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SPECTRAL SPACES OF COUNTABLE ABELIAN
LATTICE-ORDERED GROUPS

FRIEDRICH WEHRUNG

ABSTRACT. A compact topological space X is spectral if it is sober and the
compact open subsets of X form a basis of the topology of X, closed under
finite intersections. It is well known that the spectrum of an Abelian ¢-group
with unit — equivalently, of an MV-algebra — is spectral.

Theorem. A topological space X is isomorphic to the spectrum of some
countable Abelian L-group with unit (resp., MV-algebra) iff X is spectral, has
a countable basis of open sets, and for any points x and y in the closure of a
singleton {z}, either x is in the closure of {y} ory is in the closure of {z}.

We establish this result by proving that a countable distributive lattice D
with zero is isomorphic to the lattice of all principal ideals of an Abelian ¢-
group (we say that D is £-representable) iff for all a,b € D there are x,y € D
such that a Vb = aVy = bVz and x Ay = 0. On the other hand, we
construct a non-¢-representable bounded distributive lattice, of cardinality Np,
with an f-representable countable elementary sublattice. In particular, there
is no first-order characterization, of f-representable distributive lattices, in
arbitrary cardinality.

1. INTRODUCTION

1.1. Statement of the problem. A [attice-ordered group, or £-group for short, is
a group G endowed with a translation-invariant lattice ordering. An /-ideal of G
is a convex, normal ¢-subgroup I of G. We say that I is prime if x Ay € I implies
that either x € I or y € I, for all z,y € G. We define the ¢-spectrum of G as the
set Specy G of all prime f-ideals of G, endowed with the topology whose closed sets
are exactly the sets Vy = {P € Spec, G | X C P}, for X C G. Characterizing the

spaces Specy G, for Abelian ¢-groups G, is a long-standing open problem. Although
the work on that problem started more than twenty years ago, the first printed
occurrence of its statement that we are aware of is Mundici [34, Problem 2], where
it is stated in an equivalent form:

“Which topological spaces are homeomorphic to Spec(A) for some
MV-algebra A?”

To explain the connection, the concept of MV-algebra is tailored to describe,
by a finite set of identities, the structure of any interval of the form [0,u] in an
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2 F. WEHRUNG

Abelian ¢-group G, in terms of the binary operation (x,y) — (z + y) A u and
the unary operation x +— u — x. There are natural concepts of ideal, then prime
ideal, and thus also of spectrum (we will say MV-spectrum), in any MV-algebra,
similar to those defined for Abelian ¢-groups. In [33], Mundici constructs a category
equivalence between the category of all Abelian ¢-groups with unit, with unit-
preserving ¢-homomorphisms, and the variety (in the universal algebraic sense) of
all MV-algebras (see also Marra and Mundici [29, 30]). Under that equivalence, the
various concepts of ideal, prime ideal, and spectrum correspond, so the question
about Abelian /-groups with order-unit is equivalent to the one about MV-algebras.

1.2. Completely normal spectral spaces. The constructions, of the spectrum
of an Abelian ¢-group and the spectrum of an MV-algebra, are both particular
cases of the following one. The spectrum of a distributive lattice D with zero can
be defined in a similar way as the f-spectrum of an Abelian f-group. A lower
subset I, in a distributive lattice D with zero, is an ideal if it is closed under finite
joins (in particular, 0 € I). Further, we say that I is prime if x Ay € I implies that
either x € I or y € I, for all x,y € D. This enables us to define the spectrum of D,
and it is well known, since Stone [39], that spectra of bounded distributive lattices
are exactly the so-called spectral spaces (cf. Definition 4.1). They are also the same
as spectra of commutative, unital rings (cf. Hochster [24]). Moreveor, it turns out
that the f-spectrum of an Abelian ¢-group G is homeomorphic to the spectrum of
the lattice Id. G of all principal ¢-ideals of G (see Section 4 for details).

Does every spectral space appear as the f-spectrum of an Abelian /-group? The
answer has been known for a long time to be negative, and can be conveniently
stated in terms of the specialization order. In any topological space X, let x < y
hold if y belongs to the closure of z, for all z,y € X. The binary relation < is a
preorder on X, called the specialization (pre)order on X. It is antisymmetric iff X
is T, which holds, in particular, if X is spectral.

A spectral space X is completely normal® if every principal filter of X is a chain,
for every p € X (cf. Definition 4.3); that is, the specialization order is a root system.
Not every spectral space is completely normal, but the /-spectrum of any Abelian /-
group is completely normal. And then it turns out that completely normal spectral
spaces also appear in the different context of real spectra: The real spectrum of
any commutative, unital ring is a completely normal spectral space (cf. Coste and
Roy [12], Dickmann [16]).

If we let go of the topology for a while, Cignoli and Torrens [11] characterized
all posets (i.e., partially ordered sets) isomorphic to the specialization order on the
MV-spectrum of some MV-algebra. An analogue result is proved in Dickmann,
Gluschankof, and Lucas [17] about real spectra. It is noteworthy that both results
represent the same class of root systems, called spectral root systems.

Is every completely normal spectral space an ¢-spectrum? Delzell and Madden
[14, Theorem 2| construct a completely normal spectral space, whose specialization
order is a root system, which is not isomorphic to any MV-spectrum. However,
that example is not second countable (i.e., its topology has no countable basis of
open sets). The spectral space from Example 5.5, in the present paper, is similar,
although not homeomorphic.

1n some references, a topological space X is completely normal if every subspace of X is
normal. This definition is (strictly) stronger than ours, see Example 4.5.
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How about the countable case? Trying to represent a second countable, com-
pletely normal spectral space X, a basic idea would be to express X as an in-
verse limit, for a suitable concept of morphism, of finite completely normal spectral
spaces, then lift the arrows between individual building blocks, and then construct
a direct limit (of Abelian ¢-groups). Finite completely normal spectral spaces arise
from finite root systems, and it has been known for a long time that those can
be lifted by lexicographical powers of, say, the integers (see, for example, Bigard,
Keimel, and Wolfenstein [5, Section 5.4]). However, such a plan would rely on the
hope that our spectral space X be profinite. And Di Nola and Grigolia [15] found
an example showing that this is not always the case; so we need to look elsewhere.

In a different direction, Iberkleid, Martinez, and McGovern proved in [26, Theo-
rem 3.1.1] that Every completely normal distributive lattice D with zero, such that
for all a,b € D there exists a smallest x € D with a < bV x, is {-representable.

1.3. Reduction to a problem about distributive lattices. Any spectral space
is determined, up to homeomorphism, by its (distributive) lattice of compact open
subsets, and every distributive lattice with zero appears that way (Stone [39]; see
Proposition 4.2). It follows that the problem, of characterizing ¢-spectra of Abelian
{-groups, is equivalent to characterizing the distributive lattices with zero isomor-
phic to Id. G for some Abelian ¢-group G (cf. Lemma 4.7) — we shall call such
lattices £-representable. It follows that the question, of characterizing second count-
able (-spectra, is equivalent to the following one:

Which countable distributive lattices are £-representable?

Every f-representable distributive lattice D satisfies a lattice-theoretical version
of complete normality, which is equivalent to saying that for all a,b € D there
are x,y € D such that aVb=aVy=2Vband 2 Ay =0 (Definition 4.3), and
also to saying that the spectrum (of our distributive lattice) is completely normal
(cf. Proposition 4.4). Completely normal lattices are studied in depth (under the
name “relatively normal lattices”) in Snodgrass and Tsinakis [37, 38]. Delzell and
Madden’s aforecited example shows that there are uncountable, non-f-representable
completely normal bounded distributive lattices.
Our main result is the following;:

Theorem 11.1. FEvery countable, completely normal distributive lattice with zero
is (-representable.

As immediate corollaries of Theorem 11.1, we mention the following;:

(1) (Corollary 11.2) A second countable spectral space is an (-spectrum iff it is
completely normal;

(2) (Corollary 11.3) For any countable £-group G, there is a countable Abelian (-
group A such that the lattices of convex £-subgroups of G and A are isomorphic;

(3) (Corollary 11.4) Every second countable real spectrum is homeomorphic to some
{-spectrum.

1.4. Overview of the paper. In Section 2, we review the basic facts required
in the proof of Theorem 11.1, mostly about distributive lattices, Heyting algebras,
and topological vector spaces. In Section 3, we do the same for Abelian ¢-groups,
in particular recalling the classical description of free Abelian /-groups and their /-
ideals, arising from the Baker-Beynon duality. In Section 4 we present an overview
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of (generalized) spectral spaces. This enables us to reduce our problems, on ¢-
spectra, to problems on distributive lattices with zero (Lemma 4.7).
Section 5 contains a few non-¢-representability results, mainly

(1) (Proposition 5.3) The class of all {-representable distributive lattices is not
closed under infinite products;

(2) (Example 5.5) There is a non-(-representable bounded distributive lattice D, ,
of cardinality Xy, with an ¢-representable countable elementary sublattice D,,.

Section 6 introduces the crucial lattice-theoretical concepts of consonence, de-
fined as a local version of complete normality, and of a difference operation. The
latter concept, inspired by the dimension monoid construct of Wehrung [40], is de-
signed to approximate the above-mentioned property, not valid in all completely
normal distributive lattices, that for all a, b there is a smallest z such that a < bV .

Section 7 introduces the main lattice-theoretical extension results required in
our proof of Theorem 11.1, most notably the rather technical Lemma 7.3. Those
extension results can be roughly described as follows. We are given a finite distribu-
tive lattice E/, a bounded sublattice — in fact a Heyting subalgebra — D of F, a
completely normal distributive lattice L with zero, and a 0-lattice homomorphism
f: D — L. We find convenient sufficient conditions for the existence of an exten-
sion of f to a homomorphism from E to L. In Lemma 7.3, those conditions are
stated in terms of consonence of f and the join-irreducible elements of D.

Section 8 introduces the finite distributive lattices coming in replacement for the
missing “completely normal finite building blocks” whose non-existence is proved in
Di Nola and Grigolia [15] (cf. Section 1.2). Our building blocks, typically denoted
by Op(H), are generated by the open half-spaces associated with finitely many
closed hyperplanes in a topological vector space E. They are finite Heyting subal-
gebras of the lattice of all open subsets of E. They are not, in general, completely
normal.

The join-irreducible members of Op(H) are further investigated in Section 9.
An important observation is that Every join-irreducible member P of Op(H) is
convex, and if P, denotes the lower cover of P, then P\ Py is convex. This enables
us to reach, in Lemma 9.4, a specialization, to lattices of the form Op(H), of the
homomorphism extension property established in Lemma 7.3. Further homomor-
phism extension lemmas, on lattices Op(H), are deduced in Section 10.

All those results are put together in Section 11, where we state our main
theorem (Theorem 11.1) and a few corollaries. In Section 12, we discuss a few
related results and open problems.

2. BASIC CONCEPTS, NOTATION, TERMINOLOGY

2.1. General. We set [n] = {1,2,...,n}, for every natural number n. Also, w =

{0,1,2,...} is the first limit ordinal, and w; is the first uncountable ordinal.
Throughout the paper, “countable” means “at most countable”.
In any commutative monoid, let x < y hold if there is z such that x +y = y, and
let = oc y hold if z < ny for some positive integer n. We set GT = {reG|0<x},
€
for every partially ordered group G (denoted additively).
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2.2. Posets and lattices. A standard reference for lattice theory is Grétzer [22].
For any subsets X and Y in a poset P, we set

XY ={zeX|(@EyeY)@<y)}
X1Y ={zeX|@yeY)@=y)}

and we write X | a, X 1 a instead of X | {a}, X 1 {a}, respectively, if there is no
ambiguity on the ambient poset. We also write | X and 17X instead of P | X and
P 1 X, respectively, if there is no ambiguity on P. We say that X is

— a lower subset (resp., upper subset) of P if X = X (resp., X =1X);
— a coinitial subset of P if P =1X.

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

A poset P is a root system if P T p is a chain for every p € P; that is, for all
p,x,y € P, if p <z and p <y, then either x <y or y < z.

