of Boolean inverse
semigroups. We show, in Section 5-1, how arguments, very similar to those already
known for rings and operator algebras, make it possible to represent the positive
cone of every dimension group, of cardinality at most Np, as the type monoid of a
directed colimit of finite products of finite symmetric inverse semigroups (Theorem
5-1.10). In Section 5-2, we introduce a different argument, that enables us to rep-
resent the positive cone of any Abelian lattice-ordered group (Theorem 5-2.7), in
a functorial way (Theorem 5-2.18). In Section 5-3, we introduce an inverse semi-
group version of supramenability, which we call fork-nilpotence and which implies
strong separativity of the type monoid. In Section 5-4, we investigate (and, mostly,
survey) the effect of various completeness assumptions on the type monoid.

It is in Chapter 6 that we start relating Boolean inverse semigroups and in-
volutary (semi)rings. Any Boolean inverse semigroup S is a partial refinement
monoid, which, by virtue of the results of Section 2-1, gives rise to the enveloping
monoid Upen(S). This commutative monoid turns out to be cancellative, and it is
in fact the positive cone of a dimension group. This dimension group is, in turn,
endowed with a natural structure of involutary ring, which we denote by Z(S). Ten-
soring with any unital ring K, we obtain the above-mentioned additive enveloping
K-algebra K(S). Leavitt path algebras, and in fact much more general types of
algebras, are a particular case of the K (S) construction (Theorem 6-5.2). The ad-
ditive enveloping K-algebra functor S — K{(S) does not turn additive semigroup
embeddings to ring embeddings, but it does so in a number of significant cases.
Further constructions, arising from either involutary semirings or involutary rings,
are also discussed, such as the Boolean unitization construction (Section 6-6) and

the tensor product (of Boolean inverse semigroups) construction (Sections 6-8 and
6-9).

More detailed summaries will be given at the beginning of each chapter.

We illustrate this work with a large number of examples and counterexamples,
often showing the optimality of our results’ assumptions, occasionally solving known
open problems.

1-2. Basic concepts

1-2.1. Sets, functions, relations. We denote disjoint unions by writing U
instead of U. “Countable” will always mean “at most countable”. We set [n] =
{1,2,...,n}, for any nonnegative integer n.
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We denote by dom f (resp., rng f) the domain (resp., the range) of a function f.
Furthermore, we denote by f[X] the image under f of X Ndom f, and by f~![X]
the inverse image under f of X Nrng f, for any set X. We also denote by f[x the
restriction of f to X Ndom f. The kernel of f is

Ker f = {(,y) € (dom f) x (dom f) | f(z) = f(y)} -

We denote by Pow 2 the powerset of any set 2. A subset B of Pow (2 is a ring of
subsets of € if B is closed under finite union and set-theoretical difference.

For a binary relation T' on a set €, the statement (z,y) € T, for z,y € Q, will
often be abbreviated z I' y. If, in addition, I" is an equivalence relation, we will
sometimes write this statement © =p y or z =y (mod I')..

The composition of two binary relations I'g and I'; is denoted by

Lool'y = {(z,2) | By)((z,y) €T and (y,2) €I'1)} ;

We also set I'™! = {(y,z) | (z,y) € T'}. For an equivalence relation I" on a set (2,
we will usually denote by z/I" the equivalence class of x with respect to I

Following a convention in use notably in Goodearl [48], a binary relation < on
a set F and elements aq, ..., Gm, b1, ..., b, of E, the conjunction of all relations
a; <bj, for 1 <i<mand 1< j <n, will often be written in the form

aq bl

az bo
< .

am  bp

Likewise, for X, Y C F, the notation X <Y means that z <y for all (z,y) € X xY.
We write a < X (resp., X < a) instead of {a} <X (resp., X < {a}).

The length of a finite sequence = (zg, -+ ,Tn—1) is the integer len(z) = n.
We set X<" = {s € X<¢¥|len(s) < n}, for any set X and any n € Z*. We denote
by p~ q the concatenation of finite sequences p and q. We say that p is a prefix of q
if ¢ = p~ r for some finite sequence 7.

1-2.2. Partially ordered sets (posets). For subsets X and Y in a partially
preordered set (P, <), we will write

XY ={zeX|[(IyeY)z<y},
X1Y={zeX|ByeY)(z>y)},

and we will say that X is a lower subset of P (resp., an upper subset of P) if
X =Pl X (resp.,, X = Pt X). We will also write | X (resp., 1X) instead of
P | X (resp., P71 X) in case P is understood, and X | a (resp., X 1 a) instead of
X l{a} (resp., X 1 {a}) for a € P. The least element (resp., largest element) of P
will usually be denoted by Op (resp., 1p) if it exists. An atom of P is a minimal
element of P\ {Op}. We denote by At P the set of all atoms of P.

For posets P and @, a map f: P — @ is isotone (resp., antitone) if x < y
implies that f(x) < f(y) (resp., f(y) < f(x)) for all z,y € P.

A poset P is o-complete (resp., conditionally o-complete) if every nonempty
countable subset of P (resp., every bounded nonempty countable subset of P) has
a join and a meet.
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1-2.3. Equidecomposability, supramenability. For an action a: GxQ —
of a group G on a set {2, we will often denote by ay: Q@ — Q, x — gx the left
translation by an element g € G. We say that two subsets X and Y of Q are
a-equidecomposable, in symbol X ~, Y, if there are finite partitions X = | | | X,
and Y = |_|?:1 Y;, together with gi,...,g9, € G, such that each Y; = ¢; X;. We say
that a subset X of Q is a-paradowzical (cf. Wagon [110, Definition 1.1]) if there are
disjoint subsets X and X7 of Q such that each X; ~, X. Equivalently (cf. Wagon
[110, Corollary 3.6]), there is a partition X = Xy U X; such that each X; ~, X.

In case the action of G is understood, we will often say “G-equidecomposa-
ble”, “G-paradoxical”, and write X ~¢g Y instead of “a-equidecomposable”’, “a-
paradoxical”, and X ~, Y, respectively.

It will often be the case that the pieces X; and Y; will be kept inside a given
Boolean ring B of subsets of €2, closed under the action of G, in which case we will
say that X and Y are G-equidecomposable with pieces from B. For a commuta-
tive monoid M, a map u: B — M is a premeasure if 4(@) =0 and (X UY) =
w(X) 4+ p(Y) whenever X and Y are disjoint elements of B. We say that u is
G-invariant if p(gX) = p(X) for all g € G and all X € B.

The group G is supramenable (cf. Wagon [110, Definition 12.1]) if for every
nonempty A C G, there is a G-invariant premeasure p: Pow G — [0, 00] such
that u(A) = 1. This is equivalent to saying that no nonempty subset A of G is
paradoxical with respect to the natural left action of G on itself (cf. Wagon [110,
Chapter 12]).

For a subset S in a group G and a positive integer n, we denote by S(™ the set
of all products of n elements of S, and we define yg(n) as the cardinality of ().
Observing that vs(n) > 1 and ys(mn) < vs(m)ys(n), it follows from Fekete’s
Lemma (cf. Fekete [43, p. 233]) that the real number A\(S) = lim,, oo vs(n)'/™
exists, and 1 < A(S) < card S. Observing that A\(S) < A(S(™)) < \(S)™ for every
positive integer m, it follows that if A(S) = 1 for some finite generating subset S
of G, then A(S) =1 for every finite generating subset S of G.

The group G is exponentially bounded (cf. Rosenblatt [96], see also Wagon [110,
Chapter 12]) if A(S) = 1 for every nonempty finite subset S of G. Equivalently, for
any nonempty finite subset S of G and any real number b > 1, ys(n) < b™ for all
large enough n.

Every nilpotent group is exponentially bounded, and every exponentially bound-
ed group is supramenable. There are exponentially bounded groups that are not
nilpotent, and not even with polynomial growth (cf. Grigorchuk [54]), but it is
still unknown whether every supramenable group is exponentially bounded (cf.
Wagon [110, Problem 12]). If the free semigroup with two generators embeds into
a group G, then G is not supramenable. The converse fails (cf. Ol'shanskii [86]).

1-2.4. Nonstable K-theory of rings. All our rings will be associative, but
not necessarily commutative or unital.

Two idempotent elements a, b in a ring R are Murray - von Neumann equiv-
alent, in symbol a ~ b (or a ~g b in case R needs to be specified), if there are
x,y € R such that a = yz and b = zy. In that case, x and y may be taken in such
a way that x = xyx and y = yxy.
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We denote by M,,(R) the ring of all n x n matrices over R, and we embed M,,(R)

into My, 41(R) via x — g 8) . Then we denote by M (R) the union of all M,,(R),
for n a natural number.

We denote by V(R) the set of all Murray - von Neumann equivalence classes of
idempotent elements of M (R) (cf. Goodearl [50, § 4] for the unital case, Ara [5,
§ 3] for the general case). We denote by [a], or [a]g in case R needs to be specified,
the Murray - von Neumann equivalence class of a matrix a. Those equivalence

classes can be added, by setting

[a] + [b] = [a + b], whenever a and b are idempotent elements of Mo, (R)
with ab=ba =0.

This addition endows V(R) with a structure of commutative monoid, which encodes
the nonstable K-theory of R.

1-3. Distributive lattices and Boolean rings

In this section we shall recall a few basic facts about the topological represen-
tation of distributive® lattices, Boolean algebras, and Boolean rings. The material
of this section originates in Birkhoff [22], Stone [103] (notably Theorem 67 of that
paper), and Stone [104] (notably Theorem 4 of that paper). It can be found in
Grétzer [52, § 2.5].

A filter (resp., ideal) of a distributive lattice D is a nonempty upper subset
(resp., lower subset) of (D, <) closed under nonempty finite meets (resp., joins). A
filter p of D, with p # D (we say that p is a proper filter), is prime if x Vy € p
implies that either x € p or y € p, for all z,y € D.

Denoting by Q the set of all prime filters of D, we set Q(a) = {p € Q| a € p},
for each a € D.

PRrROPOSITION 1-3.1. Let D be a distributive lattice with zero. Then the assign-

ment a — §(a) defines a zero-preserving lattice embedding from D into the powerset
algebra of .

It is interesting to describe the range of the map a — Q(a) in topological terms.
Since Q(a) N QD) = Q(a Ab) whenever a,b € D, the subsets Q(a), where a € D,
form the basis of a topology on €. The set Q of all prime filters of D, endowed
with that topology, is often called the prime spectrum of D.

THEOREM 1-3.2. Let D be a distributive lattice with zero. Then the prime
spectrum 0 of D is a locally compact topological space. In fact, the subsets Q(a),
where a € D, are exactly the compact open subsets of 2.

A (not necessarily unital) ring B is Boolean if 22 = x for all z € B. Tt follows
that B is commutative and 2z = 0 for all z € B. A generalized Boolean algebra
is defined as a distributive lattice with zero, endowed with a binary operation
called the difference operation, satisfying the identities

O0=yA(x~y) and x=(xAy)V(x\y).

5A lattice (L, V, A) is distributive if £ A (yV z) = (z Ay) V (z A z) for all z,y,z € L.
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Generalized Boolean algebras can be identified with Boolean rings (cf. Stone [103,
Theorem 4]). The meet, the join, and the difference are then given by the rules

XAYy=x-y, XVy=X+y+Xx-y, X\NYy=X+Xx-Y,
and conversely, those operations define in turn the addition and the multiplication,
via the formulas
x-y=xAy, x+y=xVy)\(xAy).
While Boolean rings can be defined by the identities defining rings, together with

the single idempotent identity x? = x, generalized Boolean algebras can be defined
by the following set of identities:

xV(yVz)=(xVy)Vz

xVy=yVx
XV X=X
xV0=x
xA(yAz)=(xAy)Az
XY =Y AX (1-3.1)
XA X=X
XA (xVy) =x
XV (xAy) =x
xA(yVz)=(xAy)V(xAz)
x=(x\y)V(xAy)

0=yAKx\y).

The natural ordering on a Boolean ring is defined by x <y < xy = x. A Boolean
algebra is a generalized Boolean algebra with a largest element. Boolean algebras
correspond, via the correspondence described above, to unital Boolean rings.

REMARK 1-3.3. We shall mention here a point about terminology. In many
references, generalized Boolean algebras are simply called Boolean algebras, which
means that Boolean algebras are not assumed to be unital. This occurs, in particu-
lar; in the abundant already existing literature about Boolean inverse semigroups,
a topic that we will handle from Chapter 3 on. In order to allay that confusion, we
shall often use the ring terminology, thus dealing with Boolean rings (generalized
Boolean algebras) and unital Boolean rings (Boolean algebras).

A ultrafilter of a distributive lattice is a maximal proper filter. The following
result relates prime filters of a Boolean ring B with ultrafilters of the principal
ideals of B.

LEMMA 1-3.4 (folklore). Let p be a filter of a Boolean ring B and let a € p.
Then p is prime iff p | a is an ultrafilter of B | a.

The following result specializes Theorem 1-3.2 to Boolean rings.

THEOREM 1-3.5. The prime spectrum of any Boolean ring is a locally compact,
Hausdorff, and zero-dimensional® topological space.

6A topological space is zero-dimensional if it has a basis of clopen (i.e., simultaneously closed
and open) sets.
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1-4. Commutative monoids, refinement monoids

A partially preordered commutative monoid is a structure (M, +,0, <), where
(M, +,0) is a commutative monoid and < is a preordering on M (i.e., a reflexive,
transitive binary relation) which is compatible with the addition (i.e., z < y implies
that x + 2z <y + 2, for all x,y,z € M). We say that M is

e cancellative if v + z = y + 2z (resp., ¢ + z < y + z) implies that x = y
(resp., z < y), for all z,y,z € M.

o m-power cancellative if mx = my implies that x =y, for all z,y € M.

e m-unperforated, where m is a positive integer, if max < my implies that
z <y, forall z,y € M.

e directed if the preordered set (M, <) is (upward) directed, that is, for all

x,y € M there exists z € M such that ; < z.

We also say that M is power cancellative (resp., unperforated) if it is m-power
cancellative (resp., m-unperforated) for every positive integer m.

The positive cone (resp., strict positive cone) of M is Mt ={x e M |0 <z}
(resp., Mt ={z € M+ | x £ 0}). We denote by Z (Q, R, C, respectively) the set
of all integers (rationals, reals, complex numbers, respectively), endowed with the
structure appropriate to the context, and we set N = Z*+.

In any partially preordered commutative monoid,

a o b if there is n € N such that a < nb; (1-4.1)
axbifaxbandbxa. (1-4.2)

An element e in a partially ordered commutative monoid M is an order-unit if
0 <eandz x e for every z € M. We say that M is simple” if M+ # {0} and
every element of M ™ \ {0} is an order-unit of M.

In any commutative monoid M,

x <% 5 if there exists z such that y =z + z; (1-4.3)
x <1 y if there exists z # 0 such that y = z + 2. (1-4.4)

The binary relation <7 is a preordering on M, compatible with the addition on M.
It is usually called the algebraic preordering on M. The structure (M, +,0, <)
is of course a partially preordered commutative monoid. The binary relation <t
is transitive iff M is conical, that is, * +y = 0 implies that z = y = 0, for all
x,y € M. For example, the monoid V(R) (cf. Subsection 1-2.4) is conical for any
ring R.

A nonempty subset I of M is an o-ideal of M if v +y € I iff {z,y} C I,
for all 2,y € M. We denote by M|e the o-ideal of M generated by e: that is,
Mle = {z € M |z xe} (cf. (1-4.1)). Observe that M is simple iff it has exactly
two o-ideals, namely {0} and M.

For a submonoid N of a commutative monoid M, the binary relation ~y
defined by

rayyif (Gu,uve N)(z+u=y+wv)
is a monoid congruence of M (cf. Wehrung [116, Lemma 2.8]). We write M/N
instead of M/~ y.

"This definition is tailored to accommodate both cases of simple commutative monoids and
simple partially ordered Abelian groups.



16 1. BACKGROUND

A pointed commutative monoid is a pair (M, u), where M is a commutative
monoid and v € M. We say that u is directly finite in M, or, alternatively, that
(M,u) is directly finite, if  + uv = u implies that x = 0, for all z € M. We say
that M is stably finite if every element of M is directly finite.

The monoid M satisfies the refinement property, or, equivalently, M is a refine-
ment monoid, if for all positive integers m and n and all elements aq, ..., am,, b1,
sy by of MUY a; = Z?Zl by, then there are elements ¢; ; € M, for 1 <i <m
and 1 < j < n, such that

n m
a; = Zcm whenever 1 < i <m, and b; = Zci’j whenever 1 < j <n. (1-4.5)
j=1 i=1

It is well known that it is sufficient to verify that property for m = n = 2. The
relations (1-4.5) are often recorded in the format of a refinement matriz,

by bo | by
aq C1,1 C1,2 e Cln -
b] (1 <j< ”)
azl | co1 | c22 | ... | Con or sometimes
a; (1 S 7 S m) CiJ‘
(4799 Cm,1 | Cm,2 - | Cmyn

Every refinement monoid satisfies the Riesz decomposition property, that is, when-
ever a <t by + by, there are a; < b; and ay <T by such that a = a; + as. A
classical example of a commutative monoid with Riesz decomposition but without
refinement is M = {0,1,00}, with 1+ 1 =1+ co = 0.

The class of all rings R such that V(R) (cf. Subsection 1-2.4) satisfies refinement
includes the so-called ezchange rings (cf. Ara [5, Proposition 1.5]), thus the smaller
class of regular rings. The result for unital regular rings is stated in Goodearl [49,
Theorem 2.8].

Refinement monoids were formally introduced, independently, in Dobbertin [31]
and Grillet [55], and probably in other places as well. Their origin can be traced
back to Tarski [105].

DEFINITION 1-4.1. For a semigroup S, we denote by S“C the semigroup ob-
tained from S by adding a new zero element 0 (i.e., -0 = 0-xz = 0 for all
x € SU{0}).

A commutative monoid M is regular if 2z <™ z for every x € M.

Whenever G is an Abelian group, both commutative monoids G' and G-° are
refinement monoids. Moreover, the commutative monoids of the form GY° are
exactly the conical simple regular ones.

EXAMPLE 1-4.2. A (V,0)-semilattice is a commutative monoid in which every
element is idempotent, endowed with its algebraic preordering, which can then be
defined by z <% y iff x +y = y, and which is then a partial ordering. The binary
addition + is then the binary join with respect to the partial ordering <™, so we
usually denote it by V.

A (V,0)-semilattice S is distributive if the ideal lattice of S is distributive (cf.
Gritzer [52, Section 11.5.1]). Equivalently, for all a,b,c € S such that ¢ < a Vb,
there are <% @ and y < b in S such that z = x Vy. It is well known (and easy
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to verify) that A (V,0)-semilattice is a refinement monoid iff it is distributive. In
particular, A lattice with zero is a refinement monoid under join iff it is distributive.

EXAMPLE 1-4.3. For any partially ordered Abelian group G, the positive cone G+

of G is a refinement monoid iff G is an interpolation group, that is, whenever a; < b;
in G for all 4, j € {0, 1}, there exists € G such that a; <z <b; for all 4,5 € {0,1}
(cf. Goodearl [48, Proposition 2.1]). Directed interpolation groups that are unper-
forated (i.e., mz > 0 implies > 0, whenever n € N) are called dimension groups
(cf. Goodearl [48, Chapter 3]). Every Abelian lattice-ordered group is a dimension
group. A partially ordered Abelian group is simplicial it is it isomorphic to Z",
endowed with its componentwise ordering, for some n € Z*. A simplicial monoid
is the positive cone of a simplicial group. It is well known (cf. Grillet [56] or Effros,
Handelman, and Shen [37]) that the dimension groups are exactly the directed
colimits of simplicial groups.

A partially ordered Abelian group G is discrete if GT = {0}.
For elements a and b in a partially ordered Abelian group G, we define

a < bif b—ais an order-unit of G, (1-4.6)
a < bif eithera=bora<b. (1-4.7)

The binary relation < is a partial ordering on GG, and it endows GG with a structure
of partially ordered Abelian group. We will denote G° = (G, <). This partially
ordered Abelian group is either discrete or simple. In fact, (G, <) is either discrete
or simple iff G = G®, that is, the orderings < and < are identical. Hence, the
simple partially ordered Abelian groups are exactly the non-discrete ones of the
form (G, K).

LEMMA 1-4.4. Let M be a refinement monoid. Then the set of all order-units
of M is downward directed.

PROOF. Let a and b be order-units of M. Since a < b and M is a refine-
ment monoid, it follows from Wehrung [117, Corollary 3.2] that there are finite
sets I and J, together with elements a; (i € I) and b; (j € J) of M such that
a=>er@, b=73 ;b5 and {a; [i € I} = {b; | j € J}. Fix a repetition-free

enumeration (¢ | k < n) of that set, and set ¢ = Y, _ cx. Then ¢ <T Z. Since

every a; is equal to some ¢, we get a o ¢, so ¢ is an order-unit of M. O

PRrROPOSITION 1-4.5. The following statements hold, for any interpolation group G:

(1) G® is an interpolation group iff either G = 7 or every order-unit of G is the
sum of two order-units of G.

(2) If G is a dimension group and every order-unit of G is the sum of two order-
units of G, then G° is a dimension group.

PROOF. (1). First observe that Z° = Z is a dimension group. Suppose now that
every order-unit of G is the sum of two order-units of G and let ag, a1, bg, b1 € (G%)T
such that ag + a1 = by + b1. We must find a refinement for that equation. Suppose
first that one of the a; or b; is zero. We may assume that ag = 0. A refinement is
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then provided by the matrix

bo | b1
ap=0|01]0
ai bo | b1

Suppose now that all a;, b; are order-units. By applying Lemma 1-4.4 to the re-
finement monoid G+, we get an order-unit ¢ such that ¢ < a; and e < b; for all
i € {0,1}. By assumption, e = eg + e; for order-units ey and e; of G. Since GV is
a refinement monoid, there is a refinement matrix of the form

bo—e b1—€

ap — e 0,0 Co,1 in G+ .

ap —e C1,0 C1,1

Therefore, we get the following refinement matrix, whose entries are all order-units:

bo b1

ap | €Co,0 =+ €0 | Co,1 + e in (C;S)Jr .

ay | cioter|c1t+eo

Hence G® is an interpolation group.

Suppose, conversely, that G® is an interpolation group and G % Z. We must
prove that any order-unit e of G is a sum of two order-units. Since G is noncyclic and
by Goodearl [48, Lemma 14.5], there are a,b € GTT such that e = a + b. Suppose,
towards a contradiction, that e is not a sum of two-order-units of G. Since (G®)* has
refinement and e, e+a, and e+b are all order-units with (e+a)+ (e+b) = e+e+e,
there is a refinement matrix of the form

e (& e

et+a|ag|a| as in (G5)".

e+ b b() b1 bz

Z? and e is not the sum of two order-units,
2

we obtain that either a; = 0 or b; = 0. It follows that there are distinct indices 4
and j such that either a; = a; = 0 or b; = b; = 0. We may thus assume that
agp = a1 = 0. It follows that by = by = e, so e +b = by + by + by = 2e + b, and so
b=e+ by > e. Since b < e, it follows that b = e, thus a = 0, a contradiction.

(2). By (1), it suffices to prove that G® is unperforated. This follows trivially
from the unperforation of G. O

For each i < 3, since e = a; +b; with 0 <

1-5. Weak comparability and strict unperforation

Weak comparability is a monoid-theoretical concept, introduced in Ara and
Pardo [14]. Although it seems rather weak at the first sight, it turns out that
under certain conditions, it implies cancellativity.
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DEFINITION 1-5.1. For a commutative monoid M, we set
comp(a:b)={keN|(VzeM)(kz <t b=a<"a}, foralla,bc M.

(Observe that comp(a : b) is either empty, or of the form N1k for some k € N.)
The weak comparability set of M is defined as

I'={ee M| (Vy € M\{0})(comp(y : e) # @)} .

An element ¢ € M has finite indez if there is k € ZT such that (k+ 1)z <t e =
x <t 0 for every € M. Such an integer k is called an indez of e.

The notation comp(a : b) is designed in such a way that the assignment (a, b) —
comp(a : b) is isotone in a and antitone in b.

LEMMA 1-5.2. Let M be a commutative monoid. If M is not conical, then
the weak comparability set of M consists exactly of those elements of M with finite
index.

PROOF. There are nonzero a,b € M such that 0 = a + b. Let e be an element
in the weak comparability set of M. From a # 0 it follows that comp(a : e) is
nonempty; pick k in that set. Every x € M such that kz <T e satisfies 2 <% q,
thus  <T 0. Hence ¢ has finite index. The converse statement, that every element
with finite index belongs to the weak comparability set, is trivial. O

LEMMA 1-5.3. Let M be a refinement monoid. Then the set F' of all elements
of M with finite index is an o-ideal of M.

PROOF. It is trivial that F is a lower subset of M. Now let a,b € F and
let kK — 1 be a common index of both a and b. Let € M such that 2kz <t a + b.
By Wehrung [114, Lemma 2.3], there is a decomposition = u + v such that
ku <* a and kv <t b. Tt follows that u,v <t 0, so < 0. Therefore, 2k — 1 is an
index of a + b. O

LEMMA 1-5.4. Let M be a refinement monoid. Then the weak comparability
set C' of M is an o-ideal of M.

PROOF. It is trivial that C' is a lower subset of M, so it suffices to prove that
a+b € C whenever a,b € C. Let y € M \ {0}, we must prove that the set
comp(y : a + b) is nonempty. We separate cases.

Case 1. 2t <* y for some t € M \ {0}. Pick k € comp(¢ : a) Ncomp(t : b) and let
x € M such that 2kx <T a + b. By Wehrung [114, Lemma 2.3], there
is a decomposition x = u + v such that kv < a and kv <t b. From
k € comp(t : a) and k € comp(t : b) it follows that u < ¢ and v <t ¢,
respectively. Hence, z <T 2t <* y. Therefore, 2k € comp(y : a + b).

Case 2. 2t <* y implies that ¢ = 0, for all t € M. Let k be an element of
comp(y : a) Ncomp(y : b) and let x € M such that 4kz <* a + b. By
Wehrung [114, Lemma 2.3], there is a decomposition = u+v such that
2ku <t a and 2kv <* b. From k € comp(y : a) and k € comp(y : b)
it follows that 2u <t y and 2v <T v, respectively. By assumption, it
follows that u = v = 0, whence & = 0. Therefore, 4k € comp(y : a + b).

In any case, comp(y : @ + b) is nonempty. a
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By virtue of Lemma 1-5.3, the weak comparability set of a refinement monoid
will often be called its weak comparability ideal.
Accordingly, we set the following definition.

DEFINITION 1-5.5. A commutative monoid M satisfies weak comparability if
its weak comparability set is M itself.

The definition of weak comparability of a pointed monoid (M, u) introduced in
Ara and Pardo [14] is equivalent to saying that u belongs to the weak comparability
set of M. Hence, by virtue of Lemma 1-5.4, if M is a simple refinement monoid and
u € M\ {0}, then M satisfies weak comparability (in the sense of Definition 1-5.5)
iff (M, u) satisfies weak comparability (in the sense of Ara and Pardo [14]).

Simple commutative monoids are particularly interesting in the conical, stably
finite case. The other cases are taken care of by the following easy description.

PROPOSITION 1-5.6. The following statements hold, for any simple commuta-
tive monoid M :

(1) If M is not conical, then M is an Abelian group.
(2) If M is not stably finite, then M is regular. In particular, 0 is the only directly
finite element of M.

PRrROOF. (1). Let a,b € M such that 0 = a+b. Since M is simple, every z € M
satisfies = o a, thus <t 0, that is,  has an additive inverse.

(2). Let a,b € M with a+b = b and a # 0. Since M is simple, there is m € N
such that b <* ma. Hence 2b <t ma 4+ b = b, so there exists h € M such that
b = 2b+ h. It follows that the element e = b + h is idempotent. Since a +b = b
and b <* e, we get a + e = e. In particular, e # 0, thus M is not a group. By (1),
it follows that M is conical. Since M is simple, x =< e for all x € M \ {0}, thus,
since e = 2¢, we get 2z < x. O

The following definition is stated, in the language of nonstable K-theory of
rings, in Blackadar [23]. Our statement involves the binary relation <* introduced
in (1-4.4).

DEFINITION 1-5.7. Let M be a commutative monoid and let m be a positive
integer. We say that M is strictly m-unperforated if mz <% my implies that
x <t y,forall z,y € M.

PRrROPOSITION 1-5.8. Let M be a simple conical refinement monoid and let m
be an integer with m > 2. Then M satisfies weak comparability iff it is strictly
m-unperforated.

PROOF. If M is not stably finite, then, since M is conical and by Proposition
1-5.6, M = G0 for some Abelian group G. It follows easily that M has weak
comparability and is strictly unperforated.

Suppose from now on that M is both conical and stably finite. If M satisfies
weak comparability, then, by Ara and Pardo [14, Corollary 1.8], it is cancellative, so
it is the positive cone of some interpolation group. By Ara et al. [12, Theorem 4.2],
it follows that M is strictly unperforated.

Suppose, conversely, that M is strictly m-unperforated. We argue as in the
proof of Ara et al. [12, Theorem 4.2]. Given e,y € M \ {0}, we must prove that
comp(y : e) # @. Since M is simple, there is k € N such that e <t (mF — 1)y. Let
x € M such that m*z <* e. Then m*x < (mF — 1)y <t mF*y, thus, since M is
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conical, mFz <+ mFy. Since M is strictly m-unperforated, it follows that 2 <* y.
Therefore, m* € comp(y : €), so e belongs to the weak comparability ideal of M. [0






CHAPTER 2

Partial commutative monoids

Many constructions of commutative monoids start with a set P, endowed with
a partial addition @. The partial structure (P, ®) is then extended to a full com-
mutative monoid, which works then as the “enveloping monoid of P”. Although
this process has been mostly studied in case P satisfies the refinement axiom (this
originates in Tarski [105]), the initial part of the work does not require that axiom.

Section 2-1 deals mainly with the extension process of a partial commutative
monoid P to its enveloping (full) commutative monoid, denoted by Upon(P). This
subject is pursued in Section 2-2, which deals with the special case of refinement
monoids. Section 2-3 states some material about so-called multiple-free partial
refinement monoids. Section 2-4 establishes some material about the important
concept of V-relation.

We claim no originality for most results of Sections 2-1-2-4, which are often
known in some form. However, in the few cases where well-defined bibliographical
sources could be found, those were not necessarily easily applicable to our context,
so we felt that precise formulations were required.

Section 2-5 introduces some material about tensor products of commutative
monoids, extending some of the work of Wehrung [116]. Section 2-6 deals with
tensor products of V-relations. The material about tensor products of commuta-
tive monoids will be applied to Boolean inverse semigroups in Chapter 6.

Section 2-7 gives a few sufficient conditions, for certain cancellativity properties
of partial commutative monoids, to be transferrable from a given conical partial re-
finement monoid P to its enveloping monoid Upepn (P).

Section 2-8 introduces, for a group G acting by automorphisms on a com-
mutative monoid M, the range M /G of the universal G-invariant measure on M.
Section 2-9 initiates the study of the cancellativity properties that can be transferred
from M to M//G. Section 2-10 illustrates the difficulties of such “cancellativity
transfer” results, notably with a class of counterexamples.

Highlights of Chapter 2.

e Every partial commutative monoid P is a lower interval in its enveloping
monoid Upen(P) (Proposition 2-1.8).

e The enveloping monoid of a partial refinement monoid is a refinement
monoid (Theorem 2-2.3).

e Upnon(P)/Umon(T) 2 Upyon(P/T), whenever I is an additive V-equivalence
on a partial refinement monoid P (Theorem 2-4.6).

e The tensor product of two conical V-congruences, on conical commuta-
tive monoids, is a conical V-congruence (Corollary 2-6.4).

23
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e If a finite group G acts on an Abelian lattice-ordered group M, then
M™ /|G is the positive cone of an Abelian lattice-ordered group (Theorem
2-9.4).

e A dimension group M, together with an involutive automorphism o, such
that the monoid M ™ /o is not cancellative (Example 2-10.8).

e A dimension group with an involutive automorphism whose fixpoint set
is not an interpolation group (Example 2-10.12). This solves Problem 31
in Goodearl [48].

2-1. The enveloping monoid of a partial commutative monoid

In this section we shall describe how to universally embed a partial com-
mutative monoid (as introduced shortly) (P, ®,0), into a full commutative mon-
o0id Upon(P, ®,0), in such a way that the partial monoid is a lower subset of the
full monoid. None of the results of this section requires any refinement assumption
on P.

DEFINITION 2-1.1. A partial commutative monoid is a structure (P, @, 0), where P
is a set, 0 € P, and @ is a partial binary operation on P satisfying the following
properties, for all x,y,z € P:

(PC1) Associativity: x @ (y @ z) is defined iff (z & y) @ z is defined, and then
the two values are equal.

(PC2) Commutativity: x @ y is defined iff y & = is defined, and then the two
values are equal.

(PC3) Zero element: x @ 0 is defined with value z.

The algebraic preordering on P is defined by
r<%y if F)y=202), for all x,y € P. (2-1.1)

Recall from Section 1-4 that if P is a full monoid (as opposed to a partial monoid),
then we emphasize this point by writing <* instead of <®.

Observe that if we assume the commutativity, then the associativity amounts
to verifying that v = (z ® y) @ z implies u = 2 @ (y P 2).

It follows immediately from (PC1) and (PC3) that the binary relation <% is
indeed a preordering.

DEFINITION 2-1.2. Let M be a partial commutative monoid.

(1) Whenever X C M, we define X% as the set of all elements of M of the
form @, _,, xi, where n is a nonnegative integer and all z; € P. We say
that X is

— ®-closed, or a partial submonoid of M, if X = X9,

— an o-ideal of M if it is both a partial submonoid of M and a lower
subset of P with respect to the algebraic preordering of P (this
extends the definition given in Section 1-4 for full monoids),

— a generating subset of M if M = X9,

(2) For partial commutative monoids P and @), a map f: P — Q is

— conical if f71{0g} = {0p};
— a homomorphism (of partial monoids) if f(0p) = 0g and x = zoP x4
implies that f(z) = f(xo) ® f(z1), for all x,xq,21 € P;
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— a V-homomorphism if it is a homomorphism and for all x € P and
all yo,y1 € Q, if f(x) = yo D y1, then there are xg, x; € P such that
x =1z0 @z and each f(z;) = y;;
— a V-embedding if it is a one-to-one V-homomorphism.
(3) A lower interval of M is a nonempty lower subset P of (M, <%), endowed
with the partial addition defined by

z=x@®py if z=xdyy, for all x,y,z € P. (2-1.2)

(it is then straightforward to verify that (P,®p,0) is also a partial com-
mutative monoid.) Equivalently, P C M and the inclusion map from P
into M is a V-embedding.

Here and at many other places, the “V” in “V-homomorphism”, “V-embed-
ding”, and so on, stands as the initial letter of “Vaught”, having in mind his the-
sis [109].

We emphasize that while lower subsets are defined for partially preordered sets,
lower intervals are defined for partial commutative monoids.

From now on, until the end of this section, let (P, ®,0) be a partial commutative
monoid.

DEFINITION 2-1.3. The one point completion of P consists of the set PY>° =
P U{oo} (for a new element co), endowed with the binary operation + defined by

r+o00=00+x =00, for all x € PY>,

. W P
r+y= = nE :?@ym , for all z,y € P.
oo, otherwise

The proof of the following result is straightforward.

PROPOSITION 2-1.4. The one point completion PY> is a commutative mon-
oid, for every partial commutative monoid P. Furthermore, P is a lower interval
of PY>°,

Proposition 2-1.4 makes it possible to translate problems about partial monoids
to problems about full monoids. In particular, dealing with finite sums in P becomes
a triviality. Formally, finite sums can be defined as follows.

DEFINITION 2-1.5. For a finite set I, a family (z; | ¢ € I) of elements in a partial
commutative monoid P, and x € P, let x = @iel x; hold, if x = Y. _; x; within
the one point completion PY>°.

We say that @@,.; z; is defined if there exists x € P, called the wvalue of the
finite sum, such that z = @, ; ;.

iel

Note that by definition, the value of the finite sum @, ; z;, if it exists, is
the unique value of the sum ), ; z; in the full monoid PY>® For example, x =
@ie{o,l} x; iff © = 2o @ x1. For the sake of readability, we shall often write finite
sums as x @ y, @, =i in partial monoids, and = +y, >, ; x; in full monoids.

As a further immediate application of Proposition 2-1.4, we get the following.

LEMMA 2-1.6. The following statements hold, for every element x and every
finite family (z; | i € I) of elements in a partial commutative monoid P.
(1) If@;c; wi is defined, then @, ; x; is defined for every J C I, and the inequality
Dicszi <P P, v holds.
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(2) Let I =|];c;1;. Thenx =P, i iffy; = @ZEIJ, x; is defined for every j € J
and x =P 5 y;-
3) Let J be a set and let o: J — I be a bijection. Then @._,x; is defined iff
i€l
@jeJ Ty(;) 18 defined, and then the two values are equal.

Denote by Fion(X) the free commutative monoid on the set X, for any set X.
It can be realized as the additive monoid of all maps from X to Z* with finite
support. Identifying every element x € X with the characteristic function & of {z},
we obtain that the elements of Fy,0,(X) are the finite sums of elements of X.

We shall realize the enveloping monoid of the partial commutative monoid P
as the quotient of Fp,on(P) by a certain monoid congruence. We define binary
relations =, —, and ~ on Fy,on(P) as follows. For u,v € Fion(P),

u = if ulp\ oy = vlp\q0y >
u — v if there are w € Fyon(P) and x,y, z € P such that
z=zx®y, u=w+2, and v=w+a+7Yy,

u ~ v if either u > vorv—u.

Furthermore, we denote by = the transitive closure of ~. From u = u+0 = u+2-0
it follows that ~ is reflexive (take x = y = 0 in the definition of —); in fact,
~ contains =. Since ~ is trivially symmetric, it follows that = is an equivalence
relation on Fpon(P). Moreover, — is compatible with the addition on Fp,on(P)
(i.e., v — v implies u + w — v + w), hence so are ~ and =. In particular, = is
a monoid congruence of Fy,on(P). We denote by [u] the =-equivalence class of an
element u € Fyon(P) and we set ep(z) = [£], for all € P. The quotient monoid
Umon(P) = Fmon(P)/= is a commutative monoid, and €p is a homomorphism of
partial monoids from P to Upon(P) (indeed, z = x @ y implies that 2 — & + 9,
thus ep(z) = ep(x) + ep(y)). Since every element of Fyon(P) is a sum of elements
of the form #, the range of ep generates Upon(P) as a monoid.

PROPOSITION 2-1.7. The monoid Upon(P), endowed with the homomorphism
ep: P = Upnon(P) of partial monoids, is the free commutative monoid on the partial
commutative monoid P.

PrOOF. We must prove that for every commutative monoid N and every ho-
momorphism f: P — N of partial monoids, there exists a unique monoid homomor-
phism f: Upyon(P) — N such that f = foep. The uniqueness follows from the fact
that the range of e p generates Up,on (P). For the existence, let ¢: Fyon(P) — N the
unique monoid homomorphism such that ¢(&) = f(z) for each z € P. It is straight-
forward to verify that u = v implies that p(u) = ¢(v), for all u, v € Fpyon(P). Define
f([u]) = ¢(u). O

By virtue of Proposition 2-1.7, we shall call Uy,on(P) the enveloping monoid
of P.

The description of the enveloping monoid Uyen(P) via =, —, and ~, given by
Proposition 2-1.7, will be applied in Example 2-7.15.

The following result shows that the map p identifies P with a lower interval
of the enveloping monoid Uy,en (P). We say that P is conical if 0 = x @ y implies
x =0, for all z,y € P.

PROPOSITION 2-1.8. The homomorphism ep is a V-embedding from P into Upon(P).
Furthermore, if P is conical, then so is Upon(P).
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PRrROOF. By Proposition 2-1.7, there is a unique monoid homomorphism
1 Upon(P) — PY> such that 9 o ep is the inclusion map from P into PY>.
In particular, ep is one-to-one.

CLAIM. ep[P] =y~ L[P].

ProOF OF CLAIM. For each z € P, ¢(ep(z)) = =z € P. Conversely, let
x € Y1 [P]. Write ® = Y, ep(;), where n € ZT and each z; € P, and set
x = 1p(x). Since xz = Y, x; (within P”>) belongs to P, we get z = @,_,,
(within P). Hence, x = ep(EP,,, zi) = ep(z) belongs to ep[P]. O Claim.

i<n 't

Now let z € P and let @,y € Upon(P) such that ep(z) = & + y. Setting
x = (x) and y = ¥(y), it follows that z = z + y (within P2>°), thus, since P is a
lower subset of P2>°, z and y both belong to P. By the Claim above, x = ep(z')
and y = ep(y’) for some ',y € P. Moreover, ' = (¢p oep)(a’) = ¢(x) = z, and,
similarly, ¥’ = y, thus @ = ep(z) and y = ep(y). This completes the proof that ep
is a V-embedding.

By the above, any x,y € Upyon(P) such that z+y = 0 have the form © = ep(x)
and y = ep(y), where x,y € P with 2 +y = 0. Hence, if P is conical, then so
is Upnon (P). O

2-2. Partial refinement monoids

The construction of the enveloping monoid Uy, (P) takes a special significance
in case P satisfies the extension, introduced in Definition 2-2.1, of the refinement
axiom originally defined for full commutative monoids in Section 1-4. In particular,
this leads to another perspective on the enveloping monoid Z*(B) of a generalized
Boolean algebra B (cf. Example 2-2.7).

DEFINITION 2-2.1. A partial commutative monoid (P, ®,0) is a partial refine-
ment monoid if it satisfies the refinement property, that is, for all ag, a1, by, b1 € P
with ag @ a1 = by @ b1, there are elements ¢;; € P, for i,5 € {0,1}, such that
a; = ¢io P i1 and b; = ¢ B c1,; for every ¢ € {0,1}. If P is a full monoid, then
we say that P is a refinement monoid.

It is an easy exercise to prove, by induction, that the statement of the definition
of a partial refinement monoid extends to finite sums of elements.

PROPOSITION 2-2.2. Let (P,®,0) be a partial refinement monoid, let m, n
be positive integers (resp., if P is conical, nonnegative integers), and let ag, ...,
@m—1, bo, ..., by_1 be elements of P such that @,_,, a; = @j<n bj. Then there
are elements ¢; ; € P, for i <m and j <n, such that a; = @j<n cij foralli<m
and by = @, _,, ci,j for all j <n.

We keep for partial refinement monoids the refinement matrix notation intro-
duced in Section 1-4.

Although Proposition 2-1.4 is generally helpful in proofs of statements like
Proposition 2-2.2, this help cannot be pushed too far. For example, for the partial
commutative monoid P = {0,1}, with 1 @ 1 undefined, the one point completion
P> = {0,1,00} does not satisfy refinement (e.g., there is no refinement for the
equation 14+ 1 = 14 00). As we shall see shortly, this problem does not occur with
the enveloping monoid construction Upy,en (P).
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For a partial commutative monoid P, it follows from Proposition 2-1.8 that
the canonical homomorphism ep: P — Upon (P) identifies P with a lower interval
of Upon(P). Since Upen(P) is generated by the range of ep, it follows that the
elements of Up,en(P) are exactly the finite sums of elements of P. Furthermore, it
follows from Proposition 2-1.7 that for finite sequences (a; | i < m) and (b; | j < n)
of elements of P,

> ai =Y bjin Upen(P) <= Y ;= > bjin Fuen(P),

i<m j<n i<m j<n
where = is the monoid congruence of Fy,o,(P) introduced in Section 2-1. Our next
result gives a convenient description of = in case P is a partial refinement monoid.
The techniques underlying the proof of that result originate in Tarski [105], and

they are nowadays well understood. They are pursued, in particular, in Wehrung
[117, Chapter 4].

THEOREM 2-2.3. Let (P, ®,0) be a partial refinement monoid and let (a; | 1 < m)
and (bj | j < n) be finite sequences of elements of P, with m,n > 0 (or just m,n >0
in case P is conical). Then 3, . ai = 3 ;,b; in Unon(P) iff there are ele-
ments ¢; j € P, fori <m and j <n, such that a; = ®j<n ci,j for each i <m and
bj = B, Cij for each j <n. Furthermore, Unon(P) is a refinement monoid.

PROOF. Denote by S the set of all nonempty finite sequences of elements of P.
For @ = (a; | i < p) and b= (b; | j < ¢) in S, say that @ ~ b if there are 2, ; € P,
fori < pand j < g, such that a; = @,_, v, foralli <pand b; = P, _, z;,; for all
j<q. Nowlet = (cx | k <r)in S and suppose that d ~ 5, via elements z; ; € P,
and b ~ ¢, via elements Yjk € P. For each j < ¢, since b; = P, _, zi,; = Dy, Yjik
and by Proposition 2-2.2, there are v;; € P, for i < p and k < r, such that
zij = @Dy, vijk foreachi <pandy;p = @, vi,jx for each k < r. Therefore, we
obtain that a; = @, zix for each i < p and ¢; = ®i<p z; ), for each k < r, where
zik = D, Vijk, and so @ & . It is obvious that ~ is reflexive and symmetric,
thus it is an equivalence relation on S. Further, it is obvious that =~ is compatible
with concatenation of finite sequences, and that @ ~ b whenever @ and b are obtained
from one another by a permutation. Therefore, = is a semigroup congruence of .S,
with commutative quotient M. Actually, d ~ b whenever b is obtained from @ by
concatenating the one-element sequence (0), hence the ~-equivalence class of (0) is
the neutral element of M, which is thus a commutative monoid.

The map f: P — M that sends every x € P to the ~-equivalence class of ()
is a homomorphism of partial monoids, thus, by Proposition 2-1.7, f extends to a
unique monoid homomorphism g: Upen(P) — M. Now let @ = (a; | i < m) and
b= (bj |j<n)in S. It is trivial that @ ~ b implies that Diem @i = D icnbj
in Umon(P). Conversely, if >, a; = 37, , bj in Unon(P), then, applying the
homomorphism g, we obtain that ), f(a;) = Zj<nf(bj) in M, that is, by
definition of the equality in M, d =~ b. This establishes the characterization of the
equality between elements of Upon(P).

Now let a(0), 4(1); b(o), b(l) € Umon(P) such that a) +aq) = b(o) + b(l). There
are nonempty finite sets Iy, Iy, Jy, J1 such that Io NI} = Jy N J; = &, together
with elements a; € P, for ¢« € IpU I, and b; € P, for j € Jy U Jp, such that
Ap) = e, @i for each p € {0,1} and by = >_;c; b; for each ¢ € {0,1}. The
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equality a(o)+a(1) = b(o)+b() means that >,y a; =3 ;50 bj, hence, by the
paragraph above, there are elements ¢; ; € P, fori € IoUl; and j € JyUJy, such that
a; = @j c;,j for each i and b; = P, ¢; ; for each j. Setting c(, 4) = Z(i,j)elprq Cij,
we obtain that a(;) = ¢ 0) + c@,1) and by = co,5) + ca,j), thus completing the
proof that Uy, (P) is a refinement monoid. O

Easy examples show that a partial commutative monoid P may generate more
than one full commutative monoid. However, if we require the full monoid be a
refinement monoid (which requires P be a partial refinement monoid), we are led
to the following uniqueness result.

PROPOSITION 2-2.4. Let P be a partial refinement monoid and let M be a
refinement monoid. Let f: P — M be a homomorphism of partial monoids, and
denote by f: Umon(P) — M the unique extension of f to a monoid homomorphism.
If f is a V-homomorphism (resp., a V-embedding), then so is f Furthermore, if f
is a V-embedding and the range of f generates M, then f is an isomorphism.

PROOF. Let f(c) = a+b, where ¢ € Upon(P) and a,b € M. Write ¢ = Y icn Cis
where each ¢; € P. By applying refinement to the equation » ;. f(c;) = a+b, we
obtain a refinement matrix

a|b
flei) | ai | b

Let i < n. Since f is a V-homomorphism and f(c¢;) = a; + b;, there is a decompo-
sition ¢; = x; ® y; such that f(x;) = a; and f(y;) = b;. Setting x =}, x; and
Y = D icpnYi, it follows that f(z) = a, f(y) = b, and ¢ = & +y. Therefore, fisa
V-homomorphism.

Suppose from now on that f is a V-embedding, and let a,b € Uy,on(P) such that
fla) = f(b). Write a =}, a; and b =3, b;, where m,n € N and all a;, b;
belong to P. Since }_,_,, f(a:;) =3, f(b;) and M is a refinement monoid, there
are elements ¢; ; € M, for i < m and j < n, such that each f(a;) =3_,_, ¢;; and
each f(b;) = >, ,, cij. Since f is a V-homomorphism, there are decompositions
ai = @, ai; and b = P, _,, bi; in P such that each ¢;; = f(ai;) = f(bi).
Since f is one-to-one, a; ; = b; ; for all 4,5, so a = ). . a; ; = b, thus completing

within M .

« ij
the proof that f is one-to-one.
The final statement of Proposition 2-2.4 follows trivially. O

Part of Proposition 2-2.4 can be paraphrased by stating that For every partial
refinement monoid P, the full monoid Upen(P) is the unique refinement monoid
in which P is a generating lower interval.

Because of the universal property defining U, (P), every homomorphism
f: P — @ of partial commutative monoids extends, with respect to the canoni-
cal embeddings ep: P < Upon(P) and eg: Q > Upon (@), to a unique monoid
homomorphism Umon(f): Umon(P) = Umon(Q) (i-e.; Unon(f) 0oep =ego f). If P
and ) both satisfy refinement and f is a V-homomorphism, more can be said.

PRrROPOSITION 2-2.5. Let P and @ be partial refinement monoids and let
f: P — Q be a V-homomorphism (resp., V-embedding). Then Umon(f) is a V-
homomorphism (resp., V-embedding) from Upen(P) into Umen(Q). Furthermore,
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if [ is a V-embedding and the range of [ generates @, then Upon(f) is an isomor-
phism.

PrOOF. Since f and eg are both V-homomorphisms, so is the map eg o
f = Unon(f) o ep. Since Upyon(Q) is a refinement monoid (cf. Theorem 2-2.3)
and by Proposition 2-2.4, Upen(f) o €p extends to a unique V-homomorphism
from Upon(P) into Upen(@), which is necessarily equal to Upen(f). If f is a
V-embedding, then so is eg o f, thus, again by Proposition 2-2.4, Unon(f) is a
V-embedding.

Suppose, finally, that the range of f generates Q. Since eg[Q)] generates Upon (Q),
the range of g o f generates Upon (Q). It follows that Uyen(f) it surjective. In par-
ticular, if f is a V-embedding, then, by the above, so is Upon(f), and thus Upon(f)
is an isomorphism. O

The following easy example shows that “V-embedding” cannot be weakened to
“embedding” in the statement of Proposition 2-2.4.

EXAMPLE 2-2.6. The commutative monoid M = (ZT)* is a conical refine-
ment monoid. Setting a9 = (1,1,0,0), a3 = (0,0,1,1), by = (1,0,1,0), and
b1 = (0,1,0,1), the subset P = {0, ag, a1,bo, b1} is a lower subset of M. The corre-
sponding lower interval is a conical partial refinement monoid, with no non-trivial
sums (i.e., @y is defined iff 0 € {z, y}). By the universal property of Uon(P) (cf.
Proposition 2-1.7), the inclusion map from P into M extends to a unique homo-
morphism f: Upon(P) = M of commutative monoids. Since P has no non-trivial
sums, ag +u,,..(p) @1 7 bo +u,..(p) b1 (e.g., use Theorem 2-2.3). Nevertheless,
ag +ar a1 = bg +as by, that is, f(a() FUsnon (P) al) = f(bo FUsmon(P) bl). Therefore,
the map f is not one-to-one.

For an analogue of Example 2-2.6 for the so-called Boolean inverse semigroups
(cf. Definition 3-1.6), see Example 6-4.1.
The following class of examples, based on Boolean rings, will be crucial.

EXAMPLE 2-2.7. Let B be a Boolean ring (cf. Section 1-3). Instead of endow-
ing B with its join operation V (cf. Example 1-4.2), let us endow it with its disjoint
sum operation, given by

z=x®y if z=xVyandzAy=0, for all z,y,z € B.

If D, ai =€D,.,b; in B, then we get a refinement (c; ; | i <m and j <n) by
setting ¢; j = a; A b;. Hence, (B, ®,0) is a conical partial refinement monoid.

By Theorem 2-2.1, the enveloping monoid Z*(B) = Upon(B, ®,0) is a conical
refinement monoid. We shall now outline a convenient description of that monoid,
given in Wehrung [117, Section 2.3]. Denoting by Q the Stone space of B (cf.
Section 1-3), B can be identified with the algebra of all compact open subsets of €.
Then ZT(B) can be represented as the additive monoid of all maps x: Q — Z*
with finite range such that z=! {n} € B for every n > 0. The canonical map from B
into Z*(B) assigns to every element of B its characteristic function.

While the description of Z*(B) stated above depends on the given representa-
tion of B as an algebra of subsets, it is easy to make this representation intrinsic.
Indeed, Z* (B) can be defined as the commutative monoid freely generated by gen-
erators 1, (thought of as the “characteristic function” of a), for a € B, subjected
to the relations 19 = 0 and 1,vp + 1y = 14 + 14 for a,b € B. It is the positive
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cone of a lattice-ordered group (cf. Example 1-4.3), that we shall naturally denote
by Z({B). If B is represented as an algebra of subsets of a set 2, then Z(B) is the
additive group of all maps z:  — Z with finite range such that x=! {n} € B for
every n # 0 (we say that x is B-measurable), ordered componentwise.

EXAMPLE 2-2.8. An MV-algebra (cf. Chang [26], Cignoli, d’Ottaviano, and
Mundici [28]) can be defined as a cancellative conical partial refinement monoid
with largest element e, lattice-ordered under <%, in which z @1 is defined iff z = 0,
for every element . Mundici proves, in Theorems 2.5 and 3.8 of [82], that MV-
algebras are exactly the lower intervals, of positive cones of Abelian lattice-ordered
groups, with a largest element.

Hence every MV-algebra A is isomorphic to the interval [0,u], for some ele-
ment v in the positive cone of an Abelian lattice-ordered group G. It follows from
Proposition 2-2.4 that if we add the condition that v be an order-unit, then G is
unique: namely, G is the universal group of the commutative monoid Upen(4).

2-3. Disjunctive addition in a partial conical refinement monoid

For technical reasons, we will need to put some emphasis on partial commuta-
tive monoids in which all finite sums are meet-orthogonal, in the sense given by the
following definition.

DEFINITION 2-3.1. Two elements a and b in a partial conical commutative
monoid P are meet-orthogonal, in notation a A b = 0, if 0 is the only minorant of
{a, b} with respect to <®. Observe that (P, <%) need not be a meet-semilattice.
For a,b,c € P,let c=aBbhold if c =a®band a Ab= 0. After Tarski [105,
Definition 8.16], we shall call B the disjunctive addition of P.

PROPOSITION 2-3.2. For all elements a, b, ¢ in a conical partial refinement
monoid P, if ahAc=bAc =0 and a®b is defined, then (a®b)Ac = 0. Furthermore,
(P,H,0) is a conical partial refinement monoid.

PROOF. Suppose that a Ac = bAc = 0 and that a @ b is defined, and let

b

x <® a? in P. By Riesz decomposition, there are © <% ¢ and v <% b such that

z=u®v. From u <% Ccl and a A ¢ = 0 it follows that u = 0. Likewise, v = 0, so

x = 0, thus proving that (a ® b) A ¢ = 0.

Now let a,b,c € P such that the element e = (¢ Bb) B ¢ is defined in P. In
particular, e = (a @ b) B ¢, thus e = a ® (b & ¢). From (a @ b) A c = 0 it follows
that bAc =0, thus b&® ¢ = bH ¢. Furthermore, a Ab = a A ¢ = 0, thus, since
b® ¢ = bHc and by the paragraph above, a A (bH<¢) = 0, so e = a H (b H ¢).
Therefore, (P,H,0) is a partial commutative monoid. It is trivially conical. Let
apBa; =bygBby in P. Since ag & a1 = by ® by and since P is a partial refinement
monoid, there is a refinement matrix of the form

bo | by

ap | €o,0 | Co,1 within (P, EB) .

a1 | C10 | C1,1
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Since b() A b1 = 0, it follows from €0,0 S@ bo and Co,1 S@ b1 that C0,0 A Co,1 = 0;
whence ag = C0,0EECOJ. Likewise, a; = 0170536171, bo = 6070E6170, and b1 = Cl,OEBcl,la
thus completing the proof that (P,H,0) is a partial refinement monoid. (]

DEFINITION 2-3.3. We shall call (P,H,0) the multiple-free part of (P,®,0).
Furthermore, we shall say that a partial conical commutative monoid P is multiple-
free! if ¢ = a @ b implies that a A b = 0, for all a,b,c € P. This means that the
partial operations @ and H are identical.

The definition of the index of an element in a commutative monoid (cf. Defi-
nition 1-5.1) also applies to partial commutative monoids:

DEFINITION 2-3.4. Let P be a partial commutative monoid. The index of an
element a € P is defined as the largest n € Z™ for which there is x € P such that
nx <% a and x £% 0, if it exists; and co, otherwise. We say that a is cancellable if
a®zx =a®y implies that x =y, for all z,y € P.

The proof of the following lemma is a straightforward exercise.

LEMMA 2-3.5. A partial conical commutative monoid is multiple-free iff every
element of P has index at most 1 in P.

The main connection between index and cancellativity is given by the following
lemma.

LEMMA 2-3.6. Let P be a conical partial refinement monoid. Then every ele-
ment of P with finite index is cancellable.

PrROOF. Let a € P with finite index n, and let ,y € P such that a®z = a®y.
Since the proof of Wehrung [113, Lemma 1.11] obviously extends from full re-
finement monoids to partial refinement monoids, there are u,v,z € P such that
(n+1u
(n+1)v
follows that u =v=0,s0 z =z =y. O

r=udz, y=v®z and <% a. Since a has index n and P is conical, it

As the following example shows, the assumption of conicality cannot be dropped
from the statement of Lemma 2-3.6.

EXAMPLE 2-3.7. A refinement monoid M, with nonzero elements a,b € M
such that a <T 0, b has index 1, a+b = b, and every element of M has finite index.

PROOF. Let M be the commutative monoid defined by the generators a, a’, b
subjected to the relations @ +a’ = 0 and a + b = b. Then M can be realized as
ZU{mb|m € N}, with a = 1 and o’ = —1, and n + mb = mb whenever n € Z and
m € N. It is straightforward to verify that M is a refinement monoid. Set ¢(n) =0
whenever n € Z, and «(mb) = m for each m € N. Then ¢ is a homomorphism
from M onto Z*. In fact, ¢(z) is the index of z, for any x € M. In particular, the
index of b is 1. O

We will need later the following lemma about elements of index at most 1.

LEMMA 2-3.8. Let a and b be elements in a conical partial refinement monoid P,
with a B defined. If a and b are both of index at most 1, then so is a B b.

IThe terminology “multiple-free” is borrowed from Tarski [105].
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PROOF. Let ¢ € P such that 2¢ <® a @ b. Since P has refinement, there are
a’ <% a and v/ <9 b such that 2¢c = o’ © . By Wehrung [113, Lemma 1.9] (whose
proof remains valid in partial refinement monoids), there are u,v,w € P such that
d =2u®w, bV =2v@w,and c = u®v®w. Since a’ and b’ both have index
at most 1 and P is conical, u = v = 0. From a’ AV = 0 it follows that w = 0.
Therefore, ¢ = 0. O

LEMMA 2-3.9. The following statements hold, for any pairwise meet-orthogonal
elements a, b, ¢ in a conical partial refinement monoid P:

(1) If a®c and b® ¢ both exist, then the minorants of {a ® ¢,b @ ¢} are exactly the
minorants of c.

(2) Ifa®c and bdc both exist, then {a ® ¢, b @ ¢} has a majorant iff adbDc exists,
and then the majorants of {a ® ¢,b @ ¢} are exactly the majorants of a ® b ® c.

Proor. We prove only the non-trivial containments.

(1). Let & € P such that z <% ae

b e By Riesz decomposition in P, there are

decompositions * = u @ xg = v ® 1 in P, with u <% a, v <® b, and 3:0 <@ .
1
By refinement and since a, b, ¢ are pairwise meet-orthogonal, there is a refinement

matrix of the following form:

w [0| 0 | within (P,&).

o | 0| ¥y

Therefore, x = y <% c.

(2). First observe that if a ® b @ c is defined, then it majorizes {a ® ¢,b @ c}.
a®c
bdc
b® x @ zy. Since a, b, ¢ are pairwise meet-orthogonal and by Proposition 2-2.2,
there is a refinement matrix of the form

Now let z € P such that <% x. There are zg, 1 € P such that z = a®cPry =

bl c |z

a 0] 0] a
within (P, @) .

c |0 |n

xo | b|yo| 2

In particular, b <% xq, thus, since x = a ® ¢ ® xy, the element a & b @ ¢ is defined
and below x. O

The following result is, essentially, a reformulation of Tarski [105, Theorem 15.16].
We include a proof for convenience.

PROPOSITION 2-3.10. The algebraic preordering <® on any multiple-free coni-
cal partial commutative monoid P is antisymmetric. Furthermore, if P has refine-
ment and <% is upward directed, then it endows P with a structure of generalized
Boolean algebra, in such a way that for any a,b € P, a ®b exists iff aANb=0, and
then a @ b is the join of {a,b} in P.
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Proor. Let a,b € P such that a <® b <% a. There are x,y € P such that
b=a®xand a = bPy. It follows that a = aPx Py, thus a = a® 22 EH2y. Since P
is both conical and multiple-free, z = y = 0, thus @ = b. This proves that <% is
antisymmetric.

Suppose from now on that (P, <®) is upward directed.

CLAM 1. For any a,b € P, a®b exists iff aANb =0, and then a ® b is the join
of {a,b} in P.

ProOOF OF CLAIM. Since P is multiple-free, if a @ b exists, then a A b = 0.
Suppose, conversely, that a A b = 0. Since (P, <%) is upward directed, {a,b} has
a majorant in P. By Lemma 2-3.9, a @ b is defined and it is the join of {a,b}
in P. O Claim 1.

CrLAM 2. (P,<9) is a lattice with zero.

ProoF OoF CLAIM. Let a,b € P. Since P is upward directed, there are e € P
and a/, b’ € P such that e = a®a’ = bdb’. By our assumption, there is a refinement
matrix of the following form:

b b

a | copo | con | within (P,@).

/
a | Cio | C1,1

Since P is multiple-free, the ¢; ; are pairwise meet-orthogonal. Since <% is an-
tisymmetric and by Lemma 2-3.9, it follows that a V b = ¢ @ co,1 ® c1,0 and
aNb=cpp. O Claim 2.

For all @ <® b in P, there exists, by the definition of <%, an element ¢ € P
such that b = a @& ¢. By Claim 1, this means that 0 = a Acand b = a Ve In
other words, the lattice (P, <®) is sectionally complemented. Hence, in order to
conclude the proof, it suffices to prove that this lattice is distributive. We must
prove that a A (bV¢) < (aAb)V (aAc), for all a,b,c € P. (The converse inequality
is trivial.) Since b A ¢ <% b, there is b’ € P such that b = (b Ac) @ V. Observe
that ¥ Ac = A(bAc¢) =0 while b/ ® ¢ =0V ¢, so we must prove the inequality
aN( @c) < (aNlV)@(aAc). Since P has refinement, the left hand side x of
that inequality can be written z = v ® w, for some v <® V' and w <® c¢. Since
v <P aAb and w <P a A ¢, the desired inequality follows. O

2-4. V-relations on partial commutative monoids

Vaught relations originate in Vaught’s thesis [109], and have been much studied
since, notably by Dobbertin. Essentially, a Vaught relation is a binary relation I"
such that any relation of the form x I" ), 4; occurs “for a good reason”. The
following more precise definition extends Dobbertin [31, Definition 1.2] from full
commutative monoids to partial commutative monoids.

DEFINITION 2-4.1. Let P and @ be partial commutative monoids. A binary
relation I' C P x @ is

— left conical if Op I'y implies that y = 0¢, for all y € Q;
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— a left V-relation if whenever n is a positive integer, x = @,_,, z; in P,
y € Q, and x 'y, there are yo,...,y,—1 € Q such that y = P, _,, y; and
x; Ty, for each i < n (it is sufficient to verify this for n = 2);
— right conical if T~ is left conical;
— conical if it is simultaneously left and right conical;
— a right V-relation if T~ is a left V-relation;
— a V-relation if it is simultaneously a left V-relation and a right V-relation;
— a V-equivalence if it is both an equivalence relation and a V-relation;
— additive if it is a partial submonoid of P x @); that is, whenever n is a
nonnegative integer, v = @,_, z; in P,y = @,_, v in Q, and x; T'y; for
each i < n, then x Ty (it s sufficient to verify this for n = 0 and n = 2).
Observe that the partial submonoid I'® (cf. Definition 2-1.2) is the least ad-
ditive relation on P x @ containing I". We will sometimes refer to that relation as
the additive closure of T in P x Q. It is the set of all pairs (z,y) € P x @ for which
there are decompositions = = @Kn Ti, Y = EBKn y;, and x; ' y; for each i < n.
Note that the V-homomorphisms, considered for full commutative monoids in
Dobbertin [31], are identical to our conical V-homomorphisms.
The proof of the following two lemmas are straightforward exercices.

LEMMA 2-4.2.

(1) Any composition of V-relations is a V-relation.

(2) Any union of V-relations is a V-relation.

(3) Let P be a partial commutative monoid and let T C P x P. IfT is a V-rela-
tion, then so is the equivalence closure of T' (i.e., the least equivalence relation
containing T').

(4) The set of all V-equivalences on P is a complete lattice under set inclusion.
The join and the meet, of a collection (I'; | ¢ € I) of V-equivalences, in the poset

of all V-equivalences, can be evaluated as follows: \/,.; I'; is the equivalence closure

of ;e iy and A\, ' is the join of all V-equivalences contained in all I'; (there
is always one such equivalence, namely the identity).

LEMMA 2-4.3. The following statements hold, for all partial refinement mon-

0ids P and @Q and any ' C P x Q.

(1) If T is a V-relation, then so is the additive closure of ' in P x Q.

(2) If P=Q and T is a V-equivalence, then so is the additive closure T® of T' in
P x P.

(3) The set of all additive V-equivalences on P is a complete lattice under set
inclusion.

The join and the meet, of a collection (T'; | ¢ € T) of additive V-equivalences, in
the lattice of all additive V-equivalences on P, can be evaluated as follows: \/,.; T';
is the equivalence generated by (U Fi)®, and A\, I'; is the join of all additive
V-equivalences contained in all T';.

The following lemma says that every additive V-equivalence, on a partial com-

mutative monoid, yields a structure of partial commutative monoid on the quotient.

i€l i€l

LEMMA 2-4.4. Let P be a partial commutative monoid and let ' C P x P be
an additive V-equivalence. Then the quotient P/T' can be endowed with a structure
of a partial commutative monoid, with addition defined by

z=zxz@y if Brex)Fycy)(Fzez)(z=20y). (2-4.1)
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Furthermore, the following statements hold:

(1) The canonical projection w: P — P/T is a V-homomorphism.
(2) If P and T are both conical, then so is P/T.
(3) If P satisfies refinement, then so does P/T.

PROOF. We first prove that (2-4.1) defines, indeed, a partial operation on P/T.
We must prove that if the statements intended to mean that u = x®y and v = zdy
both hold in P/T’, then w = v. By assumption, there are u € u, v € v, g, z1 € ,
and yo,y1 € y such that u = zg P yo and v = x1 B y1. Since zg ' z1, yo I' y1, and
since I' is additive, it follows that « I" v; whence u = v.

Let ¢,y € P/T and let z € P such that 7(z) =  ® y. Since & & y is defined,
there are ' € x, ¥’ € y, and 2z’ € z such that 2’ = 2’ @ ¢'. Since 2T 2 =2’ § ¢/
and T is a V-relation, there is a decomposition z = x @y in P such that 'z’ and
yI'y'. Observe that @ = 7(z) and y = 7(y). Once we will have proved that P/T
is a partial commutative monoid, this will ensure that 7 is a V-homomorphism.

Let x,y,z,u € P/T" and suppose that u = (x @ y) ® z. There are u € wu,
€ x®y, and 2z € z such that u = 2/ @ 2. By the paragraph above, there are
x € x and y € y such that 2/ =z @ y. Hence u = (z ® y) ® 2. Since P is a partial
commutative monoid, it follows that u = = @ (y ® z). Hence u = x @ (y & z).
Therefore, P/T" is a partial commutative monoid. Item (1) follows.

The verification of (2) is straightforward.

Towards (3), suppose that P is a refinement monoid and let u = g ® &1 =
Yo @y, in P/T. Pick u € u. By (1) above, there are x; € x; and y; € y,,
for i € {0,1}, such that u = o ® 1 = yo @ y1. Since P satisfies refinement,
there are z,; € P, for ¢,j € {0,1}, such that each z; = z;0 @ 2,1 and each
Yi = 20, D 21,4. Setting z; ; = zi,j/F, we obtain that each x; = z;,0 @ z;,1 and each
Y; = 20, D21 U

The following result is a version of the First Isomorphism Theorem for V-ho-
momorphisms.

LEMMA 2-4.5. Let P and @ be partial commutative monoids. Then every V-
homomorphism ¢: P — Q induces a V-embedding from P/Ker ¢, endowed with its
canonical structure of partial commutative monoid (cf. Lemma 2-4.4), into Q.

