Logics for Compact Hausdorff Spaces via de Vries Duality

MSc Thesis (Afstudeerscriptie)
written by

Thomas Santoli
(born June 16th, 1991 in Rome, Italy)

under the supervision of Dr Nick Bezhanishvili and Prof Yde Venema,
and submitted to the Board of Examiners in partial fulfillment of the
requirements for the degree of

MSc in Logic

at the Unidversiteit van Amsterdam.

Date of the public defense: Members of the Thesis Committee:
June 3rd, 2016 Dr Alexandru Baltag (chair)

Dr Benno van den Berg

Dr Nick Bezhanishvili

Dr Sebastian Enqvist

Prof Yde Venema

nza
Eud

INSTITUTE FOR LOGIC, LANGUAGE AND COMPUTATION



Abstract

In this thesis, we introduce a finitary logic which is sound and complete with
respect to de Vries algebras, and hence by de Vries duality, this logic can
be regarded as logic of compact Hausdorff spaces. In order to achieve this,
we first introduce a system S which is sound and complete with respect to a
wider class of algebras. We will also define Ils-rules and establish a connection
between Ilo-rules and inductive classes of algebras, and we provide a criterion
for establishing when a given Ils-rule is admissible in S. Finally, by adding two
particular rules to the system S, we obtain a logic which is sound and complete
with respect to de Vries algebras. We also show that these two rules are
admissible in S, hence S itself can be regarded as the logic of compact Hausdorff
spaces. Moreover, we define Sahlqvist formulas and rules for our language, and
we give Sahlqvist correspondence results with respect to semantics in pairs
(X, R) where X is a Stone space and R a closed binary relation. We will
compare this work with existing literature.
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Chapter 1

Introduction

The work of this thesis belongs to the research area devoted to the study of
the relations between logic and topology. The key tools of this study are the
algebraization of logic and dualities between algebras and topological spaces.

The algebraization of logic has its roots in the nineteenth century in the
work of Boole, followed by that of de Morgan, Peirce, Schréder and others.
This field has been taken up in the twentieth century, in particular in the work
of Birkhoff, Tarski, etc., who established a correspondence between equational
axiomatizations of classes of algebras and deductive systems for propositional
calculi. This correspondence is based on the construction of the Lindenbaum-
Tarski algebra, which is a quotient algebra obtained from the algebra of all
formulas. This, in particular, gives algebraic completeness of non-classical
propositional logics, leading to the area of algebraic logic, which is nowadays
a very active field of research. See e.g. [1I, 12}, 63].

The study of dualities between algebras and topological spaces has started
with the work of Stone [51I], who proved that Boolean algebras can be dually
represented via compact Hausdorff zero-dimensional topological spaces. These
spaces are nowadays called Stone spaces. This result allows to translate a
problem about Boolean algebras into a problem about Stone spaces, and vice
versa. Subsequently, other interesting classes of algebras have been connected
via dualities to classes of topological spaces. Among the most famous exam-
ples are Priestley duality for distributive lattices, Esakia duality for Heyting
algebras, and Jonsson-Tarski duality for modal algebras.

As well as a representation theorem for Boolean algebras, Stone’s theorem
can be regarded as a representation theorem for Stone spaces. This observation
led to the development of Stone-like dualities, connecting interesting classes of
topological spaces to appropriate classes of algebras. An example of this kind
is de Vries duality [20], which is the one which this thesis is based on. De
Vries duality connects the class of compact Hausdorff spaces to the class of de
Vries algebras, which are particular Boolean algebras with a binary relation
satisfying certain conditions. The main goal of this thesis consists in providing
a finitary propositional deductive system which is sound and complete with
respect to de Vries algebras. We show, via de Vries duality, that this system
is sound and complete with respect to compact Hausdorff spaces.



De Vries’” work [20] can also be seen as part of the research area of region-
based theories of space. In this theory, introduced by de Laguna [I8] and
Whitehead [65], one replaces the primitive notion of point with that of a re-
gion. Many authors have been working on showing the equivalence of this
approach to point-based theories of space. This is done via representation the-
orems for (pre)contact algebras of regions and adjacency spaces, see e.g. Dimov
and Vakarelov [22], 23] 25], Vakarelov et al. [56] [55], Dintsch and Winter [27],
Diintsch and Vakarelov [26], Roeper [47], Pratt and Schoop [44], Mormann
[42], etc.

Contact algebras play a central role in this thesis. Before obtaining our
completeness result for compact Hausdorff spaces, we prove a series of com-
pleteness results. First we introduce a system S, and we show that it is sound
and complete with respect to the class of contact algebras. Then we define
II5-rules, and we prove that systems extending S with such rules are complete
with respect to inductive classes of contact algebras.

In light of this completeness result, we develop the theory of what we call
II5-rules. We show that for any inductive class K of contact algebras there
exists a system extending S with Ils-rules which is sound and complete with
respect to K. Moreover, we prove a model-theoretic criterion for admissibility
of Ils-rules in S.

IIs-rules are a particular kind of non-standard rules, whose role is to mimic
quantifiers in propositional logics. The most famous example of such rules is
Gabbay’s irreflexivity rule [29], see also Burgess [13] for earlier examples of such
rules. Several other authors investigated rules of this sort, see e.g. Gabbay and
Hodkinson [30], Kuhn [38], Venema [59, 58| [61), 60, 62], de Rijke [19], Roorda
[48], Zanardo [66], Passy and Tinchev [43], Gargov and Goranko [31], Goranko
[35], Balbiani et al. [3].

In [3], Balbiani et al. consider the system RCC (Region Connection Calcu-
lus)E| introduced by Randel et al. [45]. They define propositional logics related
to RCC, and they show completeness of these logics with respect to both re-
lational and topological semantics, which are based on adjacency spaces and
regular closed regions of topological spaces, respectively. One of the proofs
of completeness concerns a propositional logic, which involves a rule similar
to our Ils-rules. The proof of completeness of this logic with respect to the
relational semantics inspired our more general completeness result for IIs-rules
with respect to inductive classes of contact algebras.

The non-standard rules presented in [3] are two, namely (NOR) and (EXT),
and these correspond to the IIs-rules (p7) and (p8) which we define in this the-
sis. These rules correspond to V3-statements which are satisfied by contact
algebras called compingent algebras. Thus, by the aforementioned complete-
ness theorem, we derive that the system S+ (p7)+(p8) is complete with respect
to compingent algebras. Finally, using MacNeille completions of compingent
algebras, we obtain completeness of this system with respect to de Vries alge-
bras.

'RCC is one of the systems of region-based theory of space. It plays a central role in
Qualitative Spacial Reasoning, see, e.g., [46].



The construction of the MacNeille completion of a poset, for embedding
it into a complete lattice, is a generalization of Dedekind’s extension of the
rationals to the reals. As the latter construction involves also extending the
operations to the reals, MacNeille completions of ordered algebras are gener-
alized by also extending the operations. This can be done in two ways, via the
so-called lower MacNeille completions and the upper MacNeille completions.
Lower MacNeille completions have been introduced by Monk [41]. An investi-
gation of the properties preserved by both the upper and lower constructions
is given in Givant and Venema [32] and Harding and Bezhanishvili [36]. In
[53], Theunissen and Venema discuss lower and upper MacNeille completions
of lattices with additional operations. We define the MacNeille completion
of a compingent algebra and show that it coincides with the lower MacNeille
completions of those algebras. The fact that the class of compingent algebras
is closed under this construction, is a key aspect which allows us to use Mac-
Neille completions for obtaining completeness of S + (p7) + (p8) with respect
to de Vries algebras, and hence, via de Vries duality, with respect to compact
Hausdorff spaces. We notice that calculi whose algebraic models are closed
under MacNeille completions are also those complete for classes of compact
Hausdorff spaces. As a corollary, we obtain a calculus complete with respect
to zero-dimensional compact Hausdorff spaces (equivalently, Stone spaces) and
also a calculus complete with respect to connected compact Hausdorff spaces.

Finally, we investigate the expressiveness of our language in subordination
spaces. Those spaces are particular topological spaces with a binary relation.
They are obtained from Boolean algebras with subordinations via a duality
which can be regarded, at least on objects, as a special case of the gener-
alised Jonsson-Tarski duality (see e.g. [34])ﬂ Following the work of Balbiani
and Kikot [2], we define Sahlqvist formulas for our language, and we prove a
Sahlqvist correspondence theorem with respect to semantics in subordination
spaces. Moreover, we also define a new class of Sahlqvist Ilo-rules, and we give
a correspondence theorem for them.

1.1 Outline of the thesis

In we define all the structures involved in this thesis, such as contact
algebras, compingent algebras, de Vries algebras and subordination spaces,
which we use as semantics for our language in the following chapters. We also
present dualities between classes of these structures. Based on these dualities
we can regard our different semantics as equivalent.

In we introduce the syntax of our language, and semantics with
respect to Boolean algebras with a binary relation. Then we define the system
S, and we show a proof of strong completeness with respect to the class of
contact algebras. Finally, we show that S has the finite model property, and

2 Jénsson-Tarski duality is an extension of Stone duality, from Boolean algebras and Stone
spaces to modal algebas and descriptive frames. This duality plays a central role in modal
logic.



is decidable.

In we define ITy-rules, and we explain how to add them to the
system S, and we show that when added to S they form a sound and complete
system with respect to the class defined by their associated V3-statements. We
prove also that all V3-statements are equivalent to some V3-statement which is
associated to some Ils-rule, thus establishing a correspondence between sets of
rules and inductive classes of contact algebras. Moreover, we give a semantic
criterion for admissibility of these Ils-rules in S.

In [Chapter [5| we define the IIy-rules (p7) and (p8), which by the results of
Chapter |4 make S + (p7) + (p8) sound and complete with respect to compin-
gent algebras. Using MacNeille completions of a compingent algebras, we show
that this system is also complete with respect to de Vries algebras. We de-
fine topological semantics for our language, and by de Vries duality we derive
completeness of S+ (p7) + (p8) with respect to compact Hausdorff spaces. We
also prove that the rules (p7) and (p8) are admissible in S. Finally, we define
MacNeille canonical axioms and rules, which are those that express topological
properties when added to S + (p7) + (p8), and we give two examples. In the
last section, we compare our approach in Chapters [ [4] and [f] with that of
Balbiani, Tinchev and Vakarelov [3].

In we consider interpretation of our formulas in subordination
spaces. We define Sahlqvist formulas for our language, and we prove that a
Sahlqvist formula ¢ is valid on a subordination space if and only if the latter
satisfies a first-order formula which is effectively computable from . Moreover,
we define Sahlqvist V3-statements, and we show a similar correspondence for
such statements, and we observe that by the results of this can be
regarded as a Sahlqvist correspondence for Ils-rules. Throughout the chapter,
we compare our work with that of Balbiani and Kikot [2].

In we summarize the content of this thesis. We also give ideas

for future work, discussing some of them in detail.

1.2 Main results

e We prove a series of completeness results.

In the first one (Theorem [3.2.9) we show completeness of our system

S with respect to contact algebras, using standard techniques from al-
gebraic logic. Then we prove that extensions of & with Il-rules are
complete with respect to inductive classes of contact algebras (Theorem
4.1.5). The proof of the latter result has been obtained by adapting
and generalising the results in [3 Section 7]. There, the authors present
a specific rule of the kind of our Ils-rules and show how to work with
them in the setting of relational semantics. Instead, we give a more
general completeness result for all Ilo-rules in an algebraic setting. We
use a special case of and MacNeille completions to obtain
completeness of S + (p7) + (p8) with respect to de Vries algebras
rem |5.1.5)), and finally via de Vries duality we derive completeness with



respect to compact Hausdorff spaces ((Corollary [5.2.2)).

We establish a correspondence between logics extending S with Ils-rules
and inductive classes of contact algebras.

This correspondence is the result of ['heorem [4.1.5 and [Corollary |4.2.5]
where the latter follows by [Proposition [4.2.4]

We give a criterion for establishing admissibility of IIo-rules in the system

S ([Theorem |4.3.5).

Moreover, in Propositions [5.1.8] and [5.1.11] we show that this criterion
can be applied for showing admissibility of rules (p7) and (p8), respec-
tively (Corollaries [5.1.9(and [5.1.12)).

We prove a Sahlqvist correspondence theorem for our Sahlqvist formulas
(Theorem [6.1.15]), which can be considered a variation of [2, Theorem
5.1]. We prove also a Sahlqvist correspondence theorem for our Sahlqvist
statements (Theorem [6.2.5)), and this can be regarded as a Sahlqvist
correspondence for our Il-rules.




Chapter 2

Preliminaries

In this chapter, we introduce all the structures which we will use in this thesis.
We also describe dualities connecting categories of these structures.

The following are the parts of this chapter which are required for under-
standing the rest of the thesis:

e All the content of preceeding [subsection [2.1.1}
This is the most essential part of the preliminaries, as we repeatedly

refer to it in all chapters. At the end of this part, we have put a table
containing the definitions which we often refer to in this thesis.

e De Vries duality.
We refer to this in In order to understand this duality, one
only needs to familiarize themselves with Definitions and the

functor defined at the end of and the contents of
2.2.2)

e Sections 2.1.7] and 2.1.2 and [Lemma2.1.72
These are required for understanding [Chapter [§

In order to make this chapter self-contained, we provide most of the proofs,
and we point to specific references for those which are missing.

2.1 Subordinations and closed relations

Throughout this thesis, we will consider Boolean algebras enriched with a
binary relation <, and we will require < to satisfy certain properties. The
simplest < which we will study is called subordination.

Definition 2.1.1 (Subordination). A binary relation < on a Boolean algebra
B is called a subordination if it satisfies the following properties:

(Q1) 0<0 and1 < 1;



(Q2) a < b,c implies a < bAc;
(Q3) a,b < c implies a Vb < c;
(Q4) a <b=<c<dimplies a < d.

A subordination < on a Boolean algebra B could be equivalently described
by an operation ~»: B x B — {0, 1} C B satisfying the following properties:

(Q0") a~be{0,1}

Q) 0w 0=1~1=1;

(Q2) a~b=a~c=11impliesa ~bAc=1;
(Q3) a~c=b~c=11impliesaVb~c=1,
(Q4") b~ c=1,a <band c<dimplies a ~ d = 1.

Indeed, given a subordination <, we obtain an operation ~~ satisfying prop-
erties (Q0')-(Q4’) by defining

1 ifa<b
a~b=
0 otherwise

and vice versa, given an operation ~ satisfying properties (Q0')-(Q4’), we
obtain a subordination < by defining < := {(a,b) € B x B | a ~ b= 1}.
Hence, we have a 1-1 correspondence between pairs (B, <) satisfying (Q1)-
(Q4) and algebras (B, A, -, 1, ~) satisfying properties (Q0')-(Q4").
In where we introduce logics and use algebras with subordi-
nations as semantics, we will use the operation ~~» rather than the relation
<.

Subordinations < on a Boolean algebras are also in 1-1 correspondence
with prozimities, which have been introduced by Diintsch and Vakarelov [26]:

Definition 2.1.2 (Proximity). A binary relation 6 on a Boolean algebra B is
a precontact relation, or proximity, if it satisfies the following properties:

(P1) adb implies a,b # 0;
(P2) ad(bV c) if and only if adb or adc;
(P3) (aVb)dc if and only if adc or bic.
Given a subordination <, the relation ad<b := a £ —b is a proximity. Vice

versa, given a proximity J, the relation a <5 b := a § —b is a subordination
(see []).
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Moreover, we have <; = ¢ and <5, ==, so the map d(_ is a bijection from
the set of subordinations to the set of proximities, and <(_y is its inverse.

As for subordinations, also proximities can be replaced by a binary opera-
tion ¢ : B x B — {0,1} defined as:

1 if adb
aob=
0 otherwise.

In [Chapter [6] it will be convenient for us to consider algebras with subor-
dinations as algebras with the operation ¢. Accordingly, we will also change
the language of our logic, replacing the connective ~~» with the connective ©.
This will give our Sahlqvist formulas a better shape.

Also, notice that ¢ is monotone in both arguments, thatisa < a’,b <V =
aob<adol.

We are interested in subordinations < satisfying more properties than those
given in |Definition [2.1.1}

Definition 2.1.3 (Contact algebra). Given a pair (B, <), consisting of a
Boolean algebra with a subordination, we call it a contact algebra if in ad-
dition it satisfies the following properties:

(Q5) a < b implies a < b;
(Q6) a < b implies =b < —a.
The reason why we chose this name is the following. In the literature,

a contact relation on a Boolean algebra is a precontact relation § which in
addition satisfies the following properties:

(P4) a # 0 implies ada;
(P5) adb implies bia.

It is easy to show that, given a subordination <, its corresponding precon-
tact relation d< is a contact relation if and only if < satisfies (Q5) and (Q6),
and vice versa a precontact relation § is a contact relation if and only if <
satisfies (Q5) and (Q6), see e.g., |9, 8]

This justifies that we call contact algebras pairs (B, <) where B is a Boolean
algebra and < is a subordination satisfying (Q5) and (Q6).

Definition 2.1.4 (Compingent algebra). A contact algebra (B, <) is a compin-
gent algebra if in addition it satisfies the following properties:

(Q7) a < b implies c: a <c<b;

11



(Q8) a # 0 implies 3b # 0 : b < a. Alternatively, we may say that < is a
compingent relation on B.

Compingent relations on Boolean algebras were defined by de Vries [20], and
the notion of subordination has been introduced in [9, 8] in order to generalise
that of compingent relation.

As we will see in the class of complete compingent algebras
consists of objects of a category which is dual to KHaus, the category of
compact Hausdorff spaces and continuous maps. This duality result is shown
in [20], and for this reason complete compingent algebras are usually called de
Vries algebras.

In this section, in Definitions 2.1.1] 2.1.3] and P.1.4], we have defined con-
ditions (Q1)-(Q8) of algebras (B, <). Throughout this thesis, we will very
frequently refer to those conditions. Thus, for convenience of the reader, we
have collected them in the following table:

0<0and 1<1;
a < b,cimplies a < b A ¢

a,b < cimplies a Vb < ¢;

a < b implies a < b;
a < b implies —b < —a;
a < bimplies dc: a < ¢ < b;

Q1)
(Q2)
(Q3)
(Q4) a <b=<c<dimplies a < d;
(Q5)
(Q6)
(Q7)
(Q8) a # 0 implies Ib#0: b < a.

2.1.1 Categories of Boolean algebras with subordinations, and
subordination spaces

We denote by Sub the category whose objects are pairs (B, <) where B is a
Boolean algebra and < as subordination on B, and whose arrows are Boolean
homomorphisms h : A — B such that for all a,b € A, if a < b then h(a) < h(b).

In the rest of this section, we will establish a dual equivalence between Sub
and the category consisting of pairs (X, R) where X is a Stone space and R

12



is a binary relation which is closed as a subset R C X x X. We will call such
pairs subordination spaces.

First, we introduce closed relations on a topological space:

Definition 2.1.5 (Closed relation and subordination spaces). Let X be a topo-
logical space, and let R be a binary relation on X. We say that R is closed if
R C X x X is a closed subset in the product topology.

If X is a Stone space, and R is a closed relation on X, we call (X, R) a
subordination space.

Notation 2.1.6. Given a set X, a binary relation R C X x X, and a subset
A C X, we denote by R[A] and R™1[A] the following sets:

R[A] = {ye X | Jxr € A: zRy}
R7YA] = {x € X |y € A:zRy}.

The following lemma will be used throughout this thesis. Its proof can be
found in [§].

Lemma 2.1.7. Let X be a compact Hausdorff space, and R a binary relation
on X. The following are equivalent:

1. R is a closed relation;

2. For each closed subset F' of X, both R[F] and R™[F] are closed.

Definition 2.1.8 (Stable map). Let X, Xo be sets, and let Ry, Ry be binary
relations respectively on X1 and Xo. A map f : X1 — Xo is called stable if
forall z,y € X1, if tR1y then f(x)Raf(y).

Let StR be the category whose objects are subordination spaces (X, R),
and whose morphisms are continuous stable maps.

2.1.2 Duality of Sub and StR

In [25], Dimov and Vakarelov present a duality between the category of Boolean
algebras with a proximity relation and the category of subordination spaces.
As we mentioned above, proximities on Boolean algebras are equivalently de-
scribed by subordinationﬂ7 thus this leads to a duality between Sub and StR.

This duality is an extension of that of Celani [15], and it is a generalization
of Stone duality. In fact, we use Stone duality to obtain a space X from a
Boolean algebra B, and vice versa. Separately, we give a dual closed relation

LA direct proof of it can be found in [8].

13



R of a subordination <, and vice versa. So we split a pair (B, <) in two parts,
which will consist of the Stone dual X of B and the dual R of <.

Below, we will define contravariant functors (—)4 : Sub — StR and (—)7 :
StR — Sub which will establish a dual equivalence.

The functor (—); : Sub — StR

Definition 2.1.9. Given (B, <) and a subset S C B, we define 1S to be the
upset of S with respect to the relation <, that is:

TS .= {beB|3seS: s<b}

Similarly, we define LS to be the downset of S with respect to <.

Given a pair (B, <) consisting of a Boolean algebra with a subordination,
we define (B, <)+ := (X, R) as follows:

X := Stone dual of B = { ultrafilters of B}
xRy & to C Y.

Then R is a closed relation on X.

Given (A, <),(B,<) € Sub, and h : A — B a Boolean homomorphism
satisfying a < b implies h(a) < h(b) for all a,b € A, if (4,<)4+ = (Y, S) and
(B,<):+ = (X, R), we define h, : X — Y by x — h~!(z) as in Stone duality.

The functor (—)* : StR — Sub

Given a subordination space (X, R), we define (X,R)" := (Clop(X), <),
where for all U,V € Clop(X) we let U < V if and only if R[U] C V. Then
we have that < defined in this way is a subordination on the Boolean algebra
Clop(X).

Given a continuous stable function f : X — Y between obejcts (X, R) and
(Y, R) in StR, we define f* : Clop(Y) — Clop(X) as U ~ f~1(U) as in
Stone duality.

We now have two well-defined contravariant functors (—)4 : Sub — StR
and (—)" : StR — Sub. As shown in [§], we have natural isomorphisms
between (B, <) and ((B,<)4+)" in Sub and between (X, R) and ((X,R)")y
in StR. Hence, we obtain the following result:

Theorem 2.1.10. The categories Sub and StR are dually equivalent.
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2.1.3 Restriction of the duality

Now we are interested in restricting this duality to some full subcategories of
Sub and StR. The next lemma shows that each of the conditions (Q5),(Q6)
and (Q7), given in [Definitions [2.1.3| and [2.1.4] correspond to elementary con-
ditions on the dual subordination spaces. A proof can be found in [8] (cf.
[15, 26]). For making the thesis self-contained, here we give an alternative
proof:

Remark 2.1.11. Subordination spaces (X, R) satisfy the following properties,
which we will often use without mentioning them explicitly:

e if /G C X are disjoint closed subsets, then there exists a clopen subset
U C X such that FQUandGﬂUZ(D;H

e if ' C X is a closed subset, then R[F] and R™![F] are closed subsets of
X (by this is equivalent to R being closed).

Lemma 2.1.12. Let (X, R) be a subordination space.

1. R is reflexive < for all U,V € Clop(X) we have R[U] C V implies
U C V. Hence, R is reflexive if and only if its dual algebra (Clop(X), <)
satisfies (Q5).

2. R is symmetric < for all U,V € Clop(X) we have R[U] C V implies
R[X\ V] C X \U. Hence, R is symmetric if and only if its dual algebra
(Clop(X), <) satisfies (Q6).

3. R is transitive < for all U,V € Clop(X) we have R[U] C V implies
there exists Z € Clop(X) such that R[U] C Z and R[Z] C V. Hence, R
is transitive if and only if its dual algebra (Clop(X), <) satisfies (QT).

Proof. 1. (=) If Risreflexive, for all U we have U C R[U], hence R[U] CV
implies U C V.

(<) Suppose R is not reflexive, so there exists = such that x B x. This
means in particular that = ¢ R~![x]. So there is a clopen U such
that x € U and U N R™![z] = 0. The latter implies ¢ R[U], so
we can find a clopen V such that x ¢ V and R[U] C V. Since
zeUandz ¢V, wehave U Z V. Hence R[U] C V does not imply
UcCV.

2. (=) Suppose R is symmetric, and let U,V be such that R[U] C V.
Assume we have z € R[X \ V], so there is y € X \ V such that
yRx. Since R is symmetric, we have zRy. If z ¢ X \ U, that is if
x € U, then since R[U] C V and y € R[U| we have y € V, which is
a contradiction. Hence x € X \ U. This shows R[X \ V] C X \ U.

2This is provable via standard arguments by total disconnectedness and compactness.
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(<)

Suppose R is not symmetric, hence there exist x,y € X such that
TRy and y R z, which means that y ¢ R™![x]. Since R7![z] is a
closed set, there exists a clopen U such that y € U and UNR™![x] =
(. By the latter condition, we have that the closed set R[U] does
not contain z. Hence, there is a clopen V such that R[U] C V and
¢ V.

Since xRy and z € X \ V, we have y € R[X \ V]. But y € U, that
is y ¢ X \ U. So we have found clopens U,V such that R[U] C V
but RIX\V]Z X \U.

Suppose R is transitive, and let U, V' be clopens such that R[U] C
V. Since R[R[U]] C R[U] C V by transitivity, we have that R[U]
and R71[X \ V] are disjoint. Hence, there is a clopen Z such that
R[U] C Z and ZN R7[X \ V] = 0. The latter implies R[Z] C V.
So, given U,V s.t. R[U] C V, there is always a clopen Z such that
RU|C Z and R[Z] C V.

Suppose R is not transitive, so there exist x,y,z € X such that
TRy,yRz and z R z. The latter means x ¢ R™![z], hence there is a
clopen U such that x € U and U N R[] = (). So we have z ¢ R[U],
hence we can find V' such that R[U] C V and z ¢ V. This means
that, if Z is such that R[U] C Z, then by xRy we have y € Z. So,
by yRz, we have z € R[Z], which implies R[Z] € V because by
construction z ¢ V.
So we have found U, V such that R[U] C V, but for all Z if R[U] C Z
then R[Z| ¢ V.

O

Lemma states that properties (Q5),(Q6) and (Q7) of algebras (B, <)
correspond to elementary conditions on the dual subordination spaces (X, R),
namely reflexivity, symmetry and transitivity. This lemma has been a start-
ing point for our work in [Chapter [6, where we will see more on Sahlqvist

correspondence.