For any maps f and g from a set X to a poset P, we set

[f =gl ={reX|f(z)<g(2)},

and we define similarly [f > g], [f = ], [f < g], [f > 4], [f # 9]-
We will often denote by 0 (resp., 1) the smallest (resp., largest) element in a lat-

tice L. For lattices K and L with zero (i.e., least element), a lattice homomorphism
f+ K — Lis a 0-lattice homomorphism if f(0x) = 0. We define similarly 1-lattice
homomorphisms and 0, 1-lattice homomorphisms. We denote by Ji L (resp., Mi L)
the set of all join-irreducible (resp., meet-irreducible) elements in L.

Lemma 2.1 (folklore). Let D be a finite distributive lattice. Then every join-irre-
ducible element p of D is join-prime, that is, it is nonzero and p < x V y implies
that p < x orp <y, for all x,y € D. Moreover, the subset {x € D | p £ x} has a
largest element pt. The assignment p — p' defines an order-isomorphism from Ji D
onto Mi D.

We say that a (necessarily distributive) lattice D is a Heyting algebra (cf. John-
stone [27]) if for all a,b € D, there is a largest € D such that a A z < b, then
denoted by a — b (or a —p b if D needs to be specified) and called the Heyting
residue of a by b. The operation — is then called the Heyting implication on D.

For a distributive lattice D, we set

a@bd:f{xED|a§b\/x}, forall a,be D. (2.1)

Hence, D is a dual Heyting algebra iff a © b has a smallest element, whenever
a,b € D. We say that D has countably based differences if a © b has a countable
coinitial subset, whenever a,b € D.

A lattice L is complete if every subset of L has a join (equivalently, every subset
of L has a meet). An element a of L is compact if for every X C L, if a < \/ X,
then a < \/Y for some finite subset Y of X. A complete lattice L is algebraic if
every element of L is a join of compact elements. A lattice is algebraic iff it is
isomorphic to the ideal lattice of its (V, 0)-semilattice of compact elements.
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2.3. Topological spaces, vector spaces. For a topological space X, we denote
by int(Z) (resp., cl(Z)) the interior (resp., the closure) of any subset Z of X. The
lattice O(X) of all open subsets of X is a complete Heyting algebra (cf. Section 2.2),
with Heyting implication given by

(U —V)=int(CU)UV), forall U,V e O(X).

For any subset X in a real vector space E, we denote by conv(X) the convex hull
of X, and by cone(X) the convex cone generated by X; so cone(X) = R -conv(X).

The following is a well known consequence of the Hahn-Banach Theorem, usually
known as Farkas’ Lemma (see, for example, De Loera, Hemmecke, and Koppe [13,
Section 1.2]). While this lemma is usually stated in the finite-dimensional case, the
general case can easily be reduced to the finite-dimensional one by working in E/F,
where F = ker(c) N[N, ker(b;).

Lemma 2.2. Let E be a real vector space, let n be a nonnegative integer, and
let by, ..., by, c be linear functionals on E. Then (\;_,[b; >0] C [c>0] uf
c € cone({b1,...,bn}).

We also record two elementary lemmas, which will be useful in the sequel.

Lemma 2.3. Let A and F be convex subsets in a real topological vector space E,
with F closed and F Nint(A) # @. Then cl(F N A) = FNcl(A).

Proof. Fixu € FNint(A), and let p € FNcl(A). Since F is convex, (1-=X)p+Au € F
for each A € [0,1]. Moreover, since u € int(A), p € cl(A), and A is convex,
(1 = X)p + Au belongs to A, thus to F'N A, for each A € (0,1]. Since (1 — N)p+ Au
converges to p, as A goes to 0 and A > 0, it follows that p € cl(F N A). We have
thus proved that F' Necl(A) C cl(F N A). The converse containment is trivial. [

Lemma 2.4. Let F be the union of finitely many closed subspaces in a real topolog-
ical vector space E and let Q) be a convex subset of E. Then either @ C F or QN F
is nowhere dense in Q.

Proof. We first deal with the case where F' is a closed subspace of E. Suppose
that @ N F' is not nowhere dense in (). Since F is a closed subspace of E, Q N F is
also relatively closed in @, thus the relative interior U of @ N F' in @ is nonempty.
Fix u € U and let ¢ € Q. Since @Q is convex, (1 — Au+ Aq € @ for every A € [0, 1].
Since U is a relative neighborhood of u in @, it follows that (1 — A\)u + Agq belongs
to U, thus to F, for some A € (0,1]. Since {u, (1 — Nu+ A¢} C F with A > 0, it
follows that q € F', therefore completing the proof that Q C F'.

Now in the general case, F = |J"_; F;, where each Fj is a closed subspace of E. If
Q € F, then QQ € F;, thus, by the paragraph above, @ N F; is nowhere dense in @,
for all i € [n]. Therefore, @ N F = J!"_,(Q N F;) is also nowhere dense in Q. O

3. ABELIAN LATTICE-ORDERED GROUPS

In this section we will survey some well known facts about ¢-groups, the func-
tor Id., from Abelian ¢-groups to distributive lattices with zero, and the Baker-
Beynon duality. A key point is that for a f~-homomorphism f: A — B of Abelian
{-groups, the map Id. f: Id. A — Id. B is a special kind of 0-lattice homomorphism,
which we call a closed map (cf. Lemma 3.2).

Our basic reference on ¢-groups will be Bigard, Keimel, and Wolfenstein [5].
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In any ¢-group G, we set o™ = V0, z~ = (—x)VO0, and |z| = xV(—z). We de-
€ def
note by Id G the lattice of all f-ideals of an Abelian ¢-group G, and by Id. G the lat-
tice of all finitely generated ¢-ideals of G. Denoting by (a1, ..., a,) (or (a1, ...,an)¢
in case G needs to be specified) the (-ideal generated by {ai,...,a,}, Id. G con-
sists of all the ¢-ideals of the form (aq,...,a,). Setting a = Y1 lag|, observe that
e

(ay,...,an) = {a) = {z € G| |z| < a}. In particular, Id. G = {{(a) | a € GT}. Due
to the elementary properties of /-groups, the join and meet operation on Id. G are
given by

(ZyV{yy=(xVy) =(x+y), (@nNy =(&Ay), for all z,y € GT. (3.1)

In particular, Id. G is a distributive lattice with zero.
The following lemma is well known, see, for example, Bigard, Keimel, and
Wolfenstein [5, Section 2.3].

Lemma 3.1. The following statements hold, for every Abelian ¢-group G:
(1) For every l-ideal I of G, the set I = {{z) |z € INGT} is an ideal of 1d. G.

Furthermore, the assignment (x); — {(x)q defines an isomorphism from Id. I
onto I.

(2) For every ideal I of Id. G, the set I = {r € G| (x) € I} is an L-ideal of G.

(3) The assignements I — I and I — 1, in (1) and (2) above, are mutually inverse.

For an ¢-homomorphism f: G — H between Abelian ¢-groups, it follows easily
from (3.1) that the map Id. f: Id. G — Id. H, (x) — (f(z)) is well defined, and is
a 0-lattice homomorphism. This defines a functor Id., from Abelian ¢-groups with
{-homomorphisms, to distributive 0-lattices with O-lattice homomorphisms. This
functor preserves direct limits and finite direct products.

A map f separates zero if £71 {0} = {0}.

Lemma 3.2. Let A and B be Abelian (-groups and let f: A — B be an (-
homomorphism. Then the map f = Id. f has the following properties:
€

(1) f is a 0-lattice homomorphism.

(2) Let ag,a1 € Idc A and let b € 1d. B. If f(ao
a € Id. A such that ay C a1 V a and f(a)
closed.

(3) f separates zero iff it is one-to-one, iff f is one-to-one.

C f(a1) Vb, then there exists
b.

)
- We say that the map f is

The terminology closed maps, in Lemma 3.2(2) above, is borrowed from Iberkleid,
Martinez, and McGovern [26].

Proof. Ad (1). This follows immediately from (3.1).

Ad (2). Let ag,a; € AT and b € BT such that each a; = (a;)4 and b =
(b)p. Then the assumption f(ag) C f(a1) V b means that there exists a positive
integer n such that f(ag) < n(f(a1)+ b), which, since b > 0, is equivalent to
(f(ao) —nf(a1))* < nb, that is, since f is an -homomorphism, f((ap —nay)*) <
nb. Therefore, setting a = {(ap —na1)*)a, we get ap C a1 Va and f(a) Cb.

Ad (3). Suppose first that f is one-to-one and let ag,a; € Id. A such that

f(ap) C f(a1). Write a; = (a;)a, where a; € AT. There exists a positive integer n
such that f(ag) < nf(a1), thatis, f((ao —nai)™) = 0. Since f is one-to-one, this is
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equivalent to (ag —na1)™ = 0, that is, ag < nay; whence ag C ap, thus completing
the proof that f is one-to-one.

It is trivial that if f is one-to-one, then it separates zero.

Suppose, finally, that f separates zero. For every a € A, if f(a) = 0, then
f({a)a) = (f(a))p = 0, thus, since f separates zero, (a)4 = 0, that is, a = 0.
Since f is a group homomorphism, it follows that f is one-to-one. O

This motivates the following definition.

Definition 3.3. A distributive lattice with zero is £-representable if it is isomorphic
to Id. G for some Abelian f-group G. More generally, say that a diagram 5, of
distributive lattices with zero and 0-lattice homomorphisms, is /-representable, if it
is isomorphic to Id. G for a diagram G, of Abelian {-groups and ¢-homomorphisms.

Example 3.4. Using Lemma 3.2(2), it is easy to construct an example of a 0-
sublattice A of a finite distributive lattice B, both f-representable, such that the
inclusion map from A into B is not {-representable: just define B as the square 22,
and A as any of the two 3-element chains in B.

Another example, this time using Lemma 3.2(3), of a non-f-representable 0-
lattice homomorphism between finite f-representable distributive lattices, is the
following: denote by 2 the two-element chain and by 3 the three-element chain.
Then the unique zero-separating map f: 3 — 2 is a surjective 0-lattice homomor-
phism. Since f is zero-separating but not one-to-one, it is not ¢-representable.

Lemma 3.5. Let G be an Abelian {-group, let S be a distributive lattice with zero,
and let p: Ide G — S be a closed surjective (V,0)-homomorphism. Then I =

def

{z € G| o({z)) =0} is an L-ideal of G, and there is a unique order-isomorphism
v Ide(G/I) — S such that Y((xz/I)) = o((x)) for every x € GT. In particular, S

is a lattice and ) is a lattice isomorphism.

Proof. 1t is straightforward to verify that I is an f-ideal of G and that there is
a unique map ¥: Id.(G/I) — S such that ¥ ({(z/I)) = o({z)) for every x € GT.
Since ¢ is a surjective (V, 0)-homomorphism, so is 1. It remains to verify that v is
an order-embedding.

Let z,y € G such that ¢((z/I)) < ¢ ((y/I)). This means that p({z)) < o((y)),
thus, since ¢ is a closed map, there exists z € Id. G such that (z) C (y) V z and
©(z) = 0. Writing z = (2), for z € G, this means that z € I and < ny + nz for
some positive integer n. Therefore, z/I < n(y/I), so (x/I) C (y/I). O

It is well known that every free Abelian ¢-group is a subdirect power of Z, thus,
a fortiori, of R; this result originates in Henriksen and Isbell [23], Weinberg [43].
For a set I, denote by RU) the set of all families 2 = (x; | i € I) of real numbers,
such that the support of x, defined as supp(x) = {i € I| x; # 0}, is finite.

Proposition 3.6. Let I be a set and denote by Fo(I) the £-subgroup ofRR(I) gener-
ated by the canonical projections p;: R — R, fori € I. Then (Fg([), (pi]ice I))
is the free Abelian (-group on I.

Note. Proposition 3.6 is usually stated with Z’, or R’, instead of R(). The result
of Proposition 3.6 is not affected by that change.
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The description of free Abelian ¢-groups, given by Proposition 3.6, yields a con-
venient description of the ¢-ideals of such /-groups. This description is contained in
the Baker-Beynon duality, see Baker [1], Beynon [3, 4]. The following consequence,
of that duality, involves the description of Fy(I) given in Proposition 3.6.

Proposition 3.7. Let I be a set, and denote by Lat(I) the sublattice, of the pow-
erset lattice of RU) | generated by all sets [f > 0], where f is a linear combination,

with integer coefficients, of the projections p;: RY) — R. Then there is a unique
isomorphism v: 1d. Fo(I) — Lat(I) such that o({f)) = [f # 0] whenever f € Fo(I).

