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Correspondence Theory of Atomic Logics

Guillaume Aucher*
Univ Rennes, CNRS, IRISA, IRMAR,
263, Avenue du Général Leclerc,
35042 Rennes Cedex, France

August 23, 2024

Abstract

The correspondence theory for the framework of atomic and molecular logics is developed
on the basis of the work of Goranko & Vakarelov. First, we show that modal polyadic logics
can be embedded into atomic logics. Using this embedding, we reformulate the notion of
inductive formulas introduced by Goranko & Vakarelov into our framework. This allows us
to prove correspondence theorems for atomic logics by adapting their results. We apply our
general results to FDE, the family of relevance logics, intuitionistic logic and intermediate
logics. We obtain novel axiomatizations of these logics that include Boolean connectives.

Keywords : Universal logic; Hilbert calculus; Sahlqvist correspondence theory; inductive for-
mula; relevance logics; FDE; intermediate logics; intuitionistic logic

1 Introduction

The display, sequent and Hilbert calculi that we introduced in [6] are sound and complete for basic
atomic and molecular logics. That is, we are able to axiomatize the validities of logics whose class
of models or frames do not satisfy any specific conditions (such as reflexivity, transitivity, etc.).
It constitutes an advancement because, like for their bisimulation notions, we can automatically
obtain the display and Hilbert calculi of any basic atomic logic once its set of connectives is
given. However, this has limitations. Indeed, we would also like to obtain automatically a sound
and complete axiomatization of any atomic or molecular logic defined on any class of models or
frames, when it is possible. Solving this problem amounts to developing a correspondence theory
for atomic and molecular logics.

Correspondence theory started to be developed with modal logic as initial object of study
[54, B8, [40, [42] [34]. Tt investigates to what extent specific properties of the semantics can be
reformulated in terms of the validity of specific formulas or inference rules. More precisely, it
addresses the following kinds of questions. When does the truth of a given formula in a frame
correspond to a first-order property in that frame? When does the validity of a formula on a class
of frames correspond to the fact that this class of frames satisfies a specific first-order property?
Which class of frames defined by a first-order property can be defined by a formula of the logic
considered? It has been, since its inception with modal logic, extended and applied to other non-
classical logics, such as tense logic [40, [41] 42]. A general and unified theory of correspondence
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has also been propounded by Palmigiano & Al. [16] B85 22]. Like Kracht, they introduced a
calculus for correspondence by extending the language with nominals. This enables to compute
the minimal valuation and the first-order correspondent of a formula of a given non-classical logic
automatically by means of an algorithm called ALBA. This algorithm is in fact a generalisation
of the algorithm SQEMA and stems from ideas coming originally from Conradie, Goranko, and
Vakarelov’s series of earlier papers on algorithmic correspondence in modal logic [I8], [T9} ZO]E

In that article, we do not intend to propose another unified correspondence theory but simply
to apply well-known results for modal polyadic logics [34] to our atomic logics. Hence, our overall
methodology is somehow different. In order to apply the unified correspondence techniques of
Palmigiano & Al. to a given logical framework, one has to recognize the logic as a normal
DLE-logic introduced in [35] or a fragment thereof (e.g. in [2I, Example 1.2] or in [I7] where
PEARL, an adaptation of the algorithms SQEMA and ALBA for relevance logic, is introduced).
However, it is not always possible, for example for temporal logicﬂ Here, instead of tackling the
full range of non-classical logics and developing a general correspondence theory which can be
instantiated, adapted and applied to each of these non-classical logics, we have first found a way
to represent uniformly, faithfully and systematically non—classical logics by means of our atomic
and molecular logics. Now we develop a correspondence theory for these specific ‘paradigmatic’
logics.

Indirectly, our correspondence theory for atomic logics should and does lead to an induced
correspondence theory for many non—classical logic. We illustrate this claim with some well-
known non-classical (propositional) logics: FDE, the family of relevance logics, intuitionistic
logic and intermediate (superintuitionistic) logics. We show how we can automatically define
sound and complete Hilbert calculi for these logics, and infinitely many more, by simply running
our correspondence algorithms.

Structure of the article. In Section [2| we recall atomic logics, in Section [3] molecular logics,
in Section [4] their Boolean versions and in Section [5| their natural extension/generalization with
information orders. In Section [6] we show that modal polyadic logics and atomic logics whose
connectives are all of dimension (1,1,...,1) are equally expressive. In Section m we introduce
group actions on the set of atomic connectives, they play an important role in the definitions of
calculi for atomic logics. Then, in Section [8] we introduce sound and complete Hilbert calculi for
basic atomic logics based on the results of [6]. In Section E[, we define universal and existential
molecular connectives. This allows us in Section [I0] to adapt the definitions of Goranko &
Vakarelov [34] to our setting and reformulate their main correspondence results in terms of
atomic logics. In that section, we also transfer our results to atomic logics with information orders
(Section. In Section [11} we apply our general results to First Degree Entailment, the family
of relevance logics, intuitionistic and intermediate logics and find out novel axiomatizations of
these logics that include Boolean connectives. We end in Section [I2] by discussing related works
and conclude.

Note. The article is self-contained. It is the second in a series of articles on the proof and
correspondence theory of atomic and molecular logics, starting with [6] and continuing with [5].
Omitted proofs are in the appendix or in the companion articles.

1See also https://store.fmi.uni-sofia.bg/fmi/logic/sqema/sqema_gwt_20180317_2/index.html.  This
work extends the algorithm SCAN of Gabbay and Ohlbach [3I] and the algorithm DLS of Szalas [56].

2The scope of the unified correspondence theory can be widened, so that the modal connectives do not need
to be normal, but can also be regular [22] [46] and monotone or without any order-theoretic properties [15].
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2 Atomic Logics

Molecular logics are logics whose primitive connectives are compositions of connectives of atomic
logics. Atomic logics are logics in which the truth conditions of connectives are defined by first-
order (FO for short) formulas of the form V1 ... 2, (£1Qiz1 V...V £,Qua, V £R2y ... 2,2) or
Jzq .o xn(£1Q1x1 A vt A £,Quan A £Rz ... x,x) where the ;s and £ are either empty or
. Likewise, propositional letters are defined by first-order formulas of the form +Rz. They
are viewed as 0-ary connectives (which is why we note them R and not Q) and the + in front
of them stands for the fact that they can stand for literals. We will represent the structure of
these formulas by means of so—called skeletons whose various arguments capture the different
features and patterns from which they can be redefined completely. But first, we introduce some
notations.

Notations. We use the symbol £ for equality by definition instead of the assignment symbol
:= often encountered in the literature (the A above the equality symbol = is the Greek ‘D’ of
Definition). N* denotes the set of natural numbers without 0 and, for all m,n € N such that
m < n, [m;n] denotes the set of natural numbers {m,m + 1,...,n}. &, denotes the group
of permutations over the set {1,...,n}. Permutations are generally denoted o, 7, the identity
permutation is denoted Id 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. We recall that Z /97 denotes the field of the integers modulo 2 (also known as the dihedral
group of order 2)E| When viewed as a multiplicative group, its elements will be denoted in the

sequel + and — and its operation - is such that +-—=—-+=—and —- — =+ -+ = +. For
brevity, when we use the notation 4+, —, we often omit the - and write for example +— = — for
+ - — = —. See [50] for relevant details on group theory.

For example, the truth condition of the connectives [ of modal logic is the first-order formula
Vy(Py V —Rzy). Its ‘skeleton’ is ((1,1),+, 4+, —, (2,1)), which we also write for better readability
((1,1),¥,4,—,(2,1)). The so-called ‘dimension signature’ (1,1) corresponds to the fact that this
connective takes as input a formula of dimension 1, represented by the predicate P of arity 1, and
yields another formula of dimension 1, because the first-order formula has a single free variable
representing the state where the resulting formula is evaluated. The ‘quantification signature’
V corresponds to the universal quantification V in front of the formula and is represented by +
(— represents the existential quantification 3). The ‘tonicity signature’ is + because there is no
negation in front of P. The — in the skeleton corresponds to the negation — in front of —Rzy.
Finally, by convention, the natural order for elements appearing in a relation is Ryzx or Ryx,
and more generally Rz ...z,x, where the free variable z denotes the state where the formula is
evaluated. So in this example, Ryx is transformed into Rzy, which explains the introduction of
the permutation (2,1) € &5 which swaps z and y.

Definition 1 (Atomic connectives and skeletons). The set SKLg of propositional letter skeletons
and the sets SKL,, of skeletons of arity n € N* are defined as follows:

SKLy 2 N* x Z /97>
SKLn L N*n+1 > Z/2Zn+2 « Gn.l,-]-

3The group Z/QZ was used to define atomic connectives by Espejo-Boix [30} Definition 3]. He used both the

additive and multiplicative operations of the field Z /27, to reformulate the central group action for atomic logics

[2l Definition 18] in terms of a matrix product over Z /o7, L



The set of atomic skeletons is the set SKL £ [J SKL,. They can be represented by tuples
neN

(k1y-. s knt1, By t1, ..., £n,+,0), or (k, B, £) if it is a propositional letter skeleton, where
(k1y. .. kny1) € N¥"T1 often denoted k, is called the dimension signature, B € {+,—} is
called the quantification signature, (£1,...,4+,) € {+,—}" is called the tonicity signature, + €
{+,—} is called the relation signature and o is called the permutation signature. The tuple
(k, /B, +1,...,4,) is called the signature or trace of the skeleton; the tonicity and quantification
signatures are in correspondence with Dunn’s notion of trace [28] (see [2, Definition 15] for
details). The quantification signature /& will often be denoted V if it is 4+ and 3 if it is —. The
arity of a propositional letter skeleton is 0 and its dimension is k. The input dimensions and
(output) dimension of a connective skeleton « € SKL,, of arity n € N* are ky,...,k, and ky41
respectively.

Let I be an arbitrary but fixed set; in this article we assume that N C I. The set ATM,, of
atomic connectives of arity n € N is defined as follows:

ATM,, £{(-,i) | - € SKL,,i € T}.

The set of atomic connectives is the set ATM £ |J ATM,,. Those of arity 0, ATMy, are also
neN
called propositional letters. The arity, signature, quantification signature, dimension signature,

tonicity signature, relation signature, permutation signature and input and output dimensions
of an atomic connective (+,7) are the same as its skeleton .

If C is a set of atomic connectives, its set of propositional letters is denoted Cy. Propositional
letters are denoted p, p1,po, ..., Dpi, etc, skeletons are denoted «,+1,+,...,+, etc. and connectives
®,1,2,...,®;, etc. The quantification signature of a connective ® or a skeleton - is denoted
E(®) = E(-) and the j element of the tonicity signature of ® and - is denoted +;(®) =

O

Definition 2 (Residuated skeletons and connectives). Two atomic skeletons (k, &, %1, ..., +,, +,

and (El, E £, ..., & £ 0') are residuated when they are of equal arity n € N* and there is
7 € 6,41 such that ¢’ = 700 and (k’T(l), o klr(n+1)) = (k1,...,knt+1). Two atomic connectives
(+,7),(+,4") € ATM,, are residuated when i = ¢’ and their skeletons « and « are residuated.

Example 1. The skeleton of the implication D of the Lambek calculus, represented by the
FO formula Vyz(-Py Vv Qz V =Rzyz), is ((1,1,1),¥,—,+,—,(2,3,1)) and the skeleton of the
fusion ® of the Lambek calculus, represented by the FO formula Jyz(Py A Qz A Ryzx), is
((1,1,1),3,4, 4, +,1d). Note the permutations associated with the relations: (2,3,1) for Rxyz
and Id = (1, 2, 3) for Ryzx because the latter order (y, 2, x) is the natural order. As one can also
easily notice, D and ® are residuated.

Definition 3 (Atomic language). Let C C ATM be a set of atomic connectives. The atomic
language Lc associated to C is the smallest set that contains the propositional letters of C and
that is closed under the atomic connectives of C while respecting the dimensions constraint. That
is,

o Co C Lc;

o for all ® € C of arity n > 0 and of dimension signature (ki,...,kn,+1) and for all
©1,--+,n € Lc of dimensions K, ..., k, respectively, we have that ®(¢1,...,0,) € Lc
and O(p1,...,p,) is of dimension kpi1.

Elements of L¢ are called atomic formulas and are denoted ¢,,... The dimension of a

formula ¢ € Lc is denoted k(p). A set of atomic connectives C is plain if for all ® € C of



dimension signature (ki,...,k,+1) with n > 0 there are propositional letters pq,...,p, € Co of
dimensions ki, ..., k, respectively. In the sequel, we assume that all sets of connectives C are
plain.

