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Abstract. For any partially ordered abelian group G, we relate the structure of the ordered monoid A(G)
of intervals of G (i.e., nonempty, upward directed lower subsets of G), to various properties of G, as for example
interpolation properties, or topological properties of the state space when G has an order-unit. This allows us
to solve a problem by K.R. Goodearl by proving that even in most natural cases, multiplier groups of dimension
groups often fail to be interpolation groups. Furthermore, the study of monoids of intervals in the totally ordered
case yields a characterization of Hahn powers of the real line by a first-order sentence on the positive interval

monoid.

§0. Introduction.

The central theme of this paper is the study of ordered monoids of intervals of partial-
ly ordered abelian groups, i.e., nonempty upward directed lower subsets. These structures
have already been used in many papers; to cite a few examples, in [11] where they are
an essential tool for the study of extensions of dimension groups, in [12] where they are
associated multiplier groups, related (via Ky) to multiplier algebras of C*-algebras, but
also in [26] where they are instrumental towards a complete description of the universal
theory of Tarski’s ordered equidecomposability types semigroups. More precisely, if G is
a partially ordered abelian group and 0 is an element of the space A(G™) of intervals of
G, define as in [12] the monoid

My(G,0) ={ac A(G"): (3neN)(Ib € A(GT))(a+b=mnd)},

then the universal group M (G, 0) of My(G,0), ordered naturally. Then K.R. Goodearl asks
in [12] whether it is true that if G is an interpolation group (or even a dimension group), the
M(G,0)’s are interpolation groups. In this paper we settle this problem (negatively), and
we undertake a more complete description of ordered monoids of intervals, with emphasis
put on what we will call “refinement properties”, as, e.g., the interpolation property or the
refinement property. This choice may be justified by the fact, indicated in [25], that the
study of refinement properties is one of the key points for undertaking a general theory
of resolution of linear systems of equations and inequalities. This could lead, e.g., to

1991 Mathematics subject classification: primary 06F20, 54D15, 06D05, 54D35; secondary 19K14.
Key words and phrases: ordered abelian groups; dimension groups; intervals; lower semicontinuous func-

tions; modular identity; refinement property.



continuations of some of the work in [11], where homomorphisms Gt — A(H) (G, H
partially ordered abelian groups) are considered.

Indeed, the answer to Goodearl’s question turns out to be manifold, showing very
different landscapes according to the kind of groups under consideration. This diversity
will lead to answers to other questions as well. While Section 1 will give the proper algebraic
setting for the paper, Section 2 will elaborate on the totally ordered case, where the answer
to Goodearl’s problem is easily seen to be always positive, furthermore yielding in particular
a new characterization of Hahn powers of R (among, e.g., totally ordered vector spaces)
through a first-order property of the monoid of positive intervals, the refinement algebra
aziom (or some of its weakenings), a V3 axiom considered by A. Tarski in a completely
different context [21]. In Section 3, our first counterexamples to Goodearl’s problem (for
certain Archimedean norm-discrete dimension groups) will make their appearance but at
this point, these counterexamples will live in rather special spaces. It is perhaps Section
4 which yields the most surprising results, showing in a constructive way that in most
commonly used dimension groups, the answer to Goodearl’s problem is negative (it may
even be negative for bounded and countably directed intervals in Dedekind complete /-

groups).

We shall widely use in this paper the theory of the “duality” between partially ordered
abelian groups with order-unit and compact convex subsets of locally convex vector spaces,
an extensive account of which is given in [10, 13]. In order to help the reader through this
paper, we shall first give below a summary of each section.

Section 1 is essentially devoted to present several postulates that will be under dis-
cussion in the various ordered monoids arising in this paper (this is done in 1.3). Among
these are the interpolation property IP and the Riesz decomposition property RD [10], but
also the refinement property REF (see also [21] and [23] to [27]), the property REF’ that
says that universal groups of those ideals of the form {z : (In € N)(3y)(x +y = nd)} (d
fixed in the monoid under consideration) are interpolation groups, the refinement algebra
postulate studied by A. Tarski for other kinds of structures in [21]; but also our postulate
NR, which will be the sole form under which all counterexamples to REF or REF’ of this
paper will materialize. Lemma 1.8 states essentially that if H is an ideal of an interpola-
tion group G, then both A(H)" and A(G/H)™ are retracts of A(G)". Lemma 1.9 with
its modular identity for intervals, despite its simplicity, carries the spirit of all our coming
counterexamples to REF or REF’.

In Section 2, we shall show that intervals of a totally ordered abelian group E are
rather appropriate for an algebraic study (note that intervals of £ may not have a least
upper bound). In particular, we shall see that for every positive interval 9 of E, the mul-
tiplier group M (F,0) is a dimension group (and even a totally ordered abelian group, see
Corollary 2.5) but also that the ordered monoid A(E)™ satisfies many stronger properties.
As we shall see in the forthcoming sections, these properties are very particular to the
totally ordered case; one of the main reasons for this may be Lemma 2.4, which, despite
the simplicity of both its statement and its proof, seems to govern most of the structure of
monoids of intervals of totally ordered abelian groups. One can start with a simple obser-
vation: if E is a totally ordered abelian group, then A(E) is totally ordered under inclusion.
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The structure of <t on A(F) is only slightly less simple (Corollary 2.3 and Lemma 2.8).
In 2.13, we will associate, with every interval a of E, an idem-multiple interval, denoted
by %, this concept sharing many properties with the concept denoted similarly introduced
in [25], as for example Lemma 2.14. This will give us enough computational facility to
prove that A(E)™ always satisfies the hereditary refinement property (Theorem 2.11). As
to the satisfaction of the stronger refinement algebra axiom (see 1.3), we shall see that it is
not always the case that A(E)" satisfies it; and in fact, if E satisfies a “quasi-divisibility”
assumption (Definition 2.19), then A(E)™ satisfies RA (or the weaker axiom IVP for <¥)
if and only if ' is isomorphic to a Hahn power of R (Theorem 2.21).

It is in Section 3 that we shall develop our first counterexamples answering Goodearl’s
problem in [12], namely: are there dimension groups G such that A(G)t does not satisfy
REF’? Although these examples will be relatively easy to describe, they will involve
uncountable cardinals and thus relatively special spaces. We will see in Section 4 that in
fact, counterexamples to Goodearl’s problem can live in very common spaces (and even in
most of them), but this will require a more involved analysis.

The central idea of the construction of these spaces will be the use of the modular iden-
tity (see Lemma 1.9) for intervals of an abelian ¢-group. These /-groups will have as positive
cones spaces of bounded ZT-valued lower semicontinuous functions on a topological space,
and the characterization of these positive cones satisfying the refinement property (Propo-
sition 3.5) will appeal to a simple topological property, stronger than normality, the open
reduction property (Definition 3.2), satisfied in particular by all ultrametric spaces (Lemma,
3.4). This will not be sufficient to conclude immediately about Goodearl’s problem — the
interplay between intervals and lower semicontinuous functions being tight enough only in
the zero-dimensional case, but once this interplay will be set, we will be able to conclude in
Theorem 3.8. In Theorem 3.10, we will see a wide array of cases where multiplier groups of
groups of Z-valued continuous functions have interpolation, this without any countability
assumption.

The main goal of Section 4 is to show that the constructions initiated in Section 3
(Theorem 3.8) can be extended to almost every current space. The basic idea underlying
this section is the application of Theorem 3.8 to the Cech-Stone compactification of the
integers fw; indeed, as A. Blaszczyk and A. Szymanski prove in [4], it is a result of ZFC
that there are non-normal subspaces of fw. But our construction here will be completely
constructive and in fact rather locale-theoretical [17] (indeed, no mention of fw will be
necessary), and this will allow us to prove our results in a far more general context, in
particular not requiring Dedekind o-completeness and applying to very common spaces
of continuous functions. Our “effective version” of existence of non-normal subspaces of
fw of a certain kind will be Corollary 4.4. From 4.5 to 4.11, we will build the (relatively
light) machinery that is necessary to carry these considerations to general interpolation
groups (the notion of summable family may be considered as folklore, but Lemmas 4.7 to
4.11 are particular to interpolation groups and need to be proved here). Theorem 4.12
is the main result of this section (together with Proposition 4.3) and it yields a general
construction method for counterexamples to refinement for monoids of intervals (in the
form of NR). It allows to construct counterexamples to refinement from infinite antichains
of the ordered group under consideration (Corollaries 4.13 and 4.14), and to prove the
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Dichotomy Theorem (Theorem 4.16), that states that if G is an Archimedean partially
ordered abelian group with countable interpolation, then either G is a direct sum of copies
of Z and R, or the space of positive intervals of G satisfies NR. As Examples 4.19 and
4.20 show, this criterion cannot be extended to the class of Archimedean norm-complete
dimension vector spaces with order-unit, even with metrizable state space. Finally, in
Theorem 4.24, we prove that even for countably directed (or even k-directed, x arbitrary
regular cardinal) intervals, there may be counterexamples to refinement.

If X,Y and Z are sets, Z = X LUY will be the statement “Z = XUY and XNY = (”.
One defines similarly the notation Y = | |,_; X;. If X is a subset of a set S (understood
from the context), we will denote by yx the characteristic function of X. If X and Y
are sets, then we will denote by XY the set of all maps from X to Y. If some element
0 (clear from the context) belongs to Y, then we will denote by (X)Y the set of all maps
f:X — Y such that {x € X : f(x) # 0} is finite. If f is a function of domain X, we
will sometimes use the notation f = (f(z) : = € X). If f is a function and X is a set,
we will denote by f[X] (resp. f~![X], or f~1X) the direct (resp. inverse) image of X
under f. Following [10], we will denote by Z* the set of all non-negative integers, and
put N = Z+ \ {0}; furthermore, we will put Z = Z*+ U {+00} and R' = RT U {00},
both being endowed with their natural structure of commutative ordered monoid. It will
sometimes be convenient to write w instead of Z™ (especially in Section 4), thus to identify
every non-negative integer n with the set {0,1,...,n — 1}.

If (P,<) is a partially ordered set and both X and Y are subsets of P, then we
will abbreviate the statement (Vx € X)(Vy € Y)(xz < y) by X < Y. Furthermore,
if X ={a1,...,an} and Y = {b1,...,b,}, then we will write a1,...,am < b1,...,bp,.
We will say that P satisfies the interpolation property (resp. the countable interpolation
property) when for all nonempty finite (resp. [at most] countable) subsets X and Y of P
such that X <Y, there exists z € P such that X < {z} <Y. If X is a subset of P, then
we will write | X ={y e P: (I e X)y<2)}, 1 X ={yeP: (Jze€X)(y >x)}
and say that X is a lower set (resp. upper set) when X = | X (resp. X = 7 X). When
X = {a}, we will sometimes write | a instead of [{a}.

If z, y are elements of P, denote by = Ay (resp. x V y) the greatest lower bound
(resp. least upper bound) of {z,y} when it exists. An antichain of P is by definition a
subset of P such that for all z,y € P, there exists no z € P such that z < x,y. If G
and H are ordered groups, say that a homomorphism of partial £-groups from G to H is a
group homomorphism f from G to H such that for all x,y € G, if x A y exists in G, then
f(z) A f(y) exists in H and is equal to f(z Ay). Note that this implies the corresponding
property for V (and that f is order-preserving).

In general, we will adopt the notations and terminology of [10]. Thus, for example, a
partially ordered abelian group is unperforated (resp. Archimedean) when it satisfies, for all
m € N, the statement (Vz)(mx > 0 = x > 0) (resp. (Vz,y)((Ym € N)(mz < y) = z <0)).
An interpolation group is a partially ordered abelian group satisfying the interpolation
property, while a dimension group is a directed unperforated interpolation group and a
dimension vector space is a partially ordered vector space over R which is in addition a
dimension group. If K is a convex subset of a vector space, we will denote by 0. K its
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extreme boundary (set of extreme points of K) and by Aff(K) the ordered vector space
of all real-valued affine continuous functions on K. If (G,u) is a partially ordered abe-
lian group with order-unit, we will denote by S(G,u) the state space of (G, u) (set of all
normalized positive homomorphisms from G to R) and by ¢ ., the natural evaluation
map from G to Aff(S(G,u)).

§1. Preliminaries; interval postulates, refinement postulates.

