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Abstract

The Keisler theorems dealing with the definability in first-order logic of classes of struc-
tures are adapted to atomic and molecular logics. These logics are based on Dunn’s gaggle
theory and generalize modal logics. We show how notions of bisimulation can be auto-
matically defined from the truth conditions of the connectives of any atomic or molecular
logic. Then, we adapt the basic notion of ultraproduct of first-order logic to our atomic and
molecular logics. This allows us to state our generalized Keisler theorems. The connectives
of molecular logics should be in a specific format called ‘normality’ for our theorems to
hold. We consider modal logic, the Lambek calculus, (modal) intuitionistic logic, weakly
aggregative modal logic and temporal logic as case study. In a companion article [3], we use
and extend these results to first-order logic and protologics, i.e. logics such that the truth
conditions of their connectives are expressible by first-order formulas.

1 Introduction

The model theory of non-classical logics is often developed on a case by case basis by consid-
ering each logic independently, and similar theorems are proved for each non-classical logic by
frequently adapting the same proof method. For example, for modal logic, temporal logic and
XPath, a number of model-theoretical results dealing with the definability of classes of models by
means of a set of formulas or a single formula have been proved [8 23] [I] by adapting the Keisler
theorems of first-order logic (FOL for short) [9]. This type of theorems provides conditions of
definability of classes of models in a specific logic. More precisely, they state that a class of
models is definable in a given logic if this class of models and its complement are both closed
under a specific construction called ultraproduct and under a specific notion of bisimulation as-
sociated to the logic. Similar adaptations to other logics have been made for the van Benthem
characterization theorem of modal logic [27), 23] (B, 20] [I0]. A natural question that comes up
to mind is to wonder whether the Keisler theorems of FOL transfer to an arbitrary logic. We
shall see in that paper that the Keisler theorems do transfer to any atomic and molecular logics
if their connectives are ‘normal’.

The framework of atomic and molecular logics is based on Dunn’s gaggle theory [12, [13].
Atomic logics generalize “gaggle logics” by adding types to formulas. Gaggle logics were intro-
duced in [2] where it is also shown that a very large number of non-classical logics are actually
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gaggle logics and therefore also atomic logics (see Figures 6-11 in that article). Atomic and
molecular logics are a generalization of gaggle logics which behave as ‘normal form’ logics. We
indeed show that every non-classical logic such that the truth conditions of its connectives are
expressible in first-order logic is as expressive as an atomic or molecular logic [4] 3].

As it turns out, an appropriate notion of bisimulation can be automatically associated to
any atomic or molecular logic from the truth conditions of its connectives. We will rediscover
the already known invariance notions of modal logic, the Lambek calculus, (modal) intuitionistic
logic, weakly aggregative modal logic and temporal logic as specific instances of our generic
notion of C-bisimulation. This will allow us to state our generalized Keisler theorems for atomic
and molecular logics.

Structure of the article We start in Section [2] by recalling modal logic, the Lambek calculus,
temporal logic and modal intuitionistic logic. In Section [3] we introduce atomic logics, in Section
[4 molecular logics and in Section [5] their Boolean versions with Boolean connectives. In Section
[7l we show how notions of bisimulations can be automatically defined from the truth conditions
of the connectives of atomic and molecular logics, after some preliminaries in Section [6] where
we introduce universal and existential connectives. We illustrate our general definitions by redis-
covering the bisimulation notions of modal logic, the Lambek calculus, temporal logic, (modal)
intuitionistic logic and weakly aggregative modal logic. In Section [§] we adapt the notions of
ultraproducts and ultrapowers to atomic and molecular logics and state in Section [J] our main
theorems for atomic and molecular logics. We conclude in Section [I0] All the proofs of this
paper are in the appendix.

2 Non-Classical Logics

In this section, we recall modal logic, the Lambek calculus and temporal logics. The generic
results of the article will be applied to these logics in the sequel. Logics will always be semanti-
cally presented by following a tri-partite representation: language, class of models, satisfaction
relation.

In this section, A is a set of propositional letters which can be finite or infinite.

2.1 Modal Logic

The set I is a set of indices which can be finite or infinite. The multi-modal language Ly is
defined inductively by the following grammar in BNF:

Lu: ¢ == p | = | (eAe) | (eVe) | O | O

where p € A and j € L.
We present the so-called possible world semantics of modal logic. A Kripke model M is a
tuple M & (W,{Ry,...,Rpm,..., P1,..., P,,...}) where

e W is a non-empty set whose elements are called possible worlds;
e Ri,....Ry,... CW x W, m €I are binary relations over W called accessibility relations;
e P,...,P,,... C W are unary relations interpreting the propositional letters of A.

We write w € M for w € W by abuse and the pair (M, w) is called a pointed Kripke model. The
class of all pointed Kripke models is denoted &y .



We define the satisfaction relation =y C EuL x Lmo inductively by the following truth
conditions. Below, we write (M,w) = ¢ for (M,w),¢) € & m. For all (M,w) € Euy, all
o, € Ly, all p; € A and all j €1,

(M, w) = p; iff  P;(w) holds;

(M, w) = —p; iff  P;(w) does not hold;

(M,w) = (pA) i (M,w) = ¢ and (M,w) = v;

(Mw) = (V) i (Mw) = o or (M) = v

(M,w) = <jo iff there exists v € W such that R;wv and (M, v) | ¢;
(M,w) = Oj¢ iff for all v € W such that R;wv, (M,v) = .

The triple (LmL, EmL, = ML) forms a logic, that we call modal logic. Bisimulations for modal
logic can be found in [g].

2.2 Lambek Calculus

The Lambek language L ¢ is the set of formulas defined inductively by the following grammar in
BNF:

Lic: ¢ == p | (¢@9) | (pCy) | (¢D¢)
where p € P. A Lambek model is a tuple M = (W, {R, Py, ..., P,,...}) where:
e W is a non-empty set;
e RCW x W x W is a ternary relation over W
e P,...,P,,... CW are unary relations over W.

We write w € M for w € W by abuse and (M, w) is called a pointed Lambek model. The class of
all pointed Lambek models is denoted £ c. We define the satisfaction relation = C Ec X Lic
by the following truth conditions. Below, we write (M, w) = ¢ for ((M,w),¢) € = Lc. For all
Lambek models M = (W, {R, Py,...,P,,...}),allw e M, all p,¢ € L c and all p; € P,

(M,w) = p; iff P;(w) holds;
(M,w) = (p ® 1) iff there are v,u € W such that Rvuw,

(M, v) = ¢ and (M, u) = 1;
(M,w) = (¢ D) iff for all v,u € W such that Rwvu,

if (M, 0) - ¢ then (M, u) |- :
(M, w) = (¢ C o) iff for all v,u € W such that Rvwu,

if (M,v) = ¢ then (M, u) = .

The triple (Lic,Lc, = Lc) forms a logic, that we call the Lambek calculus. Bisimulations for
the Lambek calculus, called directed bisimulations, can be found in [29].

2.3 Temporal Logic
The temporal language L1 is defined inductively by the following grammar in BNF:

Lri: o == T | L [ p | =p | (eA@) | (pVe) | Ulp,e) | Slp )

where p € A. A temporal model is a tuple M = (W, {<, Py,..., Pp,...}) where:



e W is a non-empty set;
e <C W x W is a binary relation over W;
e P,....P,,... C W are unary relations over W.

We write w € M for w € W by abuse and the pair (M,w) is called a pointed temporal
model. The class of all pointed temporal models is denoted &y . We define the satisfaction
relation = 1L C &1 X L1 by the following truth conditions. Below, we write (M, w) = ¢ for
((M,w),9) € k= 1L. For all temporal models M = (W,{<,Py,...,Pp,...}), all w € M, all
p, Y € L1 and all p; € P,

(M,w) =T always;

(M,w) = L never;

(M, w) = pi iff  P;(w) holds;

(M, w) = —p; iff  P;(w) does not hold;

(Mw) = (pA9) i (Myw) = o and (M,w) o

M) (ove) i (Mow) b or (M,w) = s

(M,w) = U(p,v) iff thereis v € W such that w < v and (M,v) = ¢ and
for all w € W such that w < u < v, (M, u) = 9;

(M,w) = S(p,7p) iff  there is v € W such that v < w and (M, v) | ¢ and

for all u € W such that v < u < w, (M, u) |= 1.

The triple (L11,&7L, = 11) forms a logic, that we call temporal logic. Bisimulations for
temporal logic can be found in [23].

2.4 Modal Intuitionistic Logic

The modal intuitionistic language Ln is defined inductively by the following grammar in BNF:

Lie: o == T | L | p | (6Ae) | (eVe) | (p=¢) | Op | Op
where p € A. A modal intuitionistic model is a tuple M = (W,{R, Ro, P1,..., P,,...}) where:
e W is a non-empty set;

e RC W x W is a binary relation over W which is reflexive and transitive (R is reflezive if
for all w € W Rww and transitive if for all u,v,w € W, Ruv and Rvw imply Ruw);

o Ro CW x W is a binary relation over W;

e P,...,P,,... C W are unary relations over W such that for all v,w € W, if Rvw and
P, (v) then P, (w).

We write w € M for w € W by abuse and the pair (M, w) is called a pointed modal intuitionis-
tic model. The class of all pointed modal intuitionistic models is denoted &,;. We define the sat-
isfaction relation % int € Ent X Lint by the following truth conditions. Below, we write (M, w) ): %)
for ((M,w),¢) € [ 1. For all modal intuitionistic models M = (W,{R, Ro, Py1,...,Py,...}),



allw e M, all g,y € L and all p; € P,

(M,w) =T always;
(M,w) = L never;
(M w) E 1, i P (w) holds:
(M,w) = (pA) it (M, w) = ¢ and (M, w) = ¢
(M,w) = (pVve) iff (M,w) = or (M,w) = 1);
(M,w) = (p=1) iff forall v € W such that Rwv,
if (M,v) = ¢ then (M, v) = ;
(M,w) = Op iff ~ for all v € W such that Rwv,
for all u € W such that Rovu, (M, u) = ¢;
(M,w) E o iff ~ for all v € W such that Rwv,

there is u € W such that Rovu and (M, u) = .

The triple (Lint, Eint, = 1nt) forms a logic, that we call modal intuitionistic logic. Bisimulations
for (modal) intuitionistic logic can be found in [26] [27].

2.5 Common Logical Notions

In the present section, we define a number of notions which are common to all logics and in
particular to the logics introduced beforehand. The way we define logics is different from many
proposals considered in universal logic [6] such as pairs of Suzsko’s abstract logics, Tarski’s
consequence operators or logical structures. Often a logic is viewed as a pair of a language
together with a consequence relation on this language. Our approach to defining logics is somehow
more ‘semantic’ in that respect than the usual proposals. It corresponds in fact to the “abstract
logics” of Garcia-Matos & Véaanénen [I7] or to the “rooms” of Mossakowski et al. [25].
A logic is a triple L 2 (£,€, =) where

e L is a logical language defined as a set of well-formed expressions built from a set of
connectives C and a set of propositional letters A,

e £ is a class of pointed models;

e = s a satisfaction relation which relates in a compositional manner elements of £ to
models of £ by means of so-called truth conditions.

Let L= (L£,&, =) be alogic and let T' C L, p € L and M € £. We write M |= T when for
all ¢ € ', we have M |= . Then, we say that

e o is true (satisfied) at M or M is a model of ¢ when M = ;

e ¢ is a logical consequence of T', written I' = |, when for all M € €, if M =T then M = ¢;
e ¢ is valid, written = |, when for all models M € &, we have M = ;

e ¢ is satisfiable when there is a model M € £ such that M |= .

If T is a singleton I = {1}, we also write by abuse ¥ = ¢ for {1/} = ¢.

A set of formulas of L is called a theory. A set A of formulas of £ is said to be a set of
azioms for a theory I' iff I' and A have the same logical consequences. A theory is called finitely
axiomatizable iff it has a finite set of axioms. A logic L is axiomatizable if its set of validities is
finitely axiomatizable.



3 Atomic Logics

Atomic logics are logics such that the truth conditions of their connectives are defined
by first-order formulas of the form Vzj...x,(£:1Qiz1 V ...V £,Qua, V £Rx; ... 2,2) or
Jzq .2 (£1Q1x1 A vt A £,Quan A £Rzy ... x,x) where the ;s and £ are either empty or
—. Likewise, propositional letters are defined by first-order formulas of the form +Rx. We will
represent the structure of these formulas by means of so—called skeletons whose various argu-
ments capture the different features and patterns from which they can be redefined completely.
Atomic logics are also generalizations of our gaggle logics [2] with types associated to formulas.

We recall that N* denotes the set of natural numbers without 0 and that for all n € N*, &,,
denotes the group of permutations over the set {1,...,n}. Permutations are generally denoted
o, T, the identity permutation Id is sometimes denoted 1 as the neutral element of every permu-
tation group and o~ stands for the inverse permutation of the permutation o. For example, the
permutation o = (3,1, 2) is the permutation that maps 1 to 3, 2 to 1 and 3 to 2 (see for instance
[30] for more details).

Definition 1 (Atomic skeletons and connectives). The sets of atomic skeletons P and C are
defined as follows:

P£6&; x {+,—} x {V,3} x N*

€ 2PU | {Snin x {4} > (¥, 3 x N (o, )
neN*

P is called the set of propositional letter skeletons and C is called the set of connective skele-
tons. They can be represented by tuples (o, =+, B, k,E;) or (o,+, B, k) if it is a proposi-
tional letter skeleton, where & € {V,3} is called the quantification signature of the skeleton,
k= (kki,... k)€ N*"*! is called the type signature of the skeleton and +;,=(£1,...,%) €
{+,—1}" is called the tonicity signature of the skeleton; (Z,k, E;) is called the signature of the
skeleton. The arity of a propositional letter skeleton is 0 and its type is k. The arity of a skeleton
* € C is n, its input types are k1, ..., k, and its output type is k.

