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Chapter 1

Introduction

Definability theory is a branch of model theory which has various applications in several
fields of research, e.g. in theoretical physics, theoretical computer science, algebraic logic.

As it has been pointed out in various works (e.g. [1] and [14]), definability was one of
Alfred Tarski’s favourite subjects already in the 1930’s. In the paper [15] he formulated
and started the project of bringing about a definability theory.

The fact that, before exploring logic, Tarski did research in sciences and in the method-
ology of science indicates that he might well have motivations coming from his scientific
experience. In this line it is remarkable that Hans Reichenbach, in his book [13] (already
in 1920), explains that definability is a basic factor in relativity theory. This idea appears
already in Einstein’s work, in 1905, but more implicitly than in [13].

Another source of motivation can be the pioneering paper [6], where Willem Blok and
Don Pigozzi explain that definability is a corner stone of algebraic logic. To illustrate this,
let us recall from any textbook on the subject (cf. e.g. [12], [10], [11], [2]) that the algebraic

version €s(M) of a model M of first order logic is an algebra the universe of which is the
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collection

{gpm tpa formula}

of all definable relations of the model; where
©™ .= {k € “M such that M = o[k]}

is the meaning of ¢ in 9.

The starting point of definability theory is the following. Given a theory, how to
determine whether some property r is definable in terms of certain other notions? Suppose
that L is a first-order language and L' is the first-order language that we get from L by
adding a new predicate symbol r. Suppose also that T is a set of formulas of L’. We have

the following definitions.

Definition 1.1. We say that the theory T defines r explicitly if and only if there is a
formula ¢(z1,...,z,) of L such that in every model of T', the formulas ¢(z1,...,z,) and

r(zy,...,x,) are satisfied exactly by the same n-tuples (ay, ..., a,) of elements that is

T EYz .. Ve,(r(zy, ..., x0) < @(z1,...,2,)).

Definition 1.2. We say that the theory T defines r implicitly if and only if it is not
the case that there are two L’-models in which 7" holds, having the same elements and
interpreting all symbols of L in the same way but interpreting the symbol r differently.

This is also often expressed by
T, T EVry .. Ve, (r(xy, ... z,) < (21,00, 20)),

where T" is exactly like T except that any occurrence of r is replaced by »/, a predicate
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symbol of the same arity as r but not in L.

Notice that if a relation is explicitly definable then it is implicitly definable as well.
What about the converse? The answer depends on the choice of the underlying logic. A
logical system in which the converse holds is said to have the Beth’s definability property.

In 1953, E.W. Beth [5] proved the following.
Theorem 1.3. First order logic has the Beth’s definability property.

This thesis is on Beth’s property. We will give a proof of Theorem 1.3 which is more
detailed than in [5]. We will try to understand the proof by exhibiting a logic that does
not have Beth’s property and by looking at a proposed way to fix it. We will highlight the
steps needed to achieve Beth property. In so doing, we hope to understand some of the

crucial reasons why Beth property holds in first-order logic.

This thesis is organised as follows: Section 2 sets the notation and lists basic concepts
and theorems from model theory of first order logic. Section 3 states and proves Beth
definability theorem for first-order logic. Section 4 treats quantified modal logic in which
Beth property does not hold. Section 5 looks at quantified hybrid logic, a logic devised to

fix the failure of Beth’s property in quantified modal logic.
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Chapter 2

General notation and terminology

We assume that the reader is familiar with naive set theory and the basics of first-order
logic. Throughout, we basically use the notation and terminology of [2] and [7]. To spare

the reader looking into [2] and [7], we recall some basics.

2.1 Sets, relations and functions

Throughout, we “live” in Zermelo-Fraenkel set theory with the axiom of choice (ZFC).
Right through, () denotes the empty set. If z is a set, then S(z) denotes its successor

xU{z}. Recall that, according to von Neumann, a possible coding of the natural numbers

in ZFC is:

It is left to the reader to check that this implies that

n=1{01,2...,n—1} (2.1.1)



CEU eTD Collection

for every natural number n. Thus k € n for every k < n (where < is the usual ordering of
natural numbers). Throughout, w denotes the set of all natural numbers (in von Neumann’s

sense).

If a and b are sets then the ordered pair with first member a and second b is denoted

by (a,b). Recall that, in ZFC,
(a,b) = (a1, by) if and only if a = a; and b = by,

for every sets a, b, ay, by.
Recall that a binary relation is defined to be a set of pairs. If R is a binary relation,

then Dom(R) and Rng(R) denote its domain and range, respectively, that is,
Dom(R) = {z : (z,y) € R} and Rng(R) = {y: (z,y) € R}.
If a binary relation f satisfies
if (x,y) € f and (z,2) € f theny =z

for every sets z,y, z then f is called a function. For any z € Dom(f), f(x) denotes the
unique element y for which (x,y) € f. Instead of f(z), we sometimes write fx or f,. For
a function f and sets A, B, “f : A — B” means that Dom(f) = A and Rng(f) C B. If
f:A— B and C' C A, then the restriction of f to C' is the function f [ C : C' — B
such that f | C(c) = f(c) for all c € C. A function f : A — B is called surjective or onto

if Rng(f) = B, injective or one-to-one if
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for all a,b € A; bijective if it is both surjective and injective.

Let A and B be sets. Then 4B denotes the set of all functions from A into B, that is,
AB= {f: f is a function with Dom(f) = A and Rng(f) C B}.

Thus B = {0} = 1 and 40 = 0 = 0 if A # 0.

Sometimes we call functions sequences. In particular, we speak about finite sequences.
If X is a set then f is called a finite sequence over X if Dom(f) € w and Rng(f) C X.

According to (2.1.1) then
f:40,1,2,... n—1} — X

for some n € w. In this case, the finite sequence f can also be written as (fo, ..., fn_1). If
n =0, then f = (.

For any set X, X* denotes the set of all finite sequences over X, defined as follows:

X* = {f:Dom(f) € wand Rng(f) C X} =

:U{"X:new}.

The elements of X* are also called words over X, suggesting that, sometimes, the
intuition behind a subset H of X* is that H is a language over the alphabet X.
The concatenation p~q of two words p := (aj,...,a,) and q := (by,..., bg) is just the

two words written one after the other, that is,

def

pf\q: (al,...,an>’\<bl,...,bk> = <a1,...,an,b1,...,bk>.

We often simply write pq in place of p™¢, and we will use this notation extensively in the

definitions below. We will often write just a in place of (a). Using these two conventions,
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we can write a; .. .a, in place of (aj,...,ay,).

2.2 First-order logic

In this subsection we recall the definitions of formulas, models and satisfactions of first-

order logic (FOL).

First we specify the alphabet from which we will build up our formulas. This alphabet

will consist of the following parts:
e the so-called logical symbols: LS := {—,A,3, =},

e some auxiliary symbols (which could be omitted but their use makes our life easier):

parentheses ( and ),

e some parameters: non-logical symbols (function symbols and relation symbols of

Definition 2.1 below), and
e a set of variables.

Definition 2.1 (vocabulary). We call a function ¢ a vocabulary (or signature or ranked

alphabet or similarity type) if conditions (i) and (ii) below hold.