1.1. We shall first introduce some basic definitions and notations. Let (A4, +,0,<) be a
commutative preordered monoid (i.e., (A, +,0) is a commutative monoid and < is a partial
preordering on A compatible with +). We shall write AT = {x € A: = > 0} and define
the preordering <* on A by putting 2 <* y < (32 > 0)(x + z = y). Note that if < is an
ordering, then <* is an ordering. For all d € A, one can define a monoid preordering Sq
on A by putting

TSy <= (3n e N)(z +nd <y +nd).

We shall say that A is positively preordered when it satisfies (vx)(0 < x).

Now, let (A, +,0) be a commutative monoid. We will say as usual that A is cancellative
when it satisfies

(Vx,y,z)(x+z=y+z=x=Yy).

In general, one can define a partial preordering (“algebraic” preordering) <,j; on A by
putting z <, ¥y < (3z)(x + z = y), and then, for all d € A, put Ald = {z € A :
(In € N)(z <a15 nd)}; thus Ald is an ideal of (A, +,0, <a1g) in the sense that it is both a
submonoid and a lower subset of (A, +,0, <,1g). Furthermore, for all d € A, one can also
define monoid congruences ~; and =4 by

r=qy<—=zc+d=y+d,
rRgy <= (In € N)(z +nd =y + nd).

Note that if < is an ordering, then =4 is the equivalence relation associated with <4. If =
is an arbitrary monoid congruence on A, then we will denote by [z]= the equivalence class
of  modulo =. Write Grp'(4,d) = (A]d)/ ~4, and denote by Grp(A,d) the universal
group of (A[d)/ ~q4. It is not difficult to verify the following lemma (see also [12, 2.2]):

1.2. Lemma. Let A be a commutative monoid. Then for all d € A, Grp™ (A, d) is a can-
cellative commutative monoid, thus it is the positive cone of a directed group-preordering
on Grp(A,d). Furthermore, if A is positively ordered (under some monoid ordering on A),
then this preordering on Grp(A,d) is an ordering. ]

Note that in the proof above, the existence of a positive compatible ordering on A is
used only to show antisymmetry of <., on Grp' (A, d), and that the ordering of Grp(A4, d)
depends only on the addition of A (not on the ordering of A).
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1.3. We shall now introduce several postulates concerning commutative monoids and
commutative ordered monoids that will be under consideration in the forthcoming chap-
ters. These postulates will always be [first-order] axioms involving 4, < and both ternary
predicates x ~, y and X 5, y (note that the latter are not first-order sentences in (4, <)).

IA  (interval axiom) (Va,b,c,d)IA(a,b,c,d) where IA(a, b,c,d) is

d<a+c¢,b+c=(Ix)(x<a,bandd<x+c).

WIA  (weak interval axiom) (Va,b,c)WIA(a, b, c) where WIA(a, b, c) is

at+c=b+c=(Ix)(x<abanda+c=x+c).

IVP  (intermediate value property) (Va, b, c)IVP(a, b, c) where IVP(a,b,c) is

(a<b<a+cand0<c)= (Ix)(b=a+xand 0 <x <c).

RD  (Riesz decomposition property) (Va,b,c)RD(a,b,c) where RD(a,b,c) is

c<a+b=(Ixy)(x<aandy <band c=x+Yy).

IP  (interpolation property) (Vag, a1, bo, b1)IP(ag, a1, b, by) where IP(ag, a1, bg, by) is

ag,a; < bp, b1 = (3x)(ap,a1 < x < by, by).

Note that the denomination “interpolation property” is consistent with the one used
in the Introduction.

REF  (refinement property) (Vag, ai, bg, b1)REF(ag,ai, bg, b1) where REF(ag, a1, bg, b1)
is
ag +a; = bg + by = (Jcgo, o1, €10, C11)

(ao = Cpo + Co1 and a; = Cyg + C11 and bo = Cpg + C10 and b1 = Cp1 + C11).

REF’  (Vd)REF'(d) where for every commutative monoid A and every d € A, A satisfies
REF’(d) when Grp™ (A, d) satisfies REF.

HREF  (hereditary refinement property) (Vd)HREF(d) where for every commutative mo-
noid A and every d € A, A satisfies HREF(d) when A/ =, satisfies REF.

SD  (sum decomposition property) (Vag,ai,b,c)SD(ag, a1, b,c) where SD(ag,a;, b, c)
is

a0+a1+c:b+c:>(Elbo,bl,co,cl)
(bo+b; =band ¢p+c; =cand ag + cyp = bg+ cp and a; + ¢; = by +¢1).
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RA  (refinement algebra postulate) is (REF and SD).
NR  (Strong non-refinement property) (3a, b,c,d)NR(a, b, c,d) where NR(a, b, c,d) is

a+b=c+dand (3Ix,y)(x Satpbaand y Satb b and ¢ Xayp X+ Y).

There are many connections between these various postulates. For example, by [10,
Proposition 2.1] and Lemma 1.2, if A is a commutative positively ordered monoid and
d € A, then A satisfies REF'(d) if and only if Grp(4,d) is an interpolation group. Fur-
thermore, in full generality, it is not difficult to verify that RA=HREF=REF’ and also
HREF=-REF. It is also easy to verify that if A is a commutative monoid satisfying REF,
then (A, <,i,) satisfies RD, and also that for positive cones of partially ordered abelian
groups, IA, RD, IP, REF, REF’, HREF and RA are all equivalent [10, Proposition 2.1].
Furthermore, it is easy to see that if A satisfies SD, then (A, <,¢) satisfies IVP. Finally, the
proof of [21, 2.28] shows (but it is no longer trivial) that if A satisfies REF and (A, <,ig)
satisfies IVP, then (A, <,j) satisfies IP. This holds in particular when A is a refinement
algebra (i.e., a commutative monoid satisfying RA). An important class of refinement alge-
bras is the class of Tarski’s monoids of equidecomposability types of a o-complete Boolean
algebra B modulo a group of automorphisms of B [21, Theorem 11.12].

In connection with the refinement property, we will use the following notation, already
used in [23]: if a;, bj, ¢ij (4,7 < 2) belong to some commutative monoid, then we will say
that the following array

bo b1

ao Coo Co1

ai C10 C11

is a refinement matriz when for all 7+ < 2, we have a; = ¢;0 + ¢;1 and b; = co; + ¢1;.
If both sets of equations above are only satisfied modulo some monoid congruence =, then
we will naturally call the corresponding concept refinement matriz modulo =.

The postulate NR will play a special role throughout this paper: it obviously contra-
dicts REF, REF’ and RD for positively preordered commutative monoids, and furthermore,
all counterexamples to either REF or REF’ which we shall meet will in fact satisfy NR.

1.4. Definition. (c¢f. [11, II]) Let (A, <) be a partially ordered set. A nonempty subset
a of A is an interval of A when a is an upward directed lower subset of A. We shall denote
as in [11] by A(A) the set of intervals of A, ordered under inclusion.

In the case where in addition A is a commutative monoid, A(A) can be given a
structure of commutative monoid by putting, for all a and b in A(A),

(%) a+b={x+y: r€aandye€ b}.
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Of course, in the case where A satisfies RD, one has just a+b ={z+y: x €aand y € b}.
In general, the map a +— |a is an ordered monoid embedding from A into A(A). Note
that the positive cone of A(A) is A(A)" = {a € A(A4): 0 € a}. The following proposition
will allow us in the sequel the identification of A(A)" and A(AT) without any further
comment.

1.5. Proposition. Let A be a commutative ordered monoid. Then one can define two
maps

p: A(A)T — A(AY), asanAT and : A(AT) — A(A)T, a |a

which are isomorphisms of ordered monoids, inverse from each other.

Proof. Straightforward. Note that one does not need to assume about A any refinement
property, because addition in A(A) has been defined as in (*) using |. [

Let us recall the correspondence between our notations and those used in [12] con-
cerning multiplier groups: if G is a partially ordered abelian group and if 9 is an interval
of G, then we put

Mo(G,0) = A(GT)]v,
M(G,0) = Grp(A(GT),0) (multiplier group).

1.6. Lemma. Let A be a partially ordered set. Then the following are equivalent:
(i) A satisfies IP;
(ii) For all a and b in A(A), ifanb #(, then anb € A(A);
(iii) A(A) satisfies IP.
Proof. (i)=(ii) Let a and b be two elements of A(A) such that anNb # (. For all
xz,y € aNb, there are a € a and b € b such that z,y < a,b; by assumption (i), there is
z € A such that x,y < z < a,b, whence z € anb. Thus aN b is upward directed. It is
trivially a lower set, thus it is an interval of A.
(ii)=>(iii) Let ap, aq, bo, by in A(A) such that ap, a1 - bo, b;. Since (Z) 7é ap C bo N [11,
¥ = bpNby is an interval of A, and it satisfies ag, a3 C ¢ C by, by; thus A(A) satisfies IP.
(iii)=(i) Let ag, a1, bg, by in A such that ag, a1 < by, b;. Thus we also have | ag, | a1 C
1 bo, | b1, thus, by assumption (iii), there exists r € A(A) such that | ag, | a1 Cr C | bo, | bs.
Since ¢ is upward directed, there exists x € ¢ such that ag,a; < z; since xz € r, we also
have x < by, b1 . ]

1.7. Lemma. Let A be a commutative ordered monoid. If A(A) satisfies IA, then A
satisfies IA. If A satisfies both IA and IP, then A(A) satisfies both IA and IP.

Proof. Suppose first that A(A) satisfies IA. Let a, b, ¢, d in A such that d < a+¢,b+ c.
Thus | d C | a+] ¢, | b+ ¢, thus, by assumption, there existsr € A(A) suchthatr C |a, | b
and | d C r+ | ¢. Thus there exists x € ¢ such that d < x + ¢, and we have z < a,b. Thus
A satisfies TA.



Conversely, suppose that A satisfies both IA and IP, and let a, b, ¢, 0 in A(A) such
that 0 Ca+c¢,b+c. Let d € 0. Since ¢ is upward directed, there area € a, b€ band ¢ € ¢
such that d < a + ¢,b+ ¢. Since A satisfies IA, there exists x < a,b such that d < z + ¢;
thus @ C (aNb) + ¢, thus in particular a N'b # (. Thus, by Lemma 1.6, aNb € A(A), so
that A(A) satisfies IA. Finally, A satisfies IP thus, by Lemma 1.6, A(A) satisfies IP. =

Recall (see, e.g., [10]) that an ideal of a partially ordered group G is a directed order-
convex subgroup of G. We will need later the following lemma, of which we omit the
tedious but straightforward proof:

1.8. Lemma. Let G be a partially ordered abelian group, let H be an ideal of G. Then
the following holds:

(a) The ordered monoid A(G/H) is a retract of A(G). More precisely, one can define
homomorphisms of ordered monoids as follows:

e: A(G/H) — AG), a—{x e G: z+ H € a},
n:AG) - AG/H), a—{x+H: x€a}

and one has noe =idg/H)-

(b) Suppose that in addition, G is an interpolation group. Then A(H)" is a retract of
A(G)™. More precisely, one can define homomorphisms of ordered monoids as follows:

g AH)T — AG)T, ar |a,
n:AG)T - AH)', a—anH

and one has n' o &’ = idp(g)+- [

Since € and 7 used in Lemma 1.8 are positive homomorphisms, it results immediately
from the result above that A(G/H)" is a retract of A(G)*. This allows us to transfer
certain properties of A(G)T to A(G/H)%; in particular, if A(G)* satisfies REF or REF/,
then so does A(G/H)™ and the other way around, if A(G/H)" satisfies NR, then A(G)™
satisfies NR. More generally, formulas called special in both [5] (finite case) and [27] that
are true in A(G)™ are also true in A(G/H)™.

Note finally that in the case of /-groups, one can always define the least upper bound
of two intervals with respect to the inclusion:

1.9. Lemma. Let G be an abelian (-group, let a and b be two intervals of G. Put

avb={zVy: x €aandy € b}.

Then a V b is an interval of G, and it is the least upper bound of {a,b} in (A(G),<).
Furthermore, the following modular identity holds:

at+b=(aVvb)+(anb).
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Proof. It is obvious that aVb is nonempty and upward directed. Let ¢ € aVb and let z < c.
By definition, there are x € a and y € b such that ¢ = xVy; thus, since the underlying lattice
of a (-group is always distributive [2, Proposition 1.2.14], z = zAc = (zAz)V (2 Ay) € aVb.
Hence a Vb € A(G). Then it is easy to prove that aV b is the least upper bound of {a, b}
in A(G).