A (atomic) connective or propositional letter is a symbol generally denoted % or p to which
is associated a (atomic) skeleton. Its arity, signature, quantification signature, type signature,
tonicity signature, input and output types are the same as its skeleton. By abuse, we sometimes
identify a connective with its skeleton. If C is a set of atomic connectives, its set of propositional
letters is denoted P(C). Propositional letters are denoted p, p1,pa, etc. and connectives *, 1, *2,
ete. O

We need to distinguish between connectives and skeletons because in general we need a
countable number of propositional letters or connectives of the same skeleton, like in some modal
logics, where we need multiple modalities of the same (similarity) type/skeleton.

Definition 2 (Atomic language). Let C be a set of atomic connectives. The (typed) atomic
language Lc associated to C is the smallest set that contains the propositional letters and that
is closed under the atomic connectives. That is,

e P(C) C Lc;

e for all x € C of arity n > 0 and of type signature (k, k1, ..., ky) and for all p1,..., ¢, € Lc
of types ki,...,k, respectively, we have that x(¢1,...,¢n) € Lc and *(p1,...,9,) is of
type k.



Elements of L¢ are called atomic formulas and are denoted ¢, 1), a, ... The type of a formula
© € L¢ is denoted k().

The skeleton syntactic tree of a formula ¢ € Lc is the syntactic tree of the formula ¢ in
which the nodes labeled with subformulas of ¢ are replaced by the skeleton of their outermost
connective.

A set of atomic connectives C is plain if for all x € C of skeleton
(o,%, B, (k,k1,...,kn),(£1,...,£5)) there are atoms pi,...,p, € P of types ki,...,k,
respectively. In the sequel, we assume that all sets of connectives C are plain. [

Our assumption that all sets of connectives C considered are plain makes sense. Indeed, we
want all connectives of C to appear in some formula of L¢. If C was not plain then there would
be a connective of C (with input type k) which would be necessarily composed with another
connective of C (of output type k), if we want such a connective to appear in a formula of Lc.
Yet, in that case, we should instead view C as a set of molecular connectives (introduced in the
next section).

Definition 3 (C-models). Let C be a set of atomic connectives. A C-model is a tuple M =
(W, R) where W is a non-empty set and R is a set of relations over W such that each n—ary

connective x € C of type signature (k, k1, ..., k,) is associated to a k1 +. ..+ k,, + k—ary relation
R, e R.
An assignment is a tuple (wy, ..., wy) € WF for some k € N*, generally denoted w. The set

of assignments of a C-model M is denoted w(M, C). A pointed C—model (M,w) is a C—model M
together with an assignment w. In that case, we say that (M, w) is of type k. The class of all
pointed C—models is denoted Mc. O

Definition 4 (Atomic logics). Let C be a set of atomic connectives and let M = (W, R) be

a C—model. We define the interpretation function of Lc in M, denoted [[]]M : Le — U wk,

keN*
inductively as follows: for all propositional letters p € C of type k, all connectives x € C of

skeleton (o, +, &, (k, k1, ..., kn), (£1,...,%£5)) of arity n > 0, for all ¢1,...,¢, € Lc,

v o |R if 4=+
P = YW p) -
D(prs o)™ 2 o™, [eal™)

where the function f, is defined as follows: for all W, € P(W"),....W, € P(W"),
FeW1, oo W) 2 W1 € WH | C* (W, ..., Wy, Wyt1)} where C*(Wy, ..., Wy, Wp1) is called
the truth condition of x and is defined as follows:

o if E=VY: “vw, € W .. w, € WF (wy y Wi V...V, N, W, V REW1 ... 0, W011)";

o if =3 “Gw; € W .. .w, € Wk (w1 g Wi A... AW, Ny W, A REOW1 ... W0, W011)";

w; € Wj if :|:j =+
wy ¢ Wj if +,=-

Rf"@l -+ Wp41 holds iff +RW,- (1) ... Wy~ (n41) holds, with the notations + R, £ R, and
—R, & Whthkit tkn _p If Ec is a class of pointed C—models, the satisfaction relation \# -
Ec x Lc is defined as follows: for all ¢ € Lc and all (M, @) € &, (M, @), ¢) € |- iff w € [p]™.
We usually write (M, w) | ¢ instead of ((M,w), ) € |- and we say that ¢ is true in (M, w).

The logic (Lc,&c, |- ) is the atomic logic associated to Ec and C. The logics of the form
(Lc, Mc, | ) are called basic atomic logics. O

where, for all j € [1;n], w; h; W; A { and



Permutations of Gq H

unary signatures

T = (1,2)
Ty = (2,1)

t1 = (37 (17 1)’ +)
ty = (V, (1’ 1)7 +)

t3 = (v7 (L 1)7 _)
ty = (Elv (L 1)7 7)
binary signatures |

‘ Permutations of G3 ‘

01 = (172a3) 51 = (Ela (1’ 1, 1)v (+7+))
[ (3,2,1) SS9 = (V,(l,l,l),(—‘r,—))
g3 = (3,1,2) S3 = (V,(Ll,l),(—,‘i‘))
o4 =(2,1,3) sa=(V,(1,1,1),(+,4))
o5 =(2,3,1) s5 = (3,(1,1,1), (+,-))
06 = (173a2) 56 = (Ela (17 1, 1)v (77+))

57 = (Ela (17 1, 1)1 (_7 _))

ss = (v, (1,1,1),(—,—))

Figure 1: Permutations of G5 and &3 and ‘families’ of unary and binary signatures

The + sign in RE7 is the + sign in (0, %, &, (k, k1, ..., kn), (£1 ..., %0)).

Example 1 (Lambek calculus, modal logic). The Lambek calculus, where C = {p,®,D,C}
is defined in Section is an example of atomic logic. Here ®,D,C are the connectives of
skeletons (o1, +, $1), (05, —, $3), (03, —, $2). Another example of atomic logic is modal logic where
C={p, T,L,AV,$;,0, | j €I} is such that

e T, 1 are connectives of skeletons (Id, +,3,1) and (Id, —,V, 1) respectively;

e A,V,<;,0; are connectives of skeletons (o1, +,51), (01, —,84), (T2,+,t1) and (72, —,2)
respectively;

e the C-models M = (W, R) € &c are such that Ry = Ry = {(w,w,w) | w € W}, Ro, = Ry,
and Rr=R, =W.

With these conditions on the C-models of Ec, for all (M,w) € &,

we [0
we [oe"
we A )Y

we  [Vie, )]

Fv(v € [p]™ A Ro,wv)

vo(v € [e]™ V —Rg,wo)

Fou(v € [e]™ Au € [P]M A Ryvuw)
w € [p]" Aw e [y]Y

Vou(v € [e]™ Vu € [¢]M v —Ryvuw)
w € [l v w e [y]Y

Other examples are given in Figure [2 as well as in [2] 4].

4 Molecular Logics

Molecular logics are basically logics whose primitive connectives are compositions of atomic con-
nectives in which it is possible to repeat the same argument at different places in the connective.
That is why we call them ‘molecular’; just as molecules are compositions of atoms in chemistry.



Atomic Truth condition Non-classical connective
Connective in the literature
The existentially positive orbit
(T, +,t1) o | o (v e [p] ARvw) | O7p 28] O, [12]
(7-27 _7t2) 2 Vo (U € [[QUH \v _va) D@ [IZI]
The universally positive orbit
(11,+,t2) ¢ | Yo (v € [¢] V Rvw) +,¢ [12] [15], p. 401]
(12, —t1) @ | Jv(v € o] A—Rwv) | [12]
The existentially negative orbit
(11, +,ta) o | Fo(v & [@] A Row) | 7o [12][15] p. 402]
Bie [12][7, Def. 10.7.7]
(2, +,ta) 0 | Fo(v & [e] A Rwv) | 7y [12][16] [15, p. 402]
oy [7, Def. 10.7.7]
The universally negative orbit
(1, +t3) @ | Yo (v ¢ [¢] V Row) | o [12,14] ¢° [19]
o] ¢ [T, Def. 10.7.2]
(r2,+,t3) @ | Yo (v ¢ [l V Rwv) | ~ ¢ [I8] “¢ [12,14] °p [19]
oy ¢ [T, Def. 10.7.2]
The symmetrical existentially positive orbit
(r1,—t1) ¢ | Fv(v €[] A—Row) | [12]
(12, +,t2) v | Yo (v € [¢] V Rwv) +¢ [12] [15, p. 402]
©* [0, Def. 7.1.19]
The symmetrical universally positive orbit
(r1,—t2) ¢ | Yo (v e [p] V—Row) | O 28] O, [12]
(12, +,t1) v | Fv(v € [¢] A Rwv) S [21]
The symmetrical existentially negative orbit
(11, —t1) @ | I (v ¢ [p] A —Row) | 2o ([T Ex. 1.4.5] ¢* [19]
(T2, —ta) ¢ | v (v & [¢] A —Rwv) | 7,0 [12] [7, Ex. 1.4.5] Yo [19]
The symmetrical universally negative orbit
(11, = t3) ¢ | Yo (v & o] vV —Row) | [12]
(12, = t3) ¢ | Vo (v & [p] V —Ruwv) | = [22,29] Lo [16]

Figure 2: The unary connectives of atomic logics of type (1, 1)




Definition 5 (Molecular skeleton and connective). The class C* of molecular skeletons is the
smallest set such that:

e P C C* and C* contains as well, for each k,I € N*, a symbol id}, of type signature (k,k),
output type k and arity 1;

e for all atomic skeleton x € C of type signature (k,ky,..., k%) and all ¢;,...,c, € C*
of output types or types (if they are propositional letters) k:(l),...,kg respectively, ¢ £
*(c1,...,¢,) is a molecular skeleton of C* of output type k.

If ¢ € C*, we define its decomposition tree as follows. If c = p € Por ¢ = idfc, then its
decomposition tree T is the tree consisting of a single node labeled with p or z'dfC respectively. If
¢ =x(cy,...,¢c,) € C* then its decomposition tree T, is the tree defined inductively as follows:
the root of T, is ¢ and it is labeled with x and one sets edges between that root and the roots
1, ...,Cn of the decomposition trees T, , ..., T, respectively.

If ¢ 2 x(c1,...,¢,) is a molecular skeleton with output type k and ky, ..., k,, are the ks of
the different idfks which appear in ¢y, ...,¢, (in an order which follows the first appearance of
the idffs in the inorder traversal of the decomposition trees of ¢y, ..., ¢, ), then the type signature
of cis (k,k1,...,ky) and its arity is m. We also define the quantification signature A(c) of
c=x(c1,...,cn) by B(c) £ E(x).

A molecular connective is a symbol to which is associated a molecular skeleton. Its arity,
type signature, output type, quantification signature and decomposition tree are the same as its
skeleton. The set of atomic connectives associated to a set C of molecular connectives is the set
of labels different from id}, of the decomposition trees of the molecular connectives of C. O

Note that the same label (atomic connective) may appear several times in a decomposition
tree. Note also that the vertices of a decomposition tree are molecular connectives.

Every atomic connective x of type signature (k,k1,...,k,) can be seen as the (specific)
molecular connectives ¢ = *(id,lcl, ...,idy ). One needs to introduce the connective id} in order
to deal with molecular connectives whose skeletons are for example of the form x(p, zdéﬂ) where
p € P or molecular connectives in which the same argument(s) appear at different places, like
for example in (id}., . .. ,id}) which is of arity 1.

Example 2 (Modal intuitionistic logic). Let us consider the skeletons ¢, ¢/, 1, %2, *3 defined by
the following first—order formulas.

(1>

c(x) = Vy (Rey — Vz (Royz — Q(2)))

y(
Yy (Rzy — 3z (Royz A Q(2)))
vy (Rry — Q(y))
z(
(

/
c T

> 1>

*
(>

xT

Vz (Roxz — Q(2))
3z (Roxz A Q(2))

2

(x)
(x)
*1(2)
(x)
()

*
(1>

3T

These first—order formulas can be naturally represented by molecular skeletons. Then, 1, %2, *3
are atomic skeletons and the connectives associated to ¢, ¢’ are molecular connectives. Indeed, ¢
is the composition of x; and %2, ¢ = %1 (%2), and ¢’ is the composition of x; and %3, ¢’ = %1 (*3).
To be more precise, ¢ and ¢’ will have the same semantics as % (xo(id})) and % (x3(id})). The
connective associated to ¢ corresponds to the connective O of modal intuitionistic logic and the
connective associated to ¢’ corresponds to the connective < of modal intuitionistic logic [27]
defined in Section 2.4l O
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Definition 6 (Molecular language). Let C be a set of molecular connectives. The (typed)
molecular language Lc associated to C is the smallest set that contains the propositional letters
and that is closed under the molecular connectives while respecting the type constraints. That
is,

e the propositional letters of C belong to Lc;

e for all ¢ € C of type signature (k, k1, ..., kp) and for all 1, ..., o, € Lc of types k1, ..., kn
respectively, we have that ¢(¢1,...,pm) € Lc and ¢(@1, - .., ¢m) is of type k.

Elements of L¢ are called molecular formulas and are denoted ¢,,«,... The type of a
formula ¢ € L¢ is denoted k(p). We use the same abbreviations as for the atomic language. O

Definition 7 (Molecular logic). If C is a set of molecular connectives, then a C-model M is a
C'~model M where C’ is the set of atomic connectives associated to C. The class of all pointed
C—models is also denoted Mc, like for atomic logics.

The truth conditions for molecular connectives are defined naturally from the truth conditions
of atomic connectives. We define the interpretation function of Lc in M, denoted [[]]M :Le —

U W*, inductively as follows: for all propositional letters p € C of skeleton (o, 4, /E, k), all
kN~

molecular connectives x(ci,...,¢,) € C of arity m > 0 and all k,1 € N*, for all p,1,...,0m €
£C7
[Pl ££R,
Hidk(w)ﬂZf[[w]]M 1 . y
[x(cisvven) (1o om) M 2 fe (e (ors - @i)IY s Len(@f - 0i )T
where for all j € {1,...,n}, the formulas @{, cee <p{j are those ¢1,..., o, for which there is a

corresponding id', in ¢; (the /s appear in the same order as their corresponding id}s in ¢;).
If & is a class of pointed C-models, the triple (Lc,&c, |- ) is a logic called the molecular
logic associated to Ec and C. O

As one can easily notice, every atomic logic can be canonically mapped to an equi-expressive
molecular logic: each atomic connective x of type signature (k,k1,...,k,) of the given atomic
logic has to be transformed into the molecular connective of skeleton *(id,lﬁ,...,idzn). Note
that the id}, are in fact specific atomic connectives whose associated relations are the identity
relations.