PROOF. Set 8 = Kergp. The canonical map ¢: P/ — @ is obviously a
one-to-one homomorphism of partial commutative monoids. Let & € P/6 and let
Yo, Y1 € @ such that ¢(x) = yoDy;. Picking x € x, this means that p(z) = yo Dy,
thus, since ¢ is a V-homomorphism, there is a decomposition © = x¢y & =1 in P
such that each p(z;) = y;. Setting @; = x;/0, it follows that = xc @ x; and each
Y(x;) = y;. Therefore, ¢ is a V-embedding. O

The following result says that the additive V-equivalences on a conical partial
refinement monoid P are essentially the same as the additive V-equivalences on
the enveloping monoid of P, and that this identification extends to the quotient
monoids.

THEOREM 2-4.6. Let P be a partial refinement monoid and let T' be an ad-
ditive V-relation on P. Then there exists a unique additive V-relation Upen(T)
on Upon (P) such that T' = Upon (T)N (P x P). Furthermore, if I' is a V-equivalence
on P, then the following statements hold:
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(1) T and Unyon(T') are both V-equivalences on Upon(P).

(2) Denote by w: P — P/T" and T: Upon(P) = Umon(P)/Umon(T') the canonical
projections and by ep: P < Upon(P) the canonical V-embedding. Then there
is a unique map n: P/T = Upon(P)/Umen(T) such that nom = Toep, and
this map is a V-embedding with generating range.

(3) P/T and Upnon(P)/Umon(T) both satisfy refinement. Furthermore the V-em-
bedding n induces an isomorphism Upon(P)/Umon(T') = Upon(P/T).

The conclusion of Theorem 2-4.6(2) is illustrated on Figure 2-4.1.

p il P/T

I

Umon(P) = Umon(P)/Umon(F)

FIGURE 2-4.1. The canonical lower embedding n: P/T" < Umon(P)/Umon(T")

PRrROOF. In order to ease notation, we set M = Upon(P). We may assume
that ep is the inclusion map from P into M.

The first part of (1) is obvious: since P is a lower interval of M and T is
a V-relation on P, it is also a V-relation on M. Furthermore, by Lemma 2-4.3,
the additive closure Upon(I') = 't of T in M is an additive V-relation on M.
(Consistently with an earlier convention, we emphasize the fact that the addition
on M is defined everywhere, by writing T instead of T'®.) Still by Lemma 2-
4.3, if T' is a V-equivalence (on P), then so is I'" (on M). It is obvious that
I CT®N (P x P). Conversely, let (z,y) € Tt N (P x P). By the definition of I't,
there are decompositions x = Y, _, x; and y = >, ., v; (both within M) such that
each z; I'y;. Since P is a lower interval of M, both relations z = @,_,, =; and
y = P,.,, vi hold in P. Since I' is additive in P, it follows that x I"y. Therefore,
r=rtn(PxP).

Now let T be an additive V-relation on M such that I' = T'N (P x P). From
I C T and by the additivity of T' it follows that It C I". Conversely, let (z,y) € .
Since P generates M, there exists a decomposition x = P, ; x; where I is finite and
all ; € P. Since [isa V-relation, there exists a decomposition y = P, ; y; where
all xlfyl Since P generates M, each y; can be written as a sum y; = @je.h Yi g
with J; finite and all y; ; € P. Since [isa V-relation, each x; can be written as

asum z; = P x;,; where each x”fy” From z; € P it follows that x; ; € P.

JEJ;
Since I' N (P x P) =T, it follows that x; ; I y; ;, for all possible values of i and j.

Since x = EBZEL jes, Tij and y = EBZEL jer; Yij» it follows that @ 't 3. Therefore,

I+ =T, thus proving the uniqueness statement on I'*.

Suppose from now on that I" is an additive V-equivalence on P. The homomor-
phism ¢: P — M/T*, x — z/T'" is the composite of the V-embedding P < M
and the V-homomorphism M — M/T'", thus it is a V-homomorphism. The state-
ment I' = I'F N (P x P), proved above, means exactly that T' is the kernel of ¢.
By Lemma 2-4.5, ¢ induces a V-embedding n: P/T" < M /T'". Tt is trivial that the
range of ) generates M/T'T.
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Item (3) follows from Lemma 2-4.4. The conclusion that M/T'" 2 Upyon(P/T)
follows then from Proposition 2-2.4. ([

Observe that in Theorem 2-4.6, for every additive V-equivalence I' on P, the
binary relation Upen(T') is the unique additive V-equivalence on Uypyen(P) such
that I' = Upon(T') N (P x P). Hence, The assignment T' — Upon(I') defines an
isomorphism from the lattice of all additive V-equivalences on P onto the lattice of
all additive V-equivalences on Upyon(P).

PROPOSITION 2-4.7. Let P be a lower interval in a partial refinement monoid @
and let T' be an additive V-equivalence on Q. Then the relation T'p =T'N (P x P)
is an additive V-equivalence on P, and the assignment ¢: x/T'p — x/T defines a
V-embedding from P/Tp into Q/T.

ProoOF. It is obvious that I'p is an additive V-equivalence on P. The map
P — Q/T, x — /T is the composite of the V-embedding P — @ and the V-homo-
morphism @ — @Q/T, thus it is a V-homomorphism. By Lemma 2-4.5, the induced
map ¢: z/T'p — x/T" is a V-embedding. O

2-5. Tensor products of commutative monoids

Tensor products of commutative monoids are defined the same way as tensor
products of modules, via an obvious reformulation of the definition of a bimorphism.
Following the terminology in use in Wehrung [116], we say that for commuta-
tive monoids M, N, P, a map f: M x N — P is a bimorphism if f(x,_) is a
monoid homomorphism from N to P for each x € M, and f(_,y) is a monoid
homomorphism from M to P for each y € N. We say that the bimorphism f is
universal if for every commutative monoid Z and every bimorphism g: M x N — Z,
there is a unique monoid homomorphism §: P — Z such that g(z,y) = g(f(z,v))
for all (z,y) € M x N. For all commutative monoids M and N, there are a commu-
tative monoid P and a universal bimorphism from M x N to P. Then P is unique
up to isomorphism, and we denote it by M ® N. Further, the universal bimorphism
is denoted by (z,y) — x®y (cf. Wehrung [116, § 1]). The monoid M ® N is called
the tensor product of M and N. This monoid is, in [116], denoted by M ®“™ N.
We will call pure tensors the elements of the form = ® y, where (z,y) € M x N.

LEMMA 2-5.1. Let M and N be commutative monoids. If M and N are both
conical, then so is M ® N. Furthermore, x @ y # 0 whenever x € M \ {0} and

y € N\ {0}.

PROOF. Denoting by 2 = {0,1} the two-element semilattice, let the map
vy M — 2 be defined by v(z) = 0 iff = 0. Define vy similarly. Since M
and N are both conical, v;; and vy are both monoid homomorphisms. It fol-
lows that the assignment M X N — 2, (z,y) — vy (x)vn(y) is a monoid bimor-
phism. Hence, there is a unique monoid homomorphism v: M ® N — 2 such
that v(z ® y) = vy (x)vn(y) for all (z,y) € M x N. If 37, (z; ® y;) = 0, then
I/(ZKn(xi ® yl)) = 0, thus each vas(z;)vn (y;) = 0, that is, either ; = 0 or y; = 0.
This implies that x; ® y; = 0. ([l

We introduced, in our paper [116], a few tools designed for the study of tensor
products of refinement monoids. In particular, the tensor product of two refinement
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monoids (resp., of two conical refinement monoids) is a refinement monoid (resp.,
a conical refinement monoid), see Theorems 2.7 and 2.9 in [116].

We shall fix, until the end of this section, conical refinement monoids M and N.
We will use modifications? of the objects denoted by C, =% —, —* and =in [116,
§ 2].

Denote by Fion(M x N) the free commutative monoid on the set M x N. For
(z,y) € M x N, we shall denote by x ey the corresponding element of Fyon (M X N).
This notation change is introduced in order not to confuse the sum (z, yo)+(z1, y1)
in M x N (which has value (2o + 21,y + y1)) and the sum xy e yo + 21 ® y; (which
is the sum of two elements of the canonical basis of Fy,on(M x N)).

We define binary relations —, —*, and < on Fon (M x N) as follows:

e u — v if there are decompositions u = ), _ ,-(ax ® by) in Fron (M x N),
each ay, = ) ;¢ ak; in M, each by = ZjeJk. bi,; in N, with I and all Iy,
Ji finite (possibly empty), such that, setting

K= {(k,i,j) | ke K, i€}, and j € Ji}

the equation v = 3" ; g (ax,i ® by,;) holds.

e The binary relation —* is the transitive closure of —.

e For any u,v € Fpyon(M x N), u S v if there is w € Fyon (M x N) such
that v —* w and v —* w.

The following lemma is the analogue, for our newly defined relations — and —*,
of [116, Lemma 2.1]. We omit the proof, which is straightforward (observe that the
proof of (1) in that lemma arises from the possibility to use empty sums within the
definition of —). Recall that additive relations (resp., V-relations) are introduced
in Definition 2-4.1.

LEMMA 2-5.2. The following statements hold:

(1) 20— 0 forallz € M, and 0ey — 0 for ally € N.
(2) Both relations — and —* are reflexive, additive left V-relations.

The following lemma is an analogue of [116, Lemma 2.3]. The proof is similar,
only noticeably easier, because we do not need to worry about which elements are
nonzero.

LEMMA 2-5.3. The relation — is confluent, that is, for all elements u,v,v’ €
Fron(M x N), if u — v and uw — o', then there is w € Fpon(M x N) such that
v — w and v — w . Further, the relation —* is confluent.

PRrROOF. Since —* is the transitive closure of —, it suffices to prove that — is
confluent (this is often expressed as “local confluence implies confluence”). Further,
since — is an additive left V-relation, it suffices to consider the case where u = aeb
for some (a,b) € M x N. In that case, there are decompositions a = ), ;a; =
Y iep @y in M and b = EjeJ b; = Zj’e]’ by in N, with I, I’, J, J' finite (possibly
empty), such that v =" . o7, s(aieb;) and v’ =37, o1 vy 5 (ai ®bjr). Since M

2Although those modifications might not be, strictly speaking, necessary, I feel that they
provide a slightly better presentation than the one of my earlier paper [116], while at the same
time gently introducing the reader to those concepts about tensor products of commutative mon-
oids necessary to follow all parts of the present work.
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and N are conical refinement monoids, there are refinement matrices as follows:

v ) in M, and 1 U )
a; (iel) i bj (j€J) bj.i

in N.

Settlng w = Z((i,i’),(j,j’))e([xl’)><(J><J')(ai,i’ L] ijj’)’ it follows easﬂy that v — w
and v/ — w. O

As an easy consequence of Lemmas 2-5.2 and 2-5.3, we obtain the following
analogue of [116, Lemma 2.4].

LEMMA 2-5.4. The binary relation S is a monoid congruence on Fon(M X N).

PROPOSITION 2-5.5. The tensor product of M and N is Fron(M X N) /S, with
x ®y defined as x o y/S, for each (z,y) € M x N.

PROOF. Setting P = F,on(M x N)/S and, temporarily, z ©y = z e y/S
whenever (z,y) € M x N, it suffices to prove that ® is a universal bimorphism.

First observe that = ¢ 0 — 0 for each € M (cf. Lemma 2-5.2); whence
x ® 0 =0. Likewise 0 ® y = 0 whenever y € N. For all zg,z; € M and all y € N,
(xo+x1)oy > xpey+ a1 0y, thus (zg+ 1) Oy = (2o @ y) + (z1 ® y). Likewise,
xO (yo+v1) = (O yo) + (x ®y1), for all z € M and all yg,y1 € N. Therefore,
® is a bimorphism. By the universal property of the tensor product, there is a
unique monoid homomorphism ¢: M ® N — P such that p(x®y) = x ®y for each
(x,y) € M x N.

Conversely, the unique monoid homomorphism ®: Fp,on(M X N) - M ® N,
sending each = e y to & ® y, satisfies the implication (v — v) = ®(u) = ®(v), for
all u,v € Fron(M x N). Hence, ® is constant on all S-equivalence classes, so it
factors, through <, to a monoid homomorphism ¢: P — M ® N. By construction,
@ and v are mutually inverse isomorphisms. O

A similar construction is used to prove, in Wehrung [116, Theorem 2.7], that
M ® N is a conical refinement monoid.
The following lemma will be used in Section 6-8.

LEMMA 2-5.6. Let M and N be conical refinement monoids and let (a,b) €
M x N. If a has index at most 1 in M and b has index at most 1 in N, then a ® b
has index at most 1 in M @ N.

PROOF. Denote by M) (resp., N(y)) the set of all elements of M (resp., N)
with index at most 1. Denote by J the set of elements of Fy,on (M x N) of the form
ZKn(ai eb;), where n € Z7F and the a; ®b;, for i < n, are pairwise meet-orthogonal
within M ® N.

Cram. Whenever u € J and v € Fyon(M x N), if u —* v, then v € J.

PRrROOF OF CLAIM. Since —* is the transitive closure of —, it suffices to con-
sider the case where u — v. Write u = ), _,(ax ® by), for a finite set K and
(ag,b) € M@y x N1y, with the ay ® by pairwise meet-orthogonal within M ® N.
By the definition of —, for each k € K, there are decompositions a = Zielk ak,i
in M and by =3¢, b, in N, such that v =37, e >0 syer, g, Ok, ® b j). Let
k. k' e K, (i,5) € Iy X J, and (¢, j") € Iy X Jys, with (k,4,7) # (K',7',7); we must
prove that ay ; ® by ; and ap i @by j+ are meet-orthogonal within M ® N. Suppose
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first that k& # k’. Since ag,; Dby ; <t a,p by, ags 30 @by jr <t ap @by, and ay ® by,
and ap ® by are meet-orthogonal within M ® N, the desired conclusion follows.
Suppose now that &k = k’. Then (i,5) # (i',;'), say i # /. Since aj has index at
most 1 in M and ax; + ag, <* ay, it follows that ay,; and ay; are orthogonal
within M. Therefore, the desired conclusion follows from Wehrung [116, Corol-
lary 2.11]. Since each (ay,;,bx,;) € M1y x N(yy, it follows that v € J. O Claim.

Now let a and b be elements of M,y and N1y, respectively, and let uw € M @ N
such that 2u < a ® b. Write w = u/=, with u € Fyon(M x N). By Proposition
2-5.5, there are v,w € Fypon(M x N) such that a ¢ b —* w and 2u + v —* w. By
Lemma 2-5.2, there is a decomposition w = ug+u1 +v" in Fpon (M x N) such that
u —* ug, u —=* uy, and v =* v’. By Lemma 2-5.3, there is u’ € Fpon(M x N) such
that ug —* v’ and u; —* v/. By Lemma 2-5.2 again, it follows that w —* 2u’ + .
Therefore, aob —* 2u’+v’, thus, since aeb € J and by the Claim above, 2u'+v’ € J.
Writing v" = ), (7; ®y;), with each x; € M \ {0} and y; € N \ {0}, it follows
that z; ® y; is meet-orthogonal from itself, for each ¢ < n; a contradiction unless
n = 0. It follows that u' = 0, thus w = v//==0. O

2-6. Tensor products of conical V-homomorphisms and V-equivalences

While the tensor product of o-ideals in commutative monoids behaves, in its
basic aspects, like the tensor product of ideals in modules, we will need to focus
attention on a matter far more specific to refinement monoids, with no obvious
module-theoretical analogue. For conical refinement monoids M and N, instead of
tensoring o-ideals of M and N, we will need to tensor monoid congruences of M
and N.

A V-congruence of a commutative monoid M is defined as a V-equivalence
on M (cf. Definition 2-4.1) which is also a monoid congruence of M.

Obviously, the kernel Ker f of any V-homomorphism f, with domain M, is a
V-congruence of M. Conversely, for every V-congruence a of M, the canonical
projection a: M — M/« is a V-homomorphism, with kernel a. Furthermore, the
congruence « is conical (as a binary relation) iff the homomorphism « is conical.

For commutative monoids M, M’, N, N’, a standard application of the uni-
versal property of the tensor product yields that any pair of monoid homomor-
phisms f: M — M’ and g: N — N’ gives rise to a unique monoid homomorphism
f®g: MN — M’'®N’ such that (f®g)(z®y) = f(x)®g(y) for all (x,y) € M xN.

In that context, for each u =), /(2 ® y;) in Fion (M x N), we set

(fog)(u) =D (f(x:)®g(us))-
iel
Observe that feg is a monoid homomorphism from F o0 (M X N) to Fpon (M’ < N').
Furthermore, it is obvious that f e g is a conical V-homomorphism.

LEMMA 2-6.1. Let M, M’', N, N’ be conical refinement monoids, let
f:M — M’ and g: N — N’ be conical V-homomorphisms. Then for all ele-
ments u € Fpon(M X N) and v € Fpon(M' x N'), if (f  g)(u) — v, then there
exists u' € Fron(M X N) such that u — u' and (feg)(u') =v. A similar statement
holds for —*.

PROOF. It suffices to prove the statement about —. Furthermore, by Lemma
2-5.2, it suffices to consider the case where u = x e y, where (z,y) € M x N.
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By the definition of —, there are decompositions f(x) = > ,c;x;, in M’, and
9(y) = >jes¥;, in N', with I and J finite, such that v = 37 ;o7 (@i  y;).
Since f and g are both conical V-homomorphisms (the conicality assumption on f
and g is included in order to take care of the case where either I or J is empty),
there are decompositions x = >, 2} and y = 3, ; y; such that each f(z) = =
and each g(y;) = y;. The element u' =}, . ;. ;(x] y}) is as required. O

THEOREM 2-6.2. Let M, M’', N, N’ be conical refinement monoids, let
f: M — M and g: N — N’ be conical V-homomorphisms. Then f ® g is a
conical V-homomorphism from M @ N to M' @ N'.

ProOOF. For each z € M \ {0} and y € N \ {0}, it follows from the conicality
of both f and ¢ that f(z) # 0 and g(y) # 0. It follows (cf. Lemma 2-5.1) that
f(z) ® g(y) # 0. Since M’ ® N’ is conical, f ® g is conical.

Now we prove that f ® g is a V-homomorphism. To ease the notation, we use
the same symbols to denote the binary relations —* and <, on Fyon(M x N) and
Fron(M’ x N'), respectively. Let u € M ® N and vp,v; € M’ ® N’ such that
(f®g)(u) = vo + v1. Pick u € Fiyon(M x N) and v, v1 € Fon(M’ x N') such
that v = u/S and v; = v;/S whenever ¢ € {0,1}. Since (f ® ¢g)(u) S vy + vy,
there is w € Fron(M’' ® N’) such that (f e g)(u) —»* w and vy + vy —* w. The
latter relation, together with Lemma 2-5.2, implies that there is a decomposition
w = wg + wy such that each v; —* w;. Since (f ® g)(u) —=* w and by Lemma
2-6.1, there is ' € Fpon(M x N) such that v —* «' and (f e g)(v') = w. Since
w = wo+w; and f eg is a V-homomorphism, there is a decomposition v’ = ug +u1
in Fruon(M X N) such that each (f e g)(u;) = w;. Setting u; = u;/= whenever
i € {0,1}, we get u = (u/S) = (V/S) = ug + uy. Further, (f ® g)(u;) =
((f 0 9)(ui)/S) = (wi/S) = (vi/S) = v;, for each i € {0,1}. O

NoOTATION 2-6.3. Let M and N be commutative monoids and let a (resp., 3)
be a congruence of M (resp., N). We denote by a ® B the kernel of the canonical
homomorphism a ® 8: M @ N - (M/a) @ (N/3).

We obtain easily, from Theorem 2-6.2, the following corollary.

COROLLARY 2-6.4. Let M and N be conical refinement monoids and let o
(resp., B) be a conical V-congruence on M (resp., N). Then a ® B is a conical
V-congruence on M @ N.

2-7. Refinement-spreading properties in partial refinement monoids

In a number of cases, various cancellativity properties of a refinement mon-
oid M can be directly verified on a generating lower interval of M. In this section,
we shall record some properties for which this transfer principle works, and some
other properties for which it does not.

DEFINITION 2-7.1. A property (®), formulated in the language of partial com-
mutative monoids, is refinement-spreading if for every partial refinement monoid P
satisfying (@), the enveloping monoid Uy, (P) also satisfies ().

For a partial refinement monoid P, it follows from Proposition 2-2.4 that Upen (P)
is the unique refinement monoid in which P is a generating interval. Hence, the
property (@) is refinement-spreading iff for every generating lower interval P in a
refinement monoid M, P satisfies (®) implies that M satisfies (D).
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2-7.1. Conicality. A trivial prototype of a refinement-spreading property is
given by conicality. Indeed, whenever P is a lower interval in a commutative mon-
oid M, then all x,y € M such that x + y = 0 already belong to P. Hence we
get:

PROPOSITION 2-7.2. Conicality is refinement-spreading.

2-7.2. Cancellativity. A partial commutative monoid P is cancellative if
T @z =y d z implies that x = y, for all x,y,z € P. It is trivial that every lower
interval in a cancellative partial commutative monoid is cancellative.

LEMMA 2-7.3. Let M be a refinement monoid and let I and J be the subsets
of M defined as

I={eeM|(Ma,b,ce M)(a+c=b+c=e=a=0b},
J={ceM|Na,be M)(a+c=b+c=>a=0b)}.
Then I = J and this set is an o-ideal of M.

PROOF. It is obvious that J C I and that J is an o-ideal of M. Now let c € I,
and let a,b € M such that a + ¢ = b+ c¢. Since M is a refinement monoid, there is
a refinement matrix of the following form:

bl c
ald|ad (2-7.1)
clb |

Sincec=a +c =V +c andcel,wegeta =V, thusa=d+d =d+V =0,
thus completing the proof that ¢ € J. O

The following corollary is immediate.
COROLLARY 2-7.4. Cancellativity is refinement-spreading.

The result of Corollary 2-7.4 is partly contained in Dvurecenskij and Pulman-
nové [36, Theorem 1.7.12] (the latter result is formulated in the language of effect
algebras).

As witnessed by Example 2-3.7, the weaker form of cancellativity z+ 2z =y + 2
= z <* y does not imply cancellativity, even for refinement monoids.

2-7.3. Strong separativity. A partial commutative monoid P is strongly
separative if x & z = y @ 2z implies that x = y @ z, for all x,y,z € P. If Pis a
full commutative monoid, then this is easily seen to be equivalent to saying that
x + z = 2z implies © = z, for all z,z € P (cf. Brookfield [24, Proposition 8.12]).

LEMMA 2-7.5. Let M be a refinement monoid and let a,b,c € M. Ifa+c =
b+ 2¢c, then there are d,a,b,c € M such that a =d+a, b+c=d+b+7¢, and
c=a+c=>b+2c.

PROOF. Since a 4+ ¢ = b+ 2¢, there exists a refinement matrix of the form

b|lcl|ec

ald |c| e (2-7.2)
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Since ¢ = ¢1 + ¢3 = ¢ + ¢4, there exists a refinement matrix of the form

Coy | C4
C1 d1 d2 (2-73)
c3|d3| ¢

Seta =dy +dy+ds, b=V +dy+ds, and d = a’ +di. Now ¢ = ¢1 +¢3 =
b + c3 + ¢4 yields, using (2-7.2) and (2-7.3), that c=d; +ds +d3 +¢=a+ ¢ and
¢ = +do+ds+2¢ = b+2¢. Furthermore, a = a’+c¢1+co = o' +2d1 +do+ds = d+a
andb+c=a +V +di+do+ds+c=d+b+e O

LEMMA 2-7.6. Let M be a refinement monoid and let I and J be the subsets
of M defined as

I={eeM|(Va,bceE M)(a+c=b+2c<Te=b+c<Ta)},
J={eeM|(Va,bce M)((a+c=b+2candc<"e)=>a=b+c)}.
Then I = J and this set is an o-ideal of M.

PRrROOF. It is trivial that J C I and that I and J are both lower subsets of M.
Now let a,b,c € M and e € I such that a4+c=0b+2c and ¢ <t e. Let d, @, b, ¢ be
elements satisfying the conclusion of Lemma 2-7.5. Since a +¢=b+2c =c<T e
and e € I, there exists h € M such that

a=b+c+h.
In particular, ¢+ h = b+ 26+ h = @ + ¢ = c. Therefore,
a=d+a
=d+b+e+h
=b+c+h
=b+ec.

Therefore, e € J, so we have proved that I = J.

Let eg,e; € J and let a,b,c € M with a +¢ = b+ 2c and ¢ <t ¢y + e;.
By Riesz decomposition, ¢ = ¢y + ¢; for some ¢y < ey and ¢; <T e;. Since
a+cy+c =b+2c+ 2c¢; and ¢; € J, we get that a + ¢y = b+ 2¢g + ¢;. Since
co € J, it follows that a = b + ¢g + ¢1, that is, a = b + ¢; whence eg + ¢1 € J.
Therefore, J is a submonoid of M. ([

Hence we get the following.

COROLLARY 2-7.7. Let P be a generating lower interval in a refinement mon-
oid M. Then M is strongly separative iff x+z = y+2z € P implies that y+2z <T z,
for all x,y,z € P. In particular, strong separativity is refinement-spreading.

PROOF. It is trivial that the strong separativity of M implies the given con-
dition. Suppose, conversely, that this condition holds. By keeping the notation of
Lemma 2-7.6, this means that P C I. By that lemma, it follows that P C J, hence,
since P generates M and J is an o-ideal, we get J = M, which means that M is
strongly separative. O
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2-7.4. Order-separativity. A partial commutative monoid P is order-sepa-
rative if x © z = y @ 2z implies that x <% y @ z, for all z,y,z € P. This is easily
seen to be equivalent to: whenever x @z =y @ z and z <% y, then 2 <® y. If P is
a full commutative monoid, then this is also equivalent to saying that x + z = 2z
implies © <* 2z, for all z,z € P.

LEMMA 2-7.8. Let M be a refinement monoid and let I and J be the subsets
of M defined as

I={eeM|(Va,bcE M)(atc=b+2c<Te=a<Tb+c)},
J={ee M| (Va,bce M)((a+c=b+2candc<te)=>a<tb+c)}.
Then I = J and this set is an o-ideal of M.

ProOF. It is trivial that J C I and that I and J are both lower subsets of M.
Now let a,b,c € M and e € I such that a+c=b+2c and ¢ <t e. Let d, @, b, €
be elements of M satisfying the conclusion of Lemma 2-7.5. Since @ +¢ = b+ 2¢ =
c<teandec I, wegeta<tb+¢ hencea=d+a<td+b+¢=0b+c, thus
completing the proof that e € J.

Let eg,e1 € J and let a,b,c € M with a+¢c = b+ 2c and ¢ <T ¢y + e;.
By Riesz decomposition, ¢ = cg + ¢; for some ¢y <T eg and ¢; <t e;. Since
a+cy+cy =b+2c+2c and ¢; € J, we get that a +cog <T b+ 2¢q + ¢,
so a+cg+h = b+ 2cy+ ¢ for some h € M. Since ¢y € J, it follows that
a+h<tb4cyg+ecy, thatis,a+h <T b+ec s0a <" b+ c; whence eg +e1 € J.
Therefore, J is a submonoid of M. O

In a similar manner as for Corollary 2-7.7, we get the following.

COROLLARY 2-7.9. Let P be a generating lower interval in a refinement mon-
oid M. Then M is order-separative iff x + z = y + 2z implies that x < y + z, for
all z,y,z € P. In particular, order-separativity is refinement-spreading.

2-7.5. Separativity. A partial refinement monoid P is separative if x &2z =
y @ 2z implies that z © 2z = y @ z, for all x,y,z € P. This is easily seen to be
equivalent to saying that whenever 1 @z =y @z, 2 <® z, and 2 <P y, then z = y.

We do not state the definition above for arbitrary, non-refinement partial com-
mutative monoids. The reason for this is that even for full commutative monoids,
the classical concept of separativity due to Hewitt and Zuckerman [58, § 4] (viz.,
2x = 2y = x+y = x = y) is stronger than the concept of separativity defined
above (e.g., the commutative monoid freely generated by a, b subjected to the
relations 2a = 2b = a + b satisfies the former definition of separativity, but not the
latter). Nevertheless, it is well known (cf. Ara et al. [11, Lemma 2.1]) that the
two concepts are equivalent for (full) refinement monoids, which will be sufficient
for our purposes.

LEMMA 2-7.10. Let M be a refinement monoid and let I and J be the subsets
of M defined as

I={eeM|(a,bce M)((a+c=b+c<teandc<"ab)=a<tb))},
J={ee M| (Va,bce M)((a+c=b+candc<" a,be)=a=0b)}.
Then I = J and this set is an o-ideal of M.



46 2. PARTIAL COMMUTATIVE MONOIDS

PROOF. It is trivial that J C I and that I and J are both lower subsets of M.
Now let e € I and a,b,c € M such that a +c=b+cand ¢ < a,b,e. By Ara et
al. [11, Lemma 2.7], there is a refinement matrix of the form

ble
ald|a (2-7.4)
b |y |

with ¢/ <T a’,V'. Since c=a' + ¢ =b + ' <t ¢, it follows from the assumption
e€ I thata’ <t V,s0b =a + h for some h € M. It follows that

a+h=d+d +h=d+¥b =0,
c+h=d++h=b+=c.

Further, from ¢4+ h = c and ¢ <t a it follows that a + h = a; whence a = b, thus
completing the proof that e € J. Therefore, I = J.

Let eg,e; € J and let a,b,c € M with a+c =b+c and ¢ <" a,b, ey + e;.
By Riesz decomposition, ¢ = ¢y + ¢; for some ¢y <T eg and ¢; <t e;. Since
a+co+ci=b+cog+c and c; <t a+cy, b+ co, e, it follows from e; € J that
a+ ¢y =b+ cy. A similar argument, involving the assumption that ey € J, yields
a =b. Hence ey + €1 € J, so J is an o-ideal of M. (]

In a similar manner as Corollary 2-7.7, we obtain the following corollary, con-
tained in Chen [27, Theorem 1].

COROLLARY 2-7.11. Let P be a generating lower interval in a refinement mon-
oid M. Then M is separative iff 1 +2 = y+2 € P and z <% x,y implies that
x <ty, for all z,y,z € P. In particular, separativity is refinement-spreading.

Observe the obvious implications
cancellative = strongly separative = order-separative = separative,

holding for all partial refinement monoids. Recall that none of those implications
can be reversed, even for conical refinement monoids.

For arbitrary commutative monoids, order-separativity (i.e., a +b = 2b implies
a <% b) does not imply separativity (i.e., 2a = a + b = 2b implies a = b). However,
the implication holds, non-trivially, for refinement monoids: this fact is contained
in Corollary 2-7.11.

The following section shows that not every natural-looking cancellation prop-
erty of commutative monoids is refinement-spreading.

2-7.6. Antisymmetry and stable finiteness. A partial commutative mon-
oid P is
— antisymmetric if its algebraic preordering <% is antisymmetric (i.e., if <%
is a partial ordering);
— stably finite if y = x @ y implies that = 0, for all x,y € P (see Section
1-4 for the case of full monoids).

It is clear that every stably finite commutative monoid is antisymmetric. The
converse already fails for the two-element semilattice.
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+]0 1 2 3
00 1 2 3
1|1 2 3 2
212 3 2 3
3/3 2 3 2

TABLE 2-7.1. A non-antisymmetric commutative monoid with di-
rectly finite order-unit

Denote by A the commutative monoid with underlying set {0,1,2,3}, with
addition defined by its zero element 0 together with the relations

141=2,142=3, and1+3=2.

The table of A is represented in Table 2-7.1. Observe that A is conical. Setting
a = 1, the monoid A satisfies the relations 4a = 2a and 3a # 2a. In particular,
3a <% 2a <* 3a and 3a # 2a, thus A is not antisymmetric. Furthermore, a is a
directly finite order-unit of A (i.e., z + a = a implies z = 0, for any = € A).

By Proposition 1.5 and Theorem 1.8 in Wehrung [118], A has a unitary embed-
ding into a conical refinement monoid M. “Unitary” means that {u,u+ 2z} C A
implies that « € A, for all u,z € M. In particular, a is directly finite in M, because
a+x = a implies x € A (we are using a € A and the unitarity), thus, by the direct
finiteness of a in A, we get x = 0. We may replace M by M | A, which ensures
that a is an order-unit of M. Nevertheless, M is not antisymmetric, because A is
not. In particular, we get the following.

PROPOSITION 2-7.12. Neither antisymmetry nor stable finiteness is refinement-
spreading.

Those observations bear an intriguing connection with a well known open prob-
lem in the nonstable K-theory of (von Neumann) regular rings.

A unital ring R is directly finite if xy = 1 implies yx = 1, for all z,y € R.
We say that R is stably finite if all matrix rings over R are directly finite. These
concepts can be read on the conical commutative monoid V(R) (cf. Subsection
1-2.4) and its partial submonoid P = {[z] | z € R idempotent}, where [z] denotes
the Murray - von Neumann equivalence class of the 1 x 1 matrix with entry = (cf.
Goodearl [49, § 5]). Namely, R is stably finite iff V(R) is stably finite, and directly
finite iff the partial commutative monoid P is stably finite (i.e., [z] + [1] = [1] iff
x = 0, for every idempotent = € R).

It is not known whether every directly finite unital regular ring is stably finite,
see Goodearl [49, Problem 1]. This means that it is not known whether the stable
finiteness of the partial refinement monoid {[z] | 22 = € R} always carries over
to the full refinement monoid V(R).

In the following series of observations, we show that without the refinement
property, even cancellativity may not spread from partial monoids to full monoids.

EXAMPLE 2-7.13. A finite, conical, cancellative partial commutative monoid P
which cannot be embedded into any cancellative full commutative monoid.



48 2. PARTIAL COMMUTATIVE MONOIDS

PROOF. If a partial commutative monoid P can be embedded into a cancella-
tive full commutative monoid M, then it satisfies the following implication:

[ai@bizcieadi (Vi€{1,2})&bl@b2:d1®d2&a:al@ag&czcl@CQ]
=a=c, (2-7.5)

for all a,c,ay1,a2,b1,ba,c1,c0,d1,da € P. Indeed, arguing within M and adding
together the first two equations in (2-7.5), we get a+ (b1 +b2) = ¢+ (dq +dz), thus,
since by + bs = di + d2 and M is cancellative, we get a = c.

A computer search, based on the Mace4 component of McCune’s Prover9 -
Mace4 software (cf. McCune [77]), yields the cancellative partial commutative
monoid P, with universe {0,1,2,3,4,5,6,7,8}, whose table is represented in Table
2-7.2. The empty entries of the table correspond to the places where @ is undefined.
This partial commutative monoid is an effect algebra, that is, a cancellative partial
commutative monoid with a largest element e such that x @ e is defined iff z = 0,
for every element x (here, e = 8); see, for example, Foulis and Bennett [46] for
more information about effect algebras.

@0 1 2 3 45 6 7 8
0/0 1 2 3 45 6 7 8
111 8 3
212 3 1 8 6 5
313 8
414 6 5 8 3
515 8
6|6 8
77 5 3 8 6
818

TABLE 2-7.2. A cancellative effect algebra

Take a1 = as =dy =2, by = by =c; =4, co =dy = 7. Then a; & by =
Cl@dl :G,Q@bg :CQ@dQ :6, bl@bg :dl@dg :5, a; Dag = 1, and c1 Dy =3.
Hence P does not satisfy (2-7.5). O

REMARK 2-7.14. Example 2-7.13 does not fit the intuition assigning to the
symbol @ the direct sum of (say) subspaces in a vector space. For example, in that
example, x @ x may be defined without x being zero (e.g., take z = 1).

An occurrence of the context of direct sums is given by the theory of ortho-
modular lattices. By definition, an orthomodular lattice (cf. Kalmbach [63]) is a
lattice L, with a least element 0 and a largest element 1, endowed with an antitone,
involutive unary operation = +— 2+ such that x A z+ = 0 and z vV 2+ = 1 for all
x € L (we say that z + z* is an orthocomplementation on L), and y = zV (- Ay)
for all z,y € L with x < y. Then L can also be endowed a structure of partial
commutative monoid, by letting z = 2 @y hold if z = 2 Vy and y < z*.

Elaborating on Greechie’s construction of a finite orthomodular lattice with no
non-trivial state (cf. Greechie [53]), Navara [85] and Weber [112] independently
constructed finite orthomodular lattices with no non-trivial group-valued premea-
sure (a premeasure on L, with values in an Abelian group G, is just a homomorphism
of partial commutative monoids from (L, ®,0) to (G, +,0)).
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Letting L be any orthomodular lattice with no non-trivial group-valued pre-
measure, we obtain that (L, ®,0) cannot be embedded into any cancellative com-
mutative monoid (otherwise it could also be embedded into an Abelian group, and
the corresponding embedding would be a group-valued premeasure).

This peculiar behavior of Navara’s and Weber’s orthomodular counterexam-
ples is to be put in contrast with the following example, which, despite its apparent
simplicity, is not devoid of further mysteries (see, in particular, Chapter 7, Prob-
lem 10).

ExXAMPLE 2-7.15. For any real or complex Hilbert space H, we endow the
set Sub H of all closed subspaces of H with a structure of a partial commuta-
tive monoid, by letting X & Y denote the direct sum of X and Y whenever it is
defined. We claim that (Sub H, @, {0}) embeds into an Abelian group. Recall that
a projection of H is an idempotent, self-adjoint operator. The set Proj H of all
projections of H can be endowed with a structure of partial commutative monoid,
by letting r = p® ¢ if r = p+ ¢ and pg = 0 (thus also gp = 0). The assignment
that sends any projection p to its range defines an isomorphism of partial commu-
tative monoids from Proj H onto Sub H. The inverse isomorphism sends any closed
subspace X to the orthogonal projection on X.

The inclusion map defines a premeasure from Proj H with values in the additive
group sAdj H of all self-adjoint operators of H. Hence, (Proj H,®,0) has a one-
to-one embedding into the Abelian group (sAdj H,+,0). The submonoid Proj™ H
generated by the range of that embedding consists exactly of the finite sums of
projections of H. In particular, every element of Proj™ H is a positive self-adjoint
operator of H. The study of those operators (finite sums of projections) was initi-
ated in Fillmore [44].

Certainly, Proj™ H is a monoid quotient of the enveloping monoid Up,opn (Proj H)
of Proj H. It turns out that Proj* H is a proper quotient of Up,on(Proj H), when-
ever dim H > 2. To see this, we may assume that dim H = 2 and then we use the
following expression of (3/2)idy as a sum of three projections, given in matrix form
in Rabanovich and Samoilenko [91, 2.6]:

(3/2)idg = po +p1 +p2, where

(0 0 [ 3/4 /34 [ 3/4  —V3/4
An important observation about (2-7.6) is that the projections p; are pairwise non-

commuting. In particular, they are pairwise non-orthogonal.
Now we abbreviate idgy by 1 and we write (2-7.6) in the form

2p0 +2p1 +2p2 =3 - 1. (2—77)

We claim that the equation (2-7.7) does not hold in the enveloping monoid
Unmon(Proj H) (although we just observed that it holds in Proj™ H). In order to
prove this, it suffices to prove that u % v, where u = 2po+2p1 +2p2, v = 3-1, and =
is the equivalence relation on the free commutative monoid Fyon(Proj H) intro-
duced just before Proposition 2-1.7, satisfying Umen(Proj H) = Fon(Proj H)/=.
Now observe that for each i € {0,1,2}, p; is a projection of rank one, thus the
equality p; = x @ y in Proj H implies that either + = 0 or y = 0. Hence, as
the p; are pairwise non-orthogonal, it is easy to verify that v = w iff u = w, for
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all w € Fion(Proj H). Since u and v are not equivalent modulo =, it follows that
u # v, that is, (2-7.7) does not hold in Uyen(Proj H). Therefore, the canonical
homomorphism from Upyon(Proj H) onto Proj™ H is not one-to-one.

For dim H = 2, the lattice Sub H is infinite of length two. Denote by A the
set of all atoms of Sub H, that is, the one-dimensional subspaces of H. Hence,
Umon(Sub H) is the commutative monoid defined by the generators e and my, for
X € A, and the relations mx + mx1 = e for X € A. It can be verified that this
monoid is cancellative. We do not know whether the latter result extends to the
case where dim H > 3 (cf. Chapter 7, Problem 10).

2-8. Quotient of a commutative monoid under a group action

Let us begin this section with some motivation. For a left action (g,z) — g(x)
of a group G on a ring R, the crossed product R x G consists of all formal linear
combinations ZZ <n Ti*gi, where all z; € R and all g; € G, where the multiplication
is determined by (z - g)(y - h) = xg(y) - gh, for all z,y € R and all g,h € G.

In particular, if the action of G is trivial, then R x G becomes the group
ring R[G].

The construction M /G, that we shall introduce now, intervenes at various
places, which we will not attempt to enumerate. (For an example where M is the
positive cone of Ky(A), for a C*-algebra A, see Rainone [92, Definition 4.6].) We
intend it here mainly to describe the effect of the crossed product on the nonstable
K-theory. A more detailed form of that statement will be given in Proposition
2-8.4. Later on, we will examine that statement again in the context of Boolean
inverse semigroups (cf. Theorem 4-1.10).

DEFINITION 2-8.1. Let « be an action of a group G, by automorphisms, on a
commutative monoid M. We set

z~yif (39 € G)(y = ay(x)), forallz,ye M. (2-8.1)

We denote by ~, the monoid congruence generated by ~,, and we denote the
quotient monoid by M o = M/~,. We say that elements z,y € M are a-equide-
composable if x ~, y.

For any « € M, we shall denote by [z], the equivalence class of  modulo ~,,
and we let po: M — Mo, x — [2]q.

NOTATION 2-8.2. In the context of Definition 2-8.1, we shall write ~g, ~¢g,
[*]a, pe, MG, and “G-equidecomposable”, instead of ~q, ~q, [Z]a, tas M /[,
and “a-equidecomposable” whenever this does not arise confusion.

Moreover, if G = Z/2Z and ¢ = aq € Aut M (this will be the case for all
counterexamples of this section), then we shall identify the group action a with the
involution o, and thus we shall write ~,, ~,, [z]s, s, M o instead of ~, ~,,

[%]a, ta, M [ .

The structure M /G should not be confused with the orbit space M/G: for one
thing, the former is a monoid, while the latter is just a set.

For a commutative monoid N, a monoid homomorphism p: M — N is G-
invariant if p(gr) = p(z) for every (g,x2) € G x M. In such a case, p is also an
invariant for G-equidecomposability, that is, x ~g y implies u(z) = u(y), for all
x,y € M. Moreover, we will say that u is a complete invariant for G-equidecompo-
sability if p(z) = p(y) implies x ~¢g y, for all z,y € M.
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By definition, the monoid homomorphism pug: M — M /G is a complete in-
variant for G-equidecomposability.

The following lemma is essentially a reformulation of Definition 2-8.1, with a
straightforward proof.

LEMMA 2-8.3. The map pg is universal for the G-invariant monoid homo-
morphisms from M to a commutative monoid. That is, for every commutative
monoid N and every G-invariant monoid homomorphism p: M — N, there exists
a unique monoid homomorphism ¢¥: M |G — N such that ¢ = 1 o ug.

Of course, 1 is defined by the rule ¢([x]g) = ¢(z).
The connection between the crossed product construction for rings (i.e., Rx G)
and the construction M /G (for monoids) is given by the following result.

PROPOSITION 2-8.4. Let a group G act by automorphisms on a ring R. We en-
dow the commutative monoid V(R) with the induced group action, that is,
g - [z]r = [9(2)]r, for every idempotent matriz x over R. Then there is a unique
monoid homomorphism 7: V(R) /G — V(R x G) such that 7([[z]r]c) = [*]rxa for
every idempotent matrix x over R.

PROOF. The canonical map R <— R X G, x — x - 1 induces a monoid homo-
morphism ¢: V(R) — V(R x G). By Lemma 2-8.3, it suffices to prove that ¢ is G-
invariant. Let a be an idempotent matrix over R and let g € G. Setting x = g(a)-g
andy =a-g~ !, we get g(a)-1 =2y and a-1 = yx; whence a-1 ~ g(a)-1 (Murray
- von Neumann equivalence) within R x G. g

The homomorphism 7 of Proposition 2-8.4 may not be an isomorphism. For ex-
ample, in the conditions of Proposition 6-7.1, the canonical homomorphism
7: V(k)/G — V(K[G]) is one-to-one, but not surjective, for any division ring k.

Nonetheless, we will see in Theorem 4-1.10 that the analogue of Proposition
2-8.4, for so-called Boolean inverse semigroups (cf. Section 3-1), always yields an
isomorphism.

LEMMA 2-8.5. Let a group G act by automorphisms on a commutative mon-
oid M and let H be a subgroup of G. Then there is a unique monoid homomorphism
pl: MJH — MG such that p& o ug = pc. This map is surjective.

Proor. This follows trivially from pug being H-invariant, together with Lemma
2-8.3. (]

In particular, if H is a subgroup of G, then M /G is a monoid quotient of M JH.
In case H is a normal subgroup of G, we shall now give more information. Thinking
of Lemma 2-8.3 as the “First Isomorphism Theorem” for the structures M /G, the
“Second Isomorphism Theorem” is the following.

PROPOSITION 2-8.6. Let a group G act by automorphisms on a commutative
monoid M and let H be a normal subgroup of G. The following statements hold:

(1) There is a unique group action of G/H on M | H sending every pair (¢H, [x]m)
to [gx)m.

(2) The assignments [v]lc — [[z]ula/m and [[T|g]q/a = [r]e are well defined,
and define mutually inverse isomorphisms between M )G and (M JH)//(G/H).
Therefore, M JG = (M JH)/(G/H).
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PROOF. (1). Let x,y € M with x ~y y and let ¢ € G. By definition, y = hx
for some h € H. Hence gy = ghx = (ghg~')gz. Since H is a normal subgroup
of G, gy ~g gx. It follows that ~p is contained in the binary relation

0={(z,y) € M x M | gz ~p gy} .

Since 6 is a monoid congruence of M containing ~p, it also contains ~p. This
means that for every g € G, there is a unique map 7,: M JH — M//H such
that 74([z]g) = [gz]g for all z € M. Obviously, 7, is a monoid homomorphism.
Moreover, it is obvious that 74([z]x) depends only on Hg(= gH). Hence, the
assignment (gH, [z]g) — [gx] g is well defined. Tt is straightforward that it defines
a group action of G/H on M/ H by monoid automorphisms.

(2). For every (g9,7) € G x M, [gz]y = (9H)[z]g ~q/u [v]g. Hence ~¢ is
contained in the binary relation

E={(z,y) e M x M | [2]lu ~c/u Wlu} -
Since £ is a monoid congruence of M, it also contains ~g. Hence, the map
o: M)G — (MJH)J(G/H), [r]lc — [[z]|a]q/a is well defined. It is obviously
a monoid homomorphism.
Conversely, for all z,y € M such that [z]g ~q/u [y]H, there is g € G such that
[ylg = (¢H)[z]H, that is, gz ~p vy, thus  ~¢ y. Hence, the binary relation

n=A{(z,y) € (MJH) x (MJH) | (3(z,y) € ® x y)(z ~c y)}

={(z,y) e (MJH) x (MJH) | (V(z,y) € ® x y)(z ~c y)}
contains ~¢,p. Since 1 is a monoid congruence of M JH, it thus contains =¢q /.
Hence, the map ¢: (M JH)/(G/H) — M)|G, [[z]a]lq/a — [z]g is well defined.

It is obviously a monoid homomorphism. It is trivial that ¢ and v are mutually
inverse. O

The case of a group acting on a refinement monoid is especially straightforward.

PROPOSITION 2-8.7. Let a group G act on a refinement monoid M. Then ~g
is a V-equivalence on M, and M J|G is a refinement monoid. Furthermore, if M is
conical, then so are the monoid M /G and the relation ~¢.

Proor. We first claim that ~qg is a V-equivalence: indeed, if xg + 1 ~¢g
y in M, then y = g(z¢ + 1) for some g € G, thus, setting y; = gx;, we get
Yy = yo + y1 with each z; ~g ¥;, thus proving our claim. By Lemma 2-4.3, it
follows that the additive closure NE of ~g in M x M is an additive V-equivalence
on M. In particular, it is a monoid congruence of M. Since it contains ~¢, it also
contains ~¢. Since the converse containment is trivial, the relations ~¢ and NJ(S
are identical, and so ~¢g is an additive V-equivalence on M. By Lemma 2-4.4,
MJ/G = M/~¢ is a refinement monoid.

The last statement, about conicality, is trivial. [l

In case M is a refinement monoid, then the V-equivalence ~¢ is the additive
closure of ~g within M x M, hence it can be explicitly defined as follows: for any
a,b € M, a ~¢ bholds iff there are decompositionsa = ), _, a;and b=}, gia;,
where all a; € M and g; € G. Let us highlight the following trivial consequence of
Lemma 2-4.4(1).

LEMMA 2-8.8. Let a group G act on a refinement monoid M, let a,b € M /G,
and let c € M. If [cJa = a + b, then there is (a,b) € a X b such that c =a + b.
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As the following observations show, a significant class of examples arises from
the construction Z*(B) = Upyen(B, ®,0) given in Example 2-2.7.

ExXAMPLE 2-8.9. Let B be a Boolean ring. Observe that the automorphisms
of the Boolean ring B are identical to the automorphisms of the partial refine-
ment monoid (B, @, 0) (cf. Example 2-2.7). Since Z*(B) is the enveloping monoid
of (B,®,0), every automorphism « of B extends to a unique automorphism of
the monoid Z*(B). This automorphism sends 1, to 1,(y), for each u € B. In
particular, every action of a group G on the Boolean ring B extends to an action
of G on the monoid Z*(B), thus making it possible to define the commutative
monoid Z*(B) /G = Z"(B)/~¢. The equivalence relation ~¢ is given by

UGV = (3 decompositions u = Z 1,, and v = Z g4,
<n i<n

with all a; € B and g; € G) .

An equivalent way to define Z*(B) /G, taking advantage of (B, ®,0) being a partial
refinement monoid, is the following. Since the orbital equivalence relation ~g
defines a V-equivalence on B, its additive closure N(Jg within B is an additive V-
equivalence on B (cf. Lemma 2-4.3). The relation ~{ is nothing else than the

G-equidecomposability relation on B: namely,

a NE b <— (3 decompositions a = @ a; and b = @giai ,

i<n <n

with all ¢; € B and ¢; € G) .

By Lemma 2-4.4, this makes it possible to define the partial refinement monoid
BJG = B/~{. Furthermore, by Theorem 2-4.6, ~f extends to a unique V-
equivalence on Upyon (B, ®,0) = Z1(B), which is necessarily ~¢. By Theorem 2-4.6
again, Z*(B) /G = Upon(B/G).

We shall often write [a]g instead of [1,]g, for a € B. Since ZT(B))G =
Umon(B//G), every element of Z*(B)/G can be written in the form Y, [ai]a,
where all a; € B.

2-9. Cancellation properties of M /G

The question, whether various cancellativity properties of M are inherited
by M //G, will come up regularly in this work. It turns out that the study of
that question leads to various nontrivial positive statements, but also to surprising
counterexamples.

In this section we shall focus on positive statements, in the context of the
cancellation properties of M /G, where a finite group G acts by automorphisms on
a refinement monoid M. Although a few positive results can be proved, lots of
surprising counterexamples arise.

DEFINITION 2-9.1. Let a finite group G act by automorphisms on a commuta-
tive monoid M. The G-trace of an element x € M is defined as

o(r) = gu. (2:9.1)

geG
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PROPOSITION 2-9.2. In the context of Definition 2-9.1, there is a unique monoid
homomorphism T¢: M |G — M such that Tgua = 7¢-

PrOOF. The map 7¢ is a G-invariant monoid homomorphism from M to M.
Apply Lemma 2-8.3. (I

In particular, a ~¢g b implies that 7¢(a) = 7¢(b), for all a,b € M. The question
whether 7¢ is a complete invariant for ~¢, that is, 7¢(a) = 7¢(b) implies a ~¢ b,
arises. This already leads us to an easy counterexample (we use Notation 2-8.2).

EXAMPLE 2-9.3. An action o of Z/2Z by automorphisms on the additive group Z
of all integers, such that 7, is not a complete invariant for ~,.

PROOF. Set o(x) = —z, for any = € Z. Two integers z and y are o-equidecom-
posable iff there are u,v € Z such that x = v+ v and y = u — v, that is, iff x — y is
even. On the other hand, 7, is the constant zero map. In particular, 7,(0) = 7,(1)
while 0 and 1 are not o-equidecomposable. ([l

PROPOSITION 2-9.4. Let a (not necessarily finite) group G act by automor-
phisms on an Abelian group M. Then the monoid M |G is an Abelian group.

PRrOOF. The canonical map ug: M — M /G is a surjective monoid homomor-
phism. Since M is an Abelian group, so is M JG. O

By contrast, it follows from Example 2-9.3 that the power-cancellativity of M
may not be inherited by M /G. For that example, 2[0]¢ = 2[1]g, but [0]¢ # [1]¢-
Hence, power cancellativity is not propagated from M to M JG. Nevertheless, as
the following result shows, stable finiteness propagates.

PROPOSITION 2-9.5. Let a finite group G act by automorphisms on a conical
commutative monoid M. If M is stably finite, then so is M JJG.

PROOF. Let a,b € M //G such that a + b = b. Write a = [a]g and b = [b]g
for some a,b € M. By applying the homomorphism 7 of Proposition 2-9.2 to the
equation a + b = b, we get the equation 7¢(a) + 7¢(b) = 7¢(b). Since M is stably
finite, 7¢(a) = 0. Since M is conical, a = 0, so a = 0. O

The completeness of the trace invariant can be easily reached under an addi-
tional divisibility assumption.

PROPOSITION 2-9.6. Let a finite group G, with m elements, act by automor-
phisms on a uniquely m-divisible commutative monoid M (i.e., every element of M
can be written in the form my for a unique y € M). Then the trace function T7g
is a complete invariant for G-equidecomposability on M. In particular, if M is
cancellative, then so is M J/G.

PRrROOF. Let a,b,e € M such that e = 7¢g(a) = 7¢(b). Denote by (1/m)x
the unique y € M such that x = my, for any x € M. From e = deGga it
follows that (1/m)e = > 5 g((1/m)a). Since a = }_ .;(1/m)a, it follows that
e ~¢ a. Likewise, e ~¢ b. Therefore, a ~¢ b, thus completing the proof that 74 is
a complete invariant. The statement about cancellativity follows trivially. [l

In case of the action of a finite group on the positive cone of an Abelian lattice-
ordered group, it turns out that the trace is also a complete invariant.
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THEOREM 2-9.7. The following statements hold, for any action of a finite
group G by automorphisms on an Abelian lattice-ordered group M :

(1) The G-trace map 7g: M*T — M™ is a complete invariant for G-equidecompo-
sability on M*. In fact, [al¢ = [blg iff Ta(a) = 17¢(b), and [a|lc < [blg iff
1a(a) < 7q(b), for all a,b € M.

(2) The monoid M J/G is the positive cone of an Abelian lattice-ordered group.

PROOF. Since M is a dimension group (cf. Goodearl [48, Proposition 1.22]),
M™ is an unperforated, conical refinement monoid (cf. Goodearl [48, Proposi-
tion 2.1]).

(1). Let a,b € M such that 7¢(a) = 7¢(b). We must prove that [a]g¢ = [b]g-
Set m = card G and fix an enumeration G = {g1 = 1,g2,...,9m}. We argue by
descending induction on the largest k& < m, denoted by v(a, b), such that gijaAb =0
whenever 1 < 4 < k. Suppose first that & = m, that is, ga Ab =0 for all g € G.
Since M is lattice-ordered, 7¢(a) A 7¢(b) = 0, hence, since 7¢(a) = 7¢(b), we get
76¢(a) = 76 (b) = 0, whence a = b = 0.

Suppose now that k < m and set a’ = a — (a A g, 'b) and b’ = b — (gra A b).
Then 0 < @’ <aand 0 < ¥ < b, thus g;a’ Ab = 0 whenever 0 < 7 < k. Since
gra' AV = 0, we get v(a’,b') > v(a,b). Furthermore, gra A b = gi(a A g;'b),
thus 7¢(a’) = 7¢(b'). Hence, by the induction hypothesis, [a']¢ = [b']g. Since
a=da +aAg;'band b="0b + gi(aAg;'b), it follows that [a]g = [b]c.

The proof that 7¢(a) < 76(b) iff [alg < [b]g is, mutatis mutandis, the same.

(2). It follows from (1) above that M /G is cancellative (Proof: if [a]g+][c]¢ =
bla + [cla, then 7q(a) + T76(c) = 1a(a+¢) = 17q(b+ ¢) = 76(b) + 7¢(c), thus
7¢(a) = 7¢(b), and thus, by (1), [al¢ = [b]g). Since M is a conical refinement
monoid, so is M /G (cf. Proposition 2-8.7).

Since M /G is cancellative, the canonical map M ™' /G — M J/G that to [z]g
(within M) associates [z]g (within M) is one-to-one. Hence we will identify any
element of M7 /G with its image in M /G via this embedding, and we will endow
M /|G with the positive cone M T /G. We extend the map 7¢ to the whole monoid M
via the formula (2-9.1). By definition, this map is isotone.

To any elements a,b € M, we associate finite sequences (a; | 0 < < m) and
(b; | 0 < i < m) of elements of Mt by

apg=a, bo =b (2-9.2)
ap+1 = ag — (ag A gkjilbk), br+1 = bg — (gr+1ax Abg) whenever 0 < k < m.
(2-9.3)

Set a = Zogk<m(ak /\gkjlbk) and b = 20§k<m(gk+1ak Aby). From ay /\gkjlbk =
gr+1(ag A gk__&lbk) whenever 0 < k < m, it follows that

a~gbh. (2-9.4)
Further, it follows easily from (2-9.2) and (2-9.3) that
a=a+ a, and b=">b+b,,. (2-9.5)

By (2-9.5), it follows that [@]¢ < [a]g, [bl¢ in M JG. By using (2-9.3), we get
grar A b, =0 whenever 1 <k <m.

Since both finite sequences (ar | 0 < k <m) and (b; | 0 < k < m) are decreasing,
we get ga, A by, = 0 for every g € G. Since M is an Abelian lattice-ordered group,
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this means that

T76(am) A 76 (by) = 0 within M . (2-9.6)
In order to prove that [a]g = [a]g A [b]g, it suffices to prove that for any ¢ € M such
that [c]¢ < [a]a, [bla, the inequality [c]¢ < [a@]g holds. From [c]¢ < [a]g, [bl¢ it
follows that 7¢(c) < 7¢(a), 7 (b), thus, by (2-9.5), 7¢(c—a) < 7¢(a,,) and further,
by using (2-9.4) and (2-9.5),

Tq(c—a) = 17g(c) — 7¢(@) = 1a(c) — 76 (b) = 1q(c — b) < 76(by) .

By (2-9.6), it follows that 7q(c — @) < 0, so 7¢(¢) < 7¢(a@). By (1) above, it follows
that [C]G < [E]G. [l

Recall that a group is locally finite if every finitely generated subgroup is finite.

COROLLARY 2-9.8. Let a locally finite group G act by automorphisms on an
Abelian lattice-ordered group M. Then M™ G is the positive cone of a structure
of dimension group on M |G.

PRroor. Let a,b,c € M™T such that a + ¢ ~g b+ c. There are decompositions
at+c=3, ,ziandb+c=>,_ gz; in M, with all g; € G. Since G is locally
finite, {g; | ¢ < n} is contained in a finite subgroup H of G. Since a+c ~pg b+c and
by Theorem 2-9.7, it follows that a ~p b, thus a ~g b. This proves that M* /G
is cancellative. Since every Abelian lattice-ordered group is unperforated, a similar
argument shows that M /G is unperforated.

Since M J/G is cancellative, the canonical map from M*/G to MG is a
monoid embedding. Since the partially ordered Abelian group M, with its positive
cone M™, is directed, the partially ordered Abelian group M /G, with its positive
cone MT /G, is also directed. O

It will follow from Theorem 5-1.10 that conversely, every positive cone of a
dimension group, of cardinality at most Ny, arises as M T /G for a locally finite
group G acting by automorphisms on an Abelian lattice-ordered group M.

2-10. Partially ordered Abelian groups and V-equivalences with bad
quotients

As we will see in Examples 2-10.7 and 2-10.8, Theorem 2-9.7 cannot be extended
from lattice-ordered groups to dimension groups. We will also discover in this
section a few additional positive results, notably involving the concept of weak
comparability (cf. Section 1-5).

All the counterexamples of this section are based on the following construction.

NOTATION 2-10.1. For an arbitrary partially ordered Abelian group G and a
nonnegative integer m, we shall denote by E¢,, the set of all sequences (z,, | n € ZT)
of elements of G such that

For every integer n > m, T4 = Z T and Top4s = Ton + Tont1 -
k<2n
We shall also set Eg =, cz+ Ean-

It is trivial that the Eg ,, are all additive subgroups of GZ". Since they form
an increasing chain (with respect to containment), F¢ is also an additive subgroup

of GZ". Hence the E¢ m and E¢ are all partially ordered subgroups of the partially
ordered Abelian group GZ* (endowed with its componentwise ordering).
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LEMMA 2-10.2. All partially ordered Abelian groups Eg n, are finite powers
of G. In particular, if G is a dimension group, then so are Eg and all Eg .

PrOOF. Every element of E¢ ,, is determined by its first 2m 4 2 coordinates,
which yields Eg , = G?*™*2. In particular, if G is a dimension group, then so are
all Eg pm, thus so is Eg. [l

Denote by pg: G — G/2G the canonical projection map. The following lemma
records a few elementary properties of the Eg ,, and Eg.

LEMMA 2-10.3. The following statements hold, for every nonnegative integer m,
every * € Eg m, and every integer n > m:

(1) The equalities Toptsa = Tonts and Topie = Tontr = 2Tanta hold, for every
mnteger n > m.

(2) Zk<n+2 pG(Tar) = Zk<n+2 pc(Tari1)-

ProOOF. (1). From z € Eg , it follows that zo,14 = D) o, Tk + Ton + Ton i1,
thus

Tonts = Tant2 + Tonys = E Tk + Top + Tongp1 = Tongd - (2-10.1)
k<2n

It follows that xo, 17 = Tonta + Tonts = 2Topt4. By using (2-10.1) with n + 1
instead of n, we get xop4+7 = Topts-

(2) By (1) above, Ton+6 € 2. Since Ton+6 — Zk<n+2 Tok + Zk<n+2 T2k+41,
it follows that >, _ 5 pc(Tak) + D cpyo Pc(T2r+1) = 0, which is equivalent to
the desired conclusion. O

It follows from Lemma 2-10.3(1) that z, € 2G (i.e., pg(z,) = 0), for all
sufficiently large n, whenever x € Eg. Hence, both expressions ), ;1 pa(z2x) and
> rezt Pc(T2ry1) are defined. By Lemma 2-10.3(2), these two elements of G/2G
are equal. We denote their common value by pg(z).

Now denote by o the self-map of ZT that interchanges 2n and 2n+ 1, whenever
nezr.

LEMMA 2-10.4. The assignment oG : © + (Toy | n € ZT) defines an involutive
automorphism of the dimension group Eg.

ProOOF. It follows immediately from Lemma 2-10.3(1) that og maps Eg n
into Eg m+1. The other statements of Lemma 2-10.4 are trivial. O

The proof of the following lemma is straightforward and we leave it to the
reader.

LEMMA 2-10.5. The map pg is a og-invariant homomorphism from Eg to
G/2G.

THEOREM 2-10.6. Suppose that G is a 2-power cancellative interpolation group.
Then the pair (id + og, pa) is a complete invariant for og-equidecomposability
within EEE In particular, the commutative monoid Eg//ag is cancellative.

Of course, id + o¢ is the trace function associated to o¢ (cf. Definition 2-9.1).
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PROOF. We must prove that any a,b € E/; such that a+og(a) = b+0og(b) and
pac(a) = pe(b) are og-equidecomposable. By Lemma 2-10.3, there is a nonnegative
integer m such that

G2n, = G2n+1 belongs to 2G, (2-10.2)

ban = ban11 belongs to 2G (2-10.3)

a2n+4+2 = A2n+4+3 = Z ap = 2a2n, (2—104)
k<2n

banyo = baniz = Z br = 2bay, (2-10.5)
k<2n

for every integer n > m. Since a + og(a) = b+ og(b), it follows from (2-10.2)
and (2-10.3) that 2as,, = 2by,. Since G is 2-power cancellative, as,, = by, for every
integer n > m. Hence, again by (2-10.2) and (2-10.3),

a, = by, belongs to 2G', whenever 2m < n in Z . (2-10.6)

. 0 )
For every k < m, we pick any xo, € G such that < xgp, < 92k " Quch an
bar — agk+1 bak

element certainly exists, because G has interpolation and a + og(a) = b + o¢(b),
0 <@
b—og(a) — b

Tok+1 = Top + bag41 — a2x, Wwhenever 0 <k <m. (2-10.7)

thus . Furthermore, we set

Qp
bn — Qg (n) bn

PRrROOF OF CLAIM. For n = 2k, this follows from the definition of zo;. By
adding the term bogy1 — asg = —(bar — agk+1) to the inequalities around zqy, we
obtain

CLAIM 1. The inequalities <z, < hold whenever 0 < n < 2m.

0 bakt1
< Zogq1 <
bok+1 — azk = bop + bog 1 — azr”

which, since bag, + bag1 — a2k = agk+1, yields the desired inequalities. [ Claim 1.

CLAIM 2. 7, o 2 belongs to 2G.

PrOOF OF CLAIM. For each k < m, xop + Togr1 = bogy1 — aop + 229, =
bok+1 — agx (mod 2G). Now by (2-10.2) and (2-10.3), >, _,. pc(azk) = pa(a) and
> kem PG(b2kt1) = pa(b). Hence, >, . pc(r) = D 1o PG (Tak + Topi1) =
pc(b) — pe(a) =0. O Claim 2.

It follows from Claims 1 and 2 that the element x5, = %Zk <om Tk belongs
to GT. (We denote by %x the unique y € G such that x = 2y, for any « € 2G.) Set
Tom+1 = L2m.-
an
bn,

Proor or CrLAIM. For 0 < n < 2m this follows from Claim 1. For n = 2m,
this follows from the inequalities

1 1 .
Tom = Z xp < 3 Z ag (use Claim 1)

k<2m k<2m
= Q2m (use (2-10.4)),

CLAIM 3. The inequalities 0 < x, < hold whenever 0 <n <2m + 1.
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and similarly, using (2-10.5), we get za,, < ba,,. Since Ta,, = Ta,+1 and by (2-10.2)
and (2-10.3), we get the desired inequalities at n = 2m + 1. O Claim 3.

We can now complete the construction of the z,, by defining, inductively,

Tont2 = Z Tg (2-10.8)
k<2n
Ton4+3 = Tan + Tont1 (2-10.9)

whenever m < n in ZT. By construction, the sequence z = (x,, | n € ZT) belongs
to Eg.

Cramm 4. 0<z < Z.

PrROOF OF CLAIM. By Claim 3 together with (2-10.8) and (2-10.9) it follows,
inductively, that 0 < z. Let n be a nonnegative integer, we must prove that
an
by,
n = 2k + 2, where m < k in Z™. We compute

Togpyo = g T < E a; = aggy2,

<2k 1<2k

0<x, <," If n <2m+ 1 this follows immediately from Claim 3. Suppose that

and similarly, @ogq2 < bogt2. Since Togi2 = Tokys, G2kt2 = G2k43, and bogpo =
baj+3, the desired conclusion follows. O Claim 4.

CLAM 5. 2 —og(x) =b— og(a).

PrOOF OF CLAIM. We need to prove that z,, — Ty(n) = by — @o(n), for every
nonnegative integer n. If n < 2m this is taken care of by (2-10.7) together with
the equation bogi1 — agx = aogs+1 — bog. If n € {2m,2m + 1} this follows from
the equations ag;, = agmi1 = bam = bamy1 (cf. (2-10.2), (2-10.3), and (2-10.6))
together with the equations z9,,41 = Zopy = 1 Zk<2m z. Let kK > m such that
T2k = L2k+1 — % Zl<2k xXy. Then

2

Tok+3 = Tok + Tog+1 = g T = Tok+2,
1<2k

thus also xogt2 = Togts = %Zl<2k+2 x;. Therefore, the equations zop = xop4+1 =

%ZK% x; hold for every integer k > m. Since agr, = bay, = aop+1 = bog41 for any
such integer k, the desired conclusion follows. O Claim 5.

The element y = a—x belongs to Eg, and a = z+y. By Claim 5, b = 2404 (y).
Therefore, a ~¢ b within Eg

Since the complete invariant (1 + og, pg) takes its values in the cancellative
monoid E} x (G/2G), it follows that Ef, Jo¢ is cancellative. O

By using Theorem 2-10.6, we can now construct the promised series of coun-
terexamples.

EXAMPLE 2-10.7. A simple dimension group E, with an action o of Z/27, such
that the monoid Eg//a is cancellative, yet the trace function id + o on ET is not a
complete invariant for o-equidecomposability.
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It will turn out (cf. Corollary 2-10.11) that the cancellativity of E} /o is no
surprise. Nevertheless, for the present example, we have a complete invariant, given
by Theorem 2-10.6.

PROOF. Define G as the set of all fractions of the form p/q, where p and ¢ are
integers with ¢ odd. Then G is a dense subgroup of the rationals, with 1 € G and
1/2 ¢ G. Since G is 3-divisible (i.e., 3G = G), so is Eg, thus every order-unit of E¢g
is the sum of two order-units. Since Eg is a dimension group and by Proposition
1-4.5, it follows that the structure F = (Fg, <) (cf. (1-4.7)) is a dimension group.
Moreover, o¢ restricts to an involutive automorphism o of E. Denote by p the
restriction of pg to E. The element

e=(1,1,1,1,2,2,4,4,8,8,16,16,...)
is an order-unit of Eg (and F), fixed under o.

CrLAaM. The pair (id 4 o, p) is a complete invariant for o-equidecomposability
within ET. In particular, Eéf//a s cancellative.