Finally, for all z € a and y € b, we have x +y = (z Vy) + (x Ay) € (aV b) + (anb).
Thusa+b C (aVb)+ (anb). Conversely, let 2 € aVb and t € anb. There are z € a and
y € b such that z = 2V y; then 2’ = 2 V¢ belongs to a and vy’ = y V¢ belongs to b, and we
have z +t <z’ Vy' +2' ANy =2’ + 3y € a+ b, thus proving the equality. ]

§2. Case of totally ordered abelian groups.
2.1. Let E be a totally ordered abelian group. For all a and b in A(FE), we will put
b—a={rcFE: z+aCb}.

Note that b —a € A(E) U {0}, that a4+ (b — a) C b and that the inclusion may be strict
even for b — a # (). Furthermore, define binary relations C, C and = on A(F) by putting,
for all a and b in A(F),

aC b (Vbeb)(3aca)(a—aCb-b),
aCb<= (aCbandbZa),
a=b<= (aCband bCa).

It is straightforward to verify that C is a preordering on A(F) and that C (resp. =) is a
strict preordering (resp. an equivalence relation). From 2.2 to 2.10, fix a totally ordered
abelian group F.

2.2. Lemma. For all a,b € A(E), the following are equivalent:

(i) a C b;

(ii) a+ (b —a) =b;
(iii) (Jc e A(E))(a+c=0b).
Proof. (i)=(ii) Assume (i), let b € b. By assumption, there exists a € a such that
a—aCb—>b Then (b—a)+a=b+(a—a) Cb+(b—b) =b, whenceb—a € b—a. It
follows that b=a+ (b—a) € a+ (b — a), so that b C a+ (b — a); the converse inclusion is
trivial.

(il)=-(iii) is trivial.
(iii)=(i) Assume (iii), i.e., there exists ¢ € A(E) such that a +¢ = b. For all b € b,
there exist @ € a and ¢ € ¢ such that b = a + ¢. Then for all x € a — a, we have

b+z=(a+z)+c€a+c="b,thusz € b — b; whence a —a C b — b. This proves that
alCb. [
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Therefore, C is in fact the algebraic preordering of A(E) (see 1.1); thus = is a monoid
congruence on A(F). Note that for all a,b € E, we have |a = | b. Remember (see 1.1)
that one can define a monoid ordering <t on A(FE) by putting

a<t b= (Jce A(E)")(a+c=0b).

2.3. Corollary. For all a,b € A(E), a <" b if and only ifa C b and a C b.

Proof. The implication from left to right is obvious. Conversely, suppose that a C b and
aC b Putc=0b—a. SinceaC b, wehaveO € ¢, i.e., c € A(E)", and since a C b, we
have (by Lemma 2.2) a + ¢ = b; thus a <* b. n

The following lemma can be considered as the key lemma of this section, although its
proof is easy:

2.4. Lemma. For all a € A(E), we have a = 2a.

Proof. By Lemma 2.2, we have a C a + a = 2a. Conversely, let a € a; we find b € 2a
such that 2a —b C a —a. If 2a — 2a C a — a, then, taking b = 2a, we are done. Otherwise,
there exists ¢ € 2a — 2a such that ¢ ¢ a —a. Put b = 2a + ¢; thus b € 2a. Let x € 2a — b.
By definition, 2a + ¢ + x € 2a, thus there exists y € a such that 2a + ¢+ = < 2y. Since
c ¢ a—a, we have y < a + c¢. Therefore, a +x <2y — (a +¢) < 2y —y = y € a, whence
x € a — a. Thus we have proved that 2a — b C a — a; hence 2a C a. ]

In the following corollary, note that ~, and =, (see 1.1) are in fact the same congru-
ence on A(FE).

2.5. Corollary. For alld € A(E)", M(FE,?) is a totally ordered abelian group (thus a
fortiori a dimension group).

We refer to 1.5 for definitions of My(G,0) and M(G,?).

Proof. It suffices to prove that My(E,0)[0 is totally ordered under <*. Thus let a,b €
My (FE,0). Thus there exist m € N and o/, b’ € A(E)" such that a+a = b+ b’ = md.
Thus, by Lemmas 2.2 and 2.4, we have a+ 9 = b + 0 = 0. Since A(F) is obviously totally
ordered under inclusion, we have either a +0 C b+ 0 or b + 0 C a + 0; we conclude by
Corollary 2.3 that either a +9 <™ b+ 0 or b+ 9 < a + 9; the conclusion follows. [

We shall now establish some more properties of A(F). To start with, note the following
simple proposition:

2.6. Proposition. (A(E)*,+, |0, C) satisfies the Riesz decomposition property RD.

Proof. Let a,b,c € A(E)" such that ¢ C a + b. We prove that there are a’ C a and
b’ Cbin A(E)T such that c=a' +b. lf c=a+ b, take @’ =a and b’ =b. If ¢ C a, take
a’ = cand b’ = | 0. Thus suppose that a & ¢ and that there exists ¢ € (a +b) \ c. There
area € aNET and b€ bN ET such that ¢ = a+b. Put ¢/ = |a and b’ = ¢ — a. Thus
a' € A(E)" and since a € a C ¢, we also have b’ € A(E)™. It is obvious that a’ + b’ = ¢
and that a’ C a; for all z € b, we have x + a € ¢, thus x + a < ¢, thus x < b, thus x € b;
whence, b’ C b. m

11



2.7. Lemma. For all a, b, ¢ in A(FE), we have

(a+c=b+cand cCa,b)=— a=0.

Proof. By Lemma 2.2, there are a’ and b’ in A(FE) such that a=c¢+a’ and b =c+b’. It
follows that a’ + 2¢ = b’ 4 2¢, thus 2a = 2b; since E is unperforated, a = b. [ ]

2.8. Lemma. Let a, b in A(FE). Then the following holds:

(a) Either aC b or b C a.

(b) a C b if and only if there exists a € a such that for all b € b, we havea —a G b —b;
and for any such value of a, we have (a —a) +b = b.

Proof. By definition, b [Z a if and only if there exists a € a such that for all b € b, we have
b—bZa—a,ie,a—a ?Cﬁ b — b since A(FE) is totally ordered by C; thus b [Z a implies that
a C b and both (a) and the first part of (b) follow. Let a € a with the property above.
Then for all b € b, we have (a —a) + | b C (b —b) + | b = b; since 0 € a — a, we obtain
(a—a)+b=0. n

2.9. Lemma. Let ag, a;, bg, by be elements of A(E)" such that ag + a; = bg + by and
ao C bo and ap C ay, bg, by. Then the following is a refinement matrix in A(E)™":

bo by

ap ap l 0

ay bo — ap [31

Proof. Since ag C by, all the coefficients of the matrix above are in A(E)™. Since ag C by,
we have, by Lemma 2.2, ag+ (bo — Cl()) = bg. Finally, ag+a; = bo+b1 = ap+ (bo — Cl()) +by;
since ag C ay, by, it results from Lemma 2.7 that a; = (bg—ap)+b1. The conclusion follows.

[

This allows us to prove the following

2.10. Proposition. The commutative monoid A(E)" satisfies the refinement property.

Proof. Let ag, ai, by, by in A(E)™ such that ap + a; = by + b;. We prove that A(E)*
satisfies REF (ag, a1, b, b1). We may assume without loss of generality that ap C a; and
bo C by; thus a; = by. If ap = by, then both ay and by are C-minimum in {ag, a1, bo, b1 },
thus, by Lemma 2.9, we have one of the following refinement matrixes in A(E)":

bo [11 b0 bl
ap ap 10 if ap C bp, and ap bo ap — bg if by C ao.
ap bo — ap by a1 lo a

12



Thus suppose that ag #Z bg; we may assume without loss of generality that ag C by.
By Lemma 2.8, there exists ag € ag such that ag — ag ?Cﬁ bo — z holds for all x € by. Since
ap € ag C by + by, there are by € by and by € by such that ag = by + b;. Therefore, by
Lemma 2.9, we have the following refinement matrix in A(FE)*:

bo — bo

b1 — 01

ap — ao

ap — ao

10

where ¢ = (bo — bo) — (Cl() — (10) € A(E)+

a

¢

b1 — 01

Therefore, we have the following refinement matrix in A(E)™:

bo b1
ap | ap— b1 Lb
a ¢ b1 — b1
Therefore, in every case, REF(ag, a1, bo, b1) holds. [

Both Corollary 2.5 and Proposition 2.10 admit a common strengthening in the fol-
lowing final form:

2.11. Theorem. Let E be a totally ordered abelian group. Then A(E)T satisfies the
hereditary refinement property.

Proof. Let ag, ai, bg, b1 and 0 in A(E)* such that

ap+a; +0="0bo+by +0.

(%)
Put ¢ = (ap+a1)N(bo+b1), so that ¢ € A(E)". By Proposition 1.5 (for A = F) and Lemma
1.7 (for A = ET), A(E)" satisfies the interval axiom, thus we have ag + a; + 9 = ¢ + .
Furthermore, by Proposition 2.6, there are a, C ag, af C a;, b C by and b} C by in

A(E)T such that ¢ = af + a} = b}, + b}. Therefore, by Proposition 2.10, one can form a
refinement matrix in A(FE)™" as follows:

/ /
b, | b,
_|_
a6 €00 €01 for some €00, €01, €10, €11 € A(E) .
/
ay €10 C11

It follows that if ag, a1, bo, by T 9, then ag+a;+0 =c+0=aj+a,+0 C a)+a+0 C
ap+ai+9, thus ag+a; +9 = aj +a; +9 (but a; C ), thus, by Lemma 2.7, ag+0 = aj, +0;
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similarly, a; +9 = af + 0 and b; + 0 = b, + 0 for all i« < 2, whence the following is a
refinement matrix modulo =, in A(E)":

bo | b1

ap Coo Co1

a €10 €11

Now suppose that for some i < 2, we have either a; [Z 0 or b; £ 0; by Lemmas 2.4
and 2.8, it follows easily that 0 = ag + a1, bg + b;. Therefore, by Lemma 2.7, ag + a; =
bo + b1. By Proposition 2.10, REF(ag, ai, bo, b1) holds in A(E)™, and this yields easily
REF([ag]=,, [m]=,, [bo]=,, [b1]=,) in A(E)"/ =,. m

Now, we shall prove several lemmas towards a characterization, modulo an additional
hypothesis — Definition 2.19 — satisfied by all totally ordered vector spaces, of those
totally ordered abelian groups F such that A(E)" is a refinement algebra (Theorem 2.21).

2.12. Say that an element a of a given monoid is idem-multiple when 2a = a (this
terminology is borrowed from [21]).

Lemma. Let a € A(F) and let b € A(FE). If a is idem-multiple, then a C b if and only if
a+ b = b; furthermore, if both a and b are idem-multiple, then a = b if and only if a = b.

Proof. The implication from right to left is trivial. Conversely, if a C b, then there exists
¢ € A(G) such that a + ¢ = b; hence a+ b =2a+ ¢ = a+ ¢ = b. The second part of the
statement follows immediately. [ |

2.13. For all a € A(F), put a* = a — 2a. According to Lemma 2.4, we have 2a + a* = a.
Put & =a+a*

Lemma. For all a € A(E), £ is the unique idem-multiple element b of A(E) such that
a=b, anda+%=a.

Proof. We have % + % = 2a+a*)+a" =a+a" = %, i.€., % is idem-multiple.
Furthermore, a + % =2a+a* =a. Sincea=a+ % and % =a-+a*, we have a = %; the
uniqueness statement results from Lemma 2.12. [ ]

2.14. Lemma. For all a, b in A(E), we have a;tfb =44 % e {&, %}

Proof. By Lemma 2.13, both %}’ and % + % are the only idem-multiple element ¢ of
A(E) such that a + b = ¢, thus they are equal. Furthermore, if a C b, then % C % by
Lemma 2.13, thus % + % = % by Lemma 2.12; similarly, if b C a, then % + % = %. We
conclude by Lemma 2.8. [ ]

Note that it is false that a — % is order-preserving: very easy examples show that
one may have positive intervals a such that % is no longer positive.
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2.15. Lemma. Let E be a totally ordered abelian group and let ¢ € A(E)*. Then there
are ¢g and ¢ in A(E)" such that ¢ = ¢y + ¢; and ¢ = ¢g = ¢;.