(i) Rng(t) € w,

(ii) Dom(t) = Fns; URlIs; for some sets Fns; and Rls; (U denotes disjoint union).

The sets Fns; and Rls; are called the set of function symbols of ¢ and the set of relation
symbols of ¢, respectively. For any s € Dom(t), t(s) is called the rank or arity of s. If
s € Fns; and t(s) = 0, then we call s a constant symbol.

The set Dom(t) is often called the set of non-logical symbols of an alphabet for FOL.
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From now on, unless stated otherwise, ¢ stands for an arbitrary but fixed vocabulary.
Let V be an arbitrary set satisfying V' N (Dom(¢) ULS) = () (but arbitrary otherwise).

We call V' a set of variables.

Definition 2.2 (term and formula). We define the set Trm¢ (V) of terms of similarity type

t with variables from V' to be the smallest subset H of (V' U Fns;)* satisfying
(i) V C H and
(i) {fr...7: f €Fnsy,t(f)=nandn,...,7, € H} C H.

We define the set Fmli(V) of formulas of similarity type ¢ with variables from V' to be

the smallest subset H of (V U Dom(t) U LS)* satisfying

(i) {rm...7 :r € Rlsy, t(r) =n, and 7, ..., 7, € Trmy(V)} U

U{r=o:71,0€ Trm(V)} C H and

(i) {~p:pe HyU{Apy o, € H} U
U{Fzp:zeVandpec H} C H.

The formulas belonging to the left-hand-side of “C” in (i) are called atomic formulas.

Definition 2.3 (free and bound variables, sentence and theory). Let ¢ € Fml, (V). We

define the free and bound variables of ¢ inductively as follows:

e If v is an atomic formula, the variable x is free in ¢ if and only if z occurs in .

There is no bound variable in any atomic formula.

o If ¢ = =), then x is free (respectively bound) in ¢ if and only if z is free (respectively

bound)in .

o If o =1 A6, then z is free (respectively bound) in ¢ if and only if  is free (respec-

tively bound) in either ¢ or 6.
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o If o = Jy1), then x is free in ¢ if and only if x is free in ¢ and x and y are different

symbols. Also, z is bound in ¢ if and only if z is y or x is bound in 1.

If no variable occurs free in ¢, then we say that ¢ is a sentence of Fmly (V). A set of

sentences 1" such that T C Fml,(V') is called a t-theory.

The logical connectives -, A, dzx are called, respectively, negation, conjunction and exis-
tential quantifier. For easier readability, we will often write f(7,...,7,),r(m,...,7,) and
(¢ A1) in place of fry...7,, 77 ... 7, and (Apv), respectively. If ¢ € Fml,(V'), then we
often refer to it as a t-formula or t-sentence if it is a sentence.

We will use the following standard abbreviations:

(p V1) stands for =(—p A =),
(p — 1) stands for =(¢ A ),

(¢ > 9) stands for (¢ — ¥) A (¥ — ),

Yup stands for ~3-p.
The derived logical connective V is called disjunction, — is called conditional or implication,
> is called biconditional or equivalence, and Vv is called universal quantifier.

Definition 2.4 (model and structure). A ¢-model (or a model of similarity type t or a

t-structure) M is a pair (U (M), m) satisfying the following conditions:
(i) U(N) is a nonempty set called the universe of M,
(ii) m is a function such that

e Dom(m) = Dom(t),

o if f € Fns(V) and t(f) =n then m(f) : U(ON)" — U(M), and

10
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o if r € Rlsy(V) and ¢(r) = n then m(r) C U(IM)". For n = 0, we have U(M)" =
{0}.

For each symbol s € Dom(t), we call m(s) the interpretation of s in 9t and we also denote

by s™.

Remark 2.5. In FOL, we make the notion of structure and model coincide. It will not
be the case for Quantified Modal Logic. We make the distinction since for definability we

reason in terms of models.

Definition 2.6 (valuation of variables, validity of formulas, and semantical consequence).
Let 9 be a t-model and let V' be an arbitrary set of variables for ¢t. A function k: V —
U(IM) is called a valuation of the variables from V in 9.

Let k be an arbitrary but fixed valuation of the variables in 9. We define when a
t-formula is true in M at valuation k of the variables, in symbols MM & ¢|[k], by recursion,

as follows. First we define the value 7™[k] of any term 7 € Trm,(V) at k in 9 as:
o k] :=k(z)ifz eV,

o (flr,..., 7)) M k] ==
K], . ) if f € Fosy, t(f) = n, 71, ..., T € Trmy (V).

Now

e for atomic formulas r(7,...,7,),
MEr(r,...,m)k] <> (7K, ..., 7 k]) € r™,
for atomic formulas 7 = o,

ME (1 =0)[k] < 77k] = o™[K],

11
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e for negated formulas -,

d

M E —p[k] <= it is not the case that M £ @[k]( or M= E @[k]),

e for conjunctions (¢ A ),

ME (o AY)[k] <= ME @[k] and M E P[k],

o for quantified formulas Jx¢p,

M E Jzplk] <= M E p[k] for some valuation &’

such that k [ (V\ {z}) =K | (V\ {z}).

By these, M E p[k| has been defined for any t-formula .

We say that ¢ is valid in 9t or 9 is a model of p, in symbols
ME o,

if M E ¢[k] for every valuation k : V. — U(M). We say that ¢ is (logically) wvalid, in
symbols F o, if M F ¢ for every t-model M.
We say that a t-model 91 satisfies ¥ C Fmly (V') in symbols 9t E X, if M E ¢, for all

Y E .

If ¥ C Fml, (V) and ¢ € Fml,(V), then we say that ¢ is a semantical consequence of

2, in symbols
YE o,

if for every t-model 9, whenever 91 F 3 then M F .

12
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Notation 2.7. If M is a t-model, k : V — U(M), ¢ € Fml(V), and x4,...,z, are all
the variables occurring freely in ¢ and the order of these is fixed somehow, then instead
of M E ¢[k] we sometimes write M F plk(z1),...,k(z,)] or M E p(k(z1),. .., k(z,)). If
ai,...,a, € UDMN), then M F ¢(aq,...,a,) is equivalent to M E p(k(xy),..., k(x,)) for

some valuation k such that k(z;) = a; fori=1,... n.

Convention 2.8. If ¢(zq,...,x,) € Fml,(V) and 91 is a t-model, we notice that

ME o(xq,...,z,) if and only if M E V... Vr,o(z, ..., 2,).

Therefore, we can always assume that whenever we write 9 E ¢, ¢ is a t-sentence. In the

same manner, when we write 9 E 7" for T C Fml,(V'), we assume that T is a t-theory.

Next we list some basic concepts and theorems from model theory of FOL that we
will refer to for our material on Beth definability property of FOL. Proofs of theorems are

available in [7].

Definition 2.9 (expansion and reduct). Let ¢ C ¢’ be two vocabularies and let 9% be a
t-model and M a t-model.

We say that D is an expansion of M if U (D) = U (M) and for every symbol s € Dom(?),
sM = ™ If N is an expansion of M then we say that M is a reduct of N to the vocabulary

t. Observe that every t'-model O has exactly one reduct to ¢, which is denoted by N [ ¢.

