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1. Introduction

Stig Kanger — born of Swedish parents in China in 1924 — was professor of Theoretical
Philosophy at Uppsala University from 1968 until his death in 1988. He received his Ph. D.
from Stockholm University in 1957 under the supervision of Anders Wedberg. Kanger’s dis-
sertation Provability in Logic,was remarkably short, only 47 pages, but also very rich in new
ideas and results. By combining Gentzen-style techniques with a model theory a la Tarski,
Kanger obtained new and simplified proofs of central metalogical results of classical predi-
cate logic: Godel's completeness theorem, Léwenheim-Skolem’s theorem and Gentzen’s
Hauptsatz. The part that had the greatest impact, however, was the 15 pages devoted to
modal logic. There Kanger developed a new semantic interpretation for quantified modal
logic which had a close family resemblance to semantic theories that were developed around
the same time by Jaakko Hintikka, Richard Montague and Saul Kripke (independently of each
other and independently of Kanger).

Although his work did not receive much attention at the time, it is generally accepted
nowadays that Kanger played a crucial role in the development of model-theoretic semantics
for modal logic. The precise nature of his contribution is, however, not so widely appreci-
ated. It is sometimes said that Kanger was the true originator of the so-called possible worlds
or Kripke semantics for modal logic. Thus, Dagfinn Fgllesdal, in his address to the Stig

* The present paper is a very slightly revised version of Lindstrom (1998). A shorter version
was published as Lindstrém (1996). Various versions have been presented at seminars in
Umea, Uppsala, Boston, Pittsburgh and Los Angeles. | am especially indebted to Joseph
Almog, Lennart Aqvist, Nuel Belnap, Thorild Dahlquist, Kit Fine, Bengt Hansson, Risto
Hilpinen, Jaakko Hintikka, David Kaplan, Paul Needham, Peter Pagin, Wlodek Rabinowicz,
Krister Segerberg and Rysiek Sliwinski for their very helpful comments and advice. A
fellowship at the Swedish Collegium for Advanced Studies in the Social Sciences (SCASSS)
during the Autumn of 1996 provided an excellent research environment for working on the
paper.
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Kanger Memorial Symposium in Uppsala August 1991, proposed the label “Kanger-Kripke-
semantics” for the possible worlds approach.

Such an assimilation of Kanger-type semantics to standard possible worlds semantics
could, however, be misleading. Kanger’'s formal semantics for modal logic does not, at least
explicitly, utilize the notion of a possible world. Nor is there in his early works from 1957
any mention or discussion of possibilia (possible worlds, counterfactual states of affairs, pos-
sible individuals). | do not think this is an accident. Kanger’s goal was to generalize and
extend the standard Tarski-style definition of truth in a model for first-order predicate lan-
guages to languages of quantified modal logic. He wanted to do so without introducing any
new primitives in the metalanguage. In (1957b), he explicitly mentions it as an advantage of
his approach that it does not presuppose any “intensional” entities like Fregean senses,
meanings or intensions. Although he does not discuss the matter, one gets the decided
impression that Kanger’s ontology is no more hospitable toward possibilia than it is toward
intensional entities.

There are, | shall argue, important differences, both of a conceptual and a technical nature,
between Kanger’'s approach to modal semantics and the possible worlds approach. In this
connection, one should distinguish betweenpdgsible worlds semantics properparticular
type of model-theoretic semantics for modal logic; and (ii)ptbesible worldsnterpretation
of modal concepts. Accordingly, we may pose the two questions: “Is Kanger's semantics a
kind of possible worlds semantics?” and “Is Kanger’s interpretation of modal notions a
‘possible worlds interpretation’?”. In this paper | shall argue that both questions should be
answered in the negative. Kanger semantics differs from standard possible worlds semantics
in many ways. As we shall see, the notions of logical truth and logical consequence are
defined differently for the two kinds of semantics. Moreover, the underlying intuitions about
modality are different.

2. Semantics for quantified modal logic: from Carnap to Kripke

The proof theoretic study of quantified modal logic was pioneered by Ruth Barcan Marcus
(1946a, 1946b, 1947) and Rudolf Carnap (1946, 1947) who were the first to formulate
axiomatic systems that combined quantification theory with (S5- and S4-type) modal logic.
The attempts to interpret quantified modal logic by means of formal semantic methods also
began with Carnap (1946, 1947), where he presented a semantics for logical necessity based
on Leibniz’s old idea that a proposition is necessarily true if and only if it is true in all possi-
ble worlds. In his formal semantics, Carnap used syntactic entities — state-descriptions — as
representatives of possible worlds. Suppose that we are considering a first-order predicate

L At the 9th International Congress of Logic, Methodology and Philosophy of Science. See
Follesdal (1994).
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languagel. with a countably infinite set of individual constants, an infinite sequence of n-ary
predicate letters for each>nl, but without function symbols or the identity symbol. In addi-
tion to Boolean connectives and quantifiers, the langlagmntains the modal operatarfor

logical necessity. Atate-descriptioror L is simply a set of (closed) atomic sentencek.f
Carnap (1947), p. 9, writes “...the state-descriptions represent Leibniz's possible worlds or
Wittgenstein’s possible states of affairs”. Relative to a state-description S, the ndtiath of

for sentenceg of L is defined as follows (we write IS¢ for ¢ being true in S):

(1) Sk P(a,..., &) iff P(ag,..., &) O S.

2 SE-¢ iff SH ¢.

3 SE(¢ - Q)iff SH ¢ or SE .

4) Sk [Ox¢ iff, for every individual constant c, 5 ¢(c/x).

Here,¢(c/x) is the result of substituting c for every free occurrence ofpx in
Finally, Carnap gives the following truth clause for the opefator

(5) Sk O iff, for every state-description, S F ¢.

That is, the modal formula “it is (logically) necessary tats true in a state-description S if
and only if¢ is true in every state-description S

Carnap definetogical truth as truth in all state-descriptions (we wrke¢ for ¢ being
logically true). Hence,

(6) SEO¢ iff E ¢.
@) SE-O¢iff ¥ ¢.
(8) E O, if E ¢; andk -, otherwise.

It is easy to verify thafl satisfies the usual laws of the system S5, together with the so-called
Barcan formula and its converse, and the rule of necessitation,

(K) FO©® - v) - 00 - ).
() FOo - ¢.

(S5 E-0O¢ - O-0¢.

(Ba) F OxOd(x) - OOxd(x).
(CBa) F OOxd(x) - OxOld(x).
(Nec) IfE ¢, thenk O¢.

Let QC(L) be the set of all logically true sentences, according to the above semantics, in
the languagé..

2 Actually Carnap’s state descriptions are sets of literals (i.e., either atomic sentences or ne-
gated atomic sentences) that contain for each atomic sentence either it or its negation. How-
ever, for our purposes we may identify a state description with the set of atomic sentences
that it contains. Also, in order to make things simple, | am not discussing here Carnap’s
treatment of identity statements.
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Theorem. The set QCL) is not recursively enumerable, so there is no formal system with
this set as its theorems.

Proof: Suppose the set QL) is recursively enumerable. Létbe any sentence of the
non-modal fragmeritg of L. Then, we have:

(i) Either E O¢ ork - d.
(i) If EO¢, thenk ¢.
(iii) If E-0O¢, thenH ¢.

Since, by assumption, there is an effective enumeration of the logically true sentehgces of
we can effectively decide which &f (OJ¢ or E =J¢ holds. But, this means in virtue of (ii)
and (iii) that we can effectively decide whichlef¢ or ¥ ¢ that holds. By Godel's com-
pleteness theorem for the predicate calculus, for any senierfdey, F ¢ holds if and only if
¢ is a theorem of the first-order predicate calculus. But this is contrary to Church’s theorem
according to which the pure predicate calculus is undecidable (cf. Kleene 1967, § 45).

Q. E.D.

The next step in the development of a viable semantics for quantified modal logic was
taken by Stig Kanger in his dissertati®rovability in Logic(1957a). Kanger's ambition was
to provide a language of quantified modal logic with a model-theoretic semantics a la Tarski.
For that purpose Kanger introduced the notions pfimary valuationand asystem. A pri-
mary valuation for a languade of quantified modal logic is a function v which for every
non-empty domain D assigns an appropriate extension in D to every individual constant,
individual variable, and predicate constanfLin A system is an ordered pair S = <D, v>,
where D is a (non-empty) domain and v is a primary valuation. Notice that v does not only
assign extensions to symbols relative to the designated domain D, but relafivédamains
simultaneously.

In Kanger’'s dissertation there is to be found, for the first time in print, a semantics for
modal operators in terms of so-calladcessibility relationseach modal operata@i is asso-
ciated with an accessibility relationrfbetween systems in terms of which the semantic eval-
uation clause fol is spelled out:

S E (¢ iff for every system 'Ssuch that SRS, S F ¢.

