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STEFFEN LEWITZKA Denotational Semantics for
Modal Systems 53—55
Extended by Axioms for
Propositional Quantifiers
and Identity

Abstract.  There are logics where necessity is defined by means of a given identity con-
nective: Oy := ¢ = T (T is a tautology). On the other hand, in many standard modal
logics the concept of propositional identity (PI) ¢ = 1 can be defined by strict equivalence
(SE) O(¢ < 7). All these approaches to modality involve a principle that we call the
Collapse Axiom (CA): “There is only one necessary proposition.” In this paper, we con-
sider a notion of PI which relies on the identity axioms of Suszko’s non-Fregean logic SCI.
Then S3 proves to be the smallest Lewis modal system where PI can be defined as SE. We
extend S3 to a non-Fregean logic with propositional quantifiers such that necessity and PI
are integrated as non-interdefinable concepts. CA is not valid and PI refines SE. Models
are expansions of SCI-models. We show that SCI-models are Boolean prealgebras, and
vice-versa. This associates non-Fregean logic with research on Hyperintensional Seman-
tics. PI equals SE iff models are Boolean algebras and CA holds. A representation result
establishes a connection to Fine’s approach to propositional quantifiers and shows that
our theories are conservative extensions of S3—-S5, respectively. If we exclude the Barcan
formula and a related axiom, then the resulting systems are still complete w.r.t. a simpler
denotational semantics.

Keywords: Non-Fregean logic, Modal logic, Propositional identity, Propositional quanti-

fiers, Denotational semantics, Hyperintensional semantics.

1. Introduction

The semantical approach to some Lewis-style modal logics studied in this
paper relies on the principles of R. Suszko’s non-Fregean logic (see, e.g.,
[3,4,21,22]). The essential feature of a non-Fregean logic is an identity
connective = such that (¢ = ¥) — (p < 1) is a theorem but the so-
called Fregean Axiom (¢ < 1) — (¢ = ) is not valid. A formula
@ = 1 can be read as “p and ¥ have the same denotation.” The basic
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non-Fregean logic is the Sentential Calculus with Identity SCI [3,4]. SCI
extends classical propositional logic by an identity connective and iden-
tity axioms which can be given by the following three schemes: ¢ = ¢,
(6= ) — (p — ¥), and (p = ¥) — (o := ¢] = xle == ¥]), where
x|z := ¢] is the formula that results from substitutions of all occurrences of
variable x in x with formula ¢. A model of SCI can be defined as a structure
M= (M, TRUE, f1, fr,f-, fvs frn, f—, f=) such that for all elements a, b of
the universe M, the conditions (ii)(a)—(e) and (g) of Definition 3.4 below are
satisfied. An assignment (or valuation) is a function v: V' — M from the set
of propositional variables V' to M which extends in the canonical way to a
function from the whole set of formulas to M. The satisfaction relation then
is defined as (M,7) F ¢ = v(¢) € TRUE. More expressive non-Fregean
logics which contain also propositional quantifies and further ingredients are
studied, e.g., in [2,16,21].

We define a proposition as the denotation y(¢) € M of a formula ¢ in a
model M under a given assignment ~.! The proposition denoted by ¢ can be
identified with the equivalence class {¢) | (M, ) E ¢ = 1} which is the set of
all formulas having the same denotation as ¢. We call this set the extension
of v. An extensional model contains only two propositions: the True and
the False. In such a model, a proposition is given by its truth-value. If there
were only extensional models, then the Fregean Axiom would be valid and
SCI would be equivalent with classical propositional logic. The intension
of a formula ¢ is expressed by its syntactical form.? In a non-Fregean logic
with propositional quantifiers we call a model intensional if extension and
intension of sentences (formulas with no free variables) can be put in one-to-
one correspondence, i.e., if for all sentences @, 1, (M,v) E p = iff p =, 9.
The existence of such a model (see [16]) ensures that ¢ = 9 is logically valid
iff ¢ =, . That is, besides alpha-congruence, no further identifications
between sentences are forced by the logic. Therein lies the expressive power
of non-Fregean logic. Intensions of sentences are no longer indiscernible and
semantic properties can be modeled easily (see, e.g., [14—16]). This feature,
however, can be lost if a specific non-Fregean theory involves too strong
principles.

1Suszko refers to the elements of a non-Fregean model as situations. His aim was to
develop a situational semantics [23] as an attempt to formalize aspects of Wittgenstein’s
Tractatus [20].

2In a non-Fregean logic with propositional quantifiers, alpha-congruent formulas, i.e.,
formulas that differ at most on their bound variables, express the same intension and
should denote the same proposition. We write ¢ =, v if ¢ and v are alpha-congruent.
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Early approaches to modality in logics with an identity connective have
been developed by Cresswell [6,7] and Suszko [21], see also the Historical
Note at the end of [21]. Suszko elaborates two particular SCI-theories which
correspond to the modal logics S4 and S5, respectively. Ishii [12,13] is able
to generalize these results by modifying the axioms of propositional identity
of SCI. His system PCI corresponds exactly to modal logic K. Moreover,
he shows that PCI can be extended to systems which correspond to many
other normal modal logics, including S4 and S5. All these proposals have
in common that the modal operator is introduced or defined by means of
the identity connective: [y := ¢ = T. Consequently, there is only one
necessary proposition, namely the proposition denoted by T. We call this
principle the Collapse Azxiom. Moreover, propositional identity ¢ = 1 is
given by strict equivalence (¢ < 1)) and models are forced to be Boolean
algebras (with some additional structure). In particular, logically equiva-
lent formulas, such as ¢ — 1 and —¢ V 9, are indiscernible although they
express different intensions. We argue that these algebraic constraints are
(at least in case of Lewis systems S3—-S5 ) unnecessarily strong and restrict
the potential of intensional modeling in non-Fregean logic. For instance, in
[15] it is shown that if a non-Fregean model has many necessary (=known)
propositions, then common knowledge in a group can be modeled in a nat-
ural way. The approaches mentioned above adopt the limitations which are
already inherent in possible worlds semantics. In fact, if at a given normal
world w (in some Kripke frame), the proposition denoted by formula ¢ is
defined as the set of those worlds which are accessible from w and where
¢ is true, then ¢ and v denote the same proposition iff (¢ < 1) is true
at w. Hence, propositional identity ¢ = 1) is given by strict equivalence.
Suppose now [y and [y are true at w. Since ¢ — (¢ — ¢) is a theorem,
Necessitation yields O(¢p — (¢ — ¢)). Applying the K-axiom and Modus
Ponens, we derive (1) — ). Similarly, we obtain (¢ — ). Thus, ¢ and
1 are strictly equivalent and denote the same proposition. Thus, the Col-
lapse Axiom (Op A OY) — (¢ = 1) is valid. One goal of this paper is to
capture some Lewis modal systems by a non-Fregean semantics without the
above described limitations. In particular, the Collapse Axiom should be
invalid. Consequently, necessity and propositional identity must be axiom-
atized independently from each other. A further goal of this paper is to
find an appropriate axiomatization of propositional quantifiers (i.e., quan-
tifiers that range over the model-theoretic universe of a model) which is
independent from specific properties of the possible worlds framework. In
a first approach, we give an axiomatization which essentially corresponds
to that presented by Fine [8] and which is sound and complete w.r.t. our
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first kind of denotational semantics. That axiomatization contains the Bar-
can formula, valid in the possible worlds semantics considered in [5,8], as
well as a related extensional principle. Both principles can be excluded from
the original axiomatization if we work with a weaker, simpler and in some
sense “more intensional” denotational semantics which we consider in the
last section of the paper.

2. The Deductive System

The set Fm(C) of formulas is inductively defined over a well-ordered set
V = {x9,x1,x2,...} of propositional variables, a set C' of propositional con-
stants such that T, L € C, logical connectives -, —,V, A, L, T, the identity
connective =, the modal operator [J for necessity and a universal propo-
sitional quantifier V. ¢ < 1 is an abbreviation for (¢ — ) A (¢ — ).
By wvar(y), fvar(y), con(e) we denote the set of variables, free vari-
ables, constants occurring in formula ¢, respectively. These notations also
apply (in the obvious way) to sets of formulas @, e.g., fvar(®) etc. A
substitution is a function o: VU C — Fm(C). If uy,...,u, € VUC,
V1, ...,y € Fm(C) and o is a substitution, then ouy := 11, ..., u, 1= 1]

is the substitution which maps u; to ¢; (i = 1,...,n) and coincides with o
on (VUC)~A{us,...,u,}. The identity substitution u — w is denoted by e.
Instead of eluy := 1,...,u, := 1, we also write [uy 1= ¥1,...,uy = V).

If we write o: V' — Fm(C'), then we tacitly assume that o is a substitution
satisfying o(c) = ¢ for all ¢ € C. A substitution o extends to a function
from F'm(C) to Fm(C) which we denote again by o. We apply postfix
notation: ¢[o]. The extension is defined canonically in most of the cases:
(pV)lo] := plo] Vilo], etc. Only the quantifier case needs a specification:

(Vzp)lo] = Vy(plolz == yl]),

where y is the least variable of V' greater than all elements of | J{ fvar(o(u)) |
u € fvar(Vzp) U con(Vrp)}. We say that the variable y is forced by the
substitution o w.r.t. Vzo.

In analogy to the Lambda Calculus, two formulas ¢, are said to be
alpha-congruent, notation: ¢ =, 9, if ¢ and ¥ differ at most on their bound
variables. For instance, Vz((z = L) V(z =T)) = Yy((ly= L)V (y=T)).
Alpha-congruent formulas express the same intension and should denote
the same proposition in every model. This is ensured by the model-theoretic
semantics.

We assume that Ve € Fm(C) implies x € fvar(yp). Strings such as
Vae or Vy(x = x) are not formulas. This can be guaranteed by a suitable
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definition of F'm(C'), see [16]. Also for a proof of the following fact we refer
the reader to [16]. Recall that ¢ is the identity substitution. ¢ applied to a
formula may result in a renaming of bound variables.

LEmMMA 2.1. ([16]) Let p,v» € Fm(C). Then ple] =, @. Moreover, ¢ =
¥ < ole] = Ylel.

The quantifier rank gr(¢) of a formula ¢ is recursively defined in the fol-
lowing way: gr(u) = 0 for u € VUC, qr(—v) = qr(¢) = qr(y), qgr(v@Qy) =
maz{qr(1),qr(x)}, where @ € {V, A, —, =}, qr(Vay) =1+ qr().

A sentence is a formula with no free variables. F'm,, C Fm(C) is the
set of formulas of basic modal logic, i.e., the set of those formulas which are
quantifier-free, do not contain the identity connective and do not contain
constants distinct from L, T. F'm, is the set of those formulas of Fm,,
which do not contain the modal operator [, i.e., F'm,, is the set of formulas
of basic propositional logic. By a substitution-instance of ¢ € F'm,, we mean
a formula which results from uniformly replacing some variables in ¢ by
formulas of Fm(C).

All formulas of the following form are axioms:

(i)
(ii) Oy — ¢
) O(p = ¢) — (Op — 0y)
) O(p — ¢) — O(0e — Oy)
(v) ¢ =1, whenever ¢ =, ¢
(vi) V) = (g = ¥)
(vii) ) (plz == 9] = plo =7, if z € fvar(p)
)
)
)
i)
)

propositional tautologies and their substitution-instances

(iii

(iv

(¢
(¢
(viii Vm( V) — (Vop = Vo))
(ix V$60—>90[13 =]

(x) Vz(p — ¢) = (Vop — Vai)

(xi) V(o — ) — (¢ — Vay), if z ¢ fuar(p)
(xil) OVzp — Ve
(xiii) VazOp — OVze (Barcan formula)

The set AX of all axioms is the smallest set that contains all formulas
(i)—(xiii) above and is closed under the following condition (*): If ¢ is an
axiom and = € fvar(p), then Vzy is an axiom.

