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1 Introduction

Given the important role of spatial intuitions in cognition, and the apparent unreliability
of these intuitions, there is something natural about looking at spatial structures from an
axiomatic standpoint. Indeed, it is not surprising that the first and best known application
of the axiomatic method was to provide a development of geometry.

In the past century, with the development of formal logic and subsequent discovery that
elementary number theory is not axiomatizable, it became both possible and independently
interesting to examine spatial structures within given logical formalizations. While the cen-
tral framework for examining spatial structures axiomatically has been first order logic, from
time to time other logics with spatial interpretations have been considered as well.

Recently, one popular area of investigation has been looking at modal logics with spatial
interpretations. This subject can be traced back to McKinsey and Tarksi’s [14] work on
boolean algebras with closure operators in the 1940s. However, within the past ten years a
more general program of providing a modal analysis of space has emerged.

By and large, the techniques used in investigating modal logics of space have been model
theoretic in nature, involving the transfer of geometric or topological structure from the de-
sired mathematical object to some Kripke frame. While this works well in cases where the
relevant modal logic has nice Kripke frame characterizations, in other cases this way of pro-
ceeding can become quite difficult.

In this thesis we will examine a more syntactic approach to establishing completeness re-
sults in modal logics of space. The technique we will use has the virtue of constructing
the desired mathematical structures directly, rather than working indirectly through Kripke
frames. This allows for a good deal of control over what models of the relevant logic look like.

In the first chapter, we will use our construction method to give new proofs of the com-
pleteness of S4 with respect to (Q,7) and S4 ® S4 with respect to (Q x Q, 11, 72). We will
also provide a much simpler axiomatization of (Q,7) in the combined language O + F + P
and an axiomatization of (Q, <) in the Since/Until language. In the second chapter, we will
discuss the advantages and disadvantages of the construction method in comparison to the
standard model theoretic approach.



2 Modal Logics of Space

2.1 Syntax and Semantics

Although they would not have been thought of as such at the time, some of the first seman-
tic completeness proofs for modal logic date back to McKinsey and Tarski’s [14] work the
on foundations of topology in the 1940s . These proofs pre-date the now standard Kripke
semantics for modal logic, and in fact are spatial completeness proofs for the modal logic S4
with a topological semantics.

Let £ be the basic modal language, consisting of propositional variables p,q,r.., boolean
connectives A, V, - —, and unary operators O and <. The formulas of £ define the least set
I' containing all propositional variables which is closed under boolean connectives and the
operators O and <.

Definition 2.1 A modal logic L is the least set of formulas of £ containing all propositional
tautologies and the axioms of L which is closed under substitution and proof rules :

o, 0 =P @

(0 O
<]

Definition 2.2 A formula ¢ is said to be provable in L (written by, ¢) if ¢ € L and a set
I' of formulas is said to be L-consistent iff there is no finite set {¢1, ¢2...¢0n} C I' such that
L =(p1 Ao Apn). <

The central modal logic for our purposes is S4, which contains the axioms:

Op < —|<>—|(p

DY — ¢) — (O0Y — Dy)
Op — ¢

Op — O0Op

Recall that a topological space is a pair (W, 7), where W is a nonempty set and 7 is a collection
of subsets of W satisfying the following properties:

o ), W e,
e if U Ver, thenUNV €T,
o if {Ui}ier € 7, then J,; U; € 7;

Definition 2.3 A topological model (W, T,v) is a triple, where (W, ) is a topological space
and v is a valuation assigning subsets of W to propositional letters. <

Further recall that for any U C W,



Uisopenif U eT
U is closed if U ¢ T

The interior of U (Int(U)) is the union of all open sets contained in U

The closure of U (Clo(U)) is the intersection of all closed sets containing U
o Int(U)=W — Clo(W — U)

In the original topological semantics for £ proposed by McKinsey and Tarski, the truth of
formulas was evaluated at the level of topological models. Thus given a valuation v assigning
propositional letters to subsets of W, v was extended to all formulas of £ as follows:

e v(p) CW

L2

o 1(0p) = Clo(v())

A formula ¢ was said to be true on a topological model (W, 7,v) if v(p) = W.

Besides working with the notion of truth on a topological model, in this paper we will also
make use of the notion of a formula ¢ being true at points in a topological model. This fine
grained topological semantics mirrors the now prevalent Kripke semantics for modal logic,
and will facilitate in transferring techniques and results later on.

Given a topological model M = (W, 7,v), we define a formula ¢ to be true at a point w
by induction on the length of ¢. From now on we will economize on boolean connectives,
considering only — and V, the others being definable from these two alone.

o wkpiff wewv(p)

wEYVyiffwEYorwEx

e wE —iff not w =Y

e w = 0¢ iff U € 7 such that w € U and V' € U,w’ E

o w= Oy iff VU € 7,w € U implies that Juw’ € U such that v’ = ¢

Definition 2.4 We say ¢ is true on a topological model (W, ,v) (written (W, T,v) = ¢), if
(W, r,v),w = ¢ for every w € W, or, equivalently, if v(¢) = W. If ¢ is true on (W, 7) for
any valuation v, we say ¢ is valid on the topological space (W, 7) (written (W, 7) = ¢). <



2.2 Practical Workings

From the perspective of modal logic, the topological semantics proposed above looks quite
different from the standard Kripke-style labeled transitions systems. And from the perspec-
tive of topology, it is not clear what can be expressed in the modal language £. To sharpen
intuitions on both ends, let us briefly pause to get a sense of the practical workings of the
language .

At first glance, it may appear that little of mathematical interest can be expressed in L.
For example, there is no obvious way to express familiar topological properties such as con-
nectedness, being Tp, etc.. And indeed the results that follow lend support to this belief. They
show, for example, that no formula of £ can distinguish topological structures as different as
(Q,7) and (R, 7). (So it is true that connectedness can not be expressed in £).

On the other hand, even though many topological properties are undefinable, what formulas
can be true at a point in a topological model quickly becomes quite complicated. Just how
complicated becomes clear below when we try to construct a model (R, 7, v) which has a real
number modeling an arbitrary consistent S4 formula. But for the moment let us consider a
few examples of simple formulas which can be made true at points on the real line.

Definition 2.5 A logic L is said to be complete with respect to a topological space (W, 1) if
FLp < (W,T) . <

Much of what follows will be dedicated to proving topological completeness results for S4 and
its extensions, but for now let us make use of a classical result.

Theorem 2.6 S4 is complete with respect to (R, T).

Viewed contrapositively, the right to left direction of Definition 2.5 says that if ¢ is an S4-
consistent formula, then it can be made true at a point on the real line.

First consider an easy example, the S4-consistent formula $p A —p. By completeness, there
exists a valuation v such that (R, 7,v),z = OpA—p for some x € R. And indeed it is not hard
to think of such a v and z. For example, if v(p) = {1/z | x > 0}, then (R, 7,v),0 E Op A —p.

A slightly more difficult example is the formula GOp A G—p.  Intuitively, this says that
there is a sequence of points approaching x and at every point y in this sequence there is a

sequence approaching y which models p. Actually, it is easier to give a valuation to describe
the situation. If

v(p) Z{@ |z € N/{0},y € N}

then &GOp A O—p is true at 0.



A more interesting example is the S4-consistent formula O(Op A O—p). This formula says
that every point in a given open neighborhood has both p and —p sequences approaching
it. Although at first glance it might seem difficult to describe a valuation which makes this
formula true at a point in (R, 7), there is actually a quite natural one. The valuation v(p) = Q
makes O(Op A O—p) true at every point in (R, 7, ).

All of the examples considered above involve only single S4-consistent formulas containing one
propositional letter. However, by completeness it is guaranteed that every finite consistent
set of S4 formulas containing finitely many propositional letters can be made true together
at a single point on (R, 7). Now that the inner workings of the language have been explored
a bit, it is time to see what properties can be established about the language.

2.3 The Historical Results

In ‘The Algebra of Topology’ McKinsey and Tarski [14] examine the relations between closure
algebras and topological spaces. A closure algebra is a five-tuple (K, U, N, —, C) where

e K is a boolean algebra with respect to U, N, —

o If x € K, then Cz is in K

If z € K, then x C Cx

If € K, then CCz =Cx

If x and y are in K, then C(zUy) = CxUCy
e C=10

Clearly every topological space (X, 7) can be viewed as a closure algebra C(X) = (P(X),U,N, —, C),
where C is the closure operator on P(X). Conversely, every closure algebra of the form
C(X) = (P(X),u,N,—,C) can be viewed as a topological space (X, 7) such that (X, 7) =

Furthermore, it can be proven that (i)- (iv) are equivalent to the axioms of the modal logic
S4. So it follows that if Fgq ¢, then (X, 7) = ¢. McKinsey and Tarski’s pioneering results
in ‘The Algebra of Topology’ show that for a wide range of topological spaces, the converse
is also true.



Theorem 2.7 (McKinsey and Tarski) For every finite topological space (X, T) and every
normal, dense-in-itself topological space (Y, T) with a countable base, there exists an embedding

C(X) — C(Y).

From a logical perspective, the above theorem states that if there is a finite topological space
(X, 7) such that (X, 7) & ¢, then for any normal, dense-in-itself topological space (Y, ) with
a countable base, (Y, 7) = ¢. It is known (and proven below in Corollary 3.6) that if Fg4 ¢,
then there is some finite topological space (X, 7) such that (X,7) = ¢. So from a logical
perspective, Theorem 2.7 states that S4 is complete with respect to every normal, dense-in-
itself topological space with a countable base. This is a very general result. It shows that, for
example, S4 is the complete with respect to the rationals, the reals, the Cantor Space, and
the Baire Space.

2.4 Modern Extensions

From the perspective of modal logics of space today, McKinsey and Tarski’s original results
are somewhat daunting in means and scope. In means, their arguments are by and large
mathematical rather than metamathematical, and make use of facts not necessarily familiar
to the modal logician. In scope, their results are sufficiently general to settle almost all ques-
tions about the basic modal language £ with a topological semantics.

Thus recent investigations into modal logics of space have taken two directions. One is
to make the original results of McKinsey and Tarski more accessible by using the tools built
up in modal logic over the past 70 years. This project seems to have started with Mints [15],
where a new completeness proof of S4 with respect to the Cantor Space is given. Mints’
paper has in turn inspired several new proofs of completeness of S4 with respect to the real
line, including Mints, Zhang [17], Aiello, van Benthem, Bezhanishvili [3] and Bezhanishvili,
Gehrke [6].

The other direction is to move to richer modal languages. In the past ten years, many spatial
extensions of the basic modal language £ have been put forward. The first and perhaps most
natural extension of £ to be considered was the language £L7FF originally found in Shehtman
[20]. L7FF contains the O operator, together with two additional unary operators F and P.
In the intended semantics for L2777 O is interpreted as interior and F and P are given their
standard temporal interpretation as 'future’ and 'past’.

More formally, given a partial order (W, <), the standard order topology 7 on (W, <) and a
valuation v, the truth of a £2FF formula at a point w € W is defined as follows:

o w = Fy iff 3w’ > w such that v’ =1
o wE Gy iff V' > w, w' E 1

e w = Py iff 3w’ < w such that v’ =1



o w Hy iff V' < w, w' E
e w Oy iff 3U € 7 such that w € U and Vw' € U,w' =1
o wEOYiff VU € 7,w € U implies that Fw’ € U such that v’ | v

LPFP has the appealing feature of combining two basic properties of mathematical objects:
topological and metric structure. Plus it is topologically more expressive than £ . Since £L7FF

will occur throughout this paper, let us pause for a moment to consider an example.

As mentioned before, it follows from the completeness of S4 with respect to both (R, )
and (Q, 7) that connectedness is not expressible in £. For assume it is, and that ¢ expresses
it. Then (R, 7) = ¢ and (Q,7) = ¢. But

<R77—> ): Y= '_S4 P = <Q7T> }Z ©-
However, connectedness is expressible in £5FF .
Lemma 2.8 (W,7) = Op A F-p — F(Cp A Op) < (W, T) is connected.

[=] Assume (W, 7) is not connected. Then W can be written as the union of two non empty
disjoint open sets U and V. Without loss of generality, assume that there is some x € U and
y € V such that = < y. Now consider the valuation v(p) = U.

It is clear that (W, 7,v),z | Op A F-p. We want to show (W, 7,v),z £ F(Op A O—p),
S0 assume z is an arbitrary point such that z < z. Either z €¢ U or z € V. If z € U,
then (W,r,v),z = Op and if z € V, then (W, 7,v),z = O-p. It follows that (W, 7,v),x =
G(Op VvV O-p).

[«<] Assume (W,7) £ Op A F—p — F(Op A O=p). Then there exists a valuation v and
point x € W such that (W, 7,v),z = Op A F-p and (W, r,v),z = G(Op V O-p). Let

X={yly<uz}

Y={z]|z<z}
Z =v(dyp)
V =v(B-p)

Then X and Y are open sets and Z and V are the unions of open sets. It follows that
U=XUZand T =V NY are two disjoint open sets whose union is W. So (W, ) is not
connected. QED

While £PFP increases topological expressive power by adding metric expressivity, other
strictly topological extensions of £ have been considered as well. One recent nice exam-
ple is the dynamical topological language £7°, containing the interior operator O plus an

10



additional operator o for one continuous transformation on a topological space. This lan-
guage is interpreted into a dynamic topological system (W, 7, T) where (W, T) is a topological
space and T is a continuous mapping on (W, 7). Given a valuation v on (W,7,T), a L™°
formula ¢ is defined to be true at a point w € W as follows:

e w =0 iff U € 7 such that w € U and V' € U,w’
o w= Oy iff VU € 7,w € U implies that Juw’ € U such that v’ = ¢

o w = oy iff T(w) = ¢

In £° it is possible to express not only topological properties, but also properties of functions
on topological spaces. For example, o0y — O o ¢ expresses the continuity of T'.

