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Preface

First Draft. March 2011. Updated October 2014, 2016, 2018

The present extended monograph contains most of the results obtained in joint research
work carried out by the authors, along the period 2000 - 2014 in Paris, France, and Buenos
Aires, Argentina. Parts of this work have appeared in print, [DP1] - [DP3] (proofs are omitted
in [DP2]).

Both the theory of real semigroups, presented here, and its ancestor, that of abstract real
spectra originating with Brocker and Marshall (see [M], Chs. 6 - 8) (Cite Brocker here.), arose
from the idea of setting up an axiomatic framework to investigate order and quadratic form
theory in (commutative, unitary) rings, both in their own right and in view of applications to
real algebraic geometry. It was Brocker [Br] who took the first steps, motivated by questions of
minimal representations of constructible sets in real geometry. His ideas were further developed
and exposed in [ABR], Ch. III, under the name ”spaces of signs”. At about the same time
(1994-96) Marshall gave a new, drastically simplified, axiom system for abstract real spectra.

By their construction, both these abstract theories apply, in the context of rings, under the
following constraints:

(1) To (structures constructed from) rings satisfying a mild orderability requirement: namely,
those having a non-empty real spectrum. This condition is equivalent to —1 not being a sum
of squares; rings with this property are called semi-real!.

(2) To diagonal quadratic forms. Note that quadratic forms over rings seldom are diagonalizable
(ADD REF).

However,
(3) No restriction is imposed on the coefficients of the quadratic forms under consideration 2.

The orderability requirement (1) seems indispensable to get an organized pattern common
to the gigantic variety of rings occurring in mathematical practice. In fact, it is surprising that
a theory —even a quite rich one— could at all emerge at that level of generality and, further,
that this is achieved on the basis of a rather simple axiom system.

In the sequel to this Preface we describe the plan of the present work in conceptual terms,
following a genetic (rather than a lexicographic) order of presentation.

The notion of a real semigroup. Origins.

! Unless explicit mention to the contrary, the word ”ring” stands in this text for commutative, unitary and
semi-real ring.

2 Quadratic forms over preordered rings with invertible coefficients are investigated in [DM6], employing
techniques from the theory special groups.
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The axioms for abstract real spectra mix topology and algebra. In its original form the
theory cannot be recast as a set of first-order statements in a suitable language, a very con-
venient format for many purposes. However, based on the previously known duality between
reduced special groups and abstract order spaces ([DM1], Ch. 3), we aimed at devising an
axiom system in a natural first-order language, functorially dual to the theory of abstract real
spectra.

After some work at the early stages of our joint research we succeeded in obtaining a natural
axiom system fulfilling these requirements, whose models we baptized “real semigroups” (ab-
breviated RS); these axioms appear in § I.2. They are formulated in a language ERS comprising
a binary product operation “”, constants 1,0, —1 and a ternary relation “D” (representation
by, also called the value set of, binary forms). The duality real semigroups/abstract real spectra
was proved in [DP1], Thm. 4.1; cf. § 1.5 below.

As stated in § 1.2, the axioms for real semigroups involve another ternary relation —called
transversal representation, denoted by D~ definable in terms of D without involving quanti-
fiers. Transversal representation is conceptually important: in the example of rings it reflects
what is left from the latter’s addition, an operation not compatible with ordinary representa-
tion D in passing from a ring to its associated real semigroup (product, however, is compatible).
For a discussion of this point, see [M], p. 96.

Post algebras; the Post hull of a real semigroup.

Motivated by the existence of the Boolean hull of reduced special groups ([DM1], Ch. 4)
our next goal was to search for a “hull” of a RS having “reasonable” functorial properties
and capable of yielding some information about the given RS. Our search was guided by the
following considerations:

e Every Boolean algebra has a natural structure of reduced special group ([DM1], Ch. 4,
§1).

e Every reduced special group has a (canonical) “hull” which is a Boolean algebra, i.e., an
algebraic model of the classical (two-valued) propositional calculus ([DM1], Ch. 4, § 2).

e Real semigroups (and semi-real rings) can be conceived as essentially 3-valued objects.
For example, an element a of a (semi-real) ring A can be thought of as a function @ :
Sper (A)— 3 = {1,0, —1}, where, for a € Sper (A),

a(a) := sign of a/supp(a) in the total order of the ring A/supp(a) determined by a.
(supp(«) is the prime ideal a N «.)

For a more detailed discussion of this approach, see [DP2], pp. 50-51.

It was natural, then, to search for a "hull” amongst the algebraic counterparts of three-
valued propositional logic. Of the various versions that had been studied since the early 1920’s
(and, in algebraic form, since the 1940’s), the fact that RSs have an absorbent element 0 lead us
to the choice of the formulation proposed by Post, namely Lukasiewicz’s 3-valued propositional
logic with a “center” having properties resembling the zero of the RSs.

We proved that any Post algebra carries a natural structure of real semigroup (§ IV.2),
and that the Post algebra C(X o 3) of continuous functions of the character space 3 X g of G
(with the (Boolean) topology induced from 3%) into 3 = {1,0, —1} with the discrete topology,
is a “hull” (in the usual categorical sense) in which G embeds naturally by evaluation. From a

3 A character of a RS is a L s-homomorphism G— 8 = {1,0, —1}; 8 has a unique RS structure; cf. 1.2.5.
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heuristic viewpoint this “Post hull” of a RS has a role parallel to that of the “Boolean hull” of
a reduced special group 4.

Concerning the RS structure of Post algebras, we mention the following:

(A) A quite useful characterization of transversal representation involving the “modal” opera-
tions present in Post algebras, exhibiting a remarkable symmetry (Theorem IV.2.7 (i)).

(B) RS-morphisms between Post algebras coincide with Post-algebra morphisms (IV.2.11).
(C) The outstanding functorial properties of the Post hull construction (§ IV.4).
(D) Quotients of RSs commute with the formation of the Post hull (Theorem IV.4.10).

In § IV.6 we prove some model-theoretic results concerning Post algebras (viewed as RSs),
and in § IV.7 we characterize the rings whose associated real semigroup is a Post algebra. We
also prove that Post algebras are “realized” by rings, i.e., any Post algebra (viewed as a RS) is
isomorphic to the RS associated to some ring.

In § IV.5 we characterize representation and transversal representation of forms of arbitrary
dimension over Post algebras in terms of their order and their lattice and “modal” operations.
Applied in the case of the Post hull of a RS, these characterizations make it possible to “read
off” certain properties of the value sets and transversal value sets of Pfister forms over the given
RS akin to those well known in the field case (cf. IV.5.6, IV.5.9).

The representation partial order.

An important by-product of the Post hull construction is that the (distributive lattice)
partial order of the hull restricts to a partial order on the given RS. This order is not compatible
with product in any standard algebraic sense; in fact, the relations between it and product are
rather subtle (see Propositions 1.6.4 and 1.6.5). At any rate, this order is definable from the
representation relation of the given RS (1.6.2).

This, hitherto unnoticed, partial order —that we call the representation partial order—
has a structural role in the theory of RSs in many senses similar to that of the homonymous
partial order in the theory of reduced special groups ([DMM], § 1.1, pp. 29-31). This is why
we present it at an early stage of development of the theory (§ 1.6). The following results
substantiate the importance of this concept:

(E) The representation partial order of any RS, G, induces a natural bounded distributive
lattice structure on the set Id(G) = {x?|z € G} of idempotent elements of G (Proposition
1.6.8).

(F) For spectral RSs (see below and Chapter V) the representation partial order endows G
itself with a bounded distributive lattice structure, and conversely (Theorem V.6.6).

Spectral real semigroups; the spectral hull of a real semigroup.

In Chapter V we study in detail a class of RSs that we call spectral. The definition of the
members of this class is done in terms of the spectral topology of the character space X P of a
RS, G; their role in relation to this topology is parallel to that of the Post algebras in relation
to the constructible topology of X , (see above).

Given a spectral space, X, the set Sp(X) consists of all spectral maps X— 3, with 3

4This analogy should be taken only as a guideline: Boolean algebras are never Post algebras.



endowed with the spectral topology whose specialization order is

0
[ )
7N\
1 -1
Product, the constants 1,0, —1, and representation in Sp(()X) are pointwise defined.

Equipped with this structure, Sp(X) verifies all axioms for RSs with the possible exception
of axiom [RS3b], asserting that D!(-,-) # () (Theorem V.1.4), and this axiom holds if and only

if the space X is hereditarily normal, i.e., for every z € X, the set {2z} = {y € X|z~y} is
linearly ordered under ~» (Theorem V.1.5).

Among our most significant results about spectral RSs, we mention:

(G) Existence of a functorial duality (anti-equivalence) between the category of hereditarily nor-
mal spectral spaces with spectral morphisms and that of spectral RSs with RS-homomorphisms
(Theorem V.5.4).

(H) Spectral RSs are exactly those RSs for which the representation partial order is a distribu-
tive lattice (Theorem V.6.6).

(I) Every RS, G, has a “spectral hull” with the required functorial properties; namely, Sp(X G),
where the character space X o 1s now endowed with its spectral topology. The spectral hull of
a RS is included in its Post hull, but it is much smaller; in fact, the spectral hull of a RS is
generated by the given RS as a lattice (Theorem V.6.2). Formation of the spectral hull is an
idempotent operation (Theorem V.4.5).

(J) The class of spectral RSs is first-order axiomatizable in the language Leg (Theorems V.2.1
and V.7.4), and the specific form of the axioms guarantees closure of the class under a number of
algebraic and model-theoretic constructions, amongst others the formation of quotients modulo
arbitrary RS-congruences (see below).

(K) The character space of the spectral hull of a RS, G, is canonically homeomorphic to X .
and the quotients of G are determined by the proconstructible subsets of X , (V.8.2 and V.8.4).

In § V.7 we look at spectral RSs from the perspective of the so-called Kleene algebras,
namely distributive lattices with a non-classical “negation” (corresponding, in RSs, to mul-
tiplication by -1). We characterize spectral RSs as Kleene algebras verifying some natural
additional conditions (Theorem V.7.2).

Spectral RSs occur in profusion among rings; in § V.10 we prove that the RS associated to
any lattice-ordered ring is a spectral RS. Further, the spectral hull of the RS associated to any
semi-real ring is canonically isomorphic to the RS associated to its real closure in the sense of
Prestel-Schwartz [PS].

Description of the next important class of RSs, the RS-fans, that we introduce and study in
Chapter VI, requires a prior detour through the “pointed” semigroup structures (no represen-
tation relation) underlying the real semigroups, structures that we call ternary semigroups
and examine in § I.1.

Ternary semigroups.

Ternary semigroups (abbreviated TS) are commutative, unitary semigroups with two extra
constants —1,0, such that —1-—1 =1, and forall z,2° =z,2-0=0and z = —1 - z=x = 0.
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These structures play, in the theory of RSs, a role comparable to that played by the groups
of exponent 2 with a distinguished element —1 in the theory of reduced special groups. But
while the latter have a rather trivial structure (vector spaces over the two-element field with
a distinguished non-zero element), ternary semigroups have, in general, a far more complex
structure.

In § I.1 we pay due attention to the construction of TS-characters (i.e., homomorphisms
into 3 preserving the TS-structure); the techniques at work here foreshadow those, taken up
in § 1.4, employed to construct real semigroup characters, and used throughout the text. We
also examine the quotients of TSs, and show how TS-congruences can be constructed from
those of simpler structures (essentially, bounded join semilattices); we exhibit some examples
of T'S-congruences that will occur time and again.

Section § 1.3 is devoted to examine a fairly general method of construction of RSs from T'Ss.
Given a ternary semigroup and a set of its (TS-)characters, a ternary relation is defined that
satisfies most of the axioms for real semigroups —indeed, all of them with the possible exception
of the strong associativity axiom (axiom [RS3] in 1.2.1).° By means of this construction, many
proofs that some structures are RS’s, are reduced to verifying the validity of the sole strong
associativity axiom. We give examples showing that this axiom may, in general, fail, but also
that it is satisfied by some finite sets of characters of small cardinality. Further, by showing
that the closure of any set of TS-characters in the constructible topology defines the same
ternary relation, we obtain an additional topological instrument facilitating many proofs.

RS-fans.

A class of field preorders called fans, was introduced by Brocker in the 1970’s and exten-
sively studied thereafter (see [L2], Ch. 5). Fans turned out to be veritable “building blocks”
in the algebraic theory of quadratic forms over fields. A no less important role have their
generalizations to the settings of abstract order spaces ([M], Ch. 3) and reduced special groups
([DM1], pp. 8-9 and 89-90).

However, a suitable notion of a fan does not hitherto exist in the categories of real semi-
groups and abstract real spectra. In Chapter VI we introduce and study a natural notion
of a fan in these categories, here dubbed RS-fans and ARS-fans, respectively. The results
described below underline, in our opinion, the naturality and the relevance of these notions.

Among their many characterizations, fans in the category of reduced special groups (and
its dual of abstract order spaces®) are those objects, F, such that every group character
F—{+£1} sending —1 to —1 preserves the representation relation D,. Alternatively, this
amounts to saying that D, is the “smallest possible” relation compatible with the axioms; in
fact,

| {a,b} ifas#-b
DF(a’b)_{ F ifa=—b
We proceed by analogy in the case of RSs. Having observed that ternary semigroups are the
structures underlying the RSs, we define a RS, G, to be a (RS-)fan if and only if its character
space X ., consists of all TS-characters G— 3. It turns out that this is equivalent to require
that G is a RS and the product of any three characters is again a character.

A necessary condition for any of these requirements to hold is that the zero-sets Z(a) =

5 Particular cases of this general construction were used by Marshall ([M], § 6.6); these and other cases of
importance in real algebraic geometry are treated in § I11.3 below.
6 Fans correspond to each other under this duality.
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h € X,|h(a) = 0 of elements of G be totally ordered under inclusion.

For TSs, T, satisfying this necessary condition, we characterize in Theorem VI.2.1 the
representation and transversal representation relations that, added to T', will result in a RS-
fan. The actual result is far more involved than the above characterization of D, for reduced
special groups, but the intuitive guideline follows a similar path: the requirement that all
TS-characters become RS-characters gives, of course, the biggest possible (RS-)character set
and, dually, the “smallest possible” representation and transversal representation relations.
Theorem VI.2.1 gives a precise formulation to this intuition and shows that it is consistent
with the axioms. The proof is long and delicate.

Once this is accomplished, many consequences follow; to give a taste:
L) Any TS-homomorphism of a RS-fan into any RS is a RS-homomorphism.
M) The various definitions of “RS-fan” are equivalent.

(
(
(N) Every TS-ideal of a RS-fan is a saturated prime ideal.

(O) A TS-subsemigroup S of a RS-fan is saturated iff it contains all idempotents and SN —S
is an ideal.

In § VI.3 we describe in detail some examples of RS-fans among TSs with < 3 genera-
tors. In each case we determine the representation partial order and the specialization order
of the character space. We also show that RS-fans are (non-distributive) lattices under the
representation partial order.

Section § VI.4 is essentially devoted to prove a characterization of RS-fans in terms of
product, the specialization relation and quotients at saturated prime ideals (Theorem VI1.4.2).
As corollaries we obtain abstract analogs of the notion of a trivial fan, a basic concept in the
theory of preorders on fields.

This abstract characterization of RS-fans is interpreted, in § VI.5, in the context of the
real semigroups associated to preordered rings, yielding an algebraic characterization of the
preordered rings whose associated real semigroup is a RS-fan (Corollary VI.5.13); this char-
acterization constitutes a non-trivial generalization of classical results from the theory of pre-
ordered fields to the far vaster realm of preordered rings. It follows that the real semigroups
associated to several outstanding classes of preordered rings are RS-fans (Corollary VI.5.14,
Theorem VI.5.25).

The study of the fine structure of the character spaces of RS-fans —equivalently, ARS-
fans— begins in § VL.7. A central notion here is that of a level set in a ARS-fan X, i.e,,
the set of h € X whose zero-set Z(h) is a fixed ideal of F' (necessarily prime and saturated);
certain subsets of level sets are also important in this connexion. Any level set is, itself, an
abstract space of orders.

We show that ARS-fans have a rich supply of involutions of their level sets which, in
addition, are automorphisms of abstract order spaces; specifically, given an ideal I of F' , any
pair of elements g1, g2 € X, such that I O Z(g;)(i = 1,2) determine an involution of the level
set corresponding to I, having many good properties. We also prove that these involutions
move certain subsets of X, (having a rather technical definition) in specific ways, resulting in
strong constraints to the possible configurations of the specialization order of X (VL.7.11 -
VI.7.18).

In § VI.8 we study the specialization root-system of finite ARS-fans. Our main result, the
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isomorphism theorem VI.8.9, shows that the order of specialization determines the isomorphism
type of finite ARS-fans (isomorphism in the sense of [M], Def. p. 103). The proof relies on a
notion of standard generating system.

A comparison with the case of abstract order spaces may help putting in focus the difficulties
in the present situation. Abstract order spaces possess a natural structure of a combinatorial
geometry (matroid) which, moreover, is isomorphic to that of linear dependence of a set of
vectors inside some vector space over the 2-element field; this was proved in [D1] for the field
case and generalized to abstract order spaces in [Li]. By use of this tool, the analog of the
foregoing isomorphism theorem in the context of abstract order spaces is straightforward (cf.
[D1], § 5). For ARSs the situation gets significantly more involved, owing to:

e The absence of a combinatorial geometric structure.

e The presence of the specialization order, that ought to be brought into the picture.

The notion of a standard generating system is an ersatz for that of a matroid basis, sufficient,
however, to yield the stated isomorphism theorem.

As a by-product we get that the isomorphism type of finite ARSs is determined by a finite
system of numerical invariants. This is done in § V1.9, while in § VI.10 we prove that these
invariants form a complete system; the proof requires, of course, constructing finite ARSs
having a prescribed system of invariants of the appropriate type.

Section VI.11 is devoted to determine the quotients of RS-fans. We prove in VI.11.2 that
any such quotient is again a RS-fan, and that any RS-congruence of a RS-fan is determined by
a proconstructible subset satisfying a certain closure condition (already considered in § I1.2).

Quotients of real semigroups.

Chapter II is devoted to the rather delicate question of congruences of real semigroups and
their quotients, and their application to the real semigroups arising from rings.

Observe at the outset that, since the class of RSs is not algebraic (the representation relation
is not a function), there is not a ready-made notion of congruence to be used; however, there
is such a notion for the algebraic class of ternary semigroups.

We have chosen a notion of congruence that seems natural in the present context: an
equivalence relation = on a RS, GG, which is a congruence for the TS structure underlying
G, such that the quotient TS, G/=, is equipped with a ternary relation D /= under which
(G/=, DG/E) becomes a RS; further, we require the quotient map 7 : G — G/ = to be a RS-
morphism verifying the following universal property: every RS-morphism f : G — H into a
RS H such that a = b = f(a) = f(b) holds for all a,b € G, induces a RS-morphism (necessarily
unique) ]?: G /= — H such that fA’o = f.

Every such (RS-)congruence gives rise to a set of characters H_CX . which is procon-
structible and, equipped with the spectral topology induced from X ., is homeomorphic to

XG/E as spectral spaces (Proposition I1.2.8).

G’

Any subset H C X, defines in an obvious way a TS-congruence =, on G and a ternary
relation D, on the quotient ternary semigroup G/=,, (:= G/H) (1.3.2). We prove, without
additional assumptions on the set H, that the quotient structure (G/H, DH’ -, 1,0,—1) verifies
all axioms for RSs except, possibly, associativity of the ternary relation DH' This quotient
structure is the same as that defined by the closure of H in the constructible topology of X o
However, there are examples showing that the associativity axiom may fail without additional
requirements on the set H. In Theorem I1.2.9 we give a necessary closure condition on H for
(G/ =D, /E) to be a RS, but a manageable sufficient condition is still lacking.
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In § I1.3 we deal with quotients of RSs determined by specific sets of characters frequently
occurring in quadratic form theory and real algebraic geometry: localizations, quotients by
saturated sets, by saturated subsemigroups, by transversally saturated subsemigroups, and
residue spaces at saturated prime ideals. All these families of characters produce quotients in
our sense; some of them have been previously considered by Marshall ([M], §§ 6.5, 6.6), who
proved, in the dual terminology of ARSs, that, indeed, they are RSs. Our work in this section
considerably extends Marshall’s: for each of these families of characters we characterize the
equivalence relation, as well as both representation relations in the quotient, in terms of the
constants, operation and relations of the initial RS.

All the examples mentioned in the preceding paragraph are determined by sets of characters
convex for the specialization partial order. However, among RS-fans and spectral RSs one finds
examples where convexity fails, whence not determined by any set of characters of the above
mentioned types.

In section § I1.4 we examine the quotients considered in § I1.3 in the important case of the
RSs G, (resp., G, ) associated to a ring A (resp., with a preorder 7). We show that in each
case the corresponaing RS-quotient is the RS associated to a ring obtained from the given ring
A by suitably combining the standard operations of forming rings of fractions and quotients
modulo ideals (resp., using also preorders constructed from 7).

A classical theme in commutative algebra and algebraic geometry is the representation of
algebraic structures, e.g., rings, by means of algebraic structures consisting of continuous global
sections of sheaves of other algebraic structures —usually with better properties— over topolog-
ical spaces. Archetypal of results of this kind (and the most famous of them) is Grothendieck’s
representation of any ring (commutative, unitary) by continuous sections of a sheaf of local
rings over its Zariski spectrum. The list is long: Hofmann [Ho| contains a survey of results of
this type (up to the early 1970’s).

In § ITI.1 we prove a representation result of this type: any RS is isomorphic to one consisting
of continuous global sections of (quasi) reduced special groups over the (spectral) space of its
saturated prime ideals.

An interesting application of the foregoing sheaf representation theorem is given in § II1.2;
we prove that, whenever the (spectral) space of saturated prime ideals of a RS, G, is normal, the
stalks of the sheaf of (quasi) reduced special groups form a projective system —not necessarily
along a right-directed index set— whose projective limit is a RS in which G embeds completely.
Note that the category of RS’s is not, in general, closed under the formation of projective limits.
In fact, this result is a particular case of a far more general (and new) model-theoretic result
about the preservation of Horn-geometric sentences by projective (not necessarily directed)
limits of structures over index sets having an order property akin to normality.

In § II1.3 we introduce a class of maps between ERS—structures that we call transversally
2-regular, having rather strong properties. For example, when the quotient map G — G/ =
modulo an equivalence relation = in a RS, G, is transversally 2-regular, the congruence is au-
tomatically a RS-congruence of G, i.e., satisfies the requirements laid dawn above (Proposition
IT1.3.2). Among our current examples, localizations and residue spaces at saturated prime ide-
als have this property, as well as arbitrary quotients of Post algebras (IV.4.12) and of RS-fans
(VI.11.3). However, in II1.3.5 we give an example showing that quotients modulo saturated
subsemigroups may not be transversally 2-regular.

Paris, Buenos Aires, April 2011.



Chapter 1

Real Semigroups

Important note. Most of the material in Sections 1 — 4 of this chapter has been published
in [DP1], including full proofs of results. Since this material is constantly used in the present
text, omitting it completely would have definitely impaired readability. In order to avoid
unduly increasing the length of this paper, we have decided to include all the material from
[DP1] necessary to the understanding of the mathematical content —motivations, definitions,
notations and the statement of results—, but omit the proofs already given there. Proofs of
those results not appearing in [DP1] are, of course, included here.

I.1 Ternary semigroups

In this section we introduce the notion of ternary semigroup. This class of (commutative,
unitary) semigroups with additional individual constants, underlies the notion of real semigroup
—t0 be introduced in §2 below— in a sense parallel to which the groups of exponent 2 with a
distinguished element —1 underlie the notion of special group.

In spite of the similarity of their roles, these classes of structures differ in very significant
ways. Firstly, while the groups of exponent 2 have a rather trivial algebraic structure —
they are just vector spaces over the two-element field—, that of the ternary semigroups is far
more complex. Secondly, while the set of characters of groups of exponent 2 carry only one
natural topology —that of a Boolean space—, the set of characters of a ternary semigroup
(into {1,0,—1}) is naturally endowed with a spectral topology with a non-trivial specialization
order, carrying also an associated constructible (Boolean) topology.

Definition 1.1.1 A ternary semigroup (abbreviated TS) is a structure (S,-,1,0,—1) with
individual constants 1,0, —1, and a binary operation “-” such that:

TS1

(S,-,1) is a commutative semigroup with unit.

[TS1]

[TS2] 2® =z forallz € S.

[TS3] —1# 1 and (—1)(—1) = 1.

[TS4] z-0=0 forall z € S.

[TS5] Forallze S, z=—-1-2 = z=0.



We shall write —z for —1-z. The semigroups verifying conditions [T'S1] and [TS2] (no constants
other than 1) will be called 3-semigroups. O

Remark. Note that the invertible elements of a 3-semigroup —in particular, those of a ternary
semigroup— are exactly the elements a such that a? = 1 [Proof: if ab = 1 for some b, scaling
by a? gives a® = a?(ab) = a®b = ab = 1.]] O

Examples 1.1.2 (a) The three-element structure 3 = {1,0, —1} has an obvious ternary semi-
group structure.

(b) For any set X, the set 3% under pointwise operation and constant functions with values
1,0,—1, is a TS. More generally:

(c¢) The class of ternary semigroups is closed under direct product and substructures (but not
under homomorphic images). In particular, if A is a subsemigroup of a T'S containing 0 and
1, then A U —A is a TS. Further, since the axioms [TS1]-[TS5] are Horn sentences of the
(natural) language ETS = {-,0,1,—1} for ternary semigroups, the class is also closed under
reduced products (cf. [CK], §6.2).

(d) Any group of exponent 2 obviously is a 3-semigroup; the pointed group of exponent 2 with
a distinguished element —1 # 1 underlying a reduced special group (henceforth abbreviated
RSG 1) also verifies [TS3]. Any such group, G, becomes a ternary semigroup by adding a new
absorbent element 0, i.e., extending the operation by x- 0 =0, for z € G U {0}. Note that the
set of invertible elements of a 3-semigroup is a group of exponent 2 (see Remark above).

I.1.3 Reminder. (The real spectrum of a ring)

We shall assume familiarity with the construction and basic properties of the real spectrum
of (commutative, unitary) rings A, denoted Sper (A). The basic theory of the real spectrum is

expounded in [BCR], §7.1, [DST], §23, or [M], Ch. 5, pp. 83ff.

For the reader’s benefit we briefly summarize the basics of this construction, leaving it to
him finding in the given references the (geometric) motivation that led to the choice of objects
described hereafter.

Objects of Sper (A). These are the prime cones of A (also called orderings in [M]), i.e., the
preorders T of A [T+T CT and A? CT] such that, in addition, T U ~T = A and TN —T is a
(proper) prime ideal, called the support of 7" and denoted by supp(T'). For further details and
information, see [BCRJ, §§4.2, 4.3 or [DST], §23.1. We shall denote the elements of Sper (A)
by Greek letters. Note that, for o € Sper(A), the set {a/supp(c)|a € a} is a (total) ring
order of the quotient domain A/supp(a), denoted < _. The canonical quotient map from A
to A/supp(e) is denoted by m . A ring is called semi-real if Sper (A) # (; this condition is
equivalent to —1 ¢ Y A2

Topology of Sper (A). A subbasis for the (spectral, also called Harrison) topology of Sper (A)
is given by the family of sets H(a) = {a € Sper(4)|m _(a) > 0}, for a € A. Thus, a basis
consists of the family of sets H(a,...,a_ ) = {« € Sper(A) |7 _(a;) > OA...A7_(a ) > 0}
for all finite sequences a,,...,a of elements of A. O

o
(e) For any semi-real ring A, let the set G, consist of all functions @ : Sper (4) — 3, for a € A,
where

1 ifaca\ (—a)
a(a)=4 0 ifaean—a

-1 ifae(—a)\a

! For the notion of special group the reader is referred to [DM1]; see especially Chapter 1, for basic definitions.



with the operation induced by product in A, is a TS. More generally, given a (proper) preorder
T of a ring A one can relativize the definition above to T', by considering functions @ defined
on Sper(A,T) = {a € Sper(A)|a DO T}, instead of Sper(A); the corresponding ternary
semigroup will be denoted G AT The case above is obtained for T'= Y A2 O

Notation I.1.4 (a) By a subsemigroup of a unitary semigroup we mean a subset closed
under the operation - and containing 1. Thus, a subsemigroup of a TS may not contain 0
or —1 and hence may not be a substructure for the language [,TS for ternary semigroups (cf.
1.1.2 ().

(b) The definition of ternary semigroup (TS-) homomorphism is standard: preservation
of product and the constants 1,0, —1 is required. A TS-character is a TS-homomorphism
into 3. If h : T'— 3 is a TS-character we write P(h) (set of “positive” elements) for the set
h=10,1] and Z(h) (set of “zeros”) for h=1[0]. The set of TS-characters of T will be denoted
by Hom, (T, 3) or, alternatively, by X...

(¢) The product of two TS-homomorphisms f, g : T} — T,, between ternary semigroups T, T,
is pointwise defined: for ¢t € T\, (f-g)(t) := f(t)g(t). Obviously, f -g is a homomorphism
of unitary semigroups sending 0 to 0, but it is not a T'S-homomorphism, since —1 is sent to
1. However, the product of any three (or any odd number of) TS-homomorphisms is a TS-
homomorphism. This closure property, will play a crucial role throughout the present text,
especially in Chapter VI.

(d) An ideal of a semigroup S is a non-empty subset I C S such that 7 -S C I. An ideal is
prime if it is proper and abe l = a€ lorbe I, for alla,b e S. a

We shall frequently use the following Fact, whose proof is standard and left to the reader:

Fact 1.1.5 Let I be an ideal in a TS, T, and let A be a subsemigroup of T such that I N A = ().
Let J be an ideal of G containing I and maximal with respect to being disjoint from A. Then,
J is prime. In particular, if a & I (by setting A = {1,a?}) it follows that an ideal mazimal for
not containing a s prime. O

If T is a ternary semigroup, then Id(7") will denote the set of idempotents of T, i.e., 1d(T)
={z €T |z =22} Clearly, Id(T) is a subsemigroup of T containing 0.

Remark 1.1.6 If h: T — 3 is a TS-character, the set S = h~1[{0, 1}] verifies:
(i) S is a subsemigroup of T containing Id(T).

(ii) SN —S (= h71[0]) is a prime ideal.

(iii) SU—S = T.

A subset verifying these properties will be called a prime subsemigroup of 7. A prime
subsemigroup contains 0. O

The prime subsemigroups S of T" are in one-one correspondence with the TS-characters of
T; indeed, S defines a T'S-character upon setting, for x € T"

1 if 28\ (-5)

ho(z) =4 0 if teSnN-5
-1 if ze(=9)\S.

The following Lemma and Proposition give the tools used in practice to construct TS-
characters:



Lemma 1.1.7 Let T be a TS and let I be a prime ideal of T. Let S be a subsemigroup of
T such that:

(1) d(T)uICS.
(2) S is mazimal such that SN —S = 1.

Then, S is a prime subsemigroup, i.e., SU —S = T. The TS-character hS defined by S (as

above) wverifies I = h1[0] and S = h;l[{O, 1}].

S
Proof. See [DP1], Lemma 1.5, p. 102. O

Notation I.1.8 Given a subsemigroup A of a TS, T, containing Id(7T), the set I[A] =
{x € T| — 2% € A} is a (possibly improper) ideal of T' containing A N —A. In this situ-
ation, I' = A U I[A] is a subsemigroup of 7', and I[I'] CT'. The easy proof of this assertion is
left as an exercise. 0

Theorem 1.1.9 (Separation theorem for subsemigroups.) Let T be a TS and let ACT be a
subsemigroup such that Id(T) U I[A]CA. Then, for every a € T \ A there is a character
h € X, such that AC P(h) and h(a) = —1.

Proof. By Zorn’s lemma there is a subsemigroup S of 7" such that A U [[S]C S and S is
maximal for a € S. We prove that, for such an S the following hold:

(a) The ideal I[S] is prime.

Proof of (a). Otherwise, there are p,q € T so that p,q & I[S] but pq € I[S], that is, —p?, —¢* &
S but —p?¢® € S. Let Sp =S U —p’S U I[S U —p2S]. The remark in I.1.8 implies that Sp is
a subsemigroup of T and I [Sp] C Sp; obviously Sp D S. By maximality of S, a € Sp. Since
a g S, we have a € —p2S or a € I[S U —p?5], ie., —a®> € S U —p*S. But —a? € S entails
a € I[S] C S, contradiction; hence, either a € —p?S or —a? € —p?S. A similar argument gives
a€ —¢>S or —a® € —¢*S. Thus, we have the following cases:

2 _

(1) a € —p?S N —¢?S. Then, a = —p251 = —q252 with s,,s, € S, whence —a* = p2q23132;

but —p?¢® € S yields, then, —a? € S, i.e., a € I[S] C S, contradiction.

5 With s ,s, € S. Since

€ S, contradiction. The case a € —¢>8S,

(2) a € —p?S and —a® € —¢?S. Then, a = —p231 and —a? = —¢%s
—p?¢® € S, we get a = (—a)(—a®) = —p*¢®
—a? € —p%S is similar.

(3) —a® € —p®S N —¢%S. Then, —a? = —(—a?)(—a?) = —(—p251)(—q232) = —pqusls2 e_s,
whence a € I[S]C S, absurd.

$152

These contradictions prove item (a).
(bySU-S=T.
Proof of (b). Otherwise, let p € T be so that p,—p & S, and set SI’) =S UpSuUIlSUDpS.
Then S; is a subsemigroup of T containing Id(7) and I[S;] QS; (I.1.8); clearly S; > S.
Obviously, the same assertions hold for S” . S U —pS U IS U —pS]. By maximality of 5,
a€ S;) N Sip, and since a € S, either a € pS or —a? € pS, and a € —pS or —a? € —pS. This
gives four cases to consider:

(1) a € pS N —pS. Thus, a = ps, = —ps,, §,,8, € S, whence —a® = p25152 e S, ie.,
a € I[S]C S, contradiction.



(2) a € pS and a® € pS. In this case, a = a-a® € p>SCS, contradiction. The case
—a® € pS, a € —pS is similar.

(3) —a®? € pS N —pS. Then, —a? = ps, = —ps,, 5,8, € S, whence —a? = (—a?)(a?) =

p23132 € S, contradiction.

All cases being contradictory proves item (b). Items (a) and (b) together with Id(T") C S
show that S is a prime subsemigroup of 7. The character hS induced by S verifies ACS =
P(hs) and, since a & S, hS(a) = —1, as required. O

The following separation theorem —proved in [DP1], Thm. 1.6, p. 103— is also a corollary
of the foregoing result; we sketch the proof using 1.1.9.

Theorem 1.1.10 (Separation theorem for ideals.) Let T be a TS, I be an ideal of T, and
acT\I. Then:

(a) There is a T'S-character h of T such that h| I =0 and h(a) # 0.

(b) If, in addition, —a - Id(T) N Id(T) C I, then there is a character h so that h[I = 0 and
h(a) = 1.

If I is prime, in both (a) and (b) the character h can be chosen so that h=1[0] = I.

Sketch of proof. (a) Apply Theorem 1.1.9 to the subsemigroup A = I U1d(T'). Note that if
x € I[A], i.e., —2? € A, then either —2? € 1d(T), i.e., —2% = 2%, and then 2 =0 € I C A, or
—z% € I, which implies * = (—x)(—2%) € I CA. This also shows that I[A]CI. Conversely,
ICIA] forz €I = —a?=x(—x) e ICA = x € I[A]. So, I[A] = I. Since a & I, we get
—a?> ¢ A. By 1.1.9 there is h € X such that AC P(h) and h(—a?) = —1, whence h(a) # 0;
we also have I = I[A]=A N —-ACZ(h).

(b) Here we apply 1.1.9 to the subsemigroup A = Id(7") U a-1d (T') U I. To check I[A]CA,
suppose that —z? € A. If —2? € Id(T), then —2? = 22, and hence z = 0 € ICA. If
—22 € a-1d(T), then 22 € —a-1d (T)N Id(T), and x? € I by assumption, whence x € I C A.
Finally, if —22 € I, then z € I CA.

Note also that —a € A. Otherwise, since a ¢ I, we either have:

(i) —a € Id(T"), whence —a € —a-1d(T)N1d(T)C 1, and a € I, absurd, or
(i) —a € a-1d(T), i.e., —a = az?, whence —a? = a?2? = (—a)? = a?, and then a = 0 € I,
absurd again.

By L.1.9 there is a character h € X, so that AC P(h) —which yields I C Z(h)—, and
h(—a) = —1, i.e., h(a) = 1. The last assertion is left to the reader. 0

Definition I.1.11 For c€ T, let I, = {z € T | *x = x}. m
It is easily checked that I, is the ideal of T" generated by ¢ (possibly improper).

Theorem 1.1.12 (Separation theorem for ternary semigroups.) Let T' be a TS and let a,b €
T, a #b. Then, there is a TS-character h of T so that h(a) # h(b). In other words, the set
X of TS-characters separates points (in T). Equivalently, the evaluation map from T to 3XT
is an injective TS-homomorphism.

Proof. See [DP1], Theorem 1.9, pp. 103-104. O

Together with Proposition 1.1.14 below, Theorem 1.1.12 implies a similar separation result
for 3-semigroups; namely:



Theorem 1.1.13 (Separation theorem for 3-semigroups.) Let A be a 3-semigroup and let
a # b be in A. Then, there is a 3-semigroup character h : A — 3 so that h(a) # h(b).
In particular, the set X(A) of 3-semigroup characters of A with values in 3 separates points

(in A). Equivalently, the evaluation map from A to 3X(A) is an injective homomorphism of
3-semigroups. O

Proposition 1.1.14 Every 3-semigroup A can be embedded (as a unitary semigroup ) into a
ternary semigroup A. Hence, the restriction to A of any TS-character ofA to A is a unitary
semigroup character.

Proof. Adding, if necessary, an absorbent element 0 to A, we can assume, without loss of
generality, that A possesses such an element 0 # 1. Let A’ be a set disjoint from A, of the
same cardinality as A\ {0}, and let u be a bijection from A \ {0} onto A’. With - denoting
the product in A, we endow the set A = AUA’ with a product operation * defined by: for

T,y € 3,

(i) zx0=0%xxz=0.

(i) fz,ye A\{0}, thenz*xy=2x-y.

(iii) If z € A\ {0} and y € A" with, say, y = u(d), § € A\ {0}, then z *xy = p(x - ).
(iv) If z,y € A" with, say, z = u(d),y = u(d’), 4,8’ € A\ {0}, then zxy=4-¢".
Claim. With —1 := pu(1), <£, x,0,1,—1) is a ternary semigroup.

Proof of Claim. Verification that A is a commutative semigroup with 0 as an absorbent element
is straightforward and left to the reader.

—zxl=gzforalzeA.

By (i) and (ii) this is clear if z € A. If z € A" and z = p(8) with § € A\ {0}, by (iii) we have
zxl=p(d-1)=p(d) ==z

— A satisfies axiom [TS3] in L1.1.

1# —1sincel € A\{0},—1 = u(1) € A" and ANA’ = (. By (iv) we have (—1)x(—1) =1-1 = 1.
— ¥ =g forall z € A (axiom [TS2]).

This is clear if x € A. If € A’ with, say, = u(5),6 € A, by (iv) we have 22 = z x x = §°
and, by (iii), 2% = 22 x z = (0% - 8) = pu(0®) = u(d) = =.

— A satisfies axiom [TS5].

We prove the contrapositive. Let 2 € A\ {0}. If z € A\ {0}, since —1 = p(1), from (iii) we
get —1xx = p(l-z) = pu(xr) € A’; hence, —1 xx # x, as A and A’ are disjoint. If z € A’ with,
say, ¢ = p(d),0 € A, from (iv) we get —1xx=1-J =0 € A and we conclude —1 * z # x.

Clearly, A extends A as a unitary semigroup. Note that the Claim and Theorem 1.1.12
imply Theorem 1.1.13. Note also that (iii) implies —1 % § = p(9) for § € A. O

Remark. The unitary semigroup character I sending all of A to 1 cannot be extended to a
TS-character of A. O

Omit next Theorem.

Another offshoot of this technique is the following duality-type result (not used in the
sequel).



Theorem 1.1.15 Let T be a TS. Let x(T') denote the set of 3-semigroup homomorphisms from
T to 3 (no preservation of 0 or —1 required ). Under pointwise product, x(T) is a 3-semigroup.
With the topology induced by the product topology on 3T (discrete topology on 3), x(T) is a
compact, Hausdorff topological semigroup. The set C(x(T')) of continuous semigroup homomor-
phisms from x(T') to 3 (no preservation of 1 required) admits a structure of ternary semigroup,
with the distinguished elements —1,0, 1 represented by the respective constant functions on x(T).
Then, the evaluation map from T into C(x(T")) is a TS-isomorphism. O

I.1.16 Reminder. (Spectral spaces)

(a) A spectral space is a T07 quasi-compact topological space ? having a basis of quasi-
compact open sets closed under finite intersections, and such that every closed irreducible set
is the closure of a (necessarily unique) point.

(b) In any spectral space, the binary relation between points defined by:
z~sy if and only if y € {x} (= closure of {z}),
is a partial order, called the specialization partial order (we say, y specializes x).

(c) If B is a basis of quasi-compact open sets of a spectral space, X, the family {U\V | U,V €
B} forms the basis of another topology on X called the constructible topology and denoted
by Xcon. With this topology, X becomes a Boolean space (compact, Hausdorff, totally
disconnected). The closed subsets of X, are called proconstructible.

(d) A spectral space X is called hereditarily normal® iff for every x € X the set
{y € X | z~y} is totally ordered under specialization.

A thorough development of the theory of spectral spaces will appear in [DST]; we adopt here
the notation and terminology used in this monograph. Further references containing basic
information on spectral spaces are [KS], Chapter 3, and [M], §6.3, pp. 111-114.

It is well-known that the real spectrum of a ring is a hereditarily normal spectral space; cf.
[BCR], Prop. 7.1.22, p. 117; this is also the case of abstract real spectra, [M], Prop. 6.4.1, p.
114. a

1.1.17 Topologies on X = Hom(T,3), T a ternary semigroup.

(a) Let X, denote the set of T'S-characters of T, a subset of 37, The set X carries a spectral
topology given by the sets

n
H(ty,....t,)=(_ [t,=1] (t, e T),
as a basis of quasi-compact opens, where, for t € T and i € {—1,0,1}, [t =i] = {f € X, |
f(t) =i}

Shall we include a proof that this topology is spectral; or leave it as exercise?.

Lemma 1.1.18 below gives several algebraic characterizations of the specialization partial
order. Note that the specialization order in an arbitrary ternary semigroup may not be hered-
itarily normal, as shown in Example 1.1.20 below.

(b) The associated constructible topology on the set X has as basis of clopens the sets

2 That is, compact in the usual sense but not necessarily Hausdorff.
3 Also called completely normal.



ﬁ[tizlﬂﬂﬁ[t;zoﬂ (t.t €T)
i=1 j=1

The set X, is a closed subset of 37, endowed with the product topology (discrete topology on
3); further, the latter induces precisely the constructible topology on X, (see also [M], §6.3,

pp. 110-112), denoted in the remainder of this text by (X,
con

(c) Sets of type [t = 1] and [t = 0] are sometimes denoted by U(t) and Z(t), respectively;
see, for example, [M], pp. 102-103. We shall use either of these notations. a

Added Nov. 2011 Warning. Throughout this monograph the default topology on all character
spaces s the spectral topology. Whenever the associated constructible topology is used, the
modifier (.)con will be attached to the name of the space. O

The next Lemma gives several characterizations of the specialization order in ternary semi-
groups that will be repeatedly used throughout this text.

Lemma 1.1.18 Let T be a TS, and let g, h € X The following are equivalent:

(1) g~ h (i.e., h is an specialization of g).

(2) h 1] Cg 1] (equivalently, h='[—1]C g~ 1[-1]).
(3) g7 '[{0, 1}] S h{{0, 1}].

(4) Z(g) CZ(h) andVa € G(a & Z(h) = g(a) = h(a)).
(5) h = h%g (equivalently, h* = hg).

Proof. By definition, in any spectral space we have:
g~ h iff he{g} iff for every subbasic open U, he U =g e U.

(cf. 1.1.16). Since the subbasic opens of X, are the sets {h € X [h(a) = 1} for a € G
(I.1.17), we get at once the equivalence of (1) and (2). By taking complements and replacing
a by —a, (3) is equivalent to (2).

(1)/(3) = (4). For the first assertion, if g(a) = 0, (3) gives h(a) € {0,1}, but (2) precludes
h(a) = 1. For the second, (2) gives h(a) =1 = g(a) = 1; if h(a) = —1, just replace a by —a.

(4) = (5). The identity h = h%g obviously holds if h(a) = 0; if h(a) # 0, it follows from the
second assertion in (4) and h?(a) =

(5) = (2). h = h%g and h(a) = 1 clearly imply g(a) = 1. O
We also register the following algebraic characterizations of inclusion and equality between

the zero-sets of elements of X,,..

Lemma 1.1.19 Let T be a TS, and let u,g,h € X,.. Then:

(1) Z(g) = Z(h) > g° = h?.

(2) Z(9) S Z(h) & h* = h?g>.

(3) If u~> g, h, then Z(g) C Z(h) if and only if g~ h.

Proof. (1) follows at once from (2).



(2) The implication (<) is trivial, and the reverse implication (=) is easily verified: if g(x) # 0,
then g%(z) = 1 and the equality holds; if g(x) = 0, then h(z) = 0, and both sides of the equality
are 0.

(3) Obviously w~- g,h implies Z(u) C Z(g), Z(h). The implication (<) is clear.

(=) Assuming Z(g) C Z(h), it suffices to verify the second clause of 1.1.18(4). Let a & Z(h).
Then, a € Z(g), and the equivalence of items (1) and (4) in 1.1.18, together with u~- ¢g and
u~> h yields u(a) = g(a) and u(a) = h(a), respectively. Thus, g(a) = h(a), as required. O

T, T

Example 1.1.20 Let 7' = {-1,0, Lz, z,, 2,3y, —T,—T,,
2

on two generators z,,,, with relations x* = z (i = 1,2), The specialization order of XT is
3
not hereditarily normal.

-z —x1x2} be the ternary semigroup

Proof. Let g,h,h, € X, be defined on generators by:

z. +— 0 Tz, — 1
T, 1(i=1,2); : 1 : 1
g iUl’_) ('L ) )a hl { le—)17 h2 { x2'_>0'

Using the equivalence of (1) and (5) in 1.1.18 one easily verifies that g~ hy and g~ h,,, but
hy % hyy hy /Dy O

However, below we show that the character space of a ternary semigroups is normal in the
standard topological meaning of this notion: a topological space is normal if disjoint closed
sets have disjoint open neighborhoods. (Warning. The space is not assumed to be Hausdorff
nor 771.) In the context of spectral spaces, normality admits the following characterization in
terms of the specialization order:

Fact 1.1.21 ([DST], Thm. 7.4.5) A spectral space X is normal if and only every element has
a unique specialization maximal in the poset (X, ~); i.e., for all x € X there is a unique
y € XM such that x ~~y. a

Proposition 1.1.22 The spectral space Xp, T a ternary semigroup (with topology as in
L1.17(a)), is normal.

Proof. Using the characterization in 1.1.21, assume, towards a contradiction, that there are
g € X7 and hy # hs in (XT)maX such that g~ hq, ho.

Check whether refs. to [DP1] in this proof can be replaced by internal refs.

Claim 1. There is t € T such that hi(t) # 0 and ha(t) = 0.

Proof of Claim 1. Otherwise, for all ¢ € T, ho(t) = 0= hi(t) = 0, i.e., Z(h2a)CZ(h1). Re-
call (Lemma 1.1.18 (4)) that g~- hg implies Z(g)CZ(hg). Let x ¢ Z(hy). From g~ h; and
1.1.18 (4) we get g(z) = hi(x); likewise, g~~ ha entails g(x) = ha(z); hence, hi(x) = ha(z). By
1.1.18 (4) again, ha ~» hy and, from hy € (X7)™** we get hy = hg, contradiction. a

Reversing the roles of h; and hy we get an element ¢’ € T such that ho(t') # 0 and hy(¢') = 0.

Let I; = {x € T|t?z = 2} be the ideal of T generated by ¢ (cf. [DP1], Def. 1.8, p. 103).
We have t' ¢ I;; else, t?t' = t', whence ho(t') = ho(t)?ha(t') = 0, contradiction.

Let I be an ideal of T' containing I; and maximal for not containing ¢'; any such ideal is
prime, cf. [DP1], Fact 1.3, p. 101. Let h € 37 be defined by:

WI=0 and A[(T\I)=h[(T\I).
Claim 2. h € X7.



Proof of Claim 2. Clearly, h(i) =i for ¢ € 3. It remains to prove that h(ti1t2) = h(t1)h(t2) for
t1,to € T. There are two cases:

— t1tg € 1.
Since [ is prime, either ¢1 or t5 is in I. Hence, both terms of the required equality are 0.
— tita € 1.
Then, t1,t3 & I, and we have:
h(tth) = hl(t1t2) —MheXr hl(tl)hl(tg) =ti¢l h(tl)h(tz). O
Further, we have

Claim 3. hj~ h.

Proof of Claim 3. We check by cases the equality A = h?hy in 1.1.18 (4). If x € I, the value
of both sides at x is 0. If = ¢ I, then h(z) = hi1(z) and either both these terms are 0, or else
h?(x) = 1; in either case the equality holds. O

Since hy € (X7)™, we get hy = h. But ¢t € I; so, h(t) = 0, while h;(t) # 0, contradiction. O

Remark. Given a TS-homomorphism f : 71 —T5, the dual map f* : Xp,,— X7, defined by
f*(h) := h o f for h € Xp,, is spectral: routine verification shows that, for ¢,...,t, € T
(n>1):

(f)HH (s ) = H(f(R), - - f(tn)- R

The Proposition that follows —a generalization of Lemma 1.1.18— gives a structural rela-
tionship between non-negativity, product and specialization of finitely many ternary semigroup
characters at a time.

Proposition 1.1.23 LetT be a TS, and let h,h ..., hn € X be TS-characters. The following
are equivalent:

(1) iz P(R) S P(R);
(i) There is RC{1,...,n} of odd cardinality such that h = h?-[[,cph
(i4i) There is RC{1,...,n} of odd cardinality such that ([[;cgph,)~~h.

7:7

Proof. (ii) < (iii) is the equivalence (1) < (5) in Lemma I.1.18 (since card(R) is odd, [[;cg h, €
X), and (iii) = (i) follows from (1) = (3) in that Lemma.

(i) = (ii). Induction on n. The case n = 11is (3) = (5) in I.1.18. We assume, then, that n > 2
and the implication holds for all k < n. If thereis j € {1,...n} such that (., ,.; P(h,) C P(h),

the induction hypothesis applies and the conclusion follows. So, we also assume
(I) Forall je{l,...n}, L,z P(h) & P(h).
For each j € {1,...n} choose an element x; € T such that
(ID) R (x;) >0 for alli € {1,...n},i # j, and h(z;) = —1.
From (., P(h;) C P(h) follows
(III) hj(a:j) =-1(G=1...,n).
Since Z(g) = P(g9) N P(—g) (g € X,), our assumption implies
(IV) (Y, Z(h) € Z(h).
Since Z(h) is a prime ideal, (IV) entails the existence of m € {1,...n} such that Z(h_)C Z(h)

m

[otherwise, for each m € {1,...n} there is y,, € T such that hm(ym) = 0 and h(ym) # 0;
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setting y := [[,,, ym we have h(y) # 0 (Z(h) prime) but h_(y) = 0 for all m, contrary to (IV)].

We set,
Ri={j e {L,....n}| Z(h) S Z()} (#0).

If je{1,...,n}\ R, then Z(hj) ¢ Z(h), and there is aj € T such that
(V) hj(aj) =0 and h(a;) #0 (€ {1,...,n}\ R).
Let a:=][;zpa; and x := [[;cpz; . Clearly, h(a) # 0, whence h(a?) = 1.

Assuming card(R) even, by (II) we have h(z) = 1, whence

(VI) h(a?z) =1.
On the other hand we have
(VII) hj(a2:1:) €{0,-1}forj=1,...,n.

In fact, if j € R, (V) entails hj(a) = 0, and hence hj(an) = 0. If j € R, we have hj(m) =
erth(:ck) = hj(a:j) rer s hj(a:k). From (IV) and h(z) = 1 comes h].(a:) # 0, and
then hj(xk) # 0 which, by (II), yields hj(mk) = 1for k € R\ {j}. Altogether this gives

hj(l‘) =—1-1=—1 for j € R, implying hj(aga:) = —hj(aQ) € {0,—1} for j € R, as asserted.
From (VII) we get —a?z € N, P(h,) C P(h), ie., h(a%r) < 0, contradicting (VI).

Conclusion: card(R) is odd.

Claim. h =" T[;cph,.

Proof of Claim. Fix y € T. The equality is clear if A(y) = 0. Assume h(y) = 1 and the

right-hand side # 1. From y € Z(h) we get y & Z(hj) for j € R, and hence HjeR hj(a;) = -1

Let S :={j € R]hj(y) = —1}; then card(S) is odd. Let z := a%y [I;es ;. Since h(y) =
1, h(a®) =1, h(z;) = =1 (j € S) (by (II)), and card(S) is odd, we get h(z) = —1.

Let j € {1,...,n}. We consider three cases.
(i) j & R. By (V) we have hj(aj) = 0, whence hj(a) =0, and hj(z) =0.
(ii) j € S. Then (invoking (III) for the last equality) we have:
(1) hi(Tlkes ) = res by (@) = (@) - Tlres gy 7y () = = Tresi gy 7y (2 -

By (II), hj(xk) >0 for k € S\ {j}. Since j € R, if hj(a:k) = 0 we would have h(z,) = 0,
contradicting (II). So, hj(mk) =1 for all k € S\ {j}, whence (from (%)), hj(erS z,)=—1
Since hj(y) = —1, we get h].(y “[xesz,) =1, and then hj(z) = hj(aQ) > 0.

(iii) y € R\ S. In this case hj(y) = 1 and, since j # k for k € S, from (II) we get hj(:zrk) =1
for all k € S, whence hj(ers z,) = [ljes hj(xk) = 1. Tt follows that hj(z) = hj(aQ) > 0.

In all three cases we have z € P(hj), whence z € (., P(h,) C P(h), contradicting h(z) =
—1. This proves that the product in the right-hand side of the statement is 1, i.e., the Claim,
whenever h(y) = 1.

If h(y) = —1, replacing y by —y the same argument proves the required equality, showing
that the Claim holds, and completing the proof of the Proposition. O
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Corollary 1.1.24 Let T be a TS, and let h,h,...,h € X, be TS-characters. If Ny P(hi)
C P(h), there is a set RC{1,...,n} of odd cardinality such that (\;cp Z(h,) € Z(h). In par-
ticular, Z(h,) C Z(h) for somei € {1,...,n}.

i
Proof. By the preceding Proposition, h = h? - [Licr h,, which clearly implies the conclusion.
O

Quotients of ternary semigroups. In the remainder of this section we develop a general
theory of quotients in the category of ternary semigroups. Since the class of ternary semigroups
is not an equational class, we define explicitly the notions of congruence and of quotient in this
category.

Definition 1.1.25 A congruence of ternary semigroups (abbreviated TS-congruence) is an
equivalence relation = on a TS, GG, compatible with the semigroup operation and such that
the induced quotient structure G/= is a ternary semigroup. [This is equivalent to require =
to be proper, ie. = C G x G, and forz € G, z=—-2 = z= 0]

Con(G) denotes the set of all T'S-congruences of G. O

Remarks 1.1.26 (a) The condition that = is proper ensures that 1 # 0, and hence, by the
last requirement, 1 # —1.

(b) Since the axioms for TSs are universal, the quotient map 7_ : G — G// = is automatically
a T'S-homomorphism.

(c) For each non-empty set H C X, the relation
a=,b < Forallh€H, h(a)=h(b),

(a,b € G) defines a TS-congruence of G (straightforward checking). We shall write G/H for
the quotient TS G/=,,. 0

Our main theorem 1.1.27 below shows that every T'S-congruence of a ternary semigroup G
is of the form = for a suitable set H of TS-characters. More precisely, with X p endowed
with the constructible topology (cf. 1.1.17), let C(G) denote the family of all closed (i.e.,
proconstructible) subsets of X o Which are also closed under products of any three of its
elements. We have:

Theorem 1.1.27 Let G be a ternary semigroup. Then the map p: C(G) — Con(G) defined
by w(H) == =,, is an order-isomorphism of the poset C(G) (under inclusion) onto the dual

poset of Con(G). Moreover, the map 0 : XG/H — H given by 6(g) = gow (g € XG/H)

is well-defined and establishes a homeomorphism between the (spectral) spaces XG/H and H
(hence also a homeomorphism between the Boolean spaces (XG/E) and Heon, endowed with

con
their constructible topologies).

Proof. (1) p is injective. Let H ,H, € C(G) be such that u(H,) = u(H,), i-e., == S
and assume, towards a contradiction, that #, # H,. Suppose without loss of generality
that H, ¢ H, and take h, € Hl\’H2. Since H, is closed, recalling the shape of the sets
forming a basis for the constructible topology of X, (see 1.1.17 above), there are elements

ajeeesa by, b in G osuch that by € U(a)N...NU(a )N Z(0b)N...N Z(b,) and
U(a,)N...0U(a )N ZDb)N...NZ(0b,) NH, = 0. Let c =[]}, a?. It is plain that
(*) hy€U(ca)n...0U(ca )NZ(b)N...0Z(0b,) and

U(ca)n...nU(ca )NZ(b,)N...0Z(0b,)NH, = 0.



First we claim that n # 0. Assuming otherwise, we consider the following cases:

Case 1) n =0 and k = 1. Hence Z(b,) N H, = 0, which means b2 =
we get bf =,, 1, contradicting that h,(b,) = 0.

=, 1. From our assumptions

Case 2) n =0 and k > 2. Let k be the smallest natural number such that there are elements
b,...,b, sothat h € Z(b)N...NZ(b,) and Z(b,)N...NZ(b,) NH, = 0. Then, Z(b) N
N Zb, )N 7—[2 #0 and Z(b,) N ...N Z(b,) N H, # 0, ie., there are h,, h, € H, such
that h,(b,) = = hy(b, ) = 0 and h,(b,) = ... = hy(b,) = 0. Since H, is closed under
products of any three elements th € 7—[ and since h;h?)(bz.) = 0 for 1 § i < k, we get

hgh €EH,NZOb)N...NZ(b,), contradlctlon. Hence, n # 0.
Suppose that n = 1. We have the following cases:

Case3) n =1and k = 0. Then U(al)ﬂH2 = (), which implies a, EHQ—a? and hence a, EHI—a?,

contradicting h, (a,) = 1.

Case 4) n = 1 and k = 1. Hence U(a,) N Z(b,) N = 0. Since h (a;) = 1,h (b)) = 0 and
h, € H,, it follows that af ;7é ” 262 and then a; ;7é Qafbf. Therefore, there is h, € H, such
that h,(b,) = 0 and h,(a,) # 0. From Ula,) N Z(b,) NH, = ) comes h,(a,) = —1. On the
other hand, by case 3) there is h, € H, Such that h (al) 1. Then, h3h§ €M, h3h§(a1) =1
and h3h§(bl) = 0, absurd, since U(a,) N Z(b,) NH, = 0.

Case 5) n = 1 and k > 2. Let k be the least integer such that there are a;by,... ’bk: e G
with U(a,) N Z(b,) N...N Z(b,) N H, = 0. Then, there are h,, h, € H, satisfying h,(a,) =
hy(a)) = 1, hy(b)) = ... = hy(b,_,) = 0 and hy(b,) = ... = hy(b,) = 0. It follows that
h§h3 €H,NU(a))NZ(b)N...NZ(b,), contradiction.

Thus, we have shown that n > 1. Let n be the smallest natural number such that (*) holds

for some a,...,a ,b,...,b € G, k > 0. By minimality of n, for each index i € {1,...,n}
there is g, € H, such that g, € U(ca,) N...NU(ca,_,) N Ulca,)N...NU(ca,) N Z(b,) N
..N Z(b,). Since g,(c) = 1, we get g.(a ) # 0, and since U(ca,) N...N U(ca ) N Z(b) N
N Z(b,) N H, =0 we get g(a,) = 1. Note also that g,(a ) =1 for i # j. On the
other hand, since h, € U(a,-ay- ... a )N Z(b)N...N0 Z(b, ) from cases 4), 5) we get
Ula,-ay ...-a ) NZOb)N...N Z(b ) A H, # @ Let 91 belong to this intersection. In
particular, g . (a,-...-a )= 1. Since U(ca ) .NU(ca )N ZOb)N...0 Z0>,) NH, =0,
we must have g (a,) = —1 for some index i. It is immediate to see that the set {i €

{1,....n}lg,. (a,) = —1} has even cardinality; let {i ,...,i, } be an enumeration of it. Let
9= Y1 H?il 9, Since g is the product of an odd number of elements of H,, we get
g € H, Clearly g € Z(b,)N...NZ(b,). Let i € {1,....n}. I & {ij,..., 2k} then
gij(ai) = 1 for every index j and gnH(ai) = 1, implying g(a,) = 1. If i = ij for some index
j€{1,...,2k}, then gij(aij) =1, gie(aij) = 1for { # j, and gnH(aij) = —1. So we conclude
again that g(a,) = 1. Therefore g € U(a;)N...NU(a )N Z(b))N...NZ(b,) NH, and then
g €U(ca)n...NU(ca )N Z(b,)N...N Z(b,) N H,, a contradiction. These contradictions
show that H, C H,,. A similar argument proves the other inclusion, so M, =H,, and then
is injective.

Remark. The proof above (cf. cases (1), (3) and (4)) also shows that =
(a fact that we will use later).

T Ha gEHl

= H,CH,
(2) p is surjective. Let = be a congruence of G. We define the following subset of X Gt
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H={h € X,|a=0bimplies h(a) = h(b) for all a,b € G}.

It is easily checked that # € C(G). We claim that =, is identical to =. To prove this, let
a,b € G be such that a=, b and suppose a # b; then m(a) # 7(b), where 7 : G — G /= is the
canonical projection. By the separation theorem for ternary semigroups (I.1.12), there exists
h e XG/E such that h(m(a)) # h(m(b)). But how € H, contradicting a=, b. Hence =, C=.
The inclusion = C =, follows at once from the definition of H. Therefore 4 is surjective.

It is clear that H C H' implies u(H) 2 u(H') for H,H' € C(G). To complete the proof we
must show:

(3) Themap 0 : X — X, given by 0(g) = gor is a well-defined homeomorphism between

G/H
the spectral spaces XG/H and H.

(3.1) We first show that gom € H for every g € XG/H, and H = Im(#0).

To ease notation we set H := Im(6)). Routine argument shows that, for h € H the map
g: XG/H — 3 given by gom = h is a well-defined TS-character. Hence, H C H. It is also

clear that H is closed under the product of any three of its elements. We claim:

(*) H is a proconstructible subset of X o

Proof of (*). Let ¢ € C{(H) (= closure of H in the constructible topology of X o). Let
g : G/H — 3 be the map g(m(a)) = ¢(a). To show that g is well-defined assume, towards a
contradiction, that 7(a) = 7(b), i.e., a=,b, but q(a) # q(b), for some a,b € G. Then the set

U= {pe X,|p(a) # p(b)} is a neighborhood of ¢, and since ¢ € CU(H) there is r € H such
that r(a) # r(b). Then, there is k € X, ., such that kom = r. Since (a) = 7(b), we get

r(a) = r(b), contradiction.

/M

Clearly g is a TS-character, i.e., g € X, . . It follows that ¢ € ’;f[, proving C’E(??l) = ?7—\[, as

/
asserted. In particular, we have H € C(G).

Next we observe:
k% s — =

The inclusion D is clear from # C H. Conversely, if a=, b, then m(a) = m(b), and g(7(a)) =

g(m(b)) for all g € X /% By the definition of H this proves a =g b, as required.

/

In other words, (¥*) proves u(H) = pu(H). Since p is injective, we conclude # = H, i.e.,
H = Im(#), proving (3.i). By its own definition it is quite clear that 6 is injective.

(3.ii) ¢ is a homeomorphism between X, ., and H (spectral topologies).

JH

Taking into account the shape of the basic opens for the spectral topologies of X G/H and H (cf.

1.1.17), this is an immediate consequence of the following identities which are checked without
difficulty: for a € G,

(%) 01 [U(a) N H] =U(r(a)),  O[U(n(a)]=Ula) N H.

Thus, § and #~! are injective spectral maps, i.e., 6 is a spectral isomorphism. Since the
equalities (***) hold as well with U replaced by Z, the map 6 is also a homeomorphism for the
corresponding constructible topologies. a

Next we shall give a different characterization of congruences of ternary semigroups. We
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will show that every such congruence in GG, say, arises from a congruence in the subsemigroup
Id(G) of idempotents of G —an equational class—, together with another subsemigroup of G,
satifying some mild compatibility conditions (and conversely). We shall first deal briefly with
congruences in the algebraic structures corresponding to the set Id(G).

Definition 1.1.28 A 2-semigroup is a structure (G,-,1,0) with individual constants 0,1,
and a binary operation “-” such that:

[2S.1] (G,-,1) is a commutative semigroup with unit 1.
[25.2] 22 =2 for all x € G.
[28.3] x-0=0 for all xz € G.

Remarks 1.1.29 (i) Scaling the identity [2S.2] by x yields that a 2-semigroup is automatically
a 3-semigroup. If G is a ternary semigroup, the set Id(G) of idempotents of G is a 2-semigroup
with the induced multiplication. The set —Id(G) is also a 2-semigroup under the operation
x©®y = —(z-y), with constants —1 and 0.

(ii) The class of 2-semigroups is clearly an equational class. Moreover, 2-semigroups are in
essence the same thing as bounded join-semilattices. Indeed, if G is a 2-semigroup, it is
obvious that the binary relation:

a <b if and only if b= ab, (a,b € Q)

is a partial order which makes GG into a bounded join-semilattice, where join is product, 1 is
the first element, and 0 is the last element. Conversely, if L is a bounded join-semilattice with
first element | and last element T, then L is a 2-semigroup where the product of two elements
a, b is the join a V b, the unit is L, and the absorbent element 0 is T. O

We denote by 2 = {0,1} the 2-semigroup with two elements and by Hom(G, 2) the set of
all 2-semigroup homomorphisms of G into 2 (also called characters). Note that an ideal of
a 2-semigroup contains 0 (cf. 1.1.4). A standard argument shows that the prime ideals of a
2-semigroup are exactly the kernels of its characters. Further, the characters of a 2-semigroup
separate points:

Proposition 1.1.30 Let G be a 2-semigroup and let a,b € G. If a # b, there exists h €
Hom (G, 2) such that h(a) # h(b).

Proof. If a # b, then either a # ab or b # ab. Suppose, without loss of generality, that
a # ab. Then a ¢ I,, where I, = {bx|z € G} is the ideal generated by b: for if a = bx for
some = € G, then ab = b’z = bz = a, contradiction. By Zorn’s lemma pick an ideal I of G
containing I, maximal for a ¢ I. I is prime, for if zy € I but « ¢ I, then a € I[z], where
I[x] = I U{xz|z € G} is the ideal generated by I U {z}. Hence a = zz for some z € G.
Likewise, if y & I, then a = yw for some w € G. It follows that a = a®> = xywz, and the
assumption zy € I yields a € I, contradiction. The map into 2 with kernel I is the desired
character. O

The congruences of 2-semigroups admit a characterization similar to that of Theorem 1.1.27.
The arguments are about the same, replacing “3” by “2” everywhere. Let G be a 2-semigroup.
With notation as in 1.1.27, Hom(G, 2) is a closed subset of 2¢ (product of discrete topology
in 2). Note also that, under pointwise defined product, Hom(G,2) is a subsemigroup of 2¢.
For H C Hom(G,2) define an equivalence relation =, on G exactly as in 1.1.26 (c). Con(G)
denotes the set of congruences of G. Then we have:
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Theorem 1.1.31 Let G be a 2-semigroup. Then,
(i) For each subset H of Hom (G, 2), the relation =,, is a congruence of G.

(13) If C(G) denotes the poset (under inclusion) of all closed subsets of Hom (G, 2) that are
closed under product, then the map p : C(G) — Con(G) given by u(H) = =, is an order
isomorphism between C'(G) and the dual poset of Con(G).

Remarks and notation. Notation will be as in 1.1.17 and Theorem 1.1.27. Since 2-semigroup
characters are 2-valued, we have U(a)¢ = Z(a) for a € G. Note also that U(a) NU(b) = U(ab);
hence the sets U(a) N Z(b))N ... N Z(b,), a,by,...,b € G (k> 0), form a basis for the
constructible topology of Hom(G, 2).

Sketch of proof. (i) is immediate. To prove (i), let H ,H, be sets in C(G) such that
(M) = p(H,). Assuming, as in 1.1.27, that H, # H, and letting h, € H,\H,, since H, is

closed, there are a,b,,...,b_€ G such that

*) hyeU(a)NZ(b)N...NZ(0b,) and U(a)NZ(b)N...NZ(b,)NH, =0.

If U(a) NH, = 0, we get a=, 0, whence a=, 0, contrary to h, € U(a). So U(a) N'H, # 0,
implying k& > 1. Taking k& minimal so that (*) holds, we observe that k£ > 1.

Indeed, if £ =1, ie., U(a) N Z(b;) N H, = (), we claim that a=,, ab,. In fact, h(a) =1
and h(b)) = 0 for some h € H,, would imply h € U(a) N Z(b,) NH,, contradiction; hence,
h(a) = h(ab,) for all h € H,, yielding the asserted congruence. From the assumption =, =
=,,, follows, then, a=, ab,, and hence h,(a) = h,(ab,), contradicting that h (a) =1 and
h (b)) =0 (cf. ().

By minimality of k there are g,,...,g, € H, so that for 1 <i,j <k, g(a) =g,(b,) =1
and gi(bj) = 0 whenever ¢ # j. Since H, is closed under product, g :=g,9,...9, € H,. On
the other hand it is obvious that g € U(a) N Z(b,)N...N Z(b, ), contradicting (*). This shows
that %, C H,, and by symmetry we also get H, C H,, proving that p is injective.

Note that we have shown = - =, = 7—[1 - 7—[2.

To show that pu is surjective, let = € Con(G) and let 7 : G — G /= be the quotient map.
Setting H = {h € Hom(G,2)|a =b implies h(a) = h(b) for all a,b € G}, we get H € C(G)
and = C=_ . If a £, then m(a) # m(b), and by Proposition I.1.30 there is h € Hom(G/=,2)
so that h(m(a)) # h(m(b)). Since how € H, it follows that a#,b and then == =,

required. The remaining assertions are left as an easy exercise. O

as

Let G be a ternary semigroup and let = be a congruence of G. It is clear that the restriction

= 14(G) of = to Id(G) is a congruence of 2-semigroups. Further, it is easy to check that the

set A_={z € G|z =2?} is a subsemigroup of G verifying:

(i) Id(G) CA_.
(i) If a®b € A_ and a? Eld(G)b2’ then b€ A_.

(iii) For all z € G, —a* € A_ if and only if 2% =, a0

Using that in every ternary semigroup H, a = b < a?> = b? and ab € Id(H), it follows that
the correspondence assigning to every congruence = of G the pair (= 1d( G),AE) is one—one.
Conversely, if ~ is a congruence of 2-semigroups on Id(G) and A is a subsemigroup of G

satisfying conditions (i)-(iii) above (with =, ) replaced by ~, and A_ by A), the binary
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relation = in G defined by
a=b if and only if a? ~ b? and ab € A,

is a TS-congruence of G. Indeed, condition (i) implies that = is reflexive, and this relation is
obviously symmetric. Suppose that a = b and b = ¢, with a,b,c € G. Since ~ is transitive,
it follows that a®> ~ ¢?. On the other hand, ab € A and bc € A imply that b%ac € A. From
b2 ~ a® and b? ~ ¢? we obtain b?> ~ a%c? and, by condition (ii), we conclude that ac € A;
this shows that = is transitive and hence an equivalence relation. A straightforward argument
shows that = is compatible with the semigroup operation. Finally, suppose that a = —a.
Then, —a? € A, and from condition (iii) we have a® ~ 0, and hence a? = 0. Scaling by a we
obtain a = 0. Thus, we have shown that = is a TS-congruence. Further, Id(G) C A, implies
that the restriction of = to Id(G) is ~. We also have A_ = A. To see this, let x € A_. Hence
x = 22, and by the definition of = we get = 222 € A. So A_ C A. The reverse inclusion is
obvious. We have shown: ;

Proposition 1.1.32 There is a bijective correspondence between the set of T'S-congruences of
a ternary semigroup G and the set of pairs (~,A) consisting of a congruence ~ of 2-semigroups
on Id(G) and a subsemigroup A of G satisfying conditions (i) — (iii) above. 0

We will call compatible the members of a pair (~, A) satisfying conditions (i)—(iii) above.

Remark 1.1.33 Given a ternary semigroup G and a congruence ~ of 2-semigroups in Id(G),
there is always a subsemigroup A of G compatible with ~. Let A = Id(G) U {—a?|a® ~ 0}.
Obviously A verifies condition (i) and it is easily checked that A is a subsemigroup of G; A
also verifies (iii). Indeed, if —2? € A, either —2? € 1d(G), whence —x? = 22 and then 22 = 0,
or —z? = —a? with a®> ~ 0, and then 2% ~ 0; in both cases we have 22 ~ 0. Conversely, by

the definition of A, z?> ~ 0= — 22 € A. Let
A = {z € G| There is y € G such that y?z € A and 22 ~ 32}.

Clearly A is a subsemigroup of G containing A. We claim that A is compatible with ~ . Since
Id(G) CACA, A satisfies condition (i). To check condition (ii), let z,y € G be such that
2%y € A and 22 ~ y2. Then, there is z € G such that z22%y € A and 2?2 ~ (2%y)? = 2242,
Since 22 ~ 3?2, it follows that 2222 ~ 22y? ~ y?, whence y € A. Finally, to verify condition
(iii), let —z2 € A. Then, there exists y € G such that y? ~ (—2?)? = 2% and —2%y? € A. Since
A satisfies condition (iii) we obtain 2%y? ~ 0; from 2% ~ 32 we conclude 22 ~ 0. Conversely,
z? ~ 0, implies —z? € ACA.

This argument shows, in fact, that for any subsemigroup A of a ternary semigroup G
satisfying conditions (i) and (iii), the subsemigroup A defined above is compatible with every
congruence of 2-semigroups on Id(G). O

The examples of quotients of ternary semigroups that follow will appear time and again in
the rest of this monograph.

Examples 1.1.34 (1) Let G be a ternary semigroup and let I C G be a prime ideal of G. We
associate to I the set of characters:

X, ={heX,|Z(h) =TI}

Straightforward verification shows that X, is a proconstructible subset of X , and is closed
under the product of any three of its members. We write =, for = X and denote by G/I the
quotient of G by the congruence =,.
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Claim. For a,b € G, a=,b if and only if either (i) a,b € I, or (ii) a,b ¢ I and there is
x € G\I such that ax = bzx.

Proof of Claim. («) If a,b € I, then h(a) = h(b) = 0 for all h € X, whence a=_b. If az = bx
with a,b,z € G\I, then h(a)h(z) = h(b)h(z) for all h € X, and, since h(z) # 0, we get
h(a) = h(b); again we have a=,b.

(=) Assume a=,b. Clearly, a € I < b € I. Suppose, by contradiction, that a,b ¢ I but
{z € Glax = bz} CI. Let A =1d(G)UTI U (—ab)Id(G). It is easy to check that A is a
subsemigroup of G. Let z € AN —A. Then —z? € A. Clearly, —2? € Id(G) U I implies = € I.
If —2% = —abz? for some z € G, then 2 = abz?. Scaling by x?2? we obtain

() 222° = aba?2?.

abr?z? = 1222, Scaling () by a we have ax?z? = ba’x

bz22%. Therefore, a(2%2?) = b(z%2?%) and, by our assumption, 2222 € I. Since I is prime, either
z2 € I or 2% € I and, since 2 = abz2, in both cases we come to 2% € I, and hence z € I. Thus,
AN—-A C I, and hence AN—A = 1. By Lemma [.1.7 any subsemigroup S of G containing
A and maximal for S N —S = I determines a character h € X, such that A C P(h) and
Z(h) = I. In particular, h(—ab) = 1 because ab ¢ I, and then h(a) # h(b), contradicting a=,b
and proving the claim. a

2,2 _

Hence a?222% = a?(abx?2?)

N o

An important remark is that (G//1)\{,(0)} is a group of exponent 2, where 7, : G — G /I
is the canonical projection. In fact, since z=,0 < x € I, for x g I and h € X, we have
h(z) # 0, and then h(x?) = 1. Therefore 22 = ;1. As a corollary we obtain that every ternary
semigroup is embeddable in a direct product (in fact, a subdirect product) of ternary semigroups
of the form G U {0}, where G is a group of exponent 2.

Corollary 1.1.35 Let G be a ternary semigroup and let P(G) be the set of all prime ideals of
G. Then the map 1 : G = [l epi) G/1 defined by p(a) = (7 (a) | I € P(G)), fora € G, is
an injective homomorphism of ternary semigroups.

Proof. It is clear that pu is a T'S-homomorphism. To show p injective, let a,b € G be such
that a # b. If a® # b%, there exists h € X, such that h(a?) # h(b?) (1.1.12). Assume, without
loss of generality, h(a?) = 0 and h(b?) = 1, and let I = Z(h). Clearly I € P(G), a € I and
b ¢ I; hence p(a), = 0 and pu(b), # 0. If a? = b?, then a # b implies ab € Id(G). Then, there
exists f € X, such that f(ab) = —1 (Theorem 1.1.9), and hence f(a) # f(b). With J = Z(f),
we thus have 7 (a) # 7 ,(b), showing that (a), # pu(b) ;, as required. O

(2) Let G be a ternary semigroup and let I be an ideal of G (not necessarily prime). We
associate to I the set of characters:

X(I)={he X, |ICZ(h)}.

Again, X(I) is a closed subset of X ., and h h,h, € X(I) whenever one of h ,h, or h, is in
X(I); in particular, X (I) is closed under the product of three elements.

Claim. a =x() b if and only either (i) a,be€ I or (i) a,b¢ I and a=0».

Proof of Claim. The implication (<) is obvious.

(=) Suppose that a =) b, and let A = I U Id(G). It is plain that A is a subsemigroup
of G satisfying I = A N —A; further, I[A]CA, as it is easily verified (cf. 1.1.8). Assume
ab & A. By the separation theorem 1.1.9 there is a character h € X , such that h(ab) = —1 and
A C P(h). Since I = AN—=A, we have I C Z(h), and hence h € X(I). Therefore h(a) = h(b),
contradicting h(ab) = —1. So ab € I U 1d(G).
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Direct application of Theorem 1.1.10 (a) shows that a belongs to the ideal I U b-G generated
by I and b, and that b belongs to the ideal I U a - G. Together, these conditions imply that
a € I & b e I, and show that if one of a, b is not in I, then a? = b? [in fact, a = bz and b = ay
imply ba? = bb?x? = ba? and ab?® = ay?; squaring these equalities gives a?b? = b%2? = a? and

212 _ 2,2 _ 32
a*b® = ay® = b7.

If a,b & I, then a € bG and b € aG, whence a?,b? € abG, which implies ab ¢ I. Hence ab €
Id(G). But in any TS, a? = b? and ab € 1d(G) are equivalent to a = b, proving (ii). 0

(3) Let G be a ternary semigroup and let A be a subsemigroup of G. Let us consider the
following set of characters:

H,={heX,|ACPH)

It is easy to verify that H A 18 a closed subset of X o and is closed under the product of any
three of its members. We write =, for = and denote by G/A the corresponding quotient
set.

Claim. Fora,be€ G, a=,b if and only if either (i) —a?, b’ € A, or (i) —a® —b* & A,
a? = b, and ab € A.

Proof of Claim. The implication (<) is easy.

(=) Assume a =, b. Let us first see that —a®? € A & —b? € A. Otherwise, say, —a’? € A and
—b% ¢ A. Observing that —b* € A implies —b%> ¢ A U I[A] (=T, say), we have I[I']CT, and
the separation theorem I.1.9 can be applied, yielding a character h € X, such that ACT C
P(h) and h(—b%) = —1, which means h(b) # 0. Since —a® € A, we have h(—a?) > 0, and then
h(a) = 0. Since h € H ,, it follows that a #, b, contradiction.

Suppose now that —a?, —b> & A. If a® # b2, there exists g € X, such that, say, gla) #0
and g(b) = 0 (see 1.1.12; the case g(a) = 0 and g(b) # O is similar). As in the preceding
paragraph, —a? ¢ A implies the existence of a character h € X o such that A C P(h) and
h(a) # 0 (L.1.9). Then h € H,, and it is clear that g*h also lies in H,. Since a=,b,
then g?h(a) = g?h(b), contradicting g*>h(a) # 0 and g?h(b) = 0; hence, a? = b%. Finally,
assume ab ¢ A; if ab € I[A], ie., —a?b? € A, from a® = b? we get —b?> € A, contrary to
assumption. Thus, ab &€ A U I[A] (=T, say); since I[I'] CT" (cf. 1.1.8), theorem 1.1.9 yields a
character h € X, such that ACT' C P(h) and h(ab) = —1, whence h € H A and h(a) # h(b),
contradicting a=,b. This proves ab € A, and hence item (ii) of the Claim. O

1.2 Real semigroups

In this section we introduce the notion of real semigroup, the central notion in this monograph.
To this end we enrich the language {-,1,0, —1} of ternary semigroups with a ternary relation
D. The resulting language, {-,D,0,1,—1}, will be denoted Lo -

In agreement with standard notation (cf. [M], p. 99 ff.), we shall write a € D(b, ¢) instead
of D(a,b,c). We also set:

[t-rep] a € D'(b,c) & a e D(b,c) AN—b € D(—a,c) AN —c € D(b,—a).

The relations D and D? are called representation and transversal representation, respec-
tively.

Definition 1.2.1 A real semigroup (abbreviated RS) is a ternary semigroup together with
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a ternary relation D satisfying the following axioms:

If ad = bd,ae = be, and ¢ € D(d,e), then ac = be.

(Reduction) D'(a,—b) N D'(b,—a) # 0 implies a = b.

[RS4]

[RS5]

[RS6] c € D(a,b) implies ¢ € D'(c%a, c?b).

[RS7]

[RS8] a € D(b,c) implies a? € D(b?, c?). O

I.2.2 Remarks and examples. (1) The axioms for RSs will insure the validity of the Duality
Theorem 1.5.1 below.

(2) The ternary semigroup G , of I.1.2(e) endowed with the representation and transversal
representation relations given by:

[R] e D,(a,b) < Va € Sper (A) [¢(a) = 0V a(a)e(a) =1V b(a)e(a) = 1],
[TR] ¢ € Dj(ﬁ, b) < Va € Sper(A)[(e(a) = 0 A @(a) = —b(a)) V a(a)e(a) =1V b(a)e(a) = 1].

for a,b,c € A, is a real semigroup. A similar definition with Specp(A) replaced by Specgy(A,T)
—T a proper preorder of A— also endows the ternary semigroup G 4o defined in 1.1.2 (e),
with a structure of real semigroup; see also [M], p. 92.

(3) The notion of a RS generalizes that of a reduced special group, [DM1]. We have already
remarked that, adding an absorbent element 0 to a RSG, G, gives raise to a ternary semigroup
G* = GU{0} (see I.1.2 (d)). Extending the representation relation of G to G* by

B {a,b} ifa=0o0orb=0
DG*(GJ)) —{ DG(a,b)U{O} ifa,be @,

gives a representation relation verifying the axioms for RSs, as shown by straightforward check-
ing. Since in an RSG we have:
a€ D(b,c) = —be D(—a,c),

(see [DM1], pp. 2, 3) it follows from () above that the value sets D and D! coincide on
binary forms with entries in G. If one of the entries is 0 we have D ..(0,b) = {0,b} and, from
1.2.3(11),(14) below, DtG* (0,b) = {b}. Real semigroups obtained by adding a zero to a reduced
special group will repeatedly occur in this text; we will call them quasi reduced special
groups (abbreviated quasi-RSG or QRSG). O

The next Proposition summarizes some consequences of the axioms [RS0]-[RS8] concerning
binary representation and transversal representation frequently used in the sequel:

Proposition 1.2.3 The properties below hold in any RS, G, for arbitrary a,b,c,d,e,x,y € G:
(0) a € D¥(b,c) = —b € D'(—a,c). (1) 0 € D(a,b).
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2) a € DY(b,c) = ad € D'(bd, cd). (3) a€ D(0,1)UD(1,1) = a = a?.

4) d € D(ca,cb) = d = c2d.

5) a® € D(1,b). Hence (by (3)),1d(G) = D(1,1).

6) a € D'(b,b) < a =b. (7) a € D(0,0) < a = 0. (8) 1€ D'(1,a).
9) D¥(1,-1)=G. (10) ab € D(1, —a?). (11) 0 € D¥(a,b) < a = —b.
12) a € D(b,c) Ab,c € D(x,y) = a € D(x,y).

a € D(b,c) < ab € D(1,bc) A ac € D(1,bc) A a? € D(b?, c?).

D'(a,b) £ 0.

15) (Weak associativity) a € D(b,c) A c € D(d,e) = 3z[z € D(b,d) N a € D(x,e)].

13

(
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(
(
(
(
(
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(

)
)
)
)

NOTE. Add (numbering?)

D(a,—a) =a®-G.

a € D¥(b,c) & a? € D(b?,c?) Aab € DY (b%,be) Aac € D¥(c?,be) .

Proof. See [DP1], Proposition 2.3, pp. 107-109. O

Remarks and Notation 1.2.4 In [M], Prop. 6.1.1, p. 100, and Thm. 6.2.4, pp. 107-108,
Marshall proves, in the context of abstract real spectra, that items (14) and (15) of the preceding
Proposition together are equivalent to the strong associativity axiom [RS3|. His proof remains
valid in the present context of real semigroups. These statements will be used separately in

several parts of this text. Paraphrasing the terminology used in [M], Ch. 6, pp. 99-100 we will
use the name [RS3a] for weak associativity (item (15)), and [RS3b] for item (14). O

Corollary 1.2.5 The ternary semigroup 3 = {1,0,—1} has a unique structure of real semi-
group, with representation given by:

D,(0,0) = {0}; D,(0,1) = Dg(1,0) = Dy(1,1) = {0,1};

D3(0, -1) = D3(—1,0) = D3(—1, —1)={0,-1}; D3(17 —-1) = DS(—l, 1) =3;

and transversal representation given by:

D2 (0,0) = {0}; D!(0,1) = Di(1,0) = Di(1,1) = {1};

Dt3(0, -1)= Dt3(—1,0) = Dg(—l, 1) ={-1}; D;(l, -1)= Dg(—l, 1) =3. O
Proof. See [DP1], Corollary 2.4, p. 109. O

Another consequence of Proposition 1.2.3 is the following converse to Remark 1.2.2(3), which
amounts to a characterization of the reduced special groups amongst the real semigroups.

Corollary 1.2.6 Let G be a RS in which the representation and transversal representation
relations coincide, up to 0, on non-zero entries, i.e., for all a,b € G \ {0}, DG(a, b) = Dtc(a, b)
if a = —b, and DtG(a, b) = D(a,b)\ {0} ifa # —b . Then,

VeeG(z# 0 = 22 =1).

Hence, G = G\ {0} with representation induced by that of G is a reduced special group (and,
of course, G = Q).

Proof. See [DP1], Corollary 2.5, pp. 109-110. O
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1.2.7 Notation. We shall use, among others, the basic concepts and notation from quadratic
form theory as introduced in [M], Ch. 6 (cf. p. 105); these apply verbatim in our context. We
explicitly mention the following:

(a) Representation by forms of dimension n > 3 is inductively defined by:

D((a,...,an)) =U{D(a;,b) | b€ D({a,,...,a )},

and similarly for transversal representation (for n = 1, D({(a)) = {b%a | b € G}, D!

((a)) = {a}).
(1,a,), with
a, )>z
(c) We shall use a suitable version of Witt-equivalence: if ¥ = <a1, NS ), Y= <b1, cob )
are forms over a Rs, G (possibly of different dimensions), we set:

v < ForallheX,, Y ha)=>_ h(b,) (sum in Z).
i=1 j=1

(b) A Pfister form (of degree n) over an RS, G, is a form of the shape @,
the a,’s elements of G; Pfister forms as above will, as usual, be denoted (( Apseees

(d) For forms ¢, 1 over a RS, G, we set:
p~1 e D,(p)=D,¥) and ¢~ & D (p) = Df,(¢).

(with a subscript G, if necessary). O

The following result states some of the basic properties of representation and transversal
representation by forms of arbitrary dimension needed in the sequel. Most (if not all) of these
results appear in Chapter 6 of [M], where they are derived from the axioms for ARSs. The
point of the proof given in [DP1] is to make sure that these properties follow from the axioms
[RSO]-[RS8] for RSs, as they will frequently be used throughout this monograph.
Proposition 1.2.8 Let G be a RS and let @, be forms with entries in G. Then:

(1) D(y) and D(p) do not depend on the order of the entries of p, i.e., for any permutation
o of those entries, p ~ ¢° and @ ~'°.

(2) Fora,ce @,

a € D(p) = ace€ D(cy) and a€ D' (p) = ace€ D' (cyp).
(3) a€ D(ep) = a=c?a and a€ D(p) = a € Di(a%yp).
(4) Ifp={ay,...,an) and c1,...,c, € G, then D({cay,...,c2an)) C D(p).
(5) a€ D(p @) < There are b € D(p), c € D()) such that a € D(b,c).
A similar statement holds replacing D by D'.
6) If a is a coefficient of ¢, then a € D(yp).

(
(7) The relations ~ and ~' are compatible with the sum of forms:

o~ and @, ~Y, = @ B, ~Y DY,
and similarly for ~*.
8) @~y and &y ~o.
(9) a€ D(p)ANbe DY) = abe D(p®1).

A similar statement holds replacing D by Dt.
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(10) a € D*({a,...,an)) &

a € D((al,...,an>) and —a; € D((al,...,ai_l,—a,ai+1,...,an>) fori=1,...,n &

—a; € Dt(<a1,. O A sap)) for i=1,... n.

(11) Forbe G andn > 1, n(b) = (b,...,b) ~{b).

Proof. See [DP1], Proposition 2.7, pp. 110-112. O

Remark. Many basic results concerning the behaviour of quadratic forms over real semigroups
follow from Proposition 1.2.8. Here is an example:

Corollary 1.2.9 Let G be a RS and let ¢ = {(aq,...,a,) be a form with entries in G. Suppose
the non-empty sets Il, ..., I, partition the index set {1,...,n}. For each j € {1,...,n} let ‘Pj
denote the form having as entries the elements a, with le Ij (in any order). Then,

k ‘ k
A similar statement holds for Dt. a

The proof, which we leave as an exercise, is by induction on k, using items (1) and (5) of 1.2.8.

A number of other elementary results known to hold for isometry and/or Witt-equivalence
of quadratic forms over fields and over special groups are also valid for quadratic forms over
RSs, upon replacing these relations by either =2, ~ or ~!. Whenever needed, these results will
be used, implicitly or explicitly. O

We now give a reformulation of the strong associativity axiom [RS3] that will be relevant
in the study of quotients of RSs.

Proposition 1.2.10 In the presence of axiom [RS2], the following is equivalent to axiom [RS3]:
[RS3'] Va,b,c,d(D'a,b) N D(c,d) # O = D'a,—c) N D'=b,d) # ().

Proof. [RS3] = [RS3']. Let = € D'(a,b) N D'(c,d); the definition of D! yields —b € D'(a, —x)
(see1.2.3 (0)), and scaling by —1 ([RS2]) gives —x € D'(—c, —d). By [RS3] thereis y € D(a, —c)
so that —b € D'(y,—d). Again, the definition of D' and [RS2| yield —y € D(b, —d), and
y € D¥(=b,d). Hence, D'(a, —c) N D*(—=b,d) # 0).

[RS3'] = [RS3]. Assume [RS3'] and let = € D'(a,b) with b € D'(c,d). By the definition of D!,
—b € D'(a,—z), and by [RS2], b € D¥(—a,x), i.e., D'(—a,z) N D(c,d) # 0. By [RS3'] there
is y € D'(—a,—c) N D'(—x,d). By the same manipulation as above, we get —y € D¥(a,c) and
x € D¥(—y,d). So, [RS3] is verified with witness —y. O

Remark. Note that, while the weak associativity axiom [RS3a] (1.2.4) obtained by replacing
transversal representation by ordinary representation in [RS3] is a non-trivial property (in the
sense that it does not follow from the remaining axioms), the corresponding weak version of
[RS3'] does follow from the remaining axioms for RSs: 0 € D(a,b) for all a, b, and hence
D(a,b) N D(c,d) always contains 0; cf. 1.2.3(1); the proof of this only uses [RS1] and [RS4]
(see [DP1], Proposition 2.3, p. 107). O

1.2.11 The group of invertible elements of a real semigroup.

A natural and important question is to know the structure of the set G* of invertible elements
of a real semigroup, G, with induced product and representation. In particular, it is important
to elucidate in which cases G* is a reduced special group.
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Using the axiomatization of RSGs in terms of the binary relation
a=2b e a€D, (L)) (a,b e G*),

given in [DMM], Prop. 1.2, p. 30, it is a routine exercise to check that the following axioms
hold under no restriction on G':

RO] (G*,-,1) is a group of exponent 2.

=

[RO]
[R1] = is a partial order on G* with first element 1 and last element —1.
[R2] For alla,be G*, a <b & —b =< —a.
[R3] For all be G*, {z € G* |z < b} is a subgroup of G*.
However, the validity of the weak compatibility axiom
[R4] Va,b,c,d € G* (a < bAbd <X cd=Je € G* (e = dNae = ce)),

is a far more delicate question. Note that [R4] is a slightly simplified version of the weak
associativity axiom [RS3a] (see 1.2.4). With notation as in [RS3a] (cf. 1.2.3 (15)), the difficulty
lies in obtaining an invertible witness x whenever the entries a, b, ¢, d, e € G are invertible.

Later in these notes we prove that G* is a RSG in the following cases:
(1) G is a Post algebra (Fact IV.2.4).
(2) G is a spectral real semigroup (Corollary V.6.7).
In both these cases, G* with the induced structure is a Boolean algebra.
(3) G is a RS-fan (Corollary VI.2.7).

In this case, G* with the induced structure is a RSG-fan (i.e., a fan in the category of reduced
special groups, cf. [DM1], Ex. 1.7, pp. 8-9).

In [M], Thm. 8.1.7, p. 154, using the dual terminology of abstract real spectra, Marshall
adds to this list the case:

(4) G has many units (cf. [M], 8.1.1, p. 152)*. This includes the case where G is semi-local,
i.e., has finitely many maximal ideals ([M], Prop. 8.1.2, p. 152).

In case G = G, ;. is the real semigroup arising from a preordered ring (A, T), see 1.2.2(2)

and 1.1.2 (e), results from [DM6] show that G* is a RSG in the following circumstances (for
undefined notions, see [DM6]; for item (4), see also [M], p. 153):

(5) A is a ring with many units such that every residue field has at least 7 elements ([DM6],
Thm. 5.5).

(6) (A, T) is a preordered, faithfully quadratic ring with 7-bounded inversion (i.e., 1+7 C A*);
[DM6], Cor. 8.19. Examples are reduced f-rings whose natural order is sums of squares, e.g.,
rings of real-valued continuous functions on a topological space, and real closed rings (in the
sense of Prestel-Schwartz [PS]).

In cases (5) and (6), not only is G* a RSG but, moreover, representation in G* by forms of
arbitrary dimension faithfully reflects representation by corresponding forms with invertible
coefficients in the ring (A, T). O

‘Indeed, in case n = 3, [M], Lemma 8.1.6, p. 154, proves that axiom [R4] holds in G*.
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I.3 From ternary semigroups to real semigroups

New section; added Jan. 2014. Generalizes results previously included in section 1.2: 11.2.6 —
11.2.8 and 11.2.11.

The purpose of this section is to explore and develop a natural, and fairly general method
to construct, from a given ternary semigroup and some TS-character sets, ternary relations
verifying as many as possible of the axioms for real semigroups.

Definition I.3.1 Given a ternary semigroup, G, and aset HC X, = Hom, (G, 3), we define
a ternary relation DGH on G —abridged DH if G is clear from context— as follows: for
a,b,ce @, ’

[D] a€ DG,H(b’ ¢) & ForallheH, h(a) € Dy(h(b),h(c)).

H

To avoid triviality we assume H # (); to get best results we also make the rather mild assumption
that the set H separates points in G: given a # b in G, there is h € H such that h(a) # h(b).
O

Remark 1.3.2 Given a TS, G, and a set X C 3%, Marshall [M], p. 99, defines representation
relations on G, as follows: for a,b,c € G,

[R] a€Dy(bec) iff Vhe X[h(a)=0V (h(a)#0A (h(a) =h(b)Vh(a) = h(c)))].

[TR] a € D;{(b, ¢) iff Vhe X[(h(a) =0A h(b) =—h(c)) V (h(a) # O A

A (h(a) = h(b) V h(a) = h(c)))].
When G is the real semigroup G, associated to a semi-real ring A, we have already encountered
these relations, cf. 1.2.2(2).

It turns out that the representation relation D, defined by clause [R] is identical with
the relation defined by clause [D], in I1.3.1. This is obvious by the fact that the conditions
h(a) € Dy(h(b), h(c)) and h(a) =0V (h(a) # 0 A (h(a) = h(b) V h(a) = h(c))) are equivalent
for any h € X o and all a,b,c € G; this is straightforward checking using Corollary 1.2.5.

Likewise, the transversal representation relation D?t-t defined by [TR] is identical to the
transversal representation relation defined in terms of DG,H by clause [t-rep], Section 1.2, since
the conditions h(a) € D;(h(b),h(c)) and (h(a) =0 A h(b) = —h(c)) V (h(a) # 0 A (h(a) =
h(b)V h(a) = h(c)))) are equivalent, again by 1.2.5. O

Next, we show that, under the only assumptions on H set down in Definition 1.3.1, the
structure (G, DH, ...) satisfies all axioms for real semigroups, except, possibly, axiom [RS3].

Theorem 1.3.3 Let G be a ternary semigroup and let H be a non-empty subset of X
separating points in G. The representation relation D”H defined in 1.3.1 satisfies all axioms
for real semigroups except, possibly, the axiom [RS3] of strong associativity.

Proof. The verification of axioms [RSO0], [RS1], [RS2], [RS4] and [RS8] being straightforward,
we deal only with the remaining axioms.

[RS5] Let a,b,c,d,e € G be such that ad = bd, ae = be and ¢ € DH(d, e). Let us prove
that ac = be. Since H separates points in G, this boils down to proving h(ac) = h(bc) for all
h € H. This is clear if h(c) = 0. Let h(c) # 0. Since ¢ € D, (d,e), either h(c) = h(d) or
h(c) = h(e). Since ad = bd and ae = be, invoking Definition 1.3.1, in both cases we get the
equality h(ac) = h(bc). By [D],, once again, we conclude that ac = bc, as required.

[RS6] Let a,b,c € G besuch that ¢ € D, (a,b), and take h € H. Then, h(c) € Dy(h(a), h(b)).
The real semigroup 3 verifies [RS6], and then h(c) € DL(h(c)?h(a), h(c)?h(b)). From the
definition of D! (cf. 1.2, [t-rep]), we have the following relations:
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(1) h(c) € D3(h(02a),h(02b)), (ii) —h(c?a) € D3(—h(c), h(c?b)), and
(i) —h(c?b) € D, (=h(c), h(c%a)).

Since h is arbitrary, from (i), (ii), (iii) and L3.1[D], we get:

(i) ce DH(CZa, c?b), (ii") —c*a € D, (—c, c2b),

(iii') —c?b € D, (=, ca),

which, together, amount to c € DtG/H(CQa), c?b).
[RS7] Let a,b € G be such that D;L(a, -b) N D;{(b,—a) # (). Take an element ¢ € G in
this intersection. We must prove that a = b. By 1.3.1 [D],, this boils down to showing that

h(a) = h(b) for all h € H. We consider the following cases:

(i) h(c) = 0. If either h(a) # 0 or h(b) # 0, from the relations —a € D, (—c,—b) and
—b € D, (—c,—a) we obtain h(—a) = h(—b), and then h(a) = h(b). Ifh(a) = h(b) = 0, there
is nothing to prove.

(ii) h(c) # 0. Since ¢ € D, (a,—b) N D, (b, —a), we have h(c) = h(a) or h(c) = —h(b), and
h(c) = h(b) or h(c) = —h(a). If h(a) # h(b), these conditions yield either h(c) = h(a) =
—h(a) or h(c) = h(b) = —h(b); in both cases we have h(c) = 0, a contradiction. Hence,
h(a) = h(b). O

The next two Propositions gives some simple examples —used later on— of finite sets H of
low cardinality for which the structure (G, D, ,...) verifies also axiom [RS3], and hence (if 1
separates points) is a real semigroup.

Proposition 1.3.4 Let G be a ternary semigroup and let h , h, € X With H = {hl,hQ},
(G,D,,,...) verifies aziom [RS3].
Proof. Let a,b,c,d,e € G be such that

(*) a€ D, (b,c)and c€ D, (d,e).

We must find an z € G so that a € D, (z,e) and z € D, (b,d).

The argument is by cases:

(i) a€ D, (b,d). In this case it suffices to take = = a.

(i) a € D, (b,e). In this case it suffices to take z = b.

(iii) a & D, (b,d) U D, (b, e). In this case there are indices 4, j € {1,2} such that

(5) hy(a) & Dy(h(8). h,(d)) and h (a) & Dy(h,(b),h,(€)).

Then, we have h (a) # 0,k (a) # h(b) and h(a) # h(d). It follows from (x) and the

definition of D, that h (a) = h,;(b) or h (a) = h,(c) —whence the latter—, and & (c) = h,(d)
or h(c) = h(e); therefore, h.(a) = h (e). Likewise, we get hj(a) = hj(d). If j =i we would
have hj(a) = h,(e) € Dy(h,(b),h,(e)) = D3(hj(b),hj(e)), contradicting (xx). Hence, i # j,
which means H = {h,, hj}.

We claim that a € D, (d,e). Otherwise, we could find an index k € {1,2} such that
h,(a) & Dy(h,(d), h,(€)). In particular, h, (a) # 0. From (x) we infer that h, (a) = h,(b). On
the other hand, either k=4 or k = j. In the first case we get h (a) € D,4(h,(b), h.(d)), and in
the second case hj(a) € Ds(hj(b)7h¢(e))’ contradicting (). So, a € D, (d,e), and it is clear
that = = d is as needed. O
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Proposition 1.3.5 Let G be a ternary semigroup and let h, h,,, h3 be three distinct elements
of X, such that hiWhj for some i # j € {1,2,3} . With H = {h,hy,h,}, (G,D,,...)

verifies aziom [RS3].

Proof. It follows the same line of argument as the proof of the preceding Proposition 1.3.4.
With notation therein, we assume (x); cases (i) and (ii) are as in 1.3.4; we deal with the
remaining case (iii). As above, there are indices ¢, j € {1, 2,3} such that (%) holds. From this,
we have:

(a) hz(a) 75 0 s hz(a) 7’5 hz(b) s hl(a) 75 hl(d) and (b) hj(a) 75 0 s hj(a) 75 h](b) ,hj(a) 7'5 hj(e).
As in the proof of 1.3.4 we get

(1) hila) = hie) and hy(a) = hy(d).

We also hav(e z) # Jj, for i = j entails hj(a) = hi(e) € Dgy(hi(b), hi(e)) = Dy(h;(b), h;(e)),
contrary to (*x*).

Claim. a € D, (d,e). (Note that this yields the desired conclusion upon taking z = d.)

Proof of Claim. Assuming otherwise, there is k& € {1,2, 3} such that h (a) € D,(h, (d),h, (€));
this entails:

(c) hi(a) #0,hr(a) # hi(d) , hi(a) # hi(e).

Note, again, that (x) implies

(1) he(a) = hi(D).

Indeed, the first representation in (x) yields hy(a) € Dg(hy(b), hy(c)). Since hy(a) # 0, we

get hi(a) = hg(b) or hi(a) = hi(c). The latter, and the second representation in () yield
hi(a) = hi(c) € Dy(hy(d), hi(e)), contrary to the choice of hy; hence, hy(a) = hy(b).

Next, we observe that k ¢ {i,j}, and hence {7, j,k} = {1,2,3}. If, e.g., k =4, (f}) yields
hi(a) = hi(a) € Dy(hg(b), hi(d)) = Dg(hi(b), hi(d)), contradicting (xx). Likewise, k # j.

Now, we use items (a) — (c) and (), () together with the characterization of ~» in Lemma
1.1.18 to show that hy ¥ hy, for every pair of distinct indices ¢, m € {1,2,3}, contrary to our
assumption. The argument being similar for every pair of indices, we illustrate it in a couple
of cases, leaving further details to the reader.

(1) hi 4 hy.
Otherwise, since hj(a) # 0 ((b)), we have h;(a
hi ~ h; again, wegeth(d): j(d) = hj(a) =

) = hj(a). Since hj(a) = hj(d) (see (1)), using
hi(a) Contradlctmg (a).

(2) hg # h;.
Otherwise, since h;(a) # 0 ((a)), Lemma 1.1.18 (4) gives hi(a) = hi(a). But h;(a) = hi(e) (see
(1)) and hg ~~ h; yields hi(e) = hi(e); thus, hx(a) = hi(e), contrary to (c). 0

Here is an example of a RS, G, and a subset H of X o separating points in G, such that
axiom [RS3] does not hold in the structure (G, D, ).

Example 1.3.6 Let G be a finite group of exponent 2 and let b, ¢, d, e be elements of G such
that {—1,b,¢,d,e} is a basis of G over the two-element field; here —1 is any element of G' not
in the linear span of {b,c,d,e}. We endow G with the reduced special group structure of a fan
(cf. [DM1], Ex. 1.7, pp. 8-9). Let H = {01,02,03,04, 5 6} be the set of group characters
of G into +1, where g = H?Zl o; and for i € {1,2,3,4,5} the values of o; on generators are
given by the following table (all five characters send —1 to —1):
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01 o9 o3 04 o5
b| -1 1 1 1 1
c/ 1 -1 1 -1 1
a1 -1 1 1 1
e|/-1 -1 1 -1 -1

Straightforward checking using this table shows that, with G* = G U {0} and 0,(0) =0 for
i=1,...,6:

(*) 1€ D.(bc) and c€ D.(d,e).

Recall that in the present case we have D . = DtG* U {0} (cf. 1.2.2(3)). If [RS3] holds in G*,
there is € G such that

(**) 1€ D.(z,e) and z € D,.(b,d).

From the last line in the table we have e # 1, whence x # 0, i.e., z € G.

Checking with the table above (and using 1.2.5) the first representation in (**) shows that
x must verify:
0,(@) = 0,(x) = 0,(x) = 0,(a) = 1,
while the second clause in (**) yields o (x) = 1. Therefore o,(z) =1 for all i € {1,2,3,4,5},
and hence o (x) = 1. On the other hand, checking with the table we have o (b) = o(d) = —1,

and using again the second representation in (**) we get o (z) = —1, contradiction. Hence
[RS3] (and [RS3al) fails in G*.