Proof. Since 0 € ¢ = 2¢ + ¢*, there exists ¢ € ¢ such that 0 € 2¢ 4 ¢*. Put ¢ = ¢ — ¢ and
(L =c+ é Using Lemma 2.13, it is immediate that ¢g = ¢; = ¢ and that ¢g +¢; = c.
Since ¢ € ¢, we also have ¢y € A(E)T. Furthermore, 0 € 2¢ + ¢* C ¢+ (¢ + ¢*) = ¢; thus
1 € A(E)+ |

2.16. Definition. Let F be a totally ordered abelian group. Then an interval a of E is
representable when there exist a € E and b € A(E) idem-multiple such that a = a + b.

Note that necessarily, b = %, so that a is representable if and only if there exists

aEEsuchthata:a—F%.

2.17. There is a wide class of totally ordered vector spaces E such that every interval
of E is representable, it is the class of lexicographic powers (or Hahn powers) of the real
line (these will always be meant along a totally ordered set) [9]. Let us recall here the
definition. Let S be a totally ordered set. Denote by R(.S) the set of all maps z: S — R
such that supp(z) = {s € S : z(s) # 0} is well-ordered, and define the addition on R{.S)
componentwise. For all z € R{S) \ {0}, define val(x) as the least s € S such that z(s) # 0.
One can then endow R(S) with a structure of totally ordered vector space, with positive
cone R(S)™ = {0} U{z € R(S)\ {0} : z(val(z)) > 0}. Then we have the following result:

Lemma. Let E be a Hahn power of R. Then every interval of E is representable.
Proof. [26, Lemma 2.12]. n

2.18. Lemma. Let E be a totally ordered abelian group and let a be a positive repre-
sentable interval of E. Then there exists a € E* such that a = a + %.

Proof. By definition, there exists € E such that a = x+ %. Furthermore, 0 € a = a+ %
(use Lemma 2.13) thus 0 + & = & C a. Therefore, if a = max{x,0}, then a > 0 and
a=z+2Ca+2 Ca thusa=a+ 2. n

2.19. Let GG a partially ordered abelian group. We introduce binary relations oc, < and
< on G defined as follows:

a xb<= (In € N)(a < nb);
a=<b<= (axbandbx a);
a < b<= (Vn € N)(na <b).

In the case where G is totally ordered, then we extend these relations on G the following
way: if R is either o, < or < and a,b € G, say that aRb if and only if |a|R|b| and a and
b have the same sign.

Definition. A totally ordered abelian group E is quasi-divisible when for all a € ET,
there exists b € E such that a < b and 2b < a (one can prove that this is equivalent to
the satisfaction by ET of the sentence (Vx)(Jy)(2y < x < 3y), but we will not need this
in this paper).
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It is trivial that every divisible totally ordered abelian group is quasi-divisible.

2.20. If G is a subgroup of a totally ordered abelian group H, say that H is an Archimedean
extension of G when for all h € HT, there exists ¢ € GT such that g < h. Say that G is
Archimedean-complete when it has no proper Archimedean extension. Then the following
theorem is well-known [9, Theorem 18, page 60]:

Theorem. A totally ordered abelian group E is Archimedean-complete if and only if it is
isomorphic to a Hahn power of R. [ ]

2.21. Theorem. Let E be a quasi-divisible totally ordered abelian group. Then the
following are equivalent:

(i) E is isomorphic to a Hahn power of R;

(i) A(E)™ is a refinement algebra;
(iii) (A(E)T,<T) satisfies the intermediate value property;
(iv) (A(E), <T) satisfies the intermediate value property;

(v) E is Archimedean-complete.
Proof. (i)=(ii) Let E be a Hahn power of R. We have already seen that A(FE)" satisfies
REF (Proposition 2.10). We prove now that A(E)" satisfies SD. Thus let ag, a1, b, ¢ in
A(E)* such that ag + a1 + ¢ = b + ¢. By Lemma 2.15, there are ¢y and ¢; in A(E)T such
that c=c¢yg+ ¢ and c =c¢g = ;.

Suppose first that ¢ £ b. Then, adding ¢* to both sides of the equality above and
using Lemma 2.12, we obtain ag + a; + é = b. Thus either ag + é or aj + é is positive,
suppose for example that it is ag + é Then put by = ag + é and b; = a;. Then by and
b, are positive intervals of E, and it is easy to see that by + b; = b and that for all i < 2,
we have b; =, a;, thus b; =, a;.

Thus suppose now that ¢ [Z b, thus b C ¢ by Lemma 2.8. Thus, ag,a;1 Eag+ a1 +¢ =
b+ ¢ =c¢ By Lemmas 2.16 and 2.18, there are elements ag, a1, b, ¢ of ET such that
a; :ai+% foralli < 2andb :b+% and c:c+é. It follows that ag + a1 +¢=b+c.
We distinguish two cases:

Case 1. b< ag+ a1.

Since ET satisfies RD, there are by < ag and b; < a1 in Et such that b = by + b;. For

all i < 2, put b; = <bi + %) U |0, so that b; € A(E)". Furthermore, we have

b b b
oo+61 = (04 2 ) U (b + 2 ) u (0 2 ) ULo
o0 o0 o0
+

b
(because bo,bp <band 0 €b=0>b+ g)

L
B 00
=b.

Furthermore, ag+a1+¢=b+c¢c=0bp+b1 +¢ C bp+a;+¢ C ap+aj +¢, thus ag+c¢ = by +-c,
thus ag =, bg. Similarly, a; =, b;. It follows again that a; =, b; for all i < 2.

Case 2. ag + a1 < b.
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Put d = b — (ao + a1), bo = ao + d and by = a1, and again b; = <bi+%) U 10 for

all i < 2, so that bg,b; € A(E)T. As in case 1, we obtain by + by = b. Furthermore,

ap+ai+c¢ =b+c=ap+ay+d+c, thus d+c = ¢. It follows that bo+c¢ = <a0 +d+ % + c) U

c=(aw+d+c)Uc=agp+d+c=ap+c=ay+c and by +¢ = <a1+%+c)Uc:
(a1 +¢)Uc=a; +c=a; +c Therefore, for all i < 2, a; =, b;.
Hence, A(E)™ satisfies SD.

(ii)=-(iii) It has already been observed in 1.3 that for any commutative monoid A, if
A satisfies SD, then (A4, <,i¢) satisfies IVP, thus the conclusion with A = A(E)T.

(iii)=(iv) is trivial, since for every interval a of E, there exists a € E such that a +a
is positive.

(iv)=-(v) Assume (iv) and let F' be an Archimedean extension of E. We shall prove
that £ = F, in a series of claims.

Claim 1. Every interval of E is representable.

Proof of Claim. Let a be an interval of F, we prove that a is representable. We may
assume without loss of generality that a is positive and bounded. Thus 0 € a = a + %,
thus there exists a € a such that 0 € a + %. Since a is bounded, there exists b € ET such
that a C | b. Put b =a + % and ¢ = [ (b —a). Thus a, b, ¢ belong to A(E)*. We have
b:a—k% =aand b C a, thus b <T a. Moreover, b+c:b+% = a and for all x € a, we
havexéa—k% Qb—k%:b—kc, thus a <T b+ «¢.

Thus we have proved that b <™ a < b+c¢. Since by assumption (A(E)*, <) satisfies
IVP, there exists 0 € A(E)™T such that 9 <* cand a = b+0. Since | 0 <T 0 <% [(b—a), it is
easy to see that necessarily, 9 = | d for some d € E™T. It follows that a = b+0 = (a+d)+%.

m Claim 1.

For all a € F', put lE a={x € FE: x<a}. Note that lE a is always an interval of E.
Claim 2. Let a € F. Then 2- |¥ a = |¥ a implies a = 0.

Proof of Claim. Put a = |¥ a. Since F is an Archimedean extension of E, there exists
b € F such that a < b. Suppose that a # 0.

If @ > 0, then b > 0, and, since F is quasi-divisible (this is the only place where we
use this hypothesis), we may assume without loss of generality that b < a. Thus b € a,
thus for all n € N, we have nb € na = a, thus nb < a. This holds for all n (with a,b > 0),
thus b < a, which contradicts the fact that a < b.

If a < 0, then b < 0; by replacing b by nb for large enough n € N, we may assume
without loss of generality that b < a. Thus b € a, thus for all n € N, b € na, thus there
exists x € a such that b < nz; thus b < na, and this proves that |a| < |b|, which contradicts
the fact that a < b. Thus the claim is proved. m Claim 2.

Now we can conclude that E = F. Indeed, let a € F. Put a = |¥ a. By Claim 1, there
exists a € F such that a = a + %. Thus % = |¥(a — a), thus, since % is idem-multiple
and by Claim 2, a —a = 0. Thus a = a € E. This establishes (v).

(v)=(i) results from Theorem 2.20. Thus the proof is complete. n
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2.22. Remark. Note that the hypothesis of quasi-divisibility in the statement of Theorem

2.21 cannot be removed. Indeed, we have for example that A(Z)* is isomorphic to Z+,
thus it is a refinement algebra, although 7Z is certainly not a Hahn power of R. On the other
hand, Q is divisible thus quasi-divisible, and by Theorem 2.21 (or a direct verification),
A(Q)™T is not a refinement algebra. Note also that Theorem 2.21 characterizes those totally
ordered vector spaces (over R or Q) E such that A(E)" is a refinement algebra: they are
exactly (up to isomorphism) the Hahn powers of R.

2.23. Problem. Characterize (without the assumption of quasi-divisibility) those totally
ordered abelian groups F such that A(F)* satisfies RA, or such that (A(E)T, <) satisfies
IVP.

2.24. Problem. Show that the set of all first-order sentences satisfied by all structures
(A(F),+,C) where E is a totally ordered abelian group is decidable.

¢3. Integer-valued functions; first failures of refinement.

3.1. For any topological space X and any subset A of R = R U {—o00, +00}, we will
introduce the following spaces:
(o) C(X,A) = set of all continuous functions from X to A4;
(o) Cp(X,A) = set of all bounded continuous functions from X to A4;
(o) LSC(X, A) = set of all lower semicontinuous functions from X to R whose range is
a subset of A;
(e) LSCy (X, A) = set of all bounded lower semicontinuous functions from X to R whose
range is a subset of A.

For every f: X — R, let supp(f) = {x € X : f(z) # 0} be the support of f. If A
is an additive submonoid of R, then all the spaces above are additive monoids, and they
can be endowed with two monoid partial orderings, respectively defined by

f<ge (Vo eX)(f(z) <g(2)),
f<tge Gh>0)(f+h=yg) (see 1.1),

and < and <% are in general distinct. Then let LSC* (X, A) (resp. LSC (X, A)) be the
group of all functions (resp. bounded functions) from X to R of the form f — g where both
f and g belong to LSC(X, A) (resp. LSCy (X, A)), endowed with the group ordering, still
denoted by <™, of positive cone LSC(X, A) (resp. LSCy, (X, A)). Note that LSCi(X, zt)
is an ordered subgroup of LSCi(X, RT).

For all functions f and g from X to R, define respectively f A g and f \ g by

(f A g)(@) = min{ f(z), g(x)},
(Ve € X) { (F\ 9)(x) = max{f(z) — g(x),0}.

3.2. Definition. Say that a topological space X satisfies the open reduction property
when for all open subsets U and V' of X, there are open subsets U' CU and V! CV of X
such that U/ NV =0 and U’ UV =U UV.
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Remember (see the Introduction) that an abbreviation of the last two statements is
vUuvi=UuV.

3.3. Lemma. Let X be a topological space satisfying the open reduction property. Then
for all n € N and all open subsets U; (i < n) of X, there are open subsets V; C U, (i < n)
of X such that | |,_,, Vi = U,.,, Us.