LP° was originally proposed by Artemov, Davoren, and Nerode [4] and examined by Da-
voren in her P.h.D thesis [9], where she showed that the logic S4C =

S4 + o0y — Oo ¢ + the interaction principles o(¢ A ¥) < op A oth and o—p <> —op

is complete with respect to the class of all topological spaces. Of course given the explicitly
mathematical interpretation of the language, this is not a very satisfying result. Recently,
Mints, Zhang [18] established that S4C is also complete with respect to the Cantor Space.
Otherwise, almost all questions about this language remain open.

There has also been some investigation into the combined language £7° ¥'F Mints, Kremer
[16], Kremer, Mints [13] . Given the appropriate interpretation of F' and P (namely that they
apply only to N), this language is strong enough to express fundamental facts of analysis,
such as properties crucial to proving the Mean Value Theorem. These are only a few of a
large number of possible topological extensions of £. For a discussion of some of the other
possibilities, see Aiello [1] or Aiello, van Benthem [2].

As a note before moving on, one surprising feature of moving to richer modal languages
is how difficult the problems become, even when seemingly increasing the expressive power
only slightly. For example, L7F'F does not seem like a particularly strong extension of £. And
it follows from Rabin’s Theorem that (R, 7) is axiomatizable in £LZFF. Yet no one has been
able to find a complete axiomatization. Even the £L7F'F axiomatization of (Q,7) in Shehtman
[20] is quite difficult, and something of an encyclopedia of modal logic. As mentioned above,
matters are worse still in £7°, where except for the completeness of S4C with respect to the
Cantor Space almost all questions remain open. And not even that much is known about
LP°FP Tt seems that by adding only a little bit more expressive power, the proofs swiftly
move beyond strictly logical insight.

2.5 Modal Techniques

By and large, the techniques used in investigating modal logics of space have been model
theoretic in nature. To establish completeness of a logic L with respect to a topological space

11



(X, 7), the most common strategy has been to find a convenient class of Kripke frames the
logic is complete with respect to and establish a modal equivalence between an arbitrary
member of this class and the desired topological space.

For example, Aiello, van Benthem, Bezhanishvili [3] uses the fact that S4 is complete with re-
spect to the class of all finite transitive and reflexive trees. In outline, the proof then proceeds
as follows:

o If ¥g4 ¢, by completeness ¢ can be refuted on some finite transitive and reflexive tree
(W,R).

e A labeling is devised between branches of the Cantor space and points in (W, R) such
that every node of (W, R) is modally equivalent to some branch of the Cantor Space.

e So the point on (W, R) which refutes ¢ is modally equivalent to some branch of the
Cantor Space.

e S0 ¢ in turn can be refuted on the Cantor Space.
In the last chapter we will discuss this example in greater depth.

The line of reasoning sketched above has been used in Shehtman [20] , Mints [15] Aiello, van
Benthem, Bezhanishvili [3] and van Benthem, Bezhanishvili, ten Cate, Sarenac [5], among
other places, to give streamlined topological completeness proofs. However, the approach is
not without difficulty. For one thing, when working in richer modal languages, where more
topological properties can be expressed, the Kripke frame characterizations of the logic can
become difficult to establish.

On the other hand, even in cases like S4 where the logic has many simple Kripke-frame
characterizations, it still may be difficult to transfer topological structure to these Kripke
frames. For example, no one has ever found a simple way to transfer the topological structure
of (R,7) to an S4 Kripke frame. Indeed, the proofs of this fact in Aiello, van Benthem,
Bezhanishvili [3] and Mints [15] work even more indirectly, first establishing a modal equiva-
lence of the real line to some subset of the Cantor Space, then establishing a modal equivalence
between this subset of the Cantor Space and an arbitrary S4 Kripke frame. The procedure of
sending points on the real line to branches of the Cantor Space to points in a Kripke model,
all the while preserving modal equivalence, ends up requiring some rather fancy combinatorics.

The above difficulties raise the question of whether working indirectly through Kripke frames
is always the way to go. Instead of first trying to find a Kripke frame characterization of the
logic and then transferring topological structure to these Kripke frames, perhaps it is better
to try and think of modal techniques which work directly on the desired topological space to
establish completeness.

12



2.6 The Construction Method

Curiously, there is a modal technique which works directly on mathematical structures rather
than indirectly through Kripke frames, but it has never been applied to topological com-
pleteness proofs. This technique was developed by de Jongh and Veltman [8] and Burgess
[7], among others, in the 1980s to overcome precisely the difficulties described above, but in
this case for axiomatizing structures such as (N, <), (Q, <) and (R, <) in the basic temporal
language L.

As in the topological case, the original completeness proofs for (N, <), (Q, <) and (R, <)
in the temporal language (Segerberg [19]) provided a characterization of the relevant logic in
terms of Kripke frames, then established a modal equivalence between the desired mathemat-
ical structure and its class of Kripke frames. And again as above, the expressive power of the
temporal language resulted in Kripke frame characterizations which were not very nice and,
as a result, somewhat technical proofs.

Faced with these difficulties, de Jongh and Veltman (among others) developed a more di-
rect syntactic approach towards establishing completeness. The basic idea is to construct
the desired mathematical structure in stages, at each stage associating every point added
with a set of formulas which will be true at that point when the construction is finished.
Then if the construction procedure is carried out correctly, there will be a harmony between
the set of formulas associated with a point and the formulas which are actually true at that
point. Provided that the sets of formulas were selected judiciously, the structure will then
serve as a model of the desired state of affairs. Let us illustrate this procedure with our first
completeness proof.

2.7 QFP on <Q,<>

Consider the logic Qpp containing the axioms:

G — p) = (GY — Go)
HW — ¢) = (HY — Hop)
o — GPyp

p— HF¢p

GGy — Gy

Gy — GGy

Fo — G(pV PV Fop)
Py — H(pV PpV Fo)

FT
PT
and proof rules:
pp— Y p ¥
(G Gy Hy



Theorem 2.9 Qgp is complete with respect to (Q, <).

Proof. To show Fq.p. ¥ = (Q, <) [= ¢ it is necessary to show that all of the axioms of Qgp
are valid on (Q, <), and that the proof rules preserve validity on (Q, <). This involves some
routine fact checking. From now on this direction of completeness will be omitted. To show
the converse direction, assume ¥q.p ¢. We will construct (Q, <) (modulo isomorphism) in
such a way that (Q, <) ¥~ ¢.

Definition 2.10 A consistent set of formulas I is called mazimally consistent if there is no
consistent set of formulas properly containing I'. <

Fact 2.11 FEwvery consistent set of formulas I' can be extended to a maximally consistent set
of formulas TV, T' C I. Furthermore, I is mazimally consistent if and only if for any formula
@, either ¢ € T or —p € T” but not both.

Definition 2.12 Let I'; and I'y be Qpp maximally consistent sets. We say I'y < I'y if
Gpely=pecly <

Fact 2.13 Fq =< Fq/ =< Fq// = Fq =< Fq//,
Fact 2.14 Fq =< Fq/ and Fq =< Fq// = Fq/ < Fq// or Fql = Fq// or Fqu = Fq/,

Fact 2.15 The following are equivalent:
1)Ty =Ty

2)pely=>Fpecl,

3) Hpel'y = el

4) pely =Ppely,

The construction of (Q, <) will proceed in stages. Each stage n will consist of:

1. a finite set Q, = {q0,q1,---,qx}

2. an assignment of an Qpp maximally consistent set I'y, to each ¢; € @,

3. a linear ordering < on @, such that ¢; < g, = Iy, < Ty,

Let ¢pp1¢2... be an enumeration of all F and P formulas in which each formula is repeated
infinitely many times. The construction will proceed as follows:

Stage 0: Let Qp = {q#} and associate ¢* with I'#, a Qrp maximally consistent extension
of {—¢p}.

Stage 3n + 1: For all ¢,q"” € Q3, such that ¢’ is the immediate successor of ¢ in Q3,, add
a new point ¢’ in between ¢ and ¢” and associate ¢’ with 'y, a Qpp maximally consistent
extension of I' = {¢ | Gy € T} U{Fyp | ¢ € I'yn}. Let Q3,41 be @3, plus the points added
by this procedure and let <s,41 be <3, extended in the obvious way to include these points.

14



- Stage 3n + 2: Let F¢ be the next F' formula in the enumeration and let ¢ be the greatest
element in the Q3,41 ordering such that Fp € I'; and for all ¢* € (3,41 such that ¢ < ¢*,
—p € I'y«. If such a ¢ exists, add a new point ¢ immediately after ¢ and associate ¢’ with
I'y, a Qpp maximally consistent extension of IV = {p} U {¢ | Gy € I'y}. Let Q3n41 be @3,
plus any points added by this procedure and let <3,11 be <3, extended in the obvious way.

Stage 3n + 3. Symmetric to 3n+2 taking the first P formula in the enumeration that hasn’t
been used.

In order to ensure that our eventual model (@, <,v) comes out right, it must be checked
that Conditions 1) — 3) above are met at every stage in the construction. As an illuminative
example, we will check that Condition 3) is met at Stage 3n+2. Fact 2.13 states that < is
transitive, so we only need to check that I'; < 'y < T'yr, where ¢” is the immediate suc-
cessor of ¢ in the <3,,11 ordering and ¢’ is a new point added between ¢ and ¢” at Stage 3n+2.

It follows from the definition of I'jy that I'y < I'ys. However, if ¢ has an immediate suc-
cessor ¢ in Q3n41, the definition of I'y does not immediately guarantee that I'y < T'yv. On
the other hand, it does follow from Fact 2.14 that I'yy < I'yv or I'yv = T'yy or 'y < Ty If
I'yr = T'y holds, then ¢ € I'y» and this contradicts the assumption that —¢ € I'p+ for all
q <sn+1 ¢*. Furthermore, if I'yv < Iy, then Fp € I'yr and this contradicts the assumption
that ¢ is the greatest element in the <3,41-ordering such that Fp € I';. So it must be the
case that I'yy < I'gv, as required.

To finish off the construction, let (@, <) = J{(Qn,<n) | n € w}. We first want to show
our constructed frame (@, <) can be used to refute ¢. As suggested before, the fundamental
idea behind the construction method is that it is possible to build mathematical structures
such that the formulas associated with a point in the construction are the set of formulas
that will be true at that point when the construction is finished. However, up to now no
connection has been made between the syntactic objects associated with each point and the
semantic notion of truth at a point. It is the valuation v which enables us to do this. To
get the ball rolling, we will choose v such that the truth of a propositional letter at a point
q corresponds to its membership in I';. In other words, let v(p) = {q¢ | p € I';}. Now let us
check that we have performed the construction in a such a way that this harmony extends to
all formulas ¢.

Lemma 2.16 (Q,<,v),q ¢ < pely.
Proof. By induction on the complexity of .

° p=p
By the definition of v, ¢ = p & p € Ty

* p=YAX.
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(FEYvAX e qEYand =X
¢ = and ¢ = x & (by induction hypothesis) ¢ € I'; and x € I'y
Y €Ty and x € I'; & (by maximal consistency) ¢ A x € T'.

o=

IEWeqFEY
q = ¢ < (by induction hypothesis) ¢ ¢ I’y
Y ¢ I'y & (by maximal consistency) - € I'y.

p=Fy

[«<]. Assume F1 € I';. Then by construction there is a stage j such that ¢ € Q; and
F1) is being treated. At stage j + 1, there is a ¢ € Q41 such that ¢ < ¢’ and ¢ € T'y.
It then follows from the inductive hypothesis that ¢’ | ¥, so (Q, <,v),q |E F.

[=]. Assume (@, <,v),q = F1. Then there is some ¢ < ¢’ such that (Q, <,v),q E .
So it follows from the inductive hypothesis that ¢» € T'y. Since ¢ < ¢/, we know by
condition 3) on stages that I'y < I'yy. So Fy € T'y.

v = G.

[«<] In this case it is easier to argue contrapostively. So assume G ¢ I'y. Then by
maximal consistency F'—p € I'; and it follows from ”[<]” above that

<Q7<7V>7q ):Fﬂﬁ So <Q7<7V>7q %Glb

[=] Once again it is easier to argue contrapositively. So assume (@, <,v),q = G.
Then (Q, <,v),q = F— and it follows from ”[=]" above that F'—) € I';. So by maxi-
mal consistency, G € I',.

We will leave the H and P cases to the reader, as they are quite similar to G and
F. QED

Now with the appropriate hindsight, it is easy to see that (@, <,v) refutes . At Stage 0 we
made sure to put - in I' . So by the above Lemma it follows that (Q, <,v), " | .

To finish the proof, it only remains to be shown that our constructed model is isomorphic to
(Q, <). To do this we will make use of Cantor’s Theorem.

Theorem 2.17 (Cantor) Every countable dense linear ordering without end points is iso-
morphic to Q.

Lemma 2.18 (Q, <) is a countable, dense, linear order without end points.