In order to check that H separates points in G —so that (G, DH) verifies the remaining
axioms for RS, 1.3.3— it suffices to compute, using the table above, the value of the characters
o; (i =1,...,5) at each of the fifteen products of the generators b, c,d, e, to see that none of
these five values is either 1 or —1. This straightforward checking is left to the reader. a

Remark. The fact that axiom [RS3] fails in (G, D, ) follows, alternatively, from [M], Cor.
3.3.7, p. 46. Note also that the necessary condition for G* to be a RS in Theorem I1.2.9 below
fails in this example: o. €t fort=1,2,3, and 0,0,0, € XG , but this product is not in H. O

The next Proposition gives additional information concerning the ERS—structure (G, DH)’
where G is a ternary semigroup endowed with the ternary relation DH defined by clause [D] "
in 1.3.1, and HC X, is a non-empty set of TS-characters separating points in G. Note that
(G, DH) is not required to be a real semigroup.

Proposition 1.3.7 Let G be a ternary semigroup and let H be a subset of X Then,
(1) The closure H of H in (X

G) defines on G the same representation relation as H.
con

(2) Let H be the set of all p € X such that for all a,b,c € G,

(*) a € D (b,c) = pla) € D,y(p(b),p(c)).

Then,

(i) HCH.

(i) H and H define the same ternary relation on G.

(iii) H is mazimal satisfying conditions (i) and (ii): if H € G C X, and D, is identical to
DH’ then G C H.

In particular,

(iv) H is a proconstructible subset of X,

Proof. Note first that, for fixed a,b,c € G, the sets {g € X, |g(a) = g(b)},{g € X, |g(a) €

D,(g(b),g(c))} (and their complements) are open in (XG)Con .
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(1) The inclusion Dy C D, follows from H CH. Conversely, let a € D, (b,c) and assume
W(a) & Dy('(b),'(c)) for some h' € H . Then, the (clopen) set {g € X |g(a) & D,(g(b), g(c))}
is a neighborhood of A’ in the constructible topology, which implies H N {g € X o lg(a) &
D,(g(b),9(c))} # 0, i-e., h(a) € Dy(h(b),h(c)) for some h € H, contradicting the assumption
a € D, (b,c).

(2). (i) is clear.
(ii) Inclusion Dz € D, follows from H C H . The reverse inclusion follows from (%) in the
definition of H by use of clause [D] 7 in Definition 1.3.1.

(iii) Straightforward checking, using the assumptions in (iii) and 1.3.1, [D] ., shows that any

~ ~ g’
g € G verifies clause (x) in the definition of H, whence, g € H.

(iv) is an immediate consequence of (1) (applied with #), and (2.iii). O
The next example shows that the inclusion H C H in Proposition 1.3.7 (2;i) may be strict.

Example 1.3.8 Let GG be a group of exponent 2 with a distinguished element —1 # 1. Pick
five group characters Opseney O G — {£1} sending —1 to —1, which separate points (see
Example 1.3.6). Let H consist of Ol Oy plus all products of three of them, except 0,0,0,.
With D, denoting the ternary relation defined by H (1.3.1), we prove:

Claim. For z,y € G,z € DH(l,y) implies x = 1,z = y or y = —1. In other words, DH is the
fan representation relation on G (cf. [DM1], Ex. 1.7, pp. 8-9).

Proof of Claim. Assume, towards a contradiction, that x # 1,y, and y # —1. Since {01, e ,0'5}
separates points, there are indices 1 < 4,7,k < 5 so that

(1) o,(y) = Lo,(x) = 1,0,(x) # 0y (y)-
From z € D, (1,y) follows o (z) = 1, Uj(y) = —1. These values show that the indices i, j, k are

distinct.
Suppose next that {i,j,k} # {1,2,3}. Then, o := 0,00, € H, and
(1) o(x) € D, (Lo(y).
From the values in (T) we get o(z) = —0, () and o(y) = —0, (y). From o, () # o, (y) follows
o, (z) = —0,(y), and hence o(z) = —o(y). Thus, (i) forces o(r) = 1 and o(y) = —1, whence
o,(z) =—1and o,(y) = 1, contradicting o, (z) € DZQ(l’Jk(y))' Hence {i,7,k} ={1,2,3}.
From (f) and what was just proven comes o,(y) = o.(y) = —1 and 0,(z) = o,(z) = 1.
Since 0,00, () = —1 and 0,005 (x) =1, these characters do not preserve the representation
x € DH(l, y), contradicting that they belong to H, and proving the Claim.

Since D, defines the fan structure on G, every group character G — {£1} sending —1 to
—1 preserves it, i.e., is in H. Thus, 0,0,04 € H \ H, as asserted. O
Note. Of course, this example can be thought of as a counterexample of real semigroups, by

adding a zero to G and to Z, (note that Z,U{0} = 3), and stipulating that all characters send
0 to 0. O

I.4 Saturation. Constructing RS-characters

Next we shall proceed to the construction of RS-characters with specific properties; these
constructions, needed, e.g., in the proof of the Separation Theorems 1.5.2 — 1.5.4, and of the
Duality Theorem 1.5.1, will also play a crucial role throughout this monograph. As usual,

a real semigroup (RS-) homomorphism is a homomorphism for the language £RS =
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{-,1,0,—1, D} for real semigroups, and a RS-character is a RS-homomorphism onto 3,
endowed with the unique RS-structure given by 1.2.5. The set of all RS-characters of a RS, G, is
denoted by X o Thus, RS-homomorphisms are TS-homomorphisms preserving representation
(equivalently, transversal representation), and hence the remarks and constructions from §I.1
apply to the present case as well; the additional property needed to extend these constructions
to real semigroups, is given in the next definition.

A. Saturated sets.
Definition 1.4.1 Let G be a RS. A subset S C G is saturated (resp., transversally satu-
rated) iff for all a,b € S,D(a,b) C S (resp., Dé(a, b) C 9). O

Remarks 1.4.2 (a) An easy induction on dimension proves: If I (resp., S) is a saturated ideal
(resp., subsemigroup) of G and ai,...,an € I (resp., S), then D ((a1,...,an)) C I (resp., S).

(b) For any saturated subsemigroup S of G, Id(G) = D(1,1) C S. Thus,

(c) Our “saturated subsemigroups” are the same thing as Marshall’s “preorderings”; cf. [M],
§6.6, p. 121.

(d) Note that S saturated and 1 € S = Id(G) - SCS.

In fact, given z € G and s € S, we have 2 € D(1,1) (1.2.3(5)). By axiom [RS2], #%s €
D(s,s)C S, as asserted.

(e) S saturated = S transversally saturated, since D*(-,-) C D(,) (cf. [t-rep] in §1.2).

(f) The converse implication fails frequently. For example, S = {1} is transversally saturated
by 1.2.3 (8), but doesn’t contain 0, hence is not saturated (cf. 1.2.3 (1)). However, we have:

(*) S transversally saturated and Id(G) - S C S imply S saturated.

[Proof. Let a,b € S and ¢ € D(a,b). By the second assumption, c?a, c®b € S, and by transversal
saturatedness, D!(c%a,c?b) CS. Axiom [RS6] guarantees ¢ € D'(c%a,c?b), whence ¢ € S,
showing that D(a,b) C S.]

In particular, both saturatedness notions are equivalent for subsemigroups of G containing
Id(G). O

Examples 1.4.3 (Saturated sets.) Proposition 1.2.3 (12) shows that the value sets of binary
forms are saturated. We will now show that this property holds for the value sets of arbitrary
forms as well.

Proposition 1.4.4 Let G be a RS and let ¥ be a form with entries in G. Then,
(1) D(¥) is saturated.

(2) D) is transversally saturated.

Proof. (1) We prove first:

(1.i) Let #,,...,% be forms over G such that D(¥,) is saturated for all i € {1,...,n}. Then
D(@i-, ¥,) is saturated.

We do the proof for n = 2. A straightforward induction proves it for all n > 3; for n = 1 there
is nothing to prove.

Let y,2 € D(¥, ® ¥,) and @ € D(y,z). By 1.2.8(5) there are y ,z, (i = 1,2) such that
Y2, € D(¥) and y € D(y,,y,),2 € D(2,,%,). Then (by 1.2.8(5),(1)),
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x € D(y,2) SD(Y,, 4y 215 2,) = Dy, 2,) @ (y,,2,)) -

By 1.2.8(5) there are a, € D(y,, 2,) such that z € D(a ,a,). Since, by assumption, D(¥)) is
saturated, a, € D(¥,). By 1.2.8(5) again, x € D(¥, ® ¥,).

Next, we have:
(L.ii) For all @ € G, D({a)) is saturated.

We know (1.2.7 (a)) that D((a)) = {b?a|b € G}. Let y,z € D({(a)) and x € D(y,z). Then,
y = b%a, z = bla for some b,b, € G; thus, z € D(b3a,b3a). By 1.2.3(4), 2 = a’x = a(ax).
Now, by axiom [RS6], z € D!(b?z2a, b3z?a), whence ax € D'((bjza)?, (baxa)?). By [M], Prop.
6.1.5 (see also Corollary IV.5.3 (1)) az is the unique element in this transversal value set, and
az = (ax)?. It follows that z = a(ax)? € D({a)), as required.

Let ¢ = (a,,...,a,). From (i) and (ii) we get that D({a,) & ... ® (a,)) is saturated. But
D(¥) =D((a,) ® ... ®(a,)), by 1.2.9.

(2) The analog of item (1.1) above for transversal representation is proved by an entirely similar
argument, replacing 1.2.8 (5),(1) by the corresponding statements for transversal representation.
It only remains to show:

(2.ii) For a € G, D'({a)) = {a} is transversally saturated.

Let y,2 € D'({a)) and = € D'(y,z). Then, y = z = a, whence x € D(a,a); 1.2.3(6) gives
r = a, as required. O

Further examples of saturated sets are obtained by taking (directed) unions:

Fact 1.4.5 Let S be a family of saturated subsets of a RS, directed under inclusion (i.e., for
all S, S, € S there is S, € S such that S|, 5, CS,). Then |JS is saturated.

Proof. Straightforward. a

Remarks. (a) Value sets of quadratic forms are not stable under product in general. A
simple counterexample is the one-generator ternary semigroup F, = {1,0,—1,z, —x, 2%, —2?}
of VI.3.2 (A), endowed with the (fan) representation relation given by Theorem VI.2.1. In this
example we have z € Dy, (x,z) =z - DFl(l, 1) ={0,z}, but 22 ¢ Dy, (x,z).

In Corollary IV.5.8 we will show that D(¥) is a subsemigroup of G, whenever ¢ is a Pfister
form. For illustration, here is a proof in the simplest case, when ¥ = (1,b). Let =,y € D(1,b).
By 1.2.8(9), zy € D(1,b,b,b%). Hence there are elements p € D(1,b),q € D(b,b?) such that
zy € D(p,q) (1.2.8(5)). From [RS4] we get ¢ € D(b,b*) = D(1%2-b,b* - 1) C D(1,b). Then,
saturatedness entails zy € D(1,b).

For a related result, see Proposition 1.5.8.

(b) An obvious counterexample to the saturatedness of Dg(@) is obtained by taking G = 3
and ¥ = (1,1), since 0 ¢ Di(¥) = {1} but 0€ Dy(1,1). O

Important remark. The bijective correspondence between TS-characters and prime sub-
semigroups of TSs pointed out in Remark 1.1.6 ff. extends to RSs upon using the adjective
“saturated subsemigroup” instead of “prime subsemigroup”.

Indeed, if h : G — 3 is a RS-character, 1.2.5 shows that h~1[0,1] is a saturated subsemi-
group of G. Conversely, given a saturated subsemigroup S of G, the map h 5" G — 3 defined
in 1.1.6 preserves representation: a € D (b,c) = hg(a) € D;(hs(b), hg(c)). In fact, straightfor-

ward checking using Corollary 1.2.5 shows that condition h(a) € Dg(hy(b), hy(c)) is equivalent
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to hg(b),hy(c) € {0,1} = h(a) € {0,1}. Since S = h [0,1], from b,c € S,a € D (b, c) and
saturatedness of S comes a € S, i.e., hy(a) € {0,1}, as required. 0

The following Proposition gives an explicit description of the saturated ideal (resp., sub-
semigroup) generated by an ideal (resp., subsemigroup, or subset) of a RS:

Proposition 1.4.6 Let G be a RS.

(1) If I € G is an ideal, then [I| = U{D,(¢)|¢ a form with entries in I} is the smallest
saturated ideal of G containing I.

(2) If S € G is a subsemigroup, then [S] = U{D ()| ¢ a form with entries in S} is the
smallest saturated subsemigroup of G containing S.

(3) Let A be a non-empty subset of G and let [[A be the set of all finite products of elements
of A; then [A] = U{D,(n(1) & Y)|n € N and ¥ a form with entries in [[A} is the smallest

saturated subsemigroup of G containing A.

In particular,

(1) Let I be a saturated ideal and x € G. Then, [[Ux-G] =U{D,((i,zg))|i € I and g € G}.
(2) Let S be a saturated subsemigroup and x € G. Then, [SUz - S]=J{D(s,zt)]|s,t € S}.

Remarks. We shall write I(x) for I U z-G, and S(z) for S U x-S. For A C G, the expression
“form over A” means a form with entries in A. Item (2’) is Prop. 6.6.1(1) of [M].

Proof. Items (1), (2), (1) and (2) have been proved in [DP1], Proposition 3.3, pp. 113-114.
For (3), just apply (2) with S = {1} U JJA = the semigroup generated by A, and write any
form ¢ occurring in the right-hand side of the equality in (2) as ¥ = n(1) ® ¥, with n € N and
¥ a form with entries in [JA. 0

Corollary 1.4.7 Let M be a multiplicative subset of a RS, G, and let I be a saturated ideal
disjoint from M. Let J be a saturated ideal containing I and maximal for being disjoint from
M. Then, J is prime. In particular, a saturated ideal mazimal for not containing a given
element is prime.

Proof. See [DP1], Corollary 3.4, p. 114. O

B. Constructing RS-characters. The following lemma is an analog of Lemma 1.1.7 for
RSs. This result, together with Lemmas 1.4.10 and 1.4.12, and Corollary 1.4.11 below, are the
main tools in constructing RS-characters.

Lemma 1.4.8 Let G be a RS. Let I C G be a saturated prime ideal. Let S C G be a saturated
subsemigroup mazimal for the condition SN—S = 1. Then, SU—S = G. Such an S determines
a RS-character h : G — 3 such that h=1[0] = I and h=1[0,1] = S.

Proof. See [DP1], Lemma 3.5, p. 114. O

As an example of application of this Lemma, we have:

Corollary 1.4.9 FEvery saturated prime ideal of a RS is the zero-set of some character (and
conversely ).

Proof. Let G be a RS. Clearly, the zero-set of a character of G is a (proper) saturated prime
ideal (exercise).
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For the interesting direction, let I be a (proper) saturated prime ideal of G, and let S T
denote the saturated subsemigroup generated by I.

Claim. S, N-5, =1.

Proof of Claim. The inclusion D is obvious. Conversely, let z € S, N =S, whence —z2c S 'y
By Proposition 1.4.6 (3), there are n € N and a form ¥ with entries in [[/ = I such that
—x? € D, (n(1) & Y). If n =0, then —22 € DG(i/J) C I (I saturated), and hence x € I. Assume
n > 1. Invoking 1.2.8 (5) we get an element i € DG(¢) C I such that —z? € D, (1,7) and, by
[RS6], —2? € Dé(m2, §), with j = iz? € I. Hence, j € Dé(a:2,x2) which, by 1.2.3 (6), yields
22 =4 €I, and x € I, as claimed.

By the Claim and Zorn’s lemma, there is a saturated subsemigroup S of G maximal for
S N—=5=1. Lemma 1.4.8 gives a character h € X, such that Z(h) = I, as asserted. O

Lemma 1.4.10 Let G be a real semigroup, and let I be a saturated ideal, A a saturated sub-
semigroup, and T a multiplicative subset of G, respectively. Define:

I[A] = {z € G| — 2% € D(i,d) for some i € I and some d € A}.
Then:

(a) I[A] is a saturated ideal of G containing I U (AN —A).

(b) If I[A]NT = 0, there exists a saturated prime ideal J of G containing I, such that
J = J[A] and JNT = 0. Moreover, J, A and T induce a character h € X, such that

Z(h)=J, ACP(h) and h(t*) =1 forall t€T.

Proof. (a) I C I[A] is clear since —2? € D(—22,1), with 1 € A and —z% € I, whenever = € I.
Likewise, using —2? € D(0,—2?) with z € AN —A, we get —z? € A, and then x € I[A],
whence AN —A C I[A].

To check that I[A] is an ideal, let x € I[A] and g € G; then —2? € D(i,d), withi € I, d € A.
Scaling by g% ([RS2]) gives —g?z? € D(ig?, dg?), with ig? € I and dg® € A, whence gz € I[A].

To prove that [[A] is saturated, let x,y € I[A] and z € D(z,y). Then, there are elements
i,j € I,d,e € A such that —2? € D(i,d) and —y? € D(j,e). From z € D(x,y) we get
2?2 € D(z% 9% ([RS8)), and then —2? € D(—2% —y?) C D(i,d,j,e) = D(i,j,d,e) ([RS2],
1.2.8(5)). By 1.2.8(5) again, —22 € D(k, f) for some k € D(i,j) and some f € D(d,e). Since
I and A are saturated sets, we get k € I and f € A, and hence z € I[A].

(b) By Zorn’s lemma, the family
F ={I c G|T is a saturated ideal containing I and I[A] N T = 0}
has a maximal element, J. We claim:

(i) J is a prime ideal. Assume, towards a contradiction, that there are p,q € G such that
pq € J but p,q & J. Let J, be the saturated ideal generated by J U {p}. By the maximality of
J we have J,[A]NT # 0; hence, there are elements t € T, j € J, d € A, g € G such that —t? €
D(j,gp,d) (1.4.6 (1")). Then —t? € D!(jt?, gpt?,dt?) = D'(j',t?gp,d') with j' = jt*> € J and
d =t%d € A (1.2.8(3)). Hence —t2gp € D'(j’,t?,d') (1.2.3(0)). Similarly, there are elements
se€T, he@G,j"edJe e€Asothat —s’hqg € D(j”,s%,¢'). Then, z := (—t%gp)(—s?hq) =
t?s2ghpq is in J, and z € D'(j'5",j's%, j'€/, "1, j"d', 1?52, t%¢/, s2d', d'e’) (1.2.8(9)). Hence,
z € DUk, t2s% t2e,s%d', d'e') for some k € D'(j'5",j's%, j'€,5"t?, j"d") (1.2.8(5)). Since the
entries of this form are in J, and J is saturated, &k € J. Similarly, since A is saturated and
t?¢/, s?d', d'e’ € A, we obtain z € D!(k,t?s%, f) with f € D'(t%e,s%d',d'¢’) C A. It follows
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that —t%s2 € D'(k,—z, f) (1.2.3(0)). But x =st € T and k,—z € J imply —2? € D!(l, f) C
D(l, f) with [ € Dt(k7 z) C J, whence z € J[A]NT, contradiction. This proves (i).

(ii) JIA] = J. Assume J C J[A]. By (a) we know that J[A][A] is an ideal, and by the
maximality of J we have J[A][A]NT # (. Then, there are elements t € T, x € J[A],d € A
such that —t?> € D(xz,d), and elements j € J, e € A such that —2? € D(j,e). From —t2 €
D(x,d) we have —t*> € D'(t?z,t%d) ([RS6]), which implies —t2x € D!(t?,#?d) (1.2.3(0)). From
—x2 € D(j,e) we obtain —2? € D!(z%j,2%e) ([RS6]). Let d' = t%d, ¢’ = z%e and j' = 2?%j.
Clearly d',e¢’ € A, j € J, —t?z € D'(t?,d') and —x? € D!(j',€'). Scaling by t> we obtain
—22t%2 € DY(t?5',t%e') = D'(j",€") with j” = t?j’ € J and € = t?¢/ € A. On the other hand,
using [RS1] and [RS6] gives —2%t? € DY (—at?, —2%?), and by (1.2.8(5)) and the above we have
—2?t2 € DY(t?,d', j",€"). Since A is saturated and d’,e” € A, we have —2%t> € D'(j", 12, f)
with f € A. Therefore —t? € D!(5”, 22t2, f) (1.2.3(0)), and using again that A is saturated, we
arrive to —t2 € D'(j”, g) with g € Dt(athQ, f) € A. Hence t € T N J[A], which is impossible,
proving (ii).

Let A be the saturated subsemigroup generated by A U J and let = € A N —A. Then
—22 € A, ie., —2® € D(j,d) for some j € J and some d € A. Then z € J[A] = .J, proving
AN —A = J. Lemma 1.4.8 gives a character h € X, such that Z(h) = J, A C A C P(h).
Since JNT = (), we have h(t?) =1 forallt € T. O

Remark. Lemma 1.4.10 is about the strongest result on the construction of RS-characters
under those general assumptions. Indeed, given a RS-character h € X o 1t s immediately
verified that the conclusions of the Lemma hold for I = J = Z(h), A = P(h) and T =
h=H{1, —1}] o

Corollary 1.4.11 Let G be a real semigroup and let a € G. Let A be a saturated subsemigroup
of G and T be a non-empty multiplicative subset of G such that aT N A = 0, where aT =
{at|t € T}. Then there exists h € X, such that A C P(h) and h(at?) = —1 for allt € T.

Proof. Let A[—a] be the saturated subsemigroup of G generated by A U {—a}. Let T’ = a®T
and let I = {0}. Clearly, T'is multiplicative and I is a saturated ideal of G. We claim
that I[A[—a]] N T = §. Otherwise, we would have elements t € T, d,,d, € A such that
—a’t? ¢ D(d,,—d,a). In particular we have —a’t? € D(1,d,,—a,—d,a), and then —a’t? €

Dt(a2t2,d1a2t2, —at?, —dzat2). Hence (by 1.2.3(0)),
2 E(242 7 1242 242 2\ (242 ] 4242 2
at® € D'(a*t*,d a*t%, a*t*, —d,at*) = D" (a*t*,d,a"t*, —d,at?).

It follows that at?> € D(q, —d2at2) for some ¢ € D*(a?t?, d1a2t2). From the first condition we
obtain ¢ € D'(at?, d,at?) (1.2.3 (0) and [RS2]). By 1.2.8(9),
2 0l g2 2 22 g 242 t( 042 2 2 2

q* € D'({at*,d,at* )®(a*t*,d,a*t*)) = D*(at*,d at*, d,at*,d d,at*).
Hence ¢*> € D!(at?,p) for some p € D'(d atQ,antQ, dldzatQ). From this condition we get p =
a’*t?’p and ap € Dt(d a*t? d a2t2, d1d2a2t2) (I.2.8 (3)). Since the entries of this form are in A, we
get ap € A, ie., p= at2d Wlth d=ap € A. It follows that ¢*> € D'(at?, at?d), and then —at? €
DY(—q?,at?d) € D(—1,at?d). Then at®> € D(1,—at?d), which implies at®> € D(a*t?, —at?d),
and we obtain —a?t? € D!(—at?, —at?d). Scaling by —a gives at?> € D'(a?t?, a®t>d) and, since
this entries are in A, we have at? € A, contradicting a7 N A = () and proving our claim.

Lemma 1.4.10 gives a character h € X, such that A[—a] C P(h) and h(a*t?) = 1 for all
t € T. Since h(—a) > 0, it follows that h(a ) = —1, and hence h(at?) = —1 for all t € T. O

As a particular case of the preceding Corollary for 7' = {1}, we obtain:
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Corollary 1.4.12 ([M], Lemma 6.6.3, pp. 122-124) Let G be a RS and let a € G. If S
i a saturated subsemigroup of G mazimal for the condition a &€ S, then S is a prime sub-
semigroup. Such an S determines a RS-character h : G — 3 such that h=1[0,1] = S and
h(a) = —1. O

Corollary 1.4.13 If G is a RS, then X, # 0.

Proof. Apply Corollary 1.4.12 with a = —1. Since —1 ¢ Id(G), by Zorn’s lemma there is a
saturated subsemigroup of G maximal for —1 ¢ S. [If —1 = 22, then (—1)2? = —2% = 22 which
(by [TS5]) implies 22 = 0, and then —1 = 0, absurd.] 0

1.5 Separation theorems and duality
Now we come to one of our principal results; namely:

Theorem 1.5.1 (The Duality Theorem) There is a functorial duality between the category RS
of real semigroups (with RS-homomorphisms), and the category ARS of abstract real spectra
(with ARS-morphisms). Moreover, this duality establishes an isomorphism between the cate-
gories RS and ARSP, the opposite category of ARS. ®

As usual in these matters, the proof of a duality result of this kind rests on a separation
theorem. The result presently needed follows from Lemmas 1.4.8 and 1.4.12:

Theorem 1.5.2 Let G be a RS and let a € G. Then

(a) If I is a saturated ideal of G not containing the element a, then there exists a RS-character
h such that h(a) # 0 and h(x) =0 for all x € I.

(b) If S is a saturated subsemigroup of G not containing the element a, then there exists a

RS-character h such that h(a) = —1 and h(x) € {0,1} for allx € S.

Proof. See [DP1], Theorem 4.2, p. 115. O

Theorem 1.5.2 implies in turn:

Theorem 1.5.3 Let G be a RS, and let a,b € G. Then:
(1) Ifa ¢ D (1,b), then there is a RS-character h € X, such that h(b) € {0,1} and h(a) = —1.

(2) 2]f a? ¢ DG(b2,02), then there is a RS-character h € X, such that h(b?) = h(c*) = 0 and
h(a®) = 1.

Proof. See [DP1], Theorem 4.3, p. 116. O

Finally, the separation result actually used in the proof of Theorem 1.5.1 is a consequence
of the foregoing theorem, and takes the following form:

Theorem 1.5.4 (Separation Theorem) Let G be a RS, and let a,b,c € G. Then:
(1) a € D (b, c) if and only if for all h € X ,, h(a) € Dg(h(b), h(c)).

(2) a € DtG(b, c) if and only if for all h € X, h(a) € Dg(h(b), h(c)).

(3) If a # b, there is h € X, such that h(a) # h(b).

5 The Duality Theorem was proved in [DP1], Thm. 4.1. Below we present a sketch of the proof.
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Proof. See [DP1], Theorem 4.4, pp. 116-117. O
Now we give a hint of the

Proof of the Duality Theorem 1.5.1. For later reference we register the definition of the
contravariant functors, ®, from the category RS into the category ARS, and ¥, in the opposite
direction that, together, establish the isomorphism of categories asserted in the statement of the
theorem. For the remaining details of the proof, the reader is referred to [DP1], pp. 117-118.

(I) To a given RS, G, the functor ¢ assigns the pair (XG,@), where:
— X G is the set of RS-characters of G, and

— G is the image of G in 3¥¢ under the evaluation map: G = {@ | a € G}, where @ € 3%¢
denotes the evaluation at a, i.e., for 0 € X, @ (0) = 0o(a).

The facts that:
(a) The map a — @ (a € G) is injective,
(b) The pair (X, G) = ®(G) is an ARS,

follow, respectively, from items (3) and (1) of Theorem 1.5.4, via establishing that the (axiomat-
ically given) relation D, coincides with the representation relation D, defined by condition

[R] in 1.2.2(2), with Sper (A) replaced by X, (see also [M], § 6.1, p. 993;.

The functor ® is defined on morphisms as follows. Given a RS-homomorphism f: G — H,
its dual ®(f) = f* is defined by composition: given o € X, we set,

f{e)=cof.

(IT) The functor ¥ assigns to each ARS, (X, G), the semigroup (G,-,1,0,—1) endowed with
the representation relation D, defined by the analog of the stipulation [R] in 1.2.2(2) (with
Spec R(A) replaced by X), namely,

ceD,(a, b) < Vo € X [e(x) = 0Va(z)e(x) = 1V b(z)e(z) = 1].

Routine checking shows that this structure verifies axioms [RS0]-[RS8] (see also [M], §6.2, pp.
105-110).

In order to define the functor ¥ on morphisms recall ([M], Def., p. 103) that a morphism
of ARSs, ¢g:(Y,H) — (X,G), isamap g: Y — X such that,

[ARS-mor| For each a € G the composite mapping aog:Y — 3 belongs to Y.

It follows that every ARS-morphism induces a RS-homomorphism ¢* : (G,DX) — (H, DY)
by setting, for a € G,

g*(a) = the unique b € H such that aog =b.
Then, ¥ is defined on ARS-morphisms ¢ : (Y, H) — (X,G) by: ¥(g) = g*. O

Remark 1.5.5 In the important case where G is G ’E the real semigroup associated to a semi-
real ring A, see Examples 1.1.2 (e) and 1.2.2 (2), the Duality Theorem proves that the character
space XGA is isomorphic (in the category ARS) to Sper (A), the real spectrum of A.

Explicitly, the isomorphism is:

— To each « € Sper (A) there corresponds a character h,eX G defined, for a € A, by:
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ha(@) = sgna(mala)),

ie., the sign (1,0 or —1) of my(a) in the total order < of A/supp(a) determined by «
(Ta + A—> A/supp(a) canonical); see 1.1.3. It is clear that hq : G, — 3 is a well defined
homomorphism of ternary semigroups. That h, preserves representation follows, e.g., from the
characterization of representation in G, given in [M], Prop. 5.5.1(5), pp. 95-96, 6 and the fact
that m, is a ring homomorphism.

— Conversely, to each RS-character h € X s there corresponds a set
a, ={a € Alh(a) € {0,1}}.

As an exercise the reader can check without difficulty that a, is, indeed, a prime cone of A (cf.
[BCRJ, 4.2.1, p. 86 and 4.3.1, p. 88), i.e., o € Sper (4).

A similar argument applies in the case G = G > where T' is a preorder of A, showing that

X, , Is isomorphic, as an ARS, to Sper (A,T) = {a € Sper (A) |T C A}. 0

The following result is just one application, among many, of the Duality Theorem 1.5.1.
Further examples will occur later in this monograph.

Proposition 1.5.6 (1) The category of abstract real spectra is closed under (filtering) projective
limits over right-directed index sets.

(2) Every ARS is a (filtering) projective limit of ARSs whose dual RSs are countable (even
finitely generated).

Proof. See [DP1], Proposition 4.5, p. 119. O

It follows from Corollary 1.4.12 and results to be proved in Chapter IV (§1V.5) that the
separation property of Theorem 1.5.4 (1) extends to Pfister forms.

Corollary 1.5.7 Let ¥ be a Pfister form over an RS, G, and let a € G. Then,
a €D, (¥) if and only if Vh e X, (h(a) € Dy(hx*¥)).

Proof. The implication (=) is obvious since every h € X ¢ is @ RS-morphism.

(<) Corollary IV.5.8(1),(2) proves that D () is a saturated subsemigroup of G. Assuming
a & D, (%), pick a saturated subsemigroup S of G containing D (%) and maximal for a ¢ S.
Then, Corollary 1.4.12 gives a character h € X, such that h(a) = —1 and h[ S C{0,1}. In
particular, all entries of h % are 0 or 1, hence Dy(h+ ) C{0,1}, and h(a) & Dy(h+¥). O

The separation theorem 1.5.4 implies the following tri-semigroup property of representation
and transversal representation by binary forms:

Proposition 1.5.8 Let G be a real semigroup and let a,b € G. Then, DG(a, b) and Dé(a,, b)

are closed under the product (in G) of any three of its elements: for €€y C4 € G,
If ¢, € DG(a,b) fori=1,2,3, then ccc,c, € DG(a, b),

and similarly for D',

% Namely, for a,b,c € A,
a e 2 _ —
GGDGA(b,C)@Hthtlth €Y A (tja=tb+t,c and {a=a).
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Proof. We do the proof for D!; that of D is even simpler. We omit the index G. By Theorem
1.5.4(2) it suffices to prove that, for every h € X, h(c,c,c;) € D?':(h(a), h(b)). By assumption
(and 1.5.4(2)) we have

(*) hic,) € D;(h(a),h(b)) fori=1,2,3.

Case 1. h(cc,cy) = 0.

Then, h(c,) = 0 for some i. By Corollary 1.2.5, (*) entails that either h(a) = h(b) = 0 or

h(a) = —h(b) # 0; by L.2.5 again, this implies h(c,c,c,) =0 € D;(h(a), h(b)).

Case 2. h(cc,c,) # 0.

Then, h(ci) # 0 for all indices ¢ = 1,2,3. Hence, at least two of the h(ci) are equal, say
h(c,) = h(c,). Then, h(c,c,) =1, and h(c c,c,) = h(c;). Then, the representation (*) with

i = 3 yields h(c c,c;) = h(c,) € D;(h(a), h(b)). 0

Remark. V. I. Arnold observed (in [A], Thm. 1) that the set of integers represented by a
binary quadratic form over Z, whether diagonal or not, is closed under the product of any three
of its elements. He called this the “tri-group” property (though it would be more appropriate
to call it “tri-semigroup” property). The preceding Proposition shows, in particular, that this
property holds for diagonal forms over any semi-real ring (Example 1.2.2 (2)). 0

1.6 The representation partial order

In this section we address the question whether real semigroups carry a partial order induced
in a natural way by its representation relations. This question is motivated by the fact that,
for reduced special groups representation itself is a partial order for which the operation “-” is
an involution.

However, in the context of RS’s, none of the binary relations a € D(1,b) or a € D'(1,b)

defines a partial order for which the operation “~” is an involution:

— a € D(1,b) is reflexive (axioms [RS0], [RS1]) and transitive (Proposition 1.2.3(12)), but
neither antisymmetric nor involutive in general.

— a € D'(1,b) is transitive and antisymmetric (these follow, respectively, from axioms [RS3]
and [RS7], using items (0) and (6) in Proposition 1.2.3), and involutive (Proposition 1.2.3(0)),
but not reflexive in general.

A closer examination of the case of RSG’s reveals, however, another approach to our ques-
tion based on the connection between representation in an RSG, G, and the natural order of
its Boolean hull BG. The facts known in this case are as follows.

Proposition 1.6.1 Let G be a RSG. Then,

(a) The binary relation a < b: < a € Dg(1,b) defines a partial order on G such that a < b
& — b < —a.

(b) 1 and —1 are, respectively, the least and greatest elements for <.

(¢) The relation < is not compatible with the group operation (i.e., a < b does not imply ac < be;
take a < b and c = —1). Only the following “weak compatibility” relation holds:

a<bAbd<cd = Je<d(ae < ce).

[This law is the equivalent for RSGs of the associativity of the representation relation, expressed
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by aziom [RS3] above; see also Proposition 1.2.3(15).]
(d) The natural order of the Boolean hull B of G induces the order < on G.
(e) a € Dg(1,b) Vo € Xg (0(b) =L =o0(a)=1) Vo € Xg (0(a) <o(b). O

For details and proofs, see [DM1], Cor. 4.4 and Prop. A, p. 53; for item (c), cf. [DMM], §1.1,
pp. 29-32.

As mentioned in the Preface, every RS has a canonical “hull” which is a Post algebra.
Every such algebra carries an order that makes it into a distributive lattice and, as we shall
prove in the next chapter, a representation relation that makes it into a RS; the relationship
between these structures is given in the next definition (cf. Proposition IV.2.10 (i)). In analogy
to 1.6.1(d), one should expect the “natural” partial order in a RS to be induced by the order
of its Post hull, rather than by representation alone. This leads to:

Definition 1.6.2 Let G be a RS, and let a,b € G. We set:
a<,b it a€D,(1,b)and —be D,(1,—a).

[Unless necessary we omit the subscript in < G'] a

Remark 1.6.3 Note that when G = 3 this definition gives 1 <0<, -1, the opposite of the
order of these elements as integers. a

With the notion of order just defined we get an analog of Proposition 1.6.1 for RSs:

Proposition 1.6.4 Let G be a RS. Then:
(a) The relation < is a partial order on G such that a <b< —b < —a.
(b) Forallae G, 1 <a<-—1.
() a<0 & a= a®eld(Q),
0<a & a=—a®c -1d(G).

(d) Let X, be the character space of G. For a,b € G,
a<,b & VheX, (hla) < 0(h) &
& Vhe X, [(h(b) =1= h(a) =1) A (h(b) = 0= h(a) € {0,1})].

Proof. First we prove item (d) and then derive the other assertions by means of the Separation
Theorem 1.5.4.

(d) In view of Remark 1.6.3 the last condition is just a restatement of the second. As for
the first equivalence, Definition 1.6.2 implies that Vh € X, (h(a) <; h(b)) is equivalent to
Vh e X, (h(a) € Dy(1,h(b)) A —h(b) € Dy(1,—h(a)), which, by Theorem 1.5.4 (1), is in turn
equivalent to a € DG(l, b) AN —be DG(l, —a), i.e., to a <

(a) < is obviously reflexive.

Antisymmetry. Assume a<,b and b<,a. From (d) we get Vh € X, (h(a)<;h(D)

h(b) <4 h(a)). Since <, is a total order —hence antisymmetric— we have Vh € X, (h(a)
h(b)) which, by 1.5.4 (3), entails a = b.

>
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A similar argument, using item (d), proves transitivity. The last assertion of (a) is obvious.
(b) Clear, by direct inspection in Definition 1.6.2.
(c) With b = 0, condition (d) reduces to
a<0 < Vhe X, (h(a) €{0,1}).
By 1.5.4(3) the right-hand side is equivalent to a = a?.
The second assertion follows from the first and item (a). O
The order defined in 1.6.2 will be called the representation partial order of G.

The following Proposition summarizes the main properties of the representation partial
order.

Proposition 1.6.5 (Properties of the representation partial order.) Let G be a RS. For
a,b,x,y € G we have:

(1) The following are equivalent:
(i) a® <b< —a? (i) Z(a) C Z(b); (iii) b= a?b.
In particular,
(2) a® <ab< —a? and b? <ab< —b? (hence a® < +a < —a?).
(3) If a®> <b< —a? and b is invertible, then a is invertible.
(4) a <z,y=a< —zy. Hence, v,y < a = zy < a.
(5) For a € G, the set a* = {x € G|z < a} is a transversally saturated subsemigroup of G.

More generally,

(6) Let D be a non-empty subset of G (right) directed under the order < (i.e., for all x,y € D
there is z € D such that x,y < z). Then, the set D¥ = {x € G |Thereis y € D such that
x <y} is a transversally saturated subsemigroup of G.

(7) For all a € G, the infimum and the supremum of a and —a for the representation partial
order < ezist, and a A —a = a®, a V —a = —a®. In particular,

(8) aAN—a<0<bV—bforalabeG.7

(9) With notation as in 1.1.11, I ={r € G | a? <z < —a?}.

Note. Here Z(a) ={h € X, |h(a) =0}, and I ={z € G | a’x = z} is the principal ideal of
G generated by a (a € G).

Proof. The characterization of < given by Proposition 1.6.4 (d) is repeatedly used in this proof.
(1) (i) & (ii). By 1.6.4(d), condition (i) is equivalent to

(i) VheX, [h(a)? <  h(b) <; - h(a)?].

Clearly, this condition implies (ii). Conversely, (ii) implies (i'); this is evident if h(a) = 0; if
h(a) # 0, then h(a)? = 1, and (i) holds by 1.6.4(b).

Obviously, (iii) = (ii). For (ii) = (iii), by the separation theorem for RSs (Theorem

7 Called the Kleene inequality; cf. TV.1.2 (b).
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1.5.4(3)), it suffices to prove that h(a?b) = h(b) for all h € X,. This is clear if h(b) = 0; if
h(b) # 0, by (ii), h(a) # 0, whence h(a)? =1, and we get h(a®b) = h(a)*h(b) = h(b).

(2) follows from (1.ii), as Z(a), Z(b) C Z(a) U Z(b) = Z(ab).
(3) follows from (1.ii) or (1.iii) (note that b is invertible iff Z(b) = ().
(4)

4) For the first assertion, assume a < x,y and h(—xy) = 1, with h € X, ; then, one of h(x)
or h(y) is 1, and the assumption, together with 1.6.4 (d), entails h(a) = 1. If h(—zy) = 0, one
of h(z) or h(y) is 0, and we get h(a) € {0,1}. For the second assertion, use the first together
with 1.6.4 (a).

(5) By (4), a* is closed under product, and by 1.6.4 (a) it contains 1.

To show it is closed under transversal representation, let z,y € a* and z € Dé(x, y). Again,
we invoke 1.6.4 (d) to prove z < a. Let h € X, be such that h(a) = 1; since z,y < a,
we get h(x) = h(y) = 1, and hence h(z) € D?f(h(a:),h(y)) = D;(l,l) = {1}. Suppose next
h(a) = 0; the assumption and 1.6.4 (d) give h(zx),h(y) € {0,1}, whence, by Corollary 1.2.5,
h(z) € D;(h(x), h(y)) €{0,1}, as required.

(6) This follows easily form (5). In detail: let y € D (# 0); since 1 < y (1.6.4 (a)), we have
1€ D%

— D' is multiplicative.

For i = 1,2, let &; € D', and let y; € D be such that z; < y;. Since D is directed, there is
Yy, € D such that y,,y, < y,. Hence, z,z, <y, and (5) yields z,z, <y,, i.e, z,z, € D+

— DV is closed under tranversal representation.

Fori=1,2,let z; € D¥, z € Dé(:cl, acz), and y; € D be such that z; < y;. Since D is directed,
there is y, € D so that z; <y; <y, (i=1,2). By (5), z < Y5, whence z € D+,

(7) By (2) it only remains to prove:
Forall x € G, x <a and x < —a imply z < a?,
and the dual condition for the supremum; these follow at once from (4).
(8) follows from (7) and a® < 0 < —b? (1.6.4 (c)).
(9) is clear from the definition of I and (1.iii). O

Remark. A set of the form a* may not be saturated; if, e.g., 0 £ a, we have 0 € DG(a,a)
(1.2.3 (1)), but 0 & a*. m

Added December 2011.

The next Proposition gives an internal characterization of the representation partial order
of the real semigroup associated to a preordered ring.

1.6.6 Reminder. (i) Given a ring A and a preorder 7" of A, in the proof below we shall use
the identification of the character space of the real semigroup G ' With Sper (A, T) established
by the bijection defined in 1.5.5:

T

a € Sper (A, T) +— hQEXGA ,
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where h_(a) = sgn, (7 (a)), with 7 _:A— A/supp(a) canonical.

The characterization of the representation partial order in terms of characters given in
Proposition 1.6.4 (d) will also be used.

(ii) For a € A we denote by @ the map Sper (A,T) — 3 defined in 1.1.2 (e). O

Proposition 1.6.7 Let A be a ring, T a preorder of A and GAT be the RS associated to
(A, T); < will denote the representation partial order of G, ... For a,b € A, the following are
equivalent:

(1) a<b.

(2) There are s,,s,,s, € T such that

(i) sya=s +8,b;

(i¢) For all a € Sper (A, T), m (b) > 0 = 7 _(s,) >0 and 7 (a) < 0 = 7 (s,)>_0.
(3) There are s, s, s, € T such that

(i) sya=s +8,b;

(i) a<s,a and @gé.

Notes. (a) Since s, € T', the conditions 7 _(s,) >_0 in 2.(ii) are equivalent to 7_(s) # 0.

(b) For an analog of item (3) for binary representation (instead of the order <), see Proposition
5.5.1(5), p. 95, of [M].

Proof. To abridge, we write D for D,
A, T

(1) = (2). By Definition 1.6.2, (1) means @ € D(1,b) and —b € D(1,—a). Using [M], Prop.
5.5.1(5) on each of these representations, there are tos t; € T (i = 1,2) such that
1) tia=t +t,b, /b=t —t'a and fa=a, }b=>.

From this comes: (t +t))a = (t,+t))+(t +t,)b. Setting s) =t +1., s =t +t\, 5, =1t +1,
(all in T'), gives at once (2.1).

Now we use the last two equalities in () to get (2.ii). Let o € Sper (A, T).

— Let _(b) >_0. The identification in 1.6.6 (i) yields ha(b) = 1 and (from t’ b=1"), h, () =1;
it follows that wa(tgb) > 0. This implies wa(tg) # 0, and (since t’o eTC a) a(tg) >
conclude: 7 _(s,) = Wa(tz)) +m (t,)> 0.

— Likewise, if 7_(b) < 0 we get h (@) = —1 and, from #,a = @ follows h_(t a) = —1, ie.,
T (t,a) <,0. This entails 7 () # 0, whence 7ra( o) >a0 and, finally, 7 a( o) = T (t,)+
ﬂa(tlz) > 0.

(2) = (3). Now we reinterpret conditions (2.ii) in terms of the representation partial order to
get (3.ii), and conversely.

(2.ii) = (3.ii). Using Proposition 1.6.4 (d) with the characters h_, we must show, for o €
Sper (A, T),

h(s,a)=1= h (a)=1 and h_(a)=-1 = h_(s,a)=—1,

or, in terms of the maps T
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(*) T (s,a) > 0 = 7w (a) > 0 and 7 (a) < 0 = 7 (s,a)<,0.

Likewise,
(**) 7ra(b) >0 = 7Ta(82b) >0 and 7 (5 b) < 0= (b) <,0-

Proof of (*). Since 7_(s,) >_0 (s, € T), we have 7 _(s a) > 0 = = (so) # 0 = 7 _(s,) >0
Also, m_(a) # 0, and 7 _(s,a) > 0 together with wa( o) >a0 give 7_(a) > [Note this does
not use (2.ii).]

By (2.i), m_(a) <_0 implies 7_(s,) >_0; these clearly yield w (s a) <_0.

Proof of (**). Similar to that of (*). From (2.ii) follows:
7 (0)> 0 = 7 (s,b) > 0 = 7 (s,b) > 0.
Also,
m (s,0) <0 = 7 (b)) #0AT (s5,)#0 = 7 (b)) #0A7 (s,) > 0 = 7 (b)<0.
(3.ii)) = (2.ii). This is clear, reversing the preceding reasoning; in detail:

— Let 7_(b) > 0. From the second inequality in (3.ii), using 1.6.4(d), 7_(s,b) > 0, which
entails 7_(s,) 7& 0 (equivalent to 7_(s,) >_0).

Q

N
— Let m_(a) < 0 The first inequality in (3.ii) and 1.6.4 (d) yield 7_(s,a) <_0 which, in turn,
entails w _(s ) #

(2) = (1). By L6.4(d) applied with the characters h_, and 1.6.6 (i), we must show, for a €
Sper (A, T):
7 (0)> 0 = 7 (a)> and 7 (a) < 0 = 7 (b)<0.

«

For the first implication: from «_(b) > 0, by (2.ii), 7_(s,) > 0, and hence 7_(s,b) >_0. Since

T (s,) =0 from (2.i) comes 7 (0;0 )= (s,) + 7 (s,0) > 0. This implies 7 _(s,,), 7_(a) # 0,
(a) >, O “as requ1red

whence 7. o(89) >0, and then 7

For the second implication: by (2.ii), 7_(a) < 0 = 7 _(s,) > 0 = 7 _(s,a) < 0. From (2.i)

we have s,b = sja — s; since w_(—s,) < L0, we get 7 (s,b) = (soa) 7 (s;) < 0. Then,
a1 a
T (s,) # 0, whence 7_(s,) >_0; altogether this gives a( ) <0, as needed. O

We shall consider the restriction of the representation partial order to the set of idempotents
of a RS, G. Our next result proves, firstly, that this order coincides with the order given by
the 2-semigroup structure of Id(G), cf. 1.1.29 (i),(ii). More remarkably, it proves that under
this order the set Id(G), is a bounded distributive lattice where the join and meet operations
have a natural meaning.

Proposition 1.6.8 Let G be a RS.

(1) The restriction of the representation partial order of G to 1d(G) coincides with the order
of the 2-semigroup structure of 1d(G), cf. 1.1.29.

(2) With join and meet defined by
aVb=a-b,
a A b= the unique element c € D'(a,b).

fora,b € 1d(G), (Id(G),A,V,1,0) is a distributive lattice with first element 1 and last element
0, where the (lattice) order is the (restriction of the) representation partial order.

Remark. [M], Prop. 6.1.5(1), p. 103, proves that D!(a,b) is a singleton whenever a,b are
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idempotents; see Corollary 1V.5.3 (i) below.
Proof. (1) By 1.1.29 (ii) and Proposition 1.6.4, this amounts to showing:
b=b-a & Vhe X, (h(a)<;h(D)).

By Theorem 1.5.4 (3) the left-hand side is equivalent to Vh € X, (h(b) = h(b)h(a)). Hence it
suffices to check that

T=xY & Y7,
holds for idempotents x,y of 3, i.e., whenever z,y € {0,1}, a routine verification.

Note that for elements a € Id(G) the characterization of < in 1.6.4 (d) boils down to:

) { a><b & VheX, [hb)=1= h(a®)=1],

b< —a®> & Vhe X, [(h(a) =0= h(b) € {0,1})].
(2) a) For a,b € Id(G), a A b is the glb of a and b for the representation partial order.

Let ¢=a A b. We prove:

— c<a,b.

As noted in (*) it suffices to prove Vh € X, (h(a) = 1= h(c) = 1). Since any h € X , preserves
transversal representation, from ¢ € DL(a,b) we get h(c) € Dj(h(a),h(b)) = Dj(1,h(b)).
Since h(b) € {0, 1}, inspection of the explicit definition of D% (I1.2.5) shows that in either case
h(c) = 1. Similar proof for ¢ < b.

 Vdeld@)([d<and<b=d<c).

Suppose d < a,b, and let h(c) = 1. Since ¢ € D} (a,b) = D,tXG (a,b), we have h(c)h(a) =1 or
h(c)h(b) =1 (see [TR] in §1), whence h(a) =1 or h(b) = 1. From d < a,b we obtain h(d) = 1,
as required.

b) (Id(G), A, V) is a distributive lattice.

We only check the distributive law, ¢ V (a A b) = (¢ V a) A (¢ V b), leaving further details to
the reader.

Since ¢ Va=c-a, ¢V b=c-b, setting e = (¢ V a) A(c V b) = caA cb, we have e € D*(ca, cb).
Let d = a A b, so that d € D%(a,b). Scaling by ¢ we have cd € D'(ca,cb) (1.2.3(2)). Since this
set is a singleton, we conclude that cd = e, as desired. O

Added December 2011.

The Proposition that follows characterizes binary representation in terms of the represen-
tation partial order and (implicitly) the lattice structure of the idempotents of a RS.

Proposition 1.6.9 Let G be a real semigroup and let < denote its representation partial order.
For a,b,c € G the following are equivalent:

(1) a € D (b,c) .

(2) ab < a®be, ac < a’be and 22 < a?, where z = 2% is the unique element in Dé(b2, ).
Proof. (1) = (2). We use 1.6.4 (d) to check the inequalities in (2). Let h € X ,.

— If h(a®bc) = 1, then h(a) # 0, whence h(a?) = 1, and h(b) = h(c) # 0. From (1), it follows
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h(a) = h(b), or h(a) = h(c); in either case, h(a) = h(b), i.e., h(ab) = 1.

— Assume h(a?bc) = 0. Then, either h(a) = 0 or h(b) = 0, whence h(ab) = 0, or both these
values are # 0, and h(c) = 0. In this case, (1) implies h(a) € D, (h(b), h(c)) = D4(h(b),0) =
{h(D),0}, and hence h(a) = h(b), i.e., h(ab) = 1.

The second inequality in (2) follows from the first by interchanging b and c.

Since h(22) only takes on the values 0, 1, to prove 22 < a?, assume h(a?) = 1, i.e., h(a) # 0.
By (1), one of h(b) or h(c) is # 0, i.e., either h(b?) = 1 or h(c?) = 1. Then, 2% € Dé(b2, c?) and
1.2.5 yield h(2?) = 1, as required.

(2) = (1). We must show:
Vhe X, (h(a) # 0= h(a) = h(b) Vh(a) = h(c)).
Note that any RS-character of G is, by 1.6.2, monotone with respect to <.

— If h(a) = 1, the first two inequalities in (2) give h(b) <g h(b)h(c) and h(c) <g h(b)h(c).
The inequality 22 < a? gives h(2?) =1 and, by 22 € Dé(bQ,CQ), either h(b?) = 1 or h(c?) =1,
ie., h(b) # 0 or h(c) # 0. If h(c) = 0, then h(b) <3 0 and, since h(b) # 0, we get h(b) = 1.
If h(c) = —1, then —1 = h(c) <3 —h(b), whence h(b) <3 1, i.e., h(b) = 1. In either case,
h(b) =1 = h(a).

— If h(a) = —1, by 1.2.5 one of h(b) or h(c) is # 0. The first two inequalities in (2) give
—h(b), —h(c) <g h(b)h(c). If h(b) = 1 then, h(c) = —1, and h(a) = h(c). If h(b) = 0, then
h(c) # 0 and —h(c) <3 0, whence 0 <3 h(c) and h(c) = —1(= h(a)). The remaining case is
h(b) = —1 = h(a), as required. 0

A first, interesting, corollary of Proposition 1.6.9 is:

Corollary 1.6.10 In the presence of product and the constants 1,0, —1, the binary representa-
tion relation of a RS is first-order mutually interdefinable with its representation partial order.

Proof. The representation partial order is, by Definition 1.6.2, quantifier-free definable from
binary representation. Conversely, Propositions 1.6.9 and 1.6.8 show that the ternary relation
D(-,-) is first-order (but not quantifier-free) definable in the language {1,0,—1, -, <}. Indeed,
since the unique element z such that z? € Dé(bQ,CQ) is the infimum of b? and c? for the

representation partial order retricted to idempotents (1.6.8), it suffices to substitute the last
requirement in 1.6.9 (2) by the usual definition of the infimum, namely:

Va[22 <P A2 <AV (22 <P A2 <2 —a? <2?) — 22 <d?]. O

Corollary 1.6.11 Let G be a RS and let h : G— 3 be a character of ternary semigroups.
The following are equivalent:

(1) he X, .
(2) i) h is monotone for the representation partial order.

i1) h[1d(G) : Id(G) — {1,0} is a homomorphism of bounded lattices (1 < 0).

Remark 1.6.12 Condition (2.ii) is equivalent to either:
(2.ili) h preserves infima of the distributive lattice Id(G).
(2.iv) For a,b,c € G, a® € Dé(b27 c?) and h(b) = h(c) = 0 imply h(a) = 0.
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The proof of these equivalences is straightforward upon observing that, since h is assumed to
preserve product, it automatically preserves suprema of Id(G); cf. 1.6.8 (2). a

Proof. (1) = (2). This implication is clear, as both the representation partial order and
the lattice operations in Id(G) are quantifier-free definable in terms of constants, product and
binary representation (1.6.2, 1.6.8 (2)).

The implication (2) = (1) follows from (2) = (1) in Proposition 1.6.9. O

Corollary 1.6.11 entails a criterion for a product of three RS-characters to be a RS-character:

Corollary 1.6.13 Let G be a RS and let h, € X, (i =1,2,3) be RS-characters of G.

(1) Assume that the zero set of one of the h.’s contains the zero sets of the others. Then,

(h hyh,)[1A(G) is a homomorphism of bounded lattices onto {1,0}.

In particular,

(2) h hyhy € X, if and only if

(i) The zero set of one of the h.’s contains the zero sets of the others.

(i) h,hyh, is monotone for the representation partial order of G.

Proof. (1) Without loss of generality we suppose Z(h,), Z(h,) C Z(h,). By L6.12(2.iv) it
suffices to show

2 tp2 2 _ —0; —
a® € DG(b ;c?) and h h,h,(b) = h h,h,(c) = 0 imply h h,h,(a) =0.

By the assumption on the zero sets of the h’s, h1h2h3(b) = 0 implies hl(b) = 0; likewise,
h,(c) = 0. Since h| € X, from a’ € Dé(bQ, c?) comes h,(a) =0, and hence h h,h,(a) = 0.
(2) For the implication (=), assertion (2.i) comes from Lemma I1.2.11 (1), and (2.ii) comes
from (1) = (2.i) in Corollary 1.6.11.

Conversely, assumptions (2.i), (2.ii) and item (1) show that the two conditions in 1.6.11 (2)

are verified with h = h h,h,, implying h h,h, € X .. O

For products of the form h%g, we can give a more precise and manageable necessary and
sufficient condition for h%¢ to be a RS-character.

Proposition 1.6.14 Let G be a RS and let h,g € X, be such that Z(g) C Z(h). The following
are equivalent:

(1) h%g € X
(2) The set Z(h) U g~[1] is decreasing under the representation partial order of G.
Proof. (1) = (2). Let be Z(h)Ug1[1] and a < b. If g(b) =1, then a < b and g € X, entail

g(a) =1 (1.6.4(d)). So, assume g(b) # 1 and, hence, h(b) = 0; then, h2g(b) = 0. Together with
(1) and a < b this implies h2g(a) € {0,1} (1.6.4(d)).

— If h%g(a) =1, then g(a) = 1, and a € Z(h) U g~ '[1].
— If h2g(a) = 0, then a € Z(g) U Z(h) = Z(h) C Z(h) U g~ [1], as required.
(2) = (1). Assume (2). By Corollary 1.6.13 (2) it suffices to show that h?g is monotone for <.

Let a,b € G,a <b. We must show
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(*) h2g(a) = 0 = h%g(b) € {0,—1} and (**) h%g(a) = —1 = h%g(b) = —1.

Proof of (*). Assume h2g(a) = 0. Then (by Z(g) C Z(h)), h(a) = 0. From a < b and h € X,
follows h(b) € {0, —1}. If h(b) = —1, then (from Z(g) C Z(h)), g(b) # 0. If g(b) = —1, we get
h2g(b) = —1.

Then (by a < b), g(a) = 1. From h(a) = 0 we get —a € Z(h).

So, suppose g(b) = 1.
1.6.4 (a)), by assumption (2) we get —b € Z(h) Ug~'[1], in contradiction to

Since —b < —a (cf.
g(b) =1,h(b) = —1.

Proof of (**). From h2g(a) = —1 comes h(a) # 0 and g(a) = —1 and hence (by g € X, and
a <b), g(b) = —1. Since a ¢ Z(h) U g~1[1], assumption (2) yields b & Z(h) U g~[1], whence
h(b) # 0, and h%g(b) = —1, as required. O

Remark. By Lemma I1.2.11(1), if h%g € X, the zero sets Z(g) and Z(h) are comparable
under inclusion. The alternative Z(h) C Z(g) implies g?> = h%g? (Lemma 1.1.19 (2)), which in
turn gives g = h%g. Note also that Lemma 1.1.18 (4) yields, in any case, g~ h2g. O

The foregoing results, especially Corollary 1.6.11, raise the natural question whether, for TS-
characters, monotonicity with respect to the representation partial order implies preservation
of binary representation (i.e., is equivalent to being a RS-character). In the sequel we exhibit a
counterexample showing that the answer is negative. The counterexample will be constructed
in two steps; the first is:

Lemma 1.6.15 Let G be a real semigroup whose only invertible elements are 1 and —1. The
map h : G— 3 defined by

1 ifz=1
h(z) = 0 ifx#1andx#-1
1 ifa =1,

s a character of ternary semigroups, monotone for the representation partial order.

Proof. (1) h is a TS-character.
Obviously h preserves constants: h(i) =i for i € {1,0,—1}.

h is multiplicative. This is also straightforward arguing according the values of h(xy), for
xz,y € G. In detail:

— If h(zy) = 1, then zy = 1, i.e., both = and y are invertible; by assumption, x,y € {£1}, and
hence z =y =1 or z = y = —1, which clearly yields h(z)h(y) = 1 = h(zy).

— If h(zy) = 0, then =,y ¢ {£1}, which implies € {£1} or y ¢ {£1}. By the definition of
h, h(z) = 0 or h(y) = 0, whence h(x)h(y) = 0 = h(zy).

— If h(zy) = —1, then zy = —1, and both = and y are invertible; by assumption, z,y € {£1}
and, since xy = —1, we have either x = 1 and y = —1, or ¢ = —1 and y = 1, implying
h(z)h(y) = —1 = h(zy).

(2) h is monotone for the representation partial order <.

Let a,b € G, a < b. If h(b) = 1, then b = 1, which entails a = 1 (1.6.4 (b)), and hence
h(a) =1 < h(b). If h(b) =0, then b ¢ {£1}. From a < b comes a # —1, hence h(a) € {0,1},
and h(a) < h(b). O

The bulk of the construction is summarized in:
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Proposition 1.6.16 There exists a real semigroup G having £1 as only invertible elements and
such that the map h : G — 3 defined in Lemma 1.6.15 does not preserve binary representation.

Warning. The proof uses the contruction, in IV.1.10, of the centered Kleene algebra K (L)
associated to a bounded distributive lattice L, as well as the proof, in V.7.2, that, under a certain
requirement (therein called [cn]) the Kleene algebra K (L) is a (spectral) real semigroup. For
unexplained notation and details, see these references. O

1.6.17 Reminder. We recall a number of known notions and facts from general topology.

Definition. (Cf. [Mun|, Ch. 4, p. 234.) A topological space is called completely normal if
every subspace is normal. O

Theorem. (Cf. [Mun], Ch. 4, p. 234.) A space X is completely normal if and only if
for every pair of subsets A, BC X such that AN B = AN B = () there are disjoint open sets
U,V CX such that ACU and BCV. O

A somewhat less known restatement of the latter condition (coming from [Mon]) is:

Proposition A. A space X is completely normal if and only if for every pair of open sets
U,V C X there are open sets W , W, such that UUW, 2V, VUW, DU and W, N W, = 0.

Proof. (=) Let X be completely normal and let U,V C X be open. With A = UN (X \V) and
B =V N(X\U) it is easily checked that AN B = AN B = (). The preceding characterization
gives disjoint open sets W, W, such that AC W, and B C W, which, in turn, imply UUW, 2 V
and V U VV2 oU.

(<) Let A,BC X be such that AN B = AN B = (. Applying the stated condition with
U=X\A,V=X\B, we get disjoint open sets W, W,, such that UUW 2V, VUW, 2 U;
this, in turn, gives W, 2 (X \ B)Nn A and W, 2 (X \ A)n B. But AN B = ) implies
(X\B)NAD(X\B)NA=A, and so W, 2 A. A similar argument proves W, 2 B. O

Finally, we recall:

Proposition B. (Cf. [Mun|, Ch. 4, pp. 234, 243.) Any metric space is completely normal. O

Proof of Proposition 1.6.16. We choose X to be a connected metric space having at least
two points, and take L = (X)) to be the bounded distributive lattice of all opens of X ordered
under inclusion. Let K(L) = {(U,V) € L x L™ |U NV = ()} denote the centered Kleene
algebra constructed in IV.1.10 from the lattice L. Note that the order < of K (L) is inclusion
(C) in the “L-coordinate” and reverse inclusion in the “L™-coordinate”; the center c is (0, 0),
and the opposite (“negation”) of (U, V) is (V,U).

In order to show that K (L) (under product given by symmetric difference) is a real semi-

group it suffices to verify property [cn] in Theorem V.7.2(2):

[cn] For all a,b € K(L) such that a,b < ¢, there are z,y € K(L) such that aAz <b, bAy <a
and xVy = c.

From a,b < ¢ = (0,0) we infer that a,b are of the form a = (0,U),b = (0,V). Since X is

completely normal, from Proposition A in 1.6.17 we get disjoint open sets W , W, such that

UuW, 2 Vand VUW, D U. Letting z := (,W,),y := (0,W,), from the first of these

inclusions we get

anz=D,U)AN0, W)= 0,UUW)) <(0,V)=0b,

and, from the second inclusion, b Ay < a. Also,
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zVy=O,W)vOW,)=©0W nW,)=(0,0)=c.

Thus, K (L) is a real semigroup which, in addition, is spectral, that we call G. Connectivity
of X implies that the only invertible elements of G are 1 = (0, X) and —1 = (X,0). In
fact, recalling that product in K (L) is symmetric difference, an element (U,V) € K(L) is
invertible if and only if (U, V)A—~(U, V)= (U, V)A(V,U)=1= (0, X), and this is equivalent
to UNV =0 and UUV = X, i.e., the sets U,V form a clopen partition of X. From the
connectivity assumption follows, then, that one of U or V is empty and the other is X, proving
that G* = {1, —1}.

Consider now the monotone TS-character h of G constructed in 1.6.15.
Claim. h does mot preserve the binary representation relation of G.

Proof of Claim. Consider the pairs a = (0, X \ {z}),b = (0, X \ {y}), where x,y are distinct
points of X; clearly (since points of X are closed) X \ {z}, X \ {y} € Q(X) = L.

We assert that 1 € D, (a,b). Since a,b < ¢ we have a = a? and b = b? (cf. 1.6.4(c)) and
the stated representation boils down to

(*) AP Ac=a’> AP <1<d’VbhVce=c,

or, equivalently, a? Ab? = 1 = (0, X). Since a®>Ab? = anb = (0,(X \ {2}) U (X \ {y})) =
(0, X) =1, (*) is proved.

On the other hand, since a,b ¢ {£1}, we have h(a) = h(b) = 0 and then obtain h(1) =1 ¢
D,(h(a), h(b) = D4(0,0) = {0}, proving the Claim, and also Proposition 1.6.16. O

Next we prove that the filters of the distributive lattice (Id(G), A, V,1,0) are in one-one
correspondence with the saturated ideals of G.

Proposition 1.6.18 Let G be a RS. The assignment I — I N Id(G) establishes a bijective
correspondence between the saturated ideals of G and the filters of the distributive lattice 1d(G).
Under this correspondence,

(i) Prime saturated ideals of G correspond bijectively to prime filters of 1d(G).
(ii) Principal ideals of G correspond bijectively to principal filters of 1d(G).

The correspondence preserves inclusion and proper inclusion.

Proof. a) If I is a saturated ideal of G, I N Id(G) is a filter of Id(G).

(ai) aceINIAG) ANbeld(G) N a<b=bel.

From a <bwe haveb=aVb=a-bel (1.6.8(2)).

(ail) a,b € IN1d(G) = a A b € I 1d(G).

Let ¢ =a A b. Since I is saturated and a,b € I, we get {c} = D% (a,b) C I.
b) I is a prime ideal iff I N Id(G) is a prime filter.

Immediate fromaV b=a-b (a,beld(Q)).

c¢) For every filter F of 1d(G), the set I(F) = {a € G | a®> € F} is a saturated ideal of G, and
I(F)N 1d(G) = F. Further, I(F) is the saturated ideal generated by F'.
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(ci) I(F) is an ideal.

Let a € I(F) and b € G. Since a?b? = a®V b*> > a? and a? € F, we get a?b®> € F, and ab € I(F).
(cii) I(F)NId(G) =F.

Let a € I(F)N 1d(G); then a? € F; since a = a?, we get a € F. The other inclusion is obvious.
(c.iii) I(F) is the ideal generated by F.

Let J be an ideal of G containing F, and let a € I(F). Then, a®> € F C J. Since J is radical,
a € J. Hence J D I(F).

(c.iv) I(F) is saturated.

Let a,b € I(F) and ¢ € Dg(a,b); we must prove that ¢ € I(F). Axiom [RS8] gives ¢? €
D¢(a?,b%), and, by [RS6], ¢* € DL (a?c?,b%c?). Using the distributive law in Id(G) we have
2 = (a’A) A (b%c?) = (a®>V ) A (P V ) = (a®> A b?) V 2, whence a? A b? < 2. Since F is a
filter and a?,b% € F, we get ¢ € F, and hence ¢ € I(F).

For a € Id(G), F = {b €1d(G) | a < b} denotes the principal filter generated by a.
d) Fora € G, I NId(G) =F ,. Conversely, if b € Id(G), then I(F)) = I,.

(d.i) For the first assertion, let z € I N Id(G). From Proposition 1.6.5 (9), a? <x=12%<-ad?
which shows that « € F ,. For the other inclusion use Proposition 1.6.4(c).

(d.ii) For the second assertion, Proposition 1.6.5 (9) gives, for x € G:
vel & ?el, & P<2?< -0 & b=0<2* & *cF, & zecl(F).

Proposition 1.6.18 follows from (a)-(d). (For the last assertion, recall that a bijective,
inclusion-preserving map also preserves proper inclusion.) O

Corollary 1.6.19 Let G be a RS. The correspondence P — P N 1d(G) is a homeomorphism
of the set Specg, (G) of saturated prime ideals of G with the topology having as a basis of opens
the sets D(a) = {P € Spece,t(G)|a & P} (a € G), onto the spectrum Spec (Id(G)) of the
distributive lattice 1d(G), i.e., the set of its prime filters with its canonical spectral topology
generated by the sets Dld(G) () = {p € Spec (Id(Q)) | = & p} as a basis of quasi-compact opens

(¢f. [DST], 1.4.3). Hence, Specg, (G) with the described topology is a spectral space.

Proof. By 1.6.18 (i) (and its proof), the given correspondence, say f(P) = P N Id(G) (P €
Spec,(G)), is a bijection whose inverse is p — I(p) = {a € G| a® € p} (p € Spec (Id(G)). Tt
is clear that, for x € Id(G), we have f_l[DId(G) ()] = D(z), i.e., f~! maps bijectively the basis
of Specg,(G)) onto the basis of Spec (Id(G)); hence, f is a homeomorphism. In particular, the

basic sets of Specg,, (G)) are quasi-compact open and, therefore, Specg,(G)) is a spectral space.
O

Corollary 1.6.20 With notation as above, we have:

(1) Any ideal I of a RS, G, is the union of a family of saturated principal ideals which, in
particular, are intervals for the representation partial order: I =|J,c; Ia.

(2) Any saturated ideal in a finite RS is principal.

(3) The saturated ideals of a RS ordered under inclusion form a distributive lattice.

Proof. (1) Clear, from a €l = I =a-GCI.
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(2) Id(G) is a finite distributive lattice. Every filter in a finite lattice is principal. Conclude by
Proposition 1.6.18(ii).

(3) Follows from [B], Ch. IX, Thm. 7, p. 141, and Proposition 1.6.18. O

1.7 Semilattice structure of abstract real spectra

New section: Jan. 2015
Definition 1.7.1 Let (X, <) be a root-system, and let 9,95 € X. Define:

9, =59, iff g,,9, have a common =-upper bound.

=, isan equivalence relation; its classes are called connected components of (X, <). O
In [DST], Prop. 7.5.4(iii) Check ref. it is proved that any spectral space whose order of
specialization is a root-system is a conditionally complete join-semilattice: every non-
empty set having an upper bound has a unique least upper bound (lub), i.e., a supremum. In
particular, this applies to the character space of any RS under the specialization order. In this

case we can give an explicit description of the lub.

Theorem 1.7.2 Let G be a RS, and let X, be its character space. Let {hili e I} C X, bea
non-empty family of characters belonging to a single connected component of Xa (i.e., having
a common upper bound under ~). Then, the lub \/,c; h; is the RS-character f defined by:

e Z(f)=N{Z(9) g € XG is a ~ - upper bound of \/;.;hi}.

o Ifag Z(f), then f(a) = g(a), where g € X, is any ~> -upper bound of \/;cr hi.
Proof. We shall repeatedly use the obvious fact that the set of ~--upper bounds of any non-
empty set in a spectral root-system is totally ordered under specialization. To abridge, call Ub
the set of upper bounds of {h;|i € I} under ~»; by assumption, Ub # (.

(i) f is well defined.

Given a ¢ Z(f) and g,¢’ € Ub such that a ¢ Z(g) U Z(g'), by Lemma 1.1.18 (4) we have
g(a) = ¢'(a) if either g~ ¢’ or ¢’ ~~ g; thus, the value f(a) is independent of the choice of the
upper bound g in the second clause of the definition of f.

(ii) f is a T'S-character of G.

Inspection of the definition of f shows that f(i =i for i € {0,£1}, and that f(ab) = f(a)f(b)
when either one of f(a) or f(b) is 0. If a,b & Z(f), then ab & Z(f): taking g € Ub such that
f(x) = g(x) for x € {a,b,ab}, since g € X, we get f(ab) = g(ab) = g(a)g(b) = f(a)f(b), as
required.

(iii) f is a ~-upper bound of \/,.; h;..

For any g € Ub and any i € I, h;~g implies Z(h,) C Z(g), whence Z(h,) C Z(f). Further,
if a ¢ Z(f) and g is such that a ¢ Z(g), we have both f(a) = g(a) (by the definition of f)
and h (a) = g(a) (by h,~ g, 1.1.18(4)). Then, h (a) = f(a), proving h,~ f for all i € I, as
asserted.

(iv) f is the lub of {h; |7 € I} under ~-.

This clearly follows from Lemma 1.1.18 (4) and the definition of f.
Finally, we show:

(v) f preserves representation, i.e., f € X o

Suppose a € D,(b,c) (a,b,c € G). We can assume a ¢ Z(f). If, eg., f(b) = 0, then
g(b) = 0 for all g € Ub. If, in addition, a ¢ Z(g), then g(a) = f(a); from g € X, we
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get g(a) € D,(g(b),g(c)) = Dg(0,9(c)) = {g(c)}, whence g(c) # 0 and f(c) = g(c). Hence,
f(a) € Dy(f(b), f(c)). Same argument if f(c) = 0.

In case that a,b,c & Z(f), let g, 9,,9, € Ub be such that a ¢ Z(g,),b & Z(g,),c & Z(g,)-
Since Ub is totally ordered by ~», we may assume g, ~ g, ~ g,; then, Z(9,) < Z(g,) € Z(g3)
whence a,b,c ¢ Z(g,) and f(z) = g,(z) for x € {a,b,c}. From g € X, follows g,(a) €
D3(91(b)791(c))’ ie., f(a) € DS(f(b),f(c)), as required. O

Remark. Under the hypotheses of Theorem 1.7.2, if 2 € G is such that (\/;c; hi)(x) # 0, then

hj(x) = (Vier hi)(x) for all j € I: since hj ~ Vierhi and (Ve hi)(z) # 0, Lemma 1.1.18 (4)
entails the asserted equality.

)

Proposition 1.7.3 Let f : G— H be a morphism of RSs and let f* : X, — X, be the ARS
morphism dual to f. If {h;|i € I} C X, is a non-empty family of characters belonging to a
single connected component of X, then f*(\;cp hi) = Vier f7(hi); i-e., f* preserves arbitrary
suprema (inside a connected component).

Proof. Since f*(c) = 0o f for 0 € X, the statement to be proved translates as:
(Vier hi) o f = Vs (hio f).
Claim. \/,;(h;o f) exists.

Proof of Claim. It suffices to observe that {h;of |i € I} has a ~>-upper bound in X . Indeed, if
g € X, isa ~>-upper bound of {h;|i € I}, then go f is a ~»-upper bound of {h;o f |i € I}: by

Lemma I.1.18 (5), h; ~~ g is equivalent to g = g*h;; composing with f gives gof = (gof)?(hiof),
whence hiowa»gof, fori € I.

Let 0 := \/,c; hi and v := \/,c;(hi o f). In order to prove v = oo f, it suffices to show that

Z(oo f)CZ(v) (1.1.18 (4)). Let a € G\ Z(7); then, v(a) # 0, ie., (V,e; hi)(f(a)) # 0, ie.,
o(f(a)) # 0, as required. O
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Chapter 11

RS-congruences

II.1 Convex ideals in rings and saturated ideals in real semi-
groups

Setup. Throughout this section A stands for a commutative ring with unit, and T for a proper
preorder of A (that is, TTT,A2CT,—1 ¢ T). Note that:

(i) The existence of a (proper) preorder entails that A is semi-real, i.e., —1 ¢ . A%, Recall
that A is semi-real iff Sper (4) # 0.

(ii) The condition —1 ¢ T is equivalent to 7' # A only if 2 is invertible in A, or if T'— T = A.
(iii) G

1 Stands for the real semigroup associated to 7" and A (see 1.1.2 (e)). O

A. The basic correspondences. (1) There is a correspondence associating to each ideal I

of A a saturated ideal I of G , . namely, I=1{alae€ I}. We show:

i) Iisanideal of G, . (=G).
Let g € G and a € I. Then, g = b for some b € A. Since ab € I, we have g-a = ab € I.

ii) T is saturated.

Let a,b € I and ¢ € A be so that ¢ € DG(E,B). By [M], Prop. 5.5.1(5), p. 95, there are
ty,tyst, € T so that tjc =t a+t,b and {c =c From a,b € I follows ¢{,c € I, so that
c=tcel -

Note. We do not claim that I is proper if I is, nor that the correspondence I —— I is
injective (both contentions are false). Below we give necessary and sufficient conditions for this
to happen.

(2) Conversely, given a saturated ideal J of G (= GA7T), the set J = {a € A|a € J} is an ideal
of A. Further, (i) JT: J and (ii) J proper = J proper.

Proof. — a,b € J=a+beJ.

Easy consequence of the facts that J is saturated and a + b € D (a, b) (cf. [M], Prop. 5.5.1(5)).
—aeJandbe A=abe J.

Clear, since @ € J, b € G, and J is an ideal of G.
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(i) Since a € J=ac J, we have J?Q;] Conversely, if @ € J, then a € j, and from the
definition of T follows a € J ; thus, J C J.

(i) If 1€ J,then T=1¢€ J, and J is improper. O
We also note:

(iii) T ideal of A = ICT.
Further, we have:

Fact 11.1.1 For J,J ,J, ideals of G,

(iv) J prime < J prime.

(v) J,CJ, & J,CJ,

(vi) The map J — J is injective.

Proof. (vi) follows at once from (v).

(iv) (=) abe J=> ab=abe J=acJorbeJ=acJorbeJ.

(<) abeJ=abeJ=>acJorbeJ=>acJorbeJ.

(v) (=) Forac A: a€J = acJ = aeJ,= ac ],

(«=) Let a € A be such that a € J,; then a € jl, whence a € j2, implying @ € J,. O

B. Compatibility and convexity. For ready reference we include in this paragraph a sum-

mary of known notions and results —used below— concerning the relationship between ideals
and preorders in a ring; for proofs and further details the reader is referred to [BCR], §4.2.

Definition II.1.2 Let I be an ideal and T be a (proper) preorder of a ring A.
(1) I is T-compatible iff for all t € T, 1+t & I.
(2) I is T-radical iff for alla € Aand t € T,
a?+t€l = acl (and hence t € I).
(3) I is T-convex iff for t.t,el t, +t, el =t i, €l O
Remarks I1.1.3 (a) I is T-convex and radical = I is T-radical = I is radical and T-

compatible. (Take, respectively, ¢, = a?, ty=t;t=0and a=1in (1) and (2) of the definition
above.).

(b) I is T-convex iff —(7'/I) N T'/I = {0} iff the quotient preorder T'/I is a partial order.
(c) I is T-radical iff —(A/I)?> N T/I = {0}.

(d) I is T-compatible iff quotient preorder T'/I is proper; in particular, I is proper. O
The relationship between these notions is given in the following:

Proposition I1.1.4 ([BCR], Prop. 4.2.5, p. 87) For an ideal I and a (proper) preorder T in
a ring A, the following are equivalent:

(1) I is T-convex and radical.
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(2) I is T-radical.
(3) I is radical and, setting a <, b iff b—a €T, we have:
OSTagTb and bel = acl. O

Remark. Condition (3) gives our notion the look of convexity familiar when 7" is a total or a
partial order. Note, however, that <, isnot a partial order (antisymmetry fails, though it is
reflexive and transitive). O

In case the preorder T is > A2, we get:

Fact I1.1.5 An ideal I of A is Y. A?-convez if and only if it is real (i.e., Y a> € I =

7

aj..ya €1, foralla,...;a €A (n=>1)). O

Proposition I1.1.6 ([BCR], Prop. 4.2.6, p. 87) Let I be an ideal and T be a (proper) preorder
i aring A. Then:

VI={ac A|3k>03tcT such that a** +t c I}

is the smallest T-convez ideal of A containing I (possibly improper). It is the intersection of
all T-convex prime ideals containing I. T is T-convex iff I = VT. O

/T is called the T-convex hull or the T-radical of I.

C. The correspondence I — I under convexity assumptions. We begin by noting:
Proposition I1.1.7 An ideal I of A is T-compatible iff T is a proper ideal of G = G, 7

Proof. (=) Assume 1, € I. Then, there is a € I such that @ =1, =1 (cf. A.1 above). By
[M], Prop. 5.4.2(2), p. 93, there are s,¢ € T' such that (1+s)a =1+t. Then 1+¢ € I, and
I is not T-compatible.

¢ I. Let t € T; we must show that 1+¢ ¢ I.

(<) Assume I is a proper ideal of G, i.e., 1, =
Otherwise, 1 +t € I. But we prove next that 1 = 1 + ¢, contradiction.

Indeed, we show that (1+t) (o) =1, 1e., 1+t € a\ (—a) for every o € Sper (A, T), that
is, for every a € Sper (A) such that o 2 T'. Since 1,¢t € T, we have 1 +t € T C . Suppose
1+t€ —a;since t € o, we get —(1 +1¢) +t = —1 € a, contradiction. 0

Lemma I1.1.8 (a) For any ideal I of A, ICT C VI. In particular,
(b) If I is a T-convez ideal of A, then all three ideals in (a) are equal.

Proof. (b) is immediate from (a) and Proposition II.1.6.

(a) By item A.2 (iii), only the second inclusion needs proof. Let a € I;thena €T, i.e., there
is b € I so that @ = b. By [M], Cor. 5.4.3, p. 94, there are s,t € T and k > 0 so that
sab = (a®>+ b*)* + t; then, (a®>+b?)* +t € I. If k = 0, then 1+ ¢ € I, contradicting T-
compatibility. If k& > 1, then (a4 b?)* + t = a®* +t+ b% -7, where r = Z?;é <’;) o p2(k—i=1),
Since b € I and (a®+ b*)* 4t € I, it follows a®*+ t € I. Hence, a € V1. O

Lemma II.1.9 Let I, I, be ideals of A. Then,
(1) I, €I, = I, C1,.

(i4) If I, is T-convex, then I, CI = I CI .
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Proof. (i) Let @ € TO; then, there is b € I so that a = b; by assumption b € I,, hence
a=bel.

(ii) Let a € I; then, @ € Tong. By definition of the correspondence ~ (cf. A.2), a € Tl, and
by Lemma I1.1.8, a € I,. O

Corollary I1.1.10 The correspondence I — I is a bijection between T-convex ideals of the
ring A and saturated ideals of the real semigroup GA . It maps prime ideals onto prime ideals.

Proof. Injectivity. Let I, 1, be T-convex ideals of A such that I, = I . Lemma IL1.9 (ii)

applied to the inclusions C and DO gives [ 0o =1

o item A2 (i) shows that J = J. The fact that

J is T-convex follows from Theorem II.1.12 below.

Surjectivity. Given a saturated ideal J of G

As for the assertion about prime ideals, it suffices to prove:
Fact I1.1.11 Let I be a T-convex ideal of A. Then, I is prime if and only if T is prime.

Proof. (<) Assume ab € I; then, ab = @b € I. Since I is prime, either a € I or b € T,
whence either a € I or b € I. But, by Lemma I1.1.8 (b) we have I = 1.

(=) Assume ab € I; then ab € I, which equals I by Lemma I1.1.8 (b). Since I is assumed
prime, a € T or b€ I, whenceae I orbe I. O

Now we prove our main result in this section:

Theorem I1.1.12 Let J be a saturated ideal of G = G, .. Then J is a T-radical ideal of A
(hence, by 11.1.4, T-convex and radical).

Proof. Assume a’+t € f, where a € A, t € T; we must show that a € J. Write j = a®+ t; then
J € J (definition of ™), and also j € Dtc(EQ,f) (cf. [M], p. 96). Recall that X, = Sper (4,T).

Let a € Sper (A, T) be such that j(a) = 0; then, @%(a) = —#(a). Since t € T C a, we have
—#(a) € {0,—1}. On the other hand, @?(«) € {0, 1}, since @2 is a square. Thus, the equality
above forces a(a) = () = 0. This proves that Z(j) C Z(a) N Z(t) C Z(a). This inclusion is

equivalent to a2 = a? -32 (see 1.1.19(2)). Then, a? € J, whence @ € J, which proves a € J. O

A number of corollaries follow from this result.
Corollary I1.1.13 Let I be an ideal of A. Then:

(i) The ideal T is T-convex.

(ii) (Converse to Lemma I1.1.8.) I = I = I is T-convex.
Proof. (ii) is immediate from (i). Since I is saturated (A.1 (ii)), I1.1.12 proves (i). 0

Corollary I1.1.14 Let I be an ideal of A. Then the ideal ? has the following properties:
(i) It is the smallest T-convex ideal containing I; hence T = /1.

(i) YT =1=T.

~DI
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Proof. (i) I is T-convex by (i) of the previous Corollary, and I CT is clear. Let I’ be a
T-convex ideal of A containing I. By Lemma I1.1.9 (i), I C 17, , and by Fact IL1. 1(v), T - T

Since I’ is T-convex, Lemma I1.1.8 (b) gives I’ = I'; so, I' D I.

(ii) By (i) it suffices to prove the second equahty Since I C I from 11.1.9 (i) follows T C1T.
Conversely, let @ € I then, there is b € I such that @ = b. By the definition of = we have
a—bEI,showmgIQI. a

Remark. Corollary I1.1.14 (ii) shows that the map I —— I may not be injective on arbitrary
ideals of A (it is on T-convex ideals, Corollary 11.1.10). O

Corollary 11.1.15 (cf. [BCR]|, Prop. 4.2.7, p. 87) Let T be a preorder of a ring A. Then T
is proper if and only if there is a proper T-convex ideal in A.

Proof. The implication (<) is Proposition 4.2.7 of [BCR]: if —1 € T, then 1 + (—1) =0 € I,
and hence 1 € I by T-convexity.

(=) The required ideal is 1/{0}. If it is not proper, by Proposition II.1.6 1+ ¢ = 0 for some
t €T, whence —1 =t € T, absurd. O

Remark I1.1.16 Note that if I is a T-convex ideal, then T'N—T C I, since t € T'N—T implies
t —t =0 € I, and hence ¢ € I by Proposition I1.1.4 (3). Tt follows that TN —T'C 1/{0}, and
that 7N —T is an ideal iff TN —T = {/{0} (if TN —T is an ideal, both TN —T and {/{0} are
the smallest T-convex ideal of A). 0

Concluding this section we register, without proof, the following result which shows that
the construction of the real semigroup associated to a ring produces a fair amount of collapsing:

Theorem. ([DM7]) Given a ring A and a proper preorder T of A, there are a ring B and a
proper preorder S of B —canonically and functorially constructed from A and T — such that

(1) GA,T ~ GB,S
(ii) B is reduced (no non-zero nilpotent element).

(7i1) B has S-bounded inversion: every element of the form 1+ s (s € S) is invertible in B. O

I1.2 Congruences in real semigroups

Changes to be made in this section: restate [1.2.6 — I1.2.11 for quotients, as corollaries of results
now in section 1.3; proofs to be shortened or eliminated.

In this section we introduce the notion of quotient in the theory of real semigroups. Since
the language for real semigroups contains a ternary relation, the category RS is not algebraic
and hence there is not a ready-made notion of quotient to be used. On the other hand, any
quotient defined in a real semigroup GG must induce a congruence of ternary semigroups in the
sense of Definition 1.1.25. To mention a simplest example, when G is a reduced special group
with a 0 added (as in Example 1.2.2(3)), quotients exist and are induced by the saturated
subgroups of G (see [DM1], Prop. 2.28, p. 45), and all quotients are obtained in this way (see
Example I1.2.3 below).

However, as we shall see, the theory of quotients in real semigroups is far more complicated.
We begin by introducing (Definition I1.2.1) what seems to us the most natural choice for that
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notion. The congruences thus defined give raise to proconstructible subsets of the associated
ARS (i.e., closed subsets of its constructible topology; Proposition ?7? (ii)). The converse,
however, is not quite true: in Theorem 11.2.16 we prove that if G is a real semigroup, then
any subset H of its character space X naturally determines an equivalence relation on G
and a representation relation such that the quotient structure G/H verifies all axioms for real
semigroups with the possible exception of [RS3] (even only the weak associativity axiom [RS3a],
cf. 1.2.4). To avoid misunderstandings, note that the quotient ERS—structure G /H induced by
a set H C Xg is the same as that induced by its closure in the constructible topology of Xg
(Proposition 1.3.7(1)). A further necessary condition for a set of characters to define a RS-
quotient is given in Theorem II1.2.9.

For the most natural choices of sets H C Xg —notably those occurring in real algebra
and geometry— the quotient structure G/H is, indeed, a real semigroup. These include,
among others, the “saturated sets” and the “localizations” first studied by Marshall in [M]
(ADD REF.). Investigation of these and other related examples is pursued, beyond Marshall’s
initial results, in §I1.3. Further, in later chapters we will show that when G is a Post algebra, a
spectral real semigroup or a RS-fan, then G/H is a RS for any proconstructible subset H C X¢
(in the case of fans the necessary condition of 11.2.9 is also required to hold). However, there
are examples where [RS3] fails, as shown in 1.3.6 below.

A. Definition of RS-congruences. Examples.

Definition I1.2.1 A (RS-)congruence of a real semigroup G is an equivalence relation =
satisfying the following requirements:

(i) = is a congruence of ternary semigroups (I1.1.25).

(i) There is a ternary relation D
that (G/=, -,DG/E,
is a RS-morphism.

/= in the quotient ternary semigroup (G/=,-,—1,0,1) so

—1,0,1) is a real semigroup, and the canonical projection 7 : G— G/=

(7i1) (Factoring through m.) For every RS-morphism f : G— H into a real semigroup H
such that a = b implies f(a) = f(b) for all a,b € G, there exists a RS-morphism (necessarily
unique), f:G/=— H, such that fom = f, i.e. the following diagram commutes

!
G — H
ﬂ'i/;\

We shall denote by Con(G) the set of congruences of G. The real semigroup (G/=,-, D
0,1) will be called the RS-quotient of G modulo =.

G/=’ _1’

Remark. Condition (iii) amounts to saying that the T'S-morphism f (well-)defined by the

functional equation f ow = f preserves the representation relation D G/= O

The following examples show that already known constructions conform to the general
notion of congruence (or quotient) of real semigroups just defined.

Example I1.2.2 Let A be a commutative ring with unit 1, let G ', be the real semigroup
associated to A (1.2.2(2)), and let T' C A be a proper preorder of A (the existence of T" ensures
A is semi-real and hence that G A exists). The real semigroup G 7 18 a quotient of G, in the

sense of the preceding definition. Recall (I.1.2 (e) and 1.2.2(2)) that the elements of G, are
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functions @ : Sper (4) — 3 (a € A), and those of G, . are their restrictions to Sper (4,T)
which, to keep notation straight, in this example we denote by @, = @[ Sper (4,T). G, and
G, p carry the representation relations defined in 1.2.2 (2) [R].

To present GG L asa RS-quotient of G ) 18 suffices to define the following equivalence relation
on G ,; for a,b € A,

a=,b & a,=b. & a(a)=>b(a) for all a € Sper (A4, T).

It is quite obvious that = is a congruence of ternary semigroups, and G, ;. is isomorphic

T

to G,/=r (as TSs), via the map @, — 7.(a) = E/ET (a € A). To turn this map into

an isomorphism of RSs it suffices to transport to G, /=1 the representation relation already

existing in GA,T ; for a,b,c € A (and with 7 = 7rT),
(1) (@) € Dy(r(B).7(@) < @y € Dy, (byuty) & ¥ € Sper (A, T) (a(a) € Dy(b(a).2(c)).

Obviously, @, — m, (@) (a € A) is now an isomorphism of L -structures and, since G AT is a
RS, so is G, /=r.

It remains to show that G, /=r also satisfies the factoring condition II.2.1 (iii). For this we
recall that the representation (1) is equivalent to

(t1)  7(@) € Dp(n(b),7(c)) & Jto,t1,t2 € T such that w(tpa) = m(@) and toa = t1b + tac.
[This equivalence follows from items (2) and (5) of [M], Prop. 5.5.1, p. 95.]

Now, assume that H is a RS and f : G4 — H is a morphism of real semigroups such
that @ =r b implies f(a) = f(b) for all a,b € A. Let f : G,/=r — H be defined by
f(ﬂ(&)) = f(a), for a € A. We must check that f preserves representation. Let a,b,c € A be

such that (@) € D.(m(b),n(¢)). By (f1) there are to,t1,t2 € T such that m(fpa) = 7(a) and
toa = t1b + toc. Since tpa € D, (t1b, t2¢), it follows that f(fpa) € DH(f(th), f(t2¢)), and from
m(toa) = m(a), follows f(toa) = f(a). Likewise, since #; =r E (i = 1,2) we get f(£:0) = f(£2b)
and f(tac) = f(t3c) which implies f(a) € D, (f (b), f(€)) by use of axiom [RS4] in H. O
Example I1.2.3 Let G* be a reduced special group and let G = G* U {0}, i.e. G is the real

semigroup determined by G* with a zero added, see 1.2.2(3). Let A C G* be a saturated
subgroup of G. It is easy to check that the equivalence relation =a on G given by:

a=Ab & a=b=0V(@a£0ANb£0ANabeEA)

is a congruence of ternary semigroups. Proposition II.2.4 below shows that every congruence
of TS defined in G is of this form. As in the case of reduced special groups, we denote by
G/A the quotient induced by A. Moreover, by [DM1] [REF] and the definition of Dg+ given
in 1.2.2(3), it is immediate that the representation relation

(*) ma(a) € Dg/a(ma(b), a(c)) if and only if there are t1,t3 € A such that a € Dg(t1b,t2c),

(ma : G — G/A canonical), turns G/A into a real semigroup; hence, =a is a congruence of
real semigroups in the sense of I1.2.1. In fact, every congruence of G is of this form:

Proposition I1.2.4 Let G* be a reduced special group and let G = G* U{0}. Then,

(1) An equivalence relation = on G is a congruence of ternary semigroups iff there is a subgroup
A of G* such that = = =A.

(i1) A = {z € G*|xz = 1} is a saturated subgroup of G*, and any representation relation on
G /= verifying I1.2.1 (1) is identical to the relation Dg/a defined by (x) above.
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Proof. (i) The implication (<) has already been noted.

(=) Given a TS-congruence on G = G* U {0}, set A = {z € G* |z = 1}. Let a,b € G.

(a) a=b = a=ab.

Note that 0=b=b=0(as0=b= (—1)-0=(—1) - b = —b, whence —b = b, and then b =0
by the ternary semigroup axiom [T'S5]). Hence, if a = b and one of a,b is 0, both are 0, and
a=pab. If a,b #0, ie., a,b e G*, since G* is a group of exponent 2 and = is compatible with
product, a = b implies ab = b?> = 1, i.e., ab € A, whence a = b.

(b) a=ab = a=b.

If a=b=0, then, a =0b. Let a,b # 0; then, a=a b yields ab € A, i.e., ab= 1. Since G* is a
group of exponent 2, scaling by a we have b=a?b=1-a = a.

(ii) Item (i) proves that, as ternary semigroups, G/= = G/A where G/A = (G*/A)U{0}. For
(ii) we must show that, with 7 : G — G /= canonical, and a,b,c € G,

m(c) € DG/E(TF(G),’TF(b)) < There are t1,t, € A such that ¢ € D (t1a,t2b).
The implication (<) is clear, using that 7 is a RS-morphism (II.2.1 (ii)) and ¢t = 1 for ¢t € A.

For the converse, let 1o : G— G/A be the canonical projection. From (i), a = b
= mwa(a) = wa(b). By I1.2.1(iii), there is a RS-morphism 7 : G/= — G/A such that
TAOm=mA. Since TA preserves representation, we have

m(c) € DG/E(W(CL),W(Z))) = 7a(c) € DG/A(WA(G,),WA(())),

that, by the definition of D see (*) above), yields the required conclusion. O

aa
Example I1.2.5 (Retracts) Let G -2 H 5 G be a retract scheme of RSs, ie., hog=id,
G is a retract of H. We claim that H is a quotient of G in the sense of Definition 11.2.1, with

ker(h) := {(a,b)|a,b € H and h(a) = h(b)}
as RS-congruence. In fact, it is easily checked that ker(h) is a congruence of ternary semigroups
on H. The map h : H/ker(h) — G given by h(a/ker(h)) = h(a) is a TS-isomorphism: h is
well defined and injective because (a,b) € ker(h) < h(a) = h(b), and it is surjective because h
is. To ease notation we set @ := a/ker(h) for a € H.

Representation in H /ker(h) is defined as follows: for a,b,c € H,

a€ Dy, (h)(b,é) & There are a/,V/, ¢/ € H such that @ = a/,b=V,c = ¢’ and o’ € D, (V/, ).

We have

Fact. For a,b,c € H, a € DH/k () (b ¢) < h(a) € D,(h(b),h(c)); i.e., representation in

H/ker(h) is obtained by “transporting” representation in G by the map t

Proof of Fact. (=) Assuming a € DH/ker( )(B, ¢), the preceding definition yields a’ € D, (¥, ')

for some a’, V', ¢ € H such that @ = a/,b = V/,¢ = ¢/. Taking images by h (a RS-morphism) in
this representation yields h(a’) € D, (h(V'), h(c")), whence h(a) € D, (h(b), h(c)), since h(a’) =
h(a), etc.

(«) Taking images under g in the representation h(a) € D, (h(b), h(c)) and taking into account
that, for x € H we have h(g(h(x))) = h(zx), i.e., { g(h(x)), > € ker(h), i.e., g(h(x)) = T, setting
a’ = g(h(a)), etc., we get a’ € D, (¥, ') and a’ = a, etc., as required. 0

According to Definition I1.2.1, it only remains to check the factoring condition II.2.1 (iii).
So, given a RS-morphism k : H — K, with K [= RS, such that ker(h) Cker(k), there is a
RS-morphism & : H/ker(h) — K such that kom =k, with 7 : H — H/ker(h) (w(z) = )
canonical.

Set k := k o g o h, with h the (RS-)isomorphism defined above. Since how = h, for a € H
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we have /k\(w(a)) = k(g(h(a))). From (g(h(a)),a) € ker(h) (see above) and ker(h) C ker(k) we
get k(g(h(a))) = k(a), whence (ko m)(a) = k(a), as required. O

As concrete instances of retracts in the case of the RSs associated to rings, we consider the
retract schemes of rings

A— A[X]— A and A— A[Xy,..., X, — A,

where A X || denotes the ring of formal power series with coefficients in A, and A[X7, ..., X,]
the ring of polynomials in n indeterminates over A, and where the inclusions on the left are
canonical, and the surjections on the right are obtained by evaluating at 0. Applying the
functor A — G ', gives retract schemes

GA—>GA[[X] — G, and GA—>GA[X1 .... Xl — G,
showing, by IL.2.5, that G, is a RS-quotient of both GA[[X]] and GA[X1 Xl

The preceding example admits considerable generalization, namely:

Proposition 11.2.6 Let H G obea surjective morphism of RSs with the property that, for
every RS, K, and every RS morphism o : H— K such that ker(h) Cker(«), there is a unique
RS-morphism a : G— K such that a o h = «. Then, G is a quotient of H given by the
RS-congruence ker(h).

Proof. We begin by forming the quotient ternary semigroup H /ker(h); let w : H — H /ker(h)
be the canonical quotient TS—morpllism. With the same proof as in I1.2.5 one shows that the
map h : H/ker(h) — G given by h(a/ker(h)) = h(a) is an isomorphism of TSs. Now, using

the map nt copy the representation relation of G onto H/ker(h), making it RS-isomorphic to
G.

To show that H/ker(h) is a RS-quotient of H, as in II1.2.1 (iii) let o : H — K be a RS-
morphism so that ker(h) Cker(«). By assumption, there is a unique RS-morphism a: G — K
such that @ o h = a. The map @ o h : ker(a) — K verifies (@ o h)(7(a)) = a(a). O

B. The space of characters of a RS-quotient.

New subsection started in January 2016. Intended to gather all properties of the set of
characters of a quotient by incorporating results previously spread in section I11.2.

Fix a quotient G/= of a RS, G. Recall that the canonical quotient RS-morphism 7_ := 7 :

G — G/= induces a dual map 7* : XG/E defined by 7*(0) := o o, for o € XG/;' he aim
/

of this paragraph is to study the space X p
Notation I1.2.7 (i) We shall indistinctly write #_ for Im[r*].
(ii) In the sequel the default topology on the sets X

_ and the map 7*.

G/= and X p will be the spectral topology.

The modifier (+)con Will be employed to denote the corresponding constructible topology; cf.
[.1.16 and 1.1.17. a

The next Proposition summarizes the main basic properties of the map 7* and the set of
characters Im[7*].

Proposition 11.2.8 Let G be a RSand let = be a RS-congruence of G. With notation as in
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11.2.7, we have:
(1) The map 7 is a spectral embedding of XG/E into X,
In particular,

(i) H_ 1is a proconstructible subset of X

* I

(7i1) ©* is a homeomorphism between the spectral spaces X and Im[7*]. In particular, these

spaces are homeomorphic when endowed with the corresponding constructible topologies.
(i) (H_, ~ [H_) is a sub-root system of (X, ~).
(v) For a,b,c € G,
n(a) € Dy,,_(x(b),n(c)) & For all p € H_,p(a) € Dy(p(b).p(c)).
In particular, we have

a=bs Forallp € H_,p(a) =p(b).

Remark. A proconstructible subset of a spectral space with the topology induced from X

is a spectral subspace. In fact, all subspaces of a spectral space are obtained in this manner;
cf.[DST], Thm. 2.1.3. check ref.

Proof. (i) a) 7* is injective.
This follows at once from the fact that « is surjective: every x € G/= is of the form = = 7 (g)
for some g € G; then, if 0,,0, € X, _ are such that 71’*(01) = 7r*(02), le, o om=o0,0m, we

have o, (z) = 0,(n(g)) = 0,(7(g9)) = o,(x), whence o, = 0, since z is arbitrary.

1 2
b) 7* is spectral.

Recall (I.1.17) that the basic quasi-compact opens for the spectral topology on X o are the sets

H(g,,....,9)={lg, =11 (g9,,---.9, €G),
=1

and similarly for X replacing the g.’s by m(g,). Then, for o € X o/— We have,

G/=’ /

UEW*_l[H(gl,...,gn)]@ﬂ*(a):UOWEH(gl,...,gn)<:)
ocom(g,)=1fori=1,...,n<0€ H(n(g),...,m(g,)),

showing that ﬂ**l[H(gl, oy9 )l =H(m(g,),...,7(g)), and hence that 7* is spectral.

(ii) follows from (i) by recalling that the image of a proconstructible set by any spectral map
between spectral spaces is a proconstructible subset of the counterdomain ([DST], Cor. 2.1.4)
Check ref.. However, to dispell any doubt we give a direct proof in the present case.

To ease notation we write H = H_ for the rest of this proof.

Let g € H™" (= closure of H in the constructible topology of X G). Let a,b € G be such that
a =b. We claim that g(a) = ¢(b). Indeed, q(a) # ¢(b) implies that U = {0 € X |o(a) #
o(b)} is a neighborhood of ¢ (constructible topology). Then, U N H # 0; let p € U N H,
and let o € X, be such that p = g o7. Since a = b, then m(a) = 7(b), and p(a) = p(b)
contradicting that p € U. So ¢(a) = q(b). Therefore, the map o : G/=— 3 defined by
o(m(a)) = g(a) is a well defined character of ternary semigroups. To see that o € X =
we must show that o preserves the representation relation. Let a,b,c € G be such that
m(a) € DG/E(T((b),W(C)), and assume that g(a) ¢ Dg(q(b),q(c)). It is easy to check that
U={o€X,|o(a) & Dy(o(b),o(c))} is an open set in the constructible topology, and hence
a neighborhood of ¢. Letting p € U N H and arguing as above we arrive in a similar way to

a contradiction. Therefore, o € XG/=’ and then ¢ € H.
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(iii) In order to prove that H = Im(x*) and XG/E
show that the map 7* 1 [H:H— XG/E is spectral. To ease notation, set f := 7* ! [H; then,
for p € H, f(p) is the unique character o € X,
Since U(g) = [¢g = 1], we have:

pe fHU(9)] e f(p) € Ulr(g) & (f(p) om)(9) = 1= p(g) = Lep € Ulg),

which shows H N f~U(7(g))] = H N U(g). Since the sets HNU(g) (g € G) form a subbasis
for the spectral topology of H (and similarly for X G /E), it follows that the inverse map 7* ! [H

are spectrally homeomorphic it suffices to

/= such that p = o om; thus, p = f(p) o 7.

is spectral, as asserted.

Since in any ARS, (X, G), the sets of the form U(a;)N...N U(a,) N Z(b) are a basis for
the constructible topology of X, and inverse images commute with set-theoretic operations, f
is also a homeomorphism between H¢on and (X c /E)Con'

(iv) follows from (i), (iii) and the well known fact that any continuous map between spectral
spaces preserves the specialization relation; if, in addition, the map is open and injective, it
is an embedding of ordered sets, when the domain and counterdomain are endowed with the
respective specialization relations.

(v) Suppose first that 7(a) € D, G /= (m(b),m(c)) and let p € H. Then, p = o o7 for some

s X(;/;' Since o is a RS-morphism, we have p(a) = o(n(a)) € Dy(o(n(b)),0(n(c))) =

D,(p(b),p(c)). Conversely, assume 7(a) ¢ D _(m(b),m(c)). By the separation theorem for

RSs (L5.4), there is a character o € X, _ such “that o(m(a)) & Dy(o(n(b)),o(m(c))). Setting
as requ1red to prove (*).

(

p=ocom € H_, wehave p € H with p(a)) & D, (p(b),p(c))
The equivalence (*) also implies a = b < p(a) = p(b) for all p € H_ (a,b € G). To
see this it suffices to note that a = b if and only if m(a) = =(b) which, in terms of the
representation partial order, is equivalent to the conjunction of 7(a) € DG/E(F(l), m(b)), m(b) €

DG/E(W<1),7T(Q)), —7(b) € Dg/E(TF(l),TF(—a)) and 7(—a) € DG/E(ﬂ'<1),7T(—b)) (see Definition

1.6.2). Applying (*) to these four representations yields corresponding statements in 3, p(a) €
D,(p(b),p(c)),... (p € H), which, altogether, are equivalent to p(a) = p(b). 0

In the remainder of this section we shall uncover an additional constraint that the set H_
must satisfy for the quotient structure to be a real semigroup. Our result is:

Theorem I1.2.9 Let G be a RS and let = be a congruence of G. The set H_C X, associ-
ated to = (see I1.2.7(1) ) is finitely closed: for any any finite set of characters h,....,h €

X, (n=>1),

hyy...sh €H_ and [[h, € X, imply []h, € H_
=1 =1

Remarks. (i) Note that the requirement [[}"_; h, € X, in the conclusion of Theorem II.2.9
entails that the number n of characters is odd, as []}_, h, ought to map —1 to —1.

(ii) The proof of Theorem II1.2.9 requires a result proved in the next section. However, since
I1.2.9 bears on the the structure of the set of characters determining a general congruence in
arbitrary RSs, we include it in this section. Proposition 11.2.10 and Lemma II.2.11 are also
need in the proof of 11.2.9. O

Short proof of Theorem I1.2.9. Dec. 2011. Since H_ is a proconstructible subset of X, (?7 (ii))
and the sets
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(*) ﬂ:;l[[aizl}]ﬁ[[bzo]], with a,,...,a b€ G,

are a basis of clopens for the constructible topology of X, (cf. [M], Note (1), p. 111), it
follows that #_ is an intersection of sets of the form (*). Since the condition to be proved is
preserved under arbitrary intersections, it suffices to prove I1.2.9 for sets of the form (*), which
is immediate by direct inspection. a

Proposition I1.2.10 Let = be a congruence of a RS, G. With notation as in 11.2.7, let
A={recCGlz=2*}=N{P()|h €H_} and T={Z(h)|h € H_}. Then, forhe X,

heH_ <« ACP(h) and Z(h) € L.