In the following definitions and properties, let ¢ be a vocabulary and let 99T and 91 be
t-models. We denote Th(9) the set of all t-sentences true in 9. Any sentence, formula,

and theory are to be understood as t-sentence, t-formula, and t-theory respectively.

Definition 2.10 (elementary equivalence). We say that 9t and 0N are elementary equiva-

lent, written 9 = N, if Th(IM) = Th(N).

13
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Definition 2.11 (embedding and isomorphism). An embedding from 9t into N is a func-

tion a from U (9M) into U(N) such that:

(i) If ¢ is a constant symbol in ¢ then a(c™) = ™.

(ii) If R is an n-ary relation symbol in ¢ then for all a4, ..., a, € U(M),

(ay,...,a,) € R™if and only if (a(ay),...,a(ay,)) € R™

(iii) If f is an n-ary function symbol in ¢ then for all a4, ..., a, € U(IMN),
alfMa,...,a,)) = P a(ar), ..., ala)).

An embedding is always injective. If in addition « is surjective, then we say that « is an
tsomorphism from 9 onto N and we write a : M = N. We say that 91 is isomorphic to

N, and we write M = N, if there is a an isomorphism « from I onto N.
Lemma 2.12. If M =N then M =N.

Definition 2.13 (submodel). We say that 9t is a submodel of M, and we write I C N if

the following conditions are satisfied:

(i) uE) CUM),

(ii) if c is a constant symbol in ¢ then ¢™ = ™,
(iii) if r is an n-ary relation symbol in ¢ then r*NU(ON)" = r™ (r7 = r™ if n = 0), and

(iv) if f is an n-ary function symbol in ¢ then for all a;, ..., a, € U(M), M ay,...,a,) =

fm(al, Ce ,an).

14
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Definition 2.14 (elementary submodel). We say that 91 is an elementary submodel of N,
and we write MM < N, if M C N and for every n < w, for every formula p(zq,...,x,) and

for all ay,...,a, € U(IM) we have

NEp(a,...,a,) if and only if ME p(ay,...,a,)

Lemma 2.15. If 9 N then MM = N.
Lemma 2.16 (Tarski-Vaught criterion). Let 9t C M. Then M < N if and only if for
every n < w, for every formula ¢(x1,...,x,,y) and for all ay,. .., a, € U(IN),

if ME Jyp(ar, ..., an,y) then there is b € U(IN) such that M E p(aq, ..., a,,b).

Theorem 2.17 (completeness theorem). Let T be a theory and let ¢ be a sentence. Then,
(i) T has a model if and only if T is consistent, and
(i) T E ¢ if and only if T+ ¢

Theorem 2.18 (compactness theorem). Let T be a theory and let ¢ be a sentence. Then,
(i) T has a model if and only if every finite subset of T has a model, and
(i1) if T E ¢ then U E ¢ for some U finite subset of T

Theorem 2.19 (deduction theorem). Let T be a theory, o be a sentence and ¢ be a

formula. Then,

TU{o}Epifand only if TE o — .

15
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Chapter 3

Beth property in First Order Logic

3.1 Beth definability theorem

We give a detailed proof of Beth’s definability theorem using Craig’s interpolation theorem.
They both are results involving amalgamation of vocabularies. The proof is based on [7].

We will need the following definition.

Definition 3.1 (separability). Let t; and 5 be two similarity types such that ¢y := t; Nts.
Let 6 be a tyg-sentence. Let T and U be a t;-theory and a t,-theory, respectively. We say

that 6 separates T and U if T F 6 and U F —6. We say that T and U are inseparable if no

to-sentence separates them.

Theorem 3.2 (Craig’s interpolation theorem). Let ¢ be a ti-sentence and v be a to-

sentence. If ¢ E 1 then there exists a t1 Nty-sentence O such that ¢ F 60 and 6 F .

The sentence 6 is called a Craig interpolant of ¢ and .

Proof. Let ty, ta, ¢, and 9 be as in the formulation of the theorem. Assume ¢ F 1 and

16
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that there is no interpolant of ¢ and ¥. We will derive a contradiction by showing that

@ A = has a model.

Let tg = t1 Nty. Let C' be a countable infinite set of constant symbols not occurring in

tlutg. Let t; :tZUC, forz':0,1,2.
Claim 3.2.1. The t|-theory {¢} and the ty-theory {—1} are inseparable.

Proof. For the sake of contradiction, assume that there exists a ¢-sentence 6 separating {¢}
and {—1}. Then we have ¢ F 6 and =) F =0 or equivalently 6 F 1). We may assume that
0 has the form ¢'(cy,...,c,), where ¢; € Ci = 1,...,n and 0'(z4,...,x,) is a ty-formula.
Since ¢ and ¥ do not contain any ¢; for i = 1,...,n, ¢ E Va;...Vo,0/(xq,...,2,) and

Vay ... Vo0 (xq,...,x,) F 1, contradicting the fact that ¢ and ¢ have no interpolant. [

Let ¢;,7 < w and v¥;,7 < w be enumerations of all ¢;-sentences and all ¢y-sentences

respectively. We will construct two increasing sequences of theories

{@}:TonggTQ

{(W}=Ue CULC V...

in the language of ¢ and t}, respectively, such that conditions (1)—(3) below will be satisfied.

For all i < w:
1. T; and U; are inseparable.

2. (a) if T; U{g;} and U; are inseparable then ¢; € T;;1, and
(b) if T;41 and U; U {1);} are inseparable then v; € U,

3. (a) if ¢; has the form Jzo(x) and ;41 € T; then o(c) € T4, for some ¢ € C, and
(b) if ¢; has the form Jzo(z) and ¢; € Uiy then o(d) € U4y for some d € C.

17
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Given T; and U;, T, and U;;, are constructed in the obvious way. We then have the

following cases:
o T,vy =T, (resp. Uir1 = U,) if the condition in (2a) (resp. (2b)) is not satisfied,

o Ty =T, U{gp;,0(c)} (resp. U1 = U; U{a);,0(d)}) if both the conditions in (2a)
and (3a) (resp. (2b) and (3b)) are satisfied, and

o Tiv1 =T, U{g;} (resp. Uiy = U; U{e);}) if only the condition in (2a) (resp. (2b)) is

satisfied.

For (3), ¢ and d are chosen such that they did not occur in Tj, U;, @; or ¢;. In that
way, inseparability is preserved.

Let T, =, T; and U, = |J,__ U;. Since every T; and Uj; are finite theories for i < w,

<w <w 0

by the Compactness theorem, it follows that T, and U, are inseparable.
Claim 3.2.2. The theories T; and U; are consistent for every i < w.

Proof. Let i < w be arbitrary but fixed. The theories T; and U; are inseparable. Therefore,
they are both consistent. Since assume without loss of generality that T; is not consistent.
Then T; F —Vz(x = z) and U; F Va(z = ), as Vo(x = z) is a tautology. But then we

contradict the inseparability of T; and U;. O
Claim 3.2.3. The theories T, and U, are maximal.