Example 3 (Temporal logic). Temporal logic is an example of logic in which one needs to
resort both to our types and to combine basic connectives in order to be able to express the
truth conditions of its connectives. Let us consider the skeletons defined by the following first—
order formulas:

(>

* Jyzz' (Py A Qzz’ ARyz2'z)
Jyzz" (Py A Qzz’ A Rxzz'y)

Yy (Py V =Syxa’)

1(z)
) ()

*2(1‘7 J}/)

>

[I>

*1, 1 and x9 are atomic skeletons (this is independent from the definitions of R and S). The
connectives of skeletons ¢ = %1 (id1, %2(id3)) and ¢ = % (id], %2(id3)) are molecular connectives.
Together with some propositional letters, truth constants, Boolean conjunction and disjunction,
they form a set of molecular connectives C = {p,—p, T, L, A, V,¢,c'}. If we choose the class of
C-models appropriately, the molecular connectives ¢ and ¢’ then correspond to the connectives

11



‘until’ U and ‘since’ S of temporal logic respectively. Let us be a bit more precise. Let M =
(W,{<, P}) be a temporal model. We represent this temporal model by the C-model MY% =
(W,{R, S, P}) such that for all y,z,2", 2 € W,

RyzZ'ziff v <y,x =zand y =2 (1)
Syzz' iff v <y <2 (2)

One can show that for all ¢ € L1 and all w € W, (M, w) | ¢ iff (MY w) |- T(p) where
T : L1 — Lc is defined inductively on the formulas of L1 in such a way that T(U(p,))
2 o(T(p), T(1)) and T(S(p, %)) = ¢ (T(¢), T(%)). Indeed, the standard translation of the until
and since operators are:

ST (U(p,)) = Jy(xz <y A ST, (p) ANV2(z < z <y — ST.(¥)))
STy (S(p, ) = yly <x A ST (p) ANV2(y < 2z <z — ST.(v))) O

Example 4 (Weakly aggregative modal logic). The modal connectives of weakly aggregative
modal logics [Tl [24] are expressed by first-order formulas of the following form:

*x(z) &£ 3y ... 2 (Pry A... APz, AR2y ... 21)

The arity of such connectives is 1, their argument is just repeated at different places of the atomic
connective *. So, they are in fact molecular connectives, their molecular skeleton is of the form
x(id3, ... id}). O

There are infinitely more examples of molecular logics since we proved in [4] that any logic
such that the truth conditions of its connectives are expressible in first-order logic is as expressive
as a molecular logic.

5 Boolean Atomic and Molecular Logics

Atomic and molecular logics do not include Boolean connectives as primitive connectives. In
fact, they can be defined in terms of specific atomic connectives, as follows.

Definition 8 (Boolean connectives). The Boolean connectives called conjunctions, disjunctions,
negations and Boolean constants (of type k) are the atomic connectives denoted, respectively:

B = {/\kv\/ka _'kv—l—kv J—k | ke N*}

The skeleton of Ay is (Id,+, 3, (k, k, k), (+,+)), the skeleton of Vi is (Id,—,V, (k, k, k), (+,+)),
the skeleton of — is (Id, +, 3, (k, k), —), the skeleton of Ty is (Id,+, 3, k) and the skeleton of L
s (Id,—, ¥, k).

In any C-model M = (W, R) containing Boolean connectives, the associated relation of any
Vi or Ay is Ry, = Ry, £ {(W,w,w) | @ € W"}, the associated relation of any — is R, £
{(w,w) | w € W*} and the associated relation of any Ty or Ly is R;, = Rt, £ WF.

Atomic or molecular logics containing Boolean connectives are called Boolean atomic or
molecular logics. We say that a set of atomic connectives C is complete for conjunctions and
disjunctions when it contains all conjunctions, disjunctions and constants Ag, Vg, Tk, Lk, for &k
ranging over all input types and output types of the atomic connectives of C. We say that a set
of atomic connectives C is complete for Boolean connectives when it contains all conjunctions,
disjunctions, constants as well as negations A, Vg, Tk, Lk, 7k, for k ranging over all input types
and output types of the atomic connectives of C. The completion of a set of atomic connec-
tives C with conjunctions and disjunctions is the smallest set of connectives including C which
is complete for conjunctions and disjunction. O
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Proposition 1. Let C be a set of atomic connectives containing Boolean connectives. and let
M = (W, R) be a C-model. Then, for all k € N*, all p,¢ € Lc¢, if k(p) = k() =k, then

[T)™ = w*
[LY £ 0
[rel™ & W* =[]V
[ere I 2 [e]™ N g™
[evi) ] £ [e]™ ulpl™.

It turns out that Boolean negation can also be simulated systematically at the level of atomic
connectives by applying a transformation on them. The Boolean negation of a formula then
boils down to taking the Boolean negation of the outermost connective of the formula. This
transformation is defined as follows.

Definition 9 (Boolean negation). Let % be a mn-ary connective of skeleton
(J,i,}E,k,ii,...,in). The Boolean mnegation of % is the connective —x of skeleton

(0, —~+,—E, k,—=+1,...,—+,) where —E £ Fif £ = V and —F 2 V otherwise, which is
associated in any C—model to the same relation as . If ¢ = x(¢1,...,p,) is an atomic formula,
the Boolean negation of ¢ is the formula —p = — % (¢1, ..., ¢n)- O

Proposition 2 ([4]). Let C be a set of atomic connectives such that —x € C for all x € C. Let
© € L¢ of type k and let M = (W,R) be a C-model. Then, for allw € W*, w € [—¢]™ iff
w ¢ [l

6 Universal and Existential Molecular Connectives

Universal and existential molecular connectives are essentially molecular connectives such that
the quantification patterns of the quantification signatures of their successive atomic connectives
are of the form V...V or 3...3 respectively. They essentially behave as ‘macroscopic’ atomic
connectives of quantification signatures V or 3.

Definition 10 (Universal and existential molecular connective). A universal (resp. existential)
molecular skeleton is a molecular skeleton c¢ different from any ialﬁ€ for any k,l € N* such that
E(c) =V (resp. B(c) = 3) and such that for each node of its decomposition tree labeled with
x = (0, +, B, k,(+1,...,+,)) and each of its jth children labeled with some x; € C such that
the subtree generated by this j* children contains at least one id%, we have that A(x;) = £;E.
A universal (resp. existential) molecular connective is a molecular connective with a universal
(resp. existential) skeleton. O

Example 5. On the one hand, the molecular connective *(p, id} ) is a universal (resp. existential)
molecular connective if B(x) =V (resp. B(x) = 3). Likewise, D (idj, 0id}) and ®(<idy, p) are
universal and existential molecular connectives respectively. On the other hand, the molecular
connectives 0O "id} and D (Oid}, Did?) are neither universal nor existential molecular connec-
tives. O

Just as we have tonicity signatures for atomic connectives, we can also define an adaptation
of this notion for universal and existential molecular connectives, which, we repeat, are some
sort of ‘macroscopic’ atomic connectives.

Definition 11 (Tonicity signature of a molecular connective). Let ¢ be a molecular connective
and let ¢’ be a molecular subconnective of c¢. We define the tonicity of ¢ w.r.t. ¢, denoted
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tn(c, ¢) inductively as follows. If ¢ = ¢’ then tn(c’,c) = +. Otherwise, if ¢ = %(c1,...,¢,) with
x = (0,4, B, k, (£1,...,%,)) and ¢ appears in ¢; then tn(c’,c) = +;tn(c’,c;). The tonicity
signature of a molecular connective is the tuple (41,...,4;) of the tonicities tn(id},c) of the
connectives labeling the leafs of the decomposition tree of ¢ of the form id?C (possibly with
repetition). O

A molecular connective c is generally represented as *(ci, ..., c,) where x is an atomic con-

nective, but it can also be represented as co(c}, ..., c),) where ¢y is a molecular connective such

rn
that the id,s which appear in cq are all distincts. This representation and decomposition in
terms of molecular connectives is equivalent to the original one. For example the modal connec-
tive of weakly agregative modal logic *(id%, . ,idi) can be represented in terms of molecular
connectives with distinct idis as follows: x(idj,...,id})(id} ™, ... id"""). We now formalize

this idea of decomposition into molecular connectives.

Definition 12 (Decomposition of a molecular connective). Let ¢ be a molecular connective and
let T, be its decomposition tree. A decomposition of ¢ is an expression of the form co(cy, ..., c,)
where ¢g is a molecular connective whose decomposition tree is a subtree of T, with root ¢ and
whose leafs, corresponding to the nodes cq,..., ¢, of T., have been replaced by distinct id};s
and where ¢y, ..., c, are molecular connectives whose decomposition trees are the subtrees of T
generated by the nodes cy,...,c, of T,. O

Example 6. For any molecular connective x(idJ, . . .,id}') corresponding to an atomic connective
x of arity n, a decomposition is x(id} ™!, ... id*™)(id},...,id}). Likewise, a decomposition of
*(p,idt) is *(id},id2)(p,idL) (if p is of type 1). O

Based on this observation, we can decompose molecular connectives into an alternation of
universal and existential molecular subconnectives. That is what the following definition cap-
tures, at least at the first level of alternation depth. In that definition, if ¢y is universal and the
tonicity of the j** molecular connective c; is positive for example, then c¢; will have an existential
quantification signature (and its ‘head’ will behave as an existential molecular connective).

Definition 13 (Maximal decomposition). A decomposition ¢ = c¢y(cy,...,¢,) of a molecular
connective c¢ is mazimal when ¢y is a universal or existential molecular connective of tonicity
signature (£1,...,4,) with the ids all distinct, and we have that /E(c;) = — £; £(co) for all
j € [1;n] such that ¢; is not of the form id}, for some k,l € N*. O

Example 7. The decomposition of x(p, id}) in *(id3, id3 ) (p, ids,) (if p is of type 1) is not maximal
because x(p, zdé) is already a universal or existential molecular connective. On the other hand,
the decomposition of x(p, id}) in x(p, zdﬁc)(zdg) is maximal. O

The alternation of universal and existential molecular subconnectives inherent to any molec-
ular connective is fully captured by the following notion of quantified decomposition tree. It is
an abstraction of the notion of decomposition tree of Definition [5] which considers as first-class
citizens universal and existential molecular (sub)connectives.

Definition 14 (Quantified decomposition tree). If ¢ € C* is a molecular skeleton, we define
its quantified decomposition tree T. inductively as follows. If ¢ is a propositional letter or idfC
for some k,l € N* then its quantified decomposition tree T is the tree consisting of a single
node labeled with ¢. Otherwise, ¢ admits a maximal decomposition ¢ = ¢g(cq,...,¢,). Then,
its quantified decomposition tree 77, is the tree defined inductively as follows: the root of T, is
c and it is labeled with ¢y and one sets edges between that root and the roots cy,...,c, of the
quantified decomposition trees 77, Lo 7TC’n respectively. The quantified decomposition tree of a

molecular connective is the quantified decomposition tree of its skeleton. O
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Note that a propositional letter p can occur as the label of a node only if the quantified
decomposition tree in which it appears consists of this single node only (Example [7] illustrates
this phenomenon).

Definition 15 (Relation associated to a molecular connective). Let C be a set of molecu-
lar connectives and let ¢ = *(c1,...,¢,) € C be a molecular connective with x of skeleton
(o,£, B, (K*, kT, ..., k), (£],...,£)). Assume that the decomposition tree of ¢ has [ different
leaves labeled with id};s of output types ki, ..., k;, in that order. Then, the arity of ¢ is [.

Let M = (W,R) be a C-model. We define the relation R, inductively as follows. First, we
set R_, = R, if x is an atomic connective and if £ € {+, -},

if += if + =
+p 2 b 1 + and + % (c1,...,¢,) = *(er s em) l +.
—p if+=-— —x(c1y...,0p) fE£=—

e If the arity [ of ¢ is 0 then R, = [¢]™;

e If the arity [ of ¢ is greater than 0 and A& = 3 then for all w € Wk,ﬁl € Wkl, ..., W € Wk’,
we set

Row, ... ww iff Jo, e WH ... 5, € Wh

to— = —1 —1 = —n =N o
(R* V1. 0gWA Ry, Wy .. . w1 Ao A Rypre, WY .. .winvn)

where, for all j € [1;n], the tuples @}, ... ,E{j

are those associated to the leafs of the
decomposition tree of ¢ which are also leafs in the decomposition (sub)tree of ¢; (the w’s
appear in the same order as their corresponding leafs in the decomposition tree of c¢;).

Moreover, we set Rid;c vw iff R—idng iff v =w.

e If the arity [ of ¢ is greater than 0 and /E = V then for allw € W* w, e Wk ... @, e Wh,
we set

Raw: ... ww iff Vo, € W, ... v, € Wk

(RE7D1 ... 0, WV Ry, W) ... W, 01V ...V Rys o WY ... W} D)

where, for all j € [1;n], the tuples @}, ... ,E{j are defined as above. However, for that
universal case, we set R,y vw iff R_; 4 vw iff v # w. O

Unsurprisingly, the semantics of universal and existential molecular connectives is similar
to the semantics of atomic connectives of quantification signature V and 3 respectively. That is
what the following proposition shows. In this proposition and the definition above, the molecular
connective ¢ = x(c1,...,¢,) yields three different values: n,m and I. They can be all different
in general. The value m is the arity of ¢, n is the arity of x and [ is the number of leaves of
the decomposition tree T, of c¢. The value m is also the number of different labels id} of the
leafs of the decomposition tree T,.. Hence, the size [ of the tuple of the tonicity signature of a
molecular connective c is larger than the arity m of ¢ because in the former case we take into
account repetitions of the same idjs.

