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RESTRICTED INJECTIVITY, TRANSFER PROPERTY
AND DECOMPOSITIONS OF SEPARATIVE
POSITIVELY ORDERED MONOIDS.

Friedrich WEHRUNG

Université de Caen
Département de Mathématiques
14032 CAEN CEDEX
FRANCE

ABSTRACT.

We introduce a notion of separativeness for positively ordered monoids (P.O.M.’s), similar in definition to
the notion of separativeness for commutative semigroups but which has a simple categorical equivalent, weaker
that injectivity, the transfer property. We show that existence in a separative extension of the ground P.O.M.
of a solution of a given linear system is equivalent to the satisfaction by the ground P.O.M. of a certain set of
equations and inequations, the resolvent. We deduce in particular a characterization of the P.O.M.’s which are
injective relatively to the class of embeddings of countable P.O.M.’s; those include in particular divisible weak
cardinal algebras. We also deduce that finitely additive positive non-standard measures invariant relatively to a

given exponentially bounded group separate equidecomposability types modulo this group.

1991 mathematics subject classification: 06F05, 20M14, 08B25, 08 B30.
§0. INTRODUCTION.

Let A be a commutative monoid. Then A can be equipped with a preordering, defined
by z <y < (3z)(x + z = y). The corresponding structure (A, +,0,<) is an example of
what we call a positively ordered monoid. By definition, a positively ordered monoid (from
now on a P.O.M.) is a structure consisting on a commutative monoid, together with a
preordering which is compatible with the addition and for which every element is positive;
when a P.O.M. is obtained from a commutative monoid as above, then we will say that it
is minimal. There are a lot of P.O.M.’s which are not minimal. One of the main reasons
for which we work in the context of P.O.M.’s rather than in the context of commutative
monoids is that if A is a submonoid of a commutative monoid B, then it is not necessary
that the minimal preordering of A is the restriction to A of the minimal preordering
of B, which brings unnecessary trouble in Hahn-Banach-type proofs and makes a lot of
categorical statements rather cumbersome. One of the results of [17], which shows that
injective objects in the class of P.O.M.’s equipped with their natural notion of embedding
are exactly the retracts of the powers of P = ([0, oc], +, 0, <), shows that this difficulty is
unavoidable: indeed, it is well-known that the only injective commutative monoid is {0}.

However, our methods tend to study essentially minimal P.O.M.’s. One of their im-
portant properties which is preserved under substructures is the property of preminimality
(definition 1.2). But it finally turns out that this concept is slightly too general, so that
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instead, we will have to consider a weakened form of additive cancellation called separati-
veness (definition 1.2). This definition is strongly connected to the definition of separati-
veness of commutative semigroups (see [4], Vol. 1) — in particular, the underlying monoid
of any separative P.O.M. is separative. But unlike the case of commutative semigroups,
separative P.O.M.’s enjoy a special categorical property: they are exactly those which have
the transfer property (theorem 2.9), where E has the transfer property if and only if for
every sub-P.O.M. A of a P.O.M. B, every P.O.M.-homomorphism from A to E extends
to a P.O.M.-homomorphism from B to some P.O.M. containing F. The case where one
can always take F' = E (i.e. E is injective) has already been discussed in [16]; the case
where one can always take F' = E with certain restrictions on B (on size or axioms) —
we will speak about restricted injectivity — will be discussed in chapters 3 and 4, see e.g.
3.2, 3.6, 3.10, 3.13, 4.3, 4.4, 4.10. Note again that in the case of commutative semigroups,
these notions trivialize more or less — totally in the case of injectivity, and partially in
the case of the transfer property (see proposition 2.11) where it turns out that the transfer
property is equivalent to additive cancellation. In theorem 3.13, we prove that a P.O.M. F
is injective relatively to the class of all inclusion maps from A to B where B is preminimal
of size at most a given infinite cardinal x (we will say that F is PREM,-injective) if and
only if it is injective relatively to both classes obtained respectively by restricting B to be
idem-multiple generated over A, or B cancellative and minimal.

One of the essential tools of the proof of theorem 3.13 is the notion of linear system.
We consider linear systems with coefficients in N and with coefficients in a given P.O.M..
To each such system, say (S), one can associate in an effective way a second linear system
this time without unknowns, the resolvent of (S). Then one of our main results is that if
E is separative, then existence of a solution of (S) in some separative extension of E is
equivalent to the satisfaction by E of the resolvent of (S) (see theorems 3.14 and 3.16).
This algorithm generalizes to cases without cancellation and with an ordering the one
which is known to solve equation systems over abelian groups.

Chapter 1 is essentially devoted to introduce the terminology (preminimal or separa-
tive P.O.M.’s, cones...) and the technology (D.P.O.M.’s...) used in this work. This is not
our first encounter with D.P.O.M.’s, see [16], chapter 2; futhermore, the latter structures
seem in many cases to be the relevant alternative to abelian groups (or to cancellative
P.0.M.’s) in the absence of additive cancellation.

In chapter 2, we study sufficient conditions of transferability of P.O.M.-embeddings;
we deduce the characterization of the transfer property (theorem 2.9), but also e.g. how
it can be used to embed ‘painlessly’ arbitrary P.O.M.’s into richer structures (here, for
example, P.O.M.’s satisfying the finite refinement property — see corollary 2.7). We show
examples, including weak cardinal algebras and equidecomposability types P.O.M.’s mod-
ulo exponentially bounded groups. In chapter 3, we characterize restricted forms of injec-
tivity (theorems 3.2, 3.6, 3.10, 3.13) and we prove the correctness of the aforementioned
resolvent test (theorem 3.14). In chapter 4, we characterize completely PRE M .-injectivity
in antisymmetric P.O.M.’s satisfying the multiplicative <-cancellation property (theorem
4.3), and then injectivity relatively to the class of all inclusion maps from A to B where
B is an arbitrary P.O.M. of size at most k (theorem 4.4). Strangely, the difficult part
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of this theorem (modulo the results of chapter 3) is to prove that such P.O.M.’s always
embed into powers of P. They include divisible weak cardinal algebras. From the results
of chapters 1, 2 and 3, we finally deduce a decomposition theorem for arbitrary separative
P.O.M.’s (corollary 4.12), which is in some sense optimal (theorem 4.17); from a particu-
lar case with antisymmetry and multiplicative <-cancellation (theorem 4.14), we deduce
in particular that if G is an exponentially bounded group operating on a set X, then
finitely additive G-invariant measures on P(X ) with positive non-standard values separate
G-equidecomposability types (it is false for just P-valued measures), this is corollary 4.16.
It is to be noticed that a lot of proofs of converses of injectivity / or transfer property
statements showed in this work are not unlike arguments of ‘reverse mathematics’; an
important exception is for the essential lemmas 3.5 and 3.9.

We use standard terminology and notation. If X and Y are two sets, then we will
denote by XV the set of all maps from Y to X. If (A;);es is a family of P.O.M.’s, then
we will denote its direct sum (coproduct) by [[,.; A;. When (Vi € I)(A; = A), we will

write AY). We will denote the set of all natural numbers by w when it is considered as
an ordinal, N otherwise. If (¢;);cs is a family of formulas, we will sometimes denote their

conjunction (resp. disjunction) by N\,c; @i (resp. W,c; i)
Before the statement of each theorem, we indicate the references of the relevant defi-
nitions introduced in this paper.

1. PREMINIMAL P.O.M.’s, SEPARATIVE P.O.M.’s;
DIFFERENCE P.O.M.’s.

We first recall the context in which this work is done; it is expressed by the following
definition, taken from [16], and which we recall here:

1.1. DEFINITION. A positively ordered monoid (from now on P.O.M.) is a structure
(A, +,0,<) such that (A,+,0) is a commutative monoid and < is a preordering on A
satisfying both following conditions:

(i) (Va,b,c)(a<b=a+c<b+c),
(ii) (Va)(a > 0).

Our notations and terminology will be widely borrowed from [16]. For example, a
P.O.M. is said minimal when it satisfies the statement

(Va,b)(a <b < (3z)(a+ 2z =1b)),

antisymmetric when its preordering is antisymmetric. If m is in N\ {0}, then the multi-
plicative <-cancellation property is (see [16], chapter 1) the following statement:

(Vx,y)(mx < my =z < y).

If X and Y are two subsets of a given P.O.M., we will write X < Y instead of
V(z,y) € X xY)(z <y),a <Y (resp. X < a,resp. ay,...,ay, < by,...,b,) when
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X ={a} (resp. Y = {a}, resp. X ={a1,...,an}and Y = {by,...,b,}). In any P.O.M.,
we define binary relations =, <, < and < by

r=y & r<yandy<uz,

x =y < (IneN)(z<ny),

r=<y < ryand y <z,
Ty & rty=y.

If the context does not make it clear, we will add an index A to the symbols <, =, <,
= and <. An element a of a given P.O.M. A is idem-multiple when a + a = a. The set of
idem-multiple elements of A will be denoted, for reasons which will appear clearly in the
middle of this chapter, by éA. We recall here the statement of the pseudo-cancellation
property, already studied in [16], chapter 1:

(Va,b,c)(a+c<b+c= (Id < c)(a <b+d)).

We introduce two more notations, already used in [16]: if A is a P.O.M. and a is an
element of A, then we denote by A|a the sub-P.O.M. of A of all a-bounded elements of A,
i.e.

Ala={x € A: = < a}.

A
On the other hand, we denote by — the quotient P.O.M. of A by a, i.e. the P.O.M.
a

of all equivalence classes of elements of A modulo the relation

rT=Y & rt+a=y+a,

equipped with the preordering defined by

[m]ag[y]a S r+a<y+ta

(where [z], denotes the equivalence class of x modulo =,).

Finally, for every P.O.M. A, we denote by AU{co} the P.O.M. obtained by adjunction
to A of a unique largest element (which is idem-multiple), which we will denote by oo.

Now, we shall introduce a definition which will be very important throughout this
work.

1.2. DEFINITION. Let A be a P.O.M.. Then we say that A is

— cancellative when it satisfies both following statements:

(Va,b,c)(a+c<b+c=a<bh),
(Va,b,c)(a+c:b+c:>a:b);
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— preminimal when it satisfies both following statements:

(Va,b,c,d)((a+c<b+cand c<d) = a+d<b+d),
(Va,b,c,d)((a+c=b+cand c<d) = a+d=b+d);

— separative when it satisfies both following statements:

(Va,b,c)((a+c§b+candcjb) :>a§b),
(Va,b,c)((a+c=b+cand c<a,b) = a=0).

The term ‘preminimal’ comes from the fact that for all ¢, d in a P.O.M. A such that
¢ < d, the conjunction of both following conditions

(Va,b)(a+c<b+c=a+d<b+d)

and

(Va,b)(a+c=b+c=>a+d=>b+d)

is equivalent to the fact that there are a P.O.M. B containing A and an element x of
B such that ¢ + x = d. We will neither use nor prove this fact here.

It is easy to see that every minimal or separative P.O.M. is preminimal. Both converses
are false: N\ {1} is a sub-P.O.M. of the minimal P.O.M. N, thus it is preminimal; but it
is not minimal. And the free P.O.M. with the two generators a and b with both relations
a—+b = 2a = 2b is easily seen to be an antisymmetric, minimal P.O.M. but non separative.
Note also that if A is a separative P.O.M., then its underlying commutative semigroup is
by definition separative in the sense of [4], Vol. 1. Finally, an example of non-preminimal
P.O.M. is given by the lexicographical product N x;.; N, where N = NU {oc}: indeed, we
have (0,2)+ (0,00) = (0,1)+ (0, 00) and (0,00) < (1,0), but (0,2)+(1,0) £ (0,1)+(1,0).

The following definition provides us with a fundamental example of separative P.O.M.:

1.3. DEFINITION. A cone is a minimal, cancellative P.O.M., that is, the positive cone
of a preordered commutative group. A cone with infinity is a P.O.M. of the form AU {co}
where A is a cone.

With this definition, we can give several characterizations of separative P.O.M.’s:
1.4. Theorem. [definitions 1.2, 1.3] Let A be a P.O.M.. Then the following are
equivalent:
(a) A is separative;

(b) A satisfies the following three statements:
(i) Preminimality;
(ii) (Va,b)(a+b < 2b= a < b);
(iii) (Va,b)(a+b=2a =2b= a="0).



(c) A embeds into a product of cones with infinity.
Proof. (a)=(b) is trivial. Now assume (b), we prove (a) in a sequence of claims.

Claim 1. Let a, b, ¢ in A such that a + ¢ < b+ c and ¢ < b; then a < b. Moreover, if
a+c=b+candc<a,b, then a=">0.

Proof of claim 1. Since A is preminimal and ¢ < b, we also have a + b < 2b, thus
a < b by hypothesis. Furthermore, if a + ¢ = b+ c and ¢ < a, b, then, since ¢ < b and A is
preminimal, a + b = 2b; similarly, a + b = 2a. By hypothesis, a = b. m Claim 1.

Then, an easy induction argument yields easily the following

Claim 2. Let a, b in A, m in N such that a + mb < (m + 1)b; then a < b. Moreover,
ifa+mb=(m+1)band b < a, then a = b. m Claim 2.