Proof. Linearity follows immediately from condition 2) on stages, and countability from the
fact that only finitely many points are added at each stage. To see (@, <) is dense assume
that ¢,¢” € Q such that ¢ < ¢”. Then there is some stage Q. such that ¢,q” € Qr and by
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stage Qr13 a new point ¢’ is added such that ¢ < ¢’ < ¢”. For right unboundedness, assume
q is the greatest element in the <; ordering for some j. Then there is a stage £ > k such that
the formula F'T is being treated. F'T is an axiom of Qpp and so is in every Qpp maximally
consistent set. If ¢ does not have a successor at stage £ there is no ¢* € Qy, ¢ < ¢* such that
T € I'p=. A new point will then be added after g at this stage. Left unboundedness is similar.
QED

It follows from Cantor’s Theorem and the above Lemma that there is an isomorphism f from
(@, <) to (Q,<). Assign (Q, <) the valuation v/(p) = f(v(p)). It is easy to check that

(Q,<,v), Y& (Q,<,V), fla) E

So (Q, <, V"), f(q*) = —¢ and Qpp is complete with respect to (Q, <). QED

In de Jongh, Veltman [8], the construction method presented above is used to give simplified
completeness proofs for the structures (N, <), (Q, <) and (R, <) in £FF. The simplicity of
(R, <) is particularly notable (and tempting) for as in the case of (R, ), the completeness
proofs of (R, <) working indirectly through Kripke frames are quite technical.

In the next chapter we will examine how the construction method can be applied to topolog-
ical completeness proofs. We will first use the method to axiomatize (Q,7) in the the basic
modal language £ and the more difficult combined language £7FF. Then we will stop to
consider possible extensions to (R, 7). Finally, we will examine the slightly more expressive
temporal Since/ Until language on (@, <) and return to the basic modal language £ with two
modal operators 0J; and Oy on the topological product space (Q x Q, 71, 72).

3 Topological Completeness Proofs

3.1 Henkin Models

Before moving on to the topological completeness proofs, let us pause for a moment to cor-
rectly frame the construction method described above and prove a theorem made use of in
Section 2.3.

The construction method is best understood as a means of adding structure to Henkin models.

Definition 3.1 Consider the basic modal language £. A Henkin model is a triple M =
(WE R LL) where

e L is a logic

o WL is the set of all L, maximally consistent sets

e RY C WY x WT is a binary relation such that RTI',T', iff Op € T, = ¢ € T,
vU(p) = {Tsx | p € T}
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Both Henkin models and the construction method contain the same ingredients: maximally
consistent sets, a relation determined by the syntactic structure these sets, and a valuation
which connects syntax to semantics. However, while Henkin models are rather unwieldy en-
tities, constructed models are as well behaved as we can imagine them to be.

Yet despite their coarseness, Henkin models can be used to establish logically interesting
topological completeness proofs.

Theorem 3.2 S4 is complete with respect to the class of all topological spaces.

Proof. The proof will make use of the Henkin model for S4. Let us first define a topology

on (W54 RS4 154) as follows: let A, = {T', | RS4T',T.} and B = {A,, | w € W54} serve as

a basis for 754,

Lemma 3.3 (W54, 754) is a topological space.

Proof. It suffices to check the following two properties:

e For any A,, A, € B and any I';, € A, N A,, there is some A, € B such that
I',e Ay CALNA,

e For any I', € WS4, there is some Ay € B such that I'; € A,

Fact 3.4 (WS4 RS4) is transitive and reflezive.

Since (W54, RS4) reflexive the second property is immediate; for any I', € WS4, T, € A,.
The first property is also not hard to establish. If T, € A,NA, then A, = {T, | RS*I', T} C
A, NA,. QED

Lemma 3.5 (WS4 754 ,SH) T = p o peT,.

Proof. By induction on the complexity of ¢. The propositional and boolean cases are the
same as before, and < is dual to O, so we will only treat the case ¢ = 0.

[«] Assume Ot € T',. We need to show that there is some U € 754 such that I', € U, and
for every I'y e U, 'y = 4. Let U = A, = {I', | RS4T,T.}. Then by the definition of RS4,
Oy € T, = 1 € Ty, for all Ty € U. Furthermore, since (W54, RS4) is reflexive, I', € U. It
then follows from the inductive hypothesis that y =4 for all 'y € U. So I, |= 0.

[=]. We will argue contrapositively. Assume Ot ¢ T',. Then by maximal consistency
O—1p € Tp. We want to show that for every U € 754, if I', € U then there is some r,euv
such that I'y = . Since every open set is closed under RS successors, it suffices to find
a point I', such that RS4T,T, and T, E —. It is clear what any such I', must look like:
I'={¢|Opel;}U{-9} CT,. SoletI', be any maximally consistent extension of I' (for the
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moment we will refrain from checking that I" is consistent). Then it follows that for all U such
that I', € U, I', € U and by the inductive hypothesis T', |= —p. So (WS4, 754 154 T, £ Ov.
QED

It is now easy to establish the desired completeness result. Assume ¥Fg4 . We need to show
there exists a topological model (W, 1,v) such that (W, 7,v) [~ ¢. Since Fgq ¢, it follows by
definition that -y is consistent and so is a member of some S4 maximally consistent set I',,.
Then by the above Lemma (W54 754 1,54 T = . QED

Corollary 3.6 S4 is complete with respect to the class of all finite topological spaces.

Proof. Every step in the above proof goes through if we restrict the language £ to subformulas
of =p. Then there are only finitely many maximally consistent sets, each of which is finite.
So the topological model refuting ¢ will be finite. QED

While the above theorem and corollary are logically quite useful, it is not clear how they can
be used to establish completeness results for mathematically interesting structures. Corollary
3.6 does show that Henkin models can be modified in certain ways to give more structured
completeness results. And indeed there exist far more subtle means for massaging Henkin
models into a desired shape than just restricting the cardinality of the language. However, for
our purposes such subtleties are not an issue. For one of the fundamental properties of the
all the mathematical structures we will be considering, irreflexivity, is not modally definable.
This means drastic measures must be taken to guarantee that a Henkin-like model is, say,
linearly ordered by a relation <. The construction method can be seen as one such measure.
It is the most fine grained means of throwing out points and removing unwanted relations
from a Henkin model. Now let us see how the construction method can be used to establish
mathematically interesting topological completeness results.

3.2 S40nQQ

The simplest topological space of mathematical interest is (Q, 7). That S4 is complete with
respect to (Q,7) follows from 'The Algebra of Topology’. Keeping with the program of
simplifying McKinsey and Tarski’s results, a new modal proof has been given in van Benthem,
Bezhanishvili, ten Cate, Sarenac [5]. Our contribution to this project will be to give another
proof using the construction method. However, using the construction method it is possible
to strengthen McKinsey and Tarski’s original results.

Definition 3.7 A logic L is said to be strongly complete with respect to a model M =
(W, R,v) if for any set of formulas A and formula ¢:

MEA=MIEq¢(AEyy) iff pis provable in L from A ( A by, ¢).
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Strong completeness implies completeness (let A = (), but the converse is not true.

Theorem 3.8 S4 is strongly complete with respect to (Q, 7).

Proof. Assume A Fg4 x. As in temporal case, we will give a construction (modulo isomor-
phism) of the structure (Q, <). We will then view (Q, <) as the topological space (Q, ) and
show that the construction has been carried out such that A = -y ¢.

In this case, the construction will be divided into stages and steps. A stage n consists
of:

1. a finite set Q, = {q0,q1,---,qx}
2. a linear ordering <,, on @,

3. an assignment of an S4 maximally consistent set I'y, to each ¢; € @y,
Each stage n > 0 is divided into k + 2 steps. A step j, 0 < j < k + 1, consists of:

1. a finite set Qj ={q0,q1,--- a}
2. a linear ordering <% on Q%,

3. an assignment of an S4 maximally consistent set I'y, to each ¢; € Q%

Note that unlike the temporal construction of (Q, <), the relations <,, and <J are indepen-
dent of the syntactic structure of the maximally consistent sets. For someone accustomed to
Henkin-style completeness proofs, this probably seems a bit off. But really it is no mystery.
When the truth of £ formulas is evaluated in (Q, 7), the ordering of (Q, <) will play no role.
During the construction we need to keep in mind the eventual topological structure and not
the ordering.

With this word of advice in mind, let us begin the construction. Let ¢ppi¢2... be an enumer-
ation of all O and < formulas in which each formula is repeated infinitely many times.

- Stage 0: Let Qg = {q#} and associate ¢# with I'#, an S4 maximally consistent extension
of AU {—x}.

- Stage 2n+ 1: Let Op be the next O formula in the enumeration and {q;....qx} be an
enumeration of the elements in )9, ordered by <o,.

- Step 0: Qo = an and <2n:<gn.
- Step j+ 1. If Op € Ty, let Qg:l = 32” U {q¢*,¢'} and let <%;§1 be <%n extended to

include new points ¢* and ¢’ immediately before and after ¢;. Associate ¢* and ¢’ with
Ty If0p ¢ T, let QU = @), and <t'=<).
Let Qont1 = Qg;fl and <2n+1:<§:{1.
- Stage 2n + 2: Let O be the next ¢ formula in the enumeration and {g;...qx} be an enu-
meration of the elements in Q2,11 ordered by <o,41.
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- Step 0: Qant1 = Q8n+1 and <2n+1:<(2)n+1-

- Step j+1:If Op €Ty, let Qé;il = gnHU {¢'} and <§I}rl be <%n extended to include
¢’ immediately after ¢;. Associate ¢’ with I'yr, an S4 maximally consistent extension of
I'={p}u{0¢ |0y Ty }. If Sp ¢ Ty, add no points at step QJQZ_IH.

_ Nk+1 _ _k+1
Let Qopi2 = Q2n+1 and <on42=<gpi1-

To finish off the construction, let (Q, <) = U{(@n, <n) | n € w}. Clearly each stage and each
step meets the conditions imposed above. The only thing to check is that the I'y’s which
are claimed to exist in Stage 2n+2 actually do. By Fact 2.11, it suffices to check that T is
consistent.

Lemma 3.9 T is consistent.

Proof. Assume not. Then there are Oy, ..., 09y, € T'y; such that

Fsqa O Ao AOYR A — L

Fsq 09 — = where Ot = O(11 A ... Atdy)
Fsa O(0Y — —p)

Fsq4 OO — O=p

Fsa Eh/} — DEM/}

Fgq4 OY — O-p

Then since Ov € [y, it follows that O-p € I';;. This contradicts the fact that G € T’y and
qu is consistent. QED

Before switching perspectives and viewing our constructed frame (Q, <) as a topological space,
let us first check it has the desired structure.

Lemma 3.10 (Q, <) is a countable dense unbounded linear order.

Proof. It follows from condition 2) on stages that (@, <) is linear. And again, since only
finitely many points are added at every stage, (@, <) is countable. To see (@, <) is dense,
consider two arbitrary points ¢,q” € @Q such that ¢ < ¢”. Then there is some stage k such
that ¢, ¢” € Q and the formula OT is being treated. OT is a member of every S4 maximally
consistent set, so in particular OT € I';. Thus by construction, at Stage k + 1 there will be
a new point ¢’ such that ¢ < ¢’ < ¢”. The same argument shows (Q, <) is unbounded. QED

Now let us switch perspectives and view our ordered set (@, <) as a topological space with
the standard topology. Assign (@, 7) the expected Henkin valuation v(p) = {q | p € T'y}.

Lemma 3.11 (Q,7,v),q Ep < peTy.
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Proof. By induction on the complexity of . We will only treat the case p = 0.

[=] Assume Oy ¢ I';. Then since I'; is an S4 maximally consistent set, G- € I'y. We
want to show that for every U € 7 such that ¢ € U there is some y € U such that y = —.
Let U’ be an arbitrary open containing ¢ and let ¢” be a point in U’ such that ¢ < ¢”. That
such a ¢ exists is guaranteed by the density of (@, <). Then there is some stage j in the
construction such that ¢,q” € Q;—1 and ¢ is being treated. When stage j is completed,
there is a point ¢’ € Q; such that ¢ < ¢’ < ¢” and =) € T'y. It then follows from the inductive

hypothesis that ¢’ = —1). So (Q,7,v),q = Dv.

[«<] Assume Oy € I';. We want to show that there is some U € 7 such that ¢ € U and
for all y € U, y }= 1. To find such a U, consider the first stage j such that ¢ € Q;—1 and Oy
is being treated. At stage j, there is some step ¢ where points ¢** and ¢” are added immediately
before and after ¢ and I'g»« = I'y = I'jv. We claim that for all Q)', m > i, p > j—1,if q e Q'
and ¢** < ¢’ < ¢”, then Oy € I'y. We will argue by induction on the steps of the construction.

Assume at step Q7! r+1 > i, s > j — 1, a point ¢’ is added between ¢** and ¢”. By
inspecting the construction, it is clear that ¢’ is added immediately before or after the point
g € Qs. So ¢** < g < ¢" and it follows from the inductive hypothesis and the fact that
O is in I'ge+ and T’y that O¢ € I'y,. If s is odd then I'y = I'y, and if s is even then
{0y | DY el } CTy. So Oy €Ty

Finally, Ot — 1 is an axiom of S4, so for all ¢ € @ such that ¢ < ¢ < ¢",¢) € T'y. By the
inductive hypothesis on the complexity formulas, for all ¢ € @ such that ¢** < ¢’ < ¢, ¢ | 9.
So if we let U be the open {y | ¢** < y < ¢"} we immediately get that (Q, ,v),q = 0¢. QED

To finish the proof, let f be the isomorphism between (Q, <) and (Q, <). Assign (Q, 7) the
valuation v/(p) = f(v(p)). It is easy to check that (Q,7,v),q E ¢ < (Q,7,V), f(q) E .
Since we made sure to add AU {—x} to I';#» at the first stage of the construction, it follows
from the above Lemma that (Q,,v),¢" = AU {-x}. So (Q,7,), f(¢") = AU {-x} and
S4 is strongly complete with respect to (Q, 7). QED

3.3 Remarks on the Construction Method

The essential feature of the above construction is that once a Oy formula is treated at a step,
a Ogp stretch is created which is preserved for the rest of the construction. Since this is the
most stringent requirement on the construction, as might be guessed, there is considerable
freedom in how formulas are satisfied at a point in (Q, 7).