Note. The empty set @ = [0 > 0] belongs to Lat(I), which is thus a 0-sublattice
of the powerset lattice of RY). On the other hand, for every linear combination f
of the projections, the subset [f > 0] omits the origin of RO Tt follows that R
does not belong to Lat(I), which is thus not a 1-sublattice of the powerset of R().

4. COMPLETELY NORMAL SPACES, SPECTRAL SPACES

In this section we shall survey some basic facts and examples about completely
normal spaces and (generalized) spectral spaces. We will also reduce the MV-
spectrum problem to a lattice-theoretical problem (cf. Lemma 4.7). Recall that O(X)
denotes the lattice of all open subsets in a topological space X. Moreover, we shall
denote by K(X) the set of all compact open subsets of X (i.e., the compact members
of the lattice O(X), see Section 2.2).

Definition 4.1. A topological space X is

— Ty if for any distinct points x,y € X, there is an open subset of X con-
taining one element of {z,y} and not the other;

— sober if every join-irreducible member, of the lattice of all closed subsets
of X, is the closure of a unique singleton;

— generalized spectral if it is sober, K(X) is a basis for the topology of X,
and the intersection of any two compact open subsets of X is compact;

— spectral if it is both generalized spectral and compact.

The specialization order on a Ty space X is defined by letting = < y hold if y
belongs to the closure of {z}, for all z,y € X.

In particular, the uniqueness part, in the definition of sobriety stated above,
ensures that every sober space is Ty (not all references assume this). The statement,
that K(X) is a basis for the topology of X, is equivalent to O(X) be an algebraic
lattice (cf. Section 2.2 for terminology).

All generalized spectral spaces arise from distributive lattices with zero, as fol-
lows (see Johnstone [27, Section II.3] for more details). The spectrum of a dis-
tributive lattice D with zero, denoted by Spec D, is the set of all prime ideals

of D, endowed with the topology whose open sets are exactly the subsets x =
€

{P€SpecD | X ¢ P}, for X C D. Denoting by (X) the ideal of D generated
by X, it is obvious that 2x = Qx). Moreover, it follows from Stone’s representa-
tion Theorem, for distributive lattices, that every ideal I of D is the intersection
of all prime ideals containing it; whence 2; characterizes I. The compact open
subsets of Spec D are exactly the €.y, for a € D; and the assignment a — .y
defines an order-isomorphism. In particular, D 2 X(Spec D). For prime ideals P
and Q of D, P < @ (for the specialization order) iff P C Q.



10 F. WEHRUNG

Proposition 4.2. A topological space X is generalized spectral (resp., spectral) iff
it is homeomorphic to the spectrum of a distributive lattice D with zero (resp., a
bounded distributive lattice). In such a case, D = K(X).

The £-spectrum, Specy G, of an Abelian ¢-group G can be defined the same way
as the spectrum of a distributive lattice with zero. Namely, Specy G consists of
all prime (-ideals of G, and its closed sets are the V; = {P € Spec;G | I C P},

for l-ideals I of G. Hence, by Lemma 3.1, the ¢-spectrum of the /-group G is
homeomorphic to the spectrum of the distributive lattice Id. G. By Proposition 4.2,
this reduces the description of ¢-spectra of Abelian /-groups to the one of ¢-repre-
sentable distributive lattices with zero.

Similarly, MV-spectra of MV-algebras are, via Mundici’s equivalence [33], the
same as f(-spectra of Abelian ¢-groups with unit (cf. Cignoli and Torrens [11,
Corollary 1.3]). If G is an Abelian ¢-group with unit w«, then the ¢-spectrum of G
is naturally isomorphic to the MV-spectrum of the MV-algebra [0, u].

Definition 4.3.

(1) A distributive lattice D with zero is completely normal if for all a,b € D, there
exist x,y € D such that a < bV, b<aVy,and z Ay =0.

(2) A generalized spectral space X is completely normal if the specialization order
on X is a root system.

The reader should be warned that the literature contains several non-equivalent
definitions of (complete) normality, as well for lattices as for topological spaces:

— While our choice of terminology in Definition 4.3(1) is consistent with
Johnstone [27], Cignoli [9] would rather call such lattices “dually com-
pletely normal”; and Snodgrass and Tsinakis [37, 38] would call them
“relatively normal”.

— Complete normality, of a topological space X, is sometimes defined by
stating that every subspace of X — or, equivalently, every open subspace
of X — is normal (cf. Munkres [35, Exercise IV.32.6]). Equivalently, the
lattice O(X), of all open subsets of X, is completely normal in the sense of
Definition 4.3(1). By the following Proposition 4.4, this implies complete
normality as stated in Definition 4.3(2). However, as witnessed by the
following Example 4.5, the converse implication does not hold, even for
spectral spaces; that is, the two concepts of complete normality are not
equivalent.

The following result is a restatement of Monteiro [32, Théoreme V.3.1], see also
Cignoli [9, Proposition 1.9]. We include a proof for convenience.

Proposition 4.4. A generalized spectral space X is completely normal, in the sense
of Definition 4.3(1), iff its lattice K(X), of all compact open subsets, is completely
normal.

Proof. By Proposition 4.2, it suffices to prove that a distributive lattice D with
zero is completely normal iff Spec D is a completely normal topological space (in
the sense of Definition 4.3). Suppose first that D is completely normal and let P,
@, R be prime ideals of D such that P is contained in both @ and R, and @ and R
are incomparable. Pick a € Q\ R and b € R\ ). By assumption, there are z,y € D
such that a <bVa,b<aVy,and z Ay = 0. Necessarily, ¢ R and y ¢ Q, thus
x,y ¢ P, in contradiction with 2 A y = 0 together with the primeness of P.
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Suppose, conversely, that Spec D is completely normal and let a,b € D. We must
prove that 0 belongs to the filter C = tHeny| (z,y) € (@aob) x (bea)} (cf. (2.1)
e

for notation). Suppose otherwise. By a well known theorem of Stone (cf. Gréatzer
[22, Theorem 115]), there is a prime ideal P of D such that C' N P = @. We claim
that taN(PV.1b) = @ (where PV b denotes the join of P and |b in the ideal lattice
of D). Otherwise, there is x € P such that a < bV x; that is, x € a © b, thus z € C,
and thus z ¢ P, a contradiction. This proves our claim. By the above-mentioned
Stone’s Theorem, there is a prime ideal @ such that PV |b C Q and Q N Ta = O;
that is, P C @, b € @, and a ¢ Q. Likewise, there is a prime ideal R such that
PCR,a€ R,and b ¢ R. In particular, @ and R are incomparable, and they both
contain P, which contradicts our assumption. O

Example 4.5. A second countable spectral space X satisfying the following condi-
tions:

(1) The lattice X(X) is a self-dual Heyting algebra.
(2) The lattice K(X) is completely normal.
(3) The lattice O(X) is not completely normal.

Proof. Consider the finite chain 3 = {0,1,2}. The set D, of all eventually constant
€

sequences of elements of 3, is a countable, bounded sublattice of 3. Since 3 is a
completely normal, self-dual Heyting algebra, so is D.

We claim that the ideal lattice Id D of D is not completely normal. Write the
elements of D in the form (1-X)U (2-Y), for disjoint subsets X and Y of w, each
of them either finite or cofinite. Recalling the usual convention n = {0,...,n — 1},
we set

ap, = 2-nand b, = 1-(w\n), forallnew.
def def

Moreover, denote by a the ideal of D generated by {a, | n € w}. Suppose that
there are ideals u, v of D such that Jbg C aVwv, a C [bgVu, and uNv = {0}. The
first condition implies that b,, € v for some m € w. The second condition implies
that a,, € u for all n. In particular, a,,+1 € u, thus the element 1-{m} = ay,41Aby,
belongs to u N v, a contradiction.

By Proposition 4.2, the spectrum X of D is a spectral space with D = K(X);
hence the lattice K(X) is completely normal. On the other hand, O(X) is isomor-
phic to the ideal lattice of K(X), thus to the ideal lattice of D. By the above, this
lattice is not completely normal. O

As already mentioned in Section 1.2, the ¢-spectrum of any Abelian /-group is
completely normal (see, for example, Bigard, Keimel, and Wolfenstein [5, Propo-
sition 10.1.11]). It is worthwhile to pinpoint the lattice-theoretical content of that
result.

Lemma 4.6. Let G be an Abelian £-group. Then Id. G is completely normal.

Proof. Let a,b € Id.G. There are a,b € G* such that a = (a) and b = (b).

Set x = (a—(aAb)) and y = (b—(anb)). Thena CbVa, b aVy, and
€ €

x Ny ={0}. O

Lemma 4.7. A topological space X is homeomorphic to the {(-spectrum of an

Abelian L-group iff it is generalized spectral and the lattice K(X) is L-representable.
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Proof. For every Abelian ¢-group G, the f-spectrum X of G is isomorphic to the
spectrum of the distributive lattice Id. G, thus it is generalized spectral (cf. Propo-
sition 4.2). Moreover, the lattice K(X) = Id. G is {-representable.

Let, conversely, X be a generalized spectral space and let G be an Abelian
¢-group such that K(X) = Id.G. Then O(X) is isomorphic to the ideal lattice
of K(X), which is isomorphic to the ideal lattice of Id. G, which is isomorphic to
the ideal lattice of G (cf. Lemma 3.1), which is isomorphic to O(Spec, G). Since X
and Specy G are both sober spaces, it follows (cf. Johnstone [27, Section II.1]) that
X = Spec, G. (|

5. NON-/-REPRESENTABILITY RESULTS

In this section we shall show that the class of /-representable distributive lattices
is neither first-order, nor closed under infinite products. Recall that lattices with
countably based differences are introduced in Section 2.2. The following result is
a restatement, in terms of lattices of principal ¢-ideals, of Cignoli, Gluschankof,
and Lucas [10, Theorem 2.2]; see also Iberkleid, Martinez, and McGovern [26,
Proposition 4.1.2]. We include a proof for convenience.

Lemma 5.1. Let G be a Abelian (-group. Then the lattice Id. G has countably
based differences.

Proof. Let a,b € 1d. G, and pick a,b € GT such that @ = (a) and b = (b). Set

e = ((a —nb)T), for every nonnegative integer n. From a < nb+ (a — nb)™ it
e

follows that @ < bV e,. Let © € Id.G such that a < bV x. Let z € GT such
that @ = (z). There exists a nonnegative integer n such that a < nb + nz. Since
x € GT, it follows that (a — nb)* < nx; whence ¢, < x. O

Example 5.2. A countable Abelian (-group G, with order-unit, such that Id. G is
not a dual Heyting algebra.

Proof. Let G consist of all maps 2: w — Z such that there are (necessarily unique)
a,fB € Z such that z(n) = an + S for all large enough n. Then G, ordered
componentwise, is an ¢-subgroup of Z“. The constant function a, with value 1, and
the identity function b on w both belong to G*, a + b is an order-unit of G, and
there is no least & € Id. G such that (b) C (a) V x. O

It is easy to see that the class of all f-representable distributive lattices is closed
under finite direct products. We shall now show that this observation does not
extend to infinite products.

Proposition 5.3. Let D be a distributive lattice with zero. If D is not a dual
Heyting algebra, then D¥ is not £-representable.

Proof. Denote by €: D — D the diagonal embedding and suppose that D% is
{-representable. Since D is isomorphic to an ideal of D“| it is also f-representable,
thus, by Lemma 5.1, D has countably based differences. On the other hand, since D
is not a dual Heyting algebra, there are a,b € D such that the set a©b (cf. (2.1)) has
no least element. Hence, the set a © b has a strictly descending coinitial sequence
(cn | n € w).

Now by Lemma 5.1, D) has countably based differences. In particular, the
set £(a) © €(b) has a countable descending coinitial sequence (e, | n € w). For all
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n,k € w, a <bVe,(k), thus there exists f(n,k) € w such that cpi, 1) < en(k).
Set x = (¢fnny41 | n €w). Since e(a) < e(b) V @, there exists n € w such that

e, < x. It follows that cy(, n) < en(n) < ®(n) = Cf(nn)41, @ contradiction. O
By taking D = Id. G, for the ¢-group of Example 5.2, we obtain immediately
the following.