Proof. By induction on n. It is trivial for n = 1 and true by assumption for n = 2.
Suppose that it is true for n > 2 and let U; (i < n) be open subsets of X. Since X satisfies
the open reduction property, there exist open sets U C |J,_,, U; and V,, C U, such that
vuv, = UKn U;. By induction hypothesis there are open sets V; C U; NU (i < n) such
that | J,_,, Vi =U. Then V; C U; for all i <n, and | |, Vi = U, -, Ui [
3.4. Lemma. Let (X,d) be an ultrametric space (i.e., d is a distance on X such that
for all x,y,z € X, one has d(x,z) < max{d(z,y),d(y,z)}). Then X satisfies the open
reduction property.

Proof. Let U and V be two open subsets of X. Put Y =UUV, A=U\V and B=V\U,
and

U={xeY: dx A <d(z,B)}, V' ={ze€Y: dz,B) <d(z,A)}.

Since d is ultrametric and A and B are disjoint closed subsets of Y, U’ and V' are disjoint
clopen subsets of Y, thus open subsets of X. It is obvious that U’ C U, V/ C V and
Uuv =UuV. [ |

3.5. Proposition. Let X be a topological space. Then LSC;E(X, R*) is an Archimedean
partially ordered abelian group. Furthermore, the following are equivalent:

(i) X satisfies the open reduction property;

(ii) LSC*(X,Z%) is an interpolation group;
(iii) LSC(X, Z+) satisfies REF';
(iv) LSC{)E(X, Z*1) is an interpolation group.

Note that since LSC{ (X, Z*) is endowed with <* (instead of <), the proof of the

Archimedean condition is not completely trivial and needs a verification.

Proof. Let f, g and h in LSCy,(X,R") such that for all n € N, nf <* ng + h. Thus
for all n € N, the function h,, = g — f + (1/n)h is positive lower semicontinuous. Since h
is bounded, the sequence (hy, : n € N) converges uniformly to g — f; therefore, g — f is
positive lower semicontinuous, i.e., f <T g. This proves the Archimedeanity statement.

(ii)=(iv) is obvious.

Let us prove (iv)=-(i). Thus assume (iv), and let U and V' be open subsets of X. Apply
the refinement property in LSCy, (X, Z™) to the modular identity xu +xv = Xvuv +Xxvunv-
This yields p < xpy and ¢ < xv in LSCy(X,Z™") such that xyuy = p + q. Necessarily,
there are open sets U’ and V' such that p = yy and ¢ = yy; this implies immediately
that U UV ' =UUV,and U CU and V' C V.

(i)=(ii) Assume (i). We verify that LSC(X,Z") satisfies the refinement property.
Thus let fo, fi, go, g1 in LSC(X,Z%) such that fo + f1 = go + ¢1. For all i < 2,
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put fio = fi and gio = gi. Let n € w, suppose having constructed fin, gin (I < 2)
in LSC(X,Z") such that fon + fin = gon + g1n. Taking supports of both sides yields
supp( fon) U supp(fin) = supp(gon) U supp(gin). Since the supports of the fi,, gin are
open and that X satisfies the open reduction property, there are open subsets U;,, and V;,
(1 < 2) such that the following holds:

Uin C supp(fin) and Vi, C supp(gin)  (all i < 2),
UOTL U Uln == SuPP(fOn) U Supp(fln)a
Von U Vin = supp(gon) U supp(gin)-

Note that this implies Uy, U U1, = Vo, U Vip. For all @ < 2, put fin+1 = fin — xv,, and
Jin+1 = Yin — XVi,,- Note that Xgupp(fin) <T fin, and that Uy, is clopen in supp(fin ), thus
XUin <1 Xsupp(fin)» thus Xv,, <7 fin: therefore, fi 1 belongs to LSC(X,Z"). Similarly,
Jin+1 € LSC(X, Z+). Then it is easy to verify that f(),n_|_1 + fl,n-|—1 = go,n+1t+ 9intr1 =
(fon + fin) \ 1. It follows that for all n € w, we have fo, + fin = (fo+ f1) \ n. Let x € X
put n = fo(x) + fi(x). Then fo,(z) + fin(z) =0, thus fo,(z) = fin(x) = 0. Thus for all
i <2, we have fi(x) = fin(x) + > 5 XU () = Do, XUii, (). One can prove a similar
fact for g;. Hence for all 7+ < 2, we have

fi = Z XUik and gi = Z XVig -

k<w k<w

For all i,j < 2, put hij = >, . XUi.nv;,: thus the hg;’s belong to LSC(X, Z*1). Further-
more, by construction of the U;;’s and the Vj;’s, one has, for all ¢ < 2, f; = hio + hi1 and
gi = hoi + h1;. Hence, LSC(X,Z™) satisfies the refinement property and the conclusion
follows.

(i)=-(iii) Assume (i). Put £ = LSC(X, Z+) and let d € E. We prove that Grp™ (E, d)
satisfies REF. Put A = {x € X : d(z) = +o0}, Y = X \ A. Define a binary relation C on
E by

fEg<= (Vz € X)(f(z) = +o0 = g(z) = +00).

Put FF={f € E: fLCd}. Itisobvious that F is an ideal of (E,+,<%") and that d € F,
and that in fact, Grp™ (F,d) = E|d/ ~4 is an ideal of )/ ~4. Thus, it suffices to prove
that F'/ ~4 satisfies REF.

Claim. One can define a map ¢ : F — LSC(Y,Z"), f — fly, and ¢ is a monoid
homomorphism, which induces an isomorphism from F/ =4 onto LSC(Y,Z").

Proof of Claim. For all f € F', f]y takes only finite values, thus ¢ is well-defined. We
prove that ¢ is onto. For, let g € LSC(Y,Z"). Foralln e N, U, = {zx € Y : g(z) > n}
is open in Y, thus U,, = V,, NY for some open subset V,, of X. Put f =3 _yxv,. Then
f € Fand fly = g. The rest is trivial. m Claim .
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Since Y is a subspace of X and X satisfies the open reduction property, it is easy to
verify that Y also satisfies the open reduction property. By (i)=-(ii), LSC(Y,Z") satisfies
REF. Thus by the Claim, F' also satisfies REF; thus Grp ™ (F, d) satisfies REF.

(iii)=-(ii) Assume (iii), let fo, f1, go, g1 in LSC(X,Z") such that fo + f1 = go + g1
Put d = fo+ f1. Since fp and f1 assume only finite values, LSC(X, Z")|d is isomorphic to
GrpT(LSC(X,Z%),d). Since the latter satisfies by assumption REF, so does the former.
This yields immediately REF(fo, f1,90,91) in LSC(X,Z7). n

It follows in particular that LSC;E([O, 1], Z*) is not an interpolation group; however,
[0, 1] is not zero-dimensional thus this does not entitle us to conclude about Goodearl’s
question yet (and indeed, A(Cy ([0, 1],Z7)) is isomorphic to Z+, thus it satisfies REF). On
the other hand, if w is given the discrete topology, then LSCf(w, Z71) is an interpolation
group, but we will see in 4.13 that A(Cy(w,Z")) does not satisfy REF (it satisfies NR).

3.6. Lemma. Let X be a topological space. Then one can define two maps as follows:

|:LSC(X,Z") — A(CX,Z%)), f— | f={ae CX,Z%): a< [},
\/: A(C(X,Z*)) - LSC(X,Z"), a \/ a.

satisfying the following properties:

(a) | is order-preserving and \/ is an ordered monoid homomorphism.
(b) If X is zero-dimensional (i.e., it has a basis of clopen sets), then \/ o | = idLSC(Xer).
(c) If X is compact, then | o\/ = idp(c(x,z+))-

Proof. Part (a) is straightforward.

(b) Suppose that X is zero-dimensional and let f € LSC(X, Z+). Let z € X. Since
f is lower semicontinuous, for all m < f(x) in ZT, the set U, = {y € X : f(y) > m} =
{y € X : f(y) > m — 1} is an open neighbourhood of z. Since X is zero-dimensional,
there exists a clopen neighbourhood V' of z contained in U,,. Thus a = m - xy belongs to
1 f; whence \/ o [ (f)(z) > a(x) = m, this for all finite m < f(x). Thus \/o |[(f) > f. The
converse inequality being trivial, the conclusion follows.

(c) Let a € A(C(X,Z")). Put f =\/a, we must prove that a = | f. It is clear that
a C | f. Conversely, let a < f in C(X,Z"). Define U by

U={UCX: Uisopenand (Ib€a)(aly <blv)}

For all x € X, there exists b € a such that a(x) < b(x). Since both a and b are continuous
and Z-valued, they are locally constant and thus there exists an open neighbourhood U
of x such that both a and b are constant on U; thus U € U, and this proves that I/ is an
open covering of X. By compactness, there exist n € N and elements U; (i < n) of U such
that X = UK” U;. For all 7 < n, there exists b; € a such that aly, < b;[y,. Let b € a such
that b; < b for all i <n. Then a < b, thus a € a. This proves (c). n
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Note that in full generality (even for X zero-dimensional), | may not be an additive ho-
momorphism. Note also that Lemma 3.6 implies that for X compact and zero-dimensional,
A(C(X,Z")) and LSC(X, Z+) are isomorphic (with bounded intervals corresponding to
bounded lower semicontinuous functions).

3.7. Lemma. Let X be a topological space. Let a, b, ¢ in A(C(X,Z™)) such that ¢ is
bounded above by a constant. Then a + ¢ C b + ¢ implies that a C b.

Proof. There exists by assumption n € N such that for all ¢ € ¢, we have ¢ < n (i.e.,
(Vx € X)(c(x) < n)). Thus for all a € a, we have na € na C na + ¢ C nb + ¢, thus there
are b € b and ¢ € ¢ such that na < nb+ ¢. Since a, b and ¢ are Z-valued and ¢ < n, we
obtain a < b; whence a € b. Therefore, a C b. n

All this preparatory work allows us now to settle negatively Goodearl’s question, even
for Archimedean /-groups:

3.8. Theorem. Let X be a zero-dimensional topological space, not satisfying the open
reduction property. Then A(Cy(X,Z%)) satisfies NR, with bounded intervals. In partic-
ular, there exists a bounded interval e of Cy(X,Z%) such that M(Cy(X,Z%),e¢) is not an
interpolation group.

We recall that the definition of NR, REF and REF’ are in 1.3, and that NR contradicts
both REF (refinement property) and REF’. We also refer to 1.5 for the definition of the
M(G,0)’s.

Proof. By assumption, there exist open subsets U and V' of X such that for all open sets
U' CU and V' CV, one cannot have U' UV’ = UUV . Using the notations of Lemma 3.6,
puta= | xu, b=]xv, c=aVb (see Lemma 1.9) and @ = anb. Then, by Lemma 1.9, we
have a+b = ¢+0. Suppose that there exist a’ and b’ in A(Cb(X, Z+)) such that o’ Satp
and b’ Taqp b and a’ + b’ ~q4p ¢. By Lemma 3.7, we have in fact ' C a, b’ C b and
a’+b" =c. Since a’ C a = | yy, there exists an open subset U’ of U such that \/ @' = xp-.
Similarly, there exists an open subset V'’ of V' such that \/ b’ = xy. Furthermore, it results
from Lemma 3.6 (b) that xg = VVa < \/¢, and similarly, xy < /¢, thus xypuy < Ve
Conversely, for all x € | xy and y € | xv, we have 2 Vy < xyuy thus finally, \/ ¢ = xpuv.
Since ¢ = a’ + b’, we have, by Lemma 3.6 (a), /¢ =\ d +\/ b = xur + xv’. Therefore,
Xvuv = Xu’ + Xvr, so that U'NV’' = () and U' UV’ = UUV, a contradiction since U' C U
and V' C V. ]

Note that in the context of the proof above, one may not have | xuy + | xv = | xvuv +
| xunv, thus the choice of | xy V | xv instead of | xyuy.

3.9. Remark. There are many examples of compact Hausdorff topological spaces sat-
isfying the hypotheses of Theorem 3.8; for example [18, Example E, page 131], endow
w1 + 1 with its order-topology (it is compact Hausdorff and zero-dimensional) and let X
be the space (w1 + 1) X (w1 + 1) endowed with the product topology. Then X is compact
Hausdorff zero-dimensional and it does not have the open reduction property (the open
subset Y = wy X (w1 + 1) of X is not normal). Another example (Roy’s space) shows that
even when X is a zero-dimensional complete metric space, it may not satisfy the open
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reduction property [20], but the construction is considerably more complicated than for
the example above.