Definition 4 (Atomic C-models and C-frames). Let C C ATM be a set of atomic connectives.
An (atomic) C-model is a tuple MM = (W, R) where W is a non-empty set and R is a set of
relations over W such that each n—ary connective ® € C of dimension signature (k1,...,k,11) is
associated to a k1 +...+k,11—ary relation Ry € R and such that for all connectives ®, ®" € C we
have that Ro, = Re iff © and @' are residuated. An assignment is a tuple (w1, ..., wy,) € W* for
some k € N*| generally denoted w. The set of assignments of a C-model 9t is denoted w (9, C).
A pointed C-model (9, w) is a C—model M together with an assignment W and, in that case, we
say that (I, W) is of dimension k. The class of all pointed C—models is denoted Cc.

A (pointed) atomic C—frame is a (pointed) atomic (C—ATMg)—model. The class of all pointed
C-—frames is denoted Fc.

Definition 5 (Atomic logics). Let C C ATM be a set of atomic connectives and let I = (W, R)
be a C-model. We define the interpretation function of L¢ in M, denoted []™ : L& — Uyen- W,
inductively as follows: for all propositional letters p € C of dimension k, all connectives ® € C
of skeleton (ki,...,knpy1, B, +1,...,+,,+,0) of arity n > 0, for all p1,...,¢, € Lc,

R if £ =+
m A p
lp] Wk R, if+=—

[Op1, el 2 folle]™ - [en]™)
where the function fg, is defined as follows. For all Wy € P(Wk1), ..., W,, € P(W*n), fo(W1,...,W,) =
{@nﬂ € Whntt | CO (W, ..., Wn,ﬁn+1)} where CO (W1, ..., Wy, Wp1) is called the truth con-
dition of ® and is defined as follows:

o if E=V: “Vw, € Wh .. W, € Wkn
(w1 thy Wi V...V, y Wi, V RETW .. Wy W0n41)

o if =3 “Jw e W .. w, € Whn
(@1 thy Wi A ... ATy, thy Wi A RE W1 ... WyW0n41)

w; € Wj if ij =+
wy ¢ Wj if :|:j = —
+RoWy(1) - - - Wy (ns1) holds, with the notations +Re £ Re and —Rg & WhitFhna — Ro - We

extend the definition of the interpretation function [-]™ to C-frames as follows: for all ¢ € Lc
and all C—Hrames 3§,

where, for all j € [L;n], w; th; W; £ { and R%U@L..Enﬂ holds iff

[e]® & ﬂ {[[cp]] @V) |V a set of n-ary relations over W such that (F,V) is a Cfmodel}

Finally, if £&c C Cc is a class of pointed C—models, or pointed C—{rames, the satisfaction relation
- C &c x Lc is defined as follows: for all ¢ € Lc¢ and all (M, w) € &, (M, w), ) € |- iff
w € [p]™. We usually write (9, W) |- ¢ instead of ((9,w),p) € |- and we say that ¢ is true
in (M, w). The logic (Lc, &, |- ) is the atomic logic associated to Ec and C. Logics of the form
(Lc,Cc, |- ) are called basic atomic logics.

Example 2. A simple example of an atomic logic is modal logic, where C = {p, T, L, =, A, V, —
,0i,0; | © € I}. We spell this example out in some detail:



e p is a proposition letter of dimension 1 and T, L are the proposition letters ((1,3, +),0)
and ((1,VY, —),0) respectively;

o - is the connective (((1,1),3, —, +,1d), 0);

e A,V,— are the connectives (((1,1,1),3,+,+,+,1d),0), (((1,1,1),¥,+,+,—,1d),0) and
(((1,1,1),¥,—,4,—,(3,1,2)),0) respectively;

o O;,0; are the connectives (((1,1),3,4+,+,(2,1)),7) and (((1,1),¥,4+,—,(2,1)),4) respec-
tively;

o the C-models M = (W, R) € & are such that R = {(w,w) |w € W}, Ry = Ry = R, &
{(w,w,w) |we W}, Ry, = Rp, foralli e Tand Rt =R, = W.

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

w € [Oip]™ iff  Fv(v € [¢]™ A Ry, wv)

w € [O;p]™ iff  Vo(v e [¢]™ V —Rp,wo)

w € [A(p, )] iff  Jou (v € [@]™ Au € []™ A Ryvuw)
iff  we [p]™ Aw e []™

w € [V(p, )™ iff  Vou (v € [¢]™ Vue [¥]™ V —Ryvuw)
iff we o] Vvuwe [Y]™

w e [ (e, )] i Vou (v ¢ [¢]™ Vue [W]™V —Rywou)
iff - w ¢ [o]™ Vwe ]

w € [~¢]™ iff  Ju(v ¢ [p]™ A Rovw)
iff w ¢ [o]™

we [T]™ if weRT
iff always

w e L] if weW-—-R,
iff never

Example 3 (Temporal arrow logic). Arrow logic and temporal arrow logics are atomic logics
which extend polyadic modal logics. They are based on the set of atomic connectives C =
{pv L(5, )\, 12, \/27 ®27 02} where

e pis a propositional letter and —s, Vo are the Boolean negation and disjunction respectively,
all of dimension 2;

e 10 and A are propositional letters, both of dimension 2;

e ® and oy are atomic connectives of skeletons ((2,2),3,+,+, (2,1)) and ((2,2,2), 3, +, +, +,Id)
respectively;

 the C-models 9 = (W, R) € Cc are such that R,, = {((u,w), (w,v), (u,v)) | u,v,w € W},
Rg, = {((u,v), (v,u)) | u,v € W}, Ris = {(u,u) | u € W} and Ry is a 2-ary relation over

W.
With these conditions on the C—models of &, for all (M, w) € &,
(u,v) € [L0]™ iff =
(u,v) € [N\ iff v) € Ry

(u,
(u,v) € [®a]™ iff 3, 0") (0, 0) € [e]™ A (W', 0"), (u,v)) € Re,)
it (v, ) € M]m
(u,v) € [pog ™ iff  3(u/,0")(u", ”)((U ) € [e]™ A (U, 0") € []PA
((u',v ) ( ' V"), (u,v)) € Roy)
iff FJw ( U, E [[gp]]Em (w,v) € [[w]]m) . O



Example 4 (Dummy connectives). We can define ‘dummy’ connectives, in the sense that these
connectives do not affect the truth value of the formulas that they take as argument. They will
be used in the definition of molecular connectives and will serve as ‘markers’ so that we can ‘plug’
the same formula at different places of a (molecular) connective. They are defined as follows:

ATM, 2 {(((k, k), 3, +, +,1d), 1), (((k, k), ¥, +, —,1d),4) | k,i € N*}

These ‘dummy’ connectives will be denoted zf in general and the set of their skeletons, denoted
x¥ is denoted SKL,. Any C-model 9t = (W, R) containing some of these connectives is such that
R, = {(w,w) | w € W*}. Hence, for all ¢ € Lc and all w € W¥, we have that w € [F(p)]™
iff w € [o]™.

The following theorem can be easily proven by polynomially reducing the satisfiability prob-
lem of basic atomic logic to the satisfiability problem of modal logic.

Theorem 1 ([6]). Every basic atomic logic is decidable and in PSPACE.

3 Molecular Logics

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

Definition 6 (Molecular connectives and skeletons). The set MOL of molecular connectives is
the smallest set such that:

« ATM, UATM, C MOL;

e for all atomic connectives ® € ATM — ATM,, of arity n > 0 and dimension signature
(k9,..., k% k) and all ®1,...,®, € MOL of output dimensions or dimensions (if they
are propositional letters) kY, ..., kO respectively, the string of symbols ®(®1,...,®,) is a

molecular connective of MOL of output dimension k.

If ® € MOL, we define its decomposition tree as follows. If ® = p € ATMg or ® = xf € ATM,,
then its decomposition tree T is the tree consisting of a single node labeled with p or :cf re-
spectively. If ® = ©(®1,...,®,) € MOL then its decomposition tree T is the tree defined
inductively as follows: the root of Ty is ® and it is labeled with ® and one sets edges be-
tween that root and the roots ®1,...,®, of the decomposition trees Ty, ..., Ty, respectively.
A subconnective of ® is any vertex of the decomposition tree T. The set of atomic connec-
tives associated to a set C of molecular connectives is the set of labels different from 2% of the
decomposition trees of the molecular connectives of C.

If ® is a molecular connective then the tuple (xf117...,xi-€ll) of dummy connectives which
appear (possibly with some repetitions) in the leaves of the decomposition tree Tg in the in-
order traversal of Ty is called the dummy signature of ®. The same tuple in the same order but
without repetition is called the input signature of ®E| The number [ is called the width of ®. If
(mfll, . ,xf:f) is the input signature of a molecular connective ® of output dimension k& then the
dimension signature of ® is (k1,...,km, k) and its arity is m. We also define the quantification
signature B(®) of ® = O(®1,...,®,) by B(®) = ().

4For example, if the dummy signature of some molecular connective ® is (m},m%,m%, m%, x?, w%) then its asso-
ciated input signature is (x%,a:%,arg, x3).



A molecular skeleton is defined exactly like a molecular connective except that in the above
definition the term “connective” has to be replaced uniformly by the term “skeleton” and ATM
by SKL. Likewise, the arity, dimension signature, output dimension, dummy signature, input
signature, quantification signature and decomposition tree of a molecular skeleton are defined like
those for molecular connectives. The molecular skeleton * associated to a molecular connective
® € MOL is defined inductively as follows:

INE N if ® =0 e ATM
* =
‘(*17"-3*1’7,) lf®:®(®17;®n)
Molecular connectives will be generally denoted ®, ®1,®s ..., ®;, etc. and molecular skeletons
Kk, kg ..., kg, elc. O

Note that the vertices of the decomposition tree of a molecular connective are molecular con-
nectives. Moreover, two different molecular connectives may have the same molecular skeleton,
such as Q1 (0 (21) vVOa(2d)) and Oo(0; (z1) vOsz(23)). One needs to introduce the connective x¥
either in order to deal with molecular connectives whose skeletons are for example of the form
O(p, x¥) where p € ATMj is a propositional letter, or to deal with molecular connectives in which
the same argument(s) appear at different places, like for example in ®(z%,..., 2¥) which is in

fact of arity 1.

Definition 7 (Molecular language). Let C C MOL be a set of molecular connectives. The
molecular language Lc associated to C is the smallest set such that

e the propositional letters of C, denoted Cy, belong to Lc;

o forall ® € Cof output dimension k and input signature (a:fll e mf;”) and for all p1,...,0m

Lc of dimensions ki, ..., k,, respectively, the string of symbols denoted ®(p1,...,¥om),
which is the string of symbols ® where the dummy atomic connectives xfll, . ,xi’: appear-
ing in ® are uniformly replaced by ¢1, . . ., ¢, respectively, belongs to Lc and ®(¢1, . .., ©m)
is of dimension k.

Elements of L¢ are called molecular formulas and are denoted ¢, 9, a, ... The dimension of a
formula ¢ € Lc is denoted k(p). We use the same abbreviations as for the atomic language. We
also assume in the sequel that all our molecular connectives are plain (as in Definition [3). O

Definition 8 (Molecular logic). Let C C MOL be a set of molecular connectives. A (molecular)
C-model M is a C'~model M where C’ is the set of atomic connectives associated to C. The class
of all pointed molecular C—models is also denoted Cc, 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 9, denoted []™ : Lc —

U W*, inductively as follows: for all propositional letters p € C of skeleton (k, &, +,0), all
keN*

molecular connectives ©(®1,...,®,) € C of arity m > 0 and input signature (:cfll, e ,xf:) and
all k,i € N* for all p,p1,...,0m € Lc,
[I™ = TR,
) i (0
[O@®1, @) (P15 o)™ 2 fo ([@1(eh, - om)IT [®nlels - om I
where for all j € [1;n], if (.’EZJJI R ) is the input signature of ®; then (¢7, .. S P,) =

J

(<pj17' c @]m7)'



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 ® of dimension signature (ki,...,kp, k) of the given
atomic logic has to be transformed into the molecular connective of skeleton @(xlfl, oo ke,
We recall that the z¥ are in fact specific atomic connectives whose associated relations are the
identity relations (see Example [4)).