Corollary 5.4. The class of all {-representable bounded distributive lattices is not
closed under infinite products.

The following example shows, in particular, that there is no first-order theory
whose class of models is the one of all /-representable bounded distributive lattices.

Example 5.5. A non-l-representable bounded distributive lattice D, , of cardinal-
ity Ny, with a countable (-representable elementary sublattice.

Proof. Consider the finite chain 3 = {0,1,2}. For every infinite set I, we denote
by Bj the set of all subsets of I that are either finite or cofinite. The set Dy, of
all pairs (X, z) € By x 3 such that = 0 iff X is finite, is a sublattice of B; x 3.

Claim 1. Let I be countably infinite. Then Dy is {-representable.

Proof of Claim. While Claim 1 follows from our main theorem (viz., Theorem 11.1),
it is easy to give an explicit representation, which we shall do now. Since D; = D,
it suffices to prove that D, is {-representable. Consider the Abelian ¢-group G of
Example 5.2. Let z € G*. By the definition of G, there are integers o and 3 such
that x(n) = an + B for all large enough n. We set

(supp(z),0), ifa=p=0,
p(x) = (supp(x),1), ifa=0and >0,
€
(supp(x),2), ifa>0.

It is straightforward to verify that = o y iff p(z) < p(y), for all z,y € GT. Fur-
thermore, the range of p is equal to D, thus p induces an isomorphism from Id. G
onto D,. J Claim 1.

Claim 2. The lattice D,,, does not have countably based differences. In particular,
it is not £-representable.

Proof of Claim. The elements a = (w1,1) and b = (w1,2) both belong to D, .

Furthermore, the set b & a = {(X,2) | X C w; cofinite} has no countable coinitial
subset. The second part of our claim follows from Lemma 5.1. O Claim 2.

For infinite subsets I and .J of wy with I C J, we set

J (X, 2), if X is finite,
(X,2) =

X f X,x) € Dy.
eI . (X U (J\ 1), (E) , if X is cofinite, or every (X, z) !

Then 5{ is a 0, 1-lattice embedding from D; into D, and the 5{ form a direct
system of bounded distributive lattices and 0, 1-lattice embeddings, with
ey [Dy] = U (5?1 [De] |w<E< /\) , for every limit ordinal A < w; .

By the Lowenheim-Skolem Theorem (cf. Chang and Keisler [8]), the set C, of all
limit ordinals A < w; such that €'[D,] is an elementary sublattice of D,,,, is a
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closed unbounded subset of w;. Pick A € C. Then D) is isomorphic to £{*[D}],
which is an elementary sublattice of D, . t

Note. Denote by Z the completely normal spectral space constructed by Delzell and
Madden in [14, Theorem 2]. Although there is an obvious 0, 1-lattice embedding
from D, into K(Z), it is not hard to see that the two lattices are not isomorphic.
Hence, Z is not homeomorphic to the spectrum of D,,, .

See also Problem 1 in Section 12.

6. CONSONENCE AND DIFFERENCE OPERATIONS

The proof of our main theorem (Theorem 11.1) will make an extensive use of the
following concept of consonence, which is a local version of complete normality.

Definition 6.1. Let A and B be distributive lattices with zero.

e Elements x and y of A are consonent, in notation x ~ y, or x ~4 y if A
needs to be specified, if there are u,v € A such that x <y Vu, y <ax Vo,
and u A v = 0; then following Iberkleid, Martinez, and McGovern [26], we
say that (u,v) is a splitting of (z,y).

e A subset Z of A is consonent in A if x ~4 y for all x,y € Z.

e A map f: A— B is consonent if f[A] is consonent in B.

Observe that the definition of complete normality, as stated in Definition 4.3(1),
says that a distributive lattice D with zero is completely normal iff any two elements
of D are consonent.

Note. In the context of Definition 6.1, if (u,v) is a splitting of (z,y), then so is
(u A z,v Ay). Moreover, for all w < x and v < y, (u,v) is a splitting of (x,y) iff
rVy=xzVv=uVyand uAv=0.

Lemma 6.2. The following statements hold, for every distributive lattice D with
zero and all a,b,c € D:

(1) a~biffb~a.

(2) If either a and b are comparable or a Nb =0, then a ~ b.

(3) Ifa~candb~c, thenaANb~c and aVb~ c.

Proof. (1) is trivial.

Ad (2). If a < b, then (a,0) is a splitting of (a,b). If a Ab =0, then (a,b) is a
splitting of (a, b).

Ad (3). If (z,2) is a splitting of (a,c) and (y,y’) is a splitting of (b, ¢), then
(xVy, 2’ Ay') is a splitting of (aVb, ) and (zAy, 2’ Vy') is a splitting of (aAb,c). O

Definition 6.3. Let L be a lattice and let S be a (V,0)-semilattice. A map
LxL— B, (x,y) = xz~yis an S-valued difference operation on L if the following
statements hold:

(DO) &~ 2 =0, for all z € L.

(D1) e~ z=(z~y)V (y~2), for all ,y,z € L such that z >y > z.

(D2) a~y=(xVy)Ny=x~(xAy), forall z,y € L.

We say, further, that the difference operation \ is normal if the following con-
dition holds:

(D3) (z~y)A(y~x)=0,forall z,y € L.
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Although we will need the following lemma only in case L is distributive, we
found it worth noticing that it holds for arbitrary L.

Lemma 6.4. Let L be a lattice, let S be a (V,0)-semilattice, and let ~. be an S-
valued difference operation on L. Then x ~ z < (x ~y)V (y \ 2), for all x,y,z € S
(triangle inequality). Furthermore, the map (z,y) — x \ y is isotone in x and
antitone in y.

Proof. After some amount of translation, this trivially follows from Wehrung [40,
Proposition 1.9]. We provide a direct proof for the reader’s convenience.

rVy

YAz =z ANyAz

FIGURE 6.1. The sublattice generated by {x,y, 2’}

Set 2’ = A z. The sublattice of L generated by {x,y, 2’} is represented in
€
Figure 6.1, with u = A(yVz') and v = (x Ay) V2. Since
e e

rNz=x\z2 (by (D2))
=(z~u)V(u~v)V(v\2z) (by (D1)),

it suffices to prove that x \ u, u ~\ v, and v \ 2z’ are all below (z \y)V (y \ 2). By
using (D2), (D1), and (D2) again, we obtain

zNu=(@VyN(yVv)<(zVvVyNy=x\y.
By using (D1), (D2), (D1), (D2), we obtain
usv<u~N(zAy)=(@yV)Ny<(zVy Ny=z\y.
By using (D2), the equation y A 2/ = (x Ay) A (y A z), (D2), (D1), (D2), we get
o2 =@AYNYAL)= (@AY NWAz) <yN(Az) =y~ 2z,

thus completing the proof of the triangle inequality.
Now let a1, x2,y € L with 21 < x9. By using (D2) and (DO0), we get

1 Nx2 =x1 N\ (11 Axa) =21 N a1 =0,

thus, by the triangle inequality, 1 Ny < (21 N\ 22) V (2 N\ y) = 22 N y. The proof,
that y1 < ys implies x \ y2 < x \ y1, is similar. O

Lemma 6.5. Let L be a finite lattice, let S be a (V,0)-semilattice, and let ~ be
an S-valued difference operation on L. Then the following statement holds:

a\b:\/(p\p*|p€JiL, p<a,p%b), foralabelL. (6.1)
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Proof. Since neither side of (6.1) is affected by changing the pair (a,b) to (a,a Ab),
we may assume that a > b, and then prove (6.1) by induction on a. The result
is trivial for ¢ = b (use (DO0)). Dealing with the induction step, suppose that
a > b. Pick ¢/ € L such that b < &’ and ' is a lower cover of a. The set
{x € L |z <aand z £ a'} has a minimal element p. Necessarily, p is join-irreduci-
ble and p. < d’, so [p«, p] projects up to [a, a]. By (D2), p~\ p. = a~a’. Moreover,
by the induction hypothesis,

a/\b:\/(q\q*|q€JiL, g<d,qgb).

Using (D1), we get a~ b= (a~a)V(a'~b) >\ (g~g | g€ L, g<a, q£b).
For the converse inequality, for any ¢ € JiL such that ¢ < a and ¢ £ b, observe
that b < qT, thus

g~qe=q~q' (because ¢. = ¢ A ¢' and by (D2))
<axb (use the second statement of Lemma 6.4),
thus completing the proof of the desired inequality. O

Lemma 6.6. Let D be a distributive lattice, let S be a (V,0)-semilattice, let . be
an S-valued difference operation on D. Then for all a1,b1,a2,bs € D, if a1 < biVas
and ay A\ by < by (within D), then ay ~\ by < as \ by (within S).

Proof. Changing each b; to a; Ab; weakens the premise of Lemma 6.6, and, by (D2),

does not affect its conclusion. Hence, we may assume that a; > b;, for i € {1,2}.

Set w1 = a3 Aag, v1 = by ANag, us = uy V by, v2 = vy V by. Then the interval
def def def def

€ €
[b1,a1] projects down to [v1,u1], which projects up to [va,us], which is contained
in [ba, as] (cf. Figure 6.2). Since, by (D2), the difference operation gives the same

az
a1 (5
by U2

V1 b2

FIGURE 6.2. The sublattice of D generated by {a1,b1,a2,b2}
value to projective intervals, it follows that a; ~ b1 = w1 \ v1 = us \ v2. Moreover,
by (D1), ag \ba = (a2~ u2)V (ug \v2)V (va \ba) > ug\va2, 80 ag\by > a;\by. O

The following lemma will be a crucial source of difference operations throughout
the present paper. Although its proof is a straightforward exercise, we present it
nevertheless, due to its importance in the paper.

Lemma 6.7. Let D be a sublattice of a finite distributive lattice S. We set

x\sy(:f/\(se,5’|x§y\/s), for all z,y € D. (6.2)
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Then x ~gy is the least s € S such that x < yV s. Furthermore, the operation ~\ g
is an S-valued difference operation on D, and if D is consonent in S, then \g is a
normal difference operation on D.

Note. In their paper [15], Di Nola and Grigolia call x \g y the pseudo-difference
of x and y.

Proof. Tt follows immediately from the distributivity of S that * < yV (x \gy) for
all x,y € D. Hence, x \ gy is the least s € S such that x <y V s.

Trivially, x \g = is the zero element of S, for every z € D.

Let x,y,z € D with x >y > 2z, set u =TSy and v S UNs e Then for every
s € S, the inequality < z V s implies x < y V s (because z < y) and y < 2V s
(because y < x), that is, u < s and v < s. Hence, u Vv < z \g z. Conversely,
r<yVuand y < zVo, thus x < zVuVo, and thus x ~g z < u V v, hence
completing the proof that z Ngz=uVov=(z~sy)V (y s 2).

Let z,y € D and let s € S. Then z < yVsiff t Vy < yVs; thus x \gy =
(xVy)~gy. Similarly, x <yVsiff x < (xAy)Vs (because S is distributive), thus
rNsy=x~g (zAy).

So far we have proved that \ g is a difference operation on D. Now suppose
that D is consonent in S and let x,y € D. By assumption, x ~g y, thus there are
u,v € S such that t < yVu, y<xVwv, and u Av = 0. Since z ~gy < u and
y~sx < v, it follows that (z ~sy) A (y ~sz) =0. O

Lemma 6.8. The following statements hold, for every finite distributive lattice S

and all elements ay,as2,a,b1,ba,b € S:

(1) (a1 \/ag) s b= (CL1 NS b) V (ag NS b).
(2) a\g (bl A\ bg) = (a NS bl) V (a NS bg).
(3) If a1 ~s as, then (a1 N az) ~gb= (a1 ~gb) A (az ~gb).
(4) If by ~g ba, then a~g (b1 Vba) = (a ~gb1) A (a ~gb2).

Proof. Ad (1). For every s € S,
(a1 Vaz)~sb<s< a3 Vay <bVs
S ap <bVsanday <bVs
Sap~nsgb<sand as~gb<s
< (a1 ~gb)V (a2 \gb) <s.

The desired conclusion follows.
Ad (2). For every s € S,

a~s (b1 Aby) <s<a<(byAb) Vs
Sa<bVsanda<byVs (because S is distributive)
Saxgb <sanda~gby <s
< (a~gb)V(a~gb) <s.