That is,[J¢ is true in the system S if and onlyifis true in every systent fhat is Ry-acces-
sible from S. One particular modal operator that Kanger introduces is one hiegial
necessityand which he provides with the following semantic clause:

Sk [L] ¢ iff for every system 'SS F ¢.

Thus, ' is the universal relation between systems.
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Kanger points out that by imposing certain formal requirements on the accessibility rela-
tion, like reflexivity, symmetry, transitivity, etc., one can make the operator satisfy corre-
sponding well-known axioms of modal logic. In this way, the introduction of accessibility
relations made it possible to apply semantic and model-theoretic methods to the study of a
variety of modal notions other than logical necessity. Although Kanger was the first to pub-
lish, other researchers, among them Hintikka and Montague, also came up with the idea of
utilizing accessibility relations in the semantics of modal notions.

One source of inspiration for Kanger’s use of accessibility relations in modal logic was no
doubt the work of Jénsson and Tarski (1951) on representation theorems for Boolean algebras
with operators. Jénsson and Tarski define operator®n arbitrary subsets X of a set U in
terms of binary relations R U x U in the following way:

OX = {x OU: Oy O X(yRX)},

that isOX is the image of X under R. They also point to correspondences between properties
of & and properties of R. Among other things, they prove a representation theorem for so-
called closure algebras that, via the Tarski-Lindenbaum construction, yields the completeness
theorem for propositional S4 with respect to Kripke models with a reflexive and transitive
accessibility relation. However, Jénsson and Tarski do not say anything about the relevance
of their work to modal logic. Perhaps they considered the connection too obvious or of too
little importance to mention it.

A semantic approach to first order modal predicate logic that has a close resemblance to
Kanger's was developed by Montague (1960)ike Kanger, Montague starts out from the
standard model-theoretic semantics for non-modal first-order languages and extends it to lan-
guages with modal operators. He definesma@rpretationfor an ordinary first-order predi-
cate language to be a triple S = <D, I, g>, where (i) D is a non-empty setdtmain; (ii) |
is a function that assigns appropriate denotations in D to the non-logical constants (predicate
symbols and individual constants) bf and(iii) a function g that assigns values in D to the
individual variables of.. For each non-logical constant or variable X, let S(X) bes¢inean-
tic value(i.e., denotationfor non-logical constants andluefor variables) of X in the inter-
pretation S. Then the notion of truth relative S is defined as follows:

30n p. 39 in (1957a) Kanger makes an explicit reference to Jénsson and Tarski (1951).

4 Montague (1960) writes: “The present paper was delivered before the Annual Spring Con-
ference in Philosophy at the University of California, Los Angeles, in May, 1955. It contains
no results of any great technical interest; | therefore did not initially plan to publish it. But
some closely analogous, though not identical, ideas have recently been announced by Kanger
[(1957Db)], [(1957c)] and by Kripke in [(1959)]. In view of this fact, together with the possi-
bility of stimulating further research, it now seems not wholly inappropriate to publish my
early contribution.”

5 We are not going to consider languages that contain function symbols.
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1) SE P(t,..., ) iff <S(t1),..., S(h)> O S(P).

2) Sk (t1=1) iff S(t1) = S(p).

3 SE-¢ iff SH ¢.

4 SE(¢ - Q) iff SH ¢ or SE .

5) Sk [Ox¢ iff for every object &1 D, S(a/x)F ¢.
Here, S(a/x) is the interpretation which is exactly like S, except for assigning the object a to
the variable x as its value.

Montague now asks the same question as Kanger. How can this definition of the truth-
relation F be generalized to first-order languages with modal operators? As we recall,
Kanger solved the problem by modifying the notion of an interpretation: a Kanger-type inter-
pretation (what he called ‘a system’) assigns denotations to the non-logical constants and val-
ues to the variables not only for one single domain (the ‘actual’ one) but for all domains.
Montague’s approach is simpler than Kanger’'s: he keeps the notion of an interpretation S of
first-order logic intact, and just adds semantic evaluation clauses for the modal operators. As
in the Kanger semantics, each modal operatos associated with an accessibility relation
Ro. Now, however accessibility relations are relations between interpretations S = <D, |, g>
of the underlying non-modal first-order language. The semantic clause corresponding to the
operatoi], with associated accessibility relatiom,Rs:

(6) Sk O¢ iff for every interpretation 'Such that SRS, S F ¢.

Montague observes that for each variable x the universal quantjehat binds the variable
X, can be viewed as a modal operator with the accessibility relatiguéined by the condi-
tion:

<D, I, g>Rx<D', I', g>iff D = D', I = 1" and g(y) = {y) for every variable y
different from x.

Given this definition, (5) becomes a special case of (6).
Montague associates with the ope@omf logical necessitthe accessibility relatio
defined by:

<D, |, g>Rr] <D’ I g>iff D=D"and g = §
Thus, his semantic clause @ becomes:
(1) <D, I, g>E [L| ¢ iff for every I defined over D, <D, I g>F ¢.
This semantic clause should be compared with Kanger’s stricter condition:
(2) Sk [L] ¢ iff for every system 'SS E ¢.

The difference between (1) and (2) corresponds to a difference between two different concep-
tions of logical truth: Tarski’s (1936) conception and the modern model-theoretic one.
According to Tarski (1936), truth and logical truth are properties that primarily apipitete
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pretedformal languages. Amterpretedfirst-order languagé comes with alomain of dis-
courseD and an interpretation function | that gives the denotations in D of the non-logical
constants ol.. Hence, the (absolute) notiontodith is well-defined for such a language. A
formula ¢ of L istruerelative to an assignmegtof values inL to the variables of. if <D, I,

0>k ¢. ¢ istrue, simpliciter, if it is true relative to every assignment, that is if it is true in
the intended model <D, I1&.Now, according to Tarski (1936), a sentence (closed fornjula)

of L islogically trueif it is true and its truth is invariant with respect to all reinterpretations of
its non-logical constants relative to the given domain of discourse D. Thaisigpgically

true if and only if, for every interpretation <D, > with the given domain D, <D;,Ig’> k

¢. If ¢ is a sentence (closed formula), then its truth-value is independent of the assignment of
values to the variables. Hence, Tarski’'s (1936) definition yields for sentg@nogk:

¢ is logically true iff for every’ldefined over D, <D, | g>F ¢,

where D is the domain of discourseloind g is any assignment of values in D to the vari-
ables. Hence, for closed formulas of the underlying first-order language, Montague’s truth-
clause (1) above coincides with Tarski's (1936) definition of logical truth. It also accords
well with Carnap’s definition of logical truth as truth in all state descriptions, provided that
the language contains names for all the objects in a fixed domain of discourse.

Tarski’s (1936) definition yields the result that all true sentences of an interpreted language
that do not contain any non-logical symbols are logically true. So, if the domain of discourse
is infinite (and provided that = is taken as a logical constant), then all the sentences of the
form:

(n) [X1....0Kn(X1 # X2 [L..00X1 # Xn O X2 # X3 O...0X2 # X O....0Xn-1% Xn)
n= 2, are logically true. So according to Montague (1960), the sentences:

([t] n) [X1... Xn(X1 2 X2 O...0X1 # Xp OX2 # X3 0...0%2 # Xp O...0Xn-17 Xn)

6 Here we ignore the possibility of D not being a set bptaper classand | not assigning

sets but proper classes as extensions to the predicate symbol$f tiiis were the case, then

the intended interpretation @f would not be anodelin the formal sense of model theory.

Of course, there are interpreted first-order languages whose intended interpretations are not
models in the formal sense, e. g., the first-order language of set theory, with the proper class
V of all sets as its domain and the proper class {<x, y>: x is a member of y} as the interpreta-
tion of ‘[J". This opens up the possibility for a sentepcef an interpreted formal language

of being true although it may be false in all models in the sense of model theory. This possi-
bility is precluded for first-order languages, by the Léwenheim-Skolem theorem: the truth of
¢ implies its consistency (by the intuitive soundness of first-order logic), which in turn, by
the Lowenheim-Skolem theorem, impligdaving a (countable) model. But for formal lan-
guages that are able to express such notions as ‘ there is a proper class of x’s guthethat
implication:

() if ¢ is true, therd is true in some model (which is built up freets.

fails. Let, for example$ be the sentence “there is a proper class of x’s such that x = x'.
This example is due to McGee (1992).
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aretrue for an interpreted language with an infinite domain. Notice, however, that according
to Montague (1960), it is not the case that:

E L] OX1..Xn(X1 # X2 O...0X1 # Xy Ox2 2 X3 00X # Xy 0.0 Xn-17 Xn)

that is the sentenceg n) are nofogically true This is so, since the definition of logical

truth that Montague adopts in the metalanguage is the standard model-theoretic one of truth in
all interpretations, not just truth in all interpretations with a given domain. In conclusion,
Montague’s and Kanger’s respective truth clause@oryield, for modality-free sentences

¢,

¢ is true iff¢ is logically true in the sense of Tarski (1936)Montague)
¢ is true iff¢ is logically true in the model-theoretic sens¢Kanger)

There are other possibilities for interpreting logical necessity within Montague’s frame-
work, one interesting alternative being:

3) <D, I, g>F [L| ¢ iff for every model <D I'> such that D1 D',
<D, I, g>F ¢.