Example 5 (Temporal logic). The temporal language L1 is defined inductively by the following
grammar in BNF:

Lrv: o == T | L | p | ~o | (eAe) | Ule,e) | Slpe)
where p € ATMg. A temporal model is a tuple M = (W, {<, Py,..., P,,...}) where: W is a
non-empty set; <C W x W is a binary relation over W;Py, ..., P,,... C W are unary relations

over W.

We write w € 9 for w € W by abuse and the pair (91, w) is called a pointed temporal
model. The class of all pointed temporal models is denoted Ct.. We define the satisfaction
relation = 1. C CtL x L1 by the following truth conditions. Below, we write (9, w) = ¢ for
(M, w),p) € = 1. For all temporal models M = (W,{<, P1,...,Pp,,...}), all w € M, all
p, ¥ € L1 and all p; € SKLy,

(M,w) =T always;

(M, w) = L never;

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

(M, w) = - iff it is not the case that (9, w) = ¢;

(Mw) = (pAw) i (w) o and (0, w) F o

(M, w) = U(p,¥) iff there is v € W such that w < v and (9, v) = ¢ and
for all w € W such that w < u < v, (9, u) = 1;

(M, w) = S(p,) iff  there is v € W such that v < w and (9M,v) = ¢ and

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

The triple (L11,CrL, = 1) forms a logic, that we call temporal logic.

Encoding of temporal logic as a molecular logic. Let us consider the skeletons defined
by the following first—order formulas:

1 (z) 23yz2’ (Py A Qzz’ A Ryz2'x)

S (x) 23yzz’ (Py A Qzz’ ARzzz'y)

w(x,2') 2Vy (Py Vv =Syxz’)
©®1, ®] and ©9 are atomic skeletons (this is independent from the definitions of R and S). The
connectives of skeletons ® = ©1(z1, ®2(23)) and ® = @) (z}, ®2(23)) are normal molecular
connectives standing for the ‘Until’ and the ‘Since’ temporal operators U and S. Let
My = (W, {<1,P}) and My = (Wa,{<2, P}) be two temporal models. We represent these
temporal models by the C—models im‘{’s = (W1,{R1, 51, P}) and sm?s = (W2,{R2, S2, P})
respectively such that for all vy, uy,u), w1, w] € Wi,
Ryviuujwy iff wy <3 vy, w1 = uy and vy = u} (1)

S1viwiw] iff wy <3 vy <3 W) (2)



and likewise for Ry and Sy of 9My. One can show that for all ¢ € Lc and all w; € Wy,
(M1, w1) = o iff (Emi]ﬂawl) - ¢ (and likewise for My and img’s)- O

4 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 9 (Boolean connectives). The Boolean connectives called conjunctions, disjunctions,
negations and Boolean constants (of dimension k) are the atomic connectives denoted, respec-
tively BLN = {/\k7 Vi, =k, 1 ks Lk, Tk | ke N*} where

Nk é((kak7k7a7+a+7+71d)a0) Tk é((ka3a+)70)
Vi £ ((k, k, kY, +, 4, —,1d),0) Lr & ((k,V,-),0)
Tk = ((k7 k7 37 _7 +7Id)70) %ké((kv k7 k7V7 _7 +a (37 ]-7 2))7 O)

In any C-model 9t = (W, R) containing Boolean connectives, the associated relation of any Vi,
Ak or =y is Ry, = Ry, = R, = {(w,w,w) | w € WF}, the associated relation of — is
R-, 2 {(w,w) | w € W*} and the associated relation of any T or 1 is Ry, = R, = W*. We
will often omit the subscript & in Ax, Vg, =&, Tk, Lk, 7& when it is clear from the context and
simply write A, V, —, T, L, =. We define BLN* to be the set of all atomic connectives which are
residuated with some connective of BLN, BLN™ £ {® € BLN* | &,(®) = — for some j € {1,2}}
those that have a negative tonicity in their argument(s) and BLNy those of dimension k.

We say that a set of atomic connectives C is complete for truth constants, conjunction and
disjunction (resp. negation) when it contains all truth constants, conjunctions and disjunctions
Tk, Lk, Ak, Vi (resp. Boolean negation —), for k ranging over all input types and output types
of the atomic connectives of C. We say that a set C of atomic connectives is Boolean when
it contains all conjunctions, disjunctions, material implications, constants as well as negations
Aks Vi, =k, Tk, Lg, 7k, for k ranging over all input dimensions and output dimensions of the
connectives of C. The Boolean completion of a set of atomic connectives C is the smallest set of
connectives including C which is Boolean. A Boolean atomic logic is an atomic logic such that
its set of connectives is Boolean. O

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 o, € Lc¢, if k(@) = k() =k, then

[Te]™ = Wk [o Ak ]™ = [e]™ N [w]™
[Le]™ = 0 [o Ve o] = [e]™ U [g]™.
[Frel™ = Wr—[o]™ [p—=ey]™ = (WF—[e]™) U™

5 Atomic and molecular logics with information order

Many logics include in their semantics a preorder C over states of the models, sometimes called
an information order or an order relation, such as the family of relevance logics but also the
Kripke semantics of intuitionistic logic. Intuitively, w C v means that everything that is true
at w is true at v. Hence, because of this intuitive interpretation, the valuation of propositional
letters p by predicates P should consist of so-called “cones of situations” and should satisfy the
following condition, sometimes called the “persistence” condition in intuitionistic logic:

if Pw and w C v then Pu. (Heredity condition)
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Some other conditions must be imposed on the accessibility relations associated to the con-
nectives so that the [Heredity condition| transfers to all formulas of the language, which is a
common desideratum, or only to a sub-language of the whole language.

As it turns out, because of its grounding in gaggle theory, these conditions can be automat-
ically defined from the signature of the atomic connectives considered. This information order
was part of Dunn’s original gaggle theory [28] p. 98-99] and can be very easily and naturally
integrated within the framework of atomic and molecular logics.

Definition 10 (Atomic and molecular model with information order). Let C be a set of atomic
connectives. A persistent set of connectives associated to C is a set of atomic connectives D C C
such that DN Cy # @ and D N BLN™ = (), that is, D contains some propositional letter(s) of C
and no Boolean connective of negative tonicity.

Let 9 = (W,R) be an atomic C-model. A D-information order over 9 is a preorder CC

U (W* x W¥) such that for all © € D—BLN" of skeleton (k, &, +1,...,+,,+,0), all j € [1;n]
keN*

— — R —
and all @y, ..., W, W}, ..., W, w,w € wO,C),

— to—
nw and wjgwj then R5%ws ... w;

gl

o if RE7w, ... W;... W, W

g

J
/,

(Tonicity postulates)

@
Cw, if+;B=+
C

where w; 0w = { g4om
1 7 = —

g

J

w
. +o— —_— — —/ +o— —
o if RG7w: ... w,w and w E W' then R 7w ... w,w' .

An atomic C-model (C-frame) together with a D-information order C is called an atomic C-
model (resp. C-frame) with D-information order. A molecular model with D-information order is
a molecular model such that its associated C’-atomic model is with D-information order, where
D C C' is such that DN Cjy # ) and DN BLN™ = ().

Note that any atomic or molecular model with D-information order satisfies the
for the propositional letters p of D since this condition is an instance of the
for the connectives p.

Proposition 2. Let C be a set of atomic (molecular) connectives and let MM be an atomic (resp.
molecular) C-model with D-information order ©. Then, for all W,v € w(M, C) and all p € Lp,
if (M, w) |- ¢ and w C v then (M, D) | ».

Proof. By induction on (. O

Information orders allow us to have a more fined-grained account over the class of (non-
classical) logics. As one can easily see, if we decide to take C as the equality =, then we just
recover all our previous definitions of atomic and molecular models. So, in a sense, atomic
and molecular models with information order are a generalization of our previous atomic and
molecular models. By using information order, we have more freedom and accuracy over the
definition of our semantics and therefore we can devise more refined and sometimes more complex
(non-classical) logics.

Definition 11 (Atomic and molecular logics with information order). An atomic (molecular)
logic with information order is an atomic (resp. molecular) logic such that all its atomic (resp.
molecular) models have an information order.

Example 6. On the one hand, intuitionistic and superintuitionistic/intermediate logics are
canonical examples of atomic logics with information order (see Section [11.4). On the other
hand, modal intuitionistic logic is an example of molecular logic with information order.
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6 Modal polyadic logics versus atomic logics

Another example of Boolean atomic logic is polyadic modal logics, as we will now show.

6.1 Modal polyadic logic

These definitions are taken verbatim from Goranko & Vakarelov [34], except for the last clause
of Definition [15| (we also removed the assumption that the propositional variables are countably
infinite).

Definition 12 (Modal similarity type). A purely modal polyadic language £, contains a set
of propositional variables VAR, negation —, and a modal similarity type T consisting of a set of
basic modal terms (modalities) with pre-assigned finite arities, including a 0-ary modality ¢¢, a
unary one ¢; and a binary one ¢s. O

The intuition behind the three distinguished modalities above is simple: ¢; will be interpreted
as the constant T and its negation L; ¢; will be interpreted as our dummy connectives zs [6]
Example 3] and to will be the Boolean disjunction V and its dual the Boolean conjunction A.

Definition 13 (Modal polyadic language). By simultaneous mutual induction we define the set
of modal terms MT(7) and their arity function p, and the set of (purely) modal formulas M F(r)
as follows:

(MT i) Every basic modal term of MTy(7) is a modal term of the predefined arity;

(MT ii) Every formula containing no propositional variables (hereafter called a constant for-
mula) is a 0-ary modal term;

MT iii) If n > 0, a,B1,...,0n € MT(7) and p(a) = n, then «(f1,...,8,) € MT(7) and
p(a(B, ..., Bn)) = p(B1) + ...+ p(Bn).

Modal terms of arity 0 will be called modal constants.

(MF i) Every propositional variable is a modal formula;
(MF ii) Every modal constant is a modal formula;
(MF iii) If ¢ is a formula then =y is a formula;

(MF iv) If ¢1,...,¢, are formulas, a is a modal term and p(a) = n > 0, then [a](p1, ..., @n)
is a modal formula.

A

We also use the abbreviation (a)(¢1,...,¢n) = 2[a](m@1, ..., 7). O

Definition 14 (Kripke 7-model). A (Kripke) 7-frame is a structure F = (W,{R, | « €
MTy(7)}) where the relations R, are such that:

e R,=W,R, ={(w,w) |weW} R, ={(w,w,w) | we W}
o for every basic modal term o« € MTy(7), Ro C wele)+1,

A (Kripke) T-model over F is a pair M = (F,V) where V : VAR — P(W) is a valuation of
the propositional variables in F. O

Note that any 7—frame is a C—frame, and vice versa.
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Definition 15 (Modal polyadic logic). The truth condition of a formula at a state w of a Kripke
model M is defined through the following clauses: for all basic modal term «,

s M,wil=piff we V(p);
o M, w =~y iff not M, w = p;
o Mywk[a)(¢1,-..,pn) iff for all uy, ..., u, € W such that Ryus ... un,w, M, u; = ¢; holds

for some ¢ € {1,...,n};
e Mwl [a(ﬁl,...,ﬂn)](go%,...,@lfl,...,@}”...,gpfln) iff
Mow = (o] ([Bi)(eh o @8, o [Bal (ks 050 =

Canonical formulas are (modal) formulas which are true on the canonical frame for a (modal)
logic which includes them as theorem, and therefore their first—order frame correspondent holds
in the canonical frame as well. Hence, they enable to prove the completeness of various calculi
w.r.t. a Kripke semantics.

Theorem 2 (Goranko & Vakarelov [34]). Every inductive formula is canom'cal

6.2 Equi-expressivity of Boolean atomic logics of dimension 1 and
modal polyadic logics

6.2.1 Translation from modal polyadic logics to Boolean atomic logics of dimension
1

Definition 16 (Atomic connectives associated to a modal similarity type). Let 7 be a modal
similarity type. The set of atomic connectives associated to T, denoted C., is the set of basic
modal terms together with the set of propositional variables VAR as well as the truth constants
T1 and the Boolean disjunction V; and negation —; of Definition @ O

Definition 17 (C,—model associated to a 7-model). Let M = (W,{R, | « € MT(7)},V) be a
7-model. The C,-model associated to M is the C,—model T(M) = (W,{Rs | a € MTy(7)} U
{R, | p € VAR}) where MTy(7) is the set of basic modal terms and for all p € VAR, R, £ V (p).