Now we can complete the proof of separativeness of A. Let a, b, ¢ in A such that
a+c < b+ cand ¢ < b. By definition, there is m in N such that ¢ < mb, thus, since
A is preminimal, a + mb < (m + 1)b, whence a < b by claim 2. Moreover, suppose that
a+c=0b+cand c = a,b; by the previous result, b < a, and again by preminimality of A,
a+mb = (m+ 1)b. By claim 2, we obtain @ = b. Thus we have proved that (a) and (b)
are equivalent.

Finally, it is trivial that (c) implies (a). Conversely, assume (a). For all a in A,
A
put A, = ﬂ. Since A is separative, it is easy to verify that A, is cancellative, thus it
a
embeds into its group of differences GG, equipped with the canonical preordering defined by
“(r—y<a'—y ifandonlyifx+y <z'+y)” (z, 2/, y, ¥ in A,). Let C, = (G4)+U{o0}.
Then C, is a cone with infinity, and A, is a sub-P.O.M. of C,. Define a map e, from A to
C, by

e (z) = { [z]a  (z € Ala)

00 (otherwise).

It is straightforward to verify that e, is a P.O.M.-homomorphism from A to C,. Now,
let e be the map from A to [],. 4 Ca defined by e(x) = (€4())sca. Then e is a P.O.M.-
homomorphism, thus, to conclude, it suffices to prove that e is an embedding. So let a, b
in A, such that e(a) < e(b). Then e;(a) < ep(b), thus a € Alb and a + b < 2b, thus a < b
since A is separative. Moreover, if e(a) = e(b), then e,(a) = e4(b), whence b € Ala and
2a = a + b; similarly, 2b = a + b, whence a = b since A is separative. Therefore, e is an
embedding, which concludes the proof. [ ]

1.5. REMARK. Note that this theorem proves that separativeness is finitely axioma-
tizable, which was not appearent in definition 1.2.

1.6. REMARK. Note that the same proof shows that any antisymmetric separative
P.O.M. embeds into a product of antisymmetric cones with infinity.

The notion we shall present now, the notion of D.P.O.M. (the ‘D’ stands here for
“difference”) can be viewed as a ‘functional” aspect of separative P.O.M.’s, or the analogue
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for separative P.O.M.’s of the group of differences for cancellative semigroups (there is more
than one analogy, see next chapter). Due to the much better computational convenience
offered by D.P.O.M.’s, several propositions about separative P.O.M.’s appearing in this
work will be proved using D.P.O.M.’s.

1.7. DEFINITION. A D.P.O.M. is a structure (A, +,0, <, —) such that (A,+,0,<) is a
P.O.M. and — is a partial binary operation on A (the ‘difference’ of the D.P.O.M.), defined
on H(A) = {(a,b) € A x A:a > b}, satisfying both following conditions:

(D1) (V(a,b) € H(A))(b+ (a —b) = a);
(D2) (Va € A)(V(b,c) e H(A))(a+ (b—c) = (a+b) —c).

If a is an element of a D.P.O.M. A, we will write % instead of @ — a. From (D1),
it results immediately that A is minimal. From (D2), it results immediately that for all
a, b, cin A, a+c = b+c implies a—i—é = b—i—é and that a+c < b+c implies a—i—é < b—i—é.

Let us first state some arithmetical properties of D.P.O.M.’s. From lemmata 1.8 to
1.10, let A be a D.P.O.M..

1.8. Lemma. Let a, b, cin A. Then b+ ¢ < a if and only if b < a and ¢ < a — b.

Proof. If b+ c¢<a, then b<a;putd=a— (b+c¢). We have c < c+d+ (b—b)
= ((b+c+d —b=a—1>b (we use (D2)). Conversely, if b < a and ¢ < a — b, then
b+c<b+(a—0b)=a. u

The following lemma justifies the notation éA for the set of idem-multiple elements
of A.
a

1.9. Lemma. Let a in A. Then _; is the unique largest element x of A such that

r < a, and it is idem-multiple. Furthermore, a is idem-multiple if and only if a = %.
Proof. We have £ +a = a by (D1), thus, using (D2), we get £+ % = (£ +q)—a =
a—a= %, whence % is idem-multiple < a. If z € A and x* < a, then = + % = % by

(D2), thus 2 is maximum in the set of z in A such that < a; if z is another such element
of A, then z = £ by definition, thus = £ + (z — £) by (D1), whence £ +2 = z; but we
have seen that % +x = %, whence x = %. So the first assertion is proved. The second
one follows immediately. [ |

1.10. Lemma. Let (a,b) in H(A). Then a — b is the unique largest element x of A
such that b+ x = a.

Proof. Let c=a—b. Then a = b+ c by (D1), and for all = in A such that b+ z = q,

we have iL’—I—% = c+% by (D2). But a = b+ ¢, thus a+% = a, thus, by (D2), %—l—c: c,

whence z < ¢. Furthermore, if z is also a maximum element of A such that b+x = a, then
T = ¢, thus % < z, whence % +x=x. But x + % =c+ %, thus x = ¢, which concludes

the proof. [ |

From lemma 1.10, we get immediately the following corollary:

1.11. Corollary. Let A be a P.O.M.. Then there is at most one difference on A
making A a D.P.O.M.. [ |



The reader can easily verify as an exercise that a P.O.M. A can be structured as a
D.P.O.M. if and only if the following holds:

(i) A is minimal;
(ii) For all a in A, there is a unique largest element x of A such that © < a, denoted by
% (Necessarily, % is idem-multiple);

(iii) For all a, b, ¢ in A, a+ ¢ = b+ ¢ implies a + é =b+ <.

oo

(In this situation, b —a is defined as ¢+ % for all ¢ in A such that a4 ¢ = b). We will
not use this characterization in this paper.

The following lemma summarizes some more arithmetical properties of D.P.O.M.’s:

1.12. Lemma. Let A be a D.P.O.M.. Then the following holds:
i) For alla <bin A, b?Ta:ﬁ:ﬁ_&-

(' 00 00 oo’
(ii) For all a, b, ¢ in A such that b+ ¢ < a, we have a — (b+c¢) = (a — b) — ¢;
(iii) For all (b,a) and (b',a’) in H(A), we have (b+ V') — (a+d') = (b—a) + (b — d');
(iv) For all a, b in A, anb = % + %;
(v) For all a, b, ¢ in A such that b > c and a > b— ¢, we have a — (b—c¢) = (a +¢) — b.
Proof. (i) % < b—a by (D2) and b — a < b, thus the conclusion follows from
1.9 and the easily checked fact that since A is minimal, the restriction of < to éA is
antisymmetric.
(ii) Ptz =a—(b+c)andy=(a—0b) —c. Thenx+ (b+c¢) =y + (b+ c) = a, thus
r+ % =y+ botc‘ But bj—oc is < a, thus < x and < y by (D2); it follows that x = y.

(iii) A simple computation, using previous results:
(b+b)—(a+d)=(b+V)—a)—d by (i)
="+ (b—a)) —d by (D2)
=(b—a)+ (b —d) by (D2).

(iv) follows immediately from (iii).
(v)y Ptz =a—(b—c)and y = (a+c¢) —b. Thenz+b=y+b=a+ec thus

w+§:y+£;but %:%is < x (use (1)) and£<<y, whence x = y. n

1.13. EXAMPLE. Let A be an idem-multiple, minimal P.O.M.. Then A is a D.P.O.M.,
the difference being defined by b — a = b for all a, b in A such that a <b.

1.14. ExXAMPLE. In [16], chapter 2, we introduced complete P.O.M.’s, and we proved
that every complete P.O.M. is a D.P.O.M..

1.15. EXAMPLE. Every cone or every cone with infinity is a D.P.O.M.. In particular,
every abelian group is a D.P.O.M..



The case of abelian groups is trivial, but it shows that the preordering of a D.P.O.M.
is not necessarily antisymmetric.

The reader can verify that every D.P.O.M.’s is a sub-D.P.O.M. of a product of cones
with infinity (the proof of this fact proceeds as the proof of theorem 1.4). We will not
need this result here, but one cannot not notice the similarity with separative P.O.M.’s
(via theorem 1.4). The following lemma shows the ‘trivial direction’ of this connection.

1.16. Lemma. Every D.P.O.M. is a separative P.O.M..

Proof. Let A be a D.P.O.M.. First, A is minimal by (D1), thus preminimal. Let a, b
be in A. If a + b < 2b, then, using (D2) and minimality of A, we obtain a + % <b+ %,
whence a < b. Now, if a + b = 2a = 2b, then a + % = b by (D2); but a = b by previous

result, thus % = % by lemma 1.9 and minimality of A, whence a + % = q; it follows that
a="b. [ ]

Now, we shall prove a sort of converse of lemma 1.16. Let A be a sub-P.O.M. of a
P.O.M. B. Put H = {(b,a) € Bx A: a <b}. We introduce two binary relations =, and
<o on H by the following definitions:

(b,a)=s (V,a') < (b=<b and (3c€ A)(c b and c+d +b=c+a+1)),

and

(b,a) <e¢ (V,d') & (b=2V and (Gc€ A)(c <V and c+d +b<c+a+l)).

1.17. Lemma. =, is an equivalence on H, <, is a preordering of H containing =,,
and both are compatible with the addition.

Proof. A straightforward verification. [ ]

This lemma entitles us to define the quotient P.O.M. of (H, +, (0,0), <,) by =,; we will
denote it by B — A. For all (b, a) in H, we will denote the equivalence class of (b, a) modulo
=, by b= a. The natural map from B to B+~ A is by definition the map (z — z = 0).
Note finally that the canonical map from A~ A to B~ A (that is, (b= a)a — (b= a)p)
is obviously a P.O.M.-embedding; thus, we will identify A - A to a sub-P.O.M. of B - A.

Now, we shall equip (A—+ A, B+ A) with a structure similar to the structure of
D.P.O.M..

1.18. Lemma. Let x, y in B~ A such that © < y. Then for all (b,a) in x, there is
(t/,a’) in y such that a’+b < a+b'; furthermore, if b € A, then the element (a+b") - (a’+b)
of B+ A depends only on x and y. Denote this element by y — x. Then A~ A is closed
under this operation, which structures it as a D.P.O.M.. Furthermore, for all x, z’ in
A=Aandallyin B- A, x +y < a2’ impliesy <z’ — x.

Proof. An easy (but tedious) verification. u
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We will need later one more proposition about D.P.O.M.’s:

1.19. Lemma. Let f be a P.O.M.-homomorphism from a P.O.M. A to a D.P.O.M.
E. Then there is a unique D.P.O.M.-homomorphism f from A~ A to E such that (Vx €

A)(f(z = 0) = f(z)).
Proof. f is defined by f(b—a) = f(b) — f(a); all the verifications are straightfor-
ward. .

Let us finally complete the connection between separative P.O.M.’s and D.P.O.M.’s:

1.20. Lemma. Let A be a P.O.M.. Then A is separative if and only if the natural
map from A to A~ A is a P.O.M.-embedding.

Proof. By lemma 1.16, the necessary condition is immediate. Conversely, assume
that A is separative. Let a, b be in A. If a =0 < b= 0, then, by definition, a < b and
there is ¢ in A such that ¢ < b and a + ¢ < b+ ¢. Since A is separative, we obtain a < b.
Similarly, a = 0 = b = 0 implies a = b. [ ]

1.21. Lemma. Let A be a sub-P.O.M. of a preminimal P.O.M. B. Then the natural
map from A+~ A to B—- B is a D.P.O.M.-embedding.

Proof. Denote by e the natural map from A~ A to B—- B. It is straightforward
to check that e is a D.P.O.M.-homomorphism. Let x = b-a and y = b ~d' in A+ A
such that e(x) < e(y). By definition, b < b’ and there is ¢ in B such that ¢ < b’ and
c+ad +b<c+a+b. Let min N such that ¢ < mb. Since B is preminimal, we have
mb +a +b<mb +a+b, whence z < y since mb’ € A. Similarly, e(x) = e(y) implies
T =y. [

§2. AMALGAMATION PROPERTIES OF P.O.M.’s.

We first present a possible (standard) construction of the amalgamation of two
P.O.M.’s above a third one. Solet f: A — B and g: A — C be P.O.M.-homomorphisms.
Let — be the binary relation defined on B x C' by

(b,c) — (t/',) if and only if (Ja € A)(b=1b"+ f(a) and ¢ = c+ g(a)).

Let <« be the inverse of —, let =, be the transitive closure of (—) U («), and let <,
be the transitive closure of (<) U (—) U («) (where < is of course <px¢). Then =, is
an equivalence on B x (', <, is a preordering on B x C, both are compatible with the
addition. This entitles us to define the quotient P.O.M. D of (B x C,+,(0,0), <,) by =,.
For all (b,¢) in B x C, denote by [b, c] its equivalence class modulo =,, and let f (resp. g)
be the map from C (resp. B) to D defined by f(c) = [0, c] and g(b) = [b,0].

