THE REVIEW OF SymBoLIC LoGIc
Volume 16, Number 1, March 2023

QUANTIFIED MODAL RELEVANT LOGICS

NICHOLAS FERENZ
University of Alberta

Abstract. Here, I combine the semantics of Mares and Goldblatt [20] and Seki [29, 30] to
develop a semantics for quantified modal relevant logics extending B. The combination requires
demonstrating that the Mares—Goldblatt approach is apt for quantified extensions of B and
other relevant logics. but no significant bridging principles are needed. The result is a single
semantic approach for quantified modal relevant logics. Within this framework, I discuss the
requirements a quantified modal relevant logic must satisfy to be “sufficiently classical” in its
modal fragment, where frame conditions are given that work for positive fragments of logics.
The roles of the Barcan formula and its converse are also investigated.

§1. Introduction. Quantified modal relevant logics (QMRLs) have received little
attention over the years.! Moreover, development on a unified approach to relational
semantics for QMR Ls has been slowed by a number of some setbacks. This includes the
fact that, on a more traditional approach to modeling the quantifiers, RQ is incomplete
for a constant domain semantics [9]. Fine [8] does give a semantics for which RQ
is complete; however, several have been trying to develop a simpler semantics for
quantified relevant logics.

Mares and Goldblatt [20] give a general frame semantics for both quantified relevant
logics RQ°* and QR successfully constructing a semantics using models simpler than
Fine’s brilliant but complex models.” Their alternative semantics for quantified logics
models the universal quantifier by a new operator inspired by both an interpretation
of the universal quantifier and the functional polyadic algebra of [15]. The resulting
semantics for quantified relevant logics is fairly natural, but more importantly powerful.
The same approach can be used for completeness results for a range of quantified
modal classical logics as shown in Goldblatt and Mares [14], and for exploring the
role of the Barcan Formula, its converse, and several other sentence schemes in [11].
The Mares-Goldblatt style semantics is thus ripe for extending to quantified modal
relevant logics.

Relational semantics for modal relevant logics have been developed by Fuhrmann
[10] and Mares and Meyer [22] (see also [17-19]). More recently, Seki [29, 30] has
constructed general frame semantics for modal relevant logics based on the relatively

Received: July 3, 2020.

2020 Mathematics Subject Classification: 03B45, 03B47, 03Cxx.

Key words and phrases: relevant logic, modal relevant logic. quantified relevant logic. quantified modal
relevant logic, relational semantics, general frame semantics.

! For an excellent presentation of the philosophical motivations of relevant logics, the reader
is directed to [1]. Moreover, a good overview of relevant logic can be found in [2].

2 The notation here correctly suggests that these are specific logics. These names, and other
naming notations, will be explained later.
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QUANTIFIED MODAL RELEVANT LOGICS 211

weak logic B and the usually considered extensions. Here, I develop a semantics for
quantified modal relevant logics extending B by combining the semantics of Mares—
Goldblatt and Seki, along the way demonstrating that the Mares—Goldblatt approach
is apt for quantified extensions of B and other relevant logics. This provides a unified
semantic foundation of quantified modal relevant logics.

§2. Basic quantified modal relevant logics. For quantified modal relevant logics,
we begin with a denumerable set of variables, Var, which will be conveniently denoted
by lowercase letters near the end of the alphabet (e.g.. x. ¥,z x,.w;). A possibly
denumerable set £ of predicate symbols, and individual constants shall be called a
signature. Each predicate symbol is of the form P”, where n is the arity of the predicate.
Often I will omit the superscript if either the arity is obvious or the arity is irrelevant.
Each signature is denumerable at most, so the set of predicate symbols can be ordered.
For every signature L, its set of individual constants shall be denoted by Con. I shall
denote individual constants by ¢, with or without subscripts.

A term will be denoted by 7 with or without subscripts. An L-term, relative to a
signature L, is defined as follows. Every variable v, is an L-term. Every member ¢ of
Con 1s an L-term. No other expression is a term. A term is closed when it contains no
variables. A term is open when it is not closed.

For a given signature £, the atomic formulas (atomic £-formulas) are those of
the form P"(z1,...,7,), where P" € £ and each of 11, ..., 7, is an L-term. The set
of well-formed formula of a quantified logic with signature £ (denoted by wff .
or simply wff’) is defined inductively using the connectives — (relevant implication),
A (extensional conjunction), V (extensional disjunction), — (negation), o (fusion or
intensional conjunction), # (intensional truth) and, for modal propositional logics, ¢
(possibility), O (necessity) and Vx and 3x, for each variable x € Var. The biconditional,
+, 1s taken to be defined in the usual way. In general, I will use capital letters near the
beginning of the English alphabet to denote or range over the well-formed formulas of
a language.

An instance of a variable x is bound in the wiT A if either (1) the instance is the x
of an expression Vx or 3x occurring in A or (2) the instance of x occurs within the
scope of a quantifier, Vx or dx. An instance of a variable is free when it is not bound.
A formula with no free variables is called a sentence.

A term 7 is free for (or freely substitutable for) x in wif A if, for every variable y in
7, there are no free occurrences of x in A that are within the scope of a quantifier Vy
or Jy.

A shorthand for substitutions will be convenient for our purposes. We shall write
A[z/x] for the result of replacing every free occurrence of x in .4 with the term 7. It
will also be convenient to have a notation for the operation of several simultaneous
substitutions. We will use A[z¢ /vy, ... , T, /v,] for the result of simultaneously replacing
vp through v, with 7o through 7, respectively.

A variable assignment, f, assigns to each variable an element of the domain of
individuals, U, as follows. There are a denumerable number of variables which can
be ordered as xi, x;, ..., and a variable assignment is an ordered denumerable list of
individuals. In other words, a variable assignment is a member of U, where the nth
individual in the ordering is the individual assigned to the variable x,. The set of all
variable assignments, relative to a domain U, is the set U®.
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An x-variant of a variable assignment f € U® for a domain of individuals U is a
variable assignment that differs from f only in the individual assigned to the variable

x. The set of all x-variants of / will be denoted by x /.
By convention, we write:

R*xyzw =47 Jv(Rxyv A Ruzw),
S?xy =47 Iz(Sxz A Szy).

§3. The logics QB.Coo and BQ.Coe. Here, the base quantified modal relevant
logic is QB.Cp. the implicational fragment of which is the basic affixing logic B.? The
logic QB.Cpn extends the regular modal relevant logic B.C as defined in [30]. The logic
BQ.Cqo. as we will see, extends QB.Cn so that the quantifiers are more classical.

The following axioms schemes and rules define QB.Cqs.

(Al) A— A Identity
(A2) A— (AVDB) Disjunction Introduction (left)
(A3) B— (AVB) Disjunction Introduction (right)
(A4) (AAB)— A Conjunction Elimination (left)
(A5) (AAB)— B Conjunction Elimination (right)
(A6) AAN(BVC) = ((AAB)V(AACQC)) AV-Distribution
(A7) (AW—=BA(A=C)— (A= (BAC) Conjunction Introduction
(A8) (A—=C)A(B—=C)— ((AVvB) =) Disjunction Elimination
(A9) ——A— A Double Negation Elimination
(A10) VxA — A[t/x], where 7 is free for x in A Universal Instantiation
(A11) A[t/x] — IxA, where 7 is free for x in A Existential Introduction
(A12) (DAAOTB) - O(AAB) OA-Distribution
(A13) O(AVB) = (CAV OB) <V-Distribution
(A14) ¥x(A — B) — (3x.A — B) where x is not free in B
FA FA—B HA FB
FB (MP) ~Ang  AD)
::‘g%jﬁ (Contraposition)
FA—B FA— B

“CoA) € op) Prefiv B 0) > (A ) Sui)

_ kA (¢-1) Ft=A (1-E)

Ft— A HA

B is a basic relevant logic that lacks the Law of Excluded Middle (A Vv —.A). Some denote

by B the logic defined here extended by the Law of Excluded Middle. Here, we take B to be

the “weaker” logic that excludes the Law of Excluded middle.
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FA— (B—=C) (o-]) F(AoB) = C (0-E)
o= o=
F(AoB) = C FA— (B—C)
FA—B FA— B
o405 (OM) oA oB (OM)
FA— B FA— B
FSxA o g ot T A uxp VIntrot

The conditions on 3-Intro and V-Intro are that x is not free in B for 3-Intro and x
is not free in A for V-Intro. The rules O-M and ¢-M stand for O-Monotonicity and
<-Monotonicity.

Note that axiom (Al4) is provable from the other axioms is systems whose
propositional fragment includes the axiom form of contraposition, (4 — B) — (=B —
-A), given the duality of the quantifiers (see Lemma 3.3). A related formula,
Vx(A — B) — (A — VxB). where x is not free in A, is derivable in the defined system
due to the presence of fusion. Moreover, (A14) is derivable in the system defined as
QB.Cp plus the left arrow governed by following rules:

FA— (B—C)
FB— (C+ A

FB—(C+ A
FA— (B—=C)

(«-I) («-E).

QB.Cp is defined with fusion and without the left arrow, so (A14) is adopted as
an axiom, and the related Vx(A — B) — (A — VxB) is not.

The logic BQ.Cpo results from adding to QB.Cgo the extensional confinement
axiom scheme (ECy), or any equivalent scheme.

ECy Vx(AV B) — (AV VxB), where x is not free in A,
EC3 (A A 3IxB) — Ix(A A B), where x is not free in A.

Strictly speaking, the existential (or universal) quantifier can be taken as defined,
and the resulting logic will contain the same theorems (under the usual translation).
Under the usual translation, the axiom schemes and rules for the defined quantifier
are derivable.