Definition 18 (Formula associated to a modal polyadic formula). Let 7 be a modal similarity
type and let ¢ be a modal formula of MF(7). The formula of Lc. associated to ¢, denoted
T(p), is defined inductively as follows: for all basic modal term « € 7 (distinct from ¢g, t1, ¢2)
and all p € VAR,

T(p) £p T(10) £ T
T([t1]e) £ T(p) T([e2](; %)) 2 V(T(9), T(¥))
O o, T ) 2 0Tl T

£ a(T([Bi(¢1s- o 1))+ DBl (pns - 0))-

Proposition 3. Let 7 be a modal similarity type, let ¢ be a formula of MF(7) and let M be a
T-model. Then, for all w € M, it holds that M, w |= ¢ iff T(M),w |~ T(p).

Proof. The proof is without specific difficulty. It suffices essentially to check the preservation of
truth for every clause of Definition O

5Inductive formulas (for polyadic modal logics) are defined by Goranko & Vakarelov [34].

13



6.2.2 Translation from atomic logics of dimension 1 to modal polyadic logics

Definition 19 (Modal similarity type associated to a set of atomic connectives). Let C be a
set of atomic connectives. The modal similarity type associated to C, denoted 7c, consists of
the orbits of C as well as g, ¢t; and tg; the propositional variables VAR of £,  consist of the
propositional letters of C. The basic modal term associated to an orbit containing the connective
©® is denoted a. O

Definition 20 (7c—model associated to a C-model). Let C be a set of atomic connectives and let
M = (W, R) be a C-model. The 7c-model associated to 9 is the 7c-model T~ (M) = (W, {R,, |
a € MTy(7)},V) such that

o for every basic modal term o € MTy(7c) corresponding to the orbit of a connective ® € C
of skeleton (k, &, +1,...,£j,...,%n, £,0), we have that

~RY7 i E=V
Ry = +o . ;
R7 if £E=13
o for all p € VAR, we have that V(p) = R,,. O
Hence, every rc—{rame based on T~ (9M) is equal to the C—{rame based on 9.

Definition 21 (Modal polyadic formula associated to an atomic formula). Let C be a set of
(Boolean) atomic connectives and let ¢ be a formula of Lc. The modal polyadic formula of
MF(7¢) associated to o, denoted T~ (), is defined inductively as follows:

v
(@) (1T (1), ..., £, T () if B(®) =3

T (Q(Wla e 79071)) £ {[a@](ilT_ (@1)7 R :l:nT_ (‘pn)) if PE(Q)

- if +; = —

) . O
empty if £; =+

where for all j € [1;n], we have that +; £ {
Proposition 4. Let C be a set of atomic connectives, let ¢ be a formula of Lc and let I be a
C-model. Then, for allw € M, M, w = ¢ iff T~ (M), w |- T~ (p).

Proof. The proof is without specific difficulty. It suffices essentially to check the preservation of
truth for every clause of Definition O

In the following theorem, we use the notion of equi-expressivity introduced in [2].

Theorem 3. The class of modal polyadic logics is as expressive as the class of Boolean atomic
logics whose connectives are all of dimension (1,1,...,1).
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Proof. Because of the two previous propositions, it suffices to prove that for all 7—models M,
T (T(M)) = M and for all C-models M, T(T~(M)) = M (= is the equivalence w.r.t. the
appropriate languages). This can be easily checked. O

Remark 1. One may argue at this stage that there is no point in considering and introducing
atomic logics: one should instead simply introduce polyadic modal logics with dimensions since
they seem to be equally expressive overall. The reply is that the definition of the connectives
of atomic logics are much more precise and allow for more diversity and flexibility than with
typed polyadic modal logics, because of the parameters that are taken into account to define the
connectives, in particular the tonicity signature. The formulas can somehow always be turned to
‘equivalent’ ones in both direction but the connectives and logics defined within the atomic logics
framework are more refined and varied, allowing to capture many more non-classical logics. For
example, the relevant implication — of the Routley-Meyer semantics is an atomic connective but
it cannot be reduced to a modality [52]. It also turns out that we can obtain sound and complete
axiomatizations (Theorem M) as well as model-theoretical results in a generic fashion for a much
larger class of logics than mere (typed) polyadic modal logics [4]. Finally, our generalization
with information orders, based on the tonicity signature, allows us to capture logics satisfying
the [Heredity conditionl such as intuitionistic logic and intermediate logics. This is not possible
with polyadic modal logics.

7 Group actions and residuations

In 2], a group action of the symmetric group over the set of gaggle connectives was introduced.
In this section, we are going to redefine it in a simpler and more concise way. It will turn out to
play a crucial role in the proof theory of atomic logics.

7.1 Group action

If X is a set and G a group, a (left) action of G on X is a function a : G x X — X given
by (g,z) +— gz such that: zId = x for all z € X; (g1g2)z = ¢1(g2z) for all z € X and all
g1,92 € G. If x € X and a an action of a group G on X, then the orbit of x under « is
Ou(z) 2 {a(g,7) | g € G}. The orbits form a partition of X.

Let G and H be two groups. If o and 3 are actions of G and H on a set X, then the free action
axf3 is the mapping a*3 : GxH x X — X defined by ax3(g,7) = a(gi, ..., (B(hn_1,a(gn, 7)))),
where g = g1h1 ... gnh, is the factorization of g in the free group G * H. This definition can be

generalized canonically to the case of a finite number of actions aq, ..., a,, yielding the mapping
Q1 % ..k Quy.
One can easily show that if a, ..., a, are actions of G1,...,G,, on a set X respectively, then

the mapping ay * ... * @, is an action of the (free) group Gy *...* G, on X.

7.2 Group actions over atomic connectives

Below we define the group actions «,,, 3, 7, of the symmetric group and the dihedral group over
the set of atomic connectives[f]

6The definition of a,, is inspired but slightly different from the group action introduced by Espejo-Boix [30,

Definition 2]. We resort here to the extra components 4,41 and 5;+1, always equal to +.
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Definition 22. Let n € N*, « = (ky,...,kpy1, B, +1,...,+,,+,0) € SKL,, and 7 € &,,4;. For
all j € [0;n], we first define A, = 67+~ (n41) Where

5n+177(n+1) B otherwise

5 b + ifj=71(n+1) A+ fn+l=7(n+1)
On+1,7(n+1) Otherwise
and we also set +,,4; = + and 07 11 e —|— Then, we define the function a,, : 6,11 x SKL,, —
SKL,, as follows:

an(T, °) £ (k'r*(l); sy ]{1,,.7(”+1), AofE, Ali,,.f(l), ceey An:l:'r*(nﬁAo:ta T O 0').

The function a,, induces a function a,, : ATM x &,,11 — ATM on the set ATM of connectives
A

of arity n defined by oy, ((+4),7) £ (a,(7,+),i). Likewise, we define the functions 3, : Z /o7, x
ATM — ATM and 7, : Z /97, x ATM — ATM by

(—ei) if+=— ‘ A{(N-,i) I

ﬂn(iv ('7i)) £ {(.72.) T Vn(:ta ('vZ)) - (',i) i+ =+

where — - £ (/{17...,kn+1,7E,7:|:1,...,7:|:n,7:|:,0')
and ~ 2 (ki,... koy1, B, %1, ... £, —%,0).

an(7,+), an(7,®) and B, (%, ®) are often denoted 7+, 7® and £O respectively.
Remark 2. Note that if n +1 = 7(n + 1) then
Te = (kT—(l), ceey kT*(n—i-l)a}Ea in(l), ey i.,.f(n), i,T o 0’) . (Res)

Definition 23 (Common set of connectives). A set C of atomic connectives is common when
for all pairs of residuated connectives ®,®" € C, we have that O, 43, (®) = Oq,, s, (©'), that is,
O'=1-—71...— T® for some 7o, ..., T € Spi1.

Common sets of atomic connectives correspond to a very large class of logics. As far as
we know, all non-classical logics which are atomic logics are based on some common set of
connectives [

8 Hilbert calculi for atomic logics

In this section on Hilbert calculi, we define the notion of provability (deducibility) from a set of
formulas, i.e. ¥ Fp ¢ as follows. Let L = (£,C, |- ) be an atomic logic and let ¥ C £ (possibly
empty and not necessarily closed under uniform substitution) and ¢ € £ be of dimension k.
Then, we say that ¢ is provable from ¥ in a proof system P for £, written ¥ Fp ¢, when there
is a proof of ¢ in the proof system P + 3.

We assume in what follows that C is a class of pointed atomic models (9%, w) but it could
also be a class of pointed atomic frames (§F,w). We write (9, w) |~ 3 when for all ¢ € X, we

7Setting (5;+1 to + does not play any role in this definition but it might appear in the expressions and play a
role if we apply the group action successively to several permutations 7.
8 An exception might be Levesque’s logic of only knowing [43], because we might need to refer to the complement

of the epistemic accessibility relation so as to be able to capture it as an atomic logic.
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have (O, w) |- 1. We say that ¢ is a logical consequence of X, written ¥ |- Lo, when for all
(M, w) € C, if (M, w) |3 then (M, W) |- ¢; ¢ is valid, written |- e, when for all (9, w) € C,
we have (M, W) |- ¢; ¢ is satisfiable when there is a model (9, w) € C such that (9, w) |- .
An inference rule of the form “from o1, ..., @, infer ¢” is valid when 1, ..., @, being all valid
implies that ¢ is valid. We say that ¢ is globally valid (globally unsatisfiable) when for all
(M, w) € C and for all W’ € w(M, C) of the same dimension as ¢ (resp. for no w’ € w(M, C)), we
have that (9, @) |- ¢f]

The notion of strong completeness of a (Hilbert) calculus P for a logic L is defined as usual
by 3 | Ly implies ¥ Fp ¢ and, conversely, a calculus P is sound for a logic L when Fp ¢ implies

= L.

Definition 24. Let C be a common set of atomic connectives (complete for Boolean connectives
or not). We denote by Pc the calculus of Figure O

Theorem 4 (Soundness and strong completeness, [6]). Let C be a common set of atomic con-
nectives. The calculus Pc is sound and strongly complete for the Boolean basic atomic logic

(ﬁc’ CC’ Hﬁ )

Our calculus Pc is well-defined and, to be more precise, the axiom |A5| does not depend on the

particular residuation equation @ =19 — 71 ... — 7, ® that we pick, as proven by Proposition 4
of [6].
Remark 3. The set C of atomic connectives is not necessarily Boolean. Yet, the calculus Pc
includes axioms and inference rules with Boolean connectives. This is because for any basic
atomic logic, its extension with Boolean connectives is a conservative extension, as proven in [6]
Theorem 7] (recalled in Proposition [§] below). So, even if the proof of a formula may contain
extra Boolean connectives, if the conclusion of the proof does not contain any, the proven formula
is nevertheless valid in the initial logic without Boolean connectives.

Example 7 (Modal logic). If we take C = ATMg U BLN; U {(J, 0} to be the set of atomic con-
nectives of modal logic with ¢, 0 atomic connectives of skeletons ((2,1),+,¢1) and ((2,1), —, t2)
respectively then we have that (2 1) — (2 1) — O = ¢ (O and ¢ are dual of each other, see [2]
Proposition 30]) and the C-models MM = (W,R) € &c are such that Ry, = Rp. The Hilbert
calculus Pc that we obtain and which is sound and complete for (this) modal logic is spelled out
in Figure [2l Note that this proof system is novel. It can be simplified and is in fact equivalent to
the classical proof system of modal logic [10, Definition 1.39] (see [0, Appendix F] for details). O

9 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. So, they essentially behave as ‘macroscopic’ atomic
connectives of quantification signatures V or 3.

First, just as we have tonicity signatures for atomic connectives, we can also define an adap-
tation of this notion for molecular connectives in general.