2.1. Lemma. (D, f,q) is the amalgamation of (A, f, B,g,C), that is, it is an initial
object in the category of all (X, wu, v) such that X is a P.O.M., u is a P.O.M.-homomorphism
from C' to X, v is a P.O.M.-homomorphism from B to X and uog=wvo f. ]
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Therefore, from now on, we will denote the P.O.M. D which we just constructed by
Blly,C. It is often difficult to deduce properties of BIl; , C from properties of B and C,
but let us note the following elementary fact, which will be of importance in the sequel:

2.2. Lemma. If B and C' are minimal, then B 11; ; C' is minimal.

Proof. We have to prove that for all (b,¢) and (b',¢’) in B x C such that (b,c) <.
(t', '), there is (x,y) in B x C such that (b,c) + (z,y) =. (V/,c). Actually, an easy
induction argument shows that it suffices to prove the conclusion when (b,¢) — (¥',¢’) or
(b,c) «— (b/,c) or (b,c) < (V/,c'). But in the first two cases, (b,c) =, (V/,¢') and in the
third case, the conclusion follows immediately from minimality of B and C. [

We turn now to a definition which will play an essential role throughout this work.
Our terminology is borrowed from [7], where it covers similar notions.

2.3. DEFINITION.
(i) Let e : A — B be a P.O.M.-homomorphism. Then e is transferable when for every
P.O.M.-homomorphism from A to a P.O.M. C, the natural map from C to Bll. y C is a
P.O.M.-embedding;

(ii) Let £ be a class of embeddings. Then a P.O.M. E has the transfer property relatively
to & when for every P.O.M.-homomorphism f from a P.O.M. A to E and every P.O.M.-
embedding e from A to a P.O.M. B such that e is in £, the natural map from E to
B, s E is a P.O.M.-embedding; we will drop the mention of & when & is the class of all
P.O.M.-embeddings.

It is obvious that every transferable P.O.M.-homomorphism is itself a P.O.M.-
embedding (take C = A, f = id4 in (i)). But unlike many other situations (abelian
groups, Boolean algebras...), P.O.M.-homomorphisms are not always transferable — or,
which is equivalent, all P.O.M.’s do not have the transfer property. Our goal in this chap-
ter will be to characterize those P.O.M.’s which have the transfer property (theorem 2.9),
and to show that in that case, the transfer property is true in a sort of ‘hereditary’ way
(lemma 2.15).

2.4. Lemma. Let A be a sub-P.O.M. of a P.O.M. B such that the inclusion map
from A into B satisfies the following condition:

(UT) (Vag,a1 € A)(Vb € B)(ao +b<a;=>FxecA)b<zranday+z < al)).

Let f be a P.O.M.-homomorphism from A to a P.O.M. C. Then the natural map e
from C to B1l. ; C satisfies the following statement:
(Veg,c1 € C)(e(cp) <e(er) = co < ).

Here, (UT) stands for ‘Upper Transferability’; there is a corresponding notion of ‘lower
transferability’, but we will not use it in this work.

Proof. Consider the following binary relation < on B x C defined by
(bye) = (b',) & (Va' € A)(V <d' = (3a€ A)(b<aand f(a)+c < f(d)+)).
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Obviously, < is a preordering of B x (. Consider the binary relations —, «—, <,
defined at the beginning of this chapter.

Claim. < contains <,.

Proof of claim. Since < is transitive, it suffices to prove that for all (b,c¢) and (¥, )
in BxC, (bc)<(¥,d)or (bc)— (V,c) or (b,c) — (b/,c) implies (b,c) < (b, ).

Case 1. (b,c) < (V',c). Let @’ in A such that ¥ < a’. Put a = @’. Then b < a and
fla) +c< fla)+¢.

Case 2. (b,c) — (V/,c’). Let @ in A such that b =0 +a and ¢ = c+ f(a). Let @’ in
A such that b/ <d'. Put a=d'+a Then b <aand f(a)+c < f(a')+ .

Case 3. (b,c) « (V',c’). Let @ in A such that b’ =b+a and ¢ = ¢’ + f(a). Let @’ in
A such that ¥ < a’. This means that @ + b < a/, thus, by (UT), there is a in A such that
b<aanda+a<ada;thus f(a)+c < f(a')+ .

In all three cases, (b,c) < (V/,c). m Claim .

Now we can finish the proof of lemma 2.4. Let ¢y, ¢; in C such that €(cg) < €(c1),
i.e. (0,¢c0) <4 (0,¢1). By the claim, it follows that (0,¢o) < (0,¢1). Taking o’ = 0, we see
that there is a in A such that f(a) + ¢y < f(0) 4+ ¢1 = ¢1, whence ¢y < ¢1. [ ]

Now, we will state and prove a sufficient condition for (full) transferability of a P.O.M.-
homomorphism:

2.5. Proposition. Let A be a sub-P.O.M. of a P.O.M. B such that A is a D.P.O.M.
and the inclusion map from A into B satisfies (UT'). Then the inclusion map from A into
B is transferable.

Proof. Denote by e be the inclusion map from A into B. Let f be a P.O.M.-
homomorphism from A to a P.O.M. C, and let € be the natural map from C' to BIl. ; C.
Since e satisfies (UT), by the result of lemma 2.4, it suffices to prove that € is one-to-one.

For all z in B, put 6(z) = {(a,a’) € Ax A:a+ x = da'}. Define a binary relation C
on B x C by

(b,e) T (¥, ) < (V(ao,a1) € 6(b)) (3(ag,ay) € (b)) (f(ar — ao) + ¢ = flay —aj) + ).

Claim. T contains =,.

Proof of claim. Since C is obviously transitive, it suffices to prove that for all (b, c)
and (V/,c) in B x C, (b,c) — (b, ) implies (b,c) C (V/,¢') and (b, ) C (b,c). So let a in
A such that b=V +a and ¢ = ¢+ f(a). Let (ap,a1) in §(b). Thus (ay,a)) € 6(b') where
a, = ap + a and aj = a;. But we have

a+ (a} —aj) = (a1 + a) — (ag + a) (by (D2))
= (a1 — ag) + 2 (by lemma 1.12, (iii))
=aj —ap (by (D2) and a < aq).

It follows that f(a; — ag) + ¢ = f(a) + f(a} — aj) + ¢ = f(a] — af) + ¢, whence
(b,c) E V', ).
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Conversely, let (aj,a}) in §(0'). Thus (ag,a1) € 6(b) where ag = aj, and a; = a} + a.
But a1 —ag = a+ (a} —a)) by (D2). It follows that f(a; —ag)+c= f(a)+ f(a]—ay)+c=
f(a} —ap) + ¢, whence (b, ) C (b, c). m Claim .

We can now finish the proof of proposition 2.5. Let ¢y, ¢; in C such that (0,¢p) =.
(0,¢1). By the claim, (0,¢q) C (0, ¢1), thus, since (0,0) € §(0), there is (a,a’) in 6(0) such
that f(0) + co = f(a’ — a) + c1; but necessarily a = a’, thus cg = a+ ¢; where a = f(2),

oo

so that « is idem-multiple. Similarly, there is § in A, idem-multiple, such that ¢; = G+ ¢p.
It follows that

co=cta+pf=ci+2a+0=c +a=c.

Thus we have proved that € is one-to-one, which concludes the proof. ]

2.6. Corollary. Let A be a sub-P.O.M. of a P.O.M. B. Then the natural embedding
from A~ A into B — A is transferable.

Proof. Immediate from proposition 2.5 and lemma 1.18. ]

As another application of proposition 2.5, let us mention a generalization to P.O.M.’s
of a result of H. Dobbertin (see [5]):

2.7. Corollary. For every P.O.M. A, there is a P.O.M. B containing A (and con-
structed from A in a canonical way) satisfying the following finite refinement property:

(Vic2as,b;)(ao + a1 = bo + by = (E'i,j<20ij)(/X\(a'i = cio + ¢i1 and b; = co; + ¢13))).

1<2

Furthermore, if A is minimal, then B is minimal.

Proof. Let R be the sub-P.O.M. of N* generated by a = (1,1,0,0), o/ = (0,0,1,1),
8=(1,0,1,0) and 8’ = (0,1,0,1).

Claim 1. R = {(z,y,2',y) € N*: x+y' =2’ +y}. Thus, R is a sub-D.P.O.M. of N*.

Proof of claim 1. The first fact can be easily proved by a straightforward induction
on x +y+ x’ +y'. The second fact follows immediately. m Claim 1.

From claim 1, it is easy to deduce the

Claim 2. Let a, o/, b, b’ in A such that a +a' = b+ b'. Then there is a [unique|
P.O.M.-homomorphism from R to A sending « on a, o/ ona’, 3 onb, ' on t'.m Claim 2.

Now, let I = {(a,a’,b,t’) € A* : a+a = b+1¥'}; ifi = (a,a,b,V') in I, put
a; =a, a,=a’, b, =>b, b, =0b". Let X (resp. Y') be the direct sum of I copies of R (resp.
N*). For alliin I, let oy, of, B3;, B, be the canonical generators of the i** component of X
(isomorphic to R), and let f be the P.O.M.-homomorphism from X to A sending «; on a;,
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ol on a}, B; on b;, () on b, this for all 7 in I. Since X is a sub-D.P.O.M. of Y (by claim 1),
it results from proposition 2.5 that the natural embedding e from X into Y is transferable.
Thus the natural map from A into R(A) = Y II. s A is a P.O.M.-embedding. Then, let
B be the increasing union (more precisely, direct limit) of all the R™(A) for n € w. By
lemma 2.2, if A is minimal, then R(A) is minimal; thus, B is minimal. By construction,
B satisfies the finite refinement property. [ ]

2.8. REMARK. The analogue of proposition 2.5 for separative P.O.M.’s is false: there
are very easy examples where the inclusion map from a separative P.O.M. into a separative
P.O.M. is not transferable. The proof of the following theorem should make clear which
examples to consider.

2.9. Theorem. [definitions 1.2, 2.3] Let E be a P.O.M.. Then the following are
equivalent:

(i) E is separative;
(ii) E has the transfer property with respect to the class of all inclusion maps from a
sub-P.O.M. of N* with at most 4 generators into N*;

(iii) E has the transfer property.

Proof. Let us first prove that (ii)=(i). So let us assume that E satisfies (ii). Using
theorem 1.4, we prove that FE is separative. First, note that (ii) remains true after having
replaced N* by N2 or N2, Then, we prove three claims.

Claim 1. E is preminimal.

Proof of claim 1. Let a, b, ¢, d in E such that ¢ < d. Let M be the sub-P.O.M. of N?
generated by v = (1,0) and § = (1,1). It is easy to verify that there is a [unique] P.O.M.-
homomorphism f from M to E sending v on ¢ and § on d. By assumption, f extends to a
P.O.M.-homomorphism g from N? to some P.O.M. F' containing E. Let e = g((0,1)). Then
by construction, ¢ + e = d. It follows immediately that a +¢c =b-+ c impliesa+d =b+d
and a +c¢ < b+ cimpliesa+d < b+d. m Claim 1.

Claim 2. Let a, b in E such that a +b < 2b. Then a < b.

Proof of claim 2. Let P be the sub-P.O.M. of N* generated by a = (1,1,0,0), 8y =
(1,0,1,0), $1 = (0,1,0,1) and B = (0,0,0,1). It is not difficult to prove that there is a
[unique] P.O.M.-homomorphism f from P to E sending « to a and [y, 1 and [ on b.
Thus, by assumption, f extends to a P.O.M.-homomorphism ¢ from N* to some P.O.M.
F containing E. Let v = (0,1,0,0). Put ¢ = g(y). Since a < By + v and B = 5+ 7, we
have a < b+ c and b = b+ ¢, whence a < b. m Claim 2.

Claim 3. Let a, b in F such that a + b = 2a = 2b. Then a = b.

Proof of claim 3. Let Q be the sub-P.O.M. of N3 generated by a = (1,1,0),
Go = (1,0,0), f1 = (0,1,1) and 8 = (0,0,1). It is not difficult to prove that there is
a [unique] P.O.M.-homomorphism f from @ to E sending a on a and (3, #; and (3 to
b. By assumption, f extends to a P.O.M.-homomorphism ¢ from N3 to some P.O.M. F
containing E. Let v = (0,1,0), let ¢ = g(y). Since o« = 5y + v and B; = (8 + 7y, we have
a=b+cand b=0>0+ c, whence a = b. m Claim 3.
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Now, separativeness of E results immediately from claims 1, 2 and 3. Thus we have
proved that (ii) implies (i). Since (iii) trivially implies (ii), it remains to prove that (i)
implies (iii).