For example, in the construction given above if G¢ € I'y, then maximally consistent sets
containing ¢ are added arbitrarily close to q on the right. So if (Q,7,V'),q E <y, there
is guaranteed to be a sequence approaching from the right such that every point models .
However, we could have just as well selected for a sequence from the left, or sequences from
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both the right and the left. Actually, this last alternative has an interesting property: for all
formulas ¢, v/(0¢) = X has no least upper bound. For assume X does have a least upper
bound ¢*. Then Oy ¢ I'y-, so &g € I'y«. However, by construction there is a sequence of
points modeling —¢ approaching ¢* from left, so ¢* is not the least upper bound of v/(Oy)
after all.

This flexibility in how formulas are to be satisfied on the desired topological space is a special
feature of the construction method. When proving topological completeness results indirectly
through Kripke models, the starting point is an arbitrary S4 model M refuting a formula ¢
and the end result is that every point in the desired topological space is modally equivalent to
some point in M. Thus we know that the desired topological space refutes ¢ , but we don’t
have any idea how it does this.

This flexibility might lead one to be believe that the construction method has an advan-
tage over the model theoretic approaches in some cases. For example, by the above result
(Q,7) is a countermodel to an arbitrary non-theorem ¢ of S4. Without knowing anything
about how ¢ is refuted on (Q, 7,v), it seems rather hopeless to extend (Q,7,v) to a coun-
termodel (R, 7,') refuting ¢. But perhaps by constructing (Q, 7) so that ¢ is refuted in a
particular way, it would be possible to extend (Q,7,v) to a (R, 7,7/) countermodel . Indeed,
extending a Qpp countermodel (Q, <,v) to an Rpp countermodel (R, < /) in the basic
temporal language works quite naturally. We will consider such extensions shortly.

3.4 QDFP on @

However, before looking at possible temporal and topological extensions of Q, let us first
examine this structure in the combined temporal and topological language £7FF. As men-
tioned in the previous chapter, L7 was one of the first spatial extensions of the basic modal
language to be considered. This language can be traced back to Shehtman [20], where an
axiomatization of (Q,7) was given. Since that time, little progress has been made. It turns
out even the next question, axiomatizing (R, 7) in L7 is quite difficult.

The completeness proof for (Q,7) given in Shehtman [20] works indirectly through Kripke
frames, as sketched in Section 2.5. In the last chapter, we will examine this approach in some
detail , but for now it suffices to say that in the case of £LZFF this strategy is quite demanding.
This is one instance where using the construction method improves matters significantly.

Let Qopp be the logic S4 + Qpp +:

Fg0—>DF<p
Py — OPyp
Op — Fop
e — Py
S — @V FpV Py
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Op A Gy — OGy
OpANHp — OHp

Theorem 3.12 Qppp is strongly complete with respect to (Q, ).

Proof. Assume A Fqp X As before, we will construct a frame (Q, <) = (Q, <) in steps
and stages such that (Q, 7) refutes A U {¢}. However, since the ordering of (@, <) will play
a role in evaluating the truth of £L7FF formulas in (Q, 7), this construction will require some
relation between the maximally consistent sets and <. We will build this interaction into the
definitions of a stage and a step.

A stage n consists of:

1. a finite set @, = {q0,q1,---, Gk }
2. a linear ordering <, on @, such that ¢; <, ¢ = I'j; < Ty,

3. an assignment of a Qupp maximally consistent set I'y, to each ¢; € @y,

Each stage n is divided into < k + 2 steps. A step 7, 0 < j < k + 1, consists of:

1. a finite set Qj = {qO,qh --oan}

2. a linear ordering <J on Q% such that g, <, g =Ty <1y

3. an assignment of a Qupp maximally consistent set I'y, to each g; € Q%

Once again, the salient feature of the construction will be that once a O formula is treated
at a step that a O stretch is created which can be preserved for the rest of the construction.
However, in the present case preserving O stretches requires some attention. For example,
assume the point ¢ is in what we intend to be a O stretch and that Hy is in I';. Furthermore,
assume at some stage we add a point ¢’ immediately after ¢ and P(—p A &O—)) is added into
I'y». Nothing so far prevents this situation from occurring. We know by the ordering relation
< that Hy must be in all '« such that ¢* < ¢. So in order to ensure the truth of P(—pA<O—))
at ¢” when the construction is finished, a point ¢’ must be added in between ¢ and ¢” such
that &= € I'y. This ruins our prospective O stretch. Fortunately, guarding against this
sort of occurrence alone is sufficient to preserve O stretches.

Definition 3.13 We say I'; <y 'y if

1)

2) Dwerq,r
3) Hpel'y= H(pVvOy) el'y
4) Gpel'y = GlpvOy) el

A
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PI'OpOSitiOl’l 3.14 Fq* <oy Fq <oy Fq/ = Fq* <oy Fq/.

Proof. Assume I'y» <gy I'y <oy I'y. It is easy to see conditions 1) and 2) of 'y« <gy 'y are
met. So assume Hy € I'p«. By assumption 'y« <oy 'y, so H(p V Ov) € T'y. Furthermore,
I'y <oy Ty, so H((p vV Oy) v Oy) € I'y. It then follows from basic propositional logic and
maximal consistency that H(¢ Vv O) € I'y. Condition 4) is similar. QED

Fact 3.15 Fq <oy Fq/ and Fq <oe Fq/ = Fq -<D(¢/\¢) Fq/.

Armed with our new condition <g, to preserve Ui stretches, we are ready to begin the
construction. Let ¢gp1p2... be an enumeration of all F, P,0 and < formulas in which each
formula is repeated infinitely many times.

- Stage 0: Let Qo = {¢”} with which we associate [',#, a Qopp maximally consistent exten-
sion of AU {—x}.

- Stage 5n + 1: Let Oy be the next O formula in the enumeration and let {q1,...,qx} be an
enumeration of the elements in Q5,, ordered by <s,.

- Step 0: Q5 = QY,, and <5,=<2,

- Step j+1:1If Op € I'y;, let ¢** be the immediate predecessor of g; in the <gn ordering,
provided one exists. Add a new point ¢* immediately before ¢; and associate ¢* with
I'y<, a Qorp maximally consistent extension of:

I = {0p} U{0¢" | T <oy Iy }uU {/ | Hd € PR {PB' | B €Ty} U
{PY | P(y A=0p) € Ty, } U{GC [ G(¢" v Op) € Ty, }

Similarly, if Op € Ty, let ¢” be the immediate successor of ¢; in the <%n ordering,
provided one exists. Add a new point ¢’ immediately after ¢; and associate ¢’ with Iy,
a Qorp maximally consistent extension of:

I"={0p} U{0y [Ty, <oy Dy} U{a | Gaely }U{FB|B €Ty} U
{H(yvQp) | Hy e Ty} U{F(| F(CA-Op) € Ty}

Let Qg:l be an plus any points added by the above procedure, and <ézl be <gn

extended in the obvious way to include these points.
Let Qsnr1 = Q! and <snii=<5r
The definitions of I'* and I" ensure that for all ¢ € Qs,,, if Op € T'; then at Stage Sn+1 g will
have an immediate predecessor ¢* and immediate successor ¢’ such that I'g. <o, T'q <o, Ty

It only remains to be checked that I'" is consistent.

Lemma 3.16 IV is consistent.
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Proof. Assume not. Then by Proposition 3.15 there is a formula O and formulas Ga,, Hv1, .., H Y,
F(G A=0¢), .., F(¢ A=Og) €Ty, and By, .., B € T'yr such that:

FQopp DO ABYANQAAFBL A AFBANH(VOP) A AH (v VBQ) AFG A ANFG —L
FQupp @ — (O AOVAFB A AFBANH(y VOp) Ao AH(Ym VOQ)AFG A AFG)
(%) FQopp Goo = GA(OQAOYAF BN AFBAH (1 VOR)AAH (i VOR)ANFG A AFC)

We know that:
- Op — O0¢p is an axiom and Oy, 0¢ € I'y;, so O0p € I'y; and OOy € Ty,
- BB €lgrand I' < Ty, s0 F'By, ..., FB; € Lyn
- F3 — OFf is an axiom, so OF [y, ..., OFf € Ty,
- Op €Ty, 50 O(y1 V Op), ..., O(ym V Oyp) € Ty,
- Hyi...Hyy € Ty, 50 H(y1 V O@), o, H(ym V Op) € Ty,
- Oy A HY — OH4v is an axiom, so OH (v, V Og), ..., OH (7, V Op) € Ty,

- FGi,.., FQp ey, and F¢ — OF( is an axiom, so OF(y,...,0F(, € 'y,
Putting all this together it follows that:
DO AOYAFB A AFBLANH(MVOQ)A o AH(ym VB@) AFG A ANFG) €Ty,
and since Op — Fp is an axiom:
FOpANOYAFBLA . ANFB NH(VO@) Ao NH (v V BOp) AFCL A F(y) €Ty,
However, Ga € T'y;, so by (x):
G~(Op AOYAFBLA . ANFB NH(y1VO@) Ao AH (7 VO@) AFCG A .. ANFG) €Ty,

This contradicts the consistency of I',. QED

Showing I'* is consistent is similar.
- Stage 5n + 2: Let F'y be the next F' formula in the enumeration.
- Step 0: If Fp e 'y, and ~p AG-p €'y, (orif Fp € I'y; and j = k) add a new point
¢ immediately after ¢; and associate Iy with a Qupp maximally consistent extension

of:

A= {‘10} U {Dw | FqJ‘ <oy qu+1} U {a ‘ Ga € qu}
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Let Q9, 41 be Qspy1 plus any points added by this procedure and <2 11 be <spp1
extended in the obvious way to include any new points.

Let Q5n+2 = an+1 and <5n+2:<gn+1'

Lemma 3.17 A is consistent.

Proof. Assume not. Then there are formulas Ot and « in I'y; such that:
FQupp P AOYV AN — L

l_QI:IFP a— _‘(Dw A 90)

FQore Ga — G=(0Y A @)

Since Ga € Ty, it follows that G(-0vy V —¢) € I'y,. Furthermore, since G-y € T
and [y, <oy Ty, , it follows that G(Oy V =p) € T'y;. So:

dj+1

G(BY — =p) ANG(-0y — —p) € Ty,

However, by basic propositional logic it then follows that G-y € I'y,. This contradicts the
fact that Fp € I'y;. QED

The same argument given in the temporal construction of (Q, <) suffices to show that
qu < Fq/ < F‘Zj+1'
- Stage 5n + 3: Symmetric to 5n + 2 for the next P formula in the enumeration.

- Stage 5n + 4: Let Op be the next < formula in the enumeration and let {qo, ..., g} be an
enumeration of the elements in Q5,43 ordered by <s,3.
- Step 0 : Let Qsnps = QY5 and <spi3=<9, ..
- Step j+1:1f Gp € Ty, let q"” be the immediate successor and ¢** be the immediate
predecessor of ¢; in the < 3 ordering, provided these exist. Let
A = {} U{D% | Ty, <oy Tgr} Ufa | Ga € T, }U{FS | B €Ty
and

AN ={p}U{0y | Ty, <oy Dg=}U{d | Ho' €Ty} U{PF" | ' € Ty}

If ¢ € Ty, add no points. If ¢ ¢ I'y; and A’ is consistent, then add a new point
¢’ immediately after ¢; and associate ¢’ with a maximally consistent extension of A’.
Otherwise, add a new point ¢* immediately before ¢; and associate ¢* with a maximally
consistent extension of A*.

_ k+1 _ k+1
Let Qsnia = Q5n+3 and <sn44= Q5n+3-
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Proposition 3.18 FEither p € Ty,, or A is consistent, or A* is consistent.

Proof. Assume not. Then there are formulas O, 0vY',Ga, Ho' € Ly;s B1,..0n € Tyr and
B, ..., B3, € Tge= such that

- FQopp PAOY A A FBi N NFB, =1L

- I_QDFP (P/\Dw//\a//\Pﬂi /\.../\PIB;€ — 1
As in the previous stages, it follows that:

- I_QDFP Ga — G_‘(@/\Dﬂ)/\ Fp3, /\.../\Fﬂn)

- FQupp Ha' = Ho(o ADY APBI A .. APB))
and thus (**):

- ¢ ¢TIy, and
- Go(pANOYA FB Ao ANFB,) €Ty, and

- H=(p NOY' ANPBy A ... NPB) €Ty,

Since T'gex < Ty, < Tyr, it follows that F, .. FpB,,PB,...,PB, € I'y;. Furthermore, since
Oy, 0¢" € Ty, and Py — OPy, Fo — OFp, Op — OOy are axioms, it follows that:

@YADY ANFBLA .. ANFB, ANPBY A ... NPBy) €Ty,
It is easy to show that kg4 Oy A Cp — O(y A @), and by substituting
OpAOY' AN FBiA...NFB, NPB{ A ... \Pp
for v we get:

FQopp DOV ADY A FB A AFB, ANPBIA..APBL)AOp —
Sl ANOYANDY' N FBL A .. ANFBy ANPBI A ... NPSL).

So
Ol ANOYANOY' N FB A .. ANFBy NPBY A ... NPB) €Ty,
Oy — vV FyV Py is an axiom, so:
- (P ANOYAOY' ANFBL N ANFBy N PB A .. ANPB) €Ty, or

- F(oANOYANOY' ANFBL A ANFBy N PBIA...ANPB) €Ty, or
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- P(oANOYANOY' ANFBL A .. ANFBy N PBIA ... NPB) €Ty,

This contradicts (xx) above. QED

To finish off the construction, let (Q,<) = U{(Qn,<n) | n € w}. It is not difficult to
check that (@, <) is a countable dense unbounded linear order (the formula OT ensures both
unboundedness and density), so we will move directly on to showing that (@, ) satisfies
AU{=p}. Again let (Q,7) have the Henkin valuation v(p) = {q | p € T'y}.