Definition 25 (Tonicity signature of a molecular connective). Let ® be a molecular connec-
tive and let ® be a molecular sub-connective of ®. We define the tonicity of ® w.r.t. ®,

9The distinction between validity /unsatisfiability and global validity /unsatisfiability plays a role in some logics
which distinguish two kinds of states, such as relevance logic [52] where validity is defined w.r.t. normal worlds

(see Section [11.2)).
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e Aziom schemas:

Any sound and complete axiomatization of propositional logic CPC
For all ® € C such that B(®) =3,

if +;(®) = + then

O (@10 V@ n) = O(P1, -, Phs e 00) V O(@1, -, P 0n) Al
lf i](Q) = — then
@(@17...7apj/\g0;-7...,g0n)—>® gol,...,goj,...,gon)\/@(<p17...7<p;-,...,<pn) A2

For all ® € C such that A(®) =V,
if +£;(®) = + then

O(P1y- 5 @jse s Pr) AO(P1, - Py ooy Pn) = O(P1, 505 APy o) A3
if :|:](®) = — then
@(4101""7§Oj7"'7@7b)/\Q((pl)"'a(p;’a"'aw’H)_>®(<)01""a<pjvg0_/j7"'7@n) A4
For all ®,®" € C such that ® =79 — 7 ... — 7, ® for some 7g,...,Tm € Gpy1:

denoting p = (TpoT 0...07Tp) ,
S <®/7 ip(l)@p(lﬁ teey in+1 © (4,01, RS 41071)7 RS j:p(n—i_l)<)0/J(’r7r|>1)> A5

O, n) = ¢ if B(O) =3

—p if £ =— 940 4T 0
:I:goz{ w1 { 1 T2 m if m #
© +

where S (®,9¥1,...,0Un, V) £ {

dforall je[lyn+1], £ =
if 4= nGiOrARY [in+1] if m=0

ifr,omqpi10...omp(j)=n+1

where for all i € [1;m], +] =< .
+ otherwise

e Inference rules:

From ¢ and (¢ — %), infer ¢ MP
For all ® € C such that A(®) = 3,

if £;(®) = + then from —¢;, infer = © (1,...,9;,...,¢n) R1
if £;(®) = — then from ¢;, infer 2 © (p1,...,¢4,...,¢n) R2
For all ® € C such that B(®) =V,

if £;(®) = + then from ¢;, infer © (¢1,...,9;,...,¢n) R3
if £;(®) = — then from —y;, infer © (p1,...,94,...,¢n) R4
For all ® € C,

if +;(®) = + then

From ¢; — ¢}, infer © (@1,...,@j,-- ., 0n) = O(@1,. -, ), 0n) R5
if £;(®) = — then

From ¢; —><p;, infer @(@1,...,@;,...7¢n)—>®(g01,...7apj7...,gpn) R6
O P15y PGy Py, Pn TADGE OVET Lebin, CB™N s the Boolean completion of C.

Figure 1: Hilbpgt calculus Pc




Any sound and complete axiomatization of propositional logic
Ol V) = OpV Oy

Ope AOy — O(p A)

O—p — -l

~0p = O

From —p, infer =0y

From ¢, infer Oy

From ¢ — 9, infer Oy — Oy

From ¢ — 1, infer O — Qv

From ¢ and ¢ — 1, infer ¢

The formulas ¢, 1) range over Lc, C are the connectives of Example [7}

Figure 2: Hilbert calculus Pc instantiated with the atomic connectives C of modal logic.

denoted tn(®',®), inductively as follows. If ® = ® then tn(®,®) = +. Otherwise, if
® = O(®1,...,®,) with © = (k, B, +1,...,%+,,+,0) and ® appears in the decomposition
tree of ®; then tn(®',®) = +,;tn(®',®;). The tonicity signature of a molecular connective
is the tuple (£1,...,4;) of the tonicities tn(x¥, ®) of the connectives labeling the leafs of the
decomposition tree of ® of the form x¥ (possibly with repetition). We say that the tonicity
signature (£1,...,4;) of a molecular connective ® is coherent if all tonicities +;s corresponding
to the same a:;f in the decomposition tree of ® are equal. In that case, its tonicity signature is
also denoted (+1,...,%,,) by abuse, where %, is the unique tonicity of the corresponding xf

appearing in ® and is also denoted =£;(®).

Example 8. In this section, the connective D is the implication of relevance logic and —
is the (Boolean) material implication (see Definition E[) They both have the same skeleton. If
® = 1 D Ozl then tn(®, 2}) = — and tn(®, z3) = tn(®,Oxl) = +. Therefore, if ® = z} D Ol
then the tonicity signature of ®’ is not coherent.

Definition 26 (Basic universal and existential molecular connective). Let C be a set of atomic
connectives. A molecular connective ® based on C is basic universal (resp. existential) when the
tonicity signature of ® is coherent and the following hold:

o E(®) =V (resp. B(®) = 3);

o for each node of its decomposition tree labeled with ® = (k, B, 41, ..., +,,4,0) and each
of its jth children labeled with some ®; € MOL such that the subtree generated by this
j' children contains at least one zf, we have that B(0;) = +;&.

Example 9. On the one hand, the molecular connective ®(p, z¥) is a basic universal (resp.
existential) molecular connective if B(®) = V (resp. £(®) = J). Likewise, (x1 D Uzi) and
®(Ox1,p) are universal and existential molecular connectives respectively. On the other hand, the
molecular connectives (O~ x1 and (Ozi D Oxl) are neither universal nor existential molecular

connectives.

Definition 27 (Relation associated to a molecular connective). Let C be a set of molecular

connectives and let ® = O(®1,...,®,) € C be a molecular connective with @ of skeleton
(K9, kgﬂ), 3,4+9,...,£9, +,0). Let (xfll, e ,le) be the dummy signature of ®. We also

denote k = k¢, ; the output dimension of ®.

19



Let 9 = (W, R) be a C-model. We define the relation Rg inductively as follows. First, we
set R_o = Rg if ® is an atomic connective and if + € {+, -},

p ifE=+ O(®1,...,®n) if £ =+
4p £ and £ ® (®1,...,®,) = .
P —p if+=-— (®1 ) -0 (®1,...,®,) f+=-—

o If the arity m of ® is 0 then Rg = [®]™;

o If the arity m of ® is greater than 0 and & = 3 then for all w € Wk, w, € Wk, ... W, €
Wk we set

— - . — © _ o]
Rew, ... wyw iff Jo; € Wk ... 9, € Wha

(Rgﬂgl TR A Ri%lw% LWTLA A Riog Wr.. .@?ﬂm)

4 ki,
where, by definition, for all j € [1;n], the dummy signature (332]11,“-,372':]) of ®; is
. j .
a precise sub-sequence of the dummy signature (xfll,...,xfll) of ®, so (E{,...,@{j) =
(W), - - ,Ejlj) is the corresponding sequence of tuples of states.

o If the arity m of ® is greater than 0 and & =V then for all w € W’“,El eWh ... e
Wk we set

— . © _ ©
Rew; ... ww iff Yo, € Wh ,...,vneW’“n

(Rgam TV Ri%lw} LWLV .V Ryeg WY .E?n@n)

where, for all j € [1;n], the tuples @}, ... ,ng are defined as above.

Unsurprisingly, the semantics of basic universal and existential molecular connectives is simi-
lar 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 molec-
ular connective ® = ®(®1,...,®,) yields three different values: n,m and [. They can be all
different in general. The value m is the arity of ®, n is the arity of ® and [ is the width of ®, the
number of leaves of the decomposition tree T of ®. The value m is also the number of different
labels 2% of the leafs of the decomposition tree Ti. Hence, the size [ of the tuple of the tonicity
signature of a molecular connective ® is larger than the arity m of ® because in the former case

we take into account repetitions of the same z¥s.

Proposition 5. Let C be a set of molecular connectives and let ® € C be a molecular connec-
tive of dimension signature (k1 ..., km, k), tonicity signature (1, ...,4;) and dummy signature
(xfll, e ,acfll), Let M = (W,R) be a C-model and let w € WF.

e If® is a basic existential molecular connective then

W € [®(¢1,. .. om)]™
iff Jwy ... w (W1 M [, ] A AWy [0, ]™ A Retn ... w0 )

o If ® is a basic universal molecular connective then
w e [[®(5017 ) @m)ﬂm
iff vy ... w (W1 My [, ] VLV [l ]V Rets ... w0)
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where the Rgs are defined in Definition [27 and for all j € [1;1],

oo oa )W E [ [T if =
w; M [[@zj]] _{wj¢[[<,0ijﬂm if:l:jZ—.

Proof. The proof proceeds by induction on the inductive definition of basic universal and exis-
tential molecular connectives. We only prove the existential case, the proof for the universal case
is similar.

Assume that ® = @(x’fl,...,x’;") is an existential molecular connective with ©® of skele-
ton (k,3,£9,...,£9,4,0). Then, | = n and we have that Rgw; ...w,w holds iff there are
?1...0, such that R%“@l ...U,w and w; = v; and ... and w, = U,. Then, we have that
Rew; ... w,w iff R%”ﬁl ... w,w. However, by definition, we have that for all ¢1,..., 0, € Lc+,
w e [@(p1,. .., o)™ iff Fy ... @, (W1 y [0 ] AL AW, M [, ] A Rewy - .. W w). We
obtain the result by replacing Ré" by Rg.

Now, we prove the induction step. If ® = ©(®1, ..., ®,,) is an existential molecular connective
with ® of skeleton (k,3,£7,...,£9 4 o) then for all ¢1,...,¢m € Lc+, we have that @ €
[®(p1, .-, om)]™

iff 301 ... 0 (RE701 ... 0@ ATy hy [®1(), .o, b )] A AT,y [® (07, - . 00 )]™) by
the truth condition for ®

iff 301 ... U (R0 ... 0, 0AT; € [£7 @1 (01, ..., 0l )TN AT, € [£D @0 (07, .., 07 )]™)

iff 301 ... 0 (RE7D: ... 0, 0AT0} ... 0L, (W] Y [pi]™ A . AL [} I AR o g, @1 ... W, T1)A
o ANTwy @y (@ A [t A AT A (9P 1A Riog, WY LW T))

iff Jwy ... w;, ... wt ... wp (W) M [ei ] A AW [ef 1AL AT AT [P A LA
wp A7 [ef 1™ AT T (RETL U A Ryog W WLTLA . A Ryog WY ... W} D))

iff Jw, ... w(wy hy [ ] A ... Aty [, ]™ A R ... ww) because the union of the
sets of leaves of T, for each ®;, which corresponds to the tuples W} ...w} ... W} ... w} , is the
set of leaves of Ty, which is denoted here wjy ...w;. This proves the induction step. O

The tonicities + or — of a molecular connective encode the isotonicity or antitonicity of its
arguments, as the following proposition shows.

Proposition 6. The rules[R5HR0| of Fig.[1] are globally valid for all coherent molecular connective
® and the azioms (resp. and the rules (resp. are globally valid for

all basic universal (resp. existential) molecular connectives ®.

Proof. The proof of the first part is by induction on the structure of molecular connectives. The
base case where ® is an atomic connective ® corresponds to the validity of rules The proof
of the second part follows from the previous proposition since the semantics of basic universal
and existential molecular connectives is equivalent to the semantics of atomic connectives of
quantification signatures V and 3 respectively. O

The definition of basic universal and existential molecular connectives implies that the Boolean
negation of a basic universal (resp. existential) molecular connective is a basic existential (resp.
universal) molecular connective. However, —1(x1 D> Ozi) and ®(0xi,p) — L are not basic
universal or existential molecular connectives, although they should be: —i(x1 > Oz}) should
be existential and ®({Qz1,p) — L should be universal. Moreover, intuitively, there should be
(molecular) connectives which are both universal and existential: for example the dummy con-
nective x{“ or the Boolean negation -}, (which is equivalent to —%) This leads us to the following
more general and semantic-based definition. Basically, we consider the axioms and inference
rules validated by universal or existential atomic connectives to define their molecular versions.
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Definition 28 (Universal and existential molecular connective). Let L 2 (Lc,&, |- ) be a
Boolean atomic logic based on a set of molecular connectives C. A molecular connective ® based
on C is universal (resp. eristential) in L when the tonicity bignature of ® is coherent, the rules

-Im of Fig. |1] are globally valid in L for ® and the axioms 4| (resp. |AIHA2)) and the rules
IR3HR4| (resp. [R1HR2)) are globally valid in L for ®.