Proposition 3. Let C be a set of molecular connectives and let ¢ = x(cq,...,¢,) € C be a
molecular connective of type signature (k,ki,...,kn) and tonicity signature (£1,...,%x;) with
*x = (0, %, Bk, (£],...,£2)). Assume that the decomposition tree of c has | > 0 different leaves
labeled by some idi,. Let M = (W, R) be a C-model and let w € W*.
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e [If ¢ is an existential molecular connective then

W€ [e(p1s- ... om)]M iff T ... W0,
(w1 ty [ I Ao Ay [0, ] A Ry ... w0w)

e If c is a universal molecular connective then

w e [[0(9013 s 7<pm)]]M Zﬁvwl cLwg
(w1 ty [ M V... v iy [@, ]V V Raw; ... ww)

where the R.s are defined in Definition [15 and for all j € [1;1],
LR lei, 1Y if 5=+

w; ¢ [pi, ] if 5=~
sponding to the m different idy s appearing in c (we basically map the 1 leafs of the decomposition
tree of ¢ to their labels idy s in this tree).

w; My [, and i1,...,4; € [1;m] are those indices corre-

7 Automatic Bisimulations for Atomic and Molecular Log-
ics

In this section, we are going to see that notions of bisimulations can be automatically defined
for atomic and molecular logics on the basis of the definition of the truth conditions of their
connectives, not only for plain atomic logics but also for molecular logics. These notions are
such that they preserve the truth of the formulas of the atomic logic considered between models.
We will illustrate these results on modal logic, the Lambek calculus, (modal) intuitionistic logic
and temporal logic of Section [2] The bisimulation notions that we will find out by applying our
generic definitions on these atomic logics will correspond to the bisimulation notions introduced
in the literature for these logics.

7.1 Atomic Logics

Definition 16 (C-bisimulation). Let C be a set of atomic connectives, let x € C and let M; =

(W1, R1) and My = (W2, R2) be two C-models. A binary relation Z C U (WF x W)U
keN*

(W x WF) is a C-bisimulation between M, and M> when it is non-empty and for all x € C, if

{M,M'} = {My, My}, then for all wy, ..., W, w'y,...,w,, w,w € wM,C)Uw(M’,C),

1. if x is a propositional letter p then, if wZw’ and w € [p] then w’ € [p];

2. if x has skeleton (o, +,3,k, (&1, ...,+,)) and we have wZw’ and RE°w, ... w,w, then
'y, .. W (W W ATy bWy A Ay < Wy A RETW . wlw');

3. if x has skeleton (o, £, VY, k, (£1,...,4,)) and we have wZw’ and —R,*i”wl ...w pw’, then

3@y, ..., W, (W) W AWy AWy A ... AWy, X)Wy A —REW, ... 0,);

w;Zw'; if £ =+
w'jZw; if £5=—

When such a C-bisimulation Z exists and wZw’, we say that (M,w) and (M',w’) are C-
bisimilar and we write it (M,w) —c (M’,w’). O

where, for all j € [1;n], we define w; > w’; £ {
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Importantly, note that the clause(s) defining a C-bisimulation allow us to define back the
atomic connective(s) that led to their definition(s): we can recover the skeleton of the connec-
tives considered (tonicity signature, quantification signature, type signature, etc) from the mere
expression of the clauses of a given C-bisimulation. Hence, in that sense, a C-bisimulation com-
pletely characterizes a given (atomic) logic. Note also that case 1. is a particular instance of
cases 2. and 3. with n = 0.

Example 8 (Modal logic). Let us consider the connectives of modal logic: C = {p, —p, A, V,<, 0O}
where p has skeleton (Id, +,3,1), —p has skeleton (Id, —,V, 1), < has skeleton (72,+,t1) and O
has skeleton (72, —,t2) . Let My = (W1,{R1, P1}) and My = (W2, {R2, P»}) be two Kripke mod-
els (they are also C-models). A binary relation Z between M; and Ms is a C—bisimulation between
M; and M, when for all M, M" € {M;, My} with M = (W,{R,P}) and M’ = (W' ,{R', P'}),
all w,v,u € M and all w’, v, v’ € M’,

o if wZw' and w € [p] then w’ € [p] (condition for p);
e if wZw' and w’ € [p] then w € [p] (condition for —p);

e if wZw' and Rwv then there is v € W' such that vZv' and R'w'v’ (condition for
o= (T27+7t1) )7

o if wZw' and R'w’v’ then there is v € W such that vZv" and Rwwv (condition for
0= (TQ,—,tQ) )

Note that every C—bisimulation can be canonically extended into a symmetric C—bisimulation:
one sets w' Zw when wZw’ already holds. O

Note that the conditions for the Boolean connectives A and V always trivially hold and that
is why we never mention them (it suffices to take v" = v’ = w’ and v = u = w below, since
w=v=u and w’ = v = respectively):

o if wZw' and Rywvu then there are v',u’ € W’ such that vZv’, uZu' and Ryw'v'u’ (con-

dition for A);

o if wZw' and Ryw'v'u’ then there are v,u € W such that vZv', uZu’ and Rywvu (condition
for V).

Example 9 (Lambek calculus). Let us consider the connectives of the Lambek calculus: C =
{p,®,D,C} where p has skeleton (Id,+,3,1), ®, has skeleton (o1,4+,$1) , D has skeleton
(0'5, —783) and C has skeleton (0'3, —,Sg) . Let M, = (Wl, {Rl,Pl}) and My = (VV27 {RQ,PQ})
be two Lambek models (they are also C-models). A binary relation Z between M; and M, is a
C-bisimulation between M; and M when for all M, M’ € {M;, Mz} with M = (W,{R, P}) and
M' = (W' {R,P'}), all w,v,u € M and all w’,v", v’ € M’,

e if wZw' and w € [p] then w’ € [p] (condition for p);

o if wZw’ and Rvuw then there are v',u’ € W' such that vZv’, uZvu' and Rv'v'w’ (condition
for ®);

e if vZv' and Rv'u'w’ then there are u,w € W such that v'Zu, wZw" and Rvuw (condition
for 5= (05, —,s3) );

e if uZu’ and Rv'u’w’ then there are v,w € W such that v'Zv, wZw' and Rvuw (condition
for C= (o3, —,52) ). O
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The following proposition shows that the notions of C—bisimulation for the Lambek calcu-
lus and directed bisimulation coincide (directed bisimulations are defined for example in [29
Definition 13.2]) and likewise for modal logic.

Proposition 4. o Let C={p,—p,A\,V,<;,0; | j €I} be the connectives of Example @ and
let M and M’ be two C-models. Then, a C-bisimulation between M and M’ is a modal
bisimulation between M and M' and vice versa.

e Let C={p,®,D,C} be the connectives of Examplelg and let M and M' be two C-models.
Then, a C-bisimulation between M and M’ is a directed bisimulation between M and M’
and vice versa.

Example 10 (Intuitionistic logic). Let us consider the connectives of intuitionistic logic:
C = {p,L,T,A,V,=} where p has skeleton (Id,+,3,1), T has skeleton (Id,+,3,1), L has
skeleton (Id,—,V,1), A and V are Boolean connectives and = has skeleton (o5, —,s3) (here,
T and L are represented by specific propositional letters of respective signatures (Id,+,3,1)
and (Id,—,V,1)). Let My = (W1, R, P) and My = (Wa, R2, P) be two intuitionistic mod-
els. We represent these intuitionistic models by the C-models M;” = (Wi, Ry ~,P) and
M3 = (Wa, Rs ., P) respectively such that for all uy, vy, wy € Wi and all ug, va, wy € Wa,

Rl,éulvlwl iff R1u1w1 and V1 = Wy (3)

R27¢UQU2U)2 iff R2u2w2 and Vo = W2 (4)

One can show that for all p € Lc and all wy € Wy, My, w; = ¢ iff M7, w1 |- ¢ (and likewise for
M, and M37). Now, a binary relation Z between M~ and M~ is a C-bisimulation between M~
and M iff for all M, M' € {M7", M3}, all w,w’,v',u' € w(M,C) Uw(M’,C) and all p € P,

o if wZw' and w € [p] then w’ € [p] (condition for p);

e if vZv' and R_ v'u'w’ then there are u,w € W such that u'Zu, wZw' and Rovuw ()
(condition for =);

e conditions for T and L trivially hold because of their semantics.

Using Expressions and , one can easily show that condition (%) is equivalent to the following
condition:

e if vZv' and R'v'w’ then there is w € W such that w'Zw, wZw" and Row (*x).

That condition (*x) is Olkhovikov’s condition “step” of [27] Definition 1] of his “basic asimula-
tion”. O

Definition 17. Let C be a set of atomic connectives. Let (M, w) and (M’,w’) be two pointed C-
models. We write (M, w) ~»c (M',w’) when for all ¢ € Lc, (M, w) |- ¢ implies (M',w’) |- . O

Proposition 5 (Truth preservation between C-bisimilar pointed C-models). Let C be a set of
atomic connectives and let My = (W1, R1) and My = (W, Rs) be two C-models. Let Z be a
C-bisimulation between My and My. Then, if {M,M'} = {My, My} then for all w € w(M, C),
allw € w(M', C), if wZw' then (M, W) ~¢ (M',w').
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7.2 Molecular Logics

Definition 18 (C-bisimulation for molecular connectives). Let C be a set of molecular connec-
tives and let My = (W1, R1) and My = (W3, R2) be two C—models. For all ¢g € C, let Vc'0 be the
vertices of the quantified decomposition tree of ¢y. We associate to each vertex ¢ € VC’O of output

type or type (if it is a propositional letter) k a relation Z, C (WF x W¥)U (W¥ x W) such that
i. Z2 U {Zid;c | id}, appears in some c € C} is non-empty;
ii. for all @, w’ of size k such that WZw', we also have that for all ¢ € C of output type or type
(if it is a propositional letter) k that wZ.w’.

We say that this set of relations {ZC | ce VC’O,CO S C} is a C-bisimulation between M7 and M,
when for all ¢o € C, all vertice ¢ € V whose label is different from any idk, if {M,M'} =

{My, My} then for all Wy, ..., Wy, w's,...,w,,w,w €w(M,C)Uw(M’,C),
1. if ¢ is of arity 0 then, WZ.w' and W € [¢] imply w’ € [c];

2. if ¢ is of arity greater than 0 and is maximally decomposed into ¢ = ¢g(cq,. .., ¢y), with
Co arisxistential molecular connective of toiiciLy signiture (£1,..., inLand we }ﬁve that
wZ.w' and R ,w; ... wyw, then there are w'yw’s ... w',, such that R w'y ... w'pw' and

i. for all j € [1;n] such that &; = 4+, there is i € [1;n] such that ¢; = ¢; and EichWj;

ii. for all j € [1;n] such that +; = —, there is i € [1;n] such that ¢; = ¢; and w'; Z,,w;.
3. if ¢ is of arity greater than 0 and is maximally decomposed into ¢ = ¢g(cq, ..., ¢yn), with
¢o & universal molecular connective of tonicity signature (£1,...,=%,), and we have that

wZ.w' and —RC(,Ul ... w' pw', then there are W Ws ... W, such that —R.,w; ... wyw and
i. for all j € [1;n] such that &; = +, there is ¢ € [1;n] such that ¢; = ¢; and W; Z,,w';;
ii. for all j € [1;n] such that +; = —, there is i € [1;n] such that ¢; = ¢; and w'; Z,w;.

When we have that wZw’, we say that (M,w) and (M’,w’) are C-bisimilar and we write it
(M, w) —c (M',w'). O

Note that if we consider molecular connectives of the form ¢ £ *(id,ﬁl,...,idZ,L), rep-
resenting the atomic connective * of type signature (k,k1,...,k,), then the definition of a
C—bisimulation for these kind of molecular connectives is identical to the definition of a C-—
bisimulation for the associated atomic connectives. Hence, our definition of C—bisimulation for
molecular connectives is a genuine generalization of our definition of C—bisimulation for atomic
connectives. The bisimulation relation Z in the atomic case corresponds in the molecular case

to U {sz}c

Fact 1. Let C be a set of molecular connectives and let My = (W1, R1) and My = (W, Ro)
be two C-models. Let {Z. | c € V. ,co € C} be a set of relations between My and M. We set
A U{Zid}; | id}, appears in some ¢ € Cy. Then, {Z. | c € Vi.co € C}is a C-bisimulation if,
and only if, Z is non-empty and conditions 1, 2, 3 of Definition[1§ hold, in which all Z, and all
Zid;'c for ¢ € C and idj, appearing in some c € C are replaced by Z.

id}; appears in some ¢ € C}.
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Example 11 (Temporal logic). Let us consider the skeletons defined by the following first—order
formulas:
(w) ZFvun (Pv A Quu’ A Roun'w)
(w) £3vun’ (Pv A Quu’ A Rwuu'v)
) &£¥v (Pv V =Svww’)
x1, *; and x2 are atomic skeletons (this is independent from the definitions of R and S). The
connectives of skeletons ¢ = *;(id}, *o(id3)) and ¢’ = «)(id},*2(id?)) are normal molecular
connectives standing for the ‘until’ and the ‘since’ temporal operators U and S. Let M; =
(W1,{<1, P}) and My = (Ws,{<2, P}) be two temporal models. We represent these temporal
models by the C-models M5 = (Wy,{Ry, Sy, P}) and ML"® = (Wy, {Ry, Sa, P}) respectively
such that for all vy, u,u}, wy,w) € Wy,
Ryviuiujwy iff wy <3 vy, w; = uy and vy = u} (5)
Slvlwlu/l if w1 <1 v1 <1 ’w/1 (6)
and likewise for Ry and Sy of M5. One can show that for all ¢ € Lc and all wy; € Wy, (My,wy) =
iff (M, wy) |- ¢ (and likewise for M, and MY").
Let Zch/vZ;mZﬁvaidinidf c (Wl X WQ) U (WZ X Wl) and Z,, -
(W1 x W) x (Wa x Wa)) U ((Wa x Wa) x (W x Wh)). Then, by Definition

{Zes 21, 2y, Zopy Ziqr s Zigz, Zs, } is @ C-bisimulation iff for all w,v € W, all w,v e W
and all p € P(C),

e if wZ,w' and w € [p] then w' € [p] (condition for p);
e if wZ_,w' and w' € [p] then w € [p] (condition for —p);

o if w < v and wZ.w' then there is v’ € W’ such that w' < ¢' and vZ;;v" and
(W, v) Zy, (W', 0"),
if (w,v)Zs, (w',v") and w' < v’ <o’ then there is u € W such that uZ;zu’ and w <u < v

(condition for Until ¢);

o if v < w and wZyw' then there is v' € W’ such that ' < w’ and vZ;;v" and
(v, W) Zy, (V' w'),
if (v, w)Z,,(v',w") and v" < u' < w' then there is u € W such that uZ;2u’ and v <u < w

(condition for Since ¢’).