So assume that E is separative. Let A be a sub-P.O.M. of a P.O.M. B, let e be the
inclusion map from A into B, and let f be a P.O.M.-homomorphism from A to E. Our
goal is to extend f to a P.O.M.-homomorphism from B to some P.O.M. containing F.
First, since F is separative, ¥ embeds into £ — F by lemma 1.20. Now, since £ ~ FE is
a D.P.O.M. (lemma 1.18), there is, by lemma 1.19, a D.P.O.M.-homomorphism f’ from
A+ A to E— E such that f'(y=—z) = f(y) = f(x) for all x < y in A. But by corollary
2.6, the natural embedding from A -~ A into B — A is transferable, thus f’ extends to a
P.O.M.-homomorphism ¢’ from B ~ A to some P.O.M. F containing E — E. Now define a
map g from B to F by g(z) = ¢’(z = 0). It is immediate that g is a P.O.M.-homomorphism
from B to F extending f. Thus we have proved that E has the transfer property, which
concludes the proof. [ ]

2.10. REMARK. A similar but substantially simpler proof (using a construction
similar to the construction of the D.P.O.M.’s B - A seen in chapter 1, but where the
conditions “b <X b7 or “b < b’ and “c < b’ have been dropped in the definitions of <,
and =,) would have given the corresponding result in commutative monoids:

2.11. Proposition. A commutative monoid has the transfer property (in the class
of commutative monoids) if and only if it is cancellative. ]

So we see that in fact, the transfer property is ‘much more common’ in the class of
P.O.M.’s than in the class of commutative monoids. This slightly paradoxical situation
(most of the P.O.M.’s we study are minimal, there is not much difference between these
and commutative monoids except for the mention of the preordering, the transfer property
for the preordering looks like one more condition to satisfy so the transferability should
be more difficult to realize...) is essentially due to the fact that if A is a submonoid of
a commutative monoid B, then the minimal preordering of A is strictly contained in the
restriction to A of the minimal preordering of B.

2.12. EXAMPLE. For every n in N\ {0}, let P,, be the P.O.M. of equidecomposability
classes of polyhedra of R™ modulo the [affine] isometries: here, only polyhedral pieces are
allowed in the decompositions and sets of non zero codimension are identified to zero (see
[2] for more about this). By Zylev’s theorem, P, is cancellative (so it is a cone); thus it is
separative, thus it has the transfer property by theorem 2.9.

2.13. EXAMPLE. Let G be a group operating on a set X, let B be a Boolean subalgebra
of P(X) which is invariant by G. Consider the P.O.M. of equidecomposability types of
elements of B modulo G, let us denote it by S(B)/G (see [14], [15]). Tarski proved in [13]
the following theorem:

If G is exponentially bounded, then S(B)/G satisfies the following statement:

(Va,b,c)(a+c=b+2c=a=>b+c).
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In fact, Tarski proves his theorem for commutative groups, but his proof applies as well
for exponentially bounded groups (see [14], chapter 12). But this implies immediately that
if G is exponentially bounded, then S(B)/G satisfies the statement (Va,b)(a + b = 2b =
a = b). Since S(B)/G is minimal, it follows immediately that it is separative. Therefore,

If G is exponentially bounded, then S(B)/G has the transfer property.

For B = P(X), it results from the cancellation law (see [14], theorem 8.7) that the un-
derlying semigroup of S(B)/G is always separative, even if G is not exponentially bounded.
However, we do not know whether the P.O.M. S(B)/G is separative in general. A positive
answer would be interesting, since it would allow us to remove the assumption that G is
exponentially bounded in the statement of corollary 4.16.

2.14. EXAMPLE. At the beginning of chapter 1, we gave the definition of the pseudo-
cancellation property. Then it is immediate that every antisymmetric P.O.M. with the
pseudo-cancellation property is separative; this is the case for the class of strong refine-
ment P.0O.M.’s, which are the antisymmetric, minimal P.O.M.’s satisfying the pseudo-
cancellation property and the finite refinement property. Thus, every strong refinement
P.O.M. has the transfer property. In particular, every weak cardinal algebra (i.e. its asso-
ciated P.O.M.) has the transfer property.

Note that most of the P.O.M.’s of these examples, although they have the transfer
property, do not embed into any injective P.O.M.. We will find in the next chapter weaker
definitions of injectivity for which this irregular behaviour cannot happen. For this, an
important lemma is the following.

2.15. Lemma. Let A be a sub-P.O.M. of a preminimal P.O.M. B, let f be a
P.O.M.-homomorphism from A to a separative P.O.M. E. Then f extends to a P.O.M.-
homomorphism from B to some separative and minimal P.O.M. containing E.

Proof. Put A/ = A~ A, B = B- B and £/ = F - E. By lemma 1.18, all three
of them are D.P.O.M.’s. Denote by ¢’ the natural embedding from A" into B’ (this uses
lemma 1.21). By lemma 1.19, there is a D.P.O.M.-homomorphism f’ from A’ to E’ such
that f'(y=z) = f(y) = f(x) for all x < y in A. Since E’ and B’ are minimal, it results
from lemma 2.2 that F' = B’ Il ;» E' is minimal; since E’ is separative (lemmata 1.16
and 1.18), it results from theorem 2.9 that the natural P.O.M.-homomorphism from E’ to
F is a P.O.M.-embedding, so that we may identify E’ with its image in F'. Let ¢’ be the
natural P.O.M.-homomorphism from B’ to F. Define a map g from B to F' by putting
g(x) = ¢’(x = 0). By construction, g is a P.O.M.-homomorphism from B to F' extending
f. Since F' is preminimal, the natural map from E’ to F/ = F — F' is a P.O.M.-embedding
(lemma 1.21), so that we may identify E with its natural image in F’. Let 7 be the natural
map from F to F’, let h = 7 o g. The picture is as follows:
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Then h is a P.O.M.-homomorphism from B to F’ extending f. Furthermore, F’ is
separative and minimal (lemmata 1.16 and 1.18). u

2.16. REMARK. Among the hypotheses of lemma 2.15, the assumption that B is
preminimal cannot be dropped; we will have confirmation of this in chapter 4, as a conse-
quence of theorem 4.4.

§3. RESTRICTED PREMINIMAL INJECTIVITY.

Let us first introduce some notations. Let k be a cardinal, let C be a class of P.O.M.’s.
Then we will denote by C, the class of all structures in C whose underlying set has size
at most k; furthermore, we will denote by C* the class of antisymmetric elements of C.
Similarly, if £ is a class of P.O.M.-homomorphisms, then we will denote by £ the class of
all P.O.M.-homomorphisms f : A — B in £ such that |A| < k and |B| < k; furthermore,
we will denote by £* the class of homomorphisms in £ between antisymmetric P.O.M.’s. If
A is asub-P.O.M. of a P.O.M. B, then we will sometimes denote by (A — B) the inclusion
map from A into B.

3.1. DEFINITION. Let E be a P.O.M., let £ be a class of P.O.M.-embeddings. Then
E is E-injective when for every e : A — B in £ and every P.O.M.-homomorphism f from
A to E, there is a P.O.M.-homomorphism g from B to E such that goe = f. IfC is a
class of P.O.M.’s, then we will say that E is C-injective when it is injective relatively to
the class of all inclusion maps A — B where B is in C.

It is obvious on this definition that if E is £-injective, then it has the transfer property
relatively to £. The converse is false, as injectivity appears as a notion of completeness.

Injective P.O.M.’s, i.e. P.O.M.’s which are injective relatively to the class of all
P.O.M.’s, have been completely characterized in several ways in [16], [17]. One of these
characterizations is that injective P.O.M.’s are exactly the retracts of the powers of P =
([0, 00], +,0, <).

From now on, we will make frequent use of the following classes of P.O.M.’s:

POM = the class of all P.O.M.’s,
PREM = the class of all preminimal P.O.M.’s,
SEP = the class of all separative P.O.M.’s,

and the following classes of P.O.M.-embeddings:

IM = class of all (A — B) such that B is preminimal and idem-multiple generated over
A, ie. B=A+ LB,
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CO = class of all (A — B) such that B is a cone.

The first theorem of this chapter proves that there are ‘enough injectives’ relatively
to small classes in PREM:

3.2. Theorem. [definitions 1.2, 2.3, 3.1] Let x be an infinite cardinal, let A be a
P.O.M.. Then the following are equivalent:
(i) A is separative;
(ii) A has the transfer property;
(iii) A embeds into a PREM,-injective P.O.M..

Proof. We have already seen in theorem 2.9 that (i) and (ii) are equivalent; also, (iii)
implies (i) by characterization (ii) of separativeness in theorem 2.9. So it remains to prove
that (i) implies (iii).

If A and B are P.O.M.’s, then write A <,, B the following statement:

“A is a sub-P.O.M. of B, and for all (X < Y) such that Y is in PREM,, every
P.O.M.-homomorphism from X to A extends to a P.O.M.-homomorphism from Y to B.”

Claim. For every separative P.O.M. A, there is a separative P.O.M. B such that
A<, B.

Proof of claim. Let A be a set of representatives of all triples (X, Y, f) such that X
is a sub-P.O.M. of Y, Y is in PREM,, and f is a P.O.M.-homomorphism from X to A,
modulo the relation of isomorphy; write A = {(X;,Y;, f;) : i € I}. Let X = [[,c; Xi,
Y = [L;e; Vs, and let f: X — A, (2:)ier — D_,e; fi(zi). Then X is a sub-P.O.M. of
Y and Y is preminimal. By lemma 2.15, there is a separative P.O.M. B containing A

such that f extends to a P.O.M.-homomorphism from Y to B. By construction, we have
A<, B. m Claim .

Now, let A be a separative P.O.M.. We construct inductively a k-sequence (A¢)g<,+
as follows:
Ao = 4;
Ag¢41 = some separative P.O.M. B such that A <,, B ({ < k™);
A)\ = U€<>\ Ag ()\ limit S KJ+).

Finally, put B = A,.+.

Now, let X be a sub-P.O.M. of a PO.M. Y in PREM,, let f be a P.O.M.-
homomorphism from X to B. So there is £ < k™ such that the range of f is contained in
Ag. Since A¢ <, A¢q1, f extends to a P.O.M.-homomorphism g from Y to A¢y;. Thus g
is an extension of f from Y to B. Therefore, B is PRE M -injective. [ |

3.3. REMARK. By following the proof of theorem 3.11 of [16], one can prove that
sub-P.O.M.’s of PRE M-injective P.O.M.’s satisfy e.g. the statement

(Va,b) (/X\(na <(n+1)b)=a< b) )

neN
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which is not the case for all separative P.O.M.’s, as e.g. P3 seen in example 2.12 (take
a=equidecomposability class of the cube of volume 1, b=equidecomposability class of the
regular tetrahedron of volume 1).

In this chapter, we shall present an ‘arithmetical’ characterization of PRFE M -injective
P.O.M.’s, as close as possible to the one presented in [16] (see theorems 3.6, 3.10, 3.13).

Let us introduce the following definition.

3.4. DEFINITION. Let k be an infinite cardinal. A preminimal P.O.M. E is said to
be k-smooth when it satisfies the following conditions:

(SM 1) Let a, b in E and let X be a subset of E of size at most « such that
(Vz € X)(a+z < b+ z); then there exists ¢ < X in —F such that a+c < b+ ¢;

(SM 2) Let a, b in E and let X be a subset of E of size at most « such that
(Vz € X)(a+ x = b+ x); then there exists ¢ < X in ——F such that a+c=b+¢;

(SM 3) For all subsets X and Y of size at most  of E such that X < Y, thereiscin =E
such that X < cand c<Y.

Note that in the context of (SM 3), ¢ <Y is equivalent to ¢ < Y.

Smoothness of P.O.M.’s will be one of the notions leading to simple formulations of
existence of solutions of linear systems, which we shall show now. Say that a linear system
with parameters from a P.O.M. E is a set of atomic formulas (in the sense of model theory,
see e.g. [3]) with parameters from F, and unrestricted number of variables (called here
unknowns). For example, linear systems with only one unknown x may be written in the
following general form:

a; + mix <b;+n;xz (alliin I)
a; + mjxz =0b; +n;x (all jin J)

In connection with smoothness of embeddings, we will consider linear systems whose
unique unknown has to be thought as idem-multiple. Such systems can always be written
in the following form:

’ai < bZ—FIB (all 1 in IS)
a; =b; +x (all ¢ in 1)
(3.1) a; > b;+x (all i in Is)
a;+x <b;+x (alliin J)
ai—l—a::b¢+x (a,lliinK)
\ T =2z

where the a;, b; are all in E. But now, observe that when FE is preminimal, for all
a, bin F and all idem-multiple z in F, we have

a<b+reataz<b+ux,
a=b+reb<acaandr<aecanda+zx=0b+x,
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and

a>bt+rsb<acand zr<aanda+x>b+z,

so that in E, the linear system (3.1) is equivalent (in an effective way) to a linear
system of the following form:

(S) (some system without x)
ai—FiL'Sbi—FiIJ (allz’in[’)
(
(

(3-2) a; +x = bj + 2 (all jin J/)
x < ¢ all k in K')
T =2x

Now, define the resolvent of the system (3.1) to be the following system:

(S)
(3.3) a; +cp <b;+cp (all (4,k) inI" x K')
aj+cp=>b;+c, (all (j,k)in J x K')

3.5. Lemma. Let k be an infinite cardinal, let E be a P.O.M., let (S) be a linear
system of the form (3.1), of size at most k with parameters from E. If (S) admits a solution
in some preminimal extension of F, then its resolvent is satisfied in E. Conversely, if E is
k-smooth and satisfies the resolvent of (S), then (S) admits a solution in E.