Note that every basic universal or existential molecular connective is universal or existential
respectively because of Proposition [6] The following proposition shows roughly the converse,
more precisely that a universal or existential molecular connective can always be turned into an
equivalent basic one. Hence, our more general and semantic-based Definition 2§ of universal and
existential molecular connectives is somehow equivalent to its ‘basic’ syntactic-based Definition
20

Proposition 7. For every molecular logic, there is an equally expressive molecular logic where all
universal and existential molecular connectives are equivalent to atomic connectives of universal
and existential quantification signature respectivelym

Proof. Let L = (Lc,&, |- ) be a molecular logic based on a set of molecular connectives C.
We are going to define an equally expressive logic L' = (L¢/,Ecr, = ) where C is the set of
molecular connectives C where all universal and existential molecular connectives ® of C have
been replaced by atomic connectives @ of the same tonicity signature, dimension signature and
quantification signature (and a positive relation signature). This defines a canonical translation
t from Lc¢ to Lc and its converse t~. Now, we are going to define the class of C’-models &
in two steps. First, we consider the class {([[, 9, ][, @) | (M, w) € Ec} of pointed C-models
consisting of all ultrapowers of C-models of Ec, where U is a countably incomplete ultrafilter over
a set I (of the same cardinality as the cardinality of the domains of the C-models of £c). Hence,
by [?, Theorem 6.1.1], all these pointed models (I, 9, [[, @) are w—saturatedm Second, for
each universal or existential molecular connective ® € C, we define in [],, 9 the relation R, as
follows: for all [, w1,..., [y @Wn, ][], @ belonging to [], M

o if BE(®) = 30 we have that R{ [[, W1 ...[[y wn [, @ iff for all ¢1,...,0, € Lc, if
T, @ s [erJHe ™ and ... and [T, @ iy [on]lle ™ then [T, @ € [®(¢r, ..., on)] o

o if B(®) = V: we have that not R, [[, w1 ...][, @, ][], @ iff for all ¢1,...,¢, € Lc, if
I, @ € [®(¢r, - .. )] Lo ™ then T, @ty [er 1o ™ or ... or [Ty @n M [on] Lo ™

m W i if +; =
Where, forj = [[]_7n]], HUEJ m] [[SDJ]]HUW S (HU 7HUwJ) H:SDJ 1 J + and
not ([T M 11y ;) |- if &5 = -
(%£1,...,%,) is the tonicity signature of ®. These definitions of relations are the same as in

the definition of the canonical model M° of [6]. These two steps define a new class of pointed
C’-models £ where all formulas of L/ can now be interpreted by means of a satisfaction relation
denoted f=. We denote also ¢ the translation mapping from Ec to Ecr. Its converse t~ can be
easily defined. We must prove that for all (9, w) € Ec and all ¢ € L¢, we have that

(M, ) |- iff £ (M, W) = t(e). (t)

The proof is by induction on ¢. We only prove it for the case where the outermost molecular
connective of ¢ is a universal molecular connective ® (and so its corresponding universal atomic

10We use [3] Definition 1] for the definition of equally expressive logics.
IGee [?] for a definition of ultrapowers of C-models and w-saturation.
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connectives is @ = t(®)), the proof for the existential case is similar and the proofs for the
other molecular connectives are straightforward. That is, we are going to prove that for all

(pl,...,QOnELC,
(M, @) |= & (¢1,- -, ¢n) i t (M, W) = O (E(1),- - -, t(pn))- (tv)

The left to right direction of follows from the definition of R/, above. For the right to left di-
rection, we are going to reason by contraposition. Assume that we do not have that (9, w) |- ®
(P15, ¢n). We must prove that it is not the case that (M, w) = & (t(p1),...,t(pn)), that

is, there are [[, Wi,...,[[y W, € [[y M such that not Ry [, @:1...][, @, ][], @ and not

[Ty @1ty [t(e1)]*® and . .. and not [, Wy, e [t(en)]*™. That is, there ave [T, w1, ..., [[;; Wn €
[1, 91 such that:

L. for all 1/}1,. .. ,wn S £C, if HUE S [@(’L/)], A 7’(/}n)HHU9ﬁ then HUEI ml [[wl]]HUS)ﬁ or ...
or [Ty @ty a1 10 ™
2. not [[, w1 My [t(e1)]*™ and ... and not [[, @, My [ten)]HV.

To obtain these states [[, wi,...,[[, Wn, we proceed in two steps. First, we define maximal
consistent sets I'1, ..., I, of L¢ such that:

(17) for all ¥y, ..., € Lc, if W € [®(W1,...,10,)]™ then ¢y hy Ty or ... or ¢, hy, Ty;
(2’) not 1 hy T'y and ... and not ¢, h, T\.

Second, we show that these maximal consistent sets I'y, ..., T', are true in some states [ [, W1, ..., [[, Wn
of [T, 9. This will prove our two conditions because in that case (1’) entails (1) and, by Induc-
tion Hypothesis, (2') entails (2) too.

The first step is carried out thanks to Algorithm 2 of [6] because ® is a universal molecular
connective and, as such, validates the axioms and inference rules needed to ensure that Algorithm
2 outputs the expected maximal consistent sets I'q, ..., ', of Lc (see the proof of [6, Lemma 6]).
Conditions (1) and (2’) are thus fulfilled by the soundness of Algorithm 2. As for the second
step, we need to show that these sets of formulas of L¢ are true in some states [ [, @1, ..., ][ Wn
of [[; M. By construction of these sets in Algorithm 2, for all j € [1;n] and all finite subsets
S; C T, there is a state v; € 9 such that (9M,7;) [ S}, because ® fully validates rules R3
and R4 (we use their contrapositions). Then, by definition of the ultrapower, we also have that
(ITy 9, 11, 75) | S;, and this holds for all finite subsets S; of I';. Hence, by w-saturation of
[1 9, there is [, w; € [[; M such that ([T, M, [I, @) |- T;. O

10 Correspondence theory for atomic logics

The proofs and results of Goranko & Vakarelov [34] transfer to the setting of atomic logics. One
basically has to replace in the proofs of [34] unary predicates by k-ary predicates, and valuations
that assign to each propositional letter a subset of the domain by valuations that assign to each
propositional letter a subset of k-tuples of the domain (depending on the dimension k of the
propositional letter). One of the main reasons of this more or less direct transfer is that we were
able to prove the soundness and completeness of our Hilbert calculi for basic atomic logic w.r.t.
a Kripke-style relational semantics using a canonical model construction [6]. It is this canonical
model construction which is used to prove that our inductive atomic formulas are canonical. The
main difficulty for developing the correspondence theory of atomic logics thus does not reside in
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the adaptation of Goranko & Vakarelov’s theory to our framework but in proving the soundness
and completeness result of atomic logics: it is from this completeness proof that we can adapt
Goranko & Vakarelov’s correspondence theory, because it also uses basic properties of canonical
models and in particular their w-saturation (see the proof of Theorem |§| in the appendix for
details).

This said, we slightly generalize Goranko & Vakarelov’s definition of inductive formulas by
distinguishing regular formulas from plain regular formulas (the latter corresponding to their
definition of regular formulas). Our definition of regular formulas now includes an additional
and optional clause: a closure under Boolean conjunctions or disjunctions (condition (3) of
Definition [30]).

10.1 Inductive atomic formulas

In this section, we introduce inductive atomic formulas, which are adaptations to atomic logics
of the inductive formulas for polyadic modal logics of Goranko & Vakarelov [34].

Definition 29 (Positive and negative formula). Let L = (Lc,&c, |- ) be an atomic logic based
on a set of atomic connectives C and let ¢ € L. The formula ¢ can be written as a formula of
the form ®(p1, ..., pn) where p1, ..., p, are all the propositional letters that occur in ¢ (possibly
with repetitions) and ® is a molecular connective (not necessarily belonging to C). We say that
@ is positive (resp. negative) in p; if tn(®,p;) = + (resp. tn(®,p;) = —) and simply positive
(resp. negative) if for all j € [1;n], tn(®,p;) = + (resp. tn(®, j,p;) = —). O
Example 10. The formulas p,Op and p ® p are positive and —p,d-p and $—p are negative.
The formulas p — p and Op A O-p are neither positive nor negative. O

Definition 30 (Essentially universal and existential formulas). Let L = (Lc,&c, |- ) be an
atomic logic based on a set of atomic connectives C. An essentially universal formula (resp.
essentially existential formula) of L is

1. either a negative (resp. positive) formula

2. or a formula of L¢ equivalent to a formula of the form ®(p1,...,0i—1,D, Qit1,---,Pn)
where ® is a universal molecular connective (resp. existential molecular connective) such
that for all j € [1;n]\{i},

o if tn(®,j) = — (resp. tn(®, j) = +) then ; is a positive formula or a globally valid
formula of L

o if tn(®,j) = + (resp. tn(®,j) = —) then ¢, is a negative formula or a globally
unsatisfiable formula of L

e p € Cqy is a propositional letter in an arbitrary position ¢ € [1;n] but such that
tn(®,1) =+ (resp. tn(®,1) = —).

In that case, p is called the head of the essentially universal (resp. existential) formula and
the formula is said to be headed.

3. or a Boolean disjunction (resp. Boolean conjunction) of formulas of the form (1) or (2) (if
these Boolean connectives belong to C).

Formulas of the form (1) or (2) are called plain essentially universal (resp. existential) formulas.
O
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Example 11. Propositional letters p are not only essentially existential formulas because they
are positive, but also essentially universal formulas because they are equivalent to formulas of the
form x¥p (since ¥ can be taken to be a universal molecular connective). Their head is p itself.
The formula p — ¢ is a plain essentially universal formula with head g, whereas pV r — ¢ is also
an essentially universal formula but it is not plain, because of the antecedent pV r. Moreover, on
the one hand, ((Op — p) — ¢) is a formula of the modal logic KT which is essentially universal
because (Op — p) is valid in KT, its head is ¢. On the other hand, ((p — Op) — q) is neither an
essentially universal formula nor an essentially existential formula of the modal logic KT because
p — Op is neither valid nor positive. O

Definition 31 (Regular formula). Let L £ (Lc,&c, |- ) be an atomic logic based on a set of
atomic connectives C. A regular formula ¢ of L is a formula ¢ € L¢ of the form ¢ = ®(p1,...0n)
where ® is a universal molecular connective of L¢ and such that for all j € [1;n],

o if tn(®, j) = — then ¢, is an essentially universal formula

o if tn(®,j) = + then ; is an essentially existential formula.

The headed formulas @1, ..., ¢, are called the main components of ¢ and the heads of ¢ are
the heads of ¢1,..., @, (if they exist). A plain regular formula is a regular formula where all
formulas ¢; are plain. O

Example 12. We recall that the tonicity signature of — is (—, +). The formula (((Op — p) —
q) — Ogq) is a regular formula of the modal logic KT because the subformula ((Op — p) — q)
is essentially universal (see Example and (g is essentially existential (it is positive). The
formula (((p — Op) — ¢) — Og) is not a regular formula of the modal logic KT because the
subformula ((p — Op) — ¢) is not an essentially universal formula (see Example [I]). O

There might indeed be no head of ¢ if the ¢;s are positive or negative formulas.
Fact 1. Every reqular formula is equivalent to the Boolean conjunction of plain reqular formulas.

Proof. The proof of this fact follows straightforwardly from the validity, proven in Proposition

[6] of Rules [R5 and [R6] (applied with o A ¢’ — ¢, o A’ = ¢, ¢ = V¢ and ¢’ — ¢V ¢') and
axioms [A3] and [A4] . O

Definition 32 (Essential and inessential atom). An occurrence of a propositional letter in a
regular formula ¢ is essential in @ if it is the head of a main component of the formula, otherwise
it is inessential in . A propositional letter in a regular formula ¢ is essential in ¢ if it has at
least one essential occurrence in it, otherwise it is inessential in . O

Example 13. The propositional letter p in p — ¢ is inessential whereas p is essential in it. The
propositional letters p and r are essential in the modal polyadic formula [@](—p, =[a](r, ~(8)q))
while ¢ is inessential there. The propositional letters p and ¢ are essential in the modal polyadic

formula [¢3](—p, =[a(e2(a, @))](—p, q), (a)[a][a]q). -

Definition 33 (Dependency digraph). Given a plain regular formula ¢ = ®(¢1, ..., p,) with
main components {¢1,...,¢x}, the dependency digraph of ¢ is a digraph G = (V,,, E,) where

Vo = {p1,...,pn} is the set of heads of ¢ and we set p,E,p; iff p; occurs as an inessential
propositional letter in a formula from {¢1, ..., ¢} with a head p;. A digraph is acyclic if it does
not contain oriented cycles. O
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Definition 34 (Inductive atomic formula). Let L £ (Lc,&c, |- ) be an atomic logic based on
a set of atomic connectives C. An inductive atomic formula of L is a regular formula ¢ of L,
therefore equivalent to a conjunction 1 A ... A ¢, of plain regular formulaﬂ such that each
plain regular formula ¢; has an acyclic dependency digraph. If L is a basic atomic logic then ¢
is simply called an inductive atomic formula. O

Example 14. Like in [34], the formula of modal logic p A O(0p — Og) — O0OOq which,
written in the purely modal polyadic language, is [¢3](—p, —[a(t2(a, @))](—p, ¢), (a)[a][c]q) is an
inductive atomic formula. The formula (((Op — p) — ¢) — Ogq) is an inductive atomic formula
of the modal logic KT but not an inductive (atomic) formula, also in the sense of [34], because
Op — p is neither a positive nor a valid formula. The Léb formula (O(Op — p) — Op) and the
McKinsey formula (O0p — O0p) as well as the axiom K are not Sahlqvist formulas, in fact not
even inductive atomic formulas. The Dirk Gently’s Principle (p D ¢q) V (¢ D p) (DGP) of the
intermediate logic LC and the formula p A ¢ D p are not inductive atomic formulas. Finally, the
formula ¢ £ ((p D p) D ¢q) D ¢ from the relevance logic E has a local first-order correspondent
but is not an inductive (atomic) formula as proven in [I7].