Notice that on Montague’s interpretation (1)|Ef, both theBarcan formula

(Ba)  OX[L] d(¥) — [L] Oxd(x)

and its converse:

(CBa) Ox¢(x) - Ox[L] $(x)
are logically true. However, on the interpretation (3), (CBa) still holds, but the Barcan for-

mula fails. Kanger’s interpretation (2), finally, makes both (Ba) and (CBa) fail. As a matter
of fact, on the interpretation (2) the following is a logical truth:

O(X1yeee %) < [L] OX1...0%nd(X1,-.., %0)-

Hence, if we write, for example,

Dxa[L] §(xa,.... %),

the initial quantifier does not really “bind” the free occurrences of the variabtetke for-
mulag.

In other words, Kanger’s interpretation does not allow us to “quantify in” past the modal
operator . The interpretations (1) and (3), on the other hand, give coherent sense to
“quantifying in”. For example, given interpretation (3), the following sentence is clearly
meaningful. As a matter of fact, it is easily seen to be false in any domain with two elements:

xOy(x 2y M Z[L](z =x0z =y) ) » IxOy(x 2y O[] Dz(z = xOz = y)).

The semantical frameworks of Carnap (1947), Kanger (1957a, (1957b) and Montague

(1960) — although important developments in themselves, were still not what we nowadays
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call possible worlds semantics. Something was still missing: an ingredient that was provided
by Jaakko Hintikka and Saul KripKe.

In order to see what was missing, let us just make a seemingly small change in Carnap’s
semantics. Instead of considering the sealbfstate-descriptions, we shall only consider
those state-descriptions that belong to some arbitrary non-emgily dedt us call such a set
C of state-descriptions @arnap frame. The notion of truth in a state-description now
becomes relativized to a Carnap frame. Thus for anyCS

(1) Skc P(a,..., &) iff P(ag,..., &) 0 S.

2 SEc-¢ iff SH ¢ ¢.

3 SEc(® - W) IffSH c¢ or SEc Y.

4) S k¢ Ox¢ iff, for every individual constant c, Sc ¢(c/x).
(5) Skc O iff, for every state-description 81C, S E¢ ¢.

Observe how the relativization of the definitionGahanges the meaning af. Instead of
O¢ meaning thaty is logically true, it now means thétis universallytrue relative to the
given set of state descriptions. The metatheoretic definition of logical truth must be changed
accordingly: ¢ is logically true E ¢) if and only if, for everyC and every S1C, Skc ¢. It
is not difficult to axiomatize the quantified modal logic that corresponds to this semantics. As
a matter of fact, Hintikka’'s and Kripke’s innovation is essential for proving completeness
results.

The setC represents the space of possible worlds: not every state-description may corre-
spond to a genuine possibility. The last step to possible worlds semantics, taken by Kripke, is
to let the possible worlds be explicitly represented in the semantics by an index set W.
Hence, by replacing the non-empty set of state-descriptions by an indexed €rmily
{Sw}wow of state-descriptions and utilizing accessibility relations between indices (possible
worlds), we get something rather similar to possible worlds semantics. Sentences are now
evaluated at indices rather than at state-descriptions:

() w Ec P(a,..., &) iff P(ag,..., &) O Sw.

2 wEc - iffw H ¢ ¢.

3) WEc( - Q) iffwH codorwEkc Y.

4) w k¢ Ox¢ iff, for every individual constant ¢, Wc ¢(c/x).
(5) w k¢ O¢ iff, for every uld W such that wRu, &c ¢.

Finally, we get a full-fledged possible worlds semantics if we replace the use of state-
descriptions by an indexed family of domains{yow together with an interpretation func-
tion | that assigns, for each possible worldWV, an appropriate semantic value to the non-
logical symbols ol..

7 Cf. Kripke (1959, 1963) and Hintikka (1957a, 1957b, 1961).
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In Carnap’s, Kanger's and Montague’s early theories, the space of possibilities is repre-
sented by one comprehensive collection contaialhgtate descriptions, systems or models,
respectively. Hence, every state description, system, or model is thought of as representing a
genuine possibility. Hintikka, Kripke and modern possible worlds semantics are instead
working with semantic interpretations in which the space of possibilities is represented by an
arbitrary non-empty sé of model sets (in the case of Hintikka) or possible worlds (Kripke).
Following Hintikka’'s (1980, 1989) terminology, one may say that the early theories of
Carnap, Kanger, and Montague were considestagdard interpretdons only, where one
guantifies over what is, in some formal seralethe possibilities. In the possible worlds
approach, one also consideien-standardnterpretations, where arbitrary non-empty sets of
possibilities are consideréd The consideration of interpretations (model structures) that are
non-standard in this sense — in combination with the use of accessibility relations between
worlds in each interpretation — made it possible for Kripke (1959, 1963b and 1965) to prove
completeness theorems for various systems of propositional and quantified modal logic (T, B,
S4, etc.).

Kripke’s major innovation was perhaps his use — within each model structure — of a set
of abstract points (indices, “possible worlds”) to represent the space of possibilities. This
innovation madet possible for Montague — building on ideas from Carnap — to represent
intensional entities (senses, intensions) by set-theoretic functions from points (representing
possible worlds) to extensioAsThese Carnap-Montague intensions could then be used to
give model-theoretic interpretations of comprehensive fragments of natural language.
Montague grammar combined categorial grammar with the idea of representing meanings of
lexical items with functions from points (indices, “possible worlds”) to extensions.

We end this section by presenting a version of Kripke's (1963a) semantics for modal pred-
icate logic with identity, where the notion ofpassible worlds an explicit ingredient of the
semantic theory.

A (Kripke) model structurdor a languagé. of first-order modal predicate logic is a quin-
tuple S = <W, D, R, E, g» where, (i) W is a non-empty set (obssible worldg (ii) D is a
non-empty set (opossible objec)s (iii) R 0 W x W is theaccessibility relatiorof the struc-
ture; (iv) E is a function which assigns to eachlW a subset §& of D (intuitively Ey is the
set of objects thaxistin w); and (v) vy is a designated element of W (thetual world. It
is required that D ﬂwDWEW, i. e., that every possible object exists in at least one world.

A Kripke modelis an ordered paiilt = <S, I>, where S = <W, D, R, Egwis a model
structure and | is a function satisfying: (vi) for eacliWwV, | assigns to each n-ary predicate
constant P of. a subset I(w, P) of @ and (vii) | assigns to each individual constant € ain

8 For the standard-non-standard distinction, see also Cocchiarella (1975).

9 Cf. Montague (1974) and the papers reprinted therein.
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element I(c)J D. A modelM of the form <S, I> is said to Heased orthe model structure
S.

Observe that I(w, P) is not necessarily a subset @f(E e., the extension of P in w may
involve objects that do not exist in w. Moreover, individual constants are treategdas
designatorsi. e., they are assigned denotations in a world-independent wagssfgnment
in M is a function g which assigns to each variable x an element g(x) in D. For any term tin
L, we defineélit(t, g) to be g(t) if t is a variable; and I(t) if t is an individual constant.

With these notions in place, we can define what it means for a fognidaetrue in a
world w with respect to the mod8lt and the assignmeigt (in M) (in symbols, W= i ¢[g]):

1) w Eg P(ty,..., )[0] iff <M (tq, 9),.... M (th, 9)>0 I(w, P).
2 w Ea (t1 = th)[g] iff M(t1, g) =M(t2, 9).

3) W Er ~¢ [g] iff w H am ¢[g].

4) W ER (¢ - )[g]iffw K ar ¢[g] or w Fap Yig].

(5) w Eap Ox¢[g] iff, for every all Ey, W Eagr d[g(a/x)].

(6) w EagO¢[g] iff, for every ull W such that wRu, &9 ¢[g].

We say that is true with respect to the modBt and the assignmerg (in symbolsk g
¢[a]), iff ¢ is true at the actual worldgwvith respect tdlit and g. ¢ is true in the modelit
(in symbols,Fa ¢), if for every assignment dsan ¢[g]. ¢ istrue in a model structur&
(Fso¢)if it is true in every model based on S. Iketbe a class of model structures. We say
that¢ isK-valid if ¢ is true in every $1K.