Definition 2.1.13. Here we introduce some subcategories of Sub and StR.:

Let SubK4 be the full subcategory of Sub consisting of algebras (B, <)
satisfying (Q7);

Let SubS4 be the full subcategory of Sub consisting of algebras (B, <)
satisfying (Q5) and (QT);

Let SubS5 be the full subcategory of Sub consisting of algebras (B, <)
satisfying (Q5),(Q6) and (QT);

Let Com be the full subcategory of Sub consisting of compingent algebras
(B, =);
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o Let StR be the full subcategory of StR consisting of subordination
spaces (X, R) such that R is transitive;

o Let StRY be the full subcategory of StR. consisting of subordination
spaces (X, R) such that R is a quasi-order (reflexive and transitive);

o Let StR® be the full subcategory of StR consisting of subordination
spaces (X, R) such that R is an equivalence relation (reflexive,symmetric
and transitive).

By [Lemma [2.1.12] we have the following result:

Theorem 2.1.14. Restricting the duality presented in this section, we obtain
the following:

o The categories SubK4 and StR' are dually equivalent.
e The categories SubS4 and StR° are dually equivalent.

e The categories SubS5 and StR are dually equivalent.

Now, we restrict the duality to Com. In order to describe its dual full
subcategory of StR, we need to define the notion of irreducible equivalence
relation:

Definition 2.1.15 (Irreducible maps and irreducible equivalence relations).
A surjective continuous map f : X — Y between compact Hausdorff spaces
1s called irreducible if for every proper closed subset F' C X, we have that
fIF] CY is a proper subset.

A closed equivalence relation R on a compact Hausdorff space X is said to
be irreducible if the factor-map m: X — X/R is an irreducible map.

In [9] it is shown that, for every (B, <) € SubS5, the equivalence relation
R of its dual (X, R) := (B, <)+ is irreducible if and only if (B, <) satisfies
(Q8). Hence, if we denote by StR°d the category of subordination spaces
(X, R) where R is an irreducible equivalence relations and continuous stable
functions, we obtain the following:

Theorem 2.1.16. The categories Com and StR* are dually equivalent.

2.2 De Vries algebras, compact Hausdorff spaces, and
de Vries duality

In this section we describe de Vries duality [20], which is one of the key ingre-
dients of the main completeness result of this thesis (Corollary [5.2.2)).
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Let KHaus be the category of compact Hausdorff spaces and continuous
functions. We will consider the category deV of de Vries algebras and de Vries
morphisms, which we define below, and then we will define contravariant func-
tors (—)« : deV — KHaus and (—)* : KHaus — deV which will establish a
dual equivalence between these two categories.

Definition 2.2.1 (De Vries algebra). If (B, <) is a compingent algebra and B
is a complete Boolean algebra, we say that (B, <) is a de Vries algebra.

Definition 2.2.2 (De Vries morphism). Let (A, <) and (B, <) be de Vries
algebras. A map h : A — B is called a de Vries morphism if it satisfies the
following properties:

(V1) r(0) =

(V2) h(a Ab) = h(a) A h(b);

(V3) a < b implies ~h(—a) < h(b);
4)

(V4) h(a) = V{h(b) [ b < a}.

Given (A, <), (B, <) and (C, <) de Vries algebras and h : A — B and k : B —
C de Vries morphisms, the composition k x h : A — C is defined as

kxh:ars \[{kh(b)|b=<a} .

In Sections [2.2.1] and [2.2.2) we present the duality given in [20]. In this
duality, we do not split algebras (B, <) in two parts B and < as we did in
the duality of the previous section, but we use B and < together to build a
compact Hausdorff space. Vice versa, a compact Hausdorff space X will give
us a complete algebra B together with a binary relation < which makes it a
compingent algebra, and hence a de Vries algebra.

2.2.1 The functor (—),.: deV — KHaus

To define (—), : deV — KHaus, we will need the notion of mazimal round
filter of an algebra (B, <):

Definition 2.2.3 (Round filters and ends). Given an algebra (B, <), and a
subset S C B, let 1S:={be B |3JaecS: a<b}.

A filter F C B is a round filter if F = TF. If F is a proper round filter
and it is not properly contained in any other proper round filter, we say that it
s a maximal round filter.
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Remark 2.2.4. For all filters F, by (Q5) we have TF C 1F = F. So a filter
is round iff F' C TF.

Maximal round filters can be defined in an alternative way:

Definition 2.2.5 (Ends). Given an algebra (B, <), and a subset F' C B, we
call F an end if it safisfies the following properties:

(E1) a,be F = Jce F\{0}: c<a andc<b;

(E2) a<b = —a€F orbeF.

In the literature, the name end is used as an alternative to mazimal round
filter, and [Definition [2.2.5|is usually shown to be a characterization of maximal
round filters. We decided to call ends those sets which satisfy [Definition [2.2.5]
and in the following lemma we show that this notion is equivalent to that of
maximal round filter as defined in [Definition 2.2.3

Lemma 2.2.6. Let (B, <) be such that < satisfies (Q1)-(Q7), and let FF C B.
The following are equivalent:

1. F is a mazimal round filter;
2. there exists an ultrafilter U such that F = TU;
3. F is an end.

Proof. First, we prove the following claim:

Claim 2.2.7. If F is a proper filter, then TF is a proper round filter.
Proof of Claim. Let F be a proper filter.

o TFis proper:
Suppose for a contradiction that TF is not proper. Hence 0 € TF. This
means that there exist b € F' such that b < 0. Then, by (Q5), we have
b <0, hence b = 0, so we have 0 € F, contradicting the fact that F' is
proper.

e l1eclF:
By (Q1l) we have 1 < 1, and since F' is a filter we have 1 € F, hence
1elF.

° aeTF,agb = belF:
Let a € TF and a < b. By the former, there exists ¢ € F such that ¢ < a.
So we have ¢ < ¢ < a <b, hence by (Q4) ¢ <b. Sob € TF.
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° a,bETF = anbe TF:
Let a,b € TF. Then there exist ¢,d € F such that ¢ < a and d < b. So,
we have cAd <c<a<aand cAd <d=<b<b, hence by (Q4) we have
cNd =< a,b,soby (Q2) cAd < aAb. Since F is a filter and ¢,d € F, we
have cAd € F, and hence a A b € TF.

So far, we have proved that TF is a proper filter.

eaclF = JecelF: e<u
Let a € TF. Then there exists b € F such that b < a. So, by (Q7), there
exists ¢ such that b < ¢ < a. Since b < ¢, we have ¢ € TF, so we have
found the ¢ we were looking for.

This shows that TF is a proper round filter. O

(1. = 2.) Let F be a maximal round filter. Since it is a proper filter, there exists
an ultrafilter ¢/ such that /' C /. Then we have F' = a C Tu. So, since
by the claim we have that 12/ is a proper round filter, by maximality of
F we have F = Tu.

(2. = 3.) Let F = 1, where U is an ultrafilter. We need to show that F satisfies
properties (E1) and (E2).

(E1)

(E2)

Let a,b € F. Then there exist ¢,d € U such that ¢ < a and d < b.
By (QT7), there exist e, f such that ¢ < ¢ < a and d < f < b.
Since U is a proper filter, we have 0 # ¢ A d € U, and we have
chd<c=<e<eandcANd<d=<f < f. Soby (Q4) we have
cNd < e, f, hence by (Q2) we have cAd <eA f. SoeNf € F,
and by (Q5) 0 #cAd<eA f,s00# eA f. Moreover, we have
eNf<e<a<aandeAf<f<b<b, soagain by (Q4) we have
eNf=<ab.

Let a < b. By (Q7), there exists ¢ such that a < ¢ < b. So in
particular we have ¢ < b, and by (Q6) we have —¢ < —a. Since U is
an ultrafilter, either ¢ € U, and hence b € F, or ¢ € U, and hence
-a € F.

(3. = 1.) Suppose F' is an end of B.

- 0¢F:

Suppose for a contradiction that 0 € F. Then, by (E1), there exist
0 # ¢ € F such that ¢ < 0. But this by (Q5) implies ¢ < 0, hence
¢ = 0, which contradicts ¢ # 0.

1eF:
By (Q1) and (Q4), we have 0 < 1. Hence, by (E2), either -0 =1 €
ForleF, thatisl e F.

acFa<lb = bekF:
Let a € F and a < b. By (E1), there exists 0 # ¢ € F such that
¢<a. Byc<c=<a<band by (Q4) we have ¢ < b. So, by (E2),
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either mc € F or b€ F. If =c € F, since also ¢ € F, by (E1) there
exists 0 # d € F such that d < ¢, —¢, hence by (Q2) d < ¢ A—c =0,
so by (Q5) d < 0, contradicting the fact that 0 # d. Hence we
cannot have —¢ € F', so necessarily b € F'.

—a,beF = aNbeF:
If a,b € F, by (E1) there exists 0 # ¢ € F such that ¢ < a,b. So,
by (Q2) we have ¢ < a Ab. By (E2), we have either ¢ € F or
a/Nb € F, and as we discussed in the previous item, we cannot have
—c € F' because already c € F'. Hence a Ab € F.

The above items show that F' is a proper filter. Then, trivially by prop-
erty (E1), we have that F'is a proper round filter.

It remains to show that it is maximal. Suppose for a contradiction that
there exists a proper round filter G such that F' C GG. Then there exists
a € G\ F. Since G is a round filter, there exists b € G such that b < a.
Since F satisfies (E2), either =b € F or a € F, and since the latter is
not the case by assumption, we have —b € F'. But then, since F' C G,
we have —b € G, hence 0 = b A =b € GG, contradicting the fact that G is
proper.

Hence F' is a maximal round filter.

Proposition 2.2.8 (Hausdorffness of the space of ends). Let (B, <) be an
algebra with < satisfying (Q1)-(Q7). Let X be the set of all its ends, with the
topology generated by the basis {U, | a € B} where U, :== {z € X | a € z}.
Then X s an Hausdorff space.

Proof. Let z,y € X be distinct. So there exists a € B such that ¢ € z and
a ¢ y. Since z is a round filter, there exists b € x such that b < a. By
2.2.6| since y is an end, it satisfies property (E2). So, since b < a and a ¢ v,
we must have —b € y.

So we have x € Uy and y € U_yp, and Uy, U—, are disjoint opens. This shows
that X is Hausdorff. O

Proposition 2.2.9 (Compactness of the space of ends). Let (B, <) be an
algebra with < satisfying (Q1)-(QT7). Let X be the set of all its ends, with the
topology generated by the basis {U, | a € B} where U, == {z € X | a € z}.
Then X is a compact space.

Proof. Let Y be the set of ultrafilter, with the Stone topology, that is the one
generated by the basis {V, | a € B} where V, :={y €Y | a € y}.
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Since Y is a Stone space, in particular it is compact. Then, consider the
following map:
f:Y—=>X
y—Ty
By the above lemma, the elements of X are exactly those which are equal to
Ty for some ultrafilter y € Y, hence f is well defined and surjective.

We now show that it is continuous. In fact, let (J,c4 Ua be a generic open
subset of X, where A is some subset of B. We have:

yEf_l(UUa> & fly)y=Tye U
acA acA
JacA: acly
JdJa€e A,db: b<aandbey
JBectAd: bey
FBeciAd: yel
ye | J W

b€$A

S R R

that is f~* ( Uaea Ua> = UbeiA Vi and the latter is an open of Y. This shows

that f is continuous.
Since f is a continuous surjective function from the compact space Y to
X, we have that X is compact. O

Now we can define the contravariant functor (—), : deV — KHaus.

Given a de Vries algebra (B, <), let (B, <)« be the space X of ends of
(B, <), with the topology defined as in [Proposition 2.2.8, By Propositions
2:2.8 and [2.2.9] we have that X is a compact Hausdorff space.

Given a : A — B de Vries morphism between de Vries algebras (4, <) and
(B, <), we define

i (B, <)s — (A, <)«
F—Ta (F)

Then ay : (B, <)« — (A, <)« is a well-defined continuous function from the
space of ends of (B, <) to the space of ends of (A4, <).

2.2.2 The functor (—)* : KHaus — deV

For the other direction, we will map each compact Hausdorff space to the de
Vries algebra of its regular opens subsets:
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Definition 2.2.10 (Regular open). Let X be a topological space. A subset
U C X is a regular open if Int(Cl(U)) = U, where Int and C1 denote the
interior and closure operators, respectively;

Analogously, we say that a subset F' C X is regular closed if Cl(Int(F)) =
F.

Given a topological space X, let RO(X) be the set of its regular opens
subsets. This forms a complete Boolean algebra with the operations:

1 = X
0:=10
U = Int(X\U)=X\CLU)

\ Ui = Int(Cl(| D))

i€l el
AUi = Int((\Ui) [= (Ui if I is finite].
i€l i€l i€l

Moreover, if given U,V € RO(X) we define U < V' if and only if C1(U) C
V', we have that (RO(X), <) is a de Vries algebra.

We define the contravariant functor (—)* : KHaus — deV as follows.

Given X compact Hausdorff spaces, let X* := (RO(X), <) with < defined
as above.

Given a continuous function f: X — Y, let

f*: RO(Y) = RO(X)
U — Int(CI(f~H(U))).

Then f*: RO(Y) — RO(X) is a well defined de Vries morphism from the
de Vries algebra (RO(Y'), <) to (RO(X), <).

Thus, we can conclude the following:

Theorem 2.2.11 (De Vries duality, [20]). The categories deV and KHaus
are dually equivalent.

2.2.3 Connection with de Vries duality

In the proof of |[Proposition 2.2.9) we have seen that the space X of ends of a
compingent algebra (B, <) is obtained by quotienting the Stone space Y of B

under the closed equivalence relation yRy' < Ty C 4/, which is the dual of
the subordination < on B according to the duality described in the previous
section.
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In particular, it follows that the dual compact Hausdorff space of a de Vries
algebra (B, <) (under de Vries duality) is homeomorphic to the quotient of the
Stone space of B under the irreducible closed equivalence relation which is dual
to < by the duality described in the previous section.

This suggests a way to use the latter duality to construct a modal-like
alternative to de Vries duality for the category deV.

First, we see which are the dual objects of de Vries algebras under the
duality of the previous section:

Definition 2.2.12 (Gleason spaces). A subordination space (X, R) is called
a Gleason space if the Stone space X is extremally disconnectaﬂ and R is an
wrreducible equivalence relation.

Gleason spaces are introduced in [9, K|, and the choice of their name is
motivated by the fact that there is a natural correspondence between Gleason
spaces and Gleason covers [33] of compact Hausdorff spaces. We refer to [9] [§]
for more information about this correspondence.

Recall that a Boolean algebra B is complete if and only if its Stone space
X is extremally disconnected. Putting this observation together with
we obtain that the dual objects of de Vries algebras under the duality
of the previous sections are exactly Gleason spaces.

This restriction yields a duality between the category of Gleason spaces and
continuous stable functions and a category whose objects are de Vries algebras
and arrows are Boolean homomorphisms preserving <. But we are interested
in the category deV, where morphisms are de Vries morphisms. So, in order
to obtain such a duality, we need to use a different notion of arrows between
Gleason spaces. These will be particular binary relations, which we we call de
Vries relations:

Definition 2.2.13 (de Vries relation, [9,8]). Let (X, R) and (Y, R) be Gleason
spaces. A binary relation r CY x X is a de Vries relation if the following are
satisfied:

o forally €Y there exists x € X such that yrx;

o for every y € Y and for every clopen U C X, we have that r[y] and
r~1[U] are respectively closed and clopen;

o forally,y €Y and x,2’' € X, if yRy',yrx and y'ra’, then vRx’:

Yy—F=2

3Recall that a space X is called extremally disconnected if the closure of every open subset
is open.
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e for every clopen U C X, we have r[U] = Int(r~'R[U]).

Let Gle be the category of Gleason spaces and de Vries relations. The
correspondence between de Vries algebras and Gleason spaces discussed above
can be extended to a duality between deV and Gle as follows.

Given de Vries algebras (A, <) and (B, <), and a map h: A — B, we can
define a binary relation » C Y x X between their duals (X, R) := (4, <)+ and
(Y,R) := (B, <)+ as:

yre < forallae A, if h(a) € y then a € .

As proved in [9], if h is a de Vries morphism, then the relation r defined as
above is a de Vries relation.

Conversely, given a relation 7 C Y x X between Gleason spaces (X, R) and
(Y, R), we define its corresponding h : Clop(X) — Clop(Y) as:

U — Y\rlXx\U].

As proved again in [9], if r is a de Vries relation, then the map h defined as
above is a de Vries morphism. Hence we obtain the following;:

Theorem 2.2.14. deV is dually equivalent to Gle, and hence Gle is equiv-
alent to KHaus.

Conclusion

In this chapter, we have introduced the structures which are involved in this
thesis, namely Boolean algebras with subordinations, subordinations spaces
and compact Hausdorff spaces. We recalled two dualities between categories
of the aforementioned structures, and at the end we reviewed a connection
between those dualities. The structures introduced in this chapter will be used
in the rest of this thesis as semantics for the language which we will define in
the next chapter.
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Chapter 3

The logic of contact algebras

One of our main objectives is to define a finitary propositional calculus which
is sound and complete with respect to compact Hausdorff spaces. We aim to
do this by providing a calculus which is sound an complete with respect to de
Vries algebras, and then by using de Vries duality (see we will be
able to show that this is the logic of compact Hausdorff spaces.

The first step towards this direction is made in this chapter, where we
introduce a system S and we prove that it is sound and complete with respect
to the class of contact algebras (see |Definition [2.1.3)). Then, in we
will see how to enhance S with a particular kind of non-standard rules, and in
we will show that there are specific rules which, once added to the
system S, give a system which is sound and complete with respect to the class
of de Vries algebras.

Below we introduce formulas of our language, and we define semantics for
these formulas. In the following section, we present the axioms and rules of
the system S and we prove that it is sound and complete with respect to the
class of contact algebras.

3.1 Syntax and semantics

Let Prop be an countably infinite set of propositional variables. In what
follows, we will consider formulas in the following language:

o =plTlere| oo~
where p € Prop. We use standard abbreviations L := =T, oV := =(-pA—)

and ¢ — ¥ := —p V. Also, when we write formulas with missing brakets,
our convention is that the connectives A, V, - have priority over ~» and —.

We interpret formulas in the above language in algebras (B, <) with B a
Boolean algebra and < a binary relation on B. As we mentioned in
we regard pairs (B <) as algebras (B, 1,A,—,~), where the operation
~»: B x B —{0,1} C B is defined as:
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b 1 ifa<b
a " 10 otherwise.

A wvaluation is a map v : Prop — B, which is extended to all formulas in
a standard way. We say that a valuation v on (B, <) satisfies a formula ¢ if
v(p) = 1. If all valuations on (B, <) satisfy ¢, we say that (B, <) validates ¢,
and we write (B, <) = ¢.

Let K be a class of algebras of the form (B, <), let ¢ be a formula and
let T be a set of formulas. Then, if for all (B, <) € K and for all valuations
v : Prop — B we have v(¢) = 1 whenever v(¢) = 1 for all ¢ € T, we write

I'Ek o

Remark 3.1.1.

Formulas of the form T ~» ¢ have an important role in the proof of many
results shown in this thesis. With any formula ¢, our language allows us to
associate the formula T ~- ¢, which is such that v(T ~» ¢) € {0,1} under
any valuation v : Prop — B into any algebra (B, <). Moreover, if a class K
consists of algebras satisfying (Q1) and (Q5) E|it has the following property:

e for any formula ¢, and for any valuation v : Prop — B into an algebra
(B, <) € K, we have

v(ip)=1 & o(T~ep) =1

It is easy to show that, for a class K, the above property is equivalent to the
following:

e for any set ' of formulas and for any formulas ¢, ¥, we have

Fu{etEy & TE(Twe) =9

In what follows, we will present a deductive system S, and we will show
that it is strongly sound and complete with respect to the class of contact
algebras.

A key technical tool of our proof of completeness is given by
Such a lemma can be proven only if one aims to show strong completeness
of a deductive system with respect to a class K which satisfies the property
of [Remark [3.1.1] For example, as stated in the class K of
algebras which satisfy (Q1)-(Q5) does satisfy the property, but the class all
algebras (B, <) satisfying (Q1)-(Q4) does not. Indeed, it is possible to define
a subsystem of § and show that it is sound and complete with respect to
algebras satisfying (Q1)-(Q5), with a proof which would be virtually the same
as the one which we present in this chapter. If we attempt to define an even

1See |Deﬁnitions |2.1.1| and |2.1.3l
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smaller subsystem and prove it to be sound and complete with respect to the
class K of algebras satisfying (Q1)-(Q4), we would need a different proof. In
fact, since K does not satisfy the property stated in [Remark [3.1.1} [Lemmal
[3:273) fails for any system strongly sound and complete with respect to it.

3.2 The system S

Throughout this thesis, we assume we have fixed an arbitrary finite axiomati-
zation for CPC (Classical Propositional Calculus).

Let S be the deductive system axiomatized by the following axioms and
rules schemas:

e All axioms ¢ of CPC
(L~@)A(p~T)

(o~ V) A (@~ x) = (¢~ hAX)
(T~ = VYA (Y~ x) = (9~ X)
(o) = (¢ =)

(p~ ) = (x ~ (¢~ )

AB) (o~ ) = (X ~ (e~ v))

(A1)
(A2)
(A3)
(A4)
(A5)
(A6)
(A7) (¢~ 9) & (7P~ )

(G
4
(R) T ~
In the system S, any finite list ¢, ..., 1, of formulas can be regarded as

a proof of some entailment of the form I' F ¢, where I is a set of formulas
and ¢ = ¥,. As the following definition specifies, given a list 91,...,9,, we
distinguish formulas v; which must be regarded as assumptions from those
which are derived by the system, that is instances of axioms and formulas
which follow by a rule from former ones. Then the list v¥1,...,%, will be
defined as a proof of I' F 1), for each I" which contains all the assumptions of

U1y Up.

Definition 3.2.1 (Proofs). A proof is a finite list yn, ..., ¢, of formulas. A
formula ; in the list is defined to be an assumption of the proof, unless it
satisfies one of the following conditions:

e ; is an instance of an axiom of CPC, or
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e ; is an instance of an ariom among (A1)-(AT), or
o o follows from 1;, vy for some j,k < i by applying (MP), or
e 1; follows from 1) for some j < i by applying the rule (R),

If T'g is the set of the assumptions of a proof V1, ...,Y¥n, we say that the
latter is a proof of I' - 4, for each set of formulas " such that I'og C T

In particular, if 1, ..., Y, contains no assumption, then we say that ¥y, ..., Yy
1s a proof of - 1, or more simply a proof of y,.

We say that T' is inconsistent if I' = L. Otherwise, we say that IT' is
consistent.

Lemma 3.2.2. The following rules are derivable in S':

=Y
(b1) (Y~ x) = (¢~ X)
(D2) =P

(X~ @) = (x ~ )

Then, since the system S includes CPC, we obtain that also the following rules
are derivable:

oY
(D3) (p~x) ¢ (¥~ x)
(D4) oY

(X~ 9) & (X~ )
Moreover, the following axiom schemas are provable in the system:
(A2) (=~ X)A (W~ x) = (9 Vi)~ X)
(A3') (@~ ) A(T ~ =V x) = (¢~ x)

Proof. First, we show that rules (D1) and (D2) are derivable. Consider the
following derivations:

(D1)

o=

AR

T ~» = V 9 follows by (R) from 2.

(T ~ =2 V) A (¢~ x) = (p ~ x) is an instance of (A3)

(T~ —p V) — ((1/} ~X) = (p ~ X)) follows by CPC from 4.
(1 ~ x) = (¢ ~ x) follows by (MP) from 3. and 5.

A AN R S
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(D2)

g9

—p — —p follows by CPC from 1.

(= ~» =x) = (7 ~» =) follows by (D1) from 2.

X ~ @) = (7 ~» =) follows by an instance of (A7)

St D =

(
(=) ~ =x) = (x ~ ) follows by an instance of (A7)
(X ~ ) = (x ~ ¢) follows by CPC from 4. 3. and 5.
Next we show that (A2') and (A3') are theorems in our system:
(A2") 1. (p~ X)A(WY ~ x) = (=x ~ @) A(-x ~ ) follows by instances
of (A7) and CPC
2. (=x ~ 2p) A (=x ~ =) = (—x ~ “p A—) is an instance of (A2)

3. (=x ~ —p A=) = (p Vi ~ ~—x) follows by an instance of (A7)
and CPC

4. ==y — x follows by CPC

5. (e V1 ~ 2=x) = (¢ Vb ~ x) follows by (D2) from 4.

6. (@~ x)A (WY~ x)— (pVih~ x) follows by CPC from 1. 2. 3.
and 5.

(A3) 1 (e~ V)A(T ~ 2 Vx) = (2 ~ =) A(T ~ =1V x) follows by

an instance of (A7) and CPC

2. (4~ =) A (T ~ =V x) = (mx ~ —¢p) is an instance of (A3)

3. (=x ~ =) = (p ~ x) follows by an instance of (A7)

4. (p ~> Y)A(T ~» =V x) = (¢ ~ x) follows by CPC from 1. 2.
and 3.

O

In the rest of this chapter, we will show that & is sound and complete with
respect to the class of contact algebras (see |[Definition [2.1.3)).

3.2.1 Soundness

The aim of this section is to show that, if K is the class of contact algebras
and = is =g, for any set of formulas I and any formula ¢, we have

'y = TEe

2Recall that ¢ V ¢ is an abbreviation of =(—p A —)).
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This means that we have to show that, if we have a proof ¥1,...,%, = ¢ of
I' - ¢, then we have v(¢) = 1 for each valuation v into a contact algebra which
satisfies all formulas in T'.

In order to achieve this, we show that the axioms (A1)-(A7) are valid in
any contact algebra (B, <), and that for any valuation v into a contact algebra
(B, <), if the premise(s) of (R) or (MP) are satisfied, then also the conclusion
is satisfied. This allows us to conclude the proof of soundness. In fact, if
a valuation satisfies all formulas in I', then all the assumptions in the proof
Y1,...,%, would be satisfied. Moreover, by what we show below so would be
all instances of axioms, as well as formulas which are derived from the rules
(MP) and (R) by former ones which are satisfied. Thus, by the definition of
proofs in the system S, by induction on 1, ..., %, we obtain that all formulas
1; are satisfied by the valuation v, hence so is ¢ = 9y,.

e All axioms of CPC are valid because of the soundness of CPC with
respect to Boolean algebras.