Then, by setting Z £ Ziqgr U Zigz, this entails by Factthat the above definition is equivalent
to the following one, in which Z is non-empty:

e if wZw' and w € [p] then w' € [p[;
e if wZw' and w' € [p] then w € [p[;

e if w < v and wZw' then there is v’ € W’ such that w’ < v’ and vZv" and (w,v)Z,, (w',v"),

if (w,v)Z,,(w',v") and w’ < v’ < v’ then there is u € W such that uZu' and w < u < v;

e if v < w and wZw' then there is v' € W' such that v < w’ and vZv" and (v, w)Z,, (v, w’),

if (v,w)Z,,(v',w') and v < v’ < w’ then there is u € W such that uZu' and v < u < w.
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We have rediscovered the notion of bisimulation for temporal logic introduced by Kurtonina &
de Rijke [23]. The relation Z,, is presented differently in [23], it is split up into two relations Z; C
((Wl X Wl) X (WQ X Wg)) and Zg - ((Wz X Wg) X (W1 X Wl)) but the two formal definitions
boil down to the same. O

Example 12 (Modal intuitionistic logic). Let C = {p, T, L, A,V,=,¢,c'} where ¢,¢’ € C* are
the molecular connectives of Example [2 and where {p, T, L, A,V, =} are defined in Example

Let M1 = (W1,{R1,R17<>,P}) and M2 = (WQ,{RQ,RZQ,P}) be two modal intuitionis-
tic models. The set of binary relations {Zid%,Zidf,Zp,Zé,ZC,ZC/,Z*3} is a C-bisimulation
iff for all M, M’ € {M;, My} with M = (W,{R,Ro,P}) and M’ = (W' {R', R, P}), all
w,v,u,w v v € w(M,C) Uw(M',C) and all p € P,

e if wZ,w' and w € [p] then w' € [p]

(condition for p, like in Example ;

o if vZ v and R'v'w’ then there is w € W such that w'Z;pw, wZ;zw’ and Row
(condition for =, like in Example ;

o if wZ.w' and Riw'v’ then there is v € W such that vZ;;1v" and Reww;

(condition for ¢ = 1 (*2));

o if wZ.w' and R'w'v’ then there is v € W such that vZ,,v" and Rwwv,
if wZ,,w" and Rowv then there is v € W' such that vZ; ;0" and Rew'v’
(condition for ¢’ = %1 (%x3)).
Then, by setting Z = Zigr U Ziqz, this entails by Fact (1) that the above definition is equivalent
to the following one, in which Z is non-empty:

e if wZw' and w € [p] then w' € [p]
(condition for p, like in Example ;

e if vZv" and R'v'w’ then there is w € W such that w’'Zw, wZw" and Row
(condition for =, like in Example ;

o if wZw' and R'w'v’ and Reu'v' then there are v,u € W such that vZv' and Rwu and
Rouv

(condition for * = x1(%2));

o if wZw' and R'w'v’ then there is v € W such that vZ,,v" and Rwv,
if wZ,,w" and Rowv then there is v’ € W’ such that vZv" and Ryw'v
(condition for " = x1(%3)).
It turns out that the conditions for ¥ = x1(x3) are the conditions (diam-2(1)) and (diam—

2(2)) of Olkhovikov [27, Definition 9] and that the condition for x = *;(%2) is the condition
(box-2) of Olkhovikov [27, Definition 5], as expected. O

Example 13 (Weakly aggregative modal logic). Let ¢ be a molecular connective of skeleton
x(id}, ... id}) with x = (Id, £, 3,k, (+,...,+)) corresponding to the ‘diamond’ modality of a
weakly aggregative modal logic. Then, if we spell out the condition of C-bisimulation of Definition
for this connective, we obtain the following:
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_ _ _ P _
o if WZ w' and Rf”@l ... w,w, then there are w’iw’s...w’, such that R*i"w’l Cow !

and for all j € [1;n], there is i € [1;7n] such that @; Z;g w’;.

For the molecular connective ¢’ of skeleton «'(idl,...,id}) with « = (Id,#,Y, %, (+,...,4))
corresponding to the ‘box’ modality of a weakly aggregative modal logic, we obtain:

o if WZ. w' and —R'f“m ... w'pw, then there are W, wWo ... Wy, such that —Rf“@l .. W W
and for all j € [1;n], there is i € [1;n] such that w; Z;pw’;.

These two conditions are the conditions “Forth” and “Back” of a wa™-bisimulation for weakly
aggregative modal logics [24] Definition 4]. O

Definition 19. Let C be a set of molecular connectives. For all ¢y € C and all vertex ¢ of the
quantified decomposition tree T¢,, we define the language L.c as follows:
Lo {c(@1y---y0n) | 01, on € Lc} i cis of arity n > 0
¢ {c} if ¢ is of arity 0
Let (M,w) and (M’,w’") be two pointed C-models. We write (M, W) ~.c (M’,w’) when for all

¢ € Lec, (M, W) | ¢ implies (M;W) - . We also write (M,w) ~c (M’,w’) when for all
e LCv (M7E) Hﬁ 2 lmphes (M/7w/) Hﬁ P- [

Proposition 6 (Truth preservation between C-bisimilar pointed C-models). Let C be a set
of molecular connectives and let My = (W1, R1) and My = (Wa, Ra) be two C-models. Let
Co C C and for all c € Gy, let D, be the vertices of the quantified decomposition tree T,.. Let
{Z.|ce Vi, coe G} be a Co-bisimulation between My and M. If {M,M'} = {My, My} then
for all co € Co and all ¢ € V., for all w € w(M,C) and all w' € wW(M', C), if WZ.w' then

co’

(M, W) ~cc, (M',w"). In particular, if WZw' then (M, W) ~¢, (M',w').

Definition 20 (Normal connectives). A molecular connective is normal when its molecular

skeleton can be decomposed maximally into a molecular skeleton cq(cy, ..., ¢,) such that for all
i € [1;n],
1. ¢ is either id} or ¢;(idi, ..., id:) with ¢} either universal or existential,

and in that case we note id(c;) the unique z'alff appearing in ¢;;
2. if id(c;) = id(c;) then ¢; = ¢;. O

In the above definition, since the decomposition cg(cq, .. ., ¢, ) is maximal, we have in partic-
ular, by definition, that if ¢y is of tonicity signature (£, ..., =%,), then &E(¢;) = — £ E(cp).

Example 14. The molecular connectives of modal intuitionistic logic, weakly aggregative modal
logic and temporal logic are normal. O

8 Ultrafilters, Ultraproducts and Ultrapowers
In this section, we are going to recall and generalize to molecular logics a number of key no-

tions and results of model theory, such as ultrafilter, ultraproducts and the Lo$ theorem. Our
definitions and proofs are basically the same as those of FOL [9].
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Definition 21 (Filter and ultrafilter). Let I be a non—empty set. A filter F' over I is a set
FCP()suchthat T € F;if XY € Fthen XNY e F;if X € Fand X CZ C 1 then Z€ F.
A filter is called proper if it is distinct from P(I). An wltrafilter over I is a proper filter U such
that for all X e P(I), X e U iff I — X ¢ U. A countably incomplete ultrafilter is an ultrafilter
which is not closed under countable intersections. O

In the rest of this section, I is a non-empty set and U is an ultrafilter over I.

Definition 22 (Ultraproduct of sets). For each i € I, let W; be a non-empty set. For all
(wi)ier, (Vi)icr € HWi’ we say that (w;);cr and (v;);er are U-equivalent, written (w;);cr ~u
il
(vi)ier, if {i € I | w; =v;} € U. Note that ~y is an equivalence relation on H W;. The equiva-
i€l

lence class of (w;);cr under ~¢ is denoted Hwi £ {(vi)iel € HWi | (vi)ier ~u (wi)iel}.
U il

The ultraproduct of (W;)ier modulo U is HWi £ {sz | (w;)ier € HWZ} When W; =
U U i€l
W for all i € I, the ultraproduct is called the wltrapower of W modulo U, written H w. O
U

Definition 23 (Ultraproduct and ultrapower). Let C be a set of molecular connectives and let
(M;,w;)ier be a family of pointed C-models. The ultraproduct H(M,»,Ei) of (M;,w;) modulo
U

U is the pointed C—model (H M;, le> where H M; = (Wy,Ry) and H@i are defined by:
U U U U
o Wy = H Wis
U

e for all n + 1-ary relations R’ of M;, the n + 1-ary relation H R, € Ry is defined for all
U

Hwil,...7Hw:‘+1 € Wy by HR*Hwil... wa“ iff {i el|R.w .. .w't}eU;
U U U U U

. H@é (szlaanf> if (@)icr = (i, ..., w})ier.
U U U

If (M, s;)ier is a family of pointed structures, the wultraproduct H(Mi,si) is the pointed
U

structure <H M;, H Si> where H M; is defined as above (the M; are viewed as C—models) and
U U U

H s;i:V— H W; is the assignment such that for all x € V, (H 81-) () = H si(x).
U U U U

If for all ¢ € I, (M;,w;) = (M,w) (and (M;,s;) = (M,s)) then H(Mi,ﬁi) is also called an
U
ultrapower of (M, w) (resp. (M, s)) modulo U, also denoted I_I(M7 w) (resp. I_I(M7 s))- O
U U
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Proposition 7. Let C be a set of molecular connectives and let (M;,W;);cr be a family of C-
models. Let H(Mi,ﬁi) be an ultraproduct of (M;,w;);cr. Then, for all p € L, H (M;,w;) |

U U
iff {i € I | (M;,w;) |-} €U.

9 Keisler Theorems for Molecular Logics

We are going to adapt the Keisler theorems for FOL [9, Theorem 6.1.15 & 4.1.12] to molecular
logics.

Theorem 1. Let C be a set of normal connectives complete for conjunction and disjunction and

let (M,w) and (M',w’) be pointed C-models. Then the following are equivalent:
1. (M,w) ~c (M/,W);

2. there exists a countably incomplete ultrafilter U over N such that H(M,E) —c

[T (v, w).

U

Definition 24 (Definability, closure under C-bisimulation and ultraproducts). Let C be a set
of molecular connectives, let (M,w) be a pointed C-model of type k and let T C Lc. We write
(M, w) | T when for all ¢ € T of type k, it holds that (M,w) |- .

Let K and K’ be classes of pointed C-models. We say that K is definable by a set of
formulas in K’ of Lc when there is a set T of formulas of £c such that K is the set of
pointed C-models (M,w) of K’ such that (M,w) |- T. The types of K, denoted k(K),
is the set of all types of the pointed C-models of K and we define K' — K = {(M,w) |
(M, w) is a pointed C-model of K’ not in K of type in k(K)}.

We say that K is closed under C-bisimulations in K’ when for all (M,w) € K and all pointed

C-models (M',w') of K', if (M,w) —c (M',w’) then (M’,w’) € K. We say that K is closed

under ultraproducts (ultrapowers) when for all non-empty sets I, if for all i € I (M;,w;) € K

(resp. (M,w) € K) then H(MZ-,EZ-) € K (resp. l—I(M7 w) € K) for all ultraproducts U over
U U

1. O

Theorem 2. Let C be a set of normal connectives complete for conjunction and disjunction and
let K and K’ be classes of pointed C-models such that K' is closed under ultraproducts. Then,
the following are equivalent:

1. K is definable in K' by a set of formulas of L¢;

2. K is closed under C-bisimulations in K' and closed under ultraproducts, and K' — K is
closed under ultrapowers.

Theorem 3. Let C be a set of normal connectives complete for conjunction and disjunction
and let K and K' be classes of pointed C-models of the same type such that K' is closed under
ultraproducts. Then, the following are equivalent:

1. K is definable in K' by a single formula of Lc;

2. K is closed under C-bisimulation in K', closed under ultraproducts and K' — K is closed
under ultraproducts.
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Corollary 1. Let L = (L¢,Ec, |- ) be a molecular logic whose set of connectives C is normal
and complete for conjunction and disjunction and whose class Ec of C—models are all of the
same type. Then, L is aziomatizable iff Ec is closed under C-bisimulation and ultraproducts and
M — Ec is closed under ultraproducts.

These theorems can be instantiated for example to the Lambek calculus, (modal) intuitionistic
logic, temporal logic or modal logic and in that case we (re)discover the existing results for
temporal [23] and modal []] logics; those for the Lambek calculus and (modal) intuitionistic
logic are novel. Yet, our generic results apply in fact to an infinite number of logics, in particular
to all (Boolean) atomic logics.

Moreover, unlike existing results, our theorems provide conditions of definability w.r.t. a
given class of models K’ and not w.r.t. the class of all models. As such, they generalize those
existing for modal and temporal logics. No such theorems exist for the Lambek calculus and
many other logics. Note also that unlike modal logic [8, Theorem 2.76] (and first-order logic [9
Theorem 4.1.12]), our Theorem [3[ does not require K — K to be closed under C-bisimulation
(resp. isomorphism).