The propositional logic B, the basis over which we get QB.Cqno. is defined using a
propositional language by axioms (A1)—(A9), and rules MP, AJD, Prefix, Suffix, and
Contraposition. B°? defined by extending B with the rules for ¢ and o.

For first order relevant logics QB°’, we extend B°* with (A10) and (A11) with rules
V-Intro and 3-Intro. The logic BQ°" extends QB°’ with the extensional confinement
axioms.

Seki uses the phrase “regular modal logic over L to describe the modal relevant
logics including the axioms and rules of L, axioms (A12) and (A13), and rules O-M
and ©-M. The least regular modal logic over L is denoted L..C. Here, I will generally
omit the adjective ‘regular’, opting instead for “quantified modal logic over IL..”

In the least regular modal logic over QB°’, and over B°?, the formulas OA < -O—A
and CA <> -0-A are not theorems. Thus, two additional modalities are introduced

3 This rule is called RIC for “rule of intensional confinement” by Mares and Goldblatt, due
to the relation to the formula Vx(A Vv B) — (A V VxB). where x is not free in A in RQ°’
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by Seki by definitions:

@A :def —\D—\A’
A =gor ~O-A.

It is worth noting that modal relevant logics, especially stronger ones, are often
defined taking only one modality as primitive, and defining the other. Strictly speaking,
these logics employ the modalities O and ¢ (or < and [J). In the frames for these logics,
we typically only only see a single binary relation for both modalities, which is sufficient
to guarantee the kind of duality/interdefinability that the modalities share.* However,
in general the classical behavior of the primitive O and < in regular modal relevant
logics requires addition axioms.

The dot in the name of the logics signifies that the modal fragment is not “sufficiently
classical,” which means here that there are identifiable formulas that are theorems
of the modal classical logic that are not theorems (under suitable translation) of
the corresponding modal relevant logic. The axiom O(AV B) — (CG.AV OB), for
example, has been added to the modal relevant logic NR and logic of entailment
E in order to capture modal fragment of S4 (see [25], p. 69-70). Mares has pointed
out that this axiom, first suggested by Belnap, bears a striking resemblance to the
confinement axioms for the quantifiers. As we will only have means to analyze
what it means for a logic to be sufficiently classical in this sense when we consider
extensions to the modal fragments in Section 8, the explanation of the dot/dotless
convention is left until Section 9 where I will further discuss the interactions between
O and <.

3.1. Some Proofs. Given the relative weakness of the logic B°?, it is worth noting a
few theorems of QB.Cpo. In particular, note the duality of the quantifiers. In contrast,
as just noted, the modalities O and < are not provably dual. The following lemmas
serve to highlight features of QB.Cpn, some of which will be used in later proofs.

The rules V-Intro(con), UG(con), and 3-Intro(Con) are as follows:

- A — Blc/x]
V-Intro(Con) "FAS VB
F Ale/x]
UG(Con) ﬁ
- A B
3-Intro(Con) %

The rule V-Intro(Con) has the requirement that ¢ is not in A or B and x is not free
in A, UG(Con) the requirement that ¢ is not in A, and 3-Intro(Con) the requirement
that ¢ is not in A or 55 and x is not free in B.

The following lemmas will be useful in completeness proofs below.

4 T will use ‘dual’ in multiple senses, which will be distinguishable by context. First, there is the
duality of logical operators, including both modalities and quantifiers, which refers to their
interdefinability in the usual way using negation. Second, is the duality of sentences, which is
derivative from the duality of logical operators. Often I will refer to sentences as dual despite
the underlying logic lacking the required duality between the operators. This is to highlight
a relationship between the sentences, which is sometimes duality.
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LeEmMA 3.1. For both QB.Cno and BQ.Coo,

1. Vy(Aly/x]) — VxAis a theorem if y is not free in A.
2. Ay(A[y/x]) — IxAis a theorem if y is not free in A.

LeMMA 3.2. The rules ¥-Intro(con), UG(con). and 3-Intro(Con) are derivable.

The proof of 3.1.1 and the V-Intro(con), UG(con) cases for 3.2 are by the arguments
given by Mares and Goldblatt Mares and Goldblatt [20] for RQ4°" in Lemmas 6.1,
6.3, 6.5, and 6.6. (By expanding some of the condensed steps in the proofs, it is clear
that the proofs apply to QB.Cno ). The proof for 3.1.2 and 3-Intro(Con) is by similar
arguments.

Lemwma 3.3. The following are theorems of QB.Cqo

. Vx(A — B) = (A — VxB). where x is not free in A
. VxA — —-3dx-A
. —dx—A — Vx A
L dxA — —Vx-A
5. =Vx-A — IxA

Proof. A proof for 1. can be found in [20]. expanding their arguments to confirm
that the axioms and rules used are available in QB.Cqo. For the remaining cases, |
only show two.

W N =

1 Alt/x] — Ix A All
2 Alr/x] — ——3xA Preffixing, MP, theorem
3 -IxA — - At/ x] 2, Contra
4 —-Ix A — Vx-A V-Intro(Con)
5 -3IxA — ——Vx—-A Preffixing, MP, theorem
6 -Vx-A — 3Ix A Contra, Suffixing, MP, theorem
1 Vx—=A — —Alr/x] Al0
2 Alr/x] = —V-A 1. Contra
3 IxA — V- A 2, 3-Intro(Con) O

The Barcan formulas have been of interest in quantified modal logic. The Barcan
Formula (BF), the Converse Barcan Formula (CBF), and their duals with the
existential quantifier and diamonds (BFsc, CBF3s) are as follows:

BF VxOA — OVxA,
CBF OVxA — VxOA,
BF5, ¢dxA — IxOA,

CBF3, dx0A — ¢3x A.

LEMMA 3.4. The Converse Barcan Formula and its dual are theorems of QB.Cno.

Proof.
1 VxA— A A10
2 OVxA— 0OA 0-M
3 OvxA — VxOA V-Intro
The proof for CBFg¢ is similar, but using axiom All and rules ¢-M and
I-Intro. O

https://doi.org/10.1017/51755020321000216 Published online by Cambridge University Press


https://doi.org/10.1017/S1755020321000216

216 NICHOLAS FERENZ

The Barcan Formula and its dual are not theorems QB.Cp.. However, this is a
corollary of a result below, which demonstrates that the Barcan Formula is not a
theorem of a much stronger QMRL.

§4. Semantics for QB.Co¢ and BQ.Coo. To construct semantic for QB.Cno and
BQ.Cqo. I combine the Mares—Goldblatt semantics for quantified relevant logics with
Seki’s semantics for modal relevant logics. As such, I will first explicate general frames
for propositional relevant logic B°’. Following that, propositions and propositional
functions are explained, giving particular emphasis to the operations on propositions
used by Mares and Goldblatt to model the quantifiers.

4.1. General Frame Semantics and B®'. First, a definition of frames for the logic B
is given. Given the set of primitive connectives —, =, A and ¢, the rest are definable, so
for this section we make the simplification to the fragment of B°? containing just these
connectives. From there, general frames are introduced.

DErFINITION 4.5. A B-frame is a tuple § = (K.0, R, x), where K is a non-empty set,
0 C K. R C K3, and  is a unary function on K such that a list of postulates to follow
are satisfied.

A binary relation on K is defined via 0 and R by the definition:
a <b =4 3y € 0(Ryab).

Given this definition, where a,b,c,d € K, the following postulates are satisfied by
every B-frame:

1) < isreflexive and transitive
(p2) 0is closed by < in the upwards direction
(p3) if a < b and Rbcd then Racd
(p4) if a < ¢ and Rbcd then Rbad
(p5) if d < a and Rbcd then Rbca
(p6) if a < b then b* < a*
(p7)

Using the ternary relation R, we can define a binary operation = on the powerset
p(K). Forevery X, Y C K, let

X =Y ={ae€K:VxVy(Raxy and x € X implies y € Y)}.

It can be shown that if X and Y are up-sets, then so is X = Y, where up-sets are sets
of worlds or situations closed under upwardly under the defined < relation. That is, if
a € X and a < b implies b € X, then X is an up-set. A binary relation for fusion is
defined such that, for every X, Y C K,

X -Y={a€eK:3b3c(Rbcaandb € X andc € Y)}.

We can define a unary operation on subsets of (K ) using the  as follows. For every
XCK

X*={aeK:a"¢ X}

Similarly, if X is an up-set, then so is X *.
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DEFINITION 4.6. A B-model is a tuple M = (K, 0, R, *, |-|™), where (K, 0, R, %) is a B-
frame and |-|™ is a valuation that maps each atomic proposition to a up-set of K, and is
extended to all Wit inductively as follows:

1™ =0
ANB = AP (B
AV B =AU [B
~AP = (A
A= B = A = B
(Ao B =A™ -|B™

Finally, we say that a formula A is true in the model 9t if 0 C \A|Em A 1s valid on a
frame if it is true in every model based on that frame, and A is valid in a class of frames
if it is valid in every frame in that class.

General frame semantics, introduced in [31] for modal logics, are a generalization
of the usual Kripke-style relational frames, but are closely related to Boolean algebras
with operators.” General frames are interesting for a number of reasons. Many find
relational semantics quite intuitive, and the general frame semantics appear much like
the typical relational semantics. However, they are also natural duals of algebras. This
fact can be quite useful. For example, we can obtain completeness results for many
modal logics using general frames and their dual algebras.