The desired conclusion follows.
Ad (3). We first compute as follows:

a1 ~sb< (a1 ~s (a1 Aa2)) V ((a1 Aaz) ~gb)  (use Lemmas 6.4 and 6.7)
= (a1 ~s a2) V ((a1 A az) \s b) (use (D2)).
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Symmetrically, as ~g b < (a2 ~g a1) V ((a1 Aaz) Ns b). By meeting the two in-
equalities, we obtain, by using the distributivity of S, the following inequality:

(CL1 NS b) AN (ag ~sbh) < ((a1 NS ag) A (CLQ NS al)) \Y2 ((a1 A ag) NS b) .

Now our assumption a; ~g as means that (a; \gaz)A (a2 ~ga1) =0, so we obtain
the following inequality:

(a1 ~sb) A (az g b) < (a1 ANag) ~gb.

The converse inequality is trivial.
Ad (4). We first compute as follows:

a~g b < (a ~s (b1 V bg)) Vv ((b1 Vba) \g bl) (use Lemmas 6.4 and 6.7)
= (a NS (bl vV b2)) \ (bg NS bl) (use (D2))

Symmetrically, a g by < (a ~s (b1 V bg)) V (b1 \sb2). By meeting the two inequal-
ities, we obtain, by using the distributivity of S, the following inequality:

(a NS bl) N (a NS b2) S (a NS (b1 \/bg)) V ((bl NS bg) A\ (b2 NS bl)) .

Now our assumption by ~g b means that (b \g ba) A (b2 \g b1) = 0, so we obtain
the following inequality:

(a~sb1)A(a~gby) <axg (b1 Vbs).

The converse inequality is trivial. (I

Lemma 6.9. Let S be a finite distributive lattice and let ay,asz,b1,b2 € S. If
ay ~g az and a1 A ag < by Aba, then (a1 ~gb1) A (az g b2) = 0.

Proof. Set b = b1 A ba. We compute as follows:
€

(a1 ~gb1) A (a2 ~g b2) < (a1 ~gb) A (a2 ~gb) (because each b; > b)
= (a1 Nag) ~gb (use Lemma 6.8)
0

(by assumption). O

Lemma 6.10. Let D be a consonent sublattice of a finite distributive lattice F,
let S be a finite 0-sublattice of a distributive lattice L with zero, let g: E — L be
a 0-lattice homomorphism such that g[D] is a consonent subset of S. Let G be a
subset of D, generating D as a lattice. If g(x ~gy) < g(z)~sg(y) for all z,y € G,
then g(x ~gy) < g(x) ~s g(y) for all z,y € D.

The situation in Lemma 6.10 is partly illustrated in Figure 6.3.

D( consonent E
gl chonsonent lg
SC L

F1GURE 6.3. Illustrating Lemma 6.10
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Proof. Let z € G. We claim that the set D,, = {yeD|gle~py) <glx)~sgly}
e

is equal to D. Indeed, it follows from our assumptions that G C D,. For all
Y1,Y2 S DI)

g(x~g (W1 V) = g((@ g y1) A (@ ~E5y))
(because D is consonent in E and by Lemma 6.8)

=9(@~py) Aglr~py2)
(because g is a meet-homomorphism)

< (9(z) ~s 9(y1)) A (9(2) N5 9(y2))  (because y1,y2 € Ds)
= g(x) ~s (9(y1) V 9(y2))
(because g[D] is consonent in S and by Lemma 6.8)

=g(x) ~s9(y1 Vy2) (because g is a join-homomorphism),

that is, y1 Vy2 € D,. The proof that y; A ys € D, is similar, although easier since
it does not require any consonence assumption. Hence, D, is a sublattice of D.
Since it contains G, it contains D; whence D, = D.

This holds for all x € G, which means that for all y € D, the set D’y =
€

{reD|glx~py) <g(r)~sg(y)} contains G. Moreover, by an argument similar
to the one used in the paragraph above, Dj is a sublattice of D. Hence, D; = D.
This holds for all y € D; the desired conclusion follows. O

7. HOMOMORPHISM EXTENSION ON DISTRIBUTIVE LATTICES

The key idea, of our proof of Theorem 11.1, is the possibility of extending certain
lattice homomorphisms f: D — L, where D and L are distributive O-lattices with D
finite and L completely normal, to finite, or countable, distributive extensions of D.
The following example shows that this is hopeless in general.

Example 7.1. Let m be a positive integer, and denote by F,, the Abelian /-
group defined by generators a, b, ¢, and relations a > b > ¢ > 0 together with
(a—mb)V (b—mc) <0. Then 0 < (¢) < (b) < (a) within Id. F},,, and the 4-element
chain 4 = {0, {c), (b), (a)} is C-representable (by the third lexicographical power

of the integers). We claim that 4 is not a lattice-theoretical retract of Id. F,,.
Indeed, suppose that p: Id. F,, — 4 is such a retraction, set * = p((a — mb)"’),
and y = p((b—mc)™). Then (a) = (b) V & within 4, thus @ = (a). Likewise,
(b) = (¢) V y, thus y = (b). On the other hand, since p is a (A, 0)-homomorphism,
x Ay =0, a contradiction.

The problem raised by Example 7.1 makes our road to Theorem 11.1 more con-
voluted than one could have expected. The present section contains the required
lattice-theoretical extension results.

We will denote by Jo the second entry of Jaskowsky’s sequence, defined as the
lattice of all lower subsets of the three-element set {a,b, 1} with a < 1 and b < 1.
Hence, Js is the distributive lattice obtained from the square, with atoms a and b,
by adjoining a new top element 1. It is represented in Figure 7.1.

For any bounded distributive lattice D, the free distributive product D * J,, that
is, the coproduct of D and Js in the category of bounded distributive lattices with
0, 1-lattice homomorphisms, can be identified with the sublattice of D? consisting
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1
aVb

a b
0

FIGURE 7.1. The lattice Jo

of all triples (,y,2) € D? such that z < x and z < y. This follows for example
from Grétzer [21, Theorem 12.5]. For x,y,z € D, the element (z Aa)V (y Ab)V z
of D« Jo can be identified with the triple (xV z,yV z, z). We will need the following
form of that observation, which no longer requires any boundedness assumption
on D and which can be verified by a direct calculation.

Lemma 7.2. Let D and E be distributive lattices such that E has a zero, and let
a,b € E such that a N\b=0. Then for every lattice homomorphism f: D — E, the
map g: D xJo — E defined by

g(z,y, 2) = (f(:c) A a) V (f(y) A b) vV f(z), for all (z,y,z) € Dx*Jo,
is a lattice homomorphism. Moreover, g(x,xz,x) = f(x) for every x € D.
The harder extension results in our paper rely upon the following crucial lemma.
Lemma 7.3. Let E be a finite distributive lattice, let D be a 0, 1-sublattice of F,

and let a,b € E such that the following conditions hold:

(1) E is generated, as a sublattice, by D U {a,b}.

(2) D is a Heyting subalgebra of E.

(3) andb=0.

(4) For every p € JiD, p < p. VaVb implies that either p < p.Va orp < p. Vb.
(5) Let p,qe JiD. If p <p.Vaand ¢ < q. VDb, then p and q are incomparable.
Let L be a finite distributive lattice and let f: D — L be a consonent 0-lattice
homomorphism. We set

o« = \/ (F0) 1 f(p) | p € JiD and p < p.Va)

= (f(p)~L f(ps) |pEJID and p < p, V) .

Then f extends to a unique lattice homomorphism g: E — L such that g(a) = «
and g(b) = B.

Proof. The uniqueness statement on g follows immediately from Assumption (1),
so we need to deal only with existence. Our proof consists mainly of a series of of
claims.

Claim 1. The following equations hold:
a:\/(f(z)\Lf(sz,yEDandxgy\/a), (7.1)
B=\(f@)~Lf@) |z,yeD andz <yVb). (7.2)

Consequently, x < yV a implies that f(x) < f(y)Va, and, symmetrically, © < yVb
implies that f(x) < f(y) V B, for all z,y € D. Moreover, a < f(1) and g < f(1).
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Proof of Claim. Since f is consonent, the assignment (z,y) — f(x)~r f(y) defines
an L-valued normal difference operation on D (use Lemma 6.7). By Lemma 6.5, it
follows that

f@) o fw) =\ (f®)~L fp.) Ip€JiD, p<a,pty), forallz,yecD.

(7.3)
Let z,y € D such that © < y V a, and let p € JiD such that p < z and p £ y.
The latter relation means that y < pf. Hence, from z < y V a it follows that
p < p' Va, or, equivalently, p < p, V a. Therefore, by the definition of a, we
get f(p) ~r f(ps) < . Joining those inequalities over all possible values of p and
invoking (7.3), we get f(x) ~r f(y) < «. This proves that the right hand side
of (7.1) is less than or equal to . The converse inequality being trivial, (7.1)
follows. The proof of (7.2) is symmetric. The final statements, that « < f(1)
and 3 < f(1), are obvious. O Claim 1.

Claim 2. Let z,y € D such that t <yVaVb. Then f(x) < f(y)VaVp.

Proof of Claim. We must prove that f(x) . f(y) < aV . By (7.3), it suffices
to prove that f(p) . f(px) < aV B for every p € JiD such that p < z and
p £ y. The latter relation means that y < pl, thus, for any such p, the inequality
p < pf VaVb, or, equivalently, p < p, V a Vb, holds. By our assumption (4),
this implies that either p < p. V a or p < p, Vb. By the definition of « and S,
this implies that either f(p) N5 f(px) < « or f(p) ~r f(p«) < B. Therefore,
Fp) ~p f(p) < aV B, 0 Claim 2.

Claim 3. For every v € D, a < v implies that o < f(v) and b < v implies that

B < flv).

Proof of Claim. We prove the first statement; the second statement is symmetric.
For every p € JiD, p < p,. V a implies that p < p, Vv (because a < v), thus

fp) < f(p«) V f(v), that is, f(p) ~ f(p«) < f(v). By joining those inequalities
over all possible p, we get a < f(v). O Claim 3.

Claim 4. There exists a unique map g: £ — L such that

g((@na)V(yAb)V2) = (f@)ANa)V(FWABV f(2),  for allz,y,z € D. (T4)
Moreover, g(a) = a, g(b) = 8, and g is a join-homomorphism extending f.

Proof of Claim. By our assumptions (1) and (3), every element ¢ of E has the form
(x ANa)V (y ANb) V z, where z,y,z € D. This implies the uniqueness statement
on g, and says that all we need to do is to verify that the right hand side of (7.4)
depends only on ¢; the map g thus defined, via (7.4), would then automatically be
a join-homomorphism extending f, satisfying, by virtue of the relations f(0) = 0,
a < f(1),and S < f(1) (cf. Claim 1), the equations g(a) = « and g(b) = 8. Hence,
we only need to verify that the following implications hold, for every u € D:

us(@Aa)V(yAb)Ve=fu) < (fl@)Aa)V(fly) AB)V f(2), (7.5)
uha<(zha)V(yAb)Vz= flu) Na<(f@z)Aa)V (fly) AB)V f(z), (7.6)
AB

<
uhb< (@Aa)V(yAD)Vz= flu)AB< (f()ANa)V (fy) AB)V f(z), (T.7)



22 F. WEHRUNG

for all u,x,y,z € D. Since FE is distributive, the premise of (7.5) is equivalent to
the conjunction of the following inequalities:

u<zVyVz;
u<zVbVz;
u<aVyVz;
u<aVbVz.

Since f is a join-homomorphism and by Claims 1 and 2, those inequalities imply
the following inequalities:

flu) < fl@) v fy) Vv f(2);
flu) < flx) VBV f(2);
flw) <aVv fly) v fz);
flu) <avpvf(z).

Since L is distributive, this implies in turn that f(u) < (f(z)Aa)V(f(y)AB)V f(z2),
thus completing the proof of (7.5).

Similarly, since E is distributive and since a A b = 0, the premise of (7.6) is
equivalent to the inequality uAa < (z Aa)V z, thus to the inequality uAa < 2V z,
which can be written a < (v —g (2 V 2)). By Assumption (2), this is equivalent to
the inequality a < v, where we set v = (u —p (xVz)). By Claim 3, this implies that

a < f(v). Hence, f(u)Aa < f(u)Af(v) = flurv) < f(xVz) = f(z)V f(z). Since L
is distributive, this implies in turn that f(u) A a < (f(z) Aa) V (f(y) AB)V f(2),
thus completing the proof of (7.6). The proof of (7.7) is symmetric. O Claim 4.