Proof. Let o be an arbitrary ¢}-sentence. We want to show that either o € T, or =0 € T,,.
Suppose for a contradiction that ¢ ¢ T, and —o & T,. Then for some i < w, 0 = ;
and T, U {p;} and U, are not inseparable. Hence, there exists a tj-sentence 6 such that
T, U{p:} E 0 and U, E —0. By a similar argument, there is a t{-sentence ¢’ such that

T, U{=p;} E 0 and U, E —¢'. By the deduction theorem, we have

T,E ;i — 0 and U, E 6

18
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and

T, E —p; — 6 and U, E -0

It follows that T, F 6 V 6" and U, F —(0 V ') contradicting the inseparability of T,, and

U,. Therefore, T, is maximal. In a similar way, one can show that U, is maximal. O
Claim 3.2.4. The t-theory T,, N U, is maximal consistent.

Proof. Since T,,NU,, C T, it is consistent. We want to show that for every t{-sentence o,
either o € T, N U, or —o € T, NU,. Let o be a tj-sentence. By Claim 3.2.3, o € T,, or
-0 €1, and o € U, or -0 € U,,. Since T, and U, are inseparable, we cannot have T, F o
and U, F —o or vice versa. Therefore, and by maximality of T, and U, either o € T,, NU,,

or—oecT,NU,. O

Since T, is consistent, let Ny be a t}-model such that N, F T,,. Observe that for any
constant symbol e € tq, for any n-ary function symbol f € t; and any ¢q,...,¢c, € C, M F
dx(f(c1,- .. ) =) and Ny F Jz(e = x). Thus, by maximality of T,,, Jx(f(c1,...,cn) =
x) € T, and Jz(e = x) € T,,. Using (3), we can then construct a submodel 9t C N, such

that
e UMM) ={M:ceC},
o 7 = ™ for every constant symbol in #/,
o RM = RM N (U(M,))" for every n-ary relation symbol R € t;, and

o fM(ay,... a,) = fM(ay,...,a,) for every n-ary function symbol in #; and for all

a1y...,0y € Z/I(iml)

Claim 3.2.5. We have 9y < Ny, and in particular My ET,,.

19
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Proof. We use the Tarski-Vaught criterion (Lemma 2.16). Let 9 F Jyp(cy, ..., ¢y, y) for
some ti-formula ¢(cy,...,cn,y), c1,...,c, € C. By maximality of T,,, Jyp(cy, ..., cny) €

T, and by (3), p(c1,...,cn,c) € T, for some c € C. O

In the same way, let 0N, be a t,-model such that M, F U,. We make the following claim:

Claim 3.2.6. There exists My < Ny such that U(My) = {sz ic € C}. In particular,

My E U, .

Claim 3.2.7. We have My [ t, = My | t;.

Proof. We have M, [t E 1, NU, and M, | t;, E T, N U,. By maximality of T,, N U,, for

every to-formula p(zq,...,z,) and ¢1,...,¢, € C,
My |ty E plcr, ..., cp) if and only if My [ t5 E (e, ... en) (%).

Let us denote My = U [ ty) = U(DMy) and My = UM, | t)) = U(DN,). Let a be a
function from M; into M, defined by a(c™) = ¢™2. By (%), it is immediate to see that
a is well defined and is an embedding of 9, | ¢, into My [ ¢;. Moreover, it is surjective

hence an isomorphism. ]

Since My [ty = My | t, and My E U, we can expand My [ ¢ into a th)-model M,
such that 91, = My, We can then construct a | U ty-model 9 such that it interprets ¢
in the same manner as 91; and ¢}, in the same manner as 9,. Since ¢ € T,, and —¢ € U,

M E o A =1, the contradiction we are looking for. O

Definition 3.3 (implicit and explicit definition). Let ¢ be a vocabulary. Let r,r’ & ¢
be two new n-ary relation symbols. Let X(r) be a t U {r}-theory, and let 3(r') be the

corresponding t U {7’ }-theory formed by replacing r everywhere by 7.
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We say that X(r) defines r implicitly if

S(r)UX(r) EVey . Ve (r(xy, . z,) < (2,0, x)).

We say that X(r) defines r explicitly if there exists a t-formula (21, ...,

X(r) EVaey . Ve (r(zy, .. ) < o(x, ..o xp)).

x,) such that

Theorem 3.4 (Beth definability theorem). Let X(r) be a tU{r}-theory for some vocabulary

t andr & t. Then, X(r) defines r explicitly if and only if it defines r implicitly.

Proof. Suppose Y(r) defines r explicitly. Then by definition,

N(r)EVry . Ve, (r(z, .. xn) < (a0, 2)),

for a t-formula ¢(z1,...,z,). But this is equivalent to

S(r')EVry . Ve, (r (g, . 1) < o(x, ., 1)),

Combining the two, we have

S(r)UX(r) EVey . Ve, (r(a, .. xn) < @@, .. ) < ' (2,

Therefore, Y(r) defines r implicitly.

Conversely, suppose Y(r) defines r implicitly. Add new constants ¢y,

SrYUX()Er(er, ... cn) = 7' (cry. oy cn).

By the compactness theorem, there exists finite subsets A C ¥(r) and

21
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that

AUA " Er(er,...,cn) = 1r'(cy- ..

,Cn).

Let ¢ (r) be the conjunction of all ¢t U {r}-sentences in A and ¢ (r’) be the conjunction of

all ¢ U {r'}-sentences in A’. Then,

V() ANYI)YEr(er, ... cn) = 1 (c1, ... ).

By the deduction theorem,

(r)Ar(cr,...,cn) EY) = 1r'(cr, ... cn).

By Craig interpolation theorem, there exists a t-formula (x1, . . ., x,,) such that 6(cy, ..., ¢,)

isatU{c,...,c,}-sentence,

Y(r)Ar(er,...,cn) Eb(c, ...

and

O(cr,...,cn) EV() =1 (cy,. ..

By deduction theorem, (3.1.1) is equivalent to

v(r)Er(er,...,cn) — 0(cy, ...

and (3.1.2) is equivalent to

(') EO(cr, ... ) = 1y

22
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which is again equivalent to

Y(r)EbO(cr, ..., cn) — (et ..y cn). (3.1.4)

Now (3.1.3) and (3.1.4) yield

(r)Er(c,...,cn) < 0(cr, ... cn).

Because ¢y, . . ., ¢, do not occur in ¥(r),

(r) BV . Ve, (r(z, ... x,) < 0(x, ..., 1)),

where z1, ..., x, are variables not occurring in (cy, ..., ¢,). Since ¥(r) is a conjunction of

sentences in X(r),

YN(r)EVry . Vo, (r(z, ... xn) < 0(x, ..., 2)).

As O0(zq,...,x,) is a t-formula, ¥(r) defines r explicitly. We have proved Theorem 3.2. [
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Chapter 4

Beth property in Quantified Modal

Logic

We will consider the quantified modal logic S5 with constant domains denoted by S5B in

[9].

4.1 Quantified modal logic

The language of quantified modal logic (QML) is obtained from the language of classical
FOL by adding a unary operator ¢. Unless stated otherwise, we will basically follow the

notation introduced in Section 2.