The rules of inference are:
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e Modus Ponens MP: “From ¢ and ¢ — 9 infer 1.”

e Axiom Necessitation AN: “If ¢ is an axiom, then infer [p.”

The resulting deductive system is an amalgam of basic non-Fregean logic
SCI (propositional logic + the axioms of propositional identity (v)—(vii))
and Lewis modal logic S3 (propositional logic 4+ axioms (ii)—(iv) + rule AN)
together with axioms for propositional quantification (axioms (ix)-(xiii))
and bridge axiom (viii).® We refer to that system as S3Z. S4Y is the system
that results from adding the axiom scheme Oy — OOgp. S5Z is obtained
by adding the scheme =y — 0=y to S4Z. Since the Necessitation Rule
is not part of the deductive system, we are able to define the notion of
derivation in the same natural way as in (non-modal) propositional logic: a
derivation of ¢ € Fm(C) from ® C Fm(C) is a finite sequence of formulas
©1,---,%n = @ such that for each i = 1,...,n: ¢; € ® or p; is an axiom or
©; is obtained by rule AN or ¢; is obtained by rule MP applied to formulas
©j, Pr = ©j — @i, where j, k <.

Usually, the Barcan formula (axiom (xiii)) refers to a certain semantic
property of first-order modal logics and in that context it has been the
object of some philosophical debates. The Barcan formula is also considered
as an axiom in the approaches to propositional quantifiers presented by Fine
[8] and Bull [5]. In fact, the Barcan formula as well as its converse (axiom
(xii)) are valid in the possible worlds semantics. In our approach, the Bar-
can formula corresponds to a semantic property which is used to establish
soundness of Axiom Necessitation (see the first equivalence of (3.1) after
Definition 4.4 below). The converse of the Barcan formula ensures that a
Generalization Rule holds, see Lemma 2.4 below. Note that if propositional
identity ¢ = 9 is given by strict equivalence (¢ « ), then the bridge
axiom (viii) is derivable from the Barcan formula. In the proof of the Com-
pleteness Theorem, axiom (viii) ensures that a certain higher-order function
on the universe of the constructed model is well-defined. In the simpler and
weaker semantics defined in the last section, models do not contain that
higher-order function and the Barcan formula as well as axiom (viii) can be
avoided.

DEFINITION 2.2. If ® U {p} C Fm(C), then we write ® F,, ¢ in order
to express that there is a derivation of ¢ from ® in system SmZ, where
m € {3,4,5}.

3We follow a Lemmon-style axiomatization of S3, see, e.g., [11], pp. 199. Note that
stating axiom (viii) implies that variable z occurs free in both ¢ and .
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LEMMA 2.3. (Deduction Theorem) If ® U {p} b, ¥, then ® F,, ¢ — 1), for
m € {3,4,5}.

PROOF. It is enough to consider m = 3. The assertion can be shown by
induction on the length n of a derivation of ¢ from ® U {¢}. If n = 1,
then ¢ is an axiom or ¥ € ® U {¢} or v is obtained by the rule of Axiom
Necessitation AN. In the first two cases, the assertion follows from standard
arguments using classical propositional logic. Suppose 1 = [y’ for some
axiom v¢’. Then ® k3 ¢'. By AN, ® 3 [O¢/. Since (' — (¢ — O¢') is
an axiom (a substitution-instance of a propositional tautology), MP yields
the assertion. Now suppose n > 1 and the claim is true for all derivations
of length < n — 1. We may assume that the last step in the derivation is
MP (all other cases follow in the same way as before). The assertion then
follows from axioms of propositional logic. [

LEMMA 2.4. (Generalization) If ® ., ¢ and x € fvar(p) ~\ fvar(®), then
O+, Yoy, for m e {3,4,5}.

PROOF. As before, we consider m = 3 and show the assertion by induction on
the length n of a derivation. If n = 1 and the conditions of the Lemma hold,
then ¢ is an axiom or it is obtained by AN (note that ¢ € ® is impossible).
In the first case, Vxp is an axiom and therefore ® 3 Vzp. In the second
case, ¢ = Oy’ for some axiom ¢’. Then Vzy' is an axiom, and by AN we
obtain ® 3 OVze'. Axiom (xii) and MP yield the assertion. Now we suppose
n > 1 and the assertion holds for all derivations of length < n — 1. We may
assume that the last step of the derivation is MP. There are formulas v and
1) — @ derived in less steps. If x € fvar(1), then by induction hypothesis:
® 3 Vayp and @ 3 V(i — ¢). The assertion then follows from axiom
(x) and MP. Now suppose x ¢ fvar(). Since z € fvar(yp), the induction
hypothesis yields ® 3 V(1) — ¢). By axiom (xi) and MP, ® 5 ¢ — Vxep.
MP yields the assertion. [

LEMMA 2.5. (Necessitation) In S4Y and S5, the Necessitation Principle
holds. That is, for any ¢ € Fm(C), if b, @, then b, O, for m € {4,5}.

Proor. We fix m = 4 and show the assertion by induction on the length n
of a derivation of ¢ from the empty set. If n = 1, then ¢ is an axiom or ¢ is
derived by the rule AN. In the former case, AN yields k4 Clp. In the latter
case, there is an axiom @ such that ¢ = i, Then the axiom [y — OOy
and the rule of MP yield 4 y. Now suppose there is a derivation of ¢ of
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length n > 1. We may assume that the last step is MP. There are derivations
of formulas ¢ and ¥ — ¢ of length less than n, respectively. By induction
hypothesis, (i and (¢ — ) are derivable from the empty set. Axiom (iii)
and MP yield F4 Oep. ]

LEMMA 2.6. For any ¢, € Fm(C), Fn, (p =) — O(p = ), for m €

(3,4,5).

PROOF. It suffices to consider m = 3. Then

Fs (o =¢) — ((p = x)[x := ¢] = (¢ = 2)[z := 1)), by axiom (vii), where
x ¢ fvar(p)

s (9 = 9) = (p = 6)) — (Oslz = (¢ = ¢)] = Dalz = ( = ¥)]), again
by axiom (vii)

Fs (¢ =v¢) — (O(p = ¢) = O(p = ¢)), by transitivity of implication in
propositional logic

Fs (o =v) — (O(p = ¢) — O(p = v)), by axiom (ii) and transitivity of
implication

Fs (o =) — O(p = 9), since O(¢ = ¢) is a theorem (apply AN to axiom
) n

3. Denotational Semantics

Recall that a preorder is a binary relation which is reflexive and transitive
(but not necessarily anti-symmetric). There are several ways to introduce
Boolean prealgebras (see, e.g., [9,17]). We propose the following definition.

DErFINITION 3.1. Let M = (M, fi, fr,f- fv,fr, [—,<m) be a struc-
ture with universe M, operations f,, fr, f-, fv,fa, f— on M of type
0,0,1,2,2,2, respectively, and a preorder <,y on M. We call M a
Boolean prealgebra (or a Boolean prelattice) if the equivalence relation
defined by

acpmbsa<pyband b <pqa

is a congruence relation on M and the quotient algebra of M modulo ~ x4
is a Boolean algebra with lattice order <’ given by @ <’ b < a < b,
complement, supremum (join), infimum (meet) and implication, respectively
(@,b denote the congruence classes of a,b € M modulo ~ ).

A filter F' (with respect to <)) in a Boolean prealgebra M is a non-
empty subset ' C M such that for all a,b € M the usual filter axioms
hold:
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e ifac Fand a < b, thenbe F
e ifa,b e F, then fr(a,b) € F
.fJ_%F

An ultrafilter (or prime filter) w.r.t. <, is a maximal filter w.r.t. <.

Notice that any filter of a Boolean prealgebra contains the element fr
because in the quotient Boolean algebra the top element ft is contained in
every lattice filter.

LEMMA 3.2. Let M be a Boolean prealgebra with preorder <,q and let F' be
a filter w.r.t. <aq. The following conditions are equivalent.

(i) F is the smallest filter, i.e., the intersection of all (ultra)filters w.r.t.
M-
(ii)) F={a€ M|a=nm [T}
(iii) a <p b< f_(a,b) € F, for all a,b € M.

PROOF. (iii)—(ii): Let a € F. Since f_,(a, f—(fT,a)) represents a proposi-
tional tautology, it equals the top element of the quotient Boolean algebra.
Hence, it is an element of any filter of the Boolean prealgebra, in particular
of F. By (iii), fr <am a. Also a <4 fT because ft is the top element of
the quotient algebra. Now (ii) follows.

(ii)—(i): Let G be any filter. If a € F, then a =~y fT € G. Since G is a
filter, a € G. It follows that F' C G. Thus, F is the smallest filter.

(i)—(iii): @ < biff@ <’ b in the quotient algebra with lattice order <’ iff
f—(@,b) = fr (as in any Boolean algebra). By (i), F is the smallest filter of
the Boolean prealgebra. One easily shows that the canonical homomorphism
a — @ maps F to the smallest lattice filter of the quotient algebra, i.e., to
f7. Hence, the last condition is equivalent with f_ (a,b) € F. |

If M is a Boolean prealgebra with preorder <, then it is possible that
M is already a Boolean algebra and <, is not the lattice order <. In this
case, < refines <pq. For, a < b & f_(a,b) = fr = a <p b. Thus, the
smallest filter F' w.r.t. <, is a lattice filter of the Boolean algebra M, i.e.,
a filter w.r.t. <. The quotient algebra of M modulo ~ (i.e., modulo the
lattice filter F) then is a further Boolean algebra.

4Prime filters, in its general form, are defined in a different way. Recall, however, that
in a Boolean lattice every prime filter is a maximal filter, i.e. both concepts coincide. In
[3], the “truth-set” of a SCI-model is defined in terms of prime filters.
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Boolean prealgebras are considered as models in research on Hyperin-
tensions where logical modeling is investigated mainly from the viewpoint
of natural language semantics (see, e.g., [9,17]). It is argued that possible
worlds semantics does not provide enough intensions for the modeling of
natural language meanings. Solutions are discussed where propositions are
viewed as elements of Boolean prealgebras. However, a connection to Non-
Fregean Logic, found in the next theorem, seems to have been unnoticed
so far. Boolean prealgebras and models of SCI are essentially the same
objects:

THEOREM 3.3. The following assertions (a)—(c) hold true.

(a) If M = (M, f1, fr,f- fv, frs f=,<m) is a Boolean prealgebra, then
M' = (M, TRUE, f1, ft, [~ v, [n, [—, [=) is a model of SCI, where
TRUFE is an ultrafilter w.r.t. the preorder <,q and f= is any binary function
such that f=(a,b) € TRUE < a =0, for all a,b € M.

(b) Suppose M = (M, TRUE, f1, fr,f~, fvs frn, [—, [=) is a model of SCI.
Let F be the intersection of all sets T'C M such that

(M7T7fL7fT?fﬁ?f\/?f/\?f"?fE)

is a model of SCI. Define a <y b:< f_(a,b) € F. Then <y is a preorder
on M and M" .= (M, f1, fr, f- fv, fr, f—, <m) is a Boolean prealgebra
such that the sets T are ultrafilters and F is the smallest filter w.r.t. < 4.
(¢) The transformations described in (a) and (b) are in the following sense
inverse to each other. If M is a Boolean prealgebra, then M"” = M; and if
M is a SCI-model, then one can find an ultrafilter of M’ and a function
f= such that M" = M.