Note that in the Definition [30] of essentially universal and existential formulas, the notions of
global validity and global unsatisfiability (defined at the beginning of Section [§]) play a role.

Remark 4. Given an arbitrary atomic logic L, the class of inductive atomic formulas of L might
be undecidable if L is undecidable for example. Indeed, to determine whether a given formula
is inductive atomic, one needs to decide whether some of its subformulas are valid in L. This
is coherent with Chagrova’s result [I0, Theorem 3.56] stating that it is undecidable whether an
arbitrary basic modal formula has a first-order correspondent.

Our definition of inductive atomic formulas is a more or less direct reformulation of the def-
initions of inductive formulas by Goranko & Vakarelov [34] using the translations of Section
[6:2] The main differences and generalizations concerns the way we define universal and existen-
tial (molecular) connectives, the fact that we take into account semantic considerations in the
definition of inductive atomic formulas (Definitions [30| and and the fact that in clause (3)
of Definition [30| we also consider Boolean combinations of essentially universal and existential
formulas. Hence, without surprise, we obtain the following result.

Proposition 8. For all inductive formulas 1 of a modal polyadic logic, we have that T(v) is
equivalent to an inductive atomic formula.

10.2 First-order correspondent and canonicity of inductive atomic for-
mulas

Definition 35 (First-order language associated to a C—rame). Let C be a set of atomic connec-
tives and let F' = (W, R) be a C—{rame. The associated first-order language with equality, truth
constants T and L and a family of predicates {Rg | ® € C}, with arities matching those of the
respective relations in C—frames, will be denoted by ‘CEO' Hereafter we will use the same symbol,
R, for the predicate Rg in L&, and for the relation which interprets it in a given C-—frame. A
formula with free variables T will be denoted (Z). O

Definition 36 (Local first—order correspondent). Let C be a set of atomic connectives and let
¢ € Lc. A first-order formula x(7) € L&, is a local first-order correspondent of ¢ if for every
CHrame § = (W,R) and all w € w(M, C), §,w |- ¢ iff § | x[w/z], where § |- x[w/z] denotes
the first—order truth of x(Z) in § under the assignment of w to the variable . A formula ¢ is
locally first—order definable if it has a local first—order correspondent. O

12hy Fact
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Definition 37 (Translation from atomic and molecular logics to first-order logic). Let C be a
set of atomic connectives possibly containing Boolean connectives.

Syntaz. For all k € N* and all tuples of variables or constants T, we define the mappings
STx - [Zé“: — EEO, where E’(": is the set of formulas of L¢ of dimension k, as follows: for all p € C,
all ® € C of skeleton (o, &, &, (k, k1,...,kn), (£1,...,£,)) and all ¢1,..., 0, € Lc,

STr(p =k ) = STalp) = STe(y)  STe(Ly) = L
STr(p) £ P@  STalpmvy) = ST(p) ASTE(Y)  STH(Ty) = 7T
ST(p Vi) = STx(tp Vv STz ( V) ST(-wy) = ﬁSTz(sD)
STH(O(p1y- -y 0n) 2 EFr...Tp (18T, (1) X ... X #,STx, (pn) X RET ... T, T)
where T1,...,T, are tuples of free variables of size k1, ..., kn,
X = " ?f}E_Elandforallje[[l;n]],*j: B %fij__
vV ifE=VY empty if £; =+
We also use the following notations: Z € ST (p) for STz(¢) and T ¢ ST (p) for 7STz(p).
Semantics. Let (9, w) be a pointed C—model of dimension k with @ = (wq,...,wy). Let
T = (x1,...,x%) be a tuple of variables and constants of size k. A pointed structure associated

o (M, w) and T, denoted STH(M, W), is a pointed structure (M, s¥) where the assignment s2 is
such that s¥(z1) = wy,..., s2(x)) = wy. So, W € ST(p) stands for (M, s¥) = STx(p)

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 CT 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 FO. O

Theorem 5. Let L = (Lc,Ec, |- ) be a molecular logic based on a set of molecular connectives C
and a class of C-frames Ec. Fvery inductive atomic formula of L is locally first—order definable.
Its local first—order correspondent can be computed effectively.

Proof. Let L = (Lc,&c, |- ) be a molecular logic based on a set of molecular connectives C and
a class of C-frames &c. Let ¢ = ®(¢1,...,¢n) be an inductive atomic formula of L and let § be
a C-frame of Ec. By Fact [I] every inductive atomic formula ¢ is equivalent to the conjunction
of inductive atomic formulas ¢ A ... A ¢, which are also plain regular formulas. So, w.l.o.g.
we can also assume that ¢ is a plain regular formula (that is, we have not resorted to clause
(3) of Definition [30| to build it). Assume that the tonicity signature of the universal molecular
connective ® is (£1,...,+;). Then, for all tuples of states W of size the dimension of ¢, we have
that:

w € ST () holds

iff w € ST(®(p1,---,9n))

iff VPVw; .. .@l(ml M1 ST((,O“) V...V iy ST(QO”) V Rgwy .. .m@)

where P are the predicate symbols corresponding to the propositional letters appearing in .
W.lo.g. we assume that 43 = 1,...,4; = [ and that the tonicity signature (+1,...,4;) of ® is
such that

(1,0, 2)=(— o, =+, =y =y )
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with ¢1,...,¢) headed essentially universal formulas, @/ 41,...,¢r headed essentially exis-
tential formulas, @r41,...,¥; negative formulas, ¢ y1,...,¢; positive formulas. Then, W €
ST(®(p1,-.-,¢n)) holds

iff VPVw, ... W, [R®w1 wwVwy ¢ ST(e1) V...V, & ST(p))VWk+1 € ST(prr+1) V...V
wy € ST(QDk) V W41 ¢ ST((pk_;,_l) V... \/@2 ¢ ST(QO;) Vwpyr € ST((plr+1) V...Vw; € ST(@I)}
by Proposition [5]

iff VFV@l Lo [Ré@l LW AW € ST((pl) VAN /\E;c € ST(QD;C) NWgr41 € ST(*SDk/—i-l) A
ATy € ST(fgok)} = (@it € ST(—grs1)V.. VT, € ST(—g))NTy41 € ST(py41)V.. VT €

ST (¢1)) but since —@g/41, ..., ¢k are headed essentially universal formulas and @g41,...,¢]
are positive formulas, we have that it holds

iff VPY@, ..., [Réﬁl L WWAT € ST() A .. AT € ST(1hr) = Wsr € ST(Wpp1) V
.V € ST(wl)}

where 1 = @1,..., Y = Pp, Vkrt1 = —Phits -5 Y& = —@r and Ypi1 = —QPpy1,.. ., =
- g1 = Qugt, ..., = @ S0, Y1,..., Y are headed essentially universal formulas and
VK41, - - -, are positive formulas.

(Note that the transformations that we have made until this point correspond to the so-called
“pre-processing” of [34].)
iff VPYw, ... w; | Rgw ... WwA

Wy € ST(® (U1, ..., V) A ... ATy € ST(®F (i, ..., 07*))

= (Bhp s ) € POS (s, 01)

where (@]H_l, e ,Wl) S POS(T,/Jk+1, ce ,1/1[) stands for w1 € ST(?/J]H_l) V...Vuw; € ST(d)l)

iff VPV, ... w; | Rgwy . .. W wA
Vo1 ... 0y (Re, 0y ... 0y, 01 VO thy ST (1) V...V P} V...V, ST(¢ )
A A (3)
Vol . 0F (R, 0% ... 0% w1 VO o ST(WF) V...V Bk v vl mk STk )

— (Ekﬂ*lw'wml) € POS(Q/Ule«-ﬂ/fl)

We assume w.l.o.g. that for all j € [1;k], if the tonicity of ®7 is (i{,...,i%j) then
(..., :I:grl) = (—,...,—) and (:I:gj, e 7:I:{lj) = (4,...,+). We also assume that for all
j € [1;k] and all ¢ < i;, ¢, is a positive formula which is not valid in L and for all ¢ > i;, 1; is
a negative formula which is satisfiable in L. Otherwise, if it was not the case, we could remove
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from the expressions that follow these formulas. So, holds

iff VPVw, ... w; | Rgwy . .. wWwA
Vo ... Ty (Re, 01 ... 0 W1 VO & ST(P1) V...V Piol V...V, € ST(Y),)))
AN
Vob ... 08 (Re, 0% ... 0 Wy VoL & STWY) V...V Bk V... VTl € ST(yE )
= (Wi+1,---,W01) € POS(Ypq1,-- - th)

iff VPVw, ... W, [Réwl T
AN ... T (R* Tp... 0L W AT € ST(WI) A ... ATy, _, € ST} ;)

1 Yny ®1 Y1 Un W1 1 1 i1—1 i1—1

ATL 1 € ST(=pL L) A ATL, € ST(—k ) — Pﬁ}l) A (4)
AVTY .ok (Rékﬁ’f L OE W ATY € STWY) A ... AT _y € ST(WE )
ATE € ST(—k )AL ATE € ST(—pk ) — mek)
= (Wg+1,...,W01) € POS(¢I€+1;---,¢1)}

For all j € [1;k], w; € ST(3;) stands for the j* conjunct of the antecedent formula above and
is of one of the following two forms:

Vo ..ol (Réﬁ{...ﬁj@ AT, € ST A ...
AT e ST _YAT e ST(~¢!  )A... (5)
@J c ST(’I/JJ) 2 'J 1 'J 1 ]4+1 ( j+1
AT, € ST(~yi, ) — Pj@gj)
Pywy A ... A Pyl (6)

It is denoted, in the case of (), V@fj [ANT]- (Prys vy Prys Pj)(ﬂzj) — Pjﬁgj} where (P, , ..., Pn;)
are the predicate symbols which appear in the antecedant of . Because the dependency di-
graph of ¢ is acyclic, by a topological sort [23] p. 612], the formulas 1,...,%; can be lin-
early ordered ¢;, < ... < %j, in such a way that the predicates (P,,,..., Py,) which occur in
ANT;(Pp,, ..., Pn,; Pj) were among the heads of 9;,,...,4;, , or were inessential propositional
letters. This also implies that (P, ..., Py, ) is in fact empty.

Thus, we are going to assign to each predicate symbol an interpretation/valuation defined by
a A-term (see [I0, p. 155] for details on this notation) in an order which follows the topological
sort. But first, for the inessential propositional letters @), we set:

Vin(Q) £ At(t =1t)

because inessential propositional letters are always positive in ¢, so their minimal valuation is
the empty set. For the other propositional letters, we follow the order given by the topological
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sort of the dependency graph of ¢:
V(P & M. (wy=tV...vwy=t) ifw; € ST(y;)is Pw) A... A P}
T mﬂl .ANT (= P;)
Vm(P ) = )\,sz ANT ( J1o 2)( )[ T (le)]

(f ) otherwise

(®)

P; )[P]d = Vm(le)""’ij—l = Vm(ija)]

Jk—17

; ij)(ﬁj‘ll-C

Yk

Vin(Py,) & Mol LANT;, (P, -,

The valuation V;, for (Pj,,..., P;, ) that we obtain is called the minimal valuation. After
this process, the formula that we obtain is a first-order formula. It is the local first-order
correspondent of ¢. Moreover, by positivity of POS(¢k41,...,%;), the minimal valuation is
such that for all sets of tuples Wy, ..., W} of appropriate sizes, if we denote V' the valuation
which assigns Py to Wh,..., Py to Wy, we have that §,V |= ST (p) iff §, V,, = ST(y), the latter
being a first-order formula. O

Theorem 6. Let L = (Lc,Ec, | ) be a Boolean atomic logic based on a Boolean common set C
of atomic connectives and a set Ec of pointed C-frames. Let ¥ C L¢ be a set of inductive atomic
formulas of L such that Ec is the class of pointed C—frames defined by the first—order correspon-
dents of the inductive atomic formulas of ¥.. Then, the calculus Pc+ X + (Unitorm substitution])
is sound and strongly complete for L, where (Uniform substitutionl) is the following rule:

For all x € ¥ and all prop. letters p1,...,pr € C and aq,...,a € Lc

From x, infer x[p1/aq,...,pk/ k] (Uniform substitution)
where x[p1/ai,...,pr/ag] is the formula resulting from the uniform substitution in x of p1 by
oy and ... and px by ay.