We are especially interested in model structures where R isitbhesal relation in W, .
e., in which:

(6) w E g ¢ iff, for every ud W, uEag .

Let QS5= be the class of such structures. As Kripke (1963a) showed, neither the Barcan for-
mula nor its converse i€9E5=)-valid. It should also be pointed out that Kripke's semantics
validates thd.aw of Identity

(L=) Ox(X = x),
as well as the principle dfdiscernibility of Identicals

(=)  OxOylx=y - (0(/z) - ¢(y/2))],
applicable without restrictions also to modal contéxXs.

From these principles, together with the rule of Necessitation it is easy to infer:
(O=) OxOy(x=y - OX=Yy)) (Necessity of Identity)
(O#) OxOy(x#y - OX#Yy)). (Necessity of Distinctness)

The latter principles are controversial. Hintikka has repeatedly stressed that they are unac-
ceptable fompropositional attitude constructiorigke “John knows that ...”, “George the IV
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believes that...”, ett9 On the other hand, Kripke's formal semantics fits well with his con-
ception ofmetaphysical necessity as it is expounded in Kripke (1980) — and the possible
worlds metaphysics that goes with it. In section 6.1, | shall argue for the thes@$5aj (s

the (first-order) quantified modal logic corresponding to Kripke’s conception of metaphysical
necessity. And | shall Writ@ rather thari]d when the necessity operator is interpreted as
metaphysical necessity. The dual operator, metaphysical possibility, is Writ@ ashat

is, @ ¢ =df. 7 [M| 0.

3. Metalinguistic versus object-level interpretation of modalities

According to the dominant intuition underlying Kanger’s work, modal operators of the object
language, “It is logically necessary that”, “It is set-theoretically necessary that”, etc., are
obtained “from above” as it were, by “reflecting” corresponding predicates of the metalan-
guage: “truth in all interpretations”, “truth in every interpretation that is normal with respect

to the set-theoretic vocabulary”, etc. According to this intuition, it is (analytically) necessary
that all bachelors are unmarried, just because the sentence “All bachelors are unmarried” is an
analytic truth. Writing ¢ for “it is analytically necessary thét, where¢ is a sentence of

the object language, we have:
(1) ¢ is true iff$ is an analytic truth.

By relativizing this schema to a semantic interpretation S, we get:
(2) ¢ is true w. r. t. S ifth is an analytic truthw. r. t. S.

The basic idea can be expressed in the fornrefiection principle
(R) SE O¢ iff P(d, S),

whereO is an operator of the object language and P is a metalinguistic predicate that may be
satisfied by a formula and an interpretation 1$. By itself, the schema (R) only gives
“truth-conditions” for formulas containin@. But if we think of (R) as explaining the
meaning of the operat® in terms of the metalinguistic predicate P, we have what may be
called ametalinguistic interpretatiomf O.

Kanger’s interpretation of modal operators is usually metalinguistic in this sense. Con-
sider, for example, his introduction of the opere@r of logical necessity The underlying
intuition is expressed by the schema:

3) ¢ is true iff the sentenagis logically true.

10 See, for example, Hintikka (1969).

1T We leave it open, for the time being, exactly what is meant by a (semantic) interpretation.
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In virtue of the standard model-theoretic definition of “logical truth” as “truth in every inter-
pretation of the object language”, we get:

4) ¢ is true iff$ is true in every interpretation.
(4) corresponds to the following clause of Kanger semantics:

¢ is true in the domain D relative to the (primary) valuation v of the object
languagd. iff ¢ is true in every domain'Delative toevery valuatiorof L.

Analytic truth is explicated by Kanger in the following way:

(5) ¢ is an analytic truth in the domain D relative to the (primary) valuationdv iff
is true in any domain Drelative v.

This corresponds to the following semantic clause for the op@nor
(6) ¢ is true in D relative v iff for every D¢ is true in D relative v.

The possible worlds approach, by contrast, is based on the intuition that there is a multi-
tude of ways in which the world could have been different. On this conception, necessity is
not primarily a metalinguistic notion: the necessary truths are rather the truths that would
have remained true had any of these possibilities been realized. It is necessarily true that 2 +
2 = 4 just because, for any of the ways (“possible worlds”) in which the world could have
been different, had the world been different in that way, the proposition that 2 + 2 = 4 would
still have been true. These two intuitions about the source of necessity are clearly distinct and
indeed, as we shall see, give rise to very different formal semantic theories.

To further clarify the relationship between Kanger’'s semantics for modal logic and possi-
ble worlds semantics, we may make use of a terminology due to Etchemendy (1990) and dis-
tinguish between interpretational and representational semantics. Intuitively, the truth-value
of a sentence is determined by two factors: (i)itherpretationof the symbols iri; and (ii)
thefacts(the way the world is). We may keep the world fixed but let the interpretation of the
symbols vary. This is the basic idea behind the standard definitidogicdl truth andlogi-
cal consequencm the model-theoretic tradition after Tarski (1936). Etchemendy calls it
interpretational semanticsOn this approach, set-theoretic models represent ways of reinter-
preting the language. Or, we may keep the interpretation of the linguistic units fixed, but
consider what would have happened to the truth-value of the sentence had the facts been dif-
ferent. A semantics based on the latter idea Etchemendyreptssentational.On this
approach set-theoretic models represent ways in which the world could have been different
(possible worlds). The classical example of representational semantics is, of course, Carnap’s
semantics in terms of state descriptions.

We can use either of the two ideas, the representational or the interpretational, to interpret
modal operators. For example, (i) and (ii) below are alternative ways of interpreting a
necessity operator:
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(@) L] ¢ is true (in the actual domain relative to the intended interpretatiop)isftrue
in every domain relative tevery interpretatiorof the (non-logical) symbols of

.
(i) ¢ is true (in the actual world relative to the intended interpretation) igf
true and would have remained true (relative to the intended interpretation of

the language) even if the world had been different in any of the ways in which
it (metaphysically) could have been different.

The definition of is an example of the interpretational approach: it corresponds to
Kanger’s explication ofogical necessity The definition o , corresponding to Kripke’s
notion ofmetaphysical necessjtis an example of the representational approach.

Both ideas play a role in Kanger's semantics, but the first one is clearly the one that domi-
nates his thinking. The second idea turns up, in a relatively mild form, in his semantics for
analytic necessityit is analyticallytrue that¢ (in the actual domain and on the intended
interpretation of object language) fis true in every domain. In order for this definition to
make intuitive sense, we must allow domains that contain not only actually existing objects
but also merely possible objects, i.e., objects that do not exist but might have existed — or at
least representatives of such objects. Otherwise, all true universal generalizations of the form
Ox(Fx - Gx) would on the proposed definition be analytically true. We could not distin-
guish between the analytically true sentence “All bachelors are unmarried” and the presum-
ably synthetic truth “All bachelors are less than 150 years old”. Kanger expresses the idea
behind his definition of analyticity: “Our definition of analyticity may be regarded as an
explication ... of the idea that an analytic proposition is a proposition that is true in every pos-
sible universe2 Actual truth is defined with respect to the domain that Kanger describes as
“the class of all ‘real’ individualst3> We see that alternative domains of individuals play
somewhat the same role in Kanger semantics as possible worlds in standard possible worlds
semantics. Kripke’s notion of metaphysical necessity — truth in every metaphysically possi-
ble world — is , however, foreign to Kanger’'s way of thinking. Modal operators are viewed
as projections of metalinguistic concepts rather than as expressing genuine properties of
propositions.

12 Kanger (1970), p. 49.
13 Kanger (1957b), p. 4. Cf. also Kanger (1970), p. 50.
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4. Kanger’'s semantics for first-order quantified modal logic

We shall now take a closer look at Kanger’'s semantics for quantified modal logic. We con-
sider a first-order predicate languagevith identity and a family of unary modal operators
{0 i O3

A domainis a non-empty set D. A (primamgluation(for L) is a function v, which, given
any domain D, assigns: (i) an element of D to each terni.t @ a set of ordered n-tuples of
elements in D to each n-place predicate constaniLP in

We may, whenever convenient, think of a valuation as consisting of two components: (i)
aninterpretationl that assigns denotations 1(B) to the non-logical constants bfrelative to
domains D; and (ii) amssignmeng that assigns, for each domain D and each variable x, a
valueg(D, x) to x in D. Of course, v =l g. For any | and D, we defing to be the unary
function defined by lettingd(co) = I(D, 0). Ww and g are defined analogously.