Proof. By what we have just seen, it suffices to consider the case of a linear system
of the form

ai+x§bi+x (a,lliin[)

(3.4) aj+x=0b;+x (all jin J)
' x < cp (all £ in K)
T =2z

where I, J, K are of size at most . Then the resolvent of (3.4) is the following linear
system:

(3.5) {az tep <bi+ep (all (i,k) in I x K)

aj+cp=0bj+c; (all (j,k)in J x K)

If (3.4) holds in some preminimal extension of E, it is immediate that (3.5) holds.
Conversely, assume that F is k-smooth and that it satisfies (3.5). Let i in I; by (3.5) and
(SM 1), there is e; in éE such that (Vk € K)(e; < ¢x) and a; + e; < b; + e;; similarly,
by (3.5) and (SM 2), for all j in J, there is e; in —F such that (Vk € K)(e; < ¢) and
a; +e; = b; + ej. By preminimality of E, we have (V(i,k) € (IUJ) x K)(e; < ¢), thus,
by (SM 3), there is z in = F such that (Vi € I U J)(e; < z) and (Vk € K)(z < ¢). By
preminimality of F, it is immediate that x satisfies (3.4). [

20



Say that a linear system of the form (3.1) (with parameters from some P.O.M. E) is
compatible when its resolvent is satisfied by F.
Lemma 3.5 is very useful in the proof of the following theorem:

3.6. Theorem. [definitions 3.1, 3.4] Every w-smooth P.O.M. is separative. Further-
more, let k be an infinite cardinal and let E be a preminimal P.O.M.. Then the following
are equivalent:

(i) E is k-smooth;
(ii) Every compatible linear system of the form (3.1) of size at most k with parameters
from E admits a solution in E;
(iii) E is ZM,,-injective;
(iv) E is TM; -injective.
Proof. (i)=-(ii) is immediate from lemma 3.5.
(ii)=-(iii) Let F satisfy (ii). We first prove that F is separative (the first result listed

in the theorem follows). So let a, b in E. Assume first that a +b < 2b. Consider the
following linear system:

r<b

{a+m§b+x
2r==x

Then the resolvent of this linear system is just a4+ b < 2b, which holds by assumption;
thus, by hypothesis, it admits a solution in F, say x. But x = 22 < b and F is preminimal,
thus x + b = b; hence a < b. Suppose now that a + b = 2a = 2b. Consider the following
linear system:

at+r=b+x
r<a
z<b
T =2

Then the resolvent of this linear system is just a + b = 2a = 2b, which holds by
assumption, thus it admits a solution, say x. As in the previous case, r < a and x < b,
whence a = a+x = b+ x = b. So we have proved that E is separative. Now, let us
prove that F is ZM-injective. It suffices to prove that for every sub-P.O.M. A of E of
size at most k and every P.O.M. B containing A such that B = A + Nb for some b in éB,
(A — B) extends to a P.O.M.-homomorphism r from B to E. But an element x of F is
the value r(b) for such an r if and only if = satisfies all the equations and inequations with
parameters from A satisfied by b; let (S) be the corresponding linear system. Then b is
idem-multiple, b € B, B is preminimal and b is a solution of (S), thus the resolvent of (S)
holds by lemma 3.5. Thus, by hypothesis, (S) admits a solution in E, which solves the
extension problem. Thus (iii) holds.

The fact that (iii)=(iv) is trivial. Finally, assume (iv). For all a < k, denote by
(6:)i<a the canonical basis of N(®). Let C,, be the P.O.M. NU {s} U (N(®\ {0}) equipped
with the addition defined by 1 4+ s = s = 2s and s + §; = §; for all 7 < «, and its natural
(minimal) ordering.
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Let first « < K, a, b, ¢; (i < a) in F such that a + ¢; < b+ ¢; (all i < k). Consider
the sub-P.O.M. A of C2 generated by v = (1,1,0,0), v = (1,0,1,1), w; = (0,d;,5;,0) (all
i < «). It is not difficult to verify that there is a [unique] P.O.M.-homomorphism f from
A to E sending v on a, v on b and w; on ¢; (all i < a). Let B be the sub-P.O.M. of C2
generated by A and w = (0, s, s,0); thus B is minimal. Then (A — B) is in ZM;,, thus,
by hypothesis, f extends to a P.O.M.-homomorphism g from B to E. Let ¢ = g(w). Then
a+c<b+cand c=2cand c<g¢ for all i in . Thus (SM 1) is satisfied. One checks
similarly (SM 2): if a, b, ¢; (i < k) are elements of E such that a+¢; =b+¢; (all i < a),
let A be the sub-P.O.M. of C2 generated by u = (1,1,0), v = (1,0,1), w; = (0,5;,6;) (all
i < «a); it is not difficult to verify that there is a [unique] P.O.M.-homomorphism f from
A to E sending u on a, v on b and w; on ¢; (all i < ). Let B be the sub-P.O.M. of C3
generated by A and w = (0, s, s); thus B is minimal. Then (A — B) is in ZM_, thus, by
hypothesis, f extends to a P.O.M.-homomorphism g from B to E. Let ¢ = g(w). Then
a+c=0b+cand c=2cand ¢ < ¢ for all i in «, which verifies (SM 2). It remains to
check (SM 3). So let X, Y be subsets of E of size at most « such that X < Y. Let B be
the P.O.M. (N x {0}) U {s} U (NO)\ {0}) x {1}), equipped with the addition defined
componentwise on N&X) and on N\ {0}, and by x4+ s = s if 2 € N(X) x {0}, s +y = y if
y € (NY)\ {0}) x {1} and 2s = s, and with its natural (minimal) ordering, and let A be
the sub-P.O.M. of B defined by A = (N(X) x {0} U((NOD\ {0}) x {1}). Tt is easy to verify
that there is a [unique|] P.O.M.-homomorphism f from A to E sending (d,,0) on z (all
z € X)and (6y,1) ony (all y € Y). By hypothesis, f extends to a P.O.M.-homomorphism
g from B to E. Put ¢ = g(s). Then ¢ = 2c and X < cand ¢ <Y. So we have verified
(SM 3). Thus (i) holds, which concludes the proof. [

From theorem 3.6, we can deduce an immediate corollary:

3.7. Corollary. Let x be an infinite cardinal. Then every k-smooth P.O.M. is
injective relatively to the class of all natural embeddings from some separative P.O.M. A
of size at most k into A - A.

Proof. Let F be a x-smooth P.O.M., let f be a P.O.M.-homomorphism from some
P.O.M. A of size at most k to E. Let B be a minimal sub-P.O.M. of E of size at most
k containing fA. By 1.19, f extends to a P.O.M.-homomorphism f’ from A’ = A= A to
B’ = B+ B. Since B is separative, we shall as usual (using lemma 1.20) identify B with
its natural image in B’.

Claim. (B — B') is in TM.

Proof of claim. Let x in B~ B; write x = b~ a where a, b are in B and a < b. Since
B is minimal, there is ¢ in B such that a+c¢ = b, whence x = (a+c¢) - a = ¢+ (a = a). Thus
B — B is generated by B and the set of all a — a, a € B. The conclusion follows.m Claim .

By theorem 3.6, it follows that (B < B’) extends to a P.O.M.-homomorphism r from
B’ to E. Then r o f’ is a P.O.M.-homomorphism from A’ to E extending f. |

We shall now study another kind of linear system, via another form of injectivity. We
will first need some preliminary constructions. Let I, J, K be arbitrary sets such that
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INJ = K, and let 7 be in N/’ (not necessarily with finite support). Put m = (I, J, K, 7).
We will associate with 7 a certain P.O.M.-inclusion (Az — Bg), whose construction we
now show.

First, let By be the P.O.M. NUYY) » NUYUT) « N. We equip By with binary relations
=, and <, respectively defined by

pts=p +r
(3.6) (pg;m) = (', ¢',m) & 3§ e NI S gy =g 45

- - - -

m+s-n=m'+r-n

(- denotes the canonical ‘scalar product’), and

pts<p+r
(3.7) (p,g,m) <. (P, q',m') & BFe NDYEF5e N dori<gts

m+s-n<<m +r-n

3.8. Lemma. =, is an equivalence on By, <, is a preordering on By containing
=,, both are compatible with the addition. Furthermore, By satisfies the three following

statements:

(Vz,y)(z =y & 2 <,y and y <, z),
(Vo,y,2)(x + 2 <sy+ 2=z <, y),

and

(Vo,y,2)(x+ 2= y+2 = 2 = 7).

Proof. A straightforward verification. [ ]

Consequently, one can define the quotient P.O.M. Bz of (Bg,+,0,<,) by =, and
it is a cancellative, antisymmetric P.O.M.. Therefore, it embeds canonically into some
antisymmetric cone (the positive cone of the ordered group of differences of Bg), say
Cw. For each (p,q,m) in Bg, denote by [p, 7, m] its equivalence class modulo =,. Let
An ={[p,q,0] : p,qd € NUYIY Define monoids Oy and &; by

(3.8) Or = {(p.0.0,d) € W)+ [p.4,0] < [/.4".0]}.

and



Choose sets of generators OL of O, &~ of &. Using the fact that for every k in
w, the monoid of solutions in N* of every linear equation system (with k& unknowns and
coefficients in N) is finitely generated (see e.g. [4], Vol. 2, page 130, corollary 9.19), one
can easily suppose that if I and J are finite, then OL and &£~ are finite — one has to

- = - o - o

find finite sets of generators for the (p, q,p’,¢’,r, s) satisfying the right hand side (without
existential quantifiers) of (3.6) and (3.7), and then take the projection on the first four
coordinates.

Now, for all 7 in TUJ, let u; = [5Z~,6, 0] and v; = [6, di,0]; put £ = [6, 6, 1]. Then wu;, v;
are all in Az and it is immediate, using the definition of =, and <, that the following
linear system is satisfied by Bg:

(3.10) Vj < Uj + nj§ (aﬂj in J)
ug +ni =v  (all k in K)

We shall now prove that in a certain sense, this linear system is fundamental among
all the linear systems of this form. So let ' be a P.O.M., let I, J, K be arbitrary sets;
consider the following linear system:

(3.11) bj <aj+n;z (all jin J)
ap +npxr =b; (all k in K)

where the a;, b; (i in I U J) are elements of E. It is easy to see that (3.11) is, in a
canonical way, equivalent to a similar linear system where this time, K = I N J; such a
system will be said to be in normal form. So we may assume without loss of generality
that (3.11) is put in normal form, i.e. K = I N J. Now, say that a resolvent of (3.11) is
any linear system of the following form:

pratq-b<p-a+q-b (all (p.q,p',q) in O)
(3.12)
pratq-b=p-a+q-b (all (p,q,p,q) in &)

Obviously, all the resolvents of a given linear system of the form (3.11) are equivalent,
so that we will sometimes speak about the resolvent of the linear system. The interest of
not necessarily taking OL = O or £~ = & is essentially in the case where I and J are
finite, so that what we describe here can be in fact used as an algorithm. Note that (3.12)
is satisfied if and only if there exists a [necessarily unique] P.O.M.-homomorphism from
Az to E sending u; on a;, v; on b; (all 4 in U J). This remark will be used in the following
lemma:

3.9. Lemma. Let E be a P.O.M., let k be an infinite cardinal, let (S) be a linear
system of the form (3.11) and of size at most k. If (S) admits a solution in some extension
of E, then E satisfies the resolvent of (S). Conversely, if E is CO, -injective and satisfies
the resolvent of (S), then (S) admits a solution in E.
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Proof. Without loss of generality, we may assume that (S) is just (3.11), written
under normal form. Assume first that (S) admits a solution, say z, in some extension,
say F', of E. We prove that any resolvent of (S), say (3. 12), is satisfied in E. So let first
(];, (;,1;;, q7) in £-. By definition of =, there are r and s in N) guch that the following
holds:

p+s=p+r
(3.13) g+r=q +s

By pOSSlbly substracting r A s from r and s We may assue Wlthout loss of generality
that r and s are incompatible. Therefore, (3 13) implies that s < p and r < p, thus, usmg
the first equation of (3.13), there exists h in N(IU‘]) such that p —=r+h and 1; = s+h.
Similarly, there is k in NUY) guch that q — s+ k and q — r 4 k. Tt follows that

a+s-(a+nz)

-
:;-54-(;-7;)93—%;-5
-

the first and the last step being justified by the fact that 7 and § are in N

from which it follows easily that 1: a+ 5 b= 1;’ a+ q7 -b. Thus the first part of (3.12)
is satisfied. Now, let (p,q¢,p’,¢’) in OL. By definition of <,, there are r in N and s in
N() such that the following holds:

p+s<p+r
(3.14) G+r<q+s

By possibly substracting r A s from r and g, we may assume without loss of generality
that r and s are incompatible. Therefore, (3.14) implies that s < ];’ , thus, using the first
inequation of (3.14), there exists h in NUYY) such that ]g <r+hand ];’ = s+h. Similarly,
there is & in NUY)) such that Jg s+ k and c;’ — r 4 k. Tt follows that

reat+s-b<r-a+s-(a+nz)

IN

ﬂl e I A A

a+(s-nr+s-a

IA

IN

-(c?—i—ﬁx)%—?c?