Proposition 3.19 (Q,7,v),q E ¢ < p Ty

Proof. By induction on the complexity of . We will treat the cases ¢ = Ot and ¢ = F.
¢ =0y

[=] Assume O—1p € Ty, Let U’ be an arbitrary open containing ¢ and let ¢* and ¢ be
points in U’ such that ¢* < g < ¢. Then there is a stage j in the construction such that
¢,¢",¢' € Qj—1 and - is being treated. When stage j is completed, there is a point = € Q;
such that ¢* < 2 < ¢ and —) € T',. It then follows from the inductive hypothesis that

z = . So (Q,7,v),q | O

[«<] Assume Oty € I';. We know at some stage j and step i such there are points ¢** and ¢”
immediately before and after ¢ in the <§» ordering such that 'y <gy L'y <oy I'gr. We claim
that for all r,s,t € Qp', m >i ,p>j,if ¢ <r <s<t<q" then T <oy I's <oy Iy We
will argue by induction on the steps of the construction.

Assume at step Qg”l, m >, p > j a point ¢’ is added between ¢** and ¢”. By inspecting
the construction, it is clear that ¢’ is added immediately before or after the point ¢,, € Qp.
Without loss of generality, assume it is placed immediately after g,,. By Proposition 3.14
<oy Is transitive, so it suffices to show that I'y,, <oy 'y <oy Ty,, where g, is the imme-
diate successor of g, in the <j' ordering. We will only check that I'y,, <oy I'y, showing
'y <oy Iy, is similar.

By condition 2) on stages, we know that I'j,, < I'y < I';,. Furthermore, by the induc-
tive hypothesis we know that I'y,, <oy I'y,. By inspecting each stage of the construction, we
see that {Op | T'y,, <o, Iy, } C Ty, s0 Oy € T'y. Now assume Hp € I'y . As Ty, <oy Ty,
it follows that H(p VvV Ov) € I'y,. It is easy to check that this entails HH (¢ Vv O%) is also in
I'q,. So by the fact 'y < T'y,, H(p V O9Y) € I'y. Showing Gy € I'y = G(p vV Oy) € Ty, is
similar.

So for all 7,s,t such that ¢ < r < s <t < ¢", I <oy I's <oy I't. It follows immedi-
ately that for all ¢’ such that ¢** < ¢’ < ¢”, Oy € Ty. And since Oy — 7 is an axiom,
it follows that 1 is also in all I'y. Then by the inductive hypothesis on the complexity of
formulas, ¢’ = 1 for all ¢/, ¢** < ¢’ < ¢". By letting U be the open U = {z | ¢** < x < ¢},
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we get that (Q, 7,v),q = O.
o =Fy

[=] Assume F1 € I'y. Then there is some stage j such that ¢ € Q;—; and F is being
treated at j . After this stage, there is a point ¢ > ¢ such that ¢» € T'y. Then by the

inductive hypothesis ¢’ = 1, so (Q, 7,v),q = F.

[«<] Assume (Q,T,v),q = Fi. Then there is some ¢ > ¢ such that ¢’ = ¢ and by the
inductive hypothesis ¢ € I'yr. Since ¢ and ¢’ are related by < it follows that Fp € ;.  QED

It follows as before that Qppp is strongly complete with respect to (Q, 7). QED

3.5 Extensions To R : The Temporal Case

So far we have seen that QQ is complete with respect to the logics Qpp, S4 and Qggp. While
this is interesting, Q is not a particularly rich topological structure. From a mathematical
perspective, R is more interesting. And indeed extensions to R have been considered for the
logics Qrp, S4, and Qporp. Working indirectly through Kripke frames, the corresponding
cases are found to be technical, difficult, and open, respectively.

As mentioned before, one impressive feature of the temporal construction method is the ease
in which completeness on (Q, <) is extended to completeness on (R, <). Thus in considering
topological extensions of (Q,7) to (R, 7) for £ and L7F? using the construction method, it
is useful to have the original £F proof in mind. The proof makes use of the following well
known facts.

Fact 3.20 (R, <) is the unique complete linear ordering that has a countable dense subset
isomorphic to (Q, <).

Fact 3.21 If (W, <) is a dense unbounded linearly ordered set, then there exists a continuous
unbounded linearly ordered set (W' <) such that:

-W W and < and <" agree on W

- W is dense in W'

It follows that our constructed dense, unbounded, linear order (@, <) constructed in Section
2.6 can be extended to a frame (R, <) = (R, <). Using our intuitions from first order logic
as a guide, after extending (Q, <) to (R, <) we should associate every new point with a Qpp
maximally consistent set. Then we should extend our Henkin valuation to include these new
points, and check that our new model (R, <) still satisfies A U {—x}. However, in this case
our first order intuitions fail us. This is one of the rare practical occurrences where the basic
modal language is, in some respects, more expressive than its first order counterpart.

30



Theorem 3.22 FEvery dense unbounded linear order is elementary equivalent.

Let DULO be the first order theory containing axioms for density, unboundedness and lin-
earity. Then by the above classical theorem:

R, <) FeetpuLop e (Q.<)EFp

It follows immediately that continuity is not first order definable. However, continuity is
definable in £FF. Let A1) denote ¥ A Gip A Hip.

Proposition 3.23 (W, <) = A(Gp — PGy) — (Gp — Hyp) < (W, <) is continuous.

Proof. [=] Assume (W, <) is not continuous. Then there is some bounded set X C W such
that sup X ¢ W. Let (W, <) have the valuation v(p) = W/X. Then for all y such that y <
sup X, y = F—p and for all y such that y > sup X, y = Gp A PGp. Let z be a point greater
than sup X. Then z = A(Gp — PGp) and z [~ Gp — Hp.

[«<] Assume (W, <) is continuous and (W, < v),w = A(Ge¢ — PGyp). Furthermore, as-
sume towards a contradiction that w = Gg A P—p. Then the set X = {z | + < w and
x = —p} is nonempty. Since W is continuous, sup X = w’ € W. So v’ = Gp A =PGy. But
since w' < w, this means w = P-(Gyp — PGy)V ~(Gp — PGyp). So w = A(Gp — PGy),
contrary to assumption. QED

It should be clear that with continuity we are already getting more than expected out of L7
and that no additional properties of (R, <) can be expressed. However, we still want to prove
this fact. Let Rpp be the logic Qpp + A(Gp — PGy) — (Gp — Hy).

Theorem 3.24 Rypp is strongly complete with respect to (R, <).

Proof. Assume A Fgrg, x. First carry out the temporal construction procedure for (Q, <)
as in Section 2.6, except this time replacing Qgp maximally consistent sets with Rgp ones.
The end result of the construction will be a countable, dense, unbounded linear order (@, <)
which satisfies AU {—x}. Now extend (@, <) to a structure (R, <) = (R, <). We know many
new points will be added by this procedure, and we want to associate each of them with a
Rypp maximally consistent set such that (R, <) still satisfies A U {-x}.

An obvious candidate for the irrational newcomer x € R\Q is I';, an Rpp maximally consis-
tent extension of:

I'={a| 3¢ € Q such that ¢ < z and Ga € T'y} U
{813¢ € Q such that z < ¢’ and H3 € T'y'}

In this case the obvious candidate turns out to be the correct one.
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Lemma 3.25 T is consistent.

Proof. Assume not. Then there are qi,...¢n, < z with Ga; € T'y, for 1 < ¢ < m and
Qs gy, > x with HBj € Ty for 1 < j < n such that

FRep (a1 A ccam ABL A oA Br)

However, since (@, <) is dense, there must be some ¢* such that q1,...qm < ¢* < ¢, ..., ¢, and
since the < ordering on (Q, <) respects <, a1 A ...am A B1 A ... A By € T'ge. QED

So we only need to check that extending the Henkin valuation to include the new points
preserves the desired harmony between the syntactic and semantic.

Lemma 3.26 For all r € R\Q, if Fip € T, then there is some q € Q, r < q, such that
P ely.

Proof. Assume Fip € 'y, r € R\Q, and for all ¢” € @ such that r < ¢”, =¢) € I';». Then
we know from the properties of our constructed model (@, <,v) that for all ¢’ € @ such
that r < ¢”, G- A PG— € T'yr. Furthermore, we also know that for all ¢* € @ such that
q* <r, Fi € I'y, for otherwise G- € I, by the definition of I',. So for every ¢ € @, either
PG—y €Ty or Fip € T'y. Tt follows that for all ¢ € Q, A(G—p — PG—) € Ty . Now let ¢/
be a point in @ such that ¢ < ¢’. From A(G—¢ — PG—) A G—1p € T'y and the continuity
axiom it follows that H—v¢ € I'yy. But this contradicts the fact that Fyp € 'y« for all ¢* < r
and (Q, <,v) obeys the < ordering. QED

Lemma 3.27 (R, <,v) EFp < el

Proof. By induction on the complexity of . We will only treat the case ¢ = F.

[«<] Assume F¢ € I',. Then by the above Lemma and the < ordering on (Q, <), there is
some ¢ € @ such that r < g and ¢ € I';. By induction hypothesis, ¢ = 1, so (R, <,v),r |= F.

[=] Assume Fv ¢ I';. It is not hard to check that —p € T’y for all ¢ € @ such that
r < ¢. So assume towards a contradiction that there is some ' € R\@ such that r < 7/
and 1) € T',v. Since (@, <) is a dense subset of (R, <), there exists a point ¢’ € @ such that
r < ¢ < r'. However, we know G-t € I'y and thus by the definition of I that —¢) € T',.
This contradicts our assumption. So for all 7/ € R such that r < r”, —¢) € I',». By the
inductive hypothesis all v’ = - and (R, < v),r £ Fi. QED

Since AU{—x} C I';#, it readily follows that Rgp is strongly complete with respect to (R, <).
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3.6 Further Extensions to R

So we have seen that our constructed £FF model (@, <,v) can be extended to a new model
(R, <,v) while preserving the truth of £LI'F formulas on (Q, <,v). Now let us consider this
procedure for (Q,7,v) and (R, 7,v) in the languages £ and L7,

Let us first consider extending (@, 7,v) to (R, 7,v) in £. Unlike the temporal case, we know
that S4 is the logic of both (Q, 7) and (R, 7), so we only need to fill in (@, 7) with S4 maxi-
mally sets. Otherwise, let us proceed as above.

Assume A Fgq x and let (Q,7,v) be our constructed topological model which satisfies
A U {-x}. Extend (Q,<) to a structure (R,<) = (R,<). Now associate each z € R\Q
with 'y, an S4 maximally consistent extension of:

I'={0¢ | 3q1,¢2 € Q such that ¢; < x < g2 and Vg € @ such that ¢ < ¢ < g2, Y € T';} U
{O | Vg3, 94 € Q such that g3 < < g4, 3¢’ € Q such that g3 < ¢’ < gs and ¢ € Ty}

Lemma 3.28 (R, 7,v),r=Ep < pel,.
Proof. By induction on the complexity of . We will only treat the case @ = 0.

[<] Assume Oy € T',. We claim that 3g1,¢q2 € @ such that ¢1 < r < ¢2 and Vq € Q,
@1 < q<qe, Y ely. If r e @, this holds by the construction of (Q,7) . And if r € R\Q this
follows from the definition of I', (since O—) ¢ T)).

Now assume towards a contradiction that there is some ' € R\Q such that ¢1 < 7’ < g2
and — € I',v. Then by maximal consistency O ¢ I',.. It then follows from the definition of
I',» that for all ¢3,q4 € Q such that g3 < r’ < qq, there exists some ¢’ € Q ,q3 < ¢ < q4, and
—1p € T'y. But this means there is a ¢’ € @ such that ¢; < ¢’ < g2 and ~¢) € 'y, contradicting
the previous paragraph.

So for all x € R such that ¢ < = < q2, ¥ € Tp. By letting U = {y | ¢1 < = < ¢2}
and the inductive hypothesis we get that (R, 7,v),r = O.

[=] Assume Ov ¢ T',.. We claim that Vg3, g4 € Q such that g3 <r < q4, 3¢ € Q, g3 < ¢’ < qu,
and ~¢p € T'y. If r € @ this holds by the construction of (Q, <) and if r € R\Q then this
holds by definition of I', (since Oy ¢ I';). So it follows from the inductive hypothesis that
(R, 7,v),r = O, QED

In order to show our constructed model (@, 7,v) can be extended to (R, 7, v) while preserving
the truth of £ formulas, it only remains to be shown that I is consistent. Unfortunately, this
can not be done. For unlike the previous cases, our natural syntactic candidate to associate
with a new point may be inconsistent. For example, assume x € R\Q and (Q,7) has the
valuation v(p) = {q | ¢ < x}. Then according to the definition of I';, Op and O-p are in
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I',. Furthermore, for every ¢ € Q, either ¢ = Op or ¢ = O-p, so O(Op vV O-p) € T',. But
Fg4 O(Op vV O-p) — =(Op A O—p) and this entails that =(Op A C—p) A (Op A O—p) € T

So already things are worse than the temporal case, but one might still hope that they
are better than using the model theoretic approach. As mentioned before, the completeness
of S4 with respect to (R, 7) can be established model theoretically, but with tricky diversions
through finite transitive and reflexive trees and subsets of the Cantor Space. As we have seen,
using the construction method we have some control over how formulas are satisfied on (@, 7)
and perhaps we can make use this control when jumping to (R, 7).