PROOF OF CLAIM. Let a,b € E* such that a+o(a) = b+o(b) and p(a) = p(b).
We must prove that a ~, b within £+. If either a or b is zero then a = b = 0 and the
statement is trivial. Suppose that a and b are both nonzero. Since a and b are both
a
b
that a’ = a—3""e and b’ = b—3~"e are elements of £, with a’+0¢(a’) = b/ +oc (V')
and pg(a’) = pe(b'). By Theorem 2-10.6, it follows that a’ ~,, b’ within E/, that
is, there are z,y € E} such that @’ = 2 +y and b’ = z + og(y). Therefore,
a=(x+3"e)+(y+3"e) and b = (v + 37 "e) + o(y + 37 "e) are o-equidecom-
posable within E7. O Claim.

order-units, there is an integer n such that 2-37"-e < . Since og(e) = e, it follows

Now we set
a=(1,0,1,0,1,1,2,2,4,4,8,8,16,16,...), (2-10.10)
b=(1,0,0,1,1,1,2,2,4,4,8,8,16,16,...). (2-10.11)
The elements a and b both belong to Ef;, with a + og(a) = b+ og(b), pala) =1,

and pg(b) = 0. Hence, the elements o’ = a4+ e and & = b + e are order-units, with
a +o(d)=b+c) and p(a’) # p(b'). In particular, a’ %, b'. O

We are now ready to introduce the most elaborate example of this section.

EXAMPLE 2-10.8. A dimension group M, with an involutive automorphism o,
such that the monoid M Jlo is not cancellative.

PROOF. Since Z? and Ejz are both dimension groups, an easy application of
Goodearl [48, Corollary 2.12] yields that the lexicographical product F = Z? X E7,
is a dimension group. We define an involutive automorphism o of F', by setting

o((m,n),z) = ((n,m),oz(x)), forall ((m,n),z) € F.
Consider the elements a and b of Ey defined in (2-10.10) and (2-10.11), and set
d=a—b=(0,0,1,-1,0,0,0,0,...).

Denote by H the subgroup of F generated by ((1,—1),d). From oz(d) = —d it
follows that o((1,—1),d) = ((—1,1),—d). Hence o[H| = H.
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CrAamM 1.
(1) HnF* ={0}.
(2) H is a convex subgroup of F.
(3) ((0,0),2) € H iff c =0, for every x € Ey.

PrOOF OF CrLAIM. (1). Let n € Z. If ((n,—n),nd) € F*, then (n,—n) €
(Z?)* =Z* x Z*, thus n = 0.

(2) follows trivially from (1).

(3) is trivial. O Claim 1.

Since H is a convex subgroup of F', M = F/H is a partially ordered Abelian
group, with positive cone M+ = (F* + H)/H. Since F is directed, so is M.

Set [(m,n),z] = ((m,n),x) + H € F/H, for every ((m,n),x) € F. From
o[H] = H it follows that ¢ induces an involutive automorphism @ of M, defined by

(t+H)=o0(t)+H foreveryteF.

The value of m + n is unchanged by adding any element of H to ((m,n),z). This
enables us to define ¢([(m, n),z]) = m + n, for all ((m,n),z) € F.

CLAIM 2.

(1) Every element x € M can be written in the form [({(x),0),z] for a unique
x € Ey.

(2) The map £ is a positive homomorphism from M onto Z.

(3) L(x) > 0 implies that x € M, for every x € M.

PrROOF OF CLAIM. (1). Write z = [(m,n),y]. Then x = [(m,n),y|+[(n, —n),nd] =
[(¢(x),0), x] where we put = y+nd. The uniqueness statement on z follows from
Claim 1(3).

(2) follows from £]p+ > 0 together with ¢]; = 0.

(3) follows trivially from (1). O Claim 2.

CLAM 3. [(m,n),z] € M iff one of the following statements holds:

(i) m+n > 0.

(ii) m4+n =0, —xz3 < m < x9, and xx > 0 for every nonnegative integer
k & {2,3} (Here and elsewhere in this proof, we write x = (x, | n € Z), for
any © € Ez).

Consequently, M is unperforated.

PROOF OF CLAIM. Since m+n > 0 implies that that [(m,n),z] € M, which
implies in turn that m +n > 0 (cf. Claim 2), the only case we need to consider is
the one where m +mn = 0. Then [(m,n),z] € M* iff (m,—m),z) € F* + H, iff
there is k € Z such that ((m — k,k —m),x — kd) € F*. Since the latter condition
implies that k = m, it follows that [(m,n),z] € M7 iff + — md € EJ, which is
easily seen to be equivalent to the given condition.

Since Conditions (i) and (ii) are unchanged by positive scaling, M is unperfo-
rated. O Claim 3.

CLAIM 4. M is a dimension group.

PROOF OF CLAIM. By our previous claims, it suffices to verify that M has
< Yo
Y1

we must find

)

the interpolation property. Let x,y,,y; € M such that 2



62 2. PARTIAL COMMUTATIVE MONOIDS

z € M such that 2; <z < ZO. We may assume that 0 and @, respectively y,

1
and y,, are incomparable in M. By Claim 2, £(x) = 0 and £(y,) = £(y5) > 0. Set
m = {(y,). By Claim 2, there are (unique) z,yo,y1 € Fz such that « = [(0,0), 2]
and y; = [(m,0),y;] whenever ¢ € {0,1}. We separate cases.

Case 1. m > 0. Since Ey is directed, there is z € FEz such that 2 < z. Then

z =[(0,0), z] is as required.
Case 2. m = 0. It follows from Claim 3 that 2 < ZO. Since Ey is an interpolation
1

group, there is z € Fyz such that 2 <z< ZO. Then z = [(0,0), z] is as required.
1
O Claim 4.

Now we can conclude the proof of Example 2-10.8. We define elements of M+

by
a =1(0,0),a], b=1[(0,0),b], c=][(1,0),0].

Observe that a + ¢ = [(1,0),a] and b+ o(c) = [(0,1),b]. By the definition of H,
we get a + ¢ = b+ o(c), thus a + ¢ ~, b+ ¢. Suppose that a ~, b. There are
x,y € MT such that a = x + y and b = = + o(y). From £(a) = ¢(b) = 0 it
follows that £(xz) = £(y) = 0, thus (cf. Claim 2) there are z,y € E; such that
z = [(0,0),z] and y = [(0,0),y]. It follows that « = x + y and b = x + oz(y), so
a ~g, b, thus (cf. Lemma 2-10.5) pz(a) = pz(b), a contradiction since pz(a) = 1
and pz(b) = 0. O

The dimension group constructed in Example 2-10.8 is not simple. In view of
Example 2-10.7, this raises the question whether Example 2-10.8 could be achieved
with M a simple dimension group. As shown by the following Theorems 2-10.9
and 2-10.10, together with Corollary 2-10.11, this is not the case. The crucial
concepts are the ones of strict unperforation and weak comparability (cf. Section
1-5).

THEOREM 2-10.9. Let a finite group G act by automorphisms on a conical
commutative monoid M. If M satisfies weak comparability, then so does M J/G.

PROOF. Since M is conical, the statements z = 0, [z]¢ = 0, and 7¢(z) = 0
are equivalent, for all x € M. Hence we must prove that given e,y € M \ {0}, the
set comp([y]c : [e]¢) is nonempty. Since M has weak comparability, 7¢(e) belongs
to the weak comparability set of M, thus comp(y : 7¢(e)) is nonempty. Let k be
an element of that set and let € M //G such that kx <* [e]g. Write z = [7]q,
where x € M. By applying the homomorphism 7¢ of Proposition 2-9.2; it follows
that krg(z) <t 7¢(e), thus, since k € comp(y : 7¢(e)), we get 7¢(x) < y, thus, a
fortiori, x < y, and thus <% [y]g. Therefore, k belongs to comp([ylg : [e]g). O

THEOREM 2-10.10. Let a finite group G act by automorphisms on a commu-
tative monoid M. If M is simple, strictly unperforated, and cancellative, then so
is MJG.

PROOF. If M is not conical, then it is an Abelian group (cf. Proposition 1-5.6)
and everything is trivial. Suppose from now on that M is conical. We already
know that M /G is a conical refinement monoid. Furthermore, the simplicity of M
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obviously carries over to M /G. Since M is strictly unperforated, it has weak
comparability (cf. Proposition 1-5.8). By Theorem 2-10.9, M /G also has weak
comparability. Since M is cancellative, it is stably finite, thus, by Proposition 2-
9.5, M J/G is also stably finite. By Ara and Pardo [14, Corollary 1.8], M /G is
cancellative. By Proposition 1-5.8 again, M /G is strictly unperforated. O

COROLLARY 2-10.11. Let a finite group G act by automorphisms on a simple
dimension group M. Then the monoid M™ J|G is cancellative.

Recall from Example 2-10.7 that M /G may not be power cancellative (for
that example, M /G is not 2-power cancellative).

The final counterexample of this section, although not directly related to prob-
lems of equidecomposability, is also obtained via the construction E¢. This example
solves Problem 31 of Goodearl [48], in the negative.

EXAMPLE 2-10.12. A dimension group E, with an involutive automorphism o,
such that the subgroup E° = {x € E | o(x) = x} does not satisfy the interpolation
property.

PRrROOF. Consider again the dimension group E = Fz, now endowed with the
involutive automorphism o defined by
o(x) = (xo, 1,23, T2, T5, Tg, T7,T6,...), wWhenever x € Ey.

It follows that E° consists of all the sequences z = (z,, | n € Z") of integers such
that o, = r2,,41 whenever n € N, and @2, 42 = 222, = To +T1 + 2D, f oy T2k
for all sufficiently large n. In particular,

xo + @1 is even, for every x € E7 . (2-10.12)
We consider the following interpolation problem in E°.
(0,0,0,0,0,0,...) _ _(2.0,1,1,2,2.4.4,...)
(1,-1,0,0,0,0,...) = “ = (1,1,1,1,2,2,4,4,...)
Suppose that this problem has a solution = € E?. Necessarily,

(0,0) (2,0)
(17_1) S ($0,$1) S (1’ 1)’
thus (zo,21) = (1,0), in contradiction with (2-10.12). O






CHAPTER 3

Boolean inverse semigroups and additive
semigroup homomorphisms

Tarski studies in [105] partial commutative monoids constructed from partial
bijections on a given set. It has been recognized that this study can be formalized
conveniently in the language of inverse semigroups (see, in particular, Kudryavtseva
et al. [68]). Further connections can be found in works on K-theory of rings, such
as Ara and Exel [7].

By definition, a partial bijection, on a set €, is a bijection from a subset of {2
onto another subset of . Partial bijections can be composed, by letting (go f)(z)
be defined if f(z) is defined and belongs to the domain of g. Instead of forming a
group, all partial bijections on €2 form an inverse semigroup. Moreover, two partial
bijections f and g, with disjoint domains and ranges, can be added, by defining
their orthogonal join f & ¢ as the smallest common extension of f and g. This
brings us naturally to the widely studied concept of a Boolean inverse semigroup,
in particular Exel [40], Lawson [71, 72], Lawson and Lenz [73] (the definitions
of a Boolean inverse semigroup, presented in those works, are not all equivalent).
While the literature contains a number of interesting weakenings of the concept of
Boolean inverse semigroup, most notably the one of distributive inverse semigroup
(cf. Lawson [71], Lawson and Scott [74]), Boolean inverse semigroups will take up
most of our discussion, mostly due to our ring-theoretical emphasis and the results
of Section 6-1.

In Section 3-1 we recall a few basic results on inverse semigroups and Boolean
inverse semigroups, in particular emphasizing with Proposition 3-1.9 that they are
distributive, and beginning the discussion of additivity in Subsection 3-1.3.

In Section 3-2, we prove that the category of all Boolean inverse semigroups,
with additive semigroup homomorphisms, is identical to a variety of algebras (in
the sense of universal algebra) that we call biases, with their homomorphisms.

In Section 3-3, we discuss the faithfulness of Exel’s regular representation, de-
fined for any inverse semigroup, with emphasis on the class of all Boolean inverse
semigroups. We also present a variant of this representation which is valid for
all distributive inverse semigroups, as a specialization of a duality theorem due to
Lawson and Lenz [73].

In Section 3-4 we study the bias congruences of a given Boolean inverse semi-
group, in terms of the semigroup operations and the orthogonal join. We also
describe the congruence associated with an additive ideal.

Section 3-5 is of preparatory nature, and it introduces a minor extension of the
concept of generalized rook matrices introduced in Kudryavtseva et al. [68]. The
results of that section are applied in Section 3-6 to an extension, to the class of all
Boolean inverse semigroups, of the ring-theoretical concept of crossed product.

65
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Section 3-7 introduces some material on two subclasses of Boolean inverse semi-
groups, called fundamental Boolean inverse semigroups and Boolean meet-semi-
groups.

Section 3-8 is devoted to a brief study of inner automorphisms of a Boolean
inverse semigroup, which can be defined even in the non-unital case.

Our main textbook references for inverse semigroups will be Howie [59] and
Lawson [70].

Highlights of Chapter 3.

e The category of all Boolean inverse semigroups, with semigroup homo-
morphisms preserving finite orthogonal joins, is identical to a variety of
algebras that we call biases (Theorems 3-2.4 and 3-2.5).

e Exel’s regular representation, mapping every inverse semigroup to a sym-
metric inverse monoid, is faithful on Boolean inverse semigroups (Corol-
lary 3-3.2). (Warning: this is stated for the current definition of a
Boolean inverse semigroup, as opposed to Exel’s original one.) Replac-
ing ultrafilters by prime filters in Exel’s construction, we extend this
observation to all distributive inverse semigroups with zero in Theorem
3-3.1. This turns out to be contained in a duality result of Lawson and
Lenz [73].

e Every additive ideal I of a Boolean inverse semigroup S gives rise to
a bias congruence on S, and to a Boolean inverse semigroup quotient
(Proposition 3-4.6).

e Any two bias congruences, of the same Boolean inverse semigroup, per-
mute. In particular, the variety of all biases is congruence-modular (The-
orem 3-4.11).

e The crossed product, of a Boolean inverse semigroup under a group ac-
tion, can be conveniently defined in terms of generalized rook matrices
(Proposition 3-6.3).

3-1. Boolean inverse semigroups

3-1.1. Arbitrary inverse semigroups. We first recall a few classical def-
initions. Let S be a semigroup (i.e., a set endowed with an associative binary
operation). For x,y € S, we say that y is a quasi-inverse (resp., an inverse) of x if
x = ayx (resp., = zyx and y = yzy).

Recall (cf. Howie [59]) that S is

e a reqular semigroup if every element of S has a quasi-inverse (this is
consistent with Definition 1-4.1),

e an inverse semigroup if every x € S has a unique inverse, then denoted
by 1. The assignment x — z~! is the inversion map of S.

Every semigroup homomorphism between inverse semigroups is also a homo-
morphism of inverse semigroups. We denote by Idp .S the set of all idempotent
elements of S. A regular semigroup S is an inverse semigroup iff all the idem-
potent elements of S commute (cf. Howie [59, Theorem V.1.2]). In that case,
(zy)”' = y~tz~! for all z,y € S, and e idempotent implies that zex !
idempotent (cf. Howie [59, Proposition V.1.4]).

is also
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For the remainder of this section we shall fix an inverse semigroup S. We set
XY ={ay| (z,y) e X xY},aX ={a} X, Xa=X{a},and X' = {27! |z € X},
foralla e Sand all X, Y C S.

We set d(x) = 2~ ' (the domain of x) and r(z) = x2~! (the range of z), for
any x € S. Both d(z) and r(z) are idempotent.

Recall that Green’s relations £, #, 9, 7, and ¢ can be defined on S by

v 2y it d(x)=d(y):
xRy if r(z)=ry),

D=LoX=X0.%L (cf. Howie [59, Proposition 11.1.3]), # = £ NZ, and
z Zy if SxS=5yS.

Every congruence of S with respect to the semigroup structure is also a congruence
with respect to the inverse semigroup structure.

The following very useful lemma, contained in Schein [97], yields an alternate
characterization of inverse semigroups. We include a proof for convenience.

LEMMA 3-1.1. Let (S,-) be a semigroup and let i: S — S be a map satisfying
the following conditions:
(I1) x=z-i(x) -z forallz € S.
(12) i(x - y) =i(y) - i(x) for all z,y € S.
(13) i(i(z)) == for allz € S.
(14) i(x) -z z-i(x) =z -i(x) -i(x) -z for allz € S.
Then S is an inverse semigroup, with inversion map i.
PRrOOF. By applying (I1) to i(x), we obtain, by virtue of (I3),
i(x) -x-i(x) =1i(z), forallzeS§. (3-1.1)
By (I1) and (3-1.1), i(x) is an inverse of z.
We claim that i(e) = e, for every idempotent element e of S. Indeed, by
applying (I4), we obtain, by virtue of (I3),
i(e)-e-e-ile) =e-i(e)-ile)-e,
hence, as e and i(e) are both idempotent (use (12)),
i(e)-e-ile)=e-i(e)-e.

By (I1) and (3-1.1), this means that i(e) = e, thus proving our claim.

Since every element of S has an inverse (use (I1) and (3-1.1)), it suffices, in
order to reach the desired conclusion, to prove that any idempotent elements a
and b of S commute. By (I2) together with the claim above,

i(a-b)=b-a. (3-1.2)

By applying (I1) to = a - b, we thus obtain that a-b=a-b-b-a-a-b, that
is, a-b=a-b-a-b, which means that a - b is idempotent. By the claim above,
i(a-b) =a-b. By (3-1.2), it thus follows that a-b=1b- a. O

Let z <y hold if z = yd(x), for all elements x and y in an inverse semigroup S.
This relation is a partial ordering on S, called the natural ordering of S. It is com-
patible with the multiplication and the inversion operation on S (cf. Howie [59,
Proposition V.2.4], or Lemma 1.4.6 and Proposition 1.4.7 in Lawson [70]). Various
statements equivalent to z < y can be found in Howie [59, Proposition V.2.2] or
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Lawson [70, Proposition 1.4.6]: = = r(x)y; = ye (resp., x = ey) for some idem-
potent e; r(x) = yr~'; d(x) = y~'o; x = 2y~ 'x. The set Idp S of all idempotents
of S is a lower subset of (5, <).

For x,y € S, let z ~ y hold (we say that z and y are compatible) if =1y
and zy~! are both idempotent. Equivalently (cf. Lawson [70, Lemma 1.4.11]), the
meet x Ay exists in S, d(z Ay) = d(z)d(y), and r(z Ay) = r(z) r(y). In that case
(see, for example, Lawson [70, Lemma 1.4.12]),

z Ay =r(z)y=yd(x)=ay 'z. (3-1.3)

If {x,y} is majorized, then x ~ y; the converse fails for easy examples. A subset A
of S is compatible if any two elements of A are compatible.

DEFINITION 3-1.2. Let S be an inverse semigroup with zero and let x,y € S.

(1) We say that x and y are left orthogonal, in notation x L1y y, if 2y~ = 0;
equivalently, d(z) d(y) = 0.

(2) We say that x and y are right orthogonal, in notation z L y, if 271y = 0;
equivalently, r(z) r(y) = 0.

(3) We say that = and y are orthogonal, in notation x L y, if v Ly y and = Ly y.

A subset A of S is orthogonal if any two elements of A are orthogonal.

In particular, z 1 y (orthogonality) implies that z ~ y (compatibility).

For a congruence relation @ on S and elements z,y € S, let x <g y hold if
x =g yd(z). Equivalently, 6(z) < 6(y), where §: S — S/0 denotes the canonical
projection. Observe, in particular, that since S/ is an inverse semigroup, = <g y
and y <g z iff v =¢ y, for all z,y € S.

For any a € S, let A\y: S — S, z+— azx and p,: S — S, x — xa. The following
lemma is well known but we could not trace it back to any particular source. It
enables us to reduce order properties of an inverse semigroup to its semilattice of
idempotents. We include a proof for convenience.

LEMMA 3-1.3 (folklore). The following statements hold, for any a € S.

(1) Ag and Ay—1 restrict to mutually inverse, domain-preserving order-isomorphisms,
from S{d(a) onto S| a and from S| a onto S| d(a), respectively. The graphs
of those maps are all contained in £ .

(2) pa and p,-1 restrict to mutually inverse, range-preserving order-isomorphisms,
from S lr(a) onto S|a and from S| a onto S| r(a), respectively. The graphs
of those maps are all contained in X .

Furthermore, all the isomorphisms above preserve orthogonality, and also all exist-
ing meets and joins, evaluated in S.

PrOOF. It is clear that A\, Ay-1, pa, pe—1 are all isotone.

(1). Any z € S | d(a) satisfies z = d(a)d(z) (so x is idempotent), thus
Ao(z) = ad(z) < a. Furthermore, A\,-1A,(z) = d(a)x = x, and further, by using
the idempotence of 2, d(A\q(2)) = 2 ta"taxr = z, so (z, (7)) € £. This proves
-th:i;)\a [Sid(a)] € Sla, \a-1Aals1d(a) = idsid(a), and the graph of ), is contained
in Z.

Any y € S| a satisfies y = ad(y), thus A,-1(y) = d(a) d(y) < d(a). Further-
more, AgAg-1(y) = aa'ad(y) = ad(y) = y, and A\,-1(y) = a~'ad(y) = d(y), so
(Y, Aa-1(y)) € Z. This proves that A\,-1[S | a] C Sld(a), A\aAg-11g), = ids 4, and
the graph of A -1 is contained in .. This completes the proof of (1).
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The proof of (2) is symmetric.

For all z,y,z € S, if z Ly, then (z2) 'yz = 2~ Yo 1y)z = 0 and zz(yz) ' =
rzz ly™! < ay=! =0, thus 2z L yz. Symmetrically, zz L zy. In particular, all
maps Ag, Ag—1, Pa, Pa—1 DPreserve orthogonality. By virtue of Lawson [70, Proposi-
tion 1.4.19], all those maps preserve all existing meets evaluated in S.

Let uw € S and let X C S | d(a) such that u = \/ X within S. In particular,
u € Sld(a). Let y € S such that aX < y. Then z = a~lax < a~ly, for each
x € X. It follows that X < a~'y, so u < a~ 'y, and so au < aa~'y < y. This
proves that au = \/(aX) within S.

Let u € S and let X C S| a such that v = \/ X. In particular, w € S | a. Let
y € S such that a7 'X < y. Then z = aa" 'z < ay, for each x € X. It follows that
u < ay, so a”'u < a~tay < y. This proves that a'u = /(a7 X) withing S.

Therefore, both A\, and A,-1 preserve all existing joins from S. The proofs
for p, and p,-1 are symmetric. O

In particular, since d(z) = a 'z and r(z) = xa~! whenever x € S | a, we

obtain the following result, contained in Schein [99, Lemma 1.12], see also Lawson
[70, Proposition 1.4.17].

LEMMA 3-1.4. The maps d and r both preserve all existing meets and joins
in S.

Since the map d preserves all existing meets and joins, it follows that Idp S is
closed under all existing meets and joins in S.

3-1.2. Boolean inverse semigroups.

DEFINITION 3-1.5 (Orthogonal join in an inverse semigroup with zero). For
elements z, y, z in an inverse semigroup S with zero, let z =z @y holdif z =z Vy
inSandx L y.

DEFINITION 3-1.6. An inverse semigroup S is

— distributive if Idp S is a distributive lattice and x V y exists for all com-
patible z,y € Idp S;

— Boolean if Idp S is a generalized Boolean lattice and = V y exists for all
compatible z,y € Idp S.

Although distributive inverse semigroups will be met on an occasional basis
throughout the present work, Boolean inverse semigroups will be given the lion’s
share.

It is well known that an inverse semigroup S is Boolean iff Idp S is a generalized
Boolean lattice and x V y exists for all orthogonal z,y € Idp S (thus zVy =z @ y).
The literature contains at least three non-equivalent concepts of “Boolean inverse
semigroups”. The “Boolean inverse semigroups” of Lawson [71] are the same as
the “Boolean inverse A-semigroups” of Lawson [72] (cf. Definition 3-7.7), which are
a proper subclass of the “Boolean inverse semigroups” of that paper. Proposition
3-1.9 shows, in particular, that our Boolean inverse semigroups are identical to
Lawson’s Boolean inverse semigroups from [72].

As the following example shows, all those concepts are stronger than the one
introduced in Exel [40]. For further discussion about this, see Section 3-2.
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ExXAMPLE 3-1.7. Table 3-1.1 describes a finite, commutative, inverse monoid S
with zero, such that Idp S is the Boolean semilattice with two atoms, but the atoms
of S have no join.

S0 1 2 3 4
0{0 0 0 0 O
110 1 0 1 1
210 0 2 2 2
3101 2 4 3
410 1 2 3 4

TABLE 3-1.1. A non-Boolean inverse monoid with zero, with
Boolean semilattice of idempotents

The atoms of S are 1 and 2. They are both idempotent, and they join to 4
in Idp S. However, they do not have a join in S.

Another inverse monoid, which is Boolean in Exel’s sense but not in ours, is
the final example in Exel [40]. This will be discussed further in Section 3-2.

ExXAMPLE 3-1.8. The semigroup Jx, of all partial one-to-one functions between
subsets of a set X, is a Boolean inverse monoid, the so-called symmetric inverse
monoid on X. Tt has a zero element, namely the function with empty domain (and
range). Its unit element is the identity function on X. For u, v € Jx, the inequality
u < v holds iff v extends u. Furthermore, u ~ v iff u and v agree on the intersection
of the domains of u and v, and u L v iff dom(u) N dom(v) = rng(u) Nrng(v) = @.
If X =[n] ={1,...,n}, for a nonnegative integer n, then we shall write J,, instead
of j[,L].

The inverse monoid Jx has the additional property that every collection F of
elements of Jx has a meet (with respect to the natural ordering), whose domain is
the set of all elements of X on which all members of F agree. In particular, Jx is
an inverse meet-semigroup as introduced further (cf. Definition 3-7.7).

The monoid Jx can be viewed as a “skeleton” of X x X matrix rings. In
particular, for 4,7 € X, the unique function e; j, with domain {j} and range {i},
belongs to Jx. Denoting by d,, the Kronecker symbol and interpreting 0 - f as
the empty function (which is the zero element of Jx), the e; ; satisfy the following
relations:

€ijerl = 0j kil (3-1.4)
€ =€ (3-1.5)
for all 4,7,k,1 € X. We call the e; ; the matriz units of Jx.

The following result is at the basis of many calculations in distributive and
Boolean inverse semigroups.

PRrOPOSITION 3-1.9. The following statements hold, for any distributive inverse
semigroup S, with a zero element required in (2)—(4):

(1) For every nonempty finite compatible subset {by,...,b,} of S, the join \/\_, b;
exists, and the following statements hold:

(i) a- Vi bi=Viq(a-b;) and (\/7_1 b)) -a=\i_,(bi-a), for everya € S.
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(ii) For every a € S, a A \/;_, b; exists iff each a A\ b; ezists, and then
a A Vi b=V (anb).
(2) The partial operation (x,y) — @y endows S with a structure of conical partial
refinement monoid.
(3) The results of (1) above extend to the orthogonal join & in place of the join V.
4) Ifa®c=bdcin S, then a=>b.

PrOOF. (1i) follows from the finite version of Lawson [70, Proposition 1.4.20].

(1ii) follows from the finite version of Resende [94].

(2). Let u=(z®y)®dzin S. From x ®y L z it follows that L z and y L z.
Since S is distributive, it follows that y @ z is defined. By (lii), it follows that
x L y@®z. Since S is distributive, & (y @ z) is defined, with value z V (y V z) =
(x Vy)Vz = u. Hence, @ is associative, so (S,®,0) is a partial commutative
monoid.

Let a2’ = y@y in S. Applying (1ii),we get the following refinement matrix:

/

Y Y
x| xAy | zAY within (S, ®). (3-1.6)

/

ANy |2 Ny

Item (2) follows. If a ® ¢ = b & ¢, then, taking z =y = ¢, 2’ = a, and ¢y’ = b yields
x Ay =2’ Ay =0, thus 2’ = ¢/. Ttem (4) follows.
Finally, it is straightforward to obtain (3) from (1). O

As an immediate application of Proposition 3-1.9(1ii), we record the following.

COROLLARY 3-1.10. Let S be a distributive inverse semigroup, let m and n be
positive integers, and let ay, ..., am,b1,...,by € S. Then (\/IX) a;) A (\/;.L:1 b;)
exists iff each a; A b; exists, and then

m

(Va)r(VB)= V. wnny. (317

i=1 1<i<m, 1<j<n

Furthermore, if S has a zero element, then the analogue of (3-1.7), with V replaced
by @, also holds.

It is well known (see, for example, Lawson and Lenz [73, Lemma 3.27]) that
for any elements = and y in a Boolean inverse semigroup S, if x < y, then there
exists a unique z € S such that y = x @& 2. Consequently, the natural ordering <
of S is also the algebraic ordering <% of the partial commutative monoid (.9, @, 0).

NOTATION 3-1.11. For any elements = and y in a Boolean inverse semigroup S
such that x < y, we denote by y ~\ x the unique z € S such that y = = @& z. The
range of this symbol is extended to all pairs (z,y) such that x Ay exists, by defining
zrNy=z~ (zAy).

A direct application of Proposition 3-1.9 yields the following result, whose easy
proof we omit.

LEMMA 3-1.12. The following statements hold, for every Boolean inverse semi-
group S and all x,y,z € S such that x < y:

(1) z(y~z) = (2y) \ (zx) and (y \ )z = (yz) \ (x2).
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(2) If y A z exists, then x A z exists and (y ~x)Az=(yAz)~ (T Az).
We will repeatedly use the following easy fact.

LEMMA 3-1.13. Let S be an inverse subsemigroup of a Boolean inverse semvi-
group T. If S is closed under finite orthogonal joins and a ~ b € S whenever
a,b € Idp S with b < a, then S is a Boolean inverse semigroup, and x ~y € S
whenever x,y € S with y < x.

PRrROOF. It follows from our assumptions, together with the identity x Ny =
x N\ xy (in generalized Boolean algebras), that Idp S is a subsemigroup of Idp T,
closed under the operation (z,y) — z \ y and under finite orthogonal joins. Since
the latter is a Boolean ring, so is the former.

By assumption, S contains the empty sum 0. Hence, the orthogonality relation
on S is the restriction to S of the orthogonality relation on 7. By our assumption,
x @ y exists in S whenever x and y are orthogonal elements of S. Therefore, S is
Boolean.

Let x,y € S with y < 2. From y < z it follows that y = 2 d(y), whence
Ny =z(d(z) ~d(y)). By assumption, d(z) ~ d(y) € S; whence z ~y € S. O

The following example shows that the additional assumption, in Lemma 3-1.13,
that Idp S be closed under (z,y) — x \ y, cannot be dropped.

EXAMPLE 3-1.14. The powerset algebra T of {0,1}, endowed with set inter-
section, is a Boolean inverse semigroup. The subset S = {@,{0},{0,1}} is an
inverse subsemigroup of T, closed under finite orthogonal joins. However, S is not
a Boolean inverse semigroup.

3-1.3. Additivity in Boolean inverse semigroups. The definition of ad-
ditivity given below is the restriction, to Boolean inverse semigroups, of a definition
by Lawson and Lenz [73].

DEFINITION 3-1.15. Let .S and T be Boolean inverse semigroups.

e A semigroup homomorphism f: S — T is additive if the equality
fleady) = f(x) ® f(y) holds whenever z and y are orthogonal elements
in S.

e A one-to-one map f: S — T is a lower semigroup embedding if it is an
additive semigroup homomorphism and f[S] is a lower subset of T" with
respect to the natural ordering.

In particular, every lower semigroup embedding is also a V-embedding (cf.
Definition 2-1.2). Further, it is well known, and an easy exercise, that any addi-
tive semigroup homomorphism between Boolean inverse semigroups preserves finite
compatible joins. We postpone a more complete characterization of additive semi-
group homomorphisms until Theorem 3-2.5.

DEFINITION 3-1.16. An inverse subsemigroup S of an inverse semigroup 7' is
an ideal of T (resp., a quasi-ideal of T) it TST C S (resp., STS C S).

It is easy to verify that every ideal is a quasi-ideal. Our concept of quasi-ideal is
a variant, restricted to inverse semigroups, of the one of Lawson [69]. The definition
involved in [69] is formulated not only for inverse subsemigroups, but for arbitrary
subsemigroups. The five-element inverse semigroup 71" represented in Table 3-1.2,
with the subsemigroup S = {0, 1}, shows that this makes a difference.
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T|I0 1 2 3 4
0j0 0 0 0 O
110 0 3 0 1
210 4 0 2 0
3/0 1. 0 3 0
410 0 2 0 4
TABLE 3-1.2. The subsemigroup S = {0,1} of T has STS = S

and S™' #£ S

DEFINITION 3-1.17. A subset S in a Boolean inverse semigroup 7' is

e an additive inverse subsemigroup of T if S is an inverse subsemigroup
of T, Idp S is closed under the operation (z,y) — = \ y, and S is closed
under finite orthogonal joins in T

e a lower inverse subsemigroup of T if S is an additive inverse subsemigroup
of T and S is a lower subset of T with respect to the natural ordering;

e an additive ideal of T if S is an ideal of T" and S is closed under finite
orthogonal joins in T'.

Our additive ideals are called V-ideals in Kudryavtseva et al. [68]. The following
result shows that the concepts introduced above occur only between Boolean inverse
semigroups.

ProrosIiTION 3-1.18. The following implications hold, for any subset S in a
Boolean inverse semigroup T':

S additive ideal of T = S additive quasi-ideal of T =
S lower inverse subsemigroup of T = S additive inverse subsemigroup of T =

S Boolean inverse semigroup .

PROOF. It is trivial that any ideal of T is also a quasi-ideal of T'. Now suppose
that S is a quasi-ideal of T and let * € T and y € S such that z < y. Then
x =r(y)zd(y) € STS C S. Hence, S is a lower subset of T. Now if S is a lower
inverse subsemigroup of 7', then Idp S is a lower subset of Idp T, thus it is closed
under the operation (z,y) — x \ y. The final implication follows immediately from
Lemma 3-1.13. (]

ProOPOSITION 3-1.19. Every additive inverse subsemigroup S of a Boolean in-
verse semigroup T is closed under finite compatible joins.

PROOF. Let x,y € S with  ~ y. Using (3-1.3), we get z Ay = yd(z) € S.
Further, by Lemma 3-1.13, N~y = x \ (z A y) belongs to S. It follows that
zVy=(z~Ny)dyes. O

ProOPOSITION 3-1.20. Let X be a subset in a Boolean inverse semigroup S.
Then (SXS)? is the smallest additive ideal of S containing X .

PROOF. For each r € X, x = r(x)zd(z) € SXS C (SX9)¥; thus X C
(SX8)®. Moreover, SXS is an ideal of S, thus, using Proposition 3-1.9, it follows
that (SXS)? is also an ideal of S. This ideal is obviously additive in S. O
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DEFINITION 3-1.21. A Boolean inverse semigroup 7' is an additive enlargement
of a quasi-ideal S if T = (T'ST)®.

Our concept of additive enlargement is obtained, from the one of enlargement
introduced in Lawson [69], by replacing the condition T = T'ST by the weaker
condition T'= (T'ST)®. For an interpretation of additive enlargements in terms of
the type monoid introduced in Definition 4-1.3, see Theorem 4-2.2. An important
class of additive enlargements is given by the following result.

PROPOSITION 3-1.22. Let e be an idempotent element in a Boolean inverse
semigroup S. Then eSe is an additive quasi-ideal of S, and (SeS)® is an additive
enlargement of eSe.

PROOF. Set B =1dpS. It is trivial that eSe is an inverse subsemigroup of S.
Clearly, Idp(eSe) = Ble is Boolean. Furthermore, it follows from Proposition 3-1.9
that eSe is closed under finite orthogonal joins. Hence, eSe is an additive inverse
subsemigroup of S. It is trivial that (eSe)S(eSe) C eSe. Thus, eSe is an additive
quasi-ideal of S.

By Proposition 3-1.20, (SeS)?® is the additive ideal of S generated by e. Setting
S" = eSe and T' = (SeS)®, it is straightforward to verify that (T"S'T")® =T7'. O

The two following examples show that none of the converse implications in
Proposition 3-1.18 holds.

EXAMPLE 3-1.23. Let T = J; (cf. Example 3-1.8). Then S = {@,id}} is an
additive quasi-ideal of T', but not an ideal of T'.

The following result gives a convenient characterization of lower inverse sub-
semigroups.

PROPOSITION 3-1.24. An inverse subsemigroup S, of a Boolean inverse semi-
group T, is a lower inverse subsemigroup of T iff S is closed under finite orthogonal
joins and Idp S is a lower subset of IdpT'.

PROOF. It is sufficient to prove that if Idp S is a lower subset of Idp 7', then S
is a lower subset of T. Let ¢t < s where t € T and s € S. Since S is an inverse
subsemigroup of T', d(s) € S. Since d(¢) < d(s) and by assumption, it follows that
d(t) € S. Therefore, t = sd(t) € S. O

In particular, Idp S is a lower inverse subsemigroup of S, for every Boolean
inverse semigroup S.

ExAMPLE 3-1.25. Let T'=TJ3. Then S = Ide = {@, id{l},id{g},id{lg}} isa
lower inverse subsemigroup of T', but not a quasi-ideal. In fact, STS =T.

3-2. The concept of bias: an equational definition of Boolean inverse
semigroups

Due to their formulation in terms of the partial operation &, the original defin-
ing axioms of the class of all Boolean inverse semigroups are not identities in the
usual sense of universal algebra. For example, the formula x(y & z) = (xy) & (xz)
makes sense only in case y @ z and (xy) @ (xz) are both defined. This causes con-
fusion when it comes to handling standard concepts of universal algebra, such as
homomorphisms, colimits, or free algebras.
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In general, a similarity type is a set of “operation symbols” (or just, using a
standard abuse of language, “operations”), each one given a nonnegative natural
number called the arity. Operations with arity zero are usually called constants.
Formal compositions of operations, starting with variables, are called terms. An
identity is a formal expression of the form p = g, where p and q are terms. A
variety is the class of all algebras that satisfy a given set of identities. For more
detail, see McKenzie, McNulty, and Taylor [78].

We shall provide in this section an alternative characterization, of Boolean
inverse semigroups, by a finite set of identities. This characterization will be given
in the language of inverse semigroups (i.e., a binary operation for the product, a
unary operation for the inversion, and a constant for the zero), enriched by two
additional binary operations © and V (cf. Definition 3-2.1). This will enable us
to define natural concepts such as homomorphisms, congruences, or free objects,
within Boolean inverse semigroups, and more generally, study that class from the
vantage point of universal algebra.

Our definition of the operations © and V is inspired by Leech [75, Exam-
ple 1.7(c)].

DEFINITION 3-2.1. Let S be a Boolean inverse semigroup. We set
2Qy = (r(z)~r(y))z(d(z)~\d(y)) and zVy = (zQy)Py, forallz,ye S. (3-2.1)
We shall call x © y the skew difference and x V y the skew join of x and y.

Since B is a Boolean inverse semigroup and d(z), d(y), r(z), r(y) are all
idempotent, both differences d(x) \ d(y) and r(z) \ r(y) are always defined, thus
xQy is always defined. Furthermore, r(y)(zQvy) = (zQy)d(y) =0, thus zQy L y,
and thus x V y is also always defined.

NoOTATION 3-2.2. We denote by Lig the similarity type of inverse semigroups.
It is thus defined as L15 = (0, 1, ), where 0 is a symbol of constant, ~! is a symbol
of unary operation, and - is a symbol of binary operation® .

We also denote by Lp1g the similarity type obtained by enriching L£1g with two
binary operation symbols © and V.

As the sequel of the present section will involve relatively complicated identities,
we shall use a number of abbreviations, such as d(x) = x~!x, r(x) = xx~1, x? = x-x,
x <y instead of x = yd(x), x L y instead of x"'y = xy=™! = 0, and so on.
For instance, the identity x 'xy~ly = (xy)_lxy (which is not valid in all inverse
semigroups!) will be abbreviated by d(xy) = d(x) d(y).

The capture of the class of all Boolean inverse semigroups by a set of identities
will be performed via the following concept.

DEFINITION 3-2.3. A bias is a Lps-structure (5,0, 71, -, ©, V), that is, a set S
together with a distinguished element 0 € S, a unary operation  — ! on S, and
binary operations (z,y) — z -y, (z,y) = Qy, (z,y) — = Vy on S, subject to the
following (finite) collection of identities:

(InvSem) Any set of identities defining inverse semigroups with zero. For example,

state that - is associative, 0 is a zero element with respect to -, x = xx~1x,

(x"1)™ =x, and d(x) d(y) = d(y) d(x).

1Although strictly speaking, the operation symbols should not be denoted the same way as
their interpretations (in a given structure), that confusion is widespread and harmless.
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(GBag,y) All defining identities (1-3.1) of generalized Boolean algebras, with A
changed to the product operation -, . changed to ©, V changed to V,
and x, y, z respectively replaced by d(x), d(y), d(z). For example, the
identity d(x) = (d(x)©d(y)) v (d(x) d(y)), which is the translation of the
identity x = (x \y) V (x A'y), belongs to the list.

(Idpg,5) (d(x) ©d(y))? = d(x) ©d(y) and (d(x) V d(y))* = d(x) ¥ d(y). This says
that the set of all idempotents is closed under both operations © and V.

(Distrg,v) z((d(x) ©d(y)) v d(y)) = z(d(x) ©d(y)) V zd(y). This states a certain
restricted distributivity of the product - on the skew join V.

(Majg ¢) xOy <xVyandy<xVy.

(Domy) d(xVy) =d(xOy) vd(y).
(Defg) xOy = (r(x) Or(y))x(d(x) ©d(y)).

The equivalence between the concept of bias on the one hand, and the one of
Boolean inverse semigroup on the other hand, is achieved by the following result.

THEOREM 3-2.4.

(1) Every Boolean inverse semigroup (S,0,71,-) expands, via the operations ©
and V defined in (3-2.1), to a bias.

(2) For every bias (S,0,7 1,0, V), the reduct (S,0,71,-) to the similarity type Lis
is a Boolean inverse semigroup.

(3) Any two biases on S with the same inverse semigroup reduct are equal. In
particular, the two operations of expansion and reduction, defined in (1) and (2)
above, are mutually inverse.

PrOOF. (1). The identities (InvSem) and (Maj ;) are both satisfied by
definition. For all idempotent a,b € S, a-b = aAb, a®b = a~.b, and aVb = aVb, thus,
since Idp S is a generalized Boolean algebra, the identities (GBag, v) and (Idpg )
are satisfied. It follows that (Defg) holds as well.

In order to verify (Distrg vy ), we just need to observe that z(a®b) = (za)®(zb),
for all z € S and all orthogonal a,b € IdpS. (Indeed, whenever z,y € S, the
elements a = d(z) ©d(y) = d(z) ~ d(y) and b = d(y) are orthogonal idempotents,
thusaVb=a®b.)

Now we verify (Domy). Observe first that whenever z,y € S, the elements
2’ = xQy and y are orthogonal, thus 2’ vy = 2’ @ y. Further, d(z’) and d(y) are
orthogonal, and d(2' @ y) = d(z') ® d(y).

(2). Tt follows from (InvSem) that (S, 0, 1, ) is an inverse semigroup. Further,
it follows from (GBag, v) and (Idpg ) that Idp S, endowed with the restriction A
of -, the restriction \ of ©, and the restriction V of V, is a generalized Boolean
algebra.

Now let 2,y € S be orthogonal elements. Since d(x) and d(y) are orthogonal
idempotents, d(z) ©d(y) = d(z) ~ d(y) = d(«), and similarly, r(z) O r(y) = r(z).
Further, it follows from (Defg) that * ©y = r(z)rd(x) = . By (Majg ), this

implies that :'; <z Vy. By using (Domy), we get d(z V y) = d(z) v d(y).
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Now let z € S such that Z < z. We compute:
zd(z Vy) = z(d(z) v d(y)) (by the above)
= z((d(x) Qd(y)) v d(y)) (because d(z) ©d(y) = d(x))
= z(d(z) ©d(y)) v 2d(y) (by (Distrg,v))
=zd(z) vV zd(y) (because d(z)©d(y) = d(z))
=xVy (because x < z and y < 2),

so x Vy < z. This completes the proof that x V y is the orthogonal join of {z,y}
in S. Therefore, S is a Boolean inverse semigroup.

(3). We need to prove that in the presence of the bias identities, the opera-
tions © and V are necessarily given by (3-2.1). Observe from the start that by (2)
above, S is a Boolean inverse semigroup.

Due to (GBag,y) and (Idpg y ), this certainly holds on Idp S: that is, a© b =
a~band a Vb= aVb (within IdpS), for any a,b € IdpS. Due to (Defyg), it
follows that the operation © is given by (3-2.1); thus it is uniquely determined.

Now let z,y € S. We must prove that t Vy = (xQy) ®y. Since S is a
Boolean inverse semigroup and by (Majg ), (*Qy) ©@y < z Vy. Further, it
follows from (Domy) that d(z Vy) = d(z©y) Vd(y). Since Oy L y and since
the restriction of V to the idempotents is the join within Idp .S, it follows that
d(z vy) =d(zoy) ® d(y). Therefore, we get

(zoy)@y=(xVy)d((zOy) ®y) (because (zQy) @y < xVy)
= (zVy)d(z Vy)
=zVy,

so the operation V is given by (3-2.1).
The second statement of (3) follows immediately. O

In particular, given a Boolean inverse semigroup S, Theorem 3-2.4 enables us
to define the Boolean inverse subsemigroup of S generated by a subset X, as the
sub-bias of S generated by X.

The following result, crucial despite the easiness of its proof, identifies the
homomorphisms on Boolean inverse semigroups, with respect to the structure of
bias.

THEOREM 3-2.5. Let S and T be Boolean inverse semigroups and let f: S — T
be a semigroup homomorphism. The following are equivalent:

(i) f is a bias homomorphism.
(ii) The domain-range restriction of f from Idp S to Idp T is a homomorphism of
Boolean rings.
(iil) ¢ = a ® b implies that f(c) = f(a) ® f(b), for all a,b,c € Idp S.
(iv) f is additive.

Proor. (i)=(ii). Since f is a semigroup homomorphism, it sends Idp S into
IdpT. Since the bias operations © and V restrict, on the idempotents, to the
difference (z,y) — x ~ y and the join (z,y) — z V y, (ii) follows.

(ii)=>(iii) is trivial.

(iii)=(iv). Let z = z @y in S, we must prove that f(z) = f(z) @ f(y) in T.
Since f is a homomorphism of inverse semigroups with zero, f(z) L f(y); whence
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f@) @ f(y) < f(2). It follows from Lemma 3-1.4 that d(z) = d(z) ® d(y), thus, by
assumption and since f is a homomorphism of inverse semigroups,

d(f(2)) = f(d(2)) = f(d(x)) @ f(d(y)) = d(f(x)) @ d(f(y)) = d(f(x) @ f(y))-

Since f(z) ® f(y) < f(2), it follows that f(z) & f(y) = f().

(iv)=-(i). Suppose that f is an additive semigroup homomorphism from S to T
For all a,b € Idp S, it follows from the additivity of f together with the equation
a = (a~b)®abthat f(a) = f(a~0)® f(ab) = f(a~b)® f(a)f(b). It follows that
fla~b) = f(a) \ f(b). Since f is an inverse semigroup homomorphism, it follows
that f(zQy) = f(z)© f(y), for all z,y € S. Since f is additive, it follows that
flevy) = flx)V f(y), for all z,y € S. O

COROLLARY 3-2.6. Let S and T be Boolean inverse semigroups and let f: S — T
be an additive semigroup homomorphism. Then f[S] is a sub-bias of T. In partic-
ular, it is a Boolean inverse semigroup.

The following result relates Theorem 3-2.5 with the concept of additive inverse
subsemigroup introduced in Definition 3-1.17.

COROLLARY 3-2.7. An inverse subsemigroup S of a Boolean inverse semi-
group T is a sub-bias of T iff it is an additive inverse subsemigroup of T .

PROOF. It is trivial that every sub-bias is an additive inverse subsemigroup.
Suppose, conversely, that S is an additive inverse subsemigroup of 7. By Lemma
3-1.13, S is a Boolean inverse semigroup. The desired conclusion follows then from
Theorem 3-2.5. ([l

In particular, a Boolean inverse subsemigroup S of a Boolean inverse semi-
group T is an additive inverse subsemigroup iff S is a sub-bias of 7. Even more
particularly, an ideal I of S is a sub-bias of S iff it is an additive ideal of S.

By Theorem 3-2.4 and Theorem 3-2.5, the category of all Boolean inverse semi-
groups and additive semigroup homomorphisms is identical to the category of all
biases and bias homomorphisms. In particular, this category is a variety of algebras
(in the sense of universal algebra).

3-3. The prime spectrum representation of a distributive inverse
semigroup

Cayley’s Theorem states that every group embeds into some symmetric group,
and the Vagner®-Preston Theorem (cf. Lawson [70, Theorem 1.5.4]) states that ev-
ery inverse semigroup embeds into some symmetric inverse semigroup. As observed
in Exel [40], the implied embedding does not preserve finite joins as a rule, even
starting with a Boolean inverse semigroup.

The following theorem is an analogue of those results for distributive inverse
semigroups and embeddings preserving finite joins and meets. Although it is not
explicitly stated there, most of it can, in principle, deduced from results of Lawson
and Lenz [73] via elementary arguments: € being one-to-one is essentially contained
in the combination of Lemma 3.6, Proposition 3.12, and Proposition 3.19 in [73],
and € preserving existing meets can be deduced from Lemma 2.16 and Corollary 2.18

2Although “Wagner” looks like a more plausible transliteration from the Russian, all that
author’s publications, on our current subject matter, are listed on MathSciNet with that spelling,
which we thus keep here.
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in [73]. Since the required translations involve the digestion of a fair number of
nontrivial definitions, we provide direct proofs for convenience.

THEOREM 3-3.1. Let S be a distributive inverse semigroup with zero. Then
there are a set £ and a zero-preserving semigroup embedding €: S — Jqo such that
the following conditions hold for every positive integer n and all x1,...,x, € S:

(i) Vi, x; emists in S iff \/i_, e(x;) exists in Jq, and then
n n
\/ &) = 6(\/17,;). (3-3.1)
i=1 i=1

(ii) If Nio, z; emists in S, then
n

e(x;) = 5( xl) . (3-3.2)

Il
-

NOTE. Remember that every subset of Jq has a meet (cf. Example 3-1.8).

PROOF. Let us recall the definition of the prime spectrum Gp(S) of S, as
considered in Lawson and Lenz [73]. By definition, a nonempty subset p of S is a
filter of S if it is a downward directed, upper subset of S, with respect to the natural
ordering of S. In addition, we say that p is prime if x V y € p implies that either
x €poryé€p, for all z,y € S such that x Vy is defined. By definition, Q = Gp(S)
is® the set of all prime filters of S. Set D = Idp .S and Q. = {p € Q| ep C p}, for
every e € D.

Forall z € S and all p € Qq(,), we define e(x)(p) = Tap (where 1X is shorthand
for S1X). If p & Qq(s), let e(z)(p) be undefined.

Cram 1. Let x € S and let p € Qq(yy. Then e(x)(p) is a prime filler of S.
Moreover, £(x)(p) € Qu(z), and e(z™1)(e(z)(p)) = p.

PrOOF OF CrLAIM. If is obvious that e(x)(p) is a proper filter of S. Let
Yo,y1 € S be compatible such that yo V y1 € £(z)(p), so ap < yo V y1 for some
p € p. Since d(x)p C p, we may assume that p = d(x)p. Since S is distributive, it
follows from Proposition 3-1.9 that

ap=apA(yoVy1) = (zpAyo) V (zp Ayr),
thus, by applying again Proposition 3-1.9, p = d(x)p = po V p1 where each p; =
27 1(xp A y;). Since p € p and p is prime, there is i € {0,1} such that p; € p.
Since ap; = r(x)(zp A y;) < yi, it follows that y; € Tap, thus completing the proof
that e(x)(p) is prime.
The proofs of the relations e(z)(p) € Qy(y) and e(z ™) (e(z)(p)) = p are routine
and we omit them. O Claim 1.

It follows fIBm Claim 1 that e takes its values in Jq.
Denote by 2 the prime spectrum of D. An argument, similar to the one of the
proof of Claim 1, yields the following claim.

CLAIM 2. Letp € Q. Then tp €, and p = DN 1p.

CLAIM 3. Leta,b € D. Then Qanp = Q.M and Qqvy = QUQy,. Furthermore,
Qo = Qy implies that a = b.

3This set can be endowed with a well studied structure of topological groupoid, which will
however not be of concern in the present work.
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PRrROOF OF CLAIM. The relation Qgap = Q4 N Qy follows immediately from the
distributivity of the multiplication on the meet in S, while the relation Q,,, =
Q4 U Qy follows immediately from Proposition 3-1.9.

Now suppose that Q, = Q. By Claim 2, it follows that a - (Tp) C 1p iff
b-(1p) C Tp, for every p € ; that is, a € p iff b € p, for every p € Q. By
Proposition 1-3.1, this implies that a = b. O Claim 3.

The proof of the following claim is routine (and it does not require distributiv-
ity), and we omit it.

CLAIM 4. The map € is a semigroup homomorphism from S to Jx.
CLAIM 5. The map € is one-to-one.

PRrROOF OF CLAIM. Let z,y € S such that e(x) = £(y). By equating the do-
mains of the two sides, we get Qq(;) = Qay), thus, by Claim 3, d(z) = d(y).
Set e = d(x). The filter 1p belongs to €., for every p € Q(e) (cf. Claim 2).
Hence, it follows from our assumption e(x) = e(y) that tap = Typ. This implies
easily that for every p € Q(e), there exists p € p | e such that xp = yp. Setting
A={peDlel|ap= yp} this means that

CU p)peA).

Since Q(e) is compact and all Q(p) are open within Q (cf. Theorem 1-3.2), there is
a finite subset X of A such that

CU p)lpeX).

By Proposition 1-3.1, this means that e < \/ X. Since zp = yp for every p € X, it
follows from the distributivity of S that ze = ye, that is, x = y. O Claim 5.

Now we know that ¢ is a semigroup embedding. Trivially, this embedding
maps 0 to the empty function.

Let us prove (i). Since S and Jg are both distributive inverse semigroups and
since compatibility can be expressed equationally, /i, e(x;) is defined iff \/!"_, z;
is defined. Suppose that this holds and set y = \/[_; z;. Obviously,

,\/ e(x;) < e(y). (3-3.3)

Furthermore, by using Lemma 3-1.4 together with Claim 3, we obtain the relations

dome(y) = Qqy) = U Qd(z,) = U dome(x;) dom(\/ s(xl)) .
i=1
By (3-3.3), it follows that \/!_; e(z;) = &(y), thus completing the proof of (i).
Finally, suppose that z = A\[_; 2; exists in S. Obviously,
n
e(z) < N\ el@). (3-3.4)
i=1
Thus, in order to complete the proof of (ii), it suffices to prove that the domain
of the right hand side of (3-3.4) is contained in the domain of its left hand side.
That is, for every element p of the domain of A, e(z;), we must prove that
d(z)p Cp. Let pep. Foralli,j € [n], e(z;)(p) = e(x;)(p), thus thereis ¢; ; € plp
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such that z;q;; < xjq; ;. Pick ¢ € p such that ¢ < ¢;; for all 4,5 € [n]; since
d(z1)p C p, we may assume that ¢ = d(z1)g. Then z,q = z,q for all i,j € [n],
whence x1q = /\?:1 r;q = zq. From z < x1 it follows that wflz = d(z). Therefore,
q=d(z1)g =27 w19 = 27 2¢ = d(2)q < d(2)p, so d(2)p € p, as desired. O

Specializing Theorem 3-3.1 to Boolean inverse semigroups, we obtain immedi-
ately the following result.

COROLLARY 3-3.2. Ewery Boolean inverse semigroup S has an additive semi-
group embedding into some symmetric inverse semigroup Jq, preserving all existing
nonempty finite meets. In particular, S is a sub-bias of Jq.

REMARK 3-3.3. The set 2 of Corollary 3-3.2 is identical to the one of Theorem
3-3.1, that is, it is the prime spectrum of S. In the context of Corollary 3-3.2 (i.e.,
S is Boolean), more can be said: the prime filters of S are exactly the ultrafilters
of S, that is, the maximal elements of the set of all filters of S with respect to set
inclusion (cf. Lawson and Lenz [73, Lemma 3.20]).

For an arbitrary inverse semigroup S, the canonical semigroup homomorphism
A: S — Jg introduced in Exel [40], where ' is the set of all ultrafilters of S
(denoted by Gy (S) in Lawson and Lenz [73]), is tight in Exel’s sense. As in [40],
A will be called the regular representation of S. Although Exel’s concept of a
Boolean inverse semigroup is less restrictive than ours, it follows from Exel [40,
Proposition 6.2], together with Theorem 3-2.5, that his concept of a tight homo-
morphism extends our concept of an additive semigroup homomorphism. Moreover,
for a Boolean inverse semigroup S, Gy (S) = Gp(S) and the canonical embedding
€: 8 < Jgp(s) of Theorem 3-3.1 is identical to Exel’s regular representation A.

On the other hand, Gy (S) 2 Gp(S) for most distributive inverse semigroups S
(consider the three-element chain), so there are examples where € # .

REMARK 3-3.4. There is an apparent conflict between our statement of Corol-
lary 3-3.2 and the final counterexample of Exel [40], together with Exel’s [40,
Theorem 6.16]. This is due to Exel’s concept of a Boolean inverse semigroup being
weaker than ours: in [40], an inverse semigroup with zero is Boolean, if its semilat-
tice of idempotents is Boolean (not necessarily unital). Let us call such semigroups
Ezel-Boolean inverse semigroups. The final example of Exel [40] is an Exel-Boolean
inverse semigroup with no additive semigroup embedding into any symmetric in-
verse semigroup. Of course, by Corollary 3-3.2, such an inverse semigroup cannot
be Boolean. A much simpler example, serving the same purpose, is the one of Ex-
ample 3-1.7: in that example, the ultrafilters of S are p; = {i,3,4}, for i € {1,2};
and 3p; = 4p; = p;, whenever i € {1,2}. In particular, A(3) = A(4), with 3 # 4.

We say that two elements x and y in an inverse semigroup S with zero essentially
coincide, in notation z = y, if d(z) = d(y) and for every nonzero idempotent
e < d(x) there exists a nonzero idempotent a < e such that za = ya. We say
that S is continuous if x = y implies that x = y, for all x,y € S. Exel proved in
[40, Theorem 7.5] that every continuous Exel-Boolean inverse semigroup embeds
tightly (in his sense) into some symmetric inverse monoid. He also asks, just before
the statement of [40, Theorem 7.5], whether x = y implies A(z) = A(y). The
following example, whose construction is inspired by the final counterexample of
Exel [40], shows that this is not the case as a rule. This example turns out to be
Boolean.
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EXAMPLE 3-3.5. A Boolean inverse monoid S, with unit element 1g and an
element x such that 1g = x and A(1g) # A(x). In particular, S is not continuous.

Proor. We denote by B the Boolean algebra of all subsets of Z* that are
either finite or cofinite, and we fix a nontrivial group G. For each x € B, we set
N, = G if z is finite, and N, = {1} if z is cofinite. The semigroup B x G is an
inverse monoid, and the binary relation ~ on S defined by the rule

(x,9) ~(y,h) if z=yandg=h (modN;),  forany (z,9),(y,h) € BXG,

is a monoid congruence on S x G. The quotient monoid S = (B x G)/~ is an inverse
monoid with zero. Denoting by [z, g] the equivalence class of (z,g) modulo ~, the
zero element of S is [@,1] = [&,¢] (for all g € G) and the unit element of S
is 1g = [Z%,1]. Easy calculations show that [z,g]”" = [z,¢7!] and d([z,g]) =
r([z,g]) = [z, 1], for every (z,g) € B x G. Two elements [x¢, go] and [z1,¢g1] of S
are orthogonal if zop N z; = & (thus one of zy and x; needs to be finite), and
then their orthogonal sum is [z U 1,914 if ; is finite. The semilattice of all
idempotents of S is B = {[z, 1] | € B}, which is isomorphic to B. Therefore, S is
a Boolean inverse monoid.

Pick g € G\ {1} and set x = [Z*, g]. Every nonzero idempotent of S contains
an idempotent of the form e, = [{n},1], where n € Z*; and 1ge, = we, = e,.
This proves that 1g = x.

However, since S is Boolean, it follows from Corollary 3-3.2 that Exel’s regular
representation A of S (cf. Remark 3-3.3) is one-to-one; whence A(1g) # A(z). O

3-4. Additive congruences of Boolean inverse semigroups

In this section we shall apply to our context the crucial universal-algebraic
concept of a congruence, in particular by describing bias congruences in terms of
the semigroup operations and the orthogonal join operation &.

PROPOSITION 3-4.1. Let S be a Boolean inverse semigroup. An equivalence re-
lation @ on S is a bias congruence iff 0 is a semigroup congruence and the following
condition holds:

For allx € S and all a,b € Idp S orthogonal,
(ra=ga and xb=¢ b) = x(a®b) =g adb. (3-4.1)

PROOF. We prove the non-trivial direction. Let @ be a semigroup congruence
of S (thus also an inverse semigroup congruence) satisfying (3-4.1).

The assumption (3-4.1) means that for all orthogonal idempotents a and b,
a
b
shorthand for  =¢ y d(z).) Denoting by 6: S — S/6 the canonical projection, this
means that 0(a @ b) = 6(a) ® 0(b) within S/6.

CrLaM 1. 6(aVb) is the join of {6(a),0(b)} within S/0, for any idempotents a
and b of S. Hence, 0 is compatible with the operations A, V, and ~ on idempotents.

from , <g z it follows that a ® b <g z, for each x € S. (Recall that z <g y is

PROOF OF CLAIM. Any majorant, within S/0, of {6(a),0(b)} is also a majo-
rant of the set {6(a \ b),0(b)}, thus, by (3-4.1), it is a majorant of 0((a \ b) & b) =
0(a V' b). Hence, 0(a V b) is the join of {#(a),d(b)} within S/, and hence 0 is com-
patible with the V operation on Idp S. Since 0 is also a congruence with respect to
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the product operation, its restriction to the generalized Boolean algebra Idp S is a
congruence with respect to join and meet, thus it is also a congruence with respect
to the difference operation \ . O Claim 1.

CLAIM 2. The equivalence relation 0 is compatible with the operation © on S.

ProOOF OF CLAIM. Since 6 is compatible with the product operation, it is also
compatible with the operations d and r, thus, by Claim 1, it is also compatible with
the operations (z,y) — r(x)~\r(y) and (z,y) — d(x) ~d(y). Since it is compatible
with the product operation, the desired conclusion follows. O Claim 2.

CrLaM 3. Let xg,yo,x1,y1 € S such that xo =¢ Yo, T1 =¢ Y1, To L x1, and
Yo 1 Y1. Then xg ® 1 = Yo D y1.

PrROOF OF CLAIM. Set x = 29 @ x1 and y = yo @ y1. Then
d(z;) = x;lxi =a 'z =gty <ga 'y, foreachic{0,1}.

Thus, by our assumption (3-4.1), d(zg) @ d(z1) <¢ 71y, that is, d(z) <¢ 271y,
and thus * = zd(z) <¢ zx 'y, and so z < y. Symmetrically, y <¢ z, and
therefore, since @ is an inverse semigroup congruence, r =g ¥. O Claim 3.

Let g, x1,y0,y1 € S such that g =¢ yo and z1 =¢ y;. It follows from Claim 2
that g O 21 =¢ yo O y1. Since g Oz L z1, yo Oy L y1, and yo =g 1, it follows
from Claim 3 that (xg ©x1) ® 21 =g (Yo QY1) ® y1, that is, zo V 21 =g yo V y1.
Therefore, 8 is compatible with the operation V. O

Define an additive congruence of a Boolean inverse semigroup S as a semigroup
congruence satisfying (3-4.1). Proposition 3-4.1 says that the concepts of additive
congruence and bias congruence are equivalent.

It would be nicer if within the statement of Proposition 3-4.1, the assumption
(3-4.1) could be replaced by the weaker assumption that the restriction of 8 to Idp S
is a ring congruence. The following example shows that this cannot be done, even for
idempotent-separating congruences. (A congruence 6 of S is idempotent-separating
if @ =¢ b implies that a = b, for all a,b € Idp S. By Howie [59, Proposition 11.4.8],
this is equivalent to saying that @ C J.)

EXAMPLE 3-4.2. Denote the two-element group G = Z/2Z multiplicatively, so
G = {1,u} with u? = 1. The inverse semigroup S = G"°x {0, 1} is a Boolean inverse
monoid. The equivalence relation 8 on S, defined as the union of the diagonal of S
with the set {((u,0),(1,0)),((1,0), (u,0))}, is an idempotent-separating semigroup
congruence of S.

This congruence is not additive, for (u,0) =¢ (1,0) while (u,1) Z¢ (1,1), the
latter meaning that (u,0) @ (0,1) #¢ (1,0) & (0, 1).

Observe the contrast between Example 3-4.2 and Theorem 3-2.5. The point is
that the quotient inverse semigroup S/6, in Example 3-4.2, is not Boolean.

NOTATION 3-4.3. We set
x(y) = xyx~', for all , y in any inverse semigroup . (3-4.2)

Recall that if y is idempotent, then so is x (y). The following observation will
be used repeatedly without mentioning, throughout this work.
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LEMMA 3-4.4. Let z, u, v be elements in an inverse semigroup, with either u
or v idempotent. Then x (uv) = x (u) - = (v).

PROOF. If, for example, u is idempotent, then u and z~'2 commute (they are
both idempotent), thus z (uv) = zx~lzuve ! = zurlzve™! =z (u) - 2 (v). O

As our next result shows, the somewhat irregular-looking behavior witnessed
by Example 3-4.2 does not occur for the largest idempotent-separating congruence
of a Boolean inverse semigroup.

PROPOSITION 3-4.5. Let S be a Boolean inverse semigroup. Then the largest
idempotent-separating congruence p of S is an additive congruence of S. In par-
ticular, S/p is a Boolean inverse semigroup and the canonical projection S — S/
is an additive semigroup homomorphism.

PRrROOF. Recall (cf. Howie [59, Theorem V.3.2]) that p can be described by
i={(2,9) €5 x S| (Ve € 1dp S)(z (¢) = y (e))} (3-43)
(cf. Notation 3-4.3). Now let a,b € Idp S be orthogonal and let € S with za =, a

and zb =, b. By (3-4.3), this means that x (ae) = ae and z (be) = be for every
e € Idp S. Now for every e € Idp S,

z{(a®b)e) =z {ae @ be) = x (ae) P x (be) = ae B be = (a D b)e,

so z(a ®b) =, a ® b. By Proposition 3-4.1, it follows that p is a bias congruence.
The last part of Proposition 3-4.5 follows immediately. (]

PROPOSITION 3-4.6. Let I be an additive ideal in a Boolean inverse semi-
group S. Then the binary relation =1 on S, defined by the rule

r=ye (F)(z<zandz<yand {x~z,y~z}CI), foralz,yes,
(3-4.4)
is the least additive congruence of S for which the equivalence class of 0 contains I.
Moreover, 0/=r = 1.

PROOF. It is obvious that 0/=; = I and that every additive congruence of S,
for which the equivalence class of 0 contains I, contains =;. Hence, it suffices to
prove that =; is an additive congruence of S. It is trivial that =; is both reflexive
and symmetric. Let z,y,z € S such that x =; y and y =; z. There are u,v € S

WithuSx,vgz,andzgy,suchthatx\u,y\u,y\v,andZ\vallbelong

to I. From ZL < y it follows that u ~ v and y \~ u ~ y ~ v. The latter relation

implies that (y ~ u) V (y ~ v) exists in S. Since {y ~u,y ~v} € I, it follows
that (y ~u) V (y ~v) € I (cf. Proposition 3-1.19), that is, y ~ (v Av) € I. (All
statements, such as y~ (uAv) = (y~u)V (y\v), can easily be proved by reduction
to the idempotent case, via Lemma 3-1.3.) By meeting that relation with u, we get
u~(uAv) € I and v~ (uAv) € I. Therefore, z\ (uAv) = (x~\u) B (u~ (uAv)) € I,
and, similarly, z \ (uAv) € I, so x =; z.

Let z,y,z € S with z =; y. There exists u € S such that u < 5 and

{z ~u,y~u} CI. By Lemma 3-1.12 and since [ is an ideal of S, it follows that
{zz N uz,yz ~uz} C I and {zz \ zu,zy \ zu} C I, thus zz =1 yz and zz = zy.
Therefore, =; is a semigroup congruence of S.
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In order to verify that =; is an additive congruence, it suffices to verify (3-4.1).
Let a,b € Idp S be orthogonal idempotents and let x € S such that xa =; a and

xb =1 b. There are u < xaa and v < Ibb such that za ~ u, a ~ u, b~ v, and b~ v
all belong to I. From u < a and v < b it follows that v and v are both idempotent.
z(a®b)

Further, u ® v < and

a®b ’
(a@b)N(udv)=(a~u)®(b~v)el,
zla@b) N (udv)=(ra®zb) N (udv)=(ra~u)® (zb~v)el,

so z(a ®b) =r a ®b. Therefore, =; is an additive congruence of S. By virtue
of Theorem 3-2.4 and Proposition 3-4.1, the final statement of Proposition 3-4.6
follows immediately. O

For an additive ideal I in a Boolean inverse semigroup S, we will denote by x /I
the equivalence class of x with respect to =, for each € S. Observe that 0/I = I.

In the context of Proposition 3-4.6, = is a bias congruence of S (cf. Proposition
3-4.1), thus the quotient structure S/I = S/=; is a Boolean inverse semigroup.

Our next group of results introduces an alternate way to view additive ideals
of S, by focusing attention on the idempotents of S.

DEFINITION 3-4.7. Let S be a Boolean inverse semigroup. An ideal I of the
Boolean ring Idp S is Z-closed if for all a,b € Idp S, a Zs b and a € I implies that
bel.