(AL) (L~ @) Ap~T):
Let v be any valuation. By (Q1), we have v(1L) =0 <0, and 1 < 1 =
v(T). So, for any formula ¢, we have v(L) <0 < 0 < v(p) and v(p) <
1 <1 <wo(T). Hence, by (Q4), we obtain v(L) < v(¢) and v(¢) < v(T),
that is we have respectively v(L ~» ¢) = 1 and v(p ~» T) = 1. Hence
we have v(L ~> ) A(p~ T)=v(L~p)Av(p~T)=1

(A2) (o~ ) Alp~x) = (g~ Y AX):
Let v be any valuation. We have v((w ~ D) A (o X)) = v(p ~
) ANv(p ~ x) € {0,1}. If it is 0, the axiom is satisfied. Suppose it is 1.
Then we have v(p ~ 1) = v(p ~ x) = 1. So v(p) < v(¥),v(x), hence

by (Q2) we get v(p) < v(¥) Av(x) = v(¥ Ax). Hence v(p ~ ¢ Ax) =1,
and this shows that the axiom is valid.

(A3) (T~ = V) A (¢~ x) = (¢~ x):
Let v be any valuation. Suppose v((T ~s V) A (P~ X)) = 1. Then
we have v(T ~» =@ V1) =1 and v(¢) ~» x) = 1. So by the latter we have
v(1)) < v(x), and by the former we have 1 = v(T) < v(—¢ V1), which by
(Q5) implies 1 = v(—¢p V ¢) = —w(p) V v(y), that is v(p) < v(1)). So we
have v(p) < v(¥) < v(x) < v(x), hence by (Q4) we obtain v(p) < v(x),
that is v(¢ ~» x) = 1. This shows that the axiom is valid.

(Ad) (o) = (p = ¥):
Let v be any valuation, and suppose v(¢ ~» 1) = 1. Then we have

v(p) < v(¥), hence by (Q5) we get v(p) < v(¢)), and so v(p — ) = 1.
This shows that the axiom is valid.

(A5) (¢~ 1) = (x ~ (¢~ 9)):
Let v be any valuation. If v(p ~» ) = 1, then by (Q1) and (Q4) we
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have that a < 1 = v(¢ ~ ). So in particular for any formula x we have
v(x) < v(p ~» 1), hence v(x ~» (¢ ~» 9)) = 1. This shows that the
axiom is valid.

(AB) ~(p ~ ) = (x ~ 2~ P)):
Let v be any valuation. If v(—=(p ~~ 1)) = 1, then by (Q1) and (Q4) we
have that a < 1 = v(=(¢ ~» ¥)). So in particular for any formula y we
have v(x) < v(=(¢ ~ ©)), hence v(x ~» —(¢ ~ ¥)) = 1. This shows
that the axiom is valid.

(A7) (@~ ) < (1)~ —p):
Let v be any valuation. Recall that we have v(¢p ~ ¥),v(— ~ —p) €
{0,1}. If v(p ~» ¢) = 1, then we have v(p) < v(1)). Hence by (Q6) we
have v(—¢) = —wv(v)) < —w(p) = v(—¢). Conversely, if V(=) ~ —p) =
1, we have v(—¢) < wv(—¢), hence again by (Q6) we obtain v(p) =
——w(p) = w(-p) < ~w(-yY) = =—w(¢) = v(¢). This shows that the
axiom is valid.

(MP) o =Y

Let v be any valuation. Suppose v(p) = 1 and v(¢ — ¢) = 1. Then
we have 1 = v(p) < v(), so v(yp) = 1. This shows that (MP) preserves
satisfaction.

(R) =

Let v be any valuation, and suppose v(¢) = 1. Hence by (Q1) we have
v(T) =1 <1 = v(p), that is v(T ~ ) = 1. This shows that (R)
preserves satisfaction.

3.2.2 Completeness

Since, for the system S, the deduction theorem does not holdEL in the following
lemma we provide a weaker form of it:

Lemma 3.2.3 (~>-deduction theorem). For any set I' of formulas, and for
any formulas p,, we have:

FU{QO}I‘?ﬁ & Fl—(—l—wgp)—)l/).

Proof. (<) Suppose I' = (T ~» ¢) — 1. Then there is a list of formulas
ending with (T ~» ¢) — % in which the set of assumptions is some
I'p € T'. We can extend it to a proof of I' U {¢} F %, with set of
assumptions I'g U {¢}, as follows:

1LAT ~ ) =4

3The failure of the deduction theorem is caused by rule (R). For example, we have p - T ~»
p, but J p — (T ~ p). This follows by weak completeness (at the end of this section) and by
the fact that p — (T ~» p) is not a validity. In fact, if (B, <) is such that there is b € B\{0, 1},
then with the valuation v : p — b we have v(p — (T ~p)) =b— (1 ~b) =b—0=-b# 1.
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2. peToU{p}
3. T ~ ¢ by (R) from 2.
4. ¢ by CPC by (MP) from 1. and 3.

So we have I' U {¢p} F 9.

(=) Suppose I' U {¢} F 9. So we can assume wlog that we have a finite
I'p C T and a proof ¢y, ..., ¢, =¥ of TU{p} I ¢ with set of assumptions
I'oU{¢}. We show by induction on i = 1...n that we can obtain a proof
of ' (T ~» ¢) — 1; with assumptions I'g, concluding that we have a
proof of I'F (T ~ ) — 9.

— Suppose ©; = @. Then we have I' = (T ~» ¢) — ¢, because
(T ~» ¢) = ¢ is a theorem, in fact:
1. (T ~ ¢) V(T ~ ¢) follows by CPC
2. (T ~ ) = (T — ) is an instance of (A4)
3. (T = ¢) — ¢ follows by CPC
4. (T ~ ¢) — ¢ follows by CPC from 2. and 3.
— Suppose ; is an instance of a theorem of CPC or an instance of
one of the axioms (A1)-(A7). In that case 1); is a theorem, hence
since ¥; — ((T ~» ¢) — ;) is an instance of a theorem of CPC,

by (MP) we obtain that also (T ~~ ¢) — 1; is a theorem, hence
CHE(T ~ )= ;.

— Suppose a proof of I' U {¢} F ¢; is obtained applying (MP) to ¢;
and vy, with j,k < ¢ and ¥, = 9; — ;.
By inductive hypothesis we have a proof of I' - (T ~» ¢) — 1); and a
proof of I' = (T ~ ¢) = (¢; = 1;). If we concatenate these proofs,
we can extend the resulting list to a proof of I' F (T ~ ) — 9 as
follows:

L (T~ ) =1

2. (T~ ) = (Y = )

3. ;= ¥ V(T ~» ) is equivalent to 2. by CPC

4. (T ~ @) = ¥ V(T ~ ) follows by CPC from 1. and 3.

5. (T ~ @) — 9 is equivalent to 4. by CPC

— Suppose 1; = T ~ 1);, and that a proof of I'U {¢} F 9; is obtained

by applying (R) to v;, with j < 1.
By inductive hypothesis we have a proof of I' F (T ~» ¢) — 9. So
we can extend it as follows:

1. (ngp)—)¢j

2. (T ~ (T ~ @) = (T ~ ¢;) by (D2) from 1. (see [Lemmal
32.9)

3. (T~ ) = (T~ (T ~ ¢)) is an instance of (A5)
4. (T ~ @) = (T ~» 1)) follows by CPC from 3. and 2.
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which gives us a proof of I' = (T ~ ¢) — 9.

Corollary 3.2.4. For any set I' of formulas, and for any formula ¢, we have:
(i) FU{QO}"J_ i=4 Fl—ﬁ(ngo);

(ii) T'Fe < TU{~(T~ e}k L;
(i) Tk=(e~y) &  TU{pwgit L
Proof.

(i) This is a particular case of [Lemma 3.2.3) with ¢ = L.

(ii) (=) Let 1 be a list of formulas. If 1, is a proof of T' I ¢, then
0,0, T~ 0, =(T ~ ), L is a proof of T U {~(T ~ ¢)} - L.

(<) T U{=(T ~ ¢)} b L, then by the item (i) of this corollary we
have I' F (T ~» =(T ~» ¢)). So, we prove I' - ¢ extending a proof
of the former as follows:

Lo o(T v =(T ~ ¢))

2. (T ~» =(T ~ ¢)) = ==(T ~» ¢) by contraposition from an
instance of axiom (A6)

T ~ ¢ by (MP) and CPC from 1. and 2.
(T ~ ¢) = (T — ¢) is an instance of axiom (A4)
(T — ¢) by (MP) from 3. and 4.

®.

SIS

(iii) (=) Let 1 be a list of formulas. If 1), ~(¢ ~ ) is a proof of I' = =(p ~
1), then 1, =(¢ ~ 1), o ~ 1, L is a proof of T U {p ~ ¥} - L.
(<) T U{p ~ ¢} F L, then by the item (i) of this corollary we have
I'F (T ~ (¢ ~ 1)). So, we prove I' = (¢ ~~ 1) extending a
proof of the former as follows:

L =(T ~ (@ ~ )

2. 2(T ~ (p ~ ¥)) — —=(¢ ~ ) by contraposition from an
instance of (A5)

3. =(¢ ~ 1) by (MP) from 1. and 2.

O

emma J3.2.J is the syntactic analogue of the property stated in
3.1.1] and it plays a crucial role in our proof of completeness. In fact, we
will use it to prove [Lemma |3.2.7, which allows us to extend consistent sets
to maximally consistent sets. Then, we will use maximally consistent sets to
construct a contact algebra with a valuation which satisfies all the formulas in
the set.
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In the next proposition, we will see that maximally consistent sets for the
system S are those which satisfy properties (M1)-(M2) given in the following
definition:

Definition 3.2.5 (~»-maximal consistent set). A set S of formulas is called
~»-maximal consistent set if it satisfies the following properties:

(M1) S is a consistent set, and for all @, if St ¢ then ¢ € S;
(M2) Vo,v, either ¢ ~>1hp € S or =(p ~ 1) € S.

Proposition 3.2.6. Let S be a set of formulas. S is mazimally consistent for
the system S if and only if it is a ~»-mazximal consistent set.

Proof. (=) Suppose S is maximally consistent. We need to show that it
satisfies properties (M1)-(M2):

(M1) S is in particular a consistent set. Let ¢ be such that S+ ¢. Then
S U {p} is consistent, hence by maximal consistency of S we have
pes.

This shows that S satisfies (M1).

(M2) Let ¢,v¢ be formulas. If S F =(¢ ~» @), then by (M1) we get
=(p ~ ) € S. Otherwise, if S }f =(¢ ~» 1), then by item (iii) of
|Corollary [3.2.4f we obtain S U {¢ ~ ¢} } L. Hence, by maximal
consistency of S we have @ ~» 1) € S.

This shows that S satisfies (M2).

(«<=) Let S be a ~»-maximal consistent set, and suppose for a contradiction
that it is not maximally consistent. This means that there exists a for-
mula ¢ such that ¢ ¢ S and SU{¢} ¥ L.

By ¢ ¢ S and by (M1), we have S I ¢. So, since {T ~~» ¢} I ¢, we must
have T ~» ¢ ¢ S.

By SU{¢} I# L and by item (i) of |Corollary[3.2.4, we obtain S [ =(T ~~
¢), hence in particular =(T ~» ¢) ¢ S.

So we have found formulas T, ¢ such that T ~» ¢, =(T ~ ¢) ¢ S, which
is a contradiction with property (M2).
O

Lemma 3.2.7 (~-Lindenbaum lemma). Let A be a consistent set of formulas.
Then there exists a ~>-mazimal consistent set Sa such that {¢ | AF o} C Sa,
hence in particular A C S4.

Proof. Starting from Ay := A, we construct an increasing sequence Ag C A C
Ag C ... of consistent sets of formulas.

Let {P;}icw be an enumeration of all pairs P; = (p,%) of formulas. We
define A, 11 from A, inductively as follows:
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o If A, ¢~ 1, where (p,%) = (p, 1), define 4,11 := A,.
o If Ay I ¢~ 1), define Ayq1 := A, U{=(p ~ )}

Then, by induction on n, we show that each A, is consistent. By our as-
sumption, Ay = A is consistent. Suppose A,, is consistent, and suppose for
a contradiction that A,11 F L. If (¢,%) = (p,9¥), and A, F ¢ ~ 1, then
A1 = A,, which contradicts the fact that A, is consistent. So we must have

A ¥ @t and Any1 = AyU{=(p ~ )} - L. Then, by we
have a proof of 4, —|<T ~s (g 1/1)) But then we can extend this proof
as follows:

1 ~(T = ()

2. ﬂ(‘l’ ~ 2~ w)> — ==(¢ ~ 1) follows by CPC from an instance of
(A6)

3. == (p ~» 1) follows by (MP) from 1. and 2.

4. ¢ ~~ 1) follows by CPC from 3.

Therefore, we have A, F ¢ ~~ 1, contradicting A, V£ ¢ ~~ 1.
Thus, in all cases we arrived at a contradiction, hence A, must be con-
sistent.

Now define
Sa:={¢ | Ap F ¢ for some n € w} .

As A = Ay, by construction we have {¢ | A+ ¢} C Sq. Also, we can show
that it is a ~»-maximal consistent set:

(M1) Suppose 91, ...,1 is a proof of S4 F ¢, with set of assumptions I'g =
{x1,---,x1} € Sa. By construction of S4, for all i = 1,...,1 there exists
Ap, such that Ap, F x;. If h = max{h; | i = 1...1}, then we can turn
the proof of S4 F ¢ into a proof of A, F ¢, hence obtaining ¢ € Sjy.
This shows that, for any formula ¢, we have S4 F ¢ implies p € S4.

Since each A,, is consistent, we have 1 ¢ S4. Hence, by what we have
showed, we have Sq /L.

(M2) Given ¢, 1, there exists n such that P, = (¢,%). Hence, either A, F ¢ ~~
1, and hence ¢ ~~» ¢ € Sy, or by construction we have —(¢ ~ 1)) € Ay, 41,
80 Apt1 F —(¢ ~ 1) and hence —(p ~~ 1)) € Sy.

O]

In the following lemma, we show that we can use a ~»-maximal consistent
set S4 to quotient the algebra of formulas in our language and obtain a contact
algebra which satisfies all formulas in S4. This will satisfy in particular all
formulas in A C S4, allowing us to prove strong completeness for our system.
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Lemma 3.2.8. Let A be a consistent set of formulas, and let S4 be a set

obtained in [Lemmal3. 2.7
Consider the algebra F := (Form, T, A\, —,~>) of formulas of our language,
and the following relation on Form:

s Y & Y e Sy
Then:
1. ~g, is a congruence on F.

2. Let [p] be the equivalence class of ¢ under ~g,. We have

[Pl=[T] = »ela.

3. Let B be the Boolean reduct of the quotient of F under ~g,. There, for
each @,1, we have [p ~ ] € {[T],[L]}, and the relation < on B which
results from ~, that is

Pl =< & lp~dl=I[T],
makes (B, <) a contact relation.

Proof. 1. The fact that ~g, is a congruence on F follows by property (M1)
of Sa, by and by the fact that our system contains CPC.

2. If [p] = [T], we have p <> T € Sy, hence p € S4. Conversely, if ¢ € Sy,
then ¢ <> T € Sa, 80 ¢ ~g, T, hence [p] = [T].

3. By property (M2) of S4, for each ¢, 1) we have either ¢ ~» 1) € Sy, hence
by part 2. of this lemma we have [p ~ ] = [T], or =(p ~ b)) € Sy,
hence [~(p ~ ¢)] = [T] and so [ ~ ¢] = [1].

It remains to show that < satisfies (Q1)-(Q6):

(Ql) 0<0and 1 <1
By (A1) we have (L ~» L)A (L~ T), (L~ T)A(T ~ T) € Sa,
so in particular (L ~» L), (T ~» T) € Sa. Hence [L ~» L] =[T ~»
T] =[T], and so we have [L] < [L] and [T] < [T].

(Q2) a < b,cimpliesa <bAc
Suppose [p] < [¢],[x]. So we have [T] = [p ~ ] = [p ~ x],
hence we have (¢ ~ ¥) A (p ~» x) € Sa. So, by (A2) and (MP)
we have (¢ ~ A x) € S, so [p ~ ¥ A x| = [T] and hence
[p] < [ AxX] =[] A TN

(Q3) a,b < cimpliesaVb=<c
Suppose [¢], [¥] < [x]. So we have [T] = [p ~ x] = [ ~ x],
hence we have (¢ ~» x) A (¢ ~ x) € Sa. So, by (A2’) and (MP)
we have (¢ V9 ~» x) € Sa, so [p V¢ ~ x| = [T] and hence
[Pl VY] = eVl <[x]-
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(Q4) a <b=<c<dimplies a <d
Suppose [¢] < [¥] < [ < [0 By [¢] < [¢] and [¢g] < [x] we
obtain = V1,1 ~» x € S4, and by (R) and CPC we have (T ~~
V) A (Y ~ x) € Sa. Hence by (A3) and (MP) we have
@~ x € Sq. Then, by [x] < [f#] we obtain —x V 6 € S4, so again
by (R) and CPC we get (¢ ~» x) A (T ~» =x V) € S4. So, by
(A3") and (MP), we have ¢ ~ 6 € Sy, so [p ~ 0] = [T] and hence
(o] < [6].

(Q5) a < bimplies a < b
Suppose [p] < [¢], so [¢ ~ ] € S4. By (A4) and (MP) we get
@ — 1) € Sy, that is ~p V) € S4, hence we have [T] = [~ V] =
~le]V [¥], that is [p] < [¢].

(Q6) a < b implies =b < —a
Suppose we have [p] < [¢]. This means [¢ ~» 1] = [T], that is
@~ 1) € Sy. By axiom (A7), we have that =) ~» —p € Sy as well.
So we obtain [-) ~» =] = T, that is =[¢)] =[] < [-¢] = —[p].

0

Theorem 3.2.9 (Strong completeness). Let K be the class of contact algebras,
and let = be =xi. Then for any set of formulas T' and for any formula ¢, we
have

'y < T Eo

Proof. (=) This is proved in [Section [3.2.1

(<) We prove the contrapositive. Suppose I' J ¢. Then by |Corollary [3.2.
we have that A := T'U {—~(T ~» ¢)} is consistent. Hence, by [Lemma
we can extend it to a ~»-maximal consistent set S4. So, we can
consider the contact algebra (B, <) constructed in [Lemma [3.2.8 with
the valuation v : ¢ — [¢]. Since this valuation satisfies all formulas in
Sa, and since A C Sy, we have v(¢p) = [¢] = [T] = 1p for all ¢ € A.

This means that we have v(¢)) = 15 for all ¢» € T, and v(=(T ~ ¢)) =
1p. By the latter is equivalent to v(p) # 1p. Hence what

we have shown proves I' [& .

O

Corollary 3.2.10 (Weak completeness). Given a formula ¢, we have that ¢
is a theorem of S if and only if it is valid on all contact algebras (B, <).

We prove also the alternative formulation of strong completeness:

Theorem 3.2.11 (Strong completeness, second formulation). A set A of for-
mulas is consistent if and only if there exists a contact algebra (B,<) and a
valuation v of formulas into B such that v(p) =1 for all ¢ € A.
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Proof. (<) Suppose A F L. Then, by soundness, if a valuation v on some
(B, <) satisfies all formulas ¢ € A, it must satisfy also all the formulas ¢
such that A F ¢. So, since there is no valuation which satisfies 1, there
can be no (B, <) and v : Prop — B such that v(p) =1 for all p € A.

(=) Suppose A is consistent. Then, by we can extend it to

a ~»-maximal consistent set S4. Hence, we can consider the algebra
(B, <) constructed in [Lemma [3.2.8] with the valuation v : ¢ — [¢].
Since this valuation satisfies all formulas in S4, and since A C S4, we
have v(p) = [p] = [T] = 1p for all p € A.

O

Remark 3.2.12. The logic S introduced in this chapter is a conservative
extension of CPC. In fact, suppose S proves a theorem - ¢ where @ is a
~-free formula, and hence a formula within the language of CPC. Then,
given any Boolean algebra B, there are ways to define a binary relation < on
B so that (B, <) is a contact algebra. For example, we can define <:=<, or
<:={(0,a) }ae U{(a,1)}sep. Hence, by Theorem [3.2.10, we obtain that ¢ is
valid on (B, <), and hence on B. This shows that ¢ is valid on all Boolean
algebras, and by completeness of CPC with respect to Boolean algebras we
have that ¢ is also a theorem of CPC.

Being a conservative extension of CPC, which is an algebraizable logic,
also S is algebraizable. Indeed, our proof of completeness is made by standard
reasoning in algebraic logic.

3.2.3 Finite model property

The completeness result of this chapter can be adapted to show that this logic
has the finite model property.

Theorem 3.2.13 (Finite model property). Let A be a consistent set of for-
mulas in which all proposition letters which occur in a formula of A belong to
a finite set {p1,...,pm}. Then there exists an algebra (B, <) of size at most
22" and a valuation v : {p1,...,pm} — B such that v(p) =1 for all ¢ € A.

Proof. We can restrict the set of formulas to the formulas which are built up

from the proposition letters p1,...,pn, only. Then, the proofs of

and transfer to this case as well. So, by we obtain the
contact algebra (B, <) with the valuation v : p; — [p;] which is such that

v(p) =1 for all p € A.

This algebra has size at most 22" . In fact, if we consider the free Boolean
algebra C,,, generated by m elements ay, ..., a,, (which has size 22"), and we
define a Boolean algebra homomorphism f : C,,, — B by f(a;) := [pi], we can
show by induction on formulas that f is surjective, that is, for all ¢ there exists
a € Cy, such that f(a) = [¢]:
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o p=T:
We have f(1) =[T].

® Y=Di:
We have f(a;) = [pi].

* p=vAx:
By inductive hypothesis, there exist a,b € Cy, such that f(a) = [¢/] and

£(6) = [ So we have f(a A b) = f(a) A £(5) = ] A ] = [0 A )

e ="
By inductive hypothesis, there exist a € C), such that f(a) = [¢)]. So we
have f(=a) = = f(a) = =[¢] = [=¢].

o p=1)~ x:
By [Lemma[3.2.8] we have either [¢) ~ x] = [T] or [¢) ~ x| = [L]. Hence,
we have either f(1) = [¢p ~» x| or f(0) = [¢p ~> x].

O

By [Theorem [3.2.13] and by finite axiomatizability of contact algebras we
can conclude the following:

Corollary 3.2.14. The system S is decidable.

Proof. Suppose we are given a formula ¢, and we need to establish whether
it is a theorem of S or not. Let n be the length of ¢. Then, by
B:213] ¢ is a theorem of S if and only if it is valid in all contact algebras of
size at most 22", There are finitely many relational algebras (B, <), and one
can check whether such an algebra is a contact algebra by checking that B is
a Boolean algebra and that < satisfies (Q1)-(Q6). So, it is possible to check
whether ¢ is valid in all contact algebras of size at most 22", and thus whether
@ is a theorem of S or not. O

Conclusion

In this chapter, we have introduced a finitary deductive system S, and we
showed that it is strongly sound and complete with respect to the class of con-
tact algebras. The proof uses standard methods from algebraic logic, that is
we, show how to extend a consistent set of formulas to a maximal consistent
one, and then we use the latter to define a congruence on the algebra of for-
mulas, and finally obtaining a contact algebras with a valuation which satisfies
all formulas in the maximal consistent set. While showing completeness, we
noticed that the deduction theorem does not hold for the system S, thus we

40



proved a weaker version of it in There, we see that formulas of
the form T ~~ ¢ act as deduction terms. Finally, we showed decidability of S
via the finite model property.
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Chapter 4

Adding non-standard rules

In the previous chapter, we presented a deductive system S, and we showed
that it is strongly sound and complete with respect to the class of contact
algebras.

In this chapter, we will consider extensions of & with a particular kind of
non-standard rules, and we will see that there is a correspondence between
these rules and V3-statements. This correspondence is the reason why we call
them Ils-rules. Namely, we show that the system S enriched with Ilx-rules
is sound and complete with respect to the class of contact algebras satisfying
the V3-statements which correspond to the added rules. Vice versa, given any
inductive class K E] of contact algebras, we can find a system extending S
which is sound and complete with respect to K. This system is obtained by
considering a V3-axiomatisation of the theory of K, and adding to S the set
of Ilo-rules which correspond to this axiomatisation.

Notation 4.0.1. Starting from this chapter, we will often regard algebras
(B, <) as first-order structures over the signature (A,—,1,~+). Notice that
first-order terms over this signature are syntactically the same as formulas of
the language of S. When we put these objects inside first-order formulas, we
consider them as first-order terms. Otherwise, they represent formulas of the
language of S.

In order to not confuse connectives A, V, -, — interpreted by Boolean al-
gebras with connectives of first-order formulas, for the latter we will use the
symbols A, V, - and —.

Moreover, for formulas in our language, we chose to replace the constants
T, L with 1,0, so that we can regard the former ones as top and bottom of
first-order logic.

Notation 4.0.2. In what follows, ¢ and p denote respectively a tuple of for-
mulas and a tuple of propositional variables.

'Recall that a class of first-order structures is called inductive when it is closed under
directed limits. By a well known preservation theorem (see e.g. [I6 Theorem 5.2.6.]), an
elementary class in inductive if and only if its theory is axiomatised by V3-statements.
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Let us first introduce our Ils-rules, and their associated V3-statements:

Definition 4.0.3 (IIo-rule). A Ilp-rule is one of the form:

) F(g,p) = x
G(p) = x
where x is a formula variable, and F,G are formulas, each involving formula

variables @, and with F involving a tuple p of proposition letters.
With the rule (p), we associate the first order formula ®,, defined as:

o, == VI,z <G(£)£z = Jy: F(E,g)fz).

In this chapter, we consider deductive systems obtained by adding IT>-rules
to the system S, which we presented in

As the following definition clarifies, in such a system one can derive formulas
using a Ils-rule provided some conditions on the special proposition letters p
are satisfied:

Definition 4.0.4 (Proofs in a system with Ils-rules). Let (p1), ..., (pr) be
IIs-rules, where
(pi) -
Gi(p) = x

and consider the system S + (p1) + ...+ (pr) E|

As in [Definition [3.2. 1], any finite list W1, ..., ¥, of formulas is considered
as a proof of some entailment. Formulas v; are regarded as assumptions unless
satisfy one of the following conditions:

e ; is an instance of an aziom of CPC, or

e v is an instance of an aziom among (A1)-(AT), or

o o follows from 1;, vy for some j,k < i by applying (MP), or
e ; follows from 1 for some j < i by applying the rule (R), or

o Y, = Gi(p) = x for some formulas @,x, and there is j < i such that
v = Fi(@,p) = X, and such that the proposition letters p occur neither
in the formulas @, x, nor in any of the assumptions within 1, ..., 9; (in
this case we say that 1; follows from 1); by the rule (p;)).