That is, every RS-congruence is determined by a set of characters of the form H, . =
{h € X, |ACP(h) and Z(h) € I}, for a suitable saturated subsemigroup A of G and a

family I of saturated prime ideals.

Proof. The implication (=) is obvious.
(<) Let f € X, be as in the right-hand side of the statement; then, Z(f) = Z(g) for some
g € H_; call this ideal J. Let H, , = {h € X ,[ACP(h) and Z(h) = J}, and let =AJ
denote the congruence of G determined by H , ; as in (T)H of 7. For a,b € G we have:
(*) a=b = a=, ;b
In fact, a = b implies ab = a?b?, i.e., ab € A; then, h(ab) > 0 for h € Hy - I h(ab) = 1,
then h(a) = h(b). If h(a) =0, then a € J = Z(h) = Z(g); since g € H_ and a =1b, it follows
g(b) =0, ie., b € J = Z(h). Interchanging a and b we get h(a) = 0 < h(b) = 0. Hence
h(a) = h(b) for all h € ’HA’J, e, a=, ; b.
Theorem IL1.3.5 (d) proves that G/=, ; is a RS. Indeed, with notation therein, let I be the
subsemigroup of G generated by AU J, and let T'= G\ J. First, we observe that ' —I"C J:
an element of I' N —I" belongs either to (A N —A) U J —hence to J—, or is a product jd with
j € J,d € A and hence belongs to J. Since J is saturated, the saturated subsemigroup I"
generated by I' is also contained in J. By Fact 11.3.4 (ii) there is a saturated subsemigroup
[’ O I” verifying the assumptions of I1.3.5. Now, routine checking shows that H AJ= H%, and

hence that G/=, ;is a RS.

Let 7, .+ G — G/=, , and 7 : G — G/= be the quotient maps. The universal
property 11.2.1 (iii) and (*) imply that there exists a RS-morphism 7 : G/= — G/=, ; so

that Tom =m, ;. Since f € H (*) shows that the identity fom=f (well-) defines a

AT
map f from G/= to 3. Obviously f is a semigroup homomorphism sending 0,1, —1 onto
the corresponding elements in 3.

We claim that f preserves representation. Assume w(a) € D ,,_(m(b),m(c)). Since 7 is

G/=
a RS-morphism, we get 7, ;(a) € DG/EAJ(WA ;(0),m, ;(c)). Now we invoke item (b.iii) in
Theorem I1.3.5 (with I',T as above) to get o’ € G and d,d, € T so that a =, ,d and

a' € D(d,b,d,c). Since feH, = ’ng, we have f(a) = f(a’) and f(d;) € {0,1}, whence

fld) = f(d,)? i =12 From f € X, weget f(a) = f(a') € Dy(f(d))?*f(b), f(d,)?f(c)),
and (by axiom [RS4]), f(a) € D,(f(b), f(c)). This proves our claim, showing fe XG/E, and
hence f € H_ , as required. O
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Lemma I1.2.11 Let G be a RS. Let h,...h € X, (n > 2) be characters such that the
product h =[], hi also lies in XG. Then,

(1) One of the zero-sets {Z(h,)|i=1,...,n} includes all the others.

In particular,

(2) There is j € {1,...,n} so that Z(h) = Z(hj).
As a preliminary step we note:

Fact. Let I, J,...,J, be saturated ideals of a RS. Then,

(i) ICUis J; = ICJ, for somek e {l,...,n}.
In particular,
(#1) If U=y J, is a saturated ideal, then some J, includes all the J.’s (i € {1,...,n}).

Proof of Fact. Item (ii) follows at once from (i) upon taking I = (J;_, J; .

(i) Assume the conclusion false, i.e., for each i = 1,...,n there is an element a; € I\ J.. Let

c (= ¢?) be the unique element of Dg(a?, ...,a2) (cf. Corollary IV.5.3(i)); by saturatedness,

r'n

c € I. Recall that Z(c) = ., Z(a;), which (by (*) in the proof of VI.1.2) implies a?c? =
a? (i = 1,...,n). Since ¢ € I, there is i such that c € Ji; then a? € Ji, whence a; € Jl.,

; a
contradiction. O

Proof of Lemma II.2.11. It suffices to prove (1). Weset h := [[;_, h, (in X, by assumption).
First we show :

(a) There is i € {1,...,n} such that Z(h,) C Uj#Z(hj).

Otherwise, for each i € {1,...,n} there is an element a; € @G such that
(*) hya,)=0 and h(a)#0 forall j#i.

i
Let ¢ be the unique element of DtG(a2 e ,ai) (IV.5.3(i)). We have

D
() Z(e) = Niz1 Z(a,)-

Since h € X, h(c) € D;(h(a?), ey h(ai)) = Dg(O, ...,0), and hence h(¢) = 0. Then,
h,(c) = 0 for some k € {1,...,n}. From (**) it follows that hk(aj) =0forall j€{1,...,n}.
Since n > 2, picking j # k contradicts (*).

Up to a permutation of indices we can assume Z(h,) C 7, Z(hj). By item (i) of the Fact
there is k € {2,...,n} such that Z(h,) C Z(h,), and hence Z(h) = U}, Z(hj). By item (ii)
of the Fact there is m € {2,...,n} such that Z(hj) CZ(h ) forall j € {2,...,n}. Hence,
Z(h)<Zh, )< Z(h ), ie, Z(h,)CZ(h ) forallie{l,...,n}, proving the Lemma. 0

Proof of Theorem I1.2.9. Let hl, . ,hn be as in the assumption, and let A and Z be
as in Proposition I1.2.10, so that H_ = H, ; = {h € X, |ACP(h) and Z(h) € T }. Hence,
ACP(h,) and Z(h,) € T fori=1,...,n. By Lemma I1.2.11(2), Z(I[;, b)) = UL, Z(h,) =
Z(hj) €Z, for some j € {1,...,n}. Also, AC (L, P(h)C P([[iZ; ). By I1.2.10 again, we

have [ h, e H, , =H_. 0
C. Congruences and proconstructible character sets.

Proposition 11.2.8 and Theorem I1.2.9 give necessary conditions for a set of characters
HC X, to determine a RS-congruence of G. Proceeding in the reverse direction we investigate
in this paragraph the extent to which a set of characters of a real semigroup determines a
congruence. Most of the results that follow are direct application of those in section I.3.

11.2.12 Reminder. Let G be a ternary semigroup and let H be a non-empty subset of

X =Hom_ ((G,3). In 1.1.26 (c) we defined a congruence of TSs by: for a,b € G,
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(1) a=,b < Foral he?H, hia)=nh(b),

and proved in 1.1.27 that every congruence of TSs is of this form for a suitable (proconstructible)
set H. If G/H denotes the quotient set under =, and 7 : G— G/H is the canonical
projection, in 1.3.1 we defined a ternary relation, DG/H’ on G/H as follows: for a,b,c € G,

(1) m(a) € DG/H(W(b),ﬂ'<C)> & Forall h € H, h(a) € Dy(h(b),h(c)).

Clearly, D is well-defined and, according to Proposition ??, every RS-congruence is ob-

G/H
tained in this way. To be precise:

Fact 11.2.13 Given a real semigroup G and a RS-congruence = of G, with H

of characters defined in I1.2.7(i), we have (G/E,DG/ ) = (G/H=,D

hence, (G/H=,D e ) is a RS.

Proof. To ease notation, set H := H_. Let 7 : G — G/= and 7’ : G — G/H be the quotient

maps. The second equivalence in I1.2.8 (v), together with 11.2.12 (]L)H give, for a,b € G,
a=b« VpeH(p(a) =pb)) < a=, b,

_ denoting the set

) as L, -structures;

G/H= RS

showing that the map m(z) —— 7/(z) is bijective. Since m and 7 are TS-homomorphisms, ¥ is
an isomorphism of TSs. The first equivalence in I1.2.8 (v) and I1.2.12 (17),, show

m(a) € D, _(m(b), 7(c)) = Vp € H (p(a) € Dy(p(b),p(c)) & 7'(a) € Dy, (7'(b), 7 (¢)),

proving that ¥ is an isomorphism of E g-structures. a

The set H can be identified with a subset H={hlhe H} of 3G/" by the map h — h,
where h: G /H — 3 is defined by the functional equation hom = h. By clause (1),, above,

T is well-defined and the map h +— T is obviously injective.

Proposition 1.3.7 yields:
Proposition 11.2.14 Let G be a RS and let H be a subset of X Then,

(1) The closure H of H in (XG)COH
representation relation on the quotient set G/H = G/H.
(2) Let H be the set of all p € X, such that for all a,b,c € G,
(a) a=,b = pa) =p(b).
() 7(@) € Dy g (m(0).7()) = pla) € Dy(p(B).p(0))-
Then,
(i) HCH.
(ii) H and H define the same equivalence relation on G, and the same representation relation
on G/H=G/H.
(iii) H is mazimal satisfying conditions (i) and (ii): if H C G C X, the equivalence relation
= 1s identical to = and DG/g 1s identical to DG/H, then G C H.
In particular,

defines the same equivalence relation as H and the same

(1v) H is proconstructible.

Proof. We only need check the assertions about the equivalence relations in (1), (2.ii) and
(2.ii1). Once this is done, the rest follows from Proposition 1.3.7 applied with the TS G/H and

the set H of TS-characters. Note first that, for fixed a,b € @, the set {g € X lg(a) =g(0)},

is clopen in (X.,)__ .

(1) We must show that =5; = =, . The inclusion =5 C =, follows from H C H. Conversely, let
a=,b (a,b € G) and assume h'(a) # h'(b) for some h' € H. Then, {g € X, |g(a) # g(b)} is a
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neighborhood of A’ in the constructible topology, which implies H N {g € X, [g(a) # g(b)} # 0,
i.e., h(a) # h(b) for some h € H, contrary to a=,b.

(2.ii) The inclusion =5 C =, follows from H C H . The reverse inclusion follows from clause

(a) in the definition of H by use of item (f); in IL.2.12.

(2.iii) Straightforward checking, using the assumptions in (iii) and items (T)g, (]“[)g in I1.2.12.
shows that any ¢ € G verifies clauses (a) and (b) in the definition of #, and hence, ¢ € H. O

Corollary 11.2.15 With notation as in I1.2.12 and I1.2.14 and assumptions therein, H 18

the set of all L g -homomorphisms from the L -structure (G/H, DG/H) onto 3.1 Further, H

—and, a fortiori H— separates points in G/H.

Proof. The elements of H are maps of the form p with p € H; clauses (2.a) and (2.b) in 11.2.14

state precisely that p'is a ERS—homomorphism from (G/H, D, /H) into 3.

Conversely, if f : G/H — 3 is a TS-homomorphism preserving the relation then

foreH (I1.2.14 (2.a.b)), whence ﬂ\ﬂ € H. Since f/o\7r = f, we conclude that f € H, as
required.

Separation of points is clear from (T)H in I1.2.12 and the definition of H: for 9.9 € G,

7(g) #7(g") < There is h € H such that h(g) # h(g') <
< There is h € H such that h(g) # h(¢). =

In a partial converse to Proposition I1.2.14, our next result —a corollary to Theorem 1.3.3—,
shows that if G is a RS, any non-empty subset of X o determines, via the notions defined in
I1.2.12, a quotient structure verifying all axioms for real semigroups with the possible exception
of the weak associativity aziom [RS3a] (see 7.

Theorem I1.2.16 Let G be a real semigroup and let H be a non-empty subset of XG. En-
dowed with the ternary relation DG/H defined in 11.2.12(t1),,, the Ly q-structure (G/H, DG/H)

satisfies all axioms for real semigroups except, possibly, the weak associativity axiom [RS3a].

Proof. First note that the set X —and a fortiori H— separates points in ternary semigroup
G/H: if a,b € G are such that w(a) # 7(b), i.e., a#, b, by IL.2.12(7),, there is h € H such that

h(a) # h(b), which implies h(r(a)) # h(m(b)).

Then, Theorem 1.3.3 can be applied to this situation, implying that the ERS—structure
(G/H, D, /H) satisfies all axioms for real semigroups except, possibly, the strong associativity

axiom [RS3].

On the other hand, the validity of axiom [RS3b] (cf. 1.2.4) is inherited from G: according
to our definition of D, 0 the canonical projection 7w : > — G/H is a morphism of ternary
semigroups and preserves transversal representation. The validity of Dé(a, b) # () implies, then

Dé/ﬂ(a, b) # (), and hence of [RS3b], as 7 is surjective. 0

Remark. The validity of the weak associativity axiom [RS3a] in G does not entail, in general,
its validity in G/H; a counterexample is obtained by easily adapting Example 1.3.6, a task that
we leave as an exercise to the reader. O

*Arstr&ighbfewmdﬂaéapt&ti@meﬁpropositions [.3.4 and 1.3.5, yields:
'Le., the “L_ (G/H,D

7
-characters” of + D ja0)-
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Proposition I1.2.17 Let G be a RS and let h, h, € X . With H ={hh,}, G/H verifies
[RS3], and then is a real semigroup. O

Proposition I1.2.18 Let G be a RS and let h, hy, hy be three distinct elements of X, such
that hiWhj for some i # j € {1,2,3}. With H = {h,hy,h,}, (G,D,,...) verifies aziom
[RS3], and then is a real semigroup. O

Proofs are omitted.

The next example shows that an equivalence relation = on a real semigroup G may verify
conditions (i) and (ii) of Definition II.2.1 but not necessarily the universal property (iii).

Example I1.2.19 Let G be the ternary semigroup: G = {-1,0,1,z,y, —z, —y}, subject to
the conditions z? = z, y?> = 1 and zy = z. It is immediate to see that either a?b?> = a2 or
a’b? = b2, for all a,b € G. Hence, G admits a unique structure of RS-fan (cf. Chapter VI,
§81, 3). Moreover, straightforward verification shows that X o has three characters hy, h,, h,
defined by:
hi (@) =0, hy(y) = 1; hy(x) =0, hy(y) = —1; hy(x) = h,(y) = 1.

Therefore the specialization partial order is given by h3 ~hy (h2 is not ~--related to the other
two characters), and we also have h = h;hg. Let H = {hQ,hg}, and let =

ence of ternary semigroups induced by H. The preceding Proposition shows tha

be the congru-
t =,, satisfies
conditions I1.2.1 (i),(ii). Moreover, h, = h;h3 implies that the equivalence relation =, is just
equality. Hence, G = G/H, and the quotient map 7 is the identity on G. Assuming that =,
verifies condition I1.2.1 (iii), the identity map id : G — G factors through 7 via a morphism
id: G /=,,— G which manifestly is also the identity (since idom = id). On the other hand,
checking values at h,, h, it immediately comes that —1 = 7(-1) € DG/H(W(—x),W(y)), and
hence —1 € D (—z,y). However, h (1) = =1 & D, (h,(—2),h (y)) = D4(0,1), contradic-
tion. a

I1.3 Congruences of real semigroups defined by saturated sets

This section is devoted to study the quotients of RSs determined by certain outstanding sets
of characters: localizations, saturated sets, saturated subsemigroups (also called subspaces),
transversally saturated subsemigroups, residue spaces. Quotients of these types occur under
various guises in real algebraic geometry and real algebra; in the dual language of abstract real
spectra some of these quotients have been considered by Marshall in [M], Ch. 6, whose work
we considerably extend here.

Our main aim is to give explicit characterizations of the congruences generated by sets of
these types and of both representation relations in the respective quotients, in terms of the
semigroup operation, the constants and the corresponding relations in the initial RSs. Several
useful remarks appear on the way, such as the convexity of saturated sets in the specialization
order of the character space X, (IL.3.7).

We begin with the simplest case, that of localizations.

A. Localizations. Let G be a RS; let T' C G be a multiplicative subset of G containing 1
but not 0. Sets of this form give raise in an obvious way to RS-congruences of G: namely,

Definition I1.3.1 With G and T as above we define, for a,b,c € G:
(1) a~,b:<« Thereis? € T such that at = bt.
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(Equivalently, there is ¢ € T such that at? = bt?.) Clearly, this is a congruence of ternary
semigroups, and t> ~n1fort €T (since 3 =1).

(2) With m =, : G — G/~ canonical,
m(a) € DG/N (m(b),m(c)) : < Thereis ¢t € T such that at € D, (bt,ct).
T

(Equivalently, there is ¢ € T such that at? € DG(bt27 ct?).) O

Proposition I1.3.2 Let G be a RS; let T C G be a multiplicative subset of G containing 1 but

not 0. With ~,, and DG/N as in the preceding definition:
T

(1) The canonical map ™ preserves representation.

(2) For h € X,

h[T?=1 & There is a Lpg-character o : G/~ — 3 such that h = o o .

(3) The L g-structure G/~ -,DG/NT, —1,0,1) is a real semigroup.
(4) ~, is a RS-congruence, i.e., verifies the factorization condition I1.2.1 (iii).

(5) For a,b,c € G,

m(a) € Dé/w (m(b),m(c)) & There ist € T such that at® € Dé(btz, ct?).
T

Proof. For (1) use “<” in item (2) of I1.3.1 witht=1€ T.
(2) («) Given a L (~character 0 : G/~ — 3 such that h =comandt €T, 7(t?) = 1 implies
h(t?) = o(n(t?)) = o(1) = 1.
(=) Given h € X, such that h [T? =1, define 0 : G/~_— 3 by o(n(a)) := h(a) (a € G).
— o is well defined: for a,b € G,
m(a)=7(b) & a~,b & JHeE T (at? = bt?),
whence h(a) = h(at?) = h(bt?) = h(b).

We leave as an exercise for the reader the routine checking that ¢ is a TS-character pre-
serving DG fry
(3) With notation as in 1.1.17, U(T?) = {h € X, |h[T? = 1} = (,ep[#* = 1]. Since [* = 1]
is, by definition of the spectral topology (cf. 1.1.17), quasi-compact open in X o U (T?) is
proconstructible. By Theorem II1.2.16 the L -structure (G~ DG/N ,—1,0,1) verifies all
T

axioms for real semigroups except, possibly, weak associativity ([RS3a]), which we check now.
Let a,b,c,d,e € G be such that 7(a) € DG/N (m(b),m(c)) and 7(c) € DG/N (w(d),m(e)). By
T T

s 2 2 42 2 2 42
the definition of DG/NT there are ¢,2, € T such that at| € DG(btl, ctl) and ct € DG(dt27 et2).

Scaling these representations by t?t; and setting ¢ := ¢ ¢,, we have at’ ¢ DG(th,ctQ) and
ct? € DG(dtz,etQ). Since D, is weakly associative, there is z € G so that x € DG(bt2,dt2)
and at? € DG(:I:, et?). Scaling these representations by ¢? and using I1.3.1 (2) again, shows that

m(x) € DG/NT(TF(b),ﬂ’(d)) and 7(a) € D, (7(z),7(e)), as required.

/~g
(4) This is straightforward checking: let f : G— H (H | RS) be a RS-morphism such
that a ~.b = f(a) = f(b) (a,b € G). We must check that the map f : G/~ — H given
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by fom = f preserves representation: if m(a) € DG/N (w(b),m(c)), there is t € T so that
T

at’ € DG(th,ctQ); taking images under f in this representation and using that f(¢?) = 1 for
t € T (recall that ¢2 ~p 1), yields f(a) € D, (f(b), f(c)), as required.

(5) The implication (<=) is clear, since 7 is a RS-morphism and 7(t?) = 1. Conversely, assuming

m(a) € Dé/NT(W(b),ﬂ(c)), we have 7(a) € DG/NT(W(b),W(c)),—W(b) € DG/NT(—W(CL),’/T<C)> and

—m(c) € D /NT(ﬂ'(b),—T('(CL)) (cf. [t-rep] in 1.2). By IL3.1(2) there are t,t,,t, € T such

G
2 2 42 2 2 42 2 2 2 : —
that at} € DG(btl,ctl),—bt2 € DG(_atz’Ctz) and —cty € DG(th,—at3). Setting ¢ := 1,1,1,
and scaling these representations by t? we get at® € DG(th,ctQ) ,—bt? € DG(—atQ,ct2) and
—ct* € D (bt?, —at?). By [t-rep] again, we get at® € Dé(th, ct?), as claimed. O

Remarks and Notation I1.3.3 (i) The RS-congruences ~ defined above, given by a sub-
semigroup 7' of G not containing 0, are called localizations (at 7"). Item (2) of I1.3.2 shows
that U(T?) ={h e X alh [T? =1} coincides with the set of characters H_ associated to the

T
localization at 7', defined in Proposition 77.

(ii) Note that the set U(T?) of characters associated to the localization at T is downwards
closed under specialization: h € U(T?), g € X, and g~ h imply g € U(T?). This follows
from Lemma 1.1.18: g~ h is equivalent to h™*[1] C g~ [1] and h € U(T?) means T2 C h~[1].
Subsets of a spectral space downwards closed under specialization are called generically closed,
cf. [DST], Def. 6.1.4. O

The examples of congruences of a real semigroup G considered in the sequel will be con-
structed from a family of characters of G; the corresponding equivalence relation, as well as
both representation relations in the quotient set will then be characterized in terms of the
operation and the representation relations of G (note that localizations were defined by giving
directly the equivalence relation and representation).

B. Saturated sets. Let G be a RS; given a saturated subsemigroup A of G and a multi-
plicative subset T' C G containing 1, we define:

ML ={he X, |ACP(h)and Z(h)NT = 0}.

Sets of this form are called saturated sets ([M], p. 126). To avoid trivialities we assume
”HZ # (). Under this assumption we have:

Fact I1.3.4 With notation as above, if HZ # 0, then:
(i) AnN—-AnNT= .
(ii) There is a saturated subsemigroup of G, AD A, so that ”HZ = Hg, verifying in addition:

(C) Ifac€ G,z €T and az? € A, then a € A.

Proof. (i) Suppose x € AN—ANT, and let h € Hi. Since € AN—A, then —2? € A, which
implies h(—22) > 0, and hence h(z) = 0. So, z € Z(h) NT, contrary to our definition of Hz.

(i) Let A = (J eT{a € Glaxz? € A}. Clearly A C A. Let a,b € A. Then az? € A and

by? € A for some z,y € T; hence, abzr?y? € A, and since 2y € T we get ab € A. Therefore A
is a subsemigroup of G.
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To prove that A is saturated, take p,q € ﬁ, and let z € D(p,q). Then, there are x,y € T
such that pz? € A and qy?> € A. Hence pr?y? € A and qz%y? € A. On the other hand,
z € D(p,q) implies zz2y? € D(px?y?, qz*y?) and hence z22y? € A because A is saturated and
the entries of this form are in A. Since xy € T' we conclude that z € A.

Next, let us see that Hz = ’Hg. Clearly, Hg C HZ. Conversely, let h € HF‘Z. Since

Z(h)NT = () it only remains to show that AC P(h). Let a € A, ie., az? € A for some z € T.
Then h(az?) > 0; since h(z) # 0, we get h(x?) = 1 and h(a) = h(az?) > 0. Hence h € Hg.

Further, Aand T satisfy condition I1.3.4 (C). Indeed, let @ € G, x € T be such that az? € A.
Then there exists y € T such that az’y? € T. Since zy € T and a(xy)? = az’y? we conclude
that a € A. a

+ induced by HL will be denoted by ~

To ease notation, the equivalence E,HA A AT

Theorem I1.3.5 Let G be a RS. Suppose that A is a saturated subsemigroup of G and T is
a multiplicative subset of G satisfying AN —ANT = 0 and condition I1.3.4(C). Then, for
a,b,ceG:

(a) a~, b if and only if ab € A and there are elements t € T and d,,d, € A such that

AT
a*t? € Dg(fdl,a2b2t2) and b*t? € Dg(fdQ,angtQ).
(b) The following are equivalent:
() (a) € Dgyppp (7). 7(c)).

ii) There are p,q,7 € G, t € T such that p~ 242 and ap € D, (bq, cr).
G

ATI AT AT @

(iii) There are d,,d, € A and a’ € G such that a~pop a' and a' € D (d b,d,c).

(c) The following are equivalent:

(i) m(a) € Dtg/%z (m(b), m(c)) -

(ii) There are x,y,z € G such that x ~ V2, 2 ¢ and ax € Dé(by,cz).

2 ~Y Y
ATY YA AT

(d) DG/HT verifies aziom [RS3] and G/HX satisfies the universal property of Definition
A

I1.2.1 (iii); hence ~ , .. is a RS-congruence of G.

AT

Proof. By Fact 11.3.4 (ii) we may assume that A verifies condition 11.3.4 (C).

Proof of (a). (<) Suppose that a,b € G verify ab € A, a*t? € Dt(—dl,a2b2t2) and b*? €
Dt(—dz,a2b2t2) for some elements ¢ € 7', d;,d, € A. Let h € Hi. Since A C P(h) we have
h(ab) > 0. If h(a) = 0, from b*t? € Dt(—dQ,aQbZtQ) comes h(b*t?) = h(b?) € Dg(—h(dQ),O) =
{—h(d,)}. Note that h(b%t?) = h(b?) because Z(h) NT = (. Hence h(b?) = —h(d,). Since
d, € A, we get —h(d,) < 0, and then h(b?) < 0, whence h(b) = 0. A similar argument using
a*t? € Dt(—dl,a2b2t2), shows that h(b) = 0 implies h(a) = 0. Thus, h(a) = 0 < h(b) = 0.

. _ . T . .
Since h(ab) > 0 we conclude h(a) = h(b), and since h € H, is arbitrary, a AT b.
(=) Conversely, assume a~ , .. b. Let us prove first that ab € A. Otherwise, condition I1.3.4 (C)

yields abT? N A = (). Since T? is multiplicative, by Corollary 1.4.11 there exists a character
h € X such that A C P(h) and h(abt?) = —1 for all t € T. In particular, Z(h) N T = {),
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which means that h € ’Hz. Hence h(a) = h(b), contradicting h(ab) = —1. So ab € A.

In order to prove the remaining conditions in (a), let I = AN —A and let I , be the
saturated ideal generated by I U {ab}. Let r =TU a’T; clearly T is a multlphcatlve
subset of G. Suppose that [ ,[A] N T = 0. Lemma 1.4.10 gives a character h € X, such
that I, C Z(h), A C P(h) and Z(h)NT = 0. Since T C T , we have h € ”Hz Hence
h(a) = h(b), and then h(ab) = 0 yields h(a) = h(b) = 0. On the other hand, if ¢t € T, we
have a’t € T, and then h(a*t) # 0, contradiction. Therefore, I IAINT # (0. Using the
expression for the saturated ideal generated by I U {ab} given by Proposition 1.4.6 (1’), we
get elements z € T,y € G, i € I, d € A such that —x? € D(i,aby,d). Then (by [RS6]),
—x? € D'(iz?, abyx?,dz?) = D(j,abyz? e) with j = iz? € I and e = do?> € A. Therefore
—abyx? € D'(j,e,2?) (1.2.3(0)), which implies

a*b*y*a® = (—abyx®)? € D'((j,e,2*)@(j,e,2%)).

Since I and A are saturated sets, I is an ideal and A is multiplicative, this formula yields
a’b*y?x? € DU(k, f,2?) for some k € I and f € A. Hence —x? € D'k, f, —a®b*2?y?) C
D(k, f, —a?b*>z%y?), which, using [RS4], yields —2% € D(k, f, —a®b*2?). Scaling by —a® we
obtain a?z? € D(—a®k, —a?f,a’*b?z?). By the definition of I, a®’k € A and since a?f is also
in A, saturation of A gives a’z? € D(—c?, a?b?z?) for some d e D(a%k,a®f) € A. On the
other hand, € T implies a’x? = a*t? for some t € T. Therefore a*t? € D(—c/l\, a?b*t?) and
then a2t2 € D!(—da2t?, a®b*?) = D'(—d’', a®b*?) with d’ = da*t® € A. By a similar argument
(scaling by —b%) we find elements s € T, ¢’ € A such that b*s? € D'(—¢’,a?b?s?). Since st € T
we obtain

a?z? € DY(—d's?, a®b?2?), b22? € DY (—€'t?,a?b?2?),
with z = st € T. Since d’s?,e/t? € A, the proof of item (a) is complete.

Proof of (b). Note first that, z € G,t € T imply 2t>~, , z (since h(t?) = 1 for all h € HX).

AT

ii) = (iii). With p,q,7 as in (ii) we have ap® € pq,cpr). But p~, . g~ , . a* implies
.o ces W-th . .o h 2 DG b B t A’T A7T 2 . 1-
P2 NATaQ and (by (a)) pg € A; likewise, pr € A. Setting d, = pq,d, := pr and a = ap?,
assertion (iii) follows.

1% AT
Then h(a) = h(d') € D3(h(d1)h(b),h(d2)h(c)). Since A C P(h) we have h(di) = (h(ali))2
(1 =1,2), which, by [RS4], implies h(a) € D(h(b),h(c)). Since h is arbitrary, we conclude that
m(a) € DG/Hz(T{'(b),TF(C)).

(i) = (ii). This is the delicate part of the proof. The argument is similar to (and generalizes)
the proof of Lemma 6.6.6 in [M], p. 125. We just sketch it. Assume 7(a) € DG/’HT (m(b), m(c)).
A

(iii) = (i). Let @’ € G, d,,d, € A be such that a~, ..a’ and a’ € D(d,b,d,c), and let h € HZ.

Claim 1. There are finitely many d,,... ,dn € A and t € T such that, with ¥ =
{he X, |{d,,....d } CP(h) and h(t*) = 1} and 7, : G — G//Y canonical, we have 7 (a) €
Dy (7 (0), 7 ()

Proof of Claim 1. This is a simple argument using compactness of the constructible topology
of X,. For ZC X, weset W(Z) ={h € X,|ZCP(h)}. To abridge, call finitely generated in

{A, T} any saturated set of the form W (A') N U(T"), where T" is a finite subsemigroup of T,
and A’ is a finitely generated subsemigroup of A.

Assume we had 7, (a) € D, Iy (7, (b), 7y, (c)) for each saturated set Y’ finitely generated
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in {A,T}. Then, for each such set Y’ there is h € Y’ so that h(b), h(c) > 0 and h(a) = —1; that
is, YN W(b,c) N U(—a) # 0. Thus, F = {Y' N W(b,c) N U(—a)|Y’ finitely generated in
{A,T}} is a family of proconstructible subsets of X o With the finite intersection property
(the intersection of two saturated sets of this form is again saturated and finitely generated in
{A,T}). By compactness, (| F # 0. Since ({Y’|Y”’ finitely generated in {A,T}} = HZ’ we
get 7—[2 N W(b,c) N U(—a) # 0, contrary to assumption (i).

Hence, there are d;,...,d € A and ¢,...,t, € T such that, with ¥ = W(dl,...,dn) N
U(t?, . .,ti) we have 7, (a) € DG/Y(ﬂ'Y(b),ﬂ'Y(C)). Setting ¢ :=+¢, -...- ¢, proves Claim 1.

With Y as in Claim 1, since ’Hi CY, we have x~y y = 2~ , 1y for x,y € G. Hence, it
suffices to prove item (ii) for Y.

Claim 2. We may assume a*t? = 1 (and hence a? = t? = 1).

Proof of Claim 2. It suffices to replace X o by its localization at the multiplicative set {1, a%t?},
which is a RS by Proposition I1.3.2 (3) (see also [M], Prop. 6.5.7, pp. 119-120). Note that
Y':=Y N U(@?*?) =W(d d )N U(a?t?).

b
Assuming the result valid for {1, a?t?} and Y’, there are p/, ¢/, € G such that p’ ~yi G~y
v a’t? and ap’ € D (bg',cr'). Setting p = pla’t?, q == ¢a*t?,r = r'a’t® we get ap €
DG(bq,cr) and pry, gy Ty a’t?. To show, e.g., that Py a*t?, let h € Y; if h € U(a*t?),
then h € Y’, and h(p') = h(a?t?), which gives h(p) = h(a?t?); if h & U(a?t?), then h(a?t?) = 0,
and hence also h(p) = 0, proving Claim 2.

r'~

Now, assuming a’t> = 1 we have a®> =t> =1,Y = W(dl, e ,dn), and the result follows
exactly as in the proof of [M], Lemma 6.6.6.

Proof of (c). The implication (ii) = (i) is obvious.

(i) = (ii). From 7(a) € DtG/”HT (m(b), 7(c)) we get 7(ab) € DtG/HT ((b?), w(be)), whence 7(b?) €
A A
Dt (m(ab),—n(bc)) and, in particular, 7(b%) € D, ,(w(ab), —7(bc)). By item (b) there
G/HL G/HA
are p,q,r € G,t € T such that p~, g~ 7~ Tb2t2 (NATbQ) and b%p € DG(abq, —ber).
Therefore, b?p € Dé(aprQ, —bep?r), and abp?q € Dé(b2p, bep?r). Set v := bp?q and a’ := av.

Clearly, v ~ AT b, whence

— t (1,2 2
*) o ~AT ab, and o' = av € DG(b p, bep?r).

A similar argument, using 7(ac) € DtG T (m(c?),m(bc)), shows that there are elements
A
;o / / / 2 t(.2,0 12
p',q¢,r,w € G such that p Sar AT M ApC W pC and aw € DG(c o', bep’“r'). Set-

ting a” := aw, we have:

(**) o ~ A A6 and a” = aw € Dé(czp’, bep”r').

Now, let 2 = 22 be the unique element of Dé(a’ 2.a"?) (cf. TV.5.3(1)).

2

Claim 3. N

Proof of Claim 3. Let h € 7—[:2. If h(z) = 0 we have h(a’) = h(a”) = 0, which, by the
congruences in (*) and (**), entail h(ab) = h(ac) = 0. If h(a) # 0, this gives h(b) = h(c) =0
which, by assumption (i), yields h(a) = 0, contradiction. So, h(xz) =0 = h(a) = 0. Conversely,
by (*) and (**), h(a) = 0 implies h(a’) = h(a”) = 0, and hence h(z) = 0.
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We also have:
axr € Dé(aa’2, aa"?) = Dé(cp (av)?,a - (aw)? = D(t;(ch, aw?).
From the representations in (*) and (**) we get av? € Dé(bzpv,bcp2rv) and aw? €

Dé(ch’w, bep?r'w), whence ax € Dé(prv ,bep?rv , c2p'w , bep®r'w). There are elements a,a,
such that

ok t(p2 12,/ t (2 2 t
() o, € DG(b pv,bep“r'w) ., € DG(C p'w, cbp®rv) and ax € Dg(al,CJzQ).
By 1.2.3 (4), the first of these representations gives
() o, = b2a1 and ba, € Dé(bpv,b2cp’2r’w).
: 2
Claim 4. ba, ~A7Tb .

Proof of Claim 4. Taking images of the representation in (***) under 7, and taking into account
that 7(p) = 7(b?), 7(v) = 7(b), 7(p') = 7(r") = 7(c?), the equality 7(w) = m(c), gives:

m(ba,) € DY, . . (m(bpv), w(b2ep*r'w)) = D, (x(b?), 7(b2c2) = {x(b?)}.

G/HE G/HX
A similar argument, using the second representation in (****) shows that a,, = 02a2 and
oy~ p .
From the last representation in (***) comes:

t — D2 20 ) — Dt
ar € DG(al,OzQ) = DG(b a,,cca,) = DG(b(bal),c(COzQ)).

2

Setting y := b, and z := ca,, we have y~ bV ,z~, . x~, a®and ar € D(t;(by, cz),

2 AT AT AT

concluding the proof of (c).

Proof of (d). Let us first verify axiom [RS3]. We write D for D,. By Remark ?7 it suf-

fices to prove that DG/HT is weakly associative. Let a,b,c,d,e € G be such that w(a) €
A
DG/H{ (w(b), m(c)) and 7(c) € DG/HX (m(d),m(e)). By condition (b), there are ¢’ € G, d ,d, €

A such that C~ A ¢’ and ¢ € D(d,d,d,e). Since 7(c) = m(c'), we have 7(a) € DG/HK (w(b), (),

and, by (b) again, there are o’ ~ap @ and dgd, € A such that a’ € D(d,b,d,c). Since D is

weakly associative, we have a' € D(z,d,d,e) for some x € D(d,b,d,d,d). Hence 7(a) = m(a’) €
DG/Hz(W(m)’W(d4d2)ﬂ-(e))' From n(d,d,) = w(didg) comes DG/H:E(W(x),W(d4d2)7T(e)) -
(m(x),m(e)) ([RS4]), whence m(a) € DG/Hz (m(x),m(e)). A similar argument shows

(m(b), m(d)), thus proving that D

D G/MHX

that = € D(d,b,d,d,d) implies m(z) € D

.d,d, 18 weakly

G/HL G/

associative.

To complete the proof, only item (iii) in Definition II.2.1 remains to be proved. Let H
be a RS and f : G— H be a RS-morphism such that a ~, ,.b implies f(a) = f(b) for
all a,b € G. We must show that the map f: G/’Hi—)H defined by ]?o ™ = f pre-
serves representation. Let a,b,c € G be so that m(a) € DG/HT (w(b),m(c)). By item (b)

A

there are elements o’ € G,d,,d, € A such that a ~, a’ and o’ € D(d,b,d,c). The con-
gruence a ~, .a’ implies f(a) = f(a') and, since f is a RS-morphism, f(a) = f(a’) €

D, (f(d)f(b), f(d,)f(c)). Also, d; € A (j =1,2) implies di~pp d?, and then f(dj) = f(dj)Q.
Hence f(a) € DH(f(dl)Qf(b),f(d2)2f(c)) C D, (f(b), f(c)), showing that f is a morphism of

real semigroups. a

Remarks I1.3.6 (i) Saturated sets are also characterized as follows: for a RS, G, and H C X G
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are equivalent:
(1) Forall g€ X, ey P(h) CP(g) and Z(g) € Uy Z(h) imply g € H.

(2) H = HF‘Z for some multiplicative set T'C G containing 1 and some saturated subsemigroup
A of G.

For (1) = (2) take T'= G \ Upey Z(h) and A = (1, ¢y P(h). The implication (2) = (1) is
straightforward checking.

(ii) As can be expected, the closed subset HNA . associated to the congruence ~, ., defined

in Proposition 77, is identical with Hz.

Since clearly Hz C ’HNA . only the reverse inclusion needs proof. Let h € HNA - Then there

exists o € XG/HT such that h = 0 om. Let z € A. Then z ~, . 2%, whence 7r($) = 7(x?),
A

AT
implying h(z) > 0. On the other hand, if t € T, then 2 ~ar b and h(t?) = (o om)(t?) =1,

which means h(t) # 0. Therefore A C P(h) and Z(h)NT =0, i.e., h € ’Hz. O

Remarks I1.3.7 (Convexity) (i) Let G be a real semigroup. Then every saturated set ’Hi -

X o 1s convex under the specialization partial order ~». Indeed, let h, g € ”Hz and let ke X o
be such that h~-k~>g. From A C P(h) and P(h) C P(k) follows A C P(k). On the other
hand, k~» g implies Z(k) C Z(g). Since Z(g) NT = 0, we get Z(k) NT = (), proving that

T
/-cGHA.

(ii) Note, however, that the requirement of convexity under specialization on a procontructible
subset H of X, (G a RS) alone is not enough to guarantee that the quotient structure G/H,
defined as in ??, is a real semigroup. Example 1.3.6 is a counterexample: the (finite) set of
characters of a reduced special group therein defined is proconstructible and convex under
specialization (because specialization is just equality in that case), but the induced quotient
structure does not verify axiom [RS3a].

(iii) Suppose G is a RS-fan (see Chapter VI) having three prime ideals I,.J, K, with I C
J C Kandlet H={he X,|Z(h)=1or Z(h)=K}. Let hjyh,h € X, be such that
Z(h) = J, Z(hy) =1, Z(h)) = K and h ~>h, (cf. Lemma VL6.7). It is easy to check that
howh2h0->h1. On the other hand, both hy,h, are in H and, since Z(h2h0) = J, we get
h2h0 ¢ H. Therefore H is not convex under ~» and, by (i), is not saturated either. However,
since H is proconstructible and 3-closed (i.e., stable under product of any three of its members),
it follows from Proposition VI.11.1 that =, is a congruence of RSs. So,

There are congruences of real semigroups other than those induced by saturated sets.

Further instances occur in the case of spectral RSs, studied in Chapter V: in this case
congruences are induced by arbitrary proconstructible subsets of the character space, X G with
the spectral topology (Theorem V.8.2 and Corollary V.8.4). It suffices to consider a suitable
spectral RS, G, such that X o contains three points h, oy h, oy h3, and the proconstructible

subset {h,,h,}. O

Next we consider some congruences of RSs induced by particular types of saturated subsets
which frequently occur in practice.

C. Saturated subsemigroups. Let GG be a RS and let A C G be a saturated subsemigroup
of G. Let us consider the following set of characters:

H,={heX,|ACP(h).
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Sets of this form are called subspaces in the terminology of [M]. The equivalence relation
associated to # , will be denoted by ~ instead of ~, . Let T, = = {z € G|2* ~,1}. Clearly

T, isa multlphcatlve set containing 1, and 0 ¢ T,. An 1mmed1ate consequence of Corollary

[.4.11 is that for a € G, aeA@awa andthenaEAﬁ —A < a~,0. From this we get

(ANn-=A)nN T, = = (). Moreover, suppose that a € G, x € T, and ax? € A. If h € H , then
h(az?) > 0. Since h(z?) = 1 we obtain h(a) > 0. Since h is arbitrary we conclude that a NAa2,
and then a € A. Therefore A and 7', satisty the hypotheses of Theorem IL.3.5.

Straightforward verification proves that H, = HiA. Hence H , is a saturated set and the
corresponding equivalence relation ~, is a congruence of RSs. To ease notation we shall
denote by G/A —instead of G/H ,— the quotient by ~,.

The argument of I1.3.7 (i) shows that the sets of characters H , defining subspaces are
(upwards) closed under specialization: h € My 9€ X, and h~~ g imply g € H,. Since H
is a proconstructible subset of X G this additional property is equivalent to H A being closed
for the spectral topology of X . (ct. [DST], Corollary 6.1.6).

Theorem I1.3.8 Let G be a RS and let A be a saturated subsemigroup of G. Let a,b,c € G.
Then:

. . 2
(a) a~, b if and only if ab € A and there are d,d,,d,,d, €A such that a’e€ D ( d,,d,b%)

and b? € DG(fd3,d4a2).
(b) The following are equivalent:
() (@) € Dy (x(8), (o))

(ii) There are p,q,r € G such that p ~A AT a® and ap € DG(bq,cr).

(ili) There are d’ € G and d,,d, € A such that a ~, ' and a' € D(d b, d,c).

(¢) The following are equivalent:
6) mla) e DLy, (x(5),7(c)).

(ii) There are x,y,z € G such that T~ a?, Y~ b2, LN c and ax € Dé(by,cz).

(d) The equivalence relation ~, determines a RS-congruence.
Proof. First we show:

Claim. If z € G, then z € T, iff there are d,,d, € A such that xQd e D! (1 d,).

Proof of Claim. (<) Assume the statement on the right-hand side and let h € H ,. If h(z) = 0,
then h(l‘le) = 0 and hence h(d,) = —1 (1.2.5), which is impossible because d, € A. Then
h(z) # 0, and hence h(x?) =1 for all h € H ,, which means z € T, .

(=) Conversely, suppose x € T,. Let A[—ZL‘z] be the saturated subsemigroup generated by
AU {-2?}. If =1 ¢ A[-2?], by Corollary 1.4.11 we find a character h € X, such that
Al—2?% C P(h). In particular h € H ,, and since h(—x?) > 0 we get h(x?) = 0, contradicting
z €T,. Therefore —1 € A[—2?], and hence —1 € D(d,, —dlan) for some d,d, € A, which, by
[RS6], implies —1 € D'(d,, —d1x2) . It follows that dlx2 € D'(1,d,), proving the claim.

(a) (<) Assume a,b € G satisfy the conditions on the right-hand side of (i), and let h € H .
Since ab € A we have h(ab) > 0. Clearly, h(ab) = 1 implies h(a) = h(b)(# 0). Assuming
h(a) = 0, we have h(b?) € D,(—h(d,),0). Since —h(d,) < 0 and h(b?) > 0, we get h(b?) = 0,
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and h(b) = 0. Thus, h(a) = 0 implies h(b) = 0. Similarly, the relation a? € D(—dl,d2b2) gives
h(b) = 0= h(a) = 0. Therefore, h(a) = 0 if and only if h(b) = 0, implying h(a) = h(b) for all
heMt,,ie,amb.

(=) Conversely, assume a ~, b for a,b € G. If ab ¢ A, Corollary 1.4.11 gives an h € H , such
that h(ab) = —1, contradiction. Therefore ab € A. By Theorem I1.3.5 (a) there are elements
reT,, d,d, e A such that

(1) a?z? € Dt(—dl,a2b2x2) and (2) b%2% € Dt(—dQ,aszxQ).
By the Claim, m2d3 € D'(1,d,) for some d,,d, € A. From (1) we have d, € D(—a?x?, a®b?z?)
- : (2.2 2722 t(_ 2 2 212 272

and scaling by d, we obtain d,d, € D'(—az°d,,a"b*z"d,) C D'(—a®, —a®d,,a"b*, a"b*d,).
It follows that a®> € D(—d,d —a2d4,a2b2,a2b2d4), and this implies a®> € D(z,y) for some

1737

2 2.2 12 2 : 2
y € D(—d d;,—a*d,) and some z € D(b“a*,b"a"d,). Since d,d,, a*d, € A we have —y € A.

We also have z € A and z = b?z (1.2.3 (4)). Setting d = —y € A we obtain a® € D(—d,b%2).
In a similar way it is shown that b? € D(—e, a®z’) for some e, 2’ € A.

Items (b), (¢) and (d) follow from the corresponding statements in Theorem I1.3.5. O
D. Transversally saturated subsemigroups. An interesting instance of quotients modulo

saturated subsets treated in paragraph B, are the quotients of a RS modulo transversally
saturated subsemigroups.

Notation I1.3.9 Let G be a RS. A transversally saturated subsemigroup I' of G (abbreviated
tss), cf. 1.4.1, is called non-trivial if Hpo= {h € X, |ITCh=1[1]} #0. O

Remarks. (i) It can be proved that the following conditions are equivalent for a tss I':
(1) 0gT;

2) T N -I1d(G) = 0;

(3) I' is non-trivial (i.e., Hy # 0).

The implications (2) = (1) and (3) = (1) are obvious.

(1) = (2). If thereis a € G so that —a? € T, since I is multiplicative we have (—a?)? = a? € T.
By Proposition 1.2.3 (11), 0 € D(t;(a?, —a?) CT, contradicting (1).

The proof of (2) = (3) is non-trivial, and will be omitted.

(ii) Recall (I1.4.2) that a subsemigroup of a RS is saturated if and only if it is tranversally
saturated and contains all idempotents.

(iii) Natural examples of tss are:

— The set a* of predecessors of an element a of a RS, G in the representation partial order
(I.6.5 (5)); more generally,

— The set DV of predecessors of elements of a (right) directed set D C G under the represen-
tation partial order. By (i), these examples are non-trivial tss’s if and only if 0 € a (resp.,
0¢ DY).

— The set Dé(SO) of elements represented by a Pfister form over G (IV.5.8 (1); cf. also 1.4.4(2)
ff.). This example is non-trivial unless the form ¥ is hyperbolic (i.e., —1 € Dé(SO)) O

Next we show:
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Proposition I1.3.10 Let G be a RS. The character set H,, of a non-trivial tss I' of G is a
saturated set; in fact, 7—[2 for a suitable saturated subsemigroup A.

Proof. Observe that, with the terminology of paragraph B, the subsemigroup 7' is the given
tss I itself. Set A := the saturated subsemigroup of G generated by I'. By Proposition 1.4.6 (2),
A =U{D,(¥)|¥ aform over I'}. We show that H = ’Hi .

To prove the inclusion C, let h € H,, i.e., I'C h7H1). Ifz € DG(ﬂﬂ) for some form ¢ over I,
then h(z) € Dy(h*¥) = D,({1,...,1)) €{0,1}, showing AC P(h). On the other hand, since
I Ch~![1], we have Z(h) N T = . Hence, h € HX.

Conversely, let h € X, be such that AC P(h) and Z(h) N T'={. Then, ' CA C P(h) and
Z(h) N T =0, showing h [T = 1, as asserted. O

The foregoing characterization of the set H,., I' a non-trivial tss, together with Theorem
I1.3.5, yield:

Theorem I1.3.11 Let I' be a non-trivial tranversally saturated subsemigroup of a RS, G. Let
=T G— G/”;’-[F denote the quotient map. For a,b,c € G we have:

(a) a ~pb if and only if there are elements t €', x,y € G, and forms ¥, Y. 0 over T' such that
ab € Dct;(a2b280) , a’b?*t? ¢ Dé(:z:2¢ @ (a?t?)) and a®b*t? € Dé(yQG @ (b%t2)).
(b) w(a) € DG/HF

a'~paand a' € D (bP Sc®,).

(m(b),7(c)) if and only if there are a’ € G and forms ¥, ¥, over I' such that

(c) The equivalence relation ~_ is a RS-congruence of G.

T

Proof. Let A be as in the preceding Proposition, so that M= 7-[2; we apply Theorem I1.3.5
to this situation.

(a) («) Assume the right-hand side of (a) holds, and let h € H.. Suppose first i(a) = 0. Since
h % p =dim(p) - (1) for any form p over I', h(t)? = 1, and h(y)? € {0,1}, taking images under
h in the representation a’b*t? € D(t;(gf@@ (b*t?)) yields h(a?b?*t?) = 0 € D?)(h(y)2 dim(6) -
(1) @ (h(b?))). This forces h(b) = 0. In fact, if h(b)? = 1, the right-hand side of the last repre-
sentation is {1} for both the values 0 and 1 of h(y)?, contradiction. Likewise, the representation

a’b*t? € Dé(wa@ (a®t?)) yields h(b) = 0= h(a) = 0.

If h(a) # 0, then h(b) # 0, and then h(a?b?) # 0. Taking images under h in ab € Dé(a2b290)
yields h(a)h(b) € D3(h(a2b2) dim(¥) - (1)) = {1}. Hence, h(a) = h(b).

(=) Assume a~p.b. From I1.3.5 (a) we have ab € A, i.e., ab € D (¥) for some form ¥ over I';
hence ab € Dé(aQbZSO) (1.2.8(3)).

Next, the second assertion in I1.3.5(a) gives elements ¢t € I' and d,,d, € A such that
a’t? € Dé(—dl,a%ztz) and b%*t? € Dé(—dQ,a2b2t2). By Proposition I1.3.10, d. € A implies
d, € D,(¥,) for forms ¢, over I, and hence d, € Dg(ali2 %Z)i) for i = 1,2. The first of these
representations yields a2b%t? € Dé;(dp a’t?) C Dé(all2 ¢1 ® (a®t?)), as required (set x := d, VY=
¢1). The representation a?b*t? € Dé(yQG @ (b*t2)) is proved by the same argument from b*t? €

t 27242 : — ._
DG(—dQ,a b°t?), setting y := d,,0:= ¢2.

b) (<) This implication is straightforward: a’ ~_a means w(a’) = 7(a). Since 7 is a RS-
r

T
homomorphism such that m(g) =1 for g € I', we have 7 x ¥, = dim(%,) - (1) (i = 1,2); hence
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a' € D, (b¥ ®c®,) yields
m(a) =7(d) € DG/,HF(ﬂ'(b) (mxp)@m(c) (mxP,)) = DG/HF(T('(b),ﬂ'(C)) :

(=) The lifting of representation in the real semigroup G/ 7—[2 = G/H . given by IL1.3.5 (b.iii),
together with Proposition 11.3.10 yield:

m(a) € D

e (m(b),m(c)) © There are ' € G and d,d, € A such that a’~, ,a and

AT
a' € D,(db,d,c)
= There are o’ € G and forms ¥, ¥, over I' such that d, € D (¥,)
(i=1,2) and @’ € D(d b,d,c) CD,(b¥ ®c®,).

(c) is a particular instance of Theorem I1.3.5 (d). 0

E. Quotients modulo saturated ideals. Before turning to the matter of the title, we prove
a lemma that will be repeatedly used in this and the next paragraph.

Lemma I1.3.12 Let G be a RS, let I be a saturated prime ideal of G and let AI denote the
saturated subsemigroup generated by I. Then,

(i) ForzeG, xe€A, & Jiel(ze D,(1,1)).
(ii) The ideal I is radical (i.e., 2> € [ = x € I).
(iti) A, N —A, = 1.

Proof. (i) The implication (<) is clear.

(=) Let x € A . By 1.4.6 (3) there are n € N and a form ¥ over I such that x € D, (n(1) ® ¥).
Then, there is i’ € G such that i’ € D,(¥) and z € D,(n(1) @ (i')). Since I is saturated, i’ € I.
By [RS6], z € Dé(n<x2> @ (i), with i = i’2? € I. Hence, there is y € Dé(n<x2>) such that
x € Dé(y, i). The first of these representations entails y = 22 (cf. Corollary IV.5.3 (ii)). Using
[RS4] we have z € Dé(x2, i) C DG($2, i) € D(1,4), as asserted.

(ii) Assume there is 2 € G such that 22 € I but = ¢ I. We first note:

(*) 2 ¢ A,

By item (i), if z € A, then z € D,(1,i)) for some i € I. By [RS6], = € D(’;(xz,i’)) with
i’ =ix? € I. Since 2% € I and I is saturated, = € I, contradiction.

Now we apply Corollary 1.4.11 with A = A and T' = {1}; (*) shows 2T N A, = (), and hence
there is h € X, so that A, C P(h) and h(z) = —1. Since r2ecIC A N=A,CPh)N-P(h) =
Z(h) we have h(x?) = 0, contradicting h(z) = —1.

(iii) Let z € A, N —A,. By (i) there are i,j € I such that € D,(1,i),—z € D,(1,j). By
1.2.8(9) and saturatedness of I, there is k € I so that —z% € D(1,k). Invoking [RS6] we get
—z% e Dé(xQ, k') with k' € I, and (by 1.2.3(0),(6)) —k" € D*(2?,2?), whence —k’ = 22, which,
by (ii), yields = € I. a

In this paragraph we consider the following setup: G is a real semigroup, [ is a saturated

ideal of G' not necessarily prime, and H! = {h € X, 1< Z(h)}. The equivalence relation on

G defined by H! as in 77 (1) will be denoted by ~,. As above, A, stands for the saturated
subsemigroup generated by I. We first note:
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Fact I1.3.13 H! = M, - Hence, =, is a RS-congruence on G and, endowed with the ternary

I
relation defined by H! (cf. 22 (11)), G/H! is a real semigroup.
Proof. The stated equality just means, for h € X o

ICZ(h) & A, CP(h)

(h).
The implication (<) is clear from ICA N —A CP(h) N —P(h) = Z(h). Conversely, let
z € A, By II.3..12 (i) there is ¢ € I such that € D,(1,i). So, h(z) € D,(h(1),h(i)) =
D,(1,0) = {1,0}, i.e., h(z) > 0. O
Thus, Theorem I1.3.8 can be applied with A = A ;» yielding the following intrinsic charac-

terizations of the congruence =~ and of both representation relations in G/H? :

I

Theorem I1.3.14 Let G be a RS and let I be a saturated ideal of G. Then, for a,b,c € G and
with 7 : G — G/H! canonical:

a) a~. b & Ji,5,k €1 such that a® € a“b*,1), € a“b”,7) and ab € a“b*, k).
;0 34,4,k € I such that a® Dé 2p? b? Dé 2p? d ab Dé 2p2 K
(b) The following are equivalent:

(i) m(a) € Dy (m(b), 7(c))-

(ii) There are p,q,m € G such that p~,q=~,r~ a? and ap € DG(bq, cr).

I

(ili) There are o' € G and k € I such that a =~ a’ and a' € D,(b,c, k).

1

(¢c) The following are equivalent:
(i) w(a) € D, i (m(b), ().

(ii) There are z,y,z € G such that x ~, a’,y A b2, 2z~ c® and ax € DG(by,cz).

I
(d) The relation ~, defines a RS-congruence of G.

Proof. The equivalence of (i) and (ii) in item (b) and (c) follows at once from the corre-
sponding equivalences in Theorem II.3.8 applied with A = A ; note that I1.3.13 shows that

I?
the equivalence relation ~ ;18 identical with ~ INE

(a) From I1.3.8 (a) we get, for a,b € G:

(*) a=~;b < ab€ A, and there are d,...,d, € A, such that a’ e DG(—dl,dez) and

v’ € DG(—d3,d4a2).
By Lemma IL1.3.12 (i), for £ = 1,...,4 there are elements m, € I such that d, € DG(l,mZ).
The first representation in (*) then yields a? € D.(-1,-m,, b2,m2b2); by saturatedness of I
there is m’ € I such that a? € DG(—l,bQ,m’). By [RS6] this implies a? € Dé(—az,zﬂbz,m),
with m = m/a? € I, and hence m € Dé(aQ,CLQ,—aQbQ); using 1.2.8 (5) and 1.2.3 (6) we get
m € Dé(az, —a?b?), and hence a? € Dé(a2b2,i) with i = —m € I.

In the same manner one proves b® € Dé(a2b2, j) for some j € I.

Finally, invoking Lemma I1.3.12 (i) again, ab € A, implies ab € D(1,i’) for some i’ € I,
whence ab € DG(aQbQ, k), with k = i’a®b? € I. This proves the implication (=) in (a).

For the converse, we must show h(a) = h(b) for all h € X , such that I C Z(h). Suppose first
h(a) = 0; since j € I, h(j) = 0, and from b? € Dé(aQbZ,j) comes h(b?) € D;(h(aQbZ),h(j)) =
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D;(0,0) = {0}, whence h(b) = 0. Conversely, the representation a? € Dé(aQbQ,i) yields
h(b) =0 = h(a) = 0. Hence, h(b) =0 < h(a) = 0.

Suppose h(a),h(b) # 0; then, h(a?b?) = 1, and the last transversal representation in (a)
gives h(ab) € D;(h(asz), h(k)) = D;(I,O) = {1}, whence h(a) = h(b).

(b) As remarked above it only remains proving the equivalence of (i) and (iii). The correspond-
ing equivalence in I1.3.8 (b), with A = A shows that (i) is equivalent to

There are o’ € G and d|,d, € A, such that a~, a’ and o’ € D, (d,b,d,c).

By Lemma I1.3.12(i), d, € D,(1,k,) with k, € I (¢ =1,2), and we get a’ € D, (b, kb, c, k,c).
Then, there is k € D (k b, k,c) C I such that a’ € D (b, ¢, k), proving (i) = (iii).
(iii) = (i). assume (iii) holds; a ~, a’ implies 7(a) = 7(a’). Since 7 preserves representation,
m(k) =0, and G/H! is a RS, from a’ € D, (b,c, k) comes

m(a) = m(a’) € DG/’HI (w(b),7(c), m(k)) = DG’/’HI (m(b),7(c),0) = Dg/HI (m(b), m(c)),
which proves (i).
Items (c) and (d) are particular cases of the corresponding statements in Theorem 11.3.8. O
F. Residue spaces at saturated prime ideals. We shall now consider quotients of a RS,
G, modulo saturated prime ideals, I, determined, however, by families of characters different
from those considered in the preceding paragraph. Namely, we shall consider quotients of G

modulo sets of characters of type {h € X, | Z(h) = I}, hereafter denoted by H ,; the congruence
induced by H, will be denoted by ~, and the corresponding quotient set by G/I.2

We note first that the sets of this form are saturated: it is routine to check that with T', =
G\I (a multiplicative set of G containing 1 and not 0) and A ; = the saturated subsemigroup

of G generated by I, we have, with notation as in paragraph B, Hzf ={he X, | Z(h) =I}.
I

Let I', = {r e G|z~ s 1}. This set is a tss, i.e. is multiplicatively closed, contains 1 but
not 0, and is closed under DY, as easily verified using D;(l, 1) = {1}. Our main result in this
paragraph is:

Theorem I1.3.15 Let G be a RS and I be a saturated prime ideal of G. For a,b,c € G, we
have:
(a) a~,bif and only if there exist y ¢ I and i € I such that i € DtG(ay, —by).
Moreover, a~ 0 if and only if a € I.
(b) The following are equivalent:
(i) =(a) € DG/I(W(b),ﬂ'(C)) :
(i) There are x € I and i € I so that az?® € D (i,b,c).

(iii) There is a’ € G such that '~ a and a’ € D (b, c).

1

(¢c) The following are equivalent:

() o) € DYy (r(B).m(c)).

2 Quotients of this type have been considered by Marshall in the dual category of abstract real spectra; cf.
[M], p. 102 and Cor. 6.6.9. Here we employ his terminology.
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(ii) Eithera €l andc~,—b, ora &I and there are x ¢ I andV/,c’ € G so that V' ~ b,

2 t
'~ cand ar® € DG(b’,c’).

e t
(iii) There are a’ € G and d €T, so that a~,a’ and a’ € DG(db, dc).

(d) The relation ~, is a RS-congruence of G, and the set (G/I)\{m(0)} is a reduced special
group under the representation DG/I'

Proof. (a) The implication (<) is routine checking.

(=) Let a~,b. By Theorem I1.3.5(a) there are z € T, and d,,d, € A, such that a’x? €
Dt(—dl,a2b2x2), b2a? € Dt(—dQ,a2b2m2) and ab € A,. From d, € A, (£ = 1,2) we get

d, € D(1,i,) for some i, € I (I1.3.12(i)), and then d, € D*(d?, j,) with j, = i,d” € I. Therefore,
(1) a%2? € Dt(—d?, —jl,a2b29§2) and (2) vzt e Dt(—dg, —j2,a2b2:c2).

Using [RS4], (1) gives a?xz? € D(—1, —jl,a2b2:n2), and then a’2? € Dt(—asz,ji,aszxz) with

j; =— j1a2x2 € I. This representation implies

(3) a?z? € Dt(ji, a?b?z?).

[If y € D'(—y,b,c), then there is e € D'(b,c) such that y € D'(—y,e) (cf. 1.2.7); then,
—e € D!(—y, —y) which, by 1.2.3 (6), implies e = y.]

Likewise, from (2) we obtain b%z? € Dt(j;, a’b?z?) for some j; € I. Hence, a?b’2? €
Dt(—ji, a’x?), and then b?z? € Dt(j;, —j;, a’x?), which implies

(4) b*z? € D'(k,a%x?), with k € Dt(j;, —j;) ClI.

From ab € Ay, we get ab € D(1,i) for some i € I (I1.3.12(i)), and hence ab € D*(a?b?,4’) with
i' = a?b%i € I. Scaling (4) by b gives bz? € D(kb, a®z%b) = D!(kb, ax?(ab)) C D'(kb, ab*x?,i'ax?),

and hence
(5) bx? € DY(k',ab?x?) with k' € D*(kb,i'az?) C I.

If b € I, item (3) implies a?z? € I, and (since € I), a € I. Taking ¢ € D'(a, —b) arbitrarily
and y =1€ 7T, yields c € I and c € D(ay, —by), as required. If b ¢ I, then z = bx ¢ I, and
(5) yields bz? = bz? € D'(K',az?), whence —k' € D'(az?, —bz?) with —k’ € I and y = 22 ¢ I,
as required.

The second assertion in (a) is clear.

Proof of (b). The implications (ii) = (i) and (iii) = (i) are routine checking (for the first use
D((0) ® ¥) = D(¥)).

(i) = (ii). Assume 7(a) € DG/I(W(b),T((C)). By Theorem I1.3.5 (b), there are elements o’ € G,
d,,d, € A, such that a~,a’ and a’ € D(db,d,c). By (a), there are z ¢ I, i € I so that
ar? € D'(i,a'x?) C D(i,d1x2b, d2x20) - D(i,dlb, d2c). Since d,d, € A, and I is saturated,
from item (*) before the statement we easily get ax? € D(j,b,c) for some j € I.

(ii) = (iii). By (ii), ax? € D (i,b,c) forsomex ¢ I ,i € I. Passing to transversal representation
([RS6]) we get ax? € Dg(i’, a’x?b, a®z%c), with i’ = ia?2? € I. Then, there is a’ € G such that
az? € Dg(i’, a’) and o € Dta(anQb, a*z*c). Using [RS4] yields o’ € D (b, c). Now we prove:

* a~_a.
( !
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Let h € X, be such that Z(h) = I. If h(a) = 0, we get

h(a’) € DY (h(a)?h(z)?h(b), h(a)*h(z)*h(c)) = D}(0,0) = {0},
i.e., h(a') = 0. If h(a) # 0, then h(a)®> = 1. Since z & I, i € I, we have h(z) # 0,
whence h(z)? = 1, and h(i') = 0. From az? € Dta(i’,a’) follows o' € Dta(—i',ax2), whence
h(a') € Dy (h(=i'), h(a)h(x)?) = DL(0, h(a)) = {h(a)}, i.e., h(a') = (a).

Proof of (¢). (ii) = (i). If a € I and ¢ ~, — b, then 7(a) = 7(0) and 7(c) = —n(b). Since in

any RS, 0 € D(y, —y) (1.2.3(11)), we get 7(a) € DtG/I(ﬂ'(b ,7(c)).

If a € I and the condition stated in (ii) holds, then 7(z) # 0, and 7(z?) = 1. It follows
that 7(a) = w(ax?). Since 7(¥) = 7(b) and 7(c’) = m(c), the required conclusion follows.
(ili) = (i). Routine checking using that h(d) = 1 and h(a) = h(d) for any d € T, and any
h € X, such that Z(h) = I.
(i) = (ii). Assume 7(a) € DtG/I( 7(b),m(c)). If a € I, then 7(a) = 7(0), and 1.2.3(11) yields
m(c) = —m(b), i.e,, c~,—b.

Let a ¢ I. Since, in particular, 7(a) € DG/I( m(b),7(c)), by (b.(ii)) there are z € G\ T
and i € I so that az? € D olisb,c). By [RS6], az? € D! (j,ba 22, ca’z?) with j = ia®z? € I.
Let ¥ € Dt (],ba2x2) be such that az? € D! (b’ ca’x ) (1.2.7). Setting ¢ = ca?z? we have
dn~_c, as h( ),h(a) # 0 for all h € H,. From b’ € Dg(j,banQ) comes b~ b, as h(j) =0

I
and h(a?z?) = 1 imply h(b’) = h(b) for all heH, (cf. 1.2.5).

(i) = (iii). Assume (i); then (ii) holds as well. We consider two cases:
Case 1. ac 1.

From (ii) we have ¢ ~ —b. By item (a) there are y ¢ I and i € I such that i € Dtc(by,cy),
whence i’ = yi € Dg(byQ,cyQ). From y ¢ I we get y? € I, Set d:= y? and o’ := yi. Since
both a,a’ € I, we have a~_ a'.

I
Case 2. a¢1.

This assumption gives a® € [,. From assumption (i) and item (b.iii) there is a’ € G such that
a'~,aand a’ € D,(b,c). By [RS6], a’ € DtG(a’Qb7 a®c). From a’' ~ a comes a”* ~ a*~ 1, ie.,
a” €T,. Set d:=a".

(d) The first assertion is a particular instance of Theorem II1.3.5(d), and the second is an

immediate consequence of (a) and the fact that D, /1 verifies [RS3]. O

As a corollary to Theorem I1.3.15 we obtain the following algebraic version of Brocker’s
weak local-global principle for forms of dimension 2.

Corollary I1.3.16 Let G be a RS and let Specg,(G) be the family of all saturated prime ideals

of G. For each I € Specy,(G), let 71 : G — G/I be the canonical projection. Then the map

w:G — Hles ec (G)G/I defined by ju(g), = m,(g) is a (necessarily injective) morphism of
PECsat

RSs satisfying the following condition for a,b,c € G:
a € D(b,c) if and only if 7 (a) € DG/I(W[(b),WI(c)) for all I € Specg,(G) (equivalently,
p(a) € D (1(b), p(c)))-

HIGSpecsat (G)
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Proof. To ease notation we write G = I1 G/I. Clearly, p is a morphism of RSs,

IeSpec,, (G)
where the semigroup operation, the constants 0, —1, 1, and representation are coordinatewise

defined in G. Hence a € D(b,c) implies p(a) € Dz(u(b), u(c)). Conversely, if this relation
holds and a ¢ D(b,c), we can find a character h € X, such that h(a) ¢ D, (h(b),h(c)). Let
I'=Z(h). Hence 7, (a) ¢ DG/I(WI(b)7 7,(c)), contradiction. To see that u is injective, assume

p(a) = p(b). Then, with signs interpreted in the obvious way, we have +u(a) € Dg(u(1), £u(b))
and £u(b) € Dg(p(1), £p(a)). Therefore, +a € D (1,+£b) and +b € D (1,+a). In terms of
the representation partial order <, (see 1.6.2), we have a< b and b<_a. Soa=1b (1.6.4 (a)).0

INCLUDE HERE REMARK ON MODEL-THEORETIC QUOTIENTS?

I1.4 RS-congruences and rings

To avoid repetitions we shall begin by proving a lemma providing fairly general sufficient
conditions under which RS-quotients of two real semigroups of the form G,, G, (A, B semi-
real rings) are isomorphic. Applying systematically this result we will then be able to obtain,
in the case of RSs associated to rings, “concrete” realizations of the various types of quotients
considered in section II.3. We begin by describing the setup for our result.

Preliminaries and Notation I1.4.1 (1) Let A, B be semi-real rings and let f : A— B be
a ring homomorphism. Sper f : Sper (B) — Sper (A) denotes the real spectral morphism dual
to f, given by (Sper f)(8) = f~1[B], for 8 € Sper (B). We remark in passing that Sper f is a
continuous —in fact spectral— map; cf. [DST], §24.4 for this and other properties (however,
this fact is not used in the sequel).

The following equivalence will be frequently used below:
Fact 11.4.2 For o € Sper (A), 5 € Sper (B) and with f as above, the following are equivalent:

(i) o= (Sper f)(B);
(13) Foralla € A, a(a)= f(a)(p).

Proof. (i) = (ii). Let a € A. Using o = f~![B] the equality in (ii) is checked by cases according
to the values of @(a). It is clear that supp(a) = f~![supp(8)] and a \ (—a) = f71[3\ (—B)].
Then we have, e.g.:

a(a)=1 & aca\(-a) & fla) B\ (-h) < fla)(B) =1,

and similarly for the values 0, —1.

(ii) = (i). Forac€ A, a € a < ala) > 0<% f(a)(B) >0« fla) € B, ie, a= f13 =
(Sper f)(8) - O

The map f : G, — Gy induced by f is defined by f(@) := f(a), for a € A.

(2) We assume given sets Y C Sper (A), XC Sper (B). We denote by =, (resp., =,,) the equiv-
alenceéelation on Gy (resp., GA) defined by X (resp., V) as in clause (T)H of 77 (a), i.e., for
y’ z 6 )

Y=z e VBeX(W(B) =28) « y[X =2[X.

Let D (resp., D) denote the ternary relation on G (resp., G,) defined as in clause (77),,
of 77 (a), i.e., for z,y, z € B, and with Tt G — GB/EX canonical,

T (T) € Dy (my (7). 7 (7)) : & VB € X [T(B) € Dy(u(B),Z(B))],
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and similarly for D,..
(3) We shall make the following blanket assumptions :

Assumption I. = X and =, define RS-congruences on GB and G ,, respectively.

Assumption II. Y = (Sper f)[X].

Assumption III. For all a € A there is b € B such that f(a) =, b.

Remarks. (a) Assumption III amounts to saying that the map Ty © f:G L Gy /= X

is surjective. It obviously holds if f is surjective —in particular, regardless of X, if f is
surjective—, but below we will find examples where it holds even when X = Sper (B) and f is
not surjective. All in all, Assumption III is a rather mild requirement.

(b) The map Sper f in Assumption II is not required to be injective but, in most examples
below it turns out to be a homeomorphism between X and Y. O

11.4.3 General Lemma With notation as in I1.4.1 and under Assumptions I— III, the RS-
quotients G, /=,, and G /=, are isomorphic.

Proof. Assumption I guarantees that the quotient maps Ty, Ty, are RS-morphisms. Note they
are surjective.

Claim 1. Fora,be A, @ EYE = (my 0 f)(a) = (my © ().

Proof of Claim 1. The implication of the statement amounts to @ EYB = f(a) =, f(b). By
Assumption II, § € X implies o = (Sper f)(8) € Y. The hypothesis @ EYB yields a(a) = b(a),
and I1.4.2 (ii) entails f(a)(8) = f(b)(B); since B € X is arbitrary, f(a) =, f(b).

By the factoring condition II.2.1 (iii), Ty © f induces a RS-homomorphism Ty © f

G,/=, — Gg/=, such that (7, o ) O, =y O 7

Claim 2. The map 7, o f is injective.

Proof of Claim 2. We must show, for all a,b € A,

(my 0 F)(my (@) = (mg 0 Dy (B) = (@) =, (B);

this is equivalent to the converse of the implication in Claim 1, namely,

(1) fla) = f(b) = a=b.
Let a € Y. By Assumption II there is 3 € X such that o = (Sper f)(53). The antecedent of (f)

gives f(a)(B) = f(b)(B); from 11.4.2 (ii) we conclude a(a) = b(«), as required.

Finally we prove:

Claim 3. The map Ty © f reflects representation.

Proof of Claim . We must prove, for a,b,c € A,

(g © F)(my (@) € Dy((my 0 Py (B): (my 0 F)(my (@) = (@) € D, (r, (5),, (@)
Equivalently,
(+) 7 (F(@)) € Dy (my (FO), 7y (7)) = /(@) € D, (x5, 7, (2)).

By definition of the relation D, we have
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T, (@) € DY(WY(B),WY(E)) < VaeYala) € D;(B(a),é(a))],
and similarly for D, .

To prove (Tt), let a € Y; Assumption II guarantees that there is a € X such that o =

(Sper f)(3). From the antecedent of (1) comes f(a)(5) € D;(f(b)(ﬁ),f(c)(ﬂ)); by 11.4.2 (ii)

we get a(a) € D;(E(a),é(a)). Since this holds for all & € Y, the conclusion in () follows,
proving Claim 3.

—

Claims 1—3 together show that 7, o f is the required RS-isomorphism between G A / =,
and Go/= . O

Remark. The role of Assumption I in the General Lemma is to ensure that the quotient
Lo q-structures (G, /=, D,.), (Ggz /=, D) are real semigroups and verify the factoring con-
dition I1.2.1 (iii). In its absence, these quotient structures may not be RSs. However, since the

quotient maps m,. and 7, are L., - morphisms (verification of this, left to the reader, uses As-

X RS
sumption II), the proof of I1.4.3 shows that, even in the absence of Assumption I, (G, /=, D)
and (Gp/=, Dy ) are isomorphic as L - structures. 0

The sequel of this section is devoted to obtain explicit representations of the various quotient
constructions considered in §11.3; the preceding General Lemma will be the main tool to get
them.

A. Localizations.

Definition I1.4.4 A subsemigroup T of a RS is called proper if 0 ¢ T. Likewise, a multi-
plicative subset S of a ring is called proper if 1 € S and 0 € S. a

Theorem I1.4.5 Let A be a semi-real ring and let H be a RS. The following are equivalent:
(1) H is a localization of G ,, i.e., H = GA/NT for some proper subsemigroup T' of G, .
(2) There is a proper multiplicative subset S of A such that H ~ GS,lA .

Remark. S~!'A denotes the ring of fractions of A by S. The requirement in (2) that G g-14
be a RS forces the ring S~ A to be semi-real (Corollary 1.4.13).

Preliminaries and Notation I1.4.6 We fix a semi-real ring A and a proper multiplicative
subset S of A.

(1) The following conditions are equivalent:

(i) The ring S~1A is semi-real;

(i) 0 ¢ {s]s € S} (CG,);

(iii) =92 N > A4%2=9.
Proof. (ii) < (iii). By Thm. 5.4.2(1), pp. 93-94 of [M], for s € S, condition 5 = 0 is
equivalent to = ZAQ for some integer kK > 0. The case k = 0 is excluded since A is
semi-real. Since S is multiplicative, —s2* € Y"A? with k > 1 is equivalent to —S% N S" A% # ().
(i) = (iii). If (iii) fails, —s?> = > a? for some s € S and a; € A. Then, in S71A we have

2

1= 2% ¢ Y (S71A)2

= 82

(iii) = (i). Assume —1 = Z(‘;—Z)Q with a; € A,s; € S. Chasing denominators and setting
2
s:=]]; si € S wehave —1 = ZSle with b; € A. Then, there is s’ € S such that s'(s*+>_b?) = 0.
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Scaling by s’ and setting t := s's € S, we get —t2 € Y A2, ie., =52 N S A% £(). O
(2) Let L g: A— S ~!A denote the canonical homomorphism a +— . Then,
(i) Im(Sper:y) = {a € Sper(A)[S N supp(a) = 0}.
Further, for a € Sper (A) and 3 € Sper (S714),
(ii) a = (Sper¢y)(B) (= L;l[ﬁ]) & f={%lacaandseS}t=5"a.
In particular,
(iii) Sper g is injective.
(iv) Sper g is a homeomorphism of Sper (S~tA) onto Im(Sper Lg)- O

For a proof of these results we refer the reader to [DST], Prop. 23.4.19, or [DM6], Appendix
C, §3.

(3) Recall (1.5.5) that for a semi-real ring R and y € Sper (R), h7 = sgn,om_is the RS-character
of G, induced by v, and that Z(hv) ={Z |z € supp(y)}, P(hv) ={Z|zen}.

(4) Fora€ A,s €S, in Gy, , we have:

() 75 =1; (i) (2) =7(as).

In particular,

1il) v, is surjective.
g J

Proof. (i) For z € a we have %2 = (£)? € B; hence @(fz)(ﬁ) = (%)(5) > 0 for all

s2

B € Sper (ST1A). Since in the ring S7'A for s € S we have (5)(1)? = 1, we obtain 7(s2) -

1 S
Ty (@2> =1, and hence @(?) =1.

(if) In S714: % =2 (). By (i), 75(@s) = (2) - 75(s%) = (%) - 0

The crux of the proof of Theorem I1.4.5 is contained in the following

Proposition 11.4.7 Let A be a semi-real ring, S a proper multiplicative subset of A and T
a proper subsemigroup of G,. If T = {s[s € S}, then Gy 1, is isomorphic to G,/~p In

particular, GS s a real semigroup and a RS-quotient of GA.

Proof. This will follow from the General Lemma I1.4.3 applied with B = S™1A, f = s (= the
canonical homomorphism a — ¢), X = Sper(B) and Y = {a € Sper (4) | S N supp(a) = 0}.
So, we have to check the validity of Assumptions I —III in I1.4.3 for this choice of parameters.

Assumption I. With X = Sper (B) the equivalence relation =, is just equality in G, and so
it certainly defines a RS-quotient, namely G, itself.

As to the equivalence relation =,,, we prove next that (under the identification a <> h,
of 1.5.5), Y = U(T?) = {h € Xa, |h[T? = 1}; hence =, equals ~
RS-congruence in 11.3.2 (3,4).

Claim. U(T?) = {h, |aeY}

-, » already proved to be a

Proof of Claim. We must show a € Y < h [T? =1 for a € Sper (A). By 11.4.6 (2.(i)) this is
equivalent to
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(1) S N supp(a) =0 < Z(ha) NT=0.

Since Z(h,) = {@|a € supp(a)} (I1.4.6 (3)) and (by assumption) 7' = {5|s € S}, we have, for
a€A:
a€Zh,)NT < a€supp(a) and a=73 for some s € 5,

proving implication (=) in (7).
For the converse we invoke Corollary 5.4.3 in [M], p. 94, which shows:
@=73 < Jk>03x,y e A% such that zas = (a® + s2)* +y.

If a € supp(a), then (a®+s2)* +y € supp(a) and (by the binomial formula), s?* +y € supp(a).
Since supp(«) is a real prime ideal, we conclude s € S Nsupp(a), which proves (<).

Assumption II. As indicated in I11.4.6 (2), Sper:y is a bijection of X = Sper(B) onto ¥ =
Im(Sper¢).

Assumption III. Since 75 is surjective, see I11.4.6 (4.iii), this assumption holds. O

Proof of Theorem I1.4.5. (1) = (2). Given a proper subsemigroup 7" of G, set
S := A\ |J{supp(a) |« € Sper (A) and ha[T2 =1}.

Clearly, S is a proper multiplicative subset of A. Item (2) follows from Proposition I1.4.7 upon
proving

— T ={5|seS}.

For the inclusion C, let t € T. Since t € GA, t = T for some x € A. Suppose z ¢ S; then,
there is o € Sper (A) such that ha[T2 =1 and x € supp(a). Since Z(h_) = {@|a € supp(a)},
we have h_(Z) = 0. On the other hand, t =7 € T implies h _(T) # 0, contradiction.

The reverse inclusion requires a finer touch, employing Lemma 1.4.10. Assume, towards
a contradiction, that there is s, € S such that S, ¢ T. Firstly, we construct the saturated

subsemigroup A of G, generated by the subsemigroup {3?|s € S}, see Proposition 1.4.6 (2).

Note that s € S= — s € S. Then, 52 € A N —A for all s € S. We apply Lemma 1.4.10 with
I = {0} and the given subsemigroup T of G 4 with notation therein, we must check:

Claim. I[A]NT=40.

Proof of Claim. Suppose t € I[A] for some ¢t € T. By the definition of I[A], there is d € A such

that —t2 € Dy, (0,d); hence, —t2 € D!, (0,#2d), and 0 € Dl (t2,t2d). By 1.2.3 (11), —t? = t2d,
A A

which implies —1~,.d, i.e., 7(—1) = =1 =7(d) (in Ga/~,).

On the other hand, since d € A, there is a form ¥ with coefficients in {32 | s € S} such that
. 72 72 . . . .
d e DGA(@) (1.4.6 (2)), 1.e.,2d € DGA(<2$1 ;-8 7)) with s, € St Since T 1S2 a RS—morIQ)hlsm,
~1=mn(d) e DGA/NT(<7T(31 )s---»m(5,%))), which yields —1 € DGA/NT(<7T(51 )y (5 %))) -

Since XGA/N = U(T?) (I1.3.3(i)), for every h € U(T?) we have —1 € D;((h(ﬁ(?12)), ce
T

h(7r(§2))>) As h(m(z%)) > 0, the right-hand side of this transversal representation is {1}
(I.2.5), contradiction. This proves the Claim.

Lemma 1.4.10 gives a character h € Xa, such that Z(h) 2 AN —A and h[T? = 1. From
s, € S follows %2 € AN —A, whence h(s;) = 0. Since h = h_ for some o € Sper (A), we have
s, € supp(a) and ha[T2 = 1, contradicting s, € S, and proving (1) = (2).
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(2) = (1). Given a proper multiplicative subset S of A such that G¢_, , ERS (i.e., the ring
S~1A is semi-real), set T := {5|s € S}. Item (1) in I1.4.6 shows that 0 ¢ T, i.e., T' is a proper
subsemigroup of G ; (1) follows, then, from Proposition 11.4.7. O

Warning. In the category of rings, localizations are not quotients: the canonical map Lg *
A— S71A is not epimorphic (i.e., surjective). However, the preceding results show that in

the category of real semigroups, Gy, , is a (RS)-quotient of G,- O

B. Quotients modulo saturated sets.
Proposition 11.4.8 Let A be a semi-real ring and let H QXGA be a non-empty set of char-
acters of G . The following are equivalent:

(1) H is a saturated set, i.e., there are a saturated subsemigroup A C G, and a proper subsemi-

group PC G, such that H = 'Hi (cf. §11.3(B)).

(2) There is a preorder T of A and a proper multiplicative set S C A such that, with notation
as in 1.5.5, H={h_|a € Sper(A),T Caand S N supp(a) = 0}.

Proof. We first remark:
(a) Ais a (proper) saturated subsemigroup of G, iff {a|a@ € A} is a (proper) preorder of A;
(b) P is a (proper) subsemigroup of G, iff {a|@ € P} C A is a (proper) multiplicative set.

The proof of (a) and (b) is straightforward. [For (a) note that —1 ¢ {a|a € A}; otherwise
—l€Aand, by23(9),G, = DGA(l’ —1)C A, ie., A is improper.]

(1) = (2). Recall (1.5.5) that every h € X, 1s of the form A for a unique a € Sper (A). Set
T:={alae A} and S :={a|a € P}.

Assuming h € Hi, ie, ACP(h )and Z(h_ ) N P =0, it is easily checked that:
(i) TCa, and (ii) S N supp(a) = 0.

For (i): Let a € T, i.e., @ € A; then, h_(a) = sgn,(ma(a)) > 0, Le., a(a) > 0; by the definition
of @ this means a € a.

For (ii): If a € S N supp(a), then @ € P and h (@) = 0, whence, @ € Z(h_) N P # 0.
We conclude that Hi C{h, |a € Sper(A4),T Caand S N supp(a) = 0}.

For the reverse inclusion, let  be in the right-hand side, and prove A C P (ha) and Z (ha) N
P=0:

— The first condition follows from T'C a: Let @ € A; then, a € T'; by assumption, a € «; this
gives h_(a) >0, i.e,a € P(h,).

— If there is @ € Z(h) N P, then a € supp(a) and a € S, whence S N supp(a) # 0,
contradiction.

(2) = (1). Given T,SC A as in (2), set A := {a|a € T} and P := {a|a € S}. Assuming
{awe Sper(A)|TCa and S N supp(a) =0} # 0, we must show:

(i/) Ais a (proper) saturated subsemigroup of G X
(id') P is a (proper) subsemigroup of G ,;
(i7d") Hi ={h_ |a €Sper(4),TCa and S N supp(a)=0}.
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Proof of (i'). Clearly, A is closed under product and contains 0,1 (as T' does).

— To prove saturatedness, let T € DGA (@,b), with a,b € T and = € A. By [M], Prop. 5.5.1(5)

applied with G, there are ¢ ,¢,,t, € 3 A? such that tyr = ta+t,b and t(Tx = Z. Since

ST A2CT, we get t,x € T, whence T =,z € A.

— To show that A is proper, suppose —1 € A; then, —1 = @ for some a € T, and hence
a(a) = —1 for all o € Sper(A4). By assumption there is «, € Sper (A) so that T Ca; and
S N supp(e,) = 0. This yields a € o, i.e., @(e,) > 0, contradiction.

Proof of (ii’). Obviously, P is a subsemigroup of G ,- Suppose 0€ P,ie.,0=aforsomeac S,
that is, a € supp(«) for all a € Sper (A). With a = « as above, we get a € S N supp(ao),
contradiction.

0

Proof of (iii’). The equality to be proved amounts to showing, for « € Sper (A),
ACP(h )= TCa and Z(h)N P=0« S nNsupp(a)=10.

The first of these equivalences is straightforward checking, while the second is proved exactly
as the equivalence (}) in the proof of I1.4.7. O

Preliminaries and Notation I1.4.9 Let S be a multiplicative subset and 7" a preorder, of
A. Then:

(1) S72T is a preorder of S~1A.
(2) ST isproper & —S?NT=0< SNTnN-T=0.

(3) If S72T is a proper preorder of S~ A, then (Sper L) [ Sper (S71A,S72T) is a homeomor-
phism of Sper (S~'A4, S72T) onto {a € Sper (A)|T Ca and S N supp(a) = 0}.

Proof. (1) is straightforward and left to the reader.

(2) 5t € 2T < There are t € T and s € S such that 5 = 4 & There is s’ € S such that
s'(s?2 +1t) = 0.

Multiplying the last equality by s, we get —(s's)2 = s'°t € —S2 N T. Conversely, if —s2 € T
for some s € S, we get _Tl = ;—32 € S2T.

The second equivalence is routine.

(3) We already know (IL.4.6(2.iv)) that Sperty is a homeomorphism of Sper (S71A) onto
Im(Sper¢y) = {a € Sper (4) | S N supp(a) = 0}. It suffices to show, for v = Sper¢ (),

ST2TCB & TCa.
(=) Let t € T'; then % € S72T, whence % € 3, which means ¢ € Lgl[ﬂ] =q«.

(<) Let 5 € S72T (t € T,s € S). By assumption ¢ € «, which (by I1.4.6(2.ii)) implies
S% €S 2%2a=4. a

Our next result shows that quotients modulo saturated sets of the real semigroup associated
to a ring are of the form GR for a suitable preorder @ of a ring R. This is obtained, again,
by application of the General Lemma II1.4.3.

Theorem 11.4.10 Let A be a ring, T C A a proper preorder, S C A a proper multiplicative set
such that —=S>NT =0, AC G, a saturated subsemigroup, and P C G, a proper subsemigroup.

Assume P ={ala € S} and A ={a|a € T}. Then, G is isomorphic to GA/HZ )

1A, 87T
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Proof. In this case the General Lemma I1.4.3 will be applied with B = S7'A, f = Lg (the

canonical homomorphism a +— ), X = Sper(B,S™T) = {3 € Sper(B)|S5 2T C 3}, and

Y ={a € Sper(A)|TCa and S N supp(a) = 0}. Again, we will have to check the validity
of Assumptions I —III in I1.4.3 for this choice of parameters.

To ease notation we set @ := S72T.

Assumption I. The equivalence relation =

U=xZ © Y, =7, (y,z € B).

So, GB/EX is GBQ ; this has been proved to be RS-quotient of G, in Example I1.2.2.

Proposition I1.4.8 shows that, with P = {s|s € S} and A = {t|t € T} we have H = ’HZ =
{h  |a €Y} It follows that = is identical to ~ AP and this was proved to be a RS-congruence
in Theorem I1.3.5 (d).

Assumption II. We must show that (Sper:g)[X] =Y. Fix o € Sper(4),B € Sper (B) with
a = (Speriy)(B). By I1.4.6 (2.ii), § = S~%a. This implies:
(a) S2TCB & TCa.
Indeed, if t € T, then Ls(t) = % € S72T C B, whence t € Lgl[ﬂ] = «a. Conversely, ift € T, s € S,
then ¢ € o, and S% €S 2a=4.

Since the elements of S are invertible in B, we also have:
(b) S N supp(a) = 0.
If s € S, by I1.4.6 (4.i), 75(s?) = 1, whence 14(s)(8) = 74(5)(8) # 0; by 11.4.2, 5(a) # 0, which
gives s & supp(a).

Item (a) gives: a €Y = TCa = S2TCB = B € X. Conversely, if 3 € X, from (a)
comes T' C «, which, together with item (b), yields a € Y, as required to prove Assumption II.

Assumption III. As in the case of localizations, Assumption III holds because iy 1s surjective

(I1.4.6 (4.ii)). O

C. Quotients modulo saturated subsemigroups (subspaces). Let now be given a
(proper) saturated subsemigroup A of G,, A a ring (necessarily semi-real). We already know
(IL.3.C) that the set of characters

H, = {heXGA |ACP(h)} = {a € Sper (4)|ACP(h_)}

defines a RS-congruence, ~,, of G, i.e., G, /H (= G,/A) is a RS-quotient of G,. (Note that
A proper implies H , # 0: use Corollary 1.4.11 with T'= {1} and a = —1.)

Let T := {a € A|a € A}; this is a proper preorder of A. Hence, the real semigroup G,r
is another RS-quotient of G, given by the RS-congruence

a=,b & a,=b, (a,beA),

(cf. Example 11.2.2). We get:
Proposition I1.4.11 With notation as above, G, .. ~ GA/A.

Proof. This is a particular case of Theorem I11.4.10, with S = {1} —hence P = {1}—, and A

the given saturated subsemigroup of GA. Then, GsflA g2 = GA pt isomorphic to GA/’HZ .
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Since HK = H ,, then GA/HZ = G,/H, = G,/A, and the result follows. 0

D. Quotients modulo transversally saturated subsemigroups. From Proposition I1.3.10
and Theorem I1.4.10 we obtain:

Proposition 11.4.12 Let A be a ring, let I' be a non-trivial tranversally saturated subsemi-
group of G, with H. ={h € X, |I'C h=1]}, and let A be the saturated subsemigroup of G,
generated by T'. Let S :=={a € Ala €T} and T :={a € A|a € A}. Then, S is a proper mul-
tiplicative subset of A, T is a proper preorder of A, and the RS-quotient GA/HF 18 1somorphic

to Gg 1y g-2p -

Proof. The assertions about S, T are straightforward. Further, we have I' = {@a € A|a € S}
and A={ae€ AlaeT}.

Note that —S? N T = () (equivalently, S N T N —T = )). Otherwise, let s € S be such
that = s € T'; then, s € I' and £5 € A. Picking h € H,, we have h(s) =1 and h(-3) > 0, i.e.,
h(3) < 0, contradiction.

. _ T T _ .
Since M = H, (I1.3.10), we conclude from Theorem I11.4.10 that GA/HA = G, /H, is

isomorphic to Gs—lA g2 O

Remark. One may wonder whether the preorder 7" has an explicit characterization in terms
of S (i.e., of I'). We have:

Fact. Fora€ A, a €T < There ist, € > A% such that tja=a and tya € S A%S.
Proof. Since A is the saturated subsemigroup generated by I,

a € A & There is a form ¢ over I' such that @ € DGA(<P).

(Cf. 1.4.6(2).) Say ¥ = (g;,--,9,), withg; € I'. By [M], Prop. 5.5.1(5), @ € D, ((7;;---,7,))
holds if and only if there are ...t € > A? such that tia=aand tia=3"" t g €3 A2%S.

ConverseLy, from ¢ a € S A28 and t,a=a,say tja=3 0, a? g; with g, € S (ie,, g, € 1),
we getE:thEDGA((gT,...,E))QA. 0

Note that £ a = @ means Va € Sper (A)[t, € supp(a) = a € supp(a) .

E. Quotients modulo saturated ideals. We shall now analyze the type of quotients con-
sidered in I1.3.E, in the case of real semigroups associated to a ring.

Let us assume that A is a ring and I is a real ideal of A (see I1.1.15); under this assumption
the quotient ring A/I is semi-real, and so is A. Hence, endowed with the representation relation
defined in [M], Prop. 5.5.1(5), both G, and GA/I are real semigroups. The set [ = {a|a € I}
(see I1.1.A) is a saturated ideal of G ', Which, as remarked in I1.1.7, is proper. The equivalence
relation ~ introduced in IL.3.E is a RS-congruence (II.3.13) and hence G, /~7 is a RS-quotient

of G,. Under the identification o <> h_, see 1.5.5, the family of characters defining ~5 is
HI = {h_|a € Sper(A) and I Csupp(a)}.

We prove:

Proposition 11.4.13 Let A be a ring and let I be a real ideal of A. Then, the real semigroup

G/~ is isomorphic to GA/I'

Proof. We will apply the General Lemma 11.4.3 with B = A/I, f =7 : A— B the canonical
quotient map, X = Sper (B) and Y = {« € Sper (A) | I Csupp(«)}. Assumptions I —1III of the
Lemma, are verified, as follows:
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Assumption I. The relation =, is identity on G; then it certainly gives a RS-congruence.

As remarked before the statement, H = {h | € Y}; hence, the equivalence relations =

=,
and ~; on G, are identical and, after I1.3.13, the latter defines a RS-congruence.

Assumption II. Since X = Sper (B), (Sper7)[X] = Im(Sperm). We check that Im(Spern) =
Y.

Let a = (Sperm)(B), 8 € Sper(B), and let i € I; then, 7(i) = 0 € supp(p), ie.,
i € m!supp(B)] = supp(«), which proves the inclusion C.

Conversely, given a € Y, ie., I Csupp(a), let § := 7[a]. The fact that = is surjective
entails that 3 € Sper (B) and a = 7~ 1[3] = (Spern)(B) as required. The only non-routine
point in proving # € Sper (B) is to show that, for x,y € B, zy € f = x € f or —y € 5. Let
a,b € A and ¢ € a be such that z = 7(a),y = 7(b) and xy = 7(c); then ab — ¢ € I Csupp(«),
whence ab € a. Since « € Sper (A) it follows a € a or —b € o, whence z €  or —y € .

Assumption III. Since f is surjective, so is f, and this assumption holds automatically. O
An analog of the preceding Proposition holds, as well, for the real semigroups G g L2

preorder of A; namely,

Proposition I1.4.14 Let A be a ring, T be a (proper) preorder of A, and I be a T-compatible
ideal of A (cf. Definition I1.1.2(1)). Then the set T/I = {t/I|t € T} is a proper preorder of
A/I, and the equivalence relation on G, given by

T =p by oo @), =B/, (abeA),

determines a RS-congruence under which the real semigroups G, T/ETI and G are

AJI,T/I
isomorphic. O

The proof is similar to that of Proposition I11.4.13 (though notationally more involved); it is left
as an exercise to the reader. [Remark that the set of characters of GG, . defining the equivalence

relation =i {a € Sper (A) | I Csupp(a) and T/ICa/I}.]

F. Residue spaces at saturated prime ideals. Next we give a representation result for
residue spaces of RSs of type G, , A a ring (necessarily semi-real), at a saturated prime ideal
I. Quotients of this form, for arbitrary RSs, were studied in I1.3.F.

The residue space at [ is defined by an equivalence relation ~ ; determined, in turn, by the
set of characters H, = {h € Xea, | Z(h) = I}. Under the identification o <> h_ of 1.5.5, H,

corresponds to the set {a € Sper (A)|supp(a) = I}, where I = {a € A|a € I}, a prime ideal
of A (see II.1.A (2) and IL.1.1 (iv)).

Setting S = A\ T the set above can be written as
{a € Sper (A) | T Csupp(a)} N {a € Sper (4) | S N supp(a) = 0},

which can be thought of as a combination of a localization (at S) with a quotient at the
saturated ideal I (as in paragraph C). The ring of fractions of A by S is the (ring-theoretic)
localization at the prime ideal I —usually denoted by Ajc—, a local ring with maximal ideal

M=T- Af‘ With this notation in hand, our representation result reads as follows:

Theorem I1.4.15 Let A be a ring (necessarily semi-real) and let I be a saturated prime ideal
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of G,. With notation as above, the residue space GA/I s isomorphic to the real semigroup
Gy , where B is the field A+/M. Furthermore:

(1) The field B is formally real .
(2) G is G (B)U{0}, the reduced special group of the field B with an added zero.

(3) The character space XGB is homeomorphic to the space of orders of B, hence a Boolean

space.

Remarks. For undefined notions concerning reduced special groups (RSG), see [DM1]. For
RSs obtained by adding a zero to a RSG, see Examples 1.1.2 (d) and 1.2.2 (3). Orders of a field
F' are naturally identified with group characters of the associated RSG, G]re 4 (F), with values
in {£1}. 0

Proof. The result will be obtained by applying the General Lemma 11.4.3 with

— f=mouv: A— B given by composition of the morphisms ¢ : A — A~ (a — {) and the
canonical quotient morphism 7 : ATH B;

— X =Sper(B) and Y = {a € Sper (A) | supp(a) = I} .
Verification of Assumptions I —1III in I1.4.3 goes as follows:

Assumption I. Since X = Sper (B) the equivalence relation =, is equality in G, and defines
Gy, as a RS-quotient of itself.

Since H, = {h_|a € Y}, the equivalence relation =, is identical with ~ ; the latter was
proved to be a RS-congruence in Theorem I1.3.15 (d).

Assumption II. We show: Im(Sper f) =Y.
(C). Let B € Sper(B) = X and « € (Sper f)(8). To prove a € Y, i.e., supp(a) = f, set
7 := (Sperm)(B3) € Sper (A7) ; then, supp(y) = 7! [supp(B)]. Since B is a field and supp(B) is

a proper ideal, supp() = {0}, and hence supp(7) :Awfl[{O}] = M. Since f = m oy, it follows
that supp(a) = ¢~ ![supp(y)] = ¢+ [M]. From M =1 - Af? we get I = supp(«), as required.

(D). Given a €Y, i.e., supp(a) = f, we must find § € Sper (B) such that « € (Sper f)(8). By
T1.4.6 (2.i),
Im(Sper ) = {a € Sper (A) | (A\ I) N supp(a) = 0} = {a € Sper (A) | supp(a) C I}.

Then, there is v € Sper (Af) such that « € (Sper¢)(7y). Since 7 is surjective, the argument used
in the proof of Assumption II in 11.4.13 shows that 3 := w[y] € Sper(B) and v = 7 1[3] =
(Sperm) (). It follows that a = (Sper¢)((Sper7)(8)) = (Sper f)(53), as asserted.

Assumption III. The map 7 : G, — G, was shown to be surjective in I1.4.6 (4.iii). The

homomorphism 7 is surjective, and hence so is 7. It follows that f = 7 o7 is surjective , which
entails the validity of Assumption III.

Concerning the remaining assertions, we prove

(1) Suppose, towards a contradiction, that —1 € 3" B?, ie., —1 = Zz(%)2 with a; € 7 and
s; & I. Chasing denominators we can write —1 = 8% Sa?, with s =[], s; ¢ T (fprime). Then,

in A we have s? + > a? =0 € I. Since I is saturated, the ideal I is 3 A%-radical (Theorem
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I1.1.12); then, s € f, contradiction.

Assertions (2) and (3) are standard facts from the theory of reduced special groups, and
hence we omit their proofs. a

I1.5 Extensions of reduced special groups by 3-semigroups

The construction of an extension of a special group by a group of exponent 2 has been ex-
tensively treated in the literature; see, e.g., [DM1], [M] (complete refs). Attempts to extend
this construction to real semigroups —extending them by, e.g., ternary semigroups— has so
far proved to be unsuccessful; a summary of the obstructions to such a construction is given in
sections 7 — 9 of the unpublished notes [?].

The aim of this section is to study a natural notion of extension of reduced special groups
(or quasi-RSG’s) by 3-semigroups satisfying an additional requirement, and prove that this
construction yields a real semigroup.

Definition and Notation I1.5.1 (a) Recall from I.1.1 that a 3-semigroup is a commutative
semigroup, A, with unit satisfying the identity 23 = x for all elements x € A. The only constant
is 1. We shall denote by X(A) the set of all semigroup homomorphisms of a 3-semigroup A
into 3. Note that A may or may not have an absorbent element 0 and it does not have a
distinguished element —1. Thus, the morphisms of X(A) are only required to preserve product
and send 1 to 1. In particular, the constant map 1 sending all of A to 1 is in X(A).

(b) All 3-semigroups considered in this section are required to satisfy the additional condition
[Z] TFor all a,b € A, a®b? = a? or a®b® = b>.

Theorem 1.1.13 shows that this condition is equivalent to the requirement that the family of
zero-sets of elements x € A, Z(x) = {h € X(A) | h(xz) = 0}, is totally ordered under inclusion;
cf. the proofs of 1.6.5 and VI.1.2. Note that condition [Z] implies that A does not have zero-
divisors: for a,b € A, ab =0 = a = 0 or b = 0. This observation is implicitly used in the
sequel. a

The next definition gives the notion of extension that we shall work with in this section:

Definition and Notation I1.5.2 Let G = G* be a reduced special group (RSG) or a quasi-
RSG, i.e., a RSG, G*, with an added zero, as in 1.2.2(3). Let A be a 3-semigroup; we set
A° = A if A has an absorbent element, 0, or A° = AU {0}, with 6-0=0-9J =0 for § € A?,
otherwise. We consider the following equivalence relation in G* x A?:

(91,0) ~ (QQ,O), for all g1,92 € G*,
(91,51) ~ (92,52) = g1 = g2 and d; = 52, if 61 or 99 7é 0.

Straightforward checking shows that the equivalence ~ is compatible with the coordinatewise
product in G* x A% thus, the quotient set (G* x A°)/., henceforth denoted by G[A], carries
a natural product operation, denoted by -. We set: 0 := (1,0)/~, 1 := (1,1)/~, —1 :=
(-1,1)/~.

Remark. To ease notation we shall assume that the given 3-semigroup A has an absorbent
element 0. a

Fact I1.5.3 With notation as in I1.5.2, if the 3-semigroup A satisfies condition [Z] in I1.5.1(b),

then (G[A],-,1,=1,0) is a ternary semigroup. Further, the idempotents of G[A] are 1d(G[A])
={(1,6%)/~ |6 € A}. Hence, G[A] also satisfies condition [Z] in II.5.1(b).
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Proof. Verification of axioms [TS1] — [TS4] of ternary semigroups, see I.1.1, is straightforward
and left to the reader; we only check (the contrapositive of) axiom [TS5]. Let x € G[A], z # 0;
then x = (g,0)/~ with g € G* and § € A,§ # 0. If x = —x, we get (g,0) ~ (—g,9), whence
g = —g, impossible since G* is a RSG.

The assertion about idempotents is clear: if z = (g,0)/~ € G[A] with 22 = z, then
(92,0%) ~ (g,9). If § = 0, then (g,0) ~ (1,6%). If § # 0, then g?> = g, which entails g = 1
as G* is a RSG, and § = §°. Since A is assumed to satisfy condition [Z] in I1.5.1(b), this
characterization of the idempotents implies that the zero-sets of elements of G[A] are also
totally ordered under inclusion (note that Z(z) = Z(z?) in any TS). O

Next, we characterize the ternary semigroup characters of G[A] in terms of those of the
group G* of exponent 2 and of the 3-semigroup A. We denote by X(G*) the set of all group
homomorphisms (characters) f : G* —Z, = {1, -1}, and by Xga] the set of TS-characters
of G[A].

Proposition I1.5.4 Let G* be a RSG and let A be a 3-semigroup satisfying condition [Z] in

I1.5.1(b). The following are equivalent for any map h : G[A] — 3:

(1) h € Xga) (i-e., his a TS-character of G[A]).

(i4) There are unique characters h, € X(G*) and h, € X(A) such that h(g,6) = h(g) - h,(9),
forallg e G*,§ € A.

Hence, the action (h,a) — h-«a, where h € X(G*),a € X(A) and (h,a)((g,9)/~) = h(g)(9)

for g € G*,6 € A, identifies the set Xgia) of TS-characters of G[A] with X(G*) x X(A).

In particular, the set Xqia) of TS-characters of G[A]) separates points.

Proof. (i) = (ii). Given h € Xgja}, we define maps h, : G* — {1,—1} and h, : A — 3 as
follows:

— h,(9) =h((g9,1)/~), for g € G*, and

— h,(0) = h((1,9)/~), for § € A.