Logical symbols. The set LS of logical symbols is

LS = {—,A,3,=,0}.

Vocabulary. We only consider vocabularies whose function symbols are of arity zero
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(constants). In the following, let ¢ be an arbitrary but fixed vocabulary.

Formulas. The set Fml(V') of formulas is the smallest subset H of (V U Dom(t) U LS)*

satisfying

(i) {rm...7 7 € Rlsy, t(r) =n, and 7y,...,7, € Trmy(V)} U

U{r=o:7,0 € Trmy(V)} C H,

(i) {~¢:pe H}U{ApY: ¢, € H} U
U{dzp:xz €V and p € H} C H, and

(i}) {Op:p e H} C H.

The modal operator ¢ is usually called possibility. For a formula ¢, Uy is the standard
abbreviation of =0—p. The modal operator [J is usually called necessity. The formula Q¢

is usually read “possibly ©” and Uy is usually read “necessarily ¢”.

Structure and Model. We define the following object over the vocabulary ¢t: A frame
is an ordered tuple (W, R) with W a nonempty set of states (or worlds) and R a binary
relation on W. A skeleton is an ordered triple (W, R, D), with (W, R) a frame and D a

function with domain W assigning to each state w € W, a nonempty set D,,. Let D denote

UwEW Dw'

A structure is an ordered quadruple & = (W, R, D,m) satisfying the following condi-

tions:
(i) (W, R, D) is a skeleton,
(ii) m is a (interpretation) function such that
e Dom(m) = Dom(t),
e if ¢ is a constant, then m(c) € D, and
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e if r is a relation symbol with ¢(r) = n, then m(r) CW x D x --- x D (n D’s).
We use the standard notation s to denote m(s) for s € Dom(t).

A model is a couple M = (S, w) where & = (W, R, D, m) is a structure and w € W.
Interpretation in 9N is understood as interpretation in the underlying structure &, that is
s = 58 for s € Dom(t).

We say that a skeleton has constant domains if D,, = D, for all w,v € W.

Truth. Let & < (W, R, D,m) be a structure and 9 = (&, w) be a model, where w € W.
Let V' be an arbitrary set of variables. A valuation k is a function defined on V' such that
k:V — D. For a valuation k and a term 7, we let [k, m](7) denote k(7) if 7 is a variable,

and m(7) if it is a constant.

We define when a formula ¢ is true in M at valuation k of the variables, in symbols

M E plk], by recursion, with the following clauses:

e for atomic formulas r(m,...,7,),
M E 70(7—17 cee >Tn)[k] & <w7 [ka m](71)> RN [k>m](7n)> S m(r),
for atomic formulas 7 = 7,

ME (1 =)k <= [k,m|(n) = [k, m](m),

e for negated formulas -,

M —plk] <= M [k],
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e for conjunction p A 1),

ME (p AY)[k] <= M E p[k] and M E k],

e for modal formulas Q¢,

M E Oplk] <= there exists av € W

such that wRv and (&, v) F p[k], and

o for quantified formulas Jx¢,

M E Jzplk] <= M E p[k] for some valuation &’

such that k [ (V \ {z}) =k | (V \ {z}) and Rng(k’) C D,,.

Let F be a class of skeleton, and ¢ a formula. We say that ¢ is F-valid, in symbols Fg ¢
if for every structure & on every skeleton from F, (&, w) F ¢[k] holds for every w and k.

Validity of ¢ on the class of all skeletons is denoted by F ¢.

Semantical consequence. We say that a model 91 satisfies a theory ¥, in symbols

ME X M ME @, for all p € 3.

We say that ¢ is a semantical consequence of 3, in symbols
Y F o,

if for every t-model 91, whenever 91 F X then 91 F ¢. Here we use the notion of model

not structure. This semantical consequence is often called local semantical consequence in

the literature.
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4.2 Failure of Beth property for quantified S5B

An S5-structure & = (W, R, D, m) is one in which R is W x W. We denote a quantified
modal logic S5 with constant domains by S5B. We will give the counterexample to Beth’s

definability theorem for quantified S5B constructed in [9].

Let & = (W, R, D, m) be an S5B-structure for a vocabulary ¢ without constant symbols

and let w € W.

Define &,, to be the first-order structure (D, m,,) such that

M (1) = {(al,...,an> € D" (w,a,...,a,) € m(r)}

for any n-ary relation symbol r in t.

Definition 4.1 (Isomorphism in S5B). Let & = (W, R, D,m) and ¥ = (V, S, E,n) be two
S5B-structures. We say that o is an isomorphism from & onto T, in symbols 0 : & = T,

if o is a bijection from D onto E such that
(i) For every w € W, there exists v € V such that 0 : 6, = ¥, and
(ii) for every v € V| there exists w € W such that 0 : 6, = %,,.

Lemma 4.2. Let S = (W, R, D,m) and T = (V, S, E,n) be two S5B-structures. Suppose
that o0 : 6 2% and forw e W, v eV, o: 6, =%,. Then, for any formula ¢(x1,...,x,)

with free variables 1, ..., x, and for any tuple {ay, ..., a,) € D,
(&) E plar,. .- an) if and only if (T,0) E p(o(ar), .. o(an)).

Proof. We will prove by induction on the complexity of ¢. The cases p(x1,x2) = (x1 = z3),

p =1 Ay, and ¢ = ) are trivial. The remaining cases are as follows:

28



CEU eTD Collection

(G, w) Er(ay,...a,) <= {(w,ai,...,a,) €r° [by definition]
— (a1,...,a,) € r® [by definition of &,)]
— (o(a),...,0(a,)) €r™ 0:6, =%,
— (v,0(a),...,0(a,)) €r* [by definition of T,]
— (T,v) Er(o(ar),...,o(am)). [by definition]

o o(x1,...,x,) = QY(x1,...,x,). Assume that (&, w) E O(xq,...,z,). Then there
exists w’ € W such that (&, w’) F ¥(z1,...,x,). Since 0 : & = ¥, there exists v’ € V
such that ¢ : 6, = %,. By induction hypothesis, (T,v") E ¥(o(ay),...,0(an)).
Therefore (T,v) E Ov(o(ar),...,0(a,)). Conversely, since o' : T & &, (T,0) F
Ov(o(ar),...,o(a,)) implies (&, w) E Oi(ay, ..., ay).

o o(x1,...,x,) = Jxp(x,21,...,2,). We have

(&, w) E Jxp(z, 21, ..., 20) <= (&, w)EP(a,ar,...,a) for some a € D
s (T,0) EY(o(a),0(ar), ..., olan))
[by induction hypothesis]
e (T,0) F Jed(z, olar), ..., o(a)).

[semantics of Jx]

O

Lemma 4.3. Let & = (W, R, D,m) and T = (V,S,E,n) be two S5B-structures. Let
we W andv € V. Suppose that p : &, = ¥,. Suppose also that for every finite p' such

that p' C p, there exists o containing p' such that o : & = . Then, for any formula
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o(x1,...,x,) with free variables xq,. .., x, and for any tuple (a1, ...,a,) € D",

(6, w) Eplay,...,a,) if and only if (T,v) E ¢(p(ar),...,pla,)).