10 Conclusion

We have introduced a generic method which allows us to find out an appropriate notion of
bisimulation for atomic and molecular logics. This bisimulation notion comes as well with a
number of associated model-theoretical results for the logic considered (Theorems and
. We have applied this method to modal logic, temporal logic, (modal) intuitionistic logic,
weakly aggregative modal logic and the Lambek calculus. In doing so, we have rediscovered the
definitions of bisimulation of the literature of these logics. We have also rediscovered some of
the associated model-theoretical results of modal logic, temporal logic as well as novel results
regarding the Lambek calculus and (modal) intuitionistic logic.

These generalizations and new versions of existing theorems confirm, together with the redis-
covery of numerous existing results, the soundness and generic character of our overall approach.
Our method is applicable to a much wider class of logics than the examples of logics that we have
dealt with in the article, in fact an infinite number of logics. Other examples include obviously
all the atomic logics listed in Figure 2| as well as all gaggle logics [2], some of them having been
already well-studied. In the companion article [3], we show, using the results of this article, that
our approach in fact extends to first-order logic as well as all logics such that the truth conditions
of their connectives are defined by first-order formulas, i.e. any (normal) protologics.
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A Proofs of Theorems [1, [2], 3] and Corollary

This appendix contains notations and notions related to first-order logic such as “pointed struc-
tures”, “assignments”, the first-order language with function symbols “E7F)OF|_” and the first-order
language without function symbols “£7FDOL”. These notions and notations are properly defined
in the companion article [3]. We also introduce in this appendix the ‘standard’ translation STx

from molecular logics to first-order logic, which is not defined in the companion article.

Definition 25 (Translation from atomic and molecular logics to FOL). Let C be a set of atomic
connectives possibly containing Boolean connectives.

Syntaz. For all k € N* and all T € (VUC)k, we define the mappings ST
Ll — LIo(T), where LE is the set of formulas of Lc of type k, as follows: for all
p € C, all x € C of skeleton (o,+, E, (k,k1,...,kn), (£1,...,£,)) and all ¢1,...,p, €

STw(p) = P(w)
STw(e M) = STw(p) A STw(h)
Lc, STo(eVey) 2 STg(p)V STw(v) where
STw(x(p1,. .. 0n)) = Ewy... W,
(18T, (p1) X ... X %, 8T, (pn) X REW, ... W,0)
Ty,...,T, are tuples of free variables of size kq,...,ky,
X = 1 and for all j € [1;n], *; = 1 J .
vV o ifE=Y empty if £; =+

Semantics. Let (M,w) be a pointed C—model of type k with w = (wy,...,wg). Let T =
(x1,...,21) € VU C)k. A pointed structure associated to (M, W) and T, denoted ST%(M,w), is
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a pointed structure (M, s¥) (the set of predicates P considered are a copy of the relations of M)

W

where the assignment s2 is such that s@(z;) = wy,. .., s2(vx) = Wk-

The above translations canonically extend to molecular logics. Indeed, if C is a set of molecular
connectives, every molecular formula of L¢ can be viewed as a formula of L¢/, where C’ is the set
of atomic connectives associated to C. Likewise, any pointed C-model can also be viewed as a
pointed C’-model. Then, we apply the above translations to obtain the translation of molecular
formulas or C-models into FOL.

The following proposition follows straightforwardly from the truth conditions of Definition [

Proposition 8. Let C be a set of molecular connectives, let (M, W) be a pointed C-model of type
k, let ¢ € Lc of type k and let T € V*. Then, (M, @) |- ¢ iff (M, s%) |- STx(¢).

Proposition 9. Let C be a set of molecular connectives and let M be a C—model. Let HM be

U
an ultrapower of M. Then, for all ¢ € L¢, we have (M, w) |- ¢ iff H (M,w) |- ¢. Likewise,
U
if (M, s) is a pointed structure then for all ¢ € LF3;, we have (M, s) = ¢ iff H(M, s) E .

U
Proof: [[ (M, w) |-

U
iff {i € I | (M,w) |- ¢} € U by Proposition 7]
iff (M, w) |- ¢ because §) ¢ U since I € U by definition and because U is a proper filter.
The proof for first-order logic is similar. (]

Proposition 10 (An ultraproduct version of the compactness theorem). Let ¥ be a set of
formulas of [:7;82, all with the same number of free variables or constants, let I be the set of all
finite subsets of &, and for each i € I, let (M;, s;) be a model of i. Then there exists an ultrafilter

U over I such that H (M;, s;) is a model of .
U

Proof: The original formulation of this result [9] Corollary 4.1.11] is for sentences of Efgf_, but the
proof can easily be adapted to our setting with free variables using item (i7) of the fundamental

theorem of ultraproducts [9, Theorem 4.1.9]. O
We recall the definition of w-saturation. In that definition, the C—model is simply viewed
as a structure. We state it in its general form for tuples of variables (z1,...,z;). By [9,

Proposition 2.3.6] this definition is equivalent to its usual formulation for a single variable x.

Definition 26 (w-saturated C-model). Let C be a set of molecular connectives. A C—model
M = (W,R) is w—saturated when for all finite ¥ = {wq,...,w,} C W given, if all finite
subsets TV C I'(c),...,c,,21,...,x) C LEJ with new constants c/,...,c, and free variables
x1,...,x) are realized in M by assignments s : VUC U {c},...,c,} — W such that s(c}) =
wi, . ..,s(c)) =w, (LEY is also defined with appropriate relations and function symbols), then
I(c),...,ch,z1,...,x) is realized in M (by an assignment s such that s(c}) = wy,...,s(c),) =
wy, as well).

Proposition 11. Let £7F)0L be countable, U a countably incomplete ultrafilter over I and M a
structure. Then, the ultrapower H M is w—saturated.
U

Proof: See [9, Theorem 6.1.1]. In fact [9, Theorem 6.1.1] proves that M is wi—saturated, which
implies that it is w—saturated. (]
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Lemma 1. Let C be a set of normal connectives and let My = (W1, Rq1) and My = (W, Ra) be
two w—saturated C—models. For all ¢ € C, let V. be the vertices of the quantified decomposition
tree T,. Let C" & UVC be the set of vertices of all the quantified decomposition trees associated
ceC

to the connectives of C. For all ¢ = *(c1,...,c,) € CT, we define the binary relation Z. C
(W x WE) U (W5 x W) (where k is the output type of x) as follows: if {M,M'} = { M, M}
then for all w € W(M, C), all w’ € w(M', C), wZ.w' iff (M, W) ~~>.c (M',w’). Then, the set of
binary relations {ZC | ce C"} 18 a C-bisimulation between My and M.

Proof: (Here we identify connectives with their skeletons.) We define Egjc (resp. ECAJ c) to be
the language consisting of formulas which belong to L. ;c (resp. L.,c) or which are disjunctions
(resp. conjunctions) of such formulas. Now, we prove the three conditions of Definition

Condition 1. It holds trivially.

Condition 2. Assume that ¢ = ¢o(cq,. .., c,) is maximally decomposed, with ¢g which is an
existential molecular connective of type signature (+1,...,=+,). Before proceeding further, note
that by definition of normal connectives we have that if £(cyp) = 3 then KE(c¢;) =V iff +; = +, if
E(CO) =V then fE(Cz) =V iff :|:1 = — and if Ci =¢Cyj then :I:z = :tj.

Let W, ..., w,,w € w(M,C) and w’ € w(M’, C) be such that R wy ... w,w and wZ.w'. For
all j € {1,...,n}, let us define

I, (M,w;) = {STw—j(go) | ¢ € L c and (M, ;) |- ¢ for all i € [1;n] such that ¢; = cj}
II_(M,w;) = {ﬁSTI—j(go) | ¢ € L] ¢ and not (M, @) |- ¢ for all i € [1;n] such that ¢; = cj} :

Let I_ 2 {ic{l,....n}|+;=—}and I, 2 i c {1,...,n} | £; = +}. Let ['(T1,...,Tn) =
(@) u | 0o (M, ;) and let T C T'(77, ..., %) be finite. Then, T' =T, U...UT,
i€l i€l

where all I'; C IIy, (M, w;) are finite.
For all i € [1;n], let us define

o8 {/\{so | STs,(0) €T} if 45 = + (ie. B(c;) =)
VAo | ST () €T3} if £y = — (ie. B(e;) =3)

and then

o {/\{% | j € [1;n] and id(c;) = id(c;)} if & = + (i.e. B(c;) =)
" Vg ldeln] and id(c;) = id(c;)} if & = — (i.e. B(c;) =3)

and let us define ¢ £ co(t1,...,v,) (note that id(c;) = id(c;) is in fact equivalent to ¢; = ¢;,
because of Condition 3 of Definition . This formula does not necessarily belong to Lc¢, but
in any case we have that (M, w) |- ¢ (in an extended language). The formulas v; are either
conjunctions of disjunctions of formulas of L. c (if £; = 4) or disjunctions of conjunctions of
formulas of L, (if £; = —). Using the distributivity of V and A over their dual connective, they
can be transformed equivalently into disjunctions of conjunctions of formulas of L.;c (if +; = +)
or into conjunctions of disjunctions of formulas of L.,c (if ; = —). So, by Definition and
by our construction of the ;s in two steps, there are x1,...,Xm € Lcc such that x1 V...V xm
and 1 are true in the same pointed models (x). So, (M,w) |- x1 V ...V Xm. Therefore,
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(M',w') |- x1 V...V Xm because (M, W) ~.c (M',w’) by assumption (because wZ.w’). Hence,
(M, w") |-+ 1/), again because of (x). Then, by definition c of co, there are w/, ..., w/, € w(M’',C)
such that wi My [¢1] and ... and w], M, [¢,,] and R, w] ... w],w’. Therefore, for all i € [1;n],
(M',w]) = T; and R, v w's... whw'. So, if T £ F(xl,...,fn) U{R.,T1...T,c} where the
tuple of new constants Cis 1nterpreted by the distinguished elements w’, then M’ realizes every
finite subset of I', namely in some states related to w’. Thus, by w-saturation of M’, there are
w'y,...,w'y, € W(M',C) such that for all i € [1;n], we have that (M’ w’;) | Iy, (M, w;) (xx)
and R, w'y ... w'pw'.

Now, let us take j € [1;n] such that +; = + and let us assume towards a contradiction that
for all ¢ € [1;n] such that ¢; = ¢; it is not the case that (M, w;) ~¢,c (M’, 7) Then for all
i € [1;n] such that ¢; = ¢;, there is ; € L, c such that (M,w;) \F 4,01 and not ( ") I i
Let us define

é\/{goﬁié[[l;n]] and ¢; = ¢;}. (7)

Then, ¢; € L c and for all # € [1;n] such that ci = ¢j, (M w;) | ;. So, STe(1;) €
I, (M, w;). Therefore, by (++), we have that (M',w}) |= STx, (1), so (M’ w}) |- ;. That is,
there is 4 € [1;n] such that ¢; = ¢; and (M, w}) \% gal, Wthh is impossible. Therefore, there is
i € [1;n] such that ¢; = ¢; and (M, w;) ~,c (M’,wig). This proves Clause 2.(4) of Deﬁnition
of a C—bisimulation for molecular connectives.

Now, let us take j € [1;n] such that +; = — and let us assume towards a contradiction that

for all i € [1;n] such that ¢; = ¢; it is not the case that (M’,wig-) ~e;¢ (M,w;). Then, for all
i € [1;n] such that c; = ¢;, there is ; € L,c such that (M',w}) |- ¢; and not (M, w;) |- ¢;.

Let us define
£ /\{gpi |i€[1;n] and ¢; = ¢;}.

Then, ¢; € L;c and for all i € [1;n] such that ¢; = ¢, not (M,@;) |- ¢;. So,
ST (¢;) € T_(M,w;). Therefore, by (sx), (M',w}) = —STs(¢p;). That is, there is
i € [1;n] such that ¢; = ¢; and not (M',w}) |- i, which is impossible. Therefore, there is
i € [1;n] such that ¢; = ¢; and (M',w}) ~;c (M,@;). This proves Clause 2.(ii) of Definition
[I8 of a C-bisimulation for molecular connectlves

Condition 3. It is proved similarly to Condition 2, with dual definitions of (sets of) formulas
where conjunctions and replaced by disjunctions and vice versa. Assume that ¢ = co(cy, ..., cn)
is maximally decomposed, with cq which is a universal molecular connective of type signature

(£1,...,%n). Let wi,...,w,,w’ € W(M',C) and w € w(M,C) be such that —R. wf ... w]uw’
and WZ.w’. Then we define for all j € {1,...,n},

I (M, w)) £ {ﬁSTx—j(gp) | ¢ € L2 ¢ and not (M', w]) |- ¢ for all i € [1;n] such that ¢; = cj}

H_(M’,wig.) = {STTj(cp) | o € ngc and (M’,w}) |- ¢ for all i € [1;n] such that ¢; = cj}.
Let I_ £ {ie{l,....,n}| £, =—}and I} & {ic{l,...,n} |+, =+}. Let I'(zy,...,7,) =

Jm (v wy) v | O_(M, ;) and let T C T'(77, ..., %) be finite. Then, I' =T, U...UT,
iely iel_
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where all T'; C Iy, (M, w;) are finite. For all i € [1;n], let us define

o 2 {\/{<P | =ST5,(p) €1y} if £, =+ (i.e. B(c;) =3)
N | ST (9) €T} if i = — (ie. B(c) =V)

and then

3)
v)

b2 {\/{% | j € [1;n] and id(c;) = id(c;)} if +; = + (i.e. B(c;)
/\{tpj | j € [1;n] and id(c;) =id(c;)} if +; = — (i.e. B(c;)

and let us define ¢ £ co(t1,...,1,) (note that id(c;) = id(c;) is in fact equivalent to ¢; = ¢;,
because of Condition 3 of Definition . This formula ) does not necessarily belong to L¢, but
in any case we have that it is not the case that (M’,w’) |- ¢ (in an extended language). The
formulas ¢); are either disjunctions of conjunctions of formulas of L., c (if £; = +) or conjunctions
of disjunctions of formulas of L., c (if &; = —). Using the distributivity of V and A over their dual
connective, they can be transformed equivalently into conjunctions of disjunctions of formulas
of Lc,c (if £; = +) or into disjunctions of conjunctions of formulas of L.,c (if £, = —). By
our construction of the ;s in two steps and by definition of normal connectives, there are
X1, -+, Xm € Lec such that X1A...AXm and ¥ are true in the same pointed models (). So, it is
not the case that (M',w’) |- x1A...AXm. Therefore, it is not the case that (M, ) |- X1 A...AXm
because (M,W) ~. (M w’) by assumption (because wZ.w'). Hence, 1t is not the case that
(M, w) | 1, again because of (x). Then, by definition of ¢y, there are wry,...,w, € w(M,C)
such that not wy My [¢1] and ... and not w, M, [¥,] and —R. w7 ... W,w. Therefore, for all
i€ [1;n], (M,w;) ET; and —Re,w01Ws ... 0, W. So, if [ £ (T, ..., %) U{R,Z1 ... Tpc} where
the tuple of new constants € is interpreted by the distinguished elements w’, then M realizes
every finite subset of I', namely in some states related to w. Thus, by w—saturation of M, there
are Wy, . .., w, € w(M,C) such that for all i € [1;n], we have that (M, w;) =TIy, (M’,w}) (+*x*)
and —R.,w; ... W,W.