General frame add to the typical frames a restriction on the possible valuations. This
set of admissible propositions, Prop, can be described as “(the carrier of) a complex
algebra over [the Kripke-style relation frame]” [3, p. 304]. Models are general frames
with (admissible) valuations whose range is the set of admissible propositions. Validity
and related notions are defined as expected. The canonical general frame can be
constructed from the Kripke-style canonical frame on which it is based, taking the
admissible propositions to be the sets of worlds containing each formula. We define
the set of worlds containing A by ||Al|¢ = {a € K : A € a}. and then the admissible
propositions in the canonical frame by Prop = {||Al|¢c : Ais a formula}. Or more
simply we take Props = {|A| : Ais a wif}.

Extending the general frame treatment to B°’, we thus get the following definition.

DEFINITION 4.7. A general-B-frame is a tuple
§ = (K.0.R. %, Prop).

where (K,0, R, «) is a B-frame and Prop is a subset of the up-sets of K called the
admissible propositions which is closed under N, U, = and * and contains 0.

A model based on a general frame is given by a valuation that assigns to each
propositional variable a member of Prop. This is extended as before. Finally, truth in
a model, a frame, and a class of frames is defined as usual.

The canonical general frame is obtained from the canonical frame as follows. We
obtain Propg by setting Props = {| A : Ais a wif}.

> Indeed, a certain class of general frames are identical in a category-theoretic sense to Boolean
algebras with operators [3, p. 308].
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4.2. Propositions. The propositions in the models for relevant logics are sets of
situations closed under <, and are often called hereditary sets or up-sets. The relations
between situations, such as R, *, and N, are type-lifted to propositions. Already we
have seen the operations = and . Operations N and U are defined as expected. Here is
a list of all the remaining operations of propositions corresponding to the connectives
of QB.Cpo. The operations O and < responding to Sg and S, given by their usual
definitions in general frames, are not to be confused with the unary connectives of the
logic using the same symbol. For X, Y € p(K)

0X ={a € K :Vb(Spab = b € X)},
OX ={a € K :3b(Seab &b € X)}.

To model the quantifiers, Mares and Goldblatt introduce operations from sets of
sets of situations to sets of situations. That is, from sets of propositions to propositions.
This operation is determined by Prop. When Prop is a set of hereditary subsets of
possible worlds, an operation M of type M : ppK — K such that, for every S C pK

NS =U{X € Prop: X CNS}.
Additionally, an operation LI of the same type is defined by:
uS =n{X € Prop:US C X}

forevery S C pK.

The M is explained as being “motivated by the intuition that the sentence Vx¢
expresses the conjunction of all the sentences ¢[a/x]” [11, p. 17]. The problem with
using the arbitrary conjunction of the sentences ¢[a/x] is that this conjunction is not
guaranteed to be admissible. We only guarantee that the binary conjunction of two
members of Prop is also in Prop. Thus, Goldblatt explains that a notion of entailment
between propositions (of the sort considered) will work in this case. First, given our
notion of proposition, a proposition X entails a proposition Y if X' C Y, for whenever
you have a world at which X is true, Y is also true. Goldblatt also calls Y weaker than
X, and X stronger than Y [11, p. 17]. Next, the operation is similar enough to the
arbitrary conjunction of a collection of elements of Prop is a member of Prop that
entails every member of the collection. In particular, it is the weakest member of Prop
that entails every member of the collection. That is, for a collection of members of
Prop {X; : i € I}, the proposition sufficiently expressing their conjunction is the X in
Prop such that,

(i) X C X; foreachi € I and
(ii)if Z € Propand Z C X; foralli € I, then Z C X [11,p. 17]

The key point here is that this conjunction-like operation always results in a subset of
Nicz X;. but not necessarily identical. The latter (N) is not guaranteed to be a member
of Prop, while we require that the former (1) is. This conjunction-like operator is
denoted by M;¢; X;.

Similarly, we can think of U as expressing the strongest member of Prop that
is entailed by every member. More explicitly, using this to model the existential
quantifier intuitively expresses that the proposition corresponding to Ix.A is the
strongest proposition implied by every instantiation of the formula.

The following lemma is crucial, as it entails that on the Mares—Goldblatt approach
using I or LI any quantified relevant logic extending QB°’ is sound and complete for
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the Mares—Goldblatt models. The reader is reminded that the duality of the modalities
O and < break down over the weak B°?, while the duality of the quantifiers is provable
in QB°".

LemmA 4.8. Given only the properties of N, U, and * in B!,

1. us = (n(s=))*
2. 18 = (L(S*))*

Proof. Mares and Goldblatt prove the LIS = (M(S*))* for RQ°’. By expanding the
details of their proof, the lemma follows by observing that their proof uses only the
classicality of N and U. and properties of * available to us in B°. In particular, the
steps of the proof involving * are are follows. First, demonstrating that (US)* = N{X* :
X € S}, which uses the fact that « = a**. Second, showing that— X C Y iff—- Y C X,
which uses the fact that a = b* iff a* = b. O

Propositional Functions. Propositional functions, on the other hand, are functions
from value assignments for variables to admissible propositions. In addition to using
a set Prop of admissible propositions, Mares and Goldblatt also use a set PropFun of
admissible propositional functions.

A propositional function for classical logic is a function from value assignments for
the variables into the set { True, False}, where a proposition is either true or false. For
logics with possible world semantics, propositional functions are functions into the set
of propositions, where propositions are taken to be a subset of the powerset of worlds.
For example, consider the propositional function x is a human. The result of applying
this function to a value assignment to the variables that assigns to x the object Socrates
is a proposition. In classical logic, this application of a function would result in either
True or False. In the case of quantified relevant logic, this function application returns
the set of upwardly closed worlds in which “Socrates is a human” is true.

A propositional function in the context of the semantics of Mares and Goldblatt is
a function from value assignments of the variables to admissible propositions. That
is, a propositional function ¢ is of type ¢: U“ — Prop, where U is the domain of
individuals in a model. While admissible propositional functions are required for the
semantics of RQ°’, motivations for adopting admissible propositions can be turned
into motivations for admissible propositional functions.

DEFINITION 4.9. For any two elements ¢ and v of PropFun, the functions ¢ Ny, ¢ U
v, 0 . ¢ = w. ¢ w, 00, 0¢,V,¢ and 3,¢ of the same type are defined by, for every value
assignment to the variables f € U®:

@ny)f =¢fNyf

Uy f =¢fUyf

(67)f = (61"
6= w)f =of = vf
6 w)f =of S
(O8)f =0(pf)
(09)f = 0(41)
(%) = 0.6(/Li/n)

(B.8)f = U o(/Li/m)
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4.3. First order relevant logics. The Mares—Goldblatt semantics has yet been shown
to apply to propositional relevant logics weaker than QR®’. While Goldblatt and Kane’s
use of this semantic approach for propositionally quantified relevant logics in [13] is
highly suggestive, here I show that the Mares—Goldblatt semantics works for QB°* and
BQ°’, and their extensions.

DEFINITION 4.10. A QB°’ frame is a tuple
§=(K,0,R,x, U Prop, PropFun),

where (K, 0, R, x) is an B-frame, U is a non-empty set, Prop is a subset of the up-sets of
K which contains 0, PropFun is a subset of the functions of type U” — Prop, and the
following conditions are satisfied.:

(cl) ifacO0anda < b thenb c0;

(c2) < is reflexive and transitive;

(c3) ifa < b and Rbed, then Racd:;

(¢4) ifa < c and Rbcd, then Rbad:

(¢5) ifd < a and Rbcd . then Rbca:;

(¢6) ifa <b thenb* < a*;

(c7) a** =a;

(8) if XY € Prop. then XUY, XNY, X=Y, X -Y, X*C Prop, where

these operations are defined as before;
(c9) the constant function ¢ is in PropFun;
(c10) if ¢, w € PropFun, thenp Uy, ¢ Ny, ¢ = w, ¢* € PropFun; and
(c11) if ¢ € PropFun, then 3,¢.V,¢ € PropFun, for every n € .
Using condition c4, and the fact that 0 is an up-set, we can derive the transitivity

requirements of <. A QB°'-frame is called full if the set Prop contains every hereditary
subset of K, and PropFun contains every function from U® to Prop.

DEFINITION 4.11. A pre-model for QB°" is a tuple
M = (K,0, R, x, U, Prop, PropFun, Hm)

where (K, 0, R, *, U Prop, PropFun) is a QB°’-frame and |-|™ is a value assignment

that assigns

1. an element |c|™ € U to each constant symbol c;

2. a function |P|™ : U" — p(K) to each n-ary predicate symbol P; and

3. a propositional function |A|™ : U® — o(K) to each formula A such that, when
A is the atomic Pty, ..., 1,, the propositional function assigned to it is given by, for
each f € U?,

1P, ta™ = [P0 fo [0 )

Further, when A is not atomic, the function assigned to the formula is given by the
following:

1™ = o
|AABM =AM [BIM
AV BM = |AMuU|BIM
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—AM = (JAM)*
A = BM =AM = |BIM
|AoBIM =AM - |BIM
Vo, AM =V, | AM
|Fx, APM = 3, |AM.
DEFINITION 4.12. 4 model for QB°’ is a pre-model for QB®' that assigns a member of

PropFun to each atomic formula.

The following theorems are provable using the arguments from later sections of the
paper, ignoring the modal machinery. The proofs are only given in later sections to
avoid unnecessary repetition.

THEOREM 4.13 (Soundness). All of the theorems of QB°" (BQ°") are valid in every
QB°"-model (BQ°"-model ).

THEOREM 4.14 (Completeness for QBot (BQot)). If A is valid in every QB°'-model
(BQ°'-model). then A is a theorem of QB°" (BQ°").