Besides this rather negative aspect of things, Proposition 3.5 also allows us to derive
the following positive consequence:

3.10. Theorem. Let X be a compact, zero-dimensional topological space. If X satisfies
the open reduction property, then A(C(X,Z")) satisfies REF’ (i.e., all multiplier groups
of C(X,Z") are interpolation groups).

Proof. By Lemma 3.6, A(C(X,Z")) is isomorphic to LSC(X, Z+), and by Proposition
3.5, the latter satisfies REF’. [

Note that the compactness hypothesis in Theorem 3.10 cannot be dropped, since
A(C(w,Z™)) does not satisfy REF’ (see Section 4). Examples of spaces satisfying the
hypothesis of Theorem 3.10 are compact ultrametric spaces, but also successor ordinals
with their interval topology.

3.11. Problem. Characterize those topological spaces X such that LSC(X,R™) satisfies
REF (conjectured answer: X is “hereditarily normal”, i.e., every [open] subspace of X is

normal). Same question for LSC(X, Z+), or LSC(X, @Jr). Note that these problems can
be formulated in a purely locale-theoretical way (see [17] for an exposition about locales).

¢4. More failures of refinement. Case of groups with countable
interpolation.

4.1. Let © be a nonempty set. Say as usual that a subset a of P(£2) is an ideal on €2 when
it is an interval of (P(£2),C). Say that a is a proper ideal when € ¢ a, nonatomic when
for all z € Q, {x} belongs to a. For all ideals o and 3 on 2 and every subset S of 2, put
Sha={SNX: XecalandaVB={XUY: X € aand Y € B}. Say as usual that a
basis of a is a cofinal subset of (a, C). Finally, we will denote by a ® 1 (resp. 1 ® «) the
ideal on Q x  with basis {X x Q: X € a} (resp. {2 x X : X € a}).

Definition. An ordered pair (a,3) of ideals on a set ) is reducible when there exists
S C Q that reduces (e, 3), i.e., SAa C Band LSAB C a.

The fact that this terminology is naturally related to the terminology of Section 3
(Definition 3.2) is not accidental, but we will not need a complete discussion about this.

4.2. Lemma. Let (o, 3) be an ordered pair of ideals on a set §). Then (o, 3) is reducible
if and only if there exist two ideals o’ and B’ on ) such that

o' N = {0}, aCpBvVva, BCaVvp.

Proof. If S reduces (a, 3), then o’ = P(CS) and @’ = P(9) satisfy the conditions above.
Conversely, suppose that o’ and 3’ satisfy both conditions above. Put S = | 3’; we prove
that S reduces («, 3).

Let first X € . Then SN X C X € a C 3V &/, thus there are Y € 8 and X' € o/
such that SN X C Y U X’. But every element of o’ is disjoint from every element of 3,
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thus from S; this holds in particular for X’. Therefore, SN X C Y, thus SN X € 3; so
that S A a C (.

Let now Y € 3. Then (SNY CY € B8 C a VvV @, thus there exist X € a and Y’ € @'
such that CSNY C X UY’. But Y/ C S, whence CSNY C X. Therefore, CSNY € a, so
that CS A B C a. n

One can easily see that reducibility of pairs of ideals on € is very closely related to
normality of subspaces of the Cech-Stone compactification of the discrete space €2; but
contrarily to the proofs in [4], where the main result implies that there exist non-normal
subspaces of Sw, our constructions will be completely effective and in fact, their formula-
tion will be more locale-theoretical than topological; in particular, they will not require any
existence assumption about non-principal ultrafilters, and they will allow further construc-
tions (see Theorem 4.24). The following lemma will be an important tool for constructing
irreducible pairs of ideals.

4.3. Proposition. Let v a proper, nonatomic ideal on a set Q. If (v ® 1,1 ® =) is
reducible, then ~ has a basis which can be indexed by ) (i.e., of size at most |Q|).

Proof. Let S C Q x Q reduce (a,3) wherea =v®1 and 8 =1®~. For all X C Q, the
set

RX)={YCQ: SN(XxQ)COAxYand (SN (2 x X)CY x Q}

is a nonempty upper subset of P(£2), closed under arbitrary intersection; whence there
exists p(X) C Q such that

R(X) ={Y CQ: p(X)C Y}

It is obvious that p is order-preserving (for the inclusion). In addition, if X € =, then
R(X) N~ # 0 by definition of a reducing set, thus p(X) € «; i.e., 7 is closed under p.
Now we prove a

Claim. For all X and Y in P(?), either X C p(Y) or Y C p(X).

Proof of Claim. We have by definition SN(X xQ) C Qxp(X) and CSN(QxY) C p(Y)xQ,
which can be written X x Cp(X) € CS and Cp(Y) x Y C S, thus, taking the intersection,
(X \ p(Y)) x (Y \ p(X)) = 0; the conclusion follows. m Claim .

Now let X € . Since p(X) € « and = is a proper ideal, p(X) # Q thus there exists
y € Q such that y ¢ p(X). Then for all x € X, y ¢ p({x}) since p is order-preserving,
thus, by the Claim, z € p({y}). Hence X C p({y}). Since all the p({y})’s belong to ~,
this proves that {p({y}) : y € Q} is a basis of ~. u

In the formulation of our following corollary, we recall that in a given topological
space, the F, subsets are by definition the countable unions of closed subsets, while the
G5 subsets are by definition the countable intersections of open subsets. Moreover, P(w)
is given its natural compact topology, homeomorphic to the product topology on “{0,1}
with {0, 1} discrete.
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4.4. Corollary. There exists a F, ideal v on w such that (v ® 1,1 ® «) is irreducible.

This result is in fact optimal, in the sense that every Gy ideal on w is of the form
P(X) and for these, we always have reducibility.

Proof. Let S = (U, "{0,1} be the set of all finite sequences of elements of {0,1}, and
let P = «{0,1} be the Cantor space. For all z € P, put S, = {z[, : n € w}. For all
TCS,put [T)={z€P: (Vn €w)(xl, € T)}. Thus [T] is a closed subset of P, and if
X and Y are subtrees of S (i.e., lower subsets of (S,C)), then [X UY] = [X]U[Y]. Say
that a subset A of S is incomparable when for all distinct s and ¢t in A, one has s € ¢ and
t < s. Forall n € w, put

Yo ={X CS: (V¥ incomparable A C X)(|A| <n)},

and v = {J,,c,, Yn- It is not difficult to verify that all the ~,’s are closed, thus that v is a
F, subset of P(S). It is trivial that ~ is a proper, nonatomic ideal on S. If (X,, : n € w) is
a sequence of elements of -, then for all n, X,, is by Dilworth’s Theorem [7] the union of
finitely many chains (note also that Dilworth’s Theorem for trees is a very easy exercise),
thus there is a finite subset D,, of P such that X,, C UxEDn S;. Now D = Unew D, is
a countable subset of P, thus there exists x € P\ D. Put X = S,; then X € ~ and no
X, can contain X. Therefore, v cannot have a countable basis. Using any bijection from
w onto S yields a F, ideal on w without a countable basis. We conclude by Proposition
4.3. ]

Note in fact that once a recursive bijection from w onto S is chosen, as well y as y® 1
and 1 ®~ are effective F,, subsets of P(w) (or, in the current terminology [19], ¥9 subsets
of P(w)).

4.5. Let us now return back to ordered groups. Let S be a nonempty set, let G be a
partially ordered abelian group. Then a function f from S to GT is summable when the
set of all “partial sums” ) f(s) for all finite X C S admits a least upper bound in G,
then denoted by X f, or }°_ ¢ f(x). Note that changing finitely many values of f does not
affect summability of f. For all f: S — G and all X C S, denote by f|x the function
from S to GT defined by f|x(z) = f(z) ifz € X and f|x(z) = 0if 2 ¢ X, and say that f is
hereditarily summable when for all X C S, f|x is summable. We shall denote by £(S, G™)
(resp. £n(S,GT)) the set of all summable (resp. hereditarily summable) functions from S
to GT. The function f is an antichain when for all  # y in S, one has f(x) A f(y) = 0.

We omit the straightforward proof of the following lemma.

Lemma. The set £(S,G") is an additive submonoid of *G* and the sum operation 3. is
a homomorphism of ordered monoids from £(S,G") onto G™. m

4.6. Lemma. Let f € ¢(S,G") and © € G such that for all finite X C S, we have
v < Xf|s\x. Then x <0.

Proof. For all finite X C S, wehavex < Xf|g\x = Xf—Xf|x, thus Y _y f(s) < Zf—u.
Taking the sup over X yields Xf < ¥ f — z, whence x < 0. [ |
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In 4.7 — 4.11, we shall suppose that in addition, GG is an interpolation group.

4.7. Lemma. Let f € (S,G") be an antichain. Then the following holds:

(a) Forall s € S, f(s) ANXf|s\(s} =0;

(b) For all disjoint subsets X and Y of S such that both f|x and f|y are summable, we
have X f|x NXfly =0.

Proof. (a) Put T'= S\ {s}. Let x € G such that z < f(s),Xf|r. By interpolation, there
exists y € G such that 0,2z <y < f(s),Xf|r. Let X C T be finite. Then 0 < Xf|p =
> iex f(t) + X flr\ x, thus, using Riesz decomposition, there are y; < f(t) (t € X) and
2z < Xf|lpx in GF such that y = Y, vy + 2. Forallt € X, 0 <y, < f(s), f(t) thus,
since f is an antichain, y; = 0: therefore, y < X f|p\ x. This holds for all finite X C T,
whence y < 0 by Lemma 4.6, so that = < 0. This proves (a).

(b) Let x € G such that z < X f|x,3f|y. Since G is an interpolation group, there
exists y € G such that 0,2 < y < Xf|x,Xf|y. For all finite Z C X, we have 0 <
y < Xflz +Ef|x\z. Let w < Xf|z,Xf|y. By interpolation, there exists w’ such that
0,w < w < Xf|z,Xfly. By Riesz decomposition, w’ = Y ., w, for positive w, < f(z)
(all z € Z); since w, < Xf]|y, it results from part (a) that w, = 0. Thus w < 0, and this
proves that X f|z A X f|ly = 0. Since z,0 <y < X f|y and G is an interpolation group, we
obtain x <y < Ef|X\Z. This holds for all finite Z C X, whence x < 0 by Lemma 4.6. =

4.8. From now on, for every set S, we will denote by G(S) the additive group of all bounded
Z-valued functions on S, ordered componentwise; thus G(5) is in fact a Dedekind complete
(-group.

Lemma. Let f € ¢,(S,GT). Then there exists a unique additive group homomorphism
pr : G(S) — G such that for all X C S, pus(xx) = Xf|x. Furthermore, jy is order-
preserving and the following holds:

(a) If f is an antichain, then for all x,y € G(S), ps(x) A pus(y) is defined and equals
wr(x Ay), so that puy is a homomorphism of partial {-groups from G(S) to G.

(b) If f is an antichain and 0 ¢ rng(f), then py is an embedding of partial {-groups from
G(S) into G.

Proof. Let u: P(S) — G, X — Xf|x. By Lemma 4.5 (and the fact that f|xuy =
flx + fly for all disjoint X,Y C S), p is a finitely additive G-valued measure on P(S5),
thus, by standard arguments, it extends to a unique group homomorphism (the “integral”)
pr from G(S) to G (Note in fact that as a byproduct of the proof, for all g € G(S)T, the
pointwise product f - ¢ of f and g is summable and p¢(g) = pu(f - ¢g)). Since f is positive,
[ty is order-preserving.

Suppose now that f is an antichain. Let z,y € G(S). Then one can write x = 2’ +x Ay
and y =y +x Ay where 2/, € G(S)T and ' Ay =0. Put X ={s € S: 2/(s) #0}
and Y = {s € S: 9y/(s) # 0}. Then there exists m € N such that 0 < 2’ < m - xx
and 0 <y < m-xy. Put ¢ = mf. Then g is a positive antichain and g € ¢,(5,G),
thus, by Lemma 4.7 (b), Xg|x A Xgly = 0, d.e., pr(m - xx) A pg(m - xy) = 0. Thus,
pr(x') A pg(y’) = 0; therefore, since py is an additive homomorphism, p¢(x) A pyr(y) is
defined and equal to py(z Ay); thus (a).