Looking at the failure of I, it is clear what property we want our constructed model (Q, T, v)
to possess: if there are rational (1, .., sequences approaching an irrational point x, then
there is a rational sequence 1 A ... A ¢, approaching x. We can then show I' is consistent.
For assume not. Then there are formulas O, $opy, ..., Oy, such that

-3, €@, i <z <gandforall¢d € Q, 1 <¢ <@,V Ty

- Vg3, qu € Q, g3 < & < qu, there exists some ¢} € @Q such that g3 < ¢} < ¢4 and ¢; € Fqg,
forl1<i<n

- Fgy Oy — —|(<>(,01 VANPUAN <>g0n)

But as there are rational sequences ..., approaching z, by assumption there is a rational
sequence &(p1 A ... A ¢y) approaching x. This implies there is some rational point ¢’ in be-
tween ¢ and gz such that: Oy, Oy, ..., Oy € Ty

However, after some reflection, it is clear that the desired property of (Q,7,v) is (at least)
very difficult to ensure. For while we have control on how formulas are satisfied on the ra-
tionals, this tells us very little about how they will line up on the irrationals. There is no
natural way to force a construction of (Q,7,v) to tell us what kinds of sequences are being
created towards irrational points.

The underlying difficulty of extending (Q,7,v) to (R,7,v) in L is that there is no way of
expressing any topological relation between the points in the language. We can see this de-
fect clearly when comparing our failed attempt in (R,7) to the successful temporal proof
for (R, <). In the the temporal construction, each state of affairs expressible in Rgp (i.e.
each maximal consistent set) is related to every other state of affairs in a way that respects
order structure on (Q, <). Furthermore, each description of an Rgp state of affairs existing
in (Q, <) says that if there is a bounded ¢ sequence, then this ¢ sequence has a least upper
bound respecting the < ordering. Thus when extending (Q, <) to (R, <), we know we can
associate an irrational point z with its natural syntactic candidate I';, since this state of
affairs has already been described to exist in (Q, <).

The temporal construction for (R, <) goes so smoothly because there is a kind of expres-
sive harmony between what can be said to occur in the language and the structure (R, <).
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Clearly this is not the case in (R, 7), where we are working with a fairly rich topological struc-
ture and a language that can express almost no topological properties of the structure. In this
sense, one might think that the seemingly more difficult construction of (R, 7) in L7 would
fare better, since additional topological properties such as connectedness are expressible in
LPFP . However, LPFF is still to weak of a language for things to go smoothly. In order to
successfully extend (Q,7) to (R,7) we need to be able to express in the language when a
particular O stretch ends, which is a much stronger property than connectedness.

3.7 QSU on Q

Perhaps at some point in the preceding discussion, the reader noted the resemblance between
LPFP and the popular temporal Since and Until language £°V. Indeed, £V has all the
expressive power of L5 plus the additional property we desired in our attempted con-
structions of (R, 7) : the ability to express up to what point a O stretch holds. In this section
we will examine how this additional property simplifies completeness proofs using the con-
struction method.

The Since/Until language £°Y contains two binary operators U and S, and is built up in
the usual way from a set of propositional letters and these two operators. Intuitively, the
formulas U(p, 1) and S(p, 1) are supposed to mean "until ¢ is true, ¢ holds’ and ’since ¢ was
true, 1 has held’. More formally, given a model M = (W, <,v), where < is a partial order,
we define when an £5Y formula ~ is true at a point w as follows:

o wEU(p, ) iff Jw” > w such that w” E ¢ and Vo' , w < w' <w” | w' E

e w S(p,v) iff Jw” < w such that w” = ¢ and Vo' , w > w' > w" , w' 9

As the reader may have noticed, £V is expressively complete over LPFF. We can define O,
F and P as follows:

Fip:=U(,T)

Pip =S, T)

04 = S(T, ) A AU(T, %)
However, in £5V it is also possible to say additional things like ”until we are in a O¢ stretch,
we are in a O stretch” (U(Oyp, O1)).

£5Y was first introduced by Kamp in [12] and, as may be guessed from its name, the origi-
nal interest was temporal rather than topological. After the first most general completeness
results for partial orders were discovered, attention naturally turned to mathematical struc-
tures such as (N, <), (Q, <) and (R, <). Kamp made progress in these problems but never
published his results, as his proofs were regarded as very unwieldy. The first published results
in the area are found in Burgess [7], where axiomatizations of (N, <) and (Q, <) are given.
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However, even Burgess proofs are not very conspicuous and make crucial use high powered
technical results, such as Rabin’s theorem. Let us see how the construction method can be
used to simplify matters.

Let Qgu be the logic containing axioms:

8a)U(p, ) NU(7,C) = Uy A Y AU(0,9),p AV U (@ Ay, p AV U(@ACAU(7,¢), % AQ)
9a) U(T,T)
10 ﬁU(T,J_)

la) Gl — ) = (U(p,7) = U(¥,7))
2a) G(p — ) = (U(y,0) = U(7,9))
3a) e AU, y) = U A S(p,7),7)
4a) U(p, ) A=U(v,9) — U(p A =7, 9)
5a) U(p, ) A =U(p,7) = U A =y,1)
6a) U(p,v) — Ulp, v ANU(p, 1))
7a§U(wAU(¢¢) ) = Ulp, )
)

and 1b) — 9b), where all occurrences of S are replaced by U in la) — 9a) , and vice versa.

Theorem 3.29 Qgsuy is strongly complete with respect to (Q, <).

Proof. Assume A Fqg, x. We will construct a frame (Q,<) = (Q, <) in stages which
satisfies A U {-x}.

A stage n consists of:

1) a finite set Qn = {q0,q1---, Gk }

2) a linear ordering <,, on @,

3) an assignment of a Qgy maximally consistent set Iy, to each ¢; € @y
Definition 3.30 We say I'y <, 'y if v € T'yy = U(¢, ¢) € <
Note the simplicity of the < relation compared to <gy in LPFP - By adding slightly more
expressive power, we no longer have to force the temporal operators G and H to interact

correctly with O. The language now takes care of this for us.

Proposition 3.31 I'y <, 'y and 'y <y I'yy =Ty <pny Iy

Proof. Assume not. Then there is a v € I'y such that U(vy,¢) € T'y, U(v,%) € T'y and
=U(y,¢ NY) € T'y. By axiom 8a)

i) U(y,oANp) €Ty or
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i) Uy ANeANU(p,),p Ap) €Ty or

i) Uy AP AU, 9), o A1) €T

i) contradicts the assumption that —U(y,p A ) € T'y straight away, so assume either ii) or
iii) hold instead. It is a basic fact that Fqg, U(a A B, x) < Ula, x) AU(B, ), so it follows
again that U(y, ¢ A1) € I'y, contradicting the consistency of T'. QED

Similar to previous constructions, when adding a new point ¢’ in between points ¢ and ¢”
such that I'y <, I'yr, we want to take care that ¢ € I'y and I'y <, I'yy <, I'pv. In other
words, we want to be sure that

{e}U{= [ U@, ¢) €T} U{U(,¢) [ v €Ty} C Ty
In order to show that this is possible it is useful to prove the following Proposition.

Proposition 3.32 Assume I'y <, Tyr, ~U (¢, ) € Tq and v € Tyr. Then
Lg =pn-uat(ye) La-

Proof. Assume o € I'yr. We want to show U(a, o A = AU(y,¢)) € Ty
Since I'y <, I'yr, we know that U(w, ) € I'y.

Now we will show that U(«, 7)) € I';. Assume towards a contradiction that U («, ) € T',.
From a € T'y» and 'y <, 'y, we know that U(a,¢) € I';. Then it follows from axiom 5a)
that U(p A, ) € T'y. But this implies U (%, ¢) € I'y, contradicting our assumption.

Finally we will show U(a, U(7, ¢)) € I'y. Assume towards a contradiction that ~U(«, U (7, ¢)) €
I'y. From o,y € I'yr and I'y <, I'yr, we know that U(a Ay, ¢) € I'y. Then from axiom 6a) it
follows that U(a Ay, AU(a Avy,¢)) € T'y. But this implies that U(c, U(7, ¢)) € 'y, again
contradicting the consistency of T'.

It follows from the above and Proposition 3.31 that U(a,o A = AU (7, ¢)) € Iy. QED

We are now ready to begin the construction of (@, <). Let @op1p2... be an enumeration of
all U, =U, S and —S formulas, in which each formula is repeated infinitely many times.

- Stage 0: Let Q¢ = {q#} and associate ¢* with I'#, a Qsu maximally consistent extension
of AU {—x}.

- Stage 4n + 1: Let ~U(p, ) be the next —U formula in the enumeration. For all ¢ € Qy,, if

i) =U(p,9) € I'y and

ii) there is a ' > ¢ such that ¢ € 'y and
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iii) for all ¢ € Q4 such that ¢ <t <u/, ¢ € Ty

then let w be the least point ¢ < v with ¢ € I'y, and let r be the greatest point ¢ < r < u
such that =U(p, 1) € T',.. Let s be the immediate successor of r in <4,. Add a new point ¢
in between r and s and associate ¢’ with I'y/, a Qgu maximally consistent extension of:

[={=}u{y [T <, s} U
{=a | <, 'y and ~U(c,y) € I} U{U(B,7) | Iy <y s and B € I'y}

Proposition 3.33 I' is consistent.

Proof. Assume not. Then there are formulas vi..., v, 2U (a1, 7)), ooy 27U (1, 7)) VY s oy Vi €
I'; and (1...0,, € I's such that

FQsy "(V AV A oA A—ar Ao Aoy AU (BLAY) A oo AU (B i)
Foso G A Ao Ay A—ar Ao A=y AU (B, AY) A o AU (B, i)
FQsy "F(Y A A Ay A—or Ao A=ag AUBL YY) A o AU By von))

From now on let ¢ =1 A ... Ay A—ar Ao A=ag AU (B, YY) A oo AU (B, i) -
We know from assumptions i)-iii) above that either:

1) Ty=Ty, and p € T's or

2) Ts # Ty and Y AU(p,9) € T's

First assume 1) holds. Then since ¢ € T, it follows from Propositions 3.31 and 3.32
that U(p,() € I'y. Furthermore, since ~U(p,v) € I, it follows from axiom 5a) that
U(— A (,¢) € T,. But this implies F/(—1) A ) € T, contradicting the consistency of T';.

So assume 2) holds instead. By contraposition of axiom 7a) we have that

U (p, ) — ~U AU (@, ), ). Since ~U(p, ) € Ty, =U (VAU (9, 1), ) € T'y. Furthermore,
since 1 A U(p, 1) € T's, by Propositions 3.31 and 3.32 we have that U(¢¥ A U(p,),() € T
So by axiom 5a), U(—t¢) A (,() € T',. But this implies F'(—) A () € T, again contradicting
the consistency of I';. QED

- Stage 4n + 2: Let U(yp, ) be the next U formula in the enumeration. For all ¢ € Q4p41 if
U(p,1) € Ty and there is no w > ¢ such that:

-pely
- VrVs, g <r<s<w, ' <y [

- Ve, q< ¢ <w,peTy
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then we need to add a new point somewhere after ¢ such that all of the above properties hold
at that point. Let t be the greatest element in the <4,+1 ordering, ¢ < ¢, such that

-Vrqg<r <t U(py)el,
-VrVs g <r<s<t I <y T

-Vrg<r<t,ypel,

Add a new point u immediately after t. Let v be the immediate successor of ¢t in Q4py1,
provided one exists. Associate u with I',, a Qguy maximally consistent extension of:

I"={p}U{~a|-U(a,y) € I't}U
U{-B | Ty <, Ty and ~U(8,7) € Ty} U{U(€,7) | Ty <, Ty and € € T}

Proposition 3.34 I" is consistent

Proof. Assume not. Then there are ~U (o, ), ..., ~U (0, ), Y15 ooy Yo, U (B1,71), -, ~U (815 7)),
Yyl €Ty and &...&y, € Ty, such that:

FQsy (P A=01 A e Amaj Ayt A e A A =B A e A=BE AU (EL YD) A e AU (€ vin))
Fosy G A—a1 Ao A= A A o A A=BL A A=BE AT (E ) A o AU (Ems i)

Let C =y A A A=BLA  A=B AU ELAT) A o AU (Emy i)

We know that the point ¢ was chosen for one of the following reasons:

1) Ft 741/1 Fv
ii) 'y <y I'y but mp A =U(p,9) €T,

ili) I'y <y I'y but ~p A—¢p € Ty,

First assume i) holds. Then there is some y € I', such that =U(x, ) € I';. By Propositions
3.31 and 3.32, it follows that U(y, () € I'; and thus by axiom 5a), we have that U((A—), () €
I's. Furthermore, since U(p, ), 2U(a1,v), ..., 7U(ej, %) € I'y, by repeated use of axiom 4a)
we have that U(p A ag A ... A ag, 1) € T'y. Putting these facts together, it follows from axiom
8a) that:

a) UCA- Y ANYANU(@A—-ar Ao A=y, ), AC) € Ty or
b) U(pA—aq A ... AN—aj ACA =Y, AC) €Ty or

c) UlpgNA—-aq Ao A=aj ACANU(C A9, (), AC) €Ty
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Choice a) straightforwardly contradicts the consistency of I';. However, both b) and ¢) imply
that F(p A —oq A ... A~ A () € Iy, which also contradicts the consistency of I';.