Let L be a propositional relevant logic extending B°’. We may define LQ and QL
by adding frame conditions for the relevant logic fragment.

COROLLARY 4.15. The logic LQ (QL) is sound and complete for the L.Q-models (QL-
models).

Table 1 contains a list of some common axioms for propositional relevant logics and
their corresponding frame conditions.

4.4. Frames and Models for QB.Cqoo and BQ.Cpoo.
DErFINITION 4.16. 4 QB.Cno frame is a tuple
F§=(K,0,R,*, Sa.So., U Prop, PropFun),

Table 1. Frame conditions for axioms of relevant logics

Axiom Frame condition®
(A16) AV -A ifa €0thena* <a
(A17) (A— -B) = (B— -A) if Rabc then Rac*b*
(A18) (A—B) = ((B—C) — (A—C)) if R?abcd then Rb(Rac)d
(A19) (A—B) = ((C = A) — (C — B)) if R?abcd then Ra(Rbc)d
(A20) (A— (A—B)) = (A—B) if Rabc then R*abbc
(A21) A— ((A— B)— B) if Rabc then there is an x € K such that
a < x and Rbxc
(A22) (A—-A) —-A Raa*a

2 A more complete treatment of axioms and their corresponding frame conditions can
be found in [27], particularly in Sections 4.1 and 4.4.
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where (K., 0, R. *, U. Prop., PropFun) is an QB°'-frame, Su. S C K2, U is a non-empty
set, Prop is a subset of the up-sets of K which contains 0, PropFun is a subset of the
Sfunctions of type U® — Prop, and the following conditions are satisfied:

(c12a) ifa < b and Sobc then Snac:

(c12b) ifa < b and Seac then Sobc;
(c13) if X € Prop, then OX,OX € Prop: and
(c14) if ¢ € PropFun, then O¢, O¢ € PropFun.

A QB.Cpo-frame is called full if the set Prop contains every hereditary subset of K,
and PropFun contains every function from U® to Prop.

DEFINITION 4.17. A pre-model for QB.Cno is a tuple

M = (K.0.R.*.Su.So. U Prop, PropFun. |-|™).

where (K,0, R, %, Sn. S, U, Prop. PropFun) is a QB.Cno-frame and where |-|™ is a
value assignment as in definition 4.11, with the exceptions/additions that

DAPM = DA™,
1CAM = oM.

DEerFINITION 4.18. A model for QB.Cpny is a pre-model for QB.Cno that assigns a member
of PropFun to each atomic formula.

As shown by Seki [30], binary relations for the dual modalities #and [-] can be defined
by, for every a,b € K:

Seab iff Sqa*b*,
Smab iff Sca*b*.

Given the functions determined by a (pre-)model, we can then consider the truth
sets of each function as it is applied to a variable assignment. These truth sets are given,
for each f € U?, as follows:

[(Mf =0
ANBIM S = [AMf N (BIM S
AV BIMf = [AMfulBMf
SAMS =AM )
A= BIMf = [AMf = B
(Ao BIMf =[AMf - (BMf
oAM= O(AMS)
|CAM f = O(JAM )
VxAMf = Mgerr|[AMg
I AMf = Ugers|AMg.

Finally, a familiar looking Fgy relation — or simply F for convenience — is
determined as follows:
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(i) a. f E Pry.....15iffa € |Pry. ... 1,| " f
(i) a. fEtiffac0
(i) a. f = AABiffa. f = Aand a. f £ B
(i) a. f E AV Biffa, f £ Aora, f EB
(iv) a, f E-Aiffa*, f H A
(v) a. f EA— Biff Vb, c((Rabc and b, f F A) = c. f F B)
(v) a. f E Ao Biff 3b,c(Rbca and b, f E Aand c, f E B)
(vi) a. f F OA T Vb(Suab = b, f = A)
(vii) @, f E OAiff3b(Soab & b, f = A)
(viii) a, f E VxAiff thereisan X € Prop suchthat X € [ |A|™ganda € X
ge€xXnf

(ix) a. f F Ix Aiff, for every X € Prop such that a* € X, thereisa b € X and
x-variant such that b* € | A|™g

Cases (viii) and (ix) are as they are in [20].

A formula A is satisfied by a variable assignment f in a model 9 if a, /' F A, for
every a € 0. A formula A is valid in the model 90, if it is satisfied by every variable
assignment in that model. A formula A is valid in a frame, if it is valid in every model
based on the frame. Further, a formula is valid is a class of frames, if it is valid in every
frame in the class.

DEFINITION 4.19. For the logic BQ.Cno, frames and models are defined as above, with
the addition for the following frame condition:

cI5 X - Y C Nucvd(fla/n]) implies X — Y C (Vo) f.

As the extensional confinement axioms are equivalent in QB°, and this single frame
condition taken from [20] is sufficient for the validity (and for completeness results).

The following lemmas are useful in establishing soundness results. When unspecified,
the lemmas apply to both QB.Cg¢ and BQ.Cpno.

LemMA 4.20 (Semantic Entailment). In a model 9, a formula A — B is satisfied by the
variable assignment f'iff for every a € K, if a, f E A, then a, f E B.

Proof. The original statement of this lemma (for a propositional relevant logic) and
its proof can be found as Lemmas 2 and 3 in [26]. O

LemmA 4.21. For any formula A, if f and g agree on all free variable of A, then |A|f =
|Alg.

Proof. The proof is by induction on the complexity of 4. The arguments of Mares
and Goldblatt may be used for most cases. The remaining cases are shown here.

If A = dx,, B, then a variable in B is free if either it is free in A or it is the variable
x,. It follows that for every j € U, f[j/n] and g[j/n] agree on all free variables of 5.
By the induction hypothesis, we get that |B| f[j/n] = |B|g[j/n]. and thus

|Alf = UjerlBlf[j/n] = Ujer|Blglj/n] = |Alg.

as required.
If A=0B, then |0OB|f = O|B|f. By the induction hypothesis |B|f = |Blg. so
O|B|f = 0O|B|g. The case of A = OB is similar to the case for O. O
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LEMMA 4.22. Let t© be free for x in a formula A. If g € xf and |x|g = |t|f, then
|Alz/x]|f = |A|g in a model M.

Proof. The proof is by induction on the complexity of .A. The arguments of Mares
and Goldblatt [20, p. 177] can be used for all cases except for A = OB, A = B, and
A = 3xB. Here I show this remaining case.

Let A = OB and assume the result holds for B. If x is free for 7 in OB, then x is free
for 7 in B. By the induction hypothesis, |B[t/x]|f = |B|g. Thus, O|B[z/x]|f = O|B|g.
From this we get that |OB[t/x]|f = |0B|g. as required.

The case for A = OB is similarly straightforward.

For A = 3x B, the proof'is obtained by modifying the Mares—Goldblatt proof for the
universal quantifier case. Assume that the result holds for B as the induction hypothesis.
Either x is free in A or it isn’t. If it isn’t, then A[z/x] = A. Since g is an x-variant of f,
the result is immediate.

On the other hand, if x is free in A, then x # y. Further, A[z/x] = 3yB[t/x].
Because x is free for 7, it follows that y # 7 and x is free for 7 in B. Let y be the variable
Xx,. We have the following identities:

\A[t/xX]|™ f = Uieu|Ble/x1™ f[i/n].
A g = Uicu|B™gli/n].

To complete the proof we show that the two right sides are identical, as in the previous
case.

Again, note that for any i € U, the assignment f[i/n] is an x-variant of g[i/n].
as they are x-variants before the substitution, and the substitution is applied to each
of them. From x, # 7 and x # x, it follows that |z| f[i/n] = |z|f = |x|g = |x|g[i/n].
Using the induction hypothesis we get that

\Bl</x11™ f1i/n] = |B[™gli/n].

The proof is completed as in the previous case, thus concluding the induction. O

§5. Soundness

LEMMA 5.23. The axioms of B°' are valid, and the rules of B°" preserve validity, in the
class of QB.Coo and BQ.Cno frames.

The proof of this is standard using the typical methods. The interesting cases for
soundness are the axioms and rules with quantifiers and modalities.

LEMMA 5.24. Axioms

(A10) VxA — A[t/x]. where t is free for x in A,
(A11) A[t/x] — IxA. where t is free for x in A, and
(A14) Vx(A — B) — (3x.A — B) where x is not free in B

are valid in every QB.Cno-model.

Proof. The proofs for (A10) and (A11) are similar. The arguments from Mares and
Goldblatt [20] can be used for the case of (A10). That is, their proof is does not use
any requirements beyond what is available for for QB°*-models. Thus, I will only show
the case for (A11), which is similar.
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Leta, f F A[r/x]and let z be free for x in A. That is, that a € |A[t/x]|™ f. Let g be
an x-variant of f such that |x|g = |z|f. It follows that a, g E A. That is, |A[t/x]|f =
|Alg. Thus, a € |Alg. It follows that @ € Uge,r|.A|lg. Thus, a is in every proposition
X such that Ugey | Alg € X. Therefore a € Lgeyr|Alg. By Semantic Entailment the
axiom (A11) is valid.

For (A14), the proof is made simpler using the duality of the quantifiers, and prove
that F Vx(A — B) — (=Vx—-.4 — B) where x is not free in B. Assume that this is not
the case. Then (i) a. f.F Vx(A — B), (ii) Rabc, (iii) b. f E =-Vx—A4 and (iv) ¢, f ¥ B.
Thus, (v) a € |A — Blg forall g € xf. From (ii), we get that

b, [ E —Y-Aiff bx, [ Yx—A
T b & Mgexs|~Alg
iff bx ¢ |- Alg’ for some particular g’ € xf
iff bx,g' H -A
iffh. g’ A

Given the last fact, (ii), and (v). we get c. g’ F B. Moreover, since there are no free
occurrences of x in B, we obtain our contradiction with ¢, f F B and (iv). Thus, the
result follows by Semantic Entailment. O

LEMMA 5.25. The rules V-Intro and 3-1 preserve validity in every QB.Coo-model.