Since (g,1)? ~ (1,1) it follows that ho(g) # 0 for all g € G*, which proves that h, is well
defined; it is clear that this map is a character of groups of exponent 2. Likewise, it is obvious
that h, € X(A). For (g9,0) € G* x A we have (g,0) ~ (g,1) - (1,9), whence h((g,0)/~) =
h((g9,1)/~ - (1,8)/~) = h((g,1)/~) - h((1,0)/~) = h(g) - b, (0) as claimed. It is clear that the
characters h, , h, verifying (ii) are unique. The implication (ii) = (i) is trivial,

Separation of points in G[A]) is quite clear: given (g;,d;) € G* x A (i = 1,2) so that
(91,01) # (g2,02), either g1 # go and there is h € X¢[a) such that h(g1) # h(g2), and therefore
h(g1)1L(61) # h(g2)1L(d2), or g1 = g2,01 # O2; by 1.1.13 there is v € X(A) so that (1) # a(d2),
and therefore h(g1)a(d1) # h(g2)a(d2) for any h € Xga)- 0

Definition and Notation II.5.5 Given a RSG G* and a 3-semigroup A satisfying condition
[Z] in I1.5.1 (b), we define a ternary relation in G[A] by the following stipulation: given p =
(93,03)/~, ¢ = (91,01)/~ and r = (g2,02)/~ in G[A], we set

pE Dé[A](q,r) iff Forall h € X, and a € X(A), h(g3)a(ds) € D;(h(gl)a(él), h(g2)a(d2)). O

The following theorem gives a closed formula for the relation Dé; A

[A]

Theorem 11.5.6 Given a RSG G* and a 3-semigroup A satisfying condition [Z] in I1.5.1 (D),
the following holds for all (g;,d;) € G* x A, 1 =1,2:

just defined.
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{(g1,01)/~} if Z(51)sZ(52)
{(g2,02)/~} if Z(62)< Z(61)

Dy ((91:01)/~ s (92, 02) /) = § A(91,01)/~, (92, 02)/~} if Z(61) = Z(d2) and 01 # 02
(G* % 67 - D)/~ if 01=0zand g1 = —gs
{(9,0:)/~19 € Dg.(91,92)} if 61=202 and g1 # —g2,

where Z(6) = {a € X(A) |a(d) = 0}, for d € A.

Remark I1.5.7 Invoking the identification of XG[A} with X(G*) xX(A) in I1.5.4, and observing
that for a; = (g1,01)/~ (i = 1,2) we have Z(a;) = X(G*)xZ(6;) and Z(a1) C Z(a2) < Z(01) C Z(d2),
Theorem I1.5.6 can be rephrased as follows:

{ai} if Z(a1) < Z(a2)

{az} if Z(as)s Z(ar)
Dém](ala@) =< {a1,a2} it Z(a1) = Z(az) and §1 # 2

a? G[A] if a1 = —as

{(9.0:)/~|9 € D..(91,92)} if 61 =02and g1 # —ga.

This formulation makes it clear the relationship between Theorem I1.5.6 and the characteriza-
tion of transversal representation in RS-fans given in Theorem VI1.2.1. See also Corollary I11.5.9
below. a

Proof. Note first that

(1) (9.9)/~ € Déw((glﬁl)%,(92,52)/~) = g€ D,.(91,92)-

By taking an arbitrary RSG-character h € X ., the assumption and IL.5.5 entail h(g)-1(5) =
h(g) € D;(h(gl) - 1(01),h(g2) - L(J2)) = D;(h(gl), h(g2)) for all h € X ., which, by the
separation theorem for RSG’s (add ref) yields g € D, (g1, g2)-

Direct inspection of the definition of D(t;[ Al in I1.5.5 shows:
() Z(52) € 2(51) = (92,02)/~ € Dly o ((91:61)/ . (92:2)/~) (ancl, symmetrically; exchang:

ing §; and 02).
Next, we prove the various assertions in Theorem I1.5.6.
(1) 2(01) = 2(62) = Dy ((91:01)/~ (92, 02)/~) = {(g1,01)/~}-

Proof of (1). Assume Z(01) < Z(d2), and fix v € X(A) with a(d2) = 0 and a(d1) # 0. Let

(9,0)/~ € Dé[A]((91,51)/~ ,(92,02)/~)-

First we show that Z(0) = Z(d1). Let S € X(A) be such that 5(d;) = 0; then, 5(d2) = 0.
Pick h € X. arbitrarily. Then, h(g)3(0) € D;(h(gl)ﬁ(él),h(gg)5(52)) = D;(0,0) = {0}.
Since h(g) # 0, we get B(6) = 0, and then Z(d1) C Z(4). Conversely, let 5 € X(A) be such
that 5(d) = 0, and let v := - §. Clearly, v € X(A) and, since a(d2) = 0 = y(d2), we get
h(g)v(0) = 0 € Dy(h(g1)7(01), h(g2)7(62)) = D;(h(g1)7(61),0), which implies h(g1)y(d1) =
h(g1)a(01)B(61) = 0. Since h(g1)a(d1) # 0, we conclude 5(61) =0, and Z(J) = Z(61)-

Next we prove g = g1. Otherwise, there is a RSG-character h € X . such that h(g) # h(q1);
let B = 2. Since a(61) # 0 and Z(8) = Z(d1) we get B(8) = B(d1) = 1, and h(g)B(d) = h(g) €
D;(h(gl)ﬁ(él), h(g2)B(d2)) = D;(h(gl), 0), whence h(g) = h(g1), contrary to the choice of h.
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Finally, we get 6 = d;. Otherwise, there is 8 € X(A) such that 8(d) # B(é1). Pick h € X,
arbitrarily, and let v = 3 - o?. We obtain:

h(9)1(9) = h(g)8(8) € D (h(g1)1(61). hg2)(82)) = D (h(g1)7(51).0) = DL(h(91)B(51),0)

= {h(91)8(01)},
whence h(g)B(0) = h(g1)B(01) = h(g)5(d1), which implies 5(0) = B(d1), contradiction. This
proves (1).

(2)The proof of the second item in the statement (obtained by interchanging é; and &) is
similar to (1).

(3) Z(01) = Z(b2) and 61 # 52 = Dy, ((91,61)/~ (92, 02)/~) = {(91,61)/~: (92, 92) /~}.

Proof of (3). Suppose Z(d1) = Z(d2) and 01 # d2 and let (g,9)/~ € Dé[A]((gl,él)/N , (g2,02)/~).

First we show that Z () = Z(61) = Z(d2). The argument in the first paragraph of the proof
of (1) proves that Z(61) = Z(d2) C Z(d). Suppose the reverse inclusion fails, i.e., Z(d) <
Z(61) = Z(02), and let B € X(A) be such that 5(§) = 0 and 5(;) # 0, for i« = 1,2. Fix
a € X(A) so that a(d1) # a(d2). Let v := a- B € X(A), and pick h € X . arbitrarily.
Then, h(g)v(d) = 0 € Dy(h(g1)v(d1), h(g2)7(02)); this implies (g1)7(01) = —h(g2)7(d2). Let
¢ :=a-B% € X(A); then ((6) = 0. On the other hand, Z(61) = Z(62) and a(d1) # a(d3) imply
ad;) # 0, for i = 1,2. A similar argument using ¢(§) = 0 and $%(61) = B*(d2) = 1 shows
that h(g1)B(d1) = —h(g2)5(d2) # 0. Cancelling out these terms in the equality h(g1)v(d1) =
h(g1)a(01)B(61) = —h(g2)v(d2) = —h(g2)a(d2)B(d2) we get a(d1) = «a(d2), contrary to the
choice of «, and proving Z(0) = Z (1) = Z(d2).

Note that a(d1) # 0, a(d2) # 0 and «(d1) # «(d2) imply a(d1) = —a(d2). From the equality

of zero-sets proved above follows «(d) # 0, which implies a(d) = «(d1) or a(d) = a(d2). We
analyze these two cases separately:

(3.a) a(0) = a(dy).

In this case we show that g = g1 and 0 = 61. Assuming g # g1, there is h € X . so that
h(g) # h(g1). Invoking (), we have g € D_.(g1,92), and hence h(g) = h(g2). Thus, we have
h(g)a(0) € Dy(h(g1)e(01), h(g2)e(d2)). Since h(g)a(d) # 0 we get h(g)a(d) = h(g1)a(d1) =
h(g1)a(d) or h(g)a(d) = h(g2)a(d2) = h(g)a(d2). The first alternative is impossible as «(d) # 0

and h(g) # h(g1). Then, h(g)a(d) = h(g)a(dz), and hence a(d) = a(d2) = a(d1), contrary to
the choice of a. This proves g = g;.

As for the equality § = 1, if this fails, there is € X(A) so that 5(§) # 5(d1). The equality
of zero-sets proved above implies that 3(d) # 0 and 3(d1) # 0. Picking h € X ,, arbitrarily,
we have h(g)3(9) # h(g)B(61) = h(g1)5(d1). Since (g,0)/~ € Dé[A]((gl,(Sl)/N , (g2,02)/~) and
h(g)B(6) # 0, we obtain h(g)B(d) = h(g2)5(d2). From the equality Z(d) = Z(61) = Z(d2) we
get B(d2) # 0, and hence B(0) = (d2) or 5(6) = —F(d2). The first of these equalities entails
h(g) = h(ge) for all h € X, whence g = go. Likewise, the second equality implies g = —ga.
Next we prove that either of these equalities leads to a contradiction, which proves g = ¢g; and
0 = 01 in case (3.a).

— Assuming g = g» (and hence 3(5) = B(62)), we have a - 3 € X(A); pick h € X ,. arbitrarily.
From g = g1 = g2,(9,0)/~ € D\ ((91,01)/~, (92, 92)/~) and h(g)a(8)5(3) # 0 we get

(%) h(g)a(6)B(6) = h(gi)(d;)B(d;), for i =1 or i = 2.

If (x) holds for i = 1, from h(g) = h(g1) and «(d) = a(d1) we get 3(d) = 5(d1), contradiction.
If (%) holds for i = 2, from h(g) = h(g2) and B(5) = B(d2) we get a(d) = a(d2), contrary to
a(d) = a(d1) # a(ds).
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— If g = —g9 (and B(0) = —B(d2)), as in the previous case the equality (*) holds for any
h € X,.. If (x) holds for i = 1, as above we get 3(6) = B(d1), contradiction. If (x) holds for
i =2, h(g) = —h(g2) and 5(J) = —3(J2) entail a(J) = «(d2), again a contradiction.

(3.b) a(d) = a(d2).

The same proof as in case (3.a), interchanging §; and do, shows that g = go and 6 = Js.

(4) 91 =8y and gy = —g2 = Dl ((91,01)/m (92, 02)/) = (G x 57~ &)~

Proof of (4). Set § := §; = 2. An easy computation using I1.5.5 shows that (g,d')/~ €
D&A]((gl, )/~ (g2,0)/~) entails Z(8) C Z(¢') which, in turn, is equivalent to ' = §2 §’. Hence
(g,0") € G*x8%-A . The reverse inclusion follows from (g, §-d) /. € Dé[A]((gl, 8) /s (—g1,0)/~),

for d € A and g € G*. In fact, for all h € X . and o € X(A) we have

(*) h(g)e(6*)al(d) € Di(h(gr)e(d), —h(g1)a(9)),

as this representation is equivalent to 0 € Dé(0,0) = {0} if a(d) = 0, and to h(g)a(d) €
DL(1,-1) = 3 if a(8) £ 0.

(5) 01 =062 and g1 # —g2 = Déw((glﬁl)h :(92,02)/~) = {(9,0i)/~ |9 € D.(91,92)}-
Proof of (5). Set § := §; = d2. The implication

9 € Dg-(91:92) = (9,0)/~ € D, ((91:0)/~ (92, 0)/~)

is immediate. Conversely, we already know that (g,d")/~ € Dé[ A]((gl, 0)/~,(g2,0)/~) implies
g€ D..(g1,92) (cf. (1)) and &' = 626" (cf. proof of (4)). Since g1 # —go, there is h € X . S0

that h(g1) = h(g2), and this gives h(g) = h(g1) = h(g2). Pick a € X(A) arbitrarily. We have
h(g)a(d") € Dy(h(g)e(5), h(g)a(0)) = {h(g)a(0)},

whence a(8") = a(d). Since « is arbitrary, from 1.1.13 we get §' = §, as claimed. O

We shall now prove:

Theorem I1.5.8 Given a RSG G* and a 3-semigroup A satisfying condition [Z] in I11.5.1 (D),
the structure ( G[A], -, Dé[A] ,1,—1,0) is a real semigroup.
Proof. By I1.5.4 the set XG[A]

it suffices to prove that G[A] satisfies axiom [RS3]. To ease notation in this proof we write D’

t
for DG[A}.

Let p,a,b,c,d € G[A] be elements such that p € D(a,b) and b € D!(c,d); we must find an
x so that

(+) z € D'a,c) and p € D'(x,d).

of TS-characters of G[A] separates points. Therefore, by 1.3.3,

Claim 1. If at least one of the parameters p, a, b, ¢,d is 0, then there is x so that (+) holds.

Proof of Claim 1. We check it by cases.

— p = 0. In this case, a = —b and x = —d satisfies (+), since 0 € D¥(d,—d) and —a = b €
DY(c,d) entails —d € D'(a,c).

—a = 0. Then, p = b, and x = c satisfies (+) since ¢ € D'(0,c) and b € D!(c, d) by assumption.

— b= 0. Here we have p = a and ¢ = —d. Then, any € D!(a,c) (axiom [RS3b]) satisfies
(+), since p=a € D!(x,d) & —x € D'(—a,d) & z € D'(a,—d) = D'(a,c).

— ¢ =0. Then, b = d, and z = a satisfies (+), as a € D(a,0) and p € D'(a,d).

— d = 0. Then, b = ¢, and = = p satisfies (+), as p € D!(p,0) and p € D!(a,c).
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We shall argue according to the inclusion between the zero-sets of the parameters p, a, b, ¢, d
(these are totally ordered under inclusion, see 11.5.3).

Case 1. Z(a)< Z(b). By I1.5.6, p = a. Condition (+) is then equivalent to

(++) =« € D!(a,c)N Di(a,—d).

If ¢ = —d, any x € D'(a,c) satifies (++). Assume ¢ # —d; we show that in this case
Z(a)C Z(c) N Z(d), and then x = a verifies (++). If Z(d)<g Z(a), then Z(d)s Z(—b), and
from 11.5.6 we get D'(—b,d) = {d}. But b € D'(c,d) implies —c € D'(—b,d), whence —c = d,
contradiction. Hence, Z(a) C Z(d). Next, if Z(c) < Z(a), we get Z(c) < Z(d), whence D'(c,d) =
{c}, and therefore b = ¢, contradicting Case 1 assumption: Z(c) < Z(a)s Z(b).

Case 2. Z(b)< Z(a). By 11.5.6, p = b, whence p € D'(c,d). If Z(c) C Z(a), then ¢ € D(a,c),
showing that x = c satisfies (+). If Z(a)< Z(c), we have Z(b)< Z(a)< Z(c). By IL.5.6, this
inclusion implies D!(—b,c) = {—b}. On the other hand, b € D!(c,d) yields —d € D!'(—b,c),
whence p = b = d, and then x = a satisfies (+), as Z(a) < Z(c).

Case 3. Z(b) = Z(a). If D'(a,b) = {a,b}, then p = a or p = b. In either of these alternatives
an element z satisfying (4) can be proved to exist by arguments similar to those in cases 1
or 2 above; details are left to the reader. Let us suppose D(a,b) # {a,b}. We consider two
subcases:

(3.a) b = —a. By the clause before last in I1.5.6 we have p = b? p; also —a = b € D¥(c,d), gives
—d € D!(c,a). If Z(d)C Z(b), this and p = b?>p € D¥(—d,d) show that (+) is verified with
x = —d. If Z(b)< Z(d), then b € D!(c,d) entails —c € D*(—b,d) = {—b}, whence ¢ = b = —
Now, if Z(d) C Z(p), then p € D*(—d,d), and hence z = —d satisfies (+). If Z(p) < Z(d), then
p € D!(p,d) = {p}, and p = b? p = a®p implies p € D'(a,c) = D'(a,b); this proves that = = p
satisfies ().

(3.b) b # —a. We now argue according to the inclusions of the zero-sets of ¢ and d.

(i) Z(c) < Z(d). By 11.5.6 we have D'(c,d) = {c}, hence b = c. By hypothesis, p € D(a,b) =
D'(a,c). Since Z(p) = Z(a) = Z(b) = Z(c)< Z(d), we have p € D'(p,d), showing that z = p
satisfies (+).

(i) Z(d) < Z(c). By I1.5.6 we have b € D!(c,d) = {d}. Since Z(a) = Z(b) = Z(d) < Z(c) implies
a € D¥(a,c), and p € D'(a,b) = D(a,d), it follows that z = a satisfies (+).

(iii) Z(c) = Z(d). If D¥(c,d) = {c,d}, then b = c or b = d. The same argument used in (i),
resp. (ii), above shows that in the first case * = p satisfies (4), and in the second = = a
satisfies (+). If ¢ = —d, then x = ¢ satisfies (+). In fact, b € D'(c,d) = D'(c, —c) implies
Z(c) CZ(b) = Z(a); the first, third and fourth items in II.5.6 show that this inclusion implies
¢ € D!(a,c). On the other hand, p € D!(a,b) and Z(b) = Z(a) yield Z(a) = Z(p) and hence
Z(c) C Z(p). This, in turn is equivalent to p € D¥(c, —c) (see end of 1.2.3), i.e., p € D¥(c,d).

For the remaining case we assume:

(iv) Z(c) = Z(d),D!(c,d) # {c,d} and ¢ # —d. With notation as in the last clause of I1.5.6
let g,91,...,94 € G* and § € A be such that p = (¢,9)/~,a = (91,0)/~,b = (92,0)/~,
c = (93,0)/~,d = (94,0)/~, with g € Dé*(gl,gQ) and gy € Dé*(gg,g4). Since G*, being a
RSG, satisfies axiom [RS3|, there is z € Dct;* (91,93) so that g € Dé* (x,g4). Clearly, p €
D'((x,8)/~, (94,6)/~) and (z,6)/~ € D*((g1,9)/~, (g36)/~), which shows that (x, )/~ satisfies
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(+), ending the proof of Theorem I1.5.8. O

Remark. Ordinary representation in G[A] is given by:
€ Dgipy(a:m) < p € Dy (0% 4,07 7),
for p,q,r € G]A]; cf. Theorem 77 (2). O

An interesting corollary of Theorem I1.5.8 is:

Corollary I1.5.9 Let G be a reduced special group and let A be a 3-semigroup satisfying con-
dition [Z] in I11.5.1(b). Then G is a RSG-fan (i.e., a fan in the category of reduced special
groups) if and only if G[A] is a RS-fan (i.e., a fan in the category of real semigroups).3

Proof. Assume first that G is a (RSG-)fan and let a1, a2 € G[A] with, say a; = (gi,0:)/~,
9i € G,6; € A (i=1,2). Then, we have D (g1, 92) = {91, 92} if 1 # —g2 and D (g1, —g1) = G.
Recalling (I1.5.7) that inclusion of the zero-sets of a; and ag correspond to that of the zero-sets
of 81 and &9, the last item in the description of D! therein reduces to Dé (a1,a2) = {ai,as}

G[A] [A]
whenever Z(a1) = Z(az) and a1 # —ag; thus, we have:
{al} if Z(al)gZ(ag)
{a2} if Z(az)sZ(ay)
Dé[A](al, az) =

{a1,a2} if Z(a1) = Z(a2) and a1 # —ay
a?-G[A] if a; = —as,

which is exactly the description of transversal representation in RS-fans given by Theorem
VI.2.1 (see also 77).

Conversely, suppose that G[A] is a RS-fan, and let g, g2 € G be so that g1 # ga2. Pick § € A
arbitrarily and set a; := (gi,0)/~ (i = 1,2). Since Z(a1) = Z(a2) and a; # —ag, the third
and the last items in I1.5.7 yield Dé'[A} (a1,a2) = {a1,a2} = {g1,92} x {0} = D (g1, 92) x {3},

whence D, (g1, 92) = {91, g2}, proving that G is a RSG-fan. O
The following is a simple example of the type of extension of RSG’s presented above.

Example I1.5.10 Let A := R[ X | be the ring of formal power series in one variable over the
reals (or any other real closed field). The real semigroup G, associated to A is the extension of
the RSG, G(R) = Z,, by the 3-semigroup A = {1, X, X2} (where X = X3). Clearly, A verifies
condition [Z] of I1.5.1 (b). 0

3 For the definition of a RS-fan, see ??, and for the definition of a RSG-fan, see [DM1], Example 1.7, pp. 8-9.
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Chapter 111

Sheaf Representation and
Projective Limits

New section added Nov. 2011; results from Dec. 2009.

A classical theme in commutative algebra and algebraic geometry is the representation of
algebraic structures —frequently rings— by means of continuous global sections of sheaves of
other algebraic structures —usually with better properties— over topological spaces.

Archetypal of results of this kind is Grothendieck’s representation of any ring (commutative,
unitary) by continuous sections of a sheaf of local rings over its prime (Zariski) spectrum.
Hofmann [Ho| contains a survey of results of this type (up to the early 1970’s).

III.1 Sheaf representation of real semigroups

In this section we shall prove a result of the above mentioned type for real semigroups; namely:

Theorem II1.1.1 Any real semigroup, G, is isomorphic to the RS of (continuous) global sec-
tions of a sheaf over the spectral space Specg, (G) of saturated prime ideals of G, whose stalk
at each P € Specg,(G) has a quasi reduced special group as a quotient.

This result drastically refines Corollary 11.3.16 by characterizing the image of the embedding
therein in terms continuous sections of the spectral topology on the index set Specg, (G). (A
similar remark applies to many representation results by continuous sections as well.)

The proof will require a number of preliminaries.

IT1.1.2 Reminder. (a) Recall from 1.2.2 (3) that a quasi reduced special group (QRSG) is a
RSG with an added zero (absorbent element), and representation and transversal representation
defined therein. We shall employ the notation G* = G U {0}, where G = RSG.

(b) We have X o = X G To be precise, each ¢ € X G extends uniquely to a RS-character
o* € X, by setting 0*(0) =0 and 0*] G = 0. The map o + o* is a homeomorphism.

(c) (1.6.19) For a real semigroup, H, the set Specg, (H) is endowed with the (Zariski) topology,
having the family

Dy (a) = D(a) = {P € Specy(H)[a ¢ P} (a€G),
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as a subbasis of quasi-compact opens. Since D(a) N D(b) = D(ab) (a,b € G), this family is
a basis for the topology, that we call D(H) (or just D, if H is clear from context). Note that
D(a) = Specgy (H) for any a € H*, and D(0) = (0. The specialization order in Specg, (H) is
inclusion: for P,Q € Specg,;(H), P~ Q & PCQ.

(d) If P € Specg,(H), the real semigroup H/P is a quasi-RSG, see Theorem I1.3.15 (d). Note
also that

Xpyp={oeXy, |o~1[0] = P},

a proconstructible subset of X ; cf. ?7?. Characterizations of D, and D; in terms of D,

/P /P

and D;I are given in items (b) and (c) of Theorem II.3.15.

(e) Adequate references on presheaves and sheaves are [MacL] and [Mit]. These references
(as well as most others on this subject) deal with (pre-)sheaves of algebraic structures (no
relations in the language other than equality). The theory for general first-order structures is
not significantly different, though care has to be exerted on a number of points; cf. [Mir], Chs.
16, 17. (OJO; check!) 0

A. Construction of a presheaf basis of real semigroups. Given a RS, G, we shall now
define a presheaf basis of L -structures over the basis D (= D(G)) of the (Zariski) topology
on Specg,;(G), introduced above (II1.1.2 (c)).

(a) For a € G we denote by G(a) the localization of G at the multiplicative set {1,a,a?}, see

I1.3.A; the RS-congruence determined by this set (cf. 11.3.1) will be denoted by ~,, and the
canonical quotient map G — G (a) by 7 . Thus, for z,y,z € G, we have

(1) T (x)=7 (y) & v~y & Ta=ya & ra? = ya?,
with representation in G (a) given by,
(t1) T (z) € DG(a) (m (y),7 (2)) < za€ D,(ya,za).

[Note that a®~, 1, since a®-a = a = 1-a.] By Proposition I11.3.2, G, . is a real semigroup.

(a)

The following observations will frequently be used in the sequel:

Fact II1.1.3 LetG be a RS anda € G. Themap~y v yom, (v € XG( )) is a homeomorphism
ofXG(a> onto {o € X |o(a) # 0}.

Proof. The compositionyor :G—3 (y€ X & )) is obviously a RS-homomorphism. From
a? ~, 1 follows ﬁa(aQ) =1, whence (y o 7ra)(a2) =1, and (y o 7 )(a) # 0.

Conversely, given o € X, such that o(a) # 0, define 7 : G(a)—> 3 by the functional
equation y o = 0. This map is well defined: for z,y € G, 7 (v) =7 _(y) = o(z) =0(y).

Indeed, by (}) above, the assumption gives xa = ya; since o(a) # 0, taking images under o
yields o(z) = o(y). The equivalence (1) and o € X, readily imply v € XG( ,’ We leave it to

the reader to check that v — ~ o 7 is a homeomorphism. a

Remark. Since o(a) # 0 < o~ 1[0] € D(a), with a slight abuse of notation Fact I1I.1.3 can
be restated as:

X, =X_,NnD(a). O
Fact II1.1.4 Let G be a RS. For a,b € G, we have:
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(i) D(a)
(i) D(a)

N

D) & a=ab® & bzwal.

D(b) & a® =1,

Proof. (i) Since every P € Specy,(G) is P = o71[0] for some o € X, (1.4.9), then D(a) =
X, \ Z(a), where Z(a) = {oc € X |o(a) = 0}. Thus, D(a) CD(b) < Z(b) C Z(a), and the
equivalence of (ii) and (iii) in Proposition 1.6.5 (1) yields D(a) C D(b) < a = ab?; this identity
is clearly equivalent to b2 ~, L

(ii) follows at once from (i). O

(b) Every inclusion D(a) C D(b) (a,b € G) induces a map ¥, : G(b) — G(a) given by:

¢ (@) =7 (z) (z€Qq).

ba(

Fact II1.1.5 For a,b € G = RSG and D(a) C D(b), ¥, is a well defined RS-homomorphism.

ba

Proof. (i) ¥, is well defined.

b

According to (1) above, we must prove, for z,y € G : b = yb = za = ya. Scale the
antecedent by ab and use I11.1.4 (a) above.

(i) ¥, is a RS-homomorphism.

Clearly, ®,, preserves product and sends the constants 0,1, —1 of G ®) onto the corresponding

constants of GG (a)° To show that ¥, , breserves representation, in view of () above we must
show, for g,9,,9, € G,

bg € D, (bg,,bg,) = ag € D,(ag,,ag,).
Multiply the antecedent by ab and use III.1.4 (a) above. 0

Thus, we have shown:

Fact I11.1.6 Let G = RS. The assignment G(G) (= G)
D(a) — G(a) , D(a) CD(b) = ¥, (a,b € @)

defines a contravariant functor from D into the category RS of real semigroups. O

In the next two Propositions we show that G is a sheaf.

Proposition II1.1.7 Let G be a real semigroup. Then, G verifies the extensionality axiom:
For every atomic Ly -formula 0(v,,v,, 03) and elements a,a, (i e I),gl,92,93 € G, if D(a) =
Uier D(a,), then
(+) Viel G F 02, (7, (9): P (7,(9,)).0,, (7,(0,))] =

= G(a) ): 9[71'&(91)),7Ta(92)),71'a(g3))].

Proof. To illustrate the argument we do the proof for (v ,v,,v,) : v, € D(v,,v,), leaving to

the reader the (even simpler) verification for other atomic L g-formulas.

In this case, the antecedent of (*) is equivalent to
vielvyeX, [(y o m, )(gy) € Dg((v 0 7, )(g,), (v © 7, )(g5))]-

i

In turn, by Fact II1.1.3 this is equivalent to:
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(%) VielVoe X, (olw) #0 = olg,) € Dyl(o(g,),0(s,))
Invoking the same Fact again, the conclusion to be proved amounts to:
Voe X, (o(a) #0 = o(g,) € Dg(a(g,),0(g5))-

Fix 0 € X, such that o(a) # 0. With P := o~1[0] € Spec,(G), we have P € D(a). Since,
by assumption, the D(a,)’s cover D(a), there is i € I so that P € D(aio), ie., o(a, ) # 0

Applying (**) with i = i we conclude o(g,) € D,(0(g,),0(g;)), as required.

0
Proposition IT1.1.8 Let G be a real semigroup. Then, G verifies the gluing axiom: Assume
D(a) = User D(a,), with a,a, € G (i € I). Let {s |i € I} be a family of sections with
dom(si) = D(ai) (i € I), and pairwise compatible, i.e.,
Forall i,j €1, s,[(D(a) N D(aj)) =5, [(D(a,) N D(aj)) )

Then, there is a section s such that dom(s) = D(a) and s[ D(a,) = s, for all i € I.
Proof. Since D(a) is quasi-compact, we may assume [ finite, say I = {1,...,n}. Each s, is
of the form 7_(t,), with ¢, € G, and the restriction maps are (by definition of G) the functions
©,.» with D(c) € D(b) defined in IIL1 (b). Since D(a,) N D(a ) D(aiaj), the compatibility
condition of the statement becomes
(+) For all 4,5 € {1,...,n}, L (t,) = L (tj) .
By induction it suffices to do the proof for n = 2.

Using axiom [RS3b] (1.2.4), pick an element ¢ such that
(++) te D! (tlal,t2a2)
We must show that, for i« = 1,2, T, (t) = wai(ti), i.e., by IIL1 (a.(1)), ta, = t.a,. We prove

this equality using characters in case ¢ = 1, the case ¢ = 2 being similar.

Let o € X . The equality o(ta,) = o(t,a,) being clear whenever o(a,) = 0, we assume
o(a,) #0, ie., a(a2) =1

— If o(a,) # 0, then o(a,a,) # 0 and, by (+), t 10y 0y = tya a,. Taking images under o and

cancelhng out o(a,a,) ylelds o(t)) =o(t,). Taklng images under o in (++) gives

o(t) € Dio(t,)o(a?). o(t,)o(a2)) = Dia(t,).o(t)) = {o(t))},

—If o(a,) =0, (++) yields
o(t) € Di(o(t,)o(a?), o(t,)o(a2)) = Di(o(t,),0) = {o(t,)},
Le, a(t)=0o(t)).

Thus, in either case, o(t) = o(t,), which obviously yields o(ta,) = o(t,a,), as claimed. O

B. The stalks of the sheaf G. Our next order of business is to compute explicitly the stalk
of the sheaf G (= G(G)) at each point P € Specg,, (G), that we denote by G(P).

IT1.1.9 Reminder. Recall that, by definition, G(P) is the inductive limit of an (any) inductive

system <G(a,), ¢ li<jinI), where {D(a,)|i € I} (a, € G) is any neighborhood basis of P
7 1aj

in Specg,; (G), i.e., a family of neighborhoods of P such that
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Vz € G(P e D(z) = 3i€I(D(a,)CD(x)).

Explicitly, G(P) = (I1,¢; G(a_)

[licr G, , induced by the family of morphims {¥ |7 <jin I} (that we will call ¥,; to case
i

(ai)
notation): for x € G, .,y € G( y (i,j €I,
a;

(ai)’
r=y < Jk € Isuchthat k >4,j and ¢, (z) = ‘;Djk(y).

)/= (disjoint union), where = is the equivalence relation on

[Since the index set I, ordered under i < j : & D(aj) C D(a,), is directed, the reader can
easily check that = is independent of the neighborhood basis of P.]

For completeness we also recall that, setting =T for ¢ € I, the ERS—structure of G(P)
is given by:

— The denotation of a constant ¢ € {1,0, -1} in G(P) is m,(c)/= (any i € I).

— Product in G(P) is: for z € G( 1Y€ G( )
a; aj

(z/=)-(y/=) = (F(2)- ¢, Y))/=, any k>4,j.

— Representation in G(P) is defined as follows: for z € G, .,y. € G .,y €G, |,
(ai)’ 1 (ajp )’ 72 (ajy)

(k1) 5,0 (8,));

SC/EGDG(P)(yl/E,y2/E) re P (z) € Dy .

(ag)
for any k € I such that k& > 4, j1, ja.

Checking well-definedness of these notions is routine and, hence, omitted. Since the axioms

for real semigroups are universal-existential (V3) sentences in the language L,y —and hence

preserved under inductive limits—, G(P) is a real semigroup. O

The real semigroup G(P) can be recast as a quotient of G modulo a certain equivalence
relation ~, that we define below. With notation as above, if x,y € [[;c; G(a‘), then z =

ﬂi(g), y= ﬂj(h) for some g, h € G, and unique indices 7, 7 € I; we have:

=y < Ik =i,j such that ¥, (m,(g)) = ¥, (7 (h))

< Jk >4, j such that 7, (¢9) = 7, (k) [definition of ¥, ]
< dk > 1,7 such that gwakh < dk > 4,5 such that gag = hax

< dk € I such that gap = hay.
[The last equivalence comes from I11.1.4 (ii) and the fact that I is right-directed under <.]
So, we can see = as the equivalence relation = p on G defined by:
g zPh : < dk € I such that gap = hay,

~p - UNai'

il

that is,

It is easily checked that ~ p s an equivalence relation compatible with the product of G, and
that the quotient G/~ is a ternary semigroup with constants ¢/~ ,, where ¢ € {1,0, -1} CG.

Proposition II1.1.10 For G |= RS and P € Spec, (G), we have
G(P) = <G/%p7 ) 1/%1370/%137 _1/%P’DG/%P>7

where, for g,9,,9, € G,
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g/%P € D(;/%P(gl/f"’vpmgg/%p) i die I(gal € DG(glai 792ai))‘

Proof. The definition of the inductive limit structure gives RS-morphisms ¢, : G
(i € I) such that, for all i < j in I, the diagram

(@) > GP)

j
—_—>

Gla Glay)

o\ S,

Gp)
commutes; 1, is given by: wz(x) =x/=, for z € G(a_).
We define a map 0, : G/~ , — G(P) by

0p(9/~p) =m(9)/= (= 1,(m(9),

K3 2

where g € G and ¢ € I arbitrary. We show that 0, is an isomorphism of ERS—structures.

(1) 0 is well-defined.

We have to show two things:

(i) 0,(g9/~p) does not depend on the index i € I chosen in the preceding definition, i.e., for

geGandi,jel, Wi(g) = ﬂj(g).

Since I is directed, there is k > 4, j; clearly we have:

Yu(m(9)) = m(9) = ¥, (m;(9)),

(ii) 0 ,(g/~p) does not depend on the representative modulo ~, i.e., for g,h € G,i € I,

P7
grph = 7w(g) =m (h).

By definition, g~,h < 3j € I(ga; = ha;). Pick k > i,j; thus, D(ax) C D(a;), D(a;) and,

by Fact I11.1.4 (i), a, 2

Hence, m, (g) = m, (h), which entails ¢ (7, (g)) = ¥, (7, (h)), i.e., m.(g9) = 7 (h).

(2) 6

_ 2 : _ — — —
= a,a. Scaling ga; = haj by a a; we get ga, a” = ga, = ha, = ha,a”.
0

p 15 1nj ective.

We must prove that 7 (g9) = m,(h) = g=,h, fori € I, g,h € G. The assumption means there
is k > i such that ¢, (7.(9)) = ¢, (7,(h)), i.e., m (9) =7, (h), e, g ~. Since ~ E Rp o we
conclude that g~ h.

(3) 6

p Is surjective.

Every x € [[;cs G(av) is of the form z = 7r2.(g) for some g € G and a unique ¢ € I. Then,
0p(9/~p) =m(9)/==z/=.

Obviously,
(4) 0

p sends constants onto the corresponding constants.

(5) 0, preserves product.

Let g,h € G. Since 7, : G — G

(a;) Dreserves product and = is compatible with product in
G(P), altogether we have,
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0p(9/~p-h/=p) = 0p((gh)/~p) = m(gh)/= = (m,(9)m,(h))/=
= 71.1(9)/E ’ ﬂl(h)/E = ep(g/%p) Hp(g/zp) :

(6) 0, preserves and reflects representation, i.e., for g, 9,9, € G,
() g/~p€ Dg/gp(gl/%lg,gl/%lg) < 0p(9/%p) € Dy py0p(9,/%p),0p(95/%p)) -

By definition, the left-hand side of (*) means Ji € I (ga, € D,(g,a,,9,a,)), which, by ({1) in
II1.1 (a), is equivalent to

Fi € I(m(g) € Dy (m(9,):7,(95)).

k3

In turn, by the definition of 6, , the right-hand side of (*) is:
Trj(g)/E € DG(p)(ﬂ-](gl)/E77T](92)/E) (a‘nyj € I)7

ie.,

$;(7:(9)) € Dy (¥;(m3(9,)) ;(7(9,))) -
So, the proof of (*) boils down to showing the equivalence
(%) 3i € I'Y;(7,(9)) € D py (¥;(7,(9,)) » 9, (m,(9,)))] & i € I[m,(g) € D%i)(?ri(gl)ﬂn(gz))l

Proof of (**). The implication (<) is clear beacuse ¢,G (@) G(P) is a RS-morphism.

)

(=) Since G(P) is the inductive limit of (G \,¥ ~|i <jinI), representation in G(P) is

(a:)’ “aia; |
given by: for x,y,2 € [lics G(a_) and with i, denoting the unique index ¢ € [ such that

T e G(ai)

U, (2) € Dy (0, 0):9, (2) & 3k > iayi,i: (9, (2) €D (4,

iz 1y iy iy

(similarly for y, z),

RORNO)!
Applying this equivalence with = = 7.(9),y = 7.(9,),z = m,(g,) (and iy = iy = i, = i), we
conclude

Jk>il¢, (m(9)) € D,

oy P (T3(91))s €y (m,(90))),

a;i)
whence, 3k € I(m, (g9) € DG(ak>(7rk(gl),7rk(g2))), as required. O
Our next result gives the desired description of the stalks of the sheaf G as real semigroups

whose canonical quotients are quasi reduced special groups, i.e., RSG’s with an added zero (cf.
1.2.2(3)).

Proposition II1.1.11 Let G be a RS, and P € Specg,(G). There is a saturated prime ideal
P of the stalk G(P) of G at P such that the quotient G(P)/P is isomorphic to the residue G/P
of G at P (cf. 11.3.15). In particular, G(P)/P is a quasi reduced special group.

Remark. To simplify the proof we shall identify the stalk G(P) with the structure G/~ p by
means of the isomorphism 6 P constructed in the proof of Proposition II1.1.10. To avoid risk of
confusion, the elements of G/~ will be denoted, as above, by g/~ , while those of G/P will
be denoted by g/P (g € G). 0

Before starting the proof we make a couple of observations needed therein.

Fact III.1.12 Let G be a RS, and P € Specg,(G). For g,h,a € G we have:
(1) g=ph = g/P=h/P.
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(2) ¢*~p1 & ¢*/P=1 (& g&P).
(3) agP = g%Pgaz.

Proof. As before, we fix a neighborhood basis {D(a.)|i € I} of P in Specgy, (G).

i
(1) By definition, g~ ,h < Ji € I(ga, = ha,), cf. paragraph following II.1.9. Then, ga, =
—(—ha,) and, by 1.2.3(11), 0 € Dé(gai,—hai). Since a, ¢ P, Theorem I1.3.15(a) yields
g/P =h/P.
(2) By (1), only the implication (<) needs proof. Assume g?>/P = 1; then, g/P # 0, whence
g ¢ P,and P € D(g). By assumption there is i € I so that P € D(a,) C D(g), which, by Fact

i
I11.1.4 (i), yields g2ai =a,=1-a, whence g>~ pl. The last assertion is clear.

(3) follows at once from (2): a ¢ P = a® ~pl = ga? ~,9-1=g. O
Next, we observe that transversal representation in G ~ p has a characterization in terms

of that of G similar to that of ordinary representation.

Fact 1I1.1.13 With notation as in Proposition II1.1.10, for g,g,,9, € G we have,

(t) g/~p € Dg/%(gl/%,gz/%p) & i€ l(ga; € D, (g,0ai,9,a:))-

Proof. (=) Using the definition of D! in terms of D (cf. [t-rep], §1.2), the left-hand side of
() is:
g/%p € DG/%P(QI/%P’92/%P) N — gl/%p € Dé/%P(_g/%P’QQ/%P) A
N — 92/%]3 € Dé/mp(gl/%P’ _g/%p) .

By the definition of D, (IT1.1.10) there are i, j, k € I such that

/=

P

(*) g9a; € D, (g,ai,9,a:) N — g,a; € D (—ga;,g,a;) N — g,a € D, (g,ar . —gax) -

Since I is directed, there is £ € I such that £ > 1,7, k, i.e., D(az C D(ai),D(aj), D(ak); whence,
by Fact 111.1.4 (i),

a2 =aa

ok a2 2
( )a—aai—azj o0

L L

Suitably scaling (*), using (**) and [t-rep], § 1.2, we get ga, € Dé(glae,gzae).

(<) Using [t-rep] on the right-hand side of (}), we get ¢ € I such that

ga; € DG(glai ,g2az~) N—g,a; € DG(—gai ,gQai) N —gya; € DG(glai , —ga;) .
The definition of DG/%P (II1.1.10) and [t-rep] again, yield g/~ € Dé/zp(gl/%P’gz/%P)’ as
required. O
Proof of Proposition III.1.11. We define a map 7, : G/~, — G/P by

l9/~p) =9/P  (9€G).

Item (1) in Fact I11.1.12 shows
(1) 7, is well-defined,
and, by definition,

(2) 7, is surjective.
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(3) 7 is a RS-homomorphism.

The only non-trivial point to check is that

.
P
(9,/~ ps 9/~ p)- Then (I11.1.10), ga; € D

preserves representation. Assume g/%P €
6

DG/%P 9,Gi ,gQai) for some i € I, and hence
ga’ € Dy(g9,a7, 9,a%) € D,(0, 9,07 , g,a?) .
With 7, : G — G/P canonical (i.e., m,(g9) = g/P), Theorem IL.3.15 (b) and axiom [RS4] give
Trp(g) € DG/p(Wp(gl)Wp(a?) 77Tp(g2)7rp(a?)) g DG/p(ﬂ—p(gl)7 Trp(QQ))a

as required.

Straightforward verification shows:
(4) P = P/~ :={g/~,|g € P} is a saturated prime ideal of G/~ .

From Theorem I1.3.15 (d) we get,
(5) The quotient G/%P/]3 is a quasi-RSG.

Let us write 7, for the canonical quotient map G/~ , — (G/~p)/P. We claim:

(6) The quotients G/~ / P and G /P are isomorphic via the map induced by 7, :
(molg/~p) = 1(9/=p) =9/P (9 €G).

(6.i) 7, is well-defined and injective.

Altogether, these assertions reduce to the equivalence:

(D) To(9/~p) =Tp(h/~p) < g/P=h/P  (g,h€G).

By I1.3.15 (a) applied with G/~ and P, the left-hand side reads

g, fan . t ~ ~
(II) EIZ%PEIZEPsuChthatzEDG (9/~p -2z, —h/=p - 2).

/= p

Since z,i are of the form z = z/~,,i = p/~, with z,p € G (and z ¢ Psax g P, (1) is in
turn equivalent to

~ t ~ ~
Jz ¢ Pdp € P such that p/~, € DG/%P(gx/NP, —hz/~L),

which, by Fact 1I1.1.13 translates as:
(I11) Jel3dx g P3Ipe Ppa; € Dé(gmai ,—hza;)) .
Since za; ¢ P and pa; € P, (III) and 11.3.15 (a) entail g/P = h/P, proving the implication
(=) in (D).
Conversely, by 11.3.15 (a) applied with G and P, the equality g/P = h/P translates as
Jy ¢ P3je P(j€ D gy, —hy)).

Scaling this transversal representation by any a; and invoking Fact II1.1.13, we get (III), and,
by the equivalence of this with (IT), 7;(g9/~,) = 7,(h/~), proving the implication (<) in

(D).

Since 77; and 7, are surjective RS-homomorphisms, we get

(6.ii) 7, is a surjective RS-homomorphism.
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Finally, we prove:
(6.iii) 7, reflects representation.
This amounts to,
(IV) 9/P € Dy pl9,/ P9,/ P) = Tplg/~p) € D(G/%P)/Is(%;(gl/%),@(gg/%p))-
Applying 11.3.15 (a) with G and P, the antecedent of (IV) is equivalent to
Jdx ¢ P3i € P such that ga? € D (i,9,,9,);

scaling this representation by ai (any k € I) and setting 2z = za, /~, ¢ P,j = iai/zp € P,

Proposition III.1.10 and Fact II1.1.12(3) give g/~ - 22 € DG/%P(j,glai/R:P,gQai/zP) =

DG/%P (j ,gl/%P ,g2/%P). By I1.3.15 (a) applied with G/%P and ﬁ, this representation entails
the consequent in (IV), as asserted. O

Summarizing, the foregoing results amount, altogether, to the

Proof of Theorem III.1.1. Given a real semigroup G, the presheaf G = G(G) over the
basis D of Specg,;(G) constructed in paragraph A is a sheaf of real semigroups (Propositions
II1.1.7 and II1.1.8). The localization G(a) is the RS of sections of G over D(a) € D (a € G);

hence G = G(l) is the RS of sections over D(1) = Specg,;(G), i.e., the RS of global sections

of G. The stalk of G at P € Specg,(G) is the real semigroup G(P) (II1.1.9), canonically
isomorphic to G/~ (Proposition II1.1.10). The quotient G(P)/P is a quasi reduced special
group, canonically isomorphic to G/P (Proposition ITI1.1.11). 0

C. Behaviour of the stalks under specialization. In this paragraph we study the be-
haviour of the stalks of the sheaf G under specialization in the base space Specg,;(G). We shall
prove:

Proposition I11.1.14 Let G |= RS and let P,Q € Specg,,(G) be such that P~ Q (Q special-
izes P). Then, the stalk G(P) is a homomorphic image of G(Q).

Remarks and Notation ITI.1.15 Recall that P~ @ means Q € {P} (closure in Specg, (G));
in the present case this boils down to P C Q.

In the sequel we fix a neighborhood basis {D(bj) |j € J} of Q. Since Q € {P}, we have
P e D(bj) for all j € J. However, {D(bj) |j € J} is not, in general, a neighborhood basis
of P, i.e., there may be neighborhoods D(z) of P such that for no j € J, D(bj)gD(x).

Given a neighborhood basis {D(a,)|i € I} of P, for all j € J there is i € I such that
D(ai)QD(bj). Hence, there is a function f : J——1 so that for all j € J and all ¢ € I,

i> f(j)=D(a,) C D(bj). Hereafter we fix such a function f.
(1) Note that, if D(a) C D(b) (a,b € G), the equivalence relation ~, (cf. item (a) in paragraph
A) is coarser than ~y: for g, h € G, using I11.1.4 (i), we have

grph & gb=hb & gab? = hab®> & ga=ha < gr~gh.
(2) For g,h € G, g%Qh = g~ph.

In fact, from

~p=U~a ~o T U ~p, and ~ Co~vag )
icl jeJ
we get
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el Uijg UNCL/'(J')QUN‘”: ~p- -
JjeJ jeJ 1€l
Proof of Proposition II1.1.14. As before, we work with G/%Q and G/~ instead of
G(Q) and G(P), respectively. The required surjective RS-homomorphism is the map Lop
G/%Q — G/~ given by LQP(g/%Q) = g/~ ; IIL.1.15(2) shows that it is well-defined; it
clearly is surjective.

We prove that ¢, preserves representation. Assume g/%Q e D (gl /= o9 /& Q)

QP G/~
(9,9,:9, € G). By IIL1.10 there is j € J such that gbj € DG(glbj,gzbj). Pick i € I so that P €
_ 2 . . .
D(a,) gD(bj) (II1.1.15). Then, a, = aibj (ITI.1.4 (i)). Scaling the last representation by ab,
we get ga, € D (g,a,, g,a.), which, again by I11.1.10, yields g/~ € DG/% (9,/%p>9,/=p). O
P

IMPORTANT NOTE (February 2018). Previous section II1.2 “Projective limits of real semi-
groups”, from Feb. 2014, omitted. Results there particular cases of products, as noted by
Chico in 2016-17. If needed, original is in file RS-fev-16-rev, pp. 115-118.

II1.2 Transversally 2-regular morphisms.

In this paragraph we consider a class of morphisms for structures of signature L, —the
language of real semigroups—, which turns out to be of interest in the study of quotients of
RSs.

Definition II1.2.1 (a) Let G, H be structures of language Lrs = {1,0,—1,-,D}. An L .-

morphism f : G — H is called transversally 2-regular if and only if for all a,b,¢,d € G,

DtH(f(a),f(b)) N DtH(f(c),f(d)) # 0 = There are ¢/,V,c,d € G so that f(a) = f(d'),...,
f(d) = f(d') and Dg(a’,b’) N Dtg(c’,d’) # 0.

(b) If G isaRSand HC X o We say that H is transversally 2-regular if the quotient map
7w : G— G/H is transversally 2-regular, with representation in G/H defined as in 11.2.12,

(1),

As we shall see below, in a number of natural quotients of RSs,

(1) The set of characters determining them is transversally 2-regular, and this is relatively easy
to check; and

(2) Transversal 2-regularity of a set of characters of a RS guarantees that the quotient it
determines is a RS and, further, that the induced equivalence relation —see (), in I1.2.12—
is a RS-congruence in the sense of Definition II.2.1.

Remark. Quotients of reduced special groups by saturated subgroups with a property re-
sembling transversal 2-regularity have been considered in [DMM], Prop. 2.13, p. 37. For the
notion of a regular map of RSGs, see [DM1], Def. 2.22 | p. 43. O

Proposition II1.2.2 Let G be a RS and let H C Xq be a transversally 2-reqular set of char-
acters. Then:

(1) The quotient G/H is a RS.

(2) The equivalence relation on G induced by H is a RS-congruence.
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Proof. (1) By Theorem I1.2.16 and Proposition 1.2.10 it suffices to check that G/H verifies

axiom [RS3']. Let a,b,c,d € G be so that DtG/H( m(a),m (b)) N DtG/H(TI'(C),TF(d)) # (. By

the regularity assumption there are a’,0',c,d’ 6 G such that Dg(a/,b’) N Dg(c’,d’) # 0
and 7(a) = w(a'),...,n(d) = 7(d) ie, a=,d,....d=,d. Since G verifies [RS3'], we
have D! Gla,=d)n Dt o=t d) # 0, and since preserves "Dt and n(a) = w(d),..., we get

DE/H( (a), 7(c)) N Dg/H( n(b),7(d)) # 0, as required.

(2) We must check the factoring condition (iii) of Definition I1.2.1. Let H be a RS and let
f: G—> H be a RS-morphism such that

(*) a=,b = f(a)=f(b) forall a,beqG.

We must show that the unique (and, by (*), well defined) map f: G/H — H given by the
functional equation fom = f is a RS-morphism, i.e., for a,b,c € G,

m(a) € D, 5, (m(b),m(c)) = fla) € Dy (f(b), f(c))-

By (1) we already know that G/H is a RS. From 7(a) € DG/,H(ﬂ'(b),TF(C)) we get m(a) €

Dg/ﬂ(w(b)ﬂ(a)z,7r(c)7r(a)2) (by axiom [RS6], in G/H). By Proposition 1.2.3 (6) we have

n(a) € D, (w(a),7(a)). Transversal 2-regularity of 7 entails the existence of a’,b',c/,x € G

G/H

such that /a/ =, a V= ba?, = ca’? and z € DtG(b’,c’) N DtG,(a’,a’). Invoking 1.2.3 (6)
again, T € Dg(a a’) implies x = a/, whence x =, a. Assumption (*) yields, then, f(z) =
f(a); likewise, f(b') = f(ba?) and f(¢') = f(ca?). Since f is a RS-morphism, = € Dg(b’, ) im-
plies f(z) = f(a) € D, (f(t),f(c) = D, (f(b)f(a)? f(c)f(a)®), whence f(a) €
DH(f(b)f(a)Q,f(c)f(a)Q); by [RS4] (in H), f(a) € D, (f(b), f(c)), as required. O

In some cases where transversal representation in the quotient G /H has an explicit lifting to
G —for example in the cases localizations (Proposition 11.3.2 (5)) and of quotients by saturated
prime ideals (Theorem II.3.15 (c.ii))— it is easily proved that the corresponding quotient maps
are transversally 2-regular.

Example II1.2.3 Localizations at multiplicative sets are transversally 2-regular.

Proof. Using item (5) of Proposition I1.3.2, if 7(x) € DE/HT( m(a),7(b)) N DE/HT( m(c), m(d)),

there are t,t’ € T so that xt? € Dg(atQ,btz) and zt'? € Dtc( ct’?,dt'*). Scaling these repre-
sentations by ' 2 and t2 respectively, and setting z = tt/ € T, we get xz° € Dta(az2,b22) N
DE(CZQ,dZQ). Observing that y~,, yt?, ie., m(y) = w(yt?), for all y € G and t € T (because
h(t?) =1 for all h € HT), proves our contention. O

Example II1.2.4 Residue spaces at saturated prime ideals are transversally 2-regular.

Proof. With the setting of Theorem I1.3.15, assume 7(z) € DtG/I( 7(a), m (b)) ﬂDtG/I( 7(c), m(d)).
If x € I, the first case of 11.3.15 (c.ii) gives a~, —b and ¢~ —d. Since x~, 0 (IL3.15(a))
and 0 € D? (b —b) N Dt (d —d) (1.2.3(11)), the result holds.

If x & I, the second alternative in 11.3.15 (c.ii) shows that there are y,z ¢ I and d ~,a,

b~ b, '~ ¢, d~, dsothat xy? € Dtc(a’, V), 2% € DtG(c’, d'). Scaling these representations
by 22 and y?, respectively, we get zy?2? € Dg(a’ZQ,b’ZQ) N Dg(c’yQ,d’yQ). Since vw? ~,
for all v € G and w € G\ I, the result follows. O

Remark. In Chapters IV and VI we shall prove transversal 2-regularity for arbitrary quotients
of Post algebras (seen as RSs, Theorem IV.4.11), and for all quotients of fans (Theorem VI.11.3).
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However, the example that follows shows that the property fails, in general, for quotients by
saturated subsemigroups (§11.3 (C)). O

Example II1.2.5 A quotient that is not transversally 2-regular.

The example is a quotient of the form G, — G, .., with (A,T") a p-ring (cf. 11.2.2). Recall
(IL4.C) that G, .. is a quotient of G, by the saturated subsemigroup A = {a € G, |a € T}.

For the choice of the p-ring (A, T), recall from [DM6]|, Lemma 8.29, p. 111, that, given
a topological space X and a closed subset K C X, the set P, = {f € C(X)|f[K > 0} is a
proper preorder of the ring C'(X) of real-valued continuous functions on X. We take A = C(X)
and T' = P, with K¢ X, and show:

Proposition I11.2.6 With notation as above, the quotient map G —>GC 18 not

C(x) (X),Pk
transversally 2-regular, for any compact Hausdorff space X and any closed subset K < X .

For ready reference we recall:

Remarks and Notation ITI.2.7 (a) For a ring A,a € A and a € Sper (A), we write a(a)

sgn_ (m (a)), with 7 : A— A/supp(a) canonical, and <, the total order in A/supp(«a)
determined by «a.

(b) If a, 8 € Sper (A) and av~ 3 (i.e., « C ), the map Mg A/supp(a) — A/supp(f) given
by a/supp(a) — a/supp(B) (a € A) is a homomorphism of ordered rings of (A/supp(«), <,)
onto (A/supp(B), <p).

(c¢) Given a compact Hausdorff space X and a € Sper (C(X))) there is a unique point x € X
such that a ~~ a,, where a, = {f € C(X) | f(z) > 0}. [The existence of x requires compactness;
cf. [GJ], 4.6, 4.8, 4.9(a), pp. 56-57]. Further, 7 = f(x) for f € C(X). O

Lemma II1.2.8 For any topological space X and f,g € C(X) we have:
F=7 = Vo e X (sen(f(x)) = sg(o(x))).
Proof. By [M], Cor. 5.4.3, p. 94 (with T = C(X)?),
(1) f=7 < There are 5,t € C(X) and k > 0 such that s?fg = (f? + ¢>)* + 12

Suppose the conclusion fails, and first assume f(y)g(y) < 0 for some y € X. If s(y) # 0, then
s2(y) > 0, and (s%fg)(y) < 0. But, clearly, ((f2 + ¢g*)* +¢2)(y) > 0, contradicting (f). Hence,
s(y) = 0, whence ((f2+¢?)*¥ +12)(y) = 0, which clearly entails f(y) = g(y) = t(y) = 0if k > 1,
and (1 +t?)(y) = 0 if k = 0, a contradiction in either case.

Next, suppose, e.g., f(y) = 0 and g(y) # 0 for some y € X. Then, both sides of the equality
in the right-hand side of (1) vanish at y, whence (g%* + 2)(y) = 0, which entails g(y) = 0 if
k> 1, and (1+t?)(y) = 0 if k = 0, again a contradiction. O

Fact I11.2.9 Let X be a topological space, f,a,b € C(X) andy € X. Assume:
N F t = 7.

(/L) f E DC(X) (a7 b))

(12) sgn(a(y)) = sgn(b(y))-

Then, sgn(f(y)) = sgn(a +b)(y)).

Proof. By [M], §5.5, p. 96, assumption (i) is equivalent to the existence of ', € C(X) so
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that / =@,/ = b and f = a/ + V. From Lemma II1.2.8 we get, for all x € X:

— sgn(f(z)) = sgn(a’ + ¥')(x)).
An easy calculation using assumption (i) and these sign equalities yields sgn((a’ + ¥')(y)) =
sgn((a+b)(y)), and the conclusion follows. O

Corollary I11.2.10 Given a completely reqular space X and a proper closed subset K, there

- _ _ t (mAy— Dt (A —
are functions a,c € C(X) such that a| K = c[K =1 and DC(X)(a,a) = DC(X)(C, c)=10.

Proof. Fix y € X \ K. By complete regularity there are functions a,c € C'(X) so that a[K =

c[K = 1,a(y) < 0and c(y) > 0. If f € Dé(X)(a,a) N Dé( )(* ¢,c), Fact I11.2.9 (with b = a)

gives sgn(f(y)) = sgn(2a)(y)) = sgn(a(y)) = —1 and sgn(f(y)) = sgn(2c)(y)) = sgn(c(y)) =1,

contradiction. O
In order to complete the proof of Proposition I11.2.6, we show:

Proposition I11.2.11 Given a compact Hausdorff space X, a proper closed subset K, and
functions a,c € C(X) such that a[|K = ¢[K > 0, we have:

t 2\ (o t 2\ (7
Fact I11.2.12 Let X and K be as in II1.2.11. Given o € Sper (C(X)
point in X such that a ~» oy (II1.2.7(c)). Then, x € K.

Proof. Otherwise (since X is completely regular) there is g € C'(X) so that g[K = 1 and
g(xr) = —1. Then, g € P, Ca, whence g/supp(a) >4 0; by II1.2.7(b), 74,0, (9/supp(a)) =
g/supp(ay) = g(x) > 0, contradiction. O

, P), let x be the unique

Fact 111.2.13 Under the same assumptions as in Fact I11.2.12,
feC(X) and fIK imply E = (f [ Sper (C(X),B,) =1

Proof. We must show that f(a) =1, i.e., f/supp(a) >4 0 for all & € Sper (C(X), P,). Let x
be the unique point of X such that a ~» a. By Fact I11.2.12, z € K, and thus f(z) > 0. If
the conclusion fails, i.e., f/supp(a) <4 0, then, 7_  (f/supp(a)) = f(z) < 0, contradiction.

(]
Proof of Proposition I11.2.11. Choosing the functions a, ¢ as in Corollary I111.2.10, we have
a[K = ¢[K > 0; by Fact I11.2.13, ap = (2a)PK =l=qc, = (2C)PK. Since (x +y)r €
Dj T(ﬁ, yr) in any p-ring ( A, T), we get
Up = Cpg < DC(X),PK (aPK’ aPK) n DC(X),PK (CPK’ CPK)’
whence

To be moved elsewhere. |

Definition I11.2.14 Let G, H be RSs and let XG, XH be their character spaces. Let Z C XG
and let F' : Z—Y be a map. We say that F' preserves 3-products (in Z) iff for all
hy,hy by € Z,

hohyh, € Z = F(hhyh,) = F(h

1hohg )V (hy)F(hy). O

1
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Proposition ITI.2.15 (Small representation theorem). Let G be a RS. The following condi-
tions are equivalent for a map f: X, —3:

(1) a) f is continuous in the constructible topology of X .
b) f preserves 3-products in X
(2) f is represented by an element of G: there is a € G so that f = a.
[Recall that @ : X ,— 3 denotes “evaluation at a”: for h € X, a(h) = h(a).]
Proof. (2)=-(1) is clear since the evaluation maps have properties (1.a) and (1.b).

(1) = (2). We use the representation theorem [M], Cor. 8.3.6, p. 162. It suffices to check that
the assumptions of this theorem as well as one of the equivalent conditions in its conclusion hold
under our hypothesis (1). With our notation, the conditions to be checked are: for x,y € X o

()  f(z)=0 and Z(z)C Z(y) implies f(y) = 0.
(t) f(z) #0 and 271[0,1] D y~1[0,1] implies f(z) = f(y).

(t11) For any saturated prime ideal I of G, either
() fl{ueX,|Z(u)=1}=0, or

(ii) H?Zl f(z;,) =1 for any 4-element AOS-fan {z,,...z,} in {u€ X [Z(u) =TI}

— Condition (1) follows at once from Lemma 1.1.19 (2) (as Z(x) C Z(y) = y = yx?).

— Condition (f1) follows from Lemma 1.1.18 (3),(5): 2~'[0,1] 2 y~[0,1] = = = 2%y. Since
f(z) # 0= f(2?) = 1, assumption (1.b) implies f(z) = f(z?)f(y) = f(y).

— As for (f11), if (i) does not hold, (1) implies f(u) # 0 for all u € X, such that Z(u) = I.
Let {z,...z,} bean AOS-fanin {u € X, |Z(u) = I}. Thus, z, =z z,x, and f(z,) # 0 for

%

i=1,...,4. Assumption (1.b) gives f(z,) = f(z,)f(x,) f(x;) # 0, i.e., H?Zl f(z)=1. O
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Chapter 1V

Post Algebras

Introduction

The subject matter of this chapter is a detailed study of the first significant class of real
semigroups: the Post algebras.!

The Preface to this monograph gives a brief account of how these algebraic structures
originating in non-classical propositional calculus emerged in the context of real semigroups.
A more detailed account of this question appears in [DP2] (ADD PAGE NOS.). We shall only
stress here that Post algebras are connected with the constructible topology of the character
space of real semigroups, as suggested by the Representation Theorem IV.1.7.

Section IV.1 contains a brief summary —for use in the present and later chapters— of the
main notions and basic results concerning Post algebras and Kleene algebras.

Next, we introduce (in §I1V.2) a natural structure of type ERS in Post algebras and check
(in IV.2.7) that it verifies the axioms for real semigroups. The same theorem gives a remarkable
characterization of the resulting transversal representation relation in terms of the order and
the lattice and “modal” operations of the Post algebra. We also show that for this natural RS
structure, RS-morphisms coincide with Post-algebra morphisms (Proposition IV.2.11).

In §IV.3 we give two characterizations of those real semigroups that are Post algebras. The
first, Theorem IV.3.2, is basically in terms of their character spaces, and implies immediately
that the spectral topology of the character space of a Post algebra is Boolean. The second, The-
orem IV.3.5, gives, in particular, explicit (first-order) definitions of the Post algebra operations
in terms of the RS structure.

The aim of §IV.4 is to show that every RS, G, can be functorially embedded into (the real
semigroup associated to) a certain, canonically determined, Post algebra P, —the Post hull
of G—, namely the set of all continuous maps from the character space X o endowed with its
(Boolean) constructible topology, into 3 with the discrete topology. This construction is an
analog for RSs of the construction of the Boolean hull of a reduced special group, carried out
in [DM1], Ch. 4 (Thm. 4.17). The analogy between these constructions extends to several
other results; an important instance is Theorem IV.4.5 —an analog to Theorem 5.2 in [DM1]—
giving several characterizations of complete embeddings of RSs, among others by the injectivity
of the associated Post algebra morphisms; the proof, however, is far more delicate than that of
[DM1], Thm. 5.2. In Theorem IV.4.8 we show that the Post hull construction commutes with

1 All Post algebras considered in this monograph are of order 3, i.e., algebraic counterparts of the three-valued
propositional calculus, Post version.
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arbitrary quotients, and in Theorem IV.4.11 that quotients of Post algebras have the powerful
2-regular transversality property, introduced in §II1.2.

In Section §1IV.6 we prove some model-theoretic results concerning Post algebras in their
guise as real semigroups. The main results are that these structures admit a first-order
universal /positive-primitive axiomatisation in the language ERS, a result that yields preser-
vation under several constructions. We also prove some results concerning pure embeddings of
Post algebras.

The following section deals with the question of determining those rings whose associated
real semigroup is a Post algebra. A complete answer is given in Proposition IV.7.1, which
automatically yields natural examples, notably amongst von-Neumann regular rings. We also
prove (Theorem IV.7.4) that every Post algebra is “realized” by a ring, i.e., isomorphic to the
RS associated to some ring.

Finally, in § IV.5 the techniques previously developed are used to characterize representation
and transversal representation by arbitrary quadratic forms in Post algebras in terms of order
and the operations existing therein. Under certain conditions, this information “descends”
from the Post hull of a RS to the given real semigroup yielding, for instance, information about
the value set of Pfister forms (and multiples of them) over arbitrary real semigroups. This way
we obtain (weak) versions of some classical properties of those value sets (see Corollaries IV.5.8
and IV.5.11) and other related results of interest.

IV.1 Lukasiewicz-Post algebras. Kleene algebras

The structures of the title are the algebraic counterparts of the n-valued propositional calculus
developed independently by Lukasiewicz and Post in the early 1920’s. They were introduced
by Moisil and Rosenbloom in the early 40’s. The monograph [BFGR] contains an exhaustive
study of these algebraic structures; Chapters X and XI of [BD] give an account of the basic
results. Here we shall only consider the case n = 3. We begin by summarizing some basic
notions and results about Lukasiewicz and Post algebras of order 3.

Definition IV.1.1 A three-valued Lukasiewicz algebra is a structure (L,A,V,—,V,T)
fulfilling the following requirements:

[L1] (L,A,V,T) is a distributive lattice with last element T.

[L2] The unary operation — (negation) verifies the De Morgan laws:
(i) ——z=u.
(i) = (zAy)=—-zV-y.

[L3] The unary operation V, called the possibility operator, verifies:
(i) —zVvVze=T.
(i) z A-x=-x AVuz.
(iii) V(xAy)=Vz AVy.

A Post algebra of order 3 is a three-valued Lukasiewicz algebra with a center, that is, a
distinguished element ¢ verifying —c¢c = c. O

Henceforth we omit the words “three-valued” and “order 3”.
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Remarks IV.1.2 (a) It follows at once from the De Morgan laws that every Lukasiewicz
algebra L satisfies the dual law = (z Vy) = =x A =y. Moreover, L is a bounded distributive
lattice with last element T and first element L = —T.

(b) In addition, every Lukasiewicz algebra satisfies the so-called Kleene inequality:
For all z,y (x A—x < y V-y).

This inequality implies that the center in a Post algebra is necessarily unique, and A -z <
c<yV-y. .
A number of other, conceptually important operations are definable in terms of the operator

V. We mention, for instance:

(i) The necessity operator A defined by Az = =-V—x. The operators A and V are also called
modal operators.

(ii) The Lukasiewicz implication, a binary operation defined by
z—y = (Vox)Vy) A(Vy)V —x).
(iii) The arithmetical (or MV-algebra) operations
TOY=-x Y, rOYy=-("r®7y).

To be sure, the presentation of Lukasiewicz algebras given above is one of several equivalent
alternatives. For example, implication or truncated sum (@) are frequently used as primitive
notions, instead of V.

Examples IV.1.3 (a) Every Boolean algebra B with its usual negation becomes a Lukasiewicz
algebra upon defining Vax = x. However, Boolean algebras are never Post algebras. Indeed,
the existence of a center ¢ such that -¢c = ¢, and the laws ¢V —-¢c =T and c A —~¢c = 1 lead
to a collapse: c= 1 =T.

(b) The simplest Post algebra is the three-element chain 3 = {1,¢, T} with L < ¢ < T,
-1 =T,-T =1, -c=c and the operator V defined by VL = 1 and Ve=VT =T.

(c) Further examples of Post algebras —in fact, all possible examples— are given in the Rep-
resentation Theorem IV.1.7 below.

Note. It is customary to denote the elements 1,c, T of a Post algebra by the symbols 0, %, 1,
respectively.  We have changed this usual notation in order to prevent confusion with our
previous notation for the distinguished elements of ternary semigroups and real semigroups,

which in due course will also enter into the picture. O
Proposition IV.1.4 Let L be a three-valued Lukasiewicz algebra. Then the modal operators
V and A satisfy the following conditions: for all x,y € L,

(a) Az <z < Vuz.

(b) AL=VL=1, AT=VT =T, and if L has a center, c, then Ac= 1 and Vc=T.

(¢) A and ¥V are lattice homomorphisms, i.e., A(x V y) = Az V Ay and Az A y) =
Ax A Ay; similar equalities hold for V.

(d) A%x = Az and Vizr = V.
() VAzx = Az and AVz = V.
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f) Ve A=Vz =1 and Az V-Az = L.
g) Ve=x if and only if £ V—-x =T and Az =2z if and only if tA\—x = L.

(
(
(h) If Ax = Ay and Vx =Vy then x=y.
(

i) If L has a center, c, then © = (c AVx)V Az = (cVAz) A Vz. O

Remark IV.1.5 Elements of a Lukasiewicz algebra verifying z A—x = L (equivalently, xV—-x
= T) are called complemented or Boolean. Under the induced operations the set of Boolean
elements is a Boolean algebra, denoted B(L). Note that Vz, Az € B(L) for all x € L
(IV.1.4(f)). The modal operators A and V are, in fact, characterized by: for x € L,

Ax = the largest Boolean element < z,
Vx = the smallest Boolean element > x .

This is straightforward using IV.1.4 (g). Then, these operators are first-order definable in the
language {A,V,—, L} (for the class of three-valued Lukasiewicz algebras). O

We shall now outline the theory of characters of Lukasiewicz and Post algebras, i.e. of
homomorphisms of such structures with values in 3. We employ the notions of a filter and a
prime filter with their standard meaning in distributive lattices. In a Lukasiewicz algebra the
operation

g(P)={ael|-a¢P}

defines an involution in the family of prime filters under the order of inclusion. Furthermore,
the Kleene inequality (IV.1.2 (b)) implies that P C g(P) or g(P) C P for every prime filter P,
and the existence of a center entails that P # g(P) for every such P. We have:

Theorem IV.1.6 Let L be a Lukasiewicz algebra. Then:

(1) Every prime filter of L is either minimal or mazimal (under inclusion).

(2) If L is a Post algebra, no prime filter of L is simultaneously mazximal and minimal. Hence,
the order structure of the set of prime filters of L under inclusion is a disjoint sum of 2-element
chains.

(3) A prime filter P of L is minimal if and only if it is implicative (that is, x € P and
x—y €P imply ye P).

(4) If L is a Post algebra and h : L — 3 is a homomorphism of Post algebras, then h='[{T}]
is a minimal prime filter and h=*[{T,c}] is a mazimal prime filter. Hence h='[{T,c}] =

g 1{TY).
(5) Conversely, every minimal prime filter P in a Post algebra induces a character by setting:

T ifxeP

hp(r)=§ ¢ daeg(P)\P
L ifxgg(P)
(6) The correspondence P+~ h,, is a bijection. O

A central result in the theory of Post algebras is an analog of Stone’s representation theorem
for Boolean algebras; we shall repeatedly use this result in the sequel. Let X, denote the set of
characters of a Post algebra L. The topology induced on X, by 3L (product of the discrete
topology in 3) makes it a Boolean space.
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Theorem IV.1.7 (Representation Theorem for Post algebras; [BD], Thm. X.4.5, p. 198).

(1) Let X be a Boolean space. Then, the set C(X) = C(X,3) of continuous functions of X into
3 under pointwise operations is a Post algebra .

(ii) If L is a Post algebra, the evaluation map ev : L — C(X
foraeL, helX,,

one of the form C(X), where X is a Boolean space. O

;) defined by ev(a)(h) = h(a)
is a Post-algebra isomorphism. Hence, every Post algebra is isomorphic to

Remark. It can be shown (same reference) that the Boolean space X, in (ii) is the Stone
space of the Boolean algebra B(L) of Boolean elements of L. O

It follows from this theorem that every finite Post algebra is of the form 3™ for some positive
natural number n. It also follows that if L is a Post algebra and a,b are elements of L such
that a £ b, then there exists a character h € X, such that h(a) £ h(b), i.e., h(a) > h(b). This
last remark is frequently used in the sequel.

It is well known in the theory of Post algebras that there exists a natural correspondence
between the set Con(P) of congruences —i.e., equivalence relations compatible with the Post-
algebra operations— and the family Z(P) of lattice ideals of P closed under the operator V.
More precisely,

Proposition IV.1.8 (ADD REF.!) Given a Post algebra P and I € Z(P), define an equiv-
alence relation =, in P, as follows: for a,b € P,

a=,b ifand only if AasAbel and VarVbel,

(where A denotes symmetric difference). Then, the correspondence I — =, s a bijection
between Z(P) and Con(P). O

Closing this section we introduce the notion of a Kleene algebra and a basic construction
of Kleene algebras. This material will be of use later in this text, especially in the study of
spectral real semigroups (§V.7).

Definition IV.1.9 A Kleene algebra with a center is a structure (K,A,V,—, 1, c) sat-
isfying the following requirements :

[K1] (K, A, V) is a distributive lattice with first element L .

[K2] = (negation) is a unary operation verifying, for all x,y € K :

(@) ~—zx=z; (b) = (zAy)=—-2V-y; (c) (Kleene inequality) zA-x <yV-y.

[K3] c is a distinguished element (called the center) verifying ¢ = —c. O

Note that T := = L is the largest element of K, the center is unique, zA—z < c < yV-y,
and = (zVy) =-2A-y —the dual to [K2] (b)— holds.

Since we shall only consider Kleene algebras with a center, we omit the modifier.

IV.1.10 Construction. There is a classical construction of a Kleene algebra from any
bounded distributive lattice (L, A,V, L, T), due to Kalman [Kal]. Let L™ denote the distribu-
tive lattice inverse to L, i.e., the lattice with the same underlying set, where order is reversed
and the operations and constants A,V, L, T become their duals: A := v, 1V .= T etc.
Consider the set

K(L):={(z,y) € Lx L'™ |z Ay =1 (in L)},

with operations A, V, = defined, in terms of those of L, as follows:

121



(z,y) V(@ y) = (xVy, 2’ ANy), () A Y) = (zAy,2"Vy') and - (z,y):= (y,z).

One checks without difficulty that, with these operations K (L) is a Kleene algebra having
(L, T) as its first element, (T, L) as a last element, and (L, L) as its center. O

The Kleene algebras of form K (L) admit a purely algebraic characterization :

Proposition IV.1.11 Let K be a Kleene algebra and let ¢ denote its center. The following
are equivalent:

(1) There is a bounded distributive lattice such that K ~ K(L).

(2) K werifies the following condition:

[dec]? For all a,b € K such that aANb=c, there is t € K so that tVc=a and —tVec=Db.
Proof. (1) = (2). Let L be a bounded distributive lattice; we prove that K (L) verifies
condition [dec]. With notation as in IV.1.10, let a = (z,y), b = (2/,y') € K(L) be such
that (z,y)A(2',y') = (L,L). Then, Ay = 2'ANy =xA2’ = L and yVy = L, which

implies y =y = L. Setting t := (z,2), we have tV (L, 1) = (z,L)=a and -tV (L, 1) =
(',z)V (L,L1)=(2/,L) =b, as required.

(2) = (1). Let K be a Kleene algebra verifying [dec] and let L = {x € K|z > c}. Clearly,
L is a bounded distributive lattice with smallest element ¢ and largest element T. To show
K ~ K(L), let h: K — K(L) be the map

h(z)=(xVec,—zVc) forzxe K.

h takes on values in K (L) becausec < xVc¢,—xzVc and (zVc)A(—xVe)=(zA-z)Vc=c.
Routine checking proves that h is a Kleene algebra homomorphism. Further,

— h is injective. Let z,y € K be such that xtVc=yVcand =2 Vc = -y Vc; by the dual to
[K2.b], z Ac = y Ac. But it is well known that, in a distributive lattice, for any z, xVz =yV 2
and tAz=yAz imply x = y.

— h is surjective. Let (x,y) € K(L); hence, z Ay = c. By assumption (2) there is t € K so
that tVec=2x and —tVc =y, whence h(t) = (z,y). O

IV.2 The real semigroup structure of a Post algebra

In this section we describe how every Post algebra can be endowed with a ternary relation
which makes it into a RS. We first define its ternary semigroup structure.

As in the case of Boolean algebras, symmetric difference, A, is defined in Post algebras

as follows:
zoy=(xA-y)V(yA-o).

It is easy to check that A satisfies the following conditions:

(i) & is commutative; (i) 2o L=ux; (iii) 2 AT =—z.
Kleene’s inequality IV.1.2 (b) also yields:

(iv) zoc=c; (v) = -z implies = = c.

Below we prove:

2 [dec] = “decomposition”.
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(vi) & is associative; (vil) z Az Az =1
These observations amount to:

Proposition IV.2.1 Let P be a Post algebra. Then (P,A,1,c,T) is a ternary semigroup
where L is the unit, ¢ is the absorbent element, and T is the distinguished element —1 (cf.
Definition IV.1.1).

Proof. It only remains to prove:
(vi) A is associative.

Let z,y,z € P. Then, za(y 2 z)=xz4((y AN ~2) V (¢ A ~y)). The De Morgan laws and
distributivity give:

rA(yoz)=(xA-yA=2)V(cAyA2)V(eA-yAy)V(zAzA-2)V (yA-zA=2) V(2 Az Ay).
In the same way we get:
(xoy)oz=(xA-yA-2)V(@AYyA2)V(2A-YyAY)V(zAzA=x)V (yA—xA-z) V(2 A—z A-y).

Note that the terms (z A—yA—z), (xAyAz), (yA—-xA-z), (zA-xA-y) appear in both
formulas. On the other hand, Kleene’s inequality IV.1.2 (b) implies zAy A—y < (xAz)V(xA—z2).
Hence, Ay Ay < (e AzAyA—y)V(zA—zAyA—y) < (zAyAz)V(eA—zA-y) < (zoy)az. A
similar reasoning proves x A z A =z < (x Ay) A z. These inequalities, together with the remark
above, show zA(yaz) < (xAy)Az, and a similar argument proves the reverse inequality,
yielding (zAay)az=xa(yasz), as asserted.

(vil) zAaz Az =1

Sincezaz =z A-z,wehavezazarz=ca(xA-z)=(xA(zV-z))V((zA-2)A\-2)=
zV(xA-z) =" O

IV.2.2 Remark on notation. In view of this Proposition, for notational consistency we will
identify the chain { L, ¢, T} with the chain 1 < 0 < —1; i.e., L will be identified with 1, ¢ with
0, and T with —1. The distinguished elements in general Post algebras continue to be denoted
by L, c,and T. O

Note that in a Post algebra an element z is invertible for symmetric difference if and only
if it is Boolean: zAz =1 & zA-x = L.
Definition IV.2.3 For a Post algebra P, define a ternary relation as follows: for z,y,z € P,
r€D(y,2) & yAzAec <z <yVzVe O
Remark. In the particular case that z € B(P) the formula above reduces to:
r€D(y,2) & yAz<z<yVz

[Proof. For the non-trivial implication (=), assuming = € D,(y,2), i.e., yA2zAec <z <
y V z V¢, applying to these inequalities the operators A,V, and using Az = Vz = z,
we get VyAVz < z < 1 and 0 < 2 < Ay V Az; the conclusion follows, then, from
yANz < VyAVz and AyVAz < yV z]

Thus, restricting the representation relation D, to the Boolean algebra B(P) we retrieve the
formula obtained in [DM1], Cor. 7.13, p. 149, for binary representation in BA’s. This shows:

Fact IV.2.4 Let P be a Post algebra. The structure (B(P),,D,, L, T) is a Boolean algebra.
In particular, it is a reduced special group. a
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The next Proposition is crucial for the proof of many subsequent results. Note that, by
Theorem 1.5.4, items (ii) and (iii) of this result are available as soon as we know that a Post
algebra is a RS (which we don’t yet); the point is that we shall use the Proposition precisely
to establish this fact, in Theorem IV.2.7 below. To prove IV.2.5 we shall then compute using
characters, which in turn rely on the structure of the prime ideals in a Post algebra, set out in
Theorem IV.1.6.

Proposition IV.2.5 Let P be a Post algebra, and let x,y,z € P. Then,
(1) x <y if and only if for for each Post-algebra character h, h(x) < h(y) (in 3).

(1) = € D,(y,2) if and only if for each Post-algebra character h, either h(x) =0, or h(z) =
h(y), or h(x) = h(z).

(1it) = € D;(y,z) if and only if for each Post-algebra character h, either h(z) = 0 and
hy) = = h(z), or h(x) = h(y), or h(x) = h(z). M

Proof. (i) Immediate consequence of the Representation Theorem IV.1.7 (ii).

the inequality h(y) A h(z) A0 < h(z) yields h(y) =1 or h(z) = 1, while h(z
h(z) < h(y)V h(z)V 0 yield h(y) = —1 or h(z) = —1. In either case we conclude h
or h(xz) = h(z).

(ii) (=) Suppose z € D (y,2), and take h € X,. From yAzAc <z < yVzVe
(IV.2.3), follows h(y) A h(z) ANO < h(z) < h(y)V h(z) V0. Let h(z) # 0. If h(z) = 1,
) = —1 and

(z

) =h(y)

To prove the other implication assume x ¢ D, (y,2). Hence either z £ yV 2z Vc or
yAzAc £ x. In the first case, say, item (i) shows there is a character h € X, such that
h(z) > h(y) V h(z) V 0, i.e, h(x) = —1. The hypothesis gives, then, h(y) = —1 or h(z) = —1,
a contradiction. A similar argument proves that y Az Ac £ x leads to a contradiction, proving
z € D,(y,2) as required.

(iii) Recall that = € D;(y,z) if and only if z € D,(y,2), ~y € Dy(—z,2), and -z €
DP(y,—ux). Suppose first = € D;(y,z). By (ii) it suffices to prove that h(z) = 0 implies
h(y) = —h(z). If h(y) # 0, then h(-y) # 0. Since ~y € D, (-, 2), from (ii) and the
assumption h(z) =0 we infer in this case that = h(y) = h(—y) = h(z). In case h(y) =0, the
relation =z € D, (y, ~z) yields h(y) = = h(z) = 0. The converse is easily proved by repeatedly
using item (ii). O

IV.2.6 Comment. (On 3-valued “truth-table” checking.) Proposition IV.2.5 makes the old
and well-known method of “truth-table checking” available to prove the validity of certain
“atomic” formulas —such as inequalities, representations, transversal representations and, of
course, equalities— in all Post algebras, and for all values of the variables occuring in them,
by the expedient of checking their validity in 3 (for all assignments of values therein to their
variables). Complex combinations (“terms”) of the primitives A, V, A, =, V, A, L, ¢, T, of
the language for Post algebras may occur in these relations. Concrete examples occur, e.g., in
Theorem IV.2.7 (i), Proposition IV.2.10, Lemma IV.5.10, and other places below. When the
validity of a formula can be routinely established in this way (which not always is the case),
we shall say that the formula is proved by “truth-table checking”, and often omit details. O

Theorem IV.2.7 Let P be a Post algebra. Then,
(1) Transversal representation takes the following form: for x,y,z € P,

xED;(y,z) < (YyAVz)V(zAVy) <z <(yVAz)A(zVAy).
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(i4) The structure (P, s, L,c,T,Dy) is a real semigroup.

(i4i) Its associated abstract real spectrum is the Boolean space X .

Proof. Throughout this proof we omit the subscript P from the notation.

(i) (=). Assume z € D!(y,z) and s := (y AVz2)V (2 AVy) £ x. By IV.2.5(i) there is a
character h € X, such that h(s) > h(z). We argue according to the values of h(x).

— h(z) = 1. In this case x € D(y,2) entails h(y) =1 or h(z) = 1. In either case, h(s) =1,
a contradiction.

— h(z) = 0. It follows that h(s) = —1, and (from x € D!(y,2)) h(y) = —h(z). But
h(s) = —1 implies that one of h(y A Vz) or h(z A Vy) is —1. If the first is —1, we have
h(y) = h(Vz) = —1, whence h(z) = —h(y) = 1, which implies h(Vz) = 1, contradiction.
Same argument if the second term is —1. This contradiction shows that s < x, and a similar
argument proves the inequality = < (y V Az) A (z V Ay).

(«<). Conversely, the relation = € D!(y, z) is proved by use of IV.2.5 (iii), arguing by cases
according to the values of characters h at x.

— h(z) = 1. Then, the left-hand side of (y A Vz)V (2 A Vy) < z also takes value 1 at h,
which implies h(y AVz) = h(z AVy) = 1; in turn, this entails that one of h(y) or h(z) equals
1.

— h(z) = —1. The same argument, using = < (y V Az) A (z V Ay) instead, shows that one
of h(y) or h(z) is —1.

a) h(y) = 0. If h(z) =1, then h(y VAz) = 0 and h(z V Ay) = 1, whence h((y V Az)A
(2VAy)) = 1; the right-hand side inequality in (i) yields h(x) = 1, a contradiction. In a similar
way, h(z) = —1 contradicts the left-hand side inequality in (i). This shows that h(z) = 0,
whence h(y) = —h(z).

b) h(y) = 1. The right-hand side inequality in (i) implies h(z) = 0 < h(Az) Ah(z) = Ah(z),
which in turn yields h(z) = —1, whence h(z) = —h(y).

h(z) = 0. We now argue according to the values of h(y), to show h(y) = —h(z).
h(y)

¢) h(y) = —1. The argument in (b), using instead the left-hand side inequality in (i), proves
h(z) =1 = —h(y).

(i) The verification of all axioms for RSs, except [RS3], is straightforward truth-table checking,
using the characterizations of representation and transversal representation given in Proposition
IV.2.5, and is left to the reader.

For [RS3], we prove weak associativity and D!(y,z) # 0 for all y,z € P which, together,
(in presence of the other axioms) are equivalent to strong associativity; cf. 1.2.4.

a) For all y,z € P, D(y,z) # 0.
By the characterization of D!(y, z) in item (i), it suffices to prove
(yAVz)V(zAVy) < (yVAz) A (zV Ay),

which, in turn, amounts to proving that each term of the disjunction in the left-hand side is <
than each term of the conjunction in the right-hand side. By symmetry it is enough to show:

(1) yAVz < yVAz and (2) yAVz < zV Ay.

(1) is trivial. (2) is proved by truth-table checking, taking into account that elements of the
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form Vx, Ax are Boolean, and hence never take value 0 in 3. To illustrate the argument we
do this proof. Let h € X . If h(y AVz) =1 or h(zVAy) = —1 there is nothing to prove.

— If h(zV Ay) =1, then h(z) = h(Ay) = 1. Since h(yAVz) € {0,—1} and h(Vz) # 0, then
h(Vz) = —1, which implies h(z) # 1, contradiction.

—If h(zV Ay) = 0, since h(Ay) # 0, then h(z) = 0. But h(Ay) # —1 (else h(zV Ay) = —1),
whence h(Ay) = 1, which implies h(y) € {0,1}. But h(y) =1 gives h(yAVz) = 1, excluded by
assumption. Then, h(y) =0, and hence h(y A Vz) = h(y) A Vh(z) =0AV0 =0 = h(zV Ay).

b) Weak associativity. If x € D(y, z) and z € D(s,t), there is u € P so that u € D(y, s) and
x € D(u,t).
The hypotheses amount to (Definition IV.2.3):
(*) yAzhc <z < yVzVc and (**) sAnthc < z < sVtVec.
We claim that the element u = (Ax A—-At)V (yAs) does the job. Then, we must prove:
(t) yAshe <u < yVsVc and (1) unthc <z < uVtVc.

Proof of (). The left inequality is clear by the definition of u. For the other it is enough to
show Az A-At < yVsVe. Since Ac = L, applying the operator A to (*) and (**) gives
Axr < AyVAsVAt < yVsVAt. Hence, AxA—-At < (yA—-At)V (s A=AV (At A-AL) <
yVs <yVsVc, as required.

Proof of (11). For the left inequality we have:

() uNtACc = ((Axz A=AV (yAs))AtAc = (AzA=AtAEtAC)V (yASAtAC)

<zV(yAsAtAc).

On the other hand, the left inequalities in (*) and (**) give z > yAzAc > yAsAtAc, which
prove that the last term in (f) is < z.

Finally, for the right inequality in (1) we note that
uVitve=(AzA-At)V(yAs)VtVe = (AzV(yAs)VEVe)A(-ALVEV eV (yAs));

since “AtVt =T (axiom [L3,(i)], IV.1.1), we get uVtVec=AxVcVtV(yAs). Now, Propo-
sition IV.1.4 (i) yields = = (cVAz) AVx < Az Ve, and hence z < uVtVc, completing the
proof of (1), and that Post algebras are real semigroups.

(iii) With notation as in the Duality Theorem L.5.1 the ARS dual to the real semigroup P =
(P&, Dp,...) is (Xp, P), where P ={a|a € P}, a= ev(a) denotes evaluation at a, X, is
the set of RS-characters of P, and representation in P is given by:
ac DXP(E7 d) & Vh e X, (a(h)=0va(h) = b(h) v a(h) =d(h)
< Vhe X, (h(a) =0V h(a) =h(b) V h(a) = h(d).

Via the obvious identification of P with P, it suffices to prove that D, commdes with the

relation D, defined in IV.2.3. But this is exactly the content of item (11) 1n Proposition IV.2.5
(modulo the fact, easily verified by truth-table checking, that Post-algebra characters coincide
with RS-characters for (P, 2, D,,...); cf. Proposition IV.2.11 below). O

Notation IV.2.8 To keep matters straight, real semigroups of the type (P, 4, 1l,¢,T,D,)
where P is a Post algebra, will be called RS-Post algebras, abbreviated RS-PA.
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Remark IV.2.9 [REVISE!!| The foregoing theorem says, in particular, that the dual spectra
of Post algebras are zero-dimensional ARS’s, see [M], §7.6; indeed, in the terminology of this
monograph, they coincide (CAREFUL!) with the “zero-dimensional real-closed” ARS’s men-
tioned in [M], Ex. (1), p. 181. The V operator occurs, in a somewhat hidden form, in Lemmas
7.6.2 and 7.6.3 of [M], pp. 144-145. The operation V is, in fact, definable (within the class of
RSs which are Post algebras) in terms of the relations D, and DED; see Theorem IV.3.5 below.

O

The next result exhibits some elementary relations between Post-algebra operations and
the representation relation defined in IV.2.3. It follows at once from Proposition IV.2.5.

Proposition IV.2.10 Let P be a Post algebra and let x,y,z € P. Then:

(i) x<vy ifandonlyif x € D (L,y) and ~y € D (L,~x).

(i) z ANy € Dy(z,y) and xVy € Dy(z,y).

(i4i) ® € Dp(Vz,Vz) and x € D,(Ax, Az).

Proof. (i) The validity of (i) in 3 is proved by routine truth-table checking, using Corollary

1.2.5. Its validity in arbitrary Post algebras follows, then, from items (i) and (ii) of Proposition
IV.2.5.

(ii) is obvious using Definition IV.2.3.

(iii) Proposition IV.1.4 (i) implies VaxAc < x < Az Vc. By use of Definition IV.2.3, this,
together with Az < x < Vz, shows that (iii) holds. O
Remark. Compare item (i) in IV.2.10 with Definition 1.6.2. O

The following result shows that in the category of Post algebras homomorphisms coincide
with RS-morphisms.

Proposition 1V.2.11 Let P, P, be Post algebras and let f : P — P, be a map. The
following are equivalent:

(1) f is a morphism of real semigroups.

(ii) f is a Post-algebra homomorphism.

Proof. It is clear from the definition of the representation relation in IV.2.3 that every Post-
algebra homomorphism is a morphism of real semigroups, so we have (ii) = (i). The opposite
implication is trickier.

(i) = (ii). Let f be a morphism of real semigroups. In particular, f is a morphism of ternary
semigroups, and then symmetric difference as well as the constants 1, ¢, T are preserved.
Since mx = T A x, negation is also preserved. Since f preserves representation, Proposition
IV.2.10 (i) implies that f is order-preserving. The observation that the Boolean elements of a
Post algebra are exactly the units for A, entails = € B(P,) = f(x) € B(P,).

It remains to prove that f preserves V and the lattice operations A, V.
a) For z € P, f(Vz)=Vf(z).

Since z < Vz and f is order-preserving, we get f(z) < f(Vz), and then Vf(x) < Vf(Vx
Since Vo € B(P,) (IV.1.4(f)), we get f(Vz) € B(P,), and IV.1.4(g) gives Vf(Vz) = f(Vz
We conclude that Vf(z) < f(Vx).

).
).
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On the other hand, =z € D, (Vx Vz) (IV.2.10 (iii)), implies f(z) € DPQ(f(V:U),f(Vx)),
which in particular gives f(Va:) Ae < f(z) (IV.2.3). Tt follows that V(f(Vz) Ac) < Vf(z);
since

V(f(Vz) Ne) =V [(Ve) AVe =V [(Vr) = f(Va),
we get f(Vzx) < Vf(z), and hence the equality asserted in (a).

b) For z,y € P, f(zVy)=f(2)V f(y)

The idea is to show

() Af(zvy) =A(f(z) vV i(y)  and (i) VI(eVy) =V(f(@)V ).
By Proposition IV.1.4 (h), (f) and () together imply the equality asserted in (b).

Clearly, z,y < xVy and the fact that f is order-preserving imply:

(*) f@)V ) < fl@vy).
From zVy € D, (x y) (IV.2.10(ii)), we get f(z Vy) € DPQ(f(:v),f(y)), which in turn gives

flevy) < flz )V f(y) Ve Applying A, we obtain A(f(zVy)) < A(f(x)) V A(f(y)) =
A(f(z) V f(y)), since Ac = 1L and A is a lattice homomorphism. The reverse inequality
follows by applying A to (*), and proves (7).

In order to prove (1), first recall that Vo v Vy € D, (V:E Vy) (IV.2.10(iii)). Since f
preserves representation, from (a) we get:
J(Va v Vy) € Dy, (f(Va). [(Vy)) = Dy, (V). VI(3).
By Definition IV.2.3 this condition gives, in particular:
f(VavVy) < Vf(z)VVfy) Ve

Now, using the easily checked fact that, if r, s are Boolean elements, r < sVc = r < s, we
obtain,

(**) f(Va v Vy) < V() VVEy).

Using (*) with z,y replaced by Vz,Vy, and invoking (a), we get:

(***) Vf(2) VVf(y) < f(Va Vv Vy).

(**) and (***) show f(Va Vv Vy) = Vf(z)VV[(y) =V(f(z)V f(y)), proving ({1), and thus
completing the proof of Theorem IV.2.11. O

Remark. Proposition IV.2.11 shows that the categories PA of Post algebras and RS-PA of
RS-Post algebras (IV.2.8) have the same morphisms, differing only by their languages, i.e., by
the choice of the primitive notions. The language of Post algebras is {4, L,c, T, V} while that
of RS-Post algebras is L, the language of real semigroups. O

IV.3 Characterizations of Post algebras as real semigroups

New section; added Nov. 2011. Gathers together former Thms. I11.2.12 and I11.4.2.

In this section we give two characterizations of those real semigroups which are Post alge-
bras. The first, Theorem IV.3.2, is done in terms of the character space (and also of transversal
representation). The second, Theorem IV.3.5, does it in terms of the (first-order) definability of
the lattice and the modal operations of a Post algebra in the language ERS for real semigroups.
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We begin with a preliminary result, needed in the proof of Theorem IV.3.2, giving an
algebraic characterization of those RSs whose saturated prime ideals are pairwise incomparable
for inclusion.

Proposition IV.3.1 Let G be a RS. Then, the following are equivalent:
(a) For all saturated prime ideals I, J, of G, I1CJ = I=J.
(b) For all x € G there exists y € Dg(l, —x2) such that xy = 0.

Proof. (a) = (b). Let = € G. By axiom [RS5], Ann(z) = {a € G|az = 0} is a saturated
ideal and, clearly, T = D(1, —2?) is a multiplicative set. The set Tm =T U :EQTQC is also
multiplicative. Suppose Ann(x) nT = (), and pick a saturated ideal I containing Ann(z) and
maximal for the property of being disjoint with T ; such an I is prime. Since 1 € T, we have
z? € Tx, and hence 22 ¢ I. Then, the saturated ideal I[z?] generated by I U {z?} properly
contains I. We claim that I[x?] is proper. Otherwise, 1 € I[x?], which means 1 € D(i, x%p)
for some i € I and p € G, see Proposition 1.4.6 (1). By [RSS8], 1 € D(i?,2%p?) C D(i?, 2?),
and then 1 € D'(i?, z2). It follows that —i? € D!(—1,2?), and therefore i € I N D(1, —z?),
a contradiction. Any saturated prime ideal J containing I[z?] will contain I properly, con-
tradicting assumption (a). This shows that Ann(z)NT # 0. If Ann(z)NT # 0, there exists
y € Dtc(l, —x?) such that zy = 0. If Ann(x)N x2Tx # 0, thereis z € T = D!(1,—2?%) such

that (v2z)x = 2z = 0, as required. In both cases assertion (b) holds.

(b) = (a). Suppose there are saturated prime ideals I, J of G so that I C J, and let x € J\I.
Invoking (b), let y € D!(1, —x2) be such that xy = 0. Since I is prime and x ¢ I, we have
y € I, and then y € J. We get —1 € D'(—y, —2?), whence 1 € D*(y,z?) with y,2? € J; since
J is saturated, 1 € J, absurd. O

Theorem IV.3.2 Let G be a RS. The following are equivalent:
(1) G is a Post algebra.

(2) If hy by h, € X, and h hoh, € X, then h, = h, = h,.
(3) If Y,,Y, are (non-empty) disjoint closed subsets of X
alY,=b[Y, =1, a[Y,=—1, and b] Y, =0.

o there are a,b € G such that

(4)i) For all x € G there exists y € DtG(l, —x2) such that xy =0 (i.e., G verifies condition
I1V.3.1(b)).

i1) For each a € G there are elements x € DtG(aQ, —a) and y € Dg(cﬂ, a) such that xy = 0.
Proof. To ease notation we write X := Xe-

(1) = (3). Assume G is a Post algebra, and let Y, Y, be sets as in (3). Since X is a Boolean
space, disjoint closed sets can be separated by clopens; let U, ,U, be disjoint clopens of X,
necessarily non-empty, such that Yl - UZ. ,i=1,2. Let a,b: X — 3 be defined by:

1 ifzelU 1 ifzelU
a() { -1 ifzgU,, ble) { 0 if zgU,.

Obviously, these maps are continuous, i.e., a,b € C(X,3) = G, (cf. IV.1.7(ii)), and have the
required properties.

(3) = (2). Assume h ,h,.h, € X and h h,h, € X. Set h := hhyh,, Y = {h}, and
Y, = {h,,h,,h}. If Y, NY, = 0, condition (3) gives an element a € G such that h (a) =
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1, hy(a) = h,(a) = =1 and h(a) = h,(a)h,(a) = —1, obviously impossible. Hence, Y, NY, # 0,
which just means h = h,, or h = hg, or h = h.

— In case h, = h, we have h; h,e X. If h; h, # h,, statement (3) applied to the sets {h;hg}
and {h,} yields an element b € G verifying h;(b) hy(b) =1 and h,(b) = 0, a contradiction.
Hence, h; h3 = h2. A similar argument shows that h? h3 = h3, proving that all three characters
are equal. The same reasoning yields the desired conclusion also in case h, = h.

—If hy =h =hhyh, and h, # h,, by (3) we get a ¢ € G verifying h,(c) =0 and h (c) =1,
which is impossible. Therefore, h, = h,, and in a similar way we get h, = h,, showing, again
that all three characters are equal.

(2) = (1). It suffices to prove G = C(X,3); only the inclusion D requires proof. It follows
from (2) that any f € C(X,3) trivially preserves 3-products in X (cf. II1.2.14). The small
representation theorem II1.2.15 shows, then, that f is represented by an element of G.

(1) = (4). (4.i)). Assume G is a Post algebra, and let z € G. By Theorem IV.2.7 (i),
z € D¥(1,—2?%) iff 2 < A(zV-x). Let y=A(xV-2)Ac; hence y € D(1, —x2). The claim
that follows proves (4.1).

Claim. zy=xAy =c.

Proof of Claim. By the definition of symmetric difference, using the definition of y, and dis-
tributing, we have:

zoy=[xzA(A@V-z)Ve)VI[A@V-az)AcAz]
=(@AV(@A-z)V(@Ac)V(AzAcA-x)V (A-zAcA—x)
=(@AVaz)V(zAc)V(A-zAc),
because Az AcA—-x < AxA—-x = 1. On the other hand, it is easy to verify (e.g., by truth-
table checking) that x AV—-2z < ¢ < xV A-z. Hence,

(xAVaz)V(zAc)V(A-xzAc)=(zAc)V(A-zAc)=(xVA-z)Ac=c,
as required.
(4.i1) Let a € G. By Theorem IV.2.7 (i), z € D(a?, —a) iff
(*) (Ven—=a)A=a)V (aAN—aAV=a)<z<((aAN—a)VA-a)A(AlaAN—a)V-a).

Now, observe that V(aA—a)A—a = VaA—-a and aA—-aAV-a = aA—-a. Substituting
these identities in (*), the left-hand side boils down to Va A —a. Likewise, since A(aA—a) = L
and (aA—a)VA-a = —a, the right-hand side of (*) equals —a. Hence, 2z € D'(a?, —a) iff
—aAVa<z<-a.

A similar computation proves: z € D¥(a?,a) iff a AV-a <z <a.

Set x = (aAV—-a)V(aAc) and y = (—aAVa)V (—aA c). The conditions just proved
show that = € D'(a?,a) and y € D*(a?, —a). Straightforward truth-table checking shows that
T Ay = ¢, as required.

(4) = (2). Let hy,hy,h, € X be such that h h,h, € X. By Lemma I1.2.11(2), Z(h,h,h,) =

Z(h,) for some i € {1,2,3}, whence Z(hj) CZ(h,) for all j € {1,2,3}. Since G is assumed to
verify condition (4.i), Proposition IV.3.1 implies that these three zero-sets are equal.

Suppose, towards a contradiction, e.g., h, # h,. Since Z(hl) = Z(h2), there is an a € G
so that h (a) =1 and h,(a) = —1. Using (4.ii) take 2 € D'(a* —a) and y € D'(a* a) such
that zy = c. From, h,(a) =1 comes h (y) € D;(hl(a2),h1(a)) = Dé(l, 1) = {1}; similarly,
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h,(a) = —1 implies h,(z) = 1. But zy = c implies h (z) = 0, ie., x € Z(h))\ Z(h,), a
contradiction. This shows h, = h,, and a similar argument gives h, = h,, proving condition
(2), and ending the proof of Theorem IV.3.2. 0

Corollary IV.3.3 Let P be a RS-Post algebra. The (spectral) space X, of RS-characters of
P is Boolean.

Proof. It is well-known (cf. [DST], ADD REF.) that a spectral space is Boolean if and only
if its order of specialization is “flat” (i.e., z~>y = = = y).

Let g,h € X, be such that g~~>h. From Lemma 1.1.18 (5) we get h = h’g € X, and
IV.3.2(2) then gives g = h, as required. O

Corollary IV.3.4 Let P be a RS-Post algebra. For every saturated prime ideal I of P there
is a unique RS-character g € X, such that I = g~10].

Proof. Corollary 1.4.9 shows that there is at least one such g. Assume g,h € X p are such that
Z(g) = Z(h). By Lemma 1.1.19, g> = h?. Hence h = h*h = g°h € X, and 1V.3.2(2) gives
g = h, as required. O
Theorem IV.3.5 Let G be a RS and let G* denote the set of invertible elements of G. Then,
G is (the RS of) a Post algebra if and only if G verifies:
(1) Foralla € G there is x € G* (necessarily unique) such thata € D (z,x) and D,(1,—a)N
G* =D (1,—z) N G*.
Write Va for such x and set Aa = —V(—a).
(2) For all a,b € G there exists y € G (necessarily unique) such that:

Vy € D,(Va, Vb), Ay € D (Aa, Ab),

t _ t
DG(l, Vy) = DG(l, Va)N DG(l, Vb), and
t _ t

DG(l7 Ay) = DG(l, Aa) N DG(I, AD).
If these conditions hold, then y = a A b (and hence join is given by aV b= —(—a A =b)).
Proof. (=-). First we prove that if G (= P) is the RS associated to a Post algebra, as in
Theorem IV.2.7 (ii), then, for a,b € P,
(a) Va is the unique = € P verifying clause (1) of the statement, and
(b) a A b is the unique y € P verifying clause (2) of the statement.
Proof of (a). The definition of representation in P (IV.2.3) gives:
(*) q€Dy(L,p) & g<pVc

This, together with ~Va < —a < =aVc (cf. IV.1.4(b)), yields D (L,~Va)CD,(L,~a).
Conversely, let p € D,(L,~a) N B(P) (note that P* = B(P), cf. ...). Then, (*) gives
p < —aVc, whence, a Ac < —p. Since p is a Boolean element and V preserves the lattice
operations, Va < —p, whence p < ~Va, implying p € D,(L,~Va).

As for uniqueness, if = € B(P) verifies clause (1) of the statement, since —z € D,(L,~x),
we have —z € D,(L,—a), whence, by (*), =2 < —~aV¢; from -z € B(P), we get ~z =
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A-z < A-a = ~Va, and hence Va <z. Also a € D (z,z) and the definition of D, entail
xAc < a, whence Vx AVec =Var=1x<Va. We have proved =z = Va.

Proof of (b). Let y = a A b. Since V,A preserve meet, Proposition IV.2.10 (ii) gives Vy €
D.(Va,Vb) and Ay € D (Aa, Ab). Further, from Theorem IV.2.7 (i) we have:

(**) qeD(Lp) & (LAVDV(PAVL)<qg< (LVAp)A(pVAL) & q< Ap.
Using items (c), (e) and (d) of Proposition IV.1.4, this equivalence yields at once:
D’;D(l, Vy) = D;(l, Va)N D;(l, Vb), and D;(l, Ay) = D;(l, Aa)N D;(l, ADb).

As for uniqueness, let z € P be another element satisfying clause (2) in the statement. In
particular, we get D;(l, Vy) = D;(l, Vz) and D;(l, Ay) = D;(l, Az). By (**), this implies
Vy =Vz and Ay = Az, and then Proposition IV.1.4 (h) yields y = z.

(«<). We omit the subscript G in D o DtG. We begin by proving that the clauses (1), (2) of the
statement imply:

(c) Under the representation partial order (1.6.4), G is a lattice with first element 1, last element
—1 and a A b = the unique element y verifying (2). We shall need:

Fact. For a € G, setting Va = x, where x € G* is as in item (1) of the statement,
Aa = ~V=a, and with < denoting the representation partial order of G, we have:

(1) Aa<a<Va;
(i) Va < Vb and Aa < Ab imply a < b;
(17i) Va=Vb and Aa = Ab imply a =b.

Proof of Fact. (i) It suffices to prove a < Va (= z) for all a € G. In fact, this inequality
applied to —a and the fact that the operation “—” reverses the order < (I.6.4(a)) yield
Aa < a.

By the definition of the representation partial order, we must show a € D(1,Va) and
—Va € D(1,—a). Since —z € D(1,—z) ([RS1]) and —=z is invertible, (1) implies —x =
—Va € D(1,—a). We also have 22 = 1; passing to transversal representation we get —z =
—Va € D¥(1,—a), whence a € D'(1,z) = D*(1,Va)C D(1,Va).