Our next result shows that additive ideals (of Boolean inverse semigroups) are
essentially the same concept as Z-closed ideals (in Boolean rings of idempotents).

PROPOSITION 3-4.8. Let S be a Boolean inverse semigroup and set B =1dp S.
The following statements hold:

(1) For any additive ideal J of S, the intersection J N B is a P-closed ideal of B.

(2) For any P-closed ideal I of the Boolean ring B, the equality d™*[I] = r~'[I]
holds. Furthermore, this set is the ideal of S generated by I, and it is also an
additive ideal.

(3) The two transformations described in (1) and (2) above are mutually inverse.

PrOOF. (1). From 0 € J it follows that 0 € JNB. Let a € Band b€ JN B
with a < b. Thena=abe SJ C J,s0a € JN B, and so J N B is a lower subset
of B. Since J is closed under finite orthogonal joins, so is J N B. Hence J N B is an
ideal of B. Now let a,b € B with a 2 b. Pick x € S with d(z) = a and r(x) = b.
In particular, b = zaz ™', hence a € I implies that b € I.

(2). Since d(z) Z r(zx) for all x € S, the equality d~'[I] = r~'[I] is obvious.
It is then easy to verify, in particular by using Lemma 3-1.4, that this set is an
additive ideal of S. It obviously contains I. Let J be an ideal of S containing I.
For any = € d™'[I], the element d(x) belongs to I, thus to .J, thus z = z d(z) € J;
whence d'[I] C J.

(3). Let J be an additive ideal of S and set I = J N B. We claim that
J =d Y. For each z € J, d(z) = 2~z € J, thus d(z) € I, that is, z € d " []].
Conversely, let z € d"'[I]. Then d(z) € J as well, so z = zd(z) € J, thus
completing the proof of our claim.

Finally, it is trivial that I = d~*[I] N B, for any Z-closed ideal I of B. O
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PropPOSITION 3-4.9. Let S and T be Boolean inverse semigroups and let
f:8 = T be an additive map. Then the set ker f = f~1{0} is an additive ideal
of S. Furthermore, denoting by p: S — S/ker f the canonical projection, there is a
unique additive semigroup homomorphism f: S/ker f — T such that f = f o p.

NOTE. The set ker f = f~1 {0}, which is a subset of the domain of f, should
not be confused with the kernel Ker f of f, which is an equivalence relation on the
domain of f (cf. Section 1-2).

PROOF. It is straightforward to verify that the subset I = ker f is an additive
ideal of S.

Since biases form a variety of algebras, the standard concepts of universal
algebra apply to the category of biases and bias homomorphisms. This is the case,
in particular, for the First Isomorphism Theorem. Since bias homomorphisms and
additive semigroup homomorphisms are the same concept (cf. Theorem 3-2.5), in
order to prove the final statement of Proposition 3-4.9, it suffices to prove that
p(x) = p(y) (i.e., v = y) implies that f(z) = f(y), for all z,y € S. Let z € S

witness x =; y, that is, 2z < gyc and {x N z,y~z} C I. Since z = (x N\ 2) Dz

and f is additive, we get f(z) = f(x ~\ 2) ® f(2) = f(z). Similarly, f(y) = f(2), so
f(x) = f(y). 0

Say that a congruence @ of S is ideal-induced if 6 is equal to =; for some
additive ideal I of S. As the following example shows, a Boolean inverse semigroup
may have many additive congruences that are not ideal-induced. This example also
shows that the map f of the statement of Proposition 3-4.9 may not be one-to-one.

EXAMPLE 3-4.10. For any group G, the inverse semigroup G“° is a Boolean
inverse semigroup, where L y iff either x = 0 or y = 0. If an additive congruence
of G0 identifies 0 with some nonzero element, then 8 = G"° x G° is the largest
congruence. If @ does not identify 0 with any nonzero element, then @ is the
congruence 0y associated with a normal subgroup H of G, in the sense that x =¢ y
iff either x =y =0 or z,y # 0 and 2~ 'y € H. Observe that 8 is ideal-induced iff
H={1}.

It follows, in particular, that the lattice of all additive congruences of G*° is
isomorphic to the normal subgroup lattice NSub G of G, with a top element added.
In particular, taking for G the Klein group (Z/2Z) x (Z/27Z), the lattice of all
additive congruences of G- is the five-element modular non distributive lattice Mg,
with a top element added. Thus we get the following observation: The lattice of all
additive congruences of a Boolean inverse semigroup may not be distributive.

On the other hand, it is well know that the lattice NSub G is modular, for any
group G. Hence, the lattice of all additive congruences of G-Y is modular. We shall
now see that this observation can be extended to any Boolean inverse semigroup.

To this end, let us introduce the following ternary term m, in the similarity
type Lprg of all biases (cf. Notation 3-2.2; recall that d(x) and r(z) are shorthand
for x~!x and xx~1, respectively):

m(x,y,z) = (x(d(x) ©d(y)) v xy_lz> v (r(z) Or(y))z. (3-4.5)
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Recall that a variety V of algebras is congruence-permutable if o8 = o« for
any congruences « and [ of any algebra in V. We also say that V is congruence-
modular if the lattice of all congruences of any algebra A € V is modular, that is,
an(BV(any)) = (enp)V(any) for any congruences «, 3, v of A. It is well known
that every congruence-permutable variety is congruence-modular (for every lattice
of pairwise commuting equivalence relations is modular, and even Arguesian; this
originates in Jénsson [61], see also Grétzer [52, Theorem 410]).

THEOREM 3-4.11. The term m is a Mal’cev term for the variety of all biases;
that is, the equations m(x,x,y) = m(y,x,x) = y hold identically in every bias.
Therefore, the variety of all biases is congruence-permutable, thus also congruence-
modular.

PROOF. Let S be a bias. It is straightforward to verify that t VO =0V z = x,
for every z € S. Since the operations © and ~ agree on the idempotents of S,
while V and & agree on orthogonal pairs, we can compute

m(z,x,y) = (m(d(x) ~d(z)) v xx_ly) vV (r(y) ~r(z))y
r(z)y & (r(y) N r(z))y
(r() Vr(y))y

Y,

and

m(y, x,x) y(d(y) ~d(z)) v yxilm) V (r(z) N r(z))z

d(y) ~ d(2)) Vv yd()

(d(y)~d
(d(y) vd())

Il
e e e —

Hence m is a Mal'cev term for biases. It is well known since Mal'cev [76] (cf.
McKenzie, McNulty, and Taylor [78, Theorem 4.141]) that this implies the congru-
ence-permutability result, whence the congruence-modularity result. O

Theorem 3-4.11 marks a crucial difference between Boolean inverse semigroups
on the one hand, and inverse semigroups on the other hand. Indeed, it is well known
that there is no lattice identity satisfied by the congruence lattices of all semilattices
(cf. Freese and Nation [47]), thus, a fortiori, by the congruence lattices of all inverse
semigroups.

3-5. Generalized rook matrices over Boolean inverse semigroups

The following concept is taken from Wallis [111, § 4.5], see also Kudryavtseva et
al. [68]. It extends the one of a rook matriz introduced in Solomon [100]. Solomon’s
rook matrices are identical to generalized rook matrices taken over the two-element
inverse semigroup.

Recall that left and right orthogonality are both introduced in Definition 3-1.2.

DEFINITION 3-5.1. Let S be an inverse semigroup with zero and let €2 be a
(possibly infinite) set. A square matrix a = (a;; | (1,7) € @ x Q), with all a; ; € S,
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is a generalized rook matriz over S if any two distinct rows (resp., columns) of S
are left orthogonal (resp., right orthogonal). In formula,

@i Lt a; and aj; Lig ag;, forall 4,7,k € Q with j # k. (3-5.1)

We denote by RS (S) the set of all  x Q generalized rook matrices over S. We also
consider the following subsets of R$(S):

e the set BS(S) of all generalized rook matrices a that are both row-finite
(i.e., for each i € Q, a; ; = 0 for all but finitely many j € ) and column-
finite (i.e., for each j € Q, a; ; = 0 for all but finitely many i € Q);

e the set M$(9) of all generalized rook matrices a such that a; ; = 0 for
all but finitely many (4,7) € Q x Q.

If © = [n], for n € N, we will write M;;(5) = B (S) = Ry (S) = Rj;(S).

The basic properties of generalized rook matrices over S are summed up in
Wallis [111, § 4.5], Kudryavtseva et al. [68, Proposition 3.5]. Since we are dealing
with a slightly more general context (due to the possibility that £ be infinite), we
include proofs for convenience.

In what follows, for any family (a; | i € I) of elements in a Boolean inverse
semigroup S, we say that the orthogonal join €, ; a; is defined if the a; are pairwise
orthogonal and a; = 0 for all but finitely many i € I.

LEMMA 3-5.2. Let S be an inverse semigroup with zero and let Q) be a set. The
following statements hold, for any generalized rook matrices a = (a;; | (i,7) € Q2 x Q)
and b= (b;; | (4,5) € Q x Q) over S:

(1) For anyi,j €, the elements a; pby j , where k € Q, are pairwise orthogonal.
(2) If S is Boolean inverse and all elements ¢; j = @ken a;i kby,j, fori,j €, are
defined (in which case we say that the matrix ab is defined), then

c=(cij|(3,7) € Ax Q) is a generalized rook matriz over S.

(3) If S is Boolean inverse, a,b € RE(S), and either a is row-finite or b is column-
finite, then ab is defined. Furthermore, if a is row-finite and b is column-finite,

then ab is both row-finite and column-finite.
(4) If S is Boolean inverse, then M&(S) is an ideal of BS(S).

In the context of Lemma 3-5.2(2), we say that ¢ is the product of @ and b, and
we write ¢ = ab.

PRrROOF. (1). For any distinct k,! € Q, from bk,jb;jl = 0 it follows that

-1

-1 -1
ikbr,j(aiib;) " = aikby,b ja;; =0,

50 a; kbr,j Lic @i by ;. Similarly, from a;,ia“ = 0 it follows that
-1 -1 -1
(aikbr,j) " aiibi; = by ja; paiibi; =0.

50 a4 1br,; Lt a; by 5. Hence, a; pbr; L ag by ;.

(2). Suppose that the matrix ¢ = ab is defined. Let i,7,k € Q with j # k. We
claim that ¢;; Ly cix and c;; Lig cxy. In order to verify the first statement, it
suffices to verify that a; pbp ; Lt @i ¢bg k, that is, bp_)}ai_);ai7qbq7k =0, forall p,q € Q.
If p # ¢, then this follows from ai_’;aiyq = 0. If p = q, then ai_,;am = d(aip) is
idempotent, thus, since b;;bp,k =0, we get

1 -1 1 _
bp,jai,paivqbq»k < bp,jbpa’f =0,
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thus b;}a;;ai,qb%k = 0, as desired. The proof of the relation ¢;; Ly cx,; is similar.

(3). Suppose first that a is row-finite and let i,5 € 2. By assumption, the set
X = {k e Qla # 0} is finite. It follows that @, ., airbr,; = Precx @irbe,; is
defined. Hence ab is defined. The argument is similar in case b is column-finite.

Now suppose that a is row-finite and b is column-finite. By the paragraph above,
¢ = ab is defined. Let ¢ € . Since a is row-finite, the set X = {k € Q| a;  # 0} is
finite. Since b is column-finite, the set Y = {j € Q| (3k € X)(br; # 0)} is finite.
We shall prove that a; zby; =0, for any j € @\ Y and any k € Q. If k ¢ X, then
a;r = 0 and we are done. If k € X, then, since j ¢ Y, we get by ; = 0. In any case,
we are done. This proves that ¢; ; = 0 whenever j € Q\ Y, thus completing the
proof that ¢ is row-finite. The proof that ¢ is column-finite is symmetric.

A similar type of argument yields (4). a

PROPOSITION 3-5.3. The following statements hold, for any Boolean inverse
semigroup S and every set §2:

(1) The multiplication, (a,b) — ab, defined in the statement of Lemma 3-5.2, en-
dows B??(S) with a structure of inverse semigroup, for which the inverse of

a matriz a = (a;; | (i,5) € Qx Q) is given by a™! = (a;} (i,§) € 2 x Q).
The idempotent elements of Bg(S) are the diagonal matrices with idempotent
entries.

(2) Let a,b e BS(S). Then a <biffa;; <b;; foralli,j € Q.

(3) Two matrices a,b € BS(S) are left orthogonal (resp., right orthogonal) iff any
row of a is left orthogonal to any row of b (resp., any column of a is right
orthogonal to any column of b). Furthermore, if a and b are orthogonal, then
their orthogonal join a @ b is defined, and

a®b=(a;;®b;|(,j)exQ).
(4) BE(S) is a Boolean inverse semigroup, in which M$(S) is an additive ideal.

PROOF. (1). The proof of the associativity of the matrix multiplication on

BJ(S), given in the statement of Lemma 3-5.2, is identical, mutatis mutandis (and
using Proposition 3-1.9), to the one of the associativity of the matrix multiplication
over any ring, so we omit it.
Now set ¢(a) = (aj_ll (i,7) € Q x Q), for any generalized rook matrix a over S.
A straightforward calculation yields that a-¢(a) is the diagonal matrix with diagonal
entries P r(a;;), for i € Q. A further easy calculation yields a - (a) - a = a.
In particular, any matrix of the form a - ¢(a) is diagonal with idempotent diagonal
entries. Hence, any two such matrices commute. Since the map ¢ is obviously
involutive, it follows from Lemma 3-1.1 that BS(S) is an inverse semigroup, with
inversion map ¢. Further, the zero matrix is the zero element of BS(S).

(2). As observed in the proof of (1), r(a) is the diagonal matrix with entries
ei = @,eqrlaiy), for i € Q. Hence, r(a)b = (b} ; | (i,5) € Q x Q) where we set
b, = e;bi,j whenever i,j € Q. In particular, if a < b, that is, a = r(a)b, then
a;j < b;; for all 7,5 € Q. Suppose, conversely, that a; ; < b; ; for all 4,5 € Q. Let
ke Q\{j}. From r(b; x)b;; =0 and a; ;. < b; , it follows that r(a; x)b; ; = 0. Since
r(a; j)bi; = a;;, a direct application of Proposition 3-1.9 yields that e;b; ; = a; ;.
Hence, a = r(a)b, that is, a < b.
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(3). Foralli, j € Q, the (i, j)-th entry of ab~" is @cq, @i xb; - Hence, ab™' =0
iff aiykbj_’i = 0 for each k € €, that is, any row of a is left orthogonal to any row
of b. The proof of the statement about right orthogonality is similar.

Now suppose that a L b. Let 7,5,k € Q with j # k. Since a and b are both
generalized rook matrices over S, a;; Ly asx and b; ; Ly b; ;. Moreover, by the
paragraph above, a;; Ly b and b; ; Ly a; . Therefore, a; ; © b;; Lt aip @ by
The proof of the relation a;; @© b;; L ak,; ® by,; is similar. It follows that the
matrix ¢ = (a;; ®b; ;| (4,7) € 2 x Q) is a generalized rook matrix over S. An
easy application of (2) yields then that ¢ is the orthogonal join of {a, b}.

(4). By (1) above, IdpB&(S) is isomorphic to (IdpS) endowed with the
componentwise ordering. By (3) above, it follows that Idp Bg (S) is Boolean. Hence,
B (S) is a Boolean inverse semigroup. The subset Mg (S) is an ideal (cf. Lemma
3-5.2), closed under finite orthogonal sum by (3) above, so it is an additive ideal. O

For a Boolean inverse semigroup S and a set (2, denote by w(; ;) the matrix
with (4, j)-th entry z and all other entries 0, for all z € S and all (i,5) € Q x Q. Tt
follows from Proposition 3-5.3 that every element of Mg (S) is a finite orthogonal
join of elements of the form x(; ;). The x(; ;) behave essentially like matrix units:

TG Y = Ok - (2Y) 60 for all z,y € S and all 4,7, k,1 € Q, (3-5.2)
() =@ Y for all z € S and all 4,5 € Q, (3-5.3)
where ;5 denotes the Kronecker symbol. In particular,

€(i,i) = €ij (e(i,j))fl and e(; jy = (e(ivj))fle(iyj) , forall e € IdpS and all i,g’ge{)(}lj
S0 €(;.4) 2 e(;,;) within Mg ().

COROLLARY 3-5.4. Let S be a Boolean inverse semigroup, let Q) be a set, and let
o€ Q. Then the map n: S — Mg(S), T X(o,0) 18 a lower semigroup embedding
and M3 (S) is an additive enlargement of n[S).

PRrROOF. It is straightforward to verify from Proposition 3-5.3 that 7 is an
additive semigroup embedding. Set S = 7[S] and T = M (S). Then S consists of
all matrices with all entries, with the possible exception of the (o, 0)-th, zero. By
the definition of the multiplication in T, we obtain easily that ST S = S. Since
s = S, it follows that S is an additive quasi-ideal of T.

Finally, it follows from Proposition 3-5.3(3) that the orthogonal joins in T
are evaluated componentwise, thus every element of T is a finite orthogonal join
of elements of the form z(; ;), where x € S and (i,j) € Q x Q. From z(; ;) =
Z(1,0)%(0,0)%(0,5) it follows that X(i,5) € TST. Therefore, T = (T?T)@ [l

It is interesting to compare the results of this section, especially Proposition
3-5.3, to the corresponding results in ring theory. A unital ring R is an exchange
ring if for every x € R, there is an idempotent e € R such that eR C xR and
(1—e)R C (1—z)R. Every von Neumann regular ring is an exchange ring, but the
converse fails. A C*-algebra is an exchange ring iff it has real rank zero (cf. Ara et
al. [11, Theorem 7.2]). O’Meara proves in [87] that the ring B(R), of all countably
infinite, row-finite, and column-finite matrices over a regular ring R, is an exchange
ring. He also observes there that for an arbitrary exchange ring R, B(R) may not
be an exchange ring. On the other hand, it is well known that the ring B(R) is not
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regular unless R is trivial (if s is the matrix of the shift operator, then 1 — s has no
quasi-inverse in B(R)).

3-6. Crossed product of a Boolean inverse semigroup by a group action

The goal of this section is to extend, to Boolean inverse semigroups, the classical
construction of the crossed product of a ring by a group action (cf. Section 2-8).

Let a group G act by automorphisms on a Boolean inverse semigroup .S. We de-
note the group action by (g, z) — g(x). Weset -9 = (0,94 () | (p,q) € G x G),
for any (z,g) € S x G, where 6, , denotes the Kronecker symbol. The set S -G =
{z-g| (v,9) € S x G} is a subset of the Boolean inverse semigroup B&/(S) of row-
finite and column-finite G x G generalized rook matrices over S (cf. Proposition
3-5.3). The following lemma records a few elementary properties of the elements z-g.
Its proof is straightforward and we leave it to the reader.

LEMMA 3-6.1. The following statements hold, for any x,y € S and g,h € G:
(1) x-g=y-hiffr =y and either g =h or x = 0;

(2) (z-9)(y-h) = (zg(y)) - gh:

(3) (x-9) =g ') -g7Y

(4) d(z-g) =g '(d(z)) - 1;

(5) r(z-g) =r(z)- 1.

In particular, S - G is an inverse subsemigroup of Bg(S), and the idempotent ele-
ments of S -G are the e -1, where e € Idp S.

DEFINITION 3-6.2. The crossed product of S by (the action of ) G, denoted by
S x G, is the closure of S - G under finite orthogonal joins, within BE/(S).

Hence the elements of S x G are the orthogonal joins of the form
n
x = @(mz -gi), wheren € Z" and each (z;,9;) € S x G. (3-6.1)
i=1
The orthogonality, within BE(S), of the finite sequence (z;-g; |4 € [n]) is, by
Lemma 3-6.1, equivalent to the orthogonality, within Idp S, of both finite sequences
(9: ' (d(x0)) | i € [n]) and (r(w:) | i € [n]).

PROPOSITION 3-6.3. Let a group G act by automorphisms on a Boolean inverse
semigroup S. Then S x G is an additive inverse subsemigroup of B%(S). In par-
ticular, it is a Boolean inverse semigroup. Furthermore, Idp(S x G) = (Idp S) - 1,
and the canonical map €: S — S X G, x+— x -1 is a lower semigroup embedding.

ProOF. It follows from the definition of S x G, together with Lemma 3-6.1 and
Proposition 3-1.9, that S x G is an inverse subsemigroup of Bg(S), closed under
finite orthogonal sums. Any element z € S x G can be written in the form (3-6.1),
and then, using Lemma 3-6.1, we get r(z) = e - 1 where e = @, r(z;). It follows
that Idp(Sx G) = (Idp S)-1. Since Idp S is Boolean, so is Idp(S x 1). In particular,
Idp(S % 1) is closed under the operation (x,y) — = \y. By Lemma 3-1.13, S x G
is a Boolean inverse semigroup.

Let € S x G, written as in (3-6.1), and let y € S such that < y - 1 within
SxG. Foreachi € [n], zi-g; =r(x;i-g;)(y-1) = (r(x;) - 1)(y-1) = r(x;)y - 1, thus
x; = r(xz;)y (ie., ; <y) and either g; = 1 or x; = 0. In any case, x; - g; = ; - 1.
Then it follows from Lemma 3-6.1 that the x; are pairwise orthogonal in S; whence
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z = (@], zi) - 1 belongs to the range of . Therefore, £ is a lower semigroup
embedding. ([

Our next encounter with crossed products of Boolean inverse semigroups, in-
volving type monoids, will occur in Theorem 4-1.10.

3-7. Fundamental Boolean inverse semigroups and Boolean inverse
meet-semigroups

Two important subclasses, of the class of all Boolean inverse semigroups, will
come up recurrently in our work, namely fundamental Boolean inverse semigroups
and Boolean inverse meet-semigroups. This will also motivate the introduction of
a definition of semisimplicity for Boolean inverse semigroups, close in spirit to the
ring-theoretical concept with that name.

We start by recalling the following definition.

DEFINITION 3-7.1. An inverse semigroup S is fundamental (cf. Howie [59],
Munn [83])* if the identity is the only idempotent-separating congruence of S.
Equivalently, every element of S, which commutes with all idempotent elements
of S, is idempotent.

Denote by p the largest idempotent-separating congruence of an inverse semi-
group S. By Howie [59, Theorem V.3.4], the quotient S/ is then fundamental
and Idp(S/p) = Idp S.

The following lemma records a useful basic property of fundamental inverse
semigroups.

LEMMA 3-7.2. Let S be a fundamental inverse semigroup and let p and q be
atoms of Idp S. Then there is at most one element x € S such that d(x) = p
and r(z) = q.

PROOF. We first deal with the case where p = ¢q. Let x € S such that d(z) =
r(z) = p. Hence x = pxp. Since p is an atom, every e € Idp S satisfies either p < e
or pe = 0. In the first case, ze = ex = x. In the second case, xe = ex = 0. In either
case, xe = ex, so x commutes with every idempotent of S. Since S is fundamental,
x is idempotent, so x = p.

Now we deal with the general case. Let z,y € S such that d(z) = d(y) = p and
r(x) = r(y) = q. It follows that d(x~'y) = r(z~'y) = p, thus, by the paragraph
above, x 71y = p. It follows that y = qy = 22~ 'y = 2p = . O

EXAMPLE 3-7.3. For any set X, the symmetric inverse monoid Jx (cf. Example
3-1.8) is a fundamental Boolean inverse semigroup.

EXAMPLE 3-7.4. For a group G, the monoid G“° (cf. Definition 1-4.1) is a
Boolean inverse semigroup, with the same unit as G. It is fundamental iff G is
trivial.

Let 7,: G — G, z +— gz, for all g € G. Then the assignment 7: G-° — T (cf.
Example 3-1.8), defined by 0 — &, g — 7, is a semigroup embedding from G"°
into Jg. The orthogonality relation on the range of 7 is trivial, hence the range
of 7 is closed under finite orthogonal joins. Therefore, G-° is isomorphic to an
inverse subsemigroup of Jg, closed under finite orthogonal joins. More generally,

4n Vagner [107, 108]|, Zhitomirskiy [121, 122], those semigroups are called antigroups.
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recall from Corollary 3-3.2 that every Boolean inverse semigroup has an additive
semigroup embedding into some symmetric inverse monoid, thus into some funda-
mental Boolean inverse semigroup. This shows that Lemma 3-1.13 does not extend
to fundamental Boolean inverse semigroups.

DEFINITION 3-7.5. The pedestal of a Boolean inverse semigroup .S is defined as
the set Ped S = {x € S| S| x is finite}. We say that S is semisimple if Ped S = S.

The terminology in Definition 3-7.5 is consistent with the one, introduced in
Ara and Goodearl [10, Definition 2.3], for conical refinement monoids. With an eye
on ring theory, it would seem reasonable to call the subset defined above the socle
of S. However, the concept of the (left or right) socle, of a semigroup with zero (cf.
Clifford and Preston [29, § 6.4]), is related, but not equivalent, to our concept of a
pedestal, even in the particular case of Boolean inverse semigroups.

It is not hard to verify that an element z, in a Boolean inverse semigroup S,
belongs to Ped S iff d(z) (resp., r(z)) is a finite join of atoms of the Boolean ring
Idp S, iff = is a finite orthogonal join of atoms of S. Further, Ped S is an additive
ideal of S. Observe also that every finite Boolean inverse semigroup is semisimple.

PROPOSITION 3-7.6. Every additive congruence 0 of a fundamental semisimple
Boolean inverse semigroup S is ideal-induced, and S/0 is a fundamental semisimple
Boolean inverse semigroup.

PRrROOF. By applying Proposition 3-4.9 to the canonical projection 6: .S — S/0,
we obtain that the subset I = 0/6 is an additive ideal of S. In order to prove
that @ is induced by that ideal, it suffices to prove that the additive semigroup
homomorphism 0: S/I — S/@ given by Proposition 3-4.9 is one-to-one, that is,
O(x) = 0(y) implies that = =; y, for all z,y € S.

We first settle the case where x,y € ¢Sp, for atoms p and ¢ of B. Since S is
fundamental and by Lemma 3-7.2, either z = y or 0 € {z,y}. In the first case,
x =y y trivially. In the second case, say x = 0, then 0(y) = 0, that is, y € I, so
r=rvy.

Now we settle the general case. Since S is semisimple, there is a finite set P
of atoms of Idp S whose (orthogonal) join contains d(z), r(x), d(y), r(y). For any
p,q € P, 0(qxp) = 6(qyp), thus, by the paragraph above, gzp =; qyp. By evaluating
the orthogonal join, over p € P, of both sides of that equation, we obtain, since =;
is an additive congruence (cf. Proposition 3-4.6), the relation

B qzp =1 P avp.

peP peP

thus, using Proposition 3-1.9, gx =; qy. By the same token, now summing up over ¢
instead of p, we obtain z =; y. This completes the proof that @ is one-to-one.

Observe that x/0 is either zero or an atom, for every atom x of S, according
to whether € I or « ¢ I, respectively. Since every element of S is a finite join of
atoms, it follows that every element of S/ is a finite join of atoms, that is, S/0 is
semisimple.

Finally we prove that S/0 is fundamental. This amounts to proving that for
every ¥ € S, if xe =¢ ex for all e € Idp S, then z/6 is idempotent in S/6. Since 0
is one-to-one, we get ze = ex, for all e € Idp S. The latter relation means that

there is z, € S such that z, < zj and {ze \ z¢,ex N z.} CI. Set v =d(z) Vr(z)
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(any larger idempotent would do). Since S is semisimple, the set P = (Idp S) v is
finite. Since I is an additive ideal of S, the idempotent element

u = \/ (d(ze \ ze) Vd(ex \ z))
ecP
belongs to I; moreover, u < v. Observe that xe \ z. = (xe \ z.)u for each e € P.
Hence, from z, < ze it follows that ze(v \ u) = z.(v \ uw). Likewise, ex(v \ u) =
ze(V N\ u), so ze(v N\ u) = ex(v \ u). It follows that z(v \ u) commutes with every
element of P, thus with every idempotent below v. Since it also commutes with
every idempotent e orthogonal to v (for in that case, xze = ex = 0), it follows
that z(v \ u) commutes with every idempotent of S. Since S is fundamental,
N zu = z(v N uw) is idempotent in S, thus 2/0 = z(v \ u)/0 is idempotent
in S/6. O

DEFINITION 3-7.7. An inverse semigroup S is an inverse meet-semigroup (cf.
Lawson [72]) if it is a meet-semilattice under <, that is, the meet x A y exists for
all z,y € S.

As witnessed by Example 3-1.7, not every finite inverse monoid with zero is

. . . 1 3 .
an inverse meet-semigroup: in that example, 9 < 40 but there is no = such that
1 3 . . . .
9 <z< i For Boolean inverse semigroups, this strange behavior does not occur.

PROPOSITION 3-7.8. Let S be a Boolean inverse semigroup, let x € Ped S, and
let y € S. Then x Ay exists in S. In particular, every semisimple Boolean inverse
semigroup S is an inverse meet-semigroup.

PROOF. The set X, of all common minorants of  and vy, is a compatible subset
of the finite set S'| . Since S is Boolean, X has a join in S, which is necessarily
the meet of {a,b}. O

The following example shows that not every fundamental Boolean inverse semi-
group is an inverse meet-semigroup. By Proposition 3-7.8, any such example is
infinite.

EXAMPLE 3-7.9. Define S as the inverse subsemigroup of the symmetric inverse
semigroup Jz+ (cf. Example 3-1.8) consisting of all functions whose domain is either
finite or cofinite. Then S is a fundamental Boolean inverse semigroup. However,
for any permutation o of Z* whose fixed point set consists of all even numbers,
a Aidz+ does not exist in S. Hence S is not an inverse meet-semigroup.

It is well known that any compatible elements x and y in an inverse semigroup S
have a meet, given (among many other expressions) by (3-1.3). In particular, Ev-
ery semigroup homomorphism preserves compatible meets. On the other hand, we
will see shortly that additive semigroup homomorphisms between Boolean inverse
meet-semigroups may not preserve meets (cf. Example 3-7.12). Nevertheless, the
following result shows that under certain conditions, additive semigroup homomor-
phisms may preserve all meets.

PROPOSITION 3-7.10. Let S be a fundamental Boolean inverse semigroup, let T
be a Boolean inverse semigroup, and let f: S — T be an additive semigroup homo-
morphism. Then f(x Ay) = f(z) A f(y), for allz € Ped S and ally € S.
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NoTE. Although, by Proposition 3-7.8, the meet x A y exists in S, we are not
assuming that T is an inverse meet-semigroup.

PrOOF. Set B = IdpS. The set P, of all atoms of B below d(z) V r(x), is
finite. Let z € T such that z < f(x) By multiplying those inequalities by f(p) on

fy)
the right side and f(q) on the left side, we obtain
f(qzp)
< ;i qeP. 3-7.1
fl@)zf(p) < Flqyp) or any p,q ( )

It follows from Lawson [70, Proposition 1.4.19] that (gap) A (qyp) = q(z A y)p.
Further, by Lemma 3-7.2, either qzp = qyp or 0 € {qxp, qyp}. Hence, in any case,

fgzp) A flayp) = fla(z ANy)p) = fl@) f(z Ay)f(p),

and hence, by (3-7.1), we get f(¢)zf(p) < f(¢)f(z Ay)f(p). This holds for all
p.q € P, thus, since 2 < @P,cp f(p) and by using the additivity of f, we get
z < flzAy). O

The following two examples show that the assumption in Proposition 3-7.6,
that x € Ped S, cannot be dropped. Moreover, Example 3-7.11 witnesses that
Proposition 3-7.10 cannot be extended to arbitrary finite Boolean inverse semi-
groups S, and Example 3-7.12 witnesses that the finiteness assumption is necessary
in Proposition 3-7.10, even for inverse meet-semigroups S.

EXAMPLE 3-7.11. Finite Boolean inverse monoids S and T, together with a
surjective, non one-to-one additive semigroup homomorphism f: S — T such that

ker f = {0}.

PROOF. Let G be any non-trivial group. Set S = G"° and T = {0,000} (the
two-element join-semilattice), and let f: .S — T the map that sends 0 to 0 and
any element of G to oo. Then f is an additive semigroup homomorphism and
ker f = {0}. Since G is non-trivial, f is not one-to-one. O

ExXAMPLE 3-7.12. Fundamental, unital, Boolean inverse meet-semigroups S
and T, together with a surjective additive semigroup homomorphism f: S — T,
with an invertible element o € S\ {1} such that fla A1) < f(a) = f(1) and
o Fier ¢ 1. In particular, f is not ideal-induced.

PRrROOF. Define S as the inverse submonoid of the symmetric inverse mon-
oid Jz+ (cf. Example 3-1.8) consisting of all bijections x: A — B, where A and B
are both either finite or cofinite subsets of Z*, and such that if A is cofinite, then
there exists n € Z such that z(k) = n+k for all large enough k € A (this condition
is put there in order to ensure that S is an inverse meet-semigroup). Further, de-
fine T as the two-element join-semilattice {0, 00}, and define f: S — T by letting
f(x) = oo iff the domain of z is cofinite, whenever x € S. Then S and T are
both fundamental, unital, Boolean inverse meet-semigroups and f is an additive
semigroup homomorphism from S to 7.

Now let « be any permutation of Z* without fixed points (e.g., let « in-
terchange 2n and 2n + 1, for any n € ZT). Then f(a) = f(id) = oo and
flanid) = f(0) = 0. If @ =ers id, then o and id would need to agree on
some cofinite subset of Z1, which is not the case. O
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The following example shows that an additive homomorphic image of a funda-
mental, unital, Boolean inverse meet-semigroup may not be fundamental.

ExXAMPLE 3-7.13. A fundamental unital Boolean inverse meet-semigroup S,
a unital Boolean inverse meet-semigroup T, and a surjective additive semigroup
homomorphism f: S — T, such that T is not fundamental.

PrOOF. We use the same monoid S as in Example 3-7.12 together with the
larger T = Z'°. For every x € S, we set f(z) = 0 in case the domain of x is finite.
If x is infinite, we define f(z) as the unique n € Z such that z(k) = n + k for all
large enough k. Observe that T is not fundamental (cf. Example 3-7.4). O

We will need later the following preservation result for fundamental Boolean
inverse semigroups and Boolean inverse meet-semigroups.

PROPOSITION 3-7.14. Let T be a Boolean inverse semigroup. If T is fundamen-
tal (resp., a Boolean inverse meet-semigroup), then so is any additive quasi-ideal
of T, and so is M&(T), for any set Q.

PROOF. Let S be any additive quasi-ideal of T. It follows from Proposition
3-1.18 that S is a lower inverse subsemigroup of T'.

Set T = Mg (T).

Suppose first that 7" is fundamental, and let z € S commute with all idempo-
tents of S. Since 2 commutes with both d(z) and r(z), we get d(z) = r(z). Denote
by a this element. Since S is a lower subset of T, T | a is contained in Idp S. By
assumption, it follows that z commutes with all elements of T" | a. On the other
hand, ze = ex = 0 for any e € IdpT orthogonal to a. Since e = ea ® (e \ a)
for any e € IdpT and by Proposition 3-1.9, it follows that = commutes with all
idempotent elements of 7. Since T' is fundamental, z is idempotent. Therefore, S
is fundamental.

Any element x € T that commutes with all idempotents must commute with
all e(; s, where e € Idp S and i € [n]. It follows easily that » must be a diagonal
matrix, each of whose diagonal entries commutes with all idempotents of T'. Since T’
is fundamental, it follows that z is a diagonal matrix with idempotent entries;
hence z is idempotent. Therefore, T is fundamental.

Finally, we only assume that 7' is an inverse meet-semigroup. Since S is a lower
subset of T', it is a meet-subsemilattice of T, thus it is also a fundamental, unital,
Boolean inverse meet-semigroup. Furthermore, since 7' is an inverse meet-semi-
group and by Proposition 3-5.3(2), T is an inverse meet-semigroup and the meets
in T are evaluated componentwise. (I

3-8. Inner endomorphisms and automorphisms of a Boolean inverse
semigroup

We set ady(x) = g () = gzg™!, for all elements g and z in an inverse semi-
group S. We call ady the inner endomorphism determined by g. If S is unital,
then inner endomorphisms with respect to invertible elements are automorphisms,
called inner automorphisms of S.

In order to extend this definition to the case where S is not unital, we add the
assumption that S is Boolean, then we need to drop the assumption that g be invert-
ible but we keep the assumption that d(g) = r(g), and then we replace g by g®e, for
large enough idempotents e ranging through the ideal g* = {e € Idp S | e L g} =
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{e €Idp S | ge = eg = 0} of the Boolean ring Idp S. As the following lemma shows,
for large enough e € g, the value of (g @ ¢) (x) depends only on g and x.

LEMMA 3-8.1. Let S be a Boolean inverse semigroup and let g,x € S. Then
the value of (g @ e) (x), where e € g* and d(z) Vr(z) < (d(g9) Vr(g)) ® e, depends
only on g and x.

PROOF. Both elements Z = d(z) V r(z) and § = d(g) V r(g) are idempotent.
Let e; € Idp S such that e; L gand T <gde;, for i € {0,1}. Frome; = (D e;) NG
it follows, by multiplying on the left by z, that xe; = x \ zg is independent of i.
Symmetrically, e;x = x \ gz is also independent of . It follows that e;xe; =
xze; N gre; = (x ~ xg) \ gz \ zg) is also independent of i. Therefore,

(g@ei)(z) = (9@ e)r(g™ @ e) = grg™ @ gre; ©ejzg™ " @ eje;
is independent of 3. O

NOTATION 3-8.2. We shall denote by inn,(x) the constant value of (g @ e) (z),
for large enough e € g*.

Hence, inny is the directed union, over all e € g+, of all maps adgge-

We will be interested in situations where inn, is an automorphism of S. We
wish to identify those g € S such that inn, defines an automorphism of aSa for any
large idempotent a. Accordingly, we define a subset of S as follows.

NoOTATION 3-8.3. We set Self S = {g € S| d(g9) =r(g9)}, for any Boolean in-
verse semigroup S.

Observe that Self S is usually not a subsemigroup of S.

LEMMA 3-8.4. The following statements hold, for any Boolean inverse semi-
group S':

(1) inngge = inng, for any g € S and any e € g*-. In particular, inn, = idg
whenever e is idempotent.

(2) inny, = inny oinng, for any f,g € Self S with d(f) = d(g).

(3) inng is an automorphism of S, for any g € Self S. We call the automorphisms

of that form the inner automorphisms of S.

(4) = 2 inng(x), for any x € S and any g € Self S.
(5) The inner automorphisms of S form a subgroup of the automorphism group

of S.

Proor. (1) is trivial.

(2). Set a = d(f) = d(g). For all z € S and all large enough e € a*,

(inny oinng)(z) = (f D e) (g e) (x)) = ((f @ e)(gDe)) (x)
= (fg®e)(z)
=inng,(z).

(3) follows trivially from (1) and (2).

(4). Since z 2 d(z) for every x, a direct application of (3) reduces the problem
to the case where z is idempotent. Set a = d(g) = r(g) and let e € a' such that
d(z)Vr(z) <a@e. Setting h = g®e, we get d(h) =r(h) = a®e. It follows from
Lemma 3-8.1 that inn,(z) = h (z); thus inng(z) = (hx)(ha)~". Moreover,

(hx)flhm = xil(h’lh)x = xfl(a De)r = s lr=1r.
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Hence z 2 inng(x).

(5). Let f,g € Self S, with respective domains a and b. We must prove that
inny oinn, is an inner automorphism of S. By (1), we may replace f by f® (b~ a)
and g by g @ (a \ b), and thus suppose that d(f) = d(g). The conclusion follows
then immediately from (2). O

Observe that every inner automorphism of S fixes all elements in some a™*,

where a € S: if g € Self S and d(g) = r(g) = a, then inn,(x) = x for every z € at.

NoTATION 3-8.5. We denote by Inn S the group of all inner automorphisms
of S.

Of course, if S has a unit, then InnS = {ad, | g invertible element of S}.
However, Inn S is also defined if S has no unit. In fact, it can be proved that
InnS = Inn S , Where S is a Boolean inverse monoid, introduced in Section 6-6,
that we will call the Boolean unitization of S.



CHAPTER 4

Type monoids and V-measures

The type monoid, of a Boolean inverse semigroup, is an abstraction of the
concept of monoid of equidecomposability types, of a Boolean ring under a group
action. The latter concept has been widely studied, among many others in Ba-
nach [17], Tarski [105]. Its relation with type monoids of Boolean inverse semi-
groups was recognized in Wallis” Ph.D. thesis [111], see also Kudryavtseva et
al. [68], Lawson and Scott [74]. The type monoid is an analogue, for Boolean
inverse semigroups, of the nonstable K-theory of a ring (cf. Subsection 1-2.4) or
the dimension monoid of a lattice (cf. Wehrung [117]).

In Section 4-1, we introduce some basic material pertaining to type monoids
of Boolean inverse semigroups, in particular calculating type monoids of direct
products, directed colimits, and crossed products.

In Section 4-2, we express the concepts of quasi-ideal and additive enlarge-
ment, originating in Lawson [69], in terms of the type monoid, and we use this
to calculate type monoids of Boolean inverse semigroups of generalized rook ma-
trices (Mg (S)) or corners (eSe). We also establish a one-to-one correspondence
between the additive ideals of a Boolean inverse semigroup and the o-ideals of its
type monoid.

In Section 4-3, we describe the type monoid of a quotient of a Boolean inverse
semigroup S by an additive ideal I, in monoid-theoretical terms involving the type
monoids of S and [.

Section 4-4 will be mainly devoted to descriptions of examples, in terms of
partial bijections (or their analogues for abstract Boolean rings, of fundamental
Boolean inverse semigroups and Boolean inverse meet-semigroups. In that section,
we will also formally relate type monoids, of Boolean inverse semigroups, with
monoids of equidecomposability types of a Boolean ring with respect to a group
action.

In Section 4-5 we will specialize the concept of a V-relation, introduced in Sec-
tion 2-4, to the class of all Boolean rings, and recall some folklore results originating
in Vaught’s thesis [109]. We will also express the existence of a V-equivalence, be-
tween two Boolean algebras, via elementary equivalence with respect to infinitary
sentences of first-order logic. Although most results of that section are known in
some form, they are difficult to trace back to a definite bibliographical reference,
thus we chose to state them here in some detail.

A V-measure, on a partial commutative monoid P, is a homomorphism of
partial monoids, defined on P, whose graph is a V-relation. Section 4-6 will prepare
the ground for relating that concept to the study of type monoids of Boolean inverse
semigroups.

Section 4-7 sets the relation, initiated in Section 4-4, between type monoids of
Boolean inverse semigroups and monoids of equidecomposability types of Boolean
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rings with respect to group actions (which will lead to group-induced measures) or
inverse semigroup of partial transformations (which will lead to groupoid-induced
measures). In particular, we will discuss sufficient conditions for “groupoid-in-
duced” to be able to be turned to “group-induced”.

Instead of focusing on the measures as Section 4-7, Section 4-8 will focus of the
monoids, leading to the definitions of groupoid-measurable (resp., group-measura-
ble) commutative monoids, as those which are representable as monoids of equide-
composability types with respect to partial (resp., full) automorphisms.

Section 4-9 will show that although type monoids of Boolean meet-semigroups
are the same as type monoids of Boolean inverse semigroups, most obvious exten-
sions of this result, that one may think of, do not hold.

Highlights of Chapter 4.

e The type monoid functor preserves finite direct products and directed
colimits (Proposition 4-1.9).

e The type monoid of a crossed product, of a Boolean inverse semigroup
by a group action, can be described in terms of the operation M /G
introduced in Section 2-8 (Theorem 4-1.10).

e The additive ideals, of a Boolean inverse semigroup S, are in one-to-one
correspondence with the o-ideals of the type monoid of S (Proposition
4-2.4).

e The type monoid of S/I, for an additive ideal I of a Boolean inverse
semigroup S, is isomorphic to the quotient of the type monoid of S by
the one of I (Theorem 4-3.2).

e The monoid of all equidecomposability types of elements of a Boolean
ring B, with respect to an action of a group G, is isomorphic to the type
monoid of the fundamental Boolean inverse semigroup Inv(B, Q) of all
finite orthogonal joins of restrictions to B of elements of G (Proposition
4-4.20).

e Although the concepts of groupoid-measurability and group-measurabil-
ity are not equivalent for conical refinement monoids with order-unit,
they are equivalent for conical refinement monoids (Proposition 4-8.5
and Example 4-8.8).

e A conical refinement monoid is group-measurable iff it is isomorphic to
the type monoid of a Boolean inverse semigroup (fundamental Boolean
inverse semigroup, Boolean inverse meet-semigroup, respectively), iff it is
isomorphic to the monoid of all equidecomposability types of a Boolean
ring with respect to a group action (Proposition 4-8.5 and Theorem 4-
9.1).

e Every countable conical refinement monoid is group-measurable (Theo-
rem 4-8.9). This strengthens, from “embedding” to “isomorphism”, a
result of Ara and Exel [7].

e There is a countable conical refinement monoid with order-unit, which is
not isomorphic to the type monoid of any fundamental Boolean inverse
meet-semigroup (Example 4-9.4).
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4-1. Type monoids of Boolean inverse semigroups

The type monoid of a Boolean inverse semigroup is one of many constructs of
the form Upon (P/I"), where I is an additive V-equivalence I' on a partial refinement
monoid P. The original form of this construction arises in Tarski [105], with the
monoid of equidecomposability types of elements of a ring of subsets of a set €,
with respect to a collection of partial transformations of  (see Section 4-4 for more
detail).

Let us first introduce some notation and terminology on arbitrary inverse semi-
groups. For such a semigroup S and for a,b,z € S with ¢ and b both idempotent,
let a - b hold if d(x) = a and r(z) = b. Then for any idempotent a,b € S, a Zb iff
there exists = € S such that a — b (cf. Howie [59, Proposition V.1.4]). The trace
product of elements x,y € S is defined as zy if d(z) = r(y), undefined otherwise.
The origin of the trace product can be found in Schein [98, § 3]. The trace product
groupoid® of S has objects the idempotents of S and arrows the elements of S, with

Hom(a, b) = {xeS|aLb} . foralla,beldps.

In particular, Green’s relation 2 on Idp S is identical to the relation of isomorphy
in the trace product groupoid of S.
For what follows, recall that V-relations are introduced in Definition 2-4.1.

LEMMA 4-1.1. Let S be a distributive inverse semigroup with zero. Then Green’s
relations £, X, and 9 are all additive, conical V-equivalences on S.

NOTE. The proofs of the statements about .Z and & require no further assump-
tion than S being an inverse semigroup with zero. Only our proof of the additivity
of 2 requires S being distributive (weaker assumptions would be sufficient, but we
will not need such generalizations).

PROOF. Let © = 2o @ 1 and y = yo ® y1 in S, with each x; £ y;. It follows
from Lemma 3-1.4 that d(z) = d(zo) ® d(x1) = d(yo) & d(y1) = d(y), that is,
x % y. Hence £ is additive.

Let x, xg, 21,y € S such that ¢ = zo®x; and z.Zy. Using again Lemma 3-1.4, it
follows that d(y) = d(zo)®d(x1), thus, using Lemma 3-1.3 and setting y; = y d(x;),
we get y = yd(y) = yd(zo) ®yd(x1) = yo Dy1, with each d(z;) = d(y;). Hence ¥
is a V-equivalence. It is trivially conical. Symmetrically, #Z is an additive, conical
V-equivalence. Since & is the join of £ and Z, it is also a conical V-equivalence.

Finally, we need to prove that 2 is additive. (This was already observed in
Wallis [111, Lemma 4.2.1]; we include a proof for convenience.) Let a = ag ® a1
and b = by @ by with a; — b; whenever i € {0,1}. Since ug L u; and S is a
distributive inverse semigroup, the element u = uy @ uy exists. By Lemma 3-1.4,
d(u) = a and r(u) = b, s0 @ — b. O

EXAMPLE 4-1.2. Green’s relation , on a Boolean inverse semigroup, need
not be a V-relation. Let S = Jo; define a as the identity on {1,2} and b as the
transposition (1 2). Then a = a; @ ao, where each a; is the identity function
on {i}, and a  b. Nevertheless, there is no decomposition b = by & by where each

1A groupoid is a category where every arrow is an isomorphism. Not to be confused with the
groupoids in universal algebra, which are just sets endowed with a binary operation.
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Lemma 4-1.1 also fails to extend to Green’s relation _#, on a Boolean inverse
semigroup, with a far more involved counterexample (cf. Example 5-2.11).

DEFINITION 4-1.3. Let S be a Boolean inverse semigroup. The type interval
of S, denoted by Int S, is the quotient partial commutative monoid S/2 (cf. Lemma
2-4.4). The type monoid of S, denoted by Typ S, is the enveloping monoid of Int S.
That is, Typ S = Upon(Int S).

The type interval Int S was introduced in Wallis [111, § 4.2], where it was
denoted by A(S), under an additional assumption called “orthogonally separat-
ing”, equivalent to saying that Int .S is a (full) commutative monoid. The partial
monoid Int S was studied further in Lawson and Scott [74], where it was denoted
by E(S) and called the partial algebra associated with S. Since E(S) often denotes,
in many papers, the set of all idempotent elements of S, we gave preference to the
notations Idp S (for the idempotents of S) and Int S (for the type interval of S).

The type monoid Typ S is introduced in Kudryavtseva et al. [68], where it is
denoted by T(S). In the present work, we define it in a different, though equivalent,
fashion, taking advantage of the results of Chapter 2, about extending a partial re-
finement monoid to a full refinement monoid.

The symbolism used in Definition 4-1.3 can be decoded as follows. We empha-
size (cf. Lemma 2-4.3) that & is a conical V-equivalence on S. The type interval
of S is the partial commutative monoid consisting of all equivalence classes x/2,
with x € S, endowed with the addition defined by

2/9=2/9 ®y/P whenever z,y,z€ Sand z=2Pyin S.

Owing to Lemma 3-1.3, it suffices to consider the case where z, y, and z are
idempotent. In particular,

IntS={z/2|x€St={z/P |z eldpS}.
The type monoid of S can thus be defined as the commutative monoid freely gen-

erated by elements typ(z) (thought of as x/2), where « € Idp S, subjected to the
relations

typ(0) = 0; (4-1.1)
typ(z) = typ(y), whenever z,y € IdpS and z Z y; (4-1.2)

typ(2) = typ(x) 4+ typ(y), whenever z,y,z € IldpS and z=2 @y in IdpS.
(4-1.3)

Whenever convenient, we shall extend the notation typ(z) to the case where x
is not necessarily idempotent, by setting typ(z) = typ(d(x)) = typ(r(z)). The
statements (4-1.1)—(4-1.3), now extended to z,y, z € S, remain valid. We will also
write typg(z) instead of typ(z) in case we feel that S should be specified.

By applying Theorem 2-2.3 together with Lemmas 2-4.4 and 4-1.1, we get
immediately the following.

COROLLARY 4-1.4. Let S be a Boolean inverse semigroup. Then Typ S is a
conical refinement monoid, and Int S is a lower interval of Typ S.

LEMMA 4-1.5. The following statements hold, for any Boolean inverse semi-
group S.

(1) x <y (within S) implies that typ(z) <T typ(y) (within Typ S), for allz,y € S.
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(2) typ(zy) <T gig; (within Typ S), for all z,y € S.

ProOF. (1). From y = @ (y~ ) (cf. Notation 3-1.11) it follows that typ(y) =
typ(x) + typ(y ~ x), thus typ(z) <" typ(y).

(2). From d(zy) = y~'d(z)y < y~ly < d(y) it follows that typ(zy) =
typ(d(zy)) <" typ(d(y)) = typ(y). Likewise, r(zy) < r(z), thus typ(zy) =
typ(r(zy)) <* typ(r(z)) = typ(z). 0

By Lemma 4-1.1, 2 is an additive, conical V-equivalence on S. Thus a direct
application of Lemma 2-4.4(1) yields the following.

LEMMA 4-1.6. Let S be a Boolean inverse semigroup, let z € S, and let x,y €
Typ S such that typ(z) = « +y. Then there are x,y € S such that z = = D y,
x = typ(z), and y = typ(y).

DEFINITION 4-1.7. For a Boolean inverse semigroup S and a commutative mon-
oid M, define an M -valued dimension function on S as a map u: IdpS — M
satisfying (4-1.1)—(4-1.3) above. That is, p(0s) = Opr,  Z y implies that p(z) =
w(y), and p(r @ y) = p(r) + u(y) whenever x @ y exists, for all x,y € Idp S.

The map (IdpS — Typ S, z — typ(x) = z/9P) is then the initial object in
the category of all dimension functions on S. That is, for every commutative mon-
oid M and every dimension function p: Idp .S — M, there exists a unique monoid
homomorphism 7z: TypS — M such that p(z) = (typg(x)) for all z € Idp S. We
will refer to this statement as the universal property of the type monoid.

The universality of the S+ Typ S construction yields immediately the follow-
ing result.

LEMMA 4-1.8. Let S and T be Boolean inverse semigroups and let f: S — T
be an additive semigroup homomorphism. Then there are a unique homomorphism
Int f: Int S — Int T of partial monoids and a unique homomorphism Typ f: Typ S —

TypT of monoids such that (Int f)(typg(x)) = (Typ f)(typs(z)) = typr(f()) for
allz € S.

In particular, the assignments S — Typ S, f +— Typ f define a functor, from
the category of all Boolean inverse semigroups with additive semigroup homomor-
phisms, to the category of all conical refinement monoids with monoid homomor-
phisms.

The following result expresses basic preservation properties for the functor Typ.

PROPOSITION 4-1.9.

(1) The functor Typ preserves finite direct products.
(2) The functor Typ preserves directed colimits.

ProoF. (1). Let S and T be Boolean inverse semigroups. It is straightforward
to verify that the inverse semigroup S x T is Boolean, and that the projection
homomorphisms p: S x T — S and ¢: S x T — T are both additive. This yields
monoid homomorphisms Typp: Typ(S x T) — Typ S and Typgq: Typ(S x T) —
Typ T, thus a monoid homomorphism ¢: Typ(S x T) — (TypS) x (TypT), that
sends any z € Typ(S x T') to the pair ((Typp)(z),(Typg¢)(2z)). Conversely, the
assignments e: S <— S x T, v+ (z,0r) and f: T — S x T, y — (0g,y) are both
V-embeddings, which, by (1) above, give rise to monoid homomorphisms

Type: TypS — Typ(S xT) and Typ f: TypT — Typ(S xT),
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thus to a monoid homomorphism : (TypS) x (TypT) — Typ(S x T), (x,y) —
(Type)(x) + (Typ f)(y). It is straightforward to verify that ¢ and ¢ are mutually
inverse. In particular, ¢ is an isomorphism.

(2). Let S = hﬂig] S;, for a directed poset I, Boolean inverse semigroups S;,

additive transition maps ff S; — S; (for i < j in I), limiting maps f;: S; — S.
Working in the variety of all biases, all ff are bias homomorphisms (cf. Theorem
3-2.5), thus so are all f;. In particular, S = |J (f;[S:] | ¢ € I), from which it follows
trivially that

Idp S = J(fi[ldpS;] | i€ I). (4-1.4)

Set M = Hgniel Typ S;, with transition maps Typ fzj TypS; — Typ S; (for i < j
in I) and limiting maps f,;: TypS; — M (fori € I). By (4-1.4), every x € Idp S can
be written as « = f;(T), for some ¢ € I and T € Idp S;. It can then be easily verified
that the element f,(typg, (7)) depends only on x. Denoting this element by pu(z), it
is then straightforward to verify that u is an M-valued dimension function on S. By
the universal property of the type monoid, there is a unique monoid homomorphism
¢: TypS — M such that p(typg(x)) = u(x) for every = € Idp S.

Conversely, by the universal property of the colimit, there is a unique monoid
homomorphism ¢: M — TypS such that Typfi = ¢po f, for all i € I. It is
straightforward to verify that ¢ and ¢ are mutually inverse. In particular, they are
both isomorphisms. O

The following result makes it possible to calculate the type monoid of a crossed
product of a Boolean inverse semigroup by a group action (cf. Section 3-6), via the
construction M /G introduced in Section 2-8. It is a Boolean inverse semigroup
version of Proposition 2-8.4. Unlike Proposition 2-8.4, this result always yields an
isomorphism.

THEOREM 4-1.10. Let a group G act by automorphisms on a Boolean inverse
semigroup S. We endow the commutative monoid Typ S with the induced group
action, that is, g - typg(z) = typg(g(x)), for all x € S and all g € G. Then
there is a unique monoid isomorphism 7: Typ(S)/G — Typ(S x G) such that

T([typs(m)]g) = typgue(z - 1) for every x € S.

PROOF. Denote by €: S < § x G, x — x -1 the canonical lower semigroup
embedding (cf. Proposition 3-6.3). Since Idp(S x G) = ¢[Idp S] (cf. Proposition
3-6.3), the canonical map Inte: Int(S) — Int(S x G) is surjective.

CLAIM. The kernel of Int € is the restriction of ~g to Int S.

PrOOF OF CLAIM. An argument similar to the one of the proof of Proposition
2-8.4 yields that g(z) - 1 Dgxg « - 1, for any € S and any g € G (it suffices to
consider the case where z is idempotent). It follows that ~¢ is contained in the
kernel of Inte.

Conversely, let a,b € Idp S such that a-1 Pg«g b-1, that is, thereisx € S x G
such that a -1 =d(z) and b- 1 = r(x). Writing « in the form (3-6.1), this means,
using Lemma 3-6.1, that a = @), g; ' (d(z;)) and b = @], r(z;). Therefore,
setting b; = typg(d(z;)) = typg(r(z;)), we obtain that

typg(a) = > g; 'b; and typg(b) = b;,
=1

i=1
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so typg(a) ~¢ typg(b). O Claim.

Since ~¢ is a V-equivalence, it follows from Lemma 2-4.5 that Inte induces
an isomorphism 79: Int(S) /G — Int(S x G) of partial commutative monoids. By
using the canonical isomorphism Typ(S) /G = Upen (Int(S)/G) (apply Theorem
2-4.6 to I' =~~¢) and since Typ(S 3 G) = Upon (Int(S x G)), 7o extends to a unique
isomorphism 7 as desired. (I

4-2. Type theory of additive quasi-ideals and additive enlargements

In this section we shall introduce tools that will enable us to describe type
monoids of further semigroups, such as ideals (of Boolean inverse semigroups),
corners (subsemigroups of the form eSe), semigroups of generalized rook matrices.

DEFINITION 4-2.1. Let S and T be Boolean inverse semigroups. An additive
map f: S — T is
o type-expanding if Typ f is a V-embedding of commutative monoids;
e type-preserving if Typ f is an isomorphism.
For an additive inverse subsemigroup S of T, we say that T is a type-expand-
ing extension (resp., a type-preserving extension) if Type is type-expanding (resp.,
type-preserving), where ¢: S < T denotes the inclusion map.

Our next result relates the quasi-ideals (cf. Definition 3-1.16) and additive en-
largements (cf. Definition 3-1.21) to the type theory of Boolean inverse semigroups.

THEOREM 4-2.2. Let S be an additive quasi-ideal in a Boolean inverse semi-
group T. Then T is a type-expanding extension of S. Furthermore, T is a type-
preserving extension of S iff T is an additive enlargement of S.

PrOOF. Denote by e: S < T the inclusion map.

Let a,b € Idp S such that (Inte)(typg(a)) = (Inte)(typg(b)), that is, a Zr b.
There is « € T such that a = d(z) and b = r(z). Since S is a quasi-ideal of T" and
x = bxra € STS, it follows that x € S, so a Pg b, that is, typg(a) = typg(b). Hence,
Int € is one-to-one.

Let a,b € Int T and let ¢ € Int S such that (Inte)(¢) = a®b within Int 7. Pick
¢ € c. Since ¢/Pr = (Inte)(c) = a ® b and by Lemma 2-4.4, there is (a,b) €a x b
such that ¢ = a®b within T'. Since S is a lower subset of T' (cf. Proposition 3-1.18),
a and b both belong to S and ¢ = a®b within S. Observe that @ = (Int€)(typg(a))
and b= (Inte)(typg(d)).

We have thus verified that Inte is a V-embedding from Int S into Int7T. By
Proposition 2-2.5, it follows that Type is a V-embedding from Typ S into TypT.

Suppose now that 7' is an additive enlargement of S. We must prove that
Type is surjective. Since every element of TypT is a finite sum of elements of
Int T, it suffices to prove that the range of Type contains Int7T. Let b € IdpT.
Since T' = (T'ST)®, there is a decomposition of the form b = @, _,, z;a;y;, where
all z;,y; € T and all a; € S. Observe that all elements b; = z;a,y; are beneath b,
thus they are idempotent. By Nambooripad [84, Theorem 1.6], for each i < n,
there are 2, < x;, a} < a;, and y, < y; such that b; = zlaly. is a trace product. In
particular, b; Zr a;. Since S is a lower subset of T' (cf. Proposition 3-1.18), a; € S,
and a < a;, we get a, € S. Hence, typp(b;) = typr(a;) belongs to the range
of Type. Therefore, typr(b) = > _,_,, typr(bi) also belongs to the range of Type.
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Suppose, finally, that S is an additive quasi-ideal of 7" and that Type is an
isomorphism. We must prove that every element b of T’ belongs to (T'ST)®. Since
Type is surjective, there is a decomposition of the form typy(d(b)) = >, _,, typr(as),
where each a; € Idp S. By Lemma 4-1.6, there is a decomposition d(b) = @,_,, b,
where each typp(a;) = typp(b;), that is, a; Zr b;. If 2; € T such that d(z;) = a;
and r(z;) = b;, then we get b, = xiaix;l € TST. Therefore, b = bd(b) =
@, braiz; ' € (TST)®. O

Example 3-1.25 shows that the assumption, of Theorem 4-2.2, that S be an ad-
ditive quasi-ideal of T, cannot be relaxed to S be a lower inverse subsemigroup of T":
for that example, (TypS,typg(1)) = (Z* x Z*,(1,1)) and (TypT, typp(1)) =
(Z*,2), so there is no monoid embedding from Typ S into TypT.

The following result is an analogue, for Boolean inverse semigroups, of a result
stating that V(eRe) = V(ReR) for any idempotent element e in a ring R (see the
beginning of the proof of Lemma 7.3 in Ara and Facchini [8]). Observe that in
the latter statement, ReR is defined as the two-sided ideal of R generated by e, as
opposed to the set of all xey where x,y € R.

PROPOSITION 4-2.3. Let e be an idempotent element in a Boolean inverse semi-
group S. Then the additive ideal (SeS)® is a type-preserving extension of the cor-
ner eSe. In particular, Typ(eSe) = Typ((SeS)®).

PROOF. By Proposition 3-1.22, (SeS)® is an additive enlargement of eSe. Ap-
ply Theorem 4-2.2. O

The following result relates the o-ideals of Typ S with the additive ideals of S,
for any Boolean inverse semigroup S.

PROPOSITION 4-2.4. The following statements hold, for any Boolean inverse

semigroup S':

(1) Let I be an additive ideal in S. Then S is a type-expanding extension of I, and
the canonical image I of TypI in Typ S is an o-ideal of TypS.

(2) Let I be an o-ideal of TypS. Then the set I = {x € S| typ(x) € I} is an
additive ideal of S.

(3) The assignments I — I from (1), and I — I from (2), are mutually inverse
order-isomorphisms, between the lattice of all additive ideals of S and the lattice
of all o-ideals of Typ S.

PROOF. (1). Since I is an additive ideal of S, it is also an additive quasi-ideal.
Denote by €: I < S the inclusion map. By Theorem 4-2.2, Type is a V-embed-
ding, thus the range I of Type is a lower subset of Typ S. Since Typ I is a monoid
and Type is a monoid homomorphism, I is a submonoid of Typ S.

(2). Tt follows immediately from Lemma 4-1.5 that SIS C I. Since 0 € I, it
follows that I is an ideal of S. For all orthogonal elements =,y € I, typ(z ® y) =
typ(z) + typ(y) € I, thus x @y € I. Hence I is an additive ideal of S.

(3). First, let I be an additive ideal of S, denote by I the canonical image
of TypI in Typ S, and set I' = {z € S| typ(z) € I'}. We claim that I = I’. The
containment I C I’ is trivial. Conversely, let € I’. There are a positive integer n
and elements yo, ..., Yn—1 € I such that typ(x) = >, typ(y;). By Lemma 4-1.6,
there is a decomposition z = @, <n Zi such that x; & y; whenever i < n. Since
each y; € I and [ is an ideal, each z; € I. Since [ is an additive ideal, x € I, thus
proving our claim.
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Finally, let I be an o-ideal of Typ S, set I = {z € S| typ(z) € I}, and denote
by I’ the canonical image of TypI in TypS. We claim that I = I’. First, every
x € I’ has the form Y icn typ(zi), where n is a positive integer and each z; € I.
Since each typ(w;) € I, it follows that @ € I. Hence, I' C I. Conversely, let
x € I. Since I C TypS, we can write ¢ = ), _ typ(z;) for a positive integer n
and elements x; € S. From x € I it follows that typ(x;) € I, that is, z; € I, for
each i < n. Hence, € I', thus completing the proof of our claim. ([l

In view of Proposition 4-2.4, we will often identify Typ I with the canonical
image of Typ I in Typ S, for any additive ideal I in a Boolean inverse semigroup .S.

Another useful class of type-preserving embeddings is provided by the following
result.

PROPOSITION 4-2.5. Let S be a Boolean inverse semigroup, let ) be a set,
and let o € Q. Then the canonical additive semigroup embedding n: S — Mg(S),
T T(o,0) 18 type-preserving. In particular, Typ S = Typ ME(9).

ProOOF. By Corollary 3-5.4, n is a lower semigroup embedding and MS(S) is
an additive enlargement of n[S]. By Theorem 4-2.2, it follows that 5 is type-pre-
serving. O

The following result describes a “scaling” process of a Boolean inverse semi-
group S, relatively to an element of Typ S.

THEOREM 4-2.6. Let S be a Boolean inverse semigroup and let e € TypS.
Then there are a positive integer n and an idempotent e of MY (S) such that, setting
S =eMy(S)e, the relation ((Typ S)le,e) = (Typ S, typz(1)) holds.

NOTE. By Proposition 3-5.3 and Proposition 3-1.22, both M (S) and e MY (S)e
are Boolean inverse semigroups.

PROOF. There are a positive integer n and idempotents ey, ..., e, of S such
that e = " typg(e;). Set S; = MY (S) and denote by n: S < Sy, @+ x(;,1) the
canonical additive semigroup embedding. By Proposition 4-2.5, Typ 7 is an isomor-
phism from Typ S onto Typ Si. For each i € [n], (e;)(1,1) s, (€i).) (cf. (3-5.4)),
thus

(Typn) (typs(e:)) = typg, ((ei)a,1)) = typs, ((e:)ii)) - (4-2.1)
thus, denoting by e the diagonal matrix with diagonal entries eq, ..., e, (so e =
@D, (€i)is)) and adding together the equations in (4-2.1), we obtain

(Typm)(e) = 3 typs, ((e:)iny) = typs, (©). (4-2.2)

i=1
Now by Proposition 3-1.20, Sy = (S1eS1)® is the additive ideal of S; generated by e.
Denote by : So — S the inclusion map. By Proposition 4-2.4, Type is a V-em-
bedding from Typ Sy into Typ S, with range (Typ S1)|typg, (e). By Proposition
4-2.3, the subset S = eS;e is a quasi-ideal of S;, and S is a type-preserving
extension of S. Therefore,

(Typ S, typg(e)) = (Typ Sa, typs, (¢))
= ((Typ S1)|typs, (€), typs, (€)) = ((Typ S)le,e). O
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4-3. Type monoids of quotients

In this section we shall prove that type monoids of quotients S/I, for an additive
ideal I of a Boolean inverse semigroup S, behave as one should expect.

LEMMA 4-3.1. Let S and T be Boolean inverse semigroups and let f: S — T be
a surjective additive semigroup homomorphism. Then for all a € Idp S, all n € N,
and all by,...,b, € IdpT such that f(a) = @, bi, there is a decomposition
a=@. ,a; inldpS such that each f(a;) =b;.

PRrROOF. An easy induction argument reduces the problem to the case where
n = 2. Since f is surjective, there are aj,as € S such that f(a;) = b; whenever
i € {1,2}. From the idempotence of b; it follows that b; = f(d(a;)), thus we may
assume that a; and as are both idempotent. Since f is a semigroup homomorphism,
flaza) = f(a;)f(a) = b;f(a) = b;, so we may assume that a; < a, whenever
1 € {1,2}. Since f restricts, on idempotents, to a homomorphism of Boolean rings,
and since f(ajaz) = b1by = 0, we may replace each a; by a; \ a1ae and thus assume
that a; L ag. At this point, each f(a;) = b; and a1 ®as < a. Keeping a; unchanged
and replacing as by as ® (a ~ (a1 B ag)), we finally get a; and as as desired. O

THEOREM 4-3.2. Let S and T be Boolean inverse semigroups and let f: S —
T be a surjective additive semigroup homomorphism. Consider the additive ideal
I =ker f. Then the map Typ f: TypS — TypT factors, through Typ S/TypI, to
an isomorphism Typ S/TypI = TypT.

PROOF. The set I = Typ[ is an o-ideal of Typ .S (cf. Proposition 4-2.4), on
which the map Typ f vanishes. We claim that for any a,b € Typ S, if (Typ f)(a) =
(Typ f)(b), then a/I = b/I, that is, there are @,y € I such that a + * = b+ y.
This claim clearly implies the desired result.

Write @ = >, typg(a;) and b = ZKH typg(b;), for positive integers m
and n together with idempotents a;,b; € S, for i <m and j < n. Since TypT is a
refinement monoid (cf. Corollary 4-1.4) and since

ZtypT(f(ai)):(Typf)( a) = (Typ f)(b ZtypT

there is a refinement matrix as follows:

typr f(b;) (J <n)
typr f(a;) (i <n) d; ;

with all d; ; € TypT.