PROOF. The proof of (a) is straightforward. We prove (b). One easily checks
that <4 is a preorder, F is a filter and all sets 1" such as given in the
theorem are ultrafilters w.r.t. <, . From the definition of F' it follows that
F={a€ M]|a=pn fr} and =y is a congruence relation. Then for the
quotient algebra we get @ <’ b iff f_(@,b) = fr, where <’ is the partial
order as given in the definition and f+ = F. It follows that the quotient
algebra is a Boolean algebra with lattice order <’.

Finally, we show (c). Let M be a Boolean prealgebra. Then we obtain the
SCI-model M’ according to (a). From M’ we obtain the Boolean prealgebra
M in accordance with the construction in (b). By Lemma 3.2, the preorder
of M is exactly the preorder defined for M”. Also the universes and opera-
tions are the same. Thus, M = M”. The second part of the assertion follows
readily from the construction. [
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We observe that for a given model of SCI one may find a Boolean preal-
gebra in a simpler way. Suppose M = (M, TRUE, f1, ft, f-, fv, fas f—, [=)
is a model of SCI. Define a <y b:< f(a,b) € TRUE. Then, <y is a
preorder and M’ := (M, f1, fr, f-, fvs fr, f—, <a) is a Boolean prealge-
bra. In fact, the quotient algebra modulo =4 is the two-element Boolean

algebra.

DEFINITION 3.4. A propositional domain for the language F'm(C) is a struc-
ture

M = (Ma TRUE7NEO7fJ.)fT7fD:f—')f\hf/\af—HfE)vaF)

where M is a non-empty set whose elements are called propositions,
TRUE C M is the set of true propositions, NEC C M is the set of neces-
sary propositions, fi, fr, fo, f-, fv, fr, f—, f= are operations on M of type
0,0,1,1,2,2,2,2, respectively, fy: MM — M is a higher-order function,
and I': C — M is the so-called Gamma-function satisfying I'(L) = f, and
I(T) = fr. An assignment for M is a function v: V. — M. If y € MV
is an assignment, x € V and a € M, then 7 is the assignment which
maps = to a and maps variables y # x to v(y). An assignment v extends
in the following way to a unique function v: Fm(C) — M. v(c) = I'(c) for
c € C,v(Op) = fa(v(), v(=p) = f~(v(¥), Y(eQY) = fa(v(v), (%)),
for @ € {=,V,A,—}, and finally v(Vzy) = fy(Az.7Z(¢)), where z is any
new variable and Az.yZ(y) denotes the function m — ~27'(¢) from M to
M. Given ¢ € Fm, z € fvar(p), v € MV, a function t: M — M is
said to be (¢, x,7)-definable if t(m) = 7' (p), for all m € M. A func-
tion t: M — M is said to be definable if t is (¢, z,7y)-definable for some
o € Fm(C), x € fvar(p) and v € MV. A propositional domain M is a
S3Y-model if the following conditions hold:

(i) If NEC # @, then the relation <4 on M defined by
a<mb:e fo(a,b) € NEC

is a preorder and (M, f1, fr, f-, fv, fr, f—,<m) is a Boolean prelat-
tice.

(ii) The following truth conditions hold for all a,b € M (even if NEC' = @):

"Very similar semantics for quantifiers are given in [2,10]. Note that we cannot simply
interpret the universal quantifier as an infinite meet operation or as the infimum of an arbi-
trary (infinite) subset. This would require a complete Boolean (pre)algebra — a condition
which is apparently too strong to establish a Completeness Theorem (see the complete-
ness proof below). Moreover, requiring the existence of countably complete (non-principal)
ultrafilters would involve questions concerning the set-theoretical foundations.
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(a) f. € M~ TRUE, fr € TRUE

(b) f_(a,b) € TRUE < a ¢ TRUE or b€ TRUE

(¢) f-(a) € TRUE < a ¢ TRUE

(d) fr(a,b) € TRUE < a € TRUE and b € TRUE

(e) fu(a,b) € TRUE < a € TRUE or b€ TRUE

(f) fo(a) € TRUE < a € NEC

(g) f=(a,b) e TRUE < a =50

(h) fv(t) € TRUE whenever t: M — M is a definable function with

image im(t) C TRUE®
(iii) If NEC # @, then NEC C TRUF is a filter on M, i.e., for all a,b € M:

(a) if a € NEC and a < b, then b € NEC
(b) if a,b € NEC, then fa(a,b) € NEC

(iv) If NEC # @, then the following hold for all a,b € M:

(a) fr <m f=(a,a)

(b) fE(a7 b) SM f_>((l, b)

(¢) f=(a,b) <aq f=(t(a),t(b)), for any definable function t: M — M

(d) fola) Sama

(e) folf-(a,b)) <m f-(fala), fo(b)T

(f) fo(f=(a,b)) <m folf-(fola), fa(b)))

(g) fo(t) <m f=(fo(tr), fu(tz)), whenever ¢ is (p,x,~)-definable, t;
is (¢, x,v)-definable, and ¢ is the (¢ = 1, z,~y)-definable function
t(a) = f=(t1(a), t2(a))

(h) fu(t) <m t(a), for any definable function t: M — M

(i) fu(t) <m f=(fv(t1), fu(t2)), whenever tq is (o, x,y)-definable, to

is (1, x,7y)-definable, and t is the (¢ — 1, x,)-definable function
t(a) = f=(t1(a), t2(a))

() fv(t) <m f=(a, fu(t')), whenever t' is (¢, x,v)-definable, and ¢ is
the (¢ — 1, x,~y)-definable function t(a) = f_(b,t'(a)), where b is
the denotation of ¢ and fvar(p) = @°

(k) fo(fv(t)) =m fu(t'), for every definable function t: M — M and
function t': M — M with t'(a) = fo(t(a)).

(1) fe(t) € NEC whenever t: M — M is a definable function with
image im(t) C NEC?

n

—~

5The implication fy(t) € TRUE = im(t) C TRUE, for any definable ¢, will follow
from (iv)(h) and the fact that TRUE is a filter on M.

"This condition follows from (f) and (d).
8The denotation of a sentence is independent of any assignment.
9This condition follows from (iv)(k) together with (ii)(f) and (ii)(h).
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A S3Y-model is called normal if NEC # @, otherwise the model is
called non-normal. A normal S3Y-model is a S4Y-model if fo(a) <um
fo(fa(a)) for every a € M. A S4Y-model is a S57-model if f-(fo(a)) <m
fo(f-(fola))) for every a € M.

Note that if NEC # @, then TRUE is an ultrafilter. In order to see this,
suppose a € TRUE and a < b. The latter condition implies f_,(a,b) €
NEC C TRUE, by (i). Then by condition (ii)(b), b € TRUE. By (ii)(a),
fiL ¢ TRUE. Together with (ii)(b), this establishes the filter conditions.
Using (ii)(c) one shows that TRUFE is a maximal filter.

Observe that the higher-order function fy: M™ — M satisfies for every
definable function ¢ € M™ the following conditions:

fy(t) € NEC < im(t) € NEC
fv(t) € TRUE < im(t) C TRUE

The first equivalence is given by the conditions (iv)(1)4-(iv)(h). This
equivalence is important for the soundness of rule AN: if ¢ is an axiom
and x € fovar(yp), then Vxy is an axiom and, by rule AN, should be
mapped to a necessary proposition. The second equivalence is given by
the conditions (ii)(h)+(iv)(h) which ensure the following for any assign-
ment v € MY: v(Vzp) € TRUE iff 4y () € TRUE for all m € M. Since
TRUE and NEC are filters, a =~ b implies (e« € TRUE < b € TRUE)
and (a € NEC < b € NEC). One also verifies that ~, is, by condition
(iv)(f), a congruence relation with respect to f. In fact, (iv)(f) establishes
monotonicity of fg: if a < b, then fo(a) <a fo(b). However, x ) is, in
general, not a congruence relation with respect to the operation f=. That
is, a ~apq b and o/ = b does not imply f=(a,a’) ~p f=(b,0). In fact,
if a = o’ and b # b, then we obtain propositions f=(a,a’) € TRUE and
f=(b,0) ¢ TRUE with different truth values.

Note that for a non-normal model, the conditions (i), (iii) and (iv) are
irrelevant.

LEMMA 3.5. (Coincidence Lemma) Let M be a model, ¢ € Fm(C), and let
v,v': V. — M be assignments such that v(x) = ~'(x) for all x € fvar(y).

Then () =v'().

The proof of the Coincidence Lemma is an induction on ¢, simultaneously
for all assignments 7,~’. The lemma says in particular that the denotation
of a sentence, i.e., a formula with no free variables, is independent of any
assignment and depends only from the Gamma-function.

Observe that if x,y are distinct variables, then (vg)g = (75)3 for any
assignment v and elements a, b of the model-theoretic universe. If z4, ..., x,

(3.1)
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are pairwise distinct variables, then we write yg1>-~22 for the assignment
(o (Ot - e

DEFINITION 3.6. Let M be a model, v: V — M an assignment and o: V —
Fm(C) a substitution. Then we denote the assignment x — (o (z)) by yo.

The next result is an analogue of the Substitution Lemma of classical
first-order logic.

LEMMA 3.7. (Substitution Lemma) Let M be a model, v: V — M an assign-
ment and o: V — Fm(C) a substitution. Then

vo(¢) = v(plo]).

PROOF. Induction on ¢ simultaneously for all assignments v and all substi-
tutions o. The basis cases ¢ = x and ¢ = ¢ follow immediately from the
definition. Most of the cases of the induction step follow straightforwardly.
We show the quantifier case. Let u € V' such that u ¢ fvar(o(x)) for all
z € fvar(Vyy). Then one easily checks that (yo)j(v) = v5o(y := u](v) for
every v € fvar(y) and every a € M. In the following, let u be the variable
forced by the substitution o w.r.t. Vyip. Then:

Yo (Vy) = fu(Az.(vo),(¥))
= fv(Az.((7Zoly := u])(¥)) by the Coincidence Lemma
= fv(Az.(7. (¢[o]y := u]))) by the induction hypothesis
=v(Vu(yoly := u]))
=v((Vy)[o])
|

Notice that the Substitution Lemma implies equations of the following
form:
Va5 (0) = y(plar == o1, T = pn)).

DEFINITION 3.8. Let M be a S3%-model, v: V — M an assignment and
v € Fm(C). Satisfaction (truth) of ¢ in the interpretation (M, ) is defined
as follows:

(M,7) E ¢ :=vy(p) € TRUE.

This notion extends in the usual way to sets of formulas. For ® C Fm(C)
define Modz(®) := {(M,7) | M a normal S3%-model, v € MV and
(M, ~) E ®}. Logical consequence is defined as follows:

O k3 p = Mods(P) € Mods({¢}).
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As usual, we write IF3 ¢ instead of @ I3 ¢. Logical consequence for the logics
generated by the class of all normal S4Y-models, the class of all normal S5Y.-
models, respectively, are defined analogously.

Note that we have defined logical consequence only with respect to the
class of normal models. This is in accordance with the situation in modal
logic S3 where validity of a formula ¢ is defined as truth of ¢ in all normal
worlds in all Kripke models.