Remark 5. Propositional letters p in a proof system can be viewed either as propositional variables
or propositional constants, like the connectives (6 and A of temporal arrow logic (see Example
. In the latter case, they are in fact nullary atomic connectives. As such, they should be part
of any C—rame even if p € C. All the results that we have proven hold as well in such a case.
The only difference appears when we want to obtain the first-order correspondent of a formula
containing a propositional constant p. In that case, the translation of the formula into second-
order logic should not quantify over the predicates P corresponding to p. Otherwise, everything
else remains the same.

10.3 Exploiting the full power of atomic logics

Can we adapt the correspondence theory that we have developed so far for atomic logics without
information order to these atomic logics with D-information order 7 The answer is yes, more or
less easily. All our algorithms and theorems transfer to this setting. The only modifications that
we have to make in our correspondence algorithms is to replace Expression on p. by the
following condition below and to replace the rule of uniform substitution (Uniform substitution])
by the rule (Uniform D-substitution) below.

M. (Wy =tV...vwy=t) ifp;, ¢D,w; € ST(y;)is Pyw) A... APy
Vm(le)é At (71 Ctv. \/Efgt) ifpj1 GD, Ej GST(¢]) is .ijjl/\/\.ij;C (9)
At. ANT;, (— ,le)(t) otherwise.
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Then, we have the following correspondence result, which is the same as Theorem [6] except
that we now deal with atomic models with information orders, that the correspondence algorithms
in the proof of Theorem [5| and the uniform substitution rule (Uniform substitution)) have been
accordingly adapted as we have just explained.

Theorem 7. Let L = (Lc,Ec, | ) be a Boolean atomic logic based on a Boolean common
set C of atomic connectives and a set Ec of pointed C-frames with D-information order. Let
¥ C Lc¢ be a set of inductive atomic formulas of L such that Ec is the class of pointed C—
frames defined by the first—order correspondents of the inductive atomic formulas of . Then,
the calculus Pc + X + (Uniform D-substitutionl) is sound and strongly complete for L, where
(Uniform D-substitution|) is the following rule:

For all x € ¥ and all prop. letters p1,...,px € D and ay,...,ar € Lp
and all prop. letters q1,...,q € C— D and p1,...,0; € L¢: (Uniform D-substitution)
From X infGT X[pl/ala cee 7pk/aka ql/ﬂla cee an/ﬂl}

where x[p1/ai1, ..., Pk, q1/B1,--.,q /B is the formula resulting from the uniform substitution
inx of pr1 by ay and ... and py by a and g1 by B1 and ... and q by B;.

Remark 6. In the formulation of rule (Uniform D-substitutionl), we could replace in x the propo-
sitional letters pi,...,px by formulas schemas 1, ..., ranging over L¢ and reformulate this
rule as a uniform substitution rule over an axiom schema instead of a single formula x. This
would be particularly appropriate if Co N (C — D) = 0.

Remark 7. Because of Theorem [§] (that is [5, Theorem 7]), both Theorems [6] and [7] hold even
when the atomic logic L is not Boolean.

To sum up, because of its grounding in Gaggle theory [28] 27], the framework of atomic logics
can easily and naturally accommodate and integrate information orders. They are used in all
the logics dealt with in [9] and the logics studied in [9] can all be represented in the framework
of atomic logics. This includes the family of relevance logics, linear logics, intuitionistic logic,
affine logics, punctual logics, etc. We are going to study some of them in the next section. In
particular, we will solve in Section the problem 8.4.18 of Bimb6 & Dunn [9].

11 Case studies

We are going to study non-classical logics which are all based on the propositional language and
the connectives =, A,V,—. Because the Boolean negation — and the material implication —
will be given various semantics different from the classical ones, we will employ the notations ~
and D to distinguish them, but both classical and non-classical versions of these connectives will
often occur in the same language.

Our presentation of First-Degree Entailment is based on Priest [47, §8.5.3] and the one of
relevance logics on Badia [8] (itself stemming from Brady [I1]).

11.1 Case study: FDE and the Routley star semantics

The language Lepg of First Degree Entailment (FDE) is based on the connectives ~, V, A defined
by the following grammar in BNF:

Lepe @ @ == p | ~¢ | (eAp) | (V)
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where p € ATMg. A Routley interpretation is a structure 9 = (W, x, v) where W is a non-empty
set of worlds, x : W — W is an involutive function, that is a function such that x(x(w)) = wH
and v : ATMoxW — {0, 1} is a function called an assignment which is extended to an assignment
of truth values for all formulas by the truth conditions:

vipAYp,w)=1 iff v(p,w)=1and v(¢h,w)=1
vipVy,w)=1 iff v(p,w)=1orv(,w)=1
v(i~,w) =1 iff (e, *w) = 0.

A pointed Routley interpretation is a pair (9, w) where w € W. We denote the set of all pointed
Routley interpretations by Erpe and the satisfaction relation = is defined by (M, w),¢) € =
iff v(p,w) = 1. The triple FDE =S (LrpE, EFpE, ) is a logic called First Degree Entailment.

Encoding FDE as an atomic logic. The involutive function x of a Routley interpretation
can be seen as a binary relation and we can naturally associate atomic connectives to it. Then,
we will need to impose some conditions on this relation by means of specific axioms so that this
relation is in fact an involutive function.

We introduce the atomic connectives Cepg = ATMg U BLN; U {Nl, ~2, ~3} where we recall
that BLN; = {T, L, -, A,V, —} and we set

~E((1,1,3, -, +,1d),1) ~22((1L,1,3, -+, (21),1) ~3E((L,1,Y, -, —,1d), 1).

The atomic connectives ~1,~% ~3 do not have any constraint (for the moment) on their
associated relation. Instead of introducing only one atomic connective ~, we introduce three
atomic connectives which are all residuated. This is because we will need all of them to be able
to impose conditions on their associated relation R.1 = R.2 = R.s so that this relation is
the graph of an involutive function. These connectives are residuated as we said. For example,
~2= (2 1) ~'. We spell out the Hilbert calculus Pc,,, in Fig. [3[ and we obtain 6 instances of
the Axiom Note that the instances of Axioms [A2] and [A4] are weaker than the classical De
Morgan laws.

If we apply the correspondence algorithm in the proof of Theorem [5| to the formulas of Fig.
[4 we obtain the following computations:

Example 15 (Axiom . ~1 p —~2 pis an inductive atomic formula.

o VP3y (Syx A —Py) = 3z (Sxzz A —P2)
VPYy [(Syz A =Py) — 3z (Szz A = Pz)]
VPYy [Vz (Szz — Pz) — (Syx — Pz)]
VPYy [Syx AVz (Sxz — Pz) — Py]

e o(P) & \t. Swt
Yy (Syx — Szy).
Example 16 (Axiom . ~2 p —~1 pis an inductive atomic formula.

o VP [3y(Szy A —~Py) — Iz(Szax A =Pz)]
VP [Vz(Szx — Pz) — Yy(Szy — Py)]
VPVy [Sxy AVz(Szx — Pz) — Py|

13%(w) will be often denoted *w or w*.
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Any sound and complete axiomatization of propositional logic
~L(eAY) ol vty
~2(pAY) o2 oV 2y
~ N~ p =P (p V)

2 1 1.2

S e ~ntp =
Nlﬁgp—)ﬁwsw ﬁNl(p—>N3‘|(p
—\g0—>N3—\N2gp N2—|N330—>—\g0

From ¢, infer - ~! ¢

From ¢, infer = ~2 ¢

From —¢, infer ~2 ¢

From ¢ — 1, infer ~% ) —~t p, for all i € [1;3]
From ¢ and ¢ — 1, infer ¢

The formulas ¢, 1 range over Lcqy-

Figure 3: Hilbert calculus Pc,,. instantiated with the atomic connectives Crpg .

e o(P) & \t. Stz
Yy(Szy — Syzx).
Example 17 (Axiom . ~!'p —=~3 pis an inductive atomic formula.
o VP [3y(Syx A ~Py) — Vz(Szax — —Pz)]
VP [3z(Szx A Pz) — Yy(Syx — Py)]
VPYzy[(Szx A Pz) — (Syx — Py)]
VPYzy [Szxz A Syz A Pz — Py]
e o(P)EN. 2=t
Vzy [Szx A Syx — z = y].
Example 18 (Axiom . ~3 p —~1 pis an inductive atomic formula.
o VP [Vy(Syxz — —Py) — 3z(Szx A —Pz)]
VP [Vz(Szx — Pz) — Jy(Syxz A Py))
e o(P) 2 \t. Stx
Jy(Syx A Syx)
JySy.

The Hilbert calculus PTPF of Fig. |5| is the calculus Pcroe + {N12b[N2 1} [N1 sl [N5 1]} where

~1 ~2 ~3 have been uniformly replaced by ~=~".

Proposition 9. The calculus PFPE of Fig. @ is sound and strongly complete for FDE.

Proof. Tt is a direct application of Theorem [6] It follows from the fact that the first-order
conditions of [N olIN> 1JIN; 3liN5 ;| are such that they impose on .S to be the graph of an involutive
function *. Moreover, these conditions entail on the syntactic side that for all formulas ¢,
~b o n? o and ~b @ <3 @ are provable in Peyye + {N1.2l[No 1l N1 5l [N5 ]}, thus allowing us
to identify these four connectives into a single one ~. This replacement is possible because of
the Replacement lemma [6, Lemma 9]. O
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Inductive atomic axiom

Local first-order correspondent x(z)

~p =Py
~p—~tp
~p =P

~p—~tp

Yy (Syx — Szy)

Yy (Szy — Syz)

Yyz (Syz A Szx — y = 2)
JySyx

Ni2
N2 1
Nis
N3 1

Figure 4: Axioms for FDE.

Any sound and complete axiomatization of propositional logic

~ (P AY) = (v eV~ y)
(~ oA~ ) =~ (9 V)
~Y PP

~Tp TP
Y P

From ¢, infer = ~ ¢
From —p, infer ~ ¢

From ¢ — 9, infer ~ ¢ —~ ¢
From ¢ and ¢ — 1, infer 9

The formulas ¢, 1 range over Lcqp-

Figure 5: Hilbert calculus PFPE
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Our Hilbert calculus PFPE does not contain any instance of the Rule (Uniform substitution)

although it should apply, according to Theorem @ to the formulas [Ny o] [No1} [Nis} N34} It
has been omitted and been replaced by axiom schemas instead. So, here, we apply Remark

@ Moreover, because of our replacement of all connectives ~!, ~?, ~3 by a single one ~, these

axioms schemas are then confused with axioms from the base logic Pcp -

According to the classification of Dunn [29], ~ is a De Morgan negation because it validates
Axioms and In this setting with Boolean conjunction (and disjunction), our analysis
shows that the De Morgan negation reappears as the most primitive negation if we assume these

axioms. This fact was already noticed by Dunn [29] Section 9].

Remark 8. Our Hilbert calculus PFPE includes as well the Boolean connectives T, 1L, = and —
which are part of Lc.,. but not of Lrpe. One might then think that we will therefore derive
in PFPE more or fewer of the validities of FDE than we should. However, this is not the case,
because the logic (Lcppe s EFDE, ): ) is a conservative extension of FDE according to the following
theorem. Indeed, the axioms [Ny 2lNo 1[Ny 3liN3 1| are Zo(Pcype ) inductive atomic formulas. This
remark applies to all calculi of this section.

Theorem 8 (Theorem 7, [5]). Let Ci, Gy be two common sets of atomic connectives such that
C1 C Gy. If the class of pointed Co-frames Ec, of the logic (Lc,,Ec,, |- ) is definable by a set of
acyclic formulas of Io(Pcewv) (where CBN s the Boolean completion of Ci) then (Lc,,Ec,, |- )

is a conservative extension of (Lc,,Ec,, |- )-

11.2 Case study: Basic relevance logic B
The relevance