Proof. We will prove by induction on the complexity of ¢. Again, the cases p(z1,x2) =

(x1 =22), ¢ = (Y A x), and ¢ = =) are trivial. For the other cases, we have

o o(zy,...,x,) =71(x1,...,2,). Same proof as in Lemma 4.2.

o o(x1,...,x,) = OY(x1,...,2,). Assume that (S, w) F O1p(ay,...,a,). Then there
exists w’ € W such that (&,w’) E ¥(ay,...,a,). By the assumption, there is o
such that 0 : 6 2 T and o | {a1,...,a,} = p/. Therefore, there exists v/ € V
such that ¢ : &,y =2 T,,. By Lemma 4.2, (T,v') E ¥(o(a1),...,0(a,)). Since p
and o agree on ay,...,a,, we have (T v} E ¥(p(a1),...,p(a,)). Hence, (T,v) E
Ov(p(ar), ..., play)). Conversely, since p~' : T 2 &, (T,v) E Ov(play),. .., pla,))

implies (&, w) E Ov(ay, ..., a,).

o o(1,...,x,) = Jxp(x,21,...,2,). Same proof as in Lemma 4.2.

Theorem 4.4. The quantified S5B does not have the Beth property.

Proof. We give the counterexample in [9]. Let T = {¢1, p2} be the theory such that

def

v1 =p— QVa(re — O(p — —rx))

and
@y = —p — OFz(ra AO(-p — rz)).
Here p is a proposition (nullary relation symbol) and 7 is an unary relation symbol.
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Claim 4.4.1. The proposition p is implicitly definable in T'.

Proof. Let & = (W, R, D,m) be a S5B-structure and let (&, wq) F T for some wy € W,

that is (&, wyg) F ¢; for i = 1,2. Given any world w of W, let 7, be
T = {a€D:{(w,a)em(r)}.

We have a € 7, if and only if (S, w) F ra.

Since (6,wg) F ¢1, (&,wg) F p implies that for some w € W, 7, is disjoint from
Twe- In fact, we have (&, wg) F OVx(rz — O(p — —rz)) which means that there exists
w € W such that for all @ € D, if (&,w) F ra then (&, w) F O(p — —ra), in particular
(&,wp) FE p — —ra. Thus, for all a € D, if a € 7, then a & 7y,, that is 7, N Ty, = 0.

Since (&, wy) F ¢2, (&, wp) ¥ p implies that for no w is 7, disjoint from 7,,. In fact,
we have (&, wg) F O3z (rz AO(—p — rz)). That means for all w € W, there exists a € D
such that a € 7, and (S, w) F O(-p — ra), in particular (&, wy) E —p — ra. Thus, for
all w e W, a €y, NTy,.

Hence, (&, wp) E p if and only if
there exists w € W such that 7, N 7y, = 0, (4.2.1)

and the implicit definability of p follows. O
Claim 4.4.2. The proposition p is not explicitly definable in T

Proof. We construct an S5B-structure & = (W, R, D,m) of vocabulary {r}. Let D
be the set of natural numbers N. A permutation 7 on D is called essentially finite if

{a € D:m(a)+# a} is finite. Let W be the set

{(i,m) :i=0,1,2 and « is an essentially finite permutation on D} .
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Let O be set of odd natural numbers and let E be the set of even natural numbers. Define
Fom = m(N), 71 = 71(0), and 7o = 7(E).

Let ¢ be the identity permutation on D, and write w; = (i, ), for i = 0,1,2. Let p be
any permutation on D such that p(N) = Q. Then, p: &,, = &,,. In fact, for an arbitrary

a €N,

Cu, Fra <= (6,wy) Fra
< a€cN
<~ pla) €O
= (6, wy) Frp(a)

> G, Frpla).

Also for every finite p’ such that p’ C p, there exists o containing p’ such that o : & = &.
For take any finite p’ C p. Clearly, there is an essentially finite permutation o such that p’ C
o. Now, we have for i = 0,1,2, 0 : Six) = &; son) since a € 7(X) if and only if o(a) €

o(m(X)) with X =N, O, E. Therefore 0 : & = &. By Lemmma 4.3, we have
(&, wp) E 0 if and only if (&, w;) E 0 for any {r}-sentence 6. (4.2.2)

Let T and T, be two expansions of & to the vocabulary {r, p} such that p* = W\ {w}
and p*' = {w }.

We have (%, wo) E T. Firstly, since (o, wo) & p, (To, wo) F ¢1. Secondly, we show that
(%o, wo) F pa. Since (Tp, wy) F —p, we need to show that (To, we) F OFzx(raAO(—p — rz)).
That is, for each w € W, we must find an a € D such that (1) a € 7, and (2) whenever
w' & p* then a € 7. The condition of (2) gives w’ = wy. Since 7, = D, it is always

possible to find such an a for each w. Hence, (Tg, wp) F ¢o.
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We also have (Tq,w;) E T. Firstly, since (%1, w;) ¥ —p, (T1,w1) F @o. Secondly, we
want to show that (%1,w;) F 1. Since (%1,w;) E p, we need to show that (T, wq) F
OVa(re — O(p — —rx)). In other words, we have to find a world v’ € W such that for
all a € D, if a € Ty, then a & Tw,- It suffices to choose w’ to be ws, for 7,, = O, 7, = E
and ONE = 0.

For the sake of contradiction, suppose that T'F p < 6 for a {r}-sentence . Since
(T1,wy) F T and (%1,wy) F p, (T1,wy) F 0. Therefore, (&,w;) F 6 and by (4.2.2),
(6,wp) E 0. But then, (T, wp) F 0, and since (T, wo) E T, (Tp, wp) E p, a contradiction.

O]

Therefore, the quantified S5B does not have the Beth property. O

There is a standard translation of modal language into classical language. We give a
translation inspired from [8] for quantified modal logic.

Let t be a vocabulary. Let t* be a vocabulary such that it contains

e cach constant of ¢ plus a new constant wy,

e for each n-ary relation symbol r of t an (n + 1)-ary relation symbol r*,
e two new unary relation symbol D* and W*, and

e two new binary relation symbol R* and E*.

Reserve one variable w* of ¢* and enumerate the others. If 7 is the n-th variable of ¢, let
7* be the n-th variable of ¢* in the enumeration; and if ¢ is a constant of ¢ let ¢* be ¢. Each
formula ¢ of t may then be translated into a formula ¢* of ¢* by means of the following

clauses:

(i) (a) (rry...m)" =W w* AD*Tf A~ AD*1F Arfwrf ... 1k
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(i) (=p)" = =(p)”

(iii) (e A )" = (p" A7)

(iv) (Fz)* := W*w* A Ja*(D*z* A B*w*z* A o)
(v) (0p)" := Fw* (W w* A Rrwgw™ A ¢*).

Let wg € W and 9 := (&, wp) be a S5B-model.
With each S5B-model M := (&, wy), where & := (W, R, D, m) is a S5B-structure of
vocabulary t and wy € W, associate a first order model 9* := (W U D, m*) of similarity

type t*. The interpretation m* is defined as follows:

e if ¢ is a constant in ¢, then m*(¢*) := m(c),

o m*(w]) =,

e if r is an n-ary relation symbol in ¢, then m*(r*) := m(r),

e m*(D*) =D,

o m*(W*) =W,

e m*(R*) := R, and

e m*(E*) :={(w,a) e W xD:a€ D,}.