2Here we are assuming wlog that the lengths of the tuples @ are the same in all F;’s and
Gi’s
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If Tg is the set of the assumptions of a proof i1, ..., Yy,, we say that the latter is
a proof of I' - 4y, for each set of formulas I" such that I'g C I'. In particular, if
Y1, ...,%y, contains no assumption, then it is a proof of - 1, or more simply

a proof of V.

Definition 4.0.5 ((p1, ..., px)-algebra). Let (B, <) be a contact algebra. We
say that (B, <) is a (p1, - . ., pr)-algebra if and only if it satisfies @y, A--- AP, ,
where we see (B, <) as a first-order structure over the signature (A, =, 1, ~).

4.1 From logics to inductive classes

In this section we show that if we add a set of IIy-rules to the system S, then
we obtain a logic which is sound and complete with respect to some inductive
class of contact algebras.

For simplicity, we show in detail only the case in which we add a finite
set of such rules. That is, we work in the system S + (p1) + ... + (pr) where
(p1), -, (px) are some fixed Ilo-rules, and we show that this system is sound
and complete with respect to the class of (p1, ..., px)-algebras. This proof of
completeness is built on top of the proof of completeness given in [Section [3.2
At the end of the section, we will explain how to extend the obtained results
to handle the case in which we add a countably infinite set of IIy-rules.

4.1.1 Soundness

We show that if 11,...,%, is a proof, then if a valuation in a (pi,...,pk)-
algebra satisfies all the assumptions, it must also satisfy 1,. We argue by
induction on the length n of the proof, and by the soundness results of the
previous sections, all we need to handle is the case in which 1, follows from
some ; by a rule (p;).

So, suppose this is the case, and suppose v : Prop — B is a valuation
in a (p1,...,pr)-algebra (B, <) such that v(¢,) # 1. Since 1, follows by
the rule (p;), it must be of the form Gj(¢) — x, and there must be i < n
such that ¢; = Fj(¢,p) — x, with p proposition letters occurring neither in
@, X, nor in any of the assumptions within 1, ...,1;. So we have v(Gi(¢)) =
Gi(v(¢)) £ v(x). Hence, since (B, <) satisfies ®,,, there exists ¢ € B such
that Fy(v(p),é) £ v(x). So, if we consider the valuation v/ := v[p — ], we

have that v’ coincides with v on all assumptions within %1, ...,1;, and also
V'(Fi(¢,p)) = Fi(v(p), ) £ v(x) = v'(x), so v'(Fi(p,p) — x) # 1. Hence, by
inductive hypothesis, there must be some assumption within 1, ..., ; which

is not satisfied by v/, and hence it is not satisfied by v.
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4.1.2 Completeness

We start by proving the ~~»-deduction theorem for the system S+ (p1) +...+

(pr), and we do so by extending the proof of

Lemma 4.1.1 (~>-deduction theorem). For any set I' of formulas, and for
any formulas p,, we have:

Tu{etFy < TH(T~p) —.
Proof. (<) For this direction, we can use the same proof as in [Lemma [3.2.3

(=) In we proved this direction by induction on proofs. Here,
we extend the proof of [Lindembaum Lemma 4.1.3| by dealing with the

case in which a step of the proof consisted of applying the rule (p;), for
some [ € {1...k}:

— Suppose 1; = Gi(@) — x for some formulas @, x, and there is j < i
such that 1; = Fj(¢,p) — x, and such that the proposition letters
P occur neither in the formulas @, x, nor in any of the assumptions
within 1, ...,%;. By inductive hypothesis, we have a proof of I' -
(T ~ ¢) = (Fi(¢,p) — x), and by CPC we have a proof of
'+ Fi(p,p) = x V(T ~ ¢). Hence, by applying rule (p;) we can
extend this proof to a proof of I' F G;(¢) — x V =(T ~ ¢). So,
again by CPC, we obtain a proof of T'F (T ~ ¢) — (Gi(@) — x),
as desired.

O]

Corollary 4.1.2. For any set I' of formulas, and for any formula ¢, we have:
(1) Fru{etrL < L' =(T ~ p);
(ii) Tk < TU{~(T~ e}k L;
(i) TE=(e~y) <  Tu{pwypt L

Proof. The proof is the same as the proof of [Corollary [3.2.4] using
E.17instead of Lemmal3.2.3l O

As in the proof of completeness in we prove that we can extend
any consistent set of formulas to a ~»-maximal consistent set, which we then
use to build an algebra with a valuation which satisfies all formulas in the set.

Since we aim to show completeness of S+ (p1) + ...+ (pr) with respect to
the class of (p1), ..., (px)-algebras, we want this algebra to be a (p1), ..., (pk)-
algebra.
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Lemma 4.1.3 (Lindenbaum lemma). Let A be a consistent set of formulas,
and suppose there are infinitely many propositional variables not occurring in
formulas in A. Then there exists a ~~-maximal consistent set S4 such that
{¢ | AF ¢} C Sy, and which satisfies the following property:

(Mp) For each [ € {1...k}, Sy is closed under the following infinitary rule:

(p1.00) if Gi(@) = x ¢ Sa, then there exists a tuple p of proposition letters
such that Fj(¢,p) = x ¢ Sa.

Proof. This proof is very similar to that of We build an increas-
ing sequence (A,,) of consistent sets, each having infinitely many propositional

variables not occuring in it. Then we define S4 := {¢ | In : A, F ¢}, and
we show that such S, is a ~»-maximal consistent set which satisfies property

(Mp).
Let Ap := A. We enumerate all the pairs P, = (¢,1) of formulas, all the
tuples (@, x), of formulas, and we define A,, inductively in stages as follows

(below, [ € {1...k}):

e n=(k+1):
If A, b ¢ ~ 9, define A,yq := A,. Otherwise define 4,41 := A, U
{=(e~ )}

e n=(k+1)i+1
Let ¢, x = (@, x)i-
If A, F Gi(p) — x, define A, 41 := A,,.
If A, I Gi(¢) — x, pick variables p which do not occur in A,,, in ¢ and
in x, and define 4,41 := A, U {ﬁ<—|— ~ (Fi(¢,p) — X)) }

Then, by induction on n, we show that each A,, is consistent. By our assump-
tion, Ay := A is consistent and has infinitely many propositional variables not
occuring in it. Suppose A4, is consistent and has infinitely many propositional
variables not occuring in it. We have the following cases:
o n=(k+1)i:
If we defined A,,+1 := A, we can directly apply the inductive hypothesis.
Otherwise, if we defined A,11 = A, U {=(p ~ ¥)}, Apy1 still has

infinitely many propositional variables not occurring in it, and the proof
that it is consistent is the same as in [Lemmal3.2.7

en=(k+1)i+1
If we defined A, 11 := A,, we can directly apply the inductive hypothesis.
Otherwise, if we defined A, 11 := A4, U {—|(T ~ (Fi(¢,p) — X)) }, then
we have A, ¥ Gi(¢) = x.
Ap41 still has infinitely many variables not occurring in it. If it were

inconsistent, then we would have A, + —|<T ~ ﬂ(—l— ~ (Fi(¢,p) —

X))), and we could extend a proof of this as follows:
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(T (T e <))

2. ﬂ(T - ﬂ(T s (F(, ) — x))) — ﬁﬁ<T ~ (Fi(3,p) — X))
by CPC from an instance of (A6)

3. ==(T ~ (F(#,5) > X)) by (MP) from 1. and 2.

4. T ~» (Fi(¢,p) — x) by CPC from 3.

5. (T ~ (F(p,p) — X)) — (T — (F(p,p) — X)) is an instance of
(A4)

6. T — (Fi(¢,p) — x) by (MP) from 4. and 5.

7. Fi(¢,p) — x by CPC from 6.

8. Gi(¢) — x by (p;) from 7.

so we have A, - G;(¢) — x, which is a contradiction. Hence A, 1 must
be consistent.

Hence, in all cases we obtain that A, is consistent and has infinitely many
propositional variables not occuring in it.

Now, we need to show that Sy := {¢ | In: A, I ¢} satisfies the required
properties. The proof of the fact that it is a ~»-maximal consistent set would

go exaclty as in the proof of
Concerning property (Mp), suppose Gi(¢) — x ¢ Sa, and let ¢, x =

(@, x)i- Then, at stage n = (k + 1)i + | we must have defined A, 4; := 4, U
{~(T~ (Fi@,p) = ) }. S0 we have Apir = (T ~ (F(3,5) > 1)), and

hence Sy —|(T ~ (Fi(@,p) — X)) If we would have Fi(@,p) — x € Sa,
then we would get S4 F L, which would contradict to the fact that S4 is
consistent (by property (M1)), in fact:

1. Fi(¢,p) — x because it belongs to S4
2. T ~ (Fi(¢,p) = x) by (R) from 1.

3. —|(T ~ (Fi(@,p) — X)) because it belongs to S

S

. L by (MP) from 2. and 3.

So necessarily Fj(@,p) — x ¢ Sa, and this shows that S4 is closed under the
infinitary rule (p; o). O

Our proof of is analogous to that of [3, Lemma 7.10|. Balbiani

et al. use this lemma to show that each consistent set can be extended to one
which they call mazimal NORy-theory, which is a notion corresponding to our
~+-maximal consistent sets satisfying (Mp).
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Lemma 4.1.4. Let A be a consistent set of formulas. Then, by adding count-
ably infinite new propositional variables to the language, we can use [Lemma
to extend it to a ~~-consistent set S4 which satisfies property (Mp) and
such that {¢ | At ¢} C Sa. Then the algebra (B, <) constructed as in[Lemmd

with respect to Sy is a (p1, ..., pk)-algebra.

Proof. We need to show that the algebra (B, <) constructed as in
satisfies ®; for each [ € {1...k}.

Suppose [¢], [x] € B are such that G;([¢]) = [Gi(®)] % [x]. This means
that Gi(¢) — x ¢ Sa. Hence, since by property (Mp) S4 is closed under
the infinitary rule (p; ), there exist variables p such that Fj(p,p) — x ¢ Sa.

Hence we have found [p] € B such that Fi([¢], [p]) = [Fi(,p)] £ [x], and this
proves that (B, <) satisfies ®,,. O

So we can prove the completeness result:

Theorem 4.1.5 (Strong completeness). Let K be the class of (p1,...,pk)-
algebras, and let = be =x. Then for any set of formulas T' and for any
formula ¢, we have

'y < TEe

where = is relative to the system S+ (p1) + ... + (pk)-

Proof. (=) This is proved in |Section 4.1.1

(<) We prove the contrapositive. Suppose I' I . Then by [Corollary[4.1.2] we
have that A :=T'U {—(T ~» ¢)} is consistent. Hence, by |Lemma |4.1.3]
we can extend it to a ~»-maximal consistent set Sy satisfying (Mp). So,
we can consider the (pi, ..., px)-algebra (B, <) constructed in
with the valuation v : ¥ — [¢]. Since this valuation satisfies all
formulas in S4, and since A C Sy, we have v(¢) = [¢9] = [T] = 1p for
all ¢ € A.

This means that we have v(1p) = 1p for all ¥ € ', and v(=(T ~ ¢)) =
1p. By the latter is equivalent to v(p) # 1p. Hence what

we have shown proves I' [& .

O

Corollary 4.1.6 (Weak completeness). Given a formula ¢, we have that ¢ is
a theorem of the system S + (p1) + ...+ (p) if and only if it is valid on all
(p1,- .-, pr)-algebras (B, <).

As we did in for the system S, we prove also the alternative

formulation of strong completeness:
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Theorem 4.1.7 (Strong completeness, second formulation). A set A of for-
mulas is consistent if and only if there exists a (p1,. .., pr)-algebra (B <) and
a valuation v of formulas into B such that v(p) =1 for all ¢ € A.

Proof. (<) Suppose there exists a (p1, ..., pi)-algebra (B, <) and a valuation
v : Form — B such that v(¢) = 1 for all ¢ € A. Suppose for a
contradiction that we have a proof of A+ L. Then, by the proof in the
soundness section we have v(L) = 1, which is a contradiction. So there
can be no proof of A+ L, hence A is consistent.

(=) Suppose A is consistent. Then, possibly adding countable infinite new
propositional variables to the language, we may assume there are infinitly
many variables which do not occur in A. Hence, by we can
build a ~»-maximal consistent set Sy satisfying (Mp). Then, by
we obtain a (p1, ..., pg)-algebra (B, <) which satisfies all formulas
in S4 under the valuation v : ¢ — [p]. So, since A C Sy, this valuation
satisfies all formulas of A.

O

Remark 4.1.8. The above results would hold also if we have a countably
infinite set {p; }i<, of Ilg-rules. Apart from the Lindenbaum lemma, the rest
of the proof goes in the same way. To prove the Lindenbaum lemma, we fix
a bijection 7 : N x N — N, and we need to replace stages n = (k + 1) with
stages n = (0, 7), and we need to treat the case relative to the rule p; in stages
n=m(l+1,i).

4.2 From inductive classes to logics

Inductive classes are defined as elementary classes which are closed under
unions of chains ﬂ It is a famous preservation theorem (see e.g. [16, Theorem
5.2.6.]), also known as Chang-Los-Suszko theorem, that inductive classes are
exactly those which can be axiomatized by statements of the form Vz3g®(z, y),
where ®(Z,y) is a quantifier-free formula.

(Q1)-(Q6) are all universal statements, which are particular cases of V3-
statements. Moreover, given Ilp-rules p1, ..., pg, we have that ¢, A--- AP, is

3In case we are dealing with infinitely many rules, for each rule we should have a distinct
enumeration of the tuples @, x, because the length of these tuples may be different depending
on the rule, and this length may be not globally bounded.

4The condition of closure under unions of chains can be shown be equivalent to closure
under directed limits.
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expressible as a V3-statement. Therefore, as the class of (p1,. .., py)-algebras
is axiomatized by V3-statements, it is an inductive class.

In this section we will see that, for every inductive class K of contact
algebras (B, <), there exists a set of Ila-rules which, if added to the system S,
gives us a sound and complete logic with respect to K.

To obtain such a set of Ils-rules, we will see that every V3 statement is
equivalent to a statement of the form ®, for some Ils-rule p. Hence, if we
consider the set of Ils-rules which correspond to a V3-axiomatization of K,
by what we have shown in the previous section we will obtain the desired
completeness result.

We assume that all atomic formulas ®(z, ) are of the form ¢(z,y) ~ 1 for
some term t. In fact, an arbitrary atomic formula ¢(z, y) ~ s(Z, y) is equivalent
to (t(z,y) <> s(Z,y)) ~ 1. Thus, each atomic formula can be seen as containing
exactly one term.

As we mentioned in a terms in the signature (A, —, 1, ~)

can be regarded as formulas of our language, and viceversa, because they are
syntactically the same.

Definition 4.2.1. Given a quantifier-free first order formula ®(z,7), define
the formula ®(p,q) in the language of S as follows:
t(z,9) =~ 1)~ = 1~1tp,q)
(:\IJ( ag))N = _'\Il(ﬁv 6.7)
(W1 (2,9) A Wa(2,9))” == Wi(p,q) A Pa(p, )

8l

Kl

In the base case of the definition of (—)™~ given above, we translate an
atomic formula containing the term ¢ into the formula ¢’ := 1 ~ t associated
to t as a formula of our language. As we pointed out in this
association is such that v(t') € {0,1} and v(t) = 1 < v(t') = 1 for all valuations
v. In Lemmas and we show that the same properties hold for
the translation (=)™~ of quantifier-free formulas into formulas of our language.
Then we use this fact in [Proposition |4.2.4] where we show that a statement
Vz3ydP(z,y) is equivalent to another V3 statement which we build using P as
a term.

Lemma 4.2.2. Let (B, <) satisfy (Q1)-(Q5). Then for any quantifier-free
formula ®(Z,y), and for any a,b € B, if v : p,q — a,b we have v(P(p,q)) €
{0,1}.

Proof. Given a@,b € B and a valuation v : p,§ — @, b, we prove the statement
by induction on .

If ®(z,7) = t(Z,7) ~ 1, then we have v(®(p,7)) = 1 ~ t(a,b) € {0,1}.
If ®(z,y) = 2¥(z,y) or ®(z,y) = Vi(Z,y) A Va(Z,y) the same holds by
inductive hypothesis. O
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Lemma 4.2.3. Let (B, <) satisfy (Q1)-(Q5). Then for any quantifier-free
formula ®(z,y), and for any a,b € B, if v: p,q — a,b we have

(B,<) E @@ plab] &  v(@@9)= 1
Proof. The proof goes by induction on &:
e O(z,y) =t(z,y) = 1:

(B.<) = (t@.9) ~ 1),

b & tab) =1
& 1 <t(a,b)

& 0(®(p,q) = v(l~t(p,q) =1
b (I)(j7g) ::\I](i"g)

(B,<) F2¥(z,7)a,b] < (B,=) W ¥(z,7)a,b]

& o(¥(p,q) # 1
by inductive hypothesis

= v(¥(p,9) =0

by the previous lemma

& v(@(p,q) = v(~¥(p,q) = w(¥(p,q)) =1

o o(z,y) = Vi(z,7) A Va(Z,9):
(B, <) E ¥1(z,9)[a,b] A Ua(7,7)[a,b]
(B, =) [= O1(z.9)[a.b] and (B, <) |= Ua(z,§)[a,b] < (by LH.)
(¥1(p,9)) = 1 and v(¥1(5,9)) = 1 ©

v(@(p. 7)) = v(V1(5,2) A Va(5, 7)) = v(V1(p, D) A v(¥2(p, 7)) = 1.

Proposition 4.2.4. Let (B, <) satisfy (Q1)-(Q5). Then for any quantifier-
free formula ®(Z,y) we have (B, <) | Vz3ygd(z,y) if and only if (B, <) E
V:E,z(l ¢z — 3y d(,9) £ z)

Proof. (=) Suppose (B,<) = Vz3y®(z,y), and let a,c € B. By our as-
sumption there ex1st b € B such that (B, ) = ( ,9)[a,b]. So, if
1 £ ¢ bylL we have 1 = ®(a,b) £ c. This shows that
(B,<)):Vaz,z 1;§Zjag:<i>(f, )
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(<) Suppose (B, <) E Vz, 2(1;{2%3@'@%@ ﬁz),and let a € B.

Since 1 £ 0, there exist b such that <I> a,b) £ 0. So, by |L we
have ®(a,b) = 1, hence by [L we have (B, <) = @(z, )[ ,bl.
This shows that (B, <) = Va‘cEIngID(@, g).

O

As aresult of[Proposition|4.2.4] given an arbitrary V3 statement Vz3y®(z, 3),
we have that it is equivalent to the V3 statement associated to the Ils-rule

() —22D) 2 x

Thus, by the completeness result of we obtain that the system
S + (ps) is sound and complete with respect to the class of contact algebras
(B, <) satisfying Vz3y®(z, 7).

More generally, we can conclude the following:

Corollary 4.2.5. If T is a set of first-order statements of the form Vz3y®(z, ),
then the system S + {(ps) | VZIyP(z,y) € T} is sound and complete with
respect to the elementary class axiomatized by T and the theory of contact
algebras.

4.3 Admissible rules

We conclude this chapter with a section concerning admissibility of Il-rules,
and in particular we give a semantic Criterionﬂ for establishing admissibility of
a Ilx-rule in the system S.

Definition 4.3.1. Let (p) be a rule, either standard or possibly non-standard,
such as a Ilg-rule. We say that (p) is admissible in S if whenever we can prove
a theorem & ¢ in the system S + (p), we can prove = ¢ already in S.

In the rest of this paragraph, we will consider a generic IIs-rule:
) F(g,p) = x
G(p) = x

and we provide a criterion for establishing whether (p) is admissible or not in

S.

5This result is related to the work of Metcalfe [40], though it has been done independently.
In [40] the author introduces a very general framework for admissibility via a model-theoretic
approach.
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Notation 4.3.2. We write p 9 ¢,T" to mean that the proposition letters p do
not occur in ¢ and do not occur in any ¢ € I'.

Lemma 4.3.3. (p) is admissible in S if and only if for any set of forulas " and
for any tuple @, x of formulas, if S proves I' - F(p,p) — x with p 4 o, x,T
then S also proves I' - G(@) — x.

Proof. (=) Let (p) be admissible in S. Suppose in S we have a proof i1, ..., ¥,
F(g,p) = xof '+ F(p,p) — x withp 4, x, . Let ¢;,,...,4;, € T be
the assumptions in this proof. Then we have a proof of {¢5,,..., 15, } F
F(@,p) — x. Since our system includes CPC, having such a proof
is equivalent to having a proof of {4} F F(@,p) — x, where ¢ =

¢i1/\"'

A ;.. So, by there is a proof of - F(p,p) —

x V(T ~ ) inS. Since p 4@, x V(T ~ ¢) we have that S + (p)
proves F G(@) — x V (T ~ v), hence by admissibility of (p) also S

does. So, again by we have {¢} F G(p) — x, which is
equivalent to {¢;,,...,%; } F G(¢) = x, which gives us I' - G(¢) — x.

(<) Let v1,...

, ¥ = 1 be a proof of - ¢ (hence with no assumptions) in

S+ (p). We show by induction on i = 1...n that we can obtain a proof
of ¥; in S, hence concluding that we can prove - 1 also in S.

(1 =1) 11 is either an instance of an axiom of CPC or of one of the axioms
(A1)-(A7), so also in S we have F 9.

(<i = 1) We have the following cases:

*

If 7); is either an instance of an axiom of CPC or of one of the
axioms (A1)-(AT), also in S we have F ;.
If +; follows by (MP) from 1);,4, with j,k < 4, by inductive
hypothesis we have proofs of - ¢, and of - 9, in S, hence
concatenating these proofs and applying (MP) to v; and vy, we
obtain a proof in § of F ;.
If 1; following by (R) from t; with j < 4, by inductive hypoth-
esis we have a proof of 9, in S, hence applying (R) to v; in
this proof gives as a proof of - 1; in S.
If ¢y = G(¥) — x, and it follows from 1; = F(¢,p) — x with
Jj<iand p 43, x by (p), then by inductive hypothesis there
is a proof of - F(@,p) — x in S. Since this can be seen as a
proof of § - F(@,p) — X, by assumption we have a proof of
0FG(@E) — xinS.

O

Definition 4.3.4 (Atomic and elementary diagrams). With a structure (B, <),
we can associate the following sets of first-order formulas in the language of
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(B, <) extended with parameters {a}q.cp:

Diag, (B, <) = {®(a) | (B,<) = ®(7)[a/z] and ®(z) atomic }U
U{=®(a) | (B,<) = 2®(z)[a/z] and ®(Z) atomic }
Diage (B, <) = {®(a) | (B, =) = ®(z)[a/z]}

The first set is called the atomic diagram of (B, <), and the second one is
called the elementary diagram of (B, <).

It is well known that a structure (B, <) is a substructure (resp. elementary
substructure) of another structure (C, <) if and only if we can interpret the
parameters {a}q.ep in (C, <) so as to make it into a model of the atomic
diagram (resp. elementary diagram) of (B, <). See e.g.[39, Section 2.3].

Theorem 4.3.5 (Criterion for admissibility). (p) is admissible in S if and
only if for any contact algebra (B, <) there exists a (p)-algebra (C, <) such
that (B, <) is a substructure of (C,<).

Proof. (=) Suppose (p) is admissible in S, and let (B, <) be a contact algebra.
We need to show that (B, <) is a substructure of a (p)-algebra (C, <).
Let (Bp, <) be a countable elementary substructure of (B, <).
Consider the set {p, | a € By} of propositional letters for our formulas.
Then we can consider the set of formulas:

A= {®(p,) | (a) € Diagy(Bo, <)},

where, as usual, we consider algebras (B, <) as structures in the signature
(A, =, 1,~), and where ® is defined as in [Definition |4.2.1]

Since A is satisfied in (Bp, <) by the valuation v : p, + a, by strong
completeness A is a consistent set in S.

So, if we add (countably) infinitely many new propositional letters to the
language, by the Lindenbaum lemma |i we can extend A to
a ~-maximal consistent set Sy satisfying (Mp) [’} In fact, the proof of
that lemma would hold in this case by admissibility of (p).

Let (F, <) be the algebra obtained by quotienting the algebra of formulas
under the congruence given by S4. As proved in |Lemma [4.1.4] we have
that (F, <) is a (p)-algebra. Moreover, since the interpretation a” := [pq]
makes (F, <) into a model of Diag,(By, <), we have that (Bp, <) is a
substructure of (F, <), with the embedding a — [p,]. Therefore, we have
shown that the countable elementary substructure (By, <) of (B, <) can
be embedded into a (p)-algebra (F, <).

Our aim is to show that we can embed (B, <) itself into a (p)-algebra,
and for doing this we prove the following:

5Recall that property (Mp) is defined as closure under the infinitary version of the rule

(p)
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Claim 4.3.6. There is an algebra (C, <) such that (F, <) is an elemen-
tary substructure of (C, <) and (B, <) is a substructure of (C, <).

Proof of claim. Let T be the first-order theory of contact algebras (in
terms of the signature (A, —,1,~+)). A model (C, <) of the theory

T U Diag, (F, <) U Diag,, (B, <]
would satisfy the conditions of the claim. Thus, it suffices to prove that

this theory is consistent, and thus conclude that it has a model (C, <).

Suppose for a contradiction that it is not consistent. Hence, by com-
pactess, there exist a € By,b € B\ By, ¢ € F, a quantifier-free formula
U(z,y) and a formula ®(z, z) such that

(F.<) @0
(B,<) k£ ¥ ]

T ): q)(_v_)j:qj(d’b)'

1)
2)
3)

Since the constants @, b, ¢ do not occur in formulas in T, by we have
T | 3z®(a,z) = Yy=¥(a,y).

So, since (F, <) is a model of T, by (4.1) we have (F, <) | Vy=¥(a, ).
Hence, as Yy=¥(a,y) is a universal statement |§| and since (By, <) is a
substructure of (F, <), we obtain also (By, <) | V§=¥(a, 7).

But, since by (4.2) we have (B, <) = Jy¥(a, y), and since (Bp, <) is an
elementary substructure of (B, <), we also have (By, <) = Jg¥(a,y),
which is a contradiction. O

Ol

Ql

j=yl
~

)

o
o
ISR,

(
(
(

By the claim, we have that (B, <) is a substructure of some (p)-algebra
(C,=<). (C,=) is a (p)-algebras because, since (F,<) = ®, and since
(F, <) is an elementary substructure of (C, <), it must be that also
(C,<) = ®,. This concludes the proof of the direction (=) of this
theorem.