Claim 5. a A3 =0.

Proof of Claim. It suffices to prove that for all p,q € JiD with p < p. V a and
q < g« Vb, the relation (f(p) ~r f(p«)) A (f(¢) ~z f(g+)) = 0 holds. By Lemma 6.9,
it suffices to prove that f(p) A f(q) < f(ps«) A f(g«). Since f is a meet-homomor-
phism, it suffices to prove that p A ¢ < p. A g.. However, it follows from (5) that p
and ¢ are incomparable, so this is obvious. O Claim 5.

In order to conclude the proof of Lemma 7.3, it is sufficient to prove that g is
a meet-homomorphism. By Assumption (3) and Claim 5, respectively, it follows
from Lemma 7.2 that there are unique lattice homomorphisms d: D % Jo — E and
6: D x Jy — L such that

d(z,y,z) =(xNa)V (y Ab)V z and 0(x,y, z) = (f(x)/\a)\/ (f(y)/\b)\/f(z)

for all (x,y,2) € D xJa. Then Claim 4 implies that § = g o d. Moreover, it follows
from Assumption (1) that d is surjective. Now any two elements of E have the
form d(t1) and d(t2), where t1,t € D % Jo, and

g(d(t1)) A g(d(ta)) = 6(t1) A S(t2) = 6(tr Ata) = g(d(ts Ata)) < g(d(tr) Adt2)) -

The converse inequality g(d(t1) A d(t2)) < g(d(t1)) A g(d(t2)) is trivial. O
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8. LATTICES OF CONVEX OPEN POLYHEDRAL CONES

Throughout this section we shall fix a real topological vector space E, not nec-
essarily finite-dimensional. Moreover, in all subsequent sections, for any closed
hyperplane H of E, we shall denote by HT and H~ the open half-spaces with

boundary H, with associated closed half-spaces ar = cl(Ht) and H = cl(H™).
e €

Notation 8.1. For a set H of closed hyperplanes of E, we will set
_ + -
E;cugf{H |H€9{}U{H |H€9{},

i,{d:f{FﬂHeJ{}u{ﬁ‘ |HEJ{} .
Furthermore, we will denote by_Bool(ﬂ'C) the Boolean algebra of subsets of E gen-
erated by Xg¢ (equivalently, by Yg¢), and by Clos(H) (resp., Op(H)) the lattice of
all closed (resp., open) members of Bool(H).

In particular, for every H € H, the hyperplane H = E\ (H" U H~) belongs
to Bool(H). Moreover, the bounds of Bool(H) are @ and E.

Trivially, Clos(H) and Op(H) are both 0, 1-sublattices of Bool(H), which is
a 0, 1-sublattice of the powerset lattice of E. On one extreme end, Bool(&) =
Clos(@) = Op(@) = {=,E}. In general,

Bool(H) = _J (Bool(3') | H' C I finite) ,
Op(H) = J(Op(H') | ' C K finite) ,
Clos(H) = | J (Clos(3') | ' C I finite) .

For the remainder of this section we shall fix a nonempty set H of closed hyperplanes
of E through the origin.

Lemma 8.2. For every X € Bool(K), the subsets cl(X) and int(X) both belong
to Bool(KH). Moreover, Op(H) is generated, as a lattice, by Yqc U{E}, and it is
Heyting subalgebra of the Heyting algebra O(E) of all open subsets of E.

Proof. For the duration of the proof, we shall denote by Clos'(3) (resp., Op’(H))
the sublattice of Bool(3) generated by Yg¢ U {@} (resp., Lgc U {E}).

We first prove that the closure of any member of Bool(H) belongs to Clos’ ().
Writing the elements of Bool(H) in disjunctive normal form, we see that every
element of Bool(H) is a finite union of finite intersections of open half-spaces and
closed half-spaces with boundaries in H. Since H? = " \ H, for each H € H and
each o € {4, —}, it follows that every element of Bool(H) is a finite union of sets of
the form Q\ F', where @ is a finite intersection of closed half-spaces with boundaries
in H and F is a finite union of members of J{. Since the closure operator commutes
with finite unions, the first statement of Lemma 8.2 thus reduces to verifying that
cl(Q \ F) belongs to Clos'(H), for any @ and F as above. Now this follows from
Lemma 2.4: if Q@ C F then cl(Q \ F) = @, and if Q € F, then Q@ N F is nowhere
dense in @, thus cl(Q \ F) = cl(Q) = Q. The statement about the closure follows;
in particular, Clos'(H) = Clos(3). By taking complements, the statement about
the interior follows; in particular, Op’(3) = Op(%H).

In particular, for all X,Y € Op(H), the Heyting residue X — Y, evaluated
within the lattice O(E) of all open subsets of E, is equal to int((CX) U Y), thus, as
(CX)UY belongs to Bool(H) and by the paragraph above, it belongs to Op(H). O
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In particular, the members of Op(H) are open polyhedral cones, that is, Boolean
combinations of open half-spaces of E. Lemma 8.2 also says that the topology on E
could be, in principle, omitted from the study of Bool(H) and Op(H).

Corollary 8.3. The subsets Bool(H) and Op(H) are independent of the structure
of topological vector space on E that makes all members of H closed.

Corollary 8.4. Let Hi and Hsy be sets of closed hyperplanes of E. If Hi C Ho,
then Op(H1) is a Heyting subalgebra of Op(Ha).

Define a basic open member of Op(H) as a nonempty finite intersection of open
half-spaces with boundaries in H. In particular, the empty intersection yields the
basic open set E.

Corollary 8.5. FEvery join-irreducible element of Op(H) is basic open. In partic-
ular, it is convez.

Proof. Tt follows from Lemma 8.2 that every element of Op(H) is a finite union of
basic open sets. The desired conclusion follows immediately. O

It is easy to find examples showing that the converse of Corollary 8.5 does not
hold: A basic open member of Op(H) may not be join-irreducible. On the other
hand, it can be proved that the basic open members of Op(H) are exactly its convex
members. Since this fact will not be needed in the paper, we omit its proof.

Corollary 8.6. Let H be a closed hyperplane of E, with associated open half
spaces HY and H~. Then the members of Op(H U {H?}) are exactly the sets of
the form

XU(YtnHYU(Y NnH), (8.1)

where X, YT, and Y~ are basic open in Op(H). Moreover, one can take
XCYTnNnY~ in (8.1).

Proof. For every basic open set X in Op(H U {H}), there is a basic open set YV
in Op(H) such that either X =Y or X =Y NHT or X =Y NH~. By Lemma 8.2,
every element of Op(H U {H}) is a finite union of basic open sets, thus it has the
form (8.1). Moreover, changing Y7 to X UY 7, for o € {+, —}, does not affect the
right hand side of (8.1). Hence, one can take X CY+TNY ™ . O

Lemma 8.7. The top element of Op(H), namely E, is join-irreducible in Op(H).
Consequently, the subset Op~ (H) = Op(H) \{E} is a 0-sublattice of Op(FH). It is
€

generated, as a sublattice, by Sqg¢.

Proof. Any basic open member of Op(H), distinct from E, omits the origin. Hence,
any member of Op(H), distinct from [E, omits the origin, and so the union of any
two such sets is distinct from E. This proves that E is join-irreducible in Op(%).
The verifications of the other statements of Lemma 8.7 are straightforward. O

Remark 8.8. Let H be finite. Then the unit of Op™ (H) is equal to E\ (K, which
is distinct from the unit of Op(X), which is equal to E. In particular, Op~ (H) is
not a Heyting subalgebra of Op(X).
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9. JOIN-IRREDUCIBLE MEMBERS OF Op(¥)

Throughout this section we shall fix a real topological vector space E and a
nonempty finite set H of closed hyperplanes of E through the origin. After having
conveniently described the join-irreducible members of Op(H) (cf. Lemma 9.2), we
will specialize Lemma 7.3 to lattices of the form Op(H).

Notation 9.1. For every U € Op(H), we set Hy = {HeH | HNU # @}. The
€

intersection VU of all members of H;; is a closed subspace of E.

The following lemma characterizes the join-irreducible elements in Op(K) in
terms of the operator V defined above. Recall (cf. Lemma 2.1) that P denotes
the largest element of Op(3) not containing P, and that the assignment P~ PT
defines an order-isomorphism from Ji Op(H) onto Mi Op(H).

Lemma 9.2. A nonempty, convex member P of Op(H) is join-irreducible, within
the lattice Op(H), iff P N VP is nonempty. Moreover, in that case, the lower
cover P, of P, in Op(H), is equal to P\ VP, and PT =E\ (cl(P) N VP).

Proof. Suppose first that P is join-irreducible. Suppose, by way of contradiction,
that PNVP = @, that is, P C Upeqe, (E\ H). Since P is join-irreducible in the
distributive lattice Op(H), it is join-prime in that lattice (cf. Lemma 2.1). Since
each E \ H belongs to Op(H), there exists H € Hp such that P C E\ H; in
contradiction with H € Hp.

Suppose, conversely, that PNV P # @&. The subset P\ VP belongs to Op(H) and
it is a proper subset of P, thus we only need to prove that every proper subset X
of P, belonging to Op(H), is contained in P\ VP. It suffices to consider the case
where X is join-irreducible in Op(%). By Corollary 8.5, X is basic open, so there
are a subset X of H and a family (ey | H € X) of elements of {+, —} such that
X =Npyex He¥. Since P € X, there exists H € X such that P ¢ H*#. Hence,

PNH " 4. (9.1)

If PC H ¢4 then X C H™¢H thus, since X C H®# we get X = &, a contradic-
tion since X is join-irreducible. Hence, P € H ¢ so

PNH" 4>. (9.2)

By (9.1) and (9.2), and since P is convex, it follows that P N H # @, that is,
H € Hp. Hence, VP C H. Since X N H = @, it follows that X N VP = &, thus
completing the proof of the join-irreducibility of P.

Finally, it follows from Lemma 8.2 that the set U = int C(P N VP) belongs

to Op(H). Moreover, U = Ccl(P N VP). Since PNVP # @ and by Lemma 2.3,
we get U = C(cl(P) N VP). For every V € Op(K), P € V iff PNV S P, iff
PNV C P, iff PNV NVP = @, iff V C C(PNVP). Since V is open, this is
equivalent to V C U. Therefore, U = PT. O

Note. The atoms of Op(H), called the regions of the hyperplane arrangement K,
have been studied extensively, starting with Bjorner, Edelman, and Ziegler [6]. For
an atom P of Op(H), we get Hp = &, thus VP = E.

Proposition 9.3. Let P and Q be join-irreducible elements in Op(H). If P ; Q,
then VQ G VP.
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Proof. By definition, 3p C Hg, thus VQ € VP. Since P & Q and by Lemma 9.2,
P is contained in Q. = Q\ VQ, thus PNVQ = @. Since PN VP # &, it follows
that VP # VQ. O

Lemma 9.4. Let H be a closed hyperplane of E, let L be a finite distributive lattice,

and let f: Op(H) — L be a consonent 0-lattice homomorphism. We set

V= \/ (f(P)~L f(P.)| P€JiOp(H), PCP.UH"),  foreacho € {+,-}.
€

Then f extends to a unique lattice homomorphism g: Op(HU{H}) — L such that

g(H*)=~" and g(H™) =~".

Proof. We verify that Conditions (1)—(5) of Lemma 7.3 are satisfied, where we set

D = Op(H), E = Op(HU{H}), a = H", and b = H~. Conditions (1) (use
def def def def

Corollary 8.6) and (3) are obvious. By Corollary 8.4, Op(H) is a Heyting subalgebra

of Op(H U {H}); Condition (2) follows.

Let P be a join-irreducible element of Op(H) such that P C P,UHTUH~. By
Lemma 9.2, this means that PNVP C HT U H~. Since P N VP is convex, this
implies that P N VP is contained either in H* or in H~, thus that P is contained
either in P, U HT or in P, U H~. Condition (4) follows.