It is not hard to show that a normal model satisfies all axioms and rules of
inference. For instance, let ¢’ be a substitution-instance of the propositional
tautology ¢. In each Boolean algebra, ¢ is mapped by any assignment to
the top element. Then in our Boolean prealgebras, ¢ is mapped by any
assignment to an element of the smallest filter containing fr (if the model
is normal, that filter is NEC') and thus to an element of TRUE. By the
Substitution Lemma, the same holds for ¢’. Consider now the axiom Vzp —
o[z := 1]. Let M be a model and suppose (M, ) E Vzp for some assignment
v € MV. Then fy(Az.42(¢)) € TRUE. In particular, v¢(¢) € TRUE where
a = y(v). By the Substitution Lemma, v(¢[z := ¢]) = v%(p) € TRUE.
Now we consider axiom (v), ¢ = 1 whenever ¢ =, 1. Suppose ¢ =, 1. By
Lemma 2.1, this is equivalent with the condition ¢[e] = v[e], where ¢ is the
identity substitution. We have v = ~e, for any assignment v: V' — M. The
Substitution Lemma implies v(¢) = ve(p) = v(¢le]) = v(¢¥[e]) = ve(v) =
Y(¥). Thus, (¢ = ¥) = f=(1(¢),7(¥)) € TRUE and (M,7) F ¢ = 9. Also
the soundness of axiom (vii) follows from the Substitution Lemma and the
Coincidence Lemma (alternatively, one may carry out an induction on ¢).
We leave the remaining cases to the reader.

THEOREM 3.9. (Soundness) ® b, ¢ = ® Ik, ¢, for m € {3,4,5}.

4. Completeness

Completeness theorems for logics with an identity connective and quantifiers
that range over a universe of denotations of formulas or sentences have been
proved by several authors (see, e.g., [2,10,19,24]). We apply the typical
Henkin construction.

LEMMA 4.1. If ¢ is an aziom, ¢ a constant and y € V ~ var(y), then

ele:=vy| is an aziom.

PROOF. The assertion is obviously true for most of the axioms. We show
the assertion for axiom scheme (ix): Vzp — o[z := ¢]. We have
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(Vo — plz == P])[c = y]
= (Yap)lc == y] — (plz = ])[c:= y]
=Vz(plc:=y,z = 2]) — plc:=yl[z =]
= Vzpc:= yl[x := 2] — ple = yl[z = 2][z := ]
= Vzx — x[z == 9],

where z is the variable forced by [c := y] w.r.t. Ve — ¢z = 9], ¢ =
Yle:=yl, and x = p[c := y][x := z|. Note that y # x since y ¢ var(p). The
formula Vzx — x|z := 9] is clearly an axiom of scheme (ix). |

If we want to make explicit that a derivation of a formula ¢ from a set ®
contains only formulas with constants from C, then we write ® F§ . For a
set @ of formulas let ®[c:=y| := {Y[c:=y] | Y € ®}.

LEMMA 4.2. (Elimination of constants) Let C' be a set of constants and let
¢ be any constant, possibly ¢ ¢ C. Put C' := CU{c}. Then ® l—g, © implies
®lc:=y| F§ ¢lc =y, for almost all y € V.19

PRrROOF. We show the assertion by induction on the length n of a derivation
of ¢ from ® in language Fm(C"). If n = 1, then ¢ is an axiom or ¢ € ® or
¢ is obtained by rule AN. By Lemma 4.1, if ¢ is an axiom, then ¢c := y]
is an axiom for any y € V ~ var(p). It follows that in all three cases ®[c :=
y] F§ olc == 9], if we choose y € V \ var(yp). Now suppose the derivation
has length n > 1. We may assume that the last step of the derivation is
Modus Ponens. Then there are formulas ¥, ¥» — ¢ derived in less steps.
By induction hypothesis, ®[c := u] F{ ¥[c := u] for almost all u € V,
and ®lc := 2] F{ (¢ — @)[c := 2] for almost all z € V. But then holds
both, ®[c := y] F§ ¥[c := y] and ®[c := y] F§ (¥ — @)[c := y] for almost
all y € V. The last formula equals ¥[c := y| — ¢[c := y|]. MP yields the
assertion. [

COROLLARY 4.3. Suppose ® U {p} C Fm(C), © € fvar(y) and c is a
constant such that ¢ ¢ con(PU{p}). Then ® b3 o[z := c| implies @ -3 V.

PROOF. Suppose @ 3 ¢lr := ¢| and the conditions of the Corollary are
satisfied. Since derivation is finitary, we may assume that ® is a finite set.
Then var(® U {p}) is finite, too. By Lemma 4.2, we may find an y € V
var(® U {p}) such that ®[c := y] b3 @[z := ¢][c := y|. Hence, ® k3 plz = y]

0«tor almost all y € V? means for all but finitely many variables. That is, there are
only finitely many variables y such that the property stated in the Lemma does not hold.
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(¢ does not occur in ® U {p}). Because y does not occur (free) in @, we
may apply Lemma 2.4 which yields ® 3 Vy(p[z := y]). This formula is
alpha-congruent with Vxy. Then the axioms (v) and (vi) together with MP
yield @ k3 Vap. [ ]

In our treatment of Henkin sets (Definitions 4.4 and 4.6, Lemma 4.7) we
adopt some ideas and notations from [18].

DEFINITION 4.4. A set ® C F'm(C) is called a Henkin set if

e & is maximally consistent

e P3Vrp o Oy plx:=c|forallce C
The next observation follows immediately from axioms (xii) and (xiii).

LEMMA 4.5. Let ® C Fm(C) be a Henkin set. Then:
O b3 Ve < @ 3 Oplx == ¢ for all c € C.

DEFINITION 4.6. To each pair ¢, z, where p € Fm(C) and = € fvar(p), we
assign exactly one new constant c, , ¢ C and define

x

" = (Ve — @[T = cpl)).
Furthermore, Y (C) := {=(¢") | ¢ € Fm(C),z € fvar(p)}.

Note that —(¢”) can be written as Jz—p — @[z := ¢, ,]. In this sense,
Cy,o can be seen as a witness for the truth of Jz—ep.

LEMMA 4.7. If ® C Fm(C) is consistent, then so is @ UY (C) C Fm(C"),
where C'' = CU{cy . | ¢ € Fm(C),x € V'} according to Definition 4.6.

PROOF. Suppose ® UY (C) C Fm(C") is inconsistent. There are formulas
=(¢5%), .-, 2(pEn) € Y(C) such that ® U {—(¢;") | i < n} is inconsistent.
We may assume that n is minimal with this property. Let x := x,, ¢ := @,
€= Cnp, ® = PU{(¢]") | i <n}. Then @' is consistent and &' U{—-(p")}
is inconsistent. In particular, ®'U{—(¢")} i3 L. By the Deduction Theorem,
®’ 3 =(p®) — L. Contra-position yields &' 3 T — ¢*. By MP, &’ 3
—(=Vzyp — —plr := ¢]). This yields ® 3 =Vzp and ¢’ k3 @[z := ¢|. By
construction, ¢ ¢ con(y) U con(®’). We may apply Corollary 4.3 and obtain
®’ k3 Vap and ' k3 —Vap. But then @’ is inconsistent, a contradiction.
Hence, ® UY (C) C Fm(C") is consistent. |

DEFINITION 4.8. Let ® C Fm(C) be maximally consistent. For ¢, €
Fm(C) define p ~g 1) 1 ® b3 p = 1.
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LEMMA 4.9. Let & C Fm(C) be mazimally consistent. Then =g is an equiv-
alence relation on Fm(C) containing alpha-congruence and satisfying the
Jollowing: if p1 = Y1 and 2 ~g¢ e, then —p1 ~e 1, Upr ~e [y,
©1Qpy ~g 11 Qipy, where @ € {V,\,—,=}. That is, =g is a congruence
relation on F'm(C') containing alpha-congruence.

PROOF. By axiom (v), ~¢ is reflexive and contains alpha-congruence. Sup-
pose ¢ =g 1 and consider the formula x = ¢, where x € V ~ var(p).
Since ¢ = ¢ is an axiom, the axiom (¢ = ¥) — ((z = @)z = ¢| =
(x = @)z = 1]) together with MP yields ¢ ~¢ ¢. Thus, the relation
is symmetric. Now let ¢ ~¢ ¥ and ¢ =~ x. Let § := (x = x), where
x € V N war(yx). By axiom (vii) and MP, [z := ¢| ~¢ d[z := 1]). By
hypothesis, ® k3 [z := ]. Symmetry of ~¢, axiom (vi) and MP yield
® 3 0[x := |. That is, ¢ ~¢ x and x4 is transitive. Now suppose ¢1 ~g 11
and @y ~g Po. Let x € V N var(yy) and y € V N var(p;). By axiom (vii),
(P1Ap2) = (P1AY)[y = p2] ma (P1AY)]Y = Y] = (1 AY2) = (2 A\Y2) [z =
1] o (z Ah2)[x := 1] = 11 A 1ha. The remaining cases follow in a similar
way. |

Propositional logic, axiom (vi) and symmetry of ~¢ imply the next result.
LEMMA 4.10. Let ® be maximally consistent and ¢, € Fm(C). Then:
e pe P iff Ot3 0.
o If p =g 1), then p € & <= 1) € .

THEOREM 4.11. Every Henkin set has a normal model.

PROOF Let ® C F'm(C') be a Henkin set. By ¥ we denote the equivalence
class of ¢ € Fm(C) modulo ~g.

CrA 1. For every ¢ € F'm(C) there is a ¢ € C such that ¢ ~¢ .
Proof of the Claim: If x € V \ var(p), then obviously ® k3 (z = ¢)[x := ¢].
Contra-position of axiom (ix) yields: ® k3 (z = ¢)[z := @] — Vo= (z = ¢).
By MP: @ k3 —Va—(z = ¢). Since ® is consistent, & K3 Va—(z = ¢).
Because @ is a Henkin set, ® ¥5 —=(c = ¢) for some ¢ € C. ¢ is maximally
consistent, thus ® k3 ¢ = ¢. This proves Claim 1. The model M is given by
the following;:

M :={p |y e Fm(C)}
TRUE = {3 | ¢ € B}
NEC := {7 | Op € &}
fr=T,fL:=1 fo(®)=0p, f~(%) =7
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fﬂ(aaa) 3:@—”%]0;(@@ = (0
f\/(@?@) = 90\/¢,f/\(¢,ﬁ) = <P/\¢

I'(c):=¢

By the previous results, all these ingredients are well-defined. Furthermore,
for t € MM we define

Fo(t) {Vmg@, if there is a ¢ such that #(¢) = p[z :=¢| for all ¢ € C
(1) =

fT, if such a formula ¢ does not exist

Note that Claim 1 implies M = {¢ | ¢ € C}. It remains to show that
fv is well-defined. Let t € M™ and suppose there are two formulas
v, € Fm(C) such that ¢l := ] = t(¢) = Y[y := ¢| for all ¢ € C. With-
out lost of generality, we may assume that x ¢ var(y). Then gz := ] ~¢
Yly = ¢] = (Yly = z])[x := ¢], for all ¢ € C. Since ® is a Henkin set,
O 3 Va(p = (Y[y := z])). By axiom (viii), ® 3 Yoy = Va(¢[y := z]). Note
that Va(¢¥[y 1= z]) = Vyu. By axiom (v) and transitivity of ~¢ we get
Voo ~g Yy, that is, Yoy = Vyih = fy(t). Thus, fy is well-defined. For each
Yz € M, the function t € MM | given by t(¢) = o[z := c], is definable in the
sense of Definition 3.4. This follows from the proof of Claim 2 below. Now
it is not difficult to verify that M is a normal S3Y-model. In particular, all
truth conditions are satisfied. We only consider the conditions (ii)(g) and
(iv)(a). We have p = 1 iff ¢ =) € ® iff f—(p,) = ¢ = € TRUE. This
shows condition (ii)(g). Furthermore, if = 9, then ¢ = ¢ € ®. By Lemma
2.6 and MP, O(¢ = ) € ®. Hence, f—(p,¢) = ¢ = ¢ € NEC. Thus, condi-
tion (iv)(a) holds. Now let 5: V' — M be the assignment defined by x — 7.
We show that the interpretation (M, 3) is a model of ®.