For each i < m, it follows from the equality typ;(f(a:)) = >_,., di; together
with Lemma 4-1.6 that there is a decomposition of the form f(a;) = €D,.,, %,
within T', where each typ;(z; ;) = d; ;. By Lemma 4-3.1, there is a decomposition
a; = ®j<n a; ; within Idp S, such that each f(a;;) = x; ;. Hence, typy f(a; ;) =
typr(zi,j) = d; ;. Likewise, for each j < n, there is a decomposition b; = @, _,,, i ;
in Idp S such that each typ; f(b; ;) = d; ;.

Let ¢ < m and j < n. From typy f(a; ;) = typy f(bi ;) = d;; it follows that
flai;) Pr f(bij), thus f(a; ;) = d(y) and f(b;, ) r(y) for some y € T. Since f is
surjective, y = f(x) for some x € S. Hence,

flaiz) = f(d(z)) and f(bi;) = f(r(z)). (4-3.1)
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Since f is an additive semigroup homomorphism, it restricts, on the idempotents,
to a homomorphism of Boolean rings. Since a; ;, b; ;, d(z), r(z) are all idempotents
of S, it follows that a; ; = d(x) (mod I) and b; ; = r(z) (mod I), where z = y
(mod ) is shorthand for { \ y,y ~\ 2} C I. From the equalities xVy = 2®(y~z) =
y @ (z ~\ y) it follows, in particular, that z = y (mod I) implies typg(z)/I =
typg(y)/I. By applying this observation to (4-3.1), we obtain

typs(ai;)/I = typg(d(z))/I and typg(bi;)/I = typg(r(z))/I.

Now d(z) Zs r(z), thus typg(d(z)) = typg(r(z)). Therefore, typg(a;;)/I =
typg(b;,;)/I, and therefore,

a/T =2 typs(a)/T= > typglai)/T= Y typs(bi;)/T=0b/I,

<m <m, j<n <m, j<n

as desired. O

By applying Theorem 4-3.2 to the canonical projection S — S/I, for an additive
ideal I of S, we obtain the following.

COROLLARY 4-3.3. Let I be an additive ideal in a Boolean inverse semigroup S.
Then Typ(S/I) = Typ S/TypI.

4-4. Inverse semigroups of bi-measurable partial functions

In this section we will give a few constructions of Boolean inverse semigroups
via partial bijections (on sets) or partial automorphisms (on Boolean rings). Fur-
ther, we will give sufficient conditions for those constructions to yield fundamental
Boolean inverse semigroups (resp., Boolean inverse meet-semigroups).

DEFINITION 4-4.1. Let B be a ring of subsets of a set Q. A bi-measurable
partial function with respect to B is a partial bijective function f, with domain and
range both belonging to B, such that both f[X] and f~![X] belong to B whenever
X e B.

We leave to the reader the straightforward proof of the following result.

PROPOSITION 4-4.2. The set pMeas(B), of all bi-measurable partial functions
with respect to B, is an additive Boolean inverse subsemigroup of the symmetric
inverse semigroup Jo. Furthermore, the idempotent elements of pMeas(B) are
exactly the identity functions on the elements of B, and the orthogonal join in
pMeas(B) is given by disjoint union of functions.

The proof of the following lemma is equally straightforward.

LEMMA 4-4.3. A subset F of pMeas(B) has a meet, in pMeas(B), iff there is
a largest element of B contained in the set {x € Q| f(x) = g(x) for all f,g € F}.

COROLLARY 4-4.4. If the set ||f = g|| = {x € (dom f) N (domg) | f(z) = g(z)}
belongs to B whenever f,g € pMeas(B), then pMeas(B) is an inverse meet-semi-
group.

LEMMA 4-4.5. The following are equivalent, for any f € pMeas(B):

(i) f commutes with every idempotent element of pMeas(B).
(i) fIX]NX # & for any X € B such that @ G X C dom f.
(iii) f[X] C X for any X € B | dom f.
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(iv) f[X] C X for any X € B.
(v) f[X]=X for any X € B | dom f.

PROOF. (i)=(iv). Let X € B. From f[x = foidx =idx o f = fl;-1x] it
follows that X Ndom f = f~1[X] Ndom f, thus f[X] C X.

(iv)=-(iii) and (iii)=-(ii) are both trivial.

(ii)=(iii). Let X € Bldom f and suppose that f[X] € X. This means that the
subset Y = X \ f71[X] is nonempty. Since Y € B and @ S Y C dom f, it follows
that f[Y]NY # @, s0 YN f~1[Y] # @, a contradiction since f~1[Y] C f~![X] and
YNnflX]=o.

(ii)=(v). Let X € B | dom f. It follows from our assumption that f[X] C X.
Further, the subset Y = X \ f[X] belongs to B | dom f, thus f[Y] C Y. Since
fIY] C f1X], it follows that f[Y] = @, thus, since Y C dom f, we get Y = &, that
is, f[X]=X.

(v)=(i). Bothsets Y = XNdom f and Z = f~1[X]Ndom f belong to Bl dom f,
for any X € B. From Y C dom f and our assumption it follows that Y C f~1[Y],
thus Y C Z. From Z C dom f and our assumption it follows that Z C f[Z], thus
Z CY. Therefore, Y = Z, that is, foidx =idx o f. O

COROLLARY 4-4.6. The inverse semigroup pMeas(B) is fundamental iff for

every [ € pMeas(B), if f is not an identity, then there exists a nonempty subset
X € Bldom f such that f[(X]NX = 2.

EXAMPLE 4-4.7. Define a partial homeomorphism on a Hausdorff topologi-
cal space ) as a homeomorphism between compact open? subsets of . The set
pHomeo(Q) of all partial homeomorphisms of {2 is an inverse subsemigroup of the
inverse semigroup of all partial one-to-one functions on 2. In fact, pHomeo(Q2) =
pMeas(B), where B denotes the Boolean ring of all compact open subsets of (2.
An immediate application of Corollary 4-4.6 yields the following result.

PROPOSITION 4-4.8. Let 2 be a Hausdorff topological space. Then the inverse
semigroup pHomeo(2) is a Boolean inverse semigroup. Its idempotent elements
are the identity functions on the compact open subsets of Q2. Furthermore, if € is
Hausdorff zero-dimensional, then pHomeo(Q) is fundamental.

EXAMPLE 4-4.9. Let B be a Boolean ring. A partial automorphism of B is
an automorphism f: B | a — B | b, where a,b € B. The inverse of a partial
automorphism is a partial automorphism. Partial automorphisms f: Bla — Blb
and g: Bl c— B | d can be composed, by setting

gf: BLf 7 (bc) = Blg(be), = g(f(x)).
The composition map defined above endows the collection Inv(B) of all partial
automorphisms of B with a structure of fundamental Boolean inverse semigroup.
Partial automorphisms f: Bla — Bl band g: Bl ¢ — B /] d are orthogonal iff
ac=bd =0, and then f®g: Bl (a®b) = Bl (c@dd), x — f(xAa)Dg(xAb). The
proofs are straightforward abstractions of those in Example 4-4.7 (cf. Proposition
4-4.8) and we omit them.

By the following result, Examples 4-4.7 (for € Hausdorff zero-dimensional) and
4-4.9 are essentially the same object.

2We stray away from the usual definition of a partial homeomorphism, which involves open
subsets as opposed to the compact open used here.
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PROPOSITION 4-4.10. Let Q2 be the set of all prime filters of a Boolean ring B.
There are mutually inverse isomorphisms e: Inv(B) — pHomeo(f) and
7: pHomeo(Q) — Inv(B), given by the following rules:

(1) Let f: Bla— BlbinInv(B). Thene(f): Q(a) — Q(b) sends any prime filter

p € Q(a) to the filter generated by f[p].

(2) Let g: Q(a) — Q(b) in pHomeo(Q?). Then g[Q(z)] = Qy(g)(x) whenever x €

Bla.

The proof of Proposition 4-4.10, although somewhat tedious, is a routine ap-
plication of the results of Section 1-3, and we leave it to the reader.

As an immediate consequence of Propositions 4-4.8 and 4-4.10, Inv(B) is a
fundamental Boolean inverse momnoid.

Let us now move to a refinement of the definition of pMeas(B).

DEFINITION 4-4.11. Let B be a ring of subsets of a set £. An action 1 of a
group G on € is B-measurable if g[X] € B whenever g € G and X € B. For such
an action, a bijection f: A — B, where A, B € B, is piecewise in G relatively to B

if there are m € Z™, elements fo,..., fm—1 € G, and decompositions of the form
A= |_| A; and B = |_| B;,
i<m <m
with all A;, B; € B, such that
f(z) =mng(xz), whenever i <m and x € 4,. (4-4.1)

Of course, those conditions imply that f is bi-measurable with respect to B, that
is, f € pMeas(B). We denote by pMeas(B,7), or pMeas(B, G) if there is no
ambiguity on the group action 7, the set of all elements of pMeas(B) that are
piecewise in G with respect to B.

In the context of Definition 4-4.11, define a support of f as any subset of G con-
taining {f; | ¢ < m}. If X is a support of f, then X~! = {27! | z € X} is a support
of =1, and if, moreover, Y is a support of g, then XY = {zy | (z,y) € X x Y} is
a support of f o g. As a consequence, we obtain easily the following result.

PRrROPOSITION 4-4.12. Let B be a ring of subsets of a set Q and let n be a
B-measurable group action on Q. Then pMeas(B,n) is an additive inverse sub-
semigroup of pMeas(B), with the same idempotents.

The following result gives a convenient sufficient condition for pMeas(B,7) to
be an inverse meet-semigroup.

PROPOSITION 4-4.13. Let B be a ring of subsets of a set 2, and let n be a
B-measurable action of a group G on Q. If n is fized point free, then pMeas(B,n)
is a Boolean inverse meet-semigroup.

PROOF. For any partial bijections f: A — B and g: C — D in pMeas(B, ),
there are decompositions A = |_|211 A;, B = U;’;l B;, C = U?=1 C;, and D =
LI”_, D; in B, together with group elements fi, ..., fm, g1, ..., gn such that each
JiAi = B, each g;C; = Dj;, and

f(x) = f;x whenever i € [m] and x € A;,
g(x) = g;x whenever j € [n] and z € C},
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for all z € Q. Since each f; 'g; is either the unit element of G or has no fixed point,

we get, setting A = {(i,5) € [m] x [n] | fi = g;},
If=gll= || (4ncy).

(i,7)€A
In particular, ||f = g|| belongs to B. By Lemma 4-4.3, the meet f A g exists in
pMeas(B). The domain of f A g is | f = g||, which is the disjoint union of the
sets A; N C; where (i,5) € A. For each such (4,j), the restriction of f A g to
A; N Cj is left multiplication by f; (or, equivalently, g;). Therefore, f A g belongs
to pMeas(B, 7). O

EXAMPLE 4-4.14. Let us be given a continuous action 7 of a discrete group G
on a Hausdorff topological space ). Since G is discrete, the continuity of the action
only means that n, is a self-homeomorphism of {2 whenever g € G. Defining B
as the Boolean ring of all compact open subsets of €2, it follows from Proposition
4-4.12 that the structure pHomeo(f2,7) = pMeas(B,n) is an additive Boolean
inverse subsemigroup of pHomeo(f2), with the same idempotents.

Now suppose that 2 is Hausdorff zero-dimensional. Then pHomeo(f?) is fun-
damental (cf. Proposition 4-4.8). Since pHomeo(f2,n) has the same idempotents
as pHomeo((), it follows that pHomeo(Q2,n) is a fundamental Boolean inverse
semigroup.

Following an earlier convention, we will write pHomeo(2,G) instead of
pHomeo(2,7) in case there is no ambiguity on action of the group G.

In parallel to the step from Example 4-4.7 to Example 4-4.14, we can construct
the following variant of Example 4-4.9.

EXAMPLE 4-4.15. For an action 7 of a group G on a Boolean ring B, denote
by Inv(B,n), or Inv(B,G) if there is no ambiguity on 7, the set of all partial
automorphisms f: B | a — B | b for which there are decompositions a = @, _,, a;
and b = P, _,, b; in B, together with group elements fo, ..., fm—1 € G, such that
fia; = b; for each i < m, and

f(x) =P fi(zai), forallzeBla. (4-4.2)
<m
Of course the formula (4-4.2) is the abstract analogue of (4-4.1). Define a sup-
port of f as any subset of G containing {f; | i < m}. If X is a support of f, then
X!t = {x’l |z € X} is a support of f~!, and if, moreover, Y is a support of g,
then XY = {zy | (z,y) € X x Y} is a support of fg. Hence, Inv(B,n) is an inverse
subsemigroup of Inv(B). This inverse subsemigroup is closed under finite orthog-
onal joins. Therefore, Inv(B,n) is also a Boolean inverse semigroup. Since it has
the same idempotents as the fundamental inverse semigroup Inv(B), it follows that
Inv(B,n) is a fundamental Boolean inverse semigroup.
As usual, we will write Inv(B, G) instead of Inv(B, ) in case there is no ambi-
guity on the action of G.

The following analogue of Proposition 4-4.10 shows that Examples 4-4.14 (for
Hausdorff zero-dimensional) and 4-4.15 describe essentially the same object. The
proof is somewhat tedious, but straightforward, and we leave it to the reader.

PROPOSITION 4-4.16. Let a group G act by automorphisms on a Boolean ring B.
The assignment (g,p) — g[p] defines a continuous action7 of G on Q. Furthermore,
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the mutually inverse isomorphisms e: Inv(B) —  pHomeo(Q)) and
7n: pHomeo(Q)) — Inv(B) of Proposition 4-4.10 define, by restriction, mutually
inverse isomorphisms between Inv(B, G) and pHomeo(£, G).

The following result shows a universality property of the fundamental Boolean
inverse semigroups introduced in Example 4-4.7. Its first two statements are partic-
ular cases of a result proved in Zhitomirskiy [121] about arbitrary (not necessarily
Boolean) fundamental inverse semigroups. We include an outline of a proof for
convenience. We use the notation of Section 1-3 for Boolean rings. Recall that by
Proposition 3-4.5, S/ is a fundamental Boolean inverse semigroup.

THEOREM 4-4.17. Let S be a Boolean inverse semigroup. Set B = Idp S and
denote by Q the set of all prime filters of B. For any x € S, with a = d(z) and
b=r(x), the assignment

z#: p s filter of B generated by {zuz ™' |u€p} (4-4.3)

defines a partial homeomorphism x*: Q(a) — Q(b). Furthermore, the assignment
x +— x* defines an additive semigroup homomorphism from S to pHomeo(), with
kernel the largest idempotent-separating congruence p of S.

OUTLINE OF PROOF. An easy application of Lemma 1-3.4 shows that p € Q(a)
implies that z*(p) € Q(b), for each p € Q. Straightforward calculations show
that 2# and (z~1)* are mutually inverse functions between Q(a) and (b).

Further straightforward calculations yield that z#(p) € Q(c) iff p € Q(ztex),
whenever ¢ < b and p € Q(a). In particular, z* is continuous. By applying a
similar argument to !, we obtain that z* is a partial homeomorphism from Q(a)
onto (b). The verification of the equality (zy)* = z*yH, whenever z,y € S, is
routine.

Further, we must verify that (x,y) € p iff # = y*, whenever z,y € S. The
implication from the left to the right follows trivially from (3-4.3) together with
the definition of z#. Suppose, conversely, that a* = y*. Set a = d(z), b = r(z),
a’ =d(y), ¥ = r(y). The maps z* and y* are identical, thus they have the same
domain, that is, Q(a) = Q(a’), so a = a’. Likewise, b = V'. Let e € Idp S, we must
prove that zex™' = yey~!. Since x = za and y = ya, we may replace e by ae
and thus assume that e < a. Suppose that zex™! # yey ™!, say zex ™! % yey L.
Since rex~! and yey ! are both idempotents below b and S is Boolean, there exists
a nonzero d < xex~! such that dyey~' = 0. The idempotent ¢ = 2~ 'dx is nonzero
and beneath e, with (zcz 1) (yey™1) < dyey=! =0, so

(wex™ V) (yey™) = 0. (4-4.4)

Let p € Q(c). Then zcx™! € x#(p) and yey~! € y*(p), with x#(p) = y*(p), in

contradiction with (4-4.4). Therefore, p is the kernel of the map = — z#, so the
image S* = {a# | x € S} is isomorphic to S/ p.

By Proposition 3-4.5, it follows that the map = +— z* is additive. (Il

We shall hence from now on identify S/p with S*.

COROLLARY 4-4.18. FEvery Boolean inverse semigroup embeds additively into
pHomeo(Q?), for some compact, Hausdor(f, zero-dimensional topological space ).

ProoF. By Corollary 3-3.2, every Boolean inverse semigroup S has an addi-
tive semigroup embedding into Jx for some set X. Since Jx is a fundamental
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Boolean inverse semigroup, it follows from Theorem 4-4.17 that Jx hqs an addi-
tive semigroup embedding into pHomeo(2), where @ = X is the Cech-Stone
compactification of X. O

While Corollary 3-3.2 gives an additive embedding, of any Boolean inverse semi-
group into some Jg, Theorem 4-4.17 yields only an additive homomorphism. On
the other hand, the apparently weaker construction offers some advantages:

e The set Q of all ultrafilters of S, encountered in Corollary 3-3.2 (cf.
Remark 3-3.3), can be endowed with several interesting topologies (much
more about this can be found in Lawson and Lenz [73]). Among those,
there is the topology induced by the product topology on the powerset
of S (via the bijection Pow S 2 {0, 1}5). Hence this topology is Hausdorff
and zero-dimensional. However, unlike what happens for the construction
in Theorem 4-4.17, the set Q(z) = {p € Q | = € p} may not be compact
for all z € S: in fact, it is not hard to prove that Q(z) is compact iff
x Ay exists for all y € S. For example, if S is the Boolean inverse monoid
of Example 3-3.5, one can compute that this topology makes the set €2
of all ultrafilters infinite discrete (indexed by Z* U G), with each subset
Q([Z7", g]) is infinite (indexed by Z* Li{g}), thus none of them is compact.

The compactness of all Q(x), for the space Q of Theorem 4-4.17, will
be put to use in the proof of Theorem 5-3.8 (about type monoids with
respect to supramenable groups).

e We will see shortly (cf. Theorem 4-4.19) that the canonical projection
map S — S/p is type-preserving (with S/p a fundamental Boolean in-
verse semigroup). By contrast, there is Example 4-9.3, showing that
nothing of that sort can be done with inverse meet-semigroups.

Theorem 4-4.17 can be completed by the following observation, also completing
Proposition 3-4.5, that S and S/p have the same type monoids. Since the map
x — z# is additive, there is a well defined homomorphism fi: Int S — Int(S/p),
typg(z) > typg,(z") of partial monoids.

THEOREM 4-4.19. Let S be a Boolean inverse semigroup, with largest idempo-
tent-separating congruence . Then the canonical homomorphism
f: Int S — Int(S/p) is an isomorphism of partial monoids. In particular, we get
Int S = Int(S/p) and Typ S = Typ(S/p).

PrROOF. Observe that Idp(S/pu) = {z* |z €IdpS}. We claim that a 2 b
(within S) iff a* 2 b* (within S/u), for all a,b € Idp S. We prove the non-trivial
direction only. If a* 2 b*, then there exists # € S such that a =, d(z) and
b=, r(z). Since p is idempotent-separating, it follows that a = d(z) and b = r(z),
so a 2 b. It follows that i is a bijection from Int S onto Int(S/p). Since z +— z#
preserves finite orthogonal joins and p is idempotent-separating, it follows that f&
is an isomorphism of partial monoids. (I

An alternate proof of Theorem 4-4.19 follows from a direct application of The-
orem 4-3.2, to the canonical projection p: S — S/p. Indeed, since p separates
idempotents, 0/p = {0}, so Theorem 4-4.19 yields that Typ i is an isomorphism.
However, the proof of Theorem 4-4.19 given above is direct.

Theorem 4-4.19 implies that the canonical projection S — S/ is type-preserv-
ing (cf. Definition 4-2.1). The given result is in fact slightly stronger, as it states
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more than an isomorphism Typ S = Typ(S/u) of monoids, namely an isomorphism
Int S = Int(S/p) of partial monoids.

As the following easy result shows, the type theory of fundamental Boolean in-
verse semigroups contains the theory of equidecomposability types monoids Z*(B) //G.
It will turn out later (cf. Proposition 4-8.5) that the two theories are actually the
same.

PROPOSITION 4-4.20. Let a group G act by automorphisms on a Boolean ring B.
Then Typ(Inv(B, G)) = Z*(B) /G, via an isomorphism that sends typ(idg|a) to
[alg for every a € B.

PROOF. The idempotent elements of the fundamental Boolean inverse semi-
group S = Inv(B, @) are exactly the partial automorphisms idg|,, where a € B.
Furthermore, for all a,b € B,

idB¢a -@idBib =4 (E|f S S)(d(f) = idBia and I‘(f) = idBib)
= (3 decompositions a = @ a; and b= @ fia;

i<m <m

with each ¢; € B and f; € G)
(cf. Example 4-4.15)
sa~ib (cf. Example 2-8.9).
Therefore, Typ S = Upon ((Idp S)/Z) = Upon(B/~&) = Z1(B) J/G. O

It is sometimes interesting to deal with more general kinds of Boolean inverse
semigroups than the fundamental ones. Hence we state the following result.

PROPOSITION 4-4.21. Let B be a ring of subsets of a set 2, and let n be a
B-measurable action of a group G on Q. Then Typ(pMeas(B,n)) = Z*(B)/G,
via an isomorphism that sends typ(ida) to [A]g for every A € B.

The proof of Proposition 4-4.21 is similar to the one of Proposition 4-4.20, and
we omit it.

4-5. V-relations and £ -equivalence on Boolean algebras

Every Boolean algebra is a conical partial refinement monoid under disjoint
join (cf. Example 2-2.7), which makes it possible to apply some of the results
of Sections 2-2 and 2-4. Since Boolean algebras are very special kinds of partial
refinement monoids, it is not surprising that much more can be said.

In various references, the concepts handled (and, mostly, surveyed) in the
present section are often credited to Vaught’s thesis [109], which is not available
to me. Further relevant references include Hanf [57] and Pierce [90].

LEMMA 4-5.1. Let A and B be Boolean algebras, and let Ag be a subalgebra
of A, with A countable and Aqg finite. Let I' C A x B be an additive, right conical,
left V-relation. Then every embedding fo: Ag — B of Boolean algebras, with graph
contained in I, extends to some embedding f: A — B, with graph contained in T.

PROOF. Suppose first that A is generated by Ag U {a}, for some a. For every
atom u of Ag, it follows from the equation u = (u A a) ® (u A —a), the relation
uT fo(u), and the assumption that I" is a right conical left V-relation that there are
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f'(w), f"(u) € B such that fo(u) = f'(u) & f"(u), (uNa) T f'(u), (uA—a)T f"(u),
and the following conditions hold:

uha=04 < f'(u)=0g, (4-5.1)
uA=a=0s< f'(u)=0g. (4-5.2)

Since 1p is the disjoint join, in B, of all elements fo(u), it is also the disjoint join
of all f'(u) and f”(u), so it follows from (4-5.1) and (4-5.2) that there exists a
unique embedding f: A — B of Boolean algebras such that f(u A a) = f/'(u) and
fluA—a) = f"(u) for every atom u of Ag. Then f(u) = f(uAa)® f(uA-a) =
f(w)® f"(u) = fo(u), for every atom u of Ag; whence f extends fy. Furthermore,
since I' is additive, the graph of f is contained in I'.

In the general case, we can write A = |J,, ., An, for finite subalgebras A,, such
that each A, is generated by A, U {a,} for some a,. By the paragraph above,
every embedding f,: A, — B, with graph contained in I, extends to an embedding
fn+1: Apy1 — B, with graph contained in I". The union of all f,, is an embedding
from A into B, with graph contained in T'. O

LEMMA 4-5.2 (Vaught’s Theorem). Let A and B be countable Boolean algebras,
let Ag be a finite subalgebra of A, let By be a finite subalgebra of B, and letT' C AxB
be an additive conical V-relation. Then every isomorphism fo: Ag — By of Boolean
algebras, with graph contained in T, extends to an isomorphism f: A — B with
graph contained in T.

NoOTE. If A is trivial (i.e., 04 = 14), then, since 04 = 14T fo(14) =1p and T
is conical, we get 0 = 1. Hence, A is trivial iff B is trivial. Tt follows that if
14T 1p, then the subalgebras Ag = {04,14} and By = {0p, 15} are as above; in
particular, I" contains the graph of an isomorphism from A onto B.

PrROOF. Let A = {a, | n <w} and B = {b, | n < w}. Suppose having defined
finite subalgebras A,, of A and B,, of B, with an isomorphism f,: A, — B, with
graph contained in I'. If n = 2m for some m, define A,;; as the subalgebra
of A generated by A, U {a,,}. It follows from Lemma 4-5.1 that f, extends to
an embedding f,4+1: Ans1 — B with graph contained in I'. Hence f,,41 is an
isomorphism from A, ;1 onto Byi11 = fny1[Ant1]. Similarly, if n = 2m + 1 for
some m, define B, 11 as the subalgebra of B generated by B,,U{b,}, then extend f,
to an isomorphism fp,+1: Apy1 — Br41 for some finite subalgebra A,,4+1 of A. The
union of all f, is an isomorphism from A onto B, with graph contained in I'. O

The following concepts can be found in Barwise [18, Chapter VII|, where they
are stated for arbitrary models of first-order theories (not only Boolean algebras).

DEFINITION 4-5.3. Let A and B be Boolean algebras. A partial isomorphism
from A to B is an isomorphism from a subalgebra of A onto a subalgebra of B. A
back and forth system between A and B is a set I of partial isomorphisms from A
to B such that for every x € A (resp., y € B), every f € I extends to some g € T
such that x belongs to the domain of f (resp., y belongs to the range of f); then
we write I: A=, B. Let A=, B hold, if there exists I such that I': A=, B.

The infinitary language L, is built on a first-order language £ by allowing
conjunctions and disjunctions of arbitrary (transfinite) length (all strings of quan-
tifiers V and 3 are finite). For first-order structures A and B, say that A =, B
if A and B satisfy the same £, sentences.
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For Boolean algebras, we obtain an alternate description of the relation = .

PROPOSITION 4-5.4. The following statements are equivalent, for any Boolean
algebras A and B:
(i) A=, B
( ) A= =o0,w
(iii) There emsts a conical V-relation T' on A x B such that 14T 15.
(iv) There ezists an additive conical V-relation T' on A X B such that 14 T' 1.

PROOF. The equivalence between (i) and (ii) is established in Karp [65], see
also Barwise [18, Theorem VIIL.5.3].

(i)=(iii). Let I: A=, B and define I' as the union of (the graphs of) all
members of I. Trivially, 14 I' 1. Let y € B such that 04 I'y. This means that
there exists f € I such that f(04) =y, that is, y = 0p. Now let © = z¢o @ x; in A
and let y € B such that # T'y. There exists f € I such that f(z) =y. Since I is a
back and forth system, f extends to some g € I with ¢ and x; both in the domain
of g. Set y; = g(x;), for each i < 2. Then y = yo ® y1 and z; ' y; for each ¢ < 2.
By interchanging the roles of A and B, it follows that I" is a V-relation on A x B.

(ili)=(iv) follows trivially from Lemma 2-4.3.

(iv)=(i). Let T be an additive conical V-relation on A x B such that 14 ' 1.
Define I as the set of all finite partial isomorphisms from A to B with graph
contained in I". It follows immediately from the finite case of Lemma 4-5.2 that I
is a back and forth system between A and B. O

4-6. Vaught measures

Vaught measures, or V-measures, are a large souce of interesting V-equivalences
on a given Boolean ring. They originate in Vaught’s thesis [109] and have been
much studied by Dobbertin, see, in particular, Dobbertin [32, § 3]. In particular,
we will recall, in this section, a bunch of sufficient conditions, due to Dobbertin, for
a conical refinement monoid to be the range of a V-measure (Theorem 4-6.7). This
result is a precursor of various representability results as type monoids of Boolean
inverse semigroups.

DEFINITION 4-6.1. Let B be a Boolean ring and let M be a commutative mon-
oid. A map pu: B — M is a premeasure if it is a homomorphism of partial monoids,
that is, #(0) = 0 and p(x®y) = p(x)+p(y) for all disjoint x,y € B. If, in addition,
w is conmical (i.e., =t {0} = {0}), we say that u is a measure. If p is a premeasure
satisfying the following V-condition:

Whenever a,b € M and ¢ € B with u(c) = a + b, there is a decomposition
¢=a®bin B such that u(a) = a and u(b) =b, (4-6.1)

then we say that p is a V-premeasure. If, in addition, p is a measure, we say that
it is a V-measure.

A pointed commutative monoid (M, c) (cf. Section 1-4) is V-measurable if
there are a Boolean ring A and a V-measure p: A — M such that ¢ belongs to the
range of u. We also say that ¢ is V-measurable in M.

We say that M is V-measurable if every element of M is V-measurable in M.

The following are easy examples of V-measures.
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EXAMPLE 4-6.2. Let B be the powerset algebra of a set {2 and let M be any
lower subset of the cardinals containing {n - card Q | n € Z*}, endowed with cardi-
nal addition. Set u(z) = card X, for any x € B. Then y is an M-valued V-measure
on B.

ExXAMPLE 4-6.3. Let a group G act on a Boolean ring B. Then the commuta-
tive monoid M = Z*(B) is the positive cone of a lattice-ordered group (cf. Example
2-2.7). By Lemma 2-8.8, the map ug: * — [z]g defines an M-valued V-measure
on B.

EXAMPLE 4-6.4. Let S be a Boolean inverse semigroup. By Lemma 4-1.6, the
assignment z — typg(x) defines a V-measure on the Boolean ring Idp S. We will
thus call this map the canonical V-measure on S.

For a family (B; | i € I) of Boolean rings, the direct sum € (B; | ¢ € I) is also
a Boolean ring. Its elements are the families (x; | i € I) where all z; € B; and the
support {i € I | x; # 0} is finite.

An easy application of refinement yields immediately the following property.

LEMMA 4-6.5. Let M be a refinement monoid and let (p;: B; — M |i € I) be
a family of V-measures. Then the assignment

P Bilich) M, (@ilicl)—Y mx)
i€l
defines a V-measure on @ (B; | i € I).
The following observation gathers a few basic consequences of V-measurability.

PRrROPOSITION 4-6.6. The following statements hold, for every commutative
monoid M and P ={c e M | (M,c) is V-measurable}:

(1) For every Boolean ring B, the range of a V-measure u: B — M is always a
lower subset of M (with respect to the algebraic preordering <+ of M).

(2) The set P is a lower subset of M.

(3) An element ¢ € M is V-measurable in M iff there are a unital Boolean ring B
and a V-measure i: B — M with u(1) = ¢ (we will say that p is a normalized
V-measure from B to (M,c)).

(4) If P is nonempty, then M is conical, and the lower interval M | ¢ satisfies
refinement whenever ¢ € P.

(5) If M is a conical refinement monoid, then P is an o-ideal of M.

(6) Suppose that M is a refinement monoid and let e be an order-unit of M.
Then M is V-measurable iff (M,e) is V-measurable.

(7) M is V-measurable iff there are a Boolean ring B and a V-measure with
range M.

PROOF. (1). Let @ <* b in M. There exists ¢ € M such that b = a + c¢. If
b = u(b) with b € B, then, by the V-condition, there is a decomposition b = a & ¢
with p(a) = @ and u(c) = ¢. Hence a belongs to the range of .

(2) follows trivially from (1).

(3). Let B be a Boolean ring with ¢ € B and a V-measure p: B — M such
that u(c) = e¢. Then A = B | ¢ is a unital Boolean ring, and the restriction of
to A is a normalized V-measure from A to (M, c).

(4). Let ¢ € P. There are a Boolean ring B with ¢ € B and a V-measure
w: B — M such that u(c) = ¢. Forany ¢,y € M,ifx+y=0,thenz+y+c=c,
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thus, by the V-condition, there is a decomposition ¢ = @y ® z such that u(z) = ,
u(y) =y, and p(z) = c. Since p(zr ®y) = p(x) + ply) =x+y =0and pis a
measure, we get x By = 0, thus x =y =0, so x = y = 0, thus proving that M is
conical.

Now let z = xg+ 1 = y,+y; in M | e. By (1) above, there is z < ¢ such that
w1(z) = z. Since p is a V-measure, there are decompositions z = xg ® 1 = yo D y1
such that u(z;) = x; and u(y;) = y, for each i € {0,1}. The following is a
refinement matrix in M:

Yo Y1

xo | (o Ayo) | wlxo Ayr)

x1 |z Ayo) | plwr Ayr)

Thus M | ¢ has refinement.

(5). Since M is conical, 0 € P. Let a,b € P. By (3) above, there are unital
Boolean rings A and B together with V-measures a: A — M and #: B — M such
that a(la) = a and S(1p) = b. Since M is a refinement monoid, the assignment
Ax B — M, (z,y) — a(z) + 8(y) is a V-measure (cf. Lemma 4-6.5). It sends
laxp = (1a,1B) to a+b. Hence, a+b € P.

(6). By definition, M is V-measurable iff P = M, while e is V-measurable in M
iff e € P. However, by (5) above and since e is an order-unit, e € P iff P = M.

(7). Suppose first that M is V-measurable. There is a family (u, | x € M)
of V-measures, each pgz: By — M with uz(lp ) = x. Since M is a refinement
monoid, the assignment

p: P Balwe M) = M, (bz|@meM)s > paba) (4-6.2)
xeM

defines a V-measure (cf. Lemma 4-6.5), which is obviously surjective. Conversely,
if M is the range of a V-measure, then, by (1) above, every element of M is V-
measurable in M. (]

The following result sums up many known representation results by V-meas-
ures. Recall that regular commutative monoids are introduced in Definition 1-4.1.

THEOREM 4-6.7 (Dobbertin). Every monoid in each of the following classes is
V-measurable:

(1) All conical refinement monoids M such that card(M | e) < Ny for each e € M
(cf. [32, Theorem 3.4]).

) All distributive lattices with zero, under supremum (cf. [33, Corollary 1.3]).

) All conical simple regular commutative monoids (cf. [33, Corollary 1.5]).

) All positive cones of Abelian lattice-ordered groups (cf. [34, Theorem 13]).

) All (V,0)-semilattices of all finitely generated lower subsets of arbitrary posets
(¢f. [34, Theorem 14]).

An important additional uniqueness statement was obtained by Dobbertin for
the case of countable conical refinement monoids. The essence of the following
result is contained in Dobbertin [31, Lemma 5.1].

THEOREM 4-6.8. The following statements hold, for any conical refinement
monoids (M,a) and (N,b) with order-unit, any Boolean algebras A and B, any
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normalized measure a: A — (M, a), any normalized V-measure 5: B — (N,b),

and any homomorphism f: (M,a) — (N, b) of pointed monoids:

(1) If A is countable, then there is an embedding f: A — B of Boolean algebras
such that foa = o f.

(2) If A and B are both countable, « is a V-measure, and f is an isomorphism, then
there is an isomorphism f: A — B of Boolean algebras such that foa = o f.

PRrROOF. Since o and 8 are both measures, the following binary relation

I'={(z,y) € Ax B|a(x)=0(y)}

is both additive and conical on A x B. Furthermore, since g is a V-measure, I is
a left V-relation.

(1). By Lemma 4-5.1, T contains the graph of an embedding f: A — B of
Boolean algebras.

(2). Since a and S are both V-measures, I' is a V-relation. By Lemma 4-5.2,
I" contains the graph of an isomorphism f: A — B of Boolean algebras. (]

The problem, whether every conical refinement monoid is measurable, was
stated in Dobbertin [32, Problem 4]. A negative answer was established in Weh-
rung [119] (Theorem 2.8 of that paper for positive cones of dimension groups,
Theorem 2.15 for distributive semilattices with zero).

THEOREM 4-6.9. For every cardinal Kk > Ny, there are a dimension group G
with order-unit, and a bounded distributive semilattice S, both of cardinality k, such
that neither GT nor S is V-measurable.

While the dimension group G constructed in Wehrung [119] is a vector space
over the rationals, it is also possible to construct G and its order-unit « in such a
way that v has index 2 in G (cf. Wehrung [120]). For that example, G is neither
isomorphic to the dimension monoid of any lattice (as defined in Wehrung [117]),
nor to V(R) for any regular ring R.

In view of the uniqueness result given by Theorem 4-6.8(2), this looks some-
how counter-intuitive. The point is that the isomorphism f given by Theorem
4-6.8(2) may not be unique: in short, uniqueness up to isomorphism does not imply
uniqueness up to unique isomorphism.

4-7. Measures and inverse semigroups

We shall consider those V-measures that can be associated in a natural way to
Boolean inverse semigroups (resp., to actions of groups on Boolean rings). These
measures will be called groupoid-induced (resp., group-induced).

4-7.1. Groupoid-induced and group-induced V-measures. We recall
that the fundamental Boolean inverse semigroup Inv(B) is introduced in Exam-
ple 4-4.9.

DEFINITION 4-7.1. Let M be a commutative monoid. An M -valued premeasure
space is a pair (B, u), where B is a Boolean ring and p: B — M is a premeasure.
If u is a measure then we will say that (B, p) is a measure space. For M-valued
premeasure spaces (A, «) and (B, ), a partial function f from a subset of A to B
is measure-preserving if 8(f(z)) = a(x) for every z in the domain of f.
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NOTATION 4-7.2. Let B be a Boolean ring, let M be a commutative monoid,
and let pu: B — M be a premeasure. We introduce the following sets:
(1) The set Inv(B, u) of all measure-preserving f € Inv(B).
(2) The set Aut(B, u) of all measure-preserving automorphisms f of the Boolean
ring B.

PRrROPOSITION 4-7.3. The following statements hold, for any Boolean ring B,
any commutative monoid M, and any premeasure pu: B — M :
(1) Aut(B, u) is a subgroup of the automorphism group Aut(B) of B.
(2) Inv(B, ) is an inverse subsemigroup of Inv(B), closed under finite orthogonal
joins. It is also a fundamental Boolean inverse semigroup.

PROOF. The statement (1) is trivial. It is also straightforward to verify that
Inv(B, u) is an inverse subsemigroup of Inv(B), closed under finite orthogonal joins.
Since the two semigroups have the same idempotents and Inv(B) is a fundamental
Boolean inverse semigroup, it follows that Inv(B, u) is also a fundamental Boolean
inverse semigroup. (]

We are interested in the case where a V-measure p: B — M determines an iso-
morphism between M and Typ(Inv(B, u)). Accordingly, we introduce the following
binary relations Nﬁpd, ~gP, and ~5P on B.

NOTATION 4-7.4. Let B be a Boolean ring, let M be a commutative monoid,
and let u: B — M be a premeasure. For a,b € B, we define
e a ng}’d b if there exists f € Inv(B, p) with b = f(a).
e a ~#P b if there exists f € Aut(B, u) with b= f(a).
e ~¢P is the additive closure of ~£P: that is, a ~P b if there are de-
compositions a = @, ,, ai, b = P, , b, with all b; = fi(a;) where
fi € Aut(B, p).

Observe, in particular, the obvious implications
arBb=a~b=a~"b= Bla=B|b,

for any a,b € B.
The reason why we do not need to introduce the additive closure of Nﬁpd is
contained in (3) of the following basic result.

PRrROPOSITION 4-7.5. The following statements hold, for any Boolean ring B,
any commutative monoid M, and any premeasure pu: B — M :
(1) ~8P is contained in ~8P%, which is contained in Ker .
(2) The binary relations ngf’d and ~§P are both refining equivalence relations.
(3) The binary relation ~8P% is additive.

PRrROOF. The proofs of (1) and (2) are straightforward. For (3), let a = ag ® a4
and b = by ® by in B, with a; ng}’d b; for each i € {0,1}. Pick f; € Inv(B, u) such
that f;(a;) = b;. By restricting f; to Bl a; we may assume that f;: Bla; — Blb;.
The function f = fo® f1 (cf. Example 4-4.9) belongs to Inv(B, 1), and f(a) =b. O

In certain cases it is possible to reduce Nipd to ~gP:

ProrosITION 4-7.6. The following statements hold, for any Boolean ring B,
any commutative monoid M, any a,b,c € B, and any premeasure y: B — M :
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(1) Suppose that a,b < c. If a N;gtpd bandc~a N%Lpd e\ b, then a ~§P b.
(2) Let B be unital. Then a ~P b iff a ~2P4 b and —a ~EP4 —b.

(3) Ifanb=0, then a ~EP b iff a Nipd b.
(4) If (avb)Aec=0 and a Nipd b Nipd ¢, then a ~&P b.

PRrROOF. (1). There are f, g € Inv(B, u) such that f(a) = b and g(c~a) = c\b.
Trimming down f and g, we may assume that f and ¢ have domain B | a and
Bl(c~a), respectively. Then h = f@dg belongs to Inv(B, i), h(a) = b, and h(c) = c.
Extend h to an automorphism h of B the standard way, that is, h(z Dy) = h(z) Dy
whenever # < c and y A ¢ = 0. Then h € Aut(B, u) and h(a) = b.

(2) follows immediately from (1), by letting ¢ be the unit of B.

(3). The non-trivial implication follows immediately from (1), by taking ¢ =
a®b.

(4). Since a ~89 ¢ and a A ¢ = 0, it follows from (3) above that a ~8P c.
Likewise, b ~§P c. The desired conclusion follows from the transitivity of ~§P. [

DEFINITION 4-7.7. Let B be a Boolean ring and let M be a conical commu-
tative monoid. We say that a V-measure p: B — M is groupoid-induced® (resp.,
group-induced) if the kernel of p is N%}’d (resp., ~¢P). In particular, u is group-

oid-induced iff for all a,b € B, u(a) = p(b) iff there exists f € Inv(B, u) such that
f(a) = b.

EXAMPLE 4-7.8. A non groupoid-induced V-measure on a Boolean algebra of
cardinality Ny.

PROOF. Fix an atomless Boolean algebra By of cardinality N, whenever k €
{0,1}, set B = By x By, and denote by 2 = {0,00} the two-element semilat-
tice. Then the unique zero-separating map p: B — 2 is a V-measure. In partic-
ular, (1,0) = p(0,1) = co. However, the Boolean algebras B | (1,0) = By and
B (0,1) & Bj are not isomorphic; whence y is not groupoid-induced. [

For an example involving a complete atomic Boolean algebra, see Example
5-4.3.

If a measure p is group-induced, then it is groupoid-induced. As the following
example shows, the converse does not hold as a rule.

EXAMPLE 4-7.9. Denote by P the commutative monoid defined by generators
and 1, subjected to the relation € +1 = 1. Hence P = ZTe UN, and P is a conical
refinement monoid (it is a so-called primitive monoid). Denote by B the Boolean
ring of subsets X of Z* that are either finite or cofinite. Set u(X) = (card X)e
in the first case, u(X) = 1 in the second case. Then p is a P-valued V-measure
on B. It is easy to see that u is groupoid-induced and that the automorphisms
of (B, ) are the automorphisms induced by the permutations of 2. Furthermore,
W(Z*) = p(N) = 1.

Suppose that Z* ~¢P N. This means that there are n € ZF, permutations go,

..y gn of ZT, and decompositions of the form Z* = | |’ X;, N = | | ,V;, such
that each Y; = ¢;X;. Necessarily, there is exactly one ¢ such that X; is infinite.
The finite sets Z* \ X; and N\ Y; have the same cardinality, a contradiction since
Y; = ¢;X; and g; is a permutation of Z*. Therefore, u is not group-induced.

3By reference to the trace product groupoid of the inverse semigroup Inv(B, u) (cf. Section
4-1).
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The following result shows that for many types of pointed monoids, groupoid-
induced is equivalent to group-induced.

PROPOSITION 4-7.10. Let B be a unital Boolean ring, let (M, e) be a pointed
conical refinement monoid, and let u: B — (M, e) be a normalized groupoid-induced
V-measure. Then each of the following conditions implies that p is group-induced:

(1) There are a € M and a positive integer m such that 2a <™ e <* ma.

(2) For all a,b,c € M, ifa+c=0b+c <" e, then there exists d € M such that
2d<tcanda+d=0b+d.

(3) M is cancellative.

PrROOF. (1). Let a’ € M such that e = 2a + a@/. Since M is a refinement
monoid, @’ <* ma, and by Wehrung [113, Lemma 1.9], there are decompositions
of the form

m m
a:E akanda':E ka in M.
k=0 k=0

It follows that e = >°"" ((k + 2)ay.

Since each k 4+ 2 > 2, we obtain, by reindexing the ay, an integer n > 2 and a
decomposition of the form e =}, _ e; where for each i < n there is j < n such
that i # j and e; = e;. Since u(1) =e =, _, e, and p is a V-measure, there is
a decomposition of the form e = €, _,, ex such that each pu(ey) = ex.

Now let =,y € B such that pu(z) = pu(y), in other words, >, u(x Ae;) =
> j<n My A€j). Since M is a refinement monoid, there is a refinement matrix of
the form

ny Aej) (7 <n)
plx Ae;) (i <n) Zij

with all z; ; € M.

Since p is a V-measure, for each i < n there is a decomposition z A e; = @j<n T
with each p(z; ;) = z; ;. Similarly, for each j < n there is a decomposition y Ae; =
@D, vi,j with each u(y; ;) = z; ;. Since p is groupoid-induced, x; ; ~84 y; ; for
all 4,7 < n.

We claim that z; ; ~&P y; ;. If @ # j, then this follows from the relation
zij ~Ed y; 5, together with 2, A y;; = 0 (because z;; < ¢; and y; ; < e;) and
Proposition 4-7.6(3). Now suppose that ¢ = j and pick k¥ < n with ¢ # k and
e; = ey. Since p(w;;) <t p(z ANe;) <t ul(e;) = p(ex) and p is a V-measure, there
is z < ey such that p(z; ;) = pu(z). From z;; Vy;; < e; and z < e, it follows that
(i V yii) Nz = 0. By Proposition 4-7.6(4), we get z; ; ~&P y; i. Therefore, the
relation x; ; ~&P y; ; holds in every case. Since z = @i7j<n x;;andy = ®i,j<n Yijs
it follows that x ~£P y.

(2). Let @,y € B such that u(x) = p(y). Setting a = p(x N y), b = u(y \ z),
and ¢ = p(z Ay), we get a + ¢ = b+ ¢, thus, by assumption, there is d € M such
that 2d <™ c and a +d = b+ d. Since p is a V-measure, there is a decomposition
TANY = 20 D 21 ® 29 such that u(zg) = p(z1) = d. Set 2/ = (z N\ y) ® 20 and
Y =@Wy~z)®z. Then 2’ Ay =0 and p(z’) =a+d=b+d = pu(y). By
Proposition 4-7.6(3), it follows that 2’ ~§P y'. By the same token, zo ~£P z1. Since
=2 D21 P20 and y =y @ 29 D 29, it follows that x ~EP .

The sufficiency of (3) is a trivial consequence of the sufficiency of (2). O
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PRrROPOSITION 4-7.11. The following statements hold, for any Boolean ring B,
any conical refinement monoid M, and any groupoid-induced V-measure yu: B — M :
(1) The restriction of u to any ideal of B is also a groupoid-induced V-measure.
(2) Let I be a set with at least two elements and denote by BY) the direct sum of I

copies of B. Then p): B — M, (x;|i€ 1) Y icr (i) is a group-in-

duced V-measure.

PROOF. Since (1) is trivial, we only give a proof of (2). It follows from Lemma
4-6.5 that u) is a V-measure. Now let @ = (a; |i€I) and b = (b; | i € I) be
elements of BY) with uD(@) = p@(b). We need to prove that @ :i‘(’,) b. Fix
a finite subset K of I, with at least two elements, such that d,g € BX. Since

Dicr Hai) =3 ek p(bs) and M is a refinement monoid, there exists a refinement
matrix of the form

piby) (j € K)
plai) (i € K) Ci,j

Since p is a V-measure, for each i € K there is a decomposition a; = ¢ @i,
with each p(a; ;) = ¢; ;. Likewise, for each j € K there is a decomposition b; =

P,k bi,; with each p(b; ;) = ¢; ;. Denoting by &;: B — B the ith canonical
embedding whenever ¢ € I, we get

52@8¢(ai)= @ giaij),

with all ¢; ; € M.

€K (i,J)eK XK
and, likewise,
b=Peib)= P i)
JEK (i,5)EK XK

Hence it suffices to prove that ;(a; ;) ngf(’l) €j(bi ;) for each (i,j) € K x K. First

observe that p(a;;) = ¢;; = p(bi;), thus, since p is groupoid-induced, there

is a measure-preserving isomorphism B | a;; — B | b;;. Since ¢; and €; are
both measure-preserving V-embeddings, we get measure-preserving isomorphisms

Bla;; = B lei(a; ;) and Blb; ; = B le;(b; ;), thus also a measure-preserving

isomorphism BY) | &;(a; ;) — BW | ¢;(b; ;). This means that ¢;(a; ;) Ni?,d) gj(bi ;).

Now we separate cases.

Case 1. i # j. Then ¢;(a; ;) Aej(b; ;) = 0, thus, by Proposition 4-7.6(3), we get
gi(ai ;) ~in €5(bi)-

Case 2. i = j. Pick k € K \ {i}. The argument used for Case 1 above shows
that &;(ai ;) ngf(’l) ex(a;i) and eg(a; ;) Ni{’,) £;(b;,;). Hence, we get again
gi(aiz) ~n €(biy)-

This completes the proof that a :/gf(’l) b. O

4-7.2. Exhaustive sets on Boolean rings. In view of further applications,
it might be interesting to explore the degree of freedom on the Boolean inverse
semigroups representing, via the type monoid, a given conical refinement monoid.
This is the purpose of exhaustive sets.

DEFINITION 4-7.12. Let B be a Boolean ring, let M be a commutative monoid,
and let pu: B — M be a premeasure.
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(1) A set S of measure-preserving partial functions between subsets of B is u-
exhaustive if the following condition holds:

For all a,b € B with pu(a) = pu(b), there are finite decompositions
a= @ a;, b= @ b;, and elements f; € S such that each b; = f;(a;). (4-7.1)

<n i<n
(2) An action of a group G on B by measure-preserving automorphisms is p-
exhaustive if the subgroup of Aut(B,u) induced by the action of G is pu-
exhaustive, that is,

For all a,b € B with u(a) = p(b), there are finite decompositions
a= @ai, b= @bi7 and elements ¢; € G such that each b; = g;a;. (4-7.2)

i<n <n
The following result relates exhaustive sets of partial functions and type monoids
of Boolean inverse semigroups.

THEOREM 4-7.13. Let M be a conical refinement monoid, let B be a Boolean
ring, and let : B — M be a groupoid-induced V-measure, with range generating M
as a submonoid. Then the following statements hold:

(1) There exists a p-ezhaustive Boolean inverse subsemigroup S of Inv(B, p), with
the same idempotents as Inv(B, p).

(2) Any such inverse semigroup S is a fundamental Boolean inverse semigroup,
and there exists a unique monoid homomorphism 7: TypS — M such that
T(typ(@)) = p(a) for all a € B, where we denote by @ = idp|, the natural
image of a in S. Furthermore, T is a monoid isomorphism.

PrOOF. (1). Take S = Inv(B, p).

(2). It follows from our assumptions on S, together with Inv(B, ) being a
fundamental Boolean inverse semigroup, that S is a fundamental Boolean inverse
semigroup.

Let a,b € B such that typ(a) = typ(b), that is, @ Zb. There is f € S such that
d(f) = @ and r(f) = b, that is, f is an isomorphism B | a — B | b. In particular,
f(a) =b. From S C Inv(B, p1) it follows that p(a) = u(b).

Conversely, let a,b € B such that u(a) = p(b). Since S is p-exhaustive and
closed under finite orthogonal joins, there exists f € S such that f(a) = b. Since @ is
an idempotent of .S, we may replace f by fa and thus assume that f: Bla — Blb.
It follows that d(f) =@ and r(f) = b, so @ Z b, that is, typ(a) = typ(b).

We have thus proved that the kernel of the canonical V-homomorphism
7: IdpS — M, a — p(a) is equal to 2. By applying Lemma 2-4.5 to 7, it
follows that & induces a V-embedding 7q: Int S — M, typ(a) — u(a).

By Proposition 2-2.4, 19 extends to a unique V-embedding 7: Typ S — M.
Since the range of 7 is the range of p, it generates M, thus 7 is an isomorphism. O

The following result relates exhaustive group actions and monoids of equide-
composability types.

THEOREM 4-7.14. Let M be a conical refinement monoid, let B be a Boolean
ring, and let u: B — M be a group-induced V-measure, with range generating M
as a submonoid. Then the following statements hold:
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(1) There exists a p-exhaustive action of a group G on B.

(2) For any such group action, there exists a unique monoid homomorphism
7: ZY(B) )G — M such that 7([a]¢) = u(a) for every a € B. Furthermore, T
s a monoid isomorphism.

PROOF. (1). Consider the natural action of G = Aut(B, ) on B.

(2). The assumption that the action of G is p-exhaustive means that the kernel
of u is the restriction of ~¢ to B. By Lemma 2-4.5, i induces the V-embedding
T0: B)G — M, [a]g — p(a). By Proposition 2-2.4, 75 extends to a unique V-em-
bedding 7: ZT(B)//G < M. Since the range of 7g is equal to the range of p, it
generates M, thus 7 is surjective. [

We can paraphrase Theorems 4-7.13 and 4-7.14 as follows: for a conical refine-
ment monoid M,

e any groupoid-induced V-measure p: B — M induces an isomorphism
TypS = M, for any large enough Boolean inverse subsemigroup S of
Inv(B, p);
e any group-induced V-measure p: B — M induces an isomorphism
ZT(B) /G = M, for any large enough subgroup G of Aut(B, ).
Although the trivial implication from group-induced to groupoid-induced may
seem lost there, we recover it quickly once we remember the isomorphism between
Typ(Inv(B,G)) and Z*(B) /G given by Proposition 4-4.20.

4-8. Groupoid- and group-measurable monoids

Following the lead given by Theorems 4-7.13 and 4-7.14, we shall strengthen the
definition of V-measurability for pointed monoids (cf. Definition 4-6.1), as follows.

DEFINITION 4-8.1. A pointed commutative monoid (M, e) is groupoid-measur-
able (resp., group-measurable) if there are a unital Boolean ring B and a groupoid-
induced (resp., group-induced) V-measure p: B — M such that p(1) = e.

PROPOSITION 4-8.2. The following statements hold, for any conical refinement
monoid M with order-unit e:

(1) (M,e) is groupoid-measurable iff there is a unital Boolean inverse semigroup
(resp., a fundamental Boolean inverse monoid) S such that (M, e) = (Typ S, typ(1)).
(2) (M, e) is group-measurable iff there is a group G, acting by automorphisms on
a unital Boolean ring B, such that (M, e) = (Z*(B) /G, [1]c).

Proor. (1). If (M, e) is groupoid-measurable, via a groupoid-induced V-meas-
ure p: B — M, then, by Theorem 4-7.13, the fundamental Boolean inverse monoid
S = Inv(B, ) satisfies (M, e) = (Typ S,typ(1)). Let, conversely, S be a unital
Boolean inverse semigroup such that (M, e) = (Typ S,typ(1)). Set B =1Idp S. It
follows from Lemma 4-1.6 that the assignment z +— typ(x) defines a V-measure
from B to M, sending 1 to e. For any a,b € B such that typ(a) = typ(b), there
exists f € S such that d(f) = a and r(f) = b. Hence the assignment x +— faf~!
is a measure-preserving isomorphism from B | a onto B | b.

(2) If (M, e) is group-measurable, via a group-induced V-measure p: B — M,
then, by Theorem 4-7.14, (M, e) = (Z*(B)//G,[1]¢) where G = Aut(B, u). Let,
conversely, (M,e) = (Z*(B)/G,[1]g) for some action n of a group G on a unital
Boolean ring B. We claim that the canonical V-measure pg: B — M, x — [z]g
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(cf. Lemma 2-8.8) is group-induced. Let a,b € B such that [a]¢ = [b]g. This
means that a ~¢g b, that is, there are decompositions a = @, _,, a; and b = @, _,, b;
where each b; = g;a, where g; € G. It follows that each 7, belongs to Aut(B, u)
and b; = ng, (a;). Therefore, a ~&P b. O

The following result shows that for non-pointed commutative monoids, the
separation between “group” and “groupoid” becomes immaterial.

PRrROPOSITION 4-8.3. The following statements are equivalent, for every conical
refinement monoid M :
(i) There are a Boolean ring B and a groupoid-induced V-measure p: B — M
with generating range.

(ii) There are a Boolean ring B and a surjective group-induced V-measure
w:B— M.

PROOF. (ii)=(i) is trivial.
(i)=(ii). By Proposition 4-7.11, p®) . BET) 5 M is a group-induced V-meas-
ure. Since the range of u generates M, ,u(Zﬂ is surjective. [l

DEFINITION 4-8.4. A conical refinement monoid M is group-measurable if one
of the equivalent conditions of Proposition 4-8.3 holds.

The analogue of Proposition 4-8.2 for non-pointed monoids is the following.
The proof is similar to the one of Proposition 4-8.2 and we omit it.

PROPOSITION 4-8.5. The following are equivalent, for any conical refinement

monoid M :

(1) M is group-measurable.

(2) There is a group G, acting by automorphisms on a Boolean ring B, such that
M >=7%(B)/G.

(3) There is a Boolean inverse semigroup (resp., a fundamental Boolean inverse
semigroup) S such that M = Typ S.

For an extension of Proposition 4-8.5 to Boolean inverse meet-semigroups, see
Theorem 4-9.1.

THEOREM 4-8.6. Let M be a conical refinement monoid and let B be a countable
Boolean ring. Then any V-measure p: B — M is groupoid-induced.

PRrROOF. Let a,b € B such that u(a) = u(b). Since p is a V-measure, the binary
relation
I'={(z,y) € (Bla) x(BLb)|pu(x) = ply)}
is an additive, conical V-relation on (B ] a) x (B ] b) (cf. Definition 2-4.1). By
Vaught’s Theorem (cf. Lemma 4-5.2), the graph of I" contains an isomorphism
¢: Bla— Blb. Then ¢ € Inv(B, u) and ¢(a) = b. O

THEOREM 4-8.7. Every countable conical refinement monoid (M, e) with order-
unit is groupoid-measurable. In fact, there exists a countable fundamental Boolean
inverse monoid S such that (M, e) = (Typ S, typg(1)).

PROOF. By the countable case of Theorem 4-6.7, (M, e) is V-measurable, via
a normalized V-measure p: B — (M, e). By a standard Lowenheim-Skolem type
argument, B can be taken countable. By Theorem 4-8.6, u is groupoid-induced.
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For each a,b € B with u(a) = u(b), pick f,, € Inv(B, 1) sending a to b. By the
Léwenheim-Skolem Theorem, Inv(B, i) contains a countable fundamental Boolean
inverse semigroup S such that all f, ; belong to S. By Theorem 4-7.13(2), it follows
that (Typ S, typg(1)) = (M, e). O

Example 4-7.9, giving a groupoid-induced measure that is not group-induced,
yields immediately the following example.

EXAMPLE 4-8.8. A groupoid-measurable, non group-measurable, countable con-
ical refinement monoid with order-unit.

PRrROOF. As in Example 4-7.9, denote by P the commutative monoid defined
by generators ¢, 1 and the relation ¢ +1 = 1. We have seen in Example 4-7.9
that (P, 1) is groupoid-measurable.

Suppose that there is a group-induced normalized V-measure v: B — (P, 1). A
standard Lowenheim-Skolem type argument shows that B can be taken countable.
But then, by Theorem 4-6.8, (B, v) is isomorphic to the pair (B, u) of Example
4-7.9, which we proved there is not group-induced. O

The non-unital version of Theorem 4-8.7 runs as follows.

THEOREM 4-8.9. Fvery countable conical refinement monoid is group-measur-
able; thus it is isomorphic to the type monoid of a fundamental Boolean inverse
semigroup.

ProOOF. Let M be a countable conical refinement monoid and embed M as
an ideal into a countable conical refinement monoid (N, e) with order-unit. For
example, N = M U {oco} with 2 + co = oo for all z € N, and e = oo. By
Theorem 4-8.7, there are a countable fundamental Boolean inverse semigroup T
and an isomorphism ¢: TypT — N. It follows from Proposition 4-2.4 that S =
{z € T | e(typr(x)) € M} is an additive ideal of T'and Typ S = M. By Proposition
4-8.3, M is group-measurable. 0

4-9. Type monoids of Boolean inverse meet-semigroups

Recall from Proposition 4-8.5 that a conical refinement monoid is group-meas-
urable iff it is isomorphic to the type monoid of a Boolean inverse semigroup (resp.,
a fundamental Boolean inverse semigroup). The following result enables Boolean
inverse meet-semigroups to enter that picture as well.

THEOREM 4-9.1. Every group-measurable conical refinement monoid is isomor-
phic to the type monoid of a Boolean inverse meet-semigroup.

PROOF. By Proposition 4-8.5, it suffices to prove that for every group G, acting
by automorphisms on a Boolean ring B, there is a Boolean inverse meet-semigroup S
such that ZT(B) /G = Typ S. We may assume without loss of generality that B is
a ring of subsets of a set 2, on which G acts B-measurably (define 2 as the prime
filter space of the original B, and then replace B by the ring of all compact open
subsets of ; then G acts continuously on Q). Now let G act on Q' = Q x G via
g-(p,h) = (gp, gh) whenever g € G and (p,h) € . Theset B’ = {X x G | X € B}
is a ring of subsets of €', isomorphic to B (as a Boolean ring), and the action of G
on ' is B’-measurable. Further, two elements X,Y € B are G-equidecomposa-
ble with pieces from B iff X x G and Y x G are G-equidecomposable with pieces
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from B’. Tt follows that Z*(B') /G = ZT(B)/G = M. By Proposition 4-4.21, it
follows that Typ(pMeas(B’,G)) = M.

Now the action of G on ' = Q x G is fixed point free, thus, by Proposition
4-4.13, pMeas(B’, G) is a Boolean inverse meet-semigroup. O

By combining that result with Theorem 4-8.9 and a final Lowenheim-Skolem
type argument, we get the following.

THEOREM 4-9.2. Every countable conical refinement monoid is isomorphic to
the type monoid of some countable Boolean inverse meet-semigroup.

The proof of Theorem 4-9.1 contains a touch of ad-hoc-ness that does not ap-
pear in the proof of the “fundamental semigroup” part of Proposition 4-8.5: while
the canonical projection, from a Boolean inverse semigroup S, onto its maximal
fundamental quotient S/u, is type-preserving (cf. Theorem 4-4.19), there is no
convenient “canonical Boolean inverse meet-semigroup image” that we could use to
that end. (However, remember that every Boolean inverse semigroup has an addi-
tive semigroup embedding into some symmetric inverse monoid — thus into some
unital Boolean inverse meet-semigroup, see Corollary 3-3.2.) More dramatically,
the following example shows that embedding a given Boolean inverse semigroup
into any Boolean inverse meet-semigroup may introduce some collapsing at the
type monoid level.

ExXAMPLE 4-9.3. A countable, fundamental Boolean inverse monoid S with-
out any type-expanding map into any Boolean inverse meet-semigroup. That 1is,
for every Boolean inverse meet-semigroup T and every additive semigroup homo-
morphism p: S — T, the monoid homomorphism Typp: TypS — TypT is not
one-to-one.

PRrROOF. Let 7: Z/3Z — Z/3Z, t — 2 —t. We set Q = Z+ x (Z/3Z), and we
define S as the set of all partial functions x € Jqo such that the domain of z is
either finite or cofinite in €, and, in the latter case, there are m € Z*, h € Z, and
¢ € {0,1} such that

for all n € [m,00) and all t € Z/3Z, x(n,t) = (n+ h,75(t)). (4-9.1)

It is straightforward to verify that S is a fundamental, additive Boolean inverse
submonoid of Jgo. The idempotent elements of S are the identity functions idx
on the subsets X of Q that are either finite or cofinite, and the pedestal of S (cf.
Definition 3-7.5) consists exactly of the elements of Jq with finite domain. The
zero element of S is the empty function.

We set @ = Q\ {(0,0),(0,2)}. The functions ¢ = idg and b = idg are
idempotent elements of S.

CLAM. (a,b) ¢ Ds.

PrOOF OF CLAIM. By way of contradiction, suppose that there exists a bijec-
tion z:  — Q' in S. Since the domain of z is cofinite, there are m € N, h € Z, and
e € {0,1} such that (4-9.1) holds. We may choose m > —h. It follows from (4-9.1)
that z[[m, 00) X (Z/3Z)] = [m + h,00) x (Z/3Z). Since z[2] = Q' and since z is
one-to-one, it follows, by evaluating set-theoretical differences, that

z[[0,m) x (Z/3Z)] = ([0,m + h) x (/32)) \ {(0,0),(0,2)} ,
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thus, evaluating cardinalities, 3m = 3(m + h) — 2, that is, 3h = 2, a contradiction.
O Claim.

Hence, in order to conclude the proof, it suffices to prove that p(a) 21 ¢(b)
whenever T is a Boolean inverse meet-semigroup and ¢: S — T is an additive
semigroup homomorphism. To this end, let s and ¢ the self-maps of €2 defined by
the rules s(n,t) = (n + 1,t) and g(n,t) = (n,2 — t) whenever (n,t) € Q. Observe
that s and g both belong to S, g*> = idg, and go s = sog. Set X = {0} x (Z/37)
and Q; = Q\ Xo. Then idx, A glg, = ida, A glx, = 0, thus, since idx, and g[x,
both belong to the pedestal of S and by Proposition 3-7.10, we obtain

p(idx,) A p(gla,) = ¢(ida,) A (gl x,) = 0. (4-9.2)

Further, idx, A glx, = id{@,1)}- Since idx, belongs to the pedestal of S and by
Proposition 3-7.10, we obtain

p(idx,) A e(glx,) = e(dgo)) - (4-9.3)
Further, it follows from the additivity of ¢ that
p(ide) = ¢(idx,) @ ¢(idg,) and ¢(g) = ¢(g1x,) ® ¢(glq,) - (4-9.4)

Therefore, putting together (4-9.2), (4-9.3), (4-9.4) and using the distributivity of A
on @ (cf. Proposition 3-1.9), we obtain

p(ida) A p(g9) = ¢(idgo,1))) @ (#(ida,) A v(glg,)) - (4-9.5)

We further compute, using the abbreviation z (y) = zyz =t (cf. (3-4.2)),
(5) (p(ida)) = ¢(s (ida)) = W(ldm) ;
¢(5) (p(9)) = »(s(9)) = ¢(glq,)

thus

p(s) (plida) A @(g)) = @(s) {p(ida)) Ap(s) (p(9))

= ¢(ida,) N e(gla,)
)

and thus, using the abbreviation  \ y = = \ (x A y) (cf. Notation 3-1.11),

¢(5) (p(ida) N ¢(9)) = ¢(s) (p(ida) ~ (p(ida) A ¢(9)))
(s) {(ida)) ~ @(s) (p(ida) A ¢(g))
(ide,) ~\ (e(ida,) A ¢(glq,))
(ide,) \ ¢(glq,) -
It follows that
p(b) = p(idar) = ¢(idgo,1)}) ® ¢(ida,)
= p(idg,1))) @ (#(ida,) A v(gla,)) ® (p(ida,) N ¢(gla,))
= p(idgo,1))) @ (#(ida,) A v(gla,)) ® ¢(s) (p(ida) N ¢(9)) ,
thus, by (4-9.5),
p(b) = (p(ida) A p(9)) @ ¢(s) (p(ide) N ¢(9)) - (4-9.6)
From d(¢(s)) = p(d(s)) = ¢(ida) > ¢(ida) \ ¢(g) it follows that
(s) (p(ida) N »(9)) Zr »(ida) ~ ¢(g) - (4-9.7)
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Since
¢(a) = p(ide) = (p(id) A ¢(g)) ® (elida)  ¢(9)) .
and Zr is additive, it follows, by using (4-9.6) and (4-9.7), that p(a) Zr ¢(b). O

On the other hand, using the notation of the proof of Theorem 4-9.1, it is not
hard to verify that pMeas(B, G) is a type-preserving quotient of pMeas(B’, G).

The following example shows that there is no “best of two worlds” improving
both Theorems 4-8.9 and 4-9.2: in that example, “fundamental Boolean inverse
semigroup” and “Boolean inverse meet-semigroup” cannot be reached simultane-
ously.

EXAMPLE 4-9.4. A countable, conical refinement monoid M with order-unit,
such that there is no fundamental Boolean inverse meet-semigroup S with Typ S = M.

PROOF. We consider again the conical refinement monoid P, introduced in
Example 4-7.9, defined by the generators €, 1 and the relation e+1 = 1. We denote
by m: P — Z* the unique monoid homomorphism such that 7(1) = 1 (and thus
m(e) =0).

The additive group G of all eventually constant sequences (z, |n € Z*) of
integers, ordered componentwise, is an Abelian lattice-ordered group. For x € G,
we denote by x(oc0) the constant value of z(n) for large enough n. We also denote
by xx the characteristic function of any subset X of Z*. The set

M ={(n,z) € P x Gt | w(n) = z(c0)}

is a conical submonoid of P x G, with order-unit e = (1, xz+).

For every n € Z*, the set M,, = {(n,x) € P x GT | n(n) = z(k) for all k > m}
is a submonoid of M, isomorphic to P x (ZT)™ via (n,z) — (1,2 + T(N)X[m,cc))-
In particular, M, is a refinement monoid. Since M is the directed union of all M,,,
it follows that M is also a refinement monoid.

Now suppose that M = TypT for some fundamental, Boolean inverse meet-
semigroup T. Since e is an order-unit of M and by Theorem 4-2.6, there are a
positive integer n and an idempotent e of M (T') such that, setting S = e MZ(T)e,
the following relation holds:

(M, e) =] (TypS7 typs(l)).