26



Suppose finally that f is an antichain and that 0 ¢ rng(f). Let z € G(S) such that
pf(x) > 0. Suppose that x # 0. Thus there exists s € S such that z(s) < —1. Let m € N
such that © < m - xs. Let y : S — Z be defined by y(s) = —1 and y(t) = m for all ¢ # s.
Then z <y, thus py(z) < pp(y) = —f(s) + mEf|s\gs3- Thus f(s) <mEf|g (s, thus, by
Lemma 4.7 (a), f(s) =0, a contradiction; thus = > 0, and (b) follows. n

4.9. From now on until 4.11, suppose that G is an interpolation group and that f : S —
G\ {0} is a hereditarily summable antichain. Put g = ps; by Lemma 4.8 (b), u is an
embedding of partial ¢-groups from G(S) into G. For all a € A(G(S)), define fi(a) = | u[a].
It is obvious that fi(a) is an interval of G. Since p is an embedding of ordered monoids,
the proof of the following lemma is easy:

Lemma. The map [ is an embedding of ordered monoids from (A(G(S)),+,]0,C) into
(A(G),—F,LO,Q) | ]

4.10. Lemma. For all a € A(G)", p~'[a] is a positive interval of G(S) and it is the
largest (for the inclusion) b € A(G(S)) such that j(b) C a.

Proof. It clearly suffices to prove the first statement. It is obvious that 0 € p~![a] and
that u~1[a] is a lower subset of G(S). Now let z,y € p~t[a]. Thus p(x), u(y) € a, thus,
since a is upward directed and by Lemma 4.8 (a), u(x V y) = u(zr) vV u(y) € a; whence
zVy € pt[a]. Thus p~t[a] is upward directed. u

4.11. Lemma. Let a € A(G(S))" and b € A(G)T. Then we have
p i) + 6] = a4 p o).

Proof. We have ji(a+p~1[b]) = p(a)+ia(p=1[b]) C f(a)+b, thus p=[i(a)+b] 2 a+p~1[b].
Conversely, let z € p~![(a) + b]. By definition, there are a € a and b € b such that
w(z) < p(a) +b. It follows that pu(x —a) < b, thus © — a € p~1[b], so that z € a + p~1[b].
The conclusion follows. |

Now we can prove the following general theorem:

4.12. Theorem. Let G be an interpolation group, let S be a nonempty set and let
f:S — GT\ {0} a hereditarily summable antichain. Let (c,3) be an irreducible pair of
ideals on S. Define positive, bounded intervals a, b, ¢, 9 of G(5) as follows:

a=|{xa: A€ a}, b= |{xs: Be€ B},

Then A(G)™" satisfies NR(jif(a), if(b), iif(c), if(9)) (thus the strong non-refinement prop-
erty NR).
We refer the reader to 4.5, 4.1, 1.9, 1.4 and 1.3 for the corresponding definitions.

Proof. Put pt = p1y. Since av and 3 are ideals on S, both a and b are positive intervals
of G(S). By Lemma 1.9, we have a + b = ¢+ 0, thus also fi(a) + f(b) = fi(c) + (0). Put
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¢ = a+b, and suppose that A(G)* does not satisfy NR(f(a), ii(b), ii(c), 2(9)). Thus there
are elements a and b of A(G)" such that for some m € N, the following holds:

a+mj(e) C fia fi(b) + mpe),

)
a+

N

+mifi(e),  b+mf(e)
b+ mfi(e) = f(c) + mffe).

Put o/ = p~1[a] and b’ = p~1[b]. By Lemma 4.10, both a’ and b’ belong to A(G(S))".
Claim. The following holds:

@ Ca; b'Cb; aCb+a; bCa+b.

Proof of Claim. We have ji(a’ + me) = fi(a’) + mp(e) C a + mp(e) C ia(a) + mp(e) =
(a4 me), thus, by Lemma 4.9, a’ + me C a+ me. By Lemma 3.7 (applied to X = S with
discrete topology), we obtain a’ C a. Similarly, b’ C b.

Next, we have fi(a+me) = i(a) +mp(e) C a(c) +mp(e) =a+b+mpu(e) C a+a(b)+
mji(e) = @+ ji(b + me), thus, by Lemma 4.11, a + me C g~ *[a] + b+ me = a’ + b + me.
Again by Lemma 3.7, we obtain that a C a’ + b. Similarly, b C b’ + a. m Claim .

Now, define subsets @’ and 8’ of P(S) by putting

o' ={XCS: xx ed}, B ={XCS: xxeb'}.

Since a’ and b’ are positive intervals of G(5), a’ and B’ are ideals on S. We shall prove
that « C BV o/, that 8 C a VvV 3 and that o’ N 3" = {0}.

Thus let A € . Then x4 € a, thus, by the Claim, x4 € b + a’, thus there are b € b
and a’ € a’ such that y4 < b+ a/; without loss of generality, a’ > 0. By definition of b,
there exists B € 3 such that b < yp, so that y4 < xp + a’. By the Claim, a’ C a, thus
there exists X € a such that a’ < yx; thus there exists Y C X such that '’ = yy. By
definition of a’, we have Y € a’. Since xya < xB + Xy, we have A C B UY’; whence
a C BV a'. One proves similarly that 3 C a VvV 3.

Finally, let X € o’ N @’. Thus u(xx) € i@(a’)Na(b’) Canb, thus 2u(xx) € a+b. It
follows that we have

fi(2 - xx +me) = 2fi(xx) +mp(e) C a+ b+ mje)
fi(c) + mp(e)
f(c + me).

By Lemma 4.9, it follows that 2 - yx + me C ¢ + me, thus, by Lemma 3.7, 2- xx € ¢. By
definition of ¢, there are A € @ and B € 3 such that 2- xyx < xa V xB = xaup. This
implies that X = (), so that we have proved that o’ N 3" = {0}. But this contradicts
Lemma 4.2. The conclusion follows. ]
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Now we shall harvest the consequences of this theorem.

4.13. Corollary. Let G be an interpolation group. If there exists an infinite hereditarily
summable antichain in GT \ {0}, then A(G)" satisfies the strong non-refinement property
NR (even for bounded intervals).

Proof. Theorem 4.12 and Corollary 4.4. [ ]

In particular, when G = G(w) is the Dedekind complete ¢-group of all bounded Z-
valued functions on w, then A(G)* satisfies NR. This is to be put in sharp contrast with
the fact that LSC¥(w,Z) = “Z is a Dedekind complete ¢-group.

4.14. Corollary. Let X be an infinite Hausdorff completely regular topological space, and
let G be the partially ordered abelian group of all continuous (resp. bounded continuous)
real valued functions on X. Then A(G)" satisfies NR (even for bounded intervals). In
addition, if X is locally compact, then the same conclusion holds for GG being the space
Co(X,R) of all real-valued continuous functions on X that have limit zero at infinity (i.e.,
such that for all € > 0, there exists a compact K C X such that |f[x\k| < ¢).

Proof. Since X is infinite Hausdorff regular, there exists a countable sequence
(Up : n € w) of mutually disjoint nonempty open subsets of X; in addition, if X is
locally compact, then one can suppose that all U,,’s have compact closure. For each n,
pick a,, € U,. Since X is completely regular, for all n, there exists f,, : X — [0, 1] continu-
ous such that f,(a,) =1 and f,(z) =0 for all x € X \ U,,, and by construction, f,, € GT.
It is then obvious that f = (27"f, : n € w) is an infinite antichain of G* \ {0}. To
prove that f is hereditarily summable, it suffices to prove that for all I C w, the sequence
(fn : m € I) is summable. But since the sequence of partial sums converges uniformly,
this is obvious. We conclude by Corollary 4.13. [ ]

We are indebted to K. Goodearl for a simplification of the argument in the proof of
the last paragraph of the following corollary.

4.15. Corollary. Let (G,u) be a partially ordered abelian group with order-unit, satis-
fying the countable interpolation property. Put S = S(G,u) and ¢ = ¢ ). Then one
and only one of both following possibilities can occur:

(i) 0eS is finite and there are m and n in w such that ¢[G] = ™Z®"R (as ordered groups);
(ii) 0.5 is infinite and A(G)* satisfies NR.
Proof. By the first part of [10, Theorem 16.14], we have

oG] = {p € Aff(S) : (V discrete s € 0.5)(p(s) € s[G])}.

If 0.S is finite, then S is a finite-dimensional simplex and thus ¢[G] = ™Z & "R where m
(resp. n) is the number of discrete (resp. non-discrete) extremal states of (G, u).

Suppose now that 0.S is infinite. Let X be any countably infinite subset of 0.5, and
let H be the subgroup of G generated by ker(X)". By [10, Proposition 16.5], H is an
ideal of G and G’ = G/H is a Dedekind complete ¢-group. By Lemma 1.8 (a), A(G")" is a
retract of A(G)™, thus it suffices to prove that A(G’)™ satisfies NR; thus, by Corollary 4.13,
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it suffices to prove that G'* \ {0¢’} has an infinite bounded (thus hereditarily summable)
antichain.

Put Y = 0.5(G',u') where v’ = uw+ H. By [10, Corollaries 9.10 and 9.14], Y is
compact Hausdorff basically disconnected and G’ is isomorphic to B = {p € C(Y,R) :
(V discrete s € Y)(p(s) € s[G])}. Furthermore, for all s € X, let § € S(G',u) be
determined by the rule s(z + H) = s(z) (since H is the subgroup of G generated by
ker(X)T, this definition is consistent). It is immediate that § is an extreme point of
S(G’,v') and that the map s — § is one-to-one, thus Y is infinite. Therefore, Y has a
countably infinite sequence of pairwise disjoint nonempty clopen subsets; the characteristic

functions of these subsets give an infinite hereditarily summable antichain in B* \ {0p},
thus in G’ \ {0¢ }. ]

Of course, Corollary 4.15 shows us, in the particular case where G is Archimedean,
that either G = ™Z & "R for some m,n € w or A(G)" satisfies NR. This last form allows
us to solve completely the problem whether the monoid of positive intervals satisfies the
refinement property in the case where the group is Archimedean with countable interpo-
lation:

4.16. Theorem. (Dichotomy Theorem) Let G be an Archimedean partially ordered abe-
lian group satisfying the countable interpolation property. Then one and only one of both
following possibilities can occur:

(i) There are sets I and .J such that G = (7 @ (/)R (as ordered groups).
(ii) A(G)" satisfies NR.

Note that in case (i), we have A(G) = TA(Z) x 'A(R) thus A(G)*t is in fact a
refinement algebra with a completely well-understood structure.
Proof. Suppose that A(G)" does not satisfy NR. For all u € G*, G, = {z € G :
(3n € N)(—nu < x < nu)} is an ideal of G, thus, by Lemma 1.8 (b), A(G,)" is a retract
of A(G)T; thus, it is easy to verify that A(G,)" does not satisfy NR either. Applying
Corollary 4.15 to (Gy,u) (and observing that ¢, ) is an embedding), we obtain that
there are m,, and n, in w such that G,, & ™*Z @ "R (as ordered groups). Furthermore,
it is easy to see that the elements of GG, whose image under some isomorphism from G,

onto "7 @ "+R has exactly one non-zero coordinate are the elements of G, N P where P
is defined by

P={pe Gt \{0}: G, is totally ordered}.

Let A be the set of all G, where p € P. It follows easily that G = @ H. Since every
element of A is a totally ordered Archimedean group with countable interpolation, it is
isomorphic either to Z or to R, and thus we obtain G = (N7 & (/)R for certain sets I and
J. The converse direction is obvious. ]

It results from Theorem 3.10 (for example for X = “{0,1}) that the Dichotomy
Theorem above does not apply to the class of Archimedean norm-discrete dimension groups
with order-unit. We shall now see that it does not apply either to the class of Archimedean
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norm-complete dimension vector spaces with order-unit, even when the state space is
metrizable. First, a simple consequence of Corollary 4.13 is the following

4.17. Proposition. Let (G, u) be an Archimedean norm-complete dimension vector space
with order-unit. If .S (G, u) contains an infinite compact subset, then A(G)™ satisfies NR.