A systems an ordered pair S = <D, v>, where D is a domain and v is a valuation. When
we want to emphasize the distinction between the interpretation | and assignment g, we also
write a system as: S = <D, |, g>. Kanger defines the notion of a fognb&ngtrue in a
systents = <D, v> (in symbols, & ¢) in the following way!4

1) SE (t1 =) iff v(D, t1) = v(D, b).

2 SE P(t,..., §) iff <v(D, t1),...,v(D, t)> O v(D, P).

3 SH¥ 0.

4 SE@ - Q)iff SE ¢ or SE .

(5) <D, I, g>F Ox¢ iff <D, I, g'> E ¢, for each gsuch that g=x g.
(6) <D, I, g>F [X¢ iff <D, I, g'> F ¢ for some §such that g=x g.
@) for every operatdr], Sk ¢ iff OS', if SRSS, then SE ¢.

Explanation: g is like g except possibly at x (also writteri,=g g) if and only if, for each
domain D and each variable y other than'Dgy) = g(D, y). In the above definitionRs
a binary relation between systems that is associated with the modal opéraBf is the
accessibility relatiorassociated with the operafar

Among the modal operators Iy there are two designated o(“analytic necessity”)
and (“logical necessity”) with the semantic clauses:

<D, |, g>F [N] ¢ iff for every domain D, <D, I, g>F ¢.
<D, I, g>F (L| ¢ iff for every system S, & ¢.

We define aKanger modefor L to be an ordered pailt = <D, 1> of a domain and an
interpretation. Notice that for any D and any I, the structure s®jd a model for the non-

14 Kanger uses the notation T(D,d) = 1 instead of our <D, I+ ¢[g] and he speaks of the
operation T which, for every domain D, every primary valuation v and every seijtease

signs one of the truth-values 0 or lftas thesecondary valuatiorfor L.



16 STEN LINDSTROM

modal fragmenig of L. Hence, an interpretation | can also be represented as a family {<D,
Ip>} pop of first-order models indexed by the collectibrof all domains. Notice also that

this family contains exactly one model for each domain D. A Kanger model can then be
written as an ordered pair of the fofli = <D, {<D, Ip>}pgp>. A system, finally, can be
represented as an ordered palit <g> of a Kanger moddlit and an assignment g.

We say that formul® is true in a Kanger modeit (in symbols,Mt E ¢), if it is true in
every system S of the fornflk, g>. If g and bare assignments that agree for each domain
on all the variables that occur freednthen i, g>F ¢ iff <M, g> F ¢. Hence, a sen-
tence (closed formula) sue in a Kanger modellt = {<D, Ip>}ppp iff it is true in some
system 4k, g>.

A formula ¢ is said to bevalid (logically true)if it is true in every system <D, v>. A for-
mula ¢ is alogical consequencef a setl’ of formulas (insymbols,I" E ¢) if ¢ is true in
every system in which all the formulaslirare true.

Kanger defines propositionas an ordered paird< 1> of a sentence (closed formuda)
and an interpretation!P An n-arypredicateis defined as an ordered pair <P, |1>, where P is
an n-ary predicate constant and | is an interpretationarAeis a pair <c, |1>, of a constant c
and an interpretation I. The propositiof, 4> is said to berue in the domain D if <D, >
¢. <¢, I> is calledanalyticif it is true in every domain D. Notice that for any domain D,

(1) <[N] ¢, I> is true in D iff <, I> is analytic.
(2) < ¢, I>is true in D iff$ is logically true.

The notion of fon-relativized) truths explained as follow% Let Dg be the set of all “real”
individuals. Let §) be the interpretation which, for every domain D, assigns to the non-logical
symbols the denotations that they have according to the intended interpretatidi of
proposition 9, I> istrueif it is true in the domain B A sentencé is true if the proposition
<¢, lp> is true. ¢ is said to banalyticif <¢, lp> is analytic. Notice th ¢ is true iff ¢ is
analytic. Similarly, ¢ is true iff$ is logically true.

Let us say that a modal operafdris ontologicalif there exists a relation R such that for
every domain D, every valuation v and every formjul&

<D, v>E O¢ iff for every D, if DRD’, then <D, v> E ¢.

15 Actually he uses valuations here, but since the assignment of values to the variables is
immaterial in this context it is more natural to work with interpretations.

16 Cf. Kanger (1957b), p. 4.

17 Kanger (1957b) uses the terminology “standard usade ofstead of “intended interpre-
tation ofL".

18 Here our terminology differs slightly from Kanger's. Our ontological operators
correspond to what Kanger calls purely ontological operators. Cf. Kanger (1957a) p. 34.
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In (1970) Kanger presents a version of his semantics where he considers ontological operators
only. That is, every operatat is associated with a relationrfetween domains rather than
between systems. In (1972) the ontological approach has become his official semantics for
modal logic.

An important difference between Kanger’'s semantics for modal operators and that of
Kripke is that Kanger assigns to each modal operatxed accessibility relationpnce and
for all, while Kripke (“standard possible worlds semantics”) lets the accessibility relations
vary from one model structure to another. One could say that Kanger treats the modal opera-
tors adogical symbols- having fixed interpretations — while Kripke treats thenmas-logi-
cal symbols- i.e., allowing their interpretations to vary.

5. The treatment of “quantifying in” in Kanger semantics

In Provability in Logic(1957a) and in “The morning star paradox’(1957b) Kanger gives the
following evaluation clause for the universal quantifier:

() <D, I, g> k Ox¢ iff <D, I, g'> k ¢ for every assignment guch that g=x g.

According to this clause, the formul&¢ is true in the system <D, |, g> if and onlydifis
true in every system <D, |,5gwhich is exactly like <D, I, g> except, possibly, for the values
it assigns to the variable x in the various domains.

In (1957c) and (1957d) he considers the following alternative clause:

(i) <D, I, g> E Ox¢ iff <D, I, g'> E ¢ for every d such that (i) g=x g; and
(i) g'(D’', x) = g(D, x) for all domains Dthat are distinct from D.

That is, the formulé@ix¢ is true in the system <D, I, g> if and onlyifis true in every system
<D, I, g> which is exactly like <D, I, g> except possibly, for the value it assigns to the vari-
able x in the domain D.

Kanger (1957c) suggests the following informal readings of these two alternatives:

(X)9 is true iff¢ is true for every interpretation of x
(Ux)¢ is true iff¢ is true whatever x may denote,

writing (x) and (Ux) for the quantifiers with the first and the second evaluation clause, respec-
tively. If ¢ is a non-modal formula, then, of course,

)¢ ~ (Ux)¢
is valid. However, (Ux) is really an odd quantifier, which does not even validate:
(Ux)® Fx - (Uy)® Fy.

Consider, namely, a system S = <D, |, g> such that Fx is true in some dohdiffe2nt
from D, and Fy is false in every domain. Suppose also that the extension of F in D is the
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empty set. Then,® Fx and- ® Fy are both true in S. By the semantic clause for (Ux),
(Ux)® Fx will also be true in S. Buy ® Fy is true for every assignmeritgatisfying the
conditions (i) g=y g; and (ii) for all domains Dthat are distinct from D,'@®’, y) = g(D, y) .
Hence, (Uy)@> Fy is false in S.

That is, substitutivity of alphabetic variants fails for the operator (Ux). For this reason, |
shall not consider it further. So, when | speak of Kanger’s interpretation of the quantifiers, |
shall understand the treatment in (1957a) and (1957b), according to which the universal
guantifier has the semantic clause (i) and the existential quantifier has the dual clause:

(i) <D, I, g> E [X¢ iff <D, I, g'> E ¢ for some gsuch that o= g.

In order to get a clearer understanding of Kanger’s treatment of quantification, | shall
speak of selection functions that pick out from each domain an element of that domain as
individual concepts.To be more precise, an individual concept, in this sense, is a function f,
with the collection of all domains as its range, such that for every domain DJfD) We
can think of a system S = <D, |, g> as assigning to each individual constant c the individual
concept {<D, I(D, c)>: D is a domain} and to each variable x the individual concept {<D,
g(D, x)>: D is a domain}. The formula R(t., t)) is true in S = <D, |, g> if and only if the
individual concepts designated hy.t, t, pick out objects in the domain D that stand in the
relation 1(D, P) to each other. The identity symbol designates the relatiooinmidence
between individual concepts (at the “actual” domain D). Thai stiis true in a system S
= <D, I, g> if and only if the individual concepts designatedbgntd b, respectively, pick
out one and the same object in the domain D of S.

Kanger’'s quantifier]x, with the semantic clause (i), can now be thought of as an objectual
guantifier that ranges not over the “individuals” in the “actual” domain D, but over the
(constant) domain of all individual concepts. Thatig¢ is true in a system <D, |, g> if and
only if ¢ is true in every system which is exactly like <D, |, g> except, possibly, for the
individual concept that it assigns to the variable x. Note, that interpreted in this way, the
range of the quantifierSx and [ is independent not only of the domain D but also of the
system S: the range of the quantifiebs and[X is fixed, once and for all, to be the collection
of absolutely all individual concepts. While formulas of the form & express coincidence,
identity between individual concepts is expressed by formulas of thd@(ﬂﬁp t) .