Since T is a fundamental, Boolean inverse meet-semigroup, so are MY (T) and S
(apply Propositions 3-1.22 and 3-7.14). Pick an isomorphism ¢: (Typ S, typg(1)) —
(M,e). Set u(x) = t(typg(x)), for each z € S. Observe that p defines a V-measure
from Idp S to M (cf. Example 4-6.4). The elements a = (¢,0) and b, = (0, x{n}),
for n € Z* all belong to M.

CrLAM 1. For eachn € Z*, there is a unique b, € Idp S such that b,, = p(by,).

ProoF oF CLAIM. Let z,y € Idp S such that pu(z) = u(y) = b,, and suppose
that z # y. Since u is a V-measure and since b,, is a minimal element of M\ {0}, the
elements x and y are both atoms of Idp S. Since x # y, it follows that x L y, thus
x @y <1, and thus 2b, = u(z) + u(y) = plz ®y) < u(l) = e, a contradiction.
This deals with the uniqueness part. The existence part follows from p being a
V-measure together with the inequalities b, <t e = p(1). O Claim 1.
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Since @ + e = e = u(1) and p is a V-measure, there are a,e € Idp S such that
l=ade, pla) = a, and u(e) = e. From p(1) = p(e) it follows that 1 Zs e, that is,
there is 2 € S such that d(z) = 1 and r(z) = e. Set ax = x* (a), for each k € Z+.
From 1 = a @ x (1) and an easy induction argument, we get

1= @ ar ® ™ (1), for each n € Z*. (4-9.8)
k<n
Since S is an inverse meet-semigroup, the element b = 1 Ax exists in S. From b < 1
it follows that b is idempotent. If b < 2™, then b = b? < zb < z"*'; whence b < z"
for each n € Z*. Tt follows that b < r(z™) = 2™ (1), for each n € ZT, and thus, by
(4-9.8),
@akgl\b, for each n € Z+.

Since a 2 ay, for all k, it thus follows that (ne,0) = na < p(1\b), for all n € Z+.
Since p(1\b) <t u(1) = (1, xz+), it follows from the definition of M that

w1~ b) = (1,xv), for some cofinite subset V C Z*. (4-9.9)
CLAIM 2. The inequality b, < b holds, for each n € ZT.

PrOOF OF CLAIM. Since b, < 1 = d(z), we get b, Z x (b,). By Claim 1, it
follows that x (b,) = b, thus zb, = b,z = b,zb,. Moreover, from ex = = and
x (b,) = by, it follows that eb,, = by, that is, b, <e.

If b,z = 0, then b,, = bp,e = byxzz~' = 0, a contradiction. Hence b,z # 0.
Since b, is an atom of Idp S and by Lemma 3-7.2 together with the assumption
that S is fundamental, it follows that b,xb, € {0,b,}. Since b,z = b,zb, and
bpx # 0, it follows that b,z = b,, that is (since b, is idempotent), b, < x. Since
b, < 1, the desired conclusion follows. O Claim 2.

Since the b,, are pairwise meet-orthogonal in M and all b, = u(b,), the b,
are pairwise orthogonal in M. By Claim 2, it follows that €,_,, b; < b, for each
n € Z, and thus, evaluating the two sides under y, it follows that >, b; <T u(b),
that is, (0, x[0,,)) <T w(b). This holds for every n € Z*, thus, since u(b) <t
w(1) = (1, xz+), it follows that u(b) = (1, xz+). Consequently, (1,xz+) = p(1) =
w(b) + (1) = (1, xz+) + u(1 N b), in contradiction with (4-9.9).

O



CHAPTER 5

Type theory of special classes of Boolean inverse
semigroups

While Theorem 4-8.9 implies that the type monoid of a Boolean inverse semi-
group S can be any countable conical refinement monoid, there are situations in
which the structure of S impacts greatly the one of TypS. A basic illustration
of this is given by the class of AF inverse semigroups, introduced in Lawson and
Scott [74], which is the Boolean inverse semigroup version of the class of AF C*-
algebras. Another Boolean inverse semigroup version of a class of C*-algebras,
which we will not consider here, is given by the Cuntz inverse monoids studied in
Lawson and Scott [74, § 3].

Section 5-1 introduces the class of locally matricial inverse semigroups (named
by analogy with locally matricial rings), which are just the directed colimits of
finite products of finite symmetric inverse semigroups, and the countable members
of that class, the AF inverse semigroups. Mimicking the classical ring-theoretical
proofs, we describe the type monoids of those Boolean inverse semigroups.

In Section 5-2, we describe a different class of fundamental Boolean inverse
semigroups, whose type monoids are exactly the positive cones of Abelian lattice-
ordered groups. Moreover, we show that the projectable Abelian lattice-ordered
groups are exactly those arising from Boolean inverse meet-semigroups from that
class.

It follows from Tarski [105] that monoids of equidecomposability types, with
respect to exponentially bounded groups, are strongly separative (i.e., they satisfy
the implication x +z =y + 2z = x = y + z). In Section 5-3, we state a Boolean
inverse semigroup version of that result. This result enables us, in particular, to
extend Tarski’s result to all supramenable groups.

In Section 5-4, we partly survey the impact of various amounts of completeness,
of a Boolean inverse semigroup S, on the type monoid of S, and we illustrate the
sharpness of those results by various examples and counterexamples.

Highlights of Chapter 5.

e The type monoid of a locally matricial inverse monoid S is the positive
cone of a dimension group, and it is isomorphic to the monoid of equide-
composability types, with respect to the inner automorphism group of S
(cf. Section 3-8), of the Boolean ring of all idempotents of S’ (Proposition
5-1.5).

e Every dimension group with at most N; elements arises as the type mon-
oid of some locally matricial inverse semigroup (Theorem 5-1.10). More-
over, for countable dimension groups with order-unit and AF monoids,
this representation is unique up to isomorphism (but not up to unique
isomorphism; Theorem 5-1.11).

133
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e The positive cone of every Abelian lattice-ordered group G is isomor-
phic to the type monoid of a fundamental Boolean inverse semigroup Sg
(Theorem 5-2.7), in such a way that Sg is an inverse meet-semigroup
iff G is projectable (Theorem 5-2.9). Moreover, the assignment G — S¢
is functorial (cf. Theorem 5-2.18).

e Every MV-algebra is isomorphic to S/ _¢ for some Foulis monoid S (The-
orem 5-2.10). This solves a problem stated in Lawson and Scott [74].

e The type monoid of every “fork-nilpotent” Boolean inverse semigroup is
strongly separative (Theorem 5-3.4). The condition of fork-nilpotence
holds for the fundamental Boolean inverse semigroup associated with the
action of an exponentially bounded, respectively supramenable, group on
a Boolean ring (Theorems 5-3.6 and 5-3.8).

e Let S be a Boolean inverse semigroup with conditionally o-complete
semilattice of idempotents. Then the type monoid of S is antisymmetric
(Corollary 5-4.2), and, more generally, it is a “refinement algebra” (Corol-
lary 5-4.11). Those results do not extend to all V-measures defined on a
complete Boolean algebra (Example 5-4.3).

5-1. Type monoids of AF inverse semigroups

Most of the results presented in this section are analogues, for Boolean inverse
semigroups, of classical results for nonstable K-theory of regular rings, see for ex-
ample Goodearl [49, Chapter 15]. Some of the ideas that we will state here can
also be found, with different formulations, in Lawson and Scott [74, § 2]. The in-
verse semigroups proofs are straightforward translations of the ring proofs, and we
present only that part of them that we believe will help the reader to get familiar
with the context.

Recall that symmetric inverse semigroups are introduced in Example 3-1.8.

DEFINITION 5-1.1. An inverse semigroup S is

e matricial if it is a finite direct product of finite symmetric inverse monoids
(equivalently, if it is a finite fundamental Boolean inverse semigroup);

e [ocally matricial if it is a directed colimit of finite fundamental Boolean
inverse semigroups and additive semigroup homomorphism;

e approximately finite, or AF, if it is both countable and locally matricial.

It is fairly easy, although not completely trivial, to see that the definition of AF
given in Definition 5-1.1 is equivalent to the one of Lawson and Scott [74]. That
this is indeed the case will follow from Proposition 5-1.2.

It follows from Lawson [72, Theorem 4.18] that the finite fundamental Boolean
inverse semigroups are exactly! the isomorphic copies of the [T~ 3n,, where m €
7% and all n; € N.

This yields the following alternative description of locally matricial inverse semi-
groups

PROPOSITION 5-1.2. An inverse semigroup S is locally matricial iff it is a
directed union of finite fundamental Boolean inverse semigroups that are additive

IThose inverse semigroups are called semisimple in the first version of Lawson and Scott [74],
which conflicts with the usual meaning of that word in ring theory. We chose instead to introduce
semisimplicity through Definition 3-7.5.
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in S. If those conditions are satisfied, then S is a fundamental, Boolean inverse
meet-semigroup.

PROOF. If S is a directed union of finite fundamental Boolean inverse semi-
groups S; that are additive in S, then it is also the directed colimit of the S;, the
transition maps being defined as the inclusion maps S; < S; whenever S; C S;.

Suppose, conversely, that S = ligie ! S;, where I is a directed poset, with
all the S; finite fundamental Boolean inverse semigroups and all transition maps
f]:S; = S; additive. Since all f} are bias homomorphisms (cf. Theorem 3-2.5),
so are all limiting maps f;: S; — S, for ¢ € I; that is, all f; are additive. (See
the comments following Theorem 3-2.5.) The subset K; = ker f; is an additive
ideal in S;, for each i € I (cf. Proposition 3-4.9). Denote by p;: S; — S;/K; the
canonical projection. By Proposition 3-7.6, S;/K; is a fundamental Boolean inverse
semigroup and there is a unique additive semigroup embedding f,: S;/K; — S such
that f; = f; o p;. Since S is the directed union of all f;[S;], it is also the directed
union of all (finite fundamental Boolean inverse semigroups) f,;[S:/K;).

Hence, the S;, fij, and f; can be modified in such a way that each S; is an
additive inverse subsemigroup of S, and the ff and f; are all inclusion maps. By
Proposition 3-7.10, all fij are meet-homomorphisms. It follows that all f; are meet-
homomorphisms and S is a meet-semilattice, thus a Boolean inverse meet-semi-
group.

Let x € S commute with all idempotents of S. Then x € S; for some i € I,
and z commutes with every idempotent of S;. Since S; is a fundamental Boolean
inverse semigroup, x is idempotent. Hence S is a fundamental Boolean inverse
semigroup. ([

COROLLARY 5-1.3. The following statements hold, for any additive ideal S in
an inverse semigroup T':

(1) If T is a finite symmetric inverse semigroup, then either S = {0} or S=T.
(2) If T is a finite fundamental Boolean inverse semigroup, then so is S.
(3) If T is locally matricial, then so is S.

PROOF. (1). All the atoms of IdpT are pairwise ZP-equivalent, thus if one of
them belongs to S, then all of them do. In the first case, S = {0}. In the second
case, S contains all the idempotents of T', thus all its matrix units (because it is an
ideal), thus S = T' (because S is closed under finite orthogonal joins).

(2). Let T =T[;~, Jn,, where m € Z* and all n; € N. Then each J,,, embeds,
as an additive ideal, in 7. Since S is an additive ideal, S = [~ S; where each
S; =S8N73J,,. By (1) above, either S; = {0} or S; =J,,.

(3). By Proposition 5-1.2, T is an additive directed union of finite fundamental
Boolean inverse semigroups T;. Each SN T; is an additive ideal of T, thus, by (2)
above, S N T; is a finite fundamental Boolean inverse semigroup. Since S is the
additive directed union of all SN T;, S is locally matricial. (]

It is trivial that any locally matricial fundamental Boolean inverse semigroup S
is locally finite. An easy application of Lemma 3-8.4 yields then that the group Inn .S
of all inner automorphisms of S is locally finite. As the following example shows,
the converse does not hold.
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ExXAMPLE 5-1.4. A fundamental, unital, Boolean inverse meet-semigroup S
such that Inn S is locally finite but S has elements of infinite order (thus it is not
locally finite).

PROOF. We consider the fundamental, unital, Boolean inverse meet-semigroup S
introduced in Example 3-7.12, and the additive semigroup homomorphism f: S —
Z-Y introduced in Example 3-7.13. The shift mapping o: Z* — Z*, n+—n+1is
an element of S generating an infinite subsemigroup, and f(o) = 1.

Now let u be an invertible element of S and set m = f(u). Since u is a
permutation of Z* and u € S, there exists n € Z* such that u(k) = m + k for
every k > n. In particular, v maps [n,00) onto [m + n,c0). Since u is a bijection,
it follows that m 4+ n = n, that is, m = 0z. Therefore, the invertible elements of .S
are exactly the permutations u of Z* such that u(k) = k for all large enough k. It
follows easily that the invertible elements of S form a locally finite subgroup of S,
thus that Inn .S is locally finite. |

For the following result, we remind the reader that simplicial monoids are
introduced in Section 1-4 and exhaustive group actions are introduced in Definition
4-7.12.

PRrROPOSITION 5-1.5. The following statements hold, for any Boolean inverse
semigroup S':

(1) If S is a finite symmetric inverse semigroup, then either TypS = {0} or
TypS=Z™*.

(2) If S is a finite fundamental Boolean inverse semigroup, then Typ S is a sim-
plicial monoid.

(3) If S is locally matricial, then Typ S is the positive cone of a dimension group.
Furthermore, the action of Inn S on IdpS by restriction is exhaustive with
respect to the dimension function typg, and TypS =2 Z*(Idp S)/Inn S.

PRrROOF. (1). Let S = J,,, where m € Z*. If m = 0 then Typ S = {0}. Suppose
that m # 0. Then the idempotents of J,, are the identities on the subsets of [m].
Furthermore, for all X,Y C [m], idx Z idy iff card X = cardY. It follows easily
that (Typ I, typ(1)) = (ZT,m) if m > 0.

(2). Let S =[[;*, Jn,, where m € Z* and each n; € N. Then, by the proof
of (1) together with Proposition 4-1.9(1), we get (TypS,typ(1)) = ((Z*T)™,n)
where T = (N1, ..., Mm).

(3). Consider a directed colimit S = lim,_S; with respect to additive semi-
group homomorphisms, where all the S; are finite fundamental Boolean inverse
semigroups. It follows from Proposition 4-1.9(2) that Typ S = ligiel Typ S;. By (2)
above, each Typ.S; is a simplicial monoid. Thus, Typ .S is the positive cone of a
dimension group.

Now let a,b € Idp S such that a 2 b. There is u € S such that ¢ = d(u) and
b=r(u). Let i € I such that u € S;, and denote by e; the unit element of S;. Since

typs, (€i) = typg, (@) + typg, (€i \ a) = typg, (b) + typg, (ei N b),

it follows from the equation typg, (a) = typg, (b) together with the cancellativity of
Typ S; (cf. (2) above) that typg, (e; \ a) = typg,(e; \ b), so there is v € S; such
that d(v) = e; ~ a and r(v) = e; \ b. It follows that g = u @ v is an invertible
element of S; and g (a) = b, so inng(a) = b. This proves that the action of Inn S



5-1. TYPE MONOIDS OF AF INVERSE SEMIGROUPS 137

on Idp S is exhaustive with respect to the dimension function typg. The relation
Typ S = Z*(Idp S)/Inn S follows then immediately from Theorem 4-7.14. O

There is some overlap between some of the conclusions of Proposition 5-1.5(3):
since S is locally matricial, the group Inn S is locally finite, thus, since Z* (Idp S) is
an Abelian lattice-ordered group and by Corollary 2-9.8, the monoid Z*(Idp S)/Inn S
is the positive cone of a dimension group. Nevertheless, the proof of Proposition
5-1.5(3) above also yields an explicit representation of Typ S = Z*(Idp S)/Inn S as
a directed colimit of simplicial monoids (viz., the monoids Typ S;, for i € I).

We are now aiming at a converse to Proposition 5-1.5. In view of Theorem 4-6.9,
there are dimension groups of cardinality Ny whose positive cone is not isomorphic
to Typ S for any Boolean inverse semigroup S. For the smaller cardinalities, it is
known since the 1979 edition of Goodearl [49] for the countable case, and Good-
earl and Handelman [51] for the R, case, that every positive cone of a dimension
group of cardinality at most N; is isomorphic to V(R) for some locally matricial
von Neumann regular ring. It turns out that those ring-theoretical proofs can be
easily adapted to the context of Boolean inverse semigroups, by observing that all
the matrices involved in them have entries either 0 or 1.

The following result apes, both in its statement and its proof, the one in Good-
earl [49, Lemma 15.23]. We include a proof for convenience. Recall that the inner
endomorphisms ad, are introduced in Section 3-8.

LEMMA 5-1.6. The following statements hold, for any finite fundamental Boolean

inverse semigroup S and any Boolean inverse semigroup T':

(1) For any ¢ € IdpT and any monoid homomorphism f: TypS — TypT with
f(typg(1)) = typr(c), there exists an additive semigroup homomorphism f: S —
T such that f(1) =c and f = Typ f.

(2) For any additive semigroup homomorphisms f,g: S — T, Typ f = Typg iff
there is x € T with d(z) = f(1), r(z) = g(1), and g = ad, of.

PRrROOF. By Lawson [72, Theorem 4.18], there are a nonnegative integer m,
central idempotents ey, ..., e, of S, and positive integers nq, ..., n,, such that
1=@", ¢ in S and each ¢;5 = J,,. It follows that

typr(c) = f(typs(1 Zf typs(e

By Lemma 4-1.6, there is a decomposition ¢ = @i:l ¢; in Idp T such that each
f(typg(ei)) = typr(ci). Denote by (ey,)C | (4, k) € [ni] x [nl]) a system of matrix
units of ;S = J,,, (cf. Example 3-1.8). According to Proposition 5-1.5(2), Typ S
is a simplicial monoid, with simplicial basis (typs (eﬂ), ..., typg (eg 1)))

(1). For each i € [m], typy(c;) = f(typg(e;)) = n; - typs(eg )1) thus, again by

L % such that each typr(c; y )) -

f (typs(eg.g)). Whenever 2 < j < n;, the relation c QT c1 ) holds, thus there

is cﬁ € T such that d(cj’l) = c§)1 and r(cﬁ) = cgg Now set cgz = (cgq)

whenever 1 < j < n;, and further, set

gl,)c = cﬁcgz)k , whenever j, k € [n;].

Lemma 4-1.6, there is a decomposition ¢; =
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It is straightforward to verify that the c(z)

units of J,,, (viz., the relations (3-1.4) and (3-1.5), where n is replaced by n; and e; j,
(1) D).

satisfy the defining relations of the matrix

by ¢;
of the form e( ,)C, that is, all the elements of S of the form @jedom (@) € ;;(]),

x € Jn,. ThlS makes it possible to define an additive semigroup homomorphism
fi: €S = T by the rule

, e _ (@) ~
WD dl)= B &y foraizea,.

j€dom(x) j€dom(x)
From the equations cﬁc = cic§i;€0¢ it follows, in particular, that f;(x) € ¢;T¢;. Since
the central elements c¢; are pairwise orthogonal, it is possible to define an additive
semigroup homomorphism f: S — T by the rule

The elements of ;S = J,, are exactly the orthogonal joins of elements

where

x) = @fi(eix) , forallzeS.

For every i € [m], (Typ f) (typs(egz;)l)) = typT(c(li’)l) = f(typs(eﬁ)l)). Therefore,
F=Typ/.
(2). Suppose first that g = ad, of for some z € T with d(z) = f(1) and

r(z) = g(1). For every a € Idp S, g(a) = zf(a)z™! = zf(a)(zf(a)) ! while, using

the inequality f(a) < f(1) = d(z), we get f(a) = (xf(a))_la:f(a)7 so f(a) 2 g(a),
and so (Typ f)(typs(a)) = (Typ g)(typs(a)). This proves that Typ f = Typg.
Suppose, conversely, that Typf = Typg. Set a = f(1) and b = g(1). Set

also fj(llz = f(e;f)) and gjk = g( ) for all ¢ € [m] and all j € [n;]. From
Typ f = Typ g it follows that for all ¢ € [m], the relation fl(? 99@1 holds within T,
thus there is xz eT such that d(x;) = fi and r(x;) = gy)l For each j € [n;],
the product g xz f1  is a trace product, Wlth domaln fj(7 and range g() It
follows that the element z = EBZ-G[ 1, €] gj 1x1f is well defined, and 7" =
D,c elml, j€lni] f(vl)xflg% Now for all i € [m] and all D, q € [n;], the only value of

J € [n;] such that f(l) £$9 £ 0is j = p. Hence
o f$) = g a1 1) = g\ fi)

Now the only value of j € [n;] such that f1 qf #01is 7 = q. Hence

efa=t = g 0 fa gl = gWa fa7 el = ¢S gt gt = gl) .

This holds for all ¢ € [m] and all j € [n;], thus g = ad, of. O

The inverse semigroup analogue of Goodearl and Handelman [51, Lemma 1.3],
itself arising from Kado [62, Lemma 3], is then the following.

LEMMA 5-1.7. Let S be an AF inverse monoid, let T be a Boolean inverse
semigroup, let c € T, and let g: Typ S — TypT be a monoid homomorphism such
that g(typg(1)) = typp(c). Then there exists an additive semigroup homomorphism
g: S — T such that g(1) = ¢ and g = Typ(g).
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PROOF. By virtue of Proposition 5-1.2, we can write S = J,,c;+ Sn (directed
union), with each S, a finite fundamental Boolean inverse semigroup which is addi-
tive in S. We may assume that 1 € Sy. Denote by e,,: S, < Sp41 and f,: S, — S
the inclusion maps, for n € Z*. Then g o Typ fo: Typ Sy — TypT is a mon-
oid homomorphism sending typg, (1) to typr(c), thus, by Lemma 5-1.6(1), there
is an additive semigroup homomorphism gg: Sy — T sending 1 to ¢ such that
goTyp fo = Typgo. Let n € ZT and suppose having constructed an additive semi-
group homomorphism g, : S, — T sending 1 to ¢ such that g o Typ f,, = Typgn.
By Lemma 5-1.6(1), there is an additive semigroup homomorphism h: S, 11 — T
sending 1 to ¢ such that g o Typ fr41 = Typh. It follows that h o e, and g,
are both additive semigroup homomorphisms from S,, to T, sending 1 to ¢, with
Typ(hoey,) = Typg,. By Lemma 5-1.6(2), there exists « € T such that d(z) =
r(z) = cand g, = ad, ohoe,. Set g,41 = ad, oh. Hence g, = gny10€n = gny1lg, -
Moreover, Typ gn+1 = Typh = g o Typ fnt+1 and gn41(1) = ¢, thus completing the
inductive construction of the g,,. The common extension g: S — T of all g,, is an
additive semigroup homomorphism sending 1 to ¢, and g = Typg. (]

It will follow from Example 5-1.12 that the assumption that S be AF cannot
be dropped from the statement of Lemma 5-1.7.

We obtain the following inverse semigroup analogue of Goodearl and Handel-
man [51, Theorem 1.5]. The last part of our statement involves the concept of
group-measurability introduced in Definition 4-8.1.

THEOREM 5-1.8. Let (G, u) be a dimension group with order-unit. If card G < Ny,
then there exists a unital locally matricial fundamental Boolean inverse semigroup S
such that (G*,u) = (Typ S, typg(1)). Consequently, (G*,u) is group-measurable,
via a locally finite group.

ProOOF. We first deal with the case where G is simplicial. Let (G,u) =
(Z™, 1) where @ = (n1,...,ny), with all n;, € N. Setting S = [[;~, Jp,, then
(Typ S, typg(1)) = (G, u) (cf. Proposition 5-1.5(2)).

Next, we deal with the case where G is countable. By the directed colimit
representation theorem of Grillet [56] and Effros, Handelman, and Shen [37], we
can write (G,u) = hﬂé’, where G is a direct system of simplicial groups with
order-unit (G,,u,) and positive homomorphisms. Denote by f,: (G}, u,) —
(GZ 115 U,41) the restrictions to positive cones of the corresponding transition maps.
By the simplicial case, for each n € ZT, there are a finite fundamental Boolean in-
verse semigroup S, and an isomorphism &, : (Typ Sy, typg, (1)) = (G}, w,). By
Lemma 5-1.6(1), there is an additive semigroup homomorphism f,: S, — Snt1,
preserving the unit, such that agil fnen = Typ fn. Denote by S the direct system
of finite fundamental Boolean inverse semigroups and additive semigroup homomor-
phisms consisting of the S,, and the f,,. Then the sequence (g, | n € Z*1) defines a
natural equivalence from Typ S to G. Setting S = h_n} S , it follows from Proposition
4-1.9(2) that (Typ S, typg(1)) = (G, u).

Finally, we deal with the case where card G = N;. Denoting by w; the first
uncountable ordinal, a standard Lowenheim-Skolem type argument enables us to
construct an increasing wi-sequence (G | € < w1) of countable dimension subgroups
of G, with u € G, such that G = U§<>\ G¢ for every countable limit ordinal A.

Denote by f: G; — G} the inclusion map, for any £ < 7 < w;. By the count-
able case, for each £ < w;, there is a unital AF inverse semigroup S¢ such that
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(Typ Se, typs, (1)) = (Ggr,u). We construct inductively a direct system of unit-
preserving additive transition maps fg’ : S¢ = 5y, together with a natural isomor-
phism (g¢ [ £ <w1) with e¢: (Typ Se, typg, (1)) — (Gg,u), as follows. At stage 0,
just pick any isomorphism eq: (Typ So, typs, (1)) — (GF,u). If everything is de-
fined up to stage &, then pick any isomorphism
ger1: (Typ 5§+1,typs§+1(1)) - (Gé:-lvu)
and further, by virtue of Lemma 5-1.7, pick any additive monoid homomorphism
f?‘l: S¢ — Se41 such that Typ f§+1 = 6;:1 o f?'l oeg; then set f5+! = fg'H off
for each n < &, and, of course, ffill =ids,,,-
Finally, let A < w; such that everything is defined below A. Define
S\ = thg. (5-1.1)
E<A

By virtue of the natural transformation (e¢ | £ < ), we get an isomorphism ey
from Typ Sy = hﬂgx Typ S¢ onto li_n>1£<>\ Ggr = U£<>\ Ggr = Gi (in order not to
overload the notation we drop the units). For £ < A, define fg‘ as the limiting map
of the directed colimit (5-1.1). This completes the inductive construction of the
desired direct system and natural isomorphism. Defining S = hﬂ £ <wn S, it follows

that (Typ S, typs(1)) = (G*, u). O

Together with results from earlier sections, this enables us to confirm a guess
from the first version of Kudryavtseva et al. [68, § 2]. We quote the following
statement from their paper:

We do not believe that all 0-simplifying AF inverse monoids
are necessarily UHF.

Here, a Boolean inverse monoid S is 0-simplifying if it has no non-trivial ad-
ditive ideals. By Proposition 4-2.4, this is, for non-trivial S, equivalent to saying
that Typ S has no non-trivial o-ideals, that is, Typ S is a simple refinement mon-
oid (cf. Section 1-4). A Boolean inverse monoid is UHF' it is a countable directed
colimit, via additive transition maps, of finite symmetric inverse monoids.

ExXAMPLE 5-1.9. A 0-simplifying AF Boolean inverse monoid, which is not
UHF.

PRrROOF. Pick any simple dimension group G of rank greater than 1 (i.e., with
two elements with no nonzero common integer multiple). For example, let G =
Q x Q, with positive cone {(0,0)} U (Q*T+ x Q**). By Theorem 5-1.8, there is a
unital fundamental Boolean inverse semigroup S such that Typ S = GT. Since G
is simple and by Proposition 4-2.4, S is O-simplifying. However, the type monoid of
an UHF semigroup is easily seen to have rank at most 1. Hence, S is not UHF. O

Theorem 5-1.8 also has a non-unital version.

THEOREM 5-1.10. Let G be a dimension group. If card G < Ny, then there exists
a locally matricial fundamental Boolean inverse semigroup S such that GT = Typ S.
Consequently, GT is group-measurable, via a locally finite group.

PrOOF. We first embed G as an ideal into a unital dimension group H with
card H < N;. For example, define H as the lexicographical product Z X ex G, which
admits (1,0) as an order-unit. By Theorem 5-1.8, there are a locally matricial
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fundamental Boolean inverse semigroup 7' and an isomorphism ¢: TypT — HT.
By Proposition 4-2.4, the set S = {z € T | e(typy(z)) € GT} is an additive ideal
of T, thus it is a locally matricial fundamental Boolean inverse semigroup (cf.
Corollary 5-1.3), and Typ S = G™. O

By modifying mutatis mutandis the proof of Elliott’s Theorem, of the unique-
ness of an AF C*-algebra with given partially ordered K¢ group, we can also obtain
the following uniqueness result. Its proof is a back-and-forth variant of the one
of Lemma 5-1.7 and we omit it, refering the reader to Theorems 4.3 and 5.3 in
Elliott [38], see also Goodearl [49, Theorem 15.26] for the regular rings analogue.

THEOREM 5-1.11. Let S and T be unital AF inverse semigroups. Then for any
isomorphism f: (Typ S,typg(1)) = (Typ T, typr(1)), there exists an isomorphism
f: 8 =T of inverse semigroups such that f = Typ f.

If we drop the assumption that S and T be AF, then counterexamples arise.

EXAMPLE 5-1.12. Countable, fundamental Boolean inverse monoids Sy and Sy
such that (Typ So,typg, (1)) = (Typ S1,typs, (1)) = (Q*, 1), So is AF, and Sy is
not locally finite (thus So % S1).

PROOF. Denote by B the Boolean subalgebra of the powerset algebra of the
real interval I = (0, 1] generated by all intervals (z,y], where 0 < 2z < y < 1 and
x,y € Q. The restriction u, of the Lebesgue measure on R, to B, is a QT-valued
V-measure. In particular, u((z,y]) =y — z, whenever 0 <z <y <1 and z,y € Q.
Set S = Inv(B,u) and denote by Sy the inverse subsemigroup of S consisting
of all piecewise translations wvia rational scalars. By considering all subdivisions
0< % < e < ”'n_,l < 1, it is not hard to see that Sy is AF, and in fact it is a
directed union of finite fundamental Boolean inverse semigroups of the form J,,; .
In particular, by Theorem 4-7.13, (Typ So, typg, (1)) = (Q*,1).

On the other hand, pick any irrational number a such that 0 < a < 1 and let
7: I — I defined by the rule

{aJr:c, fat+z<l1,
m(z) =

a+zx—1, otherwise.

Then 7 € Aut(B, ), thus 7 € S, and 7" # id for every nonzero integer n. Let S;
be a countable additive inverse subsemigroup of S such that So U {r} C S;. By
Theorem 4-7.13, (Typ Si,typg, (1)) = (Qt,1). Nevertheless, Sy is locally finite
while Sy is not. [l

Example 5-1.12 is to be put in contrast with Theorem 4-6.8: the latter im-
plies the uniqueness of the countable V-measure representing (Q,1) (or any given
countable conical refinement monoid with order-unit), while the former implies the
non-uniqueness of the countable fundamental Boolean inverse semigroup represent-

ing (Q*,1).
5-2. Representing positive cones of Abelian lattice-ordered groups

We know from Theorem 5-1.10 that the positive cone of every dimension group,
with up to N; elements, is group-measurable. By Theorem 4-6.9, this result does
not extend to dimension groups with at least Ny elements. Nevertheless, we shall
see with Theorem 5-2.7 that for the special case of lattice-ordered groups, there is
no need for any cardinality restriction.
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5-2.1. The enveloping Boolean ring of a distributive lattice with zero.
Throughout Section 5-2.1 we shall fix a distributive lattice D with zero. The en-
veloping Boolean ring of D is defined as the unique (up to isomorphism) Boolean
ring BR(D) such that D embeds into BR(D) as a 0-sublattice, and such that D
generates BR(D) as a Boolean ring. Details about the construction of BR(D),
along with its basic properties, can be found in Gritzer [52, § I1.4]. Write DI? =
{(z,y) € D x D |z <y} Itis well known (cf. Gratzer [52, Lemma 155]) that the
elements of BR(D) are exactly those of the form Dcn(@2rr1 \ azr), where n is a
positive integer and each (agk, ask11) € D2, Call the elements of the form b\ a,
where (a,b) € DB, the elementary genemtors of BR(D) (relatively to D).

LEMMA 5-2.1. Let (a,b),(a’,b') € D, Then b~ a < b ~d iffd ANb < a
and b < a Vv V. If this statement holds, then b~ a = b~ a for some a,b € D with
a <a<b<b.

PROOF. bna <V ~Nd iff bNa <V and (b~Na)Ad =0, iff b < aVb and
bAd <a.

Now suppose that this statement holds. Then b~ a = (b~a)A (¥ N d') =
(bAV)N (b AV A(aVa')), so we may replace b by bAb and thus assume that b < b'.
Then a direct application of the paragraph above yields b~ a = (a’ V b) \ (a’ V a).
Hence @ =a’ Va and b= a’ V b are as required. O

LEMMA 5-2.2. Let a,b,c € D with a < b. Then (b~ a) A ¢ = 0 iff there are
a',b' € D such thatc<ad <V andb~a=0V \ad.

PROOF. Suppose first that (b~ a) Ac =0, thatis, bAc < a. Let o’ =aVe
and b’ = bV e soc < a <V, and a direct application of Lemma 5-2.1 yields
bNa=b\d.

If, conversely, bxa = V' ~\a’ with ¢ < a’ < ¥, then (V'~\a’)Ac < (bnc)Ac=0. O

Set Bl —-c={x € B|xzAc=0g}, for any element ¢ in a Boolean ring B (this
is consistent with the notation B | b in case B has a unit, and it makes sense even
in case B has no unit).

LEMMA 5-2.3. For each ¢ € D, there exists a unique isomorphism of Boolean
rings from BR(D 1 ¢) onto BR(D) | —¢, sending y ~ x (within BR(D 1 ¢)) toy \z
(within BR(D)) for all (x,y) € (D 1 ¢)

PROOF. The inclusion embedding D 1 ¢ — D extends to a unique embedding
n: BR(D 1 ¢) < BR(D) of Boolean rings (cf. Grétzer [52, Corollary 160]). It
follows from Lemma 5-2.2 that the range of n is BR(D) | —c. O

5-2.2. Representing lattice-ordered groups. For an arbitrary Abelian lat-
tice-ordered group G, we shall apply the results of Section 5-2.1 to the distributive
lattice Dg = G U {1}, where L denotes a new zero element. In particular, D¢
embeds, as a sublattice with the same zero element (viz. L), into Bg = BR(Dg).
The subset

={z€Bg|(BceG)(zAnc=1)}= U (Bg | —c) (5-2.1)
ceG

is an ideal of the Boolean ring Bg. It follows from Lemma 5-2.3 that the elements
of Bg are exactly the finite joins (resp., the finite orthogonal joins), within B¢, of
elements of the form y ~ x, where (z,y) € G[?!
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For each a € G, the translation Dg — D¢ that sends | to L and any z € G
to x+a is a lattice automorphism. This map extends to a unique automorphism 7,
of the Boolean ring Bg. From 7,(c) = a + ¢ whenever ¢ € G, it follows that
T, restricts to an automorphism 7,, or 7¢ in case G needs to be specified, of the
Boolean ring Bg. For any a,b € G, the automorphisms 7,4, and 7, o 7, agree
on D¢, thus they are equal. Hence, the assignment ¢ — 7, defines an isomorphism
from G onto the subgroup G = {7 | ¢ € G} of Aut Bg.

We shall now define a G*-valued V-measure on Bg. It is convenient to ap-
ply here some results of Wehrung [117]. Endowing G with its underlying lattice
structure, the dimension monoid of GG is the commutative monoid Dim G defined
by the generators A(z,y), for (z,y) € G, and the relations (D0) A(x,z) = 0 for
each z € G, (D1) A(x, z) = A(x,y) + Ay, z) whenever x <y < z in G, and (D2)
Az ANy,z) = A(y,z V y) for all x,y € G. The lattice denoted by B(G) on [117,
p. 272] is equal® to the Boolean ring B defined in (5-2.1).

Since G is distributive, it follows from [117, Theorem 2.13] that there is a
unique isomorphism eg: Dim G — Z*(Bg) such that egA(a,b) = b\ a whenever
(a,b) € D2

Now we take advantage of the additive structure of G. Since G is an Abelian
lattice-ordered group, the assignment G2 — G*, (z,y) — y — z satisfies (D0)—
(D2) above. By the universal property of the dimension monoid, there is a unique
monoid homomorphism g : Dim Dg — G such that gA(z,y) = y—x whenever
(z,y) € D
to G*, and Jig(y ~ ) = y — x whenever (z,y) € GI?. Since fi; is a monoid
homomorphism and 75" {0} = {0}, the restriction ug of fig; to Bg is a GT-valued
measure on Bg.

. The map fi = g o e5" is a monoid homomorphism from Z*(Bg)

LEMMA 5-2.4. For all z € Bg and all a,b € GT such that ug(z) = a+b, there
is a decomposition z = x ®y in Bg such that pg(x) = a and pg(y) = b, such that
if z is an elementary generator of Bg, then so are x and y. In particular, pg is a
V-measure.

PROOF. Write z = @], (y; \ x;), where each (z;,y;) € GI2. Our assumption
means that Y. (y; — z;) = a+b. Since GT is a refinement monoid, there are
a;,b; € G, for ¢ € [n], such that each y; — x; = a; + b; while a = Z?:1 a; and
b=>",b;. From z; < x; 4+ a; <y; it follows that

Yi \T; = ((zz +a;) ~ 21?1) 2] (y1 N (2 + ai)) )

for each i € [n]. Therefore, setting

n n

xr = @((xl —&—ai) N xz) and y = @(yz ~ (371 —‘,—ai))’

=1 =1
we get z =z @y, pa(r) =Y a; = a, and pg(y) = Y;1 by = b. O

LEMMA 5-2.5. pug(7.(2)) = pa(z), whenever ¢ € G and z € Bg.

2The definition of B(G) given at the bottom of Wehrung [117, p. 272] is misformulated.
Namely, since G has no least element unless it is trivial, z \. L does not belong to Bg as a rule,
so x +— x . L does not embed Dg into Bg. What matters here is that the elements of Bg are
exactly the finite (orthogonal) joins of elements of the form b a, where (a,b) € G[?l. The correct
definition of Bg = B(G) that ensures this is given by (5-2.1).
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PROOF. Write z = @], (yi \ x;), where each (z;,7;) € GI2. Then 7.(z) =
@D, ((yi +¢) ~ (z; +¢)), thus
pe(re(2) =D (Wi+e) = @i+e) => (4 —z:) = po(2) . O
i=1 i=1

We set S¢ = Inv(Bg, G) (cf. Example 4-4.15). In particular, S¢ is a funda-
mental Boolean inverse semigroup. It follows from Lemma 5-2.5 that all elements
of Sg are pg-invariant, that is, S¢ C Inv(Bg, 1) (cf. Notation 4-7.2).

LEMMA 5-2.6. The fundamental Boolean inverse semigroup Sg s G -erhaustive.

PROOF. Let u,v € Bg such that pg(u) = pg(v). Write u = @, _,, (yi ~ ;)

and v = @, ., (y; ;). By assumption, 37, (vi—x:) = >, (y; — ;). Since Gt
is a refinement monoid, there is a refinement matrix of the form

y; —a (5 <n)

where all ¢; ; € GT.

Yi — T; (Z < m) Ci,j
By Lemma 5-2.4, there are decompositions y; \ x; = @j<n w; j in Bg, where
each w;; is an elementary generator and pe(w;;) = ¢; ;. Likewise, there are

! /

decompositions y; \ 2 = @,_,, wi; in Bg, where each w; ; is an elementary
generator and ug(w; ;) = ¢; ;. Writing w;j; = ¢;j ~ pij and w;; = q; ; \ D} ;,
with p; ; < g;; and p} ; < q; ;, We get ¢;j = qij — pij = q; ; — D; j, thus, setting
dij = qg’j — ¢;;, we get wg’j = 74, ,;(w; ;). Since u = G}Km,ani,j and v =
@Di<m, j<n Wi, We are done. O

A direct application of Theorem 4-7.13 and Proposition 4-8.5 thus yields the fol-
lowing extension of Dobbertin [34, Theorem 13], from V-measures to type monoids
of Boolean inverse semigroups.

THEOREM 5-2.7. For every Abelian lattice-ordered group G, there exists a fun-
damental Boolean inverse semigroup S such that Typ Sqg = G*. That is, G is
group-measurable.

The canonical isomorphism ng: Typ Sg — G is given by
ne(a) = pg(a), for every a € B, (5-2.2)

where we set a = typg, (idgw).

5-2.3. When is Inv(Bg,G) an inverse meet-semigroup? We shall inves-
tigate in which cases the fundamental Boolean inverse semigroup S¢ = Inv(Bg, G),
constructed for the proof of Theorem 5-2.7, is a meet-semilattice under its natural
ordering (so it is a fundamental, Boolean inverse meet-semigroup). Following the
standard notation in lattice-ordered groups, we set |z| = 2 V (—z), for any = € G.
For every a € G, the set at = {z € G | a A |z| = 0} is an (-ideal of G, that is, an
order-convex additive subgroup closed under x — |z|. As usual, G is projectable if
for all a,b € G, the set a™ | b has a largest element. We refer to any textbook
on lattice-ordered groups, for example Anderson and Feil [4] or Bigard, Keimel,
and Wolfenstein [21], for more details. An example of a non-projectable, Abelian
lattice-ordered group can be found in [4, E 26].
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LEMMA 5-2.8. The following statements hold, for any Abelian lattice-ordered
group G, with the Boolean ring Bg as defined in (5-2.1):

(1) Leta,b,a’,b',h € G suchthath >0 andb—a =V —a' =h. Thenb~a <b~d
iffo~a=b~d, iff | —b|Ah=0.

(2) Let a,b € G and let (p,q) € G x G. Then 1, and 1, agree on Bg | (¢~ p) iff
Ta(a~p) =g~ p), iff la— b Alg—(pAq)|=0.

(3) Leta,be G and let w € Bg. Then 7ol g, 14 = Tol pgiw iff la — b A pg(w) = 0.

PROOF. (1). Set ¢ =da’—a = b —b. By Lemma 5-2.1, b~a < b ~\d iffd Ab < a
and b < a V V, that is, since the translations of G are lattice automorphisms,
cANh <0 < (=h)Vec, or, equivalently, c A h < 0 and (—¢) A h < 0. By the
distributivity of the underlying lattice of G, this is equivalent to |c| A b < 0, that
is, since 0 < |c| and 0 < h, |¢| A h = 0.

(2). We may assume that p = p A ¢, that is, p < ¢. It follows from (1) that

Ta(g~p) =7(q~p) iff [a —b| A (¢ —p) =0. (5-2.3)

Suppose that |a—b| A (¢—p) = 0 and let w € Bgl (¢~ p). There is a decomposition
of the form w = \/,_, (¢  p:), where all (p;,q;) € GPl. From ¢ ~p; < ¢~ pif
follows (for example by applying uq) that ¢; —p; < ¢—p. Since |a—b|A(qg—p) =0,
we get |[a — b| A (g; — p;) = 0. By (5-2.3), it follows that 74(q; ~ pi) = 76(¢; ~ ;).
Joining those equations over all i < n, we get 7,(w) = 7(w).

(3). Write w = €D, _,,(¢: ™ p:), where each (p;,¢;) € G If 7, and 7, agree on
B¢ | w, then they agree on each ¢; \ p;, thus, by (2), |a — b| A (¢; — p;) = 0. Since
la—b|* is an additive subgroup of G, it follows that |a—b|AY",_, (¢; —p;) = 0, that
is, [a—b|Apg(w) = 0. Conversely, if |a—b|Apg(w) = 0, then |a—b|A(g;—p;) = 0 for
each i < n, thus, by (2), 7, and 7, agree on Bg | (g; \ p;). Since w = \/,_, (¢ ~ p;)
and by the distributivity of B¢, it follows that 7, and 7, agree on Bg | w. [l

THEOREM 5-2.9. Let G be an Abelian lattice-ordered group. The fundamental
Boolean inverse semigroup Sqg is an inverse meet-semigroup iff G is projectable.
Consequently, if G is projectable, then GT = Typ S for some fundamental, Boolean
inverse meet-semigroup S.

PROOF. Suppose first that Sg is an inverse meet-semigroup and let b,v € GT.
We prove that bt | v has a largest element. By assumption, there is a largest
w € Bg such that the maps 79 = id and 7, agree on Bg | w. By Lemma 5-2.8, this
means that pug(w) € b+. We claim that pg(w) is the largest element of b+ | v. We
need to prove that any h € b+ | v is beneath pug(v). We may assume that h > 0.
It follows that b A h = 0, thus, by Lemma 5-2.8, 79 and 73, agree on Bg | (h N 0).
By the definition of w, it follows that h ~\ 0 < w, thus h = pg(h ~\ 0) < pg(w), as
required.

Suppose, conversely, that G is projectable. We must prove that any two ele-
ments x,y € Sg have a meet in Sg. Call a function z: Bg | w — Bg | v, where u
and v are both elementary generators of Bg, elementary, if there exists ¢ € G such
that 7.(u) = v and z(¢t) = 7.(¢) whenever t € Bg | u. By the definition of Sg,
the elements of Sg are exactly the finite orthogonal joins of elementary functions.
By Corollary 3-1.10, it thus suffices to consider the case where  and y are both
elementary. This means that x and y are the restrictions, to elementary generators
of Bg, of translations 7, and 7, respectively, where a,b € G. The meet of two
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elementary generators of B¢ is an elementary generator of Bg, thus, by precom-
posing x and y with a suitable translation, we may assume that the domain of z
and the one of y intersect in Bg | (v \ 0), for some v € G*. Since G is projectable,
la — b|* | v has a largest element, say h.

We claim that A0 is the largest element of B (v~0) such that 7, and 7, agree
on Bg lw. First, it follows from Lemma 5-2.8 that 7, and 7, agree on Bg | (A~ 0).
Conversely, let w € Bg | (v~ 0) such that 7, and 7, agree on Bg | w; we must
prove that w < h ~. 0. We may assume that w is an elementary generator of Bg.
By Lemma 5-2.1, w = ¢ \ p for some p,q € G such that 0 < p < q¢ < v. We must
prove that ¢ ~ p < h . 0, that is, by Lemma 5-2.1 and since p > 0, that ¢ < pV h.

By assumption and by Lemma 5-2.8, ¢ — p € |a — b|*. Since

0<(gvh)—(Vh)=qg—(¢A(pVh)<qg-p,

it follows that (¢ V h) — (p V h) € |a — b|*, and thus the element h’, defined as
W =h+ ((qVh)—(pVh)), belongs to |a — b|~. Since h <k < qV h < v and by
the definition of h, it follows that h = h’, that is, gV h =pV h, so ¢ < pV h, thus
completing the proof of our claim.

It follows that Ay is the restriction of 7, (equivalently, 73,) to Bgl (h~\0). O

Recall that an inverse monoid S is factorizable if for every x € S there is a
unit g of S such that z < g. In case S is Boolean, it is not hard to see that this is
equivalent to saying that the partial monoid Int S is cancellative, and thus, since
Typ S is a refinement monoid and by Corollary 2-7.4, that the monoid Typ S is
cancellative. In Lawson and Scott [74], factorizable Boolean inverse monoids are
called Foulis monoids. It follows immediately from Lawson [70, Proposition 3.2.8]
that in every Foulis monoid, 2 = _#, so the poset S/_# of all principal ideals
of S is isomorphic to the poset S/2 = Int S, and so it is naturally endowed with a
structure of conical partial refinement monoid. Lawson and Scott state on [74, p. 7]
the question whether every countable MV-algebra (cf. Example 2-2.8) is isomorphic
to Int S for some Foulis monoid S. Their main result is a positive answer to that
question, with the additional information that S is AF.

Our results make it possible to remove the countability assumption from Law-
son and Scott’s result (of course losing AF), with a twist at cardinalities beyond Rs.

THEOREM 5-2.10. Every MV-algebra A is isomorphic to Int S (thus to S/ _#)
for some Foulis monoid S. Moreover, if card A < Ry, then S may be taken locally
matricial.

ProoFr. It follows from Mundici [82, Theorem 3.8] that there are an Abelian
lattice-ordered group G and an order-unit w of G such that A = [0, u]. By Theorem
5-2.7, there is a Boolean inverse semigroup S such that Typ S = G*. By Theorem
4-2.6, we may assume that S is unital and (Typ S, typg(1)) = (GT,u). In particu-
lar, S is a Foulis monoid.

Since Int S is isomorphic to the interval [0,typg(1)] of Typ.S, it follows that
Int S = [0,u] = A.

If, in addition, card A < Wy, then card G < W; as well (for G is the universal
group of Upen(A4), see Example 2-2.8) and we may use Theorem 5-1.8, instead
of Theorem 5-2.7, to represent directly (TypS,typg(1)) = (G, u), getting the
additional information that S is locally matricial. g
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We do not know whether S can be made locally matricial in all cardinalities.
An equivalent form of that question is stated, in Chapter 7, as Problem 5. On the
other hand, the question obtained by changing “MV-algebra” to “effect algebra with
refinement” has a negative answer: if GG is the dimension group of cardinality N,
constructed in Wehrung [119], mentioned in Theorem 4-6.9, and u is an order-unit
of G, then there is no Foulis monoid S such that S/_# = [0, u].

The similarity between the relation ¢ and the relation 2 (e.g., Z is contained
in _#, and often identical to it) suggests that a type theory might be built for the
former relation. The following example shows that this could be awkward.

ExXAMPLE 5-2.11. A fundamental Boolean inverse monoid S on which the re-
lation # is not a V-relation.

PROOF. Moreira Dos Santos constructs in [81] a countable conical refinement
monoid M, with order-unit e, such that the quotient M of M by the monoid
congruence =, defined by z = y iff x <T y and y <™ =z, is not a refinement monoid.

By possibly enlarging e, we may assume that the lower interval M | (e/=) does
not satisfy refinement. Now by Theorem 4-8.7, there is a fundamental Boolean
inverse monoid S such that (Typ S, typ(l)) >~ (M,e). We may thus assume that
M = Typ S and e = typ(1).

Towards a contradiction, suppose that the relation ¢ on S is refining. The
map ¢: Int(S) — M | o(e), p:  — /= is a surjective homomorphism of partial
commutative monoids. Now it follows from Lawson [70, Proposition 3.2.8] that
typ(z) = typ(y) iff &« _# y, for all z,y € S. Since ¢ is assumed to be refining and
by Lemma 2-4.5, it follows that ¢ factors to an isomorphism ¢: S/_# — M | ¢(e).
Since S satisfies refinement (cf. Proposition 3-1.9) and _# is a V-relation, S/_#
also satisfies refinement (cf. Lemma 2-4.4). Since M | p(e) fails refinement, we
obtain a contradiction. (]

5-2.4. Functoriality of coordinatization. In this subsection we shall verify
that the assignment G — S, introduced in Subsection 5-2.2, can be extended in a
natural fashion to a functor.

We start by reviewing a few basic, and probably well known, facts about
generalized Boolean algebras. We define inductively the Boolean value [t], of a
term t(xq,...,x,) of the language (V, A, \,0) of generalized Boolean algebras, by

[0] = 2; [x] ={X € Pow[n] | i € X} ;
[t1 Vito] = [t1] U [t2]; [ta Ate] = [ta] N [E2] 5 [ta ~ t2] = [ta] \ [t2]

whenever 1 < i < n and ¢, t2 are terms of (V,\,0) (recall that [n] = {1,...,n}).
For a generalized Boolean algebra B and a finite sequence @ = (a1, ...,a,) of
elements in B, we denote by B(d) the generalized Boolean subalgebra generated by
{a1,...,a,}. In particular, the unit of B(a@) is a; V -+ V a,. It is well known that
due to the representation of the elements of B(@) in disjunctive normal form, the
atoms of B(d) are exactly the nonzero elements of the form a(x), where we set

ax) = /\ a; \/ a;, for any nonempty X C [n],
ieX i€[n]\X

with the usual convention that \/,., a; = 0.
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LEMMA 5-2.12. For any term t(xi,...,%,) of the language (V,A,~,0), any
nonempty subset X of [n], any generalized Boolean algebra B, and any n-tuple
a=(ay,...,an) € B", the inequality a(xy < t(@) holds in B iff either a(xy =0 or
X € [t].

PROOF. We argue by induction on the complexity of the term t.

If t = 0 the result is trivial.

Let t = x;, for some i. Then X € [t] iff i € X, which implies in turn that
acxy < /\jeX aj < a;. On the other hand, if i ¢ X, then a(x) A a; = 0, thus
a(X) S a; iff a(X) =0.

Let t = t; V ta, for terms t; and tz. Since a(x) is either an atom of B(a) or
zero, a(xy < t1(@) V to(a@) iff either a(x) < t1(a@) or a(x) < t2(d), iff either a(x) =0
or X € Htlﬂ U Htgﬂ Now [[tﬂ = Htl]] U Htg]]

The proofs for the cases t = t; Aty and t = t; \ to are similar. O

Define a simple atomic formula, of the language (V, A), as a formula of the form
Niex xi < \/ie[n]\X x;, where n is a positive integer and X is a nonempty subset
of [n].

LEMMA 5-2.13. Ewvery atomic formula of the language (V, A\, \,0), is equiva-
lent, within the class of all generalized Boolean algebras, to a conjunction of simple
atomic formulas.

PROOF. For terms t; and to of the language (V, A, \,0), the formula t; =t is
equivalent to the formula t = 0, where we set t = (t; \ t2) V (t2 \ t1). Now for a
generalized Boolean algebra B and @ = (ay,...,a,) € B", it follows from Lemma
5-2.12 that the equation t(@) = 0 holds in B iff a(x)y = 0 whenever X € [t]. Now
the equation a(x) = 0 holds iff /\ieX a; < \/ie[n]\X a;, 80 it can be expressed by a
simple atomic formula. O

By definition, the elements of the Boolean inverse semigroup Sg = Inv(Bg, G),
constructed for the proof of Theorem 5-2.7, are exactly the finite orthogonal joins
of elements of the form 7,y . = Talpg pc) for a,b,c € G. Accordingly, we say
that a finite sequence a = ((a;,al,a) | 1 <i < n), of triples of elements in G, is a
G-denotation of length n if the partial automorphisms 7,, [a;\a(i,, for 1 <i <mn, are

pairwise orthogonal in Si. In that case, we set 7¢(a) = @, Ta, [o_qv- Hence,
the elements of Sg are exactly the 7¢(a), for G-denotations a.

LEMMA 5-2.14. The set X¢g of all G-denotations of length n is the solution set
of a finite collection of atomic formulas of the language (V, A, 0, —) of lattice-ordered
groups.

PRrROOF. A finite sequence ((a;, al,a) |1 <i <mn)is a G-denotation iff

1)

(ai ~ af) A(a ~af) = ((ai +ap) ~ (ai + af)) A ((a; + af) N (a; 4+ df)) =0,
whenever ¢ # j in [n]. By applying Lemma 5-2.13 (or even just the obvious identity
(a~b)A(exd) = (anc)\ (bVd)), we obtain that the conjunction of those conditions
is equivalent to a conjunction of simple atomic formulas of (V, A), with parameters

from the a;, a}, af, a; + a}, a; + al. O

LEMMA 5-2.15. The inequality t7q(a) L 76(b), for G-denotations a and b of
respective lengths m and n, can be expressed by a finite collection of atomic formulas
of the language (V,A,0,—) in the entries of a and b.
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PROOF. Observe that 7¢(a) L 7¢(b) iff the concatenation a~b is a G-denotation.
Then use Lemma 5-2.14. (]

LEMMA 5-2.16. The inequality t7¢(a) < 7¢(b), for G-denotations a and b of
respective lengths m andn, can be expressed by a finite collection of atomic formulas
of the language (V,A,0,—) in the entries of a and b.

PROOF. Setting a = ((ai,aj,a]) | 1 <i<m)and b= ((b;,},b])[|1<j<n),
the inequality 7¢(a) < 7¢(b) holds iff 7o, [, o < D) T, [y holds for every
i € [n]. For fixed 4, the latter inequality is, in turn, equivalent to the conjunction
of the inequality

@\

/

IA
<=z

(0 N b)) (5-2.4)
1

<.
Il

with the relations
Tai [ag~a)A@s~b7) = To; [(afwap)a@y~pyy s for 1< j <m.

Due to the obvious identity (2’ ~ z”) A (v N y"”) = (&' Ay') N (2 Vi), the latter
system is equivalent to the system

Tai [(agnbh) < (ayvbr) = To; laab)~(apviyy, for1<j<mn.
By Lemma 5-2.8, the latter is equivalent to the system
la: = byl A ((af AB)) = (@ AB) A (af VE))) =0, for 1<) <,

which is a conjunction of atomic formulas of (V, A, 0, —). Furthermore, by Lemma
5-2.8, each of the inequalities (5-2.4) is equivalent to a conjunction of simple atomic
formulas. O

LEMMA 5-2.17. Let G and H be Abelian lattice-ordered groups and let
[+ G — H be an L-homomorphism. Then there exists a unique additive semigroup
homomorphism f: Sq — Sy such that

f(TaG lhe) = Tﬁa) [rb)~s(c) whenever a,b,c € G. (5-2.5)

Moreover, if we denote by f™: Gt — H™ the domain-range restriction of f to pos-
itive cones and by ng: Typ G — G the canonical isomorphism (given by (5-2.2)),
then the diagram represented in Figure 5-2.1 commutes:

ar I g+

Typ S¢ ——= Typ Su
Typ f

FIGURE 5-2.1. A commutative diagram of commutative monoids
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PROOF. Since every element of Sg is a finite orthogonal join of elements of
the form 7, ., the uniqueness statement is obvious. For any G-denotation a,
denote by f(a) the finite sequence obtained by applying f to all entries of a. Since
atomic formulas are preserved under ¢-homomorphisms, it follows from Lemma 5-
2.14 that f(a) is also a G-denotation. Furthermore, it follows from Lemma 5-2.16
that 7¢(a) = 7¢(b) implies that 74 (f(a)) = 7 (f (b)), for all G-denotations a and b.
Consequently, there exists a unique map f: Sp — S such that

flra(a)) = (f(a)), foreverya€ X¢.

Let a,b € S such that a L b. There are G-denotations a and b such that a = 7¢(a)
and b = 7¢(b). By Lemma 5-2.15, it follows that 74 (f(a)) L 7y (f(b)), that is,
f(a) L f(b). Further,

fla®@d) = f(ra(a~b)) =4 (f(a~b))
=7 (f(a) ~ f(b)) = 7 (f(a)) © T (f(b)) = fla) @ F(b).
Hence, the map f preserves finite orthogonal joins.
Finally, in order to prove that f is a semigroup homomorphism, it suffices, by

Proposition 3-1.9, to prove that it preserves products of elements of the form 7& |
For a;,b;,¢; € G (i € {0,1}), it is easy to establish the formula

b~c*

G G _ .G
(Tao Fbo\Co) © (Tm r171\01) = Taptas r(311 ~c1)A((bo—a1)~(co—a1))

_ G
= Taptas r(311/\(bo—al))\(c’lV(Co—al))

Hence,

T G G H
f((Tao rbo\c‘o) ° (Tal rbl \01)) = Tf(ao-i-al) rf(bl/\(bo—lll))\f((cl\/(c’o—al))

_ _H
= Tf(ao)+f(ar) r(f(bl)/\(f(bo)*f(fll)))\(f(Cl)\/(f(Co)*f(al)))
= f(TaC(i rbo\Co) © f(TaG; rbl\cl) ’

thus completing the proof that f is an additive semigroup homomorphism.
Finally, the verification of the commutativity of the diagram represented in
Figure 5-2.1 is straightforward. O

By Lemma 5-2.17, the assignment G + Sg, f + f defines a functor Y, from
the category Lgrp of all Abelian lattice-ordered groups with ¢-homomorphisms,
to the category Bis of all Boolean inverse semigroups with additive semigroup
homomorphisms: so with the notation above, T(G) = Sg and Y(f) = f.

Bringing together the results of Subsection 5-2.4, we arrive at the following
conclusion, which states that roughly speaking, T is a functorial left inverse to the

type monoid functor. More precisely,

THEOREM 5-2.18. Denote by P the positive cone functor, that sends every
Abelian lattice-ordered group G to its positive cone G and every £-homomorphism f
to fT. Then n is a natural equivalence from TypoX to P.

Hence, coordinatization of positive cones of Abelian lattice-ordered groups can
be done functorially.
We leave to another place and time the study of the functor Y: Lgrp — Bis.
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5-3. Inverse semigroups with strongly separative type monoids

In this section we shall isolate a growth type condition, for a Boolean inverse
semigroup, to have its type monoid strongly separative. This growth condition will
be called fork-nilpotence. We will also relate this condition to the classical one of
supramenability for groups.

DEFINITION 5-3.1. Let S be a Boolean inverse semigroup. A fork of S is
a triple (¢, g1,92), where ¢ is an idempotent element of S and gi,g2 € S such
that the relations g; (¢) g2 (¢) = 0 and ¢ < d(g;) hold, whenever ¢ € {1,2}. For
every nonegative integer n, we define (g1, g2) "(c) as the product of all g~ (c),
where g = g;, -+ g;, with each i,, € {1,2}. (In particular, {g1,92) %(c) = ¢ and
(91,92) () = 9" () g3 (e) .

A fork (¢, g1,92) of S is nilpotent if there is a nonnegative integer n such that
(g1,92)"™(c) = 0. We say that S is fork-nilpotent if every fork of S is nilpotent.

The following lemma is a “lifting” of Lemma 2-7.5, where semigroup elements
witnessing occasional Z-dependencies are stated explicitly.

LEMMA 5-3.2. Let S be a Boolean inverse semigroup, let a, b, ¢ be idempotent
elements of S, and let g1,g2 € S such that

(i) (¢,91,92) is a fork of S;
(i) a®c=b®g1(c) D g2 (c).

Then there are idempotent elements d,@,b,¢ € S such that

0) =g (c) gz " (e) ¢;

(1) c=apc=bP g1 (¢) B g2 (C);

(2) typ(a) = typ(d) + typ(a); ~

(3) typ(b) + typ(c) = typ(d) + typ(b) + typ(c).

PrOOF. We follow the proof of Lemma 2-7.5, keeping track of the elements
of S witnessing the relevant Z-dependencies.

Any equality of the form @, _,, a; = P i<n bj (where @ denotes the orthogonal
join in S) gives rise to the following refinement matrix (within (S, ®,0)):

bj (j <n)

a; (’L < m) aibj

By applying that observation to the equality a ® ¢ = b® g1 {¢) ® g2 (c), we get the
following refinement matrix:

a | ab | agy{c) | ags {(c) (5-3.1)
( (
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By the same token, applied to ¢ = g7 ' (a)c @ g7 ' (c)c = g5 ' (a) e @ g5 ' (c) ¢, we
obtain the following refinement matrix:

95 ' {aga () = 95" {a) ¢ | g5 (egac)) = 95" () e
g1 lagi(c) =gi {a)e | u=gy'{a)gy (a)e | o' =gi {a)gy ()¢
g1 {egr(e)) =gi ()| a"=gi" (g (a)e | T=g1' (g (e

In particular,
c=ud®d dad ®C, (5-3.3)
hence ¢ = @ ® ¢ where we set @ = u ® a’ ® a’’. On the other hand, it follows
from (5-3.1) and (5-3.2) that
c=bc®cg{c)Degalc) =bcd gy {a") B ge(d)® g () ®ge (@),

soc=0b®d g; () ® g (¢) where we set b= bc® g1 (a”) © go (a’).
By combining (5-3.1) and (5-3.2) again, we obtain that

o= ab®ag (c) ®ags () = d@T",
where we set d = ab® g1 (u) and @* = g1 (a') B g2 (") ® g2 (). From ' Z ¢1 (a'),
a’ 9 go {a"), and u D go (u), it follows that typ(a) = typ(a*), whence
typ(a) = typ(d) + typ(@”) = typ(d) + typ(@) .
Finally, by combining (5-3.1), (5-3.3), and the definitions of d and b, we get

typ(b) + typ(c) = typ(ab) + typ(be) + typ(u)
+ typ(a’) + typ(a”) + typ(e)
= (typ(ab) + typ(u))
+ (typ(be) + typ(a’) + typ(a”))
+ typ(e)

= typ(d) + typ(b) + typ(c) . g

LEMMA 5-3.3. Let S be a Boolean inverse semigroup, let a, b, ¢ be idempotent
elements of S, and let g1,g2 € S such that

(i) (c,91,92) is a fork of S;
(i) a®ec=b® g1 (c) @ g2 (c).
Then there are sequences (dn)nez+, (@n)nez+, (bn)nez+, and (¢p)nez+ of idem-

potent elements of S such that:
(0) co=a®c, and cht1 = (g1, 92) " (c) whenever n € Z+;
(1) ¢n = an®cny1 = by ® g1 (Cny1) ® g2 (Cns1), whenever n € Z7F;
(2) typ(a) = typ(d,) + typ(a,), whenever n € Z+;
(3) typ(8) + typ(c) = typ(dn) + tyD(bn) + tyD(cnrs), whenever n € Z.

PRrROOF. We argue by induction on n. We set ag = a, by = b, co = a®c, dy =0,
and ¢; = ¢. Then (0)—(3) trivially hold for n = 0. Let n € N, suppose that (0)—(3)
hold at stage n — 1, and set ¢, = 91_1 (Cn-1) 92_1 (cn-1) cn—1 = {g91,92) " "™(c). Since
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Cne1 = Ap_1D ¢y = bp_1® g1 {cn) B ga (cn), it follows from Lemma 5-3.2 that there
are d € Int S and idempotents a,, b, of S such that
Cn = n @ Cnt1 = by @ g1 (Cnt1) D g2 (Cnt1)
typ(an—1) = d +typ(ay),
typ(bn—1) + typ(cn) = d 4 typ(bn) + typ(cn+1) -
By using the induction hypothesis, we obtain that

typ(a') = typ(dn—l) + typ(an—l)
= typ(dn—1) +d + typ(an) ,
hence (cf. Lemma 4-1.6) typ(d,—1) + d = typ(d,) for some d,, < a, and

typ(b) + typ(c) = typ(dn—1) + typ(bn—1) + typ(cy,)
= typ(dn—1) + d + typ(b,) + typ(cn+1)
= typ(dn) + typ(bn) + typ(cnt1) - O

The following result is a Boolean inverse semigroup version of Tarski [105,
Theorem 16.10].

THEOREM 5-3.4. Let S be a Boolean inverse semigroup. If S is fork-nilpotent,
then the monoid Typ S is strongly separative.

PRrOOF. Since Typ S = Upon(Int S) and by Corollary 2-7.7, it suffices to prove
that Int.S is strongly separative. Let a,b,c € IntS such that a ® ¢ = b & 2¢c
within IntS. Let ¢ € a ® ¢. By Lemma 2-4.4 (applied to the additive, conical
V-equivalence 2), there is (a,c) € a X ¢ such that e = a @ ¢. Since e € b P 2¢, it
follows from Lemma 2-4.4 that there is (b, ¢1,c2) € bx ex e such that e = bdey Dea.
For each i € {1,2}, it follows from the relation ¢ & ¢; that there is g; € S such
that d(g;) = c and r(g;) = ¢;. Observe that g; (¢) = g;g; "' = ¢;. Hence, (¢, g1, g2)
is a fork of S, so, by assumption, there exists a nonnegative integer n such that
(91,92) ™(c) = 0. By Lemma 5-3.3, we obtain, using the notation of that lemma,
the equalities

Cn = ap = by, (because ¢,+1 =0),
typ(dy,) + typ(an)
bt+c= typ(dn) + typ(bn) + typ(cn+1) 3

whence, using again the equality ¢,+1 =0, we get a = b+ c. (]

a

We shall now adapt Theorem 5-3.4 to group actions on Boolean rings.

LEMMA 5-3.5. Let (¢, g1,92) be a fork in a Boolean inverse semigroup S. We
define inductively gs, for s € {1,2}~, by gz = ¢, and 9i)~s = Yigs for every (i,8) €
{1,2} x {1,2}°. We set ¢, = [Ticqip<n gzt (c), for every positive integer n. The
following statements hold:

1) gi{cni1) < cp, for all i € {1,2} and every positive integer n.
+
(2) gs (en) < Crten(s), whenever s € {1,2}~* and len(s) < n.
(3) Letn € Z* and let p,q € {1,2}<n. If none of p and q is a prefiz of the other,
then g, (cn) gq (cn) = 0.
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NoTE. The notation ¢, = [ ¢y 0y<n g5 ' () is consistent with the one used
in Lemma 5-3.3.

PrOOF. (1). We compute

gi{Cny1) = gi <91_1 (cn) 92_1 (cn) Cn> < i <9i_1 <Cn>> =r(gi)cn < cpn

(2) follows immediately from (1) via an easy induction argument.

(3). We argue by induction on len(p) 4 len(g). Since none of p and ¢ is a prefix
of the other, none of them is the empty sequence, so p = (i) ~p and ¢ = (j) ~ ¢ for
some i,j € {1,2} and 7, € {1,2}~. If i = j, then none of p and 7 is a prefix of
the other, thus, by the induction hypothesis, g5 (c,) g7 (cn) = 0. It follows that

9p (¢n) 9q (cn) = 9i (gp (cn)) 9i (g7 (cn)) = 9i (9p (cn) g7 (cn)) = 9i (0) = 0.
Now suppose that i # j. It follows from (2) above that gz (c.) = cpienp) < ¢
Hence, gp, (cn) = gi (95 (cn)) < gi (c). Similarly, gq (cn) < g; (c). Therefore,

9p <Cn> 9q <Cn> < g <C> 9gj <C> =0. O

The following result is mostly® contained in Tarski [105, Theorem 16.10], with
a different argument (sketched on pages 224-229 of that reference) and formu-
lation®. We remind the reader that the inverse semigroup Inv(B,G), of partial
automorphisms of B piecewise in G, is introduced in Example 4-4.15.

THEOREM 5-3.6. Let G be an exponentially bounded group, acting by automor-
phisms on a Boolean ring B. Then the monoid Z(B) G is strongly separative.