(ii)) Assume Va < Vb and Aa < Ab. Scaling the representation —a € D(V(—a),V(—a))
(see (1)) by —1 yields a € D(Aa, Aa). Since Aa € D(1,Ab) (assumption Aa < Ab), we get
a € D(1,Ab,1,Ab) = D(1, Ab); from Ab < b, we then conclude that a € D(1,b). On the other
hand, b € D(Vb,Vb) ((1)) and Va < Vb imply —b € D(-Vb,—Vb)C D(1,—Va,1,—-Va) =
D(1,—Va)C D(1,—a). Thus, a < b, as required.

(iii) follows at once from (ii). O

Proof of (¢). Since Vy is invertible, Vy € D!(1,Vy), and (2) yields Vy € D!(1,Va) N
D!(1,Vb), implying Vy < Va, Vb. Likewise, we get Ay < Aa, Ab, and item (ii) of the Fact
shows that y < a,b.

Let z € G be so that z < a,b. Since —Va € D(1,—Va), —Va < —a, —a € D(1,—z) and
—z € D(—Vz,—Vz) (see (1)), by transitivity we get —Va € D(1,-Vz,—Vz) = D(1,-Vz).
Since —Va is invertible, it follows that —Va € D'(1,—Vz), which yields Vz € D!(1,Va). A
similar argument gives Vz € D!(1,Vb). From (2) we conclude Vz € D!(1,Vy). We also get
—Vy € DY(1,—Vz), and these transversal representations together yield Vz < Vy. A similar
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argument proves that Az < Ay. By item (ii) of the Fact, z < y, as required to prove y = aA b.

Remark. Item (2) of the statement implies that the set G* of invertible elements of G also
is a lattice under the representation partial order. In fact, if a,b € G*, we have Va = Aa = a
and Vb = Ab = b. Let y = aAb. These identities and the last two equalities in (2) give
D!(1,Vy) = D¥(1, Ay), hence Vy € D'(1, Ay). This implies Vy < Ay, and, by (i) of the Fact
above, Vy = Ay =y, i.e,, y € G*. The join of G* is, of course, aV b= —(—a A —b).

Before proving that the lattice (G, A,V) is distributive, we check that the operator V
defined above verifies the axioms [L3] for a three-valued Lukasiewicz algebra (Definition IV.1.1).
(The axioms [L2] are obvious, since a V b is defined to be —(—a A —b).)

[L3 (i)]. Truth-table checking in 3 shows that D!(1,a) N D(1,—a) = {1} for all a. It follows
from (2) that D'(1,V(Va A —Va)) = {1}. Since V(Va A —Va) € D!(1,V(Va A —Va)) we
conclude V(VaA —Va) =1, and then VaA —Va = 1. Since a < Va, we get aAN—Va =1= 1,
and hence —avVVa=T.

[L3 (iii)]. Let a,b € G. Condition (1) implies at once that p € G* < Vp = p & Ap = p.
Set y =aAb and z =V(aAb) = Vy. Then, Vz = Az = Vy, and by use of 1V.1.4(d), (e),
assumption (2) shows that the element z verifies:

Vz=Vye D(Va,Vb) = D(VVa, VVb); Az =Vy € D(Va,Vb) = D(AVa, AVb);
DY1,Vz) = D(1, Vy) = D'(1, Va) N DY(1, Vb) = DY(1,VVa) N D(1,VVb), and
D'(1,Az) = D'(1, Vy) = D'(1, Va) N D'(1, Vb) = D(1, AVa) N D'(1, AVb).

Uniqueness of the element satisfying assumtion (2) implies, then: V(a Ab) = z = Va A Vb, as
required.

A similar argument shows that A also preserves meets.

[L3 (ii)]. Let @ € G and set * = a A —a and y = —a A Va. Then, Vo = Va A V(—a) and
Vy = V(—a) A VVa = V(—a) A Va, i.e., Ve = Vy. We claim that Az = Ay = 1. Indeed,
since x < y and A is order-preserving, it suffices to prove Ay = 1. But Ay =1 & V(—y) =
—1< V(aV—-Va) = -1« VaV —Va = —1. It suffices then to prove:

aeG* = aV—a=—1 (or, equivalently, a A —a = 1).

Since by definition a A —a is the unique y € G verifiying the conditions in assumption (2) (for
b = —a), it suffices to check that 1 verifies those conditions. Since a = Va = Aa for a € G*,
this reduces to check the validity of

1€ D(a,—a)  and D'(1,a) N D(1,—a) = {1}.

Both these assertions are obvious (the second was already remarked). Thus, we have proved
Vz = Vy and Az = Ay; item (iii) of the Fact yields z = y, as desired.

To complete the proof of the Theorem we show:
(d) The lattice (G,V,A) is distributive.
It is a well-known result that a lattice is distributive if and only if for all a,b, z,
(1) aVz=bVz and aAz=0bAz imply a=0.

(see [BD], Remark following Thm. 9, Ch. II, p. 51.) As a first step we show that this holds for
a,b,z € G* i.e., that the sublattice (G*,V,A) is distributive. We prove that h(a) = h(b) for
all he X o Since a,b, z are invertible, any RS-character takes only values 1 on them. Note
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also that, by the definition of the lattice operations given by clause (2) of the assumption, any
RS-character preserves meets and joins. So, assuming h(a) = 1, the antecedent of () gives
h(a)Vh(z) = h(z) = h(b) Vh(z) whence h(b) < h(z), and h(a) Ah(z) =1 = h(b) Ah(z) = h(b).
This proves h(a) =1 = h(b) = 1. Exchanging a and b, the same argument gives the reverse
implication; hence h(a) = h(b), as asserted.

In the general case, by item (iii) of the Fact it suffices to prove Va = Vb and Aa = Ab.
Since V,A preserve the lattice operations (by [L3 (iii)]), the assumptions of (}) yield:

() VaVvVz=VbV Vz, VaANVz=VbAVz,
f AaV Az=AbV Az, AaANAz=AbAAz.

Taking meets with —Vz in the first of these equalities, since distributivity holds for invertible
elements of GG, we obtain:

VaAN—-Vz=(VaVV2))AN=Vz=(VbVVz)AN—=Vz=VbA - Vz.

Taking join of these terms with Va A Vz and Vb A Vz, respectively, and using again distribu-
tivity for elements of G*, we conclude that Va = Vb. A similar argument using the second
line of (11) shows, in turn, that Aa = Ab, as required.

By duality we infer that the RS structure of this Post algebra coincides with that of G. O

IV.4 The Post hull of a real semigroup

Our aim in this section is to show that every RS can be functorially embedded into (the real
semigroup associated to) a certain, canonically determined, Post algebra. This is the analog
in the context of real semigroups of the main result of [DM1], Ch. 4 (Thm. 4.17), the latter
for reduced special groups and Boolean algebras, respectively. The structure of the argument
is similar to that case. g

The Post hull P, of a real semigroup G is the RS of the Post algebra C((X,)con) of
continuous functions of the Boolean space (X )con into 3, given by Theorem IV.1.7. Recall
(I.1.17 (b)) that (X )con denotes the set X, of RS-characters of G endowed with the con-
structible (also called patch) topology, having as a sub-basis the (clopen) sets [a = ¢ ] :=
{9 € X, | gla) = &}, for arbitrary a € G and § € 3 = {1,0,—1}. A useful observation,
frequently used in the sequel, is that the sets

(%) ﬂ:;l[[aizl}]mﬂbzo]], with a,...,a ,be G,

are a basis of clopens for this topology; cf. [M], Note (1), p. 111. The canonical embedding
e, 1 G — P, is the evaluation map: for a € G and h € X,

egla)(h) = h(a).
We start with the following basic:

Proposition IV.4.1 If G is a RS, then €qt G — P, has the following properties:

(i) e, is well-defined, i.e., £ (a) € P, for alla € G.

(i) e4(1), €4(0) and e ,(—1) are the constant maps with values L, ¢ and T, respectively.

(7i1) €, is a RS-morphism satisfying the following condition: for a,b,d € G,
a € D, (b,d) if and only if ¢,(a) € DPG(sG(b),eG(d)).

G
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In particular, € G 18 injective.

(iv) P, is generated by Im(e ) as a Post algebra (i.e., using the operators V,A, in addition

G
to the lattice operations).

o)

Proof. (i) With notation as above we clearly have £G(a)_1[5] =Ja=0] (a€G;0€3),
showing that €(a) is a continuous map.

(ii) is obvious, while (iii) follows from Theorem I.5.4 (1) and the fact that representation is
pointwise defined in the Post algebra C(X,3).

(iv) Let g € P,. Using the formula g = (cAVg) V Ag in Proposition IV.1.4(i), since ¢ =¢(0)
€ Im(sG), the problem reduces to show that the Boolean elements Ag, Vg of P, are in the
Post subalgebra generated by Im(e G). Thus, it suffices to prove:
Every Boolean element of PG is in the Post subalgebra generated by Im(aG) .
Observe that a function g € C(X o 3) is a Boolean element of P, iff g only takes on values
+1. Thus, the sets U = g7 1[1], X \ U = g~![~1] partition X, into two clopens. Since the
sets of form (*) above are a basis for the topology of X, we have,

U= U;Zl(ﬂ::l[[aij = 1] n b, ~0]),

with a,; b € G. We search a Post-algebraic combination f of the functions € (a ZJ), e (b.)
(j=1,. m i=1,...,n) with the property that, for all h € X,

(1) heU = f(h)=1 and heX\U:>f(h):—1.
By induction on n, m, it is sufficient to prove:

a) Iffor £ = 1,2 we have maps f, in the Post subalgebra of P, generated by Im(e ) verifying
(t) for U = U,, then f = f/Af, (vesp., f = f,V [,) verifies (1) for U = U, U U, (resp.,
U=U, NU,),and

b) If U=[a=1] or U=[b=0], there is a map f in the Post subalgebra of P_, generated
by Im(e,) verifying (7).

Statement (a) is clear, for if h € U, U U,, one of f(h) is 1, whence f(h) = 1, while if
h¢ U, UU,, then both f.(h) equal —1, hence f(h)= —1; similarly for U, N U, .

b) If U = [a=1], it suffices to take f = Ve, (a), since
h(a) = 1= (Ve (a))(h) = V(h(a)) = 1, and
h(a) # 1= h(a) € {0,~1} = (Ve (a))(h) = V(h(a)) = —1.
£ U=[b=0], then f=—Ve,(b?) works, for
h(b) = 0 = (~Ve,(32)(h) = ~V(h(}?)) = ~VO =1, and
h(b) # 0 = h(b) € {1, —1} = h(b)2 =1 = (~Ve,(02))(h) = ~V(h(b)2) = —1. O
Let PA denote the category of Post algebras and Post-algebra homomorphisms. The corre-

spondence G — P, can be extended to morphisms by composition: given a RS-homomorphism
f+G — H, Theorem 1.5.1 yields a continuous map f* : Xy — X, defined by: f*(0) =0co f

for 0 € Xp. Next we define P(f) : P, — P, by P(f)(y) =~o f*for vy € P,. This corre-
spondence is functorial and has the very important property given in item (ii) of the following:
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Theorem IV.4.2 Let G, H be real semigroups. Then

(i) The correspondence G +— P, and f+— P(f) is a covariant functor from the category RS
to the category P.

(i) If f + G — H is a RS-morphism, then €, o f = P(f) o ¢
left is commutative:

o+ i-e., the diagram (D) below

G—»H

G
y f\
L

— P,

—>P

P(f)

Moreover, P(f) is the unique Post-algebra homomorphism which makes the square above com-
mutative.

(7i1) The pair (PG ,EG) is a hull for G in the category P; that is, given a (RS-)Post algebra L,

any RS-morphism f: G — L factors through € €. the triangle above right is commutative.
(tv) The Post hull of a Post algebra is canonically isomorphic to the given algebra.
In particular,

(v) Up to canonical isomorphism, the Post hull functor is idempotent.

Remark. Item (iii) says that the Post hull functor in (i) is left adjoint to the forgetful functor
from P to RS.

Proof. (i) It is clear from the definition of P(f) that P(id,) = idPG and P(fog) =
P(f) o P(g), which proves (i).

(i) For z € G, P(f)(e () = e (x)of". Let h € X, ; then, (e, (x)of*)(h) =c,(z)(hof) =
h(f(z)) = €, (f(x))(h); this proves P(f)(e,(x)) = e, (f(z)), as asserted. Uniqueness: assume
F:P —>PH is a Post algebra homomorphism that makes the square (D) commute; then,
Foe,=¢,0f=P(f)oe, This just means that F' and P(f) coincide on Im(e); since
this set generates P(f) (IV.4.1(iv)), both maps are equal.

(iii) With H = L, the commutative square (D) above gives ¢, o f = P(f) o . By definition

e, + L — C(X,) = P, is the evaluation map which, by (ii) of the Representation Theorem

IV.1.7, is a Post algebra isomorphism.

(iv) When f is the embedding ¢, : G — P, we obtain a Post-algebra homomorphism
Ple,): P, — Py . The Representation Theorem IV.1.7 applied with L = P, shows that

P, ~ C(X Pc) ~ PPG; further, the uniqueness statement in (ii) implies that the isomorphism
defined in IV.1.7 is identical to P(e,). O

A conceptually important, and rather powerful by-product of the Post-hull construction
is Theorem IV.4.5, an analog of Theorem 5.2 of [DM1] (p. 75 ff.) for RS’s. The following
notion, used in this theorem, is an adaptation of Definition 5.1 of [DM1] to the context of RSs,
formulated in terms of the notion of Witt-equivalence used in our context (cf. 1.2.7(c)).

Definition IV.4.3 A RS-homomorphism f:G — H between RS’s, G, H, is called a com-
plete embedding if for every pair of forms ¥, ¥, over G (possibly of different dimensions),
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p= ¥ o frex= [ O
Here follow some basic properties of complete embeddings of RSs.

Fact IV.4.4 (a) The implication (=) in IV.4.3 holds automatically.

(b) Complete embeddings preserve and reflect binary representation: for a,b,c € G,

a € Dg(b,c) < fla) € Dy(f(b), f(c)).
A similar result holds for transversal representation.

(¢) Complete embeddings are (order) monomorphisms for the representation partial order. In
particular, they are injective.

Proof. (a) Since f is a RS-homomorphism, ho f € X, for h € X ; then, ¥ %G?/) implies
sgn, (f * ¥) = sgnhof(QO) = Sgnhof(ﬂ}) =sgn, (f * ¥) for all h € Xpyode, frx@= fx V.

(b) Only the implication (<) needs proof. A straightforward computation invoking the sepa-
ration theorem for RSs (1.5.4) shows:

a€ D,(bc) & (a®b,a%c) =, (a,abc),

ol
(cf. [M], § 6.2, p. 105). The required implication is easily derived from this characterization
of representation and our definition of =. For transversal representation, just use its definition
in terms of (ordinary) binary representation, cf. [t-rep] in Section I.2.

(c) Since a <b & a € D(1,b)A —b € D(1,—a), item (b) obviously implies a <.,b <«
fla) < ul (b). Injectivity follows from the antisymmetry of the representation partial order
(1.6.4 (a)). O

Theorem IV.4.5 Let f : G — H be a RS-morphism. Let f* : X, — X, be the map

dual to f (f*(0) =0 o f foro € X)), and let P(f): P, — P, denote the Post-algebra
homomorphism associated to f. The following are equivalent:

(1) f* is surjective.
(2) Im(f*) is dense in X ,.
(3) P(f) is injective.
(4)

4)  P(f) is a Post-algebra isomorphism from P, onto the Post subalgebra of P, generated

by Im(e o f).
(5) For every Pfister form ¥ over G and every a € G, f(a) € D (f* ¥) = a€ D,(¥).

(6) f is a complete embedding.

Remark. The proof of IV.4.5 follows a pattern similar to that of Theorem 5.2 in [DM1], except
for the implications (5) = (2) and (6) = (2), which require a finer argument.

Proof. (1) = (2) is obvious, while (2) = (1) comes from the fact that any dense compact set
in a Hausdorff space X must be equal to X. The equivalence of (3) and (4) is also clear.

(1) = (3). Since “injective = monic” in the category of Post algebras ([BD], Thm. X.3.2,
pp. 193-194), it suffices to show that P(f) is monic (i.e., right-cancellable). Let g, h be
homomorphisms from a Post algebra P into P, such that P(f)og= P(f)oh. For pe P
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write g(p) =~,,h(p) =7, € P, = C(X,,3), so that P(f)(v,) = P(f)(7,). By the definition
of P(f) we have 7, °© ff= 7, © f*; since f* is surjective, Y, =y Thus, g(p) = h(p) for all
p€ P, ie., g=h.

(3) = (1). Since “surjective = epic” in the category of Boolean spaces (ADD REF.), it suffices to
prove f* epic (i.e., left-cancellable). To this end, recall that any continuous map p : X c X
into a Boolean space X induces a dual map p : C(X,3) —C(X,,3) by left composition:
plg) =gop for g € C(X,3). We leave to the reader the straightforward checking that p is a
Post algebra homomorphism from P = C(X,3) into P, = C(X,3). In particular, we get a

Post algebra homomorphism pof*: P— P, and, for g € P,
(P(f)op)(g) = P(f)(gop) =gopof*=(pof*)(g),
e, P(f)op=pof.

Assume now that PPy X, — X are continuous maps such that p, o f*= P, ° f7; then,

p, o = P, © f*, and by the above, P(f) op, = P(f)Op;. Since P(f) is injective, we conclude
that P, =0, To finish the proof it only remains to prove pL=p, Otherwise, pl(h) #* p2(h)
for some h € X . Taking disjoint clopen neighborhoods U, of pi(h) in X (: =1,2), and
setting, say, g[U, =1, g[U, = —1, g[X \ (U, UU,) = 0, gives a function g € C(X,3) =P so
that g(pl(h)) # g(pQ(h)), ie., pT(g) # /T2(g), a contradiction.

(1) = (5). Let ¥ be a Pfister form with entries in G, a € G, and assume f(a) € D, (f * p).
Corollary 1.5.7 tells us:

(i) This assumption is equivalent to Vh € X, (h(f(a)) € Dy((ho f) x¥)), and
(ii) The conclusion a € D, (%) is equivalent to Vg € X, (g(a) € Dy(g * ¥)).

Since f* is surjective, for every g € X, thereis h € X, such that g = f*(h) = ho f. Then,
(ii) follows at once from (i), proving (5).

(1) = (6). Let ¥ = (a,,...,a ), Y= (b
frP=, fx Y, ie.,

() X h(f(a) =378, A(f(b)) forall he X

Given g € X, pick h € X sothat g = f*(h) = hof. Then, (+) yields at once > 7, g(a,) =
Py g(b,) forall g€ X, ie., ¥ =

,...,b ) be arbitrary forms over G, and assume
1 m

The proofs of (5) = (2) and (6) = (2) rest on:

Fact. Let G be a RS, and a,...,a ,b€G. Let V = ﬂil[[ai =1]Nn[b=0] CX,. Let ¥
and V¥ respectively denote the Pfister forms ((ag,.. a, —b2)) and 2" H((—1,b%)), if n > 1,
and ¥ = (1,-0*), ¢ =2-Y=¥@Y, f n=0. Set d=[[_,a?, ifn>1, and d =1, if
n = 0. The following hold:

i) If V=20,then —d€ D,(¥) and d¢ %G¢.

i) If V.# 0, then —d ¢ D (¥) and d¢ ;‘wa'

Note. In case V = ﬂjzl[[ai =1] (n > 1), just omit the entries —b% in ¥ and b% in ¥.
Proof of Fact. By Corollary 1.5.7, condition —d € D (¥) is equivalent to

(1) Vge X,lg(a,) €{0,1} for i=1,...,n, and g(=b*) =0 = g(—d)=0].
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Any g € V verifies g(a,) = 1, g(b) = 0, whence g(d) = [[I_, g(ai)2 =1, for n > 1 (and,
obviously, also for n = 0). Thus, (f) fails at every g € V. Hence, V # 0 = —d ¢ D (¥).

As for the second assertion in (ii), first note that if » > 1, then sgng(((—l,x)>) =
sgng(( 1,—1,z,—x)) = 0, whence sgng(¢) =0, for all g € X,. Next, observe that if g € V,
then sgng(d ©) =g(d)-(1—g(?))- T, (1+g(a,)) = 2". Hence, sgng(d ») # sgng(ﬂ)) whenever
n > 1. If n =0, we have sgng(¢) =1 and sgng(@) =2.

(i) If V.= 0, then for any g € X, either g(b) # 0 (ie, g(®®) = 1) or g(a,) # 1 for some
i€{l,...,n}. If g(b) # 0 or g(a,) = —1 for some 4, () holds because its antecedent fails. If
g(b) =0 and g(a,) = 0 for some 4, then g(—d) =0, and (}) holds. Hence, (}) holds for every
g € X, which entails —d € D (¥).

To prove the last assertion in (i), it suffices to show that sgng(d ¢) =0 forall g € X,
Since g € V, if g(b) # 0, the factor 1 — g(b)? is 0, and sgng(d ¢) = 0. Likewise, if g(a,) =0
for some i, the factor g(d) vanishes, and if g(a,) = —1 for some i, then 1+ g(a;,) = 0; in
either case sgng(d ©) = 0, as required.

(5) = (2). Assume Im(f*) is not dense in X . Then, there is a non-empty clopen set U
of the form ﬂjzl[[ai =1]n[b=0] (a,...,a ,b € G), such that U N Im(f*) =0, i.e.,
f*7L[U] = 0. Statement (ii) of the Fact with V = U yields —d ¢ D (), while item (i) with
V=) = () [fe) = 1IN 1FE) = 0] S X, (and f %) gives f(—d) € Dyy(f )

This contradicts assumption (5).

(6) = (2). Similar to the preceding proof: assuming (2) fails, the last assertion in item (ii)
of the Fact with V = U yields d¥ # ¥, while that of (i) applied to V = f*71[U] gives
fx(de) =, fx ¥, contradicting (6). This ends the proof of Theorem IV.4.5. 0
Remark IV.4.6 Let (5) stand for the generalization of (5) obtained by replacing “multiple
of Pfister form” instead of just “Pfister form”. Then (5') is still equivalent to the remaining
assertions in Theorem IV.4.5. In fact, (5) = (5') upon observing:

(i) A map f verifying (5) must be injective (this is a particular case of (5) = (3), but may
be checked directly, as in Fact IV.4.4(c));

(ii) For a,b € G and a Pfister form ¥ over G,
a€D,(b¥) & a= b’a and ab € D (%#).
[Proof. The implication (=) follows from Proposition 1.2.8(3) and (4), respectively, since

a € D(b¥) = ab € D(b?¢) C D(¥). Conversely, ab € D(¥) implies a = ab® € D(b¥).] 0

Theorem IV.4.5 together with IV.4.2 (iv), IV.4.6, and IV 4.1 (iv), yields:

Corollary IV.4.7 Let G be a RS, and let Eq G—>PG be its Post-hull embedding. Then:

(1) The dual map £, Xp, — (X )con @s a homeomorphism. Notation corrected Nov. 2011

o)

(2) Every RS-character h € X extends uniquely to a Post algebra character h P, — 3,
i.e., h= ho oy

(3) £q s a complete embedding. It preserves and reflects representation by arbitrary binary
forms and by (multiples of) Pfister forms: if ¢ is such a form with entries in G, and a € G,
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a€D,(¥) & ela)€ DPG(eG % ©).
A similar equivalence holds for transversal representation.
Proof. (1) By definition, 52(7) =y oe, for v € Py hence, €7, is continuous. Since Xp.,
and (X )con are compact Hausdorff spaces (cf. Add ref. for the first!), it suffices to show that
52 is bijective.
(1) €., Is surjective.

By (3) = (1) in Theorem IV.4.5 it suffices to show that P(e) is injective. This follows from
item (ii) of the Representation Theorem IV.1.7: as noted in the proof of IV.4.2 (iv), P(e ) is
the evaluation isomorphism between P, and PPG'

)

(ii) e, Is injective.

This is a straightforward consequence of IV.4.1(iv). Let Y, €X Po be so that 52(71) =
52(72), Le, v 0€, =7,0¢&4; then, 'yl[Im(sG) = ’yQHm(aG). Since Im(e,) generates P
and the fyi’s are Post algebra homomorphisms (IV.2.11), we conclude Y=y

G
fixed h € X, a Post algebra character H : P, — 3 verifies h = H o e, then H[Im(e,) =

h [Im(e,,) = h, and IV.4.1(iv) entails h=H. O

(2) Just set h = (6’&)*1(h) for h € X; then, h = sg(/f;) — hoe,. Uniqueness: if for a

(3) For the first two assertions, the non-trivial implication (<) follows at once from item (1)
above and the equivalence of (1), (5) and (6) in Theorem IV.4.5 (and Remark IV.4.6). The
statement for transversal representation is derived from that for ordinary representation by use
of Theorem 1.2.8(10), which gives an explicit expression for D! in terms of D. 0

COMMENT HERE ON DEFINITION OF COMPLETE EMBEDDING AND REPRESEN-
TATION BY NON-PFISTER FORMS IN THE CASE OF RSGs.

IV.4.8 The Post hull of a quotient.

Given a congruence = on a RS, G, (see §11.2) we examine here the structure of the Post
hull P, /= of the quotient real semigroup G/=; we prove, in fact, that formation of the Post
hull “commutes” with the quotient operation. Recall from Proposition IV.1.8 that quotients

of Post algebras are obtained modulo lattice ideals closed under V.

Theorem IV.4.9 Let G be a RS and let = be a congruence of G. Let H = H_ be the
proconstructible subset of Xq associated to = (cf. Proposition 7?7). Let I = Iﬂziz {f €
P |f(h) = L forall h € H}. Then, I is a lattice ideal closed under V, and the Post
hull PG/E 18 1somorphic to the quotient PG/I. Furthermore, there is a unique Post-algebra

morphism p: P, — P, _ making the following diagram commute:

/=
G —=<
Rie
G/E H T
£q/=
y

Poi= " pPg/I
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Proof. The stated property of I is obvious, since the Post-algebra operations in P, are
pointwise defined, and V1L = L (IV.1.4(b)). Proposition ?? (ii) shows that the Boolean spaces
Xq /= and ‘H are homeomorphic via the correspondence that assigns to a character ¢ € X G/=
the composition o o 7w, where 7 : G — G/_ is the canonical projection. Hence the Post hull
of the quotient G/_ is isomorphic to the Post algebra C(#,3). Let u : P,— C(H,3) be
the map defined by u(f) = f]H (= restriction of f to H). Clearly, p is a morphism of Post
algebras whose kernel is I. In order to complete the proof we must show that p is surjective.
Let f:H —3 be a continuous function, and let U = FH{L}], and Ur = F7H{T}]; these
are disjoint clopens of H. Hence, there are clopens U’,U” of X, such that U =U'NH and
U, = U"NH. Replacing, if necessary, U" and U” by U"\ U” and U" \ U’ respectively, we

may assume U’,U” disjoint. Then, the map f: X o — 3 defined by:

A 1L ifxel
fley=¢ ¢ ifaxgU UU"
T ifxecU”,

is a continuous function extending f, and therefore u(f) = f. The required isomorphism
p:P,/I—P, /= is canonically induced by pu. O

IV.4.10 Transversal 2-regularity of quotients of Post algebras.

Theorem IV.4.11 Let P be a Post algebra and let I be a lattice ideal of P closed under V.
Then the quotient map ©: P — P/I is transversally 2-regular.

Proof. We have to show, for «, 3,7, € P/I, that D;/I(a,ﬁ) N D';/I('y,é) # () implies the

existence of liftings a,b,c,d € P of «,3,7,d, respectively, so that D;(a, b) N Dtp(c, d) # 0.

Recalling the characterization of transversal representation in a Post algebra A given by
Theorem IV.2.7 (i), condition D;(x,y) N Di(z,w) # () is equivalent to the existence of a
r € A such that (xAVy)V (yAVz) <r < (zVAy)A(yVAz) and (zAVw)V(wAVz) <
r < (zVAw) A (wV Az). This, in turn, is obviously equivalent to

() (@AVy)V(yAVz)V(zAVw)V(wAVz) < (zVAYy)A(yVAzZ)A(2VAw) A (wV Az).

[For the rest of this proof A will stand either for P or for P/I, and the variables z,y, z, w
either for a,b,c,d € P or for a, 3,7, € P/I, respectively.]

By assumption, the inequality (1) is valid in P/I for «, 3,7, d, and our problem boils down
to finding liftings a, b, ¢, d of «a,3,7,d, so that (f) is still valid in P.

From Proposition 77 (ii) we know that the character space X, of P/I is (homeomorphic

P/I
to) a closed subset C' of the character space X p of P (the top/ology in these spaces being,
necessarily, the constructible topology). Hence (cf. Theorem IV.1.7 (ii)), «,/f,v,d can be
viewed as continuous functions from C' (with the topology induced by that of X,) into 3.
Likewise, a,b,c,d are continuous functions X, — 3. The requirement that a/l = a, etc.,
simply means that the function a extends « from C to X P and hence we must extend
the functions «,3,7,0 to continuous functions a,b,c,d : X, — 3 in such a way that the
inequality () is preserved. The result follows, then, from the well-known

Lemma IV.4.12 Let X be a Boolean space and let C' be a closed subset. Let u,....,U,
be clopens of X such that U, N C,.. LU N C form a partition of C into non-empty sets
(obviously clopen in C). Then, there is a partition {V|,...,V } of X into (necessarily non-
empty) clopens so that V.nC=UnNC,fori=1,...,n. [Sketch of proof below.]
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Continuing the proof of Theorem 1V.4.11, for every quadruple i, j,k, ¢ € {—1,0,1} let
() Cpy=la=iln18=410[v=k]N[5=1,

where [X = m] = {zx € C|X(x) = m}, for X € C(C,3) and m € {—1,0,1}, see 1.1.17. By
continuity, the sets 07 k¢ Are clopen in C;let {C |1 <m < N} be an indexing without
repetitions of the non-empty sets among the Ci,j,k, ,- Then €=U N C for some clopens
U of X (1<m<N). Let {V},...,V,} bea partition of X into clopens so that V N C =
U NC,form=1,...,N, as given by Lemma IV.4.12. Now we define a,b,c,d € C(XP, 3) by
their values on the sets V. as follows: if C = Cz‘,j,k,e for i,7,k,¢ € {—1,0,1} (necessarily

unique), we set:
(t11) alV =i, bV =j, c[V =k, d[V =1

To check the validity of the inequality (1) for the functions a,b,c,d at each point = € X, let
m € {1,..., N} be the unique index such that x € V ,andlet y e V. N C=C . Since
a,b,c,d have constant sign over each V. (1) and ({1f) guarantee that a(z) = a(y), b(z) =
B(y), c(z) = v(y), d(x) = §(y), and the stated inequality follows, then, from the fact that (t)
holds for the functions «, 3,v,d at . O

Remark IV.4.13 The method of the foregoing proof, using Lemma IV.4.12, gives also the
following

Proposition. Let P be a Post algebra, and let 1 be a lattice ideal of P closed under V. Let

TireeesTpsOpreees0, be terms of the language {—,V,A\,V, L c} for Post algebras in the free

variables CRRRRR (i.e., well-formed propositional expressions of the indicated language, built

from the variables v, ... ,vk). Assume that the system of inequalities

(%) T.(v,v) <o (v,.,0,) (i=1,...,n)
has a solution Qs 0 0 P/I. Then, there are liftings Aoy € P of Q.0 (i.e.,
aj/I =, for j=1,... k), which are a solution of the system (x) in P. O

Note that one may include equalities 7, = o, in the system (x), as 7, = 0, & 7, < 0, and
o.<T..
1 1

Sketch of proof of Lemma IV.4.12. Induction on n > 1. For n =1 just take V, = X.
For the induction step (n —1— n) consider the non-empty clopens U \U_ (1 <i<n—1) of
X. With ¢"=C\U _, thesets {(U,\U )N C'|1 <i<n-—1} obviously partition the closed
set C’. By induction hypothesis there is a partition {V’ V’ 1} of X into clopens so that
V'ﬂC' (UN\NU)NC, 1<i<n-—1 Set V.= V’\U f0r1<2<n—1V—U , and
check that these sets have the required property. O

IV.5 Value sets of quadratic forms

The Post-algebraic techniques developed in previous sections of this chapter are applied here
to study the properties of value sets of quadratic forms over real semigroups. We start with a
general result (Theorem IV.5.1) characterizing representation and transversal representation of
arbitrary quadratic forms over Post algebras in terms of the operators A, V, and the order and
lattice operations of the algebra. By considering the Post hull €t G — P, of a given RS,
G, this characterization may be used to obtain information on the structure of the value sets
of higher-dimensional forms over G itself. The possibility of transferring information about
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quadratic forms ¢ with entries in G from P, back to G depends, however, on the validity of
the implication
eq(T) € DPG(EG * P) = x € D,(¥),

which does not hold, in general, for arbitrary ®’s (the reverse implication is valid without
restrictions on ¢). However, the weak local-global principle (Corollary IV.4.7 (3)) shows that
this implication holds for arbitrary binary forms and for Pfister forms and their multiples,
yielding interesting consequences in these cases (IV.5.6, IV.5.8 and IV.5.11).

In the sequel we shall repeatedly use the definition of representation and the characterization
of transversal representation in a Post algebra given in Definition IV.2.3 and Theorem IV.2.7 (i),
respectively. Recall that ¢ denotes the center of a Post algebra.

Our point of departure is:

Theorem IV.5.1 Let P be a Post algebra, and let z,b ,...,b € P (n>1).
(A) The following are equivalent:

(1) x € D,((b,,...,b )),

(2) byAN...Ab ANec <z <bV..VbVec
(B) The following are equivalent:

(1) z € D;((bl, cesb )

(2) a) Vb A...AVL < Vo < (Vb A...AVD )V (Ab V...VAb ), and

b) (Vb A...AVD JA(AbV ...VAD ) < Az < Ab V...V Ab .

Proof. (A) Induction on n for both implications. Recalling that D, ((b)) = {y*b|y € G}
(I.2.7 (a)), the case n = 1 is dealt with by:

Fact. blAg§x§b1VQ & x:xzbl.

Proof of Fact. (<) Since product in P is symmetric difference, we have x = xzbl =

(22A b ) (b, A—w ) and 22 = x A - x; hence, =22 = 2V -~ x. Kleene’s inequality IV.1.2 (b)
implies 22 < ¢ < = 22. Therefore,
(2 2 2
= (x°A=b) V(b Amz®) > b A=a® > b Ac, and

z < (en=b) V(b A=a?) < (eA=b)Vb < bVe

(=) We prove the required identity by truth-table checking. Let h : P — 3 be a character.
Recall that h(c) = 0. We argue by cases according to the values of h(b, ).

— h(b,) = 1. By assumption, h(b,)A 0= 1(= 1) < h(x) < h(b,)V 0 = 0. Hence, h(z) €
{0,1}; this yields h(z) = h(z?), implying h(z) = h(z?) h(D,).

— h(b,) = 0. By assumption, h(b;)A 0 =0 < h(z) < h(b))V 0 =0 ie., h(z) =0, which
clearly yields h(z) = h(x?) h(b,) = 0.

— h(b)) = —1. By assumption, h(b)A0 =0 < h(z) < h(b)V0 = —1(= T). Thus,
h(z) € {0,—1}, which gives h(z) = —h(z?) = h(x?) h(b,). O

The case n = 2 holds by the definition of D, (cf. IV.2.3).
Induction step n —1—n, n > 3.

(A1) = (A.2). Assume z € D,((b,,...,b )). By the inductive definition of D in RSs (cf.
1.2.7 (a)), thereis y € D,({b,, .. ,bn )) sothat € D,({b,,y)). By induction hypothesis and
the case n =2, we have
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b2/\ .../\bn/\g <y< 62v ...\/bn\/g, and bl/\y/\ggm < bl\/y\/g.
These inequalities clearly imply condition (A.2) for n.

(A.2) = (A.1). Assume byA...Ab ANe < x <bV..VbVec Sety= [((b
V(b A A b, N c)] € P. By induction hypothesis it suffices to show

,V...Vb Ve)A )

b2/\ .../\bn/\g <y < b2\/...\/bn\/g, and bl/\y/\ggxgbl\/y\/g;

this gives y € D,((b,,...,b )) and x € D,({b,,y)), which, by the inductive definition of
D, , yields (A.1).

Clearly, y > b, A ...Ab A c. From (b2\/ VbV c)ANx < b,V ...V b Vc it follows that
y<b,V...Vb Vc. Asfor the other inequalities, we have:

byANyAe= (b A...Ab Nc)V(byAcAzA(b,V...VD Vc)).
Since b, A .../\bn/\g < x, both terms of the disjunction are < x. Also,
bVyve=[(bV...VbVec)A(bVeVz)V(b,AN...Ab Ac).

By the assumption z < bl\/ .V bn\/ c, both terms of the first disjunct are > x; hence
b, VyVc >z, as required.

(B) First we treat the cases n = 1,2, and then proceed by induction on n.

n = 1) Condition x € D'(b,) just means 2 = b . Condition (B.2) boils down to:
Vb, <Vz <VbVAb =Vb —and Ab =VbAAb <Az <Ab,,

Le, Vo= Vb and Az = Ab,. By IV.1.4(h), this is equivalent to z = b,.

n = 2) By Theorem IV.2.7 (i), condition (B.1) is equivalent to

(1) (b, AVb,)V (b, AVb) <z < (b, VAD,)A(b,VAb)).

We show this is equivalent to condition (B.2). For the implication (1’) = (B.2) it suffices to ap-
ply the operations V and A to (1') —taking into account that these are lattice homomorphisms,
and using 1V.1.4(d),(e)—, and then perform trivial Boolean transformations.

For the reverse implication, (B.2) = (1), we use the identities
(1) z2=(cAVz)VAz=(cVAz)AVz,

(cf. IV.1.4(i)) to retrieve the inequalities (1’) from those in (B.2). We illustrate the argument
by proving the left-hand side inequality in (1'):

z = (cVAzZ)AVz > [cV (Vb AVb,A(AbVAb))] AV AV, =
cVVb ) A(cVVb,) A (cVAbVADb,)AVbAVD, =
cVAb VAb,)AVb AV, = [((cVAb)AVD)AVD]V[((cVAb,)AVD,)AVD ] =

b, AVb,) V (b A VD),

~~ T~ Y~

1

where the last equality is obtained using the second identity in (f). A similar argument proves
the right-hand side inequality in (1"), using the first identity in (f).

Induction step n —1—n, n > 3.

(B.1) = (B.2). Assume z € D;((bl, .-+,b ). By the inductive definition of D' (1.2.7(a)),

there is y € D;((bQ, ...yb ) so that z € D;((bl,y». From the induction hypothesis and
the case n = 2, we get, respectively
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Vb, A...AVb < Vy < (Vb,A...AVDb JVAbNV...VAD ,

Vbl/\ Vy <Vz < (Vbl/\ Vy) \/Abl\/ Ay,
and
Vb, A AV A (AbV...VADL )< Ay < AbV...VAD

Vb AVyA (Ab vV Ay) < Az < Ab VAy.
Putting these inequalities together easily yields the desired conclusion.

(B.2) = (B.1). Assume the inequalities (2.a) and (2.b) of the statement. In order to check
that = € D;(( by,--.,b_)) via the inductive deﬁnition of D!, we set:

(1) t=(Va?A=Vb)) V (z A= Ab)) /\ vb) A\ b))l
i=2
First we prove:
Claim. Vz?A-Vb < VazA-Vb < \/Ab,.
i=2
Proof of Claim. The left inequality follows from V? = V(z A —2z) < Vz. For the other, from
the right-hand side inequality in asurnptlon (2 a) we get:
Vo A=Vb, < ~Vb A /\ Vb,) \/ Ab)]
i=1
= [(=Vb, AVD)A /\ VbV (~Vb, AAD )V \/(=Vb, A ADb) =
=2 =2

(ﬁVb N AD,) \/ Ab,

||<:

(here we use that —Vb, /\Ab < —Vb, /\Vb =1,as Ab, < Vb , and Ab, Vb, are Boolean
elements).

Next, we explicitly compute V¢ and At. Applying the operator V on both sides of ({1) and
recalling that V is a lattice homomorphism which is the identity on Boolean elements (IV.1.4),
that Vz, Az and their negations are Boolean, and using Vz? < Vz and —|Vbl < -Ab 1 we
obtain:

(I) Vt=(Va?A=Vb,)V (Vo A-Ab) /\ Vb,) \/ Vb,)] = (Vo A= Ab,) v/\ Vb;
=2
thus, Vt > /\;QVbi. On the other hand, as in the proof of the Claim, we get:

VaA-Ab, < (=AbAVD /\/\Vb V(2 Ab A Ab) V[ (= Ab, A AD))

=2
< /\ Vb,) \/ Ab,)
which, together with (I), clearly 1mphes Vt <( /\ Vb,) (\/é_2AbZ.).

Next, applying A on the equality (f7) deﬁmng t, we obtain:
(II) At = (V2?A=Vb))V (Az A= Ab)) /\ vb) A (\/ Ab)].

n n n
> i i <
Hence, At > (/\i:2Vbi) /\(\/ingbi)‘ For the inequality At < \/i:2nAbi’ observe that the
last disjunct in (IT) and, by the Claim, also the first disjunct, are < \/ 2Abi; the inequality
e

Ax < \/n 1Abi (assumption (2.b)) obviously implies that the middle term in (II) is < \/n 2Abi
1= 1=
as well.
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By induction hypothesis, the foregoing bounds on At and Vt imply t € D;(( by, ....b, )).

To complete the proof we must show that = € D! (b t). The simplest way of doing this is
by truth-table checking the definition of transversal representation, i.e., showing that, for all
characters h: P— 3,

h(x) € {L,T} = h(z) = h(b,) or h(z) = h(t), and h(z)=0 = h(b) = —h(t).
— Let h(z) = L. Then, h(Vz?) = L, and (1) yields h(t /\ Vh(b \/ h(b

Now, we argue according to the values of h(b ). If h(b;) = L, then h(x) = h(bl). If h(b 1) #1,
then VA(b,) = T. Since /\:Vbi < Vz (2.), and h(Vz) = L, we get h(t) = /\’LQVh(bi) =
1, and then h(t) = L = h(z).

— If h(z) = T, since h(Va?) = 1, (1) yieldS'
h(t) = = Ah(b, /\Vh /\(\/ h(b,))]
=2

Arguing again according to the values of h( , we have: if h(b)) = T, then h(xz) = h(b,);

otherwise, Ah(b,) = L, whence h(t) = 1(a;)
— Finally, if h(x) =0, then h(Va2?) = T, and
h(t) = =Vh(b,)V (0 A= Ah(b /\ Vh(b \7 h(b,))]-
If h(b,) = L, then ﬁVh(b ) =T, and h( )=T = —h(bl). If hl(z) = T, then —Vh(b,) =
~ Ah(b,) = L, and h(t /\ Vh(b \/ h(b.)). Since (/\LIVI)Z.)/\(\/LIAI)Z.) < Az

(cf. (2.b)), and h(Ax) =1, we get /\iZQVh bi) = r, and hence h(t) = L = —h(b,).
If h(b,) =0, then =Vh(b )= L1, =Ah(b)=T, and

VICA Vo)A 1))
1=2 =2

We prove that the last term of this disjunction is < 0. Otherwise it equals T, which implies

/\ = \/,n_Qh(bi) = T, and hence also VizAh(bi) = T. Since Vh(b)) =T, we get
T= /\ \/n Ah(b.)) < Ah(z) = L, a contradiction. It follows that h(t) = 0=
—h(b,), completrng the proof of Theorem IV.5.1. O

Theorem IV.5.1 shows a remarkable symmetry of the intervals involved in the formulas for
D, and D;. If a RS, G, is identified with its image via ¢, inside its Post hull P, it shows,
in particular, that for every form ¥ over G,

G

— D (¥) is included in an interval of the lattice P;

— DtG(SO) is included in the intersection of the inverse image of two intervals of P, by the
(monotone) operators V and A.

In either case the endpoints of the relevant intervals are Post-algebraic functions of the entries
of the given form ¢.

Theorem IV.5.1 yields precise information concerning the value sets of forms, also over
arbitrary real semigroups. First we state some general corollaries and deal later on with the
case of Pfister forms.
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Proposition IV.5.2 Let P be a Post algebra, let x,b,,...,b € P and let ¥ := (b, b, ).
Then:

(1) D,(¥) is a sublattice of P containing c.

(2) D;(%O) is a sublattice of P closed under A and V. It may not contain either 0,1 or —1.
However,

(3) If any two of 0,1, —1 are transversally represented by ¥, then the third is also transversally
represented, and D;)(SO) =p.3

In case 1 (or —1) is represented or transversally represented by ¥, the conditions in Theorem
1V.5.1 take a simpler form and give further information; namely:

(4) 9) If 1 € Dy(%¥), then x € D, () & 2 <c AV, b,

it) If 1 € Dy (¥), then x € Dy (¥) & Va < /[ Ab,.
Hence,

iii) If 1 € Dy(¥) (resp., 1 € D]';(SO)), then Dy (¥) (resp., D]';(SO)) is a lattice ideal; in
particular, D, (%) is closed under A.
(5) i) If =1 € D,(¥), then x € D <:>c/\/\
Hence,

ii) If =1 € DL(¥), then @ € DL (¥ <:>/\ Vb, < Az

iii) If =1 € D,(¥) (resp., —1 € DIZ( ), then D, (#) (resp., D;(‘P)) is a lattice filter; in
particular, D, (%) is closed under V.

Proof. (1) Straightforward verification shows that conditions (A.2) and (B.2 (a,b)) in Theorem
IV.5.1 are preserved under A and V. The case of transversal representation uses the fact
(Proposition IV.1.4 (¢)) that A and V are lattice endomorphisms of P.

(2) Items (d) and (e) in IV.1.4 imply that all the inequalities in IV.5.1 (B.2) are preserved under
A and V.

For the remaining assertions we shall need:
Claim. (I) -1 € D.(¥)) & \/ Ab =
(I) 1€ DL(y @/\ Vb_l
t n . n n .
(ITT) 0 € DL /\ Vb,) \/izlAbi) =1 and ( /\izlvz)i) Vv (\/izlAbi) =—

Proof of Claim. (I) By IV.5.1(B.2 (b)), —1 € DJZ(CP)) implies A(—1) = —1 < \/Abi =—1.
=1

n
Conversely, if \/ Ab, = —1, both inequalities in the right-hand side of (B.2(a,b)) hold for

=1
x = —1; since A(—1) = V(—1) = —1, the left hand side ones trivially hold.

IT) Proof similar to that in (I).

(
(III) The implication (=) comes from items (B.2(a,b)) in IV.5.1, as A0 =1 and V0 = —
(

) The inequalities in the right-hand side of (III) entail that the right-hand side inequality
n (B.2(a)) and the left one in (B.2 (b)) hold with x = 0. The remaining inequalities in (B.2)
come from A0 =1 and VO = —1.

t : : " _ " —
Proof of (3). If 1,—1 € DP(SO)), items (I) and (II) give \/i:1Abi = —1 and /\i:1Vbi =

3 Te., the form ¥ is universal. Note that the statement is about transversal representation.
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implying that the right-hand side of (III) holds, whence 0 € DItD(SO)).
If0,-1 € D;(‘P)), then (I) and the first inequality in (III) yield /\n 1Vbl. =1,1ie,1€
1=
t
D (%#).
Similar argument in the case 0,1 € DI';(SO)

).
Concerning universality, the equivalences (I) and (II) entail that all ineqiualities in (B.2 (a))
and (B.2 (b)) hold for any x € P, i.e., x € DItD(SO).

The proof of (5) is similar, using item (I) in the Claim. O
Preceding Prop. added February 2014.

As an illustration we give a Post-algebraic proof of the following result, (already) used many
times in this text.

Corollary IV.5.3 Let G be a RS. Then:
(¢) ([M], Prop. 6.1.5). For all a,b € G there is a unique x such that Dg(a2,b2) = {x} and
x = 2. The same holds for Dtc(<af b ,ai)) (a; € G).
(i) For all a,b,d € G there is a unique y such that Dg(an, b2d) = {y} and y = y?d. The
same holds for Dg((ﬁd,...,aid)) (a, € G).
Proof. We only prove (ii) for binary forms. If y € D"/G(azd7 b%d), Proposition 1.2.3(4) gives
y = d*y = y2d.

For uniqueness we show that y € Dg(an, b%d) implies Ay = Aa?d vV Ab*’d and Vy =

Va?d Vv Vb?d, which then follows from Proposition IV.1.4 (h). The asserted identities are con-
sequences of:

Fact IV.5.4 For z,y € P (P a Post algebra),

(i) Ax?y = AyA-Va?; (ii) Va’y = VyVv Va2

Proof. Since in a Post algebra product (as RS) is symmetric difference, we have z?y =
(22 A=y) V (y A—2?). Hence,

Az?y = (Az? NA-y) V (Ay AA-22) = Ay A=Va?,
as Az? = L (cf. IV.1.2(b)), and A-2? = =Vz?. Also,
Valy = (Va2 AV-y) vV (VyAV-2?) = (V22 A= Ay) vV Vy = Va2 v Vy,
since Va2 =-A2?2 =T and ~AyVVy>-AyVvAy=T. O

To finish the proof of Corollary IV.5.3, the Fact implies Aa?d = Ad A=Va? < Ad < Vd <
Vd Vv Vb? = Vb2d; hence, Aa?d v Ab’d < Vb?d A Va?d. By (2.a) of Theorem IV.5.1, we have:

Va?d ANVb2d < Vy < (Va?d AVb2d) vV Aa?d v Ab%d = Va?d A\ Vb2d,
i.e., Vy = Va%d A Vb2d. Ttem (2.b) of the same theorem gives:
(Va2d AVB2d) A (Aa?d v Ab%d) = Aa?d vV Ab*d < Ay < Aa?d v Ab?d,
i.e., Ay = Aa%d v Ab%d, as required. a

Omit next two corollaries?.

It also follows from Theorem IV.5.1 that the value set and the transversal value set of an
arbitrary form with entries in a Post algebra contain the same Boolean elements (recall an
element z is Boolean if Vo = Az = z).
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Corollary IV.5.5 Let P be a Post algebra, B(P) be the set of its Boolean elements, and let
x,b ...,bnEP. Then,

by,
x € B(P) N Dy((by.....b)) = x€DL((b,....b))

Proof. The assumption and IV.5.1(1) give
bl/\ AN ANe <z <bV...VbVec.
n 1 n

Applying the operators V and A on these inequalities, and recalling that they are lattice
homomorphisms such that Ve =T and Ac = 1, gives

AN Vb <Ve<T and  L<Ar<)\/' Ab,
=1 g =1 ?
whence (using Vo = Az = x),

Vb <Va=Az<\/_ Ab < ( /\z_ Vb,) (\/izlAbi), and

( ;V’%) A (\/izlAbi) < /\,-le’i <Vz=Az< \/;Abi.

By Theorem IV.5.1(2) this establishes the desired conclusion. 0
For arbitrary RSs this yields:

Corollary IV.5.6 Let G be a RS and let x be an invertible element of G. If ¥ is either a
binary form or the multiple of a Pfister form with (arbitrary) entries in G, we have

z€D(P) = z€ Dé(@).

Proof. This follows from the previous corollary and the fact that both representation and
transversal representation are reflected from P, down to G for forms of the stated type
(Corollary 1V.4.7(3)), upon observing that z is invertible in G (i.e., 2 = 1) if and only if
€ G(:c) is a Boolean element of P.; the reader can easily verify this assertion. O

Now we turn to the characterization of representation and transversal representation by
Pfister forms in arbitrary real semigroups.

Theorem IV.5.7 Let G be a RS, let z,a,...,a € G, and let ¥ = ((al,...,an>> =
&Qi=i(l,a,). Then:

(1) zeD,(¥) & e,z <\/Z gla) Ve (inPy).

(2) zeDL(¥) & () < A(ey(a)) (inPy).

=1

Proof. By Corollary IV.4.7(3) we may assume without loss of generality that G is a Post

algebra —which we call P—, and omit ¢, in the right-hand side of the statement.

Let C denote the set of entries of ¢, i.e., C consists of 1 and all products [/~

v, al", with
1, € {0,1}, and 3° =1, y' = y. By Theorem IV.5.1 we have:

(1) a:GD @c/\/\ nggg\/\/becb, and

/ t
(2) zeDL(¥) & /\beCVb < Vi < ( /\beCVb) v(\/bec Ab), and

( beCVb)/\(\/beO Ab) < Az < \/bEC Ab.
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Now observe:

— 1 € C implies /\be b = e CVb: 1=1;
. . n . . . .
—zay < xzVy implies [[;_, am < \/ 1a:’2 < \/ L% and similarly with a replaced with
- 1= 1=
Aa..
7

Hence, the right-hand sides of (1’) and (2’) boil down to

(*) J_<:U<c\/\/ and J_SA:J:,VQJS\/iIAai,

117'

respectively. The first of these inequalities proves (1). As for (2) we observe that the last
inequality in (*) is equivalent to

(%) z < \/711 Aa..

In fact, (*) = (**) since = < Vz. Conversely, applying successively the operators A and V
to (**) and using Proposition IV.1.4(c)-(e), we get the last inequality in (*). O

Next Prop. added Feb. 2014 (improvement from previous versions).

Proposition IV.5.8 Let G be a RS, and let ¢ = ((a
Then,

1,...,an)> be a Pfister form over G.

(1) D,(¥) and DtG(SD) are subsemigroups, downwards closed under the representation partial
order of G. Further,
t ¢ _
(2) 0€ DG(SO) = DG(SO) =G.
(3) If -1€ Dp ((ay,...,a )), then the Pfister form ¢ is universal in G.
G

Further, we get an alternative proof of the separation property for Pfister forms (Corollary
L5.7): fora€ G,
(4) (i) a € D (P) & Forallh € X, h(a) € Dy(h* ).

(i1) a € Dé(‘/?) & Forallh € X, h(a) € D;(h * P).
Proof. (1) Multiplicativity follows from Theorem IV.5.7 (1,2) (for D and D!, respectively),
since e, (zy) =e,(x) be,(y) e (x) Ve, (y) (in Pp). As for the second assertion, if z,y € G

and z <y, then e,(z) < e,(y) (in P,), and the conclusion follows, again, using IV.5.7 (1)
for D, and IV.5.7(2), for Dt.

(2) Since both 0,1 are transversally represented by ¥ in P, Proposition IV.5.2 (3) implies that
¢ iss universal in P. Since ¥ is Pfister and has entries in G, by Corollary IV.4.7 universality
is reflected from P, down to G.

Let ¢ := (a,...,a ). Up to a permutation of entries, ¥ can be written as ¢& 6 for some form

¢ over G; hence, D, (¢) C D,(¥), and the same inclusion holds in P,. From 1.2.8(3) we get

—-leDp (—1)%¢) = Dp, (#). By (1), Dp (¥) = P, and, by Corollary IV.4.7, ¥ is universal
G G G

in G.

(i) The implication (=) is clear (any h € X, is a RS-morphism).

(<) Assume a ¢ Dg(‘P). By IV.6.5(1), in P, we have ¢ ,(a) £ \/ ¢s(a,) Ve By Proposition
IV.2.5 (i) there is a PA-character o of P, such that (1n 3) o(e (a)) (\/jzlf-:@(ai)) =
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\/n o(eg(a;)) VO (o is a lattice homomorphism). Since 3 itself is a PA, IV.6.5(1) gives
(=1=)(ocoe,)(a) € Dy((0oe,)*¥P);but coe, € X,

i=1
(ii) follows from IV.6.5(2) by an argument similar to that proving (4.1). 0

Remark. Item (3) fails with —1 replaced by 0: 0 € DtPG(<O>) but D ({(0))) = {1}.

Next we deal with representation by multiples of Pfister forms.

Theorem IV.5.9 Let G be a RS, z,b,a,,...,a € G, andlet ¥ =((a,,...,a_)). Then,

100

(1) z€D,(b¥) & z= b’z and (in P.) e (bx) <cV \/;:186‘(&1)‘
(2) w€DL(b¥) « x="ba and (in P,) £, (bx) < eG(bQ)\/\/inzlA(eG(ai)).

Proof. (1) is just a restatement of Remark I'V.4.6 (ii) using the characterization of the elements
represented by Pfister forms in Theorem IV.5.7 (1) (one can also give a proof involving only
Post algebra operations). Unfortunately, we can only offer a long proof for item (2).

(2) As in IV.4.6 (ii), we have:
x € Dg(b ¢) & x =0’z and br € Dg(b290).
Then, we must prove:
bz € DL(*¢) & (in Py) e (bx) < e, (b?) v\/i:1 Ale,(a,)).

By Corollary 1V.4.7 (3) we may assume that G (= P) is a Post algebra, and hence omit
reference to ¢ G Thus, the preceding equivalence boils down to proving that

(i) With C' denoting the set of coefficients of ¢,
2 2 2
1) /\z€CVb z < Vbz < (/\ZGCVb Z)v(\/zec Ab%z), and

2 2 2
D (A Vo)A AV2) < Abe < \[_ APz,
is equivalent to
(ii) bx < b2V \/j:1 Aa,.

Proving this equivalence will require to compute explicitly the quantities occurring in (I)
and (II). In order to achieve this we first prove:

Lemma IV.5.10 Let P be a Post algebra, and let b,x,y € P. Recall that c denotes the center
of P. Then, we have:

(i) (xVy)=bavody; (i) B(zAy) =bxAby; (i) B <c;  (iv) Pe=c;
(v) b < bax; (vi) bx <y = bxr < by; (vii) VBN AW’z = 1;
(viii) VbV Ab%x = VbV Vu; (ix) Vb? < Vbz.

Proof. (i) is the distributivity of symmetric difference over join, familiar from Boolean algebras.
(ii) - (vi) are proved by truth-table checking (see IV.2.6); as an illustration we prove (vi). Given
a character h, if h(b) # 0, then h(b?) = 1, and from the assumption we get h(b)h(x) < h(y) =
h(b?)h(y); if h(b) = 0, the inequality to be checked holds trivially.
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Item (ix) follows by applying V to (v). Items (vii) and (viii) follow from the first identity
in Fact IV.5.4 by trivial manipulations, using that elements of the form Vz are Boolean. O

Returning to the proof of Theorem IV.5.9, since 1 € C, from IV.5.10 (ii) we get:
2, _ 2.\ 2 _ up2
/\zecvz) z=V( /\Zecb z) = V(b /\zec’") Vb2,

Note also that 260622 =b%. \/Zecz =b2. \/izlai (IV.5.10 (i)). Using the identity Ab?z =
Az A=Vb? (IV.5.4(i)), we obtain:

(%) VA= A\ _ b%2) = A@?- \/;ai) = VB2 A \/;Aai .

Substituting (*) and (**), the inequalities (I) and (II) get, respectively, reduced to:
(I') Vb < Vbz < VBV (ﬁVbQ/\\/ Vb2v\/ Aa;, and

Ir) L < Abz < ﬁVbZA\/izlAai.

Since the left inequality in (I') is valid (IV.5.10 (ix)), (I') and (II') boil down to their right-hand
side inequalities. Now we prove:
(ii) = (i). Applying the (monotonous) operator V to (ii) and using IV.1.4 (e), gives (I). Next,
apply the operator A to (ii) and use Ab? = L to get Abxr < \/,_lAai . From Vb? < Vb(—x)
(IV.5.10 (ix)) we get Abx < =Vb?, which proves (IT').
(i) = (ii). It suffices to show that the right-hand side inequalities in (I') and (II') imply (ii).
Using the identity z = (cAVz)VAz (IV.1.4(i)), (I') and (IT') yield:
(I11) br = (c AVbx)V Abr < [c A (VH?V \/ilAai)] V (=VBEA \/T»L,IA%)

= AV V(e Aa)v (VAN Aa).
Note that Ab?> = L implies b> = ¢ A Vb?, and that axiom [L3 (ii)] (IV.1.1) yields b?V ~Vb? =
b? Vb2, Substituting these identities in the last term of (IIT) and distributing, we obtain:
(IV) br < [b2V (c A \/ Aa, v\/ Aa,] ﬂvzﬂ V(e /\\/jzlAai)]

b2\/\/ Aa [bz\/ b2 c/\\/ Aa,)
Kleene’s inequality IV.1.2 (b) implies ¢ < b* V =b?; thus, (IV) yields:

2 " 2 2Y 12\ (2 " 2 "
be < (b \/\/izlAai)/\(b V=b?) =02V (=b /\\/izlAai) <b \/\/izlAai,

as required. This completes the proof of Theorem IV.5.9. a

As a corollary to Theorem IV.5.9 we obtain some properties of the value sets of Pfister
forms and their multiples in RSs that are weak versions of results well known in the context of
fields and reduced special groups.

Corollary IV.5.11 Let G be a RS, b,a ,...,a € G, andlet ¥ = ((a,,...,a_)). Then,
(1) be D (¥) = D, (b¥) =D () N{zeCG|z= b2z},
(2) be DE(SO) and x € Dtc(bSO) = x € DE(SO).
(3) be DtG(SD) = DtG,(bCP) =b ~DtG,(90) = DE(S@) N {x € G|z = b2x}.
The separation properties of IV.5.8(4) also hold for multiples of Pfister forms:
(4) (i) a € D,(b¥) & Forall h € X, h(a) € Dg(h(b) - (hx¥)).
(i1) a € Dé(b ©) < Forallh € X, h(a) € D;(h(b) ~(h*¥)).
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Proof. (1) Note that D(b¥) = b - D(¥) holds for arbitrary forms ¥ (this follows easily from
Proposition 1.2.8 (2)—(4)). Let b € D(¥); since D,(¥) is a subsemigroup of G, D,(b¥) =

2 . o .
b-D,(P)CD,(¥). If z € D, (¥), then bx € D,(¥), and bz € D,(b®¥). If in addition
T = b’z, we get x € D, (b%).

n .
(2) Let b € DL (9); by IV.5.7(2), e, (b) < \/izlAec(ai), in P_. Note that e,(b?) < e,(b).
By IV.5.9(2), = € Dé(bs@) implies = bz and eq(br) < eG(b2) \/\/izlAsG(ai). Hence,
eqlbz) < \/izlAz—:G(ai), and we get bx € DE(SO). Since DE(SO) is closed under multiplication,
r=0b’z € DE(SO).

(3) The inclusion b - Dg(lb) ng(b ¥) holds for arbitrary ¥ (1.2.8(2)). Conversely, if = €
Dg(b@), then x = b’z and bx € DtG(SD); hence, = = b(bz) € b - DtG(SO). For the second
equality, item (2) gives the inclusion D, (b®)C D, (¥) N {z € G|z = b*r}. For the converse,
if 2 =0%z and x € DtGCP), we get br € DtG(SO), as Dg(%f’) is multiplicatively closed; hence,
x = b(bx) Gb-DtGGP). 0

(4) (i) For the non-trivial implication (<), assuming a ¢ D,(b¥), IV.5.7 (1) implies a # b’a
or, that in P, we have £,(ba) % \/jzleG(ai)\/ c. Since X, separates points, if the first
alternative holds, there is h € X, so that h(a) # h(b)?h(a), and 1V.5.7 (1) applied in 3 yields
h(a) & D?f(h(b) - (h % ¥)). If a = b%a and the second alternative holds, by IV.2.5 (i) there is a

PA-character o such that (in 3) o(e,(ba)) > U(\/izlsG(ai) Ve) = \/izlo(eG(ai)) V0. From
IV.5.7(1) applied in the PA 3, we get (0 o¢,)(a) € Dy((00e,) * ¥), withooe, € X ..

(ii) is proved by a similar argument, using IV.5.7 (2) instead. O

IV.6 Some model theory of Post algebras

In this section we prove some model-theoretic properties of Post algebras. Proposition IV.6.1 —
an immediate consequence of the characterization of RS-Post algebras in Theorem IV.3.2 (4)—
shows that these structures admit a first-order universal /positive-primitive axiomatisation in
the language L for real semigroups. This automatically yields a number of presevation results
for Post algebras under certain algebraic constructions (Proposition IV.6.3), as well as the fact
that the canonical embedding of a real semigroup, G, into its Post-hull is not pure unless G
itself is a Post algebra (Proposition IV.6.5). The remainder of the section is devoted to show
that, conversely, any RS-embedding of Post algebras is pure (Theorem IV.6.6). O

Proposition IV.6.1 (Axioms for RS-Post algebras) The class of RS-Post algebras is axiom-
atized in the first-order language ERS for real semigroups by the following sentence, together
with the axioms for RSs:

[RS-PA]  Vz3yzw [y € D'(1,—2*) Azwy =0Az € D'(2?, —z) Aw € D' (2®, 2) Azw =0]. O

Remark IV.6.2 Manifestly, axiom [RS-PA] is of the form Vz(z), where ¢ is a positive-
primitive ,CRS—formula7 i.e., a formula of the form 3v0(z,v), with € a conjunction of atomic

Lgformulas.  We shall refer to the formula ¢ as the positive-primitive matrix of the
formula in [RS-PA]. O

The logical form of the axioms above yields:
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Proposition IV.6.3 (1) The class of RS-Post algebras is closed under the following construc-
tions :

— Inductive limits (colimits) over a right-directed index set.
— Reduced products* (in particular, arbitrary products).
Further,

(2) Let f : G— H be a surjective RS-homomorphism, where G, H are RSs. If G is a RS-Post
algebra, so is H.

In particular,

(3) Any quotient G/= of a RS-Post algebra, modulo a RS-congruence = (II.2.1) is a RS-Post
algebra.

Hence,

(4) Quotients of RS-Post algebras modulo saturated sets (I1.3.B) are RS-Post algebras.
Proof. (1) Closure under inductive limits and reduced products is known to hold for classes of
structures (in an arbitrary language) axiomatized by first-order sentences of the form

Yo ($, —¥,), where ¥ , ¢, are positive-primitive formulas (cf. [DM6], Appendix A, Thms.
A5, A7 OJO! Correct this ref.). The axioms for RSs and axiom [RS-PA] are of this form.

(2) We check that, for arbitrary structures 2(, B with language L, say, if f : A— B is a

surjective L-morphism, 0 is an L-sentence of the form 6 : Vo T /\ ¥;(v,T), with the ¥; atomic
(2
L-formulas, and 2 |= 6, then B = 6.

This is routine model-theoretic verification: Let b € 98, and let @ be a tuple in 2 such that
f(@) =b. Since 2 = 0 there is a’ € A so that A = /\ $ila,a’]. Since the ¥; are atomic and f
(3

is a L-morphism, B = ¥;[f(@), f(a’)] holds for all i, whence B = 3z /\ ©;[b, 7). Since b is an
arbitrary tuple in 8 we have proved B = 6.

(3) is a particular instance of (2) with f = 7, the canonical quotient map G — G/= given by
Definition I1.2.1, and (4) is a particular case of (3), cf. 11.3. O

Remark. Note that item (4) of this Proposition applies, in particular, to the various types of
quotients treated in §I1.3: quotients modulo saturated subsemigroups, quotients modulo tran-

versally saturated subsemigroups, localizations and residue spaces at saturated prime ideals.
O

Recall from Corollary 1V.4.7 (3) that the Post-hull embedding e G—P, ofaRSisa
complete embedding. Using the axiomatization of RS-Post algebras given in Proposition IV.6.1
we show in Proposition IV.6.5 that, in general, this embedding does not have the stronger
property of purity.

Definition IV.6.4 A RS-homomorphism?® f : G — H is a pure embedding if and only if
it reflects positive-primitive (equivalently, positive-existential ) L g-formulas from H down to
G : for every such formula ‘P(vl, e ,vn) on n variables, and alla ,...,a € G,

H = ¢f(a),....fla )] = GE¥la,...,a] 0

(The converse implication holds automatically because f is a RS-morphism.) For more details
on pure embeddings, see [DM1], Ch. 5, §3, pp. 91-92.

Proposition IV.6.5 Let G be a RS and P be a (RS-)Post algebra. Then,

1Cf. [CK], Def. 4.1.6 and §6.2, or [H], §9.4.
5This notion applies, mutatis mutandis, to morphisms of arbitrary first-order structures.
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(1) If f : G— P is a pure embedding of RSs, then G is a Post algebra.
In particular,

(2) The canonical Post-hull embedding e+ G — P, is not pure unless G itself is a Post

algebra. In the latter case, €., is an isomorphism of G onto P..

G

Proof. (1) Assume G is not a Post algebra. Since G is supposed to be a RS, then G [~ [RS-PA],
and there is a € G such that G = —[a], where v is the positive-primitive matrix of axiom
[RS-PA]. Since P |= [RS-PA], we have P = ¢[f(a)], implying that f is not pure, contradiction.

2) follows from (1 = ¢_,). The last assertion in (2) is proven by chasing the commutative
G
square in IV.4.2 (ii) with the appropriate entries. O

Next we establish the converse to item (1) in the preceding Proposition, namely :

Theorem IV.6.6 Let P, P, be Post algebras. Any injective RS- (equivalently, PA-) morphism
h : P — P, is a pure embedding (for both the languages of real semigroups and of Post
algebras).

Remark. A similar result for reduced special groups and Boolean algebras was proved in
[DM4], Cor. 2.2(c), p. 951. The proof below follows the same line of argument, replacing the
Stone representation theorem for BAs by the constructions explained in Theorem 1V.1.6. O

The proof will require some

Preliminaries and Notation IV.6.7 (1) Recall from the Representation Theorem IV.1.7 (ii)
that any Post algebra, P, is isomorphic to C(X pi 3), where X p 18 the character space of P.

(2) Let L be a first-order language, let 9t be a L-structure, and let X be a Boolean space. I
is endowed with the discrete topology; C(X, ) is the set of continuous (i.e., locally constant)
functions of X into 9. The sets C(X,M) and 9MMX are L-structures by pointwise defining
the operations and relations of L, and the denotation of any constant ¢ of L as the function
with constant value ¢™. C(X,9) is embedded in 91X by sending each f € C(X,M) to its
underlying (set-) function, i.e., “forgetting” continuity. We denote this L-embedding by 7.
Then, the following holds:

Proposition A. ([DM4], Prop. 2.1, pp. 950-951) The embedding ~ : C(X, M) — MY is exis-
tentially closed, i.e., it reflects the validity of existential L-sentences (not necessarily positive )
with parameters in C(X, M), from M down to C(X,M). O

Note that no restrictions are imposed on the cardinality of 9t. We shall use this result
when 9 is the real semigroup (and Post algebra) 3. Note that both C(X,3) and 3% have the
structure of a RS and of a PA (by the Representation Theorem IV.1.7 (i) and the fact that the
class of PAs is closed under arbitrary products).

(3) We shall also need the following known result from the theory of Post algebras:

Proposition B. ([BD], Thm. X.3.4, p. 196) A Post algebra is injective iff the Boolean algebra
B(P) of Boolean elements of P (IV.1.5) is complete. In particular, (since B(3%) = 2%X), the
Post algebras 3% are injective. a

Proof of Theorem IV.6.6. By IV.2.11, RS-morphisms of Post algebras are the same as PA-
morphisms. We do the proof for PA-morphisms.

The result will be a consequence of the following facts, proved below :

155



(i) The map h induces by composition a continuous surjection h* : X, — X : for y € X,
(i.e., y: P,— 3 a PA character), h*(y):=yohe€ X,.
(

ii) In turn, h* induces, again by composition, an injective PA homomorphism h: 3% 3%,
for f: X, —3, h(f):= foh* € 3%,

(iii) The diagram

71l [D] l”’z

3N 3%
D
of Post-algebra homomorphisms, commutes.

Using (i) — (iii), the theorem is proved as follows. Since R is an injective PA homomorphism
((ii)) and 3% is an injective PA (Proposition B in IV.6.7(3)), there is a PA homomorphism
g : 3%2 — 3%1 such that g o h=id (on 3X1), i.e, g is a retract of E; in particular, his pure.
Since the embeddings 7, (1 = 1,2) are pure (Proposition A in IV.6.7 (2)), commutativity of the
diagram in (iii) yields at once that h is pure.

Now we prove statements (i) — (iii).

Proof of (i). Continuity. The subbasic clopens for the constructible topology on X (i = 1,2)
are the sets of the form [a = j]| = {z € X, |z(a) = j}, with a € P, and j € 3. We have,

(h*)Hla=jll={y € X,|r*(y)(a) =j} ={y € X, | (yo h)(a) = j} =
={ye X, y(ha)) =j} = [ha)=jl,

proving that the inverse image of a subbasic clopen of X, under h* is subbasic clopen in X, .
Surjectivity. Let z € X, be a PA character. We must find y € X, so that h*(y) =yoh = .

Note that injectivity of h entails that h[z=1[T,c]] is a filter basis of P,. Otherwise, there
-1 . _ - e e
are b,...,b € x7'[T,c| such that h(b))A ... Ah(b ) =h(byA... Ab )= L, and injectivity
of hyields L=b A...\b € 71T, c], contradiction.

Let P C P, be a maximal filter containing h[z~[T,c]]; then, h=1[P] 2 2~ ![T,c] and, by the
maximality of the latter (IV.1.6 (4)), these sets are equal. If Q is the minimal filter of P, under
P (see IV.1.6(2),(4)), then h='[Q] = 2~ ![T]. By IV.1.6 (5) there is a PA-character y : P, — 3
such that y~![T,c] = P and y~![T] = Q. Hence, h™ [y~ ![T,c]] = h~}[P] = 2 ![T,c] and
R~y T]] = h=YQ] = 2~ ![T]. This clearly entails y o h = z.

Proof of (ii). Injectivity is routine checking using the surjectivity of h*. That h is a Post-

algebra homomorphism follows from /t\he pointwise definition of the operations in 3X. To
illustrate the argument we check that h preserves the nabla operator, i.e., for f € 3X1,

(*) RV, f) = V,((f)),

where V. denotes the nabla operator in 3% (i = 1,2). With V, denoting nabla in 3, the
pointwise definition of nabla gives, for z € X, :

WV, ) (@) = (Y, f) o *)(@) = (V, ) (¥ (x) = V,(f (h*(2))), and
(Vy (R () = (Vy(f o 1)) = V,((f o h*)(@)) = V,(f(h*(2))),

establishing (*). The remaining verifications are left to the reader.
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Proof of (iii). Since the only effect of the maps 7, is to forget continuity of the functions in
C(X,,3), we may safely omit them from the notation, and prove:

(I) h(z) =h(z) forallz € P,.

By the Representation Theorem IV.1.7 (ii), the isomorphism between P and C(X,3) is given

by evaluation :
z€P — evy €C(X,,3).

Hence, for z € P and § € X, (ie., 0: P,— 3 aPA character), we have:
(I1) h(x)(0) = €V 0y (6) = 0(h(x)) = evy(d o h).

Likewise, for f € 3% (i.e., any map f : X, — 3), we have, for § € X,

(I A(f)(8) = (f o h*)(8) = F(h*(8) = f(5oh) = ev (5o h).

In particular, when f =z € P, = C(X,,3), (II) and (III) prove that diagram [D] commutes,
completing the proof of Theorem IV.6.6. a

In the reverse direction to IV.6.5, Theorem 1V.6.6 yields:

Corollary IV.6.8 Any injective RS-morphism from a Post algebra into a real semigroup is a
pure embedding (and hence, by Remark IV.7.5(it), also a complete embedding). In particular,
the canonical embedding of 3 into any real semigroup is pure (and complete).

Proof. Let f: P— H be an injective RS-morphism from the Post algebra P into the RS H.
In the commutative diagram

P

P

(see IV42(ii)) we have P, = P and ¢, = id, (IV.4.2(iv)), whence ¢,, o f = P(f). Let
80(1)1, e ) be a positive- ex1stentlal .C formula, and let a,,...,a, € P be such that H |=

- > H

Nt
(@)
T

Py A

elf(a ), oy fla )] Since €, preserves positive—existential formulas, €, o f = P(f) yields
P, |: eIP(f)(a,),--., P(f)(a,)], wherefrom follows P = ¥[a,,...,a ], as P(f) is pure by
Theorem IvV.6.7. O

IV.7 Rings and Post algebras

We now characterize the rings whose associated real semigroup is a Post algebra (IV.7.1), and
give concrete examples, notably a certain class of von Neumann-regular rings (Example IV.7.3).
We also prove (Theorem IV.7.4) that every Post algebra is “realized” by a ring, i.e., isomorphic
to the RS associated to some ring. a

Though proofs are done for the case of RSs of the form G, = G where A is a semi-real

A XA
ring, all relevant results in this section carry over to the more general case of RSs of the form
G AT where T is a preorder of A; their generalization is left as an exercise to the interested
reader.
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The next Proposition yields a pure ring- (and order-) theoretic characterization of those
rings A whose associated RS is a Post algebra.

Proposition IV.7.1 Let A be a semi-real ring. The following are equivalent:

(1) G, is a Post algebra.

(2) a) Any two real prime ideals of A are incomparable under inclusion.

b) For every real prime ideal P of A, the fraction field K, of A/P has a unique order.

Proof. To ease notation, write X = XGA( = Sper (4)).

(2) = (1). We check condition (2) of Theorem IV.3.2. Let hy,h,,h, € X be such that
hh,h, € X. With Z(h,) = {a € A|h(a) = 0}, Lemma I1.2.11(1) shows that there is
i € {1,2,3} so that Z(hj)gZ(hi) for all j € {1,2,3}. Since these are real prime ideals,

assumption (2.a) implies Z(h ) = Z(h,) = Z(h,) (= P, say).
We know that each h € X with Z(h) = P induces a total order of A/P, namely: «

h =
{a/P|h(a@) € {0,1}} (hence also one in K ). Assumption (2.b) implies, then, o, =a =
a, . Since h(a) =1 (resp., —1) iff a/P >0, 0 (resp., <ah0), equality of the orders a, entails

hy=hy=h,.

(1) = (2). Item (4) of Theorem IV.3.2 implies that the saturated prime ideals in any RS-Post
algebra are an antichain under inclusion. Indeed, assume that P C @ are saturated prime
ideals of a RS-Post algebra, G, and let x € Q \ P. By (4.i) in IV.3.2 there is y € D(t;(l, —z?%)

so that zy = 0. Then, xy € P and, since z &€ P, we get y € P C Q. We also have 1 € Dé(y,x2)
which, by saturatedness of @), yields 1 € (), contradiction.

In the case of a (semi-real) ring A, the saturated prime ideals of G ', are in a one-one,
inclusion-preserving correspondence with the real primes of A (cf. I1.1.9 and I1.1.10). Hence,
if G ', 1s a Post algebra, the real prime ideals of A also form an antichain for inclusion. This
proves (2.a).

As for condition (2.b), if P is a real prime ideal of A, by definition the quotient ring A/P
—and hence also K,— has at least one order. Further, we know that any order « of A/P
defines a character h  of G, by therule h (@) =sgn (a/P) =a(a) (a € A), and, furthermore,

a#B = h, #hy

Suppose now that «, 8 are total orders of some quotient ring A/P. Since Z (ha) =Z(h

g) =
P, we clearly have h2(@) = 1 if a ¢ P, and = 0 if a € P. Then hihﬁ = hg’ and the

characterization of Post algebras in IV.3.2(2) entails h = h 5 which in turn implies o = 5.0

Proposition IV.7.1 gives raise to some natural examples of rings whose associated RSs are
Post algebras.

Example IV.7.2 Let A =[], K, be a finite product of fields (i.e., A is a reduced semi-local
ring). Assume that at least one of the fields K, is formally real and that, whenever K, is
formally real, it has a unique order. Then, G ', Isa Post algebra.

Proof. It is well-known (or, otherwise, easily verified) that the prime ideals of A are all of
the form P, = K| x---x K, x {0} x K, x---x K (i €{l,...,n}). In particular, they
are maximal, and hence pairwise incomparable under inclusion. Thus, condition (2.a) in IV.7.1
is fulfilled. Since A/PZ = K, the real primes are those P, such that K is formally real.
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The assumption that at least one K, is formally real guarantees that A is semi-real, and the
assumption that the Ki’s are uniquely ordered whenever formally real ensures that condition
(2.b) in IV.7.1 holds. O

Generalizing this example, we have:

Example IV.7.3 Let A be a von Neumann-regular ring. If A is semi-real and all residue
fields of A modulo maximal ideals are uniquely ordered, then G ', 1s a Post algebra.

Note. (Commutative) von Neumann-regular rings ring!von Neumann-regularvon Neumann-
regular ring are those in which every principal ideal is generated by an idempotent. For
information concerning rings of this type, see [Pi] or [DM5].

Proof. All prime ideals in a von Neumann-regular ring are maximal. In particular, condition
(2.a) in IV.7.1 is automatically fulfilled, and Spec(A) is a Boolean space. In this case, the
stalk of the structure sheaf (or affine scheme) of A at a point P € Spec(A) is the field A/P.
As in the previous example, our assumptions have been made so as to guarantee that A is
semi-real and that condition (2.b) in Proposition IV.7.1 is fulfilled. So, G ', 1s, in fact, a Post
algebra. a

Comment. One may think, at first sight, that Post algebras have, in the context of real
semigroups (and rings), a behaviour similar to that of Boolean algebras in the context of
reduced special groups (and fields). Proposition IV.7.1 and the ensuing examples show that
this similarity is not quite complete. In fact, in [DM1], p. 59 and pp. 78 ff, it is shown that the
(formally real) fields K whose associated RSG, G, d(K ), is a Boolean algebra are exactly the
so-called SAP fields; these may have many orders. In contrast, Proposition IV.7.1 shows that
the situation is more restrictive in the context of RSs and rings. This different behaviour can
be traced to the fact that adding a zero to a Boolean algebra (viewed as a RSG) —as done in
1.2.2 (3)— does not produce a Post algebra (except in the case Z,). Indeed, a Boolean algebra,
B, is just the set of invertible elements of the Post hull of the real semigroup B* = B U {0}
obtained by adding a zero to B. a

A well-known result due to Craven (see [P], Thm. 6.9, pp. 97-98) says that every Boolean
algebra is isomorphic, as a special group, to the RSG of some field. Our next result establishes
a similar “realizability” result of Post algebras by rings.

Theorem IV.7.4 Let P be a Post algebra and let X , = X be its set of characters. Then P 1is
RS-isomorphic to the real semigroup of the ring C(X,7Z) of integer-valued continuous functions
on X (discrete topology in Z; pointwise operations). Further, the same result holds replacing
Z by any uniquely ordered field (endowed with the discrete topology).

Proof. By the Representation Theorem IV.1.7(ii), P = C(X,3); let A = C(X,Z). The
elements of A are locally constant functions; that is,

(*) f €A if there is a finite partition {U,,...,U, } of X into non-empty clopens, and

k
- C, €Z sothat f= it CiXUi’

where X is the characteristic function of U: for x € X,

1 ifzelU
XU(x)_{ 0 ifzgU.



Claim. A set IC A is a (proper) real prime ideal if and only if there is r, € X such that
I={f €Al f(z,)=0}.

[Recall that an ideal I is real iff for all a ,...,a € A, 370, a? € I implies a,...,a €1

Proof of Claim. («) Clearly, any set of the form {f € A| f(z,) =0} is a real prime ideal.

(=) Suppose first that Z(f) = f~1[0] = 0 for some f € I. Let f = Zle ¢ Xy, with the
clopens U, as in (*). Since X2 =X, and X U =0 for i # j, we have f? = Zle C?XUi.
Since the U s are non-empty and Z(fz) = @ we have ¢, #£0, i.e., c, 21, forall i =1,... k.

As the U.’s form a partition of X, Zz:l U, = =1, and we can write:

=1+ (@ -1)X,
with C? — 12> 0 for all ¢. Since [ is real, X2U =X, and C? — 1 is a sum of squares, f? € I
entails 1 € I, a contradiction. This shows that Z(f) # 0 for all f € I.
Consider the family {Z(f)|f € I} of non-empty closed subsets of X. Since ﬂn 1Z (f) =
1=
Z (Zi-“:l f;) for f,...,f € A, this family has the finite intersection property. By compactness
of X, ﬂfeIZ(f) # 0. If z is in this set, T C{f € A| f(z,) = 0}.

To prove the reverse inclusion, assume f(xo) = 0. Representing f in the form f =
Zle ¢, X, , as above, there is a unique index ¢ so that z, € U,; we may assume ¢ = 1. Then,
XUl( )=1and X, ( o) =0 for i€ {2,... k};inparticular, ¢, = 0. Since Xy XX\U =0€el

and I is prime, elther X el or X X\Us € I. If the latter held for some i > 2, the inclusion

ICc{feAlf(z,) =0} would lead to the contradiction z, € U; N X\ U,. Hence, X, €1 for
all i € {2,...,k}. We conclude that f = Zi:l ¢,X,; € I, proving the Claim. O

Remarks and Notation. (a) Clearly, two distinct points of X are separated by a function in
A. Hence, there is a unique point T, € X representing a real prime ideal in the form stated in
the Claim. For z € X we write I = {f € A| f(z) =0}.

(b) For x € X, A/I _~7 (as rings), via the map f +— f(z), f € A. In particular, A/I has
a unique order, and Sper (A) gets identified to the set of real prime ideals of A. Recall that,
for f € A, f:Sper(A)—3 denotes the map giving the sign of (the residue class of) f at
each element of the real spectrum (cf. 1.1.2 (e)).

(c¢) In the sequel of this proof Sper (A) is endowed with the constructible topology, having
a subbasis the sets [f = d] = {I_|sgn(f(x)) = d}, for f € A and § € {1,0,-1} = 3.

Obviously, the associated function f is continuous for this topology (3 discrete).

By the Duality Theorem L5.1, in order to prove that the real semigroup G, = G, ¢,

associated to the ring A (and its preorder Y A?) is isomorphic to the (RS associated to the)

Post algebra P = C(X,3), it suffices to show that their respective ARSs (Sper(4),G,) and

(X, P) are isomorphic as abstract real spectra, which we do next; c¢f. [ARS-mor]| in the proof
of Theorem 1.5.1.

Let 7: X — Sper (A4) denote the map 7(x) = I . By the discussion in Remark (b) and
the Claim above, 7 is surjective. We prove:

(1) 7 is continuous.
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Clear, because 7 ![[f = 6]] = {=|sgn(f(x)) =} is clopen, as f: X — Z is continuous.
From (1) we get:
(2) For f€ A, fore C(X,3)=P.
By [ARS-mor] (cf. 1.5.1), this shows that 7 is a morphism of ARSs.
(3) 7 is injective.
If x,y € X, x # vy, there is a clopen U so that x € U, y € X \ U, i.e., XU(x) =1, XU(y) =0;
since X, € A, we get X, € Iy \ I , whence, Iy #1I .
To complete the proof we must show that the map 7 : G A—>P induced by 7, i.e.,
7(f) = f o, is bijective.
(4) T is injective.
If f,g € A aresothat f # g, thereis z € X such that ?(Ix) #g(l),1e., f(r(2) # g(7(x)),
ie., 7(f) # 7(9).
(5) T is surjective.
Let a € P = C(X,3). For 0 € Im(a) C3, set U, = a~1[8], a non-empty clopen of X; the sets
{U,; |0 € Im(a)} partition X. Set f =3 scrma) 0- Xy, For @ € X we have:
fr(@) =6 < ?(Ix) =0 & sgn(f(z) =0 & 2zeU; & a(x) =4,
i.e., foT = a, as required.

The last assertion, i.e., that P is realized by any ring of the form C(X, F'), where F is a
uniquely ordered field endowed with the discrete topology, is proved by a slight variant of the
preceding argument; as follows. Note first that F' C C(X, F') (= A), via the constant functions.
Then, replace in the Claim the words “real prime ideal” by “prime ideal real over F”. An ideal
I CA is called real over F iff 1", ciaf €I, with a, € A and ¢, € F* (i.e., ¢, > 0), implies

ap,...,a, € I. With this proviso the Claim remains true.

With notation as above, f? = Zle C?XZ € I and I real over F' imply X, €1 for
1 =1,...,k, whence 1 = Zle X, € I, contradiction (showing, as above, Z(f) # 0 for all

f €1I). As in Remark (b) above, uniqueness of the order of F' serves to identify Sper (A) with
the set of prime ideals of A real over F. The remainder of the proof proceeds as before. a

Remark. The two examples given in the preceding Proposition show that one and the same
RS may be realized by very different rings, if at all. For example, in the case above, 2 is not
invertible in the ring C(X,Z), while it is in the ring C(X, F'). Likewise, C(X,Z) is not von
Neumann-regular, while C(X, F') is. ring!von Neumann-regularvon Neumann-regular ring

Fact IV.7.5 The ring C(X,F), with X a Boolean space and F a field with the discrete
topology, is von Neumann-reqular.

Proof. It suffices to show that f2 divides f, for all f € C(X, F). As in the proof of Theorem

V.74, f = Zle CiXUi for some clopen partition {Ul, e Uk} of X, and pairwise different

, = 0. Let c;:czfl if 4> 2,

ori=1and c # 0, while c’1 =0if ¢, =0. Let f'= Zle c; Xy Then, /e C(X,F). Since
. . k k

Xy, -XUj =0 for i # j and Xy, = X?]i, we clearly have f2-f/ =", C?c; Xy, = D1 6 Xy, =

f, as contended. a

¢’sin F. If 0 occurs among the coefficients ¢,, We may assume c
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Chapter V

Spectral real semigroups

Introduction

In this chapter we carry out a detailed study of an important class of real semigroups, that
we call spectral. The abstract real spectra dual to these real semigroups were introduced
by Marshall in §8.8 of [M] under the name “real closed abstract real spectra”!; he briefly
outlined some of their basic properties. We have adopted the name “spectral” in view of the
nowadays standard name for the objects of these RSs, namely spectral maps (here with values
in 3 ={1,0,—1} endowed with the spectral topology); cf. [DST] and [KS].

One of our most significant results is that there is a full-fledged topological-algebraic dual-
ity —in fact, an anti-equivalence— between the category HNSS of hereditarily normal spec-
tral spaces with spectral maps, and the category SRS of spectral real semigroups with RS-
homomorphisms; see Theorem V.5.4. In fact, our results are finer and show (Theorem V.1.4)
that the structures (of language £, o = {-,1,0,—1, D}) dual to arbitrary spectral spaces verify
all axioms for real semigroups with the possible exception of [RS3b] (i.e., D!(-,-) # 0, cf. 1.2.4),
while this axiom is equivalent to the hereditary normality of the space (Theorem V.1.5).

The main thrust in sections V.3, V.4 and V.5 is directed at proving this duality, though
many other results are obtained as a by-product. Noteworthy among the latter is that any real
semigroup has a natural hull in the category SRS, with the required functorial properties; cf.
section V.4 and Theorem V.5.3 (ii) (the existence of this spectral hull was observed in [M], p.
177). Further,

(i) The spectral hull of a real semigroup is idempotent: iteration does not produce a larger
structure (Theorem V.4.5 and Corollary V.4.6).

(ii) Every RS-character of a real semigroup extends uniquely to its spectral hull (Corollary
V.5.5).

Note that similar results hold for the Post hull of a RS; cf. Theorem IV.4.2 (v) and Corollary
V.4.7 (2).

A second type of result stems from the properties of the representation partial order (1.6.2) in
spectral RSs (it coincides with their pointwise defined order). Our main result in this direction
is Theorem V.6.6, which shows that the spectral RSs are exactly the real semigroups that are
distributive lattices in the representation partial order; distributivity is the crucial point here. In

L A name presumably motivated by the homonymous terminology in the ring case, that we treat in broader
generality in section V.10 below.
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fact, this property is also equivalent to the existence of a lattice structure in the representation
partial order together with the fact that RS-characters are lattice homomorphisms (into 3).
We also prove (Theorem V.6.2) that any real semigroup generates its spectral hull as a lattice.

Another interesting feature is that the lattice operations A and V of a spectral RS are
first-order definable in terms of the real semigroup product operation and binary representation
relation by positive-primitive formulas (Theorem V.2.1 and Remark V.7.5). This yields a useful
first-order axiomatisation of the class of spectral RSs (Theorem V.7.4), having as a corollary
that the class of spectral RS is closed under (right-directed) inductive limits, reduced products
—in particular, arbitrary products— and, more significantly, also under quotients modulo RS-
congruences (I1.2.1); see Proposition V.7.6.

In section V.7 we examine the lattice structure of the spectral RSs together with the invo-
lution “—” (multiplication with —1). This is done using the framework of the so-called Kleene
algebras (see IV.1.9 for definitions). It turns out that spectral RSs are exactly the Kleene
algebras verifying two additional requirements, stated in terms of their lattice structure and
constants 0, 1.

Our main result in section V.8 (Theorem V.8.2 and Corollary V.8.4) shows that the RS-
congruences of a spectral RS are determined by a constructible subset of its character space
(and conversely). Section V.9 is devoted to study the saturated prime ideals of spectral RSs.

In the final section V.10 we prove that the RS associated to any lattice-ordered ring is
spectral (Theorem V.10.4), and that the spectral hull of the RS associated to any semi-real
ring is canonically isomorphic to the RS of its real closure (Proposition V.10.5); cf. [M], Rmk.
(3), p. 178. This result exhibits a huge class of natural examples of spectral RSs among the
RSs associated to rings.

V.1 Spectral real semigroups. Basic theory.

V.1.1 Preliminaries and Notation. Basic notions on spectral spaces have been summarily
introduced in 1.1.16. For general background on spectral spaces the reader is referred to [DST],
the notation of which we shall systematically use; certain results therein will be cited here as
needed. See also [KS], Kap. III.

(1) If X is a spectral space, the associated constructible topology is denoted by Xcop.

(2) Recall that a spectral space X is called hereditarily normal iff any of the following
equivalent conditions are verified:

(i) The specialization order of X is a root-system.

(ii) Every proconstructible subset of X endowed with the induced topology is normal.

(iii) Every open, quasi-compact subset of X endowed with the induced topology is normal.
A proof of the equivalence of these conditions can be found in [DST], Thm. 20.2.2.

(3) Amap f : X— Y between spectral spaces X, Y is called spectral iff the preimage of every
open and quasi-compact subset of Y under f is, again, open and quasi-compact. Each of the
following conditions is equivalent to f being spectral:

(i) f is continuous (for the spectral topologies) and continuous for the constructible topologies
of X and Y ([DST], Corol. 3.1.12).

(ii) f is continuous for the constructible topologies and monotone for the specialization orders,
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of X and Y ([DST], Lemma 5.6.6).
See also [DST], Corol. 4.2.3.

(4) We shall consider two different topologies and two different orders on the set {1,0,—1}.
The first is the discrete topology and the linear order 1 < 0 < —1, already used in previous
sections, denoted, as above, by 3. The second is the spectral topology, where the singletons
{1} and {—1} are a basis of opens, endowed with the specialization partial order:

./.\.

The set {1,0,—1} endowed with this topology (and order) will be denoted by 3g,. Clearly,
the singletons {£1} are quasi-compact and {0} is closed in 3g,. Note that (3sp)con is just the
discrete topology on 3.

Warning. Though 3 and 3, differ by their orders and their topologies, we shall only consider
in the sequel the unique representation (and transversal representation) relation on {1,0, —1}
that makes it a real semigroup, namely the relations given by Corollary 1.2.5. O

Definition V.1.2 Spectral maps f : X — 34, from a spectral space X into 3, will be called
spectral characters. The set of spectral characters on X will be denoted by Sp(X).O

(5) Clearly, f : X— 3, is a spectral character iff f~1[1] and f~1[—1] are quasi-compact open
in X.
(6) (Product in Sp(X)) Sp(X) has a product operation: the pointwise defined product of
spectral characters h, g, is a spectral character; indeed,

(hg)~ (1] = (A '] ng~ I U (R~ =1 N g~ [-1)),

(hg) ' [=1] = (W[ ng ') U (R~ 1] ng~H[=1]);
since X is spectral, the right-hand side of these equalities are quasi-compact open sets.

Obviously, Sp(X) contains the functions with constant values 1,0, —1 (denoted by the same
symbols). Then, Sp(X) is a commutative semigroup and, since product is pointwise defined,
also a ternary semigroup.

(7) (Representation in Sp(X)) A ternary (representation) relation is pointwise defined: for
ho ., h, € Sp(X),

12
h€ Dy i (b, h ) & Vo€ X (h(z) € Dy(h, (), hy(2))).

(X)( 1t
Note that (by the definition of D! in terms of D), also Dép x) is pointwise defined in terms of

Dg. The structure (Sp(X),-,1,0,—1, DSp(X)> will be denoted by Sp(X).

(8) (The pointwise partial order of Sp(X)) This order is induced by the total order 1 < 0 < —1
of 3 in the obvious way: for f,g € Sp(X),

f<g e VeeX(f(x) <g(z)) (in3).

The structure Sp(X) is also endowed with a binary relation <sp(X) defined as in 1.6.2: for
f,9 € Sp(X),
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Fact V.1.3 The relation gsp coincides with the pointwise partial order <.

(X)

Proof. Using 1.2.5 it is easily checked by hand that the representation partial order <, of the
RS 3 (1.6.2) is just the order 1 < 0 < —1. Then, for f,g € Sp(X) we have:

f<gevVreX(f(z)<,9(x) & Vo e X[f(z) € Dy(1,9(x) A —g(x) € Dy(1,—f(2))]
s fe DSp(X)(l’g) AN—gE€E DSp(X)(l’ -fHHef SSp(X) g.

(The equivalences are, respectively, the definition of < together with the preceding observation,

the definition of <, the definition of DSp(X) (see (7)), and the definition of SSp(X)') 0
Remark. Note that V.1.3 holds whether or not Sp(X) is a real semigroup. In spite of this
equivalence it will be useful to keep the notational distinction between < and gsp( X O

(9) (Lattice structure of Sp(X)) Sp(X) has a lattice structure pointwise induced by the total
order 1 <0< —1of 3: for f,g € Sp(X) and z € X,

(fVg)(@) :==max{f(z),g(x)} (in 3),
(fAg)(@) :==min{f(z),g(x)} (in 3).

One must check that the maps fV g, fAg thus defined are spectral; this is clear as
(fvo Al =f"ng '], (fve -1 =f"-1]Ug '[-1], and
(fAg A =fJug ], (fag =1 = =1 ng ' [-1],

are quasi-compact open sets.

Since the order in 3 is total, the lattice structure just defined is distributive.

We also note that product in Sp(X) is identical with symmetric difference (defined in terms
of the lattice operations and —): for g,h € Sp(X),

g-h=goh(=(@AN-h)V(hA—g)).

This follows straightforwardly from the validity of “product = symmetric difference” in 3 and
the pointwise definition of all operations in Sp(X).

(10) (Sp(X) and Post algebras) In this chapter we shall use the results on the real semigroup
structure of Post algebras proved in §1V.2. To abridge, we denote by P(X) the Post algebra
C(Xcon ,3) of continuous functions of X, into 3 (pointwise defined operations) and by <
its (pointwise defined) order; see IV.1.7 (i). Note that, by item (3.i) above, Sp(X)C P(X).
Further, since representation is pointwise defined in both these structures, for f, g, h € Sp(X)
we have

h € DSp(X)(f’g) ~ h € DP(X)(fvg)v

and similarly for transversal representation. The same remark applies to the lattice operations,
i.e. the infimum and the supremum of elements of Sp(X) (see (9)) coincide with those same
operations performed in P(X); in other words, Sp(X) is a sublattice and a L, -substructure
of the Post algebra P(X). O

Initially we will examine which of the axioms for real semigroups are satisfied by Sp(X) for
an arbitrary spectral space X, and the requirements to be imposed on X for Sp(X) to become
a real semigroup.

Reminder. Recall (1.2.4) that the strong associativity axiom [RS3] is equivalent to the con-
juntion of the weak associativity axiom [RS3a] and the axiom

[RS3b] For all a,b, D(a,b) # 0. 0
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Theorem V.1.4 For every spectral space X, the structure Sp(X) satisfies all axioms for real
semigroups —including the weak associativity aziom [RS3a]— except, possibly, axiom [RS3b].

Proof. The validity of the axioms [RSi] for i # 3 (0 < i < 8) is straightforward checking,
stemming from the following observations:

(i) Product and representation are pointwise defined in Sp(X), and

(ii) All axioms for RSs, except [RS3], are universal statements in the language Lo = {-,1,0,
-1, D}.

Details of this verification are left to the reader.

To prove the weak associativity axiom [RS3a] we will use the lattice structure of Sp(X),
see V.1.1(9).

Let a,b,c,d,e € Sp(X) be such that a € DSP(X)(b, ¢) and ¢ € DSP(X) (d,e). We must find

an f € Sp(X) so that f € Dsp(X)(b, d) and a € DSp(X)(f’ e). We claim that

(*) f=(@n—e)V(OAd)V(anb)V(aNd)

does the job. Indeed:

— fe DSP(X)(b, d).

By the pointwise definition of the lattice operations in Sp(X), this amounts to checking that

Forallz € X, f(x)#0 = f(zx)=0b(z) or f(z)=d(x).

If f(x) =1, then all four disjuncts in (*) have value 1 at x; in particular, (b Ad)(z) = 1. Since
evaluation at a point z € X commutes to the lattice operations, one of b(z) or d(z) is 1.

If f(x) = —1, then at least one of the disjuncts in (*) has value —1 at = and, therefore, both the
conjuncts occurring in it also have value —1 at z. If any of three last disjuncts in (*) has value
—1, we get b(x) = —1 or d(z) = —1. So, assume a(x) = —e(z) = —1. Then, a € DSp(X)(b’ c)
entails that one of b(x) or ¢(x) is —1. If ¢(x) = —1, then ¢ € DSp(X)(d’ e) implies d(z) = —1
or e(x) = —1; but the last possibility is excluded, as e(x) = 1. Hence, in any case we have
b(x) = —1 or d(x) = —1, as required.

—a¢€ DSp(X)(f’ e).
So, let € X be such that a(x) # 0, and we show a(x) = f(z) or a(x) = e(z).

If a(z) = 1, from a € DSp(X)(b’ c) follows b(x) = 1 or ¢(x) = 1. If b(z) = 1, noting that
every disjunct in (*) contains a or b, we conclude that f(z) = 1. If ¢(z) = 1, the assumption
c € DSp(X)(d’ e) entails d(z) = 1 or e(x) = 1. In the latter case we are done. So, assume
d(x) = 1. Since every disjunct in (*) contains either a or d, we conclude again that f(x) = 1.

If a(z) = —1, we must prove that f(z) = —1 or e(z) = —1. From a € Dy (X)(b, c) follows
b(x) = —1 or ¢(x) = —1. In the first case we get (aAb)(z) = )Ab(x) = —1, whence
f(xz) = —1. So assume c(z) = —1. From ¢ € Dg ( e) we get e(r) = —1, and we are done,

(x
or d(x) = —1, in which case (a Ad)(x) = a(z )/\d( ) —1, implying f(xz) = —1, as required to
complete the proof of V.1.4. a

a(z
)
f

Concerning the remaining axiom [RS3b|, we have:

See streamlined proof of V.1.5 in [DP3|, Thm. 1.8, pp. 370-372. Replace?
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Theorem V.1.5 The following are equivalent for every spectral space X :
(1) X is hereditarily normal.
(2) The structure Sp(X) verifies axiom [RS3b].

The following known results concerning spectral spaces will be needed in the proof of V.1.5.
Recall that a subset A of a spectral space X is called generically closed if it is downward
closed for the specialization order of X: for x,y € X, x~»y and y € A imply = € A; cf. [DST],
5.1.6.

Proposition V.1.6 Let X be a spectral space and let Dl, D2 be disjoint, generically closed,
quasi-compact subsets of X. Then,

(1) D,, D, are contained in disjoint quasi-compact open subsets of X.

(ii) Given quasi-compact opens U,, U, such that D; C U; (1 = 1,2) there are disjoint quasi-
compact opens V,, V, so that D; CV; CU; (1=1,2).

Hint of proof. Item (ii) is a consequence of (i): if Vl’ , VQ’ are disjoint quasi-compact opens
such that D; C V/, then the sets V; =V/ N U; (i = 1,2) satisfy the conclusion of (ii).

Item (i) is Prop. 6.1.14 (iii) in [DST]. (In fact, (i) follows from the more general, and funda-
mental, Separation Lemma 6.0.2 in [DST].) 0

Fact V.1.7 Let X be a topological space, and B,C CX. If B is quasi-compact and C 1is
closed, then BN C' is quasi-compact. O

Proof of Theorem V.1.5. (1) = (2). In this proof we use the additional operations of
the Post algebra P(X) containing Sp(X), cf. 11.6.1(10). Recall (IV.2.7(i)) that transversal
representation in P(X) has the following form: for f,g,h € P(X),

he Dy fr9) & (FAVIV(gAV) <h < (AfVg)A(AgV ).

Furthermore, it is clear that, for functions f,g: X — 3,
(1) f<g e g '] f M) and fH-1]Cg™'[-1].
Now we set :
(*) p:=(fAVg)V(gAV[) and q:=(AfVg)A(AgVf),
and observe :
Claim 1. (i) p~![1] = f~[1] U g7 [1].
(i) p~'[=1] = (f'[=1] ng7'0,~1]) U (1[0, ~1] n g~ '[-1]).
(iii) ¢ '[1] = (f710,1] n g~ 1]) U (g7 H[0,1] N fTHA)).
(iv) ¢ '[-1] = f =1 U g '[-1].

Proof of Claim 1. To illustrate the argument we just check item (ii). Since the order in 3 is
1 <0< —1, for x € X we have,

(1) p(z) = -1 & (f(2)AVg(2))V(9(x) NV [f(z)) = —1
< f(x)AVg(x)=—1or g(x)AVf(z)=—1.
Since Vg(z) =1 if g(z) = 1, and Vg(z) = —1 if g(x) € {0, —1}, we get:

f(x)AVg(x)=—-1 & f(zr)=-1 and Vg(z)=-1 & f(z)=—-1 and g(z) € {0,—1}.
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Thus, (1) yields:
px)=-1 < (f(z) =—-1 and g(z) € {0,—1}) or (g(z) =—1 and f(z) € {0,-1}),

which proves (ii). O

Observe that, if f,g € Sp(X), then f~![£1], g~ ![£1] are quasi-compact, while f~1[0,1],
g~ 10,1], £710,—1], g~ 1[0, —1] are closed in X. Since the union of two quasi-compact sets is
quasi-compact, Fact V.1.7 and items (ii), (iii) of Claim 1 entail that the sets

K, = q 1] and K, = p 1]

are quasi-compact. Let Gen (K;) = {z € X | Thereis y € K, such that z~»y} denote the
generization of K; (i = 1,2) in X, i.e., the downward closure of K; under the specialization
order ~» of X; cf. [DST], Def. 5.0.1. Since opens sets are downward closed under ~-, it
readily follows that Gen (K;) is also quasi-compact. We claim:

Claim 2. Gen (K ) N Gen (K,) = 0.