(<) To show that (p) is admissible in S, it suffices to show that whenever we
have a proof of - F(¢,p) — x in S with p 4 3, x, we also have a proof
of F G(¢) — x.
So suppose we have a proof of - F(p,p) — x in & with p 4 &, x.
Let (B, <) be any contact algebra. By our assumption, there exists
a (p)-algebra (C, <) such that (B, <) is a substructure of (C,<). Let
i : B — C be the inclusion.

Let g1,...,qm be all the proposition letters occurring in @, x, and let
v : Prop — B be any valuation. We can consider the valuation v’ :=

"Where, in the diagrams, the constants coming from By (under the respective embed-
dings) are regarded as the same.

8Here we are considering (Bo, <), (F, <), (B, <) as structures which interpret the con-
stants a as themselves in By and according to the embedding into F and B.
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iowv : Prop — C. Since S proves - F(¢,p) — x, for any ¢ € C,
if we define the valuation v” := (v')¢, we have always o'(F(g,p) —
X) = lc. This means that for all ¢ € C' we have F(v/(¢),¢) < v'(x),

thus (C, <) E V@(F(U’(gp),g) < v’(X)), so since (C, <) = ®, we have
(C, <) E GV (¢)) < v'(x). Hence, since G(v'(¢)) < v'(x) in C, we have
G(v(p)) < v(x) in B, that is v(G(P) = x) = 15.

Since we have shown that given any algebra (B, <) and any valuation

v : Prop — B we have v(G(p) — x) = 1p, by [Corollary [3.2.10] (weak
completeness) we obtain that S proves - G(®) — x.

O]

Given a class K of algebras, let V(K) be the variety generated by K. By
|Corollary [3.2.10, a rule (p) is admissible in S if and only if V(Mod(T')) =
V(Mod(T'U {®,})), where T is the first-order theory of contact algebras.

Therefore, as a corollary of we obtain the following propo-

sition, of which we provide also a direct proof:

Proposition 4.3.7. V(Mod(T)) =
(B,=<) € Mod(T) there exists (C, <
substructure of (C, <).

V(Mod(T U {®,})) if and only if for all
) € Mod(T + ®,) such that (B,<) is a

Proof. (=) Suppose there exists (B, <) € Mod(7") which cannot be embedded
in any (C, <) € Mod(T + ®,). This means that 7U{®,} UDiag, (B, <)
does not have any model, hence it is inconsistent. By compactness, there
exists a quantifier-free formula ¥(z) and a tuple a of elements of B such
that

(B,<) E ¥(a) (4.4)
(C,<) = Va-U(2). (4.5)

By , we have that =WU(p) is a theorem of S + (p), hence by weak
completeness of S + (p) with respect to Mod(T + ®,) and by
we have that the equation :\il(:f) ~ 1 is satisfied by all algebras in
Mod(T + ®,). So since by (4.4]) and by _this equation is not
satisfied by (B, <), we have V(Mod )) € V(Mod(T + ®,)), hence in
particular V(Mod(T")) # V(Mod(T' + ®,)).

(<) Since Mod(T+®,) € Mod(T'), we have V(Mod(T—|—<I> )) € V(Mod(T)).

Suppose for a contradiction that V(Mod(T)) € V(Mod(T+®,)). There-
fore, as varieties are equational classes, there must exist an equation
t(gﬁ) ~ 1 such that Mod(T + ®,) = VZ(t(z) ~ 1), but Mod(T) W

Vz(t(Z) ~ 1). So there exists an algebra (B, <) in Mod(7’) such that

(
(B, <) |=3z(t(z) # 1).
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By our assumption, there exists an algebra (C, <) € Mod(T + ®,) such
that (B, <) is a substructure of (C, <). Since we have (C, <) = Vz(t(z) ~
1), and since universal formulas are preserved under taking substructures,
we also have (B, <) = VZ(t(Z) ~ 1), which is a contradiction.

O

Remark 4.3.8. Each class K which we are dealing with contain algebras
in the signature (A, -, 1,~) which satisfy property (Q0’) stated right after
[Definition [2.1.1] Property (Q0’) expresses that ~ is a map B x B — {0, 1},
which means that ~» can be interchanged with a binary relation < defined as
a<b < a~b=1. This allows us to refer to these algebras as (B, <), with
some abuse of notation. The same cannot be done with algebras belonging
to the variety V(K), because in general they need not satisfy (Q0'). In fact,
varieties are closed under products, but property (Q0’) is not preserved under
products: if a,b € B are such that a ~» b = 0, then (1,a),(1,b) € B x B
are such that (1,a) ~ (1,b) = (1 ~ 1,a ~» b) = (1,0) # (0,0),(1,1). Thus,
not every algebra in V(K) corresponds to some relational algebra of the form

(B, <).

Conclusion

In this chapter, we introduced Ils-rules and their associated V3-statements,
and we defined extensions of the system S obtained by adding Ils-rules to it.
First, by adapting the completeness proof of we proved that such an
extension is strongly sound and complete with respect to the class of contact
algebras which satisfy the V3-statements associated to the added rules. Then,
we showed that for any inductive class K of contact algebras there exists a
deductive system which is strongly sound and complete with respect to K.
This is possible thanks to formulas of the form 1 ~» ¢ [’} which allow us to
encode all quantifier-free sentences into formulas of our language, and this
allows us to prove that, up to equivalence, all V3-statements are associated
to some Ils-rule. Therefore, a sound and complete system with respect to K
can be obtained by adding to S all the Ils-rules which are associated to a V3-
axiomatization of K. Finally, we discuss admissibility of rules, and we give a
model-theoretic criterion for establishing whether a given Ils-rule is admissible
or not in §. Also for proving this criterion, we needed to use the fact that we
can encode all quantifier-free sentences into formulas of our language.

9Which in the previous chapter were denoted by T ~ .
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Chapter 5

Topological completeness via de
Vries algebras

In this chapter, we add two particular rules (p7) and (p8) to the system S,
which correspond to properties (Q7) and (Q8) respectively. These properties,
which are expressed by V3 statements, are satisfied by algebras which we de-
fined as compingent algebras. By what we showed in the previous chapter, the
system resulting from adding (p7) and (p8) to S is sound and complete with
respect to the class of compingent algebras. Moreover, using the criterion of
admissibility proved in we show that both rules (p7) and (p8)
are admissible in S.

Then, using the fact that properties (Q7) an (Q8) are preserved under
taking MacNeille completions we prove that this system is also complete with
respect to the class of de Vries algebras. By this completeness result and by de
Vries duality (see we conclude that the system S enriched with the
aforementioned rules is sound and complete with respect to the class of com-
pact Hausdorff spaces. Moreover we argue that, whenever a rule or an axiom
corresponds to a property which is preserved under MacNeille completions,
such as (Q7) and (Q8), then adding these rules or axioms to S gives a system
which is sound and complete with respect to a subclass of KHaus. As exam-
ples of this, we give a system which is complete with respect to Stone spaces
and a system which is complete with respect to connected compact Hausdorff
spaces.

We conclude this chapter by comparing our approach to that of Balbiani,
Tinchev and Vakarelov [3], in which they provide completeness results very
similar to ours, and which we used as inspiration for our proofs.

5.1 The logic of compingent algebras and de Vries
algebras

In this chapter, we consider the following two Ils-rules:
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(p~p)A(p~ 1) =X

(67) (o~ 1) = x
A ~y
(s5) p (p(p _)@)2 - X

Proposition 5.1.1. Let (B, <) be a contact algebnﬂ Then we have:

1. (B, =) satisfies (Q7) if and only if it satisfies ®,7, that is

Va,b,d : (a«/»bﬁdjzlc: (awc)/\(CWb)ﬁd).

2. (B, <) satisfies (Q8) if and only if it satisfies P g, that is

Proof.

1. (=)

Va,c: (aﬁcjﬂb: b/\(bwa)fc).

Suppose (B, <) satisfies (Q7), and let a, b, d be such that a ~» b £ d.
This implies d # 1 and a ~ b # 0, so necessarily a ~» b = 1.
This means that a < b, so by (Q7) there exists ¢ € B such that
a < ¢ < b. So we have found ¢ such that a ~ ¢ =c~ b =1, and
hence 1 = (a ~ ¢) A (¢~ b) £ d.

Suppose (B, <) satisfies ®,7, and let a,b € B be such that a < b.
So we have 1 = (a ~ b) £ 0, hence by ®,7 there exists ¢ such that
(@~ ¢) A (¢~ b) £ 0. This implies that a ~ ¢ = ¢~ b =1, and
so we have found ¢ € B such that a < ¢ < b.

Suppose (B, <) satisfies (Q8), and let a,c € B be such that a £ c.
Then we have a A —¢ # 0, so by (Q8) there exists b # 0 such that
b < aA-c Since b < aA—-c < a,—¢, by (Q4) we have b < a
and b < —¢. The former means that b < a, and by (Q5) the latter
implies b < —c. So, since b # 0, we must have b £ ¢, hence we have
bA(b~a)=b%c

Suppose (B, <) satisfies ®,3, and let a € B be such that a # 0.
Then in particular @ £ 0, so by ®,g there exists b € B such that
bA (b~ a) £ 0. This implies (b~ a) = 1, that is b < a, and b # 0,
so we have found the b € B we were looking for.

O

!For proving this proposition, it would suffice for (B, <) to satisfy (Q1)-(Q5)
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By [Proposition [5.1.1, we have that a (p7, p8)-algebra is exactly the same
as a compingent algebras (see [Definition [2.1.4)). Hence, by the results of the
previous chapter, the system S+ (p7)+(p8) is sound and complete with respect
to compingent algebras.

Using the next lemma, we will show that this system is also sound and
complete with respect to de Vries algebras. Recall that de Vries algebras are
compingent algebras (B, <) where B is a complete Boolean algebra.

Definition 5.1.2 (MacNeille completion of a compingent algebra). The Mac-
Neille completion of a compingent algebra (B, <) is the algebra (B, <) where
B is the MacNeille completio of B, and < is defined as:

a<p & there exist a,b € B such that « < a <b < f.

When we deal with MacNeille completions, Latin letters always denote el-
ements of B which are in the range of the embedding n : B — B, while Greek
letters denote generic elements of B.

If we consider (B, <) and (B, <) as algebras in the signature (A, -, 1, ~),
the extension of the operation ~» to B can be described in terms of the lower
MacNeille extension of an order preserving map:

Definition 5.1.3. Let L, M be lattices, let L, M be their respective MacNeille
completions, and let f : L — M be an order preserving map. The lower
MacNeille extension of f is the map f°: L — M defined as follows:

o) == \{f@ | Lza<al

If we let B’ be the Boolean algebra obtained from B by reversing the order,
then ~: B’ x B — {0,1} is an order preserving map. If we consider its lower
MacNeille extension, we obtain a map ~°: B’ x B — {0,1} Which coincides
with the operation on B which replaces the relation < defined as in

“See e.g. [I7, Chapter 7.] for a definition of the MacNeille completion of an ordered set.

°As proved in m Proposition 2.5|, the MacNeille completion of a product of lattices is
1somorphic to the product of the individual MacNeille completions of the lattices, thus the]
MacNeille completion of B’ x B is isomorphic to B’ x B. Moreover, notice that B’ coincides
with B with the reversed order.
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In fact, for all a, B € B, we have:
a~°f8 = \[{a~ 10| (a,b) € B'x B and (a,b) < (o, 8) in B’ x B}

= \/{aWb|a,b€B,a§aandb§ﬁ}
1 if there exist a,b € B such that a < a,b< fanda~~b=1
0 otherwise

|1 if there exist a,b € B such that « <a <b< f3
10 otherwise

0 otherwise.

_ {1 ifa<p

Lemma 5.1.4. Given a compingent algebra (B, <), its MacNeille completion
(B, <) is a de Vries algebra.

Proof. Since the MacNeille completion B is a complete algebra, we have to
show that (B, <) is compingent, that is that it satisfies (Q1)-(Q8).

Q1)

(Q2)

0<0Oand1<1:
This is because 0 <0 <0<0and 1 <1<1<1.

a < 3,6 implies a < S A 6:

Suppose a < 3,d. So there exist a,a’,b,c such that « < a < b < 3 and
a<a <c<46. ThisgivesusaAad <a<b<bandaAd <d <c<cg,
so by (Q4) we have a A a’ < b, c. Hence by (Q2) we have a Ad’ < bAc,
soa<aANad <bAc< BN soa=<BAN6.

o, < § implies a V § < d:

This property becomes redundant once we prove (Q6). In fact, if both
(Q2) and (Q6) hold, we have «, 5 < § implies =§ < =, =5 by (Q6),
and by (Q2) this gives us =6 < —a A =, and again by (Q6) we have
aVp<d.

a< B <06 <vyimplies a < :
Since 8 < §, there exist b, ¢ such that 5 < b < ¢ < 4. So in particular we
have o < b < ¢ <7, and hence o < 7.

a < (B implies a < S:
If & < 3, there exist a,b such that & < a < b < 3. By (Q5) we have
a < b, hence a < .

a < (B implies =5 < —a:
If o < 3, there exist a,b such that & < a < b < 3, so by (Q6) we have
=8 < =b < —a < —a, and hence =8 < —a.

a < [ implies 30 : a < 4§ < 6:

If @« < (3, there exist a,b such that « < a < b < 5. Since a < b, by
(QT) there exists ¢ such that a < ¢ < b. So we have & < a < ¢ < ¢ and
c<c=<b<f, hence a <c=<p.
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(Q8) a # 0 implies I #0: B <
If o # 0, there exists a # 0 such that a < a. By (Q8), there exists b # 0
such that b < a. So we have b < b < a < «, and hence we have found
b # 0 such that b < a.

O]

So we can conclude:

Theorem 5.1.5 (Strong completeness). Let K be the class of de Vries algebras,
and let |= be Eg. Then for any set of formulas T' and for any formula ¢, we
have

'ty < TE-®

where & is relative to the system S + (p7) + (ps)-

Proof. (=) This direction follows by soundness of S+ (p7)+ (ps) with respect
to the class of compingent algebras, which contains the class of de Vries
algebras.

(«<=) We show the contrapositive. Suppose I' and ¢ are such that I' f .
Then, by there exists a compingent algebra (B, <) and
a valuation v : Prop — B such that v(¢)) = 1p for all ¥ € T and v(y) #
1p. Then, by we have that the MacNeille completion
(B, <) of (B,=) is a de Vries algebra, and the valuation o = nowv :
Var — B < B is such that 9(¢p) = n(v(¢)) = 15 for all ¥ € T’ and

9(¢) = n(v(v)) # 15. This shows that I' [= ¢
0

Corollary 5.1.6 (Weak completeness). Let ¢ be a formula. Then ¢ is a
theorem of S + (p7) + (p8) if and only if it is valid on all de Vries algebras
(B,=)-

Admissibility of (p7)

In this subsection, we use the [criterion for admissibility proved in Theoreml
to show that the rule (p7) is admissible in the system S.

Lemma 5.1.7. Let X be a set and let R be an equivalence relation on X.
Then the algebra (P(X), <), where U <V is deﬁneéﬂ as R[U] C V, satisfies
(QD-(QT).

*Note that we are defining < on P(X) in the same way as we defined < on Clop(X) in

Section 217
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Proof.

(Q1l) R[] €0 and R[X] C X.

(Q2) If U < V,W, that is if R[U] C V,W, then R[U] C V N W, that is
U<vnw.

(Q3) If U,V < W, that is if R[U],R[V] C W, then R[U UV] C W, that is
Uuv <w.

QY IfUCV < W C Z, that isif U C V and R[V] € W C Z, then
R[U| C R[V] C Z, that is U < Z.

(Q5) By reflexivity of R, for all U C X we have U C R[U]. So, if U < V, that
is if R[U] CV, we have U C V.

(Q6) Let U < V, that is R[U] C V, and let z,y € X be such that x € X \ V

and zRy. Then, by symmetry of R, we have yRx, so since z ¢ V we have
y ¢ U. So we have RIX \ V] C X \U.

(Q7) Suppose U < V, that is R[U] C V, and let us define W := R[U]. If z,y
are such that x € W and xRy, there exists z € U such that zRx, and by
transitivity of R we have zRy. So y € V. This shows that we have found W
such that R[U] C W and R[W|CV, thatisU < W < V. O

Proposition 5.1.8. Every contact algebra (By, <) can be embedded into a
contact algebra (B, <) satisfying (Q7).

Proof. Let (X,R) = (Bo,<)4+. Let Y = { {z,y} | z,y € X,zRy}, and
consider the set
X' = {(z,a) e X xY |z € a}

and the equivalence relation R’ on X’ defined as (z, )R/ (y,8) & a = 3. If we
consider the surjective map f : X' — X defined as (z,a) — x, we obtain that
f~1: (Clop(X),<) — (P(X'), <) is an embedding of first-order structures.
In fact, by Stone duality it is a Boolean algebra embedding, and moreover we
have:

o If U,V € Clop(X) are such that U < V, that is R[U] C V, then
fTHU) < f7HV), that is RFTHU)] € f7H(V).

In fact, let (z,a) € f~1(U), that is € U, and let (y,3) be such that
(x,a)R'(y, ). Then we have a = 3, and by reflexivity and symmetry of
R, we have xRy. So, we obtain that y € V. Hence (y, 3) € f~1(V).

e If U,V € Clop(X) are such that U £ V, that is R[{U] € V, then
fHU) A fHV), that is RI[fHU)] € fH(V).
In fact, let x € U and y ¢ V be such that xRy. Then, if we take
a := {x,y}, we obtain (z,a)R/(y, ), with (z,a) € f~1(U) and (y, ) ¢
fHw).
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Therefore, if we take (B, <) := (P(X'), <), by we have found a

contact algebra satisfying (Q7) into which we have embedded (B, <). O

By [Proposition [5.1.8] by the fact that (Q7) is equivalent to ®,7, and by
the [criterion for admissibility], we can conclude the following:

Corollary 5.1.9. (p7) is admissible in S.

Remark 5.1.10. The idea of the construction of the structure (X', R’) in the
proof of [Proposition |5.1.8 comes from the proof of [3, Lemma 2.5].

Admissibility of (p8)

In this subsection, we use the [criterion for admissibility proved in Theoreml
to show that the rule (p8) is admissible in the system S.

Proposition 5.1.11. Every contact algebra (By, <) can be embedded into a
contact algebra (B, <) satisfying (Q8).

Proof. Starting from (By, <), we inductively build a chain of structures and
embeddings (B, <) <= (B1,<) < (B2, <) — (B3, <) < --- of contact al-
gebras, which will be such that the structure (B, <), where B := J,,c,, Bn ﬂ
satisfies (Q8), and hence the proposition would be proved.

Suppose we have (B, <). Define (Bj,41, <) as:

B,y1 := B, x B, (product of Boolean algebras)
Yai,a9,b1,b0 € By, : (al,ag) < (bl,bQ) & a1 < by and as < bs.

That is, we define (Bp41,<) := (Bp, <) x (Bp,<) as a product of contact
algebras.
We have that (B,1, <) defined in this way is a contact algebra:

(Q1) Since (Bp, <) satisfies (Q1), we have 0 < 0 and 1 < 1, hence (0,0) <
(0,0) and (1,1) < (1,1).

(Q2) Suppose (ai,az) < (b1, b2), (c1,¢2). Then we have a; < by, c; and ag <
ba, c2, s0 ag < by A o and since (B, <) satisfies (Q2) also a1 < by A ¢y,
so we have (ay,a2) < (b1 Aci,ba A ca) = (b1, b2) A (c1,¢2).

(Q3) Suppose (a1, a2), (b1,b2) < (c1,c2). Then we have a1, b; < ¢ and ag, by <
a2, 80 ag V by < co and since (B, <) satisfies (Q3) also a1 V by < ¢1, so
we have (al,ag) V (bl, bz) = (a1 V by, asV bz) < (Cl, 62).

SHere we are identifying B,, with its image in B, 11 under the embedding
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(Q4) Suppose (a1, a2) < (b1, b2) < (c1,¢2) < (d1,d2). Then we have a; < by <
c1 < dj and ag < by < ¢ < dg, so ag < dy and since (B, <) satisfies
(Q4) also a1 < dy, so we have (a1, a2) < (di,ds).

(Q5) Suppose (aj,as) < (by,bs), that is a; < by and ay < by. Since (B, <)
satisfies (Q5), we have also a1 < by, hence (a1, a2) < (b1, be).

(Q6) Suppose (a1, a2) < (b1,b2), that is a1 < b; and ag < by. So we have
by < —ag, and since (B, <) satisfies (Q6) we also have —b; < —aj.
Hence we have —(by, ba) = (—by1, —b2) < (—a1,na2) = (a1, a2).

Moreover, we have that (B, <) is a subalgebra of (B,1, <), under the em-
bedding a — (a, a).

Now, we need to show that the union (B, <) of the chain {(Byn, <)}n<w
satisfies (Q8).

Let 0 # a € B. Then, there exists n such that ¢ € B,. In B, such
an element a is the same as the element (a,a) € B,y1. Then, if we take
b := (0,a) € Bpt1, we have that b # 0 and b < (a,a), because 0 < @ and
a < a. This shows that (B, <) satisfies (Q8). O

By [Proposition [5.1.11} by the fact that (Q8) is equivalent to ®,g, and by
the [criterion for admissibility], we can conclude the following:

Corollary 5.1.12. (p8) is admissible in S.

In conclusion, by our proofs of admissibility of the rules (p7) and (p8)
in S, we have shown that any contact algebra (B, <) can be embedded into
a compingent algebra. Therefore, by embedding the latter into its MacNeille
completion, we can conclude that any contact algebra (B, <) can be embedded
into a de Vries algebra.

5.2 Topological completeness

5.2.1 Compact Hausdorff spaces

We can use compact Hausdorff spaces as semantics for our formulas:

Definition 5.2.1. A topological model is a pair (X,v) where X is a compact
Hausdorff space, and v : Prop — RO(X) is a valuation. Then the valuation
is extended to all formulas, as usual, into the algebra (RO(X), <) (which is
defined below [Definition [2.2.10).

By de Vries dualityﬂ and by we obtain one of the main

results of this thesis:
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Corollary 5.2.2. The system S + (p7) + (p8) is strongly sound and complete
with respect to compact Hausdorff spaces.

Proof. By de Vries duality, any de Vries algebra (B, <) is isomorphic to one
of the form (RO(X), <) for some compact Hausdorff space X. Therefore,
a valuation v : Prop — B into a de Vries algebra (B, <) can be seen as a
topological model (X,v). Vice versa, a topological model (X,v) gives us a
valuation v into the de Vries algebra (RO(X), <). In this correspondence, the
formulas which are satisfied by v are the same, thus semantics with respect to
topological models is equivalent to semantics with respect to de Vries algebras.
Thus, since by the system S + (p7) + (p8) is strongly sound
and complete with respect to de Vries algebras, we have that it is also strongly
complete with respect to topological models, that is compact Hausdorff spaces.

O

The dual of a de Vries algebra (A, <) is given by the space X of its ends,
with the topology which has as basis the set {U, | a € A}, where U, := {z €
X | ae€a}.

If we start with a compingent algebra (B, <) and we do the same construc-
tion, the set {U, | a € B} would still form a basis for a compact Hausdorft
topology on X. Moreover, we have that this is the same space which is dual
to the MacNeille completion (B, <) of (B, <):

Lemma 5.2.3. Let (B, <) be a compingent algebra, and let (B, <) be its Mac-
Neille completion (see|Definition|5.1.2).

Then, if Xp is the compact Hausdorff space of ends of (B, <) and X5 is
the de Vries dual of (B,<), we have Xp = X5. That is, the two spaces are
homeomorphic.

Proof. Consider the following maps:

f: X5 — XB
r—xNB
and
g:Xp— Xz
T — Tz
We have:

o f is well defined:
We need to show that if  is an end of (B, <), then x N B is an end of
(B, =).
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—a,bexnNB = Jcexn B\ {0} such that ¢ < a,b:
Let a,b € x N B. Then, since a,b € x and z is an end of (B, <),
there exists 0 # v € = such that v < a,b. This means that there
exist ¢,d € B such that v < ¢ < aand v < d < b. So we have
0#~ <cAdEc x Since B is a subalgebra of B, we also have
cAd € B, hence cAd € xNB,and by cAd <c<aandcAd<d=<b
we obtain respectively ¢ Ad < a and ¢ Ad < b, as desired.

—a<b= acxNBorbeaxnNb:
Suppose a < b. Then, since also a < b in (B, <), and since z is an
end, we have either —a € x or b € z, that is either —a € xt N B or
bexnB.

e g is well defined:
We need to show that if z is an end of (B, <), then 1z is an end of (B, <).

—o,f et = Ttz {0} such that v < a, 5:
Let a, 8 € Tx. This means there exist a,b € x such that a < o and
b < j3. Since x is an end of (B, <), there exists 0 # ¢ € x C Tz such
that ¢ < a,b. Soby c <a < aand ¢ <b< 8 we obtain ¢ < «, .

—a<p = ~a€ftxorfe
Suppose a < 3, which means there exist a,b € B such that a < a <
b < B. By a < b, since z is an end of B we have either x 3 —a < -«
or x O b < 3, so either ~a € Tx or § € 1.

e fog=idy,:
In fact for all ends x of (B, <) we have x =tz N B.

e gof= idx:
We need to show that for all ends z of (B, <) we have z = 1(z N B).

(D) Since x N B C z, we have 1(z N B) C Tz = z.

(C) If @ € z, since  is an end of (B, <) there exists 3 € z such that
B < «a. This means there exist a,b € B such that 8 < b <a < a.
So, since 8 < b we have b € x N B, and since b < ¢ < a we have
b < a, hence a € T(z N B).

e f is continuous:
Let {U, | a € B} and {V, | a € B} be the respective basis of Xp and
XX§. It suffices to show that for each U, from the basis of Xp we
have that f~!(U,) is open. Indeed, given x € X5 and a € B, we have
a € z N B if and only if a € x, hence f~1(U,) = V,, which is open.

So f: X5 — Xp is a bijective continuous function. Since a continuous
function from a compact space to a Hausdorff space is a homeomorphism if and
only if it is bijectiwﬂ we can conclude that Xz and Xp are homeomorphic.