PROOF. By Proposition 4-4.20, Z*(B) /G = Typ(Inv(B, G)). By Proposition
4-4.16, Inv(B, G) is isomorphic to the inverse semigroup S = pHomeo(2,G) of
all partial homeomorphisms, of the space ) of all prime filters of B, that are
piecewise in G. Note that the idempotent elements of that semigroup are the
identity functions on the compact open subsets of §2; we shall thus identify those
functions with the compact open subsets themselves. With that convention, the
equation goidy o ¢! =id,y enables us to identify g (U) with gU, for every g € S
and every compact open subset U of (2.

Since S is a Boolean inverse semigroup (cf. Example 4-4.14), it suffices, by
Theorem 5-3.4, to prove that every fork (c,gi1,g2) of S is nilpotent. With the
identification above, ¢ is now a compact open subset of . Since g; and g, are
piecewise in G, they have a common finite support X (cf. Example 4-4.14). For
every positive integer n, we denote by X (") the set of all products z - - - ,,, where
all z; € X. Since G is exponentially bounded, there exists a positive integer n such
that card X (") < 27,

Using the notation of Lemma 5-3.5, we shall prove that c¢,11 = @. Suppose
otherwise and let p € ¢, ;1. For each s € {1,2}", c,y1 < g7 (c) <d(gs), p € cni1,
and X(™ is a support of g, thus there exists z, € X (™ such that g,(p) = xs(p).
Since {1,2}" has 2" elements and card X (") < 27, there are distinct p,q € {1,2}"

3] believe that Lindenbaum and Tarski’s proof, as printed in [105], yields only that the partial
commutative monoid B /G satisfies the implication a 4+ 2c = b+ ¢ = a + ¢ <t b. However, by
Corollary 2-7.7, this still yields the desired conclusion.

4Although [105, Theorem 16.10] is stated there for Abelian G, it is mentioned on [105, p. 227]
that the only consequence of abelianness that is used there is a specific (and unnamed in [105])
growth condition on group words. This condition is, of course, exponential boundedness.
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such that =, = z,. Hence, g,(p) = g4(p) belongs to g, (cn+1) N gq (Cnt1), In
contradiction with g, (¢p+1) N gq (Cnt1) = @ (cf. Lemma 5-3.5(3)). O

By applying Theorem 5-3.6 to the inverse semigroup pHomeo(G, G), where G
is given the discrete topology and acts on itself by left translations, we obtain
immediately the following corollary, first discovered by Lindenbaum and Tarski (cf.
Tarski [105, Theorem 16.10]), then again by Rosenblatt [96, Theorem 3.3].

COROLLARY 5-3.7. Every exponentially bounded group is supramenable.

PRrOOF. Set S = pHomeo(G, ). The supramenability of G means that there
is no nonzero & € Typ S such that 2z <* x. This is a trivial consequence of the
strong separativity of Typ S, as given by Theorem 5-3.6. O

It is a long-standing open problem whether every supramenable group is ex-
ponentially bounded. To our knowledge, this question first appeared in print in
Wagon [110, Question 12.9(a)]. However, Rosenblatt already asked on [96, p. 51]
the question whether the product of two supramenable groups is always supra-
menable. Since exponential boundedness is trivially preserved under finite prod-
uct, a negative answer to Rosenblatt’s question would imply a negative answer to
Wagon’s question.

In light of Corollary 5-3.7, it is interesting to ask the following question:

Can the result of Theorem 5-3.6 (strong separativity of Z*(B) J|G)
be extended from exponentially bounded to supramenable groups G ¢

This question was first raised, in case B is a powerset algebra, by Alexander
Pruss (cf. Section 1-1.2).

As our next result shows, the answer to this question (for general B) is posi-
tive. In view of Corollary 5-3.7, it extends Theorem 5-3.6 (and Tarski [105, Theo-
rem 16.10]) from exponentially bounded to supramenable.

THEOREM 5-3.8. Let G be a supramenable group, acting by automorphisms on
a Boolean ring B. Then the monoid Z+(B) /|G is strongly separative. In fact, every
fork of Inv(G, B) is nilpotent.

PROOF. By Proposition 4-4.20, Z*(B) /G = Typ(Inv(B, G)). As in the proof
of Theorem 5-3.6, we first observe that by Proposition 4-4.16, Inv(B, G) is isomor-
phic to the inverse semigroup S = pHomeo((2, G) of all partial homeomorphisms,
of the space 2 of all prime filters of B, that are piecewise in G.

We need to prove that every fork (¢, g1,92) of S is nilpotent. We shall use
the notation of the proof of Theorem 5-3.6. Toward a contradiction, suppose that
Cnt+1 # @ for every nonnegative integer n. Since the ¢,y; form a decreasing se-
quence of nonempty compact subsets in the Hausdorff space €2, their intersection ¢
is nonempty. Observe that c is closed, but not open a priori. By Lemma 5-3.5, it
follows that

gi {¢) < c for each i € {1,2} , while g1 (¢) g2 {c) =0. (5-3.4)
Pick p € c and set
plr) ={geG|gpecuz},

for every z C Q. It is straightforward to verify that ¢ preserves arbitrary unions
and intersections, and sends the empty set to itself. Moreover,

(1) 1€ ¢(c), so p(c) # @.
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(2) p(gz) = gp(x), for all g € G and all x C Q.

Let f: a — b in pHomeo({2,G). There are decompositions a = | ],_,, a;
and b = | |,,, bi, with all a; and b; compact open, together with group elements
fo,---y fm—1 € G, such that b; = f;a; for each i < m, and

fp) = fi(p), wheneveri<m andp € qa;.

For every compact open subset = of © contained in the domain of f, f (id,) = id,
where y = @, _,, fi(za;). Assuming the usual identification between x and the
identity function id,, this yields the equality f () = €D,_,, fi(za;), so x and f (x)
are G-equidecomposable.

In particular, ¢ and g; (¢) are G-equidecomposable, whenever i € {1,2}. Since ¢
preserves disjoint unions and by (2) above, it follows that the sets C' = ¢(c)
and C; = ¢(g; (c)) are G-equidecomposable with pieces from the powerset algebra
of G. Moreover, from (5-3.4) it follows that C; UCy C C and C;NCy = &. Since G
is supramenable, this implies that C' = &, in contradiction with (1) above. |

Putting together several results of this section, we obtain the following result.

THEOREM 5-3.9. The following are equivalent, for every group G:

(i) G is supramenable.
(ii) Whenever G acts by automorphisms on a Boolean ring B, the monoid Z*(B) |G
has no nonzero idempotents.
(i) Whenever G acts by automorphisms on a Boolean ring B, the monoid Z(B) |G
is strongly separative.
(iv) Whenever G acts by automorphisms on a Boolean ring B, every fork of
Inv(B, G) is nilpotent.

PRrROOF. We start recalling that by Proposition 4-4.20, Z* (B) /G = Typ(Inv(B, G)).

(i)=(iv) is Theorem 5-3.8.

(iv)=-(iii) follows immediately from Theorem 5-3.4.

(iil)=-(ii) is trivial.

The particular case of (ii), with G acting on Pow G by left translation, implies
that G has no nonempty paradoxical subsets; hence (i) follows. [l

In constrast with the equivalence between (ii) and (iii) in Theorem 5-3.9, the
following example will show an action of a group G on a Boolean algebra B such
that ZT(B)//G has no nonzero idempotents, yet it is not order-separative (thus, a
fortiori, not strongly separative).

EXAMPLE 5-3.10. Define T as the set of all intervals of the rational line QQ of
the form either [0, ], with  a nonnegative rational number, or [0,z), with z a
positive rational number. Endow T with the addition given by

z+y={r+yl|(v,y) cxxy}, forallz,yecT.

Then T is a countable conical refinement monoid, with order-unit [0,1). It has no
non-trivial idempotents, yet it is not even order-separative (for [0, 1]+[0,1) = 2:[0,1)
yet [0,1] €% [0,1)). By Theorem 4-8.9, there is an action of a group G on a Boolean
algebra B such that T = Z*(B) //G.

This monoid T is exactly the monoid T introduced in Wehrung [115], minus
the top element [0, 00).
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If follows from Theorem 5-3.9 that whenever a supramenable group G acts by
automorphisms on a Boolean ring R, the monoid Z(B) /G is strongly separative.
As witnessed by Example 2-10.8, this result does not extend to M™* /G for a finite
group G acting on a dimension group M.

Another example, with a similar feature, is the following.

EXAMPLE 5-3.11. Denote by G the group of all self-maps f,,: Q = Q, z —
2"z +r, where n is an integer and r is a rational number. The assignment f,, , — n
defines a surjective homomorphism 7: G — Z, and the assignment r — f , defines
an embedding €: Q — G, in such a way that we get an exact sequence of groups

1 Q—=G—=>7 1.

In particular, G is metabelian. It is well known that G is not supramenable. In fact,
G contains a copy of the free semigroup on two generators: for example, z — 2z
and x — 2z + 1 are such generators. In particular, denoting by S(2,Z") the com-
mutative monoid of all bounded maps  — Z™, the monoid S(G,Z") /G contains a
nonzero idempotent element. Setting M = S(G,Z71)/Q, it follows from Proposition
2-8.6 that S(G,Z7) )G = M J/(G/Q) = M JZ (as G/Q 2 Z). Since Q is Abelian, it
is supramenable, thus, by Theorem 5-3.9, M is strongly separative.

5-4. Type monoids with completeness conditions

5-4.1. Antisymmetry. The following result is one of the many reformula-
tions, in many different contexts, of the Schroder-Bernstein Theorem. The present
formulation and proof outline originate in Banach [17, Théoréme 1]. We include a
proof for convenience.

THEOREM 5-4.1. Let B be a Boolean ring, let M be a conical refinement mon-
oid, and let u: B — M be a groupoid-induced V-measure. If B is conditionally
o-complete, then M is antisymmetric.

PROOF. It is easy to verify directly that the Boolean ring B(Z+), of all almost
zero sequences of elements of B, is also conditionally o-complete. By Proposition
4-7.11, we may thus assume that p is both surjective and induced by the action of a
group G of automorphisms of B. Let a,b,c € M such that a+b+c = ¢. We must
prove that a+c¢ = ¢. Pick ¢y € B such that u(co) = ¢. From a+b+c = c it follows
that there is a decomposition cg = ag@®bg @ ¢y in B such that p(ag) = a, u(by) = b,
and p(c1) = e. Since p(ep) = p(er) = ¢, there is g € G such that g(cy) = c;.
The latter equation implies that we may define a,, = ¢"(ag), bn, = ¢"(bo), and
cn = g"(co), for each n € Z*. Observe that ¢, = a, ® b, ® ¢, 11, for each n € Z+.
In particular, the a,, and the b,, are pairwise orthogonal. Since B is conditionally
o-complete, we may define ¢ = A ~ocn, ¢/ = B,>0an, ' = B,,~; an, and
v =@,,~obn, and then the equation co=da @Y ¢ holds. -

Since g(a,) = an41 for each n, we get g(a’) = a”, thus p(a’) = u(a"), and thus,
setting ¢ = a” @b @ ¢, we get u(c’) = p(co). Since u(cp) = ¢ and ¢g = ag @ ¢/, it
follows that @ + ¢ = c. O

The assumption in Theorem 5-4.1, that B be conditionally o-complete, cannot
be dropped. Indeed, by Theorem 4-8.9, every countable conical refinement mon-
oid is group-measurable, in particular G- is group-measurable, for any non-trivial
countable group G. The monoid G-° is not antisymmetric.
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Since the canonical V-measure on a Boolean inverse semigroup is groupoid-in-
duced (cf. Example 4-6.4), we get immediately the following consequence.

COROLLARY 5-4.2. Let S be a Boolean inverse semigroup. If Idp S is condi-
tionally o-complete, then Typ S is antisymmetric.

By Theorem 4-8.6, every V-measure on a countable unital Boolean ring is
groupoid-induced. This may suggest that the assumption in Theorem 5-4.1, that p
be groupoid-induced, can be dropped. The following example proves that guess
wrong.

EXAMPLE 5-4.3. A conical refinement monoid M, a complete atomic Boolean
algebra B, a V-measure p: B — M, and a € M such that the element e = u(1) is
an order-unit of M, 2a+ e =e, and a + e # e.

ProOOF. Throughout this proof, define B as the powerset algebra of ZT. The
commutative monoid M will be defined as the enveloping monoid of B/~ for
a suitably defined conical V-equivalence ~ on B; then p will be the canonical
projection B — B/~.

Denote by X A'Y the symmetric difference of any sets X and Y. We say that
a set is even (resp., odd) if its cardinality is finite and even (resp., finite and odd).

CramM 1. card(XAY) = card X+cardY (mod 2), for any finite sets X andY .
PrROOF OF CLAIM. Just observe that the following relation holds:
card(X AY) =card X + cardY —2card(X NY). O Claim 1

We define a binary relation >~ on B, by letting X ~ Y hold, if either X and Y
are both finite and card X = cardY, or X and Y are both infinite and X AY
is even. Observe that, by Claim 1, X ~ Y always implies that X A'Y is even.
Furthermore, if X ~ Y and X and Y are both infinite, then X NY is infinite as
well.

CLAIM 2. The binary relation >~ is an additive and conical V-equivalence on B.

PrROOF OF CLAIM. It is trivial that ~ is both reflexive and symmetric. Let
X,Y,Z C Z* such that X ~ Y and Y ~ Z; we must prove that X ~ Z. The
conclusion is trivial if one of the sets X, Y, Z is finite (in which case they are all
finite). If X, Y, Z are all infinite, then the set X A Z = (X AY)A (Y A Z) is,
by Claim 1, even, thus X ~ Z. Hence, >~ is an equivalence relation on B. It is
trivially conical.

Let Xg, X1,Ys,Y1 € B such that XN X7 =Yy NY; = @ while Xy ~ Yy and
X1~ Y:. Then (X0|_|X1)A(Y()|_|Y1) = (X()AXl)A(Y()Ayl) = (XoAYQ)A(Xlﬂyl)
is, by Claim 1, even, so X L X1 ~ Yy UY;. This proves that ~ is additive.

Finally we prove that ~ is refining. Let X = XoU X; and Y such that X ~ Y.
We must find a decomposition Y = Yy LI'Y; such that each X; ~Y;.

Suppose first that either Xy or X; (say Xp) is finite. Since either cardY =
card X or Y is infinite, Y has a subset Yy of the same cardinality as Xg; whence
Xo ~ Yp. Set Y7 =Y\Yy. If X is finite, then all X; and Y; are finite, and X; ~ Y}, so
we are done. Suppose that X (thus X;) is infinite. From X AY = X AYoA X AY;
it follows that X1 AY; = (X AY) A (Xo A Yp), thus, since X ~Y and Xy ~ Yo,
we get, using Claim 1, the relation X; ~ Y7.
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Suppose from now on that Xy and X; are both infinite. Pick an element
z € XgNY. The following set

) XoNnY, if Xg\Y is even,
T ) XonY\{z}, if Xo\Y isodd.

is contained in Y. Moreover, Yy C X, thus Xo A Yy = Xo \ Yo, and thus

Xo\Y, if Xo\'Y is even,

XoAYy =
0= {(XO\Y)I_I{z}, if Xo\Y is odd.

In particular,

X() >~ YO . (5-4].)
Now set Y1 = Y\ Y. By definition, Y = YoUY;. From X AY = Xg Ay A X1 A
it follows that X3 AY; = (X AY) A (X9 AYy), thus, since X ~ Y and by (5-4.1),
we get, using Claim 1, the relation X; ~ Y;. Therefore, ~ is refining. [ Claim 2.

By Claim 2 together with Lemma 2-4.4, we get a natural structure of a conical
partial refinement monoid on the quotient set P = B/~. By Proposition 2-1.8, P
embeds, as a lower interval, into its enveloping monoid M = Uyyon(P). By Theorem
2-2.3, M is a conical refinement monoid.

Denote by u(X) the equivalence class of a set X relatively to ~. Setting a =
w({0}) and e = u(Z"), it follows from the relation Z* ~ 2+Z* that e = u(2+2Z").
Since {0} ~ {1}, we get a = u({1}), thus 2a + e = u({0}) + p({1}) + u(2+2*) =
w(ZT) = e. On the other hand, a + e = pu({1}) + u(2 +Z*) = p(1 + Z"), thus,
since 1 + Z* o Z7, it follows that a + e # e. O

Although Example 5-4.3 might suggest that the completeness of B puts no
strain on the range of any V-measure with domain B, the following example shows
that this is not the case either.

EXAMPLE 5-4.4. A countable conical refinement monoid M with order-unit
such that there are no conditionally o-complete Boolean ring B and no V-measure
w: B — M with generating range.

PROOF. We consider again the conical refinement monoid P, introduced in
Example 4-7.9, defined by the generators ¢, 1 and the relation ¢ +1 = 1.

Suppose that there are a conditionally o-complete Boolean ring B and a V-
measure j: B — P with generating range. Since 1 is a finite sum of elements of
the range of p, it necessarily belongs to the range of p, that is, 1 = u(eg) for some
eg € B. Since u(eg) =1 =e+ 1 and p is a V-measure, there are ag,e; € B such
that eg = ap ® e1, p(ag) = ¢, and p(e;) = 1. Continuing in this manner, we get
elements a, and e,, for n € Z*, such that each u(a,) = €, each u(e,) = 1, and each
€n = Gn, P ent1. Since B is conditionally o-complete, the elements € = /\nez+ en
and a(xy =\, cx @n, for X C 7T, are well defined, and ey = a(z+y @ €. The latter
equation can be written ey = a(az+) ® a(1427+) G €. It follows that

1= p(aez+)) ® plaaraz+)) ® pu(e). (5-4.2)
Since a(gz+) is an infinite orthogonal join of elements all sent by u to €, we get
ne < p(agz+y) for each n € Z7F, thus 1 <* p(aoz+)). Likewise, 1 <¥ p(aoz+))-
By (5-4.2), it follows that 2-1 <* 2.1+ u(e) < 1 within P, a contradiction. [J
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5-4.2. Power cancellation and unperforation. Let us put even more con-
ditions on the Boolean ring B, by requiring B be complete atomic (i.e., B is the
powerset algebra of a given set). The following result was established, using Hall’s
Matching Theorem, by Miklés Laczkovich (private communication). For a proof,
see Wehrung [115, Corollary 1.4].

THEOREM 5-4.5 (Laczkovich). Let B be a Boolean ring, let M be a conical
refinement monoid, and let u: B — M be a groupoid-induced V-measure with gen-
erating range. If B is complete atomic, then M is unperforated.

The same way as Theorem 5-4.1, Theorem 5-4.5 can be reformulated in terms
of Boolean inverse semigroups.

COROLLARY 5-4.6. Let S be a Boolean inverse semigroup. If Idp S is complete
atomic, then Typ S is unperforated.

In particular, whenever a group G acts by automorphisms on a complete atomic
Boolean ring B, the monoid Z* (B) /G is power cancellative. The question, whether
the assumption on B could be relaxed to mere completeness, was asked in Wagon
[110, Problem 14, page 231]. Truss solved that problem in the negative, in [106,
Theorem 1.1].

THEOREM 5-4.7 (Truss). Let B be the Boolean ring of all Borel subsets of the
Cantor space, modulo the sets of first Baire category. Then there are a group G of
automorphisms of B and distinct elements a,b € Z*(B) /G such that 2a = 2b.

Truss also proves in [106, Theorem 4.1] the following negative cancellation
result.

THEOREM 5-4.8 (Truss). Let B be the powerset algebra of ZT. There is a
group G of permutations of Z+ such that Z+(B) /G has elements a, b, ¢ such that
a+c = b+ c but there are no x,y,z € ZV(B) G such thata=x+ 2z, b=y + z,
andx +c=y+c=c.

5-4.3. Refinement algebras. The following definition is equivalent, for full
conical monoids, to the one given in Tarski [105, Definition 11.26].

DEFINITION 5-4.9. A conical refinement monoid M is a refinement algebra if
for all ag,a1,b,c € M, if ag+a; +c = b+ ¢, then there are by, by, ¢y, c; € M such
that b= by + b1, ¢ = ¢y + ¢1, and a; + ¢; = b; + ¢; whenever i € {0,1}.

If ag + a1 + ¢ = ¢, then, setting b = 0 in the definition above, it follows from
the conicality of M that b; = 0, thus a; + ¢; = ¢;, and thus a; + ¢ = ¢. Hence,
Every refinement algebra is antisymmetric. In particular, the conical refinement
monoid M of Example 5-4.3, although it is generated by the range of a V-measure
on a complete atomic Boolean ring, is not a refinement algebra. Another example
of a conical refinement monoid which is not a refinement algebra is the primitive
monoid of Example 5-4.4 (consider the equation e +e+1=0+1).

On the positive side, the following result is a particular case of Tarski [105,
Theorem 11.12]. The reduction of our context to the one of [105] works the same
way as the beginning of the proof of Theorem 5-4.1.

THEOREM 5-4.10 (Tarski). Let B be a Boolean ring, let M be a conical re-
finement monoid, and let p: B — M be a groupoid-induced V-measure. If B is
conditionally o-complete, then M 1is a refinement algebra.



5-4. TYPE MONOIDS WITH COMPLETENESS CONDITIONS 161

The assumption in Theorem 5-4.10, that B be conditionally o-complete, cannot
be dropped. Indeed, by Theorem 4-8.9, every countable conical refinement monoid
is group-measurable, and the (countable) conical refinement monoid of Example
5-4.4 is not a refinement algebra.

COROLLARY 5-4.11. Let S be a Boolean inverse semigroup. If Idp S is condi-
tionally o-complete, then Typ S is a refinement algebra.

5-4.4. Conditionally countably closed Boolean inverse semigroups.
The results of the present section are more conveniently formulated in the language
of (finitely closed, generalized) cardinal algebras, as defined in Tarski [105], as op-
posed to mere commutative monoids. By definition, a generalized cardinal algebra,
or GCA, is a partial commutative monoid, endowed with a infinitary partial addi-
tion, defined on countable sequences, satisfying certain attributes that ought to be
satisfied by any well behaved infinitary addition. It turns out that those infinitary
axioms reflect in a strong way on the first-order structure of the partial monoid,
making it possible to establish, in a non-trivial way, such results as antisymmetry
or unperforation.

Since the reference [105] is not easy to find, we also refer the reader to Wehrung
[117, § 3.4] for a brief outline of those concepts. Nevertheless, a full length treat-
ment of the matter would take up too much space and we shall only provide outlines
of the results.

DEFINITION 5-4.12. A Boolean inverse semigroup S is countably closed, or
o-closed, if every countable orthogonal subset of S has a join.

EXAMPLE 5-4.13. Let B be a o-complete Boolean ring. Then the Boolean
inverse semigroup Inv(B) (cf. Example 4-4.9) is o-closed. The join f of a countable
orthogonal sequence (f,, | n € ZT) of elements of Inv(B) is given by the relations

d(f) = D,.cz+ d(frn) and r(f) = D,,cz+ r(fn), together with
f@)= P fulzd(fn)), forallze Bld(f).

nezt
More generally, for every group G of automorphisms of B, the set Inv’ (B, G), of
all countable orthogonal joins of elements of Inv(B, G) (cf. Example 4-4.15), is a
o-closed Boolean inverse semigroup. This extends naturally to any additive inverse
subsemigroup of Inv(B) (by Theorem 4-4.17, every fundamental Boolean inverse
semigroup has this form). The latter result can be obtained by a straightforward
application of Tarski [105, Theorem 11.23] to B viewed as a GCA.

The proof of the following result is similar to the one of Wehrung [117, Propo-
sition 13.10], and its origin can be traced back to Tarski [105, Theorem 11.32].

THEOREM 5-4.14. Let S be a o-closed Boolean inverse semigroup. Then Typ S
is a GCA.

A counterpart of Theorem 5-4.14, for every ring R which is either Ny-left con-
tinuous or Ny-right continuous (or even every quotient of such a ring), is stated
in Wehrung [117, Corollary 13.14]: namely, the underlying monoid V(R), of the
nonstable K-theory of R, is a GCA.






CHAPTER 6

Constructions involving involutary semirings and
rings

The axioms of ring theory, when deprived of the existence of additive inverses,
yield the axioms of semirings. When endowed with an additional involutary anti-
automorphism (we will talk about involutary semirings), semirings will enjoy quite
a fruitful interaction with Boolean inverse semigroups, the basic idea being to have
the multiplications agree and the inversion map correspond to the involution.

In Section 6-1, we will set the basic framework for involutary semirings, enabling
us to detect Boolean inverse semigroups in both involutary semirings and involutary
rings.

Section 6-2 will introduce our prototype of involutary semiring, obtained wvia
the natural expansion of the enveloping monoid Up,en(S) of a Boolean inverse semi-
group S, endowed with its operation of orthogonal addition.

One of the side products of that construction, discussed in Section 6-3, will be
a convenient introduction of the additive enveloping K -algebra K(S) of a Boolean
inverse semigroup S, for any unital ring K. This object is the universal K-algebra,
in which S embeds as a subsemigroup, with range centralizing K, in such a way
that finite orthogonal sums in the Boolean inverse semigroup are turned to finite
sums in the ring.

The presentation of the additive enveloping K-algebra given in Section 6-3 is
not sufficient, a priori, to establish even basic structural results of K(S). Section
6-4 partly fills this gap, in particular listing a few sufficient conditions, for an
additive semigroup embedding S — T of Boolean inverse semigroups, to extend to
an embedding K{(S) — K(T) of K-algebras.

In Section 6-5, we present a general argument showing, in particular, that
Leavitt path algebras of quivers are particular cases of the K(S) construction.
Analogues of those results for C*-algebras are also presented.

In Section 6-6, we show how to canonically adjoin a unit to any Boolean in-
verse semigroup, by using the unitization constructions for rings and for generalized
Boolean algebras.

For a Boolean inverse semigroup S and a unital ring K, there is a canonical
monoid homomorphism f from the type monoid of S to the nonstable K-theory of
the ring K(S). Although we will prove that f can be, in some exceptional cases,
an isomorphism, we will show in Section 6-7 a few counterexamples showing that
this statement does not hold in full generality.

While Boolean inverse semigroups mimick, in many of their aspects, von Neu-
mann regular rings or, more generally, exchange rings, we will show in Section 6-8 a
feature of Boolean inverse semigroups absent from those ring-theoretical contexts:
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namely, they afford a natural definition of tensor product. This study will be pur-
sued in Section 6-9, where we will prove that the type monoid functor, and the
tensor product bifunctor, commute.

Highlights of Chapter 6.

e Under mild assumptions, an inverse semigroup with a multiplicative em-
bedding into an involutary semiring M, sending the inversion map to the
involution, is contained in a Boolean inverse semigroup in M (Lemma
6-1.5 and Theorem 6-1.6). A similar statement holds for inverse semi-
groups in involutary rings (Theorem 6-1.7). Hence, an involutary ring
(resp., C*-algebra) generated by an inverse semigroup is also generated
by a Boolean inverse semigroup (Corollary 6-1.8).

e The enveloping monoid Upen(S), of a Boolean inverse semigroup S, is
the positive cone of an Archimedean dimension group (Proposition 6-2.1),
and it extends naturally to an involutary semiring (Proposition 6-2.2).

e For any unital ring K, the K-algebra K (S) = K®Upon(S) can be defined
by generators S forming a multiplicative subsemigroup centralizing K,
subjected to the relations z = x + y, within K(S), whenever z = z ® y,
within S (Proposition 6-3.6).

e Let S be an additive Boolean inverse subsemigroup of a Boolean inverse
semigroup 7', and let K be a unital ring. Although the canonical map
K(S) — K(T) is not an embedding as a rule (Example 6-4.1), it is
an embedding if either T' is Exel’s regular representation of S (Lemma
6-4.6), or S is a lower subset of T with respect to the natural ordering
(Theorem 6-4.8), or S and T are both Boolean inverse meet-semigroups
and S is a meet-subsemilattice of T' (Theorem 6-4.9).

e For any Boolean inverse semigroup S, the additive enveloping complex al-
gebra C(S) is a dense subalgebra of the additive enveloping C*-algebra C*(S)
of S (Theorem 6-4.11), also of its reduced version C} ,;(S) (Remark 6-
4.12).

e For any inverse semigroup S, every system ¥ of (formal) equations of
the form @), z; = @?:1 yj, where all the z; and y; are elements of S,
and every unital involutary ring K, the involutary K-algebra K(S,Y),
defined by generators S centralizing K, with relations X, has the form
K (S%) for a suitable Boolean inverse semigroup S* (Theorem 6-5.2). In
particular, the Leavitt path algebra of any quiver, over a unital ring K,
has the form K(S), for a Boolean inverse semigroup S (Theorem 6-5.6).
Those results also have C*-algebraic analogues (Theorem 6-5.3).

e Every Boolean inverse semigroup has a Boolean unitization, unique up
to isomorphism (Theorem 6-6.2 and Corollary 6-6.4).

e Let S be a Boolean inverse semigroup and let k be a division ring. Then
the canonical monoid homomorphism, from the type monoid of S to the
nonstable K-theory of k(S), need be neither surjective nor one-to-one
(Examples 6-7.2 and 6-7.8).

e The tensor product S ® T, of two Boolean inverse semigroups S and T,
is also Boolean inverse (Theorem 6-8.5). Furthermore, its type monoid
is isomorphic to the tensor product of the type monoids of S and of T
(Theorem 6-9.2).
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6-1. Inverse semigroups in involutary semirings
We begin with a classical definition.

DEFINITION 6-1.1.

e A semiring is a structure (M, +,0,-), where (M, +,0) is a commutative
monoid, (M, -) is a semigroup, -0 =0-2 =0, z-(y+2) = (x-y) + (x-2),
and (z+vy) - z=(x-2)+ (y-2), forall z,y,z € M.

e An involutary semiring is a structure (M,+,0,-,*), where (M, +,0,)
is a semiring and * is a unary operation on M (the involution of our
structure) such that (x +y)* = 2* +y*, (z-y)* = y* - z*, and (2*)* =z,
for all z,y € M. An element z € M is self-adjoint if x = z*.

e Following the terminology in use for involutary rings, we say that an
involutary semiring M is proper if *x = 0 implies that z = 0, for each
reM.

Following a widespread convention, we will usually write xy instead of x - y.
We will often extend, to involutary semirings, attributes of commutative monoids,
by simply applying those attributes to the underlying commutative monoid. For
example, an involutary semiring is cancellative (resp., conical) if its underlying
commutative monoid is cancellative (resp., conical).

DEFINITION 6-1.2. Two elements z and y in an involutary semiring M are
orthogonal, in notation = | y, if x*y = xy* = 0. Further, let z = = @ y hold if
z=x+yand z L y, for all x,y,z € M. We will call ® the orthogonal addition
in M.

It is obvious that the orthogonality relation is symmetric (i.e., x L yiff y L ).
There are trivial examples where none of the relations of orthogonality and meet-
orthogonality in M (cf. Definition 2-3.1) contains the other. However, in most
contexts that we shall encounter, orthogonality implies meet-orthogonality.

LEMMA 6-1.3. The following statements hold, for any involutary semiring M :

(1) 2 L z and y L z implies that x +y L z, for all x,y,z € M.

(2) Suppose that M is conical. Thenx Ly, uw <* z, andv <t y implies thatu L v,
for all x,y,u,v € M. Furthermore, the orthogonal addition & endows M with
a structure of partial commutative monoid.

(3) Suppose that M is both conical and proper, and let x,y € M. If x L y, then
x Ay =0 within (M,<%).

PRrROOF. (1) follows trivially from the distributivity of the multiplication of M
with respect to its addition.

(2). There are elements u,7 € M such that © = u+w and y = v+ 0. It follows
that 0 = 2*y = u*v +u*v+ T v+ u*v, thus, since M is conical, u*v = 0. The proof
that uv* = 0 is similar.

The final statement of (2) follows trivially.

(3). Let 2 € M such that z <t ZI It follows from (2) above that z L z, whence
z*z = 0. Since M is proper, z = 0. O

DEFINITION 6-1.4. A nonempty subset S in an involutary semiring M is an
inverse semigroup in M if S is a multiplicative subsemigroup of M and z* = 27!
for all x € S.
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In particular, if S is an inverse semigroup in an involutary semiring M, with
the same zero, then the orthogonality relation of S is the restriction to S of the
orthogonality relation of M: that is, x L y iff 271y = 2y~ = 0, iff 2*y = zy* = 0,
for all z,y € S.

LEMMA 6-1.5. Let S be an inverse semigroup in a conical involutary semir-
ing M. Then the set S®, of all finite orthogonal sums of elements of M, is an
inverse semigroup in M.

PRroOOF. It is trivial that S® is closed under the involution of M.
CLAIM 1. The set S® is a multiplicative subsemigroup of M.

PROOF OF CLAIM. Let z,y € S®. There are decompositions z = @" | z; and
y =), yj, withm,n € Z* and elements ;,y; € S. Since 2y = 3 ; j\cin)x[n] Li¥5-
all is left to prove is that z;y; L z;y;» whenever (4, j) # (i, 5). In that case, either
m > 2orn > 2, thus 0 € S. First observe that

(wiy;) wiry = yjaieiyy . (6-1.1)

If ¢ # ¢, then 2z, = 0, thus, by (6-1.1), (z;y;)*zyy;; = 0. Suppose now that
i =4'. Then xjzy = d(z;) is idempotent, thus, by (6-1.1), (ziy;) wwy; < yjy;
(with respect to the natural ordering of S), thus, as yjyy = 0, we get again
(xiyj)*xiyj = 0. Likewise, z;y;(zyy;)* =0, so ziy; L zyy,. O Claim 1.

CLAIM 2. The subset S = {(x,y) € M x M | x = zx*z} is closed under finite
orthogonal sums. In particular, it contains S®.

PRrROOF OF CLAIM. Let x,y € S be orthogonal and let z = 2 + 3. Since = =
rzx*x and y = yy*y, we get z22*z2 = z + xaty + xyFr + xyFy + yrfr + yxty + yyta.
From z 1 y it follows that zz*y = zy*x = zy*y = yr*z = yz*y = yy*z = 0.
Therefore, z2*z = z belongs to S. O Claim 2.

CLAIM 3. The elements x*x and y*y commute, for all x,y € SO.
PROOF OF CLAIM. Write againz = ;" z; andy = @], y;, withm,n € Z*
and elements x;,y; € S. Since the z; (resp., y;) are pairwise orthogonal, we obtain
m n
e = foxl and y*y = Zyjyj . (6-1.2)
i=1 j=1
Since all elements xjz; = d(x;) and yjy; = d(y;) are idempotent elements of S,
they pairwise commute. By (6-1.2), it follows that z*2 and y*y commute. O Claim 3.

The claims above enable us to apply Lemma 3-1.1 to the structure (S, -, *),
thus completing the proof. O

THEOREM 6-1.6. Let M be a conical refinement involutary semiring and let S
be an inverse semigroup in M, satisfying the following conditions:

(1

2
(3
(4

) Every element of S has index at most 1 in M.

) S is a lower subset of (M, <T).

) Idp S is an upward directed subset of (M, <T).

) S is closed under finite orthogonal sums within M.
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Then S is a Boolean inverse semigroup, with the same zero as M. Furthermore, S
and Idp S are both lower subsets of (M, <T), the algebraic preordering <* restricts,
on S, to the natural ordering of S, and the orthogonal addition of S is the restriction
to S of the orthogonal addition of M.

PrROOF. Tt follows from (4) (applied to the empty sum) that 0 € S, so S is an
inverse semigroup with zero.

Cram 1. Letz e M andy € S. If x +y =y, then x = 0.

PROOF OF CLAIM. From y = x + y it follows that y = 2z + y, thus, by (1),
x=0. O Claim 1.

CLAM 2. Let x,y € S. If v Ly, then x Ay =0 within (M, <7T).

PRrROOF OF CLAIM. Let z € M such that z <t z It follows from (2) that

z € S. Further, it follows from Lemma 6-1.3 that z L z, whence z*z = 0. Hence,
z=122"2=0. O Claim 2.

CLAM 3. Let z,y € S. Then x+y € S iff v L y (within the involutary
semiring M) iff x L y (within the inverse semigroup S).

PROOF OF CLAIM. The statements z L y (within M) and 2 L y (within 5)
are clearly equivalent. If this statement holds, then, by (4), z +y € S.

Suppose, conversely, that the element z = x + y belongs to S. Since x = za*x
and y = yy*y, we get z = 22%2 = 2z + xxty + xytr + xy*y + yrtr + yrty + yyto,
thus, by Claim 1 together with the conicality of M, zx*y = zy*y = 0. It follows
that z*y = x*zz*y = 0 and zy* = zy*yy* =0,s0 z L y. O Claim 3.

CLAIM 4. Denote by < the natural ordering of S and let z,y € S. Thenz <™ y
iff c <y, foralx,yeS.

Proor or CLAIM. Suppose first that z <t y. There is z € M such that
x4+ 2z = y. It follows from (2) that z € S. By Claim 3, x L z. Therefore,
yd(z) =yr*z =za*z + za*c =z + 0=z, that is, z < y.

Suppose, conversely, that z < y. By (3), there is e € Idp S such that d(z) <te.

d(y)
By the paragraph above, d(y) < e, that is, d(y) = d(y)e, thus, multiplying on the
left by y, we get y = ye. Let 2’ € M such that e = d(x) + 2’. We get

y=ye=y(d(z) +2') =yd(z) + y2’ =z +ya',
whence z <T y. O Claim 4.

It follows from (2) that S and Idp S, endowed with the restrictions of the
addition of M, are lower intervals of (M, +,0). In particular, S and Idp S, endowed
with this addition, are conical partial refinement monoids.

Moreover, by Claim 3, the addition operations in S and Idp .S are the restric-
tions of the orthogonal addition in M. By Claim 2, those additions are multiple-free.
By applying (3), together with Proposition 2-3.10, to Idp S, we obtain that Idp S
is a generalized Boolean algebra.

Finally let z,y € S be orthogonal. By Claim 3, the element z = x + y belongs
to S. By Claim 4, both inequalities z < z and y < z hold within S. Now let t € S
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such that ;C < t within S. By (2) together with Claim 4, it follows that ; <% ¢

within (S, ®,0). By applying Lemma 2-3.9 within (S, ®,0), it follows that z <% ¢
within (S, ®,0). By Claim 4, it follows that z < ¢ within S. Therefore, z is the
orthogonal join of x and y within S, thus completing the verification that S is a
Boolean inverse semigroup. O

We conclude this section with the following analogue of Theorem 6-1.6 for invo-
lutary rings. This result says that the embedding problem of an inverse semigroup
into an involutary ring R (vie an involutary semigroup homomorphism) is, essen-
tially, the same as the embedding problem of a Boolean inverse semigroup into R,
with preservation of orthogonal sums.

THEOREM 6-1.7. Let R be an involutary ring, let S be an inverse semigroup
in R, and let A be a commutative subring of self-adjoint elements in R, contain-
ing Idp S, such that tAx—! C A for every x € S. Then SU A is contained in a
Boolean inverse semigroup S in R, with the same idempotents as A. Furthermore,
orthogonal join in S is induced by orthogonal addition in R.

PRrROOF. It is well known since Foster [45] that the set B, of all idempotent
elements of A, is a generalized Boolean algebra under the operations given by

cANy=ay, cVy=ax+y—zy, ande~y=z—zy, forallz,yeB.

We set B! = B {1} for a new element 1 such that 21 =1z = for all z € R,
and we define

S={z€R|zz*z =1z and {zba*,2*bx} C B for all b€ B} .

It is obvious that S is closed under the involution z ++ z*. Now let x,y € S. From
y € S it follows that yby* € B. Since z € S, it follows that zyby*z* € B, that is,
(xy)b(xy)* € B. Likewise, we can prove that (zy)*b(xy) € B. For the quasi-inverse
property, we observe that since yy* and x*x both belong to B, they commute, thus
zy(zy) zy = x(yy") (¢ 2)y = zx’zyy’y = zy.
We have thus proved that S is a subsemigroup of R, closed under the involution
x +— x*. The elements of the form x*z, for € S, all belong to B, thus they
commute pairwise. By Lemma 3-1.1, it follows that S is an inverse semigroup in
the involutary ring R. Furthermore, for any z € S and any b € B"!, it follows
from our assumption that the element zbx~' belongs to A. Since this element is
idempotent (for b and =2 commute, thus xbz~lzbr~! = xoz~tzb?z~! = xba~1),
we get xbz~! € B. Likewise, z 'bx € B, so we have proved that S contains S.
The subset S obviously contains B. Conversely, every idempotent = € S satis-
fies x = x*x € B, whence the subset Idp S = B is a generalized Boolean algebra.
Now let 2 and y be orthogonal elements in S. For every b € BY, 2*by < 2*y =
0 (where < denotes the natural ordering of S), thus z*by = 0. Likewise, y*bx = 0.
It follows that

(x+y)b(z+y) =a"bx + x"by + y*bx + y* by = z*bx + y*by .

From z,y € S it follows that z*bx and y*by both belong to B, thus, in partic-
ular, they are idempotent. Furthermore, from z*y = zy* = 0 it follows that
(x*bx)(y*by) = (y*by)(z*bx) = 0, whence z*bx + y*by is idempotent. Since
x*bx + y*by € A, it follows that x*bx 4+ y*by € B, that is, (z +y)*b(x +y) € B. A
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similar proof yields that (z + y)b(z + y)* € B. Further, it follows again from the
orthogonality of x and y that (z 4+ y)(z* + y*) = za™ + yy*, and thus, by the same
token,

(z+y)(@" +y )z +y) =vr'z+yy'y=2+y,

thus completing the verification that 2 4y € S. The elements a = z*z and b = y*y
both belong to B. From z = (x 4+ y)a and y = (x + y)b it follows that z < x +y
and y < z+4+y. Let z € S such that < z and y < z, that is, x = za and
y = zb. Since a and b are orthogonal elements of B, their sum a + b belongs to B,
whence z+y = z(a+b) < z (the inequality holding within the inverse semigroup S),
therefore completing the verification that x+y is the orthogonal join of @ and b. O

Throughout this work, we will use Theorem 6-1.7 only in the case where A is
the subring of R generated by Idp S (clearly, rAz~! C A for any x € S).

The study of C*-algebras generated, in various ways, by inverse semigroups,
is quite an active topic of research, see, for example, Duncan and Paterson [35],
Paterson [89, § 2.1], Exel [39, 41]. As an immediate consequence of Theorem 6-1.7,
observe the following.

COROLLARY 6-1.8. Let S be an inverse semigroup. If an involutary ring (resp.,
a C*-algebra) R is generated by S, then it is also generated by a Boolean inverse
semigroup containing S, in which orthogonal join is induced by orthogonal addition
in R.

6-2. The additive enveloping involutary semiring of a Boolean inverse
semigroup

Recall from that any Boolean inverse semigroup .S, endowed with its partial
operation of orthogonal join, is a conical partial refinement monoid (cf. Proposition
3-1.9). This entitles us to define the enveloping monoid Uen(S) (cf. Section 2-1).
It follows from Theorem 2-2.3 that Uy, (S) is a conical refinement monoid. As the
following result shows, more can be said about the monoid structure of U,on(S).

A commutative monoid M is Archimedean if its algebraic preordering <7 is
antisymmetric (i.e., it is an ordering) and for all z,y € M, if nz <T (n + 1)y
for all n € N, then # <' y. Equivalently (cf. Wehrung [117, Lemma 3.4]), M
embeds, with its algebraic preordering, into a power of [0, 0] endowed with its
natural ordering. In particular, M is unperforated.

PROPOSITION 6-2.1. Let S be a Boolean inverse semigroup. Then every ele-
ment of S (resp., Umon(S)) has index at most 1 (resp., finite index) in Upon(S),
and Upon(S) is the positive cone of an Archimedean dimension group.

PROOF. We start by proving that every element a € S has index at most 1
within Upen(S). Let a = 22 + y within Uy, (S), where z,y € Upon(S). Since S is
a lower subset of Upon(S) (cf. Proposition 2-1.8), both elements x and 2z belong
to S, and 2z = « @ x (orthogonal join within S). Hence d(z) = z*2 =0, so 2 = 0.

Since Upon(S) is a conical refinement monoid, additively generated by S, it
follows from Wehrung [117, Lemma 3.11] that every element of Uy,on(S) has finite
index. It follows then from [117, Proposition 3.13] that Upe,(S) is the positive
cone of an Archimedean dimension group. O
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PROPOSITION 6-2.2. Let S be a Boolean inverse semigroup. Then there is a
unique involutary semiring structure on Upon(S) whose multiplication and involu-
tion both extend those of S. The pair (S, Umon(S)) satisfies the properties (1)—(4)
stated in Theorem 6-1.6. Furthermore, Upnon(S) is proper.

We shall call Uyyon(S5), endowed with the above-mentioned structure of involu-
tary semiring, the additive enveloping semiring of S.

PROOF. The uniqueness statement follow trivially from the fact that Uy,en(S)
is additively generated by S.

For any x € S, it follows from Proposition 3-1.9 that the left multiplication
S = Upon(9), y — xy is a homomorphism of partial commutative monoids from S
t0 Umon(S). By the universal property of Upen(S) (cf. Proposition 2-1.7), this map
extends to a unique monoid endomorphism A; of Upen(S). Again by Proposition
3-1.9, the assignment x — A, is a homomorphism of partial commutative monoids
from (S,®,0) to the endomorphism monoid of Upe,(S), thus, by the universal
property of Upon(S), it extends to a unique homomorphism A from Uy, (S) to its
endomorphism monoid. Set = -y = A(z)(y), for all z,y € Upon(S). By construc-
tion, the binary operation - is a monoid bimorphism (cf. Section 2-5). Since the
operation - obviously extends the multiplication of S, we obtain the formula

(Z xl) ' (Z yj> = Z Tiyj (6-2.1)

icl jeJ (i,9)eIxJ
for all finite sets I, J and all elements z;,y; € S (for ¢ € I and j € J). Now it
follows easily from (6-2.1), together with Proposition 3-1.9, that the operation - is
both associative and distributive over the addition of Uy, (S).

The map S — Unon(S), © — x* is a homomorphism of partial commutative
monoids, which extends to a unique monoid endomorphism of Up,e,(S), which we
shall denote by = — z*. Observe that (},; xz)* = ;cr x;, for every finite set I
and all elements x;, for i € I, of S. By using (6-2.1), the verification that U, (.9) is
an involutary semiring is routine. Now it is obvious that S is an inverse semigroup
in Upon(S). That the property (1), stated in Theorem 6-1.6, is satisfied follows
from Proposition 6-2.1. The verifications of the properties (2)—(4) are trivial.

Let € Upon(S) such that *z = 0. We can write x = Zie[n] x;, where n € Z+
and each z; € S. It follows that Z(i,j)e[n]x[n] xzfx; = 0, thus, since Upon(S) is
conical, each x}z; = 0, and thus, since x; € S, we get z; = x;x7x; = 0. This holds
for each i € [n], so x = 0. O

Recall that the tensor product M ® IV, of two commutative monoids M and N,
is defined in Section 2-5. The following result extends that construction to either
semirings or involutary semirings.

LEMMA 6-2.3. The following statements hold, for any semirings M and N :
(1) There is a unique semiring structure on the commutative monoid M & N such
that
(x@y) (@ @y)=(z2)® (yy'), foralz,x’ €M andaly,y € N. (6-2.2)

(2) Suppose that, in addition, M and N are both involutary semirings. Then there
is a unique involution on M @ N such that (x @ y)* = z* ® y* whenever
(z,y) € M x N. Furthermore, if M and N are both conical and proper, then
sois M ® N.
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PrOOF. The proof is similar to the classical proof for rings. Since M ® N is
additively generated by {x ® y | (x,y) € M x N}, the uniqueness statements of (1)
and (2) are both trivial.

Now we deal with the existence statements. For each (x,y) € M x N, the
assignment (2/,y") — (x2’) ® (yy') defines a bimorphism from M x N to M ® N,
thus there is a unique monoid endomorphism 7, ,, of M ® N such that 7, ,(z'®y’) =
(xzz")®(yy’) for each (2/,y") € M x N. The assignment (z,y) — 7, is a bimorphism
from M x N to the endomorphism monoid of M ® N, thus there is a unique monoid
homomorphism 7 from M ®N to its endomorphism monoid such that 7(2®y) = 7,4
for each (z,y) € M x N. Set z- 2/ =7(2)(2'), for all 2,2’ € M ® N.

The construction of the involution is similar, and even easier.

Now suppose that M and N are both conical and proper. By Lemma 2-5.1,
M ® N is also conical. Let z € M ® N such that z*z = 0. Write z = Y, (2; @),
where n € Z* and each (z;,y;) € (M \ {0}) x (N \ {0}). Then 0 = 2*z =
le<n((l‘:$J) ® (y}y;)), thus, since M ® N is conical, (z};) ® (y}y;) = 0 for each
i < n. Since M and N are both proper, z}z; # 0 and y;y; # 0 for each i < n. By
Lemma 2-5.1, it follows that n = 0, that is, z = 0. O

6-3. The additive enveloping K-algebra of a Boolean inverse semigroup

This section presents a preliminary study, for a unital ring K and a Boolean
inverse semigroup S, of the K-algebra K(S) defined by generators S forming a
multiplicative subsemigroup centralizing K, subjected to the relations z = = + v,
within K (S), whenever z = x @ y, within S.

DEFINITION 6-3.1. Let K be a unital ring. A K-algebra® is a ring R, endowed
with a structure of bimodule over K, such that the equations

(Ar)y = Azy), (Ny=2(\y), (zy)A=z(yN) (6-3.1)

are satisfied for all z, y € R and all A € K. If, in addition, K and R are both
involutary rings, we say that R is an involutary K -algebra if (Az)* = x*\* whenever
(A, z) € K xR.

For a K-algebra R, a subset X in R centralizes K if x\A = Az whenever
(Mz) € K x X. A map f with values in R centralizes K, if the range of f
centralizes K.

Observe that the definition above does not require K be a subring of R (i.e.,
R may not be unital).

DEFINITION 6-3.2. Let S be a Boolean inverse semigroup and let R be a ring.
A map f: S — R is an additive measure if f is a semigroup embedding from S to
the multiplicative semigroup of R, and f(z ® y) = f(z) + f(y) whenever x and y
are orthogonal elements of S. (In particular, f(0) = 0.) If, in addition, R is an

involutary ring, we say that f is a *x-additive measure if it is an additive measure
and f(z~!) = f(x)* for all z € S.

In particular, in the context of Theorem 6-1.7, the inclusion map from S into R
is a x-additive measure. The following result shows that additive measures relate
type theory of Boolean inverse semigroups and nonstable K-theory of rings.

ISuch a structure is called a K -ring in Cohn [30, Section 1].
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PROPOSITION 6-3.3. Let S be a Boolean inverse semigroup, let R be a ring,
and let f: S — R be an additive measure. Then there is a unique monoid homo-
morphism f: TypS — V(R) such that

f(typs(a)) = [f(a)lr whenever a € Idp S.

PRrROOF. Since Typ S is additively generated by all typg(a) for a € Idp S, the
uniqueness statement is trivial.

As to the existence, it follows from the additivity of f that the assignment
p: IdpS — V(R), a — [f(a)]r defines a homomorphism of partial monoids. For
any idempotent elements a and b of S, it a Zgb, that is, a = 2~ '2 and b = 2z~ ! for
some z € 9, then f(a) = f(z71)f(z) and f(b) = f(z)f(z~1), thus f(a) and f(b)
are Murray - von Neumann equivalent in R, that is, ¢(a) = ¢(b). It follows that ¢
factors, through the map a — typg(a), to a homomorphism f: TypS — V(R). O

NOTATION 6-3.4. Let K be a unital ring and let S be a Boolean inverse semi-
group. We define the semiring tensor product K(S) = K ® Upon(S) (cf. Lemma
6-2.3).

In a number of cases, K will be endowed with an involution, so K{S) will be
an involutary K-algebra (via Lemma 6-2.3).

PROPOSITION 6-3.5. Let K be a unital ring and let S be a Boolean inverse
semigroup. Then there is a unique structure of K-algebra on K(S) such that

Mlez)=1@z)A =A@z foral (A z) € K X Uynon(S). (6-3.2)

Furthermore, the canonical map js: S — K(S), v — 1 ®z is an additive measure,
and it centralizes K. If, in addition, K is an involutary ring and K(S) is endowed
with the corresponding involutary ring structure, then js is a x-additive measure.

PROOF. By definition, K(S) is a semiring. Since 0 = (A ® z) + ((—A) ® z)
for each (A, z) € K x S, the additive monoid of K (S} is a group; whence K(S) is
a ring. A standard argument about universal objects, similar to the one used in

the proof of Lemma 6-2.3, yields the existence of a unique structure of K-bimodule
on K(S) such that

alf@x)=(a®z)f=(af) @ whenever a, f € K and € Upon(S). (6-3.3)

This implies (6-3.2) trivially; in particular, js centralizes K. The verification of
the equations (6-3.1) in K (S) is straightforward; whence K (S) is a K-algebra.
Conversely, any structure of K-bimodule on K(S) satisfying (6-3.2) also satisfies
(6-3.3): for example, a(B®@z) = a(B(1® z)) = (af)(1®z) = (af) ®=z. This yields
the uniqueness statement about the bimodule structure on K(S).

By the definition of the multiplication in K(S) (cf. Lemma 6-2.3), js defines
a semigroup homomorphism from S to the multiplicative semigroup of K (S). For
all x,y,z € S, if z = x @ y within S, then z = z + y within Uyen(S), thus
1®z = (1®x)+(1®y) within K(S). This means that jg is an additive measure. [

By virtue of Proposition 6-3.5, we will call K(S) the additive enveloping K-
algebra of S. The universal property of K (S} is contained in the following result.

PROPOSITION 6-3.6. Let S be a Boolean inverse semigroup and let K be a unital
ring. Then the canonical map js: S — K{(S) is universal among all the additive
measures (resp., x-additive measures), centralizing K, from S to a K-algebra (resp.,
to an involutary K-algebra).
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PROOF. We verify the result for K-algebras; the result for involutive K-algebras
follows immediately.

Let R be a K-algebra and let f: S — R be an additive measure centralizing K.
We must prove that there is a unique homomorphism g: K(S) — R of K-algebras
such that f = g o jg. Necessarily, g(A ® ) = g(A\js(z)) = Af(x) whenever (A, z) €
K x S; the uniqueness statement for g follows immediately.

Since f: S — R turns finite orthogonal sums (within S) to sums (within R),
it extends to a unique monoid homomorphism f: Uyon(S) — R. Since f is a mul-
tiplicative semigroup homomorphism, so is f. The assignment K X Upon(S) — R,
(A, z) — Af(x) defines a monoid bimorphism, thus there is a unique monoid homo-
morphism g: K(S) — R such that g(A®z) = Af(z) whenever (A, ) € K X Upon(S).
From the assumption that f centralizes K it follows in a routine manner that g is
a homomorphism of K-algebras. O

NOTATION 6-3.7. For a Boolean inverse semigroup S and a unital ring K, we
shall write Az, or, equivalently, x\, instead of A ® x, whenever (A\,z) € K x S.
With this notational convention, every element of K (S) can be written in the form
> icn iy, where n € Z* and each (\;,x;) € K x S. Such an expression is not
unique, as whenever z = z @y in S, the elements z and x + y of K(S) are identical.

Keeping in mind the conventions introduced in Notation 6-3.7, Proposition
6-3.6 says that K (S) is exactly the K-algebra defined by the set of generators .S,
subjected to the relations stating that S is a multiplicative subsemigroup centraliz-
ing K, together with the relations z = x+y whenever z,y, z € S such that z = x®y
within S. We will see in Theorem 6-4.7 that if K # {0}, then jg is one-to-one.

REMARK 6-3.8. This material bears close connections with work by Steinberg
[101, 102], as follows. For an ample topological groupoid ¢ and a commuta-
tive, unital ring k, Steinberg defines in [101] a certain k-algebra, called the étale
groupoid algebra of ¥ and denoted there by k¥. Further, for an inverse semi-
group S with zero, Steinberg defines a topological groupoid called the universal
tight groupoid %1(S) of S. Putting those concepts together, he then defines the
étale groupoid algebra k %r (S), and states, in [102, Corollary 5.3], a characteriza-
tion of k %r (S) via generators and relations. This characterization is stated under
the assumption that S is a so-called Hausdor{f inverse semigroup, which means that
(Slz)N(Sly) is a finitely generated lower subset, for any x,y € S. If S is a Boolean
inverse semigroup, then this is equivalent to S being an inverse meet-semigroup (cf.
Definition 3-7.7). Hence, for a Boolean inverse semigroup S, Steinberg’s character-
ization, given in [102, Corollary 5.3], yields the isomorphism k %7t (S) 2 k(S) (still
under the additional assumption that S be an inverse meet-semigroup).

As the following result shows, bias generation implies ring generation.

LEMMA 6-3.9. Let X be a subset in a Boolean inverse semigroup S, and let K
be a unital involutary ring. If X generates S as a bias, then js[X] generates K(S)
as an involutary subring.

PRrROOF. It suffices to prove that js(s) belongs to the involutary subring of K (.S)
generated by X, for any s € S. Since s can be expressed as the evaluation, at a
finite sequence of elements of X, of a term, in the similarity type Lpis (cf. Section
3-2.2), it suffices to prove that all the operations of Lp1s can be expressed as terms
of the language of involutary rings. For 0, the product, and the involution, nothing
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needs to be done. The skew difference © and the skew join V can be expressed by
the following terms:

xQy = (<" —xx<"yy")x(x"x — x"xy"y) ,
xVy=(xQy)+y. O

EXAMPLE 6-3.10. If K = Z, then the construction of K(S) can be simpli-
fied. Indeed, by Proposition 6-2.1, Uyen(S) is the positive cone of a dimension
group G. Hence, Z(S) is exactly that dimension group G (i.e., the Grothendieck
group of Upon(S)), endowed with the unique ring structure extending the semiring
structure of Upon(S). Since Upon(S) is a conical commutative monoid, it is also the
positive cone of a structure of ordered ring on Z(S). Accordingly, we shall often
emphasize the additional involutary semiring structure on Uy, (S), by denoting
it ZT(S) instead. This notation is consistent with the notation Z*(B) introduced
in Example 2-2.7 (view the Boolean ring B as a Boolean inverse semigroup). The
elements of Z*(S) can be recognized, within the ring Z(S), as the finite sums of
elements of S.

EXAMPLE 6-3.11. The monoid G"° (cf. Definition 1-4.1) is a Boolean inverse
meet-semigroup, for any group G. The orthogonal joins in G° are all trivial.
Hence, the additive enveloping K-algebra K(G"?) of G0 is nothing else as the
group algebra K[G], for any unital ring K: in notation, K(G"°) = K[G].

EXAMPLE 6-3.12. Let K be a unital ring and let n be a positive integer. Then
K(3,) is isomorphic to the K-algebra M,,(K) of all n x n matrices over K. For an
infinite analogue of this result, see Theorem 6-4.5.

6-4. Embedding properties of the additive enveloping algebra

We begin with an example, which shows that the assignment S — K(S) does
not preserve embeddings as a rule.

EXAMPLE 6-4.1. A finite symmetric inverse monoid T, and an additive Boolean
inverse submonoid S of T, such that the canonical map Z{S) — Z{T) is not one-
to-one.

ProoOF. We let T = J4, and we denote by G the Klein subgroup of 7" with
generators the transpositions gg = (1 2) and g1 = (3 4). Then S = G0 is
an additive Boolean inverse submonoid of 7' (send 0 to the empty function). De-
fine fo = 1 (i.e., the identity function on [4]) and set f;1 = gogi. The identity
functions v and v on {3,4} and {1,2}, respectively, satisfy fou = gou, fru = g1u,
fov = g1v, fiv = gov, and 1 = udv. It follows that fo+ f1 = go + g1 within Z(Jy).
Nevertheless, fy, f1, 9o, g1 are distinct elements of G, whence fo + f1 # go + ¢1
within Z(GY?) = Z[G]. O

We will see that embeddings are nonetheless preserved in many cases. More-
over, the techniques involved to prove this will yield a more precise description of
the algebras K(S). The following notation will be used throughout this section.
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NOTATION 6-4.2. For a Boolean inverse semigroup S, a family & = (z; | i € I)
of elements of S with I finite, and e € Idp S, we write

Zz(e)={iel|xe=0},
Oz(e) = {(i,5) € (I \ Zz(e))* | wie = zje}
Ti(e) = (I\ Zz(e))*/Ox(e) .-

Hence, Oz is an equivalence relation on I \ Zz and Yz is the associated partition of
I\ Zz.

For the remainder of this work, we shall denote by K[S]o the contracted semi-
group algebra, of a semigroup S with zero, over K, that is, the quotient of the
semigroup algebra K[S] by the two-sided ideal generated by the zero element of S.

LEMMA 6-4.3. Let S be a Boolean inverse semigroup, let K be a unital ring,
let (z; |3 € 1) be a family of elements of S, with I finite, let (o |i€I) € KT,
and let e € Idp S. Then ), ; asxzie = 0 within K[S]o iff 3, x i = 0 whenever
X e Tf(e).

PROOF. Denote by sx the constant value of z;e for ¢ € X, whenever
X € Tz(e). Then } e qimie = 3y ey (o) (>;cx @i)sx. Since the sx are pairwise
distinct elements of S\ {0}, the desired conclusion follows. O

We shall now give a “concrete” description of the additive K-algebra K(Jq),
for any unital ring K and any set Q. We shall denote by K the set of all maps
Q — K with finite support. On some occasions this set will be viewed as a K-
bimodule, on some others as a right K-module. We will often identify every p €
with the corresponding element of K2, We denote by End Kgl) the K-algebra of
all endomorphisms of K viewed as a right K-module.

For any x € Jq, we denote by p(z) the unique endomorphism of Kéy) defined
by
z(p), ifp € dom(x),
p(z)(p) = ®) . (=) (6-4.1)
0, otherwise.
The proof of the following lemma is trivial and we omit it.

LEMMA 6-4.4. The map p an additive measure on Jq, with values in End K?).

Using Proposition 6-3.6, it follows that p induces a homomorphism

pr: K(Jq) — End ng) of K-algebras. The following result states that this par-
ticular representation of K (Jq) is faithful.

THEOREM 6-4.5. The map pr: K(Jq) — End ng) is an embedding, for any
unital ring K and any set Q.

PRrROOF. Let (z; | i € I) be a family of elements of Jq, with I finite, and let
(a; | i € I) be a family of elements of K. We suppose that ), ; a;p(x;) = 0, and
we must prove that . ; cyz; = 0 within K(Jq). We set

Zz(p)={i €1 |p(x:i)(p) =0} ={i€l|p¢dom(z;)},
0z(p) = {(i,5) € (I\ Zz())* | z:(p) = z;(p)} ,
Yz(p) = (I\ Zz(p))?/Oz(p),
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for any p € Q. Our assumption that ), ; a;p(z;) = 0 means that ) ;. ; aip(x;)(p) =
0 for any p € , that is, denoting by p(X) the constant value of z;(p) for i € X,
whenever X € Yz(p),

Z (Z ai)p(X) =0, foreachpe.
XeTz(p) i€X
Since the p(X), for X € Yz(p), are distinct elements of €2, they are linearly inde-
pendent over K, so we get
Z a; =0, forevery p € Q and every X € Tz(p). (6-4.2)
ieX
Now we set D = (J,;
lz =yllp = {p € DNdom(z) Ndom(y) | z(p) =y(p)} , forallz,yecTqg.

dom(z;), and

The Boolean subalgebra U of Pow D generated by {||z; = z;| | (4,j) € I x I} is
finite.

CLAM 1. Let U € At WU and let p € U. Then Zz(idy) = Zz(p) and Oz(idy) =
Oz(p) (thus also Tz(idy) = Yz(p)).

PrROOF OF CLAIM. It is trivial that Zz(idy) C Zz(p). Now let i € Zz(p),
that is, p ¢ dom(xz;). Since dom(z;) = |jz; = z;]|, € U and p € U € AtU, it
follows that U N dom(z;) = &, whence z; oidy = 0, that is, i € Zz(idy). Hence,
Zz(dy) = Zz(p). Consequently, ©z(idy) C Oz(p). Now let (4,j) € Oz(p), that
is, 4,5 ¢ Zz(p) and p € ||z; = x| ,,. Since p € U € AtU and ||z; = x|, € U, it
follows that U C |lz; = || 5, so (4,7) € Oz(idy). O Claim 1.

Cram 2. )., auziidy = 0 within K[Jglo, for every U € AtU.

PROOF OF CLAIM. Pick p € U. Tt follows from (6-4.2) together with Claim 1
that
Z a; =0, forevery X € Tz(idy) .
ieX
The desired conclusion follows then from Lemma 6-4.3. J Claim 2.

We can now conclude the proof of Theorem 6-4.5. Indeed, since K(Jq) is,
canonically, a quotient algebra of K[Jg]o, it follows from Claim 2 that

Zaixiidy =0 within K(Jq), forany U € AtlU.

i€l
By summing up all those equations, over U € At U, and observing that the union
of all atoms of U is | J;.; dom(z;), the desired conclusion follows. O

Now let S be a Boolean inverse semigroup and denote by €2 the set of all
prime ideals of S. Exel’s regular representation A: S — Jq of S is an additive
semigroup embedding of Boolean inverse semigroups (cf. Section 3-3). This additive
semigroup embedding lifts to a homomorphism Ag : K(S) — K(Jq) of K-algebras.
The following result is the main lemma of this section.

LEMMA 6-4.6. The homomorphism A\i is one-to-one. Furthermore, the fol-
lowing statements are equivalent, for any family & = (x; | i € I) of elements of S,
with I finite, and any family (o | i € I) of elements of K :

(i) > ier iwi = 0 within K(S).
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(ii) D ;er aiM(@i) = 0 within K(Jgq).
(iii) there is a finite Boolean subring U of Idp S such that \/,c;d(z;) < 1y and
Y icr iriu = 0 within K[S]o whenever u € AtU.
Furthermore, if S is a Boolean meet-semigroup, then any finite Boolean sub-
ring U of Idp S, containing {d(z; A x;) | i,j € I}, satisfies (iii) above.

PrOOF. The directions (i)=-(ii) and (iii)=(i) are all trivial. Note that by
Theorem 6-4.5, Assumption (ii) is equivalent to saying that ), ; a;(pA)(2;) = 0
within End ng), where p: Jg — End Kéy) is defined in (6-4.1).

Now we prove (ii)=-(iii). Set e = \/,.;d(z;) and B = (Idp S) | e, and denote
by € the ultrafilter space of B. For each p € €, the subset S1p is a prime filter of S,
and it follows from our assumption that >, ; a;(pA)(z;)(S T p) = 0 within K.
By definition of A and p, this means, setting Zz(p) = {i € I | 0 € x;p}, that

Z @i (S 1 z:p) = 0 within K| for any p € Q. (6-4.3)
1€I\Zz(p)
Set ©z(p) = {(4,5) € (I \ Zz(p))* | ST aip = ST a;p}, Ta(p) = (I\Zz(p))*/Oz(p),
and denote by p(X) the constant value of S 1 x;p for i € X, whenever X € Yz(p).
Then (6-4.3) is equivalent to

Z (Z ai)p(X) =0, whenever p € Q. (6-4.4)
XET#(p) i€X

Since the p(X), where X € Yz(p), are distinct elements of Q, they are linearly
independent over K, thus (6-4.4) is equivalent to

Z a; =0, whenever p € Q and X € Tz(p). (6-4.5)
ieX
For all i,j € [ and all p € Q, S 1 (z;p) = S 1 (z;p) iff 2;p = x;p for some p € p.
Hence, ©z(p) is the directed union of all ©z(p) where p € p. Since Zz(p) is, trivially,
the directed union of all Zz(p) where p € p, it follows that

For each p € 0, there is p € p such that Zz(p) = Zz(p) and Oz(p) = Oz(p) .

6-4.6
Set A = {peQ|Y,c; axp =0 within K[S]o}. It follows from Lemma( 6—4.?2
that A = {p € Q| Y,cx @ = 0 whenever X € Yz(p)}. Moreover, it follows from
(6-4.5) and (6-4.6) that Q = Upea Q(p) (where we set Q(p) = {pe Q|pep}).
Since €2 is compact (cf. Theorem 1-3.2), there is a finite subset F' of A such that
e = \/ F. From the definition of A it follows that . ; a;z;p = 0 within K[S]o,
whenever p € F. The Boolean subalgebra U of B generated by F' is finite, and
every atom of U is beneath some element of F'. Hence,

Z a;z;u = 0 within K[S]p, whenever u € AtU .

icl
This completes the proof of the equivalence of (i)—(iii). In particular, from the
equivalence (1)< (ii) it follows that Ax is one-to-one.

Now suppose, in addition, that S is a Boolean inverse meet-semigroup, and that

(iii) holds at some finite Boolean subring V' of Idp S. Let U be a finite Boolean
subring of Idp S such that each d(z; Az;) € U. We must prove that ), ; c;zu =0
within K[S]p, whenever u € AtU. We may replace V by the Boolean subring
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of Idp S generated by U U V', and thus assume that U C V. Hence, for each
u € At U, there exists v € AtV such that v < u. By assumption,

Z a;z;v = 0 within K[S]o,

iel
that is, by Lemma 6-4.3, >,y @; = 0 whenever X € Tz(v). Hence, in order to
prove that ), ayw;u = 0 within K[S]o, it suffices to prove that Tz(u) = Tz(v),
that is, Zz(u) = Zz(v) and Oz(u) = Oz(v).

The containment Zz(u) C Zgz(v) is trivial. Let ¢ € Zz(v), that is, d(z;)v = 0.
Sinced(x;) € U and 0 < v < u € At U, it follows that d(z;)u = 0, that is, i € Zz(u),
thus proving that Zgz(u) = Zz(v). It follows immediately that ©z(u) C Oz(v). Now
let (,5) € ©z(v), that is, v < d(x;) d(z;) and x;v = z;v. From the latter equation
it follows that z;v < x; Ax;, whence v = d(z;v) < d(z; Az;). Since d(x; Ax;) € U
and 0 < v < wu € AtU, it follows that v < d(z; A z;), whence (7,7) € ©z(u). This
completes the proof that Oz(u) = Oz(v). O

We can now reap the consequences of Lemma 6-4.6.