Proof. For V-Intro, the proof is basically as in [20], but adapted where needed to fit
QB.Cpo. Suppose that A — B is valid in the model 9t and that x does not occur free
in A. It follows that for every variable assignment g, and from Semantic Entailment,
that |A|™g C |B|/™g. Now take any variable assignment f. If g is an x-variant of f,
then they agree on the free variables of A, given that x is not free in A. From this
we get that |A™ f = |A[™g. and that | A|™ f C |B|™g. Since g is an x-variant of f,
considering all such x-variants gives us [A™ f C Mge,r|B|™g. This is the case for
every f, therefore, by Semantic Entailment, we get that A — Vx B is valid in this model,
showing that V-Intro preserves validity.

For 3-1. first suppose that A — B is valid in the model 9t and that x does not occur
free in B. It follows that for every variable assignment g, and from Semantic Entailment,
that |A[™g C |B|™g. Now take any variable assignment f. If g is an x-variant of f.
then they agree on the free variables of 53, given that x is not free in 5. From this we
get that |B|™ f = |B|™g. and that | A|™'g C |B[™ f.

Since g is an x-variant of f, considering all such x-variants gives us I_Igexf|A|mg C
IBI™ f. As Ugerr|A™g = [3xA™ /. and our choice of f was arbitrary, the result
follows by Semantic Entailment. O

LEMMA 5.26. The confinement axioms

ECy Vx(AV B) — (A V VxB), where x is not free in A
ECs (A A 3xB) — 3x(A A B). where x is not free in A (EC3)

are valid in every BQ.Cgo-model.

Proof. The case for ECy is covered by the arguments of Mares and Goldblatt [20],
so I show only the case for axiom ECg3. First, suppose that a, f E A A 3xB, and that
x is not free in A. It follows that a, f £ Aand a, f F 3xB.
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For reductio, suppose that a, f ¥ 3x(A A B). That is, via convenient dualities (which
would have made this lemma redundant if we were to have taken the existential
quantifier as defined), a. f # =Vx—(A A B). Therefore, a*, f FVx(-~AV -B). By
the previous lemma, a*, f F AV Vx—B. However, if a*, f F—A, then a ¥ A, a
contradiction. On the other hand, if a*, f EVx—B, then a, f ¥ =Vx—B, which is
a, f ¥ 3xB, a contradiction. Finally, by Semantic Entailment the result follows. [

LEMMA 5.27. The axioms

(A12) (DAAOB) = O(AAB)
(A13) O(AV B) = (CAV OB)

are valid in the class of QB.Cno-frames.

Proof. For A12, begin by supposing that a. f/ F OA A OB. It follows thata, f F OA
and a, f F OB. For reductio, let a, f ¥ O(A A B). Then there exists a b such that
Soab and b, f # A A B. Thus, either b, f ¥ Aor b, f ¥ B. However, given a, f F OA
and «a, f F OB and Spab, we get that both b, f F A and b, f F B, producing our
contradiction. Thus «. /' F O(A A B). Finally, by Semantic Entailment we get our
result.

For A13, begin by supposing that a, f F O(AV B). Then there is a b such that
Scab and b, f E AV B. Thatis, either b, f E Aor b, f E B. If the former, then ¢, f F
OA and also a, f E OAV OB. If the latter, then a, f E OB and also a, f EOCAV
&B. Either way we have a, f F G AV OB, and by Semantic Entailment we have our
result. O

LemmA 5.28. The rules of O- Monotonicity and <-Monotonicity preserve validity in every
QB.Coo-model.

Proof. For the former, suppose that A — 5 is valid in a model. For some f and a, let
a, f F OA. For reductio, let ¢, f ¥ OB. Then there is a b such that Spab and b, f ¥ B.
Also, we have that b, f F A. Given the validity of A — B. b, f E A, and Semantic
Entailment, we have that b, / E B, which gives us our contradiction. Therefore a, f F
OB. The result follows by Semantic Entailment.

For the latter, the proof is just as straightforward. O

In summary, I record that:
THEOREM 5.29 (Soundness for QB.C, and BQ.Cq,).

1. All of the theorems of QB.Cno are valid in every QB.Cpo-model.
2. All of the theorems of BQ.Cpo are valid in every BQ.Cqo-model.

§6. Theories. For notational convenience, let I >, A mean that there are some
Ai,....,A, €I’ and By.....B,, € A such that (.A] VAKERWAN .An) — (Bl VeV Bm),
where I and A are sets of formulas and L is a logic.

DEFINITION 6.30. A pair (T, A) is L -independent if and only if T %1 A

DEFINITION 6.31. An L-theory is a set of formulas T such that if T >y, A, then A € T.
A theory T is prime if and only if, if AV B € T, then either A € T" or B € I'. 4 theory I'
is regular if and only if it contains every theorem of L.
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LEmMMA 6.32. A set of sentences T is a theory if and only if both:

l. IfAeTlandb, A— B, then BT
2. IfAcTandBe T, then ANBeT

Finally, the extension lemma, is needed to show that, if a formula is not a theorem,
then there is a regular prime theory that does not contain the formula.

LemMa 6.33 (Extension). If (I, A) is L-independent, then there is some prime theory I'’
such that T C T" and (I, A), for L. = QB.Cgo or BQ.Coso.

The proof of this lemma for the logic RQ is due to Belnap (but the result is
unpublished) [7, p. 41]. Roughly, one way to prove this lemma is to take the closure
of A under disjunction, and consider all theories extending I" that do not include any
element of the closure of A. We apply Zorn’s lemma to get a maximal theory, and then
prove that it is prime.

DEFINITION 6.34. Where K| is the set of L-theories and a.bc € K|, the following
relations are defined:

R’ is defined by R'abc iff {AoB: Aca&Beb} Cec.
So is defined by Sp.ab iff {A:0OA € a} Cb.
So is defined by Socab iff {CA: A€ b} Ca.

§7. Completeness. The proof of completeness for QB.Cqe and BQ.Cgo in this
section will again follow Mares and Goldblatt, making adjustments where appropriate
for the added necessity operator. I will take the usual detour through theories in
what Mares and Goldblatt call a “Henkin—Lemmon-Scott—Routley-Meyer canonical
model construction” [20], p. 178. For the construction of a canonical model, we either
assume that the set of constants Con is denumerable, or we add a denumerable number
of constants to the set Corn in the usual way.

Let K be the set of all QB.Cpo-theories. and let R’, So. and So be defined on K
as in definition 6.34, with L. = QB.Cqo.

DEFINITION 7.35. A canonical frame for QB.Cqe is a tuple,

Fe = (Ke.0¢. Re. *¢. Soe. Soe, Ue, Prope, PropFung)

where
o K¢ C K,’z is the set of all prime QB.Cno-theories.
o Og is the set of all regular prime QB.Coo-theories.
o R is the relation R’ restricted to K.
o Spg is the relation So restricted to K.
o Sc¢¢ is the relation So restricted to K.
o xg isdefinedby a* ={A:-A¢&a}.
o Ug is the infinite set of constants Con.
o For every closed formula A, || A||¢ is defined to be the set {a € K : A € a}.
o Prope is defined as the set {||Al|e : A is a closed formula}.
e Given a variable assignment f, the value fn is a constant. Substituting each

variable in a formula A with the constant assigned to it by a variable assignment
f results in a closed formula which will be denoted A'. Therefore A/ =

A[f0/xq,.... fn/xn,...].

https://doi.org/10.1017/51755020321000216 Published online by Cambridge University Press


https://doi.org/10.1017/S1755020321000216

228 NICHOLAS FERENZ

o To each formula A. there is a corresponding function ¢ 4 of type U — K given
bypaf = || A ||e. PropFung is the set of all functions ¢ 4. where A is a formula.

DEFINITION 7.36. A canonical model for QB.Cqo is a tuple,
Me = (K¢, 0¢, Re, *¢, Soe, Soc, Ue, Prope, PropFung, H%’U where
(K¢, 0¢. Re. Soe, #¢, Ug, Propg. PropFung) is the canonical frame.

|c|e = ¢, for every constant symbol c.

[Ple(co.....cn) = |[Plco. ... cn)lle-
The valuation is extended to every wff as before.

Of the following squeeze lemmas for R¢, Spe, and Soe. the former has a fairly
standard proof. The proof of the latter two can be found in [30]. Here, the proofs are
omitted.

LEMMA 7.37. If a and b are theories, ¢ is a prime theory, and R’ abc, then there are prime
theories a' and b’ extending a and b respectively such that Rga'b’c.

LeMMA 7.38. If a is a prime theory, b is a theory, and Snab, and A & b, then there is a
prime theory b’ extending b such that Soeab’ and A € b’.

Lemma 7.39. If a is a prime theory, b is a theory, and Scab, then there is a prime theory
b’ extending b such that Seeab’.

Lemma 7.40. Conditions c1-c7 are satisfied by the canonical model.

The conditions c1—7 can be shown to hold by the usual arguments, which will also
demonstrate that (K¢, O¢, Re, *¢) is a B-frame and that a < b iffa C b.

LemMa 7.41. Conditions c12a and c12b are satisfied by the canonical model. That is, if
a <b, Sgebc, and Soead, then Soeac and Soebd .