— - -

IN
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the first and the last step being justified by the fact that 7€ N() and § e N(/),

from which it follows easily that 5 a+ 5 b < ];’ ca+ q_; b, Hence, (3.12) is satisfied
by E.

Conversely, suppose that (3.12) is satisfied by F and that E is CO}.-injective. Since E
satisfies (3.12), there exists, as remarked before, a [unique] P.O.M.-homomorphism f from
Az to E such that for all i in TUJ, f(u;) = a; and f(v;) = b;. Since Cg is an antisymmetric
cone containing Az, f extends by hypothesis to a P.O.M.-homomorphism g from Cz to E.
Put x = g(&). Since & satisfies (3.10), x satisfies (3.11), which concludes the proof. n

Now, say that a linear system of the form (3.11) with parameters from some P.O.M. E
is compatible when E satisfies its resolvent. From lemma 3.9, we can deduce the following
consequence, which is the analogue of theorem 3.6 for linear systems of the form (3.11):

3.10. Theorem. [definition 3.1] Let x be an infinite cardinal, let E be a P.O.M..
Then the following are equivalent:

(i) Every compatible linear system of the form (3.11) of size at most . with parameters
from F admits a solution in E;

(ii) E is CO,-injective;

(iii) E is CO}-injective.

Proof. Assume that E satisfies (i). Let A be a sub-P.O.M. of a cone B and let f be a
P.O.M.-homomorphism from A to F; we try to extend f to a P.O.M.-homomorphism from
B to E; by an easy application of Zorn’s lemma, it suffices to prove that for all £ in B, f
extends to a P.O.M.-homomorphism from C' = A + N¢ to E. Consider the linear system
(S) of all equations (resp. inequations) of the form a+maz = b+nx (resp. a+mz < b+nx)
where a, b are in A, m, n are in N, m = 0 or n = 0 and which are satisfied in B by &. Let
(R) be some resolvent of (S). By lemma 3.9, A satisfies (R), thus E satisfies f(R); since
f(R) is a resolvent of f(S) and E satisfies (i), f(S) admits a solution in E, say x. But
then, since B is cancellative, it is easy to verify that for all a, b in A and m, n in N such
that a + m& < b+ n& (resp. a +m& = b+ nf), we have f(a) + max < f(b) + nx (resp.
f(a) + mz = f(b) + nx). Thus z is the value at £ of some P.O.M.-homomorphism from
C to E extending f; hence E is COg-injective, so that (i)=-(ii). Now, (ii)=(iii) is trivial,
and (iii)=(i) is an immediate consequence of lemma 3.9. n

From what precedes, one can immediately get the following corollary:

3.11. Corollary. Let E be a separative P.O.M., let (S) be a linear system either of
the form (3.1) or of the form (3.11) with parameters from E. Then (S) admits a solution
in some separative extension of E if and only if E satisfies the resolvent of (S).

Proof. Suppose first that (S) admits a solution in some separative extension F' of
E. By lemma 3.5 or lemma 3.9, according to the case, E satisfies the resolvent of (S).
Conversely, assume that E satisfies the resolvent of (S). Let x be an infinite cardinal ma-
jorating the size of (S). By theorem 3.2, there is a PRE M -injective P.O.M. F' containing
E. Thus, again by lemma 3.5 or lemma 3.9, (S) admits a solution in F'. |
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Our next step is now to define resolvents of any arbitrary linear system with one
unknown. Since the natural context for solving such linear systems is the context of
separative P.O.M.’s, such systems can always be written in the following canonical form:

a; + N;x sz (allz’ in I)
bj S Q; +njx (all] in J)
(3.15) ar +npr = by (all k in K)
as+ (ns+ 1)z <bs+x (all sin S)
ar+ (ni+Dx=b+x (alltinT)

where the a;, b; are elements of a given separative P.O.M.. Now, to (3.15), we can

associate the following linear system with two unknowns (obtained by ‘thinking that y =

a; +n;z < b; (all 4 in T)
b <aj+njx (all j in J)
(3.16) ap +npxr=b,  (all k in K)
as+nsx <bs+y (all sin S)
ar+nx=b+y (alltinT)

Denote by (Rg,y) this system. Then any of its resolvents in = (as defined in (3.12))
is a linear system ‘with idem-multiple unknown’, thus of the form (3.1) (with y instead of
x); denote it by (S,). Finally, let (T) be the resolvent of (S, ), as defined in (3.3). We will
say by definition that (T) is a resolvent of (3.15).

3.12. Lemma. Let k be an infinite cardinal, let E be a separative P.O.M., let (S) be
a linear system of the form (3.15), of size at most k and with parameters from E. If (S)
admits a solution in some preminimal extension of E, then E satisfies any resolvent of (S).
Conversely, if E is both ZM-injective and CO-injective and E satisfies some resolvent
of (S), then (S) admits a solution in E.

Proof. So suppose that (S) is just (3.15). Assume first that (S) admits a solution,
say x, in some preminimal extension F' of F; using lemmas 1.20 and 1.21, it is easy to see
that one may replace F' by F' — F', so that without loss of generality, I’ is a D.P.O.M.. Let
y = L. Then, using the definition of a D.P.O.M., it is immediate that (z,y) is a solution
of (3.16) in F. By lemma 3.9, y is a solution in F' of the resolvent (S,) of (3.16) (taking x
as unknown). But now, (S,) is a linear system of the form (3.1), thus, by lemma 3.5, F
satisfies its resolvent, which is (T); since all the parameters from (T) are in E, E satisfies
(T). Conversely, suppose that E satisfies (T). Since E is ZM -injective, it results from
lemma 3.5 that E satisfies (S,) for some y in éF . Since F is CO-injective, it results from
lemma 3.9 that E satisfies (R, ) for some x in E; it is then immediate that E satisfies
(3.15). u

It follows that all resolvents of (3.15) are (in separative P.O.M.’s) equivalent, so that
we will sometimes just speak about the resolvent of (S).

A first striking consequence of lemma 3.12 is the following characterization of PRE M-
injectivity:
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3.13. Theorem. [definitions 3.1, 3.4] Let k be an infinite cardinal, let E be a P.O.M..
Then the following are equivalent:

(i) E is PREM,-injective;

(ii) £ is PREM -injective;

(iii) £ is k-smooth and CO.-injective;

(iv) E is TM -injective and CO-injective.
(v) E is M -injective and CO};-injective.

Proof. It follows immediately from theorem 2.9 that every CO,-injective P.O.M. is
separative; therefore, the equivalence between (iii), (iv) and (v) results immediately from
theorems 3.6 and 3.10. Furthermore, it is trivial that (i) implies (ii) implies (v). Finally,
assume (iv); let us prove (i). It is sufficient to show that if A is a sub-P.O.M. of E of size
at most x and B is a preminimal monogenic extension of A, then (A — F) extends to a
P.O.M.-homomorphism 7 from B to E. But A is separative, thus (lemmata 1.20 and 1.21)
the natural map from A to B~ B is a P.O.M.-embedding: thus we may assume without
loss of generality that B is separative. Write B = A + Nb for some b in B. Consider the
linear system (S) of all equations and inequations with parameters from A of which b is
a solution (put under the canonical form (3.15)). By lemma 3.12, since B is separative,
A satisfies the resolvent of (S); thus E satisfies the resolvent of (S). By lemma 3.12, (S)
admits a solution, say z, in E. By definition of (S), x is the value at b of some extension
of (A FE) to B. Thus E satisfies (i). u

We can also define resolvents of arbitrary linear systems (with any number — possibly
infinite — of unknowns) the following way: let (S) be a linear system with parameters in
some P.O.M. E. Suppose first that (S) has finitely many unknowns z; (i < n) for some n
in w. One defines inductively linear systems (Sx) (k < n) by (Sg)=(S), and (Sg41)=some
resolvent of (Si) with respect to the unknown xj; then, we say that (S,,) is a resolvent of
(S). In the general case, where (S) has an arbitrary, not necessarily finite, set of unknowns,
say {x; : i € I}, for every finite subset p of I, let (SP) be a resolvent of the set of equations
or inequations in (S) whose unknowns belong to p; then say that Up(Sp) is a resolvent of
(S). Then we have the following

3.14. Theorem. [definition 1.2] Let E be a separative P.O.M., let (S) be an arbitrary
linear system with parameters from E and of size at most k. Then (S) admits a solution
in some separative extension of E if and only if E satisfies some [any] resolvent of (S).

Proof. When (S) admits finitely many unknowns, this is an immediate consequence
of lemma 3.12. Now assume that (S) has an arbitrary set of unknowns, say (z;);c;. By
the previous case, for every finite subset p of I, the linear system (SP) of all equations and
inequations in (S) with unknowns among {z; : i € p} admits a solution, say (a);cp, in
some separative extension Fj, of E. Let P be the set of all finite subsets of I, and for all p
in P, let P, ={q€ P: pCq}. Now, let F be the filter on P with basis {P, : p € P},
and let F' be the reduced product of (F},),cp relatively to F. For all ¢ in I, let a; be the
class modulo F of (a¥),ecp (it is well-defined since a? is defined F-everywhere on P). Then
it is easy to verify that (a;);er is a solution of (S) in F'; furthermore, F' is a separative
extension of F. ]
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It follows again that in any separative P.O.M.’s, all resolvents of a given linear system
(S) are equivalent; thus we will sometimes just speak about the resolvent of (S).

3.15. REMARK. Theorem 3.14 actually characterizes separative P.O.M.’s. For exam-
ple, in general, if a and b are two elements of some P.O.M. FE, then the existence of an x
in some extension of E such that a + x = b is not expressed only by the resolvent (the
quantifier-free formula a < b), but also by both following universal formulas

(Vz,y)(a+z<at+y=b+z<b+y),

and

(Vz,y)(a+x=a+y=b+z=>b+y).

Let 0(a,b) be the conjunction of a < b and both formulas above. As mentioned
without proof after the definition of preminimality (definition 1.2), 6(a,b) is equivalent
to “the equation a + x = b admits a solution in some extension of E”. However, when
e.g. B =N x., N, there is no parameter-free, quantifier-free formula equivalent to 6(a, b).
In general, existence of a solution of a given linear system in some extension of the base
P.O.M. is expressed by a universal formula, not necessarily quantifier-free.

The following theorem follows immediately from theorem 3.14 and the effectiveness of
the construction of the resolvent:

3.16. Theorem. [definition 1.2] Let E be a separative P.O.M. equipped with a
notion of recursivity for which the equality, preordering and addition of E are recursive.
Let (S) be a given finite linear system with parameters from E. Then the existence of a
solution of (S) in some extension of E is decidable. u

§4. RESTRICTED INJECTIVITY WITH MULTIPLICATIVE
CANCELLATION; CASE OF CONES WITH INFINITY.

It is time now to harvest some results yielded by the previous three chapters. Our
first result will be a characterization of PRE M,.-injective P.O.M.’s (k=some infinite car-
dinal) with the restriction that they are antisymmetric and satisfy the multiplicative <-
cancellation property. Hence, this will allow us to give an exact characterization of all
PO M,-injective P.O.M.’s. This will yield for example that [the P.O.M. associated with]
any divisible weak cardinal algebra is POM,-injective. We will first need a definition,
which generalizes the definition of strong refinement P.O.M. seen in [16], chapter 1.

4.1. DEFINITION. Let k be an infinite cardinal, let E be a P.O.M.. Then E is a
k-strong refinement P.O.M. when the following holds:

(SR 1) F is minimal, antisymmetric and satisfies the pseudo-cancellation property;

(SR 2) E satisfies the k-absorption property: for every subset X of E of size at most k
and every a in F such that X < a, there exists b in E such that X < b and b < a;

29



(SR 3) For all a, b in E and all X C FE of size at most k such that b < a + X, there is
c < X in FE such that b < a+ ¢;

(SR 4) E satisfies the (k, k)-interpolation property: for all subsets X and Y of E of size
at most k such that X <Y, there is c in F such that X < candc<Y.

Although we will not use this fact here, one can show that x-strong refinement P.O.M.’s
satisfy the finite refinement property. This can also easily be derived from the following

4.2. Lemma. Let E be a k-strong refinement P.O.M., let I and J be sets of size at
most k, let a;, b; (i € I UJ) be elements of E. For the inequation system

' bj <aj+ax (all jin J)

to admit a solution in F, it is necessary and sufficient that the following holds:

) ai+bj§aj+bi (aﬂ(l,j)lnIXJ)

Proof. The fact that (4.1) implies (4.2) is trivial. Now, assume (4.2). If J = (), then
x = 0 is a solution. If I = (), then (4.1) follows by interpolation between {b; : j € J} and
(). Now, suppose that I # () and J # 0. For all 7 in I, let ¢; in E such that a; + ¢; = b;.
Thus for all (¢,7) in I x J, we have a; + b; < a; + aj + ¢;, thus, by pseudo-cancellation,
b; < a;+c;+d;; for some d;; < a;; by (SR 2) (k-absorption property), there is d; < a; such
that d;; < d; for all j in J. But then, replacing ¢; by ¢; + d; does not affect the definition
of ¢;, thus we may as well assume that b; < a; + ¢;. Now, fixing j and using (SR 3), we
find e; such that e; < ¢; for all  in I and b; < a; + ¢;. By (SR 4) ((k, k)-interpolation),
we find z such that (V(i,j) € I x J)(e; <z < ¢;). It follows easily that x is a solution of
(4.1). n

From this lemma, we can now deduce the following

4.3. Theorem. [definitions 3.1, 4.1] Let x be an infinite cardinal. For an antisymmet-
ric P.O.M. E satisfying the multiplicative <-cancellation property to be PRE M,-injective,
it is necessary and sufficient that the following holds:

(i) E is a k-strong refinement P.O.M.;

(ii) For all a in E and every X C E of size at most  such that a < X, there is b in =FE
such that a < b and b < X.