CLAaM 2. B(p) =, for all p € Fm(C).

Proof of the Claim: Induction on the quantifier rank ¢r(y) of ¢. By induc-
tion on the construction of quantifier-free formulas one easily shows that the
assertion is true for all formulas of quantifier rank 0. Now suppose the asser-
tion is true for all formulas of quantifier rank n. Let ¢r (1) = n and ¢ = V.
Then ((¢) = B(Vzyp) = fy(AzB2()). Consider the function ¢ defined by
t(¢) = B5(¢). Then t(z) = AzB%(¢)). The Substitution Lemma and the
induction hypothesis yield: t(¢) = 5(¢) = B(¢[z == ¢]) = Y[z := (] for all
c € C (note that gr(¢[z = c]) < qr(Vzy)). Hence, B(Va)) = fy(t) = V.
So the Claim is true. Consequently:

(M,B)E e B(p) =€ TRUE < ¢ € ®. o
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THEOREM 4.12. Ewvery consistent set has a normal model.

PRrROOF. Let ® C Fm(C) be consistent. We extend ® to a Henkin set ®*
in an extended language Fm(C*), C C C*. Theorem 4.11 guarantees the
existence of a normal model of ®*. Its reduct w.r.t. the sublanguage F'm(C)
then will be the desired model of ®. Let Cy := C, &y := ®. If C,, and
®,, C Fm(C,,) are already defined, then define

Chiy1:=Cp U{cp s | ¢ € Fm(C,),x € fvar(p)}
Sy =0, U Y(Cn)

according to the notation of Definition 4.6. By Lemma 4.7, ®,, 1 is con-
sistent in F'm(Cpy1). Finally, we put ®* := (J,_, ®n. It follows that
®*t C Fm(C*), where C* = J, ., Cy. Since derivation is finitary, &+
is consistent in the language F'm(C*). By a standard argument based on
Zorn’s Lemma, ®* extends to a maximally consistent set ®* C Fm(C*). If
®* -3 Vg, then by axiom (ix): ®* k3 @[z := ¢] for all ¢ € C*. On the other
hand, suppose ®* 3 @[z := ¢] for all ¢ € C*, where z € fvar(y). Let n be
minimal with the property ¢ € Fm(C,). Then ¢z = c, ;] € Fm(Cpi1)
and ¢, » € Cpy1\Cp. By construction, ~(¢”) € Y(C,,) C ®,,.1 C ®*. Thus,
O* 3 =(¢"). Towards a contradiction suppose ®* F3 Vzp. Since ®* is max-
imally consistent, ®* k3 —Vap. Since ®* 5 @[z := ¢] for all ¢ € C*, we have
in particular ®* F3 [z = ¢, z|. Thus, ®* 3 =Vap A [z := ¢, ;). Equiva-
lently, ®* 3 =(=Vzyp — -z := ¢, 4]). That is, ®* 3 p*. This is a con-
tradiction to ®* 3 —(¢”) and the consistency of ®*. Therefore, ®* F3 Vayp.
We have shown that ®* has the properties of a Henkin set. Let (M*,3)
be a normal model of the Henkin set ®* C Fm(C*) and let I'™*: C* — M
be its Gamma-function. If we consider the restriction I': C — M of I'* to
C C C*, then we get a normal model M w.r.t. the sublanguage F'm(C), the
reduct of M*. Obviously, (M, () F ®. [ |

If ® ¥#5 ¢, then using the Deduction Theorem (Lemma 2.3) one shows
that ® U {—p} is consistent. The existence of a normal model of that set
implies ® 3 . The Completeness Theorem follows.

THEOREM 4.13. (Completeness) For all ® U {¢}CFm(C): ¢ k3 ¢p&
P "3 .

The result extends straightforwardly to Completeness Theorems for the
systems S4Y and S5Y w.r.t. the above defined semantics.
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5. Propositional Identity, Strict Equivalence and the Collapse
Theorem

Recall that by the Collapse Axiom we mean the scheme (Op AOyY) — (¢ =
). This logical property can be expressed in algebraic terms in the following
way: “In every normal model, the smallest filter is { f+}.”

LEMMA 5.1. Propositional identity w.r.t. a given interpretation (M,7) is a
congruence relation containing alpha-congruence on Fm/(C).!1 Strict equiv-
alence w.r.t. a given interpretation is an equivalence relation on Fm(C).
Moreover, propositional identity refines strict equivalence. That is,

IF3 (o =) — (O(p — ) AOW — 9)).

PROOF. Given a model (M, ), it follows easily from model-theoretic prop-
erties that ¢ ~; ¥ & (M,v) F ¢ = 1 defines a congruence rela-
tion on F'm(C) which contains alpha-congruence. Similarly, the relation
o s P = (Myy) E O — ¢) AD(W — ¢) defines an equivalence
relation. Now suppose (M,v) E ¢ = . This implies v(p) = ~(¢). Since
O(e — ¢) is valid, fo(f—(1(#),7(#)) = folf-((e).¥(¥))) € TRUE.
That is, (M,~) F O(¢ — ). Similarly, one shows (M,~) E O — ).
This shows the last assertion of the lemma. ]

Note that strict equivalence is in general not a congruence on Fm(C).
The reason for this fact is the identity connective: see the remarks after
Definition 3.4.

If the relations of strict equivalence and propositional identity coincide,
then the algebraic structure of models simplifies dramatically:

THEOREM 5.2. (Collapse Theorem) Let M be a normal model and <y its
preorder. The following are equivalent:

(i) M is a Boolean algebra and satisfies the Collapse Axiom.

(i) M is a Boolean algebra with NEC = { ft}.

(iii) < is a partial order.

(iv) Strict equivalence coincides with propositional identity, that is:

MEY2Vy((z =y) <« (O(z — y) AO(y — x))).

"By a congruence relation on Fm(C) we mean an equivalence relation which is com-
patible with the connectives -, V, A, —, [, = (but not necessarily with the quantifier V).
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PROOF. (i) = (ii) is clear.

(ii) = (iii): Let < be the lattice order. Then f_,(a,b) = fr < a <, for all
a,b € M, as in any Boolean algebra. But under the condition NEC = { f},
this is exactly the definition of the preorder <, in Definition 3.4.

(iii) = (iv): If (M,v) FE O(x — y) AO(y — =), then v(x) <am 7(y) and
Y(y) <m y(z). Since <y is a partial order, v(z) = v(y). Thus, (M,v) F
T =y.

(iv) = (i): M is a Boolean prelattice with preorder < given by a < b <
f—(a,b) € NEC. Suppose a ~pq b, i.e. a <y b and b <pq a. If we assign
a,b to the variables z,y, respectively, then condition (iv) yields a = b. That
is, &~ is the identity on M and the quotient algebra of M modulo &y,
is M itself, which, by Definition 3.1, must be a Boolean algebra. Moreover,
by Lemma 3.2, NEC = {a € M | a =a fr}. Since = is the identity, the
Collapse Axiom follows. [

Note that if the normal model M is a Boolean algebra, then its lattice
order < is not necessarily the preorder <. In other words, the set NEC,
which is a filter w.r.t. <u4, may strictly extend the (smallest) lattice filter
{fr} of the Boolean algebra. Since the lattice order < refines <, NEC is
also a lattice filter. The lattice order coincides with <4 if and only if the
Boolean algebra M satisfies the Collapse Axiom. Similarly, the condition of
a model M to satisfy the Collapse Axiom is not sufficient for M being a
Boolean algebra: <, may be not anti-symmetric.

The models of the modal SCI-theories studied in [21] satisfy the proper-
ties (i)—(iv) of the Collapse Theorem. Also the models of the non-Fregean
logic developed by Ishi [12,13] are Boolean algebras and satisfy the Collapse
Axiom (the identity connective of that logic, however, satisfies in general
not all SCI-axioms of propositional identity).

THEOREM 5.3. We consider here the language Fm,, of basic modal propo-
sitional logic. If we introduce an identity connective defining

p=1 =00 —¢)AO — ),

then the axiom schemes of propositional identity (v)—(vii) of AX are deriv-
able in $3.'2 That is, propositional identity is definable by strict equivalence
in S3.

2In this quantifier-free context, we may replace axiom (v) by the stronger (v'): ¢ = .
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PROOF. Suppose a connective = is defined in that way. We consider deriva-
tions in modal logic S3. Since (¢ — ¢) is derivable (by Axiom Necessi-
tation), we get ¢ = ¢, i.e. axiom (v’) of propositional identity. Axiom (vi)
derives from axiom (ii). In order to prove that axiom (vii) is derivable it
suffices to show that the following are theorems:

e (p=v)AN([=Y)) = ((p—=¢) =0 —1Y))
e (p=Y)A (¢ =¢)) = (e A¢) = (P AY))
e ((p=)A (¢ =¢") = ((pVy) = (wvw))
e (p=Y)N (¢ =¢) = (p=¢) =W =9))
* (p=v) — (Hp=LY)

It is known that (Op A O¢) < O(p A ) is a theorem of S3. Hence,
strict equivalence between ¢ and 1 can be expressed by (¢ < ). By
propositional logic and rule AN we get O((¢ < ¢) — (m¢ < —)). Axiom
(iii) and MP then yield the first theorem above. Similarly, we get the second,
third and fourth theorem. Let us look at formula number 5. By propositional
logic and AN: O(((¢ — ) A (¢ = ¥)) — (¢ = &) = (b = /). By
axiom (iii) and MP: O((¢ < ¥) A (¢’ «— ¢") = O((p < ¢') < (¥ < ¢")).
By axiom (iv) and transitivity of implication: O((¢ < ) A (¢’ < ¢')) —
O0(¢ < ¢') < O < 9')). This yields the fifth theorem. Finally, by
axiom (iv) we have O(¢ — ¢) — O(O¢ — Ov) and Oy — ¢) — OOy —
Op). Hence, (O(¢ — ) AOW — ¢)) — (OO0¢ — Op) A DOy — Op)).
From this one easily derives the last theorem. The scheme of axiom (vii)
now follows by induction on formulas. [ |

COROLLARY 5.4. S3 is the weakest Lewis modal system in which proposi-
tional identity is definable by strict equivalence.