Now, let us take j € [1;n] such that +; = + and let us assume towards a contradiction that
for all ¢ € [1;n] such that ¢; = ¢; it is not the case that (M,W;) ~¢,c (M', w)). Then for all

K2

i € [1;n] such that ¢; = ¢;, there is ¢; € L. c such that (M, ;) |- ¢; and not ( N .
Let us define

w]é/\{goihe[[l;n]] and ¢; = ¢;}. (8)

Then, ¢; € L ¢ and for all i € [1;n] such that ¢; = ¢;, not (M',w}) [~ ;. So, ~STa(¢h;) €
H+(M',w72-). Therefore, by (xxx), we have that (M, w;) = ~ST%, (¢;), so not (M, w;) |- 1;. That
is, there is i € [1;n] such that ¢; = ¢; and not (M, w;) |- ¢;, which is impossible. Therefore,
there is ¢ € [1;n] such that ¢; = ¢; and (M, w;) ~,c (M’,uT;.). This proves Clause 3.(¢) of
Definition [18 of a C-bisimulation for molecular connectives.

Now, let us take j € [1;n] such that £; = — and let us assume towards a contradiction that
for all i € [1;n] such that ¢; = ¢; it is not the case that (M',w]) ~.,c (M,w;). Then, for all
i € [1;n] such that ¢; = ¢;, there is ¢; € L.,c such that (M',w]) |- ¢; and not (M,w;) |- ¢;.

Let us define
Y \/{cpZ |i€[l;n] and ¢; = ¢} .

Then, ¢; € L/ c and for all i € [1;n] such that ¢; = ¢;, (M',w wl) |- ;. So, STw(v;) €
,(M’,ig-). Therefore, by (x * %), (M,w;) = STs(¢;). That is, there is 1 € [1;n] such that
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¢j = ¢; and (M,w;) | ¢;, which is impossible. Therefore, there is i € [1;n] such that ¢; = ¢;
and (M',w]) ~c,c (M,w;). This proves Clause 3.(ii) of Definition |18 of a C-bisimulation for
molecular connectives. O

Theorem 1. Let C be a set of normal connectives complete for conjunction and disjunction and
let (M, w) and (M',w') be pointed C-models. Then the following are equivalent:

1. (M,@) ~C (M/v w/);

2. there exists a countably incomplete ultrafilter U over N such that H(M,@) —c

I]0r.@).

U

Proof: We first prove that 2. implies 1. By Proposition |9, (M, w) |- ¢ iff H (M,w) | ¢. By
U
assumption and Proposition |6 this implies that H (M',w') |- ¢ and, again by Propositionﬂ
U

the latter is equivalent to (M’ w’) | ¢.
Now, we prove that 1. implies 2. Let U be a countably incomplete ultrafilter over N (it exists

by [8, Example 2.72]). By Proposition the ultrapowers HM and HM " are w-saturated.
U U
Now, for all ¢ € Lc, H (M,w) |- ¢ implies H (M’,w") |- ¢. This claim follows from 1. and

U U
Proposition [9, Then, we apply Lemma |l|since H M and H M’ are w-saturated and we obtain

U U
the result. O

Lemma 2. Let C be a set of molecular connectives and let (M;,wW;);cr be a family of pointed
C-models of type k. Then, for all p € L¢ of type k and all tuples of free variables T of size k,

[[5.@0) ¢ iff [[ (M, s27) |- STx(e).
U

U

Proof: We have that H(Mi,@i) = (HM“HU”) where Hﬁi = (Hw},,wa) if
U U U U U U

Wi = (w},...,wF) and H(M“ sTi) = H M;, H s?) . So, it suffices to prove that s v and
U U U

Hs? coincide on the variables z; of the tuple T = (x1,...,x)) to obtain the result. And it

U

turns out that for all z; € {x1,..., 2%}, s Um(xj) = wa = Hsgi (x) = <H s$1> (xz;). O
U U U

Theorem 2. Let C be a set of normal connectives complete for conjunction and disjunction and
let K and K' be classes of pointed C-models such that K' is closed under ultraproducts. Then,
the following are equivalent:

1. K is definable in K' by a set of formulas of L¢;

2. K is closed under C-bisimulations in K' and closed under ultraproducts, and K' — K is
closed under ultrapowers.
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Proof: The implication from 1. to 2. follows from Propositions [6] [7] and [0] For the converse,
assume that K and K’ — K satisfy the closure conditions. Define T as the set of formulas of Lc¢
holding in K:

T4 U {p € Lc | k() =k and, for all (M,w) € K of type k, (M,w) | ¢} (9)
keN*

We will show that 7" defines the class K in K’. Let (M, w) be a pointed C-model of K’ of
type k and assume that (M, w) |- T. To complete the proof of the theorem, we show that (M, w)
must be in K.

Define X to be the theory of FOL of (M,w), with Z a tuple of variables of the same size as w:

¥ 2 {=STx(p) | ¢ € Lc of type k such that not (M, w) |- ¢}.

¥ is finitely satisfiable in STH(K) = {(M,s%) | (M,w) € K}. Indeed, assume towards a con-
tradiction that the set {—ST% (1), ..., 7STx(¢n)} C ¥ is not satisfiable in STH(K). Then the
formula (11 V...V 1,) of type k would be true on all pointed models in K of type k. Moreover,
it belongs to L¢ because C is complete for disjunction. So (¢1 V...V 1) would belong to T.
However, it would be false in (M,w), which is impossible. But then Proposition adapted
from [9, Corollary 4.1.11], shows that ¥ is satisfiable in an ultraproduct H(Ni’ Sg) of pointed

U
models of ST&(K).

Let us take (N,v) £ H(Ni,@), which belongs to K by closure of K under taking ultra-

U
products. Then, by Lemma we have that for all ¢ € Lc of type k, H(N,;,@) - ¢ iff
U

U
implies not (N,v) |- ¢ is equivalent to, for all p € Lc, (N,v) |~ ¢ implies (M, w) | ¢. So, by
Theorem |1} there exists an ultrafilter U’ such that H (N,7) =¢ H (M, w).
U’ g
By closure under ultraproducts, the pointed model H(N, 7) belongs to K. Moreover,
UI

H(M ,w) is in K’ by the assumption of closure of K’ under ultraproduct. Hence, by clo-
U/
sure under C—bisimulations, H (M,w) is in K as well. By closure of K’ — K under ultrapowers,

U/
it follows that (M, w) is in K. This completes the proof. O

I ST=(p). So, we have that (N, v) ~»c (M, w) because for all ¢ € Lc, not (M, w) |- ¢

Theorem 3. Let C be a set of normal connectives complete for conjunction and disjunction
and let K and K’ be classes of pointed C-models of the same type such that K' is closed under
ultraproducts. Then, the following are equivalent:

1. K is definable in K' by a single formula of Lc¢;

2. K is closed under C-bisimulation in K', closed under ultraproducts and K' — K is closed
under ultraproducts.

Proof: The direction from 1. to 2. follows from Propositions[6|land[7} For the converse, we assume
that K and K’ — K satisfy the stated closure conditions and that their pointed C-models are all
of type k. Then, by Theorem [2| there is a set T of formulas of Lc of type k defining K in K.
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Let k be the type of the C-models of K and K’ — K and let T be a tuple of k variables. Let
us define:

Ty 2 {=STx(p) | ¢ € Lc of type k and for all (M,w) € K' — K, not (M, @) |- ¢}.

We are going to show that Ty defines STH(K' — K) £ {ST:x(M,w) | (M,w) € K' — K} in
STx(K'). Let (M,w) € K' of type k be such that STx(M,w) = T, and let us define

S &{peLe| (Mm) |-}

Then, Y is finitely satisfiable in K’ — K. Indeed, assume towards a contradiction that there are
©1,---,pn € X which are not satisfiable in K’ — K. Then, =STx(p1 A ... A p,) € Ts. Therefore,
STe(M,w) = =STz(p1) V ... V ~STx(pn). However, (M, W) |- (o1 A ... A ). So, we reach
a contradiction and ¥ is finitely satisfiable in K’ — K. Thus, by compactness, we have that &
is satisfiable in an ultraproduct (N,v) of C-models of K’ — K (the proof of Proposition [10| can
easily be adapted to molecular logics using Proposition . By assumption, this ultraproduct
(N,v) belongs to K’ — K. Then, by definition of X, we have that (M, w) ~c (N,7). Therefore,
by Theorem , there exists a countably incomplete ultrafilter U over N such that H(M , W) —>C
U

H(N, 7). But H(N, v) belongs to K’ — K by closure of K’ — K under ultraproduct (and
U U

therefore also to K'). Now, if (M, w) belonged to K then I_I(M7 w) would also belong to K by

U
closure of K under ultraproduct. Then, we would have by closure under C-bisimulation of K in

K’ that H(N ,U) would belong to K as well, which is impossible. Therefore, (M,w) does not

U
belong to K. Moreover, (M, w) belongs to K’ by assumption. This entails that (M,w) belongs

to K' — K. Hence, STw(M,w) € STx(K' — K) and Ty does define STH(K' — K) in STx(K").
Now, let us define

Ty £ {STx(p) | ¢ € T}.

Then, because T defines K in K’, we have that T} U T is unsatisfiable in K’. That is, there
is no pointed C-model (M,w) of K’ of type k such that STH(M,w) |~ T1 UT5. So then, by
compactness, there exist STg(¢1),...,5Tz(p,) € T1 and ~STE(v1), ..., STx(Yy) € Ty such
that for all pointed C-models (M, w) of K, it is not the case that ST#(M,w) |- STz(p1) A... A
STe(pn) A =STz(t1) A ... A =STx(vm) (). To complete the proof, we show that K is in fact
defined in K’ by the conjunction (¢1 A ... A ¢,). By definition, for any (M,w) in K we have
(M,w) |- (p1 A ... Ay). Conversely, for any (M,w) of K', if (M,w) |~ (¢1 A ... A ¢y,) then
there must be i € [1;m] such that STx(M,w) |~ ~ST%(1);) does not hold. Indeed, otherwise,
we would have that ST#(M,w) |~ STz(p1) A .. ASTe(on) A=STe(Y1) A ... A=STz(1y,), which
is impossible by (*). Therefore, there must be i € [1;m] such that (M,w) |- ;. Hence, by
definition of Ty, this entails that (M, w) does not belong to K’ — K, whence (M, w) belongs to
K. (]

Corollary 1. Let L = (L¢,Ec, |- ) be a molecular logic whose set of connectives C is normal
and complete for conjunction and disjunction and whose class Ec of C—models are all of the
same type. Then, L is axiomatizable iff Ec is closed under C-bisimulation and ultraproducts and
M — Ec is closed under ultraproducts.

Proof: Tt follows straightforwardly from Theorem [3]and the definition of axiomatizability recalled
in Section O
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B Proofs of Propositions [1], [2], (3], (4], 5], 6,

Proposition 1. Let C be a set of atomic connectives containing Boolean connectives. and let
M = (W, R) be a C-model. Then, for all k € N*, all p,¢ € Lc¢, if k(p) = k() =k, then

L S A
[L]Y £ 0
[Fee]™ = WE—[e]¥
[ Ae)]™ & [l n[w]™
[evew)I™ & [l Uy]™.
Proof: The proof is without particular difficulty. See Example [I]for the cases of conjunction and
disjunction. O

Proposition 2. Let C be a set of atomic connectives such that —« € C for allx € C. Let ¢ € L¢
and M be a C-model. Then, for allw € W(M,C), @ € [—o]™ iff w ¢ [¢]™.

Proof: Tt is without particular difficulty, it suffices to check the definitions. O
Proposition 3. Let C be a set of molecular connectives and let ¢ = x(c1,...,¢,) € C be a
molecular connective of type signature (k,ki,...,ky) and tonicity signature (+1,...,%;) with

x = (o, +, Bk, (£7,---,£5)). Assume that the decomposition tree of c has | > 0 different leaves
labeled by some idi,. Let M = (W, R) be a C-model and let w € W".

e If c is an existential molecular connective then

w e [[C((pl,...,gom)]]M iff Jwy ... W
(w1 M1 [ea, M A oAty [, )Y A Ry ... wyw)

e If c is a universal molecular connective then

W € [c(pry- s om)]M iff VI, ... W,
(w1 1 [ M V... v, iy [, ] V Raw; ... ww)

where the R.s are defined in Deﬁm’tion and for all j € [1;1],
M A w; € i, ]V if 5=+

W ¢ Lo, 1Y if = -
sponding to the m different id},s appearing in ¢ (we basically map the l leafs of the decomposition
tree of ¢ to their labels idy,s in this tree).

w; My [ and i1,...,4; € [1;m] are those indices corre-

Proof: We only prove the existential case, the proof for the universal case is similar. The proof
is by induction on c.