For Condition (5), let P, @ € Ji Op(H) such that P C P,UHT and Q C Q.UH .
Suppose that P C Q. This means that PNVP C Ht, QNVQ C H~, and PT C Qf,
thus, by Lemma 9.2, cl(Q) N VQ C cl(P)NVP. Hence, QNVQ C F+, and hence
QNVQ = g, a contradiction. If @ C P, we get a similar contradiction. O

10. EXTENDING HOMOMORPHISMS ON OPEN POLYHEDRAL CONES

Throughout this section we will consider the free real vector space R“) on w
(see Section 3 for the notation). We endow R(“) with its canonical inner product,
defined by

(z|y) = ;znyn , forall z,y e R .
This enables us to identify every element = € R(“) with the linear functional (z|_).
We endow R with its weak topology, making all those linear functionals contin-
uous. A hyperplane H of R“) is closed iff it is the the kernel of some element
of R \ {0}. Since z is determined up to a scalar multiple, the support of z
depends on H only, so we will denote it by supp(H). An element 2 € R®) is
integral if all its entries are integers, that is, z € Z®), and we say that a hyper-
plane H of R®) is integral if it is the kernel of some element of Z) \ {0}. For a
set 3 of closed hyperplanes of R(“), we shall set supp(3) = U (supp(H) | H € H).

For any n € w, we shall denote by d,, the vector whose nth coordinate is 1 and
all other coordinates are 0, and we shall denote by A, the kernel of d,,, that is,
A, = {x €cRW |z, = 0}. We shall also set
def
Ay = {zeR@ |z, >0}, A = {oeR® |z, <0}
def def

For z € R®) and S C w, we shall denote by x [ ¢ the restriction of x to S, extended
by zero on w \ S.

Lemma 10.1. Let K be a set of closed hyperplanes of R with support S, and
let Z € Bool(H). Then x € Z iff x| g € Z, for all x € R®),
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Proof. For each H € H, pick a vector py € R®) with kernel H, and set H =
€

lpg > 0], H- o [per < 0]. Then for every € RW o € HT iff (pgl|x) > 0, iff
(pu|xlg) > 0,iff x]g € HT. The proof for H™ is similar. Since the H* and the H~
generate Bool(H) as a Boolean algebra, the general result follows easily. O

Our next two lemmas both involve the construction D*Js introduced in Section 7.

Lemma 10.2. Let K be a set of closed hyperplanes of R™“) and let n € w\supp(H).
We denote by ¢: Op(H) < Op(H) * Jo the diagonal embedding, by ¥: Op(H) —

Op(HU{A,}) the inclusion map, and we set e(X,Y, Z) = (XNANHU(YNA,)UZ,
€

for all (X,Y,Z) € Op(H) * Jo. Then € is an isomorphism, and ¥ = € o .

We illustrate Lemma 10.2 on Figure 10.1.

Op(HU{An})

Ficure 10.1. Hlustrating Lemma 10.2

Proof. Tt is straightforward to verify that ¢ and 1 are both 0, 1-lattice homomor-
phisms, that ¢ is a 0, 1-join-homomorphism, and that 1) = eop. Moreover, it follows
from Corollary 8.6 that ¢ is surjective.

Set S = supp(H). In order to prove that € is one-to-one, it is sufficient to prove

that every triple (X,Y, Z) € Op(H) x Jo is determined by the set T' = e(X,Y, 7).
e

Let t € R, Then t[g € A, thus t|g € T iff t|g € Z, iff t € Z (cf. Lemma 10.1);
hence T determines Z. Likewise, t[¢+0, € A}, thust|g+6, € T iff t[g+d, belongs
to X UZ = X, iff (using again Lemma 10.1) t|g € X, iff t € X. Symmetrically,
t]g—6, € Tiff t € Y. Therefore, T' determines both X and Y. O

Lemma 10.3. Let H be a set of closed hyperplanes and let n € w \ supp(H).
Let L be a bounded distributive lattice, and let a,b € L such that a ANb = 0. Then
every 0, 1-lattice homomorphism f: Op(H) — L extends to a unique 0, 1-lattice
homomorphism g: Op(H U {A,}) — L such that a = g(A}) and b= g(A}).

Proof. By Lemma 10.2, Lemma 10.3 can be reformulated, by replacing Op(HU{A,})
by Op(H)  Ja, the inclusion map ¢: Op(H) < Op(H U {A,}) by the canonical
embedding ¢: Op(H) < Op(H) * Jo, A by e }HAS) = (E,2,9), and A, by
e 1(A;) = (9,E,2).

By Lemma 7.2, the map g: Op(H) * Jo — L defined by
9(X.Y.2) = (FX) Aa)V (J(¥) AD)V f(Z), for all (XY, Z) € Op(3H) « .

is a lattice homomorphism, and ¢g(X, X, X) = f(X) for every X € Op(H). The
latter condition means that f = goy. Now a = g(E, &, @) and b = g(&,E, &). O
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Lemma 10.4. Let K be a finite set of closed hyperplanes of R, let a,b € R«)
with respective kernels A and B, both belonging to H. We set

A+ = A_ =
def o> 0], def o < 0],
Bt = B~ =
= [b>0], = [b<0],
= k — =
Cm = er(a —mb), H,, = HU{Cn},

+ - _
C d;f[[a>mb]], Cmd;f[[a<mb]],

m

for any positive integer m. Then for all large enough m, the following statement
holds: For every finite distributive lattice L, every consonent 0-lattice homomor-
phism f: Op(H) — L extends to a lattice homomorphism g: Op(H,,) — L such
that g(A* \op-(3¢,.) BT) = f(AT) ~L f(BT).

Note. The notation AT NOp— (Hm) BT might look a bit crowded, in particular due
to the use of Op~ (H,,) instead of Op(H,,). In reality, the distinction is immaterial
here, because Op™ (3,,) is an ideal of Op(H,,), thus U~y (5¢,.)V = U~Nop,.) V
for all U,V € Op™ (H,p).

Proof. Every P € JiOp(XK) is basic open, thus both cl(P) and VP are intersections
of closed half-spaces with boundaries in J{. Hence, there is a finite subset ®p of
R\ {0} such that cl(P)NVP = Neea [z > 0] and ker(z) € I for every z € ®p.
Denote by Kp the convex cone of R(“) generated by ®p. We set

P = {PeJiOp(H) | b ¢ Kr}.

Since Kp is a finitely generated convex cone of R(“) it has the form

k
(i =010 () A,

I>m

for nonzero vectors p; € R“) and some m € w (cf. De Loera, Hemmecke, and
Koppe [13, Section 1.2]; the (,s,,, A; is put there in order to reduce the problem
to the finite-dimensional case). Hence Kp is topologically closed, and hence there
exists a positive integer mg such that

b+ (1/m)a ¢ Kp, for all P € P and all m > my . (10.1)

We shall prove that every integer m > mg has the property stated in Lemma 10.4.
Let L be a finite distributive lattice and let f: Op(H) — L be a consonent 0-
lattice homomorphism. We consider the extension g of f, to a homomorphism
from Op(H,,) to L, given by Lemma 9.4, with H := C,,. In particular,

9(CH) =\ (f(P)~L f(P.) | P € JiOp(H), PC P.UCY) . (10.2)
We claim that the following inequality holds:
FIAT)Ag(C) < F(AT) 1 f(BT). (10.3)

Since L is distributive, this amounts to proving the following statement.
FATYA(F(P) L f(P)) < f(AT) ~r f(BT),
for every P € JiOp(H) such that P C P, UC,:. (10.4)
Let P € JiOp(H) such that P C P, UC,f; that is, PNVP C C;f.



SPECTRAL SPACES 29

Claim 1. c(P)NVPCB .

Proof of Claim. By Lemma 2.2, the statement cl(P) N VP C B is equivalent to
the relation —b € Kp, that is, P ¢ P. Suppose, to the contrary, that P € P.
Then, by (10.1), we get —b + (1/m)a ¢ Kp. Again by Lemma 2.2, this means
that cl(P) N VP & [a > mb]. On the other hand, the assumption P C P, U C},
means that PNV P C [a > mb], which implies (cf. Lemma 2.3) that cl(P)NVP C
[a > mb]; a contradiction. O Claim 1.

Claim 2. PN BT C P..

Proof of Claim. Otherwise P C BT, thus, a fortioriy PNVP C BT. By Claim 1,
it follows that PNVP C Bt NB = @, a contradiction. O Claim 2.

Now suppose that P C AT. By Claim 2, the inequalities P C P, U AT and
PNB* C P, both hold, thus also f(P) < f(P,)Vf(AT) and f(P)Af(B1) < f(P.).
Since N, is a difference operation on the range of f, it follows from Lemma 6.6
that f(P) ~r f(P.) < f(AT) ~r f(BT), which implies (10.4) right away.

It remains to handle the case where P € A™. Due to the obvious containment
Ct C ATUB™, weget PC P.UATUB™, thus, since P is join-prime in Op(H),
we get P C B, thus PN BT = &, and thus f(P) A f(B") = 0. Now suppose
that (10.4) fails, and let ¢ € JiL below the left hand side but not the right hand
side. Since g < f(A*) < F(BY)V (F(A*) Ny f(B)) and q £ F(AT) <z f(BY),
we get ¢ < f(BT). But ¢ < f(P)~p f(P) < f(P), thus ¢ < f(BY) A f(P) =0, a
contradiction. This completes the proof of (10.4) in the general case, and therefore
of (10.3).

Now obviously, A* € B* U (At NC}), thus AT\, (3,.) BT € ATNC, and
thus

9(AT Nop-(3¢,,) BT) < g(ATNCR) = f(AT) Ag(C) < f(AT) N f(BT).
Since f(A") < f(BT)V g(A" Nop-(3¢,,) B), the converse inequality
J(AT) N1 f(BY) < g(A" ~op-(5¢,.) BT)
holds, and therefore f(A™) \r f(B") = g(A" ~op-(3¢,.) B)- O
Notation 10.5. We set
Ho = {ker(z) |z € @}, for every & C R\ {0} .

Say that a subset ® of R“) is symmetric if —® = ®.

Lemma 10.6. Let ® be a symmetric subset of R\ {0} and set
<I>+d:f<I>U{x—y|x,y€<I> and x # y} .
€

Then ®% is symmetric and Op~ (Hg) is consonent in Op~ (He+ ).

Proof. Tt is trivial that ®* is symmetric. Since Op~ (He) is generated, as a lattice,
by Yg¢, (cf. Lemma 8.7), it suffices, by Lemma 6.2, to prove that for any distinct
A, B € Hg, any two open half-spaces AT and BT, with respective boundaries A
and B, are consonent in Op™ (Hg+). Since ® is symmetric, there are a,b € P,
with respective kernels A and B, such that AT = [a > 0] and BT = [b > 0].
The vectors a — b and b — a both belong to ®*, with AT C B* U [a —b > 0],
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Bt CATU[b—a>0],and [a—b>0]N[b—a>0] =2. Hence, AT and B* are
consonent in Op~ (Heg+ ). O

Lemma 10.7. Let H be a finite set of integral hyperplanes, let L be a completely
normal distributive lattice with zero, let f: Op(H) — L be a 0-lattice homomor-
phism, let U,V € Op™ (H), and let v € L such that f(U) < f(V)V~. Then there are
a finite set H of integral hyperplanes, containing 3, and a lattice homomorphism
g: Op(ﬂtf) — L extending f, such that the following statements hold:

(1) Op~(H) is consonent in Op~ (3).

(2) There exists W € Op~ (9~{) such that U CV UW and g(W) < 7.