O

"See, e.g., [37].
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Remark 5.2.4. The completeness result of this section can be seen as a re-
sult about compact Hausdorff metrizable spaces. Soundness would follow just
because the class of compact Hausdorff metrizable spaces is a subclass of com-
pact Hausdorff spaces. Concerning completeness, note that in the proof of
completeness with respect to compingent algebras, the algebra we build is
countable. This means that the corresponding space (which by
is the dual of the MacNeille completion of the algebra) has a countable basis
for its topology, which means that it is second countable. Therefore, since a
compact Hausdorff space is metrizable if and only if it is second countable, we
have also completeness with respect to metrizable compact Hausdorff spaces.

In the proof of completeness of S + (p7) + (p8) with respect to de Vries
algebras, we have used the fact that properties (Q1)-(Q8), when valid on some
(B, <), are carried on to its MacNeille completion (B, <) (see|Definition|5.1.2)).
That is we used the fact that, according to the following definition, being a
compingent algebra is a property of which is preserved under taking MacNeille

completions:

Definition 5.2.5 (MacNeille canonical properties). A propert@ﬂ P is Mac-
Neille canonical, or preserved under MacNeille completion if whenever a compin-
gent algebra (B, <) satisfies it, also its MacNeille completion (B, <) does.

By de Vries duality, a de Vries algebra is isomorphic to the algebra of
regular open subsets of its dual compact Hausdorff space. Hence, a first-order
statement in the language of Boolean algebras plus a binary relation, when
satisfied by a de Vries algebra, can be regarded as expressing a property which
is satisfied by the regular open subsets of its dual space.

This fact can be used to obtain deductive systems complete with respect
to particular classes of topological spaces. More precisely, if rules pq,...,
are such that their respective first-order statements @, ,...,®,, are MacNeille
canonical (thus so is their conjunction), then the logic S+ (p7) + (p8) + (p1) +
-+ (pg) is sound and complete with respect to compact Hausdorff spaces
satisfying the property ®, A --- A ®,, . In fact, by the results of the previous
chapter this logic is complete with respect to (p1, ..., px)-algebras, and in the
same way as we proved completeness of S+ (p7) + (p8) with respect to de Vries
algebras, using the fact that ®, A --- A ®,, is MacNeille canonical we obtain
that S + (p7) + (p8) + (p1) + - -+ + (pr) is complete with respect to de Vries
algebras satisfying ®,, A --- A ®,, .

By de Vries duality, this can be seen as a completeness result with respect
to compact Hausdorff spaces which satisfy the topological property expressed
by ®, A - A D,

Other than extensions with IIs-rules, one can also consider axiomatic ex-
tensions. Formulas in our language naturally corresponds to a universal first-
order statement. If the statement which correspond to a formula ¢ is MacNeille

8Here we mean a property which can be satisfied by an algebra of the form (B, <).
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canonical, then we have that S + (p7) + (p8) + (¢) is complete with respect to
compact Hausdorff spaces of which regular open subsets satisfy that statement.

In conclusion, we have:

Corollary 5.2.6. If the formulas @1, ...,¢, and the Ma-rules (p1),. .., (px)
correspond to MacNeille canonical statements, then the logic S+ (p7) + (p8) +
(1) + -+ (pn) + (p1) + - + (pr) is complete with respect to a subclass of
compact Hausdorff spaces.

5.2.2 Example: Stone spaces

Consider the following property:
(Q9) a < bimplies dc:a <c<band c<c.

Subordinationsﬂ satisfying (Q9) are introduced in [5], and are called lattice
subordinations.

Proposition 5.2.7. An algebrﬂ (B, <) satisfies (Q9) if and only if it satisfies
Va,b,d : <aWb7§djE|c: (awc)/\(c«/»b)/\(cwc)jéd)

Proof. (=) Suppose a ~ b %« d. Thend # 1 and a ~ b # 0, s0 a ~ b = 1.
Hence a < b, so there exists ¢ such that a < ¢ < b and ¢ < ¢, that is
I1=(a~c)A(c~Db)A(c~c)%d.

(<) Suppose a < b. Then 1 =a ~» b £ 0, hence there exists ¢ such that (a ~
¢) A (e~ b)A(c~ c) £ 0, which implies (@ ~ ¢) A(c~ b)A(c~c¢) =1,
which means a < ¢ <band ¢c < c.

]

Therefore, if we consider the Ilo-rule

() (p~=p) AP~ P)AN(p~p) =X

(o~ 1) = x
we have that S + (p7) + (p8) + (p9) is sound and complete with respect to
compingent algebras satisfying (Q9), because in [Proposition [5.2.7] we have
shown that (Q9) is equivalent to ® 9.

9See [Definition 2.1

Here we mean any Boolean algebra with a binary relation <, which as usual is replaced
with the operation ~» defined as

oy 1 ifa=b
" 10 otherwise.
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Proposition 5.2.8. (Q9) is MacNeille canonical.

Proof. Let (B, <) be a compingent algebra satisfying (Q9), and let (B, <) be
its MacNeille completion. Let o, 3 € B be such that o < 3. This means
that there exist a,b € B such that & < a < b < 3, so by (Q9) there exists
c € B C B such that a < ¢ < b and ¢ < ¢, and by (Q4) this c is also such that
a < ¢ < . This shows that (B, <) satisfies (Q9). O

So we have that S + (p7) + (p8) + (p9) is also complete with respect to de
Vries algebras satisfying (Q9). These are exactly those such that their dual
space is a Stone space:

Proposition 5.2.9. A de Vries algebra (B, <) satisfies (Q9) if and only if its
dual space X is a Stone space.

Proof. (=) Let x # y be points of X, which are maximal round filters. Since
they are different, there exists b € B such that b € x and b ¢ y. Since x is
a round filter, there must exist a € x such that a < b. So, by (Q9), there
exists ¢ such that a < ¢ < b and ¢ < ¢. By a < ¢ and a € x we obtain
c € x, s0o ¢ € Ug, which is a clopen subset of X. By ¢ < band b ¢ y
we obtain ¢ ¢ y, hence y ¢ U.. Thus we have found a clopen subset U,
which separates x and y, and this shows that X is totally disconnected.
Since X is also compact, it is a Stone space.

(<) If X is a Stone space, then it is zero-dimensional, that is it has a basis
of clopen subsets. By de Vries duality, an element ¢ € B is such that
¢ < c if and only if Cl(U,) C U,, that is if and only if C1(U.) = U,,
which means that U, is clopen. Hence, the clopen subsets of a compact
Hausdorff space X are exactly the regular open subsets U, such that
¢ < c¢. Thus, by zero-dimensionality, each open subset of X is a union
of a subfamily of {U, | ¢ < ¢}. This holds in particular for every regular
open subset.

Let a < b. By de Vries duality, this means that Cl(U,) C U,. Let
Uy = Ue; Ue; where ¢; < ¢; for all i € I. Since CI(U,) is compact, and
since the clopens {Ug, }ier cover it, there are finitely many ¢y, ..., ¢, such
that Cl(U,) C U,y U--- U Ug,. Since the Ug,’s are clopen subsets, also
U, U---UU,, is clopen, and so

Uy, U---UU,, =Int(CH U, U---UU.,)) = Uesvve,
Hence, if ¢ :=¢; V-V ¢,, we have Cl(U,) C U, and Cl(U,) = U, C Uy,

that is @ < ¢ < b, and ¢ < ¢ because U, is clopen.

This shows that (B, <) satisfies (Q9)
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Hence, we obtained the following:

Corollary 5.2.10. The system S + (p7) + (p8) + (p9) is sound and complete
with respect to Stone spaces.

5.2.3 Example: Connectedness

Consider the following axiom schema:

(C) (p~ ) = (T~ @)V (T~ —p).

We have that the logic S + (p7) + (p8)+ (C) is sound and complete with
respect to compingent algebras which validate the formula (p ~» p) — (T ~

p) V(T ~ =p).

Proposition 5.2.11. Validating the formula (p ~> p) — (T ~» p) V (T ~ —p)
1s a MacNeille canonical property.

Proof. We show that if (B, <) does not validate (p ~ p) — (T ~ p) V (T ~
—p), then also (B, <) does not.

Let o € B be such that the valuation v : p — a does not satisfy (p ~ p) —
(T ~» p) V(T ~» —p). This means that 1 £ o,1 £ -« and @ < a. So a # 0, 1,
and there exist a,b € B such that « < a < b < a. By (Q5), we have a = a.
Thus, with the valuation v : p — a € B we have v((p ~ p) = (T ~ p) V(T ~
—p)) = 0. Hence (B, <) does not validate (p ~» p) = (T ~> p) V(T ~» =p). O

Proposition 5.2.12. A de Vries algebra (B, <) wvalidates (C) if and only if
its dual space X is connected.

Proof. A valuation v : p — ¢ € B satisfies (p ~ p) = (T ~» p) V (T ~» —p)
unless ¢ is such that ¢ < ¢ and ¢ # 0,1. So, (B, <) = (RO(X), <) validates
(p~p) = (T ~ p) V(T ~ —p) if and only if there exist no U, such that
U. # X,0 and Cl(U,) € U,, that is if and only if X has no clopen subset
different from X, (), that is if and only if X is connected. O

Hence, we obtained the following:

Corollary 5.2.13. The system S + (p7) + (p8)+ (C) is sound and complete
with respect to conmected compact Hausdorff spaces.
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5.3 Related work

The completeness results of this thesis are strongly inspired by the work of
Balbiani, Tinchev and Vakarelov [3], where they provide propositional logics
for reasoning about regions in region-based theories of space, which they call
Region-Based Propositional Modal Logics of Space (RPMLS).

The language L(C, <) of RPMLS is defined as follows: complex formulas
are built from atomic ones using standard propositional connectives, where
atomic formulas are those of the form aCb and a < b where a,b are Boolean
terms, and Boolean terms are built from Boolean variables using Boolean op-
erations. Boolean terms are meant to be interpreted as regions, and formulas
aCb and a < b mean that “regions a and b are in contact” and “region a is
contained in region b” respectively.

Such a construction of formulas, using terms and atomic formulas express-
ing relations between terms, makes the language L(C, <) resemble a first-order
language without quantifiers. Though, as the authors point out in [3], they de-
cided to call this language modal because the tools and techniques which they
apply to it are typical of more ordinary modal languages. Indeed, the kind of
semantics they mostly focus on is a Kripke-type semantics, which is based on
some classes of Kripke frames (W, R), where T is a set and R a binary relation.
They regard these frames as adjacency spaces. Here, regions are interpreted as
subsets of W, and they use the relation R to interpret the contact relation C
between regions: a and b are in contact if R[a] Nb is non-empty, that is if there
is ¢ € a and y € b such that xRy. The authors investigate modal definability
and undefinability of classes of such frames, where they define and use a notion
of p-morphism, and they show completeness of the minimal logic Ly, for their
language with respect to these frames using a canonical model construction.
Also, using the method of filtration, they show that axiomatic extensions of
Liin have the finite model property. Moreover, as we will discuss more in de-
tail in next chapter, in [2] Balbiani and Kikot provide Sahlqvist correspondence
and canonicity results for L(C, <) with respect to the Kripke-type semantics.
Hence, the modal nature of their approach is evident.

In [3], Balbiani et al. introduce propositional logics which correspond to
some systems which are related to RCC, the Region Connection Calculus in-
troduced in [45]. For doing this, they extend their minimal logic Ly, using
axioms and rules expressed in the language L(C, <), which are based on the
first-order reformulation of RCC given in [50]. This reformulation is based on
contact algebras (B, C) E|, and it contains:

e a set of axioms which, once translated in terms of the corresponding
subordination <¢, are equivalent to our axioms (Q1)-(Q6).

The logic presented in [3] which corresponds to this set of axioms, is called

PWRCC. Our logic § can be regarded as the analogous of PWRCC in

"Where C is a proximity relation rather than a subordination (see |Chapter .
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our language, which is simpler than L(C, <) yet equally expressive.

e an axiom which is meant to express connectedness.

This axiom is analogous to the axiom schema (C) which we introduced
in [Section [5.2.3]

e two axioms, which Balbiani et al. call normality and extensionality, that
are equivalently expressible by V3-statements. These, in terms of <,
correspond to properties (Q7) and (Q8).

To mimic the normality and extensionality axioms in the language L(C, <),
in [3, Section 7| Balbiani et al. illustrate how to use non-standard rules such
as (NOR) and (EXT) to their system PWRCC. They do so by proving com-
pleteness of PWRCC + (NOR) as an example. As they show completeness
of PWRCC via canonical model construction, then they show how to modify
the proof in presence of the rule (NOR). They need to modify the notion of
maximal consistent set which they use to make the canonical model construc-
tion, thus they prove a different Lindenbaum lemma for showing that every
consistent set can be extended to a maximal consistent one. The maximal
consist sets which they work with are those which are closed with respect to
the infinitary version (NORy) of (NOR). This is very similar to what we did
in where we adapt our more general proof of completeness for
extensions of § with sets of arbitrary Ils-rules. In fact, in [Lemma [4.1.3] we
show that consistent sets can be extended to ~»-maximal consistent sets which
are closed under the infinitary version of the rules which we added. For the
rest, our proof of completeness is different from that of Balbiani et al., as we
work with algebraic semantics rather than relational semantics.

The Ily-rules (p7) and (p8) which we considered in this chapter are the
analogous of rules (NOR) and (EXT). In[Theorem[4.3.5|we give an admissibility
criterion for Ilp-rules, and we apply it to show that rules (p7) and (p8) are
admissible in S. Similarly, [3, Section 6] the authors prove that rules (NOR)
and (EXT) are admissible in the system PWRCC, though they use different
techniques and our admissibility criterion is not related to their work.

In we define compact Hausdorff spaces semantics, and we prove
our completeness result via de Vries duality and MacNeille completions. Also
Balbiani et al., in [3, Section 9|, consider an equivalent topological seman-
tics, though their approach is different. There they make a different proof for
showing completeness of the list of their propositional logic&{E with respect to
topological semantics in the respective class of topological spaces. Similarly, in
Sections and we give logics sound and complete with respect to the
class of Stone spaces and connected compact Hausdorff spaces, respectively.
We provide these as examples of our more general investigation of logics for
classes of topological spaces, which is unrelated to the approach of Balbiani
et al.. In fact, our proof of completeness has lead us to the notion and in-

2Those related to RCC which they presented.
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vestigation of MacNeille canonical axioms and rules, which we have shown be
complete with respect to classes of compact Hausdorff spaces.

Conclusion

In this chapter, we specified two Ilp-rules (p7) and (p8) of which associated
V3 statements are equivalent to (Q7) and (Q8), respectively. Hence, by the
completeness result of the previous chapter, we obtained that the system S +
(p7) + (p8) is sound and complete with respect to the class of compingent
algebras. Moreover, using the criterion of admissibility proved in [Section [4.3]
we showed that rules (p7) + (p8) are admissible in S.

Then we defined and considered MacNeille completions of compingent al-
gebras, and so we derived completeness of S + (p7) + (p8) with respect to the
class of de Vries algebras. Using this, de Vries duality, and defining topologi-
cal semantics, we could conclude topological completeness with respect to the
class of compact Hausdorff spaces. We also defined the notion of MacNeille
canonical property, and we explained how this notion can be used to obtain
completeness results with respect to classes of topological spaces. As example,
we provide a logic for Stone spaces and a logic for connected compact Hausdorff
spaces.

In the last section, we made an overview of the work of Balbiani et al. [3],
and a comparison with the work done in this thesis.
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Chapter 6

Sahlqvist correspondence

In the previous chapters, we have been mainly focusing on the algebraic se-
mantics of our language, and in [Chapter[5] we introduced topological semantics
for compact Hausdorff spaces.

In this chapter, we consider a third kind of semantics. Namely, we will
interpret our formulas subordination spaces (see [Definition [2.1.5)). Those are
pairs (X, R) which, according to the duality described in [Section [2.1} are dual
to algebras (B, <), where B is a Boolean algebra and < a subordination. The
aim of this chapter is to provide a version of the Sahlqvist correspondence
theorem with respect to the semantics of subordination spaces.

More precisely, in[Section[6.1] we establish a fragment of our language whose
formulas ¢ have the following property: ¢ is valid on a subordination space
(X, R) if and only if (X, R) satisfies a specific first-order formula which is
effectively computable from .

In [Section [6.2] we identify particular V3-statements in the signature of our
algebras (B, <) which are satisfied by an algebra (B, <) if and only if its dual
(X, R) := (B, <)+ satisfies some other first-order statement, which is again
effectively computable from the starting one.

The work of this chapter has been inspired by two sources. The first one is
Lemma|2.1.12 which states that each of the conditions (Q5),(Q6),(Q7) is satis-
fied by an algebra (B, <) if and only if its dual (X, R) satisfies some respective
first-order condition. This result encouraged us to find further correspondences
between conditions on algebras and elementary conditions on the dual subordi-
nation spaces. The second source of inspiration has been the work by Balbiani
and Kikot [2], where the authors develop a Sahlqvist-like theory in the setting
of region-based propositional modal logics of space (RPMLS)E. Here, we mimic
their approach, and we adapt it to the case of our formulas, thus extending

the result of with further correspondences.

Notation 6.0.1 (¢ and o). For the scope of this chapter, it is convenient to
replace the connective ~» with the connective ¢, which is definable from ~» by

poth = —(p ~ ). As we have seen at the beginning of [Chapter 2] in algebras

"We briefly introduced the language of RPMLS in 5.3
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(B, <) the connective ¢ is interpreted by the function ¢ : B x B — {0, 1} which
replaces the proximity relation 4 associated to the subordination <.
Moreover, we introduce the connective o, defined as ¢ 01 := =(—po-—)).

Remark 6.0.2. As we noticed above, in this chapter we consider Boolean
algebras with subordinations (B, <) as ¢-expanded Boolean algebras (see e.g.
[63]). Then, their dual subordination spaces can be seen as obtained via the
ultrafilter frame construction (see e.g. [63 [11]).

This is not evident on the first sight. In fact, in the ultrafilter frame
construction, to an n-ary operation f : B"™ — B corresponds an (n + 1)-ary
relation Ry C X", defined as:

Rixxy,...,xy < f(ai,...,a,) €x foralla; € z;,i=1,...,n.

Instead, we make the binary operation ¢ correspond to a binary relation R on
X = Ult(B). Despite this, what we do can be regarded as the same as the
above construction, because our binary relation R completely describes the
ternary relation R,. In fact, for all x,y, z € X, we have:

Rozxy < aobez forallacexz,bey
& aob=1 forallaex,bey
& zRy.

That is, our binary relation R is virtually a ternary relation which, given
x,y € X, either relates (z,x,y) for all z € X or it does not relate (z,x,y) for
any z € X.

Here we define the semantics of our formulas with respect to subordination
spaces (X, R).

Definition 6.0.3. Given a subordination space (X, R), we call a valuation
any map V : Prop — P(X). In particular, we call finite valuation a map V :
Prop — Fin(X), and we call clopen valuation a map V : Prop — Clop(X).

A valuation V' : Prop — P(X) can then be extended to all formulas in the
following way:

V(1) = X
Vieny) = Vig)nV(¥)
Vimp) == X\ V(p)
X i R[V(e) NV () #0

Vipot) =
( otherwise.
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Then, given a formula ¢, we write (X, R, V) IF ¢ if and only if V(¢) = X.
Note that the interpretation of the connective o results in

X A RIXA V()N (X\V(y) =0

Vipowy) =
() otherwise.

It is easy to show that, if V' is a clopen valuation, then for each formula ¢
we have that V() is a clopen subset of X.

Indeed, clopen valuations can be seen as valuations on the dual algebra
(B,<) = (X,R)" = (Clop(X), <), and vice versa a valuation v : Prop — B
into an algebra (B, <) can be seen as a clopen valuation in its dual (X, R) :=
(B ) '<)+-

Hence, if we define the notion of validity of a formula ¢ in a subordination

space (X, R) as:
(X,R)IF¢ if (X,R,V)IF ¢ for all clopen valuations V' : Prop — Clop(X)

we have that this coincides with validity in its dual algebra. Therefore, we
decide to work with this notion of validity.

In [Theorem [6.1.19 we will show that, for the Sahlqvist formulas which we
define in [Definition[6.1.1} validity on a subordination space (X, R) in the above
sense coincides with satisfaction under all valuations.

Notation 6.0.4. Given two valuations V, V', we write V < V' to indicate that
V(p) € V'(p) for all p € Prop.

Moreover, given a valuation V', a tuple p = p1,...,py, of proposition letters
and a tuple A = A;,..., A, C X of subsets, we denote by VﬁA the valuation
which maps p; — A; and ¢ — V(q) for all ¢ # p1,...,pn.

6.1 Sahlqvist formulas and correspondence

First, we need to define the Sahlqvist fragment, and to do so, we need to define
some particular kinds of formulas. These are given in the following definition.

Definition 6.1.1.

o A formula ¢ is a positive o-free formula if it is built from 1 and propo-
sitton letters by using N,V only.

e A formula 0 is a Sahlqvist antecedent if it is built from 1 and formulas
o using \,V, where @, are positive o-free formulas.
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A formula x is positive if it is built from 1 and formulas o1 and @ o Y
using A\, V, where ¢, are positive o-free formulas.
Note that all Sahlquist antecedent are also positive formulas.

A non-separating formula S(p) is one of the form F(p)V G(—p), where
there are positive o-free formulas ¢, such that F(p) is equal to either
pop orpop and G(p) is equal to either Y op or poh;

A general positive formula is a formula x(p) which is a conjunction of
non-separating formulas S(p1),...,S(pn) and positive formulas, where
P =Dpi,...,Dn are proposition letters.

A Sahlqvist formula is a formula @ — x(p) where 6 is a Sahlquist an-
tecedent, x(p) is a general positive formula, and the proposition letters
D =1pPi,...,Pn do not occur in 6.

Example 6.1.2. The following are examples of Sahlqvist formulas:

1.
2.
3.
4.

qgor — qop V por;
qor — qop V rop;
qor — poq V rop;

qor — poq V —por.

At the end of this section, we will see formulas such as those above it is possible
to compute a first-order correspondent. In order to convey the basic idea, here
we show directly that the formula number 2. corresponds to the first order
statement ® := Vx,y (:I:Ry — Jw: (zRw A wa)). That is, we have

(X,R)IFgor — qgop V ro-pifandonly if (X,R) | ©.

Proof. (=) We show the contrapositive. Suppose (X, R) = ®. This means

that there exist a,b € X such that there is no w such that a Rw and bRw,
that is R[a] N R[b] = 0. Since R[a] and R[b] are disjoint closed subsets
of X, there exists a clopen subset U C X such that Rla] NU = ) and
R[] C U. By R[a)] N U = () we obtain a ¢ R~[U], and since R™[U]
is a closed subset, there exists a clopen subset A C X such that a € A
and AN R™YU] = (). The latter can be rewritten as R[A]NU = (. By
R[b] € U we obtain b ¢ R7'[X \ U], thus we can find a clopen subset
B C X such that b € B and BNR™![X\ U] = (. The latter is equivalent
to R[B]N(X\U) =0.

Now, we can consider a clopen valuation V such that V(p) = U,V (q) = A
and V(r) = B. This valuation is such that R[V(q)] N [ (r)] # ()
because a € V(q) = A, b€ V(r) = B and aRb. Hence (X,R,V) IFqgo
But we also have R[V(q)|NV(p) = R[A]NU = 0 and R[V (¢)]NV (—p)
R[B]JN(X\U) = 0. Therefore we obtain (X, R, V) I gop and (X, R, V) Iff
q © —p, respectively. Hence we have (X, R, V) I gopV ro—p.

)

r.
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This shows (X, R) If gor — qopVop.

(<) Suppose (X, R) = ®. Let V be any clopen valuation. We need to show
that, if (X, R,V)IFgor, then (X,R,V)IFqgopVro-p.

Suppose (X, R, V) Ik gor, which means that R[V (q)]NV (r) # 0. So there
exist a € V(q),b € V(r) such that aRb. Since (X, R) = ®, this implies
that there exists d € X such that aRd and bRd. Let U := V (p). If d € U,
then we have d € R[V (q)]NV(p), and so (X, R, V) IF gop. Otherwise, if
de X\ U, we have d € R[V(r)|NV(—p), and hence (X, R, V) |- r o —p.
So in any case we obtain (X, R,V)IFgopVro—p.

O

The use of positive formulas on the right-hand side of Sahlqvist implica-
tions is common practice in standard developments of Sahlgvist-like theories.
In fact, it is usually easy to prove that such formulas are monotone with re-
spect to valuations, and this is a key ingredient when proving a Sahlqvist
correspondence theorem.

Our Sahlqvist fragment has some non-standard features. One particular
aspect is the use of non-separating formulas, of which we have not found an
analogue in the literature. These formulas are particular because they require
their special variables to not occur anywhere else in the Sahlqvist formulas in
which the non-separating formulas is used. This requirement will allow us to
prove, in that non-separating formulas satisfy a weaker form of
monotonicity, despite having a negated term in them.

Another difference of our approach to more standard ones, is that in our
definition we do not allow for nested diamonds and boxes.

Apart from non-separating formulas, the rest of our definition of Sahlqvist
formulas is very similar to that given in [2, Section 2]|. In particular, our
Sahlqvist antecedents and positive formulas can be regarded as special cases
of the non-negative and positive formulas defined in [2], respectively.

In the following lemma we show that positive o-free formulas and Sahlqvist
antecedents can be equivalently written in a shape which will be convenient
for technical purposes. When we say that a formula is equivalent to another
one, we mean that they have the same interpretation under any valuation V'
in any subordination space (X, R).

Remark 6.1.3. Given any formulas 1, p92,1, we have that (p1 V p2) 09 is
equivalent to (p101) V (p201). This follows directly from how we defined the
extension of valuations V to all formulas, right after [Definition [6.0.3]

Lemma 6.1.4. 1. Any positive o-free formula ¢ is equivalent to either 1 or
to a disjunction of proper conjunctions of proposition letters;
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2. Any Sahlquist antecedent 6 is equivalent to either 1 or to a disjunction
of proper conjunctions of formulas p ¢ where each p, is either 1 or a
proper conjunction of proposition letters.

Proof. The proof is a routine induction on the complexity of the formulas. [

Note that the formula 1 is equivalent to a disjunction of empty conjunc-
tions, thus in the previous lemma could have simply stated that positive o-free
formulas and Sahlqvist antecedents are equivalent to disjunctions of conjunc-
tions of formulas of the respective required form. Though, in [Lemmal6.1.4] we
decided to distinguish the two cases, because this will be useful for technical
purposes.