Proof of Claim 2. Assume there is ¢ € Gen (K ) N Gen (K,), and let k; € K; be such that
t~k; (i =1,2). Since X is assumed to be hereditarily normal, either kj ~~ kg or kg~ k1, say
the first. Since k2 € K, = p =1]C f1[~1] U g7 '[—1] (see (ii), Claim 1), and the latter sets
are open, we get k1 € f~1[—1] U g~ [—1], whence k1 € (f~1[-1] U g71[—1]) N ¢~ [1], contrary
to item (iii) in Claim 1. Similarly, ks ~~ k; also leads to a contradiction, proving Claim 2. O

From items (iii) and (i) in Claim 1 we get K, = g 1 C 1) u g 1] = p~i1], and
since p~![1] is open, it follows that Gen (K)) Cp~[1]. Likewise, Gen (K,) Cq 1[-1]. Now,
Proposition V.1.6 applied with D; = Gen (K;), Uy = p~1[1] and Uy = ¢~ '[—1] shows that there
are disjoint quasi-compact open subsets V,, V,, of X such that, for ¢ = 1,2,

p~ 1] if i=1

We define a map h : X — 3 as follows; for xz € X,

1 if xe€ V1
hr)=4q -1 if z€V,
0 ifzgV uV,.
Then, h='[1] = V|, h™![-1] =V, which entails h € Sp(X). Further,
Claim 3. p < h < ¢ (in P(X)).

Proof of Claim 3. On the one hand we have h=1[1] = Vi Cp 1] and p~i[—1] = K,C

Gen (K,)CV, = h~1[—1], which proves p < h (see (f) above).
On the other hand, ¢~ 1[1] = K, CGen(K )CV, = h=11], and h1[-1] = v, Cql[-1],
which proves h < q. a

In view of the definition of p and ¢ (see (*) above), from Theorem IV.2.7 (i) we get
h € D;(X)(f, g). As observed in V.1.1(10), this representation, together with h € Sp(X),

entails h € Dtsp(x)(f’g)’ proving that Sp(X) satisfies axiom [RS3b].

(2) = (1). With ~» denoting the specialization order of X, assume there are z,y,z € X such
that x ~>y, z, but y ¥ z and z % y. Thus, z € {y} and y & {z}. Then, there are quasi-compact

opens U,V such that z e U,y € V,y € U and z ¢ V. Let fy» [y, + X — 3 be the spectral
maps defined by:

168



1 ifxeU -1 ifzeV
fU(x):{o ;figéU’ fv(m):{ 0 ilf:fgév.

Since Sp(X) | [RS3b], there is f € Sp(X) such that f € Dtsp(X)(fU’ fv) In particular, for

w € {y, 2} it holds f(w) € Dy(f, (w), f, (w)). Now, f,(y) =0, f,(y) = —1 and f(z) = 1,
fiy(2) = 0 imply f(y) = —1 and f(2) =1 (cf. Corollary 1.2.5). Since f is monotone for the
order of 3g,, z~»y, z entails f(x) = —1 and f(z) = 1, contradiction. O

Definition V.1.8 A real semigroup is called spectral if it is of the form Sp(X) for some
spectral space X (necessarily hereditarily normal by the preceding theorem ). O

V.2 Definability of the lattice structure.

This section is devoted to prove a result that is the key towards a structural theory of spectral
real semigroups and, hence, to many of the results in this chapter. It gives an explicit first-order
definition of the lattice operations of any spectral RS in the language £, = {-,1,0,—1,D}
for real semigroups. The specific (logical) form of the definition of the lattice operations given
in the next theorem entails that the RS-characters of spectral RSs are automatically lattice
homomorphisms. This fact plays a crucial role in later results.

Theorem V.2.1 Let G be a spectral real semigroup. For a,b,c,d € G we have:

(i) an0=c & celd(G), a-c=c and —a € D,(1,—c).

Setting a” :=aA 0 and a™ := —(—a)” =a V0, we have:

(1)) aANb=d & de€ D,(a,b), d" =—at-b" and d~ € Dé(a*,b*).

Proof. Let G = Sp(X), X a hereditarily normal spectral space. Owing to Fact V.1.3,

the lattice operations in G can interchangeably be taken in the pointwise order < or in the
representation partial order <, (we shall use both).

(i). (=) We check that ¢ := a A 0 verifies the three conditions on the right-hand side of (i).

Firstly, ¢ < 0 implies ¢ € Id(G) (1.6.4 (c)) and ¢ < a implies —a € Dsp(X)(l’ —c) (1.6.2). To
check ac = c recall that ac = aac (A = symmetric difference, cf. V.1.1(9)). Now compute:

an(an0)=(aN—(an0)V((aNO)AN—a)=(aA(-aV0))V(aA—aN0)=
=(aN—a)V(aAN0)V(aAN—aAn0)=(aN—a)V (aN0);
since a A —a < a,0 (cf. 1.6.5(8)), the last term equals a A 0.

(<) Since ¢ € 1d(G), Proposition 1.6.4 (c) gives ¢ = ¢ < 0. By 1.2.3(5) we have ¢ = ¢? €
D, (1,a). By assumption we also have —a € D (1, —c), whence ¢ < a.

To prove ¢ = a A0, let z € G be such that z < 0 and z < a, and show z < ¢, i.e., z(x) < ¢(z)
for all x € X. Otherwise, since z = 2%, we must have z(z) = 0 and ¢(x) = 1 for some = € X.
From ac = ¢ we get a(x) = 1, contradicting z(z) < a(x).

(ii). (=) Set d := a Ab. We check the three conditions on the right-hand side of (ii).
a) d € D(a,b).

By the pointwise definition of D, this boils down to Vz € X(d(z) € D;(a(z),b(z)). On the
other hand, the pointwise definition of the lattice operations in G = Sp(X) gives d(x) =
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a(z) Ab(x) in 3 (z € X). Direct inspection of Corollary 1.2.5 shows that, for i,j € 3, iAj €
D, (i, j), as required.

b) (aAb)T = —a™ - bt.

We compute the right-hand side using the distributive lattice structure of G and that product in
G is symmetric difference (V.1.1(9)). Recall that 2 = 2V 0 and —(z aw) = (=2 Vw) A (—wV 2).
We have:

—at bt =—(av0)a(dV0)=(—(aVO)V(bV0)A(=(bVO)V(aV0)) =
= ((—aA0)V(BVO)A((=bAD)V (aV0)) = (bVO)A(aV0)=
=(anb)VO=(aAb)T,

as asserted.
c) (anb)™ € Dé(af,b*).
As Dé is pointwise defined and d = a A b, (c) reduces to: Vo € X(d (z) € D;(a*(w), b~ (z)).

Observe that, for e € G = Sp(X) and z € X, e (z) = e(z) A0, whence e™(z) <, 0 and
e (x) € {0,1}. Further, we have:

(*) e () =1 & e(x) = 1; equivalently, e~ () =0 < e(z) € {0,—1}.
Thus, we must prove:

—d (z)=1= a(x)=1or b (z)=1.

—d (z)=0 = a (z)=b"(x) =0.

For the first implication, assumption d~ (z) = 1 implies d(x) = 1; together with d € DG(a, b)
this yields a(z) =1 or b(x) = 1, which, by (*), entails a™(z) =1 or b~ (x) = 1.

For the second implication, assumption d~ (z) = 0 yields 0 = d~ (z) = d(z) A0 = a(x) Ab(x) A0,
which implies a(z), b(x) € {0, —1}; (*) implies, then, a™(z) = b~ (z) = 0, as required.

(<) Given d € G, we assume d € D,(a,b), d* = —a™ -b*, d”~ € Dé(a_,b_), and prove
d=aANb.

a) d <0 and d SGb.

The argument being similar in either case, we prove only the first inequality. In view of the
pointwise definition of <, (see (f) in V.1.1(8)), it suffices to prove, for x € X:

—a(z)=1 = d(z) =1,
—a(z) =0 = d(x) € {0,1}.

For the first implication, a(x) = 1 yields a™ (x) = 1 (see (*) above). From d~ € Dé(a_, b™)
and b~ (z) € {0,1} we get d™ (z) € D;(a_(m),b_(x)) = D;(l,b_(:z)) = {1}, which, by (*), gives
d(z) =1, as needed.

For the second implication, if a(x) = 0 but d(z) = —1, we would have a™(z) = a(z) vV 0 =0
and d*(x) = d(z) vV 0 = —1, contradicting the equality d* = —a™ - bT at the point .

b) Forall z € G, z < a and z <, b imply z <_d.
We must check, for all z € X :

—d(z)=1 = z(z) =1,

—d(z) =0 = z(z) € {0,1}.
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For the first implication, from (*) we have d~ () = 1. On the other hand, since a™ (z),b™ (z) €
{0,1}, from d~ € Dé(a*,b*) we obtain 1 = d~ (z) € Dé(a*(a;),b* (x)). This relation implies
that a™(z), b~ (z) cannot be both 0 (cf. 1.2.5). If, e.g., a”™(z) = 1, then a(z) = 1, and 2z < a
yields z(z) = 1.

For the second implication, suppose d(x) = 0; hence d* (z) = d(z) V0 = 0. This and d* =
—a™-b* imply that one of a™ (x) or b* () is 0, say, e.g., a*(z) = 0. Then, 0 = a*(z) = a(z) Vv 0
entails a(x) € {0,1}; this, together with z <@, yields z(x) € {0,1}, as required.

The proof of Theorem V.2.1 is now complete. O

Remark. First-order definability of the lattice structure of Sp(X) in Ly follows also from
Fact V.1.3: it suffices to express

(i) The definition of <sp(X) in terms of Dsp(X) (cf. 1.6.2), and

(ii) The usual definition of the glb (A) and the lub (V) in terms of the order Ssp(x) -

Howewver, the definition of the lattice operations obtained in this way does not guarantee that
the next Corollary holds, while that of Theorem V.2.1 does. Though only implicit here, the
reason is that the latter is given by a positive-primitive KRS—formula, while the former is not.
For more details, see V.7.5. O

Corollary V.2.2 The RS-characters of a spectral real semigroup are lattice homomorphisms.

Proof. To begin with we observe that 3 is a spectral RS. Indeed, 3 = Sp(1), where 1 is the
singleton spectral space; the three functions 1 — 34, map the unique element to 1,0 and —1,
respectively; clearly, they are pointwise ordered in the right way.

Let G be a spectral RS, a,b € G and 0 € X ,; we show that o(a A b) = o(a) Ao(b). The
equivalences (i) and (ii) of V.2.1 can (and will) be applied to both G and 3.

We first treat the case b = 0. We know that ¢ = a A0 verifies the conditions in the right-hand
side of V.2.1 (i). Since o is a RS-homomorphism we get o(c) € 1d(3) = {0,1}, o(a)o(c) = o(c)
and —o(a) € D;(l, —o(c)). Using the implication (<) of V.2.1(i) in 3 gives o(c) = o(a)A 0,
i.e.,

(t) o(an0)=0(a) N0 (equivalently, o(a™) = o(a)”).
Since o(—(—a)”) = —o((—a)”) = —(0(—a))” = —(—0c(a))~, we also get

(1) o(a™) =o(a)*.

Next, for arbitrary b € G, applying item (ii) of V.2.1 with d = a A b, taking into account
that o is a RS-homomorphism, and using (f) and (1) above, we get o(d) € D,(o(a),o(b)),
o(d)t = —o(a)™ - o(b)t and o(d)” € D?'i (o(a)”,0(b)”). On the other hand, x = o(a) A o(b)
exists in 8 and verifies x € Dy(0(a),0(b)), 27 = —o(a)" - o(b)" and 2~ € D; (o(a)=,a(b)7).
That is, both = and o(d) verify in 3 the conditions of the right-hand side of (ii) in V.2.1. This
implies x = o(d), i.e., o(a) A o(b) = o(a A b), as asserted. 0

Remark. A similar argument shows that RS-homomorphisms between spectral RSs are auto-
matically homomorphisms of the corresponding lattice structures. O
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V.3 The functor Sp.

We begin here the study of the correspondence X —— Sp(X) assigning to each hereditarily
normal spectral space, X, the real semigroup Sp(X).

In this and the next two sections we set the stage to prove that this correspondence es-
tablishes an anti-equivalence of the category HNSS of hereditarily normal spectral spaces
with spectral maps, with the category SRS of spectral real semigroups with real semigroup
morphisms, a goal to be attained in Theorem V.5.4 below. a

To begin with, the correspondence X —— Sp(X) extends to spectral maps, and hence
defines a contravariant functor of the first category into the second; namely:

Definition and Notation V.3.1 Given a spectral map ¥ : X — Y between spectral spaces
X,Y we define a dual map Sp(¥) : Sp(Y) — Sp(X) by composition: for f € Sp(Y') we set,

Sp(P)(f) = fo¢.
Being a composition of spectral maps, we have Sp(¥)(f) € Sp(X). O

Proposition V.3.2 Let ¥ : X — Y be a spectral map between spectral spaces. Then Sp(¥) is
a homomorphism of KRS-structures.

The proof is routine verification from the fact that product and representation in both Sp(Y)
and Sp(X) are pointwise defined. We omit it. Note that it is not required that X,Y be
hereditarily normal. a

As a beginning step in proving that this functor is an anti-equivalence of categories we show
that any hereditarily normal spectral space, X, is isomorphic in the category of spectral spaces
to the abstract real spectrum Xgp(x) of the real semigroup Sp(X). The proof of this requires
a fine touch. First, we observe:

Fact V.3.3 Let X be a spectral space. The evaluation map at a point x € X, ev, : Sp(X) —
3, given by evy(f) = f(x) for f € Sp(X), is a character of Lyq-structures., i.e., evy € Xgp(x)-
O

The proof is straightforward and hence omitted.

Let ev:X — Xgp(x) be the map ev(z) =ev_ (z€ X).
Proposition V.3.4 ev: X — Xg(x) is injective and spectral.

Proof. (1) ev is injective.
This amounts to showing that Sp(X) separates points in X: for x # y in X, there is g € Sp(X)
so that g(z) # g(y), i.e., evy(g) # evy(g), whence ev, # evy, i.e., ev(z) # ev(y).

Since X is 1, if x # y, there is a quasi-compact open U C X so that x € U and y € U, or
y € U and = & U; say the first. Let g : X — 3 be defined by: ¢ [U =1, ¢[(X\U) =0. Since
g 1] = U, g~'[~1] = 0 are quasi-compact open, g € Sp(X) and, clearly, g(x) = 1, g(y) = 0.
The case y € U and = ¢ U is symmetrical.

(2) ev is spectral.

By definition, the family {[f = 1][f € Sp(X)}, where [f = 1] = {0 € Xgpx)|0o(f) = 1}
is a subbasis for the spectral topology on Xgp(x), cf. 1.1.17. It suffices, then, to show that
ev [ f = 1]] is quasi-compact open in X, for f € Sp(X). For x € X we have:
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reev [f=1]] & ev(z)=ev, €[f=1] & ev.(f) = f(x) =1,

ie., ev ![[f=1]]= f"Y1], a quasi-compact open set, as claimed. O

The surjectivity of ev is the key to establish the anti-equivalence of categories announced
above.

Theorem V.3.5 Let X be a hereditarily normal spectral space. Then, ev : X — Xgp(x) 18
surjective.

Proof. Given o € Xgp(x) we have to find z € X so that ev(r) = ev, = 0. To accomplish
this we shall use Stone’s representation theorem of spectral spaces by bounded distributive
lattices (cf. [DST], §§1,2). This fundamental result proves the existence of a (functorial)
bijective correspondence between the points of a spectral space, X, and the prime filters of
the bounded distributive lattice (X) of closed constructible —i.e., complements of quasi-
compact open— subsets of X; cf. [DST], Thm. 2.1.7 for a precise statement). We shall
construct a prime filter p of K(X) such that, if T, is the unique point of ﬂp, then ¢ =

evy,. Recall that the pointwise order coincides with the representation partial order in Sp(X)
(V.1.3).

Since o : Sp(X) — 3 is a lattice homomorphism (V.2.2), the set q = 0~1[0, —1] is a prime
filter of the lattice Sp(X). For A € K(X) we define maps c,, d, + X — 3 as follows: for
x e X,

0 ifzed 0 ifzeA
cA(x)_{—l ifodA, dA(x)__CA(x)_{l ifodA.

Since X \ A is quasi-compact open, we have ¢y dy € Sp(X). Further, since dy<0<c¢,and o
is monotone, we get o(d,) € {0,1} and o(c,) € {0, —1}. Now set:
pi= (A K(X)|d, € q) = {4 € K(X)|o(d,) = 0}
Claim 1. p is a prime filter of K(X).
Proof of Claim 1. (a) ACB and A €p imply B € p.

Clearly, ACB = d, < d,. Since o is monotone, 0 < o(d,) < o(dy), and from o(d;) € {0,1},
it follows o(dy) =0, i.e., B € p.

(b) A, Bep=ANBenp.

It suffices to check that d v = 44N dg, and use that o is a lattice homomorphism and

a(d,) € {0,1} for C € K(X).

©0¢p.

Clear, since d@ =1

(d AuBep=Acpor Bep.

Check that d, , =d,V dg, and argue as in (b).

Claim 2. For f € Sp(X), f€q<« f710,-1] €p.

Proof of Claim 2. Set A := f~1[0,—1] € K(X). Observe first:

(i) Aep=d, <f.

This is clear, since Im(d,) = {0,1} and, for x € X, d,(z) =0= 2 € A= f(z) € {0,-1}.
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(<) If A€p, thend, € q, and hence f € q (q is a prime filter).
For the converse, observe that
(i) dy =c, A [
Indeed, for x € X we have:
—d,(z) =0=2€ A= c,(x)=0and f(z) € {0, -1}, whence (c, A f)(z) = 0;
—d,(x)=1=2¢A= fz)=1= (c,Nf)(z) =1
(=) Assume A ¢ p; then, o(d,) = 1. Since o is a lattice homomorphism, (ii) yields: 1 =

o(d,) =0o(c,) A o(f); since O'(C ) € {0, —1}, this equality entails o(f) =1, i.e., f € q.

Now, with T, = the unique point in ﬂp, we have:
Claim 3. ev,, =o0.
Proof of Claim 3. By Claim 2, for f € Sp(X) we have:

feqe A0, —epsz, e f0,-1] & f(z,) € {0,-1}.

Using this equivalence we argue by cases according to the values of o(f):
—o(f)=0=feqand —feq= f(z), —flz)) €{0,-1} = f(z)) =
o) =1 o(-f)=1=-Fga=—flz) =1 = flr) =1
—o(f)=1=f¢a=flz)=
This completes the proof of Claim 3 and, hence, of Theorem V.3.5. O

Corollary V.3.6 For a hereditarily normal spectral space X, ev : X — Xgp(x) s a homeo-
morphism of Xcon onto (Xgp(x))con-

Proof. Immediate consequence of Proposition V.3.4 and Theorem V.3.5, using that ev is a
continuous bijection between the Hausdorff spaces X.o, and (Xsp( X))Con , hence a homeomor-
phism. O

To prove that ev is an isomorphism between X and Xgp(x) in the category of spectral
spaces we show:

Proposition V.3.7 Let X be a hereditarily normal spectral space. Then,
(1) The map ev—!: Xsp(x) — X is spectral.
Hence,

(2) ev is an isomorphism in the category of spectral spaces. In particular, it is a homeomorphism
of the spectral spaces X and Xgp(x)-

Proof. (1) By the characterization of spectral maps mentioned in V.1.1(3.ii) above, and the
preceding Corollary V.3.6 it only remains to prove that, for 0,,0, € Xsp(x),

T1 " Xy 72 ev_l(al) ~ ev_1(02).

Since ev~!(o;) is the unique z; € X such that ev, =0, this is equivalent to

K3

€V~ (&9 = I, T, .
XSp(X) xo 1 X 2
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Assume T /> T, le., x, ¢ {1‘1} Then, there is a quasi-compact open U C X such that z, € U
X
and z, ¢ U. Define f: X — 3 by:
1 ifxeU
f(x)_{ 0 ifzgU.

Since f~![1] = U, f~![~1] = 0 are quasi-compact open, f € Sp(X), and, clearly, f(z,) =
1, f(z,) = 0, which shows f € (evm)_l[l] \ (evxl)_l[l]. Hence, (evm)_l[l] z (evxl)_l[l].

From Lemma I.1.18 it follows that ev ev_, as required.
e sp(x) 2

(2) is an immediate consequence of (1). O

V.4 The spectral hull of a real semigroup. Idempotency.

We now take on a reverse tack, consisting in applying the construction of the spectral real
semigroup Sp(X) to the case where X is the character space X o of a given real semigroup G.
The result will be a real semigroup Sp(G) extending G and having the functorial properties of
a hull for G. This spectral hull is at least as interesting as the Post hull introduced in §1V.4,
insofar it gives an algebraic counterpart of properties of the spectral topology of X o not only
of its constructible topology, as the Post hull does; therefore it is more tightly connected than
the latter with the given RS. As the Post hull, the spectral hull construction turns out to be
idempotent, i.e., its iteration does not produce a larger RS. O

Definition and Notation V.4.1 Let G be a RS and let X, be its character space. By [M],
Prop. 6.4.1, p. 114, XG is a hereditarily normal spectral space.

(i) We define Sp(G) to be the real semigroup Sp(X,) (see V.1.5).
(77) We denote by 1, the map of G into 3%¢ defined by evaluation at elements g € G:

No(g) == evg: X, — 3 where, for 0 € X, evy(0) := 0(g). O

Proposition V.4.2 Let G be a RS.
(i) Forall g€ G, evy is a spectral map, i.e., 1,(g) € Sp(G).
(i) N 18 a real semigroup homomorphism.

(7i7) N, is obtained from the Post hull e, : G— P, of G (§IV.4) by restriction of the
counterdomain to Sp(G).

In particular,
(iv) n is a complete embedding (cf. IV.4.3).
(v) ng, is injective.

Remark. Concerning (iii), nG(g) considers the evaluation evy, at g € G as a spectral map

X — 3sp, while €, considers it as a continuous map (X )con — 3; cf. V.1.1(3.9).
Proof. (i) Same argument as for item (2) in Proposition V.3.4.

(ii) This is straightforward checking using the fact that the constants, product and representa-
tion in Sp(G) are pointwise defined. Details are left to the reader.

(iii) It suffices to compare the definitions of 7, and €, .
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(iv) We must show (IV.4.3) that, for forms ¥, ¥ over G,
(") ng* P Eg eV = LY.

Since 1, = €, and

*k) o ‘o ; o~
(**) Zop(@) 1 identical to =p, on forms over G,

the assumption of (*) implies € , x ¥ = Eg * ¥ . By Corollary IV.4.7 (3) this, in turn, yields

G Pg
Y= G Y| as required.

Proof of (xx). By the definition of 2, see 1.2.7 (c), the assertion follows by straightforward
computation from:

— XSp is in bijective correspondence with X . (by the map ev, see V.3.4 and V.3.5);

(@)

— X, is in bijective correspondence with X, (by the map ey, see IV.4.7 (1)).

Note. Alternatively (and equivalently) we may have used Corollary V.5.5 below.

(v) Complete embeddings are injective (IV.4.4 (c)). O

Definition and Notation V.4.3 (a) The map Mg G — Sp(G) —or, more precisely, the
pair (Sp(G),7,,)— will be called the spectral hull of G.

In the sequel we consider the effect of the spectral hull on RS-morphisms.
(b) Any RS-homomorphism f : G— H gives raise, by composition, to a dual map f* :
X, — Xt for v € X,
ff(y) ==yof:G—3.
Clearly, f*(v) € X,
Fact V.4.4 f*: XH —>XG 18 a spectral map.

Proof. It suffices to check that, for all g € G, f* [[g = 1]] is quasi-compact open in Xy
For v € X, we have,

vyefHlg=1]] & ff(Nelg=1] & yofelg=1] & (vof)(g) =1
< v(flg) =1« v€e[flg)=1],

e, f* H[g=1]]=[f(9) =1], as needed. O
(c) In the preceding setup we define, as in V.3.1, a map Sp(f) : Sp(G) — Sp(H) again by
composition: for g € Sp(G), Sp(f)(g) :=go f*. By V.44, go f* € Sp(H). O

Next we show that the operator Sp is idempotent.

Theorem V.4.5 (Idempotency of Sp) Let X be a hereditarily normal spectral space. Then,

Nep(x) * Sp(X) — Sp(Sp(X)) is an isomorphism of real semigroups.

Proof. With Proposition V.4.2 applied with G = Sp(X), it only remains to prove:

(a) M sp(x) is surjective.

—1 . .
(b) Tep(x) 15 2 RS-homomorphism.

1 1

Proof of (a). Since Sp is a contravariant functor (V.3.1, V.3.2), ev™ " cev =id ,, and evoev™" =
1

id imply Sp(ev=!oev) = Sp(ev) o Sp(ev!) = id and Sp(evoev™!) = Sp(ev 1) o

ldgp ) 11 Sp(X)
Sp(ev) = idgp(sp(x)) - Hence, for f € Sp(Sp(X)),
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(*) f =Sp(ev)(Sp(ev)(£)) = Sp(ev™H)(f o ev),
cf. V.3.1. Then, it suffices to show:
(€) Ngpex) = SP(ev™).
Proof of (¢). We must show, for b € Sp(X):
Sp(ev 1) (b) =boev ! = nsp(X)(b) = ev,,
ie., (boevl)(y) = ev, (v) = (b), for all v € Xsp(X)'

By definition, ev=!(y) = the unique x € X such that ev(z) = ev, = . Then, v(b) = ev,(b) =
b(z), and b(x) = b(ev™ (7)), i.e., (boev 1) (y) = v(b), as required. 0

Proof of (b). In the proof of (a) we noted that
Sp(ev) ™! = Sp(ev™!) and Sp(ev_l)_1 = Sp(ev).

This, together with (c), gives:

-1 _ -1\~ _
Mop(x) = SP(ev) = Sp(ev).
Since Sp(%) is a RS-homomorphism for any spectral map ¥ (V.3.2), Proposition V.3.4 yields
that n;; x) is a RS-homomorphism, proving (b) and Theorem V.4.5. O

Theorem V.4.5 can be restated as follows:

Corollary V.4.6 Let G be a spectral RS (V.1.8). Then, the map Mg G — Sp(G) is an
isomorphism. In other words, every spectral RS is canonically isomorphic to its spectral hull
(the converse is obviously true). 0

An easy consequence of V.3.6 is:

Corollary V.4.7 Let G be a real semigroup. Then, G and Sp(G) have the same Post hull :

PG ~ PSp(G) .

Proof. Corollary V.3.6 tells that ev: X, —>XSP(G)
constructible topologies. For f € PSp(G)’ ie., f: XSp(G) — 3 continuous in (XSp(G))Con’ set

0(f) := fo ev. Clearly 0(f) € P, and it is a routine exercise to check that 0 : PSp(G) — P,
is an isomorphism of Post algebras. a

is a homeomorphism for the respective

V.5 An anti-equivalence of categories.

Our main result in this section is the anti-equivalence of the categories HNSS and SRS
(Theorem V.5.4). The commutativity of diagrams required for this result are proven in V.5.1
and V.5.3. These results also have further important consequences, such as:

(i) The duality of the functors * and Sp, and

(ii) Uniqueness of the extension Sp(f) : Sp(G) — Sp(H) (V.4.3) of any RS-homomorphism
f:G— H (G, H | RS); in particular, unique extension of any RS-character of G to Sp(G).

Example V.5.6 gives a simple illustration of how a RS sits inside its spectral hull.

Finally, V.5.7 is an analog to Theorem 1V.4.5 for spectral real semigroups. O
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Proposition V.5.1 Let X,Y be hereditarily normal spectral spaces and let ¢ : X —Y be a

spectral map. Let ev, : X — XSP(X) and evy, 1 Y — XSp denote the bijections given by

V.3.4 and V.3.5. The following diagram is commutative:

|
—_—

Xsp(X) sp(p) “Sp(Y)
Proof. Recall that, for z € X, ev,.(z) = evy : Sp(X) — 3; likewise, ev,, (P(z)) = evy () :
Sp(Y) — 3. By the definition of * (V.4.3 (b)),

(Sp(¥)" o evy)(z) = Sp(¥)"(evs) = eva © Sp(¥),

)

and
(evy 0 P)(z) = evy (P(2)) = eVy(a) -

Thus, we must check that ev,,) = ev, o Sp(¥). Let b € Sp(Y'); then, Sp(¥)(b) = bo ¥, and
we get:

(evz 0 Sp(¥))(b) = ev(Sp(¥)(b)) = evz(bo ) = (bo P)(z) = b(P(z)) = evy@m (b)),

as required. O

Next we fix a G = RS and set X = X . We rebaptize ev, : X, —>XSp

considered above, i.e., eVG(a) :=ev_, for o € X . Then,

@) the map Vxe

Fact V.5.2 With notation as above, the following identities hold:

*

; -1 _
(ZZ) Sp(né) = ﬂsp(G)-
Hence,

*

(14i) g
Proof. (i) Fix v € XSP(G). Since eVG_l(*y) = the unique o € X, so that v = ev (o) = ev ,

and né(’y) = 701, the identity to be proved boils down to showing that ev_o 7, = o, for

18 injective.

o€ X,. Let g € G; since nG(g) = evgy, we get

ev (n.(9)) =1,(9)(0) = evg(o) = 0o(g) ,
as wanted.

(ii) From item (c) in the proof of idempotency (V.4.5) with X = X, we have
— _ -1
Msp(6) = Tsp(xe) — PG )

whence the result follows at once from (i).
(iii) Clear, from V.3.4, V.3.5 and item (i). [Alternatively, one may invoke Proposition V.4.2 (iv)
and Theorem V.5.7.] O

Next we prove an analog of Thm. 4.17 of [DM1] (and of Theorem IV.4.2 above), a result
of crucial importance:

Theorem V.5.3 (i) Let f : G— H be a homomorphism of real semigroups. Then Sp(f)
(defined in V.4.3(c)) is the unique RS-homomorphism F : Sp(G)— Sp(H) making the fol-
lowing diagram commute:
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f

G H
w0 |
Sp(G) ——Sp(H)

F

(ii) Let G be a RS. Then Sp(G) is a hull for G in the category SRS of spectral real semigroups.
That is, every RS-morphism f: G— Sp(X), X a hereditarily normal spectral space, factors
uniquely through Sp(G), i.e., there is a unique RS-morphism h : Sp(G) — Sp(X) making the
following diagram commute:

G e Sp(G)
N
Sp(X)

Proof. (i) We first show that with F' = Sp(f) diagram [D] commutes, i.e., 1,(f(9)) =
Sp(f)(n,(g)), for all g € G. By the definition of 7, 7,,, and with f* defined in V.4.3 (b) , this
amounts to evyy) = evg o f*. For v € X, we have ev,)(v) = v(f(9)), and (evy o f*)(v) =

evg(f*(7)) = evg(yo f) =v(f(9))-

For uniqueness, let I, F, : Sp(G) — Sp(H) be RS-homomorphisms making diagram [D]
commute. Applying the functor * to this square we get a commutative diagram

f*

XG XH
nzﬁ . Tn;
-t

X -

Sp(@) Fp NSp()
whence .nC*; o Fl* = 776*; o Fy (= f*o 77;;) Since né is injective (V.5.2 (iii)), F' = F, and we
show this entails F} = F,.
In fact, if F|(g) # F,(g) for some g € Sp(G), since XSp(H) separates points in Sp(H ), there

() S° that (yoF|)(g) # (voF,)(g), i.e., yoF, # yoF,. By definition FZ*(fy) =7oF,
so we get Fl*(v) # F;(’y), contradiction.

isye XSp

(ii) Use the commutative square [D] of (i) with H = Sp(X) and f : G — Sp(X) the given map.
By the idempotency theorem V.4.5, n,, : H — Sp(H) is an isomorphism of real semigroups.
Setting h := 77[;1 o Sp(f) proves the commutativity of the triangle in (ii). Uniqueness is clear
from that in (i). O

Putting together some of the preceding results we obtain the anti-equivalence of the cat-
egories HNSS and SRS. This is expressed in rather compact form, using category-theoretic
language, by the following:

Theorem V.5.4 (Anti-equivalence theorem) The functor Sp : HNSS — SRS assigning to
each hereditarily normal spectral space X the real semigroup Sp(X) is an anti-equivalence of
categories. Its quasi-inverse is the functor ARS : SRS — HNSS assigning to each G € SRS
its assoctated abstract real spectrum X . The natural transformations establishing this anti-
equivalence are as follows:

(1) The isomorphism ldgngg —— ARS o Sp is the natural transformation that sends X €
HNSS to the homeomorphism ev : X — Sp(X).
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(2) The isomorphism IdSRS — Sp o ARS is the natural transformation that sends a spectral
RS, G, to the isomorphism 1, : G — Sp(G).

Proof. (1) Given a spectral map ¥ : X — Y, with X,Y € HNSS, commutativity of the

diagram in Proposition V.5.1 and the fact that the maps evy, + X — XSp(X) and ev,, :
Y — XSp (v) are homeomorphisms of spectral spaces (V.3.7(2)), prove this assertion.

(2) Given a RS-morphism f : G— H, where G, H € SRS, commutativity of diagram [D] in
Theorem V.5.3 (i) together with the fact that the canonical embeddings N My are isomor-
phisms (V.4.6), prove this assertion. O

Corollary V.5.5 Let G be a RS. Then every o € X, extends uniquely to a RS-character of
Sp(G).

Proof. Follows from V.5.3 (ii) by taking X = 1 (= the singleton spectral space) and observing
that Sp(1) = 3 (see proof of Corollary V.2.2).

Explicitly, the extension o : Sp(G) — 3 of a RS-character o € X, is defined by evaluation
at o: for f € Sp(G), &(f) := f(o). The reader can readily check that o € XSp(G) and
ogon,=o (le, 0[G = o with G canonically embedded into Sp(G) via 7). O

Remark. The uniqueness statements in Theorem V.5.3 and Corollary V.5.5 indicate that
a real semigroup “generates” its spectral hull. Below (Theorem V.6.2) we will show that it
generates it as a lattice. O

Example V.5.6 Here is a simple example illustrating the way in which a real semigroup sits
inside its spectral hull. We compute the spectral hull of the “free” fan on one generator,

presented in VI.3.2. A:
F=1{1,0,-1,2,—x,2% —2%}.

— Firstly, F' is represented by the seven elements of the form ev,, a € F'.

— Besides these, Sp(£) contains four other elements. Indeed, X, has the shape:

hi
/.
hg [ ] \l hg

where hi(z) = 0, hao(x) = 1, ha(x) = —1 (the order being specialization). Since the con-
structible topology is discrete, the spectral characters are the maps of X - into 3gp, that preserve
the specialization order. Note, further, that if a spectral character sends hs or hs to 0, then
it must also send hy to 0. Verification by hand shows, then, that Sp(F) (= Sp(X,,)) contains
exactly the following additional maps:

h1+—>0 h1+—>0 h1+—>0 h1»—>0
froq hy—0 fyiq hy—0 fyiq hyr—1 [y Py —1
hSn—>1, h3|—>—1, h3|—>0, hg»—>0,

and looks as follows:

180



-1

[
Pae
R

Note that, while Sp(F) has 11 elements, the Post hull of F has 33 = 27. O

Our last result in this section is an analog to Theorem 1V.4.5; it gives, in the context of
spectral real semigroups, several characterizations of the surjectivity of the dual map f*.

Theorem V.5.7 Let G, H be real semigroups, and let f : G— H be a RS-morphism. With
f* denoting the dual of f and Sp(f) its spectral extension (V.4.3(b),(c)), the following are
equivalent:

(1) f* is surjective.
2) Im(f*) is dense in (Xq)

(2) (the constructible topology of X ).
(3) Sp(f) is injective.
(4)

con
4) For every Pfister form ¥ over G and every a € G,
fla) € D (f*%) = a€D,(¥).

(5) f is a complete embedding (cf. IV.4.3).

Sketch of proof. The proof is similar to that of Theorem IV.4.5; we only indicate the
modifications needed therein. Recall f* is a spectral map (V.4.4). (1) = (2) is obvious.

(2) = (1). By Cor. 6.0.2 of [DST], Im(f*) is a proconstructible subset of X
(X¢),,,- This, together with (2), implies (1) at once.

(1) = (3). Assume there are g,, g, € Sp(X,) so that g, # g, but Sp(f)(g,) = Sp(f)(g,), i.e.,
g, © f*=g,0 f* and there is 0 € X, such that g,(c) # g,(0). Since f* is assumed surjective,
there is v € X, such that f*(y) = 0. Then,

(9,0 () = g,(f* (7)) = g,(0) # 9,(0) = (9,0 f*)(7),

o 1-e., closed in

contradiction.
(3) = (1). The proof is as that of (3) = (1) in Theorem IV.4.5, upon observing that:

— “surjective” = “epic” holds in the category Spec of spectral spaces with spectral maps; cf.
[DST], Cor. 10.0.4;

— For a spectral map p: X c X into a spectral space X, replace the map p in the proof of
IV.4.5 by the map Sp(p) defined in V.3.1.

— To complete the proof, in order to show, for spectral maps PiiPy X o X, the implication
Sp(p,) = Sp(p,) = p, = p, , argue as follows: if p, # p,, then p, () # p, (o) for some o € X .
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Since X is To, there is a quasi-compact open U C X so that, say, p,(0) € U and p, (o) ¢ U (or
the other way around). Let h : X — 3 be given by h[U =1 and h[(X \ U) = 0; h is spectral,
ie., h € Sp(X), and h(p, (o)) =1 # 0 = h(p,(0)), i.e., Sp(p,)(h) # Sp(p,)(h), contradiction.
The proofs of (1) = (4), (1) = (5), (4) = (2) and (5) = (2) are similar to those of
(1) = (5), (1) = (6), (5) = (2) and (6) = (2) in IV.4.5, respectively. O

Corollary V.5.8 Any injective RS-morphism f : G — H of spectral RSs, G, H, is a complete
embedding.

Proof. We use the commutative diagram [D] of Theorem V.5.3 (i) with F' = Sp(f). Since G, H
are spectral, the embeddings 7, and 7, are isomorphisms (V.4.6); hence Sp(f) is injective. By
V.5.7, f is a complete embedding. O

V.6 The distributive lattice structure of spectral real semi-
groups.

In this section we prove two results concerning the (pure) lattice structure of spectral RSs:

firstly, that any real semigroup generates its spectral hull as a lattice (Theorem V.6.2) ; secondly,

that the spectral real semigroups are exactly those real semigroups whose representation partial
order (1.6.2) is a distributive lattice (Theorem V.6.6). O

We start by checking the following simple, but important property of the lattice structure
of spectral real semigroups:

Proposition V.6.1 Let G, H be RSs, and let f : G— H be a RS homomorphism. Then the
spectral extension Sp(f) : Sp(G) — Sp(H) of f is a lattice homomorphism: for 9,:95 € Sp(G),

Sp(f)(9,A 9,) =Sp(f)(g,) ASp(f)(9,) and Sp(f)(g,V9g,) =Sp(f(g,)VSp(f)(g,)-
Proof. Recall that Sp(f)(g) = g o f* for g € Sp(G). Hence, for v € X, we have (g o f*)(v) =
9(f*(v)) = g(vo f), and:

((9,V 95) 0 f*)(7) = (9,V g,)(v o f) =max{g,(vo f), g,(vo f)} = (9,0 f)¥)V(gyo )V,
proving the second equality in the statement. Similar argument for the first. O

Remark. Obviously, the constants 1,0, —1 of Sp(G) and Sp(H) correspond to each other
under Sp(f); so, Sp(f) is a homomorphism of bounded lattices. a

We shall now prove that any real semigroup generates its spectral hull as a lattice.?

Theorem V.6.2 Let G be a RS. Then, for every f € Sp(G) there is a finite collection {FZ |i €
I} of finite subsets F.CG so that f = \/iel /\geFinG(g); i.e., Sp(QG) is generated as a lattice
by Im (n,).

Proof. Recall that the family {[x = 1] |z € G} is a subbasis for the spectral topology of X .

Throughout this proof “basis” means the basis generated by this subbasis, i.e., the collection
of all finite intersections of sets of the form [z = 1] with = € G. To ease notation we write g

for n,(g9) = evy (9 € G).

Let L denote the sublattice of Sp(G) generated by Im (), and fix f € Sp(G). We split
the proof that f € L into two cases.

2 For a similar result concerning the Boolean hull of a reduced special group, see [DM1], Prop. 4.10 (b).
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Case I. Both f~1[1] and f~![—1] are basic opens of X, -

That is, i

—17] — _ -1 -N" _
(*) f [1]—“2:1[[@1—1]} and f [_1] _ﬂjzl[[bj_l]]’
for some a,...,a,,b,,...,b €G.

Since D(t;(" -) # 0 (Proposition 1.2.3 (14)) for each i € {1,...,k} and j € {1,...,n} we pick
an element tl.j € Dé(ai7 —bj) and consider the following element of L:

(9 p= (V) o] v (AL ) AVEALG )

Claim. p = f. Hence, f € L.

i i L ko ~ L noo— k no o~
Proof of Claim. To abridge we set r := <\/Z1 ai>/\() and s:= (/\j:1 bj.)/\ \/izl /\jzltij in
(**). The proof proceeds by cases according to the values of f. Let 0 € X e
— flo) =1
By (*), o(a;) = a,(0c) = 1 for all 1 < i < k, whence r(0) = 1. On the other hand,
since f1[1] and f~![-1] are disjoint, by (*) there is a jo € {1,...,n} so that a(b] ) €
{0,—1}. Fixi € {1,...,k}. Since tio € D! (a —b, ) and —o( ) € {0 1}, we have o(t o ) €
Dt( (a,), —a(bjo)) Dt(l —o(b o )) = {1} (cf L.2. 5) that is, t ( )= ot ) =1 for all 7. It
follows that s(o) =1, and hence p(o) = 1.

— flo) =~

By (%), O’(bj) = bAj(a) =1foralll<j<n,ie., /\n I:b\j(a) = —1. Since the sets in (*) are
‘7:

disjoint, there is a i, € {1,...,k} so that U((lio) € {0,—1}. Fix j € {1,...,n}. Since tii €

Dé(az.o,—bj) and —a(bj) € {0,—1}, we get U(tioj) € D;(U(aio),—a(bj)) = D;(J(aio),—l) =

{=1} (cf. 1.2.5); that is, t;o\j(a) = o(tioj) = —1 for all j € {1,...,n}, which shows that
s(o) = —1, and hence p(o) = —1.

— flo) =

In this case, o ¢ f~![1] U f~![-1], and (*) implies there are indices iy € {1,...,k} and

o € {1,...,n} so that o(a, ) # 1 and a( ) # 1. Then, we have o(a. ) € {0,—1}, whence
(61.\0/\ 0)(¢) = 0, and therefore r(c) =0. L1kew1se O’( ) e {0,—1} ylelds —/b\o( ) € {0,1},
whence ( /\:Zlib\j)(a) < 0, which in turn gives s(o) < 0. These evaluations together entail
p(o) = 0, ending the proof of the Claim. O

Case II. f~1[£1] are arbitrary quasi-compact opens.

Then, there are basic quasi-compact opens V., ..., V]€7 U ,Un, so that

=Y amd s :U;UJ"

For each pair of indices i € {1,...,k}, j € {1,...,n} we define a map fij : X, —3 by:
foraEXG,
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1 if o€ v
0 ifogV U Uj .
Since V, N U, = 0, fij is well defined; clearly, fz.j € Sp(X,) (= Sp(G)). Since V., U, are basic
opens, Case I proves that each of the functions fij isin L. On the other hand, straightforward

k

checking according to the values of f shows that f = \/n . /\ . fij7 entailing f € L. This
Jj= 1=

completes the proof of Theorem V.6.2. O

Remark. In connection with the foregoing theorem, recall that the Post hull PG of a real
semigroup G is generated by G as a Post algebra, cf. TV.4.1(iv), i.e., using the additional
operations A and V, but in general not as a lattice. O

Recalling that the lattice operations of Sp(G) are definable in the language L for real
semigroups (V.2.1), we obtain:

Corollary V.6.3 Let G be a RS. Then, Sp(G) C delpq (G, 3%¢), the definitional closure of G
in 3%¢ for the language LRS (and 3%¢ endowed with the pointwise defined L',Rs—structure). In
particular, Sp(G) is rigid over G: every %S—automorphism of 3%X¢ which pointwise fizes G is
the identity on Sp(G). O

Remark. For the notion of definitional closure of a structure, see [H], pp. 134 ff.

Our last result in this section characterizes the spectral real semigroups as those real semi-
groups for which the representation partial order is a distributive lattice.

Warning. The essential point here is distributivity. In fact, there are other classes of real
semigroups for which the representation partial order is a lattice (necessarily non-distributive);
for example, the RS-fans, a class to be introduced and studied in Chapter VI, have this property;
see Theorem VI.3.5 and Remark VI.3.6 (a). O

As a preliminary step we prove:

Lemma V.6.4 Let G be a RS. Assume that the representation partial order <gisa distribu-
tive lattice. Then, product in G coincides with symmetric difference: for a,b € G,

a-b=(aN—-0)V(bA—a)(:=arb).

Proof. To ease notation we write < for < . Since the RS-characters of G preserve represen-
tation and —, they are monotonous for <. The separation theorem 1.5.4, and 1.6.2 imply, for
z,y € G,

*) <y & Vo e X, (o) <,0)).

(a) aN—b, bA—a < a-b. Hence,anb<a-b.

By symmetry it suffices to prove the first inequality. Using (*) we prove o(a A —b) < o(ab),
for o€ X .

— Suppose o(a A—b) = 0. By monotonicity, o(a),o(—b) > 0, i.e., o(a) > 0 and o(b) < 0. This
implies that o(ab) # 1, for o(ab) = 1 implies that both o(a),o(b) are either 1 or —1. Then,
olaN—b)=0<o(ab).

— If o(a A — b) = —1, by monotonicity, o(a) = o(—=b) = —1, ie., 0(a) = —1 and o(b) = 1.
Hence o(ab) = -1 =o(a N —b).
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(b) ab<aVb, —aV —b.

Let 0 € X,. If o(ab) = 0, then at least one of o(a),o(b) is 0, say o(a) = 0; by monotonicity,
o(ab) =0=o0(a) <o(aVvb) and o(ab) =0 = o(—a) < o(—aV —0b). If o(ab) = —1, then,
say 0(a) = —1 and o(b) =1 (or the other way round). By monotonicity, —1 = o(a) < o(a V b)
and —1 = o(=b) < o(—aV — b), as required.

The Lemma follows from (b). Indeed, using distributivity we have:
(**) ab<(aVb)A(—aV —b)=(aN—a)V(aAN—=b)V(bAN—a)V(bA—Db).

By 1.6.5(8) we have x A —x < y Vv —y for all z,y € G (Kleene inequality). Using distributivity
again:

aN—a=(aN—a)AN(bV—>b)=(aN—aAb)V(aAN—aA—b) < (—aAb)V(=bAa),

and, similarly, bA — b < (—aAb)V (=bAa). The last term in (**) then equals (—aAb)V
(=bAa) =anb, proving ab < aAb, as asserted. a

Corollary V.6.5 Under the assumptions of Lemma V.6.4, the following holds for a,b € G:
(1) a-(aVvb),b-(aVvb)<ab.

(15) Forallzx € G, z € DG(aQ,bQ) & rx=22 and a®> AV < .

(ii) (aV b)* € D,(a® b?).

Proof. (i) By the Lemma,

a-(avb)=an(aVvbd)=(aN—(aVDd)V((aVb)A—-a)=
=(aN—aN=b))V(aAN—a)V (bAN—a)=(aN—a)V (bA—a).

The Kleene inequality aA —a < bV — b implies that aA —a < aab = ab; indeed, by
distributivity

aN—a=(aN—a)AN(bV —=b) =(aN—aAb))V(aN—aN—D)) <
<(—=aAb)V(aN—b)=anrb.
Since, clearly, b A —a < aAb, our contention follows.
The other inequality in (i) holds by symmetry.
Next, we prove, for o € Xt
(*) a(a® A b%) = o(a?) A o(b?).
Recall from Proposition 1.6.8 (2) that {a? A b%} = D(t;(a?, b?) (any ). Since o preserves D!,
o(a® A 1) € Di(o(a?), 0(1%)) = Di(o(a), 0 (b)?) = {o(@)? A ob)? },
and (*) follows.

(ii) (=) Clearly, = € DG(a2, b?) implies z = 22. To show a? A b? < = we check that o(a? A b?) <
o(z) for all o € X ,; by (*) it suffices to verify o(a®) A o(b?) < o(2?). But o(2?) = 1 implies
o(z) # 0, whence, from z = 22 € DG(aQ,b2) follows 1 = o(2?) = o(a?) or 1 = o(2?) = o(b?),
and hence o(a?) A o(b?) = 1.

(<) Conversely, from = = 2% we get o(z) = o(2?) € {0,1} for o € X If o(z) = 1, then
a? A b? < and (*) give o(a? A b?) = a(a®) A o(b?) = 1, and hence one of o(a?) or o(b?) is 1,
proving that x € DG(aQ, b?).
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(iii) By (ii) it suffices to prove (aV b)?> > a? A b?. Invoking Lemma V.6.4 and using distribu-
tivity, we get:
(avb)?2=(aVb)a(aVvb)=(aVbA—(aVb)=(aVbA(-an—0b)=
=(aN—aN=b)VbAN—aAN—=b)>(aN—a)N(bAN—=Db) =
= (ara)A(bab)=a?A b,

as needed. O

Theorem V.6.6 Let G be a RS and let <a denote its representation partial order. Assume
that (G, <) is a lattice. The following are equivalent :

(1) (G, <) is a distributive lattice.

(2) The RS-characters of G are lattice homomorphisms of (G, <) into 3 (under the order
1<0<—1).

(3) The canonical embedding Ng:G— Sp(G) is a surjective lattice homomorphism. Hence,
G ~ Sp(G).

Fach of these conditions is equivalent to :

(4) G is a spectral RS.

Proof. (3)=(4) is clear and (4) = (1) has been observed in V.1.1(9). Note also that (3) < (4)
was proved in V.4.6 and (4) = (2) in V.2.2.

(1)=(2). We show that every o € X, preserves suprema. This is enough, since o also
preserves “—” and the De Morgan laws hold in G, i.e., —(a Ab) = —a V—0b and dually. It suffices
to prove o(aVb) < o(a)V o(b), as the reverse inequality is immediate from the monotonicity
of . We argue by cases:
—o(aVvb)=0.

From a - (aVb) < ab (V.6.5(i)) comes o(a)o(aVd) = 0 < o(a)o(b). This shows that
o(a),o(b) cannot both be 1, i.e., o(a) > 0 or o(b) > 0, whence o(a) Vo(b) >0=0c(aVD).
—o(aVvb)=—1.

Suppose first that o(a) = o(b) = 0. From (aV b)? € DG(az,bQ) (V.6.5 (iii)) we get o(aV b)? €

2 2 _ _ _ . .
Dy(o(a)?,a(b)?) = D,(0,0) = {0}, whence o(aV b) = 0, contradiction. So, one of o(a) or o(b)

is # 0. If, say, o(a) = 1, as above we get —1 = o(a)o(aVb) < o(a)o(b) = o(b), and hence
o(b) = —1. So, one of g(a) or o(b) is —1, and we get o(a)Vo(b) = -1 =0c(aVb).

(2)=(3). (i) n, is a lattice homomorphism. This follows from (2) by direct computation: for
a,bEGandaGXG,

No(anb)(@) = ev, ) (0) = 7(aAb) = o(a) Ao(b) = et () A ey (6) = 14(@)(0) Ang (B)(0).
and similarly for V.

(ii) n, is surjective. This is clear from Theorem V.6.2 and (i). O

Corollary V.6.7 The set of invertible elements of a spectral real semigroup (with induced
product operation, representation relation and constants 1,—1) is a Boolean algebra and, hence,
a reduced special group.

Proof. Recalling 1.6.5(7), for G = RS and g € G, in the representation partial order < o we
have g A — g = ¢ and gV — g = —¢?; hence:
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g invertiblein G & ¢?=1 & gA—g=1and gV —g=—1.

If G is spectral, by the preceding theorem < Glisa distributive lattice, and this shows that —g
is the Boolean complement of g. [With the terminology of the next section, this just means
that the set of Boolean elements of a Kleene algebra form a Boolean algebra .| O
Example V.6.8 This example (pointed out by F. Miraglia) shows that one may have an
injective RS-morphism f : G— L of a RS, G, with values in a spectral RS, L, so that its
spectral extension Sp(f) : Sp(G) — L (= Sp(L)) is not injective.

In [DM1], 5.10, pp. 83-84, an example was constructed of reduced special groups, F C B,
such that F is a (RSG-)fan, B is a Boolean algebra, and F' is not a complete subgroup of B.
Indeed, it was shown that there are forms ¥ = <a1, Qs Gy ), Y= <b1, b,, b, ) of dimension 3 over
F such that ¥=p % but ¢ Zp ¥, where = denotes isometry. By Pfister’s local-global principle
([DM1], Prop. 3.7, p. 51) we have

(*) sg1,(?) = 21y o(a,) = sgu, (V) = Y31, o (b)),

for every (+1-valued) character o € X, (= the Stone space of B), while this equality fails for
some character v € X, (which, of course, does not extend to B).

Now, add a 0 to both F' and B, and extend their respective representation relations in the
manner described in 1.2.2 (3), to get real semigroups F* and B*. Observe that, if G is a RSG
and G* = G U {0} is the corresponding RS obtained in this manner, then X o+ consists exactly
of the extensions of the +1-valued characters of G that send 0 to 0; hence, there is an obvious
one-one correspondence between X ., and X o

Let P denote the Post hull of B* (a lattice-ordered RS in the representation partial or-
der). The canonical embedding ¢ : B* — P is complete (1.4.12(3)) and gives, by restric-
tion, a RS-embedding ¢ [ F* : F* — P. However, ¢ [ F* cannot be a complete embedding;
otherwise, the bijection between X . and X indicated above, together with (*), would im-
ply that the inclusion F'C B is complete, contrary to the choice of F and B. By V.5.7,
Sp(e [ F*) : Sp(F*) — Sp(P) (= P) is not injective. 0

V.7 Spectral real semigroups as Kleene algebras.

The arguments in the preceding section and in section V.2 suggest that the spectral real semi-
groups should be treated as distributive lattices together with the involution “—” (i.e., product
with —1). The appropriate framework to deal with structures of this type is that of Kleene
algebras, defined in IV.1.9.

From the preceding results and those in 1.6 we have:

Fact V.7.1 Let X be a spectral space, and let <, A, V denote its pointwise defined partial
order and lattice operations (cf. V.1.1(8),(9)). Then, the structure (Sp(X),A,V,—,1,0) is
a Kleene algebra; in fact, a Kleene subalgebra of the Post algebra P(X) = C(Xcon,3).

Proof. The validity of axiom [K1] for Kleene algebras (see IV.1.9) was observed in V.1.1(9).
That of [K2.a] and [K3] is obvious. The De Morgan law [K2.b] is checked by a routine argument,
using the (pointwise) definitions of A and V (V.1.1(9)), and the obvious fact that f < g <
—g < —f (f,g € Sp(X)). The Kleene inequality [K2.c] is also routine, by the pointwise
definition of < and of the lattice operations, using the fact that it holds in 3.

For the last assertion, recall that spectral maps are continuous for the constructible topolo-
gies of domain and codomain (V.1.1(3.1)) and that the lattice operations are pointwise defined
in P(X). 0
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As our main result in this section we prove that the spectral real semigroups Sp(X) are
Kleene algebras of a special type; Theorem V.7.2 gives an exact algebraic characterization of
them.

Remark.The proof of Proposition IV.1.11 yields the following additional information: if X
is a spectral space, the Kleene algebra Sp(X) is isomorphic to K(K(X)), where K(X) is
the distributive lattice of quasi-compact opens of X; the isomorphism is given by the map

h(f) = (f7H1], f7H=1)), for f € Sp(X). O
Theorem V.7.2 Let K be a Kleene algebra with center c. The following are equivalent:

(1) There is a hereditarily normal spectral space X such that K ~ Sp(X).

(2) K wverifies condition [dec| in IV.1.11, and

[en]® For all a,b € K such that a,b < c, there are x,y € K so that aAz <b,bAy <a and
rVy=c.

Proof. (1) = (2). Since Sp(X) ~ K(K(X)), see Remark above, then Sp(X) verifies condition
[dec]. We check it also verifies [cn].

Let f,g € Sp(X) be such that f,g < 0. Hence f~![-1] = ¢g7'[-1] = 0. Let K; :=
f7Y1] N g~'[0] and K, =g '[1] n f7'[0]. By Fact V.1.7, K, K, are quasi-compact. Since
open sets are downwards closed under specialization, the generizations Gen (K,) of K, (i = 1,2)
are also quasi-compact, see proof of Theorem V.1.5.

Claim 1. Gen (K ) N Gen (K,) =0.

Proof of Claim 1. Assume there is an element ¢ in this intersection; hence, for i = 1, 2, there
sz, € K. so that bt Since X is hereditarily normal, either x, ~> T, or x,~ 1, say the

2 2
first. Since g(z,) =0, from z ~ z, follows g(z,) = 0, contradicting =, € K,,. O

1
By Proposition V.1.6 (i) there are disjoint quasi-compact opens U,,U, C X such that Gen (Kl) CU, (1=
1,2). We define spectral characters h,: X — 3 by:
1 ifzel,
0 ifzgU,.
~1 —10q] — _ _ )
Then, h'[1] N h*[1] =U, N U, = 0, whence h Vv h, = 0. We prove:

h.(z)=

7

— fAh, < g. Assume g(x) = 1. If f(x) = 0, then z € K, , whence z € U, ; therefore
h,(x) = 1, which implies (f A h,)(x) = 1. Since g only takes on the values 0, 1, this proves the
asserted inequality.

Likewise, g A h < f, ending the verification of [cn].

(2) = (1). As a first step in the proof, let K be any Kleene algebra and let X = Hom (K, 3)

be the set of Kleene-algebra homomorphisms of K into 3. With the topology generated by the

sets [a=1] ={o € X |o(a) =1}, for a € K, as a (sub)basis of opens, X is a spectral space

where the sets of this form are quasi-compact (cf. 1.1.17). Since K is a lattice, the family of
. . . . n

these sets is closed under unions and intersections: Ui:l [a, = 1] = [(Ai=; @;) = 1], and

dually for ﬂ ; therefore it is a basis for the topology. Note that specialization in X is as follows:
for o,v € X,

oy o yefo) @ VaeK(ycla=1]=oc[a=1]) & vy [1]JCo']1],

3 [en] = “completely normal”; cf. Remark V.7.3 (b) below.
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(and hence also y~}[—1] Co~1[-1]).

We observe:
Claim 2. If K verifies [cn], then X is hereditarily normal.
Proof of Claim 2. Assume, towards a contradiction, that there are 7,77, € X such that
o~ (i=1,2), but 7,77, and 72«74 7,- Then, there are a,b € K so that vl(a) = 1,72(a) +
1,72(6) =1 and Vl(b) # 1.

By [cn] applied with aAc and bAc, there are z,y € K such that aAzAc < bAc,
bAyAc<aAc and xVy =c. Then, 72(6) =1 and the first inequality give vz(a/\m/\g) =
72(a)/\y2(x)/\0 = 1; since 'y2(a) # 1, we get 72(x) = 1. Likewise, the second inequality
and vl(a) = 1 imply yl(y) = 1. Since 'yi_l[l] Co 1] for i = 1,2, we get o(x) = a(y) = 1,

contradicting xVy =c. a
The evaluation maps ev, : X — 35, (@ € K) are spectral, since ev,[1] = [a = 1]
and ev,![-1] = [-a = 1]. Since homomorphisms into 3 separate points of K, the map

p: K — Sp(X) defined by u(a) = ev, is a well-defined, injective homomorphism of Kleene
algebras. To show it is an isomorphism it remains to prove:

Claim 3. p is surjective.

Proof of Claim 3. Let f € Sp(X). As the sets f~![+ 1] are quasi-compact open, there are
a,b € K such that

(*) f-1=[a=-1] and f7[1]=[b=—1].

These sets being disjoint, we get a Ab < c¢. Condition [cn| applied with —aAc and —bAc
yields the existence of z,y € K such that —aAzAc < =-bAc, =bAyAc < =aAc and
xVy =c, whence “zA—y = c. Next we apply [dec] to this situation, to get t € K so that
tVec=-y and ~tVc= -z, ie.,tAc==x. Let

(**) s=(tAa)V(zAc)V(-bAC).
We assert:
Claim 4. evs = f.
Proof of Claim 4. By (*) and (**), Claim 4 amounts to showing that, for all o € X:
(i) o(a)=-1 & o(s) =—1,;
(ii) o(b) =—-1 & o(s) =1.

Proof of (i). (=) If o(a) = —1, the inequality “~bAyAc < —~aAc entails o(-bAyAc) =1,
which in turn implies o(—b) = 1 or o(y) = 1. However, the first alternative gives o(a) =
o(b) = —1, contradicting a Ab < c; then, o(y) = 1. Since tV ¢ = =y, we conclude o(t) = —1,
whence o(tAa) =—1, and o(s) =—1.

(<) Conversely, if o(s) = —1, then o(t Aa) = —1 (as the other disjuncts in (**) are < ¢), and
hence o(a) = —1.

Proof of (ii) . (<) Assuming o(s) = 1, in particular we have o(—=bAc) = 1, whence o(—b) = 1,
ie,o(b)=—-1.

(=) Conversely, if o(b) = —1, from —aAzAc < ~bAc we get o(—a) =1 or o(z) = 1.
The first alternative yields o(a) = o(b) = —1, contradicting a Ab < c; then, o(z) = 1. Since
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t Ac = x, it follows that o(t) = 1. Then, o takes value 1 on all three disjuncts of (**), showing
that o(s) = 1, and completing the proof of Theorem V.7.2. O

Remarks V.7.3 (a) It should be clear from our results that, with notation as in the proof
of Theorem V.7.2, the correspondence K ~—— Sp(Hom,,(K,3)), f — Sp(f) (f a Kleene-
algebra homomorphism) establishes an equivalence between the category of Kleene algebras
verifying conditions [dec] and [cn] (with Kleene-algebra homomorphisms) and the category
SRS of spectral real semigroups with RS-homomorphisms. We leave it to the reader to work
out the precise statement.

(b) A bounded distributive lattice is called completely normal if the space Spec (L) —the
set of its prime filters with the standard spectral topology, cf. [DST], §1.4— is hereditarily
normal. Motivation for our proof of Theorem V.7.2 came from the following result of A.
Monteiro [Mon]: L is completely normal if and only if for all a,b € L there are z,y € L so
that anz <b,bAy<a and xVy=T.

It is clear from the preceding arguments that, if L is a bounded, completely normal distribu-
tive lattice, the Kleene algebra K (L) verifies conditions [dec] and [cn], and hence is a spectral
real semigroup. a

Summarizing the preceding results and those of section V.2, we have:
Theorem V.7.4 (Axioms for spectral real semigroups)

(1) The following statements, together with the axioms for real semigroups (I.2.1), give a
first-order axiomatization for the class of spectral real semigroups in the language ERS =
{-,1,0,-1,D} :
[SRS1] Va3c(c=c* Aac=cA—ac D(1,—c)).
Setting:
a~ = the unique ¢ verifying [SRS1] (see V.2.1(3)), and at:=—((—a)”),
[SRS2] Vab3d(d e D(a,b) A d* = —aTbt A d~ € D'a=,b)).
(2) The axioms for Kleene algebras verifying conditions [dec] and [cn] —see IV.1.9, IV.1.11,

and V.7.2— constitute an alternative first-order axiomatization for spectral real semigroups in
the language { N,V ,—, L, c}. O

Proof. That the spectral RSs verify axioms [SRS1] and [SRS2] is Theorem V.2.1.

Conversely, axioms [SRS1]| and [SRS2| define a lattice structure on a given real semigroup,
G, in the language ERS . Since the characters of G preserve the constants, operation and relation
in ERS , these axioms ensure that they are lattice homomorphisms (see Corollary V.2.2). Thus,
condition (2) of Theorem V.6.6 is verified, implying that G is spectral. a

Remark V.7.5 Axioms [SRS1] and [SRS2] are of the form Va v, (a) and Vab 1,(a,b), where
Y., ¥, are positive-primitive Lp -formulas, ie., of the form Jz Ql(a,x), 3@92(a,b,@), with
0., 0, conjunctions of atomic Ly -formulas and ¥ a tuple of variables of suitable length.

R
This is clear for [SRS1] [Hl(z,w) cw=wlAzw=wA —z€ D(l,—w)}. For [SRS2] (us-
ing uniqueness) replace 2~ by 3z 0 (2,z,) for z € {d,a,b} and, similarly, 2t = —((—2)7)

by 3z, 91(—2,22). Explicitly, in new variables d.,a b, (i = 1,2) (corresponding to d,a,b,
respectively), with ¥ = (d, d,,d,,a,,a,,b ,b,),

0,(a,b,y) : d € D(a,b) A /\Ze{dﬂ’b}@l(z, 2 )NO0 (—2,2)) Nd, =a,b,\Nd, € Dt(al, b). O
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These manipulations yield analogs to Propositions IV.6.3 and IV.6.5 for spectral real semi-
groups :

Proposition V.7.6 (1) The class of spectral real semigroups is closed under the following
constructions :

— Inductive limits (colimits) over a right-directed index set.

— Reduced products* (in particular, arbitrary products).

Further,

(2) Let f : G— H be a surjective RS-homomorphism, where G, H are RSs. If G is spectral,
so is H.

In particular,

(3) Any quotient G/= of a spectral RS, G, modulo a RS-congruence = (II.2.1) is a spectral
RS.

Hence,

(4) Quotients of spectral RSs modulo saturated sets (??7) are spectral RSs.

Proof. The proof is similar to that of Proposition IV.6.3 in view of the logical form (universal
quantification of positive-primitive formulas) of the axioms [SRS1], [SRS2] for spectral RSs,
and hence omitted. a

Remark. Note that item (4) of this Proposition applies, in particular, to the various types
of quotients treated in §11.3: quotients modulo saturated subsemigroups, modulo transversally
saturated subsemigroups, localizations and residue spaces at saturated prime ideals. O

Proposition V.7.7 Let G be a RS and H be a spectral RS. Then,
(1) If f : G— H is a pure embedding of RSs, then G is a spectral RS.
In particular,

(2) The canonical embedding Ng:G— Sp(G) of G into its spectral hull is not pure unless G
itself is spectral. In the latter case, N s an isomorphism of G onto Sp(G) .

Proof. (1) Let ¢, (v), ¥,(v,,v,) denote the positive-primitive matrices of [SRS1], [SRS2] (see
IV.6.2). Assume G = SRS. Since G is supposed to be a RS, one of [SRS1] or [SRS2] fails in
G, say G = [SRS2|. Then, there are a,b € G so that G = =, [a,b]. On the other hand, since
H [ [SRS2] by assumption, we have H = 1, [f(a), f(b)]. Since 9, is positive-primitive, f is
not pure, contradiction.

(2) follows from (1) with f = . The last assertion is Corollary V.4.6. 0

V.8 Quotients of spectral real semigroups.

In line with preceding results (see Proposition V.7.6(2)—(4)), we prove in this section that
quotients of spectral real semigroups —in the sense of Definition I1.2.1— are determined by
the proconstructible subsets of its character space endowed with the spectral topology. As a
corollary we obtain a characterization of the spectral hull of any RS-quotient. O

1Cf. [CK], Def. 4.1.6 and §6.2, or [H], §9.4.
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V.8.1 Notation and Preliminaries. (i) Given a hereditarily normal spectral space, X, and
a proconstructible subset, Y, we define an equivalence relation on the real semigroup Sp(X)
as follows: for a,b € Sp(X),

a=yb e VyeY(a(y) =0by) £ alY =0b]Y.

This is, clearly, a congruence of ternary semigroups. Similarly, we define a ternary relation in
the quotient set Sp(X)/ =y, by pointwise evaluation at elements of Y: for a,b,c € Sp(X) and
with 7y, : Sp(X) — Sp(X)/=y canonical,

my (@) € Dy oy (my (0),7, (€)= Vy € Y(ay) € Dy(b(y). c(y)).
Routine checking shows:

(@) € Dy )z, (my (0), 1y (€)) & Wy € Y(aly) € Dy(bly) c(y))-

To ease notation we shall write D, for DSp . and similarly for transversal representation.

(X)/=
(ii) It is a general and well-known fact that the spectral subspaces of a spectral space X
are exactly the proconstructible subsets Y C X with the induced topology. To avoid possible
confusion, we shall denote by Y;, the proconstructible subset Y endowed with the (spectral)
topology induced from X. The quasi-compact opens of Y, are exactly the intersections of
quasi-compact opens of X with Y, and similarly for the closed constructible subsets of Y.
These results imply that the specialization order of Yy, is just the restriction of specialization
in X. See [DST], Thm. 3.3.1. Hence, it is clear that if, in addition, X is hereditarily normal,
then so is Yip. To ease notation the real semigroup Sp(Ys,) will be denoted by Sp(Y'). 0

Our first result is:

Theorem V.8.2 Let X be a hereditarily normal spectral space, and let Y be a proconstructible
subset of X. Then,

(1) (Sp(X)/=vy,Dy,) is a real semigroup.

(2) (Sp(X)/=v, Dy,) is isomorphic to (Sp(Y),DSp(Y)).

Hence,

(3) The character space X is homeomorphic to Yy, (spectral topologies).

Sp(X)/=y

(4) Every RS-congruence of Sp(X) is of the form =y for a suitable proconstructible set Y CX.

Proof. (1) follows from (2) and V.8.1 (ii), see Theorem V.1.5. Here is a proof of (1) without
invoking (2).

By Theorem I1.2.16 (with G = Sp(X), Xgpx) and H = Y), (Sp(X)/=y,D,,) verifies
all axioms for RSs except, possibly, [RS3a]. Now, the proof of Theorem V.1.4 shows that
this structure also verifies axiom [RS3al: the witness required for weak associativity is 7 (f),
where, for given elements a,b,c,d,e € Sp(X) whose images under Ty, verify the assumptions
of [RS3a] in Sp(X)/=y, the element f is defined as in the proof of V.1.4.

(2) The required isomorphism is the map
a/=y =m,(a) s alY  (a€Sp(X)).

By the definition of =y it is clear that ¥ is a well-defined, injective TS-homomorphism. Since
representation is pointwise defined in both Sp(X)/=y and Sp(Y'), we have
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Ty (@) € Dy =, (T3 (0), 7y (0)) - & Wy € Y(aly) € Dy(b(y), c(y))
< alY e DSp(Y)(b [Y,e[Y),

showing that both ¥ and ¢~! [ Im(%) preserve representation.
The proof that ¥ is surjective is more delicate; it boils down to:

Claim. Every map f € Sp(Y) extends to a map g € Sp(X).

Proof of Claim. The argument is similar to (a part of) the proof of Theorem V.1.5, using
Proposition V.1.6; we only sketch it.

Recall that f € Sp(Y) just means that f~![£1] are quasi-compact opens in Ys,. To get a
spectral map g : X — 34, extending f it suffices to construct disjoint quasi-compact opens
U, (i € {£1}) of X so that ) c U,, and set:

g[U =i (i €{£1}) and g[(X\ (U,UU_))=0.

For i € {#1} let Genx (f~'[i]) = {x € X |y € f~[i] (z~>y)} be the generization of ]
in X. Arguments similar to those in the proof of V.1.5 show:

(i) Geny (f~1[i]) is quasi-compact in X (i € {£1}).
(ii) Geny (f~!1]) N Geny (f~[~1]) = 0.

By Proposition V.1.6 there are disjoint quasi-compact open subsets U, of X such that
Geny (f~1[i]) C U, (i € {£1}), as required.

(3) follows from (2) by the Duality Theorem 1.5.1 and the fact that Xgpy) =~ Y (Proposition
V.3.7(2)).

(4) is a particular case of Proposition ??: with notation therein, given a congruence = of
Sp(X), take Y := H= (proconstructible by ?7 (ii)) ; the last line in the statement of ?7 (i)
shows that = = =y. O

To establish that the equivalence relation =y is a RS-congruence we still have to prove that
the factoring condition I1.2.1 (iii) holds. This will follow from the next Proposition, which gives
a lifting for the quotient representation relation D,..

Proposition V.8.3 Let X be a hereditarily normal spectral space, letY C X be proconstructible,
and let a,b,c € Sp(X). The following are equivalent:

(1) my.(a) € Dy (my,(b), 7y, (c))-

(2) There exists a’ € Sp(X) such that d'[Y =a[Y and o' € Dy x) (0, c).

(X)(

Proof. (2) = (1) is clear from the pointwise definition of both D,, and DSp(X)'

(1) = (2). Throughout this proof ¢ stands for 1. Let U, := a~1[i] and Vo= b~ i] U e,
quasi-compact open subsets of X. Assumption (1) amounts to UNYCV.NY. Set W :=
UZ. N V;; Wi is quasi-compact open, and W, N W_ = (). We define a map a’ : X — 3 by:

a [W, =i forie{£l}, and o[X\ (W, UW )=0.
Clearly, a’ € Sp(X). We have:
— d[Y =alY.
Let y € Y; for i € {£1},
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ay) =i=yelU NYCVNY=yeW NY=dy =i,
and
a(y) =0=ye X\ (U, UU )CX\ (W, UW )=d(y)=0.

— d € DSp(X)(b’ c).
For x € X and i € {1} we have:
d(@)=i = ze€W CV = bx)=iorc(r)=1i,
as required. O

Corollary V.8.4 Let X be a hereditarily normal spectral space, and let Y C X be a procon-
structible subset. The equivalence relation =y werifies the factoring condition of Definition
11.2.1 (iii).

Proof. Given a RS-morphism f : Sp(X) — H into a RS, H, such that a =y b = f(a) = f(b)
for a,b € Sp(X), it suffices to show that the map f : Sp(X)/=y = Sp(Y) — H defined by
f om = f preserves representation, i.e., for a,b,c € Sp(X),

Ty (a) € Dy (7, (b), 7y (c)) = [fla) € Dy(f(b), f(c))-
By Proposition V.8.3, the antecedent implies that a’ € Dsp( X)(b, ¢) for some o’ € Sp(X) such
that @' [Y =a Y, ie., d =,.a. By the assumption on f we have f(a) = f(a’) and, since f is
a RS-morphism, f(a) = f(a') € D, (f(b), f(c)), as required. O

V.8.5 The spectral hull of a RS-quotient.

As an application of the foregoing results we prove that formation of the spectral hull
commutes with the operation of taking quotients under arbitrary RS-congruences. The result
is:

Theorem V.8.6 Let = be a RS-congruence of a real semigroup G. Let Y :=H_C X, denote
the (proconstructible) set of characters defined by = (cf. Proposition ?7) and let =, denote,
as above, the RS-congruence of Sp(G) induced by Y. Then we have Sp(G/=) ~ Sp(G)/=,,.

Proof. Recall that in Theorem V.5.3 (i) we proved that —under identification of the RS G in its
spectral hull Sp(G) via the map N any RS-homomorphism f : G — H extends uniquely to

a RS-morphism Sp(f) : Sp(G) — Sp(H). The map Sp(f) is defined by Sp(f)(g) =go f* (g €
Sp(@)), where the spectral map f* : X, — X, dual to f is given by right-composition with
frfory € Xy, f*(v) =~vofisee V.43 (b) and V.4.4. We shall use this with H = G/= and
[ =, = the canonical quotient map G — G /=.
As in Theorem V.8.2, m, : Sp(G) — Sp(G)/EY denotes the corresponding quotient map.
We note first:
(a) For a,b € Sp(G), a=, b = Sp(r,)(a) = Sp(m,)(b).
Proof of (a). This implication can be rephrased as

alY=0b]Y = aomy, =borr,.

That is, we must show that, for o € XG/E, (a o WZ)(U) = (bo ﬂ;)(o‘); equivalently,
o) Now,ocom, € H_ =Y (cf. ??);since a[Y = b[Y, we conclude

, as required.

a(com,) =bloom

a(com,) =bloom,)
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Since =,, is a RS-congruence of Sp(G) (V.8.2(1) and V.8.4), (a) entails that the map

Sp(m,) : Sp(G) — Sp(G/=) induces a RS-morphism Sp/(ﬂ'\G) : Sp(G)/=,, — Sp(G/=) such
that Sp(w,) o my, = Sp(7,). We show that Sp(r,) is the required RS-isomorphism.
(b) SF(%) is injective.
Proof of (b). This is just the converse implication to (a): for a,b € Sp(G),
Sp(r,)(a) =Sp(r,)(b) = alY =b[Y, ie,

(*) aors, =bomr = a[Y =0b[Y.
Let p € Y = H_. By the definition of H_ (??) there is 0 € X,

from the antecedent of (*) comes

- _ such that p = g om . Then,

/

a(p) = a(o o my) = (a0 %) (0) = (bo ) (0) = blo omg,) = b(p);

since p is an arbitrary element of Y, (*) is proved.

(c) S?(i) is surjective.

Proof of (c). We show Sp(m,) is surjective. Let f € Sp(G/=), ie., f : XG/E—> 3p is a
spectral map. With ¢ : Y =H_ — X G/= denoting the (spectral) homeomorphism given by
Proposition ?7? (iii), we have fo¥ € Sp(Y’). The Claim in the proof of Theorem V.8.2 shows that
fo® extends to a map g € Sp(XG) = Sp(G), i.e., g[Y = fo¥. Inspection of the definition of ¥
(proof of 77 (iii)) shows that ¥ = ﬂ'g_l. Hence the last equality yields f = gom, = Sp(m)(9),
proving (c).

—

(d) Sp(m,) reflects representation.

Proof of (d). This amounts to proving, for a,b,c € Sp(G),
Sp(m) (@) € Dy gy, (D) (B). Sp(m) (€)= my(a) € Dy g (my (B),y (0)), e

(**) aOWZGDSp (bOW;,COWE) = a[YGDsp b[Y,c[Y).

(G/=)
For z € Sp(G) and 0 € X

translates as

(¥%) Voe X,

Y)

we have (z o W;)(O‘) = z(o om,). So, the antecedent of (**)

/= G

/= a(com,) € Dy(b(oom,),cloom,))|.
To end the proof of (**), let p € Y = H_, ie,p=ocom, for some o € XG/:. Then, (***)

vields a(p) € Dg(b(p),c(p)). Since p is an arbitrary element of Y, the conclusion of (**) follows.
O

V.9  Saturated prime ideals of spectral real semigroups.

Recall that Specg,(G) denotes the space of saturated prime ideals of a real semigroup G,
defined in 1.6.19.

Theorem V.9.1 Let X be a hereditarily normal spectral space. Then, X is homeomorphic to
Specg,; (Sp(X)). Hence, all three spaces X, Xgp(x) and Specg,(Sp(X)) are homeomorphic.
In particular, Specg, (Sp(X)) is hereditarily normal.

Proof. The Theorem is proved by the five claims that follow.
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Claim 1. Let P be a prime ideal of Sp(X). Then, the set ﬂ {Z(f)| f € P} is a chain under
the specialization order of X (Z(f) = f~[0]).

Proof of Claim 1. Set S := m {Z(f)| f € P}. Assume S contains elements z, y incomparable
under ~+. Then we have:

(a) Gen (z) N Gen (y) = 0.

This is clear by hereditary normality: if z~-»z,y for some z € X, then z and y are ~-
comparable.

(b) Gen (z) and Gen (y) are quasi-compact.

This holds because {z}, {y} are (obviously) quasi-compact and open sets are generically closed
(cf. proof of Theorem V.1.5.)

By Proposition V.1.6 (i) there are disjoint, quasi-compact opens U, V such that Gen (z) C U,
Gen (y) C V. Define maps f,g: X — 3 by:

fIV =1, fIX\V)=0 and g[U=1, g[(X\U)=0.
Since U,V are quasi-compact open, f,g € Sp(X). Also:
z€Gen(z) CUCX\V = f(x)=0 and g(x) =1,
y€Gen(y) CVCX\U = ¢g(y) =0 and f(y)=1.

Since x,y € S, h(z) = h(y) = 0 for all h € P. This and the preceding lines entail f,g ¢ P.
On the other hand, U NV = implies X = (X \U) U (X\V)=Z(g9) U Z(f) = Z(f9g), ie.,
fg =0 € P, contradicting the assumption that P is prime. O
Set S":=S5 N ﬂ QP[[gZ = 1], where [¢?> =1] = {z € X |g¢*(x) = 1}. Since §'CS, ' is
g
a specialization chain of X.

Claim 2. S’ # () (hence, S # 0).

Proof of Claim 2. S’ # () means that, there is x € X such that for all f € P and g &
P, f(z) =0 and g(x) # 0. We first note:

(a) For all f € P and g ¢ P, there is z € X so that f(z) =0 and g(z) #0.

Otherwise, Z(f)C Z(g). By 1.6.5(1) applied with G = Sp(X), this yields g = f?g € P,
absurd.

(b) Now, let f,,...,f € P,g,,...,g & P be arbitrary finite sets. We show:
n m
2 _
M, 20 0 () 12 = 1140,

— ™ ) m 2 17— 2 —
In fact, set g := szl g;; clearly, g ¢ P and ﬂ . [g7 =11 =1[g"=1]. On the other
j:

hand, let f be the unique element of Dép(X)( f,,f;) (cf. IV.5.3(i)). We have Z(f) =

ﬂn Z(f,) and, since P is saturated, f = f2 € P. Thus, ﬂn Z(f.) N ﬂm [g2 =1] =
=1 ? =1 ? =1 J
Z(f) N [g*=1], and, by (a), this set is non-empty.

Next, observe that Z(f) and [g? = 1] are both closed in Xcon. Then, {Z(f) N [¢* =

1]If € P,g ¢ P} is a family of closed sets in X.o, with (by (b)) the finite intersection
property. By compactness,
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S =(z(f)nlg*=1]1f€PggP}#0,
proving Claim 2. O

Thus, S’ is a non-empty, proconstructible specialization chain of X. By [DST|, Thm.
5.2.6 (iii), S’ has an infimum in the specialization order, say x, (which belongs to S’). We
claim:

Claim 3. For f € Sp(X), fe P < f(z,) =0.
Proof of Claim 3. The implication = is obvious, since z, € S’ C Z(f).
(<) Assume f ¢ P. Since z, € S'C [f? = 1], we have f2(:v0) =1, ie, f(z,) #0. O

This shows that the map 6 : X — Spec,,(Sp(X)) given by z — {f € Sp(X) | f(x) =
0} (:= P)) is surjective (cf. [M], Prop. 6.5.1, p. 117). We also have:

Claim 4. 0 is injective.

Proof of Claim 4. Let z,y € X,z # y. Since X is T}, there is a quasi-compact open set U

such that, say, z € U,y ¢ U. With f: X — 3 defined by f[U =1, f[(X \ U) = 0 we have

f€Sp(X) and f(y) =0, but f(x) =1, ie., f € Py\Px, whence Py #P . O
Finally we prove:

Claim 5. 6 is a homeomorphism.

Proof of Claim 5. (a) Let f € Sp(X) and let D(f) = {P € Specg,:(Sp(X)) | f &€ P} be the
basic open set of Specg,, (Sp(X)) defined by f (cf. 1.6.19). Since (by Claim 3) every saturated
prime ideal of Sp(X) is of the form P for some z € X, we have:

O D) ={z e X[ f(z)# 0} =[] U f[-1]
a quasi-compact open subset of X .

(b) Conversely, given a quasi-compact open subset U of X, with f € Sp(X) defined by f[U =
1, fI(X\U) =0, we have 0]U]| = D(f); indeed, for x € X,

relU & flx)=1¢ f)#0 & f¢€P & P €D(f).

This shows that 6! establishes a bijection between basic quasi-compact open subsets of
Specg, (Sp(X)) and quasi-compact opens of X, which proves Claim 5, completing the proof of
Theorem V.9.1. a

Remark. Since any homeomorphism between spectral spaces preserves and reflects special-
ization, the preceding theorem entails:

Forall z,ye X, v~y & P ~P (ie, P CP). O
x Yy x )

Added December 2011.

Proposition V.9.2 A quotient of a spectral RS modulo a saturated prime ideal is a quasi
Boolean algebra®.

Proof. Let G be a spectral RS and P be a saturated prime ideal of G. By Theorem I11.3.15 (d)
and with notation therein, G’ := (G/P) \ {w(0)} is a RSG under the representation DG/P. We

show that G’ is a Boolean algebra.

5 That is, a Boolean algebra as a reduced special group with an added zero; cf. 1.2.2(3).
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Since the equivalence relation ~ , that determines the quotient G/P (= G/~) is a RS-
congruence, Proposition V.7.6 (3) shows that G/P is a spectral RS. Now, the argument of
Corollary V.6.7 shows that, under the representation partial order, G’ is a Boolean algebra:
any element of G’ is of the form a/~ , with a € G\ P. Since G’ is a RSG, we have a2/~P =1,
and 1.6.5 (7) gives:

a/~pN—aj~p, = a2/~P =1 and a/~,V—a/~,= —a2/~P = -1,

proving, in fact, that G’ is a Boolean algebra. O

V.10 Rings whose associated real semigroups are spectral.

In this section we prove, first, that the real semigroup associated to any lattice-ordered ring is
spectral. This exhibits a very extensive class of examples of spectral RSs arising from rings.
Use of the axiomatisation given in V.7.4 (1) makes the proof rather simple. A significant
consequence of this, together with previous results, is that the spectral hull of the RS G,
associated to any semi-real ring A is canonically isomorphic to the RS GZ associated to the

real closure A of A (real closure in the sense of Schwartz [Sch], see also Prestel-Schwartz, [PS]);
further, the canonical embedding e, of G, into Sp(G,) (V.4.1(ii)) is induced by the inclusion

of A into A (see also [M], Remark (3), p. 178). O

V.10.1 Preliminaries and Notation. We assume known the basics on lattice-ordered rings
(abbreviated ¢-rings), for which the reader is referred to [BKW], Chs. 8, 9.

Throughout we assume A is an ¢-ring. The underlying partial order of A will be denoted

by < (not to be confused with the representation partial order of G, = G, _, cf. 1.6). Without

risk of confusion, the lattice operations in both A and G ', Will be denoted by A, V.

V.10.2 Reminder. For ready reference we recall from 1.1.2 (e) that the ARS associated to
the real semigroup G, is

Xe, = Sper(A, <) = {a € Sper(A) | a contains <},
and that, for a € A and « € XGA,

1 S aca\(-a) & my(a) > 0 (in (A/supp(e), <a)),
(%) ala)=¢ 0 <« aesupp(a) < ma(a)=0
-1 © a€—-a\a & mla)< 0.

The lattice operations in A induce binary operations (@,b) — aAb (resp. aVb) in G - O

Fact. The operations (a,b) — a/Ab (resp. aV b) are well-defined: for a,a’,b,b' € A,

a=ad and b=V imply aANb=ad AV and aVb=d V.

Sketch of proof. We just sketch the idea of the argument for the case (@,b) — aAb.
Obviously it suffices to show: @=a’ = aAb=a/Ab.

The assumption is a@(a) = d/(a), for a € Sper(4,<). By V.10.2 (*), this amounts to the
fact that m,(a) and 7, (a’) have the same strict sign (strictly positive, strictly negative or zero)
in the order <, of A/supp(a). Since 7, : (4, <) — (A/supp(w), <,) is a homomorphism of
ordered rings and the counterdomain is totally ordered, we have

(1) Ta(aND) = minga {ma(a), ma(b)}.
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Now proceed by a case-wise argument according to the values of (a Ab)(a), using that m,(a),
7o (a’) have the same sign in <. 0

The simple observations that follow will be used in the proof of our main result, as well as
the characterization of the representation partial order of G, given in Proposition 1.6.4 (d).

Fact V.10.3 Let A be a {-ring and let G, be its associated RS. For a,b € A we have:
a<b = b<a.

b<a < Thereis a' € A so that a’ =a and o <b.

(1)
(2)
(3) b<0 & Forall a € Sper(A, <), my(b) > 0.
(4) aAb=aVb and aVb=aAb.

Proof. (1) By 1.6.4 (d) , we must show, for all & € Sper(4, <):
(i) ala)=1 = bla)=1;

(i) a(a) =0 = b(a) € {0,1}.

By V.10.2 (*) above, these conditions are equivalent to:

(i') mala) > 0 = ma(b) > 0;

(i) ma(a) =0 = ma(b) > 0.

Since 7, : (A, <) — (A/supp(a), <,) is a homomorphism of ordered rings, a < b implies
Ta(a) <, ma(b), from which (i') and (ii’) clearly follow.

(2) The implication (<) is clear from (1).
(=) Assuming b < @ (in G 4)» the implications (i') and (ii’) above hold.

Set a’ := a Ab. It remains to show that a(a) = a’(«) for all a € Sper(A4, <); we argue by
cases according to the values of a(«):

—a(a) = 1.
Then, 7o (a) > 0 (see V.10.2 (*)); by ('), ma(b) > 0, and we get,
0<, min<a{7ra(a), Ta(b)} = ma(aAD) = mo(d'),
ie., d(a)=1.
— a(a) = 0.
By V.10.2 (*), Ta(a) = 0; (il') gives ma (b) >_ 0; thus, ma(a’) = ma(a A D) = min_ {mala), ma(b)}
=0, ie., d(a) =0.
— @(a) = —1. An argument similar to the first case yields a/(a) = —1.

(3) The characterization of b < @ set forth in items (i') and (ii’) of the proof of (1) applied with
a =0, gives, for a € Sper(A4, <):

— Ta(0) > 0 = ma(b) > 0;
— 7a(0) =0 = 7a(b) > 0.

The first implication is vacuously true since its antecedent is false, and the second implication
is equivalent to 7, (b) >, 0 since its antecedent is true.
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(4) We only prove the first equality. Since aAb < a,b (in A), item (1) gives a,b < aAb,
whence aVb < aAb. To prove the reverse inequality we proceed by cases, according to the
values of (a Ab)(«), a € Sper(A4, <).

— If (aAD)(a) =1 there is nothing to prove.
— (aAb)(a) =0.

By V.10.2 (*), ma(aAb) = 0; equality (f) above implies that one of m4(a), ma(b) is 0 and the
other is > 0, i.e., either a(a) = 0 and b(a) € {0,1} or the other way round. Since the order
in 3 is 1 <0 < —1, this clearly yields a(a) V b(a) =

— (anb)(a) = —1.
From V.10.2 (*) and () we get min_ {ma(a), 7o (b)} <_0. Then, at least one of mq(a) or mq/(b)
is < 0, ie., a(a) =—1or b(a) = —1, which yields a(a) V b(a) = —1. O

Now we turn to the proof of:

Theorem V.10.4 Let (A, <) be a ¢-ring. The real semigroup G, associated to A is spectral.

Proof. We show that G, verifies axioms [SRS1] and [SRS2] of V.7.4. We shall use, mostly
without explicit mention, the results of V.10.3, notably that the order reverses in passing from
A to G, and that, for a,b € A and « € Sper(4, <),

(1) Ta(aAD) :minga{ﬂa(a),wa(b)} and  ma(aVb) = max_{my(a), ma(b)} ;

_(x

[SRS1]. Fix a € A, and set ¢ = a V0. Then, ¢ > 0, whence ¢ < 0, and, by 1.6.4, ¢ € Id (GA); in
particular, ¢(a) € {0, 1}, i.e., mo(c) >, 0 for a € Sper(A4, <). Also, ¢ > a, i.e., ¢ < @, whence,
by 16.2, —a € D, (1,-0).

To prove a¢ = ¢, let a € Sper(A,<). The equality holds at « if ¢(a) = 0. So, assume

¢(a) =1,ie., mo(c ) >4 0; by (1), malc) = max_ - {ma(a),0} >, 0 which clearly implies 74 (a) >, 0,

ie, a(a) =1.

[SRS2]. Given a,b € A, set d =aVb,ie., d=aAb. We show:

(i) deDGA(a,b). B ) B )

That is, we must prove: d(a) # 0 = d(a) =a(a) or d(a) = b(a), for a € Sper(A, <). Since

the order <, is total, the second equality in (1) yields 7 (d) = 7 (a) or 74 (d) = m(a), which

obviously entails the required conclusion.

(i) d"=—-a*t-b".

Since zT =2zV0 > 0 (2 € A), we get 27 (a) € {0,—1} for a € Sper(4,<). To prove (ii), we
. =+

argue by cases according to the values of d ' («).

—d(a) = -1.

This means (d A0

)
second equality in ()
It follows that —a™*(«

a) = —1, ie., mo(dA0) <4 0; by (1), ma(d) <4 0. Since d = a Vb, the
mphes that both 7o (a) and 7, (b) are <, 0, whence a ™ (o) = 5+(a) =-1.

) D) = ~1=d"(a).

—d (@) =0.

That is, (dA0)(a) = 0, i.e., To(d A0) = 0. The first equality in (1) gives 74 (d) >, 0, and (by

d = a Vv b) the second equality shows that at least one of 7, (a) or 7, (b) must be >, 0. Then,
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one of 7, (aA0) or m,(bAO) equals 0, i.e., either a*(a) =0 or B+(o¢) = 0, proving that (ii)
holds at a.

(iii) (d)~ e D, (@7, (b))

For z € A we have (Z)~ = ZA0 < 0, and hence (2) " (a) € {0,1} for a € Sper(A4,<). To
establish (iii) we must show:

—(d) (@) =0 = (@) (o) = (b) "(a) =0, and

—(d)"(@)=1 = (@ (a)=1 or (b)) (a)=1.

For the first implication, the assumption is (dV0)(a) = 0, ie., mo(dV0) = 0. The
first equality in (f) shows that m.(d) < 0, and the second (applied with d = aVb) yields
Ta(a), ma(b) < 0. We get mq(aV0) =ma(bV0) =0, ie., (a) (a)= (b) ~(a) = 0.

For the second implication, the assumption amounts to 7,(dV0)>,0, which implies

Ta(d) >4 0. The conclusion to be proved amounts to m4(a) >,0 or 74(b) >, 0, which obvi-
ously follows from the second equality in ({) applied with d = a V b. O

As a consequence of Theorem V.10.4 and of previous results in this section, we have:

Proposition V.10.5 Let A be a semi-real ring, let A denote its real closure (in the sense of
Prestel-Schwartz [PS]), and let v : A— A be the inclusion map. Then,

(1) The spectral hull Sp(G,) of the real semigroup G, is canonically isomorphic to G, the RS
associated to A.

(2) The canonical embedding N, of G, into Sp(G,) (cf. V.4.1(i)) is induced by the RS-
morphism v : G, — G4 giwen by the ring inclusion t.

Proof. The result is a consequence of the following observations:

— Sper (A) = Sper (A4) (cf. [PS], p. 264) entails Sp(G,) = Sp(G5); indeed, both these RSs

consist of the spectral characters of the space X = Sper (4) = Sper (A) into 3¢, (V.1.2).

— By Theorem V.5.3 (i) we have a commutative diagram

L
G, G
N, J{ l Mo

Sp(G,) —Sp(Gy)
Sp(7)

The previous observation and the uniqueness in V.5.3 (i) entail that Sp(z) is the identity of
Sp(G,) = Sp(G) (the reader can easily check that this identity makes the above diagram

commute). Since A (ordered by Zz) is a f-ring (in fact, a reduced f-ring), by V.10.4 G is a
spectral RS. Corollary V.4.6 entails, then, that N 18 an isomorphism of RSs.
A

Let ¢ : Sp(G,) — G5 be the map ¢ := n(‘}i o Sp(z). By the preceding observation, ¥
A

is an isomorphism of RSs, which proves (1). Commutativity of the diagram above then gives

e, = ©~1 o 7, which proves (2). O

Remark V.10.6 The well-known Delzell-Madden example of a hereditarily normal spectral
space that is not homeomorphic to the real spectrum of any ring, [DeMal, also yields an
example of a spectral RS not realizable by a ring: if X denotes this space, the duality RS/ARS
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(Theorem 1.5.1) and Proposition V.3.7(2) show that Sp(X) is not isomorphic to G, for any
ring A. Further, in [M], p. 177, Marshall observes, using a dual terminology, that Sp(X)
cannot even be of the form G, ,, for a ring A and a preorder T' of A. O
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Chapter VI

Fans

Introduction

Our aim in this chapter is to introduce a general notion of “fan” in the dual categories of

abstract real spectra (ARS)index[sym]ARSindex[sub]category! ARS and of real semigroups
(RS),index[sym]RSindex[sub]category!RS and to study in detail the properties of these struc-

tures. The notion of a fan is a well-known and a central notion in the categories AOSindex[sym]AOSindex[suk
of abstract order spaces, see [M], Ch. 3, and the dual category RSGindex[sym|RSGindex[sub]category!RSG
of reduced special groups, cf. [DM2], Chs. 1, 3. Furthermore, fans are the building blocks nec-

essary to understand the geometry of AOSs as well as the key to many applications in real

geometry; cf. [ABR], Chs. 3, 4. However, little or no attention has so far been paid to the

role of fans in the categories ARS and RS: only a very particular case of the general notion

introduced below occurs in [M], p. 162.

To motivate the ideas let us briefly review the definition of a fan in the (dual) categories
AOS and RSG:

— A fan in the category AOS (henceforth called an AOS-fan)index[sub]AOS-fanindex|sub]fan! AOS-
is an abstract space of orders (X, G) where “X is biggest possible”; there are two equivalent
ways of making sense of this idea:

(1) X consists of all group homomorphisms h : G — { £1} such that h(—1) = —1.
(2) (X,G) is an AOS and X is closed under the product of any three of its members.

— A fan in the category RSG (henceforth an RSG-fan)index[sub]RSG-fanindex[sub]fan!RSG-
is a reduced special group G whose binary representation relation is “smallest posible”; there
is only one way of making sense of this:

a € Dg(b,c) iff either b= —c or (b# —c and a € {b,c}).

Remarks. While condition (1) above implies that (X, G) is an AOS, the last requirement in
(2) alone is not sufficient to guarantee that (X,G) is an AOS; in addition, one must require
that:

(i) X separates points in G, i.e., [),cx ker(c) = { 1}.index[sub]separates points

(ii) X verifies the following maximality condition (see [M], axiom [AX2] for AOSs, p. 22):
for every group homomorphism o : G— {£1}, if o(—1) = —1 and a,b € ker(o) =
D (a,b) Cker(c), then o € X.

The definition of binary representation given above (together with 1 # —1) implies that G is a
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RSG. O

We shall define the notion of a fan in the category ARS of abstract real spectra by postu-
lating the analogs of conditions (1) and (2) above, upon replacing the underlying notion of a
group of exponent 2 with a distinguished element —1 by that of a ternary semigroup:

Definition VI.0.1 Given a ternary semigroup G and a non-empty X C 3¢,

(1) (X,G) is a fan, iff X consists of all TS-homomorphisms from G to 3 = {-1,0,1}.
index[sub]fan@fan

(2) (X,G) isa fan, iff X is an ARS and is closed under the product of any three of its members.
index[sub|fan@fan
We shall frequently use in the sequel the following, weaker notion to which we give a name:

(3) (X, Q) is a g-fan (quasi-fan) iff X is closed under the product of any three of its members
and X separates points in G, i.e., for every a,b € G, a # b, there is h € X such that
h(a) # h(b). index[sub]q-fan O

Note. In (2) we allow products of type h% hs; as opposed to the case of special groups, squaring
a TS-homomorphism does not produce a trivial map. Note also that h® = h, and that the
product of any three TS-homomorphisms is again a TS-homomorphism. O

In section VI.2 below we shall prove that both these notions of fan are equivalent; until
then we keep the distinction.

As for the dual category RS, we shall prove that, under a suitable necessary condition,
g-fans automatically produce real semigroups where both binary representation relations D?
and D are smallest possible.

INSERT DESCRIPTION OF CHAPTER’S CONTENTS HERE.

Remark. Recall that Hom, (G, 3) denotes the set of all T'S-homomorphisms from the ternary
semigroup G into 3.

VI.1 Preliminaries

Fact VI.1.1 Let G be a ternary semigroup, let X C Hom, (G, 3), and assume that (X,G)

is a g-fan. A necessary condition for (X,G) to be an ARS is that for all a,b € G, either
Z(a) C Z(b) or Z(b) C Z(a). Here, Z(a) ={h € X |h(a) =0}.

Proof. Assume (X,G) = ARS but there are a,b € G so that Z(a) € Z(b) and Z(b) € Z(a),
ie, h(a) =0, hy(b) # 0, hy(b) = 0, hy(a) # 0, for some h ,h, € X. Since (X,G) is a
g-fan, hfh2 € X. By Lemma I1.2.11(1), Z(h,) and Z(h,) are comparable under inclusion,
contradicting that a € Z(h) \ Z(h,) and b € Z(h,) \ Z(h,). 0

Our next result gives some alternative characterizations of the necessary condition in Fact
VI.1.1.
Proposition VI1.1.2 Let T be a ternary semigroup. The following conditions are equivalent:
(1) The family {Z(a)|a € T} is totally ordered under inclusion.
(2) For all a,b €T, either a’b* = a® or a?b* = b?.
(3) Ewvery proper ideal of T is prime.
(4)

4) The set of ideals of T is totally ordered under inclusion.
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Proof. First observe:
(*) Z(a) CZ(b) & a?b? = 2.

This is proved by the argument proving the equivalence of items (ii) and (iii) in Proposition
1.6.5(1), using the separation theorem for ternary semigroups (Theorem 1.1.12), instead of the
corresponding result for real semigroups.

The equivalence of (1) and (2) follows immediately from (*).

(2) = (3). Let I be an ideal of T, and suppose ab € I; then a?b®> € I and, by (2), a®> € I or
b? € I, which implies a € [ or b € I (as = 2° = 227).

(3) = (4). If Jy, Jo are incomparable ideals, then Jy N Jy is not prime (if a € Jo\ J1, b € J1 \ J2
then ab € J; NJy but a, b & J; N Ja).

(4) = (2). Given a,b € T, consider the principal ideals I, 1,1, generated by a, b, ab,
respectively (I = {z € G| c2rx = x}, cf. 1.1.11). Clearly we have I, C1 NI. Conversely, let
zel NI, ie,z=ay=bzfor somey,z €T. Then, z = 23 = x2? = (ay)(b*2%) = ab(byz?) €
I,. Hence, I , =1 NI. By (4), either I C1I orlI CI;say the first; then, I , =1 . The
result follows from:

Fact. For z,y €T, I = Iy o x? =92

2

Proof of Fact. (<) is clear (since 22 = y?> = z = y?z € Iy).

(=) From I = I we get = yz and y = zw for some z,w € T. Thus, 22 = 3?22, y? = 2%w?,

whence z? = m2w2z2 y = y2z2w2 = 22wlw?2? = 28210222 Le., z? = y2. O

V1.2 Fans are real semigroups and abstract real spectra

To prove the results announced in the title, our first order of business is to work out the explicit
form of the representation relations corresponding to the notion of “g-fan”. Recall that, given
X C 39, the relations D, and D)t( are defined by the clauses [R] and [TR] of ?? (b), respectively.

The main results to be proved in this section are:

Theorem VI1.2.1 Let G be a ternary semigroup verifying
[Z] Va,be G(a?? =a® or a®b® = b?).
Let X C Hom, (G, 8) be such that (X,G) | g-fan. With D = D, and D! = Dt denoting the

representation relations defined by [R] and [TR] of 7?7 (b), for a, b € G we have
{a} if Z(a) C Z(b)
[Dt] Dt(a, b) — {b} Zf Z(b) - ( )

{a,b} if Z(a)
{a?z|z € G} if b= —a.

[D] D(a,b) =a-1d(G) U b-1d(G) U {r € G|ra = —xb A x = a’x}.
Note. za = —xb implies a’?x = b?x. Note also that {a,b} C D;(a, b) whenever Z(b) = Z(a).

Z(b) and b # —a

Theorem VI1.2.2 Let G be a ternary semigroup verifying condition [Z] of Theorem VI.2.1.
Then:

(1) Conditions [D] and [D'] in VI.2.1 are interdefinable in the following sense:

(a) Assuming that a ternary relation D on G is defined as in [D] and the corresponding transver-
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sal representation is given by the clause
a € D'(b,c) & a € D(b,c) AN—b e D(—a,c) AN —c € D(b,—a).
(cf. [t-rep], section 1.2), then D verifies condition [D'] of VI.2.1.

(b) Conversely, if Dt is defined as in [D'] and the associated ternary representation relation D
is defined by the stipulation a € D(b,c) < a € D*(a?b, a’c), then D verifies the equality [D] of
VI.2.1.

(2) (G, D) is a real semigroup.

Before engaging in the proof of these theorems we draw some important consequences of
them.

Corollary VI1.2.3 Let G be a TS wverifying condition [Z] of Theorem VI.2.1 and let X C

Hom, (G, 3). The following are equivalent:

(1) (X,G) Efan, (ie, X =Hom, (G,3) ).

(2) (X,G) is a g-fan and verifies axiom [AX2] for ARSs ([M],p.99): for every subsemigroup
S of G such that S U —S = G and S N =S is a prime ideal, there is h € X such that
S = h710,1].

(3) (X, G) [ fan,,.

Remark. In (2), S is automatically a saturated subsemigroup of (G, D), since the other
requirements imply that S contains Id(G); see Corollary VI.2.8 below.

Proof. (1) = (2). With X = Hom,_(G,3), the condition of closure under products in the
definition of g-fan is clear. The condition on separating points is exactly the content of the
separation theorem for ternary semigroups, 1.1.12. For the axiom [AX2], with S a saturated
subsemigroup as in the hypotheses of this axiom (cf. [M], p. 99), the map given by:

1 ifze S\ (-9)
h(z) = 0 ifxeSN-S
-1 if ze (=9)\65.

is in Hom, . (G,3) = X and clearly S = h=1[0,1] (cf. Remark 1.1.6 ff).

(2) = (3). Theorems VI.2.1 and VI.2.2 show that if (X,G) is a g-fan, then (G, Dy;) = RS;
in particular, the strong associativity axiom [RS3] (i.e., axiom [AX3] of [M], p. 100) holds in
(G, Dy); by (2), (X,G) is an ARS, ie., (X,G) [ fan,,.

(3) = (2). Assumption (3) implies that (X,G) is an ARS; in particular, it satisfies axiom
[AX2] of [M], p. 99, and separates points of G. It is also closed under products of any three
members of X. Hence, (X, G) satisfies condition (2).

(2) =(1). We must prove that Hom, (G,3) CX. Let g € Hom,(G,3); set S := g~10,1].
Remark 1.1.6 shows that it verifies the assumptions of axiom [AX2]. By (2) there is h € X so
that S = h=1[0, 1], whence g~1[0] = SN —S = h~1[0]. The equalities g~*[0,1] = h~1[0, 1] and
g~ 1[0] = h=1[0] entail g = h, and hence g € X. 0

Definition and Notation VI.2.4 Henceforth we simply write “fan” (or “ARS-fan”) for
either of the equivalent conditions fan, or fan,. In using the notation “(X,G) | fan” we
implicitly assume that the underlying ternary semigroup G verifies condition [Z] in Theorem
VI1.2.1; this assumption is crucial and, in fact, distinguishes fans from most other classes of
ARSs. We shall also say “G is a fan” (or an “RS-fan”), tacitly assuming that its representation
relations are those given in Theorem VI.2.1.
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Corollary V1.2.5 Let G be a TS verifying condition [Z] of Theorem VI.2.1. Let H be a
real semigroup, and let f : G — H be a homomorphism of ternary semigroups. Then, f
preserves the representation relation D defined by clause [D] of VI.2.1, and hence it is a RS-
homomorphism from (G, D) into H. In other words, Hom((G, D), H) = Hom, (G, H).

Proof. In view of the definition of D the proof boils down to the following obvious facts:

(1) f preserves products and idempotents, hence the clauses defining the relation D.