PROOF. We saw that in S3 all axioms of propositional identity can be derived
if one defines propositional identity by strict equivalence. A particular axiom
of propositional identity is the following: (¢ = ¢) — (Qp = v), ie

(O = ) AO@W — ¢)) — (O00¢ — ) AO(O¢ — Og)). This, how-
ever, is not a theorem of the weaker Lewis system S2 as one can show by
constructing a Kripke model of S2 (i.e., a Kripke model with at least one
normal world and reflexive accessibility relation) where that formula is not
true. |
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6. Representation Theorems

K. Fine [8] extends normal modal logics by axioms for propositional quan-
tifiers and studies several conditions which can be imposed upon the set
of propositions. A natural condition, trivially satisfied in our denotational
approach, is that propositions “are closed under formulas”, i.e., each for-
mula under any valuation denotes (“interprets”) a proposition. In partic-
ular, propositions are closed under Boolean operations. We define here a
S3r-frame as a triple F = (W, N, R, P), where W is a set of worlds, N C W
is a non-empty set of normal worlds, R C W x W is a reflexive and transitive
accessibility relation, and P C Pow(W) is the set of propositions (“closed
under formulas”). In particular, @, W € P. We may assume here that the
only world accessible from a non-normal world w is w itself. This will be
helpful for the definition of proposition in the context of non-normal modal
logic S3. We work with the language F'm(Cy) where Cp = {L, T}. A valua-
tion is a function g: V' — P which extends to the set of constants such that
g(L) :== @ and ¢g(T) := W. If g,¢" are valuations such that g(y) = ¢'(y)
for all y € V . {z}, then we write g =, ¢’. The satisfaction relation for a
normal world w € N is defined as follows:

(w,9) Ex o weg(x), forzeV
g)Fc:eweg(e), for ce Oy
g EeVY e (w,g)Fpor(w,g)Fi

9)Ee Ny e (w,g) F @ and (w,g) F i

g9)F o=t (w,g)Fpor(wg)Fy

g)F e (w,9) F o

g) EOp & (W', g) E ¢, for all w’ such that wRw’
9)

(w,
(
(
(
(
(
( Fo=1:& (w,g)Feiff (w',g) E, for all w’ such that wRw'
(

w, g) FEVrp & (w,g') E ¢ for all valuations ¢’ such that ¢’ =, ¢

The satisfaction relation for a non-normal world w € W ~' N is given in
the same way except for the condition concerning the modal operator which
is replaced by the following:

(w, g) ¥ Op

Let S37 be the set of formulas true at all normal worlds in all S37-frames
under all valuations. If we consider those frames where N = W, then we
obtain the theory S4mw. S57 results from S47 by imposing the additional
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condition that R in each frame is an equivalence relation. This is essentially
the same way as the theories S4w and S5 are defined in [8]. Of course,
our theories contain, in addition, theorems with identity connective (this
connective is not an element of the language considered by Fine [8]). Note
that all axioms of AX belong to S3w. One also easily checks that

(p=9) < Olp <)
(p=v)—Dlp=7)

belong to S3m. Recall that the latter is also derivable from AX (see Lemma
2.6). The former, however, is valid iff the Collapse Axiom holds (see Theorem
5.2). Note that O(¢ < 1) — O0(p <> 1) is not a theorem of S3w. So we
cannot replace ¢ = 1 by O(p < 1) in every context (both formulas are
equivalent in normal worlds but they do not necessarily denote the same
proposition).

In standard modal logic, a proposition is usually regarded as a set of
possible worlds. Relative to a given world w of a given frame one may regard
the proposition denoted by ¢ as the set of those worlds which are accessible
from w and where ¢ is true. Accordingly, two formulas ¢ and v denote the
same proposition at world w iff ¢ = ¢ is true at w.

THEOREM 6.1. Let k € {3,4,5}, let F = (W, N, R, P) be a Skr-frame and
Co = {L, T}. For every world w € W and every valuation g: V' — P there

exist a SkY-model M satisfying the Collapse Aziom and an assignment
v: V. — M such that for all @, € Fm(Cy) the following holds:

(M,7) E e (w,9) F .

In particular, (M,~v) E p =19 < (w,g9) E ¢ = . That is, ¢ and ¢ denote
the same proposition in M iff they denote the same proposition in F at
world w. Thus, the concept of a proposition as the denotation of a formula
i model M and the modal concept of a proposition as a set of possible
worlds are equivalent.

PROOF. For each p € P let ¢, be a constant symbol such that p # ¢ implies
¢p # ¢q. Put C :={¢, | p € P}. We may assume that L, T € C. A valuation
g: V. — P now extends to a function on V U C such that g(c,) = p. The
second clause of the truth definition above says: (w,g) F ¢ & w € g(c),
where ¢ is now any element of C. By induction on formulas, simultaneously
for all valuations, one shows the following facts:

Coincidence Lemma: For all w € W and all ¢ € Fm(C), if g(z) = ¢'(x) for
all z € fvar(yp), then (w,g) F ¢ & (w,g") E ¢.
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Substitution Lemma: For any w € W, p1,....pp, € P, x1,...,2, € V,
¢ € Fm(C) and any valuation g, (w,gbtbn) F ¢ & (w,g) F elz) =
Cprs--oy T 1= Cp, .

As a consequence we obtain the following:

(w,g9) EVzp & (w,g?) F ¢ for all pe P < (w, g) F plx :=¢,] for all pe P.
(6.1)

Now let w € W and let g: V — P be a valuation. Define the relation ~
on Fm(C) by ¢ = ¢ &= (w,g) F ¢ = 1. One easily checks that ~ is a
congruence relation on F'm(C). For ¢ € Fm(C) let @ be the equivalence
class of ¢ modulo ~. Every formula denotes a proposition (in the terminology
of [8], “P is closed under formulas”). Thus, for each ¢ there is a constant
¢ € C such that ¢ ~ c. In fact, we may choose ¢ = ¢, if ¢ denotes the
proposition p € P under the valuation g. Define

M:={g|peFm(C)} ={¢|ceC}
TRUE := {7 | (w,g) F ¢}
NEC = {p | (w,g) E Op}

f-(@) ==, fa(@) =0y, fr =T, f1L := L, and fa(p,?¥) = pQy

for @ € {V,A,—,=}. The Collapse Axiom holds and NEC = {ft}. The
above sets and operations are well-defined and form a Boolean algebra M.
We define the Gamma-function by I'(c) := ¢. Finally, the higher-order func-
tion fy: MM — M is given by

Aol Vay, if there is a ¢ such that ¢(¢) = @[z :=¢] for all c € C
v(t) =:
fr, if such a formula ¢ does not exist

Now we may argue in a similar way as in the proof of Theorem 4.11,
where a model for a Henkin set is constructed. By (6.1), ® = {¢ € Fm/(C) |
(w,g) F ¢} has in fact the properties of a Henkin set. We show that fy is
well-defined. Suppose t € M™ such that p[x := c] = t(¢) = [y := ¢] for two
formulas ¢, 1) € Fm(C) and for all ¢ € C. Without lost of generality, we may
assume that = ¢ var(vy). Then p[z = ] = Y[y := | = Y[y := z])[z = (]
for all ¢ € C. That is, (w,g) F O((¢ < Y]y := z])[z := ¢]) for all ¢ € C.
By (6.1), (w,g) F V2O((¢ < 9]y := z]). The Kripke semantics implies:
(w,g) F O(Vxp « Vayly := z]). That is, Ve = Va[y := z]. Note that
Valy := x| and Yy are alpha-congruent. Thus, fy(t) = Vze = Yy and fy
is well-defined. One verifies that all conditions of a S3%.-model are satisfied.
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For instance, condition (iv)(k) holds because the Barcan formula and its
converse belong to S3w. Let v: V — M be the assignment defined by z — 7.
In the same way as in Claim 2 of Theorem 4.11 one shows by induction
of the quantifier-rank that v(p) = @ for all ¢ € Fm(C). Then for every
w € Fm(C):

M, Foev(p) =p € TRUE < (w,9) F .

Finally, we consider the “reducts” of both models (i.e., the restrictions of
the Gamma-function, of the valuation g, respectively) to the sublanguage
Fm(Cy) € Fm(C). This yields the assertion. Note that M is the two ele-
ment Boolean algebra if w is a non-normal world. [

LEMMA 6.2. Let F be a filter of a S3L-model M. Then F is the intersection
of all ultrafilters that extend F.

PrROOF. Let X = ({U € M | U D F is an ultrafilter}. Then F' C X.
Suppose there is a € X \ F. Using Zorn’s Lemma (or an appropriate weaker
principle) one shows that F' extends to a maximal filter (i.e., an ultrafilter)
which does not contain a. We get a ¢ X, a contradiction. Hence, F' = X,
i.e., F'is the meet of all ultrafilters extending F'. [

Some parts of the next result have parallels to the Jonsson-Tarski Theo-
rem which essentially says that a Boolean algebra with operators is embed-
dable in the full complex algebra of its ultrafilter frame (see, e.g., [1] for a
detailed discussion). In the proof of the following Theorem 6.3 we shall con-
struct a desired Kripke model from the ultrafilters of a given SmY-model,
where m € {4,5}, such that the same formulas are satisfied. We were unable
to prove the theorem for arbitrary S3%-models. Note that also the Jénsson-
Tarski Theorem is applicable only to normal modal logics.

Recall that by F'm,, we denote the set of formulas of pure modal logic
(without identity connective and without quantifier).

THEOREM 6.3. Let M be a S4¥-model and let y: V — M be an assignment.
There exist a frame (W, R) of modal logic S4, a valuation g: V — Pow(W)
and a world w € W such that for all ¢, € Fmy,:

M, E e (w,9)F e, and

M, y)Fo=1v=(w,9) FO(p < ).
Moreover, if the model M satisfies the Collapse Axiom and is a Boolean
algebra, then the implication in the second line of (6.2) can be replaced by a

biconditional <, i.e., o, € Fm,, denote the same proposition in M under
v iff they denote the same proposition at world w under valuation g.

(6.2)



534 S. Lewitzka

ProoOF. Let TRUE, NEC be the sets of true, necessary propositions, respec-
tively, <a¢ the induced preorder of M and W := {T' | T is an ultrafilter
w.r.t. <ap}. Then TRUE € W. For each a € M let |a| :={T |a €T € W}.
Define P = {]a|] | a € M}, the set of propositions for the desired Kripke
model. For T' € W let NECr = {a € M | fo(a) € T} and define the
relation <p by a <r b:& f_(a,b) € NECy.

CramM 1. For each T e W, NEC CT.

Proof of the claim. By Lemma 3.2, NEC = {a € M | a =p fr} and NEC
is the smallest filter.

CLAIM 2. For each T' € W, NECp C T. In particular, T is an ultrafilter
w.r.t. <p.

Proof of the claim. Let a € NECy. By definition, fg(a) € T. Since
fola) <m a and T is a filter, we get a € T. This shows the first part
of the claim. We have f_ (a,b) =~y fu(f-(a),b)) because M is a Boolean
prealgebra. Then ¢ € T and a <7 b imply b € T

CraM 3. For each T'e W, NEC C NECr. In particular, <4 refines <r.

Proof of the claim. Let a € NEC. That is, fo(a) € TRUE. fo(a) <m
fo(fo(a)) because M is a S4%-model. Since TRUE is a filter, we get fo(a) €
NEC C T. By definition, a € NEC.

CLAIM 4. Every ultrafilter with respect to < belongs to W.
Proof of the claim. By Claim 3, <4 refines <r.
CrLAM 5. For each T'e W, if a <p b and a € NECp, then b € NECp.

Proof of the claim. Let a <p b and a € NECr. Then fo(f—(a,b)) € T and
fola) € T. fo(f=(a,b)) <m f=(fola), fo(b)) and T is an ultrafilter. Thus,
f=(fo(a), fo(b)) € T and finally fo(b) € T. That is, b € NEC.

CrAM 6. For each T'e W, if a,b € NEC7, then f(a,b) € NEC7p.

Proof of the claim. Let a,b € NECp. Then fr(a), fo(b) € T and therefore
falfola), fa(b)) € T. Note that ¢ := 2z — (y — (z Ay)) is a propositional
tautology. By Axiom Necessitation, [y is a theorem. By soundness, Oy is
valid. Choose an assignment = — a, y + b. This shows a <xq f— (b, fa(a,b)).
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Since a € NECr, Claim 3 and Claim 5 yield f_, (b, fa(a,b)) € NECp. That
is, b <7 fa(a,b). By Claim 5, fr(a,b) € NECy.

CLAIM 7. For each T' € W, NECt is the smallest filter w.r.t. <.

Proof of the claim. By Claim 5 and Claim 6, NECr is a filter w.r.t. <p.
Similarly as in Lemma 3.2 one shows that NECr = {a | a =¢ f7}, where
a ~p b= (a <p band b <r a). Any filter contains fr and the claim
follows.

CrAam 8. For each T'e W, NECr =(\{T" €¢ W | NECr CT'}.