Lemma 6.1.5. 1. If is a positive o-free formula, and V, V' are valuations
such that V< V', then V(p) C V'(p).

2. Let x be a positive formula, and let V, V' be valuations such that V <V’
Then (X, R, V) Ik x implies (X, R, V') IF x.

Proof. Ttem 1. is a routine induction on the formulas. Also item 2. follows
easily by induction on the formulas, using item 1. and the fact that the con-
nectives ¢, o are monotone with respect to valuations. O

By the previous lemma, positive formulas are monotone with respect to
valuations. As usual in standard developments of Sahlqvist theories, one seeks
to define a fragment which consists of implications # — x such that the minimal
valuations satisfying 0 are first-order definable and such that y is monotone
with respect to valuations. In this setting, one can then prove a Sahlqvist
correspondence result in a standard fashion.

In the proof of the following proposition, we will see that our non-separating
formulas S(p) satisfy a weaker form of monotonicity. This extends to all general
positive formulas.

Proposition 6.1.6. Given a general positive formula x(p), and a finite valu-
ation Vo such that Vo(p;) =0 for alli =1...n, we have

(X,R, (Vo)g) - x(p) for any tuple of subsets AC X &
(X, R, V) Ik x(p) for all valuations V' s.t. Vo < V.

Proof. We argue by induction on the complexity of the general positive formula
X(p). The case in which x(p) is a positive formula follows directly by
[6:15] If the statement is true also for all non-separating formulas, then it is
easily follows that it holds for all general positive formulas, which we recall
be defined as (finite) conjuctions of positive and/or non-separating formulas.
Therefore, we prove the case in which x(p) is a non-separating formula.
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We only treat the case in which the shape of S(p) is (p ¢ p) V (—p < ),
because the proofs of the other three cases are very similar.

(=) Let V> V1, be any valuation, and let U := V(p). By hypothesis, we
have (X, R, (Vo)pU) I S(p), which means that either R[Vy(p)] NU # 0 or
RIX\U]NVy(¢)) # 0. Hence, by [Lemmal6.1.5] since Vo(p) C V() and
Vo() C V (¢), we have either R[V (¢)]NU # 0 or R X \U]NV (¢) # 0,
that is (X, R, V) IF (pop)V (-po).

This shows that (X, R, V) I S(p) for all valuations V' s.t. V5 < V.
(<) This direction is trivial, because for any A C X we have Vj < (VO)]‘;‘.

O]

If we would have defined validity on a subordination space (X, R) as sat-
isfaction under all valuations, rather than under all clopen valuations, then
[Proposition [6.1.6] would allow us to prove a Sahlqvist correspondence result
for our formulas with respect to this semantics. In fact, as we will see in the
proof of [Theorem [6.1.15, our Sahlqvist formulas § — x(p) are defined so that
the minimal valuations Vj satisfying 6 are first-order definable and such that
Vo(pi) = 0 for all p; associated with the non-separating formulas.

Since we are interested in the notion of validity defined as satisfaction under
all clopen Valuationﬂ only, in order to prove [Theorem [6.1.15| we first need to
show the analogue of [Proposition [6.1.6] with respect to this semantics.

Remark 6.1.7. In the following proofs, we will very often make use of the
fact that subordination spaces (X, R) satisfy the following properties:

e if I/ G C X are disjoint closed subsets, then there exists a clopen subset
U C X such that FF C U and GOUZQ);H

e if F C X is a closed subset, then R[F] and R™![F] are closed subsets of

X. A

Lemma 6.1.8. Let x be a positive formula, and let Vy be a finite wluatiorﬂ.
Then we have

(X,R,Vo)IFx & (X,R,V)IF x for all clopen valuations V' s.t. Voj < V.

Proof. The direction = follows by For the other direction, we
argue by induction on x:

2Because, as we already mentioned, this semantics corresponds to our algebraic semantics
by duality.

3This is provable via standard arguments by total disconnectedness and compactness.

4We mentioned this in

5Valuations, and in particular finite valuations, are defined in

81



o y=1:
In this case we always have (X, R, V) IF x for any valuation V', so in
particular this holds for V' = V{ and for any clopen valuation V such
that 1V, < V.

e XY =poy:
We consider four cases:

— ¢ and ¢ are both equivalent to 1:
In this case, for any valuation V' we have V(x) = V(1¢1) = X o X,
so the equivalence holds.

— ( is equivalent to 1 and v is a A, V-combination of proposition let-
ters:
Since V() is a N, U-combination of valuations of proposition let-
ters, which are finite sets, it is itself a finite set, say, Vp(¢vp) =
{z1,..., 21}
Suppose (X, R, V) I x for all clopen valuations V', and suppose for
a contradiction (X, R, Vp) I x, that is (X, R, V) Iff ¢ o).
Then we have that

RIX]n{z1, ...z} = R[Vo(p)] N Vo(v) = 0.

Let y1,...,yn be all points different from the x;’s which belong to
Vo(p) for some proposition letter p occurring in . Since R[X] U
{y1,...,yn} and {x1,...,zx} are disjoint closed sets, there exists a
clopen subset U such that

{z1,...,2x} CU and (R[X]U{y1,...,yn}) NU = 0.

So, if we take pairwise disjoint clopen subsets Uy, ..., Uy such that
yj € Uj and U;NU = 0 for each j = 1...h, we can define the
following clopen valuation:

V:pHUUU{Uj’ijVO(p)}‘

We claim that V() = U. To see this, first observe that each
V(p) contains U and is contained in U UJ; Uj, thus U C V() C
Uu Uj Uj. Second, observe that for each p and each j we have
y; € V(p) = y; € Vo(p), and that if y; ¢ V(p) then U; NV (p) = 0.
Thus, as none of the y;’s belong to the N, U-combination of the
V(p)'s which results in V(3), we have V(¢) NJ,;U; = 0. So we
obtain that V(¢) C U, and therefore we can conclude that V' (¢) =
U.

Hence, since V(¢) = U and R[X]|NU = (), we have found a clopen
valuation V' such that Vo < V and (X,R,V) If 1o, that is
(X, R, V) Iff x. This contradicts our assumption.
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— is a A, V-combination of proposition letters and v is equivalent to
1:
In this case, Vo(¢p) is a finite set: Vo(¢) = {z1,..., 21}
Suppose (X, R, V) IF x for all clopen valuations V', and suppose for
a contradiction (X, R, Vj) I x, that is (X, R, V) IF @ o).
Then we have R[{z1,...,z1}]NX = R[Vo(¢)] N Vo(¥) = 0, that is,
{x1,..., 2, }NR7[X] = 0. So, arguing in the previous case, we can
find a clopen valuation V' such that Vo) <V and (X, R, V) If po1,
that is (X, R, V) IF x.

— ¢ and ¢ are both A, V-combinations of proposition letters:
In this case, there are z1,...,z; and yi, ...,y such that Vp(¢) =
{z1,..., 2} and Vo(¥) ={y1,.. ., yn}.
Suppose that (X, R, V) IF x for all clopen valuations V', and suppose
for a contradiction that (X, R, V) I o1, which implies that for all
i,7 we have x; R y;. Let z1,...,2 be all the points different from
the x;’s and the y;’s which belong to Vj(p) for some proposition
letter p occurring in ¢ or .
For each i we have ; ¢ R™[{y1,...,yn}] U{z1,..., 2}, so we can
find disjoint clopen subsets W1, ..., W} such that

Win(R {1, .. ynHU{z1, .., ) = O and Win{zy, ..., 21} = {2}
This implies that R[W;] N {y1,...,yn} = 0. Then, if we define
W = J; Wi, we have W N {z1,...,z} =0, and for each j we have
yj ¢ RIW]U{z,...,%}. By the latter, we can find disjoint clopen
subsets W7, ..., W} such that

WIN(RW]U{z1,..., 1) =0 and W/ N {y1,...,yn} = {y;}-
If we define W’ := (J,; W, we have W'N{z1,..., 2} = 0 and R[W]N
W' = 0.
Then, consider the clopen subsets Uy, ..., Uy, Uj,...,U; defined as

U WinNW;j if »; = y; for some j
LW, otherwise

Ul WinW; if y; = z; for some i
i Wi otherwise

and take U := (J;U; and U’ := |J; U]. Notice that U C W and
U’ C W'. Since U and U’ are both disjoint from {z1,...,z}, we
can find disjoint clopen subsets UY, ..., U/’ such that z, € U/ and
urnu=0/NnU"=0forall s=1...1.

Finally, consider the following clopen valuation:

V:pb—>U{U¢ | z; € Vo(p) N {x1,..., 2} }
UlHTG Ly € Volp) 0 {wn,- -y}
UV | 2 € Volo) N o))
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As V() and Vj(vp) are N, U-combinations of the V'(p)’s which result
in {z1,...,zr} and {y1,...,yn} respectively, we obtain that the
valuation V' is such that V(p) =, U; = U and V(¢) = J; U} =
U'.

Thus, since by RW]NW' = 0,U C W and U’ C W’ we obtain
RUINU" = 0, we have found a clopen valuation V' > V{ such
that (X, R, V) If ¢ o, that is (X, R, V) I x. This contradicts our

assumption.

* X=poi:
There are two cases:

— Either ¢ or ¥ is equivalent to 1:
In this case, for any valuation V, we have either V(—¢) = 0 or
V(=) = 0, so R[V(=¢)] NV (=) = 0. Hence for all valuations
we have (X, R,V) IF =(—¢ ¢ =), and this holds in particular for
V = Vp and for all clopen valuations V' such that Vy < V.

— Neither ¢ nor 1 is equivalent to 1:
In this case, both Vy(¢) and V() are finite, let them be Vj(p) =

{z1,.. o} and Vo(¢¥) = {y1, ..., un}-

Suppose (X, R,V) IF x for all clopen valuations V', and suppose
for a contradiction (X, R,Vy) IF ¢ o ¢. This means that R[X \
{z1,.. .,z }) N (X \{y1,--.,yn}) # 0, thus there are u,v € X such
that uRv and u # x;,v # y; for all ¢,5. Let 21,..., 2 be all points
different from the z;’s and the y;’s which belong to Vy(p) for some
proposition letter p occurring in ¢ or ¥. Then we can find disjoint
clopen subsets W1,..., Wy such that for each i =1...k

Win{u,z1,...,2} =0 and W;N{xy,...,zx } = {x;}.

Analogously, we can find disjoint clopen subsets W7, ..., W} such
that for each j=1...h

Win{v,z1,...,zy =0 and W;n{y,...,un } = {y;}.
Then, consider the clopen subsets Uy, ..., Uy, Uy, ..., U} defined as

U WinW] if x; = y; for some j
LW, otherwise

Ul WinW; if y; = z; for some i
joT Wi otherwise

and take U := |J;U; and U" := J; U}. These are such that
Uniu,z1,...,2 =U N{v, z1,..., 2} =0,

thus we can find disjoint clopen subsets U, ..., U]’ such that z, €
U and U/ NU=U/'NU =0forall s=1...1.
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Finally, if we consider the following clopen valuation:

V:p»—>U{U¢ | z; € Vo(p) N {x1,...,zk}}
U TS 1 w5 € Vo) 0w, - un b}
U U | 2 € Volp) N {21, .. 2} )

we obtain V(p) =U and V(¢) = U".

So, since u ¢ V(y) and v ¢ V(¢) and uRv, we have (X, R,V) Iff
—(—po—1)), so we have found a clopen valuation V such that Vo <V
and (X, R, V) I x. This contradicts our assumption.

® X =Xx1VXea

Suppose (X, R,V) IF x for all clopen valuations V', and suppose for
a contradiction (X, R, V) IF x1 V x2. This means (X, R, Vj) I x1 and
(X, R, V) Iff x2. So by inductive hypothesis there exist clopen valuations
Vi, Vo > Vp such that (X, R, V1) If x1 and (X, R, Va) ¥ x2. Hence, by
Lemma if we consider the (clopen) valuation V' : p — Vi(p) N
Va(p) we have V) < V and (X, R,V) If x1 and (X, R, V) I} x2, that is
(X, R, V) I x1V x2. Thus, we obtained a contradiction.

® X = X1/ X
If for all clopen valuations V' > Vj we have (X, R, V) IF x1 A x2, that
is (X, R, V) IF x1 and (X, R,V) Ik x2, then by inductive hypothesis we
have (X, R,Vp) Ik x1 and (X, R, Vi) IF x2, that is (X, R, V) IF x1 A x2.

O

Lemma 6.1.9. Let S(p) be a non-separating formula, and let Vi be a finite
valuation such that Vo(p) = 0. Then we have

(X,R, (Vg);‘) IF S(p) for any subset AC X <&
(X, R, V) I S(p) for all clopen valuations V' s.t. Vo < V.

Proof. Here we treat the case in which the shape of S(p) is (pop) V (-po ),
because the proofs of the other three cases are very similar.

(=) This direction follows directly from [Proposition [6.1.6]

(<=) We show the contrapositive.

Suppose there is a subset A C X such that (X, R, (VO);‘) I S(p). This
means that

— R[Vb(p)] N A =0, that is R[Vp(¢)] € X \ 4, and
— R[X\ AN Vo(¢) =0, that is R~'[Vo(4)] € A.
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Hence we have R[Vy(p)] N R™H{Vo(v)] = 0.

This implies Vo(p) N R7H{R[Vo(¥)]] = 0. Since the last two non-
intersecting sets are closed, there exists a clopen subset U such that
Vo(e) € U and U N R7YR™YVo(¥)]] = 0. The latter equality implies
R[R[U]] N Vo(vb) = B, and since these are again non-intersecting closed
subsets of X, there exists a clopen subset U’ such that Vy(¢)) C U’ and
R[R[U||NU" = 0, that is R[U] N R7YU’] = 0. So, again, there exists
a clopen subset W such that R[UJNW = @ and R7[U’] C W, that is
RIX\W]|NU' =0.

Hence, if we build a clopen valuation V' such that V(p) = U, V(¢) = U’
and V(p) =W ﬁ then we obtain

— R[V(o)]NV(p) = RUINW =0, and
= R[V(=p)INV(y) =RX\W]NU" =0,

that is Vo <V and (X, R, V) I S(p).

By Lemmas [6.1.8] and [6.1.9] we can conclude the following:

Corollary 6.1.10. Given a general positive formula x(p), and a finite valua-
tion Vo such that Vo(p;) =0 for alli=1...n, we have

(X,R, (‘/0)]?) I x(p) for any tuple of subsets AC X &
(X, R, V) Ik x(p) for all clopen valuations V' s.t. Vo < V.

Lemmas [6.1.8] and [6.1.9] and [Corollary [6.1.10] are very similar to Esakia’s
lemma [28], which has been used by Sambin and Vaccaro [49] for giving an
elegant proof of Sahlqvist’s theorem. There this lemma is used to show that,
once a canonical model satisfies a Sahlqvist formula under all admissible val-
uation{], then it satisfies it under all valuations. This leads to a completeness
result. It is common, among Sahlqvist-like results (see e.g. [10} 2]), to prove a
version of Esakia’s lemma in order to obtain a completeness result for Sahlqvist
formulas via canonical models.

Here, we are not working with canonical models, but as we already men-
tioned, we needed to show an analogue result because in our correspondence
result we address semantics with respect to clopen valuations.

When working with formulas of a language which has a frame-like seman-
tics, it is customary to develop a correspondence theory. Usually, one of the

SWhich we can do similarly as we did in the proof 6.1.8
“Which can be seen as our clopen valuations.
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starting points of such a development consists of defining the Standard Transla-
tion of formulas. This translates formulas of the given language into first-order
formulas in the relational first-order language of frames extended with unary
predicates, where each predicate is associated with a proposition lettexﬂ Then
amodel M = (F,V), where F is a frame and V' : Prop — P(F) is a valuation,
can be seen as a first-order structure in the relational language extended with
unary predicates. Each predicate P is interpreted as V' (p), where p is its asso-
ciated proposition letter. The Standard Translation is defined so that, given a
model M and a formula ¢, M satisfies ¢ if and only if M satisfies, as a first-
order structure, the translation of . Therefore, this provides model-theoretic
correspondence.

Sahlqvist correspondence is part, instead, of frame-theoretic correspon-
dence. In fact, a Sahlqvist formula ¢ corresponds to a first-order sentence
(in the relational language only) which is satisfied exactly by those frames
which validate (. Usually, when proving a Sahlqvist correspondence result,
one uses the Standard Translation while working with valuations which make
the interpretation of the unary predicates definable in the relational language.
As we also do so, in [Definition[6.1.12] we give the Standard Translation of our
formulas.

In our definition, instead of using unary predicates, we have decided to
define the Standard Translation of formulas relatively to a fixed valuation,
which we require to interpret proposition letters as first-order definable subsets
of subordination spaces. Moreover, instead of defining the translation of all
formulas of our language, we restrict ourselves to general positive formulasﬂ
The reason is that, for our non-separating formulas S(p), we need to define
a translation which treats the special proposition letter p differently from the
others, and this cannot be achieved with a general inductive translation of all
formulas.

Notation 6.1.11. We often regard algebras (B, <) as first-order structures
over the signature (A,—,1,¢). Notice that first-order terms over this signa-
ture are syntactically the same as formulas of our language. When we put
these objects inside first-order formulas, we consider them as first-order terms.
Otherwise, they represent formulas of our language.

As we did in the previous chapters, in order to not confuse connectives
A, V, 1, — interpreted by Boolean algebras with connectives of first-order for-
mulas, for the latter we will use the symbols A, V, = and —.

Moreover, for formulas in our language, we chose to replace the constants
T, L with 1,0, so that we can regard the former ones as top and bottom of

80r, in case the language in consideration does not have proposition letters, unary pred-
icates are associated with some other basic syntactic elements which has the same semantic
interpretation as our propositional letters. For example, in their definition of Standard
Translation, in |2} Section 4] the authors use unary predicates for translating Boolean terms
of their language, and the interpretation of these terms in analogous to how we interpret
proposition letters.

9Which are the only ones to which we will apply the Standard Translation, in Theorems

FTT and F23
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first-order logic.

Definition 6.1.12. Let V' be a valuation for which there exist a tuple a € X
such that, for each proposition letter q, the subset V(q) is definable in (X, R)
by a first-order formula Q(u,a) with parameters from a in the language with
one binary predicate R.

For each positive o-free formula ¢, we define the formula ST (u,a,y) in-
ductively as follows:

ST (u,a,1) := (u=u)

ST (u,a,q) = Q(u,a)
ST (u,a, o1 A p2) = ST (u,a, 1) A ST (u,a, )
ST(u,a, 01V @2) = ST(u,a,p1) V. ST(u,a,ps).

For each positive formula x, we define the formula ST(a,x) inductively as
follows:

) =T
) := Fu,v: (uRv A ST (u,a,p) A ST(v,a,))
ST(a,p 0v¢) = 23u,v: (uRv A 28T (u,a,p) A 25T (v,a,))
) = ST(a,x1) A ST(a, x2)
) == ST(a,x1) vV ST(a, x2).

)

Finally, for each general positive formula x(p
ST (a, x(p)) inductively as follows:

, we extend the definition of

ST

(@ (pop)V(Yo-p)) = Fu,v,w: (uRw A vRw A ST (u,a,p) A ST(v,a
ST(a,(pop)V (—pov)) = Ju,v,w: (uRw A wRv A ST(u,a,p) A ST (v,a
ST(a,(pow)V (Yo-p)) := Ju,v,w: (wRu A vRw A ST(u,a,p) A ST (v,a
ST(a,(pow)V (-pov)) = Ju,v,w: (wRu A wRv A ST(u,a,p) A ST (v,a

ST(@, x1(5) A xa(8)) = ST(@x1(9) A ST(@ xa(p)).

Proposition 6.1.13. Let V be a valuation for which there exist a tuple a € X
such that, for each proposition letter q, the subset V(q) is definable in (X, R)
by a first-order formula Q(u,a) with parameters from a in the language with
one binary predicate R.

Then we have:

(i) For all positive ¢o-free formulas ¢ and b € X:
beV(p) & (X,R) | ST(u, T, 9)[b/u,a/z].
(ii) For all general positive formulas x(p), we have:

(X,R, (V)g) - x(p) for any tuple of subsets A C X <
(X, R) |= 5T(z,x(p))la/z].
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Proof. The proof of item (i) is a routine induction on the complexity of for-
mulas. Concerning item (ii), its proof is also a routine induction, except for
the case in which x(p) is a non-separating formula. Here we prove the case in
which x(p) = S(p) = ¢ opV —po 1. The other cases are analogous.

Let

® = ST(z,p0pV-pory)la/z]
= Ju,v,w: (uRw A wRv A ST (u,a,p) A ST (v,a,)).

We need to show that (X, R, (V)gi) IF@opV-porp for all subsets A C X if
and only if (X, R) = ®.

(=) We show the contrapositive. Suppose (X, R) = ®. This means that, for
all b,c € X, if (X, R) E ST (u,a,p)[b/u] and (X, R) E ST (v,a,v)[c/v],
then Ad such that bRd and dRec. By item (i), this is equivalent to saying
that, for all b € V() and ¢ € V(¢) there is no d € X such that bRd and
dRc. That is, R[V ()] N RV ()] = 0.

If we consider A := RV (¢)], we have R[V(p)]N A = (), and since
in particular R71[V(¥)] C A, we obtain R[X \ A] C X \ V (%), that is
R[X \ ANV () = 0. Therefore, if we consider the valuation V;)A, we
have obtained (X, R, VpA) FpopV-poi.

(<) Suppose (X, R) = ®. This means that there exist b,c,d € X such that
(X, R) = ST (u,a,@)[b/ul,(X,R) E ST(v,a,)[c/v],bRd and dRc. By
item (i), this means that there exist b € V(¢) and ¢ € V(3) such that
%zd and dRe. This is equivalent to saying that R[V (p)]|N RV (¥)] # 0

Let A C X be any subset. If (X, R, V;*) I pop, then (X, R, V) IF popV
—po1p. Otherwise, we have R[V (¢)]|NA = (), and hence R[V (¢)] C X'\ A.
Then, since R[V (¢)]NR™[V ()] # 0, we obtain (X \ A)NR™[V (¥)] # 0,
that is R[X \ AJNV (¢)) # 0. So we have (X, R, VpA) IF —po1, and hence
(X, R, VPA) IF popV -po. This shows that in any case we obtain
(X,RVMIFpopV-po.

O

Notation 6.1.14. Recall that, given a subordination space (X, R) and a for-
mula ¢, with (X, R) IF ¢ we mean (X, R, V) Ik ¢ for all clopen valuations V.
Moreover, recall from that the notation p < ¢ expresses “p occurs
in ¢”.

0As we see here, and as we saw in the proof of the other direction, the non-separating
formula popV —po1) is satisfied by V,* for any A C X if and only if R[V (¢)]N R [V (¥)] # 0.
That is, the formula expresses that R[V (¢)] and R™*[V ()] are not separated. Likewise,
the other non-separating formulas express, that R[V ()] and R[V (1)], or R™[V ()] and
RV (®)], or R7'[V ()] and R[V (1)], are not separated. This motivated us to call these
formulas non-separating.
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Finally, in [Theorem [6.1.15] we prove the correspondence result for our
Sahlqvist formulas. The proof follows the lines of the proof of |2 Theorem
5.1], and the adaptation to our case relies on [Corollary |6.1.10}

Theorem 6.1.15 (Sahlqvist correspondence). Let ¢ = 6§ — x(p) be a Sahlquist
formula. Then there exists a first-order sentence a(¢) in the language with one
binary predicate R such that o) is effectively computable from ¢ and such
that for any (X, R) we have

(X,R)IF¢p & (X,R) = a(e).

Proof. In this proof we see how to compute a first-order sentence «(¢) which is
satisfied by a subordination space (X, R) if and only if ¢ is satisfied in (X, R)
by all clopen valuations. We make a case distinction as to the nature of the
Sahlqvist antecedent 6:

e Case §=1:

In this case, we have (X, R) IF ¢ if and only if (X, R) IF x(p), that is if for
al clopen valuations V' we have (X, R, V) IF x(p). By [Corollary [6.1.10}
this is equivalent to (X, R, (Vo)g) IF x(p) for all A C X, where V} is the
empty valuation, that is the one such that Vj(¢q) = 0 for all proposition
letters ¢. Since in this valuation every Vj(q) is definable by the formula
Q(u) := (u % w) (with no parameters), then by |[Proposition |6.1.13| we
can conclude that (X, R) IF ¢ if and only if (X, R) = ST (x(p)).

So we can define a(¢) := ST (x(p)).

n
e Case 0 = A (p; © 1), where the ¢;’s and the 9;’s are either 1 or con-
i=1
junctions of proposition letters:
We have that (X, R) IF 8 — x(p) if and only if

for all clopen valuations V' : ((X, RV)IFO = (X,R,V)IF X(ﬁ)).

(6.1)
Given a valuation V', we have (X,R,V) IF 6 if and only if there exist
elements @ = ay,...,ay, and b = by,...,b, in X such that a;Rb;, aj €

V(pi) and b; € V(¢;) for i = 1...n. Hence, if given elements a,b we
define the finite valuation V; 7 o by:

Vivo:a—{ai | ¢ Jpit UL{bi | ¢ <}

we have that (X, R, V) I 6 if and only if there exist @ and b such that
aRband V5 <V. So 1} is equivalent to:

for all clopen valuations V : (EI&,B : aRb and Viro <V = (X,R, V) IF X(ﬁ))

(6.2)
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which can be rephrased as

for all @,b s.t. aRb : ((X, R, V) Ik x(p) for all clopen valuations V' > V&JLG)'
(6.3)

By [Corollary [6.1.10} (6.3) is equivalent to

for all @,b s.t. aRb : ((X, R, (Va,E,e);?) I x(p) for all subsets A C X).
(6.4)
Since for each proposition letter ¢ we have that V j 5(q) is definable with
parameters a, b by the formula

Q(u,a,b) ::M{uwai | ¢ < %}MM{U%@' | ¢ < i},

by [Proposition [6.1.13| we have that (6.4]) is equivalent to

for all @,bs.t. aRb ((X, R) & ST(:T;,@],X(QE))[EL/:T:,B/@]) (6.5)

and ([6.5)) can be rewritten as

(X.R) Va5 (\wiRy = ST@,9.x(0).  (66)
i=1

So we have obtained the first-order correspondent

o(0) == Vz,5: ( \wiRy: = ST(7,5,x(7)))-

i=1
k
e Case 0 = \/ §;, where each 0; is as in the previous case:
j=1
Let aj := a(8; — x(p)). Then we have (X, R) I- (\/?:1 Hj) — x(p) if

and only if (X, R) IF 6; — x(p) for all j =1...k. By the previous case,
this holds if and only if (X, R) |= o for all j = 1...k, that is if and only

if (X,R) = ﬁaj.