Writing x =y for (x =vy), the following principles are valid:

(L) Ox(X = X)
(1) OxOyx=y - (0K/z) - 6(y/2)),
that is,= satisfies the formal laws of the identity relation.

None of the sentences:

(n) [(X1....0Kn(X1 # X2 .. OX1 # X O X2 # X3 [..0OX2 # Xy [...
OXn-1# Xn),
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saying that the “actual” domain has at least n elements @d)nis logically true according
to Kanger’s semantics. In contrast all sentences of the form:

[(X1....%n(= (X1 = x2) 0.0 (X2 = x3) L.~ (X2 = Xp) [L...h (Xp-1= Xp)),

are logically true. Intuitively, these sentences say that there are, for each n, at least n individ-
ual concepts.

Consider now Kanger’s (1957b) discussion of the so-called Morning Star paradox. The
paradox arises from the following premises:

(2) (Hesperus = Hesperus)
(2) Phosphorus = Hesperus
3) - (Phosphorus = Hesperus)

where “Phosphorus” and “Hesperus” are two proper names (individual constan asd
to be read “it is analytically necessary that”. We assume that “Phosphorus” is used by the
language community as a name for a certain bright heavenly object visible in the morning and
that “Hesperus” is used for some bright heavenly object visible in the evening. Unbeknown
to the community, however, these objects are one and the same, namely, the planet Venus.
“Hesperus = Hesperus” being an instance of the Law of Identity is clearly an analytic truth.

It follows that the premise (1) is true. (2) is true, as a matter of fact. “Phosphorus =
Hesperus” is obviously not an analytic truth, “Phosphorus” and “Hesperus” being two differ-
ent names with quite distinct uses. So, (3) is true. However, using sentential logic together
with the following laws of predicate logic:

(un Ox¢ - ¢(t/x), (Universal Instantiation)

(=) OxOy(x=y - (X/z) - ¢(y/2))),

(Indiscernibilityof Identicals)

we can infer from (2) and (3):
(4) - [N](Hesperus = Hesperus)

But (1) and (4) contradict each other, so something must have gone wrong in this argument.
According to Kanger’s diagnosis of the Morning Star paradox it is (I=) that is at fault.
Given Kanger’'s semantic clause (i) for the universal quantifier and his semantic treatment of
individual terms, (UI) is valid but (I=) is not. Only the following restricted version of (I=) is

valid:

(1= Oxdy(x =y - (d(x/z) - d(y/z))), provided that no free occurrence of Birs
within the scope of a modal operator.

With this change in the underlying logic, (4) can no longer be inferred from (2) and (3).
As Kanger himself points out, there are still some difficulties left. From (Ul) and the
equivalence[x¢ - -[x-¢, we get:
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(EG)  ¢(t/x) - [x¢. (Existential Generalization)
But, in view of (1) - (3) and the Law of Identity, the following sentences are true:

(5) Phosphorus = Hesperis- (Phosphorus = Hesperus)
(6) Hesperus = Hesper(Hesperus = Hesperus) .

So, it follows that:

(7 [X(x = Hesperusg] - (x = Hesperus).
(8) [X(x = Hesperus] (x = Hesperus) ).

Although unintuitive, this result is perfectly compatible with the interpretation of the
guantifiers as ranging over individual concepts and of the identity symbol as designating
coincidence between individual concepts. According to this interpretation, (7) and (8) mean:

(7) There is an individual concept x which actually coincides with the individual
concept Hesperus but does not do so by analytical necessity.

(8) There is an individual concept x which not only happens to coincide with the
individual concept Hesperus but does so by analytic necessity.

As Quine (1947) was the first to point out, however, (7) and (8) are incompatible with
interpretinglJx and[x as objectual quantifiers meaning “for all objects x (in the domain D)”
and “for at least one object x (in D)” and letting the identity sign stand for genuine identity
between objects (in D). Because, under this interpretation, (7) and (8) have the readings:

() There is an object x (in the actual domain D) which is identical with Hesperus
and which is not necessarily identical with Hesperus.

(8") There is an object x (in the actual domain D) which is identical with Hesperus
and which is necessarily identical with Hesperus.

meaning that one and the same object, Hesperus, both is and is not necessarily identical with
Hesperus, which is absurd. So Kanger’'s semantics for quantified modal logic is incompatible
with interpreting the quantifiers as ranging over actually existing individuals (as opposed to
individual concepts) and at the same time interpreting = as identity between individuals.

In Kanger’'s semantics there are no means of identifying individuals from one domain to
another. In particular, the truth-values of formulas will not be affected if we make all the
domains disjoint, by systematically replacing every domain D by the set:

{<D, a>: all D}.

In other words, set-theoretic relations between domains like inclusion, overlap and disjoint-
ness, have no semantic significance.
Suppose we make the claim:

9) Something is such that it is the number of planets but might not have been so.
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It seems reasonable to formalize this claim in quantified modal logic as:
(10) X(Px O=0OPXx).

We cannot use any of the Kanger’s quantifiers for this purpose, however. Suppose, nhamely,
that:

g(D, x)0 I(D, P), DROD', D= D', g(D', x) O I(D’', P).

Intuitively this means that one thing is the number of planets in the domain @narttiing
or anotheris not the number of planets in the modal alternativéoDD. From this, we
should not be able to conclude (10). But on any of Kanger’s interpretations of the universal
qguantifier, (10) follows. So his approach does not allow us to express the claomeheatd
the samebject has a given property in one domain and lacks that property in another domain.
Now, we might ask how we could repair Kanger’'s semantics in order to allow for genuine
guantification over individuals. There are many possibilities. One that is particularly
straightforward technically is to adapt Kripke’s (1963a) treatment of quantification to
Kanger’s approach. This means that we modify the notion of an assignment g in such a way
that an individual variable x is assigned an object g(x) in a domain-independent way. That is,
we make two changes with respect to Kanger’s notion of an assignment: (i) the value g(D, x)
of an individual variable x in a domain D is no longer required to be a member of D; (ii) for
all domains D and D we require that g(D, x) = g(Dx). After these changes are made, an
assignmensimply becomes a function g that assigns to each variable x an object g(x). We
then adopt the following evaluation clauses for the universal and existential quantifiers:

<D, I, g>E Ox¢ iff <D, I, g'> E ¢, for every gsuch that (i) gis like g except
possibly at x; and (ii) 'gx) O D.
<D, I, g>F [X¢ iff <D, I, g'> E ¢, for some gsuch that (i) gis like g except
possibly at x; and (ii) 'gx) O D.

With these clauses our previous objection to Kanger’'s approach that it could not make correct
sense of sentences like

[(X(Px O-0Px),

seems to have been met. For this sentence to be true at <D, I, g>, there needs to be an ele-
ment alJ D such that:

ad (D, P) and for some DDRoD’ and al I(D’, P).

We have been able to express the claim that one and the same individual has the property P in
domain D and lacks that property in some domdithBt is possible relative to D.

Let us now see how the modified semantics might handle the Morning Star paradox. In
this semantics, = is interpreted as genuine identity between objects. Accordingly the logical
principles for = are the expected ones:
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(L=) Ox(X = x). (Law of Identity)
(1=) OxOy(x =y - (6(X/2) - §(y/z))). (Indiscernibility of Identicals)

However, instead of (Ul) we have:

U1 Ox¢ OX(X =y) - d(y/x).
Now, how should we handle individual constants within the modified Kanger semantics? An
intuitively appealing approach is to assigenotations to constanits a domain-dependent
way as before, but not require the denotation I(D, c) of a constant c relative to a domain D to
be a member of D. With this treatment of individual constants, we cannot infer from (I=) to:

(12) Phosphorus = Hesperus
([N](Phosphorus = Phosphorus) [N](Phosphorus = Hesperus)

unless the following requirements are met:
[X[N](x = Phosphorus) , [X[N](x = Hesperus) .
But these conditions hold, only if:
[X[N](x = Phosphorus) , [N](Phosphorus = Hesperus) .

The last of these conditions contradicts (3), so it cannot be assumed. It would, presumably,
hold only if “Phosphorus” and “Hesperus” were synonymous. Hence, we cannot infer (11)
from (I=). We can also verify, directly, that the modified semantics does not allow the infer-
ence from (2) and (3) to (4). So the Morning Star paradox, in the form that Kanger presented
it, is resolved.