Proof. Assume that ¢ < b, which is @ C b. Further, let Sgebc. From the latter we
have that {A: OA € b} C ¢, but also that if 0.4 € a, then OA € b. Thus, Speac. For
the other condition, suppose in addition that S¢ead. Then {CA: A€ d} Ca Cbh.
Thus Soqbd. O]

LEMMA 7.42. Prop is closed under U, N, =, , -. That is, the canonical model satisfies ¢8.
Proof. 1t is sufficient to show that the following equalities hold.
1=A (e = |4/ |l
AV B [le = ||A [le U[|B||e
AN B [le = |4 [le N [|B||e
A0 B |le = [|A [|e - [|B [|e
A = B [le = [|A [|e = |IB []e.

The proof of these equalities is straightforward by the standard arguments Routley
and Meyer. O

Lemma 7.43. Prop is closed under O and <. That is, the canonical model satisfies c13.
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Proof. For O, it is sufficient to show that if ||.A||¢ € Prop. then so is O||Al|¢. It is
enough here to show that O||A||¢ = ||0A||¢. For every f.

(1) O||A ||e = {a : Vb(Socab = b € || A/ ||e)}
(2) ||DAf||¢={a 047 €a}

We show that the left-hand of each equation is equal by showing the right-hand of the
equations are equal. The direction from (2) to (1) is fairly trivial, given the definition
of Sge. For the other direction, assume that ¢ € {a : Vb(Sneab = b € || A/ ||¢)}. For
reductio, further assume that OA/ ¢ c. Let’s construct the theory d by defining it
as {A:0A € c}. Clearly Sgcd. By the squeeze lemma, there is a prime theory d’
extending d such that both Specd’ and d’ does not contain A/ . However, by our first
assumption, d’ does contain AT, giving us a contradiction, so 0A’ €ec.

For <, I am required to show that || A/ ||¢ = ||O(A)/ ||e. We first note the following
equalities given by the definition of the canonical frame and the < operator.

O A ||e = {a : I(Socab & b € ||A||¢)}.
|[O(A) || = {a : OA € a}.

For one direction, let ¢ € {a : Ib(Soeab & b € ||A/||¢)}. Then Ib(Seech & b €
||A/||¢). It follows that {GA : A € b} C c. Thus, OA/ € ¢, as required.

For the other direction, let ¢ € {a : CA € a}. Thus, OAS € c. We are required to
show that there is a » such that Seech and A/ € b.

Let ¢ = {B| - A/ — B}, where A’ is the formula in question. It follows that e is
a theory. For adjunction. assume that B.C € e. Then - A/ — Band - A/ — C. and
so A/ — (BAC) From this last fact, (BAC) € e. For closure under conditional
theorems, suppose that B € e and - B — C. Then - A/ — B, and so - A/ — C, as
required.

Further, S¢ce, which is straightforward from the definition of S¢ and the fact that,
using ©.A/ € ¢ and (¢-M), we have that every B € e is such that OB € ¢. Using the
appropriate squeeze lemma, we obtain ¢’, an prime extension of e, such that S¢ece’.
Moreover, A/ € e’ dueto - A/ — A/, O

LemmA 7.44. The constant function ¢q is in PropFun, and PropFun is closed under
U,N, =, %, -, 0, and O. That is, the canonical model satisfies ¢9, ¢10, and c14.

Proof. The arguments given by by Mares and Goldblatt [20], Lemma 9.2 can be
used for every case except the O and < cases. For O, we have to show that O¢p 4 = ¢p 4.

For every f.
poaf =||0A |l by definition of ¢
= 0[|A ||e lem 7.43
=0¢af by definition of ¢5
For ©, the argument is similar and establishes the more general equality Cop 4 = doa.
For every f,
poaf =10A [|e By definition of ¢
= O||A/ ||e lem 7.43
=0oaf by definition of ¢ O
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LEmMMA 7.45. PropFun is closed under 3, and ¥,,. That is, the canonical model satisfies
cll.

To show that PropFun in closed under V,,, the following sub-lemma proved by Mares
and Goldblatt is convenient.

Lemma 7.46. If Vx A is a sentence, then, for every prime theory a, Vx A € a iff there is
an X € Prop such that, for ever constant ¢, a € X and X C ||A[c/x]||c. That is,

IVxAlle = Neecon||Ale/x]lle-

The proof is thus sub-lemmas is an in [20, Lemma 9.3], and as such is omitted. The
remaining detail of Lemma 7.45 is included here, which includes the introduction of
some notation.

Here we will show that, for every n € w, for any A, V,¢4 = ¢v,, 4. Mares and
Goldblatt introduce another notation for this proof. We will write A/ \" for the formula

ALfO0/x0, .o, f(n—=1)/Xp 1. Xn/Xn, f(n+1)/xpe1, ... ]

This formula is the result of applying the substitution determined by f* with the
exception of x,,. Given this, it follows that A/ \"[¢/x,] = A/ ¢/n. It can also be seen that
Vx, (A \") = (Vx,.A)’. Given these two facts, the following derivation from Mares and

Goldblatt is possible.

(Vupa) f = dalfe/n]) by the definition of V,,
= Mecu||A7EM)| ¢ by definition of ¢4
= MNeev|| AV e/x]l|e by an equality just established
= [|Vx, (A" V)] e by our sub-lemma
= [|(VxpA) || e by an equality just established
= Pvx,Af by definition of ¢y, 4

Thus PropFun is closed under V,, for every n € w.
A similar proof can be given for the definable 3,,. Thus the proof of Lemma 7.45 is
completed.

LemmA 7.47. In the canonical model for BQ.Cno, condition
cl5 X - Y CNucud(fla/n]) implies X — Y C (V,¢) f
is satisfied.

The proof is omitted as it is by the arguments of Mares and Goldblatt [20], which
are applicable for BQ.Cqo.

To show that this canonical model is in fact a model for QB.Cao (BQ.Cgo), the
next lemma suffices.

Lemma 7.48. For every n-ary predicate symbol P, every variable assignment, and every
set of terms 1, ..., Ty,

1. P(ty.....t0)" = P(|ti|f. ...

Tn|f>

Mares and Goldblatt’s arguments may be used here.
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COROLLARY 7.49. The canonical model for QB.Cne (BQ.Croo) isa QB.Coo-(BQ.Cho-)
model.

Our final step before completeness is again a truth lemma.

LemMA 7.50 (Truth Lemma for QB.Cq, (BQ.Cr,)). For any formula A, A = ¢ 4. That
is. for all f. |Alef = || A’ ||e. In other words. a. f = Aiff A € a.

Proof. The proof is by induction on the complexity of .A. Again, the arguments
for the cases covered by Mares and Goldblatt can be verified to work in QB.Coo
(BQ.Coo). The new cases are those of O and <. For O we have the following:

The following argument is enough for the < case.

|A| = |©OB] Case Hyp
= <O|B| Definition of ||
=g Inductive Hypothesis
= ¢don lem 7.44
= ¢4 Case Hyp

Similarly, and condensed, the case for O is as follows. Let A =08, and
assume the inductive hypothesis. That is, |B| = ¢p. It follows that |A| = O|B| =

U = ¢os. O

THEOREM 7.51 (Completeness for QB.Co, (BQ.Co,)). If A is valid in every QB.Cns-
model (BQ.Cno-model), then A is a theorem of QB.Cno (BQ.Cpoo).

Proof. Let A be valid in every QB.Cpo-model including the canonical model. (The
same argument may be used for BQ.Cqs.) It follows that every regular prime theory
includes A/ for every f. For every free variable in A, replace it with a different constant
not in A. This new formula belongs to every regular prime theory, and is therefore a
QB.Cq¢ theorem. Repeated but finite applications of UG(Con) followed by repeated
by finite applications of the axiom Vx.4 — A[¢/x]. with 7 free for x in A, will produce
a proof of A. O

The semantics of Mares and Goldblatt for QR and RQ improves on Fine’s more
complicated semantics, and provides a natural way of interpreting the quantifiers.®
Further, the semantics of Goldblatt and Mares [14] for quantified modal (classical)
logics, in which the universal quantifier is treated similarly, provides completeness
results for a wide range of quantified modal logics. The canonical models don’t require
w-complete theories, and the usual incompleteness (which results from conflicting
requirements in the truth lemma for O and Vx) is bypassed. This kind of semantics for
quantified modal logics is powerful, as seen in here, and in [11, 14]. However, despite
how natural and useful the semantics are, it is an open question how it can be used to
model quantified relevant logics with non-dual quantifiers. In particular, there is work
to be done developing an constructivist or intuitionistic approach to both quantifiers
and modalities in relevant logics.

6 Logan [16] gives a more approachable presentation of Fine’s stratified semantics for
quantified relevant logics. Logan addresses the complaints that the stratified semantics is
too complex (e.g.. see Section 2.1 of [4]) and difficult to interpret philosophically (e.g.. see

[24].p. 5).
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Table 2. Frame conditions for modal axioms

Axiom Frame condition
T 0AdA— A Va(Soaa)
To A—CA Va(Seaa)
D 04— OA Ya3b(Soab & Scab)
B A—O0CA Va,b(Soab = Scba)
B, <OA— A Va,b(Scab = Soba)
4 0A4 — 0O0A S&Zab = Spab
46 COOCA—-CA S%ab = Scab
5 OCA — OCA Ya,b.c(Soab & Snac = Socb)
5o O0A4A —- OA Ya,b.c(Soab & Soac = Sobc)

KO 0O(A— B)— (0A—0OB) If Rbef and So fd. there there exist b’, ¢/ € K
such that Sghb’, Soec’, and Rb'c'd.