Proof. Let X be an infinite compact subset of 0.S(G,u) and put H = ker(X). By [10,
Theorem 15.20], H is an ideal of G and G/H is isomorphic (as ordered group) to C(X,R).
By Corollary 4.14, A(G/H)* satisfies NR. By Lemma 1.8 (a), A(G/H)™" is a retract of
A(G)T; hence, A(G)" satisfies NR. ]

In the case where 0..S(G, u) does not contain any infinite compact subset, we shall now
see that the mere knowledge of the topological structure of 0.S(G,u) is not sufficient to
conclude. The following Proposition will allow us to construct a whole class of dimension
groups in which our examples will lie.

4.18. Proposition. Let E be the real vector space of all convergent sequences of reals,
endowed with its natural order and order-unit v = (1,1,1,...). Let lim : F — R, x —
lim,,—,yo0 (n). Let s be a state on (F,u) such that s # lim. Then the following space

Es={z e E: lim(z) = s(x)}

is an Archimedean norm-complete dimension vector space, and S(Fs,u) is metrizable.
Furthermore, for all n € w, let s, be the n*® coordinate projection on Es;. Then n — s,
is one-to-one, 0cS(FEs,u) = {sp : n € w} and if s|g, ¢ 0c.S(Es,u), then 0.S(Fs,u) is
discrete.

Proof. Since F has a countable dense subset, it is also the case for E5 and thus S(Es, u) is
metrizable. It is obvious that F is a norm-closed subspace of F, thus it is an Archimedean
ordered vector space. Now we check interpolation. By And6’s Theorem [1, Theorem 2] (or
by [10, Theorem 11.3] for X = one-point compactification of w), it suffices to prove that
the (topological) dual space E? is lattice-ordered. Since E5 C E, every element ¢ of E
extends to an element ¢ of E*, such that in addition, if ¢ is a state, then ¢ is a state [10,
Corollary 4.3]. But since E is naturally isomorphic to C(w + 1,R) (where w + 1 is given
the interval topology, so that it is the one-point compactification of the integers), E* is
isomorphic to the space M(w + 1) of all finite signed regular Borel measures on w + 1, thus
to the space £}(w + 1) of all families (\, : n < w) of reals such that > |An| < +0o0.
Furthermore, there are non-negative reals 3, (n < w) of sum 1 such that

n<w

(Vz € E) (8(:1:) = Bua(n) + Ba lim(x)) .

n<w

Then for all z € E,, we have s(z) =) _ Bnz(n) + folim(z) =3 _ Bnx(n) + Bos(z).
Since s # lim, we have (3, < 1, thus we obtain non-negative reals a,, = 3,,/(1—f,) (n € w)
such that _ a, =1and forall z € E, s(z) =), ., anx(n).

It follows that for all ¢t € E, if (A, : n < w) corresponds to ¢, then for all z € E, we
have t(z) = Y, o, Anx(n) + Ao D, anz(n) = >, (An + Avay)z(n). Thus the map
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7 : 01 (w) — EZ sending every (\, : n € w) to the map z — >
is obviously a homomorphism of ordered vector spaces.
Let us prove that 7 is an order-embedding. Thus let (A, : n € w) such that

new AnZ(n) is surjective. It

7T<<)\n :néE w}) > 0.

We prove that A, > 0 for all n. Thus fix n € w. For all k£ € w large enough (more precisely
such that Zi<n+k5i > 0), define x5 € E by zp(i) =0if i <norn+1<i<n-+k,
Znk(n) =1 and for all i > n+k, 2,k (i) = tpr where tpr = 6/ Zi<n+k B;. It follows that
$(Tnk) = D icw Bitnk () + Butnk = Bn+ (1=3cpip Bi) tnk = tnk, whence ), € Es. Since
Tpr > 0, we obtain by assumption Y, Aiznk(i) > 0, i, Ay + bk Dy pcicw Ai > 0.
Since limg 4 oo tnk = Bn/ D ;c0, Bi = i and limg 4 oo Zn+k§i<w A; = 0, we obtain, by
letting k go to infinity, that A, > 0.

Hence, 7 is an isomorphism of ordered vector spaces from ¢!(w) onto E*. Thus E7 is
a f-group, so that F; is an interpolation group.

From the fact that 7« is an isomorphism of ordered vector spaces, it follows that the
restriction of 7 to the set S of all sequences (A, : n € w) of non-negative real numbers of
sum 1 is an affine isomorphism from S onto S(Fs,u). Therefore, 0.S(Es,u) = {sp : n €
w}. By considering the x,x’s as above, one sees easily that n +— s,, is one-to-one.

Finally, suppose that s[g, ¢ 0.S(E,u). Thus a,, < 1 for all n. Let n € w and suppose
that s, belongs to the closure of {s; : k # n}. Since limg_,4oo tnr = o, < 1, there are
e > 0 and ko € w such that t,x, is defined and (Vk > ko)(tnr < 1 —¢). Since k — sy is
one-to-one, s, belongs to the closure of {s; : i > n + ko}. But for all i > n + ko, we have
Si(Tnky ) = tnk, < 1 —e while s,,(znk,) = 1, a contradiction. Thus 0.S(Es, u) is discrete. m

4.19. Example. An Archimedean norm-complete dimension vector space with order-unit
(G, u) such that S(G,u) is metrizable, 0,S(G,u) is infinite countable discrete and A(G)™
satisfies NR.

Proof. Let E be the same as in Proposition 4.18, and let

s:E—R, z+— %(x(0)+x(1)).

Take G = E; (this is [10, Example 6.10]). By Proposition 4.18, (G, u) is an Archimedean
norm-complete dimension vector space with order-unit, S(G, u) is metrizable and 9. S (G, u)
is infinite countable discrete. However, one can define an embedding of ordered groups ¢
from Cy(w,R) (space of all real sequences (z,, : n € w) such that lim,,—, o z, = 0) into G
by ¢(x) = (0,0,2(0),z(1),z(2),...); observe that the range of ¢ is an ideal of G, thus, by
Lemma 1.8 (b), A(Co(w,R))" is a retract of A(G)™. But by Corollary 4.14, A(Cy(w,R))™
satisfies NR; thus so does A(G)™. ]

4.20. Example. An Archimedean norm-complete dimension vector space with order-unit
(G,u) such that S(G,u) is metrizable, 0.S(G, ) is infinite countable discrete and every
element of A(G) has a countable cofinal subset; thus A(G)" satisfies both REF and REF’.
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Proof. Let E be the same as in Proposition 4.18, and let

z(n)
2n—|—1 :

s:E—>R,x»—>Z

new

Take G = Es. By Proposition 4.18, (G, u) is an Archimedean norm-complete dimension
vector space with order-unit, S(G,u) is metrizable and 0.S(G,u) is infinite countable
discrete.

Now let a € A(G); we prove that a has a countable cofinal subset. An essential
observation towards this goal is the following property:

(%) (Vo € GT)(s(z) =0 =2 =0).

If s[a] admits a largest element, say s(a) (a € a), then, using (*) and the fact that a
is upward directed, it is easy to see that a is the largest element of a and we are done.

Thus suppose that s[a] does not have a largest element. Then there exists a strictly
increasing cofinal sequence (s(ar) : k € w) in sla]; since a is upward directed, we may
assume without loss of generality that (ar : k € w) is increasing. Moreover, for all
n € w, if s, denotes as in 4.18 the n'" coordinate projection, then s, [a] admits a countable
increasing cofinal sequence, say (anx(n) : k € w). Again, we may assume that a,0 < a1 <
an2 < .... Finally, since a is upward directed, for all n € w there exists b, € a such that
A0n, A1ny - - - 5 Ann, G < by,. We prove that {b,, : m € w} is cofinal in a. So let x € a. There
exists k € w such that s(z) < s(ag). This means that lim, 4 z(n) < lim,— o0 ax(n),
thus there exists [ € w such that for all n > [, we have z(n) < ax(n). For all n <[,
xz(n) € spla] thus there exists k, € w such that z(n) < ang, (n). Let m € w such
that k,l, ko, k1,...,k; < m; we prove that x < b,,. Thus let n € w. If n < [, then
z(n) < ank, (n) < apm(n) and since n < m, we have apm < by, thus x(n) < by, (n). If
n > [, then x(n) < ax(n) and ar < @y < by, thus z(n) < by,(n). Thus z < b, and we
have proved that {b,, : m € w} is cofinal in a. Hence every interval of G has a countable
cofinal subset. We conclude by [10, Proposition 2.5 and Theorem 2.7] that A(G)™" satisfies
both REF and REF’. [ |

4.21. Note that Theorem 4.12 allows to construct a counterexample to refinement (in the
form of NR) with bounded intervals. We shall now see that the relative freedom in the
choice of the ideal « in Proposition 4.3 allows to construct counterexamples to refinement
(still in NR form) with even more particular sorts of intervals; we choose here to discuss
the case of k-directed intervals, where k is any uncountable regular cardinal.

We recall now some generalities about the closed unbounded filter, and we refer for
example to [16] for further information. If x is an uncountable regular cardinal, a subset
of k is closed unbounded when it is cofinal in x and contains as elements its limit points
in k. If (X¢: & < k) is a k-sequence of subsets of k, their diagonal intersection is by
definition

A§<,$X§= Oz<li:0z€ﬂX§
(<a
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Then the set of all closed unbounded subsets of k is a basis of a filter C,; on k, and Cy is
k-complete (i.e., closed under intersection of less than x elements), and even normal, i.e.,
closed under diagonal intersection. Denote by Z,, the dual ideal of Cj.

4.22. Lemma. Let k be an uncountable regular cardinal. Then Z,, does not admit a
basis of cardinality at most k. Hence the pair (Z, ® 1,1 ® Z,;) is irreducible.

Proof. We prove that the filter C,, does not have a basis with less than x elements.
Suppose otherwise, and let {C,, : « < k} be such a basis. Without loss of generality, the
Cy’s are all closed unbounded. Let €' = A¢,C¢. Then C' is closed unbounded, thus so
is the set C' of limit points of C, i.e., C' = {a € C: a = J(aNC)}. By assumption,
there exists o < x such that C, C C’. Let 8 be the least element of C’ such that 8 > «.
Since ( is a limit point of C', there exists v € C such that o < v < 3. By definition of
C, v € e, Ce, thus v € Cy. Thus v € ', which contradicts the definition of 5. We
conclude by Proposition 4.3. [ ]

4.23. Definition. Let (P, <) be a partially ordered set and let x be a cardinal. Then
P is k-directed when every subset X of P such that | X| < k admits a majorant in P. A
¢-group G is Dedekind k-complete when every bounded subset X of G such that | X| < &
admits a least upper bound in G.

4.24. Theorem. Let k be a regular cardinal, let G be a Dedekind k™ -complete {-group.
If G* \ {0} admits a bounded antichain with r elements, then there are positive bounded
k-directed intervals a, b, ¢ and 0 of G such that A(G)" satisfies NR(a, b, ¢,?).

Proof. If Kk = w then we conclude by Corollary 4.13. Thus suppose that  is uncountable.
Using Lemma 4.22 and any bijection from s X k onto k, we obtain the existence of an
irreducible pair (a,3) of k-complete ideals on k. Then let a, b, ¢, ? be defined as in
Theorem 4.12, with S = . If f : Kk — G\ {0} is a bounded antichain, put a = f(a),
b= jif(b), c = jig(c), 0 = fig(d). It is immediate to verify that a, b, ¢, 0 are s-directed;
thus so are @, b, ¢, 9. We conclude by Theorem 4.12. [ ]

The situation of Theorem 4.24 happens for example when G = G(k) is the ordered
group of all bounded k-sequences of integers. For x = w1, we obtain the case of countably
directed intervals.

4.25. Problem. Is there any version of the Dichotomy Theorem (Theorem 4.16) for
Archimedean norm-complete dimension groups with order-unit with metrizable state space?
More specifically, is it for example the case that if (G, u) is an Archimedean norm-complete
dimension group with order-unit with metrizable state space, then either every interval of
G has a countable cofinal subset or A(G)* satisfies NR? (as Theorem 3.10 shows, for ex-
ample for X = w; + 1 with its interval topology, the assumption of metrizability cannot
be removed).

4.26. Problem. Is the set of all special sentences [5, 27| satisfied by all structures
(A(G),+,10,C, <*) where (G, u) is an Archimedean norm-complete dimension group with
order-unit (resp. an Archimedean norm-complete dimension group with order-unit with
metrizable state space) decidable?
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