Let us say that a modal operafdris aconstant assignmerperator, if there exists a
binary relation R between Kanger models <D, I>, such that for every assignment g,

<D, I, g>kF O¢ if and only if for every Kanger model <DI'> such that
<D1 I>RD<D'1 |'>! <D’1 II! g> I= q)'

Intuitively, constant assignment operators do not affect the values that are assigned to free
variables within their scopes. In contrast, Kanger’'s operator of logical necessity, which is not
a constant assignment operator, binds all free variables within its scope. Hence, quantifying
in, past this quantifier, does not make sense. As Kaplan (1986) has shown, however, we can
interpret logical necessity in a way that admits of quantifying in. Within the present frame-
work, Kaplan’s treatment of logical necessity amounts to the following semantic clause:

<D, I, g>E [L| ¢ if and only if for every Kanger model <[0'>,
<D, I, g>F ¢.

Although, we do have for this operator, Barcan Marcus’s (1947) Necessity of Identity princi-
ple:
@=) OxOy(x=y - [Ljx=y)),
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we, of course, do not have:
(12) Phosphorus = Hesperus(Phosphorus = Hesperus) ,

and this, we think, is as it should be.
It is, of course, very doubtful whether Kanger would have approved of these changes to his
semantics.

6. The set-domain versus the class-domain semantics

Kanger presents his semantic theory within an informal set-theoretic framework, where all
sets are treated on a par, as genuine objects that can be members of otheTlsistsheory

— what we might calhaive Kanger semantics- is, however, threatened by paradoxes:
given normal assumptions about sets the theory is inconsistent. For example, primary valua-
tions are themselves non-empty sets, that is, domains. It follows that for any valuation v, v
itself belongs to the first argument domain of v. In consequence, for an individual constant c,
<<v, ¢>, v(v, ¢)>0v. This is contrary to the ordinary assumption of set theory that sets are
well-founded. This consequence may not seem especially serious from Kanger’s point of
view, since in section 5.6 of (1957a) he briefly discusses the introduction of non-well-founded
sets in set theory. (Cf. K. B. Hansen'’s contribution to the present volume).

However, there are more serious problems. Consider any valuation v. Its first argument
domain is the collection U of all domains. But in order for v to be a set, the collection U must
also be a set. Léf *(U) be the set of all non-empty subsets of U. Then, by Cantor’s theo-
rem, card(l *(U)) > card(U). But this contradicts the fact that(U) 0 U. Thus, given nor-
mal set-theoretic assumptions the collections U and v cannot be sets. But this is in apparent
contradiction to Kanger's free use of the valuations v in various set-theoretic constructions,
for instance, when he defines the notions of a system, a proposition, truth in a system, logical
truth, etc., or when he introduces accessibility relations between systems.

We are going to consider two alternative ways of modifying Kanger’s approach in such a
way that the threat of paradox is avoidéiie set-domain approadnd theclass-domain
approach

6.1. Kanger set-domain semantics

A natural way of modifying naive Kanger semantics is to assume, as before, thairthias

are arbitrary non-emptsetsbut that the valuation functions are proper classes. The elements
of a domain are, of course, either individu@lieelementspr sets. A (primary) valuation v is

19 In his definitions Kanger speaks of “classes” rather than “sets”, but this terminological dif-

ference is inessential, since he does not make any distinctions within the category of all clas-
ses but rather treats all classes that he speaks of as genuine objects that can be members of
other classes.
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now defined in the same way as before, except that it is taken to be a functional (@easser)
rather than a functionalet The same holds for the notions of an interpretation | and an
assignment g. The models <> for the non-modal base langudggaresets An inter-
pretation is aproper clasg<D, Ip>}pop of such models (relational structures) indexed by
the clasd of all non-empty sets.

A Kanger (set-domainnodel consists of a domain D and an interpretation | = {<D,
Ip>}pop. Such a model (we use the notation (D, I) for it) cannot be a set nor, in fact, a class,
since it is intuitively an ordered pair, one of the components of which is a proper class.
Although, we cannot define it in the usual systems of set-theory (Zermelo-Fraenkel, Godel-
Bernays-von Neumann, Kelley-Morse), it makes intuitive sense to speak of the ordered pair
(D, ).

An assignmeng is now a functional class which for any domain D and any variable x
assigns a value g(D, x) in D to x.

A systems an ordered pair S )i, g) consisting of a Kanger mod# and an assign-
ment g.

The accessibility relationRy that is associated with a modal operaiorof L is a
collection of ordered pairs (S,’Bof systems. Or, in the case of ontological operators: a
collection of ordered pairs of domains.

The following notions are defined exactly as before: () andMt E ¢; (ii) a formulad
beingvalid or logically true (written ask @); (iii) logical consquencel” k ¢, wherel is a
set of formulas andl a formula.

The Kanger set-domain semantics presupposes a strong metatheory in which one can speak
not only of the usual cumulative hierarchy of sets over a set of individuals, but alsss#s
that may contain sets and individuats]lectionsthat may contain such classes, collections
that may contain collections, and so on. Only the individuals and sets are regarded as genuine
objects while classes and collections are thought of as essentially predicative in nature. As a
proper formal language for formalizing the metatheory, we think of a language of simple-type
theory, where the individual variables (i.e., variables of typange over the elements of the
cumulative hierarchy and the predicate variables of tgpe.(, o) range over arbitrary n-ary
relations whose i'th domain for<i < n consist of the class of all entities of type So for
instance, the variables of typg (ange over arbitrary classes of objects (urelements and sets).
Variables of type (), (1)) range over arbitrary relations between classes of objects, etc. A
metalanguage of this kind should be appropriate also to formalize the next version of Kanger
semantics.

6.2. Kanger class-domain semantics
This semantics differs from the previous one in the following respectiomainis now
defined to be a non-emptlassof elements of the cumulative set hierarchy, i.e., we also
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allow domains to b@roper classes.A valuation is a function v, which given any domain D,
assigns appropriate denotations over D to the non-logical constants (propositional constants,
individual constants and predicate constants) and individual variables 8fe now allow

the denotation of an n-place predicate constantPtofbe aclassof n-tuples of elements in

D. The notions of an interpretation and an assignment are adjusted accordingly. Hence, we
allow models (D, ph) for the base languade), where D is a class ang &ssigns appropriate
classes to the non-logical predicate constanis. oThus, Kanger models now have the form

M = (D, {(D, Ip)} poD)-

6.3. Comparing the two approaches

We might now ask how validity with respect to the class-domain semantics is related to valid-
ity with respect to the set-domain semantics. If the langliabas sufficient expressive
capacity, neither implies the other. Let, for examplehe the language which is obtained
from our languagéd. by adding the generalized quantifiét,fs infX) as a new logical con-
stant?0 The intuitive reading ofi{yps infX)$ is

for absolutely infinitely many xp(x),

which means that the class of all objects a that safiisfyis a proper class. The conception
of the absolutely infinitas due to Cantor. Intuitively, a class A is absolutely infinite if it does
not have exactlx elements for any cardinal numbeicompare, A beingnfinite if it does
not have exactly n members for any natural number n).

Consider now the sentendgyfs infX)(X = X). This sentence is true in a domain D iff the
domain is a proper class. According to the class-domain semantics, there are domains that are
proper classes. So, according to this semantics the following sentence:

(1) ® (Chps i) (x = X)

is true in every domain (and for every valuation v). Hence,liggally trueaccording to
the Kanger class-domain semantics.

On the other hand, according to the Kanger set-domain semantics the senigageg (
X)(x = X) is false in every domain. Hence, according to this semantics, it is instead

@ (s inx = x)

20 | have taken the quantifiel}ps infx) from McGee (1992), where he uses it to show that
there are interpreted formal languages for which the equivalence:

(M) ¢ is logically true iff¢ is true in every model (in the standard model-theoretic sense of “model”

according to which models are sets).

fails. He considers the language of set-theory Wilhs(nsx) added to it. The sentendg,fs
inf X)(X = X) is then an example of a true sentence which is not true in any model (whose
domain is a set). So if (M) were correct thefihps infX)(X = X) would be an example of a
false but logically true sentence. But there are of course no such sentences, so the equiva-
lence (M) cannot hold in general.
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that is a logical truth. Here we have a dramatic difference between the two semantic theories.
Clearly, it is the class-domain semantics that yields the intuitively correct result in this case.

Instead of adding the “artificial” quantifiet}§ps infX) toL, we could instead have assumed
thatL contained a modal operatdrwith the semantic clause:

(D, v) EO¢ iff OD', if D' is a proper class then'(d) E ¢.
Then, we would have for the dual operatgr
(D, v) E &¢ iff [D', D' is a proper class and '(v) E ¢.
The class-domain semantics would then pronounce:
3) SOX(X = x)
logically true, but according to the set-domain semantics it would instead be its negation:
4) O (x # X)

that is logically true. Once again, the set-domain semantics gets the wrong result by arbitrar-
ily excluding interpretations that are intuitively legitimate.