Ko 0O(UA — B) = (OA — OB) If Rbed and Socf, then there exists b, d’ € K
such that Rb’ fd', Sobb’, and Sodd’.

SC O(0DA — B)vO(DOB — A) If Sqab, Rbed, Snab’, and Rb'¢'d’,
then Sged’ or Spc'd.

CON O((AADA) — B)V If Spab, Rbed, Snab’. and Rb'c'd’,
O(BAOB) — A) then ¢ < d’ or ¢’ <d or Smed’ or Snc'd.
Alt, OA VO(A — Ay) V- If Smady. N\'_(Swab’ and Rb;c;d;) and dy, # u
VO(AL A A Ay = Ayyr) then \/JZg /1, ¢j < d;.
Rule Frame condition
NEC £ If » € 0 and Spbe. then ¢ € 0.

§8. Extensions of QB.Co¢ and BQ.Coo. The extensions of QB.Co and BQ.Cho
I consider here extend either the modal or implicational fragments of the logics.

Finally, we will show that the canonical model corresponding to various extensions of
QB.Cg¢ and BQ.Cq, satisfies the conditions corresponding to the additional axioms
or rules. For the axioms of the relevant fragment, the proof is standard. Thus, we
turn to the modal axioms. In Section 4.7, the Barcan formula is briefly given some
attention.

Let I be a quantified relevant logic and A be a set of axioms and rules from
Table 2:

1. the logic L.C is the regular modal logic over IL and
2. the logic L.A is the quantified modal relevant logic that results from adding the
axioms and rules of A to LL.
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We say that A corresponds with duality to a named modal classical logic M when both
(1) if A € A, then the dual of A is also in A, and (2) M can be defined by extending
classical propositional logic with the set A. In this case, we have

3. the logic IL.M is the quantified modal relevant logic that results from adding the
axioms and rules of A, where A corresponds with duality to M.

For example, KT can be defined using necessitation, plus the K, T, K¢, and T, axioms.
It follows that IL.KT is defined by adding necessitation, K, 7, Ko and T to L. The
logics denoted by LM (with no dot) will be defined in Section 9

This notation for the names of logics is not particularly pretty, especially when
considering each has a corresponding name without the dot, but it take advantage of
the known names for relevant logics and modal logics to give a somewhat intuitive
grasp of the axiomatization. Moreover, because the dot/dotless notation is in keeping
with the literature on modal relevant logics, the author has chosen to keep this notation
(and make the convention more precise) rather than introduce a new notation in order
to reduce alternative notations.

For any logic L that extends QB.Cpo (or BQ.Cno) with a set of axioms (with out
without the necessitation rule) from Table 2, we define L-models to be the QB.Cq-
models (or BQ.Cos-models) that satisfy the corresponding conditions from Table 2.
For these logics, the set of which we will denote by 8. we record soundness and
completeness.

LemMa 8.52. A4 formula A is valid in every L-model if and only if A is a theorem of L,
Sfor every L € B.

Proofs are as usual, and as in [30].

Given this list of correspondences, I will now isolate a couple of interesting extensions
of B.Cpo. As described by Seki [30], p. 408, the logic R.K is obtained from B.Cn¢ by
deleting ¢ and < (and using ¢ as a replacement) from the logic’s signature, removing
the axioms ¢ and G(AV B) — (CAV OB), and the rule O-monotonicity, extending
the relevant logic fragment from B to R, and adding the axiom (KO) and the rule of
necessitation. The logic RK results from adding the axiom (G A A OB) — G(A A B) to
R.K. Finally, R4 is obtained by adding to RK the axioms 04 — A and 0.4 — OOA.

There are two interesting types of axioms to consider. The first are axioms with both
of a non-dual pair O and <. Some sentences of this kind are highlighted in the next
section. The other kind of axiom of interest are axioms in which both quantifiers and
modalities appear, such as the Barcan Formulas. The next after next will deal with
these.

§9. Dropping the Dot. The dot/dotless notation for a logics name is used in the
modal relevant logic literature, but it is not entirely precise. Sometimes, the dot is
removed when the modal fragment is sufficiently similar to the modal fragment of the
corresponding modal classical logic (as in, for example, in [29, 30]). This convention
is not entirely standard. Mares and Tanaka [23] use the name R.K", with the minus
symbol indicating the lack of the axiom KO, for a logic that here we would denote
without the dot. It have also been common to use the name NR for our R.4 without
primitive <. Here, however, my aim is to both make rigorous the dotting convention
as used consistently with Seki, and to motivate interest in the distinction picked out
by the convention. My hope is that this interest will standardize once and for all the
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dotting convention. As mentioned above, the dot is removed from a logic’s name when
it is sufficiently classical. We are now in a position to explain what is meant by this,
which is roughly that the diamond and box to behave sufficiently like they do in modal
classical logic.

Relevant logicians have been interested in when a relevant modal logic contains the
theorems of a modal logic whose base is classical logic. We shall often call modal logics
with a classical base modal classical logics (cf. modal relevant logics), which are not
to be confused with the established term ‘classical modal logics.”” That is, when the
theorems of a modal logic with a classical base, written in ~, A, and O, are theorems
of the modal relevant logic. Mares and Meyer have been at the forefront of research in
this area. In [18], it is proved that a number of modal relevant logics are conservative
extensions of modal logics. Similar results, including conservative extension by Boolean
negation, can be found in [21-23]. There is therefore an interest the ‘classicality’ of the
modal fragments of relevant logics.

The dot notation identifies a certain degree of classicality in the modal fragment of
relevant logics, and it is this degree which is necessary, though not sufficient, to ensure
that a relevant modal logic is a conservative extension of its classical counterpart. As
this fragment includes negation, weaker logics such as B have no hope of containing the
theorems of a modal classical logic. On the other hand, the axioms below required for
‘dropping to dot’ are exactly the postulates Dunn [6] identifies as required for positive
modal logics (without implication). Without these postulates, a positive modal logic
would lack theorems (in A, V, O, <) that are theorems of the corresponding modal
classical logic. Therefore, for weaker relevant logics there are interesting results for be
found in the positive modal fragments, and it is only fitting that the frame conditions
given below are suitable for positive fragments of the logics considered. So let us make
rigorous the dotting convention.

To warrant the removal of the dot from a logic’s name, we must add O(AV B) —
(0DAV <©B) or the dual (OAAOB) — (A A B), and we must have the duality of
the modalities O and <. For a (classical) regular modal logic to be contained in
a corresponding relevant modal logic, all the theorems must be included under
translation. The duality of the quantifiers is a theorem of classical regular modal
logics. Moreover, (C.A A OB) D O(A A B) is a theorem of all classical regular modal
logics (as in [5], Theorem 8.12). Thus, only the dotless logics can contain their classical
counterparts.

Here we establish frame conditions for these axioms.

LeMMA 9.53. The axiom scheme O(AV B) — (OAV OB) is valid in all QB.Cp-models
that satisfy the following condition:

(c16) if Spab, then Ix < b(Spax & S¢ax)

Proof. Suppose that a, f F O(AV B). For reductio, let a, f ¥ OA and a, f ¥ OB.
From the former we get that Spab and b, f ¥ A. From the condition above, Spac and
Scac for e < b.

So in particular, it follows that ¢, f E AV B.If ¢, f E B, then we get a contradiction,
as it entails a, f F ©B. On the other hand, if ¢, f F A, then b, f E A, which gives us

7 The term ‘classical modal logic.” introduced by Segerberg [28], refers to modal logics
(generally with a classical base) that have both the duality of the quantifiers and are closed
under the rule of replacement of equivalents: from - 4 <» B infer - 04 < OB.
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another contradiction. Thus the reductio assumption is wrong and a, f F OA4 V OB.
The result follows by Semantic Entailment. O

LEMMA 9.54. The axiom scheme (OA A OB) — O(A A B) is valid in all QB.Cqo-models
that satisfy the following condition:

(c17) if Soab, then 3x < b(Spax & Seax)

Proof. Leta, f E OA A OB. From this we get Soab and b, f F A. By our condition,
there is a ¢ < b such that Spac and Se¢ac. Thus, ¢, f E B, which entails b, f E B.
From here, we know that b, f E AA B, and so a, f F O(A A B), as required. The
result follows by Semantic Entailment. O

The condition from [22]—if Sgab. then Ix < b(Tax), with Tab =4, Sab & Sa*b*—
is used to validate O(A Vv B) — (0.4 V ©B) in a modal relevant logic in which the box
is primitive, and the diamond is a defined dual. The 7 relation here is used in particular
because of the essential role of negation in defining the diamond. The proof requires
looking at star worlds. However, the condition I give above can be used in both positive
fragments and in logics without the duality of the modalities. The conditions above
are essentially the Mares—Meyer condition restricted to the relations for two possibly
non-dual modalities. The conditions above becomes the Mares—Meyer condition when
Soab iff Sha*b*. Moreover, the duality of the modalities collapses the corresponding
relations, as recorded below.

LEMMA 9.55. If the modalities O and < are dual, then S ab iff Sma*b*.

Proof. From the duality of O and <, and the duality of O and ¢, it follows that ©.A
iff ~-O0-A iff o A. Thus, ¢ and ¢ must be modeled by the same binary relation. Given
this and the fact that Sqab iff Spa*b*, we get that Seab iff Spa*b*. O

THEOREM 9.56. Let L be a logic extending QB.Cqo or BQ.Cao with any set of axioms
and rules from Tables 1 and 2, and let the class of 1L.-models as defined above. The logic
L + (CAAOB) — O(ANAB) is sound and complete w.r.t the class of all L-models
satisfying (¢16). Further, the logic L + O(AV B) — (0.A V OB) is sound and complete
w.r.t the class of all L-models satisfying (c17).