So assume ii) holds. By Propositions 3.31 and 3.32, it follows that U(—¢ A ~U(p,v),() € I's.
As before, from U(y, ), ~U(aq,v), ...,~U(ay,v) € I'y we have U(p A—ai A ... A—ay, ) € Ty
Then by axiom 8a)

a) Ul A—ar Ao A= ACANU(m A=U(9,9),C), ¢ A¢) € Ty or
b) U(p A=aq A ... AN—aj A= A=U(pNA, ), A¢) € Ty or

c) U~ A=U(e, o) Np ANU(p A=ar Ao A=, 1p),ih AC) € Ty

Clearly b) and ¢) contradict the consistency of I';. So only a) is possible. However by as-
sumption F(p A maq A ... A ey A €) is inconsistent.

Finally assume iii) holds. It follows from Propositions 3.31 and 3.32 that U(—¢ A—¢p, () € T'y.
As above, we have that U(p A oy A ... A maj,9) € T'y. Then it follows from axiom 8a) that

a) U@ A—ar Ao Ao A= A=, p AC) €Ty or
b) U= A= AP ANU(p A—aq A ... AN—ag, ), AC) € Ty or
c) UlpA=aqr Ao A=a ACAU (= A —p,C), ¢ AC) €Ty

a) and b) contradict the consistency of I'; directly, and ¢) implies F'(¢ A —aq A ... A =y A Q).
QED

Definition 3.35 We say I'y =, 'y if v € 'y = S(, ) € T'y. <

- Stages 4n + 3 and 4n + 4 treat the next =5 and S formulas in the enumeration. They are
mirror images of 4n + 1 and 4n + 2, using the > relation in place of <.

Proposition 3.36 I'y <, 'y & 'y =, 'y

Proof. [=] Assume towards a contradiction that v € I'yy = U(v,v) € I'y and there is some
¢ € I'g such that —S(p, 1) € I'y. It follows that p AU (=S(¢, ), ) € I'y. But from axiom 3a)

we know that ¢ AU(=5(p, ), 1) — U(=5(e, ) AS(e,9),9), so U(=S5(p, ) AS(p,9),¥) €

I'y, which contradicts the consistency of I';. The converse direction is symmetric. QED

By the above Proposition, it follows that if a new point ¢’ is added between points ¢ and ¢”
at S or =S stages that:

{o Ty = Ty U{ | Ty <, Tyr and =U (¥, ¢) € Ty }U
{U(’Yv SD) | Fq =g Fq// and ¢ € Fq//} - Fq/
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To finish the construction, let (Q, <) = J{(@n,<n) | n € w}. Again it is not hard to check
that (@, <) is a countable dense unbounded linear order; the axioms S(T,T) and U(T,T)
ensure unboundedness and —U (T, L) ensures density. So let us move straight way to showing
that (Q, <) satisfies A U {—x}.

Proposition 3.37 (Q,<,v),q=v e yeTly.

Proof. By induction on the complexity of v. We will only treat the case v = U(p,1)).

[=] We will argue contrapositively. Assume —U(gp,1) € T'y. If ¢ ¢ T, for all r > ¢, then by
the inductive hypothesis r [~ ¢ for all r > ¢. In this case, clearly (Q, <,v),q = ~U(p,v). So
assume there is an s > ¢ such that ¢ € I's. Then there is some stage k such that ¢, s € Q1
and —U (¢, ) is being treated. If at stage k there is no ¢”, ¢ < ¢ < s, such that —=¢) € T'yr,
then a new point ¢’ is added such that ¢ < ¢’ < s and ~¢ € T'y. By inductive hypothesis

s = and ¢' =9, 50 (Q, <,v),q |F ~U(p,¥).
[<=] Assume U(p,v) € I';. By construction, there is a stage j with ¢ € Q;, ¢ < t, such that
i) pely
i) Vrvs, g <r<s<t, Ty <y T
iii) Vrg<r <ty el

Furthermore, for any point v’ added in the construction immediately between arbitrary points
v and v”

{1/1 | r, =y Fv”} U {—\90 | Fq ) I'y» and —|U(9071/;) c I‘U}U
{U(’Yv 77[)) | L'y =y Iy and ¥ € FUN} CTI'y

So it follows immediately from ii) and iii) that for all ¢/, ¢ < ¢’ <t, 1 € I'y. By the inductive
hypothesis, every ¢’ = ¢ and t = ¢, so (Q, <,v),q E U(p, ). QED

It then follows as before that Qgu is strongly complete with respect to (Q, <).

3.8 S49S40nQxQ

For one final application of the construction method, let us return to our starting point: the
basic modal language £. However, this time we will consider the basic modal language with
two modal operators O; and Os. In the past fifteen years, such bimodal languages have been
studied extensively on products of Kripke frames. For a survey of the literature, see Gabbay
and Shehtman [10], or the encyclopedic Gabbay, Kurucz, Wolter and Zakharyaschev [11].

In the standard product semantics for mutimodal languages, each operator is interpreted
in the usual manner on a single dimension of a Kripke product frame. Thus given a bimodal
language and two Kripke frames F = (W, S) and G = (V,T), O; and Oy are interpreted as
would be expected on (W x V, Ry, Ry) where for all w,w’ € W and v,v' € V,
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(w,v)Ry(w',v") iff wSw' and v =’
(w,v)Ra(w',v") iff w=w" and vT'

Although we will not delve into the results in this area, one relevant theorem of Gabbay and
Shehtman [10] is that if two logics L; and Lo are complete with respect to frame classes F’
and F* which are defined by universal Horn conditions, then

F x F* = {(W x V, Ry, Ry) : (W, S) € F and (V,T) € F*}

is axiomatized by L; @ Lo plus the interaction principles com = O105¢p < Os0j¢p and
chr = <>1l:|2<p — |:|2<>1g0.

More recently, the notion of an S4 x S4 Kripke product frame has been generalized to that of
a topological product space preserving one dimensional topologies. For convenience, we will
call such spaces topological product frames. Thus given two topological spaces X = (X, n)
and Y = (Y, 6), a topological product frame is defined to be (X x Y, 71, 79) where

11 ={Ux{y}|U€nandy €Y}
To={V x{z} |V €fand z € X}

Given the usual topological semantics for O on X = (X,n) and ) = (Y, 6), the topological
semantics for the bimodal language on (X x Y, 71, 72) is given as follows:

e (z,y) F 019 < 3U € 71 such that (x,y) € U and for all (2/,y) € U, (2/,y) = ¢

e (z,y) E Oy < U € 79 such that (x,y) € U and for all (z,y/) € U, (x,y') = ¢

Topological product frames are proposed and investigated in van Benthem, Bezhanishvili, ten
Cate and Sarenac [5] where it is shown, among other things, that interaction principles such
as com and chr, which are valid on S4 x S4 Kripke product frames by the above mentioned
result, fail in the more general topological setting. The main result of [5] is that the S4 axioms
for Oy and Oy alone suffice to axiomatize the topological product frame (Q x Q, 71, 72). Thus
any purported interaction between the horizontal and vertical topologies can be refuted on
simple topological spaces. As a final illustration of the construction method, we will provide
another short proof of the above fact, which illustrates the lack of interaction between 0O0; and

D2 on <Q X Q)Tla7-2>'

Theorem 3.38 S4 @ S4 is strongly complete with respect to (Q x Q, 11, 72).

Proof. Assume A Fgygpsa X - We will construct two frames (Qq, <o) = (Qp, <p) = (Q, <)
in steps and stages such that (Q, X Qp, 71, T2) satisfies A U {-x}. For the construction, it
is useful to have a linear ordering of (), X @ on hand. Let us define such a relation < as
follows. For all (z,v), (2/,y") € Q4 x Qp:

(x,y) < (¢,y) iff x <42’ or z =2" and y <p ¢/
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A stage n consists of :

1. a finite set Qq, = {xo0,1..., x%} linearly ordered by <4,
2. a finite set Qp, = {Y0,Y1..., Ym } linearly ordered by <
3. a finite set @Qn C Qq, X Qp, linearly ordered by <,, where <,= <[ Q,

4. an assignment of an S4 @ S4 maximally consistent set I'¢, ) to all (z,y) € Qn
Each stage is divided into < k + 2 steps. A step 7, 0 < j < k + 1, consists of:

1. a finite set Q%, = {0, z1..., 7;} linearly ordered by <,

2. a finite set Qin = {v0,¥1....Yp} linearly ordered by <y,
3. a finite set QZL C QZLn X an linearly ordered by <¥L, where <= < QZL
4. an assignment of an S4 @ S4 maximally consistent set I'¢, ,y to all (z,y) € Q%

Let wop1p2... be an enumeration of all Oy, Oy, & and Og formulas in which each formula is
repeated infinitely many times. The construction will proceed as follows:

- Stage 0: Let Q,, = {27}, Qp, = {y7} and Qo = {(z™,y")}. Associate (7, y*) with
L (o# y#), an S4 @ S4 maximally consistent extension of AU {-x}.

- Stage 5n + 1: Let O;¢ be the next O; formula in the enumeration and let {(x1,y1)....(xx, yx)}
be an enumeration of the elements in ()5, ordered by <s,.

- Step 0: Let Q25n = Qus,,» Q85n = Qps,, and QY, = Qsy.

. - : - : -
- St@p J+1:1f O1p € Ty y)s 1et Qi = ten U {a*, 2’} Q{);; = @}, and QLM =
IoU{(a*,y;), (2, y;)}. Let <Al be <. extended to include z* and 2’ immediately

before and after x;, and associate the new points (z*,y;), (2/,y;) in Qg:l with L', -

k+1 k+1
Let Qa5n+1 = Qg;& Qb5n+1 - Qb; and Qfm—i—l - 5: .

- Stage 5n + 2: Let ¢ be the next <1 formula in the enumeration and let {(x1,y1)...(xx, yx) }
be an enumeration of the elements in Q5,41 ordered by <sn41.

- Step 0 Q25n+1 = Qaspyi1s Qg5n+1 = Qbs,,4, and an-l—l = Wsn+1-

‘ - . - . -
- Step j+1:1f Op €Ty, let QL = Qly U}, QI =@ and QL =
QL1 U{(@,y;)}. Let <JH be <h..., extended to include 2’ immediately after .
Associate the new point (2, y;) € Q%:}rl with I'(4r, .y, an 846 S4 maximally consistent

extension of {p} U {01y | 019 € T'(, 1} By Lemma 3.9 , I'pr, .y is consistent.
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_ Nk+1 _ Nnk+1 _ Nk+1
Let Qa5n+2 — QCL;;H—I’ Qb5n+2 — Qb5n+1 and Q5TL+2 — Q5n+1'

- Stage 5n + 3: Repeat O; procedure for Oy formulas, adding points to @y instead of Q.
- Stage 5n + 4: Repeat Oy procedure for &y formulas, adding points to Q) instead of Q.

- Stage 5n + 5:
- Step 0: Let Qas +5 Qa5n+47 Q25n+5 = Qb5n+4 and an—i—S = Q(15n+4 X Qb5n+4'

—_ N0 —_ N0 _ N0
Let Qa5n+5 - Qa5n+57 Qb5n+5 - Qb5n+5 and Q5n+5 - Q5n+5'

We want to associate all the new points Qsp45\@5n+4 With maximally consistent sets such
that all of the horizontal O; stretches and vertical Og stretches are preserved. Because of the
way 0; and Og stretches are created, we know that a newly added point (z,y) will not occur
in both a designated O; stretch and a designated Oy stretch. Thus it suffices to associate
(2,Y) € Q5n+5\Qsn+a With a maximally consistent set in the most recently created O; or Og
stretch containing (z,y). More formally, for all (z,y) € Q5n45\Q5n+4, let m < 5n 4+ 4 be
the greatest Oj or Og stage and ¢ be the greatest step where points (z*,y), (¢/,y) or (z,y*),
(z,y') are added such that z* <, z <, 2/ or y* <, y <p y/. If such an m and i exist, let
Uiy = Liary) or Upy) = Lzy+). I not, associate I', ,y with an arbitrary S4@S4 maximally
consistent set.

To finish the construction, let (Qq, <) = U{{(Qa,, <a,) | 7 € w},

Qs <p) = U{{Qb,,> <p,) [ n € w} and (@ x @, <) = U{(Qn, <n) | n € w}. Tt is easy to check
that (Qa, <q) and (Qp, <p) are countable dense unbounded linear orders. So it follows from

(Qa, <a) = (Qp, <p) = (Q, <) that (Qq X Qp, <) = (Q x Q, <). Furthermore, it is not hard

to see that (Q X Q, <) = (Qq X Qp, <). By definition, (Q x Q, <) C (Qs X Qp, <). So assume
(z,y) € (Qa X Qp, <). Then there is some stage j such that z € Q,; and y € Qp, and by

stage j +5, (z,y) € Qj45 C Q x Q. So (Q x Q,<) = (Q xQ,<).

Proposition 3.39 (Q x Q,71,72), (7,y) Fp & 9 €Ly,
Proof. By induction on the complexity of . We will only treat the case ¢ = Oq1.

[=] Assume 013 & T'(, ) and assume (z1,y), (z2,y) € Q x Q such that 21 <,< ¥ <, 72
Then there is a stage j such that (z1,y), (z,y), (z2,y) € @Qj—1 and &1 is being treated.
After stage j, there is a point (z/,y) € Q; such that x; <, @’ <q 2 and =) € Lz y)- So
(@ xQ,m1,72), (z,y) F D1y

[«<=] Assume 019 € ', ). Then at some stage j and step k there are points (2%, y), (v',y) € Q’?

such that z* and 2’ occur immediately before and after x in the <k‘ orderlng and 'z« ) =
L2 4) = Lay)- We claim that for all (r,y) € @ x @ such that x* <a r, <, ', 019 € Ly
We will argue by induction on the steps of the construction.
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Assume we are at at some O or < stage | > j and step m + 1 and a point (r,y) is added such
that o* <, r <, «’. If [ is a Oy or < stage, then (r,y) is added immediately before or after
(Tm, ), ©° <o T <o @', and {Op | Op € Ty, 1y} € T yy. By the inductive hypothesis and
the fact that Oy € [« y), ['(pr ), it follows that Oy € T',.,). If [ is a Oy or Og stage, no
points (r,y) are added such that z* <, r <, «’.