7. Logical versus metaphysical necessity

7.1. On the adequacy of Kripke’s logi@35=) as the logic of metaphysical necessity
According to the metaphysical picture of modal reality inspired by KripkiEimming and
Necessity(1980), there is a space Wpdssible worldsn which theactual worldwg is just
one of the worlds. There is also a collection Dpos$sible objectand there arproperties
that the possible objects can have agldtionshipsthat they can have to each other (we call
these properties and relationshgtsibutes). For each possible world w, n-place attribute A,
and possible objectg.a., &, it is determinately either true or false that A(a, &) holds in
w. For each world w there is also the collectigp & all the objects that exist in that world.
Presumably, every possible object exists in at least one possible world. Also, certain objects
like pure setsxist in all possible worlds. A reasonable existence principle for sets is that a
set exists in a world w if and only if all its elements exist in that world. Given that sets are
objects and that the pure sets exist in all possible worlds, it follows that the collegtain E
all individuals that exist in a world w is always a proper class rather than a set.

Consider now the first-order modal langudgewith identity, and wit as its only
modal operator. In terms of the metaphysical picture described above, we can describe the
intended interpretatioof L and define the notion: “truth in a world w relative to an assign-
ment g”, for formulas of.. The intended interpretation consists of the following ingredients:
(i) the class W of all metaphysically possible worlds; (ii) the class D of all possible objects;
(iif) for each wJ W, a class i O D of objects existing in the world w; (iv) the n-ary predi-
cate symbols of. designaten-ary attributes and the individual constantd.afesignate pos-
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sible objects; (v) the attributes hasetensionselative to possible worlds (the extension of an
n-ary attribute relative to a world w is a (possibly proper) class of n-tuples of possible
objects). A sentenag of the interpreted languadeis true if it is true at the actual world (w.

r. t. the intended interpretation) relative to every assignment.

Now, it may very well be that the collections of possible worlds, possible individuals, and
individuals existing in particular worlds do not form sets. In that case, the intended interpre-
tation of L does not correspond to a Kripke model structure. We cannot, then, directly con-
clude from a sentenag being true to it being true in some model structure. As long as we are
considering the language of first-order modal logic, however, we can still make this inference
in an indirect way:! By the completeness theorem for Kripke’s system of quantified S5,
there exists a formal syste@S5= which is (strongly) complete with respect to the set of all
(QS5=)-structure®2 Hence, for any sentengeof L:

¢ is truellp is (QS5=)-consistent (by the intuitive soundness@$5= with
respect to the intended interpretatian) is (QS5=)-satisfiable (by the com-
pleteness theorem fQS5=).

It follows that

¢ is (QS5=)-valid [-¢ is not QS5=)-satisfiable[] —¢ is not truellp is
true.

Now, consider the languadewith the intended interpretation given above. We have a
notion of truth forL, but what could it mean for a sentencel.ab belogically true? The
notion of the intended interpretation fbrsuggests a notion of anterpretationfor L. An
interpretationfor L is just like a Kripke modellt = <S, 1> based on a model structure S =
<W, D, R, E, w> except that the collections W, D, Ry Bbr w [1 W, are not required to be
sets but are allowed to be proper classes. (We are of course only considering interpretations

21 |f we are considering languages that are sufficiently strong in expressive power, then
Kripke’'s model-theoretic semantics is not sufficient to capture the notions of metaphysical
necessity and possibility. Consider, for example, the sentence:

(O [M](Cabs inp)(x = %)
This sentence is presumably true in the intended interpretation. However, there is no Kripke
model structure where it is true.

22 To be exact, we 1eDS5= be the system dfee (i.e., ‘free’ of existential assumptions)
modal predicate logic which is defined as follows. Axioms: (1) Any substitution instance of
a theorem of propositional S5. (2x¢ Oy(t =y) - ¢(t/x), provided that t is an individual
constant or a variable that is free for xpin(3) Ox(¢ — ) - (Ox¢ — Oxy). (4)Oxd -
¢, provided x is not free i. (5) OxCy(y =x). (6)t=t. (7)t=t> (§(t/x) - ¢(t'/x)), pro-
vided that t is an individual constant or a variable that is free forgx Deduction rules:

(MP) If + ¢ andF ¢ - y, thenk Q. (Nec) If+ ¢, thent O¢. (UG) If F ¢, then

F Ox¢. Cf. Garson (1984) and Hughes and Cresswell (1996), chap. 16-17, where the this
and similar systems are formulated and proved to be complete with respect to Kripke’'s
(1963a) semantics (these are the systems that Garson ref€l1R)as
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where R = Dx D.) Hence, the intended interpretation becomes one of the interpretations. Let
us call a sentenc of L supervalidif it is true in every interpretation daf andvalidif it is

true in every QS5=)-model (that is, if it is@S5=)-valid).23

We now make the followingonjecture

The logical truths of the languadeof metaphysical necessity are precisely
those sentences bfthat are supervalid.

Adapting an argument due to Kreisel (1969), we can prove that supervalidity coincides with
validity for the languagé&. The argument goes as follows:
Since Kripke (QS5=)-models are interpretations, we have:

(2) if ¢ is supervalid, theth is valid.
The completeness theorem for the syst&@85c) yields:
(2) if ¢ is valid, thenp is (QS5=)-provable.

However, the systen)S5=) is intuitively sound with respect to supervalidity. That is the
axioms are easily seen to be supervalid and the only rule of inference, modus ponens, pre-
serves supervalidity. Hence:

3) if ¢ is (QS5=)-provable, therp is supervalid.
(2) together with (3) yield:
4) if ¢ is valid, thenp is supervalid.

Hence, the notions of validity and supervalidity are coextensional for the language
From this together with the conjecture, we conclude Q&5¢) is the first-order logic of
metaphysical necessiy.

7.2. Logical necessity

An (interpreted) sentenc is metaphysically necessary if it is true in every possible
world. It is logically necessary if it is true for every domain and every interpretation of its
non-logical symbols. Given a certain conception of modal reality, | have argued that Kripke’s
(1963a) semantics for quantified S5 adequately captures the logic of metaphysical necessity.
This means that thiegic of metaphysical necessity is relatively meager. Although there are,
on the Kripkean metaphysical picture, a wealth of metaphysically necessary truths, only a few
of them are also logically necessary. For example, if the axioms of Zermelo-Fraenkel set

23 The term“supervalidity” is due to Boolos (1985). The concept itself goes back to Kreisel
(1969).

24 Here, we have, of course, presupposed Kripke’s picture of metaphysical reality. Given
another picture, for example that of Lewis (1985), we get a different logic of metaphysical
necessity (but still a form of quantified S5).
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theory are true, they are presumably true in all possible worlds, and hence metaphysically
necessary. But they are rtaiths of logi¢ not even of the logic of metaphysical necessity.
Consider now the sentences saying that there are at leastl) {mdividuals:

(n) [X1....0Kn(X1 # X2 [L..00 X1 # Xp O X2 # X3 O...00X2 # X O...00Xp-1# Xp).

Each of these sentences is presumably metaphysically necessary. So for each positive n, the
following is a truth of metaphysics:

([m] n) [X1... Xn(X1 # X2 O...0%X1 # Xp O X2 # X3 O...0%2 # Xp O...0Xn-17 Xn).
It is, of course, not a logical truth. We do not have for anyl 3>

F(Qs5=) [M] DX1..0¢n(X1 # X2 0. OXq # Xn O X2 # X3 0..0X2 % Xn 0.0 Xn-1% Xn).
Nor do we have for any n,

Fosss) QD DXy Dxn(xq # X2 0.0 X1 # X Ox2 % x3 0l # X0 0.0 X012 X).

In sharp contrast to this, Kanger's semantics for logical necessity validates every instance
of

QD Dt # X2 0.0 X1 # X %2 # X3 0.0 % 2 X 0.0 Xn-1 % Xp).

This is as | think it should be. It is a logical truth that it is logically possible that there are at
least n objects.

When comparing Kanger’'s semantics for modal logic with Kripke’s we come to the con-
clusion that the former (at least in its class-domain version) is adequate for the notion of logi-
cal necessity, while the latter adequately captures a form of metaphysical necessity. Neither
semantics can handle adequately the notion that is captured by the other. To devise a seman-
tics that can treat both notions is a challenge that still remains to be met.

As we have seen, Kanger’'s model-theoretic semantics for quantified modal logic differs in
many respects from modern possible worlds semantics. However, it raises sufficiently many
guestions both of a technical and of a philosophical kind to motivate an interest that is not
merely historical.
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