Proof. Lemmas 9.53 and 9.54 demonstrate the soundness claim. For completeness,
we define the canonical modal as earlier, but for the appropriate logic. The completeness
proofs, of which we will only show that for the axiom O(AV B) — (0DAV ¢B).
are essentially the proof given by Mares and Meyer [22, Lemma 4.5], with obvious
modifications to handle the star-less condition given above.

First, assume that Sgab. That is, if OA € a, then A € b. We show that there is a
prime theory x C b such that Sgax and S¢ax. Let ¢ be the set of formulas A such
that OA € a, and let a’ be the set of formulas A such that O.A € a. Thus, ¢’ C b, and
is a theory. Further suppose that d is the set of formulas not in 5. We have here that
the pair (a’. c U d) is independent by the following:

Suppose for reductio that the pair is not independent. Then there are Ay, ..., A, € a’,
Bi.....B,, € dand Dy, ..., D; € ¢ such that

F(AIA, ... AA,) — (B1V, ....VB,, VDV, ... ,VD;)
from which we can infer

FO(AA, ... AA,) = OBV, ....VB,, VDV, ... .VD;).
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Then, given the axiom in question, we can derive
FOAA, ... AA,) — OBV, ....VB,) V(D V. ... VD).

The primeness of the element @ further implies either the O(B; V. ..., VB,,) € a or that
O(DyV. ..., VD)) € a.Ifthelatter, then OD; € a forsomei < [, whichentailsD; € c,a
contradiction. On the other hand, O(B; V. ..., VB,,) € a.thenB;V. ..., VB,, € b, which
also leads to contradiction. Thus, (a’,c Ud) is independent. Using the extension
lemma, There is a prime theory x extending a’ such that the pair (x,cUd) is
independent. It is obvious that Spax by our definition of a’. To show that S¢ax.
suppose that it did not hold. Then there is a formula A such that A € x but ¢ A & a.
Such formulas make up the set ¢, as defined above. All such formulas were excluded
from x in the extension lemma. So Scax. O]

This brings us to the title of the current section. In the naming scheme of the logics
here, my convention is to drop the dot in the name of the logic when (1) the logic
contains both the diamond and the box (with possibly one being defined), (2) the
diamond and box are duals, and (3) both the formula schemes discussed in this section
are theorems. The result is that logics whose name has dropped the dot have a certain
degree of classicality.

From here, further research is motivated into exactly what degree of classicality
this convention picks out. One line of investigation is to see which of these logics can
be proven to admit y — from -4V B and A to infer B. Following the arguments
of Mares [18]. y-admissibility may lead to conservative extension results over modal
relevant logics. Moreover, for quantified modal logics, a natural starting point is to
consider the quantified extensions of the logics in [18], and to determine whether they
conservatively extend their corresponding quantified modal classical logics.

§10. Barcan formula. Here we briefly discuss the role of the Barcan formula in
modal relevant logics. In the logics defined above, using UI, the Barcan formula is not
derivable. However, as we say earlier, the Converse Barcan Formula is derivable in our
basic logic QB.Cno.

Lemma 10.57. The Barcan formula is not a theorem of RQ4°".

Proof. All of the theorems of RQ4°’ are theorems of quantified S4 with UI. One
cannot prove the Barcan Formula in quantified S4 with UI [11, p. 82]. Therefore, the
Barcan Formula cannot be a theorem of RQ4°”. O

In classical logics, the Barcan formula is related to models in which Prop and
PropFun are the set of all subsets of worlds and set of all functions from variable
assignments into Prop. respectively. These models are called Kripkean or full (due to
Prop and PropFun being the largest sets they can be). Here, S = NS. Consequently,
the verification conditions for the quantifiers for Kripkean models collapse into the
Tarskian verification conditions. For the universal quantifier, namely

a, fLEVxAiff foreveryg e xf, g akF A

since MS = NS and [Vx AM f = Mger | AMg.
In[14], a Tarskian General Frame is defined as a frame for Prop is closed under which
arbitrary (infinite) intersection. In these frames, the Tarskian verification condition is
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derivable. Moreover, they show that, for a class of frames C of modal classical logics,
a formula A is valid in all standard constant domain models based on members of
C iff A is valid in all Tarskian general frames based on members of C iff A is valid
in all full general frames based on members of C [20, Theorem 7]. They go on to
show that models that are not Tarskian can validate the Barcan Formula, showing that
“the Tarskian condition is sufficient to ensure validity of BF, but it is not necessary”
[14, p. 14].

The question then remains as to what the role of the Barcan formula is in modal
relevant logics.

LemMmA 10.58. If M is a Kripkean/full model, then 9 validates BF.

Proof. The proofismuch likein[11, Lemma 2.2.7]. Let a, f F VxO.A. Then suppose
that Sqab. The domains are constant, or at least universal, in the sense that there is a
single domain for the entire model. So. if a € U, then a, f[a/x] F O.A, which implies
that b, f[a/x] E A.

So we have that, for every a € U, b, f[a/x]E A. From this, and the assumption
that the model is Kripkean and therefore Tarskian, we get that b, f F Vx.A. As this
holds for every b such that Spab, it follows that a, f F OVx.A. The result follows by
Semantic Entailment. O

Note that, in [12], it is shown that Kripkean models also validate commuting
quantifiers (CQ—VxVyA — VyVx.A) in modal classical logics. In the relevant logics
we consider, we can prove that = CQ using UI (and V-Intro) without the Barcan
Formula [20, Lemma 6.3 (d)].

What is left to do is prove, of certain classes of models, that the relevant logics
considered plus the Barcan Formula are characterized by these models. That is, give
soundness and completeness results for whichever classes of models we are able. Here,
we must be careful that the class of models we choose does not imply incompleteness
for the quantified relevant fragment of the logic by, for example, becoming vulnerable
to Fine’s incompleteness proof as in [9].

Although Goldblatt [11], Goldblatt and Mares [14], and Mares and Goldblatt
[20] prove many relations between logics with the Barcan Formula (and CQ), the
tightest characterization so far is not the most illuminating. That characterization, for
relevant logics, is given in the following theorem. While related to Kripkean models
with Tarskian conditions, the following fact about relevant logics with the Barcan
formula is the furthest we will venture into the Barcan formula in this work.

THEOREM 10.59. Where 1L is a quantified modal relevant logic without BF, the logic
L+ BF is characterized by the class of all admissible function models that satisfy

ViO¢ C OV.9,

and are based on a general L-frame. (Where O in the condition above is the type-lifted
operation on propositional functions.)

Proof. The proof is essentially unaltered from [11]. For soundness, we have the
following:

VxOAf = VO ALf
C OV, |Alf
= |E|VX.A|f
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For completeness, the goal is to show that ¢yyo4 C daovya using the fact that
FvxOA — OVxA. For this, it is sufficient to show that, if - A — B, then ¢4 C ¢5.
Take an arbitrary ¢ € K and f € U®, and suppose that a € ¢ 4 f. By definition, this
isa € || A/ ||e. and so A/ € a. But ais a theory. and so B/ € a. This gives us a € ¢5.
as required. O

This theorem might not seem very insightful for the role the Barcan formula plays.
Indeed. the condition appears as the axiom written in a semantic dialect. Similarly, we
could offer the condition O¢ C ¢ for the axiom 7, and give a similar proof. While we
have a deeper understanding of the 7" axiom because of its corresponding condition
of reflexivity, such an insight is hidden in the condition O¢ C ¢. As such, conditions
written in a semantic dialect, such as for the Barcan formula above, often fall short
of providing the philosophical explanations that we are after. The proof above is quite
modular, and is applicable to any axiom of a conditional form, taking advantage of
the fact that the axiom being provable implies the corresponding subset relation holds.
Consequently, it is a powerful formal technique that appears to offer no philosophical
insight into the nature of the Barcan formula.

Goldblatt proves a similar theorem [11, Theorem 4.5.4]. Goldblatt explains the
importance of this and related theorems.

It might be thought that characterizations using the condition
[defined above] do little to advance our understanding of the
Barcan Formula, since this is essentially a translation of BF into
structural/algebraic form. On the other hand, for [some logics
considered], the results given here would appear to be the first
characterizations of any kind that are based on possible-worlds style
relational semantics. [11, p. 157]

Thus, proving this theorem will at least be a good starting point in exploring
characterizations of relevant logics with the Barcan Formula.

The Barcan formula’s dual, with 3 and © can be given a similar characterization.
Both results follow from a more general fact about the relation of propositional
functions and provable conditionals. What is desired, ideally, is a semantic condition
with more explanatory power. The relation, for example, of the Barcan formulas to
the contraction and expansion of domains provides some explanatory insight which
is missing in the straightforward algebraic translation (perhaps transliteration?) of the
axiom. This motivates the following lines of investigation for future work:

1. Find a semantic condition for the Barcan formula that provides more insight
into the nature of the Barcan formula in relevant logics.

2. Develop systems for quantified modal relevant logics in which both the Barcan
formula and its converse fail. For example, using the restricted universal
elimination axiom Vy(VxA — A[y/x]) instead of the unrestricted Vx4 —
A[zr/x]. with other axiomatic adjustments, can ensure that the Converse Barcan
formula is not a theorem.

Goldblatt [11] provides an excellent starting point for pursuing the latter project, as
a large portion of the book is dedicated to logics defined using the restricted universal
elimination axiom.
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