(2) For a,b,c in an arbitrary RS, H, we have

. .o _ _ 2

(i) a-1d(H)C D,(a,b), and (i) ca=—cbAc=ac = c€ D,(a,b).
For the proof of (2.ii), observe that, for h € X, h(c) # 0 and ¢ = a’c imply h(a) # 0.
If h(c) # h(a), then ca = —cb yields h(c) = h(b). This shows that h(c) € D,(h(a), (b))
for all h € X,; by the Separation Theorem for RSs (Theorem 1.5.4 (1)), we conclude that
c€ D, (a,b). 0

In particular we have:

Corollary VI1.2.6 Let G be a TS verifying condition [Z] of Theorem VI.2.1. Then,
(1) Homp  ((G, D), 3) = Hom_ (G, 3).
Hence,

(2) The ARS dual to the real semigroup (G, D) is (Hom ¢ (G, 3), G). !
(3) (Hom, (G, 3),G) is a fan, (hence an ARS-fan, see VI.2.4).
(4) (G, D) is a RS-fan.

Proof. (1) is VI.2.5 with H = 3, and (2) comes from the definition of the ARS dual to any
RS (see proof of Theorem 1.5.1). For (3) and (4) see VI.0.1(1) and VI.2.7. O

Corollary VI.2.7 Let (G,D) be a RS-fan. Then, the set G* = {a € G |a® = 1} of invertible
elements of G with representation induced by restriction of D to G*, is a RSG-fan, i.e., a fan
in the category of reduced special groups.

Proof. It readily follows from axiom [RS6] that D, and D(t; coincide on G* for any RS, G.
Since Z(a) = 0 for a € G*, only the last two clauses in the characterization of Dé given by
Theorem VI.2.1 apply, whenever a,b € G*, and we have:

L {ab) i b# -,
Dc(a’b)—{ G if b=—a.

But this is exactly the definition of representation in a RSG-fan, cf. [DM1], Lemma 1.8, p. 9.

Since Dé(a, b) N G* = DG(a, b) N G*, our contention is proved. O

Corollary VI.2.8 Let G be a TS verifying condition [Z] of Theorem VI.2.1 and let D be the
ternary relation on G defined by clause [D] of that Theorem. Then,

(1) Every TS-ideal of G is a saturated ideal of the real semigroup (G, D).

(2) A TS-subsemigroup S of G is saturated in (G, D) iff it contains Id(G) = {2? |z € G} and
SN =S is an ideal.

—= H 3
' Recall that G = {@|a € G}, where @ € 3 Mg (&,3)

of I.5.1.

is the map “evaluation at a” (see item (I) in proof
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Proof. (1) Straightforward verification.

(2) The implication (=) is obvious. For the converse, write I = S N —S; I is a prime ideal
(VL.1.2(3)). Let a,b € Sand ¢ € D(a,b) = a-1d(G)Ub-1d(G)U{z € G|za = —xb Az = a’x }.
If c € a-1d(G), then ¢ = az?, whence ¢ € S, since both a and 22 are in S. The case ¢ € b-1d(G)
is similar. If ca = —cb and ¢ = a®c, then c?a = —c?b, which implies ¢?a € I. Since I is prime,
either a or c are in I; if a € I, then ¢ = a®c € I; in both cases we have c€ ICS. O

Proof of Theorem VI.2.1. First we prove:

(A) (X,G) = g-fan implies that the relation D)’f{ (defined by clause [TR] in 1.3.2 (b)) verifies
condition [D?] in the statement of the Theorem. Note that:

(1) Z(a) S Z(b) = a € D)t((a, b).
(immediate verification). Next we prove:
(2) Z(a) S Z(b)Ab# —a = Dt ) (a,0) € {a,b}.

Proof of (2). Suppose there is ¢ € D! (a,b) such that ¢ # a and ¢ # b. Since X separates points,
these inequalities, together with b 72( —a give TS-characters hi, ho, hg € X whose images at the
points a, b, ¢ verify the corresponding inequalities in 3. By assumption, h = h1hohs € X, and
h contradicts ¢ € D)t((a, b); more precisely, h verifies either

*) h(c) =0 and h(a) #—h(b), or

(
(**) h(e) #0, h(c) # h(a) and h(c) # h(b).
(

h(b
I) Since ¢ # a, there is hy € X so that hi(c) # hi(a). According to the values of hi(c) €
{0,1, —1}, conditions ¢ € D! ) (a, b) and Z(a) C Z(b) yield the following alternatives:

La: hi(c) =0 and hi(a)hi(b) = —1.
Lb: hi(c) =hi(b) =1 and hi(a)=—1.
Lc: hi(c) = h1(b) = =1 and hi(a) = 1.

(IT) Assumption ¢ # b, yields a character ho € X so that ha(c) # ho(b). An analysis similar to
that of (I) narrows the possible values of hg at the points a, b, ¢ down to:

ILa:  ha(c) =0 and ha(a)ha(b) = —1.
ILb:  ho(c) = ha(a) =1 and ho(b) € {0,—1).
Il.c:  hgo(c) = ho(a) = -1 and ho(b) € {0,1}.

(III) The hypothesis b # —a gives an hz € X such that h3(b) # hg(—a). An argument similar
to that of (I) and (II), using the assumptions ¢ € D;( (a,b) and Z(a) C Z(b), shows that hg can
only take the following combination of values at a, b, c:

IIL.a: hg(a) = hg(b) = hg(c) S {j:l}.
IIL.b:  h3(b) =0 and hs(a) = hs(c) € {£1}.

With these data, a long and tedious, but straightforward checking of all possible combinations
of the values of the characters h; (i = 1,2,3) at the points a, b, ¢, shows that h = hjhohs has
the properties (*) and (**), contradicting ¢ € D)t((a, b). This proves item (2).

Next we show:
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(3) Z(a) C Z(b) = D)t((a, b) = {a}.
Proof of (3). b € D)t((a, b) implies Z(b) C Z(a) (immediate verification); hence b ¢ D)t((a,b) .
Since Z(a) C Z(b) implies b # —a, items (1) and (2) give the conclusion.
The assertions (1) through (3) yield at once:
(4) If b # —a, then D)t((a,b) ={a,b} & Z(a)=Z(b) & a® =101

(5) CED;((CL, —a) & c=a%c & c=a’z for some x € G.

2 2

Proof of (5). The last equivalence is obvious: ¢ = a?z implies a’c = a?(a*r) = a’r = c. As for

the first, we have:

(<) Let h € X. Obviously, h(a) = —h(—a). The equality ¢ = a®c implies Z(a) C Z(c); hence
h(c) # 0 implies h(a) # 0, and h(c) equals either h(a) or h(—a), proving ¢ € D)t(( a).
)

(=) For h € X, c € D)t((a, —a) and h(c) # 0 imply h(c) = h(a) or h(c) = —h(a); hence
h(a) # 0. This shows that Z(a) C Z(c), which implies a?c? = ¢? (cf. (*) in the proof of VI.1.2);
scaling by ¢ gives ¢ = a’c.

This completes the proof of statement (A).

Next we deal with the identity [D]. We shall, in fact, prove the assertion (1.b) of Theorem
VI.2.2, ie.,

(B) If the ternary relation D! is defined as in [D?] of VI.2.1 and the equivalence
() c€ D(a,b) & c € Di(c%a, c®b)

holds for all a, b, ¢ € G, then D verifies the equality [D]. Remark that this equivalence is readily
checked for the relations Dx and D)t( using their definitions [R] and [TR] in 1.3.2 (b). We write

Id for Id(G) = {2? |z € G}.
(6) a-1d € D(a,b).
Proof of (6). Let z € G. By (¥) it suffices to show:
(1) ax? € D'(ax?, a®2>b).
Since Z(az?) C Z(a? 2b) in case a’?x?b # —ax?, the first and third clauses of [Df] give (11),
and in case a®x?b = —az? the last clause in [D?] proves (f7).
(7) ca = —cb A c = a*c = c € D(a,b).
Proof of (7). Since c?a = —c?b and ¢ = a’c = (c%a)(ac), the last clause in [Df] yields ¢ €
Dt(c%a, c®b), whence, by (1), ¢ € D(a,b).

Items (6) and (7) prove the inclusion D in [D]. Conversely, assuming ¢ € D(a,b), we have
c € D(c%a, ¢®b), by (f). An analysis according to the inclusions of the zero-sets of c?a and c?b
gives:
(8) If Z(c?a) C Z(c?b) and c2a # —c?b, then c € D¥(c?a, ¢®b) C {c®a, c*b}, implying ¢ € a-1d U
b-1d.

(9) If c2a = —c?b, scaling by c gives ca = —cb and (by the last clause in [D!]) ¢ = c?a®z for

some z € G; this proves a’c = a?(c?a’z) = 2a’x = ¢, as required. a
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Proof of Theorem VI1.2.2. Item (1.b) has just been proved ((B), proof of VI.2.1).

Proof of (1.a). Assume that G is as in the statement, that the ternary relation D is defined by
[D] of VI.2.1, and that D! is given by:

c € D¥(a,b) < c € D(a,b) A —a € D(—c,b) A —b € D(a, —c).
The right-hand side of this equivalence amounts to:
(I) c€ a-1d(G) Ub-1d(G) U {r € G|za = —xb Az = a’x}.
(M) —a€—c-1d(G) Ub-1d(G) U {z € G|zc=xb Az = 2x}.
(MI) —b€a-1d(G) U —c-1d(G) U {z € G|za = zc ANz = a’x}.
As above we write Id for Id(G). Remark that
(*) zey-Ild & z=y2?, and (") zy=2z = xy? =’

We argue by cases, according to the various clauses in [D?].

(1) Z(a) C Z(b) = c=a.

The clauses —a € b-1d and —a = c%(—a) = b*(—a) (see (**)) in (II) imply Z(b) C Z(a), and
hence are excluded; thus, (II) reduces to a € c¢-Id. The following cases arise from (I) and (II):
(1i) c€a-Id and a € ¢-1d.
By (*), ¢ = ac?® and a = ca®. Hence, c = ac® =
(Lii) ceb-Id and a € c¢-1d.

Then, ¢ = bc? and a = ca?, implying a = ca® = a®c?b; it follows that Z(b) C Z(a), contrary to
the assumption in (1).

(1iii) ca=—cbAc=a’c=b*cAhacc-1Id.

The middle equality implies Z(b) C Z(c) and the last Z(c) C Z(a). Hence Z(b) C Z(a), and this
case is also excluded.

(2) Z(b) Cc Z(a) = c¢=1b.
Same argument as in (1) interchanging a and b.
(3) Z(a) = Z(b)A b # —a = c € {a,b}.

The first assumption gives a? = b?. Each of the clauses —a € b-Id in (II) and —b € a - Id in
(IIT) yield —a = ba® = b and hence are excluded. From (I) - (III) the following cases arise:

(3.i) c€a-Idand a € c-Id.

2.

We have ¢ = ac® and a = ca?; as in (1.i) we get ¢ = a.

(3ii) c€a-Id, ac = ab and a = c?a.

The first term gives ¢ = ac?; hence a = ¢. The cases

(3.il) ceb-Id and —b € —c-1d, and

(3.iv) c€b-1d, ab = ac and b = ¢?b,

are similar to (3.1) and (3.ii) —with b replacing a—, and yield ¢ = b.

(3.v) ca = —cb, c=a*c=b’cand —a € —c-1d.
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2c=a (see (*)).

As in (3.ii) this gives ¢ = a
(3.vi) ca = —cb, c = a’c = b*c and —b € —c-Id.
As in (3.v) we obtain ¢ = b.

(3.vil) ca = —cb, ¢ = a’c = b3c, ac = ab, a = c*a, ab = bc and b = c*b (the last disjunct from
(I), (IT) and (III)).

We have ac = —bc, ac = ab and ab = be; hence be = —be. Scaling by b, b%c = —b%c, whence
¢ = —c. It follows that ¢ = 0, which clearly implies a = b =0, i.e., a,b, c are all 0.

(4) b= —a = c=a’c=bc

Each disjunct in (I) implies ¢ = a?c. The third disjunct contains this condition. If ¢ € a - Id,

then ¢ = ac? (by (*)); hence a’c = a®(ac?) = ac® = c. Likewise, ¢ € b-1d, implies ¢ = b*c = a’c.

Proof of (2). Checking that (G, D) verifies the axioms for real semigroups is straightforward,
except for [RS3], [RS4] and [RST7].

[RS4] e € D(c?a,d?*h) = e € D(a,b).
The antecedent means:
e€ac’- IdUbd? 1d U {z € G|zc*a = —xd?*b A x = 2a’x = d*b’z }.

Obviously zy? - Id C x - Id, and hence the first two disjuncts give e € a-Id U b-Id. So, assume
the last clause holds:

(i) eac® = —ebd?> and (i) e = a%c’e = b2d>e,

and prove the required conclusion: ea = —eb and e = a’e = be.

— Scaling (ii) by a? and by b? gives ea? = ea®c? and eb® = eb?d?; by (ii) again, e = a?e = b%e.
— From (ii) and (i) we get: (iii) e = ea?c? = (eac®)a = —(ebd?)a,
which, in turn, yields: (iv) ea = —(ebd?)a? = —(eba?)d>.

Succesively scaling by b in e = a?e (already proved) and in (ii) gives eb = eba? and eb = ebd?;
substituting in (iv), yields ea = —(eba?)d? = —ebd? = —eb, as required.

[RS7] Dt(a,—b) N Db, —a) #0 = a=b.

Invoking item (1.b), we can use the expression for D! given by [D!] in Theorem VI.2.1, and
analyze according to the inclusions of the zero-sets of a and b.

() Z(a) C Z(b).

In this case [D!] shows that D(a, —b) = {a} and D!(—a,b) = {—a}. The hypothesis of [RS7]
implies @ = —a, which yields a = 0. It follows that Z(a) = Hom, (G, 3), contradicting (i).

(ii) Z(b) C Z(a).
Same argument as in (i).
(iii) Z(b) = Z(a).

If b # a, the third clause in [D!] gives D!(a,—b) = {a,—b} and D!(—a,b) = {—a,b}; the
hypothesis of [RS7] entails, then, that a = —a, and hence a = 0. It follows that Z(a) =

Hom, (G,3) = Z(b); the separation theorem for ternary semigroups I1.1.12 implies b = 0,
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contradicting b # a.
[RS3] We shall instead check the equivalent statement
[RS3'] Va,b,c,d(D!a,b)N Dt(c,d) # O = D'(a,—c) N DY(=b,d) # 0),

of Proposition 1.2.10. This makes the proof shorter than a direct verification of [RS3]. To
abridge, we shall refer to the hypothesis of [RS3'] as (*) and to its conclusion as (**). The
characterization of transversal representation for fans in [D'] of Theorem VI.2.1 will be of
constant use and will be simply referred to as “[D']”.

We consider three cases and therein argue according to the mutual inclusions of the zero-sets
of a,b,c,d.

(1) a=—b.
(1.i) Z(c) C Z(a).

By the last clause in [D?] and (*) there is * € G so that a’z € D(c,d). If Z(c) C Z(d),
we would have D!(c,d) = {c}, whence a?x = ¢, which implies Z(a)C Z(c), contrary to (1.i).
Hence, Z(d) C Z(c) C Z(a), and this yields a?x # ¢,d, implying D*(c,d) € {c,d}. By [D!] we
then have d = —c, and it follows that D'(a, —c) N D*(=b,d) = D'(a,—c) = {—c} # 0.

(1ii) Z(a) C Z(c).

From [D!] we have a € D'(a,—c), and show that a € D'(—b,d) = D(a,d). Otherwise, by
[D!] again, we must have Z(d) C Z(a)C Z(c), and assumption (*) gives an x € G such that
a’z € D'(c,d) = {d}, implying Z(a) C Z(d), a contradiction.

(2) ¢ = —d. Argument similar to that of case (1).
(3) a# —b and ¢ # —d.

The first three clauses of [D?] show that D!(a,b) C {a,b} and D'(c,d) C{c,d}. We consider
the following subcases:

(3.1)) Z(a) C Z(b) and Z(c) C Z(d).

In this case [D'] and (*) imply a = ¢, and (**) reduces to D'(a, —a) N D'(—b,d) # (). Since
Z(a) = Z(c) C Z(b),Z(d), we get b= a?b and d = a®d (cf. Proposition 1.6.5(1)). If b # d,
the first three clauses of [D!] show that one of —b or d is in D!(—b,d), and the preceding
equalities give a?z € D!(—b,d) for some z € G. By the last clause of [D!] this also holds if
b = d, proving that D!(a,—a) N D!(—b,d) # 0, as required.

(3.ii) Z(a) C Z(b) and Z(d) C Z(c).

From (*) we have a € D!(c,d), whence a = ¢ or a = d. In either case, Z(d) C Z(b), whence
D!(—b,d) = {d}, and we are reduced to prove d € D'(a,—c).

In case a = ¢ we must show that e’z = ¢>x = d for some x € G. If Z(d) = Z(a) this
holds with z = d by 1.6.5(1). If Z(d) C Z(a) = Z(c), (*) gives a € D'(c,d) = {d}, leading to
a = ¢ = d, a contradiction.

Finally, in case a = d, since D!(—b,d) = {d}, we are reduced to prove d € D!(d, —c). Since
we may assume d # c, this follows from Z(d) C Z(c), using [D?].

(3.il) Z(a) = Z(b) and Z(c) C Z(d).
Assumptions (*) and (3) imply ¢ =a or ¢ =b, and we have Z(a) = Z(b) = Z(c). Then, the
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conclusion (**) boils down to —b € D¥(a, —c). If ¢ =b this follows from Z(a) = Z(—b) by the
third clause of [D!]. If ¢ = a, then Z(a) = Z(—b) implies —b = a?(—b), and the conclusion
holds as well.

(3.iv) Z(a) = Z(b) and Z(d) C Z(c).

If Z(d) C Z(c), [D!] and the assumptions (*) and (3) give d € D'(a,b) = {a,b}. If d = a,
the desired conclusion boils down to a € D*(—b,a), as D(a, —c) = {a}. Since Z(a) = Z(-b),
this holds by the last two clauses of [D!]. If d = b (and a # b), conclusion (**) reduces to
a € D'(—b,b), since D*(a,—c) = {a}. But Z(a) = Z(b) implies a = b*>a € D*(—b,b).

If Z(d) = Z(c), assumptions (*) and (3) give {a,b} N {c,d} # 0. It follows that Z(a) =
Z(b) = Z(c) = Z(d), and then {a,—c}C D'(a,—c), {=b,d}C D' (=b,d). If a = c, then
Z(a) = Z(c) = Z(d) entails d € D'(a,—c), and (**) follows. If d = b, the same argument
shows a € D'(—b,d). If a # ¢ and d # b, then a = d and b = ¢; this obviously implies
{a,—c} N {=b,d} # 0, whence D'(a,—c) N D'(—b,d) # 0.

(3.v) Z(b) C Z(a) and Z(c) C Z(d).

In this case we have D'(a,b) = {b} and D!(c,d) = {c}, whence b = ¢, by (*). Therefore
Z(c) C Z(a), Z(b) C Z(d), which yields D!(a, —c) = {—c}, D*(=b,d) = {—b}, and hence (**).
(3.vi) Z(b) C Z(a) and Z(d) C Z(c).

The first clause of [D!] gives D(a,b) = {b}, and hence b = ¢ or b = d, by (*) and (3). In
the latter case we must show that b?>z € D'(a,—c) for some z € G. If a € D¥(a,—c), since
b’a=a (as Z(b) C Z(a)), it suffices to take x = a. If a &€ D'(a, —c), then Z(c) C Z(a), and
the second and fourth clauses of [D] yield —c € D¥(a, —c); since b*(—c) = —c (Z(b) C Z(c)),
we can take z = —c.

Finally, if b = ¢, then D'(a,—c) = {—c}. If —c & D'(—c,d) = D'(—b,d), then Z(d) C
Z(c) = Z(b) C Z(a), and (*) yields b = d, a contradiction. Thus, —c € D!(—b,d), verifying
(**) and completing the proof of Theorem VI.2.2. O

VI.2.9 A digression on g-fans.index[sub]q-fan—(

The results proved above use in a crucial way the auxiliary —but nonetheless important—
notion of a g-fan, introduced in VI.0.1(3). In Corollary VI.2.3 we proved that g-fans verifying
Marshall’s axiom [AX2] for ARSs are the same thing as fans. We shall now examine to what
extent this notion is genuinely weaker than that of a fan.

Proposition VI.2.10 Let G be a ternary semigroup and let X C X, = Hom, ¢ (G,3) be a
non-empty set of TS-characters closed under product of any three of its members. Then,

(X,G) is a g-fan < X s dense for the constructible topology of X

In particular, if X is proconstructible (e.g., if it is finite, then X = X ., and hence (X, G) is
a fan.

Sketch of proof. (=) The sets of the form
U=Ula)N...0U(a )N Z(b)N...0Z(b,),

with a,,...,a ,b,,...,b_ € G, form a basis for the constructible topology of X see L1.17.
We must show that U # 0 = U N X # 0.

This is proved by exactly the same inductive argument used in the proof of item (1) in
Theorem 1.1.27. This argument only uses the defining properties of g-fans: X separates points
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in G, and X is closed under products of any three elements. We leave the details to the
interested reader. [Note. The set 7-[2 in the proof of 1.1.27 (1) is to be replaced by X, and the
congruence =, by equality.]

(<) Since X is assumed to be closed under products of any three of its members, we need only
show that X separates points in G.

Let a # b. By the separation theorem for ternary semigroups (1.1.12), h(a) # h(b) for
some h € X, Le., the set {h € X |h(a) # h(b)} is non-empty. This set is also open in the
constructible topology of X o (cf. proof of 77 (ii)), and hence it intersects X, i.e., thereis h € X
such that h(a) # h(b). O

Example VI.2.11 A g-fan that is not a fan.

Our example relies on the construction, in ??, of a ternary semigroup out of a pair of 2-
semigroups G, H, and a 2-semigroup isomorphism between them. Here we choose G to be the
closed real interval [—7, 0], where 7 is a positive real, with product = the maximum of the two
factors in the order of the real line, H (= —G) the symmetric interval [0, 7] with product = the
minimum of the factors, the isomorphism being the flipping map x — —xz (x € G). The unit

lo=1,1s —r and the absorbent element 0,=0,is 0. Thus, with obvious identifications,
T = [-rr], —1, = r, and the semigroup operation of T" —which we denote by - instead of
the x used in 77— is as follows: for x,y € T,
max {z,y} if z,yeG=[-r0]
—min {z, y} if z,ye—-G=][0,r]

—max {—z,y} it yeG=[-r0,ze—-G=]0,r]
—max {—y, z} if xeG=[-r0,ye—-G=]0,r].

With this definition 7" is a TS (Proposition ??), and we have:

Lemma VI.2.12 The TS-characters of T are exactly the monotone functions from [—r,r]
with the order of the real line into 3 with the order 1 < 0 < —1, that map l,=-r0,=0
and —1,=r onto 1,0,-1, respectively.

T

Proof. First note that with the order 1 < 0 < —1, multiplication in 3 is also given by ().

To illustrate the argument we prove the asserted equivalence for the first clause of (x), i.e.,
when z,y € G = [—r,0]; the remaining cases are similar.

(=) z<y = h(zx) < h(y) for he X,.

Our assumptions give: -y = max {x,y} =y, whence h(zy) = h(y) and then h(z)h(y) = h(y)
since h is a semigroup homomorphism. Since product in 3 is given by the law (x), h(z)h(y)
max {h(z), h(y)} = h(y), whence h(x) < h(y).

(<) Assume h is monotone, h(i,) =i for i € {1,0,—1}, and x,y € [-r,0]. If, for instance,
x < y, we have z-y = max {x,y} =y, h(z) < h(y), and hence h(z)h(y) = max{h(x),h(y)} =
h(y). Thus, h(zy) = h(y) = h(x)h(y), showing that h preserves product. O
Corollary VI.2.13 The correspondence h +— h=[—1] (h € X)) is a bijection between X,
and the set of intervals in R of the forms (a,r] with 0 < a <r, and [a,r] with 0 <a <.

Proof. Let h € X, and let a = inf h~1[—1]. Monotonicity of h (Lemma VI.2.12) implies that
h~Y[—1] is either (a,7] or [a,r]. Since h(0,) = 0 we clearly have 0 < a <7 if h=~1] = [a, ],
and 0 < a < r if h71[-1] = (a,7]. Note also that h~![0] is a symmetric interval of form
(—a,a) or [—a,al], since h(x) =0 = h(—x) = 0. Obviously, the correspondence h s h~1[-1]
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is injective. It also is surjective (onto the set of intervals of the statement) for, given 0 < a < r,
the map
1 if x € [-r,—d]
h(z)=¢ 0 if z € (—a,a)
-1 if z € [a,7],

is non-decreasing and carries l,=-r, 0,=0 and —1, =r onto 1,0,-1, respectively; by
the preceding Lemma it defines a TS-character of T. An obvious variant of this argument
takes cares of the case of left-open intervals (a,r]. O

Now we define X C X, to be the set of all h € X such that the left endpoint, a, of the
interval h~![—1] is rational. Density of Q obviously entails:

(i) X separates points in T
Further,
(ii) X is stable under the product of any three elements.

Let hy,h,, h, € X and let a, = infhi_l[—l] €Qn [-rr] (i=1,2,3). Since h,[(-a,a)=0
we have inf (hlh2h3)*1[—1] = max {a,a,,a,} € Q, and hence h h,h, € X.

Then, X is a g-fan. However, since the left endpoint of the interval h~1[—1] can also take
irrational values, we have X # X,.. Oindex[sub]q-fan—)

V1.3 Examples

With the aim of illustrating the notions introduced above, we present in this section some
examples of (alas, finite) fans based on ternary semigroups with up to three generators. For
each example we shall draw both the root-system of an ARS-fan ordered under specialization
and the representation partial order of its dual real semigroup.

In order to determine the representation partial order in the examples below, we will need
the following supplement to Propositions 1.6.4 and 1.6.5, valid in the case of fans.

Lemma VI.3.1 Let G be a RS-fan, and let < denote its representation partial order (§1.6).
For a non-invertible element x© € G, and an invertible w € G, we have:

(1) If x < w, then w = —1. (2) If w <z, then w=1.
In other words, x and w are <-incomparable, unless w € {£1}.

(3) If v e G is invertible, v # w and v,w ¢ {£1}, then v and w are <-incomparable.

Proof. By assumption, 22 # 1. Hence, there is h, € X, so that ho(xz) # 1, whence,
hy(z) = 0 (Theorem 1.1.12). Note also that h(w) # 0 for all h € X ,.

(1) Assume w # —1; there is h; € X, such that h,(w)=1. If h (w) =1, we have h (x) =0
_ _ 72 X _ _
t>h§slI;O‘fjgs(wac).glij.ho(w) = —1,let h=hoh € X.; then, h(z) =0 >,1= h(w). By 1.6.4(d)
(2) Apply (1) to —x, —w instead of z, w.
(3) By the Separation Theorem 1.1.12, there are characters h,h . h,, h’l, h'2 € X, such that:
ho(v) # hy(w), h (v) =1, hy(v)=—1, h'l(w) =1, h’z(w) =—1.
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To fix ideas, let us suppose that h (v) =1 and h (w) = —1; the reverse case is similar and
left to the reader. Then, hj(w) >, h (v), and this already shows that w £ v (1.6.4(d)). To
prove v £ w we must get a character h € X, so that h(v) = —1 and h(w) = 1. If hy(w) =1
take h = h,, and if h’( ) =—1, put h = h/1' In the remaining case where h2(w) = —1 and

h/1( v) =1, takeh hoh/th O
VI.3.2 The examples. Recall that condition [Z] in Theorem VI.2.1,

(*) Vab(a®b? € {a® b*}),

is a necessary condition to obtain a fan. Once this is fulfilled, the representation relations

defined in VI.2.1 automatically turn the underlying ternary semigroup into an RS-fan.

Example VI.3.2. A. Ternary semigroups on one generator.

Call z the generator. We treat first the case where there are no additional relations (“free”
case). The corresponding TS is:

— 2 2
F ={1,0,-1,z,—z, 2% —2°}.

The necessary condition (*) is trivially verified. Characters are determined by their value on
x, and any value 1, 0 and —1 is possible; hence the dual ARS, X P consists of three characters

given by: h,(z) =0, h,(z) =1, hy(z) = —1. Clearly, h, = h?-hi, whence h, < h ,fori=2,3
(Lemma 1.1.18). So we get the specialization root-system below left.

h 2

-
N (3o
§

Representation partial order of F1

&

Specialization root-system of X P

Figure 1

The representation partial order of the real semigroup F, —illustrated in Figure 1, right— is
computed straightforwardly from Proposition 1.6.4.

Remark. Barring the case where the generator = becomes invertible (i.e., 22 = 1, which gives
a four element RSG-fan with an added 0, cf. 1.2.2(3)), the only possible additional relation
is 22 = z, which eliminates the character h3. Thus, we get the following diagrams for the

specialization order (left) and the representation order (right):

ha

.

8

o——eo o 0o
=)

—_

Figure 2

More interesting examples are given in the sequel.
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Example VI.3.2. B. Ternary semigroups on three generators.

Generators: z, y, z. Condition (*) above gives raise to the following possible relations:
1. 22 =y? = 22. [(*) is automatically verified in this case.]
2. 22 =y? # 2% and 2%2? = y%2? € {22, 2%}

The two identities obtained from the last clause give raise to non-isomorphic cases, and, upon
permutation, all cases where two of the three generators have equal squares (i.e., equal zero-sets)
are isomorphic to these.

3. 22,92, 2% are different, and z2y? € {22,y?}, 2222 € {22, 22}, y?2% € {y?, 2%}

A case-by-case analysis of all eight combinations of these values shows that, up to isomorphism
by permutation, the only surviving case is where z2y? = 2222 = 22 and y%2% = 3°.

In order to abridge we shall only analyze some of the configurations arising in case (B.2).
(a) 22 =y? # 2% and 2222 = 222 = 22
This amounts to Z(z) C Z(z) = Z(y) (1.1.19). We consider three alternatives:

i) No relations other than the above.

Routine checking shows that the following are all possible characters:
— h1 sends all three generators to 0;
— hy, hy send z,y to 0 and, say, h,(2) =1, h3(z) =—1;

— h 4,...,h11 assign to the generators all possible combinations of values +1, with, say,

h .,h7 sending z to 1, and hg,...,h sending z to —1.

4" 11

Call F, the TS corresponding to this case. Using Lemma [.1.18 one sees at once that the
specialization root-system of the ARS dual to F, looks as in Figure 3 below left.

h,/ T\f;s hg/h. \h
AN AN AN

ha hs  he h7  hg hg hio h11 ha hs  he hr

Specialization root-system of X P Specialization root-system of X F
Figure 3
Since X, has 11 elements, by Corollary VI.6.18 we must have card (F,) = 23; the reader
is invited to check that:
F, = {1,0,-1, 2, —x,y, —y, 2, —z, 2%, —2%, 2%, =22, 2y, —2y, 2, —22,

Yz, —yz, 22z, —x2, Y2, —TYZ}.

The Hasse diagram of the representation partial order of F, is drawn in Figure 4 below. Propo-
sitions 1.6.4 and 1.6.5 are used in the computation of this diagram. For example, item (2) of
the latter shows that 2? < zw < —2? for all w. One uses item (d) in 1.6.4 to prove incom-
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parability of elements of F, as shown in Figure 4; for instance, to prove that zyz and y are
<-incomparable, direct inspection of the characters of F, given in (a.i) above, shows that there
are h,h’' € X, suchthat h(y) =1, h(zz) € {0, -1} —whence h(zyz) >4 h(y), ic., zyz £ y—,
and h'(y) = —1, K'(x2) € {0, -1} —hence h'(y) >, h(zyz), i.e, y £ xyz. Further details are
left to the reader.

—20_ —1® [

Figure 4. Representation partial order of FZ'

One may also consider fans arising from additional relations between generators, such as:

ii) The additional relation zz = x.

Under this relation, each character sending z to —1 must also send = to 0. Thus, the

characters hs’ ..., hy; in the preceding example disappear; the order of specialization of the

resulting ARS, X 7+ 1s illustrated in Figure 3 above right. The RS-fan F é consists of:
2

!/ 2 2 .2 2
F2 —{1,0,-1,.%, -, Y, Y, 2, =2, 7, =T, 27, =27, XY, _xy}

The diagram of its representation partial order is computed in much the same way as in the
preceding example; details are left to the reader.

Other relations are also possible. An interesting example is:

iii) The additional relation 2z? = 1.

This makes the generator z invertible, and hence forbids characters sending z to 0, i.e., with
notation as in item (a.i), the character h,. Specialization among the remaining characters
does not change, but the characters h2, h3 have now become “disconnected”; we obtain a
“two-component” root-system:

Figure 5. Specialization root-system of X 2%
2

The corresponding RS-fan, Fé’, has 21 elements; in fact, F2” = FQ\{Z2, —22}. Its representation
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partial order has a diagram similar to that of F, omitting 2%, —22, with z and —z “linked”
only to 1 and —1 (Lemma VI.3.1).

The notion of connectedness for root-systems —with due attention to the case of ARS-
fans— will be examined in §VL.7 (cf. items VI.7.12 — VI.7.18). In §VI.10 we shall prove
that the phenomenon made apparent by the preceding example holds in full generality: the
connected components of a ARS-fan are uniquely determined by the invertible elements of its
dual RS-fan.

Remark. Adding both the relations zz = = and 22 = 1 produces a two-component root-
system as follows (notation as in (a.i)):

Figure 6. Specialization root-system of X [z
2

The dual RS-fan is: FZ’” ={1,0,-1,2, —x,y, —y, 2, —z, 2%, —2%, 2y, —ry}, with representation

partial order:

Figure 7. Representation partial order of F 2”’

The other situation arising in case (B.2) is as follows:
(b) 2?2 =92 # 22 and 2222 = 222 = 22
This amounts to Z(x) = Z(y) C Z(z). For this case we consider several alternatives:

i) No relations other than the above.

Here we have the following TS-characters:

— h, sends z,y, z to 0;

— h,, h3 h,, h5 send z to 0 and x, y to £1;

— h6, ey h13 assign all combinations of values +1 to the generators.

Clearly, h2, ce h5 = h1 (cf. Lemma 1.1.18). To determine the specialization relations among
the remaining characters we observe that, for i € {2,...,5}, j € {6,...,13} we have:

hj =h, & h(x)= hj(x) and h (y) = hj(y).
(This is because hj =h & VaeGhla) #0 = h].(a) = h,(a)), cf. Lemma 1.1.18(4)).

7

Hence, with suitable indexing of the h’s (e.g., h () =1 for i = 6,8,10,12), the corresponding
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ARS, X, . looks as in Figure 8 below, left:

/\/\ /\/\ /\/\

6 h7 h8 9 10 hll h12 h13 6 h7 hS 9

Specialization root-system of X P Specialization root-system of X %
3

Figure 8
The RS-fan F, has cardinality 27:

_ 2 2 2 2 2 2
F3 - {1a07_17:€7 —-x,Y, Y, 2, 2,7, =T, 27, =27, XY, —TY, Tz, —TZ, Yz, Yz, xTz", —TZ",

y2?, —yz®, wyz, —ryz, wyz?, —$922}~

We leave it to the reader to compute the Hasse diagram of the representation partial order of
FS; it is somewhat similar to that of F2 (Figure 4), and is computed using the same technique,
relying on Propositions 1.6.4 and 1.6.5.

Next, we consider variants of this example obtained by adding various types of relations
among the generators.

ii) The additional relation zz = z.

Here, any character sending  to —1 must send z to 0. With notation as in the previous
example, this amounts to cutting off, in X Py the characters h,,...,h,,. The resulting ARS-
fan, called X gl 8 drawn in Figure 8, right. As an exercise the reader may compute the

3

corresponding RS-fan F é and its representation partial order.

2

iii) The additional relation z* = z.

This relation forbids the characters sending z to —1. With notation as in Example (b.i),

only survive the characters h,... h., and h, for ¢ = 6,8,10,12 (which send z to 1 and =z,

y to £1). The spec1ahzat10n root system of the corresponding ARS-fan, X B is shown in
Figure 9 below, left.

i N P
1T A A

he hs h1o hi2 hy hs

Specialization root-system of X Specialization root-system of X I
3 3

Figure 9

This example suggests that a relation of type 22 = z (for a suitable generator z) produces
specialization “without branching” at the appropriate level. In Lemma VI.10.7 we shall prove
in full generality that this is the case for finite ARS-fans.

The RS-fan Fé’ is
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2

Fél = {L Oa _17 z,—T,Y,—Y,2, —2,T7, _:L‘Qa Y, =Y, Tz, =Tz, Yz, =Yz, TYZz, —xyz}.

2

Exercises. (1) Prove that the relation z= = x gives the configuration in Figure 9, right.

(2) Compute the specialization root-system of the free T'S on two generators x, y, with Z(z) C
Z(y).

(3) Find explicitly an isomorphism between the RS-fan of Exercise (2) and the RS-fan F ?"”
whose dual ARS appears in Figure 9, right. O

Summarizing a common feature of all the examples presented above, we shall prove that,
under the representation partial order <, see §1.6, every RS-fan is a bounded lattice.

We recall from Propositions 1.6.4 and 1.6.5:
(1) In any RS, G,
(i) Foralla,be G, a®> <0< —b* (1.6.4(c));
(ii) Foralla € G, a®> <+a < —a®> (1.6.5(2)).

Further, since the zero-sets of elements of a fan are totally ordered under inclusion (VI.1.1),
Proposition 1.6.5 (1) yields:

(2) In a RS-fan, the set Id(F') U —Id(F) is totally ordered by <.

Lemma VI.3.3 Let F' be a RS-fan and let a,b € F. If a,b ¢ Id(F)U —1d(F) —i.e., £ a and
+b are not squares—, and a # b, then a,b are incomparable under <.

Proof. Assume, towards a contradiction, that a,b are comparable, say a < b, i.e., a € D(1,b)
and —b € D(1,—a) (1.6.2). This implies a € D(a?,a?b) and —b € D(b?, —b%a), which in turn
gives:

(1) Z(a) = Z(b).

If Z(a) C Z(b), then Z(a®) C Z(a?b), and the first clause in the definition of [D!] in VI.2.1
gives a = a2, contrary to assumption. Likewise, the second transversal representation precludes
Z(b) C Z(a). Since the zero-sets of elements of a RS-fan are totally ordered under inclusion,
(1) is proved.

It follows that Z(a?) = Z(a?b) and Z(b?) = Z(—b*a). We consider two cases:
(2.a) a® # —a®b.

By the third clause in [D?] of Theorem VI.2.1, D(a?, a?b) = {a?,ab}; since a # a?, we get
a = a®b. We have two alternatives:

— b £ ba.

Since —b # b%, VI1.2.1 leads to b = b%a. We get a? = a?b? = b?, which gives a = a?b = b3 = b,
contrary to assumption.

— b =ba.
In this case b = ba, and then a = a?b = a?(ba) = ab = b, a contradiction again.
(2.b) a?® = —a?b.

— If b% # b%a, the third clause in [D?] of VI.2.1 gives b = b?a. Hence, a = —ab = —b%a® €
—Id(F), contrary to assumption.
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— If b2 = b?a, then b = ba,soa = —ab = —b, and we get a = —ab = a® € Id(F), contradiction.
O

Lemma VI1.3.4 Let F be a RS-fan and let x,b € F. Ifb & Id(F) (i.e., b # b?), then b <
—x2 < —b% implies b*> = 22. That is, —b® is the smallest y € F such that b < —y?. Dually, b?
is the largest y € F such that y* < b.

Proof. Assume b < —2? < —b%. Since b* < —z? (1.6.4(c)), from Proposition 1.6.5 (1) follows
Z(b) C Z(z), i.e., b?>x? = 22 (1.1.19(1)). On the other hand, b < —z? yields b € D(1, —x?), and
then b € D'(b?, —b?z?) = D*(b?, —2?). If Z(b) C Z(x), the first clause of VI.2.1 gives b = b?,
contrary to assumption. So, Z(b) = Z(z), and 1.1.19 (1) gives b> = 22. The dual assertion is
obvious. O

Theorem VI1.3.5 Let F' be a RS-fan and let < denote its representation partial order (I1.6).
Then, (F,<) is a lattice with smallest element 1 and largest element —1.

Notation. For elements a,b in a RS, G, we write a L b to mean that a and b are incomparable
under the representation partial order of G. a

Proof. We must show that every pair of elements a,b € F' has a least upper bound, V, and a
greatest lower bound, A, for the order <. If a,b are comparable under < there is nothing to
prove; so, we may assume a L b.

Since F'is a RS-fan, the zero-sets of a and b are comparable under inclusion. This, together
with @ L b, implies that one of a or b is not in Id(F') U —Id(F'); indeed:

— If Z(a) C Z(b), 1.6.5 (1) yields a? < b < —a?; hence, a L b implies a ¢ Id(F) U —Id(F).
— Likewise, Z(b) C Z(a) implies b ¢ Id(F) U —Id(F).

Since —a? and —b? are <-comparable, cf. 1.6.5 (1), we may assume without loss of generality
that —a? < —b%. Further, Lemma VI.3.4 shows

(*) —b? = least x € —Id(F) such that a,b < .

Claim. —b? = a Vb.

Proof of Claim. By assumption, a,b < —b?, so we only need prove:
Vee F(e>ab = c>—b?).

Note that ¢ > a,b and a L b imply ¢ # a,b. If ¢ € Id(F) U —Id(F), since one of a,b —say
a— is not in Id(F) U —Id(F), then, by Lemma VI.3.3, ¢ # a implies ¢ L a, absurd; hence
c € Id(F) U —Id(F). If ¢ € Id(F), then ¢ > a,b, implies a,b € Id(F'), whence a,b are <-
comparable, contradiction. So, ¢ € —Id(F), and (*) gives ¢ > —b?, as claimed.

Under the current assumptions —a? < —b? and a L b, upon observing that
b? = largest y € Id(F) such that y < a, b,

a similar argument yields % = a A b. O

Remarks VI.3.6 (a) Examination of the examples presented above shows that the lattices
(F, <) are not modular —hence not distributive either— except in very special cases. In fact,
most of these lattices contain the configuration
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./'\.
-/

as a sublattice (cf. [B], Ch. V, §2, Thm. 2, p. 66); see Figures 4 and 7 above. Example
VI.3.2. A is modular but not distributive.

(b) Since Id(F) U —Id(F) is a totally ordered subset of (F, <), the proof of Theorem VI.3.5
shows that the lattice operations in (F, <); satisfy the following identities:

min<{a? b*} if a L b
anb = { min<{a, b} if a,bare < -comparable,
and
avh — { max<{—a%, —b?} if a Lb
max<{a, b} if a,bare < -comparable.

Note that, if a L b, then aA b, aV b € Id(F)U —Id(F).

(c) The operation x — —x (x € F) is not a complement in the lattice-theoretic sense, but it
verifies:

c e Kleene inequality IV.1. :
1 The Kl i lity IV.1.2 (b
aN—a < bV —hb.
(A particular case of Proposition 1.6.5 (7),(8).)
(c,) The De Morgan laws:
(i) —(anb)=—aV —b; (i) —(avb)=—aAn—0b.

This is clear if a, b are comparable under <. If a 1 b, assuming without loss of generality that
—a? < b2, (ie., b* < a?), from (b) we get:

(i) —(aAnb)=—(a®?Vb?®)=—a?, and —aV —b=—(—a)’A—(=b)? = —a’ A - b* = —a?.

(i) —(aVb) = —(—a’ A —b?) = —(—a®) = a?, and —aA—b=(—a)?>V (-b)?=a®Vb? = a®.0

V1.4 Characterizations of fans

New section; Jan. 2014.

The main purpose of this section is to prove the characterization of RS-fans given in The-
orem VI.4.2 below. To make the statement understandable we summarize the following

Notation VI.4.1 Let G be a real semigroup and let X G = HomRS (G, 3) denote the set of
RS-characters of G.

(i) ~» stands for the specialization relation of X . endowed with the spectral topology (see
1.1.16, I.1.17 and 1.1.18 for details).

(ii) For h € X, Z(h) = {a € G|h(a) = 0} denotes the zero-set of h.
(iii) The notion of RS-congruence of a real semigroup is defined, and its basic properties

developed in section II.2. Congruences determined by saturated prime ideals are studied
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in paragraph (F) of section II.3, where in Theorem I1.3.15(d) we prove that the structure
G, = (G/I)\{m,(0)} obtained by omitting “zero” (= 7,(0)) from the quotient G//I, endowed
with the natural quotient representation Dy, = Dy / ;G (cf. 113 (F)), is a reduced special
group.

(iv) For the notion of a fan in the dual categories of reduced special groups (RSG-fan) and of
abstract order spaces (AOS-fan) the reader is referred to [DM1], pp. 8-9, 89-90, and [M], Ch.
IIT (Check ref.) respectively. O

The characterization of RS-fans alluded to is:

Theorem VI1.4.2 For a real semigroup G, the following are equivalent:
(1) G is a RS-fan.
(2) G satisfies the following conditions:
(i) Va,b € G (a®b? =a® or a?b? =b?).
(17) Giveg[ g9,h € X, such that Z(g) C Z(h), there is h' € X, such that Z(h) = Z(h') and
g~~n.
(i4i) For every saturated prime ideal I of G, the quotient reduced special group (G, DGI)
is a RSG-fan.

For the implication (2) = (1) we seem to need that (X, G) is a g-fan. Check!!

Remark. The proof is organized as follows: Lemma VI.4.3, Proposition VI.4.5 and Corol-
lary VI.11.2 below show, respectively, that any RS-fan satisfies conditions (2.i) — (2.iii), i.e.,
altogether they prove (1) = (2). The converse implication (2) = (1) is proved in Proposition
VI.4.10 below.

Lemma VI.4.3 Any RS-fan verifies condition (2.i) of Theorem VI.4.2.

Proof. This follows at once from Fact VI.1.1 and Proposition VI.1.2. O

Omit Reminder.

VI1.4.4 Reminder. Proposition VI.1.2 shows that the following are equivalent to condition
(2.1) of Theorem VI.4.2, for any ternary semigroup G:

e The collection {Z(a)|a € G} of zero-sets of elements of G is totally ordered under
inclusion.

e The set of all ideals of G is totally ordered under inclusion.

e Every proper (7'S)-ideal of G is prime. O

The implication (1) = (2.i) in Theorem VI.4.2 is item (2) of the following Proposition.

Proposition VI.4.5 Let G be a RS-fan. Then:

(1) For all elements g, h € X, such that g~~ h (hence Z(g) C Z(h)) and every ideal I such
that Z(g) C1C Z(h) there is f € X, such that g~ f~> h and Z(f) = 1.

(2) For every g € X, and every ideal I 2 Z(g) there is a (necessarily unique) f € X, such
that g~ f and Z(f) = 1I.

(3) For every ideal I of F there is an f € X, such that Z(f) = I.
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Proof. Since G is a RS-fan, every TS-character f : G — 3 is a RS-homomorphism. Thus, it
suffices to construct TS-homomorphisms f : G — 3 verifying (1) — (3) of the statement.

First we prove (1); the same proof, omitting item (c) below, also proves (2). Let f : G— 3
be defined by:

FII=0 and f[(G\D)=g[(G\I).
(a) Z(f) = 1.
By construction, I C Z(f). Since Z(g) C I, f(z) = g(x) #0 for x € G\ I, i.e., Z(f)C I.
(b) g~ f.
Clear, from (a) and Lemma 1.1.18,
(c) f~ h.
If f(a) =0, then a € I C Z(h), and h(a) = 0.
If h(a) # 0, then a ¢ I; since g~ h, then g(a) = h(a). Hence, f(a) = g(a) = h(a), and we
get f~» h by Lemma 1.1.18.
(d) f is a TS-homomorphism.

Clearly f(0) =0 and f(£1) = g(+1) = £1. Let a,b € G. If one of a,b is in I, so is ab, and we
have f(a)f(b) =0 = f(ab). If a,b & I, then ab & I, and f and g take the same value on a, b
and ab; the result follows from the fact that g is a TS-character. Since G is a fan, f € X .

(3) This is Lemma 1.1.7 (alternatively, Lemma 1.4.8) O
Remark VI.4.6 The element f such that g~» f and Z(f) = [ in VI.4.5(2) can also be
obtained by taking any h € X, with Z(h) = I (V1.4.5(3)) and setting f = h2g. 0

0JO! Duplication with Remark VI.6.7; check!

The following Proposition VI.11.1 and its Corollary VI.11.2 prove that every quotient of a
RS-fan is a RS-fan; in particular, the implication (1) =-(2.iii) holds in Theorem VI.4.2.

0JO! Duplication with Proposition VI.11.1 and Corollary VI.11.2; check!

Proposition VI.4.7 Let G be a RS-fan and let H be a proconstructible subset of X, stable
under product of any three of its elements. Then =, isa RS-congruence, the quotient G/H is
a RS-fan, and the spectral spaces XG/?—L and H are homeomorphic; in particular, the (Boolean)

spaces ( Jeon and Heon are homeomorphic.

XG/?—[
Proof. Follows closely the proof of Theorem 1.1.27; we shall use notation therein.

am = Hom, . (G/H,3) is its set
of (TS-) characters. The proof of item (3) in Theorem I1.1.27 shows that, under our hypotheses

on H, the map 6 : XG/H — X, given by 0(g) = gom (g€ XG/H) is a homeomorphism
/

between the spectral spaces X P

According to equality (***) in the proof of Theorem 1.1.27 (with U replaced by Z) we have
07[Z(a) N H] = Z(r(a)) for a € G. Since G verifies condition (2.i) in Theorem VI.4.2, this
equality implies that the zero-sets of elements of G/H are also totally ordered by inclusion;
Corollary VI.2.3 implies, then, that ( G/H) is a fan. O

The quotient structure G/H is a ternary semigroup and X

” and H , as asserted.

XG/H’

Observe that all RS-congruences of a fan are obtained in the way given by the preceding
Proposition:

Corollary VI1.4.8 Let G be a RS-fan and let = be a RS-congruence of G. Then:

(a) == = for some proconstructible set H C Xa stable under product of any three elements.
Hence,
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(b) G/= is a RS-fan.
(¢) The correspondence H — =y establishes an inclusion-reversing bijection between procon-
structible subsets of X, stable under product of any three elements, and the set Con(G) of
RS-congruences of G.

Proof. (a) The set H = H_ is given by Proposition ??. Items (b) and (c) follow, respectively,
from Proposition VI.11.1 and Theorem 1.1.27. O

Alternatively, we may use the following, less general but more direct result, that appears as
Proposition V.5.1 of our monograph.

Proposition VI.4.9 Let F be a RS-fan. Let I be a proper ideal of F. Let m = TP — F/I
denote the canonical quotient map. Then, F, = (F/I)\{n(0)} is a RSG-fan.

Proof. In Theorem I1.3.15 and with notation therein, it was shown that if G is a RS and I is
a saturated prime ideal of G, then ((G/I)\ {=(0)},-, n(—=1),D ., ) is a RSG. We must prove:

ar
given a,b € F so that m(a), 7(b) # 0 and m(a) # m(—1),

m(b) € DF/I(w(l),W(a)) = 7(b) =7w(1) V 7(b) = mw(a).

By the characterization of DF/I in Theorem I1.3.15 (b), there are x € F'\ I and i € I such

that bx? € D,.(i,1,a). Hence, there is ¢ € F such that ba? € D, (i,c) and ¢ € D (1,a). From
the characterization of representation for fans (Theorem VI.2.1) we get:

(A) ba? € D.(i,c) = (i) bz? = iy? for some y € F, or
(i) ba? = cy? for some y € F, or

(iii) bx?i = —cbz? and bz? = i2ba?.
(B) ceD.(l,a) & (i) c = 22 for some z € F, or

(ii) ¢ = az? for some z € F, or

(iii) ¢ = —ac and ¢ = a’c.

Since b,z ¢ I, we have bx? ¢ I, which clearly excludes cases (A.i) and (A.iii), and entails ¢ & I
in (A.ii), whence 7(c?) = 7(1). Case (B.iii) yields:

c=—ac = 7(c) = —7(a)r(c) = 7(c)? =7(1) = —7(a)w(c)? = —7(a),

and hence 7(a) = m(—1), contrary to assumption; thus, case (B.iii) is excluded as well. In the
remaining cases we have:

(1) bz? = cy? and ¢ = 22 for some ¥,z € F.

Hence, bx? = (yz)2. Since bx? & I, it follows y,z € I, and then 7(b) = 7 (b)n(2?) = m((y2)?) =
m(1).

(2) bz? = cy? and ¢ = az? for some y, z € F.

Thus, bz? = a(yz)?. As in case (1) we have yz € I. Then, 7(b) = 7(b)n(2?) = n(a)7((y2)?) =
m(a)m (1) = 7(a). O

The next Proposition proves the implication (2) = (1) in Theorem VI.4.2.
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Proposition VI.4.10 Let G be a real semigroup verifying conditions (2.1) — (2.i13) of Theorem
VI.4.2. Then, G is a RS-fan.

Proof. From VI.4.4 we know that condition (2.i) implies that every (TS)-ideal of G is prime
and that the set of all (prime) ideals of G is totally ordered under inclusion. By Theorem
VI.2.1, we must show, for a,b,c € G:

(I) ce Dé(a, b) and Z(a) C Z(b) imply ¢ = a.

(I1) c € Dé(a, b), Z(a) = Z(b) and a # —b imply ¢ = a or ¢ = b.

Proof of (I). We first observe that the assumptions of (I) imply Z(a) = Z(c).

Let h € X . If h(a) =0, then h(b) = 0 (as Z(a) C Z(b)), and c € Dé(a,b) yields h(c) = 0;
hence, Z(a) C Z(c).

If Z(c) C Z(b), then c € D(t;(a, b) yields —a € D(t;(—c, b), and so Z(c) C Z(a). If Z(b) C Z(c),
then —a € Dé,(—c, b) entails Z(b) C Z(a), contrary to assumption. Hence, Z(c) C Z(a), and
Z(a) = Z(c).

In order to prove ¢ = a, let h € X . If h(b) = 0, then h(c) € D,(h(a),0) = {h(a)}, whence
h(c) = h(a). Henceforth, assume h(b) # 0. Since Z(a) C Z(b), there is g € X, so that g(b) =0
and g(a) # 0. Since the set of ideals of G is totally ordered under inclusion, h(b) # 0 and
g(b) = 0, we have Z(h) C Z(g). By (2.ii), there is g’ € X, so that Z(g') = Z(g) and h~>g'.
Then, ¢'(b) = 0; from ¢ € Dt(a b) and g(a) # 0 comes g( ) = ¢'(c) # 0. From h~>g" we
infer h(a) = ¢'(a) and h(c) = ¢'(¢) (Lemma 1.1.18 (4)), and from ¢'(a) = ¢'(c) we conclude

h(a) = ()andhencea—c
(I

Proof of (II). Assume ¢ € Dé(a, b), Z(a) = Z(b) and a # —b; then, there is g € X, so that
g(b) = g(a) # 0. First we claim:

Claim 1. Under the assumptions of (II), Z(c) = Z(a) =

Z(b).

Proof of Claim 1. In fact, ¢ € D! (a b) yields Z(a ) Z(b)C Z(c). Assume, towards a con-
tradiction, that there is h € X, such that h(c) = 0 and h(a) # 0. From ¢ € Dé(a,b) and
g(b) = g(a) we get g(c) = g(b) = g(a) # 0. Since the set of ideals of G is totally ordered
under inclusion, this and h(c) = 0 imply Z(g) C Z(h). By (2.i), there is h' € X, such that
Z(h) = Z(h) and g~ h; it follows that h'(a) # 0 and, since Z(a) = Z(b), K'(b) # 0. In-
voking Lemma 1.1.18 (4), we get h'(a) = g(a) and h/(b) = g(b); from g(b) = g(a) we obtain
R'(b) = h/(a). On the other hand, ¢ € Dct;(a, b) and h'(c) = h(c) = 0 entail h'(a) = —h/(b),
whence h'(a) = 1/(b) = 0, contradiction. This proves Z(c) = Z(a) = Z(b), as asserted.

If one of a or b is 0, the equality of zero-sets in Claim 1 implies ¢ = a = b = 0. So, assume,
e.g., b # 0. Let I be an ideal of G —necessarily prime and saturated— maximal for b & I. Let
~, be the congruence relation on G determined by I, namely, for z,y € G,

z~,y < h(z) = h(y) for all h € X, such that Z(h) = 1. (Cf. 1.4 (F))

Note that the equality of zero-sets established in Claim 1, together with b & I, implies that
none of a,b,cis in I.

Claim 2. a %#,—b.

Proof of Claim 2. Assume that a ~ —b. Since g(b) # 0, i.e., b ¢ Z(g), maximality of I entails
Z(g) € 1. By (2.ii), there is h € X, such that Z(h) = I and g~ h. Since h(b), h(a) # 0, the
specialization g~-h yields h(a) = g(a) and h(b) = g(b) (I1.1.18 (4)), which, by g(a) = g(b),
entails h(a) = h(b). On the other hand, a~, —b and Z(h) = I implies h(a) = —h(D).
Altogether, these equalities imply h(a) = h(b) = 0, a contradiction, showing that a % —b.
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By assumption (2.iii), the reduced special group (quasi-RSG) G, is a RSG-fan. With

7, : G — G/I denoting the canonical quotient map, we have 7 (a) # 7 (—b) = —m,(b). Note
. . t .

also that a,b,c ¢ I implies 7, (a), 7, (b),7,(c) # 7,(0). From c € DG(a, b) it follows m,(c) €

Dé/l(ﬂl(a),wl(b)) which implies (since G, = (G/I)\ {7 ,(0)} is a RSG-fan) 7 (c) = 7,(a) or

m(c) = m(b).
Claim 3. 7,(c) =7, (a) = c=a.

Proof of Claim 3. Assumption 7, (c) = 7, (a) means ¢ ~,a.

Let he X e Since the saturated prime ideals of G are an inclusion chain, we consider two
cases:
— Z(h)C1.
Invoking (2.ii), let " € X , be such that Z(h') = I and h~h'. Since a,c ¢ I, the specialization
h~h' entails h(a) = h'(a) and h(c) = R'(c); further, ¢ ~ a gives h'(c) = h'(a), whence
h(c) = h(a), for all h € X, such that Z(h) C I.
— Z(h) D I.
The maximality of I implies a,b,c € Z(h), i.e., h(a) = h(b) = h(c) = 0.

These two cases prove that h(c) = h(a), for all h € X, ie., c = a.

A similar argument proves that 7 (c) = 7 (b) = ¢ = b, completing the proof of (II), of
Proposition VI.4.10, and of Theorem VI.4.2. O

The next two corollaries of Theorem VI.4.2 give stylized (abstract) versions of the notion
of a trivial fan, a basic concept in the theory of (pre-)orders on fields (see [L2], Prop. 5.3, p.
39). Their translation in the case of preordered rings is given in Theorem ?7? below, where it
will be obvious that in the case fields they boil down to the notion of a trivial fan defined in
[L2]. Add precise ref.

Corollary VI1.4.11 Let G be a real semigroup such that the character space X is totally
ordered under specialization. Then, G is a RS-fan.

Proof. We check that conditions (2.i) — (2.iii) of Theorem VI1.4.2 hold.

Since every saturated prime ideal of G is the zero-set of some character (1.4.9) and g~ h =
Z(g) € Z(h) for g,h € X (1.1.18 (4)), the set of saturated prime ideals of G is an inclusion
chain, i.e., item (2.i) of VI.4.2 holds.

Further, every saturated prime ideal is the zero-set of a unique character: if b, h, € X o
are such that Z(h,) = Z(h,), then h? = h; (I.1.19 (1)); if, say, b~ h,, by Lemma 1.1.18 (5),
h, = hg h, = h? h, = h,. It follows that, for every saturated prime ideal I the quotient G /1
has a unique character, and hence G/I = 3, which is a RS-fan, showing that condition (2.iii)
of VI.4.2 holds.

Finally, to check item VI1.4.2 (2.ii), observe that the linearity assumption and the uniqueness
proved in the preceding paragraph yield Z(g) C Z(h) = g~ h. O

In the sequel we present an example showing that conditions (2.i) and (2.iii) of Theorem
VI1.4.2 alone are not sufficient to guarantee that a real semigroup is a RS-fan.

Example VI.4.12 Let G = {1, £c} be a four-element group of exponent 2, and let = € G.
We set G[z] := G U {0, £z}, subject to the relations x # 0, 22 = x and cx = —x. It is easily
checked that G[z] is a ternary semigroup whose product extends that of G and whose ideals
are {0} and {0, £z} (both being prime). For ¢ = 1,2 we define TS-characters h; : G[z] — 3,
as follows:
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0 if y=0 0 if ye{0,£x}
h(y)=4q 1 if ye{l,z,—c} hy(y)=4q 1 if ye{l,c}

-1 if ye{-1,—z,¢} -1 if ye{-1,—¢}
Direct inspection shows:
(i) Z(h)) ={0} C {0,+z} = Z(h,) (hence VI.4.2(2.i) holds).
(ii) The set H := {h, h,} separates points in G[z].
(iii) b,  h, (L1.18(4)).
It follows from Theorem 1.3.3 and Proposition 1.3.4 that the ternary relation DH defined by H
(see clause [D], in Definition 1.3.1), endows the ternary semigroup G|z] with the structure of
a real semigroup. Note that the corresponding transversal representation relation D;{ is given
by:

For D, q,T € G["L‘L pe D?t'l(q’ T) iff hl(p) € D;(hZ(Q)v hl(r)) for i = 1>2a

(cf. 1.3.2[TR]). In particular,
(iv) c € D;t(l’ —).

Claim. XG[x] := Hom, ((

Proof of Claim. Let h € X, ; then, Z(h) = {0} or Z(h) = {0, £x}.

(=]’

—1If Z(h) = {0}, then h(z), h(c) € {£1}. Since 2% = x, we have h(x) € {0,1}; hence, h(z) = 1.

Gz, D,),3) = .

Since cx = —x, we have h(c) = —1. So, h = h, as they coincide on the generators ¢,z of G[x].
— If Z(h) = {0, £z}, from (iv) we get h(c) € D;(l,O) = {1}, whence h = h,, since they
coincide on the generators c, x. a

The Claim shows:

(1) Condition VI.4.2(2.ii) fails in (Glz], D,,): this real semigroup has no (RS-)character spe-

cializing b, and having {0, &z} as zero-set.

(2) Condition VI.4.2(2.iii) holds in (G[z], D, ): both (saturated, prime) ideals I of G[z] are
the zero-sets of exactly one RS-character; then, the quotient G[z]/I has exactly one character,

whence Gz|/I = 3, a RS-fan. O

VI.5 Fans and preordered rings

New section; Jan. 2014. Replaces old section “Fans and valuation rings”.

The aim of this section is to deal with a number of situations and exhibit some examples of
semi-real rings and preordered rings (hereafter p-rings) whose associated real semigroups are
fans.

A. Basic properties of p-rings whose associated real semigroup is a fan. Throughout
this subsection we assume that ( A,T') is a p-ring whose associated real semigroup G o 1S a
RS-fan. ’

VI.5.1 Reminder and Notation. (a) From VI.1.2 and VI.2.8 we know that all ideals of
G ', are prime and saturated; further, the family Z = Z(A,T) of all ideals of G 'y 18 totally
ordered by inclusion (VI.1.2(4)).

(b) For J € Z, let J ={a € Ala € J}. By Fact IL.1.1, the J’s are prime ideals of A and
the collection {.J|J € Z} is totally ordered under inclusion. Since J € T is saturated, J is a
T-radical ideal of A (Theorem II.1.12), hence T-convex (II.1.4 or [BCR], Prop. 4.2.5, p. 87).
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(c) We denote by T (A, T) the set of all T-convex prime ideals of A.

Fact VI.5.2 With notation as above,

(i) {JJ €I} = T(AT).

(73) The map J — J (J € I) is bijective and order-preserving.

Proof. (i) Let I € T(A,T). By IL.1.11, I is a prime ideal of GA,T’ and by Lemma II1.1.8 (b),
1=1(= YD

(ii) By (i) the map J ~ J is onto 7. By IL1.1(vi) it is also injective. That it preserves
inclusion is proved in IL.1.1 (v). O

Remarks VI.5.3 (i) Since {0} is the smallest element of Z, the proof of VI.5.2 (i) (or II.1.8)
shows that 1/(0) is the smallest element of 7.

(ii) The maximal element of 7 is:
M = set of non-invertible elements of G, ;. = {Z|x € Aand 72 # 1}.
Then, we have:
M=M={acAlacM={acAla®+#1}=
={a € A|3a € Sper (A, T) such that a(a) =0} =
={a € A|Ja € Sper (A, T) such that a € supp («)} =
= J{supp (a) | @ € Sper (A4, T)}.

(iii) Warning. Even though the ideal M is maximal in 7, and prime, it may not be a maximal
ideal of A; however, it is maximal in some important cases, e.g., when ( A,T') is a bounded
inversion ring (BIR). (Add Ref. here) O

VI.5.4 In case G, (A a semi-real ring) (resp. GA’T, (A,T) a p-ring) is a fan, the elements

of Sper (A, T) have a simpler characterization, coming from the characterization of ARS-fans
given in VI.2.3, namely

A real semigroup G is a RS-fan if and only if the set of its prime ideals is totally
ordered under inclusion and every character of ternary semigroups G — 3 preserves
representation.

Since the RS-characters of G, (resp. G ) are, by any another name, the elements of Sper (4)
(vesp., Sper (A, T))), see 1.5.5, our task is to characterize the TS-characters of G, (resp. G, )

in terms of the ring A (resp., the p-ring ( A,T")). We begin by the simpler case of semi-real
rings.

Proposition VI.5.5 Let A be a semi-real ring and let X, (or Xa for short) denote the set
of all ternary semigroup (T'S-)characters of G, into 3.

(i) The correspondence
he X — {ac A|h@) €{0,1}} = {a € A|h(a) = h(a?)}

establishes a bijection from X 4o onto the family of all subsets of S C A satisfying the following
conditions:

[MSO-1] Y A%2CS;
[MSO-2] S is closed under product;
[MSO-3] —1¢S;

230



[MSO-4] SU -85 = A;

[MSO-5] SN =S is prime: for allz,y € A, zy e SN—-5 =z SN-S orye SN-S.
[MSO-6] For everyn >1 and ay,...,an € A, > a2 €SN-8 = aj,...,a, € SN-S.
(13) This correspondence is an order isomorphism from X4, ordered by specialization (in the
spectral topology ), onto the set of S C A satisfying [MSO-1] —[MSO-6|, ordered by inclusion.
Remark. Note that [MSO-2] and [MSO-4] imply that SN —S is closed under multiplication by
arbitrary elements of A.

Proof. For h € X4, the set S, = {a € A|h(a) € {0,1}} satisfies [MSO-1] - [MSO-6]:

MSO-2] holds because h preserves products.

MSO-4] If a € A\ Sp, then h(a) = —1, whence h(—a) =1, and a € —S5),.

MSO-5] Follows from S, N =Sy, = {a € A|h(a) = 0} and the fact that zy =0 =2 =0 or
y =0, for z,y € 3.

In order to prove [MSO-1] and [MSO-6] we recall:

— [ ]

— [MSO-3] comes from h(—1) = —1 (h is a TS-homomorphism).
— [ ]

— [

Fact 1. Given a € Sper (A), let mo : A— A/supp («) denote the canonical ring homomor-
phism and let <, denote the (total) order of A/supp («) determined by ., i.e., mo(x) >40 <
rea (veA). Then, forac A, a(a)=sgne (ma(a)). Give ref.: [BCR]. O
Claim. (i) If a € >.A?, then @= a2.

(i) If a=>",a? and k€ {1,...,n}, then E-aiizg.

Proof of Claim. (i) Let a € Sper (A4). Since Y. A% C a, Fact 1 implies a@(a) € {0,1}, and then
a(a) = a2(w), since 2 = x for z € {0,1} C 3.

(ii) It suffices to prove ;i(a) =1 = a(a) = 1, for « € Sper(A). Using Fact 1, since
To 18 a ring homomorphism from ﬂa(az) >, 0 and 7o (2?) >, 0 for all x € A, we get
To(a) = Y0 mala?) >4 ma(a2) >4 0, as required. O

— [MSO-1] follows at once from item (i) in the Claim.

— [MSO-6] comes from the already noted fact that S, N =Sy, = {a € A|h(a) = 0} and item
(ii) in the Claim: if >  a? € S, N =Sy, then h (E ) =0, and (by Claim) h (a%) =0
(= h(@,)), whence @, € S, N =Sy, for k € {1,...,n}.

i=1%

Conversely, we must prove that any set S C A satisfying [MSO-1]—[MSO-6] determines a

TS-character hg € X4 such that S = Sj,. For a € A, set

1 ifae S\ (-9)

hs(@) = 0 ifaeSN-S5

-1 ifae(=9)\S.
In order to show that hg is well defined, i.e., @ = b = hg(a) = hg(b), we will need the following
ring-theoretic characterization of “equality of bars”:
Fact 2. ([M], Cor. 5.4.3, p. 94) Given a p-ring (A,T) and a,b € A,

a, = E & There exists s,t € T and k > 0 such that sab = (a® + b*)F + . O

— hg is well defined. (In this proof, T = > A2%) Assume @ = b, and suppose first that
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hs(@) =0, i.e., a € SN—S; by the Remark following the statement, sab € SN —S, and by Fact
2, hs ((a2 Tkt t) — 0. Since t € Y A2, the sum (a® + b2)¥ + ¢ is in 3 A2. Then, [MSO-6]
yields b € SN -8, i.e., hg(b) = 0. Interchanging a and b, we have hg(@) = 0 < hg(b) = 0.

Next, suppose a,b ¢ SN —S and that hg(a), hg(b) have different signs, e.g., a € S\ (—=5),
be (—5)\S. Note that s € Y_A? C S ([MSO-1]); therefore sab € —S. On the other hand, the

expression in the right-hand side of the equality in Fact 2 is a sum of squares, and hence is in
S ([MSO-1]); it follows that sab € S N —S, whence (a? + b?)¥ +t € SN —S (Fact 2) and, by

[MSO-6], a,b € SN —S, contradiction. Conclusion: hg(a) = hg(b), as required.

Next, note that dom(hg) = A, by [MSO-4]. That hg preserves product is proved by cases,
using [MSO-5]; details are left to the reader. That hg(i) = i for i € {0,41} is routine, using
[MSO-3],1=12€ S and 0 € SN —S ([]MSO-5)).

Finally, S = (S'\ (=5)) U (SN —S) entails a € S < hg(a)) € {0,1}, i.e., S = Sy,.
(ii) follows at once from the equivalence of (1) and (3) in Lemma 1.1.18. O

Reminder. We emphasize that the sets S C A satisfying conditions [MSO-1] - [MSO-6] may
not be additively closed. Those that are additively closed belong to Sper (A). O

Remark VI.5.6 The case of G ', tequires more care. With notation as in the proof of VI.5.5,
for h € X4 —i.e., h a TS-character of GA o we clearly have:

TCSy, & h[TC{0,1},
where T = {t|t € T}. Even though this condition holds for Y~ A? ([MSO-1]), it is not auto-
matically fulfilled by arbitrary preorders of A.

Example VI.5.7 Let X be a completely regular topological space, and let ) # K< X be a
closed subset; with C'(X) denoting the ring of real-valued continuous functions on X, set
Ti = {f € C(X)| f[ K > 0}.
Tk is a preorder of C(X). Recall that Spec (C(X)) is canonically homeomorphic to Sper (C(X))
by the map a — aN —a («a € Sper (C(X))); in other words, for every prime ideal P C C'(X),
the quotient domain C(X)/P has a unique (total) order, denoted <p. For f € C(X) and
P € Spec (C(X)),
f(P) =sgne, (f/P).
For every = € X, the evaluation
ha(f) = sgn(f(z)) (inR),
is a TS-character of GC(X). By complete regularity, if g € X \ K, there is t € C'(X) so that
t[ K =0 and t(zg) = —1; hence, t € Tk and hy,(t) = —1. O

However, we have:

Proposition VI.5.8 Let (A, T) be a p-ring. Then, h [T C{0,1} (i.e., with notation as in the
proof of VI.5.5, T CSy,) for every T'S-character h : G, 7 — 3 which preserves representation.
In particular, if G, . is a RS-fan, this inclusion holds for every h € Xar.

Proof. For t € T, we have t =t-1+4t-0, and hence ¢ € D, T(T, 0) (cf. [M], Add ref.). Since
h preserves representation, h(t) € Dg(h(1),h(0)) = Dy(1,0); this entails h(7) € {0, 1}. O

The analog of Proposition VI.5.5 for p-rings is:
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Proposition VI.5.9 Let (A, T') be a p-ring and let X, r denote the set of all ternary semi-
group (T'S-)characters of G, . into 3. To keep matters straight we denote by a. =a [ Sper (A,T) :
Sper (A,T) — 3 (a € A), the elements of G, .
(i) The correspondence

h € XA,T — {a € A|h(a;) € {0,1}} ={a € A|h(a,) = h(a?)},
establishes a bijection from X, .. onto the family of all subsets of S C A satisfying the following
conditions:

MSO,~1] TC5;
[MSO-2] -[MSO-5] as in Proposition VI.5.5.

; 2
[MSOT—G] Forallt,,t, €T, ift, +t, € SN=SY, thent  t, € SN-S.

(ii) This correspondence is an order isomorphism from X, ., ordered by specialization (in the

spectral topology ), onto the set of S C A satisfying [MSOT—I]f[MSOT—G], ordered by inclusion.

Proof. We only indicate the modifications to be done in the proof of Proposition VI.5.5, i.e.,

we prove only [MSOT—l] and [MSOT—G]. As before, for h € X, o we set S, = {a € Alh(a,) €

— ——\ _ (2
{0,1}} = {a € A[h(a;) = h(al)}-
- [MSOT— 1] hoids because T'C v for all o € Sper (A,T): if t € T Ca, then t.(a) € {0,1},

— _ 42 . . . —\ _ 12
and hence ¢, = t, which in turn gives h(t,) = h(tT).

— [MSOT—ﬁ], is an immediate consequence of the following analog to item (ii) of the Claim in

the proof of VL.5.5, and h(a,) =0iff a € S, N =S, .

Claim. For t ,t, € T and t =t +t,, we have t-t;=t (i=1,2).

Proof of Claim. It suffices to show, for a € Sper (A, T): #j(a) =1 = t(a) = 1. Fixi = 1.

The antecedent means mo(t1) >4 0. Since ¢, € T implies 7o (t2) >, 0, we get mo(t) = ma(t1) +

Ta(t2) Za ma(t1) >a 0, whence t(a) = 1. O
Conversely, any set S C A satisfying [MSOT—I]f [MSOT—6}, determinesamap hy : G, . — 3

defined as in the proof of VI.5.5; the proof of well-definedness and of the required properties of

h is a minor modification of that in VL5.5, replacing S A% by T.

The proof of (ii) is similar to that of the corresponding item (ii) in Proposition VI.5.5 O

Remark VI.5.10 Proposition VI.5.9 shows that, if GAT is a RS-fan, then every set SC A
satisfying conditions [MSOT— 1]7[MSOT— 6] is automatically closed under addition, i.e., an

element of Sper (A, T'). This is a ring-theoretic analog of the definition of a fan (as a preorder)
in a field, due to [BK]; cf. [L2], Def. 5.1, p. 39. Below we prove that the converse holds as
well. 0

It will be convenient to give a name to the objects at hand. Following the terminology in
[BK], set

Definition VI1.5.11 For a semi-real ring A and a preorder T of A, we call:

(i) Multiplicative semi-ordering (or multiplicative prime cone) any set S C A satisfying
conditions [MSO-1] - [MSO-6] in Proposition VI.5.5 (i).

2 In other words, the set SN —S (not necessarily an ideal!) is T-convex.
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(i) Multiplicative T-semi-ordering (or multiplicative T-prime cone) any set SC A
satisfying conditions [MSOT— 1] f[MSOT— 6] in Proposition VI.5.9 ().

(iii) M(A) and M(A,T') will respectively denote the families of multiplicative semi-orderings
and multiplicative T-semi-orderings of A. O

As a next step we show that the condition M(A,T) = Sper (4,T), necessary for G, .. to

be a RS-fan, entails that the set 7 (A, T") of T-convex prime ideals of A is totally ordered under
inclusion; see VI.1.1.

Proposition VI.5.12 (i) Let ( A,T') be a p-ring. With notation as above, condition M(A,T) =
Sper (A, T') implies that the set T (A, T) of T-convex prime ideals of A is totally ordered under
inclusion.

(13) A similar statement holds for semi-real rings: M(A) = Sper (A) implies that the set of real
prime ideals of A is a chain under inclusion.

Proof. We only prove (i). Let I,J € T(A,T); let o € Sper (A, T) be such that I = supp («)
(cf. [BCR], Prop. 4.3.8, p. 90). Set S = J U .

We first observe that S € M(A,T). Conditions [MSOT— 1], [MSO-2] and [MSO-3| are

obvious.

— [MSO-4]. Since —S =J U —a and a U —a = A, we have SU—-S=JUaU—a = A.

— [MSO-5]. By the previous item we have SN—S = (JUa)N(JU—a) = JU(aN—a) = JUI.
Since both I,.J are prime (ideals), we get zy € SN —S implies z € SN—=S or y € SN -S.

— [MSOT— 6]. Again, since SN —S = JU I and both I,J are T-convex, we get the desired
conclusion.

By assumption, S is additively closed. Assume, towards a contradiction, that there are
a,b € Asuchthat a € I\ J and b€ J\ I. In particular,a € [ CaC S and b € JC S, whence
a+be S Ifa+beJ, since —be J weget a=(a+b)+ (—b) € J, contradiction. Then,
a+bea and froma € I C— o, we get b = (a+0b)+ (—a) € a. Next, since —a € I\ J
and —b € J\ I, the preceding argument can be carried out with a,b replaced with —a, —b,
respectively, to conclude that —b € a. Thus, b € a N —a = I, contradiction. O

Summarizing the preceding arguments, we state:

Corollary VI.5.13 Let A be a semi-real ring and let T be a preorder of A.
(i) Are equivalent:
(a) G, is a RS-fan.
(b) Every multiplicative semi-ordering of A is automatically closed under addition, i.e.,
M(A) = Sper (A).
(i) Are equivalent:
(a) G, . is a RS-fan.

AT
(b) Every multiplicative T-semi-ordering of A is automatically closed under addition, i.e.,
M(A,T) = Sper (A,T). 0

Proof. We only comment on (b) = (a) in (ii). The statement

“Every S C A satisfying conditions [MSOT—lHMSOT—G] in VI.5.9 (i) is closed under
addition”,

is just a translation of

“Every TS-character of G, . is a RS-character”,
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which, in the terminology of Definition VI.0.1 (1), means G, ;. is a “fan,”. Since we have just

proved (VI.5.12(i)) that the set 7 (A, T) of T-convex prime ideals of A is totally ordered under
inclusion, Fact VI.5.2 shows that the set of all (TS-)ideals of G, .. is an inclusion chain; then,

by Proposition VI.1.2, the real semigroup G, ,, satisfies condition [Z] in Theorem VI.2.1 and,
by Corollary VI.2.3 and the subsequent Remark, G, . is a RS-fan. O

This characterization yields a first batch of natural examples of p-rings whose associated
real semigroup is a fan.

Corollary VI1.5.14 Let K be a field and T be a preorder of K which is a fan. Let A be a subring

of K whose field of fractions is K. Then, the real semigroup G , oA 1S @ fan. In particular, if

A = Ay 1s the valuation ring of a T'-compatible valuation v of K, the real semigroup G, ..,

is a fan.
Proof. According to Corollary VI.5.13 (ii) we must check that any mutiplicative semi-ordering
S e M(A,TNA) is closed under addition. Let S’ = {% la,be A, b#0 and abe S} C K. We
first show:
— 8"\ {0} is a subgroup of K*, TCS" and —1 & S'.
Clearly, S C S’ and (by [MSO-3]) —1 ¢ S’. Since K is the field of fractions of A, any element
%, with a,b € A,b # 0. Then, ab= 7 -5 € TN A. Since TNACS
([MSOT— 1]), we get % € S’, hence T C S’. Since S is multiplicative ([MSO-2]), it follows that
S"\ {0} is a subgroup of K*.

According to one of the known characterizations of fans in fields (cf. [L2], Thm. 5.5, p.
40), S’ is closed under addition in K, which clearly implies that S is additively closed in A. O

of T can be written as

Proposition VI.5.15 Let (A,T') be a p-ring whose associated real semigroup GAT is a fan.

Then Sper (A, T') has the following lifting property:

[Lift] For every o € Sper (A, T) and J € T(A,T) so that supp () C J, there is € Sper (A, T)
such that o C B and supp (B) = J.

Proof. Assume G . is a RS-fan. By VI.5.13 (ii.b), it suffices to prove [Lift] for M(A,T). The

argument is, in fact, a reformulation in the present context of the proof Lemma VI.6.7 (2).
Let S € M(A,T) and J € T(A,T) be such that supp (S) := SN—=SCJ. Set 5 = JU(S\J).

Clearly, S Cf3; it remains to prove that supp (8) = J and 8 € M(A,T) which, under our

standing assumption, yields § € Sper (A4,T). Clearly, TCSC/ ([MSOT— 1]), and —1 & S8

(IMSO-3)).

— [ is closed under product ([MSO-2]).

Let a,b € 5. If one of a,b is in J, then ab € J C . So, suppose a,b & J; then a,b € S\ J and,
since S is closed under product and J is prime, we get ab € S\ J C .

Now, note that —f = J U ((=95) \ J).
— BU—p=A (IMSO-4]).
We have: fU-B=JUS\JH)U(=S)\J)=JU(SU=8)\J)DSuU-S=A.

— BN =4 = J; in particular, since J is a prime ideal, 5N —f verifies [MSO-5] and, since J is
T-convex, 3 N —f verifies [MSOT—G].

We compute:

pN=pF=UE\))NJTU(=5\J)) = [T (£S5 \J) = 0]
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= JUS\ )N ((=S)\J) =JU((SN—8)\ J) = [since SN —S C.J]
—J. 0

Notation VI.5.16 For I € T(A,T) ((A,T) a p-ring), we let
° AI denote the localization of A at I,
o M, =1 A ; denote the maximal ideal of A ;> and

o T, =T-(A\ I)~2 denote the preorder induced by 7" on A, O

Fact VI1.5.17 TI/MI is a proper preorder of the field AI/MI.

Proof. Straightforward checking shows that 7',/M, is a preorder of A /M . We prove that it
is proper.
Assume, on the contrary, that —1 € TI/M], ie,—1= (%) /M] ,witht € T and x € A\ I;
t+ 22

that is, % FleM,=1-Ap i, T = é for some i € I and y € A\ I. Since I is prime,

we get y - (t+2%) = 2% (mod I), whence y - (t +22) € I, and t + 2% € I. Since t,2? € T and |
is T-convex, we obtain x € I, contradiction. O

B. Total preorders and trivial fans in rings.

Definition VI.5.18 A total preorder in aring A is a (proper) preorder T such that TU-T =
A. O

Fact V1.5.19 For a total preorder T of a ring A, T N =T is a proper ideal of A. a
The easy proof is left as an exercise.

Remarks VI.5.20 (i) The ideal T'N —T may not be prime (see Example VI.5.21). When it
is, the notion of “total preorder” coincides with “prime cone”, i.e., element of Sper (A).

(ii) When T'N —T = {0} the total preorders are just the total orders of A. O

Example VI.5.21 Let A := R[X]/(X?); the elements of A are uniquely representable in the
form aX + b with a,b € R. Clearly, the zero ideal of A is not radical, hence not prime either:
X # 0 but X? = 0. We define a total (pre)order T in A by the stipulation:

aX+beT iff b>0 or (b=0 and a > 0).
Checking that T is a total (pre)order of A is routine, left to the reader. However, the ideal
T N —T = {0} is not prime. O

Propositions VI.5.22 and 7?7 below show that total preorders are preserved by localization
at and lifting by convex prime ideals.

Proposition VI1.5.22 Let T be a total preorder of a ring A, let I be a T-convex prime ideal of
A, and let T, =T - (A\ I)=2 be the preorder induced by T on the localization of A at I. Then,
T, is a total preorder of A, .

Proof. We already know that T is a proper preorder of A s (cf. proof of Lemma VI.5.17;
note that T-convexity of I is needed to prove that T’ is proper). So, we need only show that
2
T,U-T, = A, Let & € A, i, o &I Then, T is invertible in 4, and - = (1) € T},
Hence, a_az, (%) If axz € T, then et , and if ax € =T, then Le-r ; we conclude
x 1 x x I x I
from TU —-T = A. a
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Proposition VI.5.23 Let I be a prime ideal of the ring A and let Q be a total preorder of A['
Then, there is a total preorder T of A such that T, = Q. Further,
a

i (a € A).

(i) TN-T= Llfl[Q N —Q], where Lyt A— A, is the canonical map a —
(i) If the mazimal ideal M, of A, is Q-convez, then I is T'-convez.

_a

Proof. Let T' = LI_I[Q] ={a € Al,(a) 1€ Q}. Since ¢,
— T is closed under under sum and product, and contains A?.

— T is proper (since ¢ (—1) = _Tl ZQ).

is a ring homomorphism, we have:

—TUu-T=A.

We show:
—T,CQ.

t t 2’ 1
Let z € T}, ie., 2 = pt witht € T,z & I. Then, — € Q, T is invertible in A, and 2 €Q.
It follows that z = % : % €qQ.
—QCT,.
2
Let z € Q; then, z = g, with =,y € A,y & I, which implies z = %; this gives yT cz = a:Ty
v> _ (y\? Y y

Clearly, T= (T) € @, whence T 7€ @, and 7 € (), which shows that zy € T. Hence,

Yy
z = ? (S TI.
(i) It is obvious that TN =T = ¢ '[Q@ N —Q).
(ii) Let ¢,,t, € T be such that ¢t +¢, € I. Then, b €Q(1=1,2), and tl.—lk b2 €l-A =M,
By the convexity assumption, tll ,%2 el AI. For i = 1,2, we have tf = %, with j e I,x & I.
It follows that xt; — j € I, whence t; € I, since x & I, as required. O

Remark VI.5.24 Even if () is a total order of AI, T may not be a total order of A. In fact,
rn-T= L[_I[Q N-Q] = [‘[_1[0]7
which, in general is not {0}. Note that, for z € A,
-1 —0( _
ze€i 0] &, (x)=0(nA,) & Iz I(2x=0). O

The following result proves two important properties of total preorders in rings:

Theorem VI1.5.25 (i) Let T be a total preorder of a ring A. Then, the real semigroup GA,T
s a fan.
(7i) Let T,,, T, be total preorders of a ring A, and let T =T, NT,. Assume that the set T(AT)
of T-convex prime ideals of A is totally ordered under inclusion. Then, the real semigroup GA,T
s a fan.

Remark. In case the ring A is a field, K, a total preorder is just a (total) order of K. Thus,
Theorem VI.5.25 is a ring-theoretic analog of the well known fact that the intersection of at
most two total orders of a field is a fan, namely a trivial fan, cf. [L2], Prop. 5.3, p. 39. O

Proof. (i) By Corollary VI.4.11 it suffices to check that Sper (A,T) (= XGAT) is totally

ordered under inclusion (= specialization); the proof is identical to that showing that the real
spectrum of a ring is a root system: let o, 8 € Sper (A, T'), and assume that a € § and 5 Z «;
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let a € a\ S and b € B\ «; since the preorder T is total, eithera—be T C B orb—a €T Ca;
hence, a =b+ (a—b) € Borb=a+ (b—a) € a, absurd.
We check that assumptions (1) — (3) of VI.4.12 are verified by G, ..

Assumption (1) holds by hypothesis, as the saturated prime ideals of G A are in a bijective,
inclusion-preserving correspondence with the T-convex prime ideals of A (cf. Fact VI.5.1 (b)).
Assumption (2) follows from the proof of (i) and:
(*) Sper (A,T) = Sper (A,T,) U Sper (A,T,).
Proof of (x). Clearly, Sper (4,T;,) CSper (A4,T') for i = 0,1. Assume there is o € Sper (A) such
that T Cabut T, T} € a, and pick ¢, € T.\ v (i = 0,1). Then, —t, € v and ¢t ¢ T| (otherwise
ty € T0 N T1 Ca). Since T1 is a total preorder, t, € —Tl. Likewise, -t € and t, € —TO.
From t, € T, and —t, € T, we get —t ¢, € T; from t, € T, and —t, € T, we get
_ . — Ca. —t - = (=t )(— .
Hz(r)ltcle Et fl ’ehsI;?ia iihpi)(io) .0811111073 (tyhisl?;ozfl pI‘iItI(l)é i(féalg, tjéecsour;l;?ofg% o f(Er zt 0:)(O Z1r)i€:01‘7

7071
contradiction.

In order to prove assumption (3) of VI.4.12, we first show:
(#x) Every T-convex prime ideal I of A is both T -convex and T'-convex.

Proof of (x*). From [BCR], Prop. 4.2.8(ii), p. 87, we know that I is either 7| -convex or T)-
convex. Assume towards a contradiction that I is To—convex but not T’ -convex. Then, there are
elements t,t, €T such that tytt, €1, but bty by ¢ I. Since [ is T-convex, we have tyr by ¢ T,
and, since T}, is a total preorder, —t , —t, € T,. As we have — (¢, + tl) € I, T -convexity yields
—t,,—t, € I, whence ty,t, € I, contradiction.

Now, [BCR], Prop. 4.3.8, p. 90 finishes the proof: for i = 0,1, there is o, € Sper (A,TZ,) SO
that supp(a,) = 1. O

Remark VI.5.26 The following example shows that the requirement in item (ii) of Theorem
VI.5.25 does not hold automatically. Let A = C(R) be the ring of real-valued continuous
functions on the reals. For i = 0,1, let T, = {f € A[ f(i) > 0} and M, = {f € A| f(i) = 0}.
The (maximal) ideal MZ. is T'-convex; hence, with T' = ,NT,, both M0 and ]\41 are T-convex;
however, M, and M, are incomparable under inclusion. O

VI.6 Levels of a ARS-fan

Look at changes in “Fans in Th. of Real Semigps.”

The saturated prime ideals of a real semigroup induce a partition of its character space.
The pieces are called levels: the level corresponding to a saturated prime ideal I of G is the
set of all g € X, such that Z (g9) = I. In the case of RS-fans, (proper) ideals —automatically
prime (VI.1.2) and saturated (VI.2.8)— are totally ordered under inclusion, a fact that of
much help in studying the mutual relationship of its levels. This notion, together with that of
a connected component (V1.6.11), will be the main technical tools employed in the analysis of
the fine structure of ARS-fans, initiated in this section and continued in subsequent ones.

We begin by proving that levels have a canonical structure of AOS-fans (VI.6.2), that is,
of fans in the category of abstract order spaces (cf. [M], § 3.1, pp. 37 ff.). Inclusion of ideals
induces AOS-morphisms between the corresponding levels (REF). The main results proved in
this section are:

(i) The connected components of a ARS-fan are complete join-semilattices under the special-
ization order; we also exhibit interesting relations between the sup operation and product
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(VL.6.12).

(ii) A relation between the cardinality of a finite RS-fan and that of its character space, an
analog for RSs of a result known to hold for reduced special groups (VI.6.18). O

Move Prop. VI.6.1 before?. To section VI.47

Proposition VI1.6.1 Let F be a RS-fan. Let I be a proper ideal of F'. Let m = o F — F/I
denote the canonical quotient map. Then, (F/I)\ {n(0)} is a RSG-fan.

Proof. In Theorem I1.3.15 and with notation therein, it was shown that if G is a RS and I is
a saturated prime ideal of G, then ((G/I)\ {7(0)},-, m(—1), DG/I> is a RSG. We must prove:

given a,b € F so that 7(a), 7(b) # 0 and 7 (a) # m(—1),

m(b) € DF/I(TF(l),ﬂ'(a)) = mw(b) =m(1) V n(b) = 7(a).

By the characterization of DF/I in Theorem I1.3.15 (b), there are x € F'\ I and i € I such

that bz? € D_.(i,1,a). Hence, there is ¢ € F such that ba? € D, (i,c) and ¢ € D(1,a). From
the characterization of representation for fans (Theorem VI.2.1) we get:

(A) ba? € D.(i,c) < (i) bz? = iy? for some y € F, or
(i) ba? = cy? for some y € F, or

(iii) bx?i = —cbz? and ba? = i2ba?.
(B) ceD.(l,a) & (i) c = 22 for some z € F, or

(ii) ¢ = az? for some z € F, or

(iii) ¢ = —ac and ¢ = a’c.

Since b,z ¢ I, we have bx? & I, which clearly excludes cases (A.i) and (A.iii), and entails ¢ & I
in (A.ii), whence 7(c?) = 7(1). Case (B.iii) yields:

c=—ac = 7(c) = —7(a)r(c) = 7(c)? =7(1) = —7(a)r(c)? = —7(a),
and hence 7(a) = w(—1), contrary to assumption; thus, case (B.iii) is excluded as well. In the
remaining cases we have:
(1) bz? = cy? and ¢ = 22 for some y,z € F.

Hence, bx? = (yz)2. Since bx? & I, it follows y,z € I, and then 7(b) = 7 (b)n(2?) = w((y2)?) =
m(1).

(2) bz? = cy? and ¢ = az? for some y, z € F.

Thus, bz? = a(yz)?. As in case (1) we have yz € I. Then, 7(b) = 7(b)n(2?) = n(a)7((y2)?) =
w(a)m(1) = 7(a). 0

Remarks and Notation VI1.6.2 Given a real semigroup GG and a saturated prime ideal I of
G, we denote by G, the RSG (G/I)\ {m(0)}. Recall the setup from §IL3F: Every character

h € X, such that Z(h) = I induces a map h : G, — {1} defined by hor, = h. The

correspondence h — h is a bijection between the set L(G)={h € X,|Z(h) = I} and the
space of orders XG, of G,. (L, stands for “I-th level”; see Definition VI1.6.6 (b) below.) Thus,
we can identify the set L (G) C X, with the AOS (XGI’ G,). We shall systematically use this

identification in the sequel, and unambiguously refer to the AOS structure of the set L (G).
In case GG is a RS-fan, the preceding Proposition shows that L I(G) is an AOS-fan. O
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The sets L, I an ideal, form a partition of the ARS associated to a given RS. In the context
of fans, the correspondence assigning to each ideal I the set L, is a (functorial) bijection,
preserving, in a suitable sense, the (total) order of inclusion between ideals (VI.1.2(4)).

The following fact will be repeatedly used in the sequel:

Lemma VI.6.3 Let I be an ideal of a RS-fan F. Then, for a,b € F\ I:
a~, b & 32 ¢ I (az = bz2).
Proof. (=) The congruence ~ ; determined by an ideal I was defined in §11.3.F. Theorem
I1.3.15 (a) proves:
a~ b g IJdiel(ic D;(az, —bz)).
Clause [D!] in Theorem VI.2.1 gives:

. oy {az, bz} if az # bz
DF(az, bZ) = { {a222$’$ c F} if az =bz.

Since az, —bz € I (as a,b,z & I) but i € I, the first alternative is excluded; hence, az = bz.

(<) Assume az = bz for some z ¢ I. Since 0 € D;(az, —bz) N I, we conclude that a~ b. O

The first step to establish the results mentioned above is: (MAKE MORE PRECISE!)

Proposition VI1.6.4 Let F' be a RS-fan and let 1 CJ be ideals of F. With notation as in
Remark VI.6.2, the rule a/J — a/I (a € F\ J) defines a homomorphism of special groups
Ly B, — F

Proof. (1) is well-defined.

L
JI
We must show: a,b € F'\ J A aNJb = a~, b. Since I C J, this is clear from Lemma VI1.6.3.

Clearly, we have:
(2) ¢,; is a group homomorphism sending —1/.J to —1/1.

Since F', is a fan, ¢, is automatically a SG-homomorphism. O

JI
The map Li‘}] : X [ X 7 dual to ¢ g1 18 then, an AOS-morphism. Via the identification
of L (F) with XFI, see Remark VI.6.2, we get:

Fact VI.6.5 Let F' be a RS-fan and let I C J be ideals of F'. The map r,,: L (F)— L (F)
which assigns to each g € L (F) the unique element h € LJ(F) such that g~ h is an AOS-
morphism.

Proof. To be precise, the map Kr; is Ky = (SOJ)_1 o L"“H °¥,, where ®, denotes the bijection
g+~ g (g9 € L,(F)), identifying L (F) with X, (VL6.2), and similarly for L (F). It only
remains to be proved that g~ r,,(g), for g € L (F). To ease notation, write h = r,(g).
According to Lemma 1.1.18 we must show Z(g) C Z(h) and a ¢ Z(h) = g(a) = h(a). The
inclusion of the zero-sets is I CJ. Let a ¢ Z(h) = J. Since:

QOJ(h) = (‘OL](’%[J(Q» = Lj[(gp_[(g)) = (Pl(g) Olip (p[(g)(a/l) = g(a) and

¥, (h)(a/J) = h(a),
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(cf. VI.6.2), we get,
h(a) = (¥ (9)(,,(a/T)) =¥ (g9)(a/I) = g(a),

as required. O

Definition and Notation VI.6.6 Let F' be a RS-fan.

(a) We denote by Spec (F) the set of all (necessarily prime (VI.1.2 (3)) and saturated (VI.2.8))
proper ideals of F'.

(b) For I € Spec (F) the set L (F)={h € X [Z(h)= I} is called the I-th level of X ..

(c) For f € X, the depth of f, denoted d(f), is the order type of the set {g € X | f~ g}
under the order of specialization. (Since (X, ~) is a root-system, the order ~ is total on
this set.)

(d) For I € Spec (F'), the order type of the set {J € Spec (F')|J 2 I} under the (total) order
of inclusion will be called the depth of I, denoted d([I).

(e) The length of X, denoted £(X ), is the order type of the (totally ordered ) set Spec (F).
O

Remark. It is clear that the union and the intersection of an inclusion chain of (proper) prime
ideals in any ternary semigroup is a (proper) prime ideal. In particular, if F' is a fan, the
totally ordered set Spec(F') is (Dedekind) complete. Its smallest element is {0} (a prime ideal
by VI.1.2(3)). Any ternary semigroup has a (unique) largest prime ideal, namely, the set of
non-invertible elements. See also Theorem VI.6.12 (c) below. O

Next we shall prove that the depth of an ideal in a fan is the same as the depth of any
element in the corresponding level; in particular, elements of the same depth belong to the
same level. We shall need:

Lemma VI1.6.7 Let F be a RS-fan. Then:

(1) For all elements g, h € X, such that g~~ h (hence Z(g) C Z(h)) and every ideal I such
that Z(g) C1C Z(h) there is f € X, such that g~ f~ h and Z(f) = I.

(2) For every g € X, and every ideal I 2 Z(g) there is a (necessarily unique) f € X, such
that g~ f and Z(f) = 1I.

(3) For every ideal I of F' there is an f € X, such that Z(f) = I.
Remark. The statement obtained by reversing both order relations in (2) is false, in general.

Proof. We first prove (1); the same proof, omitting item (c) below, also proves (2). Let
f: F— 3 be defined by:

fII=0 and fI(F\I)=g[(F\I).

(a) Z(f)=1.

By construction, I C Z(f). Since Z(g)C I, f(z) = g(z) #0for x € F\ I, ie., Z(f)C 1.
(b) g~ f.

Clear, from (a) and Lemma 1.1.18,

(c) f~ h.

If f(a) =0, then a € I CZ(h), and h(a) = 0.
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If h(a) # 0, then a & I; since g~ h, then g(a) = h(a). Hence, f(a) = g(a) = h(a), and we
get f~> h by Lemma 1.1.18.

(d) f is a TS-homomorphism.

Clearly f(0) =0 and f(+1) = g(+1) = 1. Let a,b € F. If one of a,b is in I, so is ab, and we
have f(a)f(b) =0 = f(ab). If a,b & I, then ab ¢ I, and f and g take the same value on a, b
and ab; the result follows from the fact that g is a TS-character. Since ' is a fan, f € X .

(3) This is Lemma I.1.7 (alternatively, Lemma 1.4.8) O

Remark VI.6.8 The element f such that g~ f and Z(f) = I in VI.6.7(2) can also be obtained
by taking any h € X, with Z(h) = I (VL1.6.7(3)) and setting f = h2g. 0

Proposition VI.6.9 Let F' be a RS-fan. For f € X, we have d(f) = d(Z(f)); equiva-
lently, the sets {g € X | f~ g} (ordered under speczalzzatwn) and {J € Spec(F)|J 2 Z(f)}
(ordered under mcluszon) are order-isomorphic.

Proof. To ease notation, set f 1+ = {g € X [f~ g} and I T = {J € Spec(F)|J 2 I}
(I € Spec(F)).

We prove that the map Z : fT — Z(f) 1 assigning to each g € f1 its zero-set, is the
required order isomorphism. That

(a) Z is increasing, and (b) Z is surjective,
is clear, from g~» h = Z(g) C Z(h) and Lemma VI1.6.7(2), respectively.
(¢c) Z is injective.

Let g,h € f1 be such that Z(g) = Z(h). Since (X, ~ ) is a root-system, either g~ h or
h~ g; say the first. Then we must check that Z(g) = Z(h) N g~ h = g=h. If a € Z(g),
then g(a) = h(a) = 0. If a € Z(g), then g(a), h(a) # 0; g~ h yields h = h?g (Lemma 1.1.18),
i.e., h(a) = h(a)?g(a) = g(a), since h(a)? = 1. O

A trivial variant of the proof of VI.6.9 gives:
Proposition V1.6.10 Let F' be a RS-fan. Gien fi, fo € X, such that fi~ fa, the intervals

{g€ X, |fi~ g~ fa} (ordered under specialization) and {J € Spec(F)|Z(f1) CJ C Z(f2)}
(ordered under inclusion) are order-isomorphic. O

Revise |; put in agreement with Section I.7.

Our next result shows that each connected component of an ARS-fan, endowed with the
specialization order ~-, is a complete join-semilattice. Further, there are interesting algebraic
relations between the sup operation and the product of characters. Recall:

Definition VI.6.11 Let (X, <) be a root-system, and let g, g, € X. Define:
9 =09, iff g,, g, have a common = -upper bound.
= is an equivalence relation; its classes are called connected components of (X,=<). O

Theorem VI.6.12 Let F' be a RS-fan, and let X, be its dual character space.  Let
{hi |i € I} C X, be a non-empty family of characters belonging to a single connected com-
ponent of X, (i.e., having a common upper bound under ~»). Then,
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(a) {hi | i € I} has a least upper bound for the specialization order. In other words, each
connected component of X . s a complete join-semilattice.

In particular:
(b) Any two elements in the same connected component have a least upper bound for ~ .

(c) Any ARS-fan is an order-complete root-system, that is, any non-empty chain under special-
ization bounded above (resp., below) has a least upper bound (resp., a greatest lower bound).

(d) Forg,,9,€ X, (\/ 1) 9,9, =\ (B, 9,9,).

iel iel
Proof. Let J = ﬂ{Z(g) | g € X, and h,~g for all i € I}. By assumption this definition
makes sense, and by VI.2.8 (1) and VI.1.2(3), J is a saturated prime ideal of F'.

(a) Since h,~ g implies Z(h,) C Z(g) (i € I), we have UEIZ(h ) CJ. By VI.6.7(2), for each

% %

i € I there is an f, € X, such that h,~ f, and Z(f,) = J. We first show:
(a.i) f= fj fori,j € 1.

Let a € F. If a € J, then f (a) = fj(a) = 0. Assume a ¢ J. By the definition of J there
is a g € X, such that h,~g for all i € I and a ¢ Z(g). By Lemma L1.18 this implies

h.(a) = g(a), and h,~ f., f.(a) # 0 imply f(a) = h (a); hence f.(a) = g(a) for all i € I,
whence f(a) = fj(a). This proves (a.i).

Set f = f, (any ¢ € IT). We claim:
(a.ii) f is the Lu.b. of {h |i € I} for the specialization order.

By the choice of f we have hi«»»f for all i € I. Let g € X, be such that hiwg for all 7 € 1.
We show that f~-g.

Firstly, we have Z(f) = JC Z(g). Let a € F be such that g(a) # 0. By L.1.18 (4), h,~ g
implies g(a) = h (a). Since we also have f(a) # 0, from h ~ f follows f(a) = h (a), whence
g(a) = f(a). Lemma 1.1.18 (4) implies, then, that f~g.

(c) Let C C X . be a non-empty ~» -chain. If C is bounded above, its Lu.b. is given by (a):
{h, i € I} = C meets the assumptions. If C is bounded below, its g.1.b. is obtained by
applying (a) with {h, | i € I} = the (non-empty) set {h € X | h~ g for all g € C} of lower
bounds of C. Since C # 0, the family {h, | i € I} has a common upper bound under ~,
namely any element of C. Routine checking shows that the Lu.b. of {h, | i € I} is the g.L.b. of
C.

(d) Set f = \/ighi. Fact VI.7.4 (a) shows that, for fixed i € I, h,~ f implies h, g,g,~ fg,9,-
Thus, fg,g, is a common ~» -upper bound for the family {h, g g, | i € I'}. By (a), \/z‘elhi 9,9,
exists; call it f’; we have proved that f'~ fg,g,.

To prove fg,g,~ f, by 1.1.18 (4) it suffices to show:
(di) Z(fg,9,) € Z(f'), and
(dif) Forac F, f'(a) #0 = f(a) = f(a)g,(a) g,(a).

(di) We first note that, for i € I and ¢’ € X, h,;g,9,~9 = h,~g'g,9,. In fact, by
Lemma 1.1.18 (4) the assumption amounts to ¢’ = (g’)QgIQQhZ.; scaling by g, g, gives ¢'g g, =
(9'9,9,)% ., ie., .~ g'g,9,.

243



In particular, since h, QIQQWf/, we get h, Wf’glg2 for all ¢ € I, which proves that f =
\/iEI h,~ f'g,9,- By 1.1.18,
() Z(f) S Z(f) U Z(9,) U Z(g,)
Next, from h, g, g, ~ I we get Z(h,g9,9,) C Z(f") for all i € I, which gives
U 2t,) v 2(9,) U Z(g,) € Z(1").
el
In particular, Z(g,) U Z(g,) € Z(f') which, together with (*), gives Z(fg,9,) € Z(f').
(d.ii) Let f'(a) #0 (a € F). From h, g g,~ f" and 1.1.18 (4) comes
(**) f'(a) =ha)g,(a) g,(a) #0 (i€ ).

By (d.i) we also have f(a) # 0, and from h,~ f we get f(a) = h (a) for all i € I. Together
with (**) this yields f'(a) = f(a)g,(a)g,(a), proving (d.ii), and completing the proof of the
theorem. O

Remark VI.6.13 Further algebraic relations between the sup operation and product in a
ARS-fan follow from item (d) of the preceding Theorem. For example, with ho’ h,, 9909, € Xp
and ho, h1 in the same connected component, we have:

g;~h, (i=0,1) = hyV h =h,9,9, vV h 9,9, ;
in particular, with 9, = hi :
_ 12 2
hyV hy =hgh, vV b hg.
Proof. Theorem VI.6.12(d) gives:
(ho V 1) 991 = ho 9o 9, V Dy 959y

On the other hand, g, ~ h; (1 =0,1) implies (ho vV h)) 999, = hyV hy. This follows from
(1) 999 = fo,9,=F  (959,:f € X),
and 9y 91 ™ hO V h,.