By straightforward induction and by the very definition of truth in model for QML, we
have for any t-sentence ¢

ME ¢ <= M E o' w" — wj,

*39

where the notation [w* «— wj] means “replace every free occurrence of w* with wg”.
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In the counterexample given in the proof of Theorem 4.4, for a model (&, wy), (&, wg) E
p if and only if (4.2.1) is satisfied. But since p is not explicitly definable, there is no modal

formula to express (4.2.1). In the next section, we will consider an extension of QML,

expressive enough such that Beth property holds.
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Chapter 5

Beth property in Quantified Hybrid

Logic

Hybrid logics are extension of modal logics in which it is possible to reason about what
happens at particular worlds. In modal logic, one cannot name worlds nor quantify over
them. Starting with the vocabularies of QML, hybrid logic uses four tools: nominals,
satisfaction operators, the |-binder to name worlds and to assert that a formula is true
at a named world, and variables over worlds. Let the language of quantified hybrid logic
(QHL) be the expansion of QML with these four tools. This section is based on [3]. Hybrid

structures are expansions of modal structures.

5.1 Quantified Hybrid Logic

Nominals and satisfaction operators. Let NOM be a set of nullary relation symbols or
propositional symbols distinct from any propositional symbols already in the vocabulary.

These new symbols are called nominals. They can be compared with constants. While
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constants are name for individuals in universes, nominals are name for worlds. However, we
notice that unlike constants, nominals are formulas. We also introduce the new satisfaction

operators @,, indexed by nominals. We then have two new types of formulas:
e for n € NOM, n is a formula and
e if v is a formula and n € NOM, then @, ¢ is also a formula.

The formula @, ¢ is read “at n, ¢” and intuitively it means that formula ¢ holds at the
world named n.

Let & := (W, R, D,m) be a quantified modal structure. For n € NOM, m(n) C W.
We impose for a nominal n to be interpreted as a singleton, that is for every n € NOM,
there exists a unique w € W such that m(n) = {w}. Following the terminology of [3], the
unique state w is called the denotation of n in &.

For satisfaction in models for formula involving the satisfaction operators @Q,,, we add

the following clause:
o (8,w) F Qplk] <= (&,7)F g[k],
where n is the denotation of n in &, w € W and k a valuation.

The |-binder. Let WVAR be a set of variables disjoint from the variables we already have.
Those new variables will range over worlds. Again, unlike the already existing variables,
those new variables are formulas. The |-binder is the analogous of 3. We then have the

following new types of formulas:
e cvery o € WVAR is a formula,
e if v is a formula and o € WVAR, then @, is a formula, and

e if ¢ is a formula and o € WVAR, then | a. ¢ is a formula.
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In order to define truth in a model for formulas involving the newly introduced symbols,
we extend valuation to elements of WVAR. Therefore, if & € SVAR, and if k is a valuation
then k(a) € W. Now, let & := (W, R, D,m) be a structure, w € W, « € WVAR, and k a

valuation. We have the following clauses:
o (6,w)F alk] <= k(a) =w,
o (&,w) FQ,plk] <= (6,k(e)) F plk], and
o (6,w) k| a.glk] <= (6,w)F glky),
where k2 is the assignment which differs from k only in that £2(«) = w.

We give the additional clauses needed for a standard translation of any formula in QHL.
For that we first need to expand the vocabulary ¢t* with new constants: for each nominal

n add a constant n in t*. For variables, if « € WV AR, then add & as variable in t*. Now,

for € WVAR and n € NOM,

o (Qup)" = (¢*wg «— a])[w" — nl,
o n* = (w* =), and
o o = (W' = @)

Interpretation of n in the corresponding first-order model is done in the obvious way,

namely,

~ o+ m
where 901 is a modal model. By simple induction we again have for any t-sentence ¢

ME @ <= M Ep*w — wj).
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By considering the translation of hybrid formulas into first-order ones, as long as no
new formulas are involved (like interpolants), we can use the completeness, compactness

and deduction theorems.

5.2 Craig’s interoplation and Beth’s definability the-

orems in QHL

Quantified Hybrid Logic repairs the failure for Beth’s property by making Craig’s interpo-
lation theorem holds. To prove Craig’s interpolation theorem we will need the following

fact.

Lemma 5.1. Let ny,...,n; be nominals. Let ¢ and 0(ny,...,n;) be quantified hybrid
formulas such none of the n;’s occur in ¢. Let O(aq,...,q;) be O(ny,...,n;) in which each

n; 1s replaced by o;. Then,
(i) ifE o —0(ny,...,n), thenEp—lay... | ag.0(ay,...,qp), and
(i) if EO(ny,...,n) — @, thenE| oy ... | ag.0(aq,..., ) — .

Proof. For (i), let F ¢ — 6(ny,...,n;) and the n; such that they do not occur in . We want
to show that F ¢ —| ay... | a;.0(aq,...,q), that is for any structure & : (W, R, D, m)
in the vocabulary of {p,| a;... ] a.0(aq,...,q)} and any w € W, (G,w) F ¢ —|
aj... | a.0(aq, ..., 0qp). Assume that (6, w) F ¢. We can expand the structure & into
a structure & with nominals nq,...,n; such that n?' =w for s = 1,...,1. Since ¢ do
not contain the n;, (&' w) F ¢. Therefore (&', w) E O(ny,...,n;) which is equivalent to
(Gw)Fo =] ar... | a.0(aq,...,q).

For (ii), if #| a1... | a;.0(aq,...,q) — ¢, then there exists a structure & :=

(W,R,D,m), aw € W and a valuation k such that (S,w) F| a;... | ag.0(ay,...,o)[k]
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but (S,w) F ¢. Change (or expand) & into & by only changing the valuation of the
nominals ny, ..., n; such that for all n;, n& = w. Then (&', w) E O(ny,...,n;)[k], and as

1

the n; do not occur in ¢, still (&', w) & [k]. Thus (&', w) ¥ 0(ni,...,n) — @[k]. O
Remark 5.2. By the deduction theorem, if ¢ is a sentence, then we have

(i) if p EO(ny,...,n), then p El oy ... | aq. 0(ay, ..., ), and

(ii) if O(ny,...,n) Ep, then | ag... | ag. 0(aq,..., ;) F ¢.

Theorem 5.3 (Craig’s interpolation theorem). Let ¢ be a ti-sentence and 1 be a to-

sentence. If ¢ E 1) then there exists a t; N ty-sentence 6 such that ¢ F 6 and 6 F ¢.

Proof. We will follow closely the proof given for theorem 3.2.

Let ¢ and v be quantified hybrid sentences. Without loss of generality, we may as-
sume that ¢ and v are boolean combination of sentences (such sentences are called closed
sentences in [3]) of the form @, 6 for n € NOM. In fact, suppose that ¢ and 1 are just sen-
tences. Let n be a nominal not occurring in ¢ and . If ¢ F 4, then also @Q,p F @, 1. Let
theta be an interpolant of @, and @,1. As n does not occur in ¢ nor in ¥, | a.f[n « qj
is an interpolant of ¢ and ¥ by lemma 5.1. We want to deal only with closed sentences
because their first order translations are also sentences. We can then either reason on the
sentences as hybrid sentences or first order sentences. Using the first order perspective, we
can apply the basic results on completeness and compactness and the deduction theorem.