Proof of the claim. Since NEC'p is the smallest filter w.r.t. <p, it is the
intersection of all ultrafilters w.r.t. <p. By Claim 4, all those ultrafilters
belong to W and the claim follows.

We define the accessibility relation R on W by:
TRT' := NECr CT'.

It is clear that R is reflexive. Suppose TRT'RT". Let a € NECt. Since we
are dealing with a S4Y-model, fo(a) € NEC7 C T'. Then a € NECy C T".
Hence, NECr C T”. This shows that R is transitive. Note that each NECt
is non-empty because NEC' C NEC7. Hence, there are no non-normal worlds
in W. Thus, (W, R) is a frame of modal logic S4. For a given assignment
fB:V — M of model M we define the valuation gg: V' — P by gg(z) =

|6(x)].

Cram 9. For any ¢ € Fm,,, any assignment 3: V — M of model M and
any world T € W:

(T,95) F o< Blp) eT.

The claim follows by induction on ¢ € Fm,,. The basis case ¢ = =z is
true by the definition of gg: (T, gp) Fz < T € gg(x) = |B(x)| & B(x) € T.
Most of the remaining cases now follow straightforwardly from the induction
hypothesis and the definition of an assignment. We show the case @ = [y:

(T,95) EOY < (T', gp) E 1, for all T" € W with TRT'
& B() e T, for all T" € W with TRT',
by induction hypothesis
& B() € ({T' € W | NECr C T'}, by definition of R
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< B(v) € NECr, by Claim 8
< fo(B(y)) € T, by definition of NECp
< [(Oy) € T, by definition of an assignment

Thus, Claim 9 is true. We consider the world TRUE € W, the given assign-
ment v : V — M and the valuation g,.'*> Then for all p € Fm,,:

(TRUE,gy) F ¢ < v(p) € TRUE & (M,v) E ¢.

This shows the first part of (6.2). Now suppose (M,v) E ¢ = 1 for p,9) €
Fmy,. Then v(p) = v(¢). Thus, v(¢) € T iff v(¢) € T, for each T' € W.
Then from Claim 9 it follows that (TRUE, g) F O(p < ).

Finally, suppose M is a Boolean algebra that satisfies the Collapse
Axiom. Then, by Theorem 5.2, propositional identity ¢ = 1 is given by
strict equivalence (¢ <« 10). The last assertion of the theorem now follows
from the first line of (6.2). |

COROLLARY 6.4. If the model M in Theorem 6.3 is a S5Z-model, then we
obtain a Kripke model (W, R, g) of modal logic S5 such that the assertions
of the theorem remain true.

PROOF. The Claims 1-8 in the proof of Theorem 6.3 remain true. Moreover,
Claim 3 can be replaced by the stronger

CLAM 3. For each T' € W, NEC = NECp.

Proof of the Claim. By Claim 3, NEC C NEC7. Now suppose a ¢ NEC.
Then f-(fg(a)) € TRUE. Since M is a S5Z-model, fo(f-(foa)) € TRUE,
that is, f-(fo(a)) € NEC C T. Thus, fo(a) ¢ T and a ¢ NECy. Hence,
NEC7 C NEC and therefore NEC = NECq.

The accessibility relation R on W is given as before. Then by Claim 3’,
NECp = NEC = NEC7: for any worlds T,T" € W. Thus, all worlds of W
are related by R, and R is an equivalence relation. Then (W, R) is a frame
of modal logic S5. Also Claim 9 is true. The assertion now follows in the
same way as in the proof of the theorem. [

COROLLARY 6.5. (Conservative extension) Our denotational semantics cap-
tures the standard modal systems S3-S5 in the following sense. For any
¢ € Fm,, and k € {3,4,5}, ¢ is a theorem of Sk iff v is a theorem of

13Note that NEC = NEC rryg. Thus, by Claim 1, the world TRUE accesses every
TeWw.
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modal system Sk. Consequently, the theory SkZ is a conservative extension
of modal system Sk.

PROOF. SEkY contains all axioms of Sk. If k € {4,5}, then, by Lemma 2.5,
also the Necessitation Rule is derivable. Thus, every theorem of Sk is a
theorem of SkY, for k = 3,4,5. Now suppose ¢ € Fm,, is not a theorem of
Sk. Then there is a Kripke model of system Sk with a normal world w and
valuation g: V' — Pow(W) such that (w,g) F —¢. That Kripke model can
be seen as a frame (W, N, R, P) with P = Pow(W). By Theorem 6.1, there
is a normal SkY-model M and an assignment v such that (M,~) F =¢. By
soundness, ¢ cannot be a theorem of SkY. [

7. A Simpler and More Intensional Semantics

AX contains the scheme (viii), Va (¢ = 1) — (Voy = Vah), which represents
an extensional principle. It can be read as follows: “Two definable functions
are equal if they have the same extensions (the same graphs)”. Our aim is to
relax such extensional constraints whenever this is possible and meaningful.
In fact, we are able to define a weaker semantics such that axiom scheme
(viii) as well as the Barcan formula can be avoided.

Let AX™ be the set of axioms which is given by the smallest set that
contains all formulas (i)—(vii) and (ix)—(xii) of AX and is closed under the
following condition: If ¢ € AX™ and x € fvar(yp), then Vap € AX™.

As before, an assignment of a model with universe M is a function
v: V — M. In contrast to the denotational semantics of the first kind, how-
ever, there is no canonical way to extend ~ to a function v: Fm(C) — M.
In fact, there is no explicitly given algebraic structure on the universe of
a model although parts of such structure can be restored. Instead of an
explicit algebraic structure, there are certain structural conditions concern-
ing assignments and substitutions. This style of semantics was designed in
[19] and has been further developed in [24] and [16]. We shall adopt some
technical machinery coming from the last two works, with some improve-
ments and simplifications.

DEFINITION 7.1. A simple model M = (M, TRUE,NEC,I") is given by
a non-empty propositional universe M, sets NEC C TRUE C M and a
function I': C' — M such that the following conditions are satisfied.
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Structural properties:'*

e v(c) = I'(c) for every assignment v: V — M and every c € C

o If v,7: V — M are assignments with vy(x) = +/(z) for all z € fvar(yp),
then v(¢) = v/(¢), for any ¢ € Fm(C). (Coincidence Property)

o If 0: V. — Fm(C) is a substitution, v: V' — M is an assignment, and
vo: V. — M is the assignment defined by = +— ~(o(z)), then v(¢[o]) =
vo(p), for any ¢ € Fm(C). (Substitution Property)

For all assignments v: V' — M and all formulas ¢, 1 € Fm(C) the following
truth conditions hold:

(i) I'(1) € M ~ TRUE, I'(T) € TRUE

(i) v(p — ¥) € TRUE © ~(p) ¢ TRUE or (1) € TRUE
(iii) v(—¢) € TRUE < ~(p) ¢ TRUE

(iv) 7(e A1) € TRUE < v(¢) € TRUE and v(¢p) € TRUE
(v) v(p V) € TRUE < ~(p) € TRUE or v(¢p) € TRUE
(vi) v(O¢) € TRUE < ~(p) € NEC

(vii) v(p =) € TRUE < v(p) = v(¥)

(viii) yv(Vxy) € TRUE < ~%(p) € TRUE for all a € M

ix)

if v(¢ — ¢) € NEC, then v(Op — Oy) € NEC
(x) if y(Vxp) € NEC, then v2(yp) € NEC for all a € M

The following Substitution Lemma II is a version of [Lemma 3.14, [14]].

LEMMA 7.2. (Substitution Lemma II) Let M be a simple model and
v € Fm(C). If 0,0": V. — Fm(C) are substitutions and v,7y': V — M
are assignments such that y(o(x)) = (¢’ (x)) for all x € fvar(yp), then
V(¢lol) = (¢lo’]).

The relation of satisfaction (truth) is defined as before, we use the same
notation. Similarly as before, one verifies that a simple model satisfies all
axioms of AX™ under any assignment (instead of the Substitution Lemma
and the Coincidence Lemma now apply the Substitution Property and the

YIn [16], the Gamma-function is a function I': Fm(C) x MY — M which extends any
given assignment v € MY and maps any formula ¢ to a proposition I'(p,v) € M. The
present definition is equivalent to the definition given in [16]. The connection is given by:

“v(p) = T'(p,7)".
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Coincidence Property, respectively). In order to achieve soundness of the
rule of Axiom Necessitation we impose the following semantic constraint:

DEFINITION 7.3. Let M be a simple model with universe M and the set of
necessary propositions NEC. An assignment ~v: V' — M is called admissible
if v(¢) € NEC whenever ¢ € AX™. M is called an admissible model if every
assignment v: V — M is admissible.

Note that in an admissible (simple) model, NEC # &.

We write ® - ¢ if there is a derivation of ¢ from ® using axioms from AX™
and the rules of Modus Ponens and Axiom Necessitation. We write ® I ¢
if for every admissible simple model M and any assignment v: V. — M,

(M, ~) E @ implies (M, ) E ¢.

THEOREM 7.4. (Soundness and Completeness of AX™) For & U {p} C
Fm(C)

P PIF .

PROOF. We have already discussed soundness of the calculus and now con-
centrate on the completeness proof. The results and definitions 4.1 — 4.10 of
the first completeness proof remain unchanged. Of course, also the Deduc-
tion Theorem and Generalization can be adopted without any restrictions.
Our task is now to construct an admissible simple model for a given set ®
which is a Henkin set w.r.t. the system based on AX™. The construction is
very similar to that given in the proof of Theorem 4.11. The universe M, the
sets TRUE and NEC' and the Gamma-function are defined in the same way.
We do not define operations fr, f1, f-, fo, f—, fv, fa, f= and fy. Instead,
we have to determine in which way an assignment v: V' — M extends to a
function v: F'm(C) — M such that the structural properties and the truth
conditions of a simple model are satisfied. For a given assignment ~v: V — M
we fix a function 7, : V' — F'm(C') with the property 7, (z) € v(z) for every
x € V. The Claim 2 below shows that the actual choice 7, (x) € vy(z) is not
relevant. We interpret 7., as a substitution (this implies 7.,(c) = c for ¢ € C).
As in the first completeness proof, the relation ~¢ is defined by ® F ¢ = 9,
where ® is maximally consistent, and by @ we denote the equivalence class
of ¢ modulo 4. Then we define the extension of an assignment ~v: V — M
by

V() = p[ry],
for ¢ € Fm(C).
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CrAM 2. Let 0,0": V. — Fm(C) be substitutions. If o(x) ~¢ o'(z) for all
x € fvar(yp), then plo] ~¢ ¢[o’].

Proof of the Claim: Let fvar(y) = {x1,...,2,}. We may assume that

O P !/ P !/ R /
o =[xy = Y1,...,xn = U] and o = [x1 = Y, ...,z = P,
and we may also assume that no x;, ¢ = 1,...,n, occurs free in any
of the ¥1,...,¢n, ¥}, ..., (otherwise, we may replace such variables

in ¢ with others). Then the simultaneous substitutions 0,0’ can be car-
ried out successively. That is, applying successively axiom (vii) we obtain:
QO[U] - (,0[1'1 =iy, Ty = wn] o g0[$1 =1, T = Y1, T =
Yl = plrr = Y1, Tpeg = Ypo, T = YL e = Y] R ... R
@[xl = 1/}17 sy T = 1/}7/1] - 90[0-/]‘

CrAM 3. The structural conditions of a simple model are satisfied.