To prove (f), the assumption and 1.1.18 (4) yield Z(g,) C Z(f) (i = 0,1), whence Z(f) =
Z(fg,9,), and also f(a) # 0= f(a) = g,(a) = g,(a), which in turn implies f(a) g,(a) g,(a) =
f@)® = f(a). O

Revise 7.

Our last result in the section, Corollary VI.6.18, shows that if F' is a finite RS-fan and zF
its character space, then card(F') = 2-card(X )+ 1. This identity is the analog of a well known
result relating the cardinalities of a finite RSG-fan and its space of orders ([ABR], p. 75). The
result follows from a more general observation, valid for RS-fans of arbitrary cardinality.

Proposition VI.6.14 Let I C J be consecutive ideals of a RS-fan (with, possibly, J = F).
Then,

(i) Under product induced by F, J\ I is a group of exponent 2 with unit 2 for any x € J\ I
(and distinguished element —1 = —22).

(i) The restriction of the quotient map m [(J\I) : J\I—F, = F/I\ {71'(0)} is a group
isomorphism preserving the distinguished element —1.
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Proof. Since I is prime, J\ I is closed under product. Given x,y € J\I, we must prove 22 = y?

(which implies 22 = y3 = y). By the separation theorem 1.1.12 it suffices to show h(z?) = h(y?)
for all h € X . If JC Z(h), then h(z?) = h(y?) = 0. If Z(h) C I, then h(z), h(y) # 0, whence
h(a?) = h(y?) = 1
(ii) Clearly, 7 (z) # 7,(0), i.e., 7 (x) € F, for all x € J\ I, and 7, preserves product.
— 7, [(J\ I) is injective.
Suppose 7'('1(.’1}) = 7T1(y), Le, x~,y, with z,y € J \ I. By Lemma VI1.6.3, xz = yz for some
z ¢ 1. Toprove x =y, let h € X. If JCZ(h), then h(z) = h(y) = 0. If Z(h) C I, then
h(z) # 0, and we get h(x) = h(y).

2y _
— 7 (2%) =7, (1), forz € J\ I
Clear, for Z(h) = I implies h(z?) = 1. In particular, ™, preserves —1.
— 7, [(J\I) is onto F.

Let p € F; then, p = 7 (q) with ¢ ¢ I. Taking z € J \ I, we have ¢z? € J \ I, whence

I
m,(¢2*) = 1((1) (1) =m,(q) = O
Notation VI.6.15 Let F be a finite RS-fan, and let
{0y=1 cI ,C---CL,CI CF=I,

be the set of all its ideals; thus, for 1 < d < n, I,is the ideal of depth d. With notation as
in Proposition VI.6.1, we set F, = F; = (F/1,)\{m,(0)}, where 7, : F'— F/I, denotes the
canonical quotient map. We also write L, for L I cf. VI.6.6 (b). O

Clearly, F\{0} = Uj_, (I, ,\1,) (disjoint union), whence card (F') = >_j_, card (I, ,\I)+1
Further, since the levels L ; are a partition of X 7 Remark VI1.6.2 yields:

Fact VI.6.16 For any finite RS-fan F, card (X)) = > _4_, card (L) = > _;_; card (X, ) 0

Lemma VI1.6.17 With notation as in VI.6.15, for 1 < d < n we have card(F,) =
card (1, \1,).

Proof. The Lemma follows from the next two assertions, proved below. For 1 < d < n,

(1) card(F,) =card ((I, \1,)/1,), where (I, \1)/I ,={z/I,|x€l, \I }.

(2) card ((1 i 1\I)/I)—card( 0 1\I)

Proof of (1). It suffices to prove:

(*) Forall z€ F\I, thereis y € I,  \I, such that z/I, =y/I,

If z € Id_l, just take y = x. If x & Id—l’ pick any z € 1 \I and set y = x22; clearly y €

I, \1, That z/I,=y/l,ie., T Y follows from Lemma VI.6.3, since yz = (sz)z =1z
and z & I,

Proof of (2). Tt suffices to show:
(**) Forzyel, \I, (z/I,=y/l, = z=y).

By Lemma VI.6.3 the antecedent of this implication amounts to zz = yz for some z ¢ I, . Since
X, separates points in F, to prove the conclusion x = y it suffices to check that h(xz) = h(y)
forallh € X .. It Z(h) 2 I, |, thenz,y €I, | vield h(z) = h(y) =0. If Z(h) C I, then h(x),
h(y) and h(z) are all # 0. Taking images under h in xz = yz gives h(z) = h(y), as required. O
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Corollary VI.6.18 For a finite RS-fan, F, card (F) =2 -card (X) + 1.

Proof. Since the F, are finite RSG-fans (Proposition VI.6.1), we know that card (F,) =
2 - card (XFd) for 1 < d < n. The result follows, then, from the cardinality identities observed
in (and before) Fact VI.6.16, and from Lemma VI.6.17. O

VI.7 Involutions of ARS-fans

Notation VI.7.1 In addition to the notation introduced in Definition VI.6.6 of the previous
section, for J C I in Spec(F') we define the sets:

I _
SJ—{hELI]EIgEXF(gw hNZ(g)CJ)}.

I __ _
Cl={helL;|3g€e X, (g~ hAZ(g)=J)AVg € X, (g~ h=JCZ(g))}

That is, Sf consists of those elements of level I having predecessors of level J or lower in

the specialization partial order; C’f is the set of elements in L, having predecessors at level J
but not lower. a

Remarks VI.7.2 (i) For I € Spec(F), Sfo} = C{IO}, and Sf = L,. (Recall that {0} is the least
member of Spec(F), i.e., the zero-set of the lowest level of X ,.)

(ii) For JCI in Spec(F), ST # 0.
Proof. Let g € X}, be such that Z(g) = J (exists by Lemma VI.6.7(3)). If h is the unique
~~ -successor of g of level I (cf. Lemma VI.6.7(2), or Remark VI.6.8), then h € SJI.

(iii) For JC I in Spec(F), Sf =Im (r ), where & : L (F) — L (F) is the AOS-morphism
defined in Fact VI.6.5.

(iv) For J C I in Spec(F), SJI > U{ CJI, | J' € Spec(F) and J' CJ}. (Note that CJI, may be
empty for some J' C J.)

(v) For JCI in Spec(F), C’JI = Sj\U {SJI, | J/ € Spec(F) and J' C J }.

(vi) For J,J' C I in Spec(F), J # J', we have C§ N C’JI, = O

The preliminary results which follow will be needed later.

Fact VI.7.3 Letg,,..., g.,h € X}, be so that U;_,Z(g,) CZ(h). Fori=1,...,r, let f, € X,
be such that g,~ f, and Z(g,) C Z(f,) € Z(h). Then,

(*)  hg,--..og =hf ... f.

r

Note. The products in (*) may not be in X,..

Proof. Obviously, (*) holds whenever z € Z(h). If © ¢ Z(h), from the assumptions we get

¢ Ui—1Z(g;) and = & U;_,Z(f,). Since g~ f,, we get g.(z) = f,(z) fori =1,..., r, and
(*) follows. O

Fact VI.7.4 (a) For i =1,...,r, with r odd, let g,h, € X, be such that g .~ h . Then,
gy oG by R

T

(b) Leth , h,, f, g,k € X}, be such that f, g~ h,, k~ h,, and Z(h ) C Z(h,)). Then, fgk~> h,,.
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Note. Here the products are in X, as the number of factors is odd.

Proof. (a) For i =1,..., r, h? = h,g, (Lemma 1.1.18). Multiplying these equalities termwise

gives (h - ...

. hr)2 =(h; ... ~h )(g, .. -g,), which proves the assertion.

(b) By Lemma I1.1.18 we must prove h; =h ( fgk). Obviously, this equality holds at every
z € Z(h,). If x & Z(h,), then x & Z(h ), and fy g~ h implies h (z) = f(z) = g(x) # 0;
also k-~ h,, implies h,(z) = k(z) # 0, whence f(z)g(x) = 1 and h,(z)k(x) = 1. This yields
(hyfgk)(z) = (f(z)g(x))(hy(x)k(z)) = 1. On the other hand, (h,(z ))2 = 1, proving that the
required identity holds at « & Z(h,) as well. 0

In order to make later arguments as transparent as possible, we recall the following simple
(and well-known) facts about fans in the categories RSG and AOS.

Fact VI.7.5 Let g : H— G be a SG-homomorphism between RSG-fans, and let g* : (XG, G)
— (X, H) denote the AOS-morphism dual to g. Then,

(1) With representation induced by that of H, Im(g) is a RSG-fan, and G is isomorphic to the
extension of Im(g) by the exponent-two group A = G/Im(g).

(2) (Im(g*), H/ ker(g)) is an AOS-fan.

Remarks. (a) For the definition of extension of a SG by a group of exponent two, see [DM1],
Ex. 1.10, p. 10.

(b) By the duality between RSGs and AOSs ([DM1], Ch. 3), the dual statement holds as well:
given an AOS-morphism of (AOS-)fans,  : (X,G) — (Y, H), the assertions (1) and (2) hold
with g := k* (the SG-morphism dual to ), and with g* = &.

Sketch of proof. (1) The first assertion is easily checked. For the second, Im(g) is a direct
summand of the group G. Let pr: G — Im(g) be the projection onto the factor Im(g); pr is a

SG-morphism (G and Im(g) are fans), and is the identity on Im(g). The isomorphism between
G and Im(g)[A] is: for a € G,

f(a) = (pr(a), a/Im(g) ).
(2) Recall that ¢g* is defined by composition ¢g*(0) =0 o g (0 € XG)7 and that Im(g*)J- =
N {ker(y) |y € Im(g*)} = N{ker(cog)|o € X }. Routine checking from these definitions

proves that Im(g*) is 3-closed (cf. ??), and that Im(g*)J- = ker(g) (whence Im(g*) C XH/ker(g))'

Clearly, the map g : H/ker(g) — Im(g) induced by ¢ is an SG-isomorphism. Thus, we

have a commutative diagram of SG-morphisms:

g o
H— Tm(g) _—~

N

H/ker(g)

L

G = Im(g)[A]

It only remains to be shown that Im(g*) D XH/ker(g). Any SG-character v : H/ker(g) —

Z., can be lifted to a map o : G — Z,, via the identification of G with Im(g)[A], as follows:
for each a € G there is b € H such that pr(a) = g(b). We set o(a) = v(b/ker(g)) = v(w(b)).
In terms of the diagram above, we have: o = o (g)~' opr. It follows that o is a well-defined
SG-morphism, i.e., o € X ,, and (since prog=gand (g) tog=m), g*(0c) =cog=rom. O

This Fact, together with item (iii) in VI.7.2 and Fact VI.6.5, gives:
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Corollary V1.7.6 Let F' be a RS-fan, and let JC 1 be in Spec(F). The set SJI is an AOS-
fan. Indeed, it is a sub-fan of LI(F), when the latter is endowed with its structure of AOS-
fan, as indicated in VI.6.2. More generally, if fQLJ(F) is an AOS-fan, the set SJI(}") =
{heL,|3g€ F(g~ h)} is an AOS-subfan of L (F).

Proof. The first assertion is a particular case of the second (with 7 = L (F)). For the latter,
. I _ _ .

Jl;s;c/ Io];)s;rve that S I (F) = £ ,;[F] = Im(k ;[ F) and use Remark (b) following the statemenDt
of VL.7.5.

The following definition will have a crucial role in the sequel:

Definition VI.7.7 Let F' be a RS-fan, let g,g, € X,,, and fix I € Spec(F) so that Z(g,),
Z(g,) € I. We define a map porge L (F)— L, (F) as follows: for h € L (F),

80191’92(h) =hg,9, O

Note. Since Z(g,) C I = Z(h) (i = 1,2), we have Z(hg,g,) = I, whence hg,g, € L,.

Fact VI.7.8 With notation as in the preceding Definition, let J € Spec(F) be such that Z(g,)U
Z(g2) CJC I, and for i = 1,2, let g; be the unique ~ -successor of g. of level J. Then,

P = 90;]/1’95. Thus, in Definition VL.7.7 we may assume Z(g,) = Z(g,,)-

Proof. Fact V1.7.3 shows that hg g, = hg’lg; forhe L, O
Theorem VI.7.9 With notation as in Definition VI.7.7, we have:
(a) IV s an AOS-automorphism of L,.

(b) P92 us an involution: for h € L, @Ir92(91:92(h)) = h.

I )
(¢) Fori=1,2, let h, be the unique ~~ -successor of g, in L. Then, 90;71’92(111) = h,,.
In particular,

(d) If 9,, 9,, have a common ~~ -upper bound h at some level I 2 Z(g,), Z(g,), then h is a
fized point of 90191’92.

(e) Let JC I be in Spec(F). Assume Z(g,),Z(g,) C J, and leth € L,, h, € L,. Then,
hy~ hy = @IP2(h )~ ©992(h,).

For the proof of this Theorem we will need an improvement on Remark VI.6.2, valid for
fans but not for arbitrary RSs; namely :

Fact VI.7.10 Let F' be a RS-fan, and I be an ideal of F. Any g € X, such that Z(g) C I
induces a SG-character g : Fy, — Z,, by setting g om, =g.

Proof. The only delicate point is well-definedness: for a € F'\ I, a ~;1 = g(a) = 1. By
Lemma VI.6.3, a ~, 1 means az = z for some z ¢ I; since g(z) # 0, taking images under g in
this equality yields g(a) = 1. O
Proof of Theorem VI.7.9. We begin by proving:

(b) For h € L (F), 90191’92(<P]91792(h)) = hgf gg. But hgf g; = h; this is clear if h(z) = 0
(z € F); if h(x) # 0, then g (x) # 0 (since Z(g,) € Z(h)), and hence gf(a}) =10G=12),

i

proving the stated identity, and item (b).
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(a) i) P o192 is an AOS-morphism.
Since F, is the RSG-fan dual to LI(F), we must show:
(*) For every o € I, there is 8 € I, such that @ o I = B,

where & : X, — Z, denotes the map “evaluation at o”: for o € X P a(o) = o(a). We claim
that g = ag ( )g 2( «) does the job. By the Fact above, gi(oz) € Z, (i = 1,2), whence 3 € F}.
For he L (F) we have:

@0 9902)(h) = @ (hg,0,) = h(0)F, ()7, (a) = h(aF, (@)7,(a)) = h(B) = B (h),

as required. Note that (b) implies
ii) @992 is bijective.
iii) The dual map (90191792)* : F, — I is also bijective.
Item (i) proves that, for a € F, (90191’92)*(04) = af]l(a) Z]Q(a). For injectivity, assume

( )g ( ) = 1; if ﬁl(a) §2(a) = —1, then a = —1, whence (as §Z is a SG-character),
/g\z( o) = —1 (1 =1,2), and a = 1, absurd. Thus, §1( )§2(a) = 1, which entails o = 1. For
surjectivity, given 8 € F, set a = 87,(8)3,(%). Then, g, (a) = 3,(8) and g,(a) = 3,(8),
whence (90}‘71 92)* () = B.

(c) We must prove that h,g,g, = hz' This clearly holds at any z € Z(h)) = Z(h,). If

1
x & Z(h,) (i =1,2), then x € Z(g,); since g, ~ h, it follows h (z) = g.(z) # 0 (see Lemma
[.1.18), and h () g,(x) = 1; hence, h,g,9,(z) = g,(x) = h,(z).
(e) Invoking Lemma 1.1.18 we must prove: h; = hyh, = (h29192)2 = (h,9,9,)(h,9,9,). This
is immediate upon multiplying both sides of the antecedent by gfgg. a

By use of these involutions we obtain a number of regularity results concerning the order
structure of ARS-fans.

Proposition V1.7.11 Let F' be a RS-fan. For JCJ CJ,C1I in Spec(F'), and h € Sf set:

B2 (h)={ge 8P| g~ h}, and AM"2(h)={geC?|g~ h}.
1 1
Then,

(a) For h ,h, € SJI, we have card (BJl’JQ(hl)) = card (BJl’J2(h2)).
(b) For h ,h, € CJI, we have card (AJl’Jz(hl)) = card (AJ17J2(h2)).

Remark. The assumptions of the Proposition guarantee that the sets B71/2(h) are non-
empty. In fact, given h € SJI, there is u ~» h so that Z(u) C J; set J' = Z(u). Since J'CJC J,,
u has a unique ~- -successor g in L . But u~> g, h and J, = Z(g)C I = Z(h)imply g~ h
(Lemma 1.1.19(3)). Since J'CJ C.J,, we conclude that g € Si?, ie., g € B/12(h).

The sets A71/2(h) may be empty for some choices of h and the J.’s. However, if h € CJI
and J, = J, we have A7172(h) # (). Indeed, in this case the element g € SJ2 constructed above

is in C‘]2 for if g € SJ2 for some J' C J, then g~ h would imply h € C’ contrary to the

/7

assumptlon he C f O

Proof. (a) With J,, J, as in the statement, write B, for BJl’JQ(hi) (1 =1,2). The assumption
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h, € SI implies the existence of elements u, € X, so that u,~ h, and Z(u,)C J. Replacing
u, by 1ts unique successor of level J we may assume Z(u,) = J (see VL.7.8). We fix u s with

these properties throughout the proof, and for J C.J' C I we denote by ¥ ' the involution 90}‘,1’“2
of LJ, defined in VI.7.7.

Since the maps ¥, are bijective, it suffices to prove ¥ i [B,] = B,. Further, since ¢ }, 18 an
involution it suffices just to prove the inclusion C, i.e.,

(*) g€ ij and g~ h = ¢, (9)~ h, and ¥, (g) € ij.

(i) ¢

. (9) = guyuy = .

Immediate consequence of Fact VI.7.4(b), since g, Uy~ hl and u, ~ hz'

2
. J
(ii) ¥, (9) € SJIQ.

Since g € Sf, there is a v~ g so that Z(v) C J,- Replacing, if necessary, v by a suitable
1

successor of a level containing J, we may assume Z(v) 2 J = Z(u,); thus, v is in the domain

of ) = 90721(’”“)2, and Theorem VI.7.9(e) gives ? 20 (v) ~ Y, (9), proving (ii) and item (a).

(b) Write A, for ATr T2 (h,) (i =1,2). As above, it suffices to prove the analogue of (*):
(**) gGC’i2 and g~ h, = ¢, (g9)~ h, and SOJQ(Q)GC}?.

where h , h, are now assumed to be in C’JI . In fact, by (*) it only remains to prove:
(iii) There is no w € X, such that Z(w) C J; and w~ ? (9)-

Otherwise, we would have w~ ¢ (9) ~ h, (the last relation holding by (*)). Since h, € C'JI,
we get JC Z(w), and since Z(u,) = J, ? 2 w) (w) is defined. Theorem VI.7.9(e) applied to
the first of the preceding inequalities yields: ¢ Z(w) (w)~ ¥ i (¢ ' (9)) = g. This, together with
? 2 (w) (w) € LZ(w) and Z(w) C J,, contradicts the assumption g € C’jf’, proving (iii), and item
(b). O

A slight variant of the argument proving Proposition VI.7.11 yields:

Proposition VI.7.12 Let I' be a RS-fan and let J C I be in Spec(F). For g,,9, € X, such
that Z(g,)CJ (i=1,2), the map P Iu9> s a permutation of Sf and of Cj’. O

For a RS-fan, F, and h € X, we denote by P, = {g € X.| g~ h} the root-system of
~ -predecessors of h. We prove first:

Theorem VI.7.13 (1) P, is an ARS-fan.

(2) The RS dual to P, is the quotient F/Py,, where the congruence on F' determined by P, can
be characterized as follows: set T = h~'[1] and A = {P(g)|g € P, }; then, for a,b € F,

an~p b iff either (i) a,be AN —A (equivalently, a ~p, 0~p b),
or (7)) ab € A and there are elementst € T and x,y € Id(G) so that
a’t? = b’t%x and b*t? = a’t%y.
Proof. (1) Lemma 1.1.18 shows that g~ h iff T = h=1[1] C g~ ![1]. With notation as in [M],
§ 6.3, p. 110, and § 6.6, p. 126, the latter condition just means g € U(T), i.e., Ph is the

saturated set U(T)(= W(T) N U(T?)). [M], Cor. 6.6.8, p. 126, proves that sets of this form
are ARSs. Fact VI.7.4(a) shows that it is 3-closed, hence a fan by the results of § VI.2.
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(2) Observe first that a € AN —A iff a ~p, 0. In fact, since An-A=N{Z(g)|g € P},
each term in this equivalence just means a € (1{Z(g)[g € P, }.

(<) Obviously (i) implies a~p b. Assuming (ii) we show that g(a) = g(b) for all g € P,. For
any such g we have g(t?) = 1 and g(z),g(y) € {0,1}. If one of g(x) or g(y) is 0, say g(x) = 0,
then g(a)? = g(a*t?) = g(b*t?)g(z) implies g(a) = 0. But then, the equation v*t? = a?t?y yields
g(b) = 0; thus, g(a) = g(b) = 0. If g(z) = g(y) = 1, then g(a)? = g(b)2. If one of these is 0,
then, g(a) = g(b) = 0. If both squares are 1, using that ab € A, i.e., g(ab) € {0,1}, we get
g(ab) = 1, whence g(a) = g(b).

(=) To prove this implication we apply Theorem I1.3.5 to the saturated subsemigroup A of F'
defined in the statement, and the multiplicative set T, = F'\ (U J), where J = {Z(g) g € P, },
a family of saturated prime ideals of F'. Note that the following are equivalent for g € X.:

(*) g~ h < P(g)CP(h) & TCP(g)CP(h).
By Lemma 1.1.18 it suffices to prove g~» h = T C P(g); items (3) and (4) of that Lemma
prove: T = h~1[1]C g~ [1] C P(g) C P(h).
First, we check that the assumptions of Theorem I1.3.5 hold in the present situation.
(a) AN—A=(J (and hence AN—-ANT =0),
was proved above.
(b) (Condition 11.3.4 (C)) z € F\ (UJ) and a € F imply: az? € A & a € A.

The conclusion just means g(ax?) > 0 < g(a) > 0, for all g € P, . This clearly holds since, by
assumption, g(z) # 0, i.e., g(z?) =1, for all g € p.

Incidentally, note that
() T,=F\(UJ)=TU-T.
In fact, x ¢ |JJ implies = € Z(h), i.e., h(x) = £1, i.e., x € TU —=T. Conversely, z € T U -T
means h(z) = £1; if g~ h, 1.1.18(4) shows that g(x) = h(x) # 0, and hence z ¢ |J J.
(d) If, as in IL.3.5, H = {g € X |ACP(g) and Z(g) CisJ}, then HP = P,.

The inclusion 2 is clear: if g € P,, we have AC P(g) and Z(g) € J. Conversely, assume
g € ’Hio. To show g~ h it suffices to prove P(g) C P(h) (1.1.18(3)). Otherwise, there is
y € P(g) so that y € P(h); then, h(y) = —1, i.e., —y € TCAC P(g). Thus, both g(y) and
g(—y) are > 0, whence y € Z(g). Since Z(g9) C U J, there is ¢’ € P, such that g'(y) = 0; then,
y € Z(g') CZ(h) C P(h), contradiction.

Theorem I1.3.5 (a) gives, then, the following characterization of the congruence ~ P,
a~p b iff ab € A and there are elements t € Ty=TU-Tandd,d, € A

so that a?t? € D%(—dl, a’b?t?) and b*t? € D%(—dw a’b’t?).

Now, it only remains to apply the characterization of D; given by Theorem VI.2.1 to show

that the tranversal representation relations above imply the validity of conditions (2.i) or (2.ii)
of the statement. This is done by case analysis of the inclusions between the zero-sets of —d,

(resp. —d,,) and those of a’b*t?.
First, observe that, for y,z € F,
(**) If y> = —zand z € A, then y € AN —A.
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Indeed, for g € P, we then have 0 < g(y)? = —g(2) <0, whence y € Z(g), andsoy € J =
AN-A.

— Z(d,) C Z(a?b?t?). By the first clause in [D!], Theorem VI.2.1, a?t? = —d; by (*%),
at € AN=A;sincet € AN—-A, we get a € AN—=A, ie., a ~p, 0. The assumption a ~p. b
gives, then, b ~ P, 0. Thus, condition (2.i) holds.

— Z(a®h*t?) C Z(d,). The second clause of [D'], Theorem VI.2.1 implies a*t? = a?b*t?; take

IE:(IQ.

— Z(a®v*?) = Z(d,) and a?b*t? # d,. Then, VI.2.1 gives a*t? = a?b?t? or a*t? = —d,. In the
first case take z = a?; by (**), the latter case leads to a,b € AN —A.
— a?h?t? = d,. The last clause in [D'], Theorem VI.2.1 yields a*t? = (a®b*t?)?z for some
z € F. Then, a*t? = (a*t?)? = a®b*t22?%; take x = a®2%.

The same analysis, replacing d, by d,,, shows that condition bt? € DtF(—dQ, a’b?t?) implies

either (2.i) or there is y € Id(G) so that b*t? = a?b?t%y, as asserted. O

Continuing the analysis of the (AOS-)fans of the form P, , we show:

Theorem VI.7.14 Let F' be a RS-fan and let JC 1 be in Spec(F'). Let h, € C’JI, h, € Sf.
Fori=1,2, we write P, for P, . Then,

(1) There is an ARS-embedding ¥ of P, into P,. Further, ¢[P|| ={u € P,| JC Z(u) }. In
particular, ¢ is an order-embedding of (P, ~) into (P,, ~).
(2) If, in addition, h, € CJI, then ¥ is an isomorphism of ARSs.

Proof. Our assumption on the hi’s guarantees the existence of u ,u, € L ; 80 that u, ~ hz. (1 =
1,2). For JCJ'C I in Spec(F) let ¢, denote the involution Pl of L, (Definition VI.7.7).

(1) We construct ¥ : P — P, by “collecting together” all the relevant maps ¢ o (JCJ CI):
given g € LJ, , g~ hl, we set

©(g9) = %,(9)-
Since the levels L, are pairwise disjoint, ¢ is well-defined.
i) ¢[P]CP,

By Theorem VL.7.9 (e), g~ h, implies ¥,,(g) ~ ¥,(h,). Since h, is the unique successor of u,
at level I, VI.7.9 (c) yields ¥,(h ) = h,, whence ¥, (g) ~> h,,, as required. Note this also gives
JCJ =Z(%(9)

i) {ue P,| JC Z(u) } C ¢[P,].

Let u be in the left-hand side, with J' = Z(u), say. Set v = ¥, (u); then, ¥, (v) = u (VI.7.9(b)).
By VL.7.4(b), u, ~ h, and u,u,~ h, imply uu, u, = <PJ,(u) = v~ h, le, v € P. Hence
P(v) =u € PP

1
iii) ¥ is injective.

This is clear using VI.7.9(b), since Z(¥(g)) = Z(g) for g € P,.

iv) ¥ is an ARS-morphism.

The proof is similar to that of item (a) in Theorem VI.7.9. To keep matters straight we make

explicit the changes to be made in the latter. Firstly, the RSG-fan in VI.7.9(a) is to be replaced
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here by the RSs dual to P, = U(T)) and P, = U(T,)), where T, = hi_l[l] (i =1,2); cf. Theorem
VI.7.13. The statement to be proved is:

(1) For every a € F there is b € F such that (a//i) op = b//?17

where a/T,, : P,— 3 is the evaluation map: a/T, (9) = g(a/T,) = g(a), for g € P,, and

similarly for b7f1 : P, — 3. (Note that g € P, = U(T,,) ensures that a//Z\’2 depends only on
the congruence class of a modulo T,.)

—

The conclusion of (f) can equivalently be written as ¥(g)(a/T,,) = g (b/T)), i.e., (u,u,g)(a)
= g(b), or w (a)u,(a)g(a) = g(b). Since u,(a) € {0,1,—1}, it is clear that the element
b= au,(a)u,(a) € F verifies (); see VL.7.9 (a).

(2) Since h, € C’JI , the preceding construction can be performed with the roles of h, and h,

reversed. Routine verification using VI.7.9(b) shows that the map obtained is ¥ !, which then
is an ARS-morphism, proving that ¥ is an ARS-isomorphism. O

Proposition VI.7.11 and Theorem VI1.7.14 provide significant information on the structure
of the connected components of ARS-fans; see Definition VI.6.11.

Reminder. (a) A connected component of an order-complete root-system contains exactly
one top (i.e., maximal) element, and the component is the set of its predecessors. Recall that
any ARS is order-complete under the order of specialization, Theorem VI.6.12 (c).

(b) Taking h to be a maximal element in the specialization order, Theorem VI.7.13 (a) shows
that the connected components of an ARS-fan are also ARS-fans.

(c) The ~ -top elements of the connected components of an ARS-fan (X, F') have all the same
level, namely the level determined by the maximal ideal M of F; this follows from Remark
VI.6.8 by taking g to be any element in a given component K, and h to be any element of
X such that Z(h) = M. Lemma VI.6.7 (1) shows that if g € K, any ideal I of F' such that
Z(g) C I is of the form Z(f) for some f € K (take h = the ~~ -top element of K).

(d) Since every connected component of an ARS-fan is itself an ARS-fan, the zero-sets of its
elements attain a lowest level, which can be explicitly determined, cf. Proposition VI.7.15 be-
low. However, different components may have different lowest levels; more on this in Corollary
VI.7.17. O

Notation. The sets L, S JI and C’j’ defined in VI.6.6 and VI1.7.1 relativize in an obvious way to

the connected components of a fan (X, F); if K is such a component and J C I are in Spec(F)
we set:

_ 1 < I _ I
L(K)=L,nK, SIK)=S'nK, and CI(K)=CInK.

Note that some (or all) of these sets may be empty, depending on I, J and the component K.
Clearly, if h, is the ~ -top element of K, we have L(K)={geL,|g~ h, }, and similarly
for SJI(K) and CJI(K) L,(K) # (0 just means that K “reaches at least” the I-th level of X
(possibly lower). O

Proposition VI.7.15 Let K be a connected component of an ARS-fan (X, F). Let h, be the
~ -top element of K, and let T = h(;l[l]. Then, the lowest level of K (i.e., the smallest ideal

I of F such that LI(K) # 0) is I =T N =T, where T is the saturated subsemigroup of F
generated by 1d(F)-T.
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Note. The subsemigroup Id(F') - T may not be saturated, since Id(F') -T N —(Id(F) - T') is not,
in general, an ideal; see Corollary VI.2.8 (2).

Proof. With notation as in VI.7.13, we have K = P, = UT)={ge€ X|g|[T =1} =
the ARS XF/T (where F/T' = F/~,,
K). Let m, : F— F/T be the quotient map. The lowest level of XF/T is {0}; with K

identified to a subset of X via the map g — g (g o7, = g), the corresponding ideal of F' is
ﬂ;l[O] ={a € F'|a~, 0}. Then, with the ideal I defined in the statement, we must prove:

with ~  denoting the congruence on F' induced by

a~p 0 < a€l (a€F).

(«=) This follows from I C Z(g) for all g € K. Since g [T =1, we get Id-T C P(g) = g~ 1[0, 1];
since P(g) is a saturated subsemigroup, it comes I'C P(g). Hence, x € I = I' N —I" implies
g(x) =0.

(=) Assume a ¢ I. In order to prove a0 we construct a character g € X such that
g[T = 1 and g(a) # 0 (ie., g(a®) = 1). Applying Lemma 1.4.10 (b) to the ideal I, the
saturated subsemigroup I' and the multiplicative set a®T, condition

(1) I[T] N T =0,

guarantees the existence of a character g € X such that I C Z(g), I C P(g) and g(a?t) # 0 for
all t € T. Since a?T CT, we get g[a®T] C {0, 1}, and hence g [ (a®T) = 1; clearly, this yields
g(a®) =1 and g[T = 1, as required.

To prove (1), assume there is ¢ € T such that a*t € I[T], that is, —a*t* € D, (i, d) for some
i € I and d € T'; since I is saturated, we get —a?t?> € T, and hence a?t?> € I' N —I' = I. Since I

is prime, either a € I, contrary to assumption, or ¢ € I, which in turn contradicts T N I = ()
(vecall that h, [T =1, while I C Z(h,)). O

Proposition VI.7.11 implies:

Corollary V1.7.16 Let (X,F) be an ARS-fan and let K, K, be connected components of
(X, F). Then,
(1) Let I € Spec(F); if L, (K,)# 0 for i=1,2, then card (L (K,)) = card (L (kK,)).
. . J/ _
(2) Let JC J" be in Spec(F'), and assume L (K,) # 0 (i = 1,2). Then, card (SJ (K)) =
Jl
card (SJ (K,))-

— ql
Proof. (1) follows from (2), as L, = S

(2) Fix i € {1,2}. Let h, be the ~» -top element of K, The assumption L (K,) # 0 im-
plies that the sets Sj/(Ki) ={g € S’j g~ h.} are non-empty. Now, applying Proposition
VI.7.11(a) with I = M (= the maximal ideal of F'), J, = J, J, = J' we have BJ’J/(hZ.) ={ge
Sj/ g~ h }= Sj/(Ki), and the result follows. 0

Remark. Assertion (2) of Corollary VI.7.16 fails, in general, if the sets Sj /(Ki) are replaced
by Cj/(Ki), even if both sets C’:]]/ (K,), © = 1,2, are assumed non-empty. The snag is that
Cj/(Ki) # () does not imply that the ~ -top element h, of K belongs to C?(Ki), a condition
required for Proposition VI.7.11(b) to apply. It is easy to construct counterexamples. O

Theorem VI.7.14 gives:
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Corollary VI.7.17 Let K, K, be connected components of the ARS-fan (X, F). Let I ,I, €
Spec(F') be the lowest levels of K|, K,, resp. (¢f. VI.7.15). Then,

(1) If 1,C I, then K| endowed with the specialization order is (order-)isomorphic to the
root-system obtained by deleting all levels I C I, in K.

(2) If I, =1, then K, K, are order-isomorphic.
Proof. (1) Use Theorem VI.7.14(1) with I = M = the maximal ideal of F', J = I , and

h,, h, the ~> -top elements of K, K, resp. The ARS-embedding ¥ : K, — K|, constructed
therein verifies P[K | = {u € K, | I, C Z(u) }, which is exactly the statement (1).

(2) follows from Theorem VI.7.14(2). O

VI1.7.18 Some impossible configurations.

The preceding results show that there are strong constraints on the order structure of ARS-
fans, especially when there is more than one connected component. We include a few examples
to help the reader visualize the extent of those restrictions.

(1) A configuration like

N, 7 S,
./ \. ./ \. ./ \. ./ \. ./ \. ./ \.

contradicts Corollary VI.7.16 (1).

(2) The four-component configuration

Kl KQ K3 K4
./°\. ./'\. ./°\. ./°\.
PN RN RN N
./.\. [ ) ./.\. [ ] ./.\. [ ] [ ] [ ]

| \ \
./'\;:/°\. )

(where the components pairwise verify the conclusion of VI.7.16 (2)) is also impossible: card (5’43)

= 3 is not a power of 2, and hence S3 cannot be an AOS-fan (see Corollary V1.7.6). However,
the same configuration with K, replaced by another copy of K , does not clash with either
VI.7.16 or VL.7.17.

Note. Our notation here (and below) follows the convention introduced in VI.6.15 for finite
fans. Thus, 543 stands for the set 5’}3, see VI.7.1 and VIL.8.1.
4

(3) The two-component root-system
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/\\ 1

NG ’
o/.\o o/.\o o/.\o o/.\o 5
P NV AN 3
VANVAN :

contradicts both Corollary VI.7.16 (2) (card (Si(Kl)) =4, but card (SZ’(KQ)) = 2) and Corol-
lary VI.7.17 (K , and K, have the same “length” but are not order-isomorphic). O

VI.8 The specialization root-system of finite ARS-fans

In this section we mainly deal with finite fans in the categories ARS and RS. Our main result
is Theorem VI.8.9 —the isomorphism theorem for finite ARS-fans— which proves that, in this
case, the order of specialization alone determines the isomorphism type. The proof depends on
the notion of a “standard generating system” which we introduce in VI.8.4. a

Notation VI.8.1 (a) In this and later sections we shall use systematically the notation intro-
duced in VI.6.15 for finite (ARS- and RS-)fans —rather than that of Section 7 which applies
to fans of arbitrary cardinality; that is, the inclusion-decreasing sequence of ideals of a finite
RS-fan, F', is numbered in increasing order:

{0}=1 cI ,C---Cl,CI CF=1I;

1

thus, n = £(X ) = the length of the ARS X, dual to I (see VL.6.6(e)), I, = the ideal of depth
d (1 <d < mn), and (hence) I, = M = the maximal ideal (i.e., the set of all non-invertible
elements) of F'. The notation employed in §7 will be adapted in a self-explanatory way; thus,
for 1 <k <j<n=4{X,), L (or L, (X,), if necessary), will stand for the level le’ SJ’?‘ for

the set ST, etc.
I;

(b) We shall also make constant use of the combinatorial geometric structure —as AOS-fans—
of the levels of an ARS-fan X, and, more generally, of the sets S§ (JC1I in Spec(F)); see
Remark VI.6.2 and Corollary VI.7.6.

Recall that the AOSs have a combinatorial geometric (matroid) structure; it was introduced
in [D1] and [D2] for spaces of orders of fields, and later generalized to abstract order spaces in
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[Li]. In general, ARSs do not possess such a structure. Thus, combinatorial geometric notions
such as dependent set, independent set, basis, closed set, closure, dimension, etc., will always
refer, below, to the abovementioned combinatorial geometric structure, and apply only to AOSs.
For the definition and the mutual relationships, in the general context of matroid theory, of
combinatorial notions such as those just mentioned, the reader is referred to [Wh].

Since the combinatorial geometric structure of any AOS is isomorphic to that of a set of
vectors in a (possibly infinite-dimensional) vector space over the two-element field F, with
the structure induced by linear dependence (cf. [D1], Thm. 3.1, p. 618), the notions above
coincide with the corresponding notions over vector spaces. For example, a subset A C X of an
AOS (X,G,—1) (G a group of exponent 2) is dependent iff there are pairwise distinct elements

9:9;s---+9, € A(r > 2), such that g =g, - ... - g (as characters of GG). Observe that, since
functions in X send —1 to —1, this functional identity can only hold if r is odd. Likewise, A is
closed iff the product of any odd number of members of A belongs to A. a

Lemma VI.8.2 Let (X, F) be an ARS-fan (not necessarily finite). Let J C I be in Spec(F),
and let AC L,, BCL,, be sets such that:

i) The unique ~ - successor in L, of each g € A belongs to B.
i1) Every h € B has a unique ~ - predecessor in A.

Then, A dependent = B dependent.

Proof. By assumption there are pairwise distinct elements g, 9y 9, € A such that g =
gy oo *9,; 8s observed above, r is odd > 3. Let h, hl, el hT be the unique successors
of g, 9,5, g, resp., in B coming from (i); thus, g~ h and g, ~ h.,fori=1,...,r By
VI1.7.4(a) we have g=g, - ... - g ~h - ... - h . Sinceh - ... -h € L (risodd)and g
has a unique ~~ -successor in L, we get h="h, - ... -h_.

By assumption (ii), every element in A is the unique predecessor of an element in B. Since
g, # g;» we get h, #+ hj for 1 <@ # j <r;likewise, h # h, for i =1,...,r. This proves that h

is the product of r distinct elements in B, and hence that B is dependent. O

Proposition VI.8.3 (Choice of basis). Let (X, F) be a finite ARS-fan; let 1 < k <n = {(X).

Let G be an arbitrary AOS-subfan of L, = L, | (X). Let F ={h € L | Thereis g € g

such that g~~ h) } be the set of depth-k successors of elements of G; then, F is an AOS-fan.
Assume:

(x) Vh,W eF, cacd({g€ G|lg~ h})=card({ge G|g~ h'}).

Let B = {h,...,h } be a basis of F (as an AOS). Let C be a basis of the AOS-fan
{9€ Glg~ h}. Fori=2,....r, let g, € G be such that g.~~ h.. Then, C U{g,,...,q } is
a basis of G.

Proof. If r = 1, then ¥ = B = {h,}, whence G = {g € G| g~ h }, and the result holds by
the choice of C. Henceforth we assume r > 2. We observe:

— r = card(B) = dim(F). Since F is an AOS-fan, card(F) = 2"

— Forevery h e 7, A, = {g € G|g~ h} is a AOS-fan; this follows from the assumption that
G is an AOS-fan, since Ah is closed under the product of any three of its elements, cf. Fact
VL.7.4(b).

— A,NA,=0frh#h inF.
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By assumption (x), card (4,) = card (4,,) (= 2P~ say), for h,h' € F. Since G = Uner 4,
we get card (G) = card (F)-card (4,) (any h € F), and then card (G) = or—1. gp=1 — gptr=2,
hence dim (G) = p+r — 1. Since card (C U{g,,...,g }) = p+r — 1, it suffices to prove:

(#x) C U{g,,...,g,} is an independent set.

Proof of (xx). Assume false.

Case 1. Some [ with 2 < iy ST is dependent on the rest, i.e., there are C'C C and
JC{2,...,r}\ {i,} so that gZ-0 =1l.cc ¢ jes 9, ie.,

(+) Hcec/ c= HjeJU{io} 9;-

— If card (C') is odd, since Ah1 is an AOS-fan, and hence a closed set, the left-hand side
of (+) is an element g'~~ h , and we have ¢'- [];c i g9, = L Setting A = {¢'} U {gj]
jeJuUli}t}tcL, , and B = {h} U {hj |7 € JU{io} } CL,, the assumptions of Lemma
VI.8.2 are met. Since A is dependent, so is B, contradicting that B C B and B is a basis of F,
whence an independent set.

— If ¢’ = (), the same argument works, yielding a contradiction.
— Assume card (C') even > 0. Fix ¢, € C". Then card (C'\{c,}) = odd, and ¢’ =[]

) ! .
Lk+17 also g’ ~ hl, and we have:

cGCI\{co} ce

¢y q - HjeJu{io} 9; = L
Pick any index j, € J U {io} (so, j, > 2). Since c, g ~ h, and iy ™ hjo’ Fact VI.7.4(b)
: ro_ / ro _ _r :
yields .gjO = ¢ g‘ 9, hjo’ and g9, Hje(Ju{io})\{‘jo} g9, =1 H}ence, A = {gjo} U {gj | :] €
(J U{iy})\{J,}} is a dependent subset of L, . Setting B = {hj |j € JU{i,}} the assumptions
of Lemma VI.8.2 are met, and hence B is also dependent, contradicting that B C B.

Case 2. Some ¢, € C is dependent on the rest.

Then, there are C' C C\ {c,} and JC{2,...,r} so that
(++) ¢ = Hcecl c- Hjejgj'

Note that J # ) (otherwise C would be dependent). Taking J minimal so that (++) holds, and
picking j, € J, it follows that ¢, is not in the closure (= linear span) of C" U {gj |7 € J\{j,}}-
By the exchange property, 95 is in the closure of C’' U {c b U {gj |7 € J\{j,}}, contrary to
the result of Case 1. O

VI1.8.4 Standard generating systems.

For any finite ARS-fan, (X, F'), we will construct, by induction on k, 1 <k <n =/¢(X), a
class of bases B, of the AOS-fan L, (X). Each basis B, will be required to satisfy the additional
condition:

(x) Fork<j<mn, B N S;? is a basis of the AOS-fan S;,“.

This additional requirement guarantees that the inductive construction of the B,’s does not
get interrupted before the n-th (and last) step. The construction uses Proposition VI.8.3 and
the results from §VI.7 above. The set B = (J;_, B, will be called a standard generating
system for (X, F).

Level 1. It suffices to observe that a basis B, of L, satistying condition (*) exists. Begin by
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choosing a basis B, (n) of the AOS-fan Si = 0711 (cf. Corollary VI.7.6). Si is a closed subset
of the (AOS-)fan Srll_1 = Si U CTIL_I; hence, B, (n) is an independent subset of Sib_l; choose

B,(n —1) to be a basis of S:L_l extending B, (n).

In general, assume that, for 1 < j < n an increasing sequence B (n) C...C B, (j) of inde-
pendent subsets of L, has been chosen so that B, (¢) is a basis of the AOS-fan Sl} (j <L <n).
As above, B,(j) is an independent subset of the fan S;_l = S; U C’;_l. Let B (j — 1) be a
basis of Sjl,_l extending B, (j). Set B, = B,(1); by construction, B, N 5’; = B, (j) is a basis of

St
j

Induction step. Given an integer k, 1 < k < n, assume there exists a basis Bk of L, satis-
fying property (x); thus, for k < j < n, B,(j) = B, N SJ’? is a basis of S;,“. Further, since
Sk C...C Sk = L,, we have B, (n) C...CB, (k) = B,. Using Proposition VL.8.3 we define a
subset B of L as follows:

— F1rstly, fix an element h, € B, (n) (this set is non-empty because n = {(X)). Pick a basis
B, ,,(n,hy) of the AOS-fan {g € S+ | g~ h}.

— Next, for each h € (B, N Sl’:+1) \ {h,} there is a maximal index j, k+1 < j < n, so
that h € B, N SJ’? = B, (j); clearly, h%S;?H, whence h € C’j’? = SJ’? \ SJ’?H (if j = n, then
h e Sk Ck) Since j > k+1, we have {g € C’j’?“ | g~ h} # 0. Choose an element g, € Cj’?“

SO that g, ~ h.
— Finally, set B, =B, ,(n,h)) U {g, [he (B N S:H) \ {o}}-

Now, given an index j such that k+1 < j < n, we apply Proposition VI.8.3 with G = S;“H

—whence F = Sk— and B, N Sk as the basis B of F. Proposition VI.7.11(a) shows that the
cardinality assumptlon

card ({g € SJ’?H | g~ h}) = card ({g € S;?H | g~ h'}), (bW € Sf)
of VL.8.3 holds, and we conclude that B, | N S]’,chl = Bk+1(n, hy) U{g, [he (B, N Sj’?)\{ho}}

is a basis of S¥*1 as required. 0
j

Remarks VI.8.5 (a) In general, there are many different standard generating systems for a
finite ARS-fan (X, F). The construction in VI.8.4 allows for several choices of the bases B, (j)
(1 <j < n) and, at each successive step, k, for many choices of elements h € B, (n), of bases

B, .,(n,hg), and of elements g, € C’l‘C+1 under each h € (B, N S:H) \ {h,}. In spite of this

lack of uniqueness, we shall prove below that any standard generating system determines the
isomorphism type of a finite ARS-fan.

(b) Some of the sets C;? = Sf \ S;?H may be empty. However, if Ck # (), then, necessarily,
B, N C’J’? # (. Indeed, if j = n, then Cs #0 (as n=¢(X)) and Ck Sk is an AOS-fan; since
B, N Cs is a basis of Cs , it must contain at least one element. If j < n, since S’;?H is a fan, it
is a closed set; as it is disjoint from CJ’?, then no element of CJ’,"’ is dependent on SJI?H. Hence,

any basis of Sk S k LY C’J’? must contain an element of C’]’? . a

Any standard generating system for a finite ARS-fan has the following property:
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Corollary V1.8.6 Let B be a standard generating system for a finite ARS-fan (X, F); let
n=4¥0X), and 1 < k <m < n. Then, for every g € B =Bn Lm(X), the unique depth-k
successor of g in X belongs to B (hence to B, =B N L, (X)).

Proof. Obvious, by construction, for m = k + 1. Then iterate. O

For the proof of the Isomorphism Theorem VI.8.9 below we shall need some consequences
of the Small Representation Theorem III.2.15. Recall that a map F': (X,G) — (Y, H) is an
ARS-morphism iff for all a € H there is b € G so that @ o F' = b (cf. [ARS-mor], proof of
1.5.1).

Corollary VI.8.7 A map F : (Xl,Fl) — (XQ,FQ) between ARS-fans is an ARS-morphism
iff F is continuous for the constructible topology (of both source and target) and preserves
S-products in X (cf. 1I1.2.14).

Proof. (<) If F has the stated properties and a € F,, then @ o F : X, — 3 also has those

properties, and, by Proposition III.2.15, is represented by an element of F|; hence, F is an
ARS-morphism.

(=) Assume F is an ARS-morphism. For continuity it suffices to show that F~![V] is open
constructible in X 1 whenever V is basic open for the constructible topology of XQ, i.e., of the

form V. =U(a,,...,a ) N Z(a) with a,a,,...,a € F, (see [M], p. 111). By the assumption
on F, thereare b b ..,b € F, such that GoF =b and c?ioF:bAi for i =1,...,n. These

Y 17
functional identities imply F~[V] =U(b,, ..., b ) N Z(b), as required.

e
The preservation of products by F' follows easily from the same property for @ and b using
the functional identity @ o F' = b. O

We shall also need:

Lemma VI.8.8 Let (X, F)), (X,,F,) be ARS-fans.

(1) For a map F : X, — X, the following are equivalent:

(i) F preserves 3-products in X .

(it) a) F preserves 3-products of elements of the same level: for all I € Spec(F) and all

hy hyhy € L(X,), F(hhh,) = F(h)F(h,)F(h,).

b) F' is monotone for the specialization order: for all g,h € X, g > h = F(g) > F(h),
(~ denotes specialization in X).

(2) If (X, F,) is finite, any map verifying one of the equivalent conditions (i) or (ii) in (1) is
a morphism of ARSs.

(3) If both (X, F\), (X, F,,) are finite, any bijection I : X, — X, verifiying one of the equiv-
alent conditions in (1) is an isomorphism of ARSs.

Proof. (1). (i) = (ii). (ii.a) is a particular case of (i).

(iib) g~ h & h=h* (Lemma 1.1.18). By (i), F(h) = F(h)*F(g), and this equality (in
X,) gives F(g) ~ F(h).

(ii) = (i). Let hy, hy, h, be any three elements in X ; say Z(h,) C Z(h,) C Z(h ). Let I = Z(h,)
and for ¢ = 2,3 let h/ be the unique successor of h, in L (X 1) Fact VI 7.3 shows that

hhyhy = h, h’ h’ then the assumption (ii.a) gives
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F(hyhyhy) = F(h)F(h)F(R).

By (ii.b) we have F(h,) ~ F(h;), (1 = 2,3). Using again VI.7.3, from Z(F(h;)) CZ(F(h,))
we conclude

F(h)F(R)F(H) = F(h,)F(h,) F(h,),
as required.

(2) follows at once from Corollary VI.8.7, since the continuity requirement is automatically
fulfilled in this case: the constructible topology in X | is discrete.

(3) By (2) it only remains to prove that F~1! : X, — X, preserves 3-products in X,. Let

9,95, 95 € X, and let h, = F*I(gi), i =1,2,3. From (L.i) we have F(h h,h,) = g,9,9,-

Composing both sides of this equality with F~! gives the desired conclusion:

F~(9,9,9,) = F~H(F(h,hyh,)) = h hyhy = F7Hg ) F 1 (g,) F~(g,)- O

Remark. Note that any isomorphism of ARSs between fans preserves depth.

Theorem VI1.8.9 (The isomorphism theorem for finite ARS-fans.) Let (X, F)), (X, F,) be
finite ARS-fans and let g denote their respective specialization orders. If (Xl, «1») and
(XQ, «;9) are order-isomorphic, then X1 and X2 are isomorphic as ARSs.

Proof. The order-isomorphism assumption implies:
(1) £(X,) = £(X,) (= n, say, fixed throughout the proof).
; k _ k
(2) For 1<k <j<n, card(Cj (X)) = card(Cj (X,))-
The proof of (2) is an easy exercise. Since C’f N C’é‘j =0 for k</l#/{ <n and SJ’? = U, C’?,
we get:
(3) For 1<k <j<n, card(SJ’?(Xl)) = card(SJ’?(XQ)).
(4) For 1 <k <nandall h e SS(Xl), n e S:(XQ), we have:
card({g € S**1(X,) | g  h}) = card({g’ € S*"(X,)| ¢’ h'}).
Proof of (4). Consider the two-variable formula in the language {<} of order:
P(x,y) == x € SSH Nz <y.

(It is left as an exercise for the reader to write a first-order formula in {<} expressing the
notion z € S:H; cf. VI.7.1 and VL.9.1.)

If o denotes the order isomorphism between (X,, ~) and (X,, ~), for g,h € X we have:
(X, v) E Plohl o (X, ) = Plolg),a(h)].

It follows that o maps {g € SSH(XI) | g ~> h} bijectively onto {¢' € Ss+1(X2) | 9"~ o(h)}.
Now, if h € SS(Xl), then o(h) € SI:L(XQ). If e SS(Xz), apply Proposition VI.7.11 with
h, =h' and h, = o(h), to conclude. 0

Since the sets in item (4) are AOS-fans (Corollary VI.7.6), they have the same dimension,
i.e., any bases of each of them have the same cardinality. If B!, B? are standard generating
systems for X, X, respectively, then BN S;?(Xi) is a basis of the fan SJ’?(X@.), for1<k<j<n
and i = 1,2; from (3) we get:
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(5) For 1 <k <j<mn, card(B'n SJ’?(XI)) = card(B?N S;?(XQ)).

In particular, for S’]j = L, we obtain:

(6) If 1 <k <n, then card(b’;) = card(Bz) (where BZ = BN L (X))

i
Next, we choose an arbitrary standard generating system B! for X,. By induction on £,
1 < k < n, we construct a standard generating system B? of X, (B? = U, Bz) and a map
. Rr1 2 .
fk : Bk —>Bk so that:
(7) i) For k <j <n, f[B'N S;?(Xl))} = B*n S;?(XQ)).
i) If k<n, ge Biﬂ, h e Bi and g ~> h, then f_ (g9) 4 f,(h).

Construction of B2 and the maps fi-

Level 1. Bf is built as in the level 1 step in VI.8.4; with notation therein, f, : Bi —>Bf is

any bijection mapping B, (j) onto B,(j), for 1 < j <n. Such a bijection exists by (5) above
(k=1).

Induction step. Assume Bi, . ,Bz and f,..., f, already constructed, so that:

— For1 < j<kandj </ <n, BJ? N Sg(XZ) is a basis of the AOS-fan SZ(X2) and
1 j _ B2 '

fj[ N SIX) = Bj N S7(X,).

— Condition (7.ii) holds for all j such that 1 < j < k.

The basis BZ_H, and along with it the map f, 41> are defined by performing the construction
of the inductive step in VI.8.4, with the following choice of parameters:
—1If b, € B; N SZ(Xl), and Biﬂ(n, h,) is a basis of the fan {g € S:“(Xl) | g ~ Ry}, then
take BZH(n, f,.(hy)) to be a basis of the fan {g' € SSH(Xz) | g’ ~ f,(hy)}. This is possible
since f, (h,)) € Bz N SE(XQ), by (7.i). Using item (4), we let ka[B;H(n, h,) be a bijection
between B;H(n, h,) and Biﬂ(n, fo(hy))-

—1If ge B;H N C’;?H(Xl) withk+1<j<n,but g¢ B;H(n, ho), then, by the construction
performed in the inductive step of VI.8.4, if h is the unique depth-k successor of g, we have
h € Bli N C]’?(Xl), h # h, and g = g,. In this case choose any element g ~ fk(h) such that

g € C]’?+1(X2), and set f,_ (g) = g'. This is possible since f, (h) € Biﬂ C’;“(XQ) (which follows

easily from (7.1)).
Clearly, this construction guarantees that (7.1) and (7.ii) hold for k + 1.
Note that (7.ii) implies, by iteration, its own generalization:
e 1 1

(Mii) If 1<k<m<n,ge Bm, h e Bk and g ~> h, then [ (g) » f,(h).
Since Bz =B'nN Lk(Xi) is a basis of the AOS-fan Lk(Xi), i=1,2, we get:

(8) The bijection f, extends (uniquely) to an AOS-isomorphism fk 1L, (X,)— L, (X,) map-
ping S;?(Xl) onto S;?(XQ), for all j such that k < j < n.

Now set F': X, — X, tobe F = [J;_, fk We prove:
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Claim. F'is an isomorphism of ARSs.

Proof of Claim. Since X, = U;_; L, (X,) (disjoint union) for i = 1,2, and f‘k maps L, (X))
bijectively onto L, (X,), we have:

(a) F is well-defined and bijective.
(b) For all k, 1 <k < n, F preserves 3-products in L, .

This is clear: by (8) F[L,(X,) = fk: 1L, (X,) — L, (X,) is an isomorphism of AOS-fans.

k 1

(c) F is monotone for the specialization order.

Let g,h € X, be such that g ~ h; say d(g) = m = d(h) = k. We must prove F(g) ~ F(h).

Since B}n generates L (X ), then g=g¢ - ... g with g,,...,g € B}n and r necessarily odd
(possibly = 1). By Corollary VIL.8.6, if h, is the unique depth-k successor of g, then h, € Bi.
Also, g, ~ h, (i=1,...,r) implies g=g, - ... g ~>h, - ... -h_ (VL7.4(a)). Since both
h and h, - ... -h_are successors of g of the same level k, we get h =h, - ... -h . As F
preserves products of any odd number of elements of the same level, we have:
F(g)=F(g,)- ... -F(g,) and F(h)=F(h)- ... -F(h).

. 1 1 . oo . _ _
Since g, ~» h;, g; € B and h, € B, item (7.iii) yields F(g,) = [, (9,) 5 f,.(h,) = F((h;))
(¢=1,...,r). Then, by VI.7.4(a) again,
F(g)=F(g)- ... "Flg,) 5 F(h)- ... - F(h,)=F(h),

which proves (c). The Claim follows from (a)—(c) using Lemma VI.8.8(3). This completes the
proof of Theorem VI.8.9. a

VI.9 Systems of invariants for isomorphism

From the results of §§ VI.7, V1.8 we obtain:

(I) First-order axiomatizations for the root-systems of finite ARS-fans under the order of spe-
cialization.

These axioms are formulated in the language of order, and depend on two parameters: the
length n of the root-system and an upper bound ¢ on its cardinality.

(IT) A system of numerical invariants for order-isomorphism of such root-systems.

By the isomorphism theorem VI.8.9, these invariants also determine the isomorphism types
of finite fans in the category ARS. In § VI.10 we shall prove that these systems of invariants
are complete. a

As our results are somewhat more general, we shall proceed in three steps:

(1) Firstly, we introduce an axiom system FRS(n,c) (FRS for “finite root-system”) in the first-
order language for order, <, depending on fixed integers n,c > 1. It follows from Proposition
VI.7.11(a) that the root-systems of finite ARS-fans under specialization are models of FRS(n,c)
for suitable values of n and c¢. However, FRS(n,c) has, in general, models other than those
arising from finite ARS-fans.

(2) Next, we introduce the systems of numerical invariants alluded to in (II) —consisting of a
finite set of finite sequences of integers—, and prove that these are, in fact, invariants for the
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isomorphism of models of FRS(n,c), whether or not they arise from finite ARS-fans (Theorem
VL9.5).

(3) Finally, we impose additional axioms on FRS(n,c) and additional requirements on the
integers occurring in the invariant systems of (2); these additional axioms are verified by the
root-systems of finite ARS-fans (and, as shown in §VI.10, do characterize them).

By enlarging the language with a binary product operation and suitable axioms for it, we
also obtain first-order axiomatizations for the finite ARS-fans.

V1.9.1 The axiom-systems FRS. For fixed positive integers n, ¢, we introduce the fol-
lowing axioms in the language for order, consisting of a single binary relation symbol <.
index[sub]formula@F R S!axiom-systems—(index[sub]axiom-systems!FRS—(

[FRS.1] “< determines a root system”, i.e.,

— “< is a partial order”, and

— “The sets of successors of any element is totally ordered”:
Veyz(z<yANex<z—y<zVz<y).

For the next axiom we introduce the following auxiliary predicates (implicitly used already
in §§VI.7, VL.8; cf. proof of item (4) in Theorem VI.8.9); k is an integer > 1:

“ h d h>km d >k. E| kol
— “z has depth > k”: d(x) >k + T, ... Ty /\j:1$<xj/\/\1<j<€<k1 T, <%,

k—1
N3 ”.
z has depth <k”: d(z) <k < Jz ...z (/\ T <TA /\1§j<zgk71$j <z,) A

— “z has depth k”: d(z) =k + d(z)> kA d(z) <k.
[FRS.2] “The root-system has length n”: Vaz(d(z) <n) A Jz(d(z) = n).
[FRS.3] “The root-system has cardinality < ¢.”

To state the last axiom we introduce unary predicates SJ’“(:}:) and CJ’?(:L‘), 1<k<j<n,
as follows:

— 8H@) © d@)=kATy(y <zAdly) =)
—C’jk(:v) o dx)=kANFyy<zAdly)=7)A-3Tz(z<axAd(z) >j+1).

The following properties are easily verified (cf. VI.7.2):

Fact V1.9.2 Azioms [FRS.1] - [FRS.2] imply:

(a) CH(x) & S¥(x).

(b) Vz Sk \/e y F@) (k<)

(¢) For 1<k<j<j <n, ﬂﬂx(CJ’?(:c) A CH (@) AV (8% (x) = S5(x))).
(d) Va (Sk(x) < dx) = k). O

(As in VI.7.2(i) we call S’kC the k-th level, and denote it by L, .)
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Recall that, given a first-order formula ¥(z,y,, ... ,yn) = ©(z,7) on n + 1 variables of a
language L, and a (finite) bound on the cardinalities of a family of L-structures, the statement
“the sets {y|¥(z,,y)} and {y[¥(z ,y)} have same (finite) cardinality” is expressed by a
first-order L-formula, that we will denote by #{y|%(z,,7)} = #{y|¥(x,,7)}. Details are left
to the reader.

With this terminology, our last axiom is a restatement of Proposition VI.7.11(a).

[FRS.4] /\ Ve [SE@) A SEa) = N,y € Slly <o} =ty € Sty <o}

FRS(n,c) denotes the axiom-system [FRS.1]—[FRS.4]. It should be clear that the root-system
(X, ~) of a finite ARS-fan (X, F') is a model of these axioms, for suitable integers n, c. O
index[sub]formula@FRS!axiom-systems—)index[sub]axiom-systems!FRS—)

1<k<j<n

V1.9.3 Numerical invariants for isomorphism of models of FRS. For models (X, <)
of FRS(n,c), we shall consider finite sets of integers, as follows:

— n = the length of the root-system.

— For each integer k, 1 < k < n, a decreasing sequence of integers, S: > > sfl_l > s: >1,
of length n—Fk+1, where s* is interpreted as the cardinality of the set S*(X) (1 <k <j <n)
Remarks VI.9.4 (a) Since the sets C’? and S’I,g are interdefinable, namely:
— Cf:S’?\S’? . for 1 <k <j<mn, and Ck Sk
__ gk _ k

S = Ui, C, (disjoint union), for 1 <k < j <mn,
an equivalent system of invariants consists of a sequence (ck cl’C e ,CZ ) of length n—k+1,

of integers c;? > 0, for each & (1 <k <n). It suffices to pose:

— F=sF—sF  for 1<k<j<mn, and ¢ = s*; and,
J J J+1 n n

— b=l for 1<k<j<n
(b) The cardlnahty of a model (X, <) of FRS(n,c) is determined by these systems of invariants:
card(X) ="}, k; = he1 2 kc In particular, axiom [FRS.3] implies > ;_ 13 <c. O

Now we prove:

Theorem VI.9.5 Let (X ,<.) (i = 1,2) be models of FRS(n,c). Assume that sequences of
integers as in VI.9.3 are given, and that card(SJ’?(Xl)) = card(S;?(XQ)) = s? for 1<k<j<
n. Then, (X,<,) and (X,,<,) are isomorphic.

Proof. By induction on k, 1 < k < n, we define maps f, :
following properties:

(1) f, is a bijection. (2) For k < j <n, fk[SJ’?(Xl)} = SJ’?(XQ).

w1 (X)) 9= b f(9) <, £ (h).

These conditions are not independent, and imply several others that will be used in the
proof; namely:

L (X,)—L,(X,) with the

(3) For 1<k<mn, he L (X)) and g€ L
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A) Condition (3) implies its own generalization:
4) f1<k<m<n, heL (X)) and g€ L (X)) then g< h & f (g9)<, f,(h).
Induction on m.)

) (2) = (1),
Proof of (B). Since card(Sj’?(Xl)) = card(SJ’?(Xz)) = sj and these cardinals are finite, con-
dition (2) entails that fk[Sj’?(Xl) is a bijection between the S]k( X,)’s, for k < j < mn. Since
S¥(X,) = L, (X,) (i =1,2), item (1) follows.

(
(
(
(B

) Condition (2) is equivalent to:
2") For 1<k<j<n, fk[Ck(Xl)] = C]]?(XQ).

(C
(
(Routine checking, using V1.9.4(a) and item (1).)

(D) The implication (=) in (3) entails its own converse.

Proof of (D). Assume (<) false, i.e., there are h € L, (X|) and g € Lk+1<X1> so that g £ h
and ka(g) <, f,(h). Let " € L, (X,) be the unique depth k successor of g. Then g < h’and
(=) gives f, . (9) <, [, (I). Thus, both f,(h) and f, (k') are depth-k successors of f, . (g),
whence f, (h) = f, (h') as (X,,<,) is aroot-system. Since g <, h"and g £ h, wehave h # I/,
contradicting injectivity of f,.

Assuming that maps f,..., f with properties (2) and (3) —hence also (1), (2) and (4)—
have been constructed, we define a map F': X, — X,, by setting F' = Ur—1 [y Item (1)
shows that F' is well-defined and bijective, and the implication (=) (resp., (<)) in item (4)
yields that F (resp., F~!) is order-preserving; hence F is the order-isomorphism required to
prove the Theorem.

Next, we proceed with the inductive construction of the maps f,. It suffices to prove:

Fact. For1§k+1§j§n,h€S]’?(X1) and k+1<t<7j,

card({g € SF*1 (X)) [ g <, h}) = card({g' € ST (X,) | ¢ <, f,(W)}).
Assuming this Fact proved, the definition of fk 1 proceeds as follows:
(I) Fix j and h sothat k+1<j<n and h € S;?(Xl). Clearly, {g € Sf-*-l(Xl) |g<, h}C
gE g=< or k+ 1<t <1t <j,and similarly for the corresponding subsets o
S:j“X1 () for k+1 ! d similarly for th di b f

X,. We start by choosing a bijection f:ﬂ ; between the sets in the statement of the Fact, for
t = j. Then, by decreasing induction on t (k+ 1 <t < j — 1), we pick a bijection

fry Ao e SEHX )19 b — {g' € STHX,) [ 9/ <, £ (M)}
h h o _ ¢h : k+1 _
extending t};e previous bijection fk+1 e ka fk+1 it Since Sk+1 (X,) = Lk+1(Xi)
— / /
(1=1,2), fk:+1 is a bijection from {g € Lk+1( D1g< b} onto {g' €L, (X,)|g <, [ (h)}

having the following properties: for k+1 <t < j,

(La) f [{geSHHUX)g< h}=f] A

(1b) . [{ge S, g<, m] =g € S(X,)| o' <, ().
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(I.e) If gELk_H(Xl) then, g< h = f:H(g) <, f,.(h).

Checking these is routine, and is left to the reader. [For (I.c) note that g € L
h e S;?(Xl) ANg<,h = thereist, k+ 1<t <j, such that g € Sf“(Xl).]

w1 (XD A

(IT) Now, we define e Lk+1(X1) — L, (X,) by setting, for g € Lk+1(X1)’

k+1
ka(g) = f£+1(g), where h is the unique depth-k successor of g in X .

We claim that f, , verifies conditions (2) and (3; =) above (this being sufficient by
(D)). The latter follows at once from (Lc) and the definition of f, .
g € SJ’?“(XI), k+1<j<mn,then h € S]]?(Xl), g<,;h and (Lb), imply at once f,_  (g9) =
f}?+1(g) € S;,“H(XZ). Conversely, given ¢ € S;?H(Xz), let ' € L,(X,) be the immediate
depth-k successor of ¢'; then, h' € Sf (XQ). By induction hypothesis f, verifies condition (2);
hence, there is h € S;?(Xl) so that f,(h) = h’. Since f£+1 maps {g € S;“H(Xl)\ g<, h}
onto {u € SJ’?“(Xz) | u<, f,(h) = 1"} (see (Lb)), thereis g € SJ’?H(Xl) such that g < h and
Fonlo) = fgﬂ(g) = ¢’. This shows that SJ’?H(XQ) - fk+1[5’j]?+1(X1)], completing the proof of
item (2).

As for item (2), given

It only remains the

Proof of Fact. Towards computing explicitly the cardinality of {g € Sf“ | g < h}, we first
observe:

* E+1 _ k+1
() sH= | J{ge st g < A}
heSk
For the non-trivial inclusion C, given g € SfH and taking h to be its unique depth-k successor
shows that ¢ is in the right-hand side of (*).

Axiom [FRS.4] says that the sets in the right-hand side of (*) have same cardinality —say
~v(k,t)—, for all h € Sf. Then, (*) gives card(SfH) = card(Sf) -y(k, ),
card (Sf“)

) k : = ——Gr
and, since St # 0: (K, t) = card(Sf)

By assumption, both root-systems, (X, <) have same cardinal invariants card(Sf (X)) =
sf (i = 1,2); hence, 'y(k,t,Xl) = ’y(k,t,X2) for 1 < k <t < n. This equality proves the
Fact, upon observing that h € Sf(Xl) and condition (2) imply f, (k) € Sf(XQ). The proof of
Theorem VI.9.5 is now complete. ]

VI1.9.6 Binary regular root-systems. The axioms considered so far are not sufficient to
characterize the root-systems of finite ARS-fans under specialization. The missing information
is supplied by the following axiom:

[FRS.5] For 1 <k < j <n, the cardinality of the set S]]?(X) is a power of 2 (possibly 1).

The validity of this axiom for finite ARS-fans stems from the fact —proved in Corollary VI.7.6—
that the sets S;,“ have a structure of AOS-fan.

The argument in §VI.10 below shows that a particular instance of axiom [FRS.4] suffices
to prove the completeness of the axiom-systems FRS. Thus, we introduce:

Definition VI.9.7 A finite root-system (X, <) (of length n, say) is called a binary regu-
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lar root-system (BRRS) if it verifies axiom [FRS.5] and the following instance of axiom
[FRS.4]: index[sub]binary regular root-system (BRRS)index[sub|root-system!binary regular
(BRRS)index[sym|BRRS

Forall 1 <k<j<n and z,7, € Sjk(X)7 card({y € S;?“(X) ly <a,}) =

= card({y € SJI‘?H(X) ly <,}). O
Remark. A first-order axiomatization of the finite ARS-fans can now be obtained by enlarging
the language with a binary operation “”, and adding to FRS the following axioms:

(FF.1) Each of the sets Sjk (1<k<j<n) is 3-closed.
(FF.2) Vay (x <y <y = y?2).
(Cf. Lemma 1.1.18.) 0

VI.10 Finite fans with prescribed root-systems

In this section we show that the numerical invariants introduced in section VI.9 for the order
structure of finite ARS-fans under specialization, form a complete system of invariants. O
Our main result is:

Theorem VI1.10.1 For any BRRS, (X, <), there is a finite RS-fan, G, whose dual ARS,
(Xgs ~), is order-isomorphic to (X, <).

We start with a general construction:

VI.10.2 Construction (First step). Fix integers p > 0, n > 1, and a group H of exponent
2 and cardinality 2". Fix an element of H \ {1} and call it —1. Let {—1,z,,...,z } be a basis
of H as a IF,-vector space. We construct a ternary semigroup, G, by adding to H a new set of
generators

1 1. .2 . . D p
{y17-~-7y7173/17--~7y PRI 7y17"'7y7_p}7

split into packages of cardinalities 7,,.

empty). These generators are required to verify the following relations:

(A) (== )% .. )t == ()
(B) (y))? (y))* = (), for 1<j<k<p.

(C) (W) # W) f1<j#k<p

(D) (y)* # 1.

Remark. To keep matters straight, recall that, in order to get a ternary semigroup, the
following requirements must also be fulfilled:

T, > 1, respectively (as usual, if p = 0 this set is

i) G contains an absorbent element 0 (i.e., a-0 =0 for all a € G).

ii) The product operation is commutative, associative and 1 is its neutral element.
iii) The generators yz (= y, say) verify the identity 3® = y.

iv) For alla € G\ {0}, —a=(-1)-a #a.

Then, G is the set of all finite formal products of elements of H and generators yz verifying

these requirements, conditions (A)— (D) above, as well as other constraints to be specified later.

The value of the parameters p, n, and the cardinalities T Ty will be fixed later. O
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Before proceeding further with our construction we derive some consequences of the relations
just introduced.

VI.10.3 Remarks and Notation. (a) To ease notation, in this section we shall write (z ) for
the ideal I =z -G of G generated by x. Since (z) = ( 2?) holds in any ternary semigroup,

the identities VI.10.2(A) imply <yf) = <yf> forl1<k<pandl<r<r7,.

(b) For notational uniformity we set yf“ =0 (and 7, =1). O

+1

Proposition VI1.10.4 With notation as in VI.10.2 and VI.10.3, we have:

(1) The following relations hold in G for 1 < j<k<p andall 1 <{< i 1<rs<7:

(B") ) )= M2 (C) () # (y")?, whenever j#k. (D) (y))* #1.

In particular,

(2) None of the generators yg 1s invertible; hence, H is the set of invertible elements of G.
(3) (y’f) C (y{> if 1 <3 <k<wp, and the inclusion is proper if j < k.
(4) For a € G\ {0}2 and 1 < k < p, the following are equivalent:

i) ac(y)\(yi).

it) k 1is the largest integer i € {1,...,p} such that some generator yi occurs in any repre-

sentation of a as a product of elements of H and generators yz

(5) Forae G\ {0} and 1 <k <p,
0 if a€H
Z@—{ Zh) i ae (gh)\ ().
[Recall that Z(a) = {f € Hom ¢ (G, 3)| f(a) =0} ]
(6) The set {Z(a)|a € G} is totally ordered under inclusion.

(7) Every non-zero proper ideal of G is of the form <y]f> for some k, 1 <k <np.

Remark. Item (6) means that G verifies the assumption [Z] in Theorem VI.2.1. Hence, with
representation (and transversal representation) defined therein, G is a RS-fan.

Proof. (1) The relations (B’), (C") and (D’) follow at once from (B), (C) and (D), respectively,
using the identities (A) in VI.10.2; cf. VI.10.3(a).

(2) is clear from (D') (recall that an element z of a ternary semigroup is invertible iff 22 = 1).

(3) follows from VI.10.2 (B),(C). Indeed, (B) clearly implies <y]f>§ <y{> for 1 <j <k <p,
whence yf € (y{ ), L.e., yf = zy{ for some z € G. Let j < k. If equality holds, then y{ € <yllc )
ie., y{ = :cy'f for some z € G. By VI.10.2(C), (y{)2 # (y’f)2 Now, we invoke the separation
theorem for ternary semigroups 1.1.12 to get a TS-character f so that f((y{)Q) # f((y’l“)Q)
Since f(x?) € {0,1} for any = € G, one of these values is 0 and the other is 1. However, if
f((y{)Q) = 0, then yf = zy{ entails f((yf)2) = 0; and if f((y’f)Q) = 0, then y{ = xyf yields
f((y{)Q) = 0, a contradiction.

3Note that every element of G'\ (H U {0}) contains at least one generator yi in its expression as a product.
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(4) (i) = (ii). Froma € <yf ), we get a = y]f b with b € G\{0}; this is a representation of a (as
a product of elements in H and generators yi ) in which yf occurs. If some representation of
a contained a factor yi with & < j, then a € <y7{> = <y{ ), and by (3) we get <y{) - <ylf+1 )

whence a € <y’f+1 ), contrary to assumption (i).

(ii) = (i). The existence of a representation of the form a = ykb with b € G \ {0} and

k+1 >

1 <r <, obviously gives a € (yf) = <y1 ). However, if a € <y the argument proving

(i) = (ii) shows that ka would occur as a factor in some representation of a, contrary to (ii).

(5) Since a? = 1 for any a € H, we clearly have Z(a) = 0. Also, a € (y ) obviously implies
Z(y’f) C Z(a). Assuming, in addition, that a ¢ <y’1“+1> we prove the other inclusion. By (4.ii)
and the remark VI.10.3(a), we may write a in the form

(*) a:(ylf)ek-zk_l' )

with ¢, € {1,2},b € H, and each 27 (1 < j < k) a product of (some) generators of the
form yz, ie, 2/ = [[,, (yi)”jf, with N, € {0,1,2} (by convention, (yi)o = 1). Assuming
h & Z(y’f) = Z((y’f)z), from the equality (B’) in (1) we get Z(yg) - Z(y]f), whence h((yi)”-ﬂf) #0
for 1 << 7 and 1 <j <k, and therefore h(z’) # 0. Since h(b) # 0 for b € H, we conclude

from (*) that h(a) # 0; this proves Z(a) C Z(yf)7 as required.

(6) Item (3) implies Z(y{) C Z(yf) for 1 < j <k <p. Clearly, (6) follows from this inclusion
and (5).

(7) Since G is a ternary semigroup, item (6) and Proposition VI.1.2 imply that the set of ideals
of G is totally ordered under inclusion, and that every ideal is prime.

First, note that <yi ) is the maximal ideal of G. Indeed, if a # 0 is a non-invertible element

of G, then a ¢ H, and some generator yi must occur in any representation of a; then, by item
(3), ae{y)=(y/)<S(y)

Next, let I # {0} be an ideal of G. By the preceding paragraph, I C (yi} (the maximal
ideal is unique). Let k be the largest index in {1,...,p} such that I C (yf ). Since the ideals

are totally ordered by inclusion and I # {0}, we have <yf+1 ) C I. We show that y]f € I, thus

proving [ = (yf) Let a € T\ ( k“) then a € (yf) \ <y’1€+1 ). By (4.ii), all generators yi

occurring in any representation of a verify ¢ < k. Then, we can write a = b-c with b € H
and ¢ a product of generators of the form yi with 1 <4 <k. Since a € I and b is invertible,

then ¢ € I. Since [ is prime, some generator y:, 1 <i <k, must bein I. It follows that
(yi) = (y’l ) CI. From VI.10.2 (B) we get (y’f) C <y’l ) C I, whence y]f € I, as required. 0

Corollary VI.10.5 With notation as in VI.6.15, the ARS X, dual to the fan G constructed
in VI1.10.2 has the following properties:

(1) 6(X,)=p+1.

(2) For 1<k <p, L(X;)={he X 1Z(h)={yi)}.
) L, (X,) ={heX,|Z(h)={0}}.

>card< (X)) =27

(3

(4
Proof. (1) G has p+ 1 ideals (VI.10.4 (7)), ordered as in VI.10.4 (3).
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(2) and (3) are obvious from VI.10.4 (7) and the definition of the level sets L, given in VI1.6.6 (b);
cf. also VI.6.15.

(4) By (2), a TS-character h € X, is in L, (X,) if and only if h(yi) = 0 (and hence h(y:) =0
foralli e {1,...,p} and all r € {1,.. .,Ti}), but otherwise can take arbitrary +1 values on

the generators Toyeor T, of H. O

VI.10.2. Construction (Second step). In order to prove Theorem VI.10.1 we must impose
further relations between the generators of G, beyond those set in VI.10.2 above. These are of
two types:

Type I. Identities of the form (y;)2 = y; for some i € {1,...,p}. Whenever an identity of

this type is required, we set 7, =1 (i.e., a single generator of level i suffices). We denote by I
the set of indices ¢ € {1,...,p} for which an identity of this type is imposed.

Type 11. Identities of the form y; yi = y{ for some indices 0 <i < j<pandte{l,... ,Ti}.

For notational uniformity we adopt the convention that y?fl =z, for 2 < /¢ < n, where
the z, are the elements of the basis of H, and set 7, = n — 1. Note that, since x? =1# z,

(and y?fl = z,), no equation of type (I) holds at level 0.

14

The number and specific form of these relations will depend on the cardinal invariants
card(SJ’?(X)) of a given BRRS (X, <), and will be fixed later, as needed. O

Lemma V1.10.6 The following are consequences of any identity yi . y{ = y{ 0<i<j<p
andt € {1,...,7.}) of type (I1):

(a) yi'yfn:yil forallme{l,...,Tj}.

(0) yi'yfzyf forallk, j <k <p.

Proof. (a) Scaling the given identity by y{ we have yi : (y{)2 = (y{)2. Since (y{)2 = (7 )?

m

(VI.10.2(A)), we get y; . (yin)2 = (yin)Q, which yields (a) upon scaling by yin

(b) Scaling the given identity by (y{)2 . (y"f)2 we get yi . (y{)z'(yf)2 = (y{)2~(yf)2. Since

(y{)Q(y’f)Q = (y’l‘“)2 (VI.10.2(B)), we obtain yz : (y’f)2 = (y’f)Q; scaling by y’f gives (b). 0
The following Lemma clarifies the role of the identities of type (I) in our construction:

Lemma VI.10.7 Let 1 <i < p, and assume 7. =1 The following are equivalent:

(a) The identity (yi)2 = yi holds in G.

(b) Every h € S’;H(XG)

card(LiH(XG)).

has a unique ~ -predecessor of level 1 + 1, i.e., Card(Siil(XG)) =

Proof. The values of any h € LZ_(X G) on generators are as follows:
— h(yi) = 0; hence, by VI.10.4(3), h(yi) =0 forall i<j<pand re{l,... ,Tj};
— h(yi) # 0 for 0<j<iandre {1,...,7].}.

If g€ L, +1(X and g~ h, its values on generators are:

o)
- g(yi): 0 forall i+1<j<p and 7“6{1,...,7‘]};
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— gy))# 0 for 0<j<iand re{l,... .}

— g(yi) = h(yi), whenever h(yi) # 0, that is, for 0 < j <4 and r € {1,.. .,Tj} (cf. Lemma
1.1.18).

In other words, given h and ¢ as above, the values of g are determined on all generators
except on y;, where it must be # 0; thus we have:

(a) = (b). If the equation (yl) = y holds in G, then ¢g(y ) € {0,1}, and hence the character
determined by g(y;) =11is the only ~ -predecessor of h E SZH (X G) of level i+ 1.

(b) = (a). If the equation (yll)Q = y’l does not hold in G, any h € S;Jrl(XG

predecessors of level i+ 1, by setting g+(yi) =1 and g~ (y;) =-1. O

) has two ~--

The next step is to compute the cardinalities of the sets S*(X ,) in terms of the number

c)
of generators and the number of equations of types (I) and (II). To do so we shall need:

VI.10.2. Construction (Third step). To each pair of indices 4, j, such that 0 <i < j <p
and ¢ ¢ I (i.e., there is no equation of type (I) at level i) we associate a set T J subject to the
following requirements:

) T/C{1,...,7}. i) If k,j >, k # j, then TV N TZ,’“: 0.

(Some of these sets may be empty.) We write b= card (TZJ) The sets T; (or, rather, their

cardinalities) determine which equations of type (II) the generators will verify; precisely:

— Ifp>j5>4¢>0 and ¢ € I, then we include an equation yz . y{ = y{ if and only if

t e le (Remark that, since 0 ¢ I, we do include the equations z, - y{ (= yl?il -y{ ) = y{ for

t—1€T7,j>0) m
Now we are ready to prove:

Proposition VI.10.8 For 1 <m<k<p+1,

card( Sm H A it

il

Proof. Throughout this proof we omit X c from the notation. The gist of the proof consists
in finding necessary and sufficient conditions for a TS-character to be in S];", in terms of its
values on generators.

Assume first h € Skt”; then h € L , and there is A’ € L, so that h'~» h. By Corollary
VI1.10.5(2), Proposition VI.10.4(3) and Lemma I1.1.18, these conditions amount to:

(i) h(y") = 0; hence, h(yi) =0 form<j<pand re {1,...,7].};
(i
(v
(it") h’(yﬁ);é 0for 0<f<k-1<pandse{l,...,7}

) h(yi);ﬁOfor 0<j<m-—1 and ’I"E{l,...,Tj};
kY — (- 0\ .
) If £ <np, h’(yl)— 0; hence, h’(ys)—O for £ >k and s € {l,...,7,};

(iii) h(z) # 0= h(z) = h/(z), for all z € G; hence, h(yi) = h'(yi) #0 for 0<j<m-—1 and
re {1,...,Tj}.
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Next, if ¢ € I —i.e., there is an equation (y;)2 = yi—, either:
(iv) k<i<p and h(y;) = h’(yi) = 0; or,
(v) m<i<k-—1 and h(yi) =0, h’(yi) # 0; the equation (yj)2 = yj yields h'(yi) =1; or,
(vi) 1 <i<m—1;in this case, (iii) and the equation imply h(yl) = h’(yi) =1.

Assume that ¢ € {0,...,p} \ I. According to the third step of construction VI.10.2, we
impose an equation y y’ = yJ of type (II) with ¢ < j whenever t € TJ Ifi<j<k-—1,by

(i") we have h’(y{ ) 7& 0, and thls equation yields:

(vi) W(y)=1for teT U ..U Tf—l and 0<i<k-—1.

From (iii) we infer:

(vii) h(yz) =1 for tETZHU ..U Tik_1 and 0 <i<m-—1.

These are the sole constraints on h; hence, (ii) gives:

(Viii) For i € {0,....,m—1}\1, h(yz) may take on arbitrary £1 values for ¢ € {1,...,7.}\
UiZin T/

Conversely, we check that any TS-character h verifying conditions (i) and (ii) above is in
Skm. Obviously, these conditions imply h € L (VL.10.5(3)). In order to show that h € S Jowe
have to manufacture a character h' € L, so that h'~>h. We define A’ on generators according
to the constraints imposed by clauses (i'), (ii’) and (iii) above:

h/(yi):() for j >k and TE{l,...,Tj} (see ("))
(*) W(y) =hy)(#0) for 0<j<m-—1 and re{l,.. 7} (see (ib), (iif))
h’(yi)zl for m<j<k-—1 and TG{l,...,Tj} (see (ii)).

Obviously, this definition guarantees that h’ € L, . By Lemma L.1.18, in order to establish
that h'~- h, it suffices to check clause (iii) for all generators z of G. By the second requirement
in (*), this is the case for z = yi, with 0 <j<m—1 and r € {1,...,7'3.}. For m <j<p
and r € {1,... ,Tj}, clause (i) ensures that h(yi ) = 0, and hence (iii) holds vacuously. This
proves h € Skm, as required.

Since conditions (i), (ii), (vi) and (vii) fix the values of any h € S " on the corresponding
generators, the cardinality of S k:" is determined by clause (viii), and clearly is as in the statement
of the Proposition. O

A similar argument proves:

Proposition VI.10.9 For 2 <k <p+1,

m—1

11 97~ L=t if k—1lel

1=0

I

card(L, (X)) = el
H ori=Y it 9T if k—1¢1.

igzz

Proof. The argument differs from that proving Proposition VI.10.8 at only one point.
We know that a TS-character h of G is in L, if and only if:
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(1) h(yi) =0 fork<j<pandre {1,...,Tj}; and
(ii) h(yg)yé 0 for 0<j<k—1andre{l,... 7}
(Condition (i) holds vacuously if & = p + 1; c¢f. VI.10.3(b).) We consider next the effect of the
equations of types (I) and (IT) on the values of h on generators.

If i € I, then the equation (yl) = y forces h(y ) € {0,1}; if, in addition, 0 < i < k —1,
then (ii) gives h(yi) =1.

If i € {0,...,p} \ I, there is an equation yi yj = yj of type (II) for each j such that
i <j<p andeach t € TZJ, ie., for t € Ui,
the values h(yz) only for i < j < k—1; for these values of 7, h(y{) = 0, and the corresponding

T By (i ) and (ii) these equations determine

equations yield:

(iii) h(yz) =1 for t e Up__HTJ and 0 <i<k—1.

From (ii) we get:

(iv) For 0 <i<k—1, h(yz) takes on arbitrary £1 values for t € {1,...,7.}\ U] i T

Next, we consider the case t = k—1. If k—1 € I, then, as above, h(yf‘l) =1.Ifk-1 ¢ I,
then the corresponding equation of type (II), yz : y{ = y{, holds only for j > k; since h(y{ )=0
for these j’s, item (ii) gives:

k—1 .
(v) h(yt ) takes on arbitrary +1 values for all t € {1,...,7,_ }.
Items (iv) and (v) together yield the values of card (L, (X)) asserted in the statement. O
Remark. The formula for card(L, (X)) just proved coincides with that obtained by setting

m = k in Proposition VI.10.8, provided we set Z] A k
fact that L, = S:. 0

= 0. This is in agreement with the

From Propositions VI.10.8 and VI1.10.9 we get:
Corollary VI1.10.10 With notation as in VI.10.8 and VI.10.9, we have:

(a) For 2<k<p+1,

card(SF1(X ) if k—1el
card(L, (X)) = { (AP
card(Sk (Xg)) -2t df k—1¢1.
(b) For 2<m < k<p+1,
card(S™1(X ) if m—1el
card(SkT”(XG)) = { : Sljnq XG QTm_l—thl bty T
card(S71(X ) - emtnovs i m—1¢ T
Proof. Staightforward checking from VI.10.8 and VI.10.9. a

Remark. The factor 271 in (a) (1 in the first equality) is the number of ~-predecessors of
any element of Skk_l in L ; this number is the same for any two elements of S]f_l; cf. VI.9.7.

A similar remark applies to item (b). 0

For the proof of Theorem VI.10.1 we shall also need:

Lemma VI.10.11 Let (X,<) be a BRRS and 2 <m < k < {(X). Let s, = card (Sl;”(X))
Then,
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m—1 m < gm. Sm—l

koo %k = %k Tk
Proof. We write S]g for S}g (X) (j <k). Given z € SI:”, let 2* denote the unique <-successor
of z of level m — 1; hence, z* € Skmfl. The definition of a BRRS (cf. VI.9.7) guarantees the

existence, for z ,z, € S’;"_l, of a bijection

1

Fxl,xQ:{yesg’ygxl}—){yesé”!yg%}.

.gm—1 m m m—1 . m—1 m
Define a map S : Sk X Sk+1 — Sk X Sk+1 , as follows: for (xl,:rQ) € Sk X Sk+1’ we set

,B(xl,x2) = (Fz;wl(%) ,a:;))
We show that j is injective. Let (z,z,),(y,,y,) € Skm_1 X Sﬁl be such that 8(z,z,) =

By, v,), ie., Fm;xl(%) = Fy;y1 (y,) (= 2, say), and =y The definition of F gives

z € Skm CL ,z<uz and z <y,. Since (X, <) is a root-system and r,y, €L |, weget
z, = y,. Thus, Fm;’gﬁ1 (x2) = Fx;zl(yQ) and, since F' is injective, z, = y,, as required. a

Proof of Theorem VI.10.1. Given a BRRS, (X, <), we shall define the parameters n,
Py Tpseeos T > 1, occuring in the construction of the fan G' (VI.10.2) —as well as the set
IC{1,...,p} and the numbers t, (0 <i < j<p) occuring in VI.10.8 and VI.10.9— in such
a way that ((X) = {(X) and card(S;”(X)) = card(S;”(XG)) forall 1 <m <k < {(X).
Theorem VI.9.5 then guarantees that (X, ~) is order-isomorphic to (X, <).

ko_

k
card(L, (X)) (1 <m <k < p). The log of these numbers are integers by the first requirement

(axiom [FRS.5]) in VI.9.7.

Since £(X,) = p+ 1 (VL10.5(1)) and card(L, (X)) = 2""! (VI.10.5(4)), we set p =
{(X)—1 and n =1+log(¢,). We also know that 7)=n—1 and, 7, =1 for i1 € I = {k €
{1,...,p}| There is an equation of type (I) at level k}. The set I is presently defined in terms
of X as follows:

— k — —
I={ke {1,...,p}’8k+1 =4, )=
= {k| Every element of S kk+1(X ) has a unique <-predecessor in L, (X )}

In this proof log stands for base-2 logarithms, s for card(Skm(X)), and £, = s

Let k € {1,...,p} \ I; invoking the second clause in Corollary VI.10.10(a) (for the value
k+ 1), we define:

7, =log(¢, ) — log(s”iﬂ).
Since k ¢ I implies that each element of S kk+1(X ) has at least two predecessors in L
it follows that T, = 1.

e (X

Next we compute the numbers ¢ (1 <m < k < p) that, according to Proposition

VI.10.8, determine the cardinalities of the sets S];”(X First, let m = 1. Since 0 ¢ I,
Proposition VI.10.8 gives

C&rd(Skl (XG)) = 27'0_2?;11 to,; and Cal"d(Slirl(X

G
Hence, card(Sle(XG)) = card(Sk1 (X)) 27", Then, we set:

o)

)) = 27'0*2?:1 to,j

_ 1y _ 1
ok = 10g(sk) log(sk+1), for 2<k<p.

Since S! (X)QS;(X), we have st < s
1

bt and hence to,k > 0. For £ = 1 we have

1
/X
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— 1
to’l - log(gl) - lOg(SZ) ?

which is non-negative since s < /..

N =

Finally, if 2 <m <k <p, Corollary VI.10.10(b) gives

card(S" (X)) = card(S] 1 (X)) - 27 2= brta 9tk and
2Tm71_2§;; b1y card(S,:”(XG))
card(Skm_l(XG )
Thus,
card(S]l”(XG)) _

card(Sktj_l(XG)) = card(S™H(X ,))

k1 G card(S" (X

o)

It suffices to set:

_ m—1 mY\ __ m—1 m
b1 = (log(s]" ) +log(s)") — (log(s)" ) + log(s)" ) -

Lemma VI.10.11 shows that ¢ ., > 0. This completes the proof of Theorem VI.10.1. a

-1

VI.11 Quotients of fans

We shall now study the structure of congruences of RS-fans, giving a complete and explicit
description of them. We shall prove that quotients of fans are always fans, and are transversally
2-regular. O

Proposition VI.11.1 Let F be a RS-fan and let H be a proconstructible subset of X,

which is 3-closed (i.e., stable under product of any three of its elements). Then =, isa

RS-congruence, the quotient F/H is a RS-fan, and the spectral spaces X and H are

F/H

homeomorphic; in particular, the (Boolean) spaces ( con and Heon are homeomorphic.

X
Proof. Follows closely the proof of Theorem 1.1.27; we shall use notation therein.

The quotient structure F/H is a ternary semigroup and X FH Hom, (F'/H,3) is its set

of (TS-) characters. The proof of item (3) in Theorem I1.1.27 shows that, under our hypotheses
on H, the map 6 : XF/H — X, given by 0(g9) = gom (g € XF/H) is a homeomorphism

between the spectral spaces X, . and 1, as asserted.

IH

According to equality (***) in the proof of Theorem 1.1.27 (with U replaced by Z) we have
07'Z(a) N H] = Z(n(a)) for a € F. Since F verifies condition [Z] in VI.2.1, this equality
implies that the zero-sets of elements of F/H are also totally ordered by inclusion; Corollary
VI1.2.3 implies, then, that (XF/H’ F/H) is a fan. O

Observe that all RS-congruences of a fan are obtained in the way given by the preceding
Proposition:

Corollary VI.11.2 Let F be a RS-fan and let = be a RS-congruence of F. Then:
(a) == =y for some proconstructible and 3-closed set H QXF. Hence,
(b) F/= is a RS-fan.

(¢) The correspondence H — =, establishes an inclusion-reversing bijection between procon-
structible and 3-closed subsets of X and the set Con(F) of RS-congruences of F.
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Proof. (a) The set H = H_ is given by Proposition ??. Items (b) and (c) follow, respectively,
from Proposition VI.11.1 and Theorem 1.1.27. O

Since F'/= is a fan, its representation relations are explicitly given by Theorem VI.2.1. We
shall now suffer a bit more and, using this description, prove:

Theorem VI1.11.3 Let F be a RS-fan and let = be a RS-congruence of F. The quotient
F/= is transversally 2-regular.

Proof. With notation as in the preceding Corollary, H (= ’HE) stands for the set of characters

of F' that determine the congruence = (whence, F//H = F/=). Given a,b,c,d,z € F, we
assume:

() m(x) € D}, (w(a), m(b)) N DY ., (w(c), m(d)),

and search for elements o',b',¢/,d € F so that a = d/,b =V ,c = ,d =d (ie, w(a) =
m(a’),...) such that D;(a’,b’) N DtF(c’,d’) # 0.

Since {Z(y) |y € F} is totally ordered by inclusion, we assume without loss of generality
throughout this proof that Z(a) C Z(b) and Z(c) C Z(d); in particular, Z(mw(a)) C Z(mw(b)) and
Z(m(c)) C Z(mw(d)), see proof of VI.11.1 or (***) in the proof of 1.1.27. According to the values
of D! given by Theorem VI.2.1, assumption (*) gives rise to the following cases:

F/H
(lL.a)  Z(w(a)) € Z(w(b)) and w(z) = m(a), or
(L.b)  Z(w(a)) = Z(w(b)), 7(a)) # —m(b) and =w(x) € {m(a),n(b)}, or
(10) m(a) = —m(b) and n(z) = n(a)? w(x) (= 7(b) n(x)),

Q

—_

and
(2.a) Z(mw(c)) C Z(n(d)) and 7(z) = 7(c), or
(2.b)  Z(w(c)) = Z(w(d)), 7(c)) # —m(d) and 7(x) € {n(c),n(d)}, or
(2.c) 7(c)) = —7(d) and 7(z) = 7(c)®7(x) (= w(d)? 7 (x)).

These relations lead to the examination of nine cases. Remark that
() Zxw) € Z(x(w)) = Z(v) C Z(w),
(H) Z(x(v)) = Z(x(w)) = vu? =w.

[Proof of (11): Let h € H. If h(v) = 0 then h(vw?) = h(v) = 0. The assumed equality of
zero-sets entails Z(v) N H = Z(w) N H (see (***), proof of 1.1.27). Hence, if h(v) # 0, we
get h(w) # 0, i.e., h(w?) =1, and h(vw?) = h(v)h(w?) = h(v).]

I (lL.a) + (2.a). In this case we have 7(z) = 7(a) = 7(c) (i.e., © = a = ¢) and, by remark

(1), Z(a) € Z(b) and Z(c) C Z(b). Since Z(n(z)) = Z(w(a)) C Z(mw(b)), the same remark

glves Z(x) C Z(b); similarly, Z(z) C Z(d). Then, z € D;(m,b) N D;(x,d). Setting
=z (=a),l =b,d =x(=c),d =d, we get D;(a’,b’) N D;(c’,d’) # 0, as required.

II. (1.a) + (2.b). Here we consider 3 subcases.

(i) Z(¢) € Z(d). If w(x) = 7(c), we get © = a = ¢, and we conclude as in Case 1. If
7(x) = 7(d), we have x = a = d. Note that = (z ) (a) = w(d) gives Z(mw(a)) = Z(w(d)) =
Z(m(c)) = Z(n(z)) C Z(mw(b)), and hence Z(c) C Z(d) C Z(b); from (l.a), Z(a) C Z(b).
By (+f) we have cd? = c. Further, 7(c)) # —m(d) means ¢ # —d, yielding cd? = ¢ # —d (in

277



particular, cd? # —d).

Since Z(cd?) = Z(c) U Z(d) = Z(d), from V1.2.1 (for F) we get d € D! (Cd2 d). Similarly,
from Z(d) C Z(b) we get d € D;(b, d). Thus, setting o’ = d,b' = b, = cd2 d' = d we have
a=d,c=c,and d ¢ D;(a',b’) N D;(c ,d'), as required.

(ii) Z(d) C Z(c). Argument similar to that of (i), interchanging ¢ and d.
(iii) Z(¢) = Z(d). Since ¢ # —d, we have D;(c7 d) = {c,d}. In both the cases m(z) = 7(c)

and m(x) = w(d) we proceed as in Case L.

III. (1.a) + (2.c). Here we have 7(x) = n(a), 7(c)) = —n(d) and =(z) = w(c)®n(x), i.e.,
r=a, c=—d and x = c®x, whence a = c?a. Further, from (1.a) and (1) we have Z(a) C
Z(b). Since D;(c, —c)={y e F|y=yc?} and (c%a)c® = c®a, we obtain c%a € D';(c, —c).

Next, we examine under what conditions c?a € DtF(CQCL, b). By Theorem VI.2.1 this is
clearly the case whenever Z(c?a) C Z(b). We prove next that Z(b) C Z(c?a) = Z(c) U Z(a) is
impossible. Otherwise, using that assumption (1.a) implies Z(a) C Z(b) we get Z(b) C Z(c),
which in turn implies Z(7(b)) C Z(n(c)). But, on the other hand, 7(z) = 7(a) = 7(c)? 7 (a)
yields Z(n(c)) = Z(n(c?)) C Z(n(c*)n(a)) = Z(n(a)) C Z(n(b)), contradiction.

Thus, c?a € D;(c2a, b) N D;(c,—c), and it suffices to set o' = c2a (= a), b = b, =
¢, d =—c(=4d).

IV. (1.b) + (2.a). Similar to Case II upon interchanging the roles of the pairs (a,b) and (c,d).

V. (1.b) + (2.b). Clearly, the first and last conditions in (1.b) and (2.b) imply:
Z(m(a)) = Z(w(b)) = Z(w(c)) = Z(x(d)) (= Z(7(x)))-
By (1) above this implies yz2 =y for all y, z € {a,b,c,d}.

We invoke now our standing assumption that Z(a) C Z(b) and Z(c) C Z(d). The following
cases ought to be considered:

(i) m(x) =m(a) =n(d); (ii) w(x) =n(c) =n(b); (ili) n(z) =7(a) =n(c); and

(iv) w(z) =n(b) = w(d).

(i) By assumption, = a = d, and from Z(a)C Z(b) comes a € D;(a, b). From Z(a) C Z(a) U
Z(c) = Z(a*c) follows a € D;(a,azc). Since a = d and a?c = ¢, the desired conclusion is
obtained by setting a’ = a, ¥ = b = a’c, d = a.

(ii) Since Z(c) C Z(d), this case is similar to (i) upon replacing a by ¢ and d by b.

(iii) From Z(c)C Z(d) comes ¢ € DtF(c, d) and from Z(c)C Z(c) U Z(b) = Z(c?b) comes
ce D;(c, c®b). Since c*b=b, ¢ = a (= x), setting a' = ¢, V' = c?b, ¢ = ¢, d = d, we are done.
(iv) Z(b) S Z(b) U Z(c) = Z(b*c) gives b € D' (b?c,b) and Z(b) = Z(b) U Z(a) = Z(b%a)
entails b € DtF(b2a, b). Hence, o' = b?a(=a),V =b, =b*c(=c) and d' = b(= d), satisfy
the required conditions.

VI. (1.b) + (2.c). Suppose, e.g., that in (1.b) we have 7(x) = 7(a), i.e., x = a. We compare
the zero-sets of c?a and b. If Z(c?a)C Z(b), we have c?a € D;(CQa, b); we also have c?a €
D;(c, —c), and we are done upon setting o’ = c?a(=a), b =b, ¢ =c¢,d = —c(=d) (by

2

(2.c), z=a and x = cx imply a = ca).
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So, it only remains to examine the case Z(b) C Z(c?a) = Z(c) U Z(a). In this case,
Z(c?b) = Z(c) U Z(b) C Z(c) U Z(a) = Z(c%a), which yields ¢?b € D;(c2a, c2b). Since we also

2

have c¢?b € D;(c, —c) (as (c?b)c? = c%b), we would be done by setting o’ = c?a(= a), ¢ =

c,d = —c(= d) and V = b, provided we show c¢?b = b. This is checked by evaluating
characters: let h € H; if h(b) = 0, we have h(c*b) = h(b) = 0. Let h(b) # 0; from the
assumption of (1.b) and (1f) we get a?b = b, whence h(a) # 0; as observed in the preceding
paragraph, a = c?a, which gives, h(c?) = 1; thus, h(c?b) = h(c?)h(b) = h(b).

The case 7w(x) = m(b) is similar.
VII. (1.c) + (2.a). Symmetric to Case III.
VIII. (1.c) + (2.b). Symmetric to Case VI.

IX. (1.c) + (2.c). Since 0 € D’fF(a7 —a) N D;(c7 —c) and by assumption a = —b, ¢ = —d, it
suffices to set o' =a, b = —a, d =¢, d = —c. O
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multiplicative prime come, 234
multiplicative semi-ordering, 234

necessity operator, 119
negation

in Kleene algebra, 121

in Lukasiewicz algebra, 118
normal

topological space, 9

operator
modal, 119, 120
MV-algebra, 119
necessity, 119
possibility, 118

positive-primitive formula, 153, 163, 171,
190
positive-primitive matrix, 153
possibility operator, 118
Post algebra, 118
axiom, 153
injective, 155
of order 3, 118
representation theorem, 121
RS-, 126
Post hull
of real semigroup, 134
preserves 3-products, 115
prime cone
multiplicative, 234
prime cone (ordering) of ring, 2
prime ideal
of a semigroup, 3



prime subsemigroup, 3
proconstructible, 7
proper
multiplicative subset of ring, 86
subsemigroup of RS, 86
pure embedding, 154, 191

QRSG, 20
quasi reduced special group, 20
quasi-compact, 7
quasi-RSG, 20
quotient
of real semigroup, 58

real semigroup (RS), 19
axiom [RS3b], 21
axioms for, 19
character, 30
congruence, 58
homomorphism, 29
language for, 19
localization, 70
Post hull, 134
quotient, 58
reduction axiom, 20
spectral, 169
spectral hull of, 176
strong associativity axiom, 20
weak associativity, 21

real spectrum
objects of, 2
topology of, 2

real spectrum (of ring), 2, 36

reduced special group
quasi, 20

representation, 19
in Boolean algebra, 123
in Post algebra, 123
partial order, 40
transversal, 19

representation partial order, 40

residue space, 81-83

ring
T-semi-ordering

multiplicative, 234
ideal

T-compatible, 54

T-convex, 54

T-radical, 54
lattice-ordered, 198
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multiplicative subset
proper, 86
preorder
total, 236
prime cone of, 2
real spectrum, 2, 36
semi-ordering
multiplicative, 234
semi-real, 2
RS-fan, 206
RS-Post algebra, 126
RS-quotient, 58

saturated
ideal, 30
set, 30, 70
subsemigroup, 30
semi-ordering
multiplicative, 234
semi-real ring, 2
semigroup
real, 19
ternary, 1
Separation Theorem
for ideals of TS, 5
for subsemigroups of TS, 4
for TS, 5
space
spectral, 7
specialization, 7
spectral hull, 176
spectral real semigroup, 169
axioms, 190
spectral space, 7

closed constructible subset of, 173

hereditarily normal, 7, 163
standard generating system, 258
subsemigroup, 3

prime, 3

proper, 86
subsemigroup of RS

transversally saturated (tss)

non-trivial, 77
subspace, 76
support

of prime cone, 2

symmetric difference, 122

T-compatible
ring ideal, 54



T-convex
ring ideal, 54
T-convex hull
of ring ideal, 55
T-radical
of ring ideal, 55
ring ideal, 54
ternary semigroup (TS), 1
character, 3
congruence, 12
homomorphism, 3
language for, 2
Separation Theorem, 5
Theorem
anti-equivalence, 179
duality, 35
idempotency, 176
isomorphism (finite ARS-fans), 261
representation (Post algebras), 121
topological space
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Boolean, 7

completely normal, 48

normal, 9

quasi-compact, 7
topology

constructible, 7

spectral, 7
total preorder, 236
transversal representation, 19
transversally 2-regular

morphism, 112

set of characters, 112
transversally saturated

set, 30

subsemigroup (tss)

non-trivial, 77

tri-semigroup property, 37
TS-congruence, 12
TS-homomorphism, 3

weak associativity, 21