Assume that ¢ and 1 have no interpolant . Then, we will derive a contradiction by
showing that ¢ A =) has a model.

Let tg = t; Nty. Let C be a countable infinite set of constant symbols not occurring
in t; Uty. Let N be a countable infinite set of nominals not occurring in ¢; U t5. Let

ti=t, UCUN, for i =0,1,2. Suppose that T"is a t|-theory and U is a t}-theory.
Claim 5.3.1. The theories {¢} and {—} are inseparable.
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Proof. For the sake of contradiction, assume that there exists a tj-sentence 6 separating
{¢} and {—9}. Then we have ¢ F 6§ and —1) F =6 or equivalently 6 F ¢. We may assume
that 6 has the form 6'(cq,...,¢,ny,...,ny), where ¢; € C for i = 1,...,n, n; € N for
i=1,...,I'. Therefore, by lemma 5.1, p F| ay ... | ap. Vi ... Vu,0/(xq,...,2,0q,...,qp)
and | ay... | ap.Voy.. . Vx,0/(x,... 2,01, ...,0p) F 9, contradicting the fact that ¢

and 1 have no interpolant. O

Let ¢;,7 < w and v;,7 < w be enumerations of all closed t;-sentences in and all closed to-
sentences, respectively. We will construct two increasing sequences of theories (containing

only closed sentences)

{@}:Tongng

(0} =Uy CU, CUs...

in the language of ¢} and ¢}, respectively, such that for all i < w:

—_

. T; and U; are inseparable.

2. (a) if T; U{¢;} and U; are inseparable then ¢; € T;,1, and

(b) if T;41 and U; U {1);} are inseparable then v; € U;,,

3. (a) if ¢; has the form @, Jzo(x) and ;11 € T; then @Q,0(c) € T4 for some ¢ € C,

and

(b) if ¢; has the form @,3zo(x) and v; € U then Q,0(c) € U4 for some ¢ € C,

4. (a) if ¢; has the form @,0c and ;11 € T; then @, On’ A Q0 € T;y; for some

n’ € N, and
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(b) if ¢; has the form @, 0o and ;41 € Uiyq, then @Q,0n' A Q0 € U;4q for some

n € N.

Given T; and U;, T; 1 and U;, are again constructed in the obvious way.

For (3) and (4), the constant ¢ and the nominal n' are chosen such that they did
not occur in 7T;, U;, ¢; or ¥;. In that way, inseparability is preserved. We need to be
worried only with (4). In fact, if & is a modal structure such that (&, wg) E @, 0, then
one can expand G into & with a vocabulary containing the new nominal n’ such that

(&', wg) F @, On' A @, p. This is the case since
(&' wg) F @, On' < nRn'.

Let T, =,_,T; and U, = |J,__ U;. Since every T; and U; are finite theories for i < w,

<w <w

by the Compactness theorem, it follows that T,, and U, are inseparable.

We have the following claims whose proofs are exactly like in the first order case.
Claim 5.3.2. The theories T; and U; are consistent for every i < w.
Claim 5.3.3. The theories T,, and U, are maximal with respect to closed sentences.
Claim 5.3.4. The t{-theory T,, N U, is maximal consistent.

Since T, is consistent, let 91 be a t}-model such that 9, E T,,. Let n be a nominal in
t1. For any constant symbol e € t;, M F @Q,3x(e = x). By maximality of T,,, @,Jz(e =

x) € T,. Using (3), we can then construct a first-order submodel 9t of M7 such that

o U(M;) = C; UN;, where Cf = {¢™ :c€ C} and N{ = {i : n nominals in ¢} }. If
we use the notation we have adopted for standard translation 90t* := (W U D, m*) of

a modal model M, then here C plays the role of D and N plays the role of W,

o ¥ = €™ for every constant symbol in (#})*, and
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e interpretations of relation symbols in 91} are their interpretations in 9} restricted

to U(MT).

Using Tarski-Vaught criterion and (3) and (4), we have the following claim, where T7%

is the theory resulting from translating every sentence of T,.
Claim 5.3.5. We have O xNT, and in particular M7 = T.

In the same way, let 9y be a t)-structure such that DM, F U,. We can also construct
a first order elementary substructure 9t of O such that U (M3) = C5 U N3, where C5 =
{c™ :ce C} and Nj = {n : n nominals in #,}. In particular, 90 F U,

Like in the first order case,
Claim 5.3.6. We have 0 | (t()* = 9% | (t;)".

Based on that isomorphism we can extend the model for 77} to a model for U} as well.
Since ¢* € T and —¢ € U}, we constructed a model for o* A —p*. But then ¢ A =) has

a model also. This ends the proof of Craig’s interpolation theorem for QHL. O]

From Craig’s interpolation theorem, using the same definition of implicit and explicit

definition in Definition 3.3, we have the Beth’s definability theorem for QHL.

Theorem 5.4 (Beth definability theorem). Let X(r) be a tU{r}-theory for some vocabulary

t andr & t. Then, 3X(r) defines R explicitly if and only if it defines R implicitly.

5.3 Discussion

Let us go back to the counterexample given in Theorem 4.4. We saw that (&, wg) F p
if and only if

there exists w € W such that 7, N7y, = 0. (4.2.1)
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The condition (4.2.1) cannot be expressed in Quantified Modal Logic. In Quantified Hybrid

Logic, we have in any structure & (4.2.1) if and only if

(6, wp) F| a.OVx(re — Q,—rx).

Here, we see that naming the current state of evaluation using | o and referring back to it

with @, enables us to express (4.2.1) in the language.

Now we would like to highlight the steps needed to achieve Beth property.

Firstly, the proof relies heavily on the completeness and compactness of First Order
Logic.

Secondly, in order to prove that {¢} and {—%} are inseparable, the |-binder was im-
portant. In the proof of Craig’s interpolation theorem for first order logic, we mainly rely
on the fact that we can introduce new constants to name objects and that we can go back
to the original language by using quantifiers. In modal logic, naming worlds is impossible.
Naming worlds is achieved by the use of nominals in hybrid logic. However, in order to
stay in the original language, the use of some quantifier is required. One can introduce
the use of V to quantify over worlds. Unfortunately, the use such quantifier will lose the
locality of modal logic: only reachable worlds are relevant for semantic evaluations. The
use of |-binder keeps this local property of modal logic and allows us to go back to the
original language.

Thirdly, for the theories T and U}, there is a witness for each existential quantifier
dz* such that Jx*o(z*) is in the theory. If we translate a modal formula into a first-order
one, then z* can refer to an individual or a world. The first case is dealt by introducing a
new constant ¢. The second case is dealt by introducing a new nominal n’ in the hybrid
language. Such existential formula can then be witnessed in the hybrid language by the

closed sentence @Q,On’ A Q0.
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