So finally assume [ = 5n + 5 for some n and a point (r,y) is added such that z* <, r <, 2.
At no Oy stage less than 1 are points (r,y*), (r,vy") added such that y* <, y <p ¢/, so (r,y)
must be associated with ', ) = (e ) = T'(v ) such that z* <, r* <, r <, ' <, 2" and
{O¢ |Op € Ty} € T yy- By the inductive hypothesis and the fact that O € T« ), T (o ),
it follows that Oy € I',. ). QED

So S4 @ S4 is strongly complete with respect to (Q x Q, 71, 72).

4 Method Comparison

Throughout this paper we have made remarks contrasting the construction method to its
more established counterpart, model theoretic approach to proving topological completeness.
However, thus far we have only sketched what the model theoretic approach is and have not
seen how the two approaches differ on any concrete examples. The purpose of this final chapter
will be to remedy this state of affairs. For a specific example of method comparison, we will
turn to the nicest application of the model theoretic approach to topological completeness:
S4 on the Cantor Space. We will then see how the construction method handles this case
and discuss more generally in which cases the construction method can be seen to have an
advantage over the standard model theoretic approach. Finally, we will speculate on further
applications of the construction method in modal logics of space.

4.1 S4 on 2%, the Model Theoretic Approach

As mentioned in the introduction, one current area of investigation in modal logics of space
involves finding ways to simplify results found in McKinsey and Tarski’s 'The Algebra of
Topology’. This project seems to have started with Mints [15], where a new completeness
proof of S4 with respect to the Cantor Space is given. Since that time, a number of new proofs
of completeness with respect to R and Q have discovered, but none of them are quite as nice
as the Cantor Space proof. The reason for this is clear: S4 has a large number of simple tree
frame characterizations. It is just much more natural to transfer topological structure from
one tree to another than from a tree to a strict linear order. Now let us examine how this
model theoretic transfer of topological structure from the Cantor Space to an S4 tree works.
As a note, the proof given below does not follow Mints [15], but rather a slightly different
argument from Aiello, van Benthem, Bezhanishvili [3].

Fact 4.1 S4 is complete with respect to the class of all rooted finite transitive and reflexive
trees.
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Fact 4.2 FEvery S4 frame (W, R) can be viewed as a topological space (W, 7') where
Ay ={y | Rxy} and B={A, |y € W} serves as a basis for 7'.

Recall that the domain of the Cantor Space (2“,7) is the set of all infinite sequences of 0s
and 1s. Such infinite sequences o € 2¥ are called branches of the Cantor Space and finite
initial sequences s C o are called nodes of the Cantor Space. Let By = {o | t C o}. Then
B = {B; |t is a node of the Cantor Space} serves as a basis for 7.

In outline, the model theoretic completeness argument proceeds as follows:

Assume Fgyq @

By Fact 4.1, ¢ can be refuted on a rooted finite transitive and reflexive tree (W, R)

By Fact 4.2, this tree can be viewed as a topological space (W, ')

A homeomorphism is devised between (2¥,7) and (W, 7/)

- Homeomorphism is shown to be stronger than the suitable notion of modal equivalence
- So <2w’7_> l# 4

Devising the homeomorphism between (2¢,7) and (W, 7’) is the step which requires work,
and which is the nice part of model theoretic proof. Essential use is made of the fact that
(W, R) is a finite tree refuting .

Theorem 4.3 (2¥,7) is complete with respect to S4.

Proof. Assume Fg4 ¢ and (W, R) is a rooted finite transitive and reflexive tree refuting .
Intuitively, (W, R) can be viewed as tree in which some nodes are points in W and other nodes
are sets of points C C W, where for every x,y € C, Rxy and Ryx. We call such C C W
clusters. In other words, the nodes of the tree can be viewed as equivalence classes, some
singletons and others proper.

Now let us view our Kripke frame (W, R) refuting ¢ as the topological space (W, 7’). The
first step is to devise a labeling between nodes of the Cantor Space and points in W. The
labeling proceeds recursively as follows:

1) Label the root of the Cantor Space with a root of W (since the root of W may be a
cluster, there could be more than one point to choose from).

2) If a node t of the Cantor Space is labeled with a point w € W then label every node
s DO t of the branch ¢000... with w.

3) If t is labeled with w, label the nodes occurring immediately to the right of the branch
t000... as follows: let {wy,....,wi} be an enumeration of A,, and label the node t1 with
wo, t01 with wy, ... ,t(0)F1 with wg, t(0)*01 with w..., and so on.
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Now we want to transform this labeling of nodes of the Cantor Space with points in W into
a labeling of branches of the Cantor Space with points of W. We know that that if a branch
o € 2% is of the form ¢ = t000 and t is labeled with w, then every node s, t C s C o, is
labeled w. In this case, we say w stabilizes o. Otherwise, since all extensions ¢t C s C o of
a given node ¢ labeled with w are labeled with members of A,, (and A, is finite), we know
that from some point on every node of ¢ is labeled with elements in some cluster C' C W.
With this in mind, let us define the following function F': 2% — W.

Fo) = w if w stabilizes o
7 p(C) if o keeps cycling in C C W, where p(C') is an arbitrary member of C'

Lemma 4.4 For any node t labeled with w , F[B] = A,,.

Proof. As stated above, all extensions s D t are labeled with points from A,,, so it follows
immediately from the definition of F' that F[By] C A,. For the converse, assume w’' € A,,.
Further assume w’ = wj; in the enumeration {wy....wx} of A,. Then the branch ¢(0)71000...
is labeled w'. So Ay, C F[By]. QED

Lemma 4.5 F is a homeomorphism from (2% 1) to (W, 7).

Proof. Clearly F' is onto, so let us move on to showing F' preserves and reflects opens.

F preserves opens: It suffices to check that F' preserves basic opens. However, by the above
Lemma F sends basic opens By of (2%, 7) to basic opens A,, of (W, 7).

F reflects opens: Let A, be a basic open in (W, 7') and let
V = U{B: : t is labeled with a point w € A}

Clearly V is open in (2¥,7), so it suffices to check that F~1(A,) = V. It follows easily
from Lemma 4.4 that F(V) C Ay, so V C F7Y(A,) . Now assume o € F~1(A,). Then
F(o) € Ay and we know by the labeling that from some point ¢ C o on, all nodes t C s C o
are labeled with members of A,,. Soo € B; CV and F~1(A,) C V. QED

Definition 4.6 Suppose two topological models (X, 7,v) and (X*, 7%, v*) are given. A
topo — bisimulation is a non-empty relation T' C X x X* such that if z7Tx* then

- z € v(p) iff z* € V/(p) for any propositional letter p
- if x € U € 7 then JU* € 7* such that * € U* and Vy* € U*, Jy € U such that yTy*

- if z* € U* € 7/ then U € 7 such that x € U and Vy € U, Jy* € U* such that yTy*
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Fact 4.7 Let f be a homeomorphism between (X, ) and (X* 7). Then given a valuation
v* on (X*,1*), the valuation v(p) = f~1(v*(p)) defines a total topo-bisimulation between the
models (X*,7*,v*) and (X, T,v).

Fact 4.8 If T is a topo-bisimulation between two models X, X™* such that xTx*, then x and
x* satisfy the same modal formulas.

To finish the proof, let v/ be the valuation and w be the point in W such that

(W, 7" ,v),w = —¢. Then by Lemma 4.5 and Fact 4.7, we know that assigning (2%, 7)
the valuation v(p) = F~'(v/(p)) defines a total topo-bisimulation between (W,7’,1') and
(2@ 7,v). So by Fact 4.8, (2% 7, v), F~}(w) |= —. QED

4.2 S4 on 2%, the Construction Method

We have now seen how the model theoretic approach can be used to show S4 is complete
with respect to the Cantor Space. Let us examine this proof from the perspective of the
construction method.

Theorem 4.9 (2¥ 1) is complete with respect to S4.

Proof. Assume g4 x. Let £’ be the language £ restricted to subformulas of —y. Then there
are only finitely many £’ maximally consistent sets, each of which is finite. We will label
nodes of the Cantor Space with £’ maximally consistent sets as follows:

1) Label the root r of the Cantor Space with I';, an £’ maximally consistent extension of
{=x}-

2) If a node ¢ is labeled with I'; then label every node s O ¢ of the branch ¢000... with T;.

3) If a node t is labeled with I'; then label the nodes occurring immediately to the right
of the branch ¢000... as follows. Let X = {<{hg, $thy...0Y} be an enumeration of the
diamond formulas in I';. Label the node t1 with a £’ maximally consistent extension of
{o} U {DO¢ | Op € T't}, the node t01 with a maximally consistent extension of {11} U

{O¢ | Op € I';}, t(0)¥1 with a maximally consistent extension of {1 }U{Oyp | Op € T},
£(0)*01 with a maximally consistent extension of {0} U{O¢p | Op € T}, ..., and so on.

Associate o € 2¢ with any £’ maximally consistent set I' which occurs infinitely many times

on the nodes of o (since there are only finitely many £’ maximally consistent sets, such a T’
is guaranteed to exist). Assign (2“,7) the usual Henkin valuation.

Lemma 4.10 2¥,1,v), 0 Ep < peTl,.

Proof. By induction on the complexity of . We will only treat the case ¢ = 0.
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[«<] Assume Oy € T',. By examining the labeling procedure, it is clear that s C ¢t =

{0y | Oy € Tx} C {O¢ | Oy € T'y}. Since each £/ maximally consistent set is finite, there
must be some ¢’ C o such that for all ¢ D ¢, {O¢ | Oy € Ty} = {O¢ | Oy € Ty} Tt
then follows from the labeling of branches that for every ¢’ € By, O € I',s. Furthermore,
Oty — 1 is an axiom (and ¢ is in £ since it is a subformula of Ov), so for all ¢/ € By,
1) € T'ys. Thus by the inductive hypothesis all o’ |= . It follows that (2¢,7,v), 0 = Ov.

[=] Assume &) € T, and B, is an arbitrary open such that ¢ C 0. We know there is
some t' D t labeled with I';. Assume O—p = Og; in the enumeration {Opg, O, ..., On}
of © formulas in T'y. Let o/ = #/(0)7100.... Then ¢’ € B; and = € I',s, so by the inductive
hypothesis, ¢/ = —¢. Thus (2¥,7,v),0 E .

Let o9 = 000.... We know that og is associated with ', and —x € I';, so it follows from the
above Lemma that (2¥, 7,v), 09 = —x. QED

4.3 Method Comparison

When using the construction method to establish that S4 is complete with respect to the
Cantor Space, no mention is made of Kripke frame characterizations of S4, viewing these
frames as topological spaces, establishing a homeomorphism between the Cantor Space and
an arbitrary member of a class of Kripke frames, etc.. The only relevant fact, that there are
only finitely many maximally consistent sets, each of which is finite, is used in exactly the
way you would expect given how O and < formulas are evaluated on branches of the Cantor
Space. In this case, the construction method avoids a detour through Kripke semantics.

However, the mere streamlining of existing topological completeness proofs does not prove
the utility of the construction method. This comes only when we moving to modal languages
richer than £, where the requisite Kripke frame characterizations are often very difficult to
come by. In such cases, the construction method can be used to considerable advantage.

One instance where the construction method simplifies matters significantly is axiomatiz-
ing (Q,7) in LPFP. To get a sense of the difficulty of working model theoretically, consider
one of the common Kripke frame characterizations of S4. For example, recall that S4 is com-
plete with respect to the class of all finite transitive and reflexive trees. Call this frame class
F. To make the model theoretic argument go forward, it is necessary to add structure to [F to
make the temporal axioms of Qopp true. As it stands, axioms such as Fp — G(pV PpV Fy)
(right-linearity) and Py — H(p V PoV Fy) (left-linearity) need not be true on an arbitrary
(W, R) € F. The natural way to do this is to add an additional relation S to all (W, R) € F
such that the temporal axioms (density, unboundedness, right linearity, left linearity, etc.)
are true on S.

However, once this new frame class F’ is conceived such that the axioms of S4 and Qpp

are true on (W, R, S) € F/, it still must be taken care that all the interaction principles be-
tween O and F and P are true on (W, R,S) € F’. This is guaranteed to be difficult, since
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Qorp is a somewhat expressive language and a tree containing two relations R and .S bears
little resemblance to the intended structure (Q, 7). Once this is done, it remains to be shown
that (Q, 7) is modally equivalent to the relevant Kripke countermodel (W, R, S) € F' .

In this case, rather than wrestling with Kripke frames it is better to go to the intended
structure (Q, 7) directly. It is much simpler to force O and F' and P to interact correctly
on (Q, ), as we did with the syntactic condition <gy, than establish that (Q,7) is modally
equivalent to an arbitrary member of some class of Kripke frames.

In general, when attempting to establish modal completeness results on mathematical struc-
tures it seems preferable to avoid Kripke semantics. In a large number of cases, the relevant
Kripke frame characterizations are difficult to establish and the necessary structural transfer
proves awkward [19] [20]. The construction method provides a means to avoid Kripke seman-
tics. Thus when working in modal languages more expressive than L, it seems reasonable that
the construction method would be the first choice to establish spatial completeness results.
Furthermore, since most questions concerning the basic modal language £ with a spatial
interpretation have already been answered, it is reasonable to believe that the construction
method will be a useful tool in the future of modal logics of space.
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