Assume that ¢ = *(id,lcl,...,idgn) is an existential molecular connective with % of skele-
ton (o, 4,3, k, (£},...,£%)). Then, I = n and we have that R,w; ...w,w holds iff there are
v1...0, such that Rf"@l ...0,w and wy; = vy and ... and w, = v,. Then, we have that
R.aw; ... wyw iff Rf”@l ... wpw. However, by definition, we have that W € [e(epq, ..., @m)ﬂM
iff Jw; ... w, (wl M e JM AL AT, My [[gpin]]M A R.wq .. .En@). We obtain the result by re-
placing Rf” by R..

Now, we prove the induction step. If ¢ = x(c1,...,¢,) is an existential molecular connective
with x of skeleton (o, =+, 3, k, (£7,...,£%)) then we have that @ € [c¢(p1,.. ., om)]™
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iff J01 ... 0, (RE01 ... 0,0 ATy thy [er (s 0l )M A AT,y [enlel .ol )TM) by
the truth condition for

iff 30, ... 7, (RET, ... 5,0 ATy € [£iei(el, ... oM A AT, € [Rhen(ol, . et M)

iff 30...0,(REV1 ... 0,0 A Jwy...w (@ [el]™ A oAl [eh M A
Rise, @1 ... W0 01)A. .. AT .. @} (@7 by [ ] AL Aw) il [ol Y ARy, @Y ... W00 Ty)
iff Jwy...w), ... wy...wp (W) N [ei]™ AoAw] A [l 1Y A oA AT [P A LA
e Lol I ATor .. T (RETT ... 0a A Ry, W1 ... W01 Ao A Rs o, WY ... W07 T))
iff Jw; ... w(wy M ﬂg@il]]M AL AWMy [[goilﬂM A R.w; ... ww) because the union of the sets
of leaves of T, for each c;, which corresponds to the tuples E% .. .@%1 c.wY . .wy is the set of

leaves of T, which is denoted here @y ...w;. This proves the induction step. O

n
in

w

Proposition 4. o Let C= {p,—p,A,V,<,0} be the connectives of Example@ and let M and
M’ be two C-models. Then, a C-bisimulation between M and M’ is a modal bisimulation
between M and M’ and vice versa.

e Let C={p,®,D,C} be the connectives of Examplelg and let M and M’ be two C-models.
Then, a C-bisimulation between M and M’ is a directed bisimulation between M and M’
and vice versa.

Proof: 1t suffices to compare the conditions of Examples [§ and [0] with the definitions of modal
bisimulation [§], Def. 2.16] and directed bisimulation. This said, we obtain a notion of bisimulation
which is slightly more general than the usual definition of modal bisimulation. They are in fact
equivalent because both definitions of bisimulation can be extended to obtain symmetric relations.
O

Proposition 5. Let C be a set of atomic connectives and let My = (W1, R1) and My = (W, Ro2)
be two C-models. Let Z be a C-bisimulation between My and Ms. Then, if {M, M'} = { My, Ms}

then for allw € w(M, C), all w’ € w(M', C), if wZw' then (M,w) ~~c (M',w').
Proof: We prove it by induction on a formula ¢. If ¢ = p is a propositional letter then the result
holds by definition of Z. Assume that ¢ = x(¢1, ..., ¢n)-

If * has skeleton (o, +,3, (k, k1,...,kn), (£1,...,%5)), then assume that (M, w) = ¢. Then,
there are Wy, ..., w, such that w; M [¢1] and ... and w, M, [¢,] and Rf”@l ... Wpw. Now,
wZw', so by definition of Z, there are w'y,w’s...,w', such that w; > w’; and ... and

e
Wy, D, W'y, and R’j"m ...w w where w; > Wj £ Equi] ?f 5= +. Now, by Induction
w jZ’lUj if :tj = —
Hypothesis, for all i € {1,...,n}, if &; = + then w; € [p;] and W; Zw’;, therefore w’; € [p;]
and if +; = — then w; ¢ [¢;] and w; Zw’;, therefore w’; ¢ [p;]. So, in all cases, w’; th; [p;].
Moreover, R’f"m ...w'pw’. Thus, there are w'y,...,w’, such that w’; My [¢1] and ... and
W, € [on] and REwy ... w'w'. Hence, (M, w') |- .

If % has skeleton (o,+,V, (k,k1,...,kn), (£1,...,%5)), then assume by contraposition that

it is not the case that (M’,w’) |- . Then, there are w'y,...,w’, such that not w’y thy 1]

and ... and not w’, M, [¢,] and —5}*’@1 o . NOVLEZW7 so by definition of Z,
there are wy,...,w, such that wy ><; w’y and ... and w, >, w’, and —Rf”@l ... w,w where
— w;Zw'; if +; =
for all i € {1,...,n}, w; = w'; = Wi uj 1 ! +. Let i € {1,...,n}. If +; = + then
w’iZwi lf :l:l = —
w'; ¢ [¢;] and w;Zw’;. Therefore, by Induction Hypothesis, w; ¢ [p;]. If £; = —, then

' € [:] and w’;Zw;. Therefore, by Induction Hypothesis, w; € [¢;]. So, in all cases, not
i M; [w:]. Thus, there are wy, ..., w, such that not w; My [¢1] and ... and not @, M, [¢x]

gl €
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and —RI w1 ... wpw. That is, not (M,w) |- ¢. So, we have proved that if not (M’ w’) |- <p
and wZw’ then not (M, w) |- . Hence we obtain the result by contraposition.

Proposition 6. Let C be a set of molecular connectives and let My = (W1, Ry1) and My =
(W3, R2) be two C—models. Let Cy C C and for all ¢ € Cy, let D, be the vertices of the quantified
decomposition tree T.. Let {Zc |ce VC’O,CO S Co} be a Co-bisimulation between M, and Ms.
If {M,M'} = {M, M} then for all co € Cy and all ¢ € V., for all w € wW(M,C) and all
w' € w(M', C), if wZ.w' then (M, W) ~.c, (M',w’). In particular, if WZw' then (M, W) ~>c,
(M, w).

Proof: (Here we confuse connectives with their skeletons to ease the presentation of the ideas.)

We prove by induction on ¢ that for all vertices ¢ 70f the decomposition tree of a molecular
connective cg € C*, if WZ.w’ then (M, W) ~.c (M, w’).

If ¢ is of arity 0 then it follows straightforwardly from condition 1 of Definition Assume
now that wZ.w’ with ¢ neither a propositional letter nor a symbol zdﬁC We prove by induction
on ¢ € L.c that (M,w) |- ¢ implies (M, w’) |- ¢. Let ¢ = c(¢1, - .., ©m) and let co(ci, .. ., cp)
be a maximal decomposition of the skeleton of ¢, where cy,...,¢, € C* are of arity ky,...,k,
respectively. Then ¢ = ¢(p1,...,0m) = colci(el,. .., @’fl), o en(ph, . fm)) where for all
j€{1,...,n}, the formulas <p}, cee <p;j are those @1, ..., @, for which there is a corresponding

idt in ¢; (the goé-s appear in the same order as their corresponding idLs in cj)-

1. Assume that ¢g is an existential molecular connective of tonicity signature (£i,...,+,).
Assume that (M, @) |- ¢(¢1,- .-, ¢m). Then, (M, @) |- coler(pt, .., 0f), o eloh, ... okm).
Then, by Prop031t10n |§|, there are wi,...,w, such that R, w;...w,w and w; M

[[cl(ﬁ,...,gal )] and ... and w, M, [[cn(gon, .., (1). Then, by definition of Z., there
are w'y,...w’, such that Re,w'y ... w' pw’ (4) and

(i) for all j € [1;n] such that +; = +, there is ¢ € [1;n] such that ¢; = ¢; and w; Z,w';;

(ii) for all j € [1;n] such that 4-; = —, there is i € [1;n] such that ¢; = ¢; and w';Z.,w; (2).

Since c1 (i, ..., cplfl) € Leocyoosen(ph,...,0F) € L. c, by Induction Hypothesis, for

all w € w(M,C), all w € WM, C) and all j € [[1 n]] if ( Mw] ) ¢ %,...,@ff) and
@chjo then (M’ w';) | ¢;( goj,...,gpj 9); and if ( i) e <pj,...,<pj 7) and WchjEj
then (M, @;) |- ¢;(¢j, - ¢;") (3).

From (1) and (2), we derive by means of (3) that w’y My [er (ot ..., ™))
and ... and w', rh, [en (o, .. .,wﬁ")}]. Then, with (4), it follows that
(Mlaw,) Hﬁ co(cl(gol, cey Qollﬂ)v s >cn(§07117 ) QDI:L”)) That is, (Mlaw,) Hﬁ 6(4,01, . ~§0m)'

2. Assume that cg is a universal molecular connective of tonicity signature (%1,...,+,). By
contraposition, assume that it 1s not the case that (M’ w’ \# c(@1y- .- ¢m). That is, it is not
the case that (M’,w’) |- co(ci(g?, ..., " ), . ((pn, —..,¢ym)). Then, by PI‘OpOblthn there
are w'y,...,w', € wW(M, C) such that —R,, .w'pw’ and not w'y My [[cl(gol,...,gol )] and

. and not w’,, ty, [en(@h, ..., o) (1). Now, by definition of Z. and since WZ. w’ there are

W1, ..., W, such that —R.,w; ... w,w (2) and
(i) for all j € [1;n] such that +; = +, there is ¢ € [1;n] such that ¢; = ¢; and W; Z,,w's;

(ii) for all j € [1;n] such that +; = —, there is i € [1;n] such that ¢; = ¢; and w/; Z.,w; (3).
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Like for the previous case, combining (1) and (3) with the Induction Hypothesis, we obtain that
it holds that not @; iy [e1(et, ..., ") and ... and not @, M, [ca(@l,...,¢k")]. Together
with (2), we obtain that it is not the case that (M, @) | co(c1(@l, ..., @), ... enlol, ..., okm).
That is, it is not the case that (M, w) | c(@1,- -, Pm)-

Finally, assume that wZ.w’ with ¢ = zd?C Then, since by definition of C—bisimulation, we
have that for all ¢ € C of output type or type (if it is a propositional letter) k that wZ.w’, we
obtain that (M, w) |- ¢ implies (M’,w’) |- ¢ holds for all formulas ¢ of the form c(p1, . .., ¢m)-
This holds not only for connectives ¢ of types or output types k but in fact for any connective
¢ of any (output) type since the antecedent of the implication is false in the case where these
(output) types are different from k. So, the result holds for all formulas ¢ of the language Lc:
(M, W) ~c (M’ w). O

Proposition 7. Let C be a set of molecular connectives, let (M;,w;);cr be a family of C-models,
let H(Mi,ﬁi) be an ultraproduct of (M;,w;);cr- Then, for all ¢ € Lc, H(sz@i) = v iff
U U
{i e I|(M;,w;) \# preU.
Let (M;, s;)ier be a family of pointed structures and let H(M“Sz) be an ultraproduct of
U

(M, si)icr. Then, for all o € LE, [[(Mis0) = @ iff {i € T| (My,8:) = 0} €U,
U

Proof: We consider the completion of C under Boolean negation: C can always be extended to
include the Boolean negation of each connective (defined in Definition E[) Now, we prove it for
this extended language by induction on ¢.

1) The base case ¢ = p holds by definition.

2) a) If o =*(p1,...,0,) with x = (0, %+, 3, (k, k1, ..., kn), (£1,...,%5)), then

[T, | * (1, 0m)

U

iff there are H@},...,HE? such that HRf“H@}...HE?H@i and HE} M1 1]
U U U U U U U
and ...and HEZL M [on]
U
iff there are H@},...,Hﬁf such that {jeT| Rf”@;...@?@j} € U and
U

U
{jer| Ejl- M1 [p1]} €U and ...and {j €I | wy thy, [¢n]} € U by Induction Hypothesis
iff there are HE%, e Hﬁf such that {j € I | Rf"w; ... wyw; and wj My [¢1] and @} hy, [@n]}
U U

€ U by closure under intersection of the filter definition (from left to right) and by closure by
superset of the filter definition (from right to left)

it {j € I | there are E]l, ..., W} such that Rf”@} C Y
[¢1] and ... and @} , [@n]} € U

i ) € 1| (M, 10)) |- * (p1,- .. )} €U

b) If o = *(¢1,...,¢n) with x = (o, +,Y, (¢, t1,...,tn), (£1,..., %)), then

[T ) |- iff {i e I| (M, w)) |- ¢} €U
U

— 1
w; and W; My

iff <not H(Mi,m) [ (p) iff {iel|(M;w) |-¢}¢U)

U
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iff H (M;,w;) |- —¢iff {i eI] not (M;,w;) |- ¢} € U by Proposition [2| and because U
U

is an ultrafilter (we recall that —¢ is defined in Definition [9)
iff H (M;,w;) | —piff {i eI | (M;,w;) | —¢}eU by Proposition
U

This case thus boils down to the case 2) a).

c) If p =1 Ao or ¢ = @1 Vs then the result follows directly from the definition of an
ultrafilter.

As for the second part of the proposition, for pointed structures, the proof is similar and
follows the main lines of the proof of [9 Theorem 4.1.9]. O

C Proof of Fact [1

Fact 1. Let C be a set of molecular connectives and let My = (W1, R1) and My = (W3, Rs)
be two C-models. Let {Z. | c € V[ ,co € C} be a set of relations between My and My. We set
Z = U{Zid}; | idj, appears in some c € C}. Then, {Z. | c € V/ ,co € C} is a C-bisimulation if,
and only if, Z is non-empty and conditions 1, 2, 3 of Definition[1§ hold, in which all Z. and all
Zid;; for c € C and id}, appearing in some ¢ € C are replaced by Z.

Proof: For the left to right direction, we use conditions i and i of Definition [18| to obtain the
result. For the right to left direction, we set for all idj and all ¢ € C of output type k that
Ze = Zigi 2 ZN(WF x Wy U (Wy x Wf) and we thus obtain conditions i and 4. O
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