Proof. We may assume that H is nonempty. Fix an enumeration (4o, By), ...,
(An—1,Bp_1) of all pairs of open half-spaces with boundary in . Moreover, fix
a finite chain Sy C 57 C --- C S, of finite sublattices of L, such that Sy contains
flIOp(H)] U {~} and S; is consonent in S;11 whenever 0 < i < n. We construct
inductively an ascending chain H = Hy C H; C --- C K, of finite sets of in-
tegral hyperplanes, together with an ascending chain of lattice homomorphisms
f1: Op(H;) — Sy, for 0 <1 < n, such that fo = f and

S (At Nop- (300 Bi) < f(A1) ~s, f(Br), whenever 0<1<Fk<n. (10.5)
For k£ = 0 there is nothing to verify. Suppose having performed the construction
up to level k, with 0 < k < n. By applying Lemma 10.4, with Hy, in place of K,
fr in place of f, Ski1 in place of L, and (A, Bg) in place of (AT, BT), we get
a finite set 41 of integral hyperplanes, containing Hj, together with a lattice
homomorphism fj41: Op(Hgy1) — Sk+1, extending fi, such that

Jrr1 (Ak ~Nop-(300s0) Br) = [(Ak) Ns,p, F(Br)-
Since Si41 contains Sy, it follows that
Srr1 (A ~op-(30es1) Br) < f(AR) N5, f(Br). (10.6)

Since Op™~ (Hy,) is a sublattice of Op™ (Hy41) and since fry1 extends fi, it follows
from the induction hypothesis (10.5) (with fixed k) that

fk—i—l (Al NOp~ (Hpg1) Bl) < f(Al) NS, f(Bl) ,  whenever 0 <[ <k,
and hence, by (10.6),
fra1 (Al NOp— (Hpt1) Bl) < f(4) ~s, f(B;), whenever 0 <Il<k+1,

thus completing the verification of the induction step.
At stage n, we obtain a finite set H, of integral hyperplanes, containing X,
together with a homomorphism f,,: Op(H, ) — S,, extending f, such that

Tn(Ak Nop-(3c,) Br) < f(Ak) ~s, f(Br), whenever 0 <k <n. (10.7)
By Lemma 10.6, there is a finite set H of integral hyperplanes, containing H,,

such that Op(H,,) (thus, a fortiori, Op(H)) is consonent in Op(¥H). Moreover, by
Lemma 9.4, the homomorphism f,: Op(H,) — S, extends to a homomorphism

g: Op(ﬂN{) — S for some finite sublattice S of L containing S,. Hence, from (10.7)
it follows that

g(Ag Nop- 50y Br) < f(Ag) ~s, f(Br), whenever 0 <k<n. (10.8)

Since the open half-spaces, with boundary in 3, generate Op™ (H) as a lattice
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Op~ (j—()( consonent Op~ (UTC)
flop-(s0) = gfop(%)tconsonent lg[op@)
S51€ 5

F1Gure 10.2. Ilustrating the proof of Lemma 10.7

(cf. Lemma 8.7) and since every pair of such half-spaces has the form (A, By), it
follows from Lemma 6.10, applied to (10.8) and the commutative square represented
in Figure 10.2, that

g(X N Oop- (30) Y)< f(X)~g f(Y), foral X,Y € Op (H).

(
In particular, g(U ~ V)< f(U)~s, f(V)<~. Let W = U~ V. O

Op~(50) Op~(30)
Lemma 10.8. Let H be a finite set of integral hyperplanes, let L be a completely
normal distributive lattice with zero, let f: Op(H) — L be a 0-lattice homomor-
phism, let n be a positive integer, and let {(U;,Vi,vi) | i € [n]} be a set of triples
of elements of Op~ (H)? x L such that f(U;) < f(Vi) Vi for each i € [n]. Then

there are a finite set H of integral hyperplanes, containing H, and a lattice homo-

morphism g: Op(jff) — L extending f, such that the following statements hold:

(1) Op™(H) is consonent in Op~ (H).

(2) For each i € [n], there exists Wi € Op~ (H) such that U; C V; UW; and
gWi) <.

Proof. Apply successively Lemma 10.7 to (U1, Vi,71) up to (U, Vi, vn). O

11. REPRESENTING COUNTABLE COMPLETELY NORMAL LATTICES

This section is devoted to a proof of our main theorem (Theorem 11.1), together
with a short discussion of some of its corollaries.

Theorem 11.1. Every countable completely normal distributive lattice with zero is
isomorphic to Id. G, for some Abelian ¢-group G.

Proof. Our goal is to represent a countable completely normal distributive lattice L
with zero. The lattice L, obtained from L by adding a new top element, is also
completely normal, and L is an ideal of L, so, by Lemma 3.1, any representation
of L as Id. G, for an Abelian (-group G, yields L = Id. G for an f-ideal G of G.
Hence, it suffices to consider the case where L is bounded.

We fix a generating subset {a,, | n € w} of L.

Denote by Hz = {H,, | n € w} the set of all integral hyperplanes of R(“). More-
over, let {(U,,Vp,vn) | n € w} be an enumeration of all triples (U,V,~), where
U,V €Op (Hz) and v € L.

We construct an ascending chain (H,, | n € w) of nonempty finite subsets of Hy,
with union Hy, together with an ascending sequence (f, | n € w) of 0, 1-lattice
homomorphisms f,,: Op(H, ) — L, as follows.

Take Ho = {Ao} (cf. Section 10); so Op(Ho) = {@, A, Ay, Af UA;, R}

is isomorphic to Jo (cf. Section 7). Let fo: Op(Ho) — {0,a0,1} be the unique
homomorphism such that fo(Al) = ao, fo(Ay) =0, and fo (R(“’)) =1.
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Suppose f,: Op(H,) — L already constructed.
Let n = 3m for some integer m, denote by k the first nonnegative integer outside
supp(H,, ), and set F,, 41 = H,, U{Ag}. By Lemma 10.3, there is a unique lattice

homomorphism f,,+1: Op(H,+1) — L, extending f, such that fn11(Af) = am
and fr41(A;) = 0. This will take care of the surjectivity of the restriction, to
Op™ (Hz), of the union of the f,.

Let n = 3m + 1 for some integer m, and set 3,41 = H, U{H,,}. Since L is

completely normal and the range of f, is finite, there is a finite sublattice S of L
such that the range of f,, is consonent in S. By Lemma 9.4, f,, extends to a lattice
homomorphism f,,+1 from Op(H,41) to S, thus to L. This will take care of the
union of all f,, be defined on Op(Hz).

Let, finally, n = 3m + 2 for some integer m. By Lemma 10.8, there is a finite
subset H,, 41 of Hz, containing H,,, such that Op(H,,) is consonent in Op(H,,+1),
together with an extension f,4+1: Op(H,+1) — L, such that for every k& < n, if
{Ukv Vk} C Opi(j{n) and fn(Uk) < fn(vk)\/’)/ka then fn+1(Uk\Op*(ﬂ-fn+1)Vk) < V-
This will take care of the union of the f,, be closed (as defined in the statement of
Lemma 3.2) on Op~ (Hz).

The union f of all the f,, is a surjective lattice homomorphism from Op(Hz)
onto L. Furthermore, the restriction f~ of f to Op™ (Hz) is a closed, surjective
lattice homomorphism from Op™~ (Hyz) onto L. Now by the Baker-Beynon dual-
ity (cf. Proposition 3.7), Id. F¢(w) is isomorphic to Lat(w), which is identical to
Op™ (Hz) (cf. Lemma 8.7). Hence, the map f~ induces a closed, surjective lattice
homomorphism g: Id. Fy(w) — L. By Lemma 3.5, this map factors through an
isomorphism from Id.(F¢(w)/I) onto L, for a suitable ¢-ideal I of Fy(w). O

Recall that Delzell and Madden’s results in [14] imply that Theorem 11.1 does
not extend to the uncountable case.

Corollary 11.2. A second countable generalized spectral space X is homeomorphic
to the £-spectrum of an Abelian £-group iff it is completely normal.

Proof. By Theorem 11.1 and Lemma 4.7, it remains to prove that if the topology
of X has a countable basis, say B, then X(X) is countable. Every A € X(X) is
the union of a subset B4 of B, which, by the compactness of A, may be taken
finite. Since the assignment A +— B 4 is one-to-one, it determines a one-to-one map
from X(X) into the finite subsets of B; whence K(X) is countable. O

Recall that the complete normality of a spectral space X is equivalent to the
specialization order on X be a root system (cf. Proposition 4.4).

It is well known that the lattice C(G), of all convex ¢-subgroups of any ¢-group
(not necessarily Abelian) G, is the ideal lattice a completely normal distributive
lattice with zero (see Iberkleid, Martinez, and McGovern [26, Section 1.2] for a
short overview). Of course, in the Abelian case, C(G) is isomorphic to the ideal
lattice of Id. G. A direct application of Theorem 11.1 yields the following.

Corollary 11.3. For every countable (-group G, there exists a countable Abelian
l-group A such that C(G) = C(A).

The results of Kenoyer [28] and McCleary [31] imply that Corollary 11.3 does not
extend to the uncountable case. The question handled in both papers was credited,
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in the second paper, to Paul Conrad in a Workshop on ordered groups, Bowling
Green, Ohio, 1985.

The real spectrum Spec; R, of any commutative ring R, is a completely normal
spectral space (cf. Coste and Roy [12], Dickmann [16]). Moreover, it has a basis of
open sets which is indexed by finite sequences of elements of R; in particular, if R is
countable, then Spec, R is second countable. A direct application of Corollary 11.2
yields the following.

Corollary 11.4. For every countable, unital, commutative ring R, there exists a
countable Abelian (-group A with unit such that Spec, R and Specy A are homeo-
morphic.

12. DISCUSSION

12.1. Ideal lattices of dimension groups. A partially ordered Abelian group G
is a dimension group if G is directed, unperforated (i.e., ma > 0 implies that 2 > 0,
whenever # € G and m is a positive integer), and G satisfies the Riesz refinement
property (cf. Goodearl [19]). The construction Id. G, for an Abelian ¢-group G, ex-
tends naturally to arbitrary dimension groups, by replacing “/-ideal” by “directed
convex subgroup” (in short ideal). However, now Id. G is only a (V, 0)-semilattice.
This semilattice is always distributive (i.e., it satisfies the Riesz refinement prop-
erty), but it may not be a lattice. In fact, Every countable distributive (V,0)-semi-
lattice is isomorphic to Id. G for some countable dimension group G (this is implicit
in Bratteli and Elliott [7], Hofmann and Thayer [25], Bergman [2], and explicitly
stated as Goodearl and Wehrung [20, Theorem 5.2]); moreover, the countable size
is optimal (Wehrung [41]).

In particular, it follows from Goodearl and Wehrung [20, Theorem 4.4] that for
every distributive lattice L with zero, there exists a dimension group G such that
Id. G = L (without any restriction on the cardinality of L). One could then hope to
be able to apply Theorem 1 of Elliott and Mundici [18], in order to infer that if L is
completely normal, then G is lattice-ordered. However, this would already fail for
the lattice L = D,,, of Example 5.5, simply because D,,, is not {-representable.

The problem lies in the fact that one cannot read, on Id. G' (equivalently, on the
spectrum of G) alone, that every prime quotient of G be totally ordered. This fact
is illustrated by the following much easier example, also implied on page 181 in [18]:
let G be any non totally ordered simple dimension group (e.g., G = Q x Q with
positive cone consisting of all (z,y) with either x = y = 0 or z > 0 and y > 0).
Then Id. G = 2, yet G is not totally ordered.

12.2. Lattices of /(-ideals in non-Abelian /-groups. It is proved in Ruzicka,
Tuma, and Wehrung [36, Theorem 6.3] that Every countable distributive (V,0)-
semilattice is isomorphic to 1d. G for some {-group G; moreover, this result does
not extend to semilattices of cardinality No. The gap at size Ny is not filled yet.

12.3. Open problems. While Example 5.5 gives an example of a non-¢-repre-
sentable distributive lattice with an ¢-representable elementary sublattice, we do
not know whether the opposite situation may occur:

Problem 1. Let D be an elementary sublattice of a distributive lattice E. If E is
{-representable, is D also {-representable?
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While Theorem 11.1 implies a positive answer to Problem 1 in the countable
case, the uncountable case remains open. Analogues of Problem 1, for other func-
tors than Id. on Abelian ¢-groups, may lead to different situations. Consider, for
example, the functor L, which to every von Neumann regular ring R associates the
lattice L(R) of all principal right ideals of R. Lattices of the form L(R) are said to
be coordinatizable. In [42], we construct a countable, coordinatizable lattice with a
non-coordinatizable elementary sublattice. In that paper, it is also proved that the
class of all coordinatizable lattices is not the class of models of any % ~, sentence.
This suggests the following problem.

Problem 2. Prove that the class of all f-representable distributive lattices is not
the class of models of any .2, - sentence.

Finally, the analogy between ¢-spectra and real spectra (cf. Section 1.2), together
with Corollary 11.2, suggests the following problem.

Problem 3. Is every second countable completely normal spectral space homeo-
morphic to the real spectrum of some commutative, unital ring?
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