Proof of the Claim: Clearly, v(c) = ¢ = I'(c) for ¢ € C. In order to show
the Coincidence Property let ¢ € Fm(C) and let 7, 7/ be assignments
such that y(x) = +/(x) for all x € fvar(y). Then 7,(x) =¢ 7, (x) for all
x € fvar(p). Now we may apply Claim 2. Next, we show the Substitution
Property. Let v: V' — M be an assignment, o: V' — Fm(C) a substitution
and ¢ € Fm(C). We must show: v(p[o]) = yo(¢). Recall that yo: V — M
is the assignment given by x +— ~v(o(z)), Definition 3.6. Then ~(p[o]) =
plo][ry] and vo(¢) = ¢[Tye]. So it is enough to prove that ¢lo|[r,] ~a
©[Tys). By induction on formulas one shows that for any x € F'm(C) and
any substitutions o7 and oy: x[o1][o2] = x[o1 © 03], where o1 0 09 is the
substitution defined by = — o1 (z)[o2] (“first o1, then 03”). So it remains to
show that p[oo7,| =¢ ¢[Tys|. Let z € fvar(y). By definition, (0 o7y)(z) =
o(z)[ry]. On the other hand, 7,,(x) € vyo(z) = v(o(x)) = o(x)[r,]. Hence,
(0 07y)(2) Rao Tye(x), for all € fvar(y). The assertion now follows from
Claim 2. Thus, the Substitution Property holds.

CrLAIM 4. The truth conditions of a simple model are satisfied.

Proof of the Claim: We show truth condition (iv). v(p A ) € TRUE &
(e AY)[1y] € @ & o[ty ANY[T,] € © & ¢[r,] € ® and [r,] € ®. Most of
the remaining truth conditions follow similarly applying axioms from AX™.
We concentrate on the quantifier case:

v(Vxy) € TRUE
& (Vzp)ry] € ®
& Vy(o[ry[z := y]]) € @, where y is the forced variable
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< plry[z = y]lly :=c] € @, for all ¢ € C, since P is a Henkin set
& gz :=¢c)] e ®, forallce C

& glre] €@, forallce O
& 15(p) € TRUE, for allc e M

It remains to show that the equivalences (*) and (**) hold.

(*): We have to ensure that y ¢ fvar(g[r,]). This follows from the fact
that y is the variable forced by substitution 7, w.r.t. V.

(**): Let z € fvar(yp). First, we suppose z # x. Then 7, [z := c](z) =
7(2) € 7(2) and 72(2) € 75(2) = (2). Thus, 73z = (J(2) =a Ty (2).
Now suppose z = x. Then 7, [z := c](z) = c and T,2(2) € 75(2) = C. Agam
7 = c](2) e Tyz(2). By Claim 2, ¢[ry[z = d]] ~a ¢[ryz]. (**) now

follows from Lemma 4.10. Truth condition (x) follows similarly using the
direction from left to right of the equivalence stated in Lemma 4.5.

CLAIM 5. M is an admissible (simple) model.

Proof of the Claim: Let v: V — M be an assignment. We show that ~ is
admissible. Let ¢ € AX™. By Axiom Necessitation, 3 Og. Let fvar(y) =
{z1,...,zn}. By Lemma 2.4, k35 Vz;...Vz,0Op. Applying successively the
axiom scheme (ix), we get ¢ := Oplr1 = c1,...,22 = 3] € P, where
the ¢; are constants with ¢; ~¢ vy(x;). By Claim 1 of Theorem 4.11, such
constants exist. Moreover, y(¢;) = ¢ = ~y(x;). Now we apply Substitution
Lemma II and the fact that ¢ € ® contains no free variables and get:
¥(Op) = (1) = [r,] = ¢ € TRUE. By truth condition (vi), v(¢) € NEC.
Thus,

M := (M, TRUE, NEC,I")

is an admissible simple model. Consider now the canonical assignment

B:V — M defined by x — =.
CLAIM 6. ¢[15] =4 ¢, for all ¢ € Fm/(C).

Proof of the Claim: We have 1g(z) ~¢ €(x) for all z € fvar(y), where ¢ is
the identity substitution. By Claim 2, ¢[73] ~¢ ¢[e]. By Lemma 2.1, p[¢]
is alpha-congruent with ¢. Alpha-congruence is contained in ~g. Then the
Claim follows from transitivity of ~g.
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Applying the definitions, Claim 6 and the second item of Lemma 4.10 we
conclude:

(M,B)E o< B(p) = ¢lrs] =7 € TRUE & ¢ € ®.

Hence, (M, ) E ®. Finally, it remains to show that every consistent set
extends to a Henkin set (in an extended language). We may adopt the
construction given in the proof of Theorem 4.12. [

THEOREM 7.5. Every S3-model is an admissible simple model.

PROOF. Let M be a S3%-model. By the Coincidence Lemma 3.5 and the
Substitution Lemma 3.7, M has the Coincidence Property and the Substitu-
tion Property. Thus, the structural properties of a simple model are satisfied.
The truth conditions follow from the truth conditions of a S3Y-model along
with the fact that every assignment v: V — M of a S3Z-model extends to
a function on F'm(C) such as specified in Definition 3.4. Since a S3%.-model
validates the rule of Axiom Necessitation, the model is also admissible. m

The converse of Theorem 7.5 is false. That is, the “simple” semantics is
strictly weaker or more general than the semantics of the first kind. This fol-
lows from the corresponding soundness and completeness theorems and the
fact that AX™ is strictly contained in AX. Nevertheless, given an admissible
simple model M, we are able to restore the structure of a Boolean prelattice
on M. The function fy, for instance, is defined as follows. Given any two
elements a,b € M, put fy(a,b) := vy(zVy) whenever 7 is an assignment and
x,y € V such that v(z) = a and y(y) = b. Of course, such an assignment
and variables can be found. Moreover, that definition is independent of the
particular assignment and the particular variables: Suppose there is another
assignment " and variables u, v with 4/(u) = @ and +/(v) = b. Let 0 = € be
the identity substitution and let o’ be the substituition [z := w,y := v]. Then
v(o(z)) = a =+'(¢'(z)) and v(o(y)) = b = +'(0'(y)). Substitution Lemma
IT yields: fv(a,b) = v(z Vy) = v((z Vy)lo]) =+ ((z Vy)[o]) =+ (u Vo).
However, it is not clear how to restore the higher-order function fy without
a semantic property that corresponds to axiom (viii).

One goal of the paper was to present a non-Fregean semantics for some
Lewis modal logics such that the relation of propositional identity does not
suffer from too many restrictions. By the Collapse Theorem 5.2, proposi-
tional identity refines strict equivalence, and both relations collapse iff the
given model is a Boolean algebra and satisfies the Collapse Axiom. The
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existence of an intensional model would imply that there are, up to alpha-
congruence, no restrictions at all on the relation of propositional identity,
more precisely, 3 ¢ = ¢ iff o =, 1, for all p,1) € Fm(C). The construction
of an intensional model, however, is difficult because of the impredicativity
of propositional quantification. We believe that a similar construction as in
[16] can be applied.

Finally, we would like to point out that our approach strongly relies
on the modal principles inherent in Lewis modal systems S3-55 and on
the concept of propositional identity given by the axioms (v)—(vii). A non-
Fregean semantics that captures K as well as many other normal modal
systems is found in [12,13]. This is achieved by introducing a concept of
propositional identity which is axiomatized in a different way. However, the
approach presented in [12,13] involves the semantic limitations of standard
modal logic: the Collapse Axiom is valid and models are Boolean algebras.

References

[1] BLACKBURN, P.; M. de RUKE, and Y. VENEMA, Modal Logic, Cambridge University
Press, Cambridge, 2001.
[2] BLooM, S. L., A completeness theorem for “Theories of Kind W”, Studia Logica
27:43-55, 1971.
[3] BLooM, S. L., and R. Suszko, Semantics for the sentential calculus with identity,
Studia Logica 28:77-81, 1971.
[4] BLooMm, S. L., and R. Suszko, Investigation into the sentential calculus with identity,
Notre Dame Journal of Formal Logic 13(3):289-308, 1972.
[5] BuLL, R. A., On modal logic with propositional quantifiers, The Journal of Symbolic
Logic 34:257-263, 1969.
[6] CRESSWELL, M. J., Another basis of S4, Logique et Analyse 31:191-195, 1965.
[7] CRESSWELL, M. J., Propositional identity, Logique et Analyse 39, 40:283-292, 1967.
[8] FINE, K., Propositional quantifiers in modal logic, Theoria 36(3):336-346, 1970.
[9] Fox, C., and S. LAPPIN, Foundations of Intensional Semantics, Blackwell Publishing,
Hoboken, 2005.
[10] HERMES, H., Term Logic with Choice Operator, Springer, Berlin, 1970, English version
of Eine Termlogik mit Auswahloperator, Springer, Berlin, 1965.
[11] HuGHES, G. E., and M. J. CRESSWELL, A new Introduction to Modal Logic, Routledge,
London, 1996.
[12] IsHi1, T., Propositional calculus with identity, Bulletin of the Section of Logic 27/3:96—
104, 1998.
[13] IsHiL, T., Propositional Calculus with Identity, Dissertation, Japan Advanced Institute
of Science and Technology, Nomi, 2000.
[14] LEWITZKA, S., €7: an intuitionistic logic without Fregean axiom and with predicates
for truth and falsity, Notre Dame Journal of Formal Logic 50(3):275-301, 20009.



544 S. Lewitzka

[15] LEWITZKA, S., €k: a non-Fregean logic of explicit knowledge, Studia Logica 97(2):233—
264, 2011.

[16] LEWITZKA, S., Construction of a canonical model for a first-order non-Fregean logic
with a connective for reference and a total truth predicate, The Logic Journal of the
IGPL 20(6):1083-1109, 2012.

[17] PoLLARD, C., Hyperintensions, Journal of Logic and Computation 18(2):257-282,
2008.

[18] RAUTENBERG, W., Finfihrung in die Mathematische Logik, 3rd edn.,
Vieweg+Teubner, 2008, (English version A Concise Introduction to Mathemati-
cal Logic, 3rd edn., Springer, New York, 2009).

[19] STRATER, W., €r Eine Logik erster Stufe mit Selbstreferenz und totalem Wahrheit-
spradikat, Dissertation, KIT-Report 98, Technische Universitat Berlin, 1992.

[20] Suszko, R., Ontology in the tractatus of L. Wittgenstein, Notre Dame Journal of
Formal Logic 9:7-33, 1968.

[21] Suszko, R., Identitity connective and modality, Studia Logica 27:7-39, 1971.

[22] Suszko, R., Abolition of the Fregean axiom, in R. Parikh (ed.), Logic Colloguium,
vol. 453 of Lecture Notes in Mathematics, Springer-Verlag, Berlin, 169-239, 1975.

[23] Wdacickl, R., R. Suszko’s situational semantics, Studia Logica 43:323-340, 1984.

[24] ZE1TZ, P., Parametrisierte €r-Logik—eine Theorie der Erweiterung abstrakter Logiken
um die Konzepte Wahrheit, Referenz und klassische Negation, Dissertation, Logos
Verlag Berlin, 2000.

S. LEWITZKA

Departamento de Ciéncia da Computagao
Instituto de Matematica

Universidade Federal da Bahia — UFBA
Campus de Ondina

40170-110 Salvador, BA

Brazil

steffenlewitzka@web.de
steffen@dcc.ufba.br



	Denotational Semantics for Modal Systems S3--S5 Extended by Axioms for Propositional Quantifiers and Identity
	Abstract
	1. Introduction
	2. The Deductive System
	3. Denotational Semantics
	4. Completeness
	5. Propositional Identity, Strict Equivalence and the Collapse Theorem
	6. Representation Theorems
	7. A Simpler and More Intensional Semantics
	References