(iii) E is divisible, i.e. for all m in N\ {0}, it satisfies (Vz)(3y)(my = x).

Proof. Assume first that E satisfies (i), (ii) and (iii). We first prove that E is k-
smooth (see definition 3.4). Since it is antisymmetric and satisfies the pseudo-cancellation
property, it is separative. Now let a,b € FE, let X C FE of size at most « such that
(Vz € X)(a+ x < b+ z). By the pseudo-cancellation property (in (SR 1)), there is a
map (z — T) from X to F such that (Vx € X)(a < b+ 7 and T < x). By (SR 3), there
is ¢ in F such that a < b+ cand (Vz € X)(¢c < T). Thus ¢ < z for all x in X (we
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use antisymmetry), hence, by (ii), there is d in éE such that ¢ < d and d < X; thus
de LE, d< X and a+d < b+d, so that (SM 1) holds. Let now a,b € E, X C E
of size at most x such that (Vz € X)(a+x = b+ z). By (SM 1), there are ¢,d < X in
éE such that a + ¢ < b+ c and b +d < a + d; since ¢ and d are idem-multiple < X,
¢+ d is idem-multiple < X, and, by antisymmetry, a + (¢ + d) = b+ (¢ + d). Thus (SM
2) holds. Finally, let X and Y be two subsets of F of size at most x such that X < Y.
By (SR 2), for every y in Y, there is § < y in E such that X < 7. By (SR 4), there is
¢ in E such that X < ¢ and (Vy € Y)(c < 7). Thus, by (ii), there is d in - E such that
c<dand (Vy € Y)(d < y); thus X < d and d < Y. Thus E satisfies (SM 3). So we
have proved that F is k-smooth. Now, let (S) be an arbitrary compatible linear system of
type (3.11) (thus with one unknown), with parameters from E and of size at most x; thus
(S) admits a solution in some separative extension F' of E (corollary 3.11), which we may
assume antisymmetric by quotienting F' by =g (by antisymmetry of E). Thus in F, (S)
is equivalent to a system of the following form:

, < b .
(4.3) {az‘Fnziﬁ_b@ (all ¢ in 1)

bj <aj+n;x (aljin J)

where |I|,|J| < &k, a;,b; € E and m;,n; are in N\ {0} for all i. Put a] = (1/n;)a;
and b, = (1/n;)b; (we use the hypotheses on E). Since (4.3) admits a solution in F, it is
immediate that the following holds:

44 a; < b (all 4 in I)
(4.4) ol ¥V, <al+b (all (i,7) in I x J)

Thus, by lemma 4.2, there is  in E satisfying the following linear system:

a; +x <b, (alliinI)
b; <al+x (all jin J)

But this implies immediately that z satisfies (4.3). By theorem 3.10, E is CO,-
injective. Finally, by theorem 3.13, E is PRE M-injective.

Conversely, suppose that E is PREM,-injective. Thus it is separative (by theorem
2.9), and k-smooth (theorem 3.6), thus it satisfies (SR 1) (use (SM 1)). Let R be the
sub-P.O.M. of N* used in the proof of corollary 2.7. Then every P.O.M.-homomorphism
from R to E extends to a P.O.M.-homomorphism from N* to E, thus, by the result of
claim 2 of the proof of corollary 2.7, E satisfies the finite refinement property; thus it is
a strong refinement P.O.M. (as defined in [16], chapter 1), and thus, it satisfies the finite
interpolation property, i.e. for all finite subsets X and Y of E such that X <Y, there is
¢ in E such that X < cand ¢ <Y (the proof of [13], theorem 2.28, applies). Now, let X
and Y be two subsets of E of size at most «. By theorem 3.14, for every linear system (S)
of size at most xk with parameters from E, (S) admits a solution if and only if every finite
subsystem of (S) admits a solution (this can also be proved directly using reduced powers,
see [16], proof of theorem 3.11). Applying this to the following system (with unknown c)

x<c (all zin X)
c<y (allyinY)
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we obtain that E satisfies (SR 4). A similar proof, using the fact that any strong
refinement P.O.M. satisfies the statement

(Va,b,c,d)(b<a+c,a+d= 3z <c,d)(b<a+x))

shows that E satisfies (SR 3). n

Theorem 4.3 will now allow us to characterize all POM,-injective P.O.M.’s. We will
need to prove that POM,-injective P.O.M.’s actually embed into injective P.O.M.’s.

4.4. Theorem. [definition 3.1] Let x be an infinite cardinal. Then a P.O.M. E is
PO M, -injective if and only if it is PRE M,-injective and Archimedean, the latter condition
meaning that

(Va, b) (/X\(na <b)=a< b> .

neN

In particular, every POM,,-injective P.O.M. embeds into a power of P.

Proof. Assume first that E is PREM-injective and Archimedean. Thus it is an-
tisymmetric (using the Archimedean property and minimality), and it satisfies the finite
refinement property. Furthemore, it satisfies (SR 3) (for countable X). Thus it is what
we called in [16], chapter 2, a relatively o-complete P.O.M.; thus ([17], corollary 2.17) it
embeds into some injective P.O.M., say F'. Let A be a sub-P.O.M. of a P.O.M. B of size at
most k, let f be a P.O.M.-homomorphism from A to E. Since F' is injective, f extends to
a P.O.M.-homomorphism g from B to F. But ¢gB is a preminimal extension of fA of size
at most k, thus, by assumption, (fA — FE) extends to a P.O.M.-homomorphism r from
gB to E. Then r o g is a P.O.M.-homomorphism from B to E extending f. Thus FE is
PO M ,-injective.

Conversely, assume that E is POM,-injective. So E is PRFE M,-injective, so that all
we have to prove is that F is Archimedean. First, the proof presented in [16], theorem
3.11, applies here to show that E is antisymmetric. Now let e, b in F such that for all n
in N, ne <b. Put a=>0+e, let A be the sub-P.O.M. of E generated by {a,b}.

Claim 1. Suppose that there is an extension B of A where lies an element x such that
a+x<2x and x+b<2b. Then e < b.

Proof of claim . Without loss of generality, B is countable. Since FE is POM,-
injective, (A — FE) extends to a P.O.M.-homomorphism r from B to E. Let ¢ = r(z).
Then a+c¢ < 2c and ¢+ b < 2b, thus, since F is separative, a < ¢ and ¢ < b, whence a < b;
since b < a and FE is antisymmetric, a = b, thus the conclusion follows. m Claim 1.

Now, we shall construct an extension as in claim 1. Equip A x N with the binary
relation — containing only the following ordered pairs:
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(x+a,m)— (x,m+1) (x € A meN\{0}),
(x,m+1)— (x+bm) (re€A x>b meN),

(x,m) — (z',m") (z,2" € A, mym’ €N, z <z', m<m’).

In the first case, we will write (z 4+ a,m) & (x,m 4 1); in the second case , we will
write (z,m + 1) 2 (2 + b,m); in the third case, we will write (z,m) = (2’,m’). For each
n in w, let —,, be the binary relation on A x N defined by

5 —p, t & (Hignsi)(so =sand s, =t and (/X\ S; — 8¢+1))-

<n

Finally, let <, be the union of all —,, (n € w). Since <, contains L, it is easy to see
that <, is a P.O.M.-preordering of AxN, containing the componentwise preordering <. Let
=, be the equivalence associated with <,; let B be the quotient P.O.M. of (A XN, +,0, <,)
by =.. So by definition, B is an antisymmetric P.O.M.. For all (z,m) in A x N, denote by
[z, m] its equivalence class modulo =,. Let j be the natural P.O.M.-homomorphism from
A to B, defined by (x + [z,0]). We shall prove that j is an embedding.

Claim 2. Let (x,p), (y,q) in A x N such that (z,p) <. (y,q). Then there are h, k in
N such that p+h < q+ k and x + kb < y + ha.

Proof of claim . We prove by induction on n that if (z,p) —, (y,q), then there are
h, k as above. If n = 0 take h = k£ = 0. Suppose the result is proved for n, and assume
(x,p) —=n+1 (y,q); thus there is (z,r) such that (x,p) —, (z,7) and (z,7) — (y,q9). By
induction hypothesis, there are h, k in N such that p+h < r+ k and =z + kb < z + ha.
Now, we have three cases to consider:

Case 1. (z,r) 5 (y,q). Then it is easy to verify that (h+ 1, %) solves the problem for
(z,p) and (y,q)-

Case 2. (z,7) = (y,q). Then it is easy to verify that (h, k + 1) solves the problem for
(x,p) and (y, q).

Case 3. (z,7) = (y,q). Then it is easy to verify that (h,k) solves the problem for
(z,p) and (y, q)-

This concludes the proof of the claim. m Claim 2.

We can now prove the

Claim 3. j is a P.O.M.-embedding.

Proof of claim. Since B is antisymmetric, it suffices to prove that for all z, y in A,
(z,0) <. (y,0) implies z < y. First, we prove by induction on n that if (z,0) —, (y,0)
and b £ y, then x < y. For n = 0 it is trivial. Assume that it is proved for n, and suppose
(2,0) —=nt1 (y,0); thus there is (z,7) such that (x,0) —, (z,7) and (z,7) — (y,0). But
by definition of — and since b £ y, we have (z,7) = (y,0), thus z < y and r = 0; thus
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b £ z, hence, by induction hypothesis, x < z; since z < y, we get = < y. So the problem
is solved for b £ y.

Suppose now that b < y and (x,0) <, (y,0). By definition, there are n in w and
si (1 <n)in A x N such that sp = (z,0), s, = (y,0) and for all i < n, s; — s;41. Let m be
the largest i < n such that (z,0) 5 5;. If m = n, then z < y and we are done, so suppose

m < n. Then we can only have s, - Sm41 O Sy — Smo1, thus s, = (z,r) where r # 0
and z < z. Since (z,7) <. (y,0), there are (by claim 2) h, k in N such that r +h < k and
z + kb < y + ha. Therefore,

x4+ (h+1)b <z + (h+r)b (because r # 0)
<x+kb
<z+kb
<y+ ha
<y+ (h+1)b.

Now, since E satisfies the pseudo-cancellation property and since b < y, we get
x <. m Claim 3.

Now, let 2 = [0,1]. Then (a,1) & (0,2) implies j(a) + = < 2z, and (b,1) = (2b,0)
implies j(b) + x < 2j(b). Thus j satisfies the conditions of claim 1: the conclusion
follows. |

The ‘if’ part of this theorem has an immediate corollary:

4.5. Corollary. The P.O.M. associated with any divisible weak cardinal algebra is
POM,,-injective. [ ]

The ‘only if” part of this theorem justifies remark 2.16: namely, if the assumption
that B is preminimal could be dropped from the hypotheses in lemma 2.15, then one could
prove as in the proof of theorem 3.2 that every separative P.O.M. can be embedded into
a POM,-injective P.O.M., thus into an injective P.O.M.. However, P5 (see example 2.12)
cannot be embedded into any injective P.O.M..

Now, we shall study briefly the PRE M -injectivity of P.O.M.’s which do not neces-
sarily enjoy neither the antisymmetry of <, nor the multiplicative <-cancellation property,
but are fundamental enough in view of theorem 1.4; these are the cones with infinity.

4.6. DEFINITION. A cone E is said to be positively existentially closed (write 37 -
closed) when every positive existential formula with parameters from E and one free vari-
able which admits a solution in some cone containing E' admits a solution in E.

4.7. Lemma. Let E be a cone. Then E is 3" -closed if and only if every compatible
finite linear system of the form (3.11) with parameters from E admits a solution in E.

Proof. In a given cone, every positive existential formula with one free variable is
equivalent to a finite disjunction of systems of the form (3.11); thus, the condition of
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the lemma implies 3T-closure of E. Conversely, assume that E is 37-closed. Consider
a finite linear system (S) of the form (3.11), with parameters from E; assume that it
admits a solution, say x, in some preminimal extension F of E. If TU K # (), then x
is bounded by some element of F, thus we may assume without loss of generality that
(Vv € F)(Ju € E)(v < u). Define on F' the preordering <, and the equivalence =, by

u<,ve (Fwe E)(ut+w <v+w),
u=,v<e (Jw e E)(ut+w=v+w).