Jj=1

So we have obtained the first-order correspondent
k
a(op) == /\aj.
j=1

O]

By the duality presented in[Section[2.1.2] the above theorem can be restated

in terms of algebras their dual subordination spaces:
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Corollary 6.1.16. Let ¢ = 6 — x(p) be a Sahlquist formula. Then there
exists a first-order sentence a(¢) in the language with one binary predicate R
such that (@) is effectively computable from ¢ and such that for any Boolean
algebra (B, <) with a subordination <, we have

(B"<) ):(;5 g (Bv'<)+ Izoz(gb)

Example 6.1.17. The following are the respective first-order correspondents
of the examples provided in [Example [6.1.2]

1. Va,y (ny — Jw: (zRw A wRy) )
2. Va,y : (ny — Jw: (zRw A yRw) )
3. Vz,y : (azRy — Jw: (wRx A yRw) >

(

4. Vz,y : (zRy = Jw: (wRzx A wRy)).

Here, we work out the algorithm resulting from the proof of [I'heorem [6.1.15|
to compute the correspondent of the first of the above examples. Recall that
the starting Sahlqvist formula of example 1. isgor — qopV —por.

Here, the antecedent § = gor is a single disjunction of the single conjunction
gop, and the minimal valuations satisfying this are those V{ such that Vp(q) =
{a},Vo(r) = {b} for some (a,b) € R. As in our proof of correspondence, we
use variables x,y to replace such elements a, b, and we use these variables to
define the basic predicates for the Standard Translation:

ST(u,z,y,q) = Qu,z,y) = (u~m)
ST(u,z,y,7) = R(u,z,y) = (u~y)

resulting in the correspondent

Vr,y: (mRijT(:v,y,qu\/ﬂpor)).

By [Definition [6.1.12] this is equal to

Vo, : (mRy — Ju,v,w : [uRw A wRv A ST (u,z,y,q) A ST(U,J;,y,r)])
which, by our above definition of basic predicates, is equal to
Yo,y : (:L‘Ry — Ju,v,w: [uRw A wRv A (uxz) A (v~ y)])
which is finally equvalent to

Y,y : (ny — Jw: (xRw A wRy)).
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Remark 6.1.18. As we noticed below |Definition [2.1.3] property (Q6) is ex-
pressed in terms of the relation d as “adb implies bda”. Satisfying this condition
is thus equivalent to validating the formula g ¢ 7 — r ¢ ¢, which is one of our
Sahlqvist formulas. Working out the Sahlqvist correspondent of this formulas,
one obtains that this expresses symmetry of the relation R. This is consistent

with one of the facts showed in [Lemma [2.1.12] that is that property (Q6) is

satisfied by those algebras of which dual has a symmetric closed relation R.

Theorem 6.1.19. Let ¢ = 6 — x(p) be a Sahlquist formula. Given any
subordination space (X, R), we have

(X,R)IFp < (X,R,V)IF ¢ for all valuations V.

Proof. The direction <= is trivial. To prove =, assume (X, R) I ¢, and let V'
be any valuation. We need to show that (X, R, V) I ¢. By item 2. of [Lemma]
[6-1-4) we can consider the following cases:

e Case 0 =1:

In this case, we always have (X, R, V') IF 0, and we need to show (X, R, V) I-
x(p). By assumption, we have (X, R, W) Ik x(p) for all clopen valuations
W. Hence, if we let Vj be the empty valuation, we have (X, R, W) |- x(p)
for all clopen valuations such that Vo < W. Hence, by [Corollary |6.1.10}
we obtain (X, R, (Vb)g‘) I x(p) for all subsets A C X. So, by Lemng
we have (X, R, W) IF x(p) for all valuations such that Vo < W. In
particular, since V' > Vp, we have (X, R, V) Ik x(p).

This shows that (X, R, V) I ¢.

k n

e Case § = \/ 6;, where each 6; is of the form A (¢; ¢ 1;), where the ¢;’s

j=1 i=1
and the ;’s are either 1 or conjunctions of proposition letters:

In this case, suppose we have (X,R,V) IF 6, and we need to show

(X, R, V) IF x(p)-

Since (X, R,V) IF 6, there exists j such that (X,R,V) Ik 6;, where

n

8; = A (@i < ;). This means that there exist elements a = aq,...,ap
i=1

and b = by,...,b, in X such that a;Rb;, a; € V(y;) and b; € V(v;) for

i=1...n. If we define the finite valuation Vp := V3 » by:

Vaivo:a—={ai | ¢ <oy UL{bi | ¢ <}

then for any valuation W > V we have (X,R,W) I- 6;, and hence
(X, R,W) IF 0. This holds in particular for all clopen valuations W > 1,
so by assumption we have (X, R,W) I x(p) for all clopen valuations
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W > Vj. Since Vy(pi) = 0 for i = 1...n, by [Corollary [6.1.10] we obtain
(X, R, (Vo)§) - x(p) for all subsets A C X. Hence, by |Proposition |6.1.6L
we have (X, R,W') I x(p) for all valuations such that V5 < W’. Since
Vo <V, in particular we have (X, R, V) IF x(p).

This shows (X, R, V) IF ¢.

O

We conclude this section with a completeness result which follows from our
Sahlqvist correspondence theorem.

Corollary 6.1.20. Let ¢ be a Sahlquist formula. Then the system S + (¢)
is sound and complete with respect to the class of subordination spaces (X, R)
such that R is reflexive and symmetric, and such that (X, R) = a(¢).

Proof. By the completeness result of we obtain that the system
S + (¢) is sound and complete with respect to contact algebras which validate
¢. By |Corollary [6.1.16, an algebra (B, <) validates ¢ if and only if its dual
subordination space (X,R) = (B, <)+ satisfies a(¢). Moreover, by
(B, <) is a contact algebra if and only if the relation R in (X, R) =
(B, <)+ is reflexive and symmetric. Therefore, by the duality presented in
Section [2.1.2] we have that S + (¢) is sound and complete with respect to
the class of subordination spaces which satisfy «(¢) and in which the binary
relation R is reflexive and symmetric. O

6.2 Sahlqvist rules and correspondence

In we showed that V3-statements are associated with ITa-rules. In
this section, we define a Sahlqvist fragment of Vd-statements, and we prove
a correspondence result which, in light of the aforementioned correspondence
between statements and rules, can be regarded as a correspondence result
for IIo-rules. Unlike the results of the previous section, the results which we
present here have no counterpart in the work of Balbiani and Kikot [2].

Recall that propositional formulas in the signature (A, -, 1,¢) can be seen
as terms for first-order structures (B, <) where B is a Boolean algebra, and <
a binary relation, where the binary function symbol ¢ is interpreted as:

1 ifaA —b
aob =
0 otherwise.

Moreover, if we consider a valuation v : Prop — B, then we obtain that
a first-order structure (B, <,v) in the language (A, —, 1,0, Prop), where we

94



regard the proposition letters in Prop as constant symbols, and the valuation
v as their interpretation in the structure.

In particular, given a subordination space (X, R) and a valuation V :
Prop — Clop(X), we obtain a first-order structure (Clop(X), <, V') as above.

Definition 6.2.1. A Sahlqvist statement is a first-order statement ¥ in the
signature (A, —,1,0) of the form

k
U = vg:[vp: (0 A (N\Sip)) = 1) = VF : (x(F) = 1)],
=1

where:

0 is a Sahlquist antecedent;

X(7) is a general positive formula;

the Si(p1)’s are non-separating formulas;

q are all proposition letters not among p = p1,...,pr and ¥ which occur
in the formula;

the proposition letters p and T do not occur anywhere but in their respec-
tive non-separating formulas.

Example 6.2.2. The following are examples of Sahlqvist statements:
1. Vg,r: |¥p: ((q<>p V por) & 1) = (gor = 1)|;

2. Vq,r: |Vp:|((gop V ro—p 1 gor =~ 1)|;

pogq V —por 1

:(( ) ~ )j(
3. Vq,r: :Vp: ((poq Vo ro-p) %1) = (qgor = 1):;
4. Vq,r: :Vp: (( ) ~ )j(qOT ~ 1):?

Note that Sahlqvist statements are statements in the language (A, -, 1,¢).
Moreover, they are equivalen@ to V3-statements. In fact, the generic Sahlqvist
statement W presented in [Definition [6.2.1] can be rewritten as:

k
U o= vg,7:3p: (0N (\Sip) # 1) v (x(7) = 1),
=1
By the aforementioned correspondence between Ils-rules and V3-statements,
this observation leads us to the defining Sahlqvist Ils-rules as those which
correspond to Sahlqvist statements:

"Here with equivalent we mean that they are either both true or both false under inter-
pretation in any structure in the language (A, -, 1,0).
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Definition 6.2.3 (Sahlqvist rule). A Ils-rule (p) is a Sahlqvist rule if its
corresponding statement ®, |E| s equivalent to a Sahlquist statement.

In|Theorem [6.2.5| we will show that, given a Sahlqvist statement ¥, one can
compute a first-order sentence S(¥) in the language with one binary relation
symbol R, and this is such that a Boolean algebra with a subordination (B, <)
satisfies W if and only if its dual subordination space (X, R) satisfies 5().

Then, using this result, we will derive a general completeness theorems for
extensions of our system & |E| with Ils-rules with respect to classes of subor-
dination spaces (X, R) of which closed relation R satisfies some elementary
conditions.

Observe that, by item 1. of [Lemma [6.1.4] any non-separating formula
S(p) = (pop) V(o —p) can be written in the form

\(piop) v \/(vjo-p),

i J

where each p1; and v; is either 1 or a proper conjunction of proposition letters.
Writing non-separating formulas in this shape will be convenient for tech-

nical purposes.

In the proof of we will make use of the following lemma:

Lemma 6.2.4. Given a pair (X, R) and a valuation V : Prop — Clop(X),
we have:

(Clop(X),<,V) ):Vp:[(\/(uiop) v \/<yj<>ﬁp)) m} &

i J
there are i, j and there exist x € V(u;),y € V(v;) and w € X s.t. xRw and yRw.

(Clop(xX), <, V) = vp:[(V(wop) v \(wor)) ~1] o

i J
there are i,j and there exist x € V(w;),y € V(v;) and w € X s.t. xRw and wRy.

(Clop(X). <. V) £ ¥p: [ (Vpom) v \op) =1] &

i J
there are i,j and there exist x € V(u;),y € V(v;) and w € X s.t. wRx and yRw.

(Clop(X), <. V) = ¥p:[ (Vo) v \/(mpory)) ~1] &

( J
there are i, j and there exist x € V(p;),y € V(v;) and w € X s.t. xRw and yRw.

2Written in terms of ¢ rather than ~

13The system S is introduced in [Chapter
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Proof. We prove only the first case, because the proof of the other three cases
are analogous.

(=

) We prove the contrapositive. Suppose that for all 7, j, and for all z €
V(us) and y € V(v;), there is no w € X such that xRw and yRw. This
means that (U; B[V (1:)]) N (U; RV (v5)]) = 0. Since U; B[V (u;)] and
U; R[V(v;)] are two disjoint closed sets, there exists a clopen subset U
such that § = (U; R[V (1:)]) N\U = U;(R[V (1:)] N U) and U; R[V (v5)] €
U, which means () = (U; R[V (v;)]) V(X \U) = U;(R[V (v;)] N (X \U)).
So we have:

(Clop(x), <. V) = (V(mion) v V0 -w)) # 1) U/p)
hence

(Clop(X), <, V) K- vp: | (\V(mion) v (w0 w)) =1].

i J

(<) Suppose there exist i, j and = € V(p;),y € V(v;) and w € X such that

zRw and yRw. Then we have w €
U € Clop(X), we have either w € R|
(X\U) # 0, hence

(Clop(X). <.V | ((Vion) v \/(jo-p)) = 1)[U/]

V(wi)] N RV (v)]. So, for any

R
V()] NU # 0 or we R[V(v;)] N

This shows that

(Clop(X), <, V) = Vp : [(\/(,uiop) v \/(yjoﬁp)) ~ 1}.

i J

O]

Note that the proof of relies on the properties stated in

mark 16.1.7

Now, we are ready to prove the Sahlqvist correspondence result for our

statements:

Theorem 6.2.5. Let ¥ be a Sahlquist statement. Then there exists a first-
order formula B(V) in the language with one binary predicate R such that
B(W) is effectively computable from ¥ and such that for any (X, R) we have

(Clop(X),<) ¥ & (X,R) k= 5(0).

k

Proof. Let ¥ :=Vq: [Vp: (OAN(N\Si(p)) = 1) = Vr: (x(7) = 1)].

=1
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We have (Clop(X), <) = ¥ if and only if

for all V' : {g} — Clop(X) it holds that
k
it (Clop(X),<,V)EVYp:[(0A(\Si(p) = 1] (6.7)
=1
then (Clop(X),=<,V) EVr: (x(7F) = 1)

We assume p = pu, ..., pk, and Si(p1) = V,;(iopr) V \/j(uljo—'pl) E and we
consider the following cases:

e Case 6 =1:
Let V' be a clopen valuation. We have

(Clop(X), <, V) - | /\sl m)

if and only if (Clop(X),=<,V) = Vp; : (Si(p) = 1) for l =1...k. By
the latter condition holds if and only if for all [ there exists
i, ji and elements ¢; € V(wy,),di € V(vy;,) and ¢ €X s.t. ¢ Re; and
leel.

Hence, if given {i;, 5;}; and {¢;, d;, ;}; such that ¢;Re; and d; Re; we define
the finite valuation Vo = V ({1, 5i, ¢, di, e }1) by:

VorgA{alqa<Qmu{di | ¢ <duy}

we have that (Clop(X),<,V) =Vp: [( /\ Si(p1)) =~ 1] if and only if there
exist {4, j;}; and {¢;, dj, €;}; such that clRel and d;Re; and V' > Vj, where
‘/‘E) ({Zl7jl7cl7dlvel}l)
So (6.7)) holds if and only if for all {i;, 5;}; we have
for all {¢;,d;, e} s.t. ¢gRe; and djRe; :
[(Clop(X), <, V) v (x(f) ~ 1) forall V=V|  (68)
where Vo = V ({i1, ji, 1, di, e }1)

Now, can be rewritten as

for all {¢;,d;, e;}; s.t. ¢gRe; and djRe; :
(X,R,V)IF x(7) forall V> VO] (6.9)
where Vo = V ({is, ji, c1, di, e }1),

141 we let some S;(p;) be of one of the other three forms in which non-separating formulas
can be, the proof would be similar to the one we give below.
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which by [Corollary [6.1.10]is equivalent to

for all {¢;,d;, e} s.t. qRe; and djRe; :
[(X, R, (V)2 ) I x(7)  for all subsets A C X]

where Vo = V ({ig, 1, ci, di, et }h).
(6.10)

Since for each proposition letter ¢ we have that Vy(q) is definable with
parameters {c;, d;}; by the formula

Q(u, {cr, di}i) : \/{U ~eo gDtV \/{U ~d | g <vy},

by [Proposition [6.1.13| we obtain that (6.10)) is equivalent to

for all {¢;,d;, e;}1 s.t. gRe; and djRe;

(X, R) = ST(z,9,x(7))[ct/x1, di/yi]
(6.11)

that is

\>?T

[(X R) EVZ,v w( lew A yRw)) — ST(.’E,@,x(f)))} (6.12)

So we can conclude that (Clop(X), <) E ¥ if and only if (X, R) =

A 5{iz7jz}z7 where
{iiih

>~

Biivjy = VT, w(( (riRw A yRw)) = ST(J_J,Z],X(F))).

N
Il
—

Therefore, we have obtained the correspondent 3(¥) := A By, j,1,-
{ivdih

Case 0 # 1:
In this case, by item 2. of [Lemma|6.1.4] 6 can be written as \/, 0, where

the 6;’s are conjunctions of formulas ¢ ¢ where each ¢, is either 1 or
a conjunction of proposition letters.

k
Then we have (Clop(X),<,V) =Vp: [(0 A A Si(p)) =~ 1] if and only if
=1

k

(Clop(X),<,V) =0~ 1 and (Clop(X),<,V) EVp: [(ASi(p)) = 1],
=1
that is if and only if:

— there is 0, = As(@ns © ¥ns) and elements a, b such that aRb and

as € V((phs)ybs € V(whs);
(note that this is similar to what happened in {Theorem [6.1.15])

5Note that the definition of ST(-) depends on the choice of {i, ji }:-
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— for all [ there exists i, j; and elements ¢; € V (), d; € V(v5,) and
e; €X s.t. ¢Re; and d;Re;, as in the previous case.

Hence, if we define the finite valuation Vo = V ({h, i, ji, c1, dj, e1}1) by:

Vo:qg—={as | ¢ Qons} U{bs | ¢ SUns} U{er | g < s} U{dr | ¢ Q)

arguing as in the previous case and as in [Theorem [6.1.15 we have that

holds if and only if for all A, {4, j;}; we have

k
(X, R) =Vz,7, a,@,w(zRg A (A(ulRw A vy Rw)) = 5T(:E,zj,ﬂ,z7,x(?))>.
. (6.13)

So we can conclude that (Clop(X),<) E ¥ if and only if (X,R) |

A Bngisgiy, Where
h{igih

k
Bufivgy = VT, Y, 4,7, w(ngjA (/\(ulRw AvRw)) = ST(z,y,u,v, X(F))).
=1
Therefore, we have obtained the correspondent 3(¥) := A B, 1,5,1,-

h,{i,aih

O]

Example 6.2.6. The following are the correspondents of the Sahlqvist state-
ments provided in [Example |6.2.2

1. Vz,y,w : (zRw A wRy — zRy);
2. Vz,y,w : (xRw A yRw — zRy);
3. Vz,y,w : (wRx A yRw — zRy);
4. Vx,y,w : (wRx AN wRy — xRy).

As we did in[Example[6.1.17] here we work out the algorithm resulting from the
proof of [Theorem [6.1.15 to compute the first correspondent, which is relative
to the Sahlqvist statement:

Vg, : [Vp: ((qop Vo —por) %1) = (qor = 1)]

Here we are in the case # = 1. Given a subordination space (X, R), minimal
valuations making (Clop(X), <, V) into a model of Vp : ((qop V por) & 1)

are those such that there are elements ¢ € V(q),d € V(r),e € X such that cRe
and eRd. As in our proof of correspondence, we use variables x, y, w to replace
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such elements ¢, d, e, and we use these variables to define the basic predicates
for the Standard Translation:

ST(u,z,y,q) = Qu,z,y) = (u~m)
ST(u,z,y,7) = R(u,z,y) = (u~y)

and we obtain the correspondent

Va;,y,w((a:Rw A wRy) — ST(w,y,qor)).

By [Definition [6.1.12] this is equal to

Vx,y,w((wa A wRy) = Ju,v: [uRv A ST(u,z,y,q) A ST(v,x,y,r)]>
which, by our above definition of basic predicates, is equal to
Vm,y,w((me A wRy) = Ju,v: [uRv A (urz) A (v~ y)])
which is finally equvalent to
Vm,y,w((wa A wRy) = ny).

Remark 6.2.7. Note that the correspondent which we computed in the previ-
ous example, which expresses transitivity of R, is the same which corresponds
to property (QT7), as proved in [Lemma [2.1.12] Indeed, it is easy to check

that an algebra (B, <) satisfies (Q7) if and only if it satisfies statement 1. of
Fxample 6.2.2

We use to conclude this section with the following complete-

ness result:

Corollary 6.2.8. If (p) is a Sahlquist rule, then the system S + (p) is sound
and complete with respect to the class of subordination spaces (X, R) where R
is a reflexive and symmetric binary relation, and (X, R) = B(®,).

Proof. By the system S + (p) is sound and complete with
respect to the class of algebras K, := {(B, <) contact algebra | (B, <) = ®,}.

As we discussed earlier in this chapter, by the duality between subordination
spaces and Boolean algebras with subordinations, interpreting our formulas in
an algebra (B, <) is equivalent to interpreting them in subordination spaces
(X, R) under clopen valuations. Therefore, the system S + (p) is sound and
complete with respect to the class of duals of algebras in K,, namely

{(X, R) subordination space | (X,R)" contact algebra and (X, R)" |= ®,}.

As it follows by [Lemma [2.1.12] we have that (X, R)" is a contact algebra if

and only if the relation R is reflexive and symmetric. Moreover, since p is a
Sahlqvist rule, and hence by definition @, is a Sahlqvist statement, by [Theorem]
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we obtain that (X, R)" = ®, if and only if (X, R) = 3(®,). Thus, we
can conclude that S + (p) is sound and complete with respect to the following
class:

{(X, R) subordination space | R reflexive and symmetric, and (X, R) |= 5(®,)}

and this proves the statement of this corollary. O

Conclusion

In this chapter, we work with semantics with respect to subordination spaces.
Following the work of Balbiani and Kikot [2], we define a fragment of Sahlqvist
formulas and we prove a Sahlqvist correspondence theorem. Moreover, as
in this thesis we introduced Ilp-rules associated to V3-statements, we define
Sahlqvist statements and we prove a correspondence theorem also for them.
This results in a completeness theorem for logics with our Ils-rules with re-
spect to subordination spaces satisfying some elementary conditions. The cor-
respondence results of this chapter extend in finding conditions
on algebras which correspond to elementary condition on the closed relation
R of their dual subordination spaces (X, R).
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Chapter 7

Conclusion and Future Work

In this chapter, we summarize the content of this thesis, and point directions
for future work.

7.1 Conclusion

In this thesis we presented a finitary system which we showed to be sound
and complete with respect to compact Hausdorff spaces. Before obtaining this
completeness result we took several steps.

First, we introduced a finitary system S which we showed to be complete
with respect to contact algebras (see |[Definition [2.1.3). We also introduced IIs-
rules, and we considered extensions of § with such rules. Thus we contributed
to developing the theory of Ils-rules, by giving a model-theoretic criterion for
establishing admissibility of Ils-rules in &, and by showing that there is a
correspondence between such extensions of S and inductive classes of contact
algebras. More precisely, we showed that given an extension of § with a set
of Ils-rules, there exists an inductive class of contact algebras with respect
to which the system is strongly complete, and vice versa starting from an
inductive class K of contact algebras we can find a set of Ilo-rules which, if
added to §, result in a system complete with respect to K.

Since the class of compingent algebras (see [Definition [2.1.4)) is an inductive
class of contact algebras, by the aforementioned correspondence we could iden-
tify two specific Ilg-rules (p7) and (p8) which make the system S+ (p7) + (p8)
sound and complete with respect to compingent algebras. Moreover, using our
criterion of admissibility, we proved that rules (p7) and (p8) are admissibile in
S.

As a last step towards a completeness result with respect to compact Haus-
dorff spaces, we used MacNeille completions to show that S + (p7) + (p8), and
then by de Vries duality we could conclude that this system is also complete
with respect to compact Hausdorff spaces.

Finally, we proved Sahlqvist correspondence theorems with respect to se-
mantics of subordination spaces (see [Definition [2.1.5)). After defining Sahlqvist
formulas for our language, we showed that a subordination space (X, R) vali-
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dates a Sahlqvist formula ¢ if and only if (X, R) satisfies a first-order sentence
which is effectively computable from ¢. Then, we identified particular V3-
sentences in the language of the algebras which we are considering in this
thesis, and we showed that an algebra satisﬁesﬂ the V3-sentence @ if and only
if its dual subordination space satisfies a first-order correspondent of ®, again
effectively computable from the starting V3-sentence. Since we showed that
V3-sentences correspond to Ilp-rules, the latter result can be regarded as a
Sahlqvist correspondence for Ilo-rules.

7.2 Future work

In this section we list some questions and ideas for future research. We discuss
some of them in detail:

e Topo-bisimulations:

In [Definition [5.2.1] we defined topological models for our formulas. The
next natural question is how to define a notion of topo-bisimulation be-
tween such models. An interesting direction for the future could be an
investigation of the properties and behaviour of topo-bisimulations in
this context. For example, can we prove an analogue of van Benthem’s
bisimulation characterization theorem in this framework? We could also
investigate how this notion of bisimulation fits into the categorical setting
presented in [Chapter [2 and study its coalgebraic aspects.

We have some initial results in this direction. We can define a topo-
bisimulation in the following way:

Definition 7.2.1. Given two topological models (X, V) and (X', V'), a
topo-bisimulation between the two is a binary relation Z C X x X' which
satisfies the following properties:

1. Vp € Prop,z € X,2' € X', if xZa' then (x € V(p) & 2/ € V'(p));

2. YU C X,U’ C X' open subsets, both Z[U] and Z~![U’] are open
subsets;

3. Z is total, that is for all z € X there exists 2’ € X’ such that xZa/,
and for all 2’ € X there exists z € X such that xZ2’.

As a starting point, we can prove that this notion of topo-bisimulation
satisfies the following desirable property:

Proposition 7.2.2. If Z is a topo-bisimulation between topological mod-
els (X,V) and (X', V'), and if x € X, 2’ € X' are such that xZx', then
for all formulas ¢ we have

reV(ip) & 2 eV/(p).

Here with satisfies we mean as a first-order structure.
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e Further non-standard rules:
Standard inference rules correspond to quasi-equations, multi-conclusion
ruleeﬂ correspond to universal sentences, and as we showed in
M) IIy-rules correspond to V3 sentences. In light of this, it is natural to
ask ourselves whether we can find other forms of non-standard rules,
corresponding to other kinds of first-order formulas.

e Enriching our language:
By enriching our language, we might be able to express more topologi-
cal properties, and hence obtain further logics for classes of topological
spaces. For example, we can consider studying the p-version of our lan-
guage. This language can be interpreted in de Vries algebras extended
with the least and greatest fixed point operators. These operators are
well defined, because de Vries algebras are complete.

Another idea is to extend our language with the standard modal operator
0. As semantics for this extension we can use modal de Vries algebras,
which were introduced in [6].

e Given a compact Hausdorff space X, we consider the relation < on
RO(X) defined as U < V if CL(U) C V. Our logical investigation stems
from the properties which characterize algebras of the form (RO(X), <).
One could investigate the properties of algebras (RO(X), <) in which
< is defined, instead, as U < V' if d(U) C V, where d is the derivative
operatorﬂ

2An introduction to multi-conclusion rules can be found, e.g., in 7
3The derivative of U is defined as the set of limit points of U. See [57, Section 3.1] for
the survey of the semantics of modal logic via the d-operator.
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