THEOREM 6-4.7. Let S be a Boolean inverse semigroup and let K be a uni-
tal subring of a unital ring K'. Then the canonical map p: K(S) — K'(S) is
one-to-one. Furthermore, if K is nontrivial, then the canonical additive measure
Jjs: S — K(S) is one-to-one.

PROOF. Since the contracted semigroup ring K[S]o is a subring of K'[S]o (cf.
Lemma 6-4.3), the equivalence (i)<>(iii) in Lemma 6-4.6 yields immediately that ¢
is one-to-one. Now suppose that K is nontrivial and let z,y € S such that js(z) =
Js(y), that is, js(x —y) = 0. By the equivalence (i)<(iii) in Lemma 6-4.6, there
is a finite Boolean subring U of Idp S such that d(z) vV d(y) < 1y and zu = yu,
within K[S]o (thus, since K is nontrivial, within S), whenever u € At U. It follows

that . = @, cavp 2u = Puear v yu = y- O

THEOREM 6-4.8. Let S be a lower inverse subsemigroup of a Boolean inverse
semigroup T, and let K be a unital ring. Then the canonical map K(S) — K(T)
18 one-to-one.

PROOF. Let (x; | i € I) be a family of elements of S, with I finite, and let
(a; | i €I) e K, such that Y, ; a;z; = 0 within K(T)). Set e = \/,.;d(z;). By
Lemma 6-4.6, there is a finite Boolean subring U of IdpT such that e < 1y and
Y icr iriu = 0 within K[T]o whenever v € AtU. We may replace U by eU and
thus assume that 1;; = e. Since S is a lower subset of T', it follows that U C Idp .S,
80 Y .ep qiwiu = 0 within K[S]o whenever u € AtU. Therefore, Y, ; azzsu = 0
within K(S). O

THEOREM 6-4.9. Let K be a unital ring and let S be an additive Boolean inverse
subsemigroup of a Boolean inverse meet-semigroup T'. If S is closed under the meet
operation, then the canonical map K(S) — K(T') is one-to-one.

PROOF. Let & = (x; | ¢ € I) be a family of elements of S, with I finite, and
let (o |i € I) € K. The Boolean subring U of Idp T, generated by the subset
{d(z; ANxj) | i,j € I}, is finite. It follows from our assumption that U is also a
Boolean subring of Idp S. Now it follows from the equivalence (i)<(iii) in Lemma
6-4.6 that ), ; a;x; = 0 within K(S) iff >, ; a;2;u = 0 within K[S]o whenever
u € At U, iff ), ; cyzy = 0 within K(T). O
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We say that an involutary ring K is positive definite if .| xfx; = 0 implies
that all x; = 0, whenever n € N and each x; € K. Every positive definite involutary
ring is proper (cf. Definition 6-1.1), but the converse fails for easy examples.

THEOREM 6-4.10. Let S be a Boolean inverse semigroup and let K be a unital
involutary ring. If K is positive definite, then so is K(S).

PRrROOF. By Lemma 6-4.6, it suffices to prove that K (Jq) is positive definite, for
any set 2. The range of the map px of Theorem 6-4.5 is contained in the involutary
K-algebra B consisting of all endomorphisms of KSZ) whose matrix is row- and
column-finite. Here the involution on B is defined by applying the involution to
the transpose matrix. Now px becomes an embedding of involutary K-algebras,
so it suffices to prove that B is positive definite. Let x; = (a:éyq | (p,q) € 2 x Q)
be elements of B, for 1 < i < n, such that >, 2fx; = 0. Since the (p,p)th entry

of xiw; is 3 cql@h ) xl ,, it follows thafc E(i,q)e[n]xﬁ(xz,p)*xZW = 0, for every
p € Q. Since K is positive definite, each xy , = 0. O

We can also apply our methods to describe the analogue of the K(S) construc-
tion in the world of C*-algebras. We denote by C*(S) the universal C*-algebra
containing a copy of S in such a way that S is a multiplicative subsemigroup with
the same zero, z~! = z*, and z = x ® y within S implies that z = = 4+ y within
C*(S), and we call it the additive enveloping C*-algebra of S. Although the exis-
tence of C*(S) follows from general methods, it will also be a consequence of the
construction described in our next result.

THEOREM 6-4.11. Let S be a Boolean inverse semigroup. Then C*(S) has a
dense involutive subalgebra isomorphic to C(S).

Proor. It follows from Lemma 6-4.6 that Exel’s regular representation
A: S — Jg of S extends to an embedding Ac: C(S) — C(Jgq) of involutive C-
algebras. Now we use the method of the proof of Theorem 6-4.5 to embed C(Jg) into
a C*-algebra, with a twist. Instead of defining p(z) as an endomorphism of (Cg)), we
define it, via the same formula (6-4.1), as a bounded endomorphism of the complex
Hilbert space £2(Q) (of norm 1 if  # 0). The proof that p extends to an embedding
of involutive C-algebras pc, from C(Jgq) into the C*-algebra B(2) of all bounded
endomorphisms of ¢2(f), is, mutatis mutandis, identical to the one of Theorem
6-4.5. Therefore, pc o Ac is an embedding, of involutive C-algebras, from C(S)
into B(€2).

Define a *-representation of S as a *-additive measure : S — A, for a C*-
algebra A. For every x € C(S), we define ||z|| as the supremum of ||¢)(x)|| 4, where
¥: S — A ranges over all *-representations of S and 1 denotes the canonical
extension of ¢ to C(S) given by Proposition 6-3.6. For any s € S and every x-
representation t: S — A of S, 1(s) is a partial isometry of A, thus ||¢(s)||a < 1.
Since every x € C(S) is a finite linear combination of elements of S, it follows
that ||z|| is a nonnegative real number. Hence, ||| is a seminorm on C(S). Since
pc o Ac is one-to-one, it follows that ||_|| is a norm on C(S). Furthermore, it follows
immediately from the definition of that norm that ||z*z|| = ||22|| for every z € C(S).
Hence, the completion Cg of C(S), with respect to that norm, is a C*-algebra.

In order to conclude the proof, it thus suffices to verify that Cg, together
with the canonical *-additive semigroup embedding S — Clg, satisfies the universal
property defining C*(S) (thus proving that Cs = C*(S)). The canonical extension
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: C(S) — A, of a x-representation 1: S — A of S, is 1-Lipschitz with respect to
the norm introduced above on C(S), thus it extends to a unique *-homomorphism
CS — A. O

REMARK 6-4.12. For an arbitrary (not necessarily Boolean) inverse semigroup S,
the universal C*-algebra C*(S) of S (cf. Duncan and Paterson [35], Paterson [89,
§ 2.1]) can be defined as the C*-algebra defined by generators S, subject to the
relations stating that .S, with its inversion map, is an involutary subsemigroup.
The construction C*(S), for S Boolean, adds all the relations corresponding to the
orthogonal joins in S, thus proving that C*(S) is a quotient of C*(S). The ana-
logue of the reduced C*-algebra C,4(S) would then be the closure C¥ ,(S), of the
image of C(S) under pc o A¢, within the C*-algebra B(2) introduced in the proof
of Theorem 6-4.11.

6-5. Path algebras as additive enveloping algebras

In this section we shall demonstrate that the additive enveloping algebra con-
struct K (S) extends classical constructions of path algebras over quivers, such as
Leavitt path algebras. We did not attempt to give an exhaustive enumeration of all
the known algebras that would fall in the class of all K(S), hoping that our chosen
example, namely path algebras, would illustrate the general principle appropriately.

DEFINITION 6-5.1. Let S be an inverse semigroup. An additive equation system
over S is a collection of (formal) equations, each one having the form

@ T; = @yj 5 (6-51)
i=1 j=1

where m, n are nonnegative integers and all x;, y; belong to S.

While the equation (6-5.1) can be interpreted, as it stands, in any Boolean
inverse semigroup S’ with a homomorphism S — S’, it can also be interpreted in
any involutary ring R with a x-additive measure S — R, by simply interpreting &
as the orthogonal addition of R.

Allowing m =1 and n = 0 in (6-5.1), we see that equations of the type x = 0
can be incorporated to additive equation systems.

The above-mentioned general principle is expressed by the following result.

THEOREM 6-5.2. Let ¥ be an additive equation system over a (not necessarily
Boolean) inverse semigroup S. Then there exists a Boolean inverse semigroup S*
such that for every unital involutary ring K, the involutary K -algebra K(S,X) de-
fined by generators S, centralizing K, subjected to all equations in 3, is isomorphic
to K(S%).

PROOF. We define S* as the bias (cf. Section 3-2) defined by generators S,
together with all equations stating that S is an inverse subsemigroup, and the
following relations:

(@ Va)Vay) V) Ve = (- (1 Vy2) Vys) V) Vi, (6-5.2)
m;lxh = xilx; =0 whenever iy # ip in [m], (6-5.3)

yj’llyj2 = yjlyjle =0 whenever j; # j2 in [n], (6-5.4)
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for every equation @;”, z; = @)_, y; in ¥. Denote by £: S — 5> the canonical
homomorphism of inverse semigroups.

Now let R be an involutary K-algebra and let f: S — R be a homomorphism of
involutary K-algebras, with range centralizing K, such that the images under f of
the elements of S satisfy 3. The centralizer R’ of K in R is an involutary subring
of R (not necessarily a K-subalgebral), containing f[S]. By applying Theorem
6-1.7 to f[S] within the ambient involutary ring R’, we obtain a Boolean inverse
subsemigroup S in R’ containing S, in which finite orthogonal joins specialize finite
orthogonal sums from R’. Since V specializes to orthogonal join on orthogonal
elements, it follows from the assumption on f that all equations (6-5.2)—(6-5.4) are
satisfied within S. By the definition of S*, there is a unique bias homomorphism
(i.e., additive semigroup homomorphism) 7: S* — S such that 7 oe = f (here we
are, of course, identifying f with its range restriction to ). Since 7[S¥] C S C R/,
it follows from Proposition 6-3.6 that the x-additive measure 7: S* — R factors,
through jg=, to a unique homomorphism ¢: K(S*) — R of involutary K-algebras.
By definition, ¢ o (jg= o €) = f. The situation can be visualized on Figure 6-5.1.

fIS]— §—> R R
P |
<. 5" L R(ST)

FIGURE 6-5.1. The maps f, e, 7, ¢

Since S* is generated, as a bias, by ¢[9], it follows from Lemma 6-3.9 that
js=[S%] is contained in the involutary subring of K (S*) generated by (jg= o€)[9].
It follows that ¢ is the unique homomorphism of involutary K-algebras satisfying
0o (jgs o) = f.

We have thus proved that K(S®), together with the homomorphism
jgo oe: S — K(S¥), satisfies the universal property defining K (S, ). O

The C*-algebra version of Theorem 6-5.2 runs as follows (see Theorem 6-4.11
for the notation C*(S™)).

THEOREM 6-5.3. Let ¥ be an additive equation system over a (not necessarily
Boolean) inverse semigroup S, and denote by S* the Boolean inverse semigroup
constructed in the proof of Theorem 6-5.2. Then the C*-algebra C*(S,%), defined
by generators S subjected to all equations in X, is isomorphic to C*(S%).

PROOF. It suffices to prove that the canonical *-additive measure S < C*(S*)
satisfies the universal property defining C*(S,%). The proof runs, mutatis mutan-
dis, like the one of Theorem 6-5.2, actually a bit easier since R’ = R. O

A direct application of Theorems 6-4.11, 6-5.2, and 6-5.3 yields the following.

COROLLARY 6-5.4. Let X be an additive equation system over a (not necessarily
Boolean) inverse semigroup S. Then C(S,X) is isomorphic to a dense involutive

subalgebra of C*(S, ).
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Let us illustrate the results above on Leavitt path algebras. A quiver (or graph)
is a quadruple £ = (E°, E',s,t), where E° and E' are disjoint sets (the vertices
and edges of E, respectively) and s,t: E' — E°, the source map and the target
map? of E, respectively.

The traditional definition of the Leavitt path algebra L (E), formulated for a
ring K (cf. Abrams and Aranda Pino [1, 2] or Ara, Moreno, and Pardo [13]), can
be obviously extended to the context of involutary rings. Namely, for a quiver F
as above and an involutary, unital ring K, we fix a set £~1, disjoint from E°U E!,
together with a bijection (E' — E~1, z — z*), and then we define Lx (FE) as the
involutary K-algebra defined by the generators E° U E', subjected to the relations

ab = dgpa, (6-5.5)
a* =a, (6-5.6)
x =s(z)zt(z), (6-5.7)
'Yy = 0y, t(z), (6-5.8)
a= Z (22" | 2 €s7'{a}) whenever s™' {a} is finite nonempty, (6-5.9)

for a,b € E° and x,y € E'. As usual, 0z,y denotes the Kronecker symbol.

We shall prove in Theorem 6-5.6 that Ly (FE) = K(GB(E)), for a suitable
Boolean inverse semigroup GB(E).

To that end, we first consider the graph inverse semigroup G(E) of E. By defi-
nition, G(E) is the involutary semigroup with zero, defined by the set of generators
E° U E', subjected to the relations (6-5.5)—(6-5.8). The following result is estab-
lished in Jones and Lawson [60, § 2|, extending work from Ash and Hall [16]. See
also Mesyan et al. [79, § 2.2].

LEMMA 6-5.5. The involutary semigroup G(E) is an inverse semigroup, where
-1

x~t =a* for every x € G(E).

Further properties of G(E) are established in Jones and Lawson [60], for ex-
ample that it is an inverse meet-semigroup (cf. [60, Corollary 2.16]). We will not
need those additional properties here.

THEOREM 6-5.6. For every quiver E, there is a Boolean inverse semigroup
GB(E) such that Lx(E) = K(GB(E)) as involutary K -algebras, for every unital
involutary ring K.

PROOF. We let S = G(FE), and we let the equation system X g consist of the
equation Og(g) = 0, together with all equations of the form

a=22 ® - ®z,2°, whenever a € E°, n >0, and s ' {a} = {z1,..., 2.}
with the z; distinct. (6-5.10)

Using the notation of the proof of Theorem 6-5.2, we define GB(FE) = G(E)*=. It
is easy to verify that K(G(F),Xg) = Lk (FE). Hence, the desired conclusion follows
from Theorem 6-5.2. g

2Due to a conflict of notation and intuitive meaning with the notations d and r, for the
[P

domain and the range, in inverse semigroups, we kept “s” for the source but we changed the

usual “r” to “t” for the target.
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While Theorem 6-5.6 is stated for involutary K-algebras (for a given unital
involutary ring K), a similar result holds for the Leavitt path algebra Ly (FE),
now without involution, for any unital ring K (without involution): first state
Theorem 6-5.6 for K = Z (with the identity involution), then observe that Ly (E) =

By using Theorem 6-5.3 instead of Theorem 6-5.2, we can also see that the
analogue of Theorem 6-5.6 for graph C*-algebras (i.e., the C*-analogues of Leavitt
path algebras) applies.

Further generalizations of Theorem 6-5.6 apply to variants of the Leavitt path
algebra, for example the Cohn path algebra of E, defined by the sets of equations
(6-5.5)—(6-5.8). For that construction, we just need to replace GB(FE) by the bias
defined by generators G(FE), subjected to all relations stating that G(E) is an invo-
lutary subsemigroup with the same zero (i.e., the enveloping bias of G(E)).

On the other hand, Theorem 6-5.6 does not extend to the Leavitt path algebras
of separated graphs introduced by Ara and Goodearl [9]. For example, the defining
relations of the Leavitt path algebra associated to the separated graph introduced
at the beginning of [9, § 5] are those stating that xy, xa, y1, y2, v are orthogonal
idempotents, together with efe; = f*f; = v for i € {1,2}, efe; = f/f; = 0 for
i # j, and v = e1e] + ezes = fifi + faf5. Those relations do not imply that the
idempotents eje} and fif; commute, so attempting to extend Lemma 6-5.5, to
that example, breaks down.

As pointed to the author by Pere Ara, the latter irregularity is corrected by the
construction, introduced in Ara and Exel [7, Notation 5.8], of the involutary K-
algebra L32(E, C) associated with a separated graph (FE,C). Indeed, L3*(E,C) =
Lx(E,C)/J, where J is the two-sided ideal generated by the commutators between
the sources (or, equivalently, the targets) of finite products of elements of E° U E*.
This definition ensures that Lemma 6-5.5 extends to the involutary subsemigroup
of L8 (E, C) generated by ECUE". Hence, L3 (E, C) = K(S), for a suitable Boolean
inverse semigroup S. Unlike the Boolean inverse semigroup GB(FE) constructed in
the proof of Theorem 6-5.6, this semigroup .S is not independent of K a priori.

6-6. The Boolean unitization of a Boolean inverse semigroup

The standard unitization of a non-unital ring R is the unital ring §7 uniquely
determined up to isomorphism, such that R is a two-sided ideal of Rand R=Z7Z&R
as Abelian groups. It can be realized as R=17x R, endowed with componentwise
addition, and the multiplication defined by

(m,x) - (n,y) = (mn,mz +ny +axy), forall (m,z),(n,y) €ZxR. (6-6.1)

The ring R is then identified with its isomorphic copy {0} x R within R. We set
R = R in case R is unital. B

If R is non-unital, then R is not Boolean. Hence, for a Boolean ring B, we define
the Boolean unitization of B as B itself if B is unital, and the product (Z/2Z) x B,
endowed with componentwise addition, and multiplication as in (6-6.1), otherwise.
If B is a non-unital Boolean ring, then the Boolean unitization of B is a unital
Boolean ring, in which B is a prime ideal.

The main purpose of the present section is to extend, to arbitrary Boolean
inverse semigroups, the Boolean unitization construction for Boolean rings.



184 6. CONSTRUCTIONS INVOLVING INVOLUTARY SEMIRINGS AND RINGS

DEFINITION 6-6.1. A Boolean unitization, of a Boolean inverse semigroup S,
consists of an additive semigroup embedding from S into a Boolean inverse mon-
oid S, such that the following conditions hold:

(1) If S is unital, then S = S;
(2) Every element of S has the form (1 \ e) @ x, where e € Idp S and z € eSe.

The additive semigroup embedding being often understood, we will then iden-
tify the Boolean unitization with its underlying Boolean inverse monoid S. Observe
that since S is a Boolean inverse semigroup, S = SU{(1 < e) @z | e € Idp S and x €

THEOREM 6-6.2. Fvery Boolean inverse semigroup has a Boolean unitization.

PrROOF. Let S be a non-unital Boolean inverse semigroup. In particular, B =
Idp S is a Boolean ring without largest element.

Recall from Example 6-3.10 that the ring R = Z(S) is also the enveloping ring
of the enveloping semiring R™ = Z*(S) = Upon(S) on S. We apply the standard
unitization procedure to R, getting the unital ring R. The elements of R can be
uniquely written in the form x = n + y, where (n,y) € Z x R. The involution of R
is extended to an involution of }N%, by setting (n + y)* = n + y*.

Furthermore, the Boolean unitization of B can be identified with the subset
B= BU{l—x|xEB}ofR

We set S = SU{(l-e)+Z|e€ B and z € eSe}. Hence S is a subset of R.

Observe that for any z € S, any e € B and T € eSe such that z = (1 —¢) + T
determine each other. Furthermore, whenever ¢/ > e in B, we can also write

=1-¢€)+(c—€e)+7T, that is, s = (1 —€) + 7 where T = (¢’ \e) DT
(within ), an element of e’Se’.

Now let x,y € S. We must prove that xy € S. This is trivial if z € S and yeSs.
Ifx ¢ Sandy € S, then z = (1—e)+T, where e € B and T € eSe. By the paragraph
above, we may replace e by e Vd(y) Vr(y), so y = eye. Then zy = Ty € S. The
proof that yz € S is symmetric. Finally, if z ¢ S and y ¢ S, then, by the paragraph
above, there are e € B and 7,7 € eSe such that t = (1—e)+Z and y = (1—€) + 7.
It follows that xy = (1—€)+7Z 7y, with Ty € eSe, so xy € S. Moreover, it is obvious
that S is closed under the involution of R. For ¢ € B and T € eSe, the element

=(1—-e)4T € §satisﬁesx*x = (1-e)+77'T = (1-e)+d(z) = 1—(exd()) € B,
thus 2%z = (1 —e) + T ‘T = (1 —€) + T = x. Since B is a commuting subset
of R it thus follows from Lemma 3-1.1 that S is an inverse semigroup in R with
IdpS . In particular, Idp S is Boolean.

Let x,y € S be orthogonal; we prove that x +y € S. Up to symmetry, there
are only two cases to consider. The first case is {z,y} C S; then z+y (within R) is
identical to x @y (within S), so it belongs to S. The second case is © = (1 —e) + T,
where e € B and T € eSe, and y € S. We may replace e by e Vd(y) V r(y), and
thus assume that y = eye. Then  +y = (1 — ¢e) + (T ® y) belongs to S. Hence,
in any case, x +y € S. The same argument as the one at the end of the proof of
Theorem 6-1.7 yields then that x + y is the join of {z,y} within S. Therefore, S is
a Boolean inverse semigroup, and S is an additive ideal of S. O

Although Theorem 6-6.2 does not state any uniqueness result about the Boolean
unitization S, that result is a consequence of the following universal characterization

eSe}.
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of S. For a semigroup S and a monoid T, we say that a map f: S — T is unit-
preserving if the image under f of the unit element of S, if it exists, is the unit
element of T

PROPOSITION 6-6.3. Let S be a Boolean unitization of a Boolean inverse semi-
group S. Then for every Boolean inverse monoid T, every unit-preserving additive
semigroup homomorphism f: S — T extends to a unique additive monoid homo-
morphism g: S — T.

PROOF. We may assume that .S is not unital. Set B = Idp S. Necessarily,
g(INa)@z) = (1~ f(a)® f(z) whenever a € Idp S and x € aSa. (6-6.2)

In particular, the uniqueness statement about g is obvious. In order to prove that
(6-6.2) defines an extension g: S = T of f, we first need to prove that there is
no ambiguity in the expression of an element of S , that is, we need to prove that
(INe)@x #£y, foralle € B,z € eSe, and y € S. If (1 Ne) @z = y, then
INne=(1Ne)y=y~eye S, thus, as e € B, we get 1 € S, a contradiction. Next,
we need to prove the implication

(INna)oz=(010~b) ey = (I~ f(a) & f(z) =1z~ f() & f(y),
whenever a,b € B, © € aSa, and y € bSb. Replacing b by a V b and decreas-
ing y accordingly, we may assume that ¢ < b. In that case, our assumption
(Iva)@x=(1\b)@y means that y = (b a) @ z, thus, since f is additive, we
obtain the equation f(y) = (f(b) \ f(a)) ® f(x), from which the desired conclusion
(I~ f(a)) ® f(z) = (1r \ f(b)) @ f(y) follows easily. This proves that (6-6.2)
indeed defines an extension g of f from S to T. The verification that g is both
additive and unit-preserving is routine. (Il

COROLLARY 6-6.4. The Boolean unitization of a Boolean inverse semigroup S
is unique up to isomorphism.

PROPOSITION 6-6.5. Let S be the Boolean unitization of a Boolean inverse
semigroup S. Then S is an additive ideal in 5‘, and §/S is the two-element inverse
semigroup. Furthermore, Z<§> is the standard unitization of Z{S) and Idp§ is the
Boolean unitization of Idp S.

ProoF. By Corollary 6-6.4, it is sufficient to verify Proposition 6-6.5 on the
construct S given by the proof of Theorem 6-6.2. In particular, we keep the notation
of that proof (e.g., R = Z(S) and R is the standard unitization of R). We verified,
in the course of the proof of Theorem 6-6.2, that S is an ideal of S and that
Idp§ is the Boolean unitization of Idp S. Define 7: S - {0,1} by 7[g = 0 and
m((1~e)®z) =1, whenever ¢ € B and z € eSe. Any z,y € S such that m(z) =
m(y) satisfy the relation z =g y introduced in the statement of Proposition 3-4.6
(take z = 0 if z,y € S, and z = 1 \ e for large enough e if 2,y ¢ S). Hence, 7
induces an isomorphism from S/S onto {0,1}.

Finally, we must prove that for any ring Z, any additive measure f: Sz
extends to a unique ring homomorphism f: R — Z. By Proposition 6-3.6, the
restriction of f to S extends to a unique ring homomorphism f;: R — Z. Further,
f1 extends to a unique ring homomorphism f: R — Z such that (1) = f(1).
Since R is generated by R U {1} (as a subring) and R is generated by S, R is

generated by S; this proves the uniqueness of f. Therefore, R = Z(S). (]
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6-7. From type monoid to nonstable K-theory

Recall from Proposition 6-3.5 that for any Boolean inverse semigroup S and
any unital ring K, the canonical map js: S — K(S) is an additive measure. By
Proposition 6-3.3, there is a unique monoid homomorphism f: Typ.S — V(K (S))
such that

f(typg(z)) = [a]g whenever a € Idp S.

We will call f the canonical map from Typ S to V(K(S)).

By virtue of Example 6-3.11, the following result yields a class of Boolean
inverse meet-semigroups S for which the canonical map Typ S — V(k(S)), with k
a division ring, is not surjective.

PROPOSITION 6-7.1. Let k be a division ring, and let G be a group containing a
torsion element of order not a power of the characteristic of k. Then the canonical
map f: Typ GY° — V(Kk[G]) is one-to-one, but not surjective.

PROOF. Since G is a Boolean inverse semigroup with exactly two idempo-
tents, its type monoid is isomorphic to Z*, with typsuo(l) = 1. The augmen-
tation map 7: k[G] — k (i.e., the unique homomorphism of k-algebras sending
every element of G to 1) is a surjective homomorphism of unital rings, thus, for all
m,n € Z*, if f(m) = f(n), that is, m - [1]xjg) = n - [1]x[¢), then, applying V(7), we
get m - [1]x = n - [1]x, so k™ =2 k", whence, as k is a division ring, m = n. Hence f
is one-to-one.

Now suppose that f is surjective.

CLAIM. The group algebra K[G] has no non-trivial idempotents.

PrOOF OF CLAIM. Let e be a non-trivial idempotent of k[G]. Since f is sur-
jective, [e]xjg] belongs to the range of f, that is, since G“° has no non-trivial
idempotents, there exists n € Z* such that [e]yq) = n - [1]kg). From e # 0 it
follows that n > 1. If n > 2, then 2 [1]yq) <7 [e]uje) <T [Lk(g) within V(k[G]),
thus, applying again V(), we get 2- [1]x < [1]x within V(k), a contradiction since
V(k) = Z*. Therefore, n = 1, so e ~g 1.

Now suppose that e # 1. By applying the result of the paragraph above to 1—e,
we obtain that 1 —e ~yjg) 1. Since 1 = e® (1 —e), it follows that [1]yja) = 2-[1]kq]s
a contradiction. O Claim.

So far we have not used our assumption about torsion elements in G. Now we
do so. Our assumption means that there are a prime number ¢, distinct from the
characteristic of k, and an element g of G of order g. Since ¢- 1 has a multiplicative

inverse in k, the element e = (1/q) Z;(l) g* is well defined, and distinct from
both 0 and 1. Obviously, e is idempotent. By the Claim above, this leads to a
contradiction. (I

Proposition 6-7.1 leads immediately to the following example.

EXAMPLE 6-7.2. Let G = Z/6Z. Since G has elements of order 2 and 3, it
follows from Proposition 6-7.1 that the canonical map Typ G*° — V(k[G]) is one-
to-one but not surjective, for any division ring k.

As witnessed by the following result, it is not so straightforward to find exam-
ples where the canonical map Typ S — V(k(S)) is not one-to-one.
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PROPOSITION 6-7.3. The following statements hold, for any Boolean inverse
semigroup S, any division ring k, and the canonical map f: Typ S — V(k(S)):
(1) If S is locally matricial (cf. Definition 5-1.1), then f is an isomorphism.

(2) If S is semisimple (cf. Definition 3-7.5), then f is a coretraction (i.e., it has

a left inverse for the composition of homomorphisms). In particular, f is one-

to-one.

PrROOF. As a preliminary observation, we claim that the functors Typ, V,
and k(_) all preserve directed colimits and finite direct products. We established
this for the functor Typ in Proposition 4-1.9; for the functor V this is well known;
and for the functor k(_) this is a straightforward categorical argument.

Now let S be a finite fundamental Boolean inverse semigroup. By Lawson
[72, Theorem 4.18], S is a direct product of finitely many finite symmetric inverse
semigroups. By the claim above, this case can be in turn reduced to the one
where S is a finite symmetric inverse semigroup. Now if S = 7J,,, where n is a
positive integer, then (Typ S, typg(1)) = (Z*,n) (cf. Proposition 5-1.5). Further,
from k(S) = My (k) it follows that (V(k(S)),[1]i(s)) is isomorphic to (Z*,n) as
well. Since f(typg(1)) = [1]k(s), it follows that f is an isomorphism.

By the claim above, the conclusion (1) follows in a straightforward manner in
case S is locally matricial. This holds, in particular, if S is a semisimple funda-
mental Boolean inverse semigroup, because in such a case, S is the directed union
of all subsemigroups aSa, where a € Idp S, and all the aSa are finite fundamental
Boolean inverse semigroup.

(2). Now suppose that S is a semisimple Boolean inverse semigroup. Denote
by p the largest idempotent-separating congruence of S. It follows from Howie
[69, Theorem V.3.4] that S/ is fundamental, and it follows from Proposition 3-
4.5 that S/p is a Boolean inverse semigroup and that the canonical projection
from S onto S/, which we shall denote by p, is an additive semigroup homomor-
phism. Further, it follows from Theorem 4-4.19 that u is type-preserving. Since S
is semisimple and S and S/p have the same idempotents, S/p is also semisimple.

Typ S V(k(S))

Typui iv(g)

Typ(S/p) —L > V(k(S/p))

FIGURE 6-7.1. A commutative diagram of commutative monoids

By our result established above for semisimple fundamental Boolean inverse
semigroups, the canonical map f*: Typ(S/u) — V(k(S/p)) is an isomorphism.
Denote by g: k(S) — k(S/p) the canonical map. We obtain the commutative
diagram represented in Figure 6-7.1. Since V(g)o f = f"oTyp u is an isomorphism,
f is a coretraction. O

We shall now introduce a class of examples where f is not one-to-one. The
following construction is a modification of the one of Example 4-9.3.
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NOTATION 6-7.4. For a finite group G, of cardinality N, we set Qg = ZT x G,
and we set

Fo ={X C Q¢ | X is finite} ,
Ug = {X C Q¢ | X is cofinite} ,
B =FcUlUg.

We denote by x(G) the set of all z € Jq,, such that dom(z) € B¢, and such that
if dom(z) € Ug, then there are m € Z* and (k,g) € Z x G such that

z(n,t) = (n+ k, gt) for all (n,t) € [m,00) x G. (6-7.1)

For any X € U, we denote by p(X) the constant value of card (X N ([0,m) x G))
modulo N, for large enough m. This defines a map pg: Ug — Z/NZ.

LEMMA 6-7.5. Let G be a finite group, of cardinality N. Then k(G) is an
additive Boolean inverse submonoid of Jq,. It is also a fundamental, Boolean
inverse meet-semigroup. Furthermore, for any X,Y € Bg, if idx Py (q) idy, then
pc(X) = pa(Y).

NOTE. It is not hard to prove that idx (¢ idy follows from pg(X) = pa(Y),
for any X,Y € Ug. We will not need that implication.

PROOF. The proofs of the statements about x(G) being an additive Boolean
inverse submonoid of Jq, together with a fundamental, Boolean inverse meet-
semigroup, are tedious but routine, and we leave them to the reader. Now let
X,Y € Bg such that idx %,,(c)idy. This means that there is a bijection z: X —Y
belonging to x(G). We must prove that pg(X) = pg(Y). If either X or Y is finite,
then card X = cardY and the desired conclusion is trivial. Suppose now that X
and Y are both cofinite. Since X is cofinite, there are m € Z*, k € Z, and
g € G such that (6-7.1) holds. Furthermore, m can be taken large enough such
that [m,00) x G C X and [m + k,00) x G C Y. From (6-7.1) it follows that
z[[m,0) x G] = [m+k,00) x G. Hence, forming set differences and since z is one-
to-one, z[X N ([0,m) x G)] =Y N([0,m+ k) x G). By evaluating the cardinalities
of the two sides and reducing modulo N, we obtain pg(X) = pg(Y). O

LEMMA 6-7.6. Let G be a finite group, of cardinality N, and let k be a divi-
sion ring. If N is not a power of the characteristic of k, then the canonical map
I Typk(G) — k(k(G)) is not one-to-one.

PRrROOF. Throughout the proof we set S = k(G). By assumption, there are a
prime number ¢, distinct from the characteristic of k, and an element g of G of
order ¢. In order to make it clear whether we are working in the Boolean inverse
monoid S or in the k-algebra k(S), we shall denote by 1x the canonical image
of idx in k(S), for each finite or cofinite subset X of {g. We shall also write 1
instead of 1q.

The self-maps g and s of Q¢ defined by the rules g(n,t) = (n, gt) and s(n,t) =
(n+ 1,t), for all (n,t) € Q¢, both belong to S, and sog=7gos.

Since ¢ is distinct from the characteristic of k, the element e = (1/q) ZZ;(I) g" is
well defined, and it is an idempotent element of k(S). Furthermore, from s~'s =1
it follows that e and ses™! are Murray - von Neumann equivalent within k(S);
hence,

l=e®(l—e) s ses '@ (l—e). (6-7.2)
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1

Easy computations show that ses™ = e Inxg =€ — e 1{g}x- Hence,

ses '@ (1—e) = 1—e liyxa-
By writing 1 = l{o}xg + lyx g and setting w = 1{0}><G —e- 1{0}><G’7 we get
ses '@ (1—e) = lnxg @ w. (6-7.3)

Now the elements id(gyxg and " o idjoyxg of S, for 0 < k < g, are all finite
orthogonal joins of the matrix units e, ,, for =,y € G, where e, , denotes the
unique element of S with domain {(0,y)} and range {(0,z)}. It follows that 10}
and e - 11pyx can both be represented as N x N matrices with entries in k, and
hence so can their difference, namely w. Since w is idempotent, and neither equal
to 0 nor to lipyxq, it is conjugate to lioyxw for some subset W of G distinct
from @ and from G. (A closer look at the construction shows actually that the
rank of w, which is equal to the cardinality of W, is equal to (1 — 1/¢)N; however,
we will need nothing more than 0 < card W < N.) Therefore, by (6-7.3), we obtain

ses”!' @ (1 —e) ~igsy Iw @ Inxe = Lwvuixa) -
By (6-7.2), it follows that, setting X = W U (N x G),

log ~ke 1x,

that is, f(typs(idas)) = f(typs(idx)). However, pg(Qc) = 0 and pg(X) =
card W mod N # 0, thus, by Lemma 6-7.5, typg(ida,) # typg(idx). O

REMARK 6-7.7. By mimicking the proof of Proposition 6-7.1, it is not hard to
prove that under the assumptions of Lemma 6-7.6, the canonical map f is also not
surjective.

EXAMPLE 6-7.8. The order of the finite group G = Z/6Z is not a prime power.
By Lemmas 6-7.5 and 6-7.6, it follows that for the fundamental, unital, Boolean
inverse meet-semigroup (@), the canonical map f: Typk(G) — V(k{k(Q))) is
not one-to-one, for any division ring k.

6-8. The tensor product of two Boolean inverse semigroups

The first step of the construction of the tensor product of two Boolean inverse
semigroups is given by the following lemma, whose straightforward proof we omit.
Recall that the involutary semiring structure on Uy, (S) is given by Proposition
6-2.2, while the involutary semiring structure on Uyon(S) @ Upon(T) is given by
Proposition 6-2.3.

LEMMA 6-8.1. Let S and T be Boolean inverse semigroups. Then the set
ST ={z®y| (z,y) € S x T} is an inverse semigroup in the involutary semiring

Umon(S) ® Umon(T).

DEFINITION 6-8.2. Let S and T be Boolean inverse semigroups. We define SQT
as the closure of S ®y T under finite orthogonal sums, within Upen (S) @ Upon(T).

NOTATION 6-8.3. Denote by Jg r the set of all elements of the free commu-
tative monoid Fon (Umon(S) X Umon(T)) of the form E?:l(xi e y;), where each
(z4,y;) € S xT and the x; ® y; are pairwise orthogonal (not only meet-orthogonal)
within the involutary semiring Uon(S) ® Umon(T).
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Observe, in particular, that S ® T' = {u/S | u € Jsr}. By using the earlier
result that every element of S has index at most 1 in Uy, (S) (cf. Proposition
6-2.1), it is easy to obtain the following result, by aping the proof of the Claim in
the proof of Lemma 2-5.6. (The point is that whenever z = = @ y in a Boolean
inverse semigroup, = and y are orthogonal — not just meet-orthogonal.)

LEMMA 6-8.4. Whenever u € Jsr and v € Fmon(Umon(S) X Umon(T)), if
u —* v, then v € Jg 1.

THEOREM 6-8.5. Let S and T be Boolean inverse semigroups. Then SQT is an
inverse semigroup in Umon(S) ® Unon(T'). Furthermore, it is Boolean inverse, and
the properties (1)—(4), stated in Theorem 6-1.6, are all satisfied within the involu-
tary semiring Umon (S) @ Umon(T). Furthermore, Umon(S) @ Umon (T) is additively
generated by S @ T.

PROOF. Since Upon(S) and Upen(T') are both conical refinement monoids, so
is Umon(S) @ Umon(T') (cf. Wehrung [116, Theorem 2.7]). In particular, by Lemma
6-1.5, S ® T is an inverse semigroup in Upon(S) ® Upon(T). Further, since, by
Lemma 2-5.6, every pure tensor has index at most 1 in Upon(S) ® Upon(T), it
follows from Lemma 2-3.8 that this is also the case for every sum of pairwise meet-
orthogonal pure tensors, thus, a fortiori, for every orthogonal sum of pure tensors.
That is, every element of S ® T has index at most 1 in Upon(S) @ Unen(T).

Now we prove that S ® T is a lower subset of Upon(S) ® Umon(T).

Let % € Upon(S) @ Upon(T) and w € S@T such that uw <t w. We must prove
that w € S®T'. There is v € Upon(S) ® Umon(T) such that w = u + v, and there
is w € Jg,r such that w = w/S. Pick u,v € Fron(Umon(S) X Umon(T')) such that
u =u/S and v = v/5. Since u+v S w, there is W' € Fron(Umon (S) X Umon(T))
such that u +v —* v’ and w —* w’. By Lemma 2-5.2, the first statement implies
the existence of u',v" € Fron(Umon(S) X Umon(T')) such that u —* o/, v —=* v/,
and w' = v 4+ v'. Since w € Jgr and by Lemma 6-8.4, w' € Jsr, thus v’ € Js 1.
Therefore, u =u'/S € SQT.

So far, we have verified Conditions (1) and (2) of Theorem 6-1.6, at the inverse
semigroup S ® T within the monoid Upyon(S) ® Upen(T). Further, (4) follows
trivially from the definition of S ® T'.

Finally, observe that Upen(S) and Upen(T') are both conical and proper (cf.
Proposition 6-2.2), thus so is Umoen(S) @ Umon (T') (cf. Lemma 6-2.3). Every element
z € S®T can be written in the form z = 3, _ (2;®y;), where all (z;,y;) € S®T and
the x; ® y; are pairwise orthogonal. It follows from that orthogonality assumption
that 271z = 2"z =%, _, (d(x;) ® d(y;)). In particular, the idempotent elements
of S®T are exactly the elements of the form ¢ =3, | (a;®b;), where n € Z*, each
a; € Idp S, each b; € Idp T, and the a; ® b; are pairwise orthogonal. The elements
a=\,.,a;and b=\/,_, b; are idempotent in S and T, respectively. Since

a®b=(a;®b;)) + ((a~a;) ®b;) + (a; ® (b~ b)) + ((a~ a;) @ (b~ b;))

(within Upen(S) ® Umon(T)), we get a; @ by <T a ® b, for each i < n. Since the
a; ® b; are pairwise orthogonal, they are, a fortiori, pairwise meet-orthogonal (cf.
Lemmas 6-1.3 and 6-2.3). By Lemma 2-3.9, it follows that ¢ <t a ® b. Hence, the
condition (3) of Theorem 6-1.6 follows.

Finally, every element of Up,on(S) ® Umen(T) is a finite sum of pure tensors,
thus, a fortiori, it is a finite sum of elements of S ® T O
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In particular, S ® T', endowed with orthogonal addition, is a lower interval of
Umon(S) ® Upmon(T). By applying Proposition 2-2.4, we get the following.

COROLLARY 6-8.6. For any Boolean inverse monoids S and T, there is an
isomorphism from Upon(S) @ Umon(T) 0nto Upen (S ® T') that fizes all elements of
S®T. In particular, Unon(S @ T) = Upnon(S) ® Unon(T).

Despite the apparent complexity of the construction of the tensor product of
two Boolean inverse semigroups, we shall now see that it is the solution of a rather
easily formulated universal property, similar to the one for the tensor product of
rings.

DEFINITION 6-8.7. Let S, T, and Z be Boolean inverse semigroups. A map
f: 8 xT — Zis bi-additive if the following conditions hold:

(1) flz,y)f (ac’,y’) = f(xz’,yy’), whenever z,z’ € S and y,y’ € T}

(2) flz,y) " = fz=1,y~Y), whenever z € S and y € T}

(3) f(xo @ x1,y) = f(x0,y) ® f(x1,y), whenever zg,z1 € S, y € T, and xy L x1;
(4) f(z,y0®y1) = f(x,90) ® f(2,91), whenever x € S, yo,y1 € T', and yo L y1.

Observe, in particular, that by the last two axioms above, f(0,y) = 0 for each
y €T, and f(x,0) =0 for each x € S.

The proof of the following lemma is routine application of our earlier results,
and we omit it.

LEMMA 6-8.8. Let S and T be Boolean inverse semigroups. Then the canonical
map SXT = SQT, (z,y) = x Qy is bi-additive.

LEMMA 6-8.9. Let S, T, Z be Boolean inverse semigroups and let
f: 8 xT — Z be bi-additive. Then zo ® yo L x1 ® y1 implies that f(xo,yo) L
f(z1,y1), for all xg,z1 € S and all yo,y1 € T.

PROOF. Our assumption zo ® yg L x1 ® y; means that
2w ®@yy tyn = zoxy ' @yoy; =0,
that is,
(either 25 'zy = 0 or yy'ys =0) and (either zoz;* =0 or yoy; ' =0).
The element f(xo,yo)_lf(xl,yl) = f(xg a1,y 'y1) vanishes if either x5 2y

or yy'yr = 0, thus in any case. Symmetrically, the element f(zo,y0)f(z1,y )
vanishes if either a:oscl_l =0or yoyl_1 = 0, thus in any case.

HO

Now we can state the universal property of the tensor product of two Boolean
inverse semigroups.

THEOREM 6-8.10. Let S and T be Boolean inverse semigroups. Then the canon-
ical map S X T — ST is universal among all the bi-additive maps from S x T to
a Boolean inverse semigroup.

PRrROOF. The easy direction is provided by Lemma 6-8.8.

Now let Z be a Boolean inverse semigroup and let f: S xT — Z be bi-additive.
We need to prove that there is a unique additive semigroup homomorphism
f:S®T — Z such that f(x,y) = f(zr ®y) for all (z,y) € S x T. Since every
element of S ® T is a finite orthogonal sum of elements of the form = ® y, the
uniqueness statement follows easily from Lemma 6-8.9.
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Now we deal with the existence part. Standard arguments, involving the uni-
versal properties defining Up,on(S) and Upyen(T'), show that f extends to a (monoid)
bimorphism f1: Umon(S) X Umon(T) = Umon(Z). By the universal property of the
(monoid) tensor product, there is a unique monoid homomorphism

f2 : Umon(s) ® Umon (T) — Umon(Z)
such that

folzx ®@y) = fi(z,y) for all (z,y) € Upnon(S) X Unon(T) -

Now fa(xz ® y) = f(x,y) belongs to Z whenever (z,y) € S x T. By Lemma 6-8.9,
it follows that f2[S ® T is contained in Z. Accordingly, we can define the domain-
range restriction f of fo from S ® T to Z. By Lemma 6-8.9, f preserves all finite
orthogonal sums of pure tensors. Thus, f preserves finite orthogonal sums. By the
first two axioms defining bi-additive maps, the proof that f is a homomorphism of
inverse semigroups is routine. (I

6-9. The type monoid of a tensor product

For a Boolean inverse semigroup S, Green’s relation Zg is an additive, conical
V-equivalence on S (cf. Lemma 4-1.1), thus, by Theorem 2-4.6, it extends to a
unique additive V-equivalence @g‘ = Umon(%s) on Upen(S). Moreover, still by
using Theorem 2-4.6,

TypS = Umon(S/@S) = Umon(‘s’)/@;‘L )

thus expressing Typ S as the quotient of a conical refinement monoid under a conical
V-congruence.

We shall now pursue this idea on tensor products of Boolean inverse semigroups.
Recall that the tensor product of two congruences (of commutative monoids) is in-
troduced in Notation 2-6.3. For Boolean inverse semigroups .S and 7', the enveloping
monoids Upen(S) and Upen(7T') are both conical refinement monoids. Hence, the
binary relation v = @; ® @:,Jf is, by Corollary 2-6.4, a conical V-congruence of
the monoid Uypon(S) ® Upon(T). Since the tensor product S ® T (of Boolean in-
verse semigroups) is constructed as a subset of the monoid Upon (S) @ Umon (T), the
restriction of v to S ® T is well defined. It turns out that much more is true.

LEMMA 6-9.1. The restriction of v to S ® T is equal to Dsgr.

PRrROOF. Throughout the proof we shall set M = Upon(S), N = Upon(T),
a = 9%, B = 2}, and we shall denote by a: M — M/a and B: N — N/ the
associated canonical projections. We shall use the notation of Sections 2-5 and 2-6,
in particular viewing the elements of M ® N as equivalence classes of elements of
Fron(M x N) with respect to the binary relation denoted there by . We shall
also use the set Jg 7 introduced in Notation 6-8.3.

Let u,v € S ® T, we must prove that u =, v iff u Dsgr v.

Suppose first that (u, v) € «, that is, (u,v) € a®B. Pick u,v € Jsr such that
u = u/S and v = v/5. Our assumption means that (ae3)(u) S («wef5)(v), that is,
there is w € Fron ((M/a) x (N/B)) such that (e 8)(u) —* w and (e ) (v) —* w.
By Lemma 2-6.1, there are v/, v" € Fon(M X N) such that u —* v/, v —=* v/, and
(e B)(u') = (vePB)(v') = w. By Lemma 6-8.4, v/ and v' both belong to Jgr.



6-9. THE TYPE MONOID OF A TENSOR PRODUCT 193

Writing v/ = Y"1 | (z;0y;) and v' = Z?;l(x; e y.), both orthogonal sums, it follows
that

n ’I’L
w=) (o) =2 (o 7
=1 i=1
thus n = n/ and there is a permutation o of [n] such that

(a(@}), By7)) = (a(To(i)); B(Ys(i))) for alli € [n],
that is,
i Ds To(;) and y; Dr Yoy, for alli € [n].
Picking s; € S and ¢; € T such that d(s;) = 2, r(s;) = 23, d(t;) = ¥;, and
r(t;) = Yo, it follows that d(s; ®t;) = z; ®@y; and r(s; ®t;) = T (;) @Yo (i), Whence

(25 @ Y;) Dser (To@) @ Yoi)), forallie [n].

By forming the (orthogonal) joins of all those relations in S ® T and observing that
u =u'/S and v = v'/5, it follows that u Psgr v.

Let, conversely, (u,v) € Psgr. This means that there is z € S ® T such that
u = d(z) and v = r(z). Write z = 2/, with z = Y_" | (z; e y;) € Js,r. Since
the elements z; ® y; are pairwise orthogonal, we get u = @, (d(z;) ® d(y;))
and v = @), (r(z;) ®r(y;)). By the definition of o and 8, d(z;) =q r(z;) and
d(y;) =g r(y;) for each i € [n], thus d(z;) ® d(y;) =4 r(x;) ® r(y;), and thus,
forming the (orthogonal) joins of those relations, u = v. a

THEOREM 6-9.2. Let S and T be Boolean inverse semigroups. There is a unique
monoid isomorphism n: (TypS) ® (TypT) — Typ(S®T) such that

n(typs(x) © typr(y)) = typsgr(z ©y) for every (x,y) € S x T. (6-9.1)

PRrROOF. Since (Typ S)® (TypT) is additively generated by the elements of the
form typg(z) ® typr(y), the uniqueness of 7 is trivial. Let us deal with existence.

Throughout the proof we shall identify the monoids Uon(S) @ Umon(T') and
Ummon(S ® T'), via Corollary 6-8.6.

The binary relation v = 24 ® 2 is a conical V-congruence of the commuta-
tive monoid Upon(S) ® Unon(T'), and further, by using the definition of the tensor
product of two congruences,

(Typ ) @ (TypT) = (Usmon(8)/25) © (Usmon(T)/ Z7)
= Umon(s) ® Umon(T)/7 - Umon(S [024] T)/’)’ . (6-92)

Since S®T, endowed with its orthogonal addition, is a lower interval of Uy,en (S®T),
it follows from Lemma 6-9.1, together with Theorem 2-4.6, that v = Upon(Zsgr)-
By using again Theorem 2-4.6, it follows that

Unon(S @ T) /% 22 Upnon (S @ T/ Dser) = Typ(S @ T) . (6-9.3)

Further, it is straightforward to verify that the composition 7 of the isomorphisms
given by (6-9.2) and (6-9.3) satisfies (6-9.1). O






CHAPTER 7

Discussion

PROBLEM 1. Let M be a countable conical refinement monoid and let k be
a countable field. Is there a countable fundamental Boolean inverse semigroup S
such that Typ S = V(k(S)) = M?

By Theorem 4-8.9, there is a countable fundamental Boolean inverse semi-
group S such that Typ S = M. However, we have seen with Example 6-7.8 that
the canonical map Typ S — V(k(S)) may not be one-to-one.

PrROBLEM 2. Let S be a Boolean inverse semigroup. Is the canonical map
Typ S — V(Z{S)) an isomorphism?

By Examples 6-7.2 and 6-7.8, the canonical map Typ S — V(k(S)) (cf. Sec-
tion 6-7) may be neither one-to-one, nor surjective, for any division ring k. However,
the constructions of the idempotents introduced to establish this, in the proofs of
Proposition 6-7.1 and Lemma 6-7.6, depend of the characteristic of k. For a con-
venient description of Z(S), see Example 6-3.10.

It follows immediately from Passman [88, Theorem 22.7] (which is also men-
tioned without proof in Kaplansky [64, p. 123]) that the group ring Z[G] has no
nontrivial idempotents. (Any nontrivial idempotent of Z[G] is a nontrivial idem-
potent of C[G], thus its trace lies strictly between 0 and 1; but that trace is also
an integer.) This suggests, without proving it (matrix rings over Z[G] may have
nontrivial idempotents), that the specialization of Problem 2 to the case where
S = G, for a group G (cf. Definition 1-4.1), may indeed have a positive solution.
However, even this special case does not seem to be known.

PROBLEM 3. Is every conical refinement monoid M of cardinality N; group-
measurable? That is, is there a Boolean ring B, with an action of a group G, such
that M = Z*(B)/G? Equivalently, does M = Typ S for some Boolean inverse
semigroup S?

Some evidence for a positive solution to Problem 3 is the following. By Theorem
4-8.9, every countable conical refinement monoid is group-measurable. Also, by
Dobbertin’s Theorem (cf. Theorem 4-6.7), every conical refinement monoid of
cardinality at most N; is V-measurable. Nevertheless, not every V-measure is group-
induced, or even groupoid-induced (cf. Examples 4-7.8 and 5-4.3). Also, there are
conical refinement monoids of cardinality Ny that are not group-measurable (cf.
Theorem 4-6.9).

PrROBLEM 4. Let G be an Abelian lattice-ordered group. Is there a fundamen-
tal, Boolean inverse meet-semigroup S such that Typ S = G*+?

By Theorems 5-1.10 and 5-2.9, any counterexample to Problem 4 would need
to be non-projectable with at least Ny elements. A countable conical refinement

195
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monoid, not isomorphic to the type monoid of any fundamental, Boolean inverse
meet-semigroup, is given in Example 4-9.4.
We may state, similarly, the following problem.

PrROBLEM 5. Let G be an Abelian lattice-ordered group. Is there a locally
matricial inverse semigroup S such that Gt = Typ S?

By Theorem 5-1.10, any counterexample to Problem 5 would need to have at
least No elements. The group action constructed in Theorem 5-2.9 has underlying
group G, which is not locally finite unless G is trivial. A related problem, stated in
Goodearl [49, Problem 31] and credited there to Handelman, asks whether there
exists a locally matricial algebra R, over a field, such that Ky(R) = R (as an
ordered group). Due to Goodearl and Handelman [51], the answer to that question
is positive if the Continuum Hypothesis holds.

The apparent conflicts between Theorem 5-4.1, Example 5-4.3, and Example
5-4.4 suggest the following problem.

PRrROBLEM 6. Let M be a conical commutative monoid. Can M be embedded
into a conical refinement monoid IV, such that there are a complete atomic Boolean
ring B and a V-measure p: B — N with range generating N as a submonoid?

Some evidence, for a positive solution of Problem 6, is given in Theorems 5-4.7
and 5-4.8.

For the statement of the following problem, we first recall that an embedding
f: M — N of monoids is pure if every finite equation system, with parameters
from f[M], which has a solution in N, also has a solution in f[M].

PROBLEM 7. Does every refinement algebra have a pure embedding into the
commutative monoid Z*(B) /G, for some action of a group G on a complete
Boolean ring B?

By Theorem 5-4.10, if B is complete, then Z*(B) /G is a refinement algebra.
Moreover, it is obvious that every pure submonoid of a refinement algebra is a
refinement algebra.

The following problem is motivated by the realization problem of conical re-
finement monoids, with at most 8; elements, as V(R) for rings R satisfying various
conditions (e.g., regular, exchange, C*-algebra of real rank zero). For a survey
about some of those problems, see Ara [6].

ProBLEM 8. Find sufficient conditions, as general as possible, ensuring that
the ring K (S) is an exchange ring (resp., a regular ring), for a unital ring K and a
Boolean inverse semigroup S. Similarly, find sufficient conditions for the C*-algebra
C*(S) to have real rank zero. Same question for C!_ ;(S) (cf. Remark 6-4.12).

Recall that C(S) is isomorphic to a dense involutive subalgebra of both C*(S)
and C!,4(S) (cf. Theorem 6-4.11 and Remark 6-4.12).

PrROBLEM 9. Is the category of all distributive inverse semigroups, with semi-
group homomorphisms preserving all finite compatible joins, a finitary variety in
the sense of Addmek and Rosicky [3, Chapter 3|7

We have seen in Section 3-2 that the concrete category of all Boolean inverse
semigroups, with additive semigroup homomorphisms, is a variety, namely the va-
riety of all biases. A similar result holds for Boolean inverse meet-semigroups with
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meet-preserving additive semigroup homomorphisms: just add to the axioms defin-
ing biases (cf. Definition 3-2.3) the identities stating that (S, A) is a semilattice,
together with the identities

xAy=xd(xAy); xd(y)=xd(y)Ax.

On the other hand, the analogue of that result for fundamental Boolean inverse
semigroups fails. Indeed, consider the construction of Example 3-7.13 and pick
any additive semigroup embedding g: Z"° <+ J;+. Then g o f is an additive
semigroup homomorphism, from the fundamental Boolean inverse semigroup S to
the symmetric Boolean inverse semigroup Jz+. Nevertheless, the image of g o f,
which is isomorphic to Z", is not fundamental. Hence there is no analogue of the
concept of biases for fundamental Boolean inverse semigroups.

Finally, the author proved, with Ganna Kudryavtseva, that the concrete cat-
egory of all distributive inverse semigroups, with semigroup homomorphisms pre-
serving all finite compatible joins, is not a variety of algebras. This means that
there is no analogue of the concept of biases for distributive inverse semigroups.

PROBLEM 10. Let H be a (real or complex) Hilbert space. Is the enveloping
monoid Upen (Sub H) of Sub H cancellative?

As observed in Example 2-7.15, the partial commutative monoid (Sub H, @, {0})
embeds into the full cancellative monoid Projt H of all operators on H that can
be expressed as finite sums of projections of H. Nevertheless, it is also observed
there that if H is at least two-dimensional, then Projt H is a proper quotient of
the enveloping monoid Uy,en (Sub H). Further, we observe, at the end of Example
2-7.15, that Problem 10 has a positive solution in case H is two-dimensional, so
this problem is interesting only in case H is at least three-dimensional.
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© (skew difference), 8, 75
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x ey (on monoid elements), 39

f @ g (on monoid homomorphisms),
41
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set), 19
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Ctq(S) (reduced additive enveloping
C*-algebra), 180

C*(S) (additive enveloping
C*-algebra), 179

d(z) (domain), 67
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02,4 (Kronecker symbol), 70

Dl 142

2 (Green’s relation), 7, 67

y \ z (in a generalized Boolean
algebra), 13
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semigroup), 71
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flx (restriction), 11
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eS|
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I'p o'y (composition of relations), 11
~vs(n) (growth function), 12
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equivalence), 116

inn, (inner automorphism), 97

Inn S (inner automorphisms), 98

Int f, 103

Int S (type interval), 102

Inv(B) (partial automorphisms), 110

Inv(B,n), Inv(B, G), 100, 112

Inv(B, ), 121

Inv’ (B, G), 161

Jx (symmetric inverse monoid), 70

x~ 1, 66

7 (Green’s relation), 67
js (map S — K(S)), 172
ds,r, 189

K[S] (semigroup algebra), 175

K[S]op (contracted semigroup
algebra), 9, 175

K (S) (additive enveloping algebra),
8, 172

Ker f (equivalence relation), 11

ker f (additive ideal), 86

K(G), 188

Ao (left translation in a semigroup),
68

A(S) (growth constant), 12

x <%y, 24

x<Ty x<ty, 15

Z (Green’s relation), 67

Lo (infinitary language), 116

L1s (similarity type), 75

Lpis (similarity type), 75

Lk (E) (Leavitt path algebra), 9, 182

Lab(B, C), 183

akb akb, 17

M™ (positive cone), 15

M (strict positive cone), 15
Mo, MG, 5, 50

M/N, 15

M (S) (generalized rook matrices),
88

Mle, 15

p (largest idempotent-separating
congruence), 84

MavUGa50

[n], 10
N, 15
NSub G (normal subgroups), 86

Qa), 13

Qe (domain in prime ideal
representation), 79

1, (in Z*(B)), 30

@ (orthogonal join), 8, 69

@D (B; | i € I) (for Boolean rings),
118

x @y (in a Boolean ring), 50

M ® N (for commutative monoids),
38

z ® y (for monoid elements), 38

f ® g (for monoid homomorphisms),
/1

a ® (B (for monoid congruences), 42

M ® N (for semirings), 170

S ®p T (for Boolean inverse
semigroups), 189

S ®T (for Boolean inverse
semigroups), 189

Ped S (pedestal), 93

x L y (orthogonality), 68

x Ly y (left orthogonality), 68

x Ly y (right orthogonality), 68

pHomeo(Q), 110

pHomeo(Q2, ), pHomeo(2, G),
112

P“%° (one point completion), 25

pMeas(B), 109

pMeas(B, n), pMeas(B, G), 111

Pow Q (powerset), 11

Proj H (projections), 49

Projt H (finite sums of projections),
49

axb, axb, 15

Q, 15
Oz(e), 175



RS (S) (generalized rook matrices),
88

# (Green’s relation), 67

Pa (right translation in a semigroup),

68
pa, 57
R, 15

r(z) (range), 67

S/I (quotient inverse semigroup), 85

sAdj H (self-adjoint operators), 49

S - G (generating subset of crossed
product), 91

Self S, 97

oG, 57

x ~ y (compatibility), 68

~q, ~¢ (equidecomposability), 7, 50

~ (on Fon(P)), 26

~ay ~G, 90

~&, 53

a~b, a~gb (Murray - von
Neumann), 12

Gs, 17

Sk, 113

S(Q,Z%), 157

S, 12

U (disjoint union), 2

S0 16

S (Boolean unitization), 98, 184

Sub H (closed subspaces), 49

INDEX
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7¢ (G-trace), 53

TG, 94

T, 156

Typ f, 103

Typ S (type monoid), 7, 102

typ(z), typg(x) (generators of
TypS), 102

universal tight groupoid, 173

Umon (f)» 29
Umon(P) (enveloping monoid), 9, 26

V(R) (nonstable K-theory), 6, 13

x/T (equivalence class), 11

x/I (equivalence class), 85

x (y) (conjugate in inverse
semigroup), 83

x - g (element in crossed product), 91

X1Y,X1Y, 11

[x]cw [xk% 50

z2ly, x=ry,z=y (modT), 11

z(; ;) (generalized rook matrix), 90

ok, 113

X9, 9y

XY, aX, Xa, X! (X, Y sets), 67

Zz(e), 175

Z, 15

Z*(B) (B Boolean ring), 5, 30

Z+(S) (S Boolean inverse
semigroup), 174






Index

additive
congruence, 83
enveloping K-algebra, 163, 172
enveloping C*-algebra, 179
ideal, 73
inverse subsemigroup, 73
measure, 171
semigroup homomorphism, 72
additive binary relation, 35
additive closure, 35
additive equation system, 180
x-additive measure, 171
algebraic preordering (on a partial
commutative monoid), 15, 24
antitone map, 11
Archimedean (commutative
monoid), 169
arity, 75
atom (of a poset), 11
augmentation map, 186

back and forth system, 116
bi-additive map, 191
bi-measurable (partial function), 109
bias, 8, 75
bimorphism, 38
Boolean algebra, 14
generalized, 13
Boolean inverse semigroup, 69

cancellable (element), 52

canonical map (from type monoid to
nonstable K-theory), 186

canonical V-measure (on a Boolean
inverse semigroup), 118

centralizing subset, 171

Cohn path algebra, 183

compatible

elements, 68
subset, 68
conditionally o-complete poset, 11
congruence-modular, 66, 87
congruence-permutable, 8, 87
conical
binary relation, 35
left-_ binary relation, 34
map, 24
monoid, 5, 15
partial monoid, 26
right-_ binary relation, 35
constant (in universal algebra), 75
coretraction, 187
corner (in a Boolean inverse
semigroup), 99
countably closed (Boolean inverse
semigroup), 161
crossed product
of a Boolean inverse semigroup,
10, 91
of a ring, 50

P-closed ideal, 85
defined (finite sum @, ; z;), 25
difference operation (in a Boolean
inverse semigroup), 71
difference operation (in a generalized
Boolean algebra), 13
dimension function, 103
dimension monoid (of a lattice), 99,
143
directly finite
element, 16
ring, 47
disjoint sum (in a Boolean ring), 30
disjunctive addition), 31
distributive
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inverse semigroup, 69
lattice, 13
semilattice, 16

domain (of an element, in an inverse

semigroup), 67

effect algebra, 48
elementary generators (of BR(D)),
142
¢-ideal (in lattice-ordered groups),
144
enlargement, 74
additive _, 74
enveloping Boolean ring, 142
enveloping monoid, 9, 26
equidecomposability, 5, 7
= (ideal-induced congruence), 8/
étale groupoid algebra, 173
p-exhaustive, 125
exponentially bounded
group, 6, 12

factorizable (inverse monoid), 146
filter
prime _ of a distributive lattice,

18

prime _ of an inverse semigroup,
79

proper _, 13

filter (of a distributive lattice), 18
filter (of an inverse semigroup), 79
fork (in a Boolean inverse
semigroup), 151
fork-nilpotent, 10, 151

a-paradoxical, G-paradoxical, 12
generalized cardinal algebra (GCA),
161
generalized rook matrix, 10, 88
generating subset (in a partial
commutative monoid), 24
a-equidecomposable,
G-equidecomposable, 12, 50
Green’s relations, 67
group
dimension _, 17
interpolation _, 17
partially ordered discrete _, 17
simplicial _, 17

supramenable _, 5, 12
group-induced (measure), 100, 122
group-measurable, 100, 126, 127
groupoid, 79, 101
groupoid-induced (measure), 122
groupoid-measurable, 100, 126
G-trace, 53

homomorphism of partial monoids,

24

ideal (of a distributive lattice), 13
ideal (of an inverse semigroup), 72
ideal-induced congruence, 86
idempotent-separating congruence,
88
identity (in universal algebra), 14, 75
index
finite _, 19
of an element, 19, 32
inner automorphism (of a Boolean
inverse semigroup), 66, 97
inverse (in a semigroup), 66
inverse meet-semigroup, 66, 94
inverse semigroup in a semiring, 8,
165
inversion map (on an inverse
semigroup), 66
involutary ring, 8
isotone map, 11

K-algebra, 8, 171
K-algebra

involutary _, 171
kernel (of a function), 11
Kronecker symbol, 70

lattice-ordered group, 7

Leavitt path algebra, 9, 182

left orthogonal, 68

lower interval (in a partial
commutative monoid), 25

lower inverse subsemigroup, 73

lower subset, 11

Mal’cev term, 8, 87
matrix units (of a symmetric inverse

monoid), 70
B-measurable (action), 111
measure, 6, 117



invariant _, 12
measure space, 120
measure-preserving, 6, 120
meet-orthogonal, 31
modular
lattice, 8
monoid (commutative)
m-power cancellative _, 15
Foulis _, 134, 146
partial _, 2/
partially preordered
m-~unperforated _, 15
cancellative _, 15
directed _, 15
partially preordered _, 15
pointed _, 16
primitive _, 122
simplicial _, 17
strictly m-unperforated _, 20
multiple-free
part, 32
partial commutative monoid, 32
Murray - von Neumann equivalence,
6, 12
MV-algebra, 31

natural ordering

on a Boolean ring, 1/

on an inverse semigroup, 67
nilpotent (fork), 151
nonstable K-theory, 6, 13
normalized (measure), 118

o-ideal, 10, 15, 24

one point completion (of a partial
commutative monoid), 25

®-closed, 24

order-separative (partial monoid), 45

order-unit, 15
orthocomplementation, 48
orthogonal
addition (in an involutary
semiring), 165
elements (in an inverse
semigroup), 68
elements (in an involutary
semiring), 165
join (in an inverse semigroup), 65,

69

INDEX
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subset (in an inverse semigroup),
68
orthogonally separating (inverse
semigroup), 102
orthomodular lattice, 48

partial
automorphism, 6, 110
bijection, 65
homeomorphism, 110
isomorphism, 116
submonoid, 2/
pedestal, 93
piecewise in G (bijection), 111
positive cone
strict _ (of a partially preordered
commutative monoid), 15
positive cone (of a partially
preordered commutative
monoid), 15
positive definite (involutary ring),
179
premeasure, 12, 117
premeasure space, 120
prime spectrum (of a distributive
lattice), 13
prime spectrum (of an inverse
semigroup), 79
projectable (lattice-ordered group),
133, 144
projection (in a Hilbert space), 49
pure tensor, 38

quasi-ideal (of an inverse
semigroup), 72

quasi-inverse (in a semigroup), 66

quiver, 163, 182

range (of an element, in an inverse
semigroup), 67

refinement algebra, 134

refinement matrix, 16

refinement monoid, 7, 16

partial _, 27

refinement-spreading, /2

regular representation (of an inverse
semigroup), 10, 81

Riesz decomposition property, 16

right orthogonal, 68
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ring
Boolean _, 13
exchange _, 6, 90
regular _, 6

ring of subsets of a set, 11

self-adjoint element, 165
semigroup
AF inverse _, 133, 134
Boolean inverse _, 6, 69
continuous inverse _, 81
distributive inverse _, 65, 69
Exel-Boolean inverse _, 81
fundamental inverse _, 66, 92
graph inverse _, 182
Hausdorff inverse _, 173
inverse _, 6, 66
locally matricial inverse _, 134
matricial inverse _, 134
regular _, 16, 66
semigroup algebra, 175
contracted _, 9, 175
semilattice
(V,0)-_, 16
semiring, 8, 165
additive enveloping _, 170
involutary _, 165
involutary proper _, 165
semisimple (Boolean inverse
semigroup), 93
separated graph, 7, 183
separative
partial monoid, 6, 45
o-complete poset, 11
similarity type (in universal algebra),
75
socle, 93
source map (of a quiver), 182
stably finite
monoid, 16
partial monoid, 46
ring, 47
strongly separative
partial monoid, 5, 48
support (of a piecewise bijection),
111
symmetric inverse monoid, 10, 70

target map (of a quiver), 182
tensor product

of Boolean inverse semigroups, 10,
189
of commutative monoids, 9, 38
of monoid congruences, 23, 42
of monoid homomorphisms, 41
of semirings, 170
term (in universal algebra), 8, 75
trace product, 101
groupoid, 101
type interval (of a Boolean inverse
semigroup), 102
type monoid (of a Boolean inverse
semigroup), 2, 102
type-expanding (additive
homomorphism), 105
type-preserving (additive
homomorphism), 105

ultrafilter
of a distributive inverse
semigroup, 81
of a distributive lattice, 1/
unitary embedding, 47
unitization
Boolean _ (of a Boolean inverse
semigroup), 98, 18/
Boolean _ (of a Boolean ring), 183
standard _ (of a ring), 183
universal bimorphism, 38
upper subset, 11

V-congruence, 2, 41
V-embedding, 25
V-equivalence, 35
V-homomorphism, 9, 25
V-measurable
commutative monoid, 117
element, 117
pointed commutative monoid, 117
V-measure, 6, 117
V-premeasure, 117
V-relation, 9, 35
left _, 35
right _, 35
variety (in universal algebra), 8, 75

weak comparability, 18, 20
set, 19

zero-dimensional, 14