Since F' is preminimal and FE is cofinal in F'| the quotient P.O.M. F’ of (F,+,0, <)
by =, is cancellative; since F is cancellative, the natural map from E to F' is a P.O.M.-
embedding. Thus, we may assume without loss of generality that F' is cancellative. Thus
F embeds into a cone, so that (S) admits a solution in a cone containing F, thus in E by
assumption. Suppose now that I = .J = () (so that (3.11) is always compatible). Then any
large enough element of F satisfies (S), so we are done. u

From this lemma, we could prove easily that in definition 4.6 of 3*-closure, one may
as well have considered formulas with an arbitrary finite number of free variables. We will
not use this result here.

Note that any finite system of the form (3.11) admits a finite resolvent. From this we
deduce immediately the following fact:

4.8. Corollary. Positive existential closure is a first-order property (in the language
of P.O.M.’s). [ |

4.9. Theorem. [definitions 3.1, 4.6] Let x be an infinite cardinal, let E be an
It -closed cone. Then there is an elementary extension of E which is a CO,.-injective cone.

Proof. For all cones A and B, write A <,; B the following statement:

“A is a sub-cone of B and every consistent linear system of the form (3.11) of size at
most xk with parameters from A admits a solution in B.”

Claim. Every 3T -closed cone A admits an ultrapower B such that A <,. B.

Proof of claim. Let P be the set of all finite subsets of «; for all p in P, put P, = {q €
P : p C q}; let U be an ultrafilter on P containing {P, : p € P}. Let B be the ultrapower
of A by U. We prove that A <,; B. So let (S) be a linear system of the form (3.11) of size
at most x with parameters from A; write (S)= {¢;(z) : i < k}. For every p in P, there
is x, in A such that A satisfies ¢;(z,) for all ¢ in p. Let x = [z, : p € Ply. Then z is a
solution of (S) in B; the conclusion follows. m Claim .

By corollary 4.8, the B above is still 3T-closed. We conclude by a k'-elementary
chain argument, similar to the one used in the proof of theorem 3.2. ]

In fact, the fundamental class of objects we have to study is the class of cones with
infinity (definition 1.3):

35



4.10. Proposition. Let k be an infinite cardinal, let E be a COy-injective cone.
Then E U {oco} is PREM,-injective.

Proof. Let A be a sub-P.O.M. of a cone B of sise at most «, let f be a P.O.M.-
homomorphism from A to EU{cc}. Let A’ = f"'!Eand B'={z € B: (3ye A')(z <y)}.
Then, by hypothesis, f|4/ extends to a P.O.M.-homomorphism ¢’ from B’ to E. Extend
g’ by the value oo on B\ B’: the map we obtain is a P.O.M.-homomorphism from B to E
extending f. Thus F U {oco} is CO-injective. But it is trivially k-smooth (see definition
3.4). The conclusion follows by theorem 3.13. u

The picture about cones is completed by the following

4.11. Proposition. Every cone embeds into a 37 -closed cone.

Proof. An easy increasing chain argument (see the proof of theorem 3.2). |

But it is trivial that every cone with infinity is k-smooth for all x (see definition 3.4).
Using theorem 1.4, and propositions 4.10 and 4.11, we immediately get the following

4.12. Corollary. Let k be an infinite cardinal. Then every separative P.O.M. embeds
into a product of PREM-injective cones with infinity. |

We shall now discuss a case where the structure of the cones of corollary 4.12 is
particularly simple. We start with the

4.13. Lemma. The cone R of positive reals is 3" -closed.

Proof. For every cone E containing R, define binary relations <, and =, on E by

T <,y \X/ mx < my,
meN\{0}

and

r=,ys r<,yandy<, x.

Then the natural embedding from R, to the quotient-P.O.M. F of (E,+,0,<,) by
=, is a P.O.M.-embedding, and F' is antisymmetric and satisfies the multiplicative <-
cancellation property; and finally, if (S) is a linear system with parameters from R, ad-
mitting a solution in F, then it admits a solution in F. So the only linear systems to
consider can be put under the form

a; <z (alliin I)
x <b; (alljinJ)

where the a; and the b; are in Ry. However, such a system is compatible if and only
if a; < b; for all (4,7) in I x J, and then, it admits a solution in R . n
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A similar proof shows in fact that an antisymmetric cone satisfying the multiplica-
tive <-cancellation property is 3T-closed if and only if it satisfies the finite interpolation

property (example: Q).

4.14. Theorem. [definition 1.2] Let A be a separative, antisymmetric P.O.M. satis-
fying the multiplicative <-cancellation property. Then there is an elementary extension F
of Ry such that A embeds into a power of E'U {oc0}.

Proof. First of all, let *R; be an ultrapower of R, with respect to some non trivial
ultrafilter over w. Then *R is 3T-closed, and there is ¢ > 0 in *R such that
(Vn € N\ {0})(e < 1/n). Now let x be an infinite cardinal such that |A|] < k. By
theorem 4.9, there is a COg-injective cone F which is an elementary extension of *R,.
Let F = E U {oc0}. By proposition 4.10, F' is PREM,-injective. Put A’ = Hom(A, F)
(=P.0.M. of P.O.M.-homomorphisms from A to F'), A” = Hom(A’, F'), and let T be the
canonical evaluation map from A to A”. Since A is antisymmetric, it suffices to show that
for all a, bin A, T(a) < T'(b) implies a < b. So suppose T'(a) < T'(b). One can define
uin A" by u(z) = 0if x € Alb, u(x) = oo if x ¢ A|b. Since u(a) < u(b) = 0, we have
a € Alb. Thus if 2b = b, then a < b and we are done. Now suppose that 2b # b. Since A is
separative and antisymmetric, one can define a P.O.M.-homomorphism « from Nb to R
by u(nb) = n. Let S = {(p,q,n) € NxNx (N\{0}) : na+pb < ¢b}. Since a € Alb, S # 0,

thus a = /\{u : (p,q,n) € S} is an element of Ry. It is known (see [16], lemma 3.7)
n

that « is the value at a of some P.O.M.-homomorphism v from Na + Nb to Ry extending
u. Since F'is PRE M ,-injective, v extends to a P.O.M.-homomorphism, still denoted by
v, from A to F. By assumption, v(a) < v(b), i.e. &« < 1. Now two cases can occur:
Case 1. There exists (p,q,n) in S such that o = a—p
n
Then na + pb < gb < (p+n)b, thus, by pseudo-cancellation property and since n # 0,
na < nb, thus, by the multiplicative <-cancellation property, a < b so we are done.

Case 2. For all (p,q,n) in S, a < a-p
n

Let 8 = a+¢. We prove that (3 is the value at a of some P.O.M.-homomorphism from
A to F extending u. Since F'is antisymmetric and PRFE M -injective, it suffices to prove
that for all m, n, m’, n/ in N such that ma+nb < m’a+n'b, we have mgB+n < m/g+n’.
Since ma + n < m’a + n, the conclusion is immediate if m < m’. Now suppose that
m > m'. We have

m'a+ [(m —m')a+ nb] <m'a+n'b

and there is k in N such that m’a < kb, thus, since A is preminimal, we have
kb + [(m —m")a + nb] < kb+ n'b,

/

i.e. (k+n,k+n',m—m’) € S. Thus, by hypothesis, a < Ln/, thus also
m—m
n —n

0 <

- since v is real and ¢ is infinitely small. Tt follows easily that mB3-+n < m’G+n'.
m—m
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So, let w be a P.O.M.-homomorphism from A to F' extending u such that w(a) = 5. We

have w(a) < w(b), i.e. < 1; thus o < 1, thus there is (p,g,n) in S such that =P q,
n

Then we conclude as in case 1 that a < b.

Hence T is a P.O.M.-embedding, which concludes the proof. |

4.15. ExAMPLE. It is known (see e.g. [8]) that the equidecomposability types
P.O.M.’s seen in example 2.13 do not necessarily embed into a power of P (“finitely additive
positive invariant measures do not separate equidecomposability types”). However, when
S(B)/G is separative (this is the case when G is exponentially bounded, see example 2.13)
and satisfies the multiplicative <-cancellation property (this is the case for B = P(X) —
the proof presented in [14], theorem 8.7, needs only a minor modification to apply to <
instead of just =), then theorem 4.14 shows that finitely additive invariant measures with
values in a certain ‘non-standard version’ of R U{oo} separate equidecomposability types.
To summarize, we have the

4.16. Corollary. Let G be an exponentially bounded group acting on a set X. Then
the equidecomposability type P.O.M. S(P(X))/G embeds into a power of E'U {0}, where
E is some elementary extension of R . ]

Laconically, this could be expressed by positive invariant non-standard measures se-
parate equidecomposability types.

One may object that in the conclusion of theorem 4.14, the elementary extension
E of P in the powers of which we embed A grows at the same rate as A; could it be
possible to embed A into a power of a certain separative P.O.M. which does not depend
on A? We shall now give a strong negative answer to this question. For this purpose, we
shall construct a family (A¢)econ of simply defined antisymmetric cones satisfying the
multiplicative <-cancellation property such that there is no P.O.M. S such that every A
embeds into a power of S. The definition of A¢ is the following: consider the abelian group
Ge = ZRe+D) equipped with the positive cone Ag defined by

Ae={z € G¢: z=0o0r (3a <R¢)(z(a) >0 and (V3 > o) (z(8) =0))}.

Finally, if A and B are two P.O.M.’s, write A < B the statement “A embeds into a
power of B”.

4.17. Theorem. There is no P.O.M. S such that (V§ € ON)(A¢ < S).

Proof. For every P.O.M. A and all a, b in A, let [b: a] be the set of all ordinals 6
such that there is an increasing § + 1-sequence (z¢)e<p such that zg < b and
(V€ < 0)(xes1 > e +a); put b/a = \/[b: a] if it exists, co otherwise. Thus b/a depends on
A, but in what follows, the A under consideration will always be clear from the context.
Finally, we put ||A|| = \/{b/a: (a,b) € A, b/a < co}.

Claim 1. Let A be a preminimal P.O.M.. Then for all a, b in A such that a +b £ b,
we have b/a < |A|T. Thus, ||A] < |A|T.
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Proof of claim. Let 6 in [b: a], let (x¢)¢<g be an increasing 6 + 1-sequence in A such
that zp < b and (V€ < 0)(ze11 > z¢ +a). If 6 > |A|T, then there are £ < n in 6 + 1 such
that z¢ = x,,. Thus z¢ +a < x¢, thus a + b < b since A is preminimal, a contradiction.
Thus 6 < |A]™; the conclusion follows. m Claim 1.

Claim 2. Let f be a P.O.M.-homomorphism from a P.O.M. A to a P.O.M. B, leta, b
in A. Then b/a < f(b)/f(a).

Proof of claim. Straightforward. m Claim 2.

Claim 3. Let A and B be two P.O.M.’s with B preminimal such that A< B. Then
IA]l < [IB]].

Proof of claim. Let a, bin A such that b/a < oo; thus a+b £ b (because of the constant
sequences with value b and of arbitrary length), thus there is a P.O.M.-homomorphism f
from A to B such that f(a)+ f(b) £ f(b). Since B is preminimal, f(b)/f(a) < oo by claim
1, thus f(b)/f(a) < ||B||. The conclusion follows by claim 2. m Claim 3.

Claim 4. For all § in ON, ||A¢]| > Re.

Proof of claim. For all o < X, let x, be the characteristic function of {a}. Then
(Ta)a<y, is increasing, and for all & < R¢, Ta11 > To + 2o, Thus oy, /79 > Re.m Claim 4.

Now we can conclude: let S be a P.O.M. such that for every ordinal £, A¢ <.S. Since
all the A¢’s are minimal, the P.O.M. §,,, obtained by replacing the preordering of S by
the minimal preordering of S satisfies the same property; thus we may assume without
loss of generality that S is minimal. By claims 3, 4 and 1, we obtain that for every &,
Ne < [IS]| < |S|™, a contradiction. ]

4.18. REMARK. This last result is to be put in complete opposition with several
connected categories: for example, in the category of Boolean algebras, we have (VA)(A<2);
in the category of abelian groups, we have (VA)(A < Q/Z); in the category of normed
linear spaces, we have (VA)(A<R); in the category of all P.O.M.’s which can be embedded
into injective P.O.M.’s, we have (VA)(A < P); in the category of separative commutative
semigroups, we have (VA)(A< (Q/Z) U {cc}) — this last fact being a counterpart for the
generally better ‘categorical simplicity’ of P.O.M.’s versus commutative semigroups.

4.19. REMARK. There are other ways, not investigated here, to decompose P.O.M.’s
into smaller pieces. One of the most important seems to be the decomposition into a
product of subdirectly irreducible components. One of the most remarkable (and almost
trivial) results using these techniques is that any subdirectly irreducible P.O.M. is either
coarse (i.e. <p,= A x A) or antisymmetric; consequently, every P.O.M. embeds into the
product of an antisymmetric P.O.M. and a coarse P.0O.M.. However, there are only two
antisymmetric, separative subdirectly irreducible P.O.M.’s up to isomorphism, these are
1 = {0} and 2 = {0, 00}, so there is little connection here with corollary 4.12 or theorem
4.14. But still, the elementary theory of decomposition into subdirectly irreducible com-
ponents can be easily carried out in the class of models of a given theory consisting only
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on universal Horn axioms; this is the case e.g. for separativeness. However, we have not
at present investigated this aspect of things for P.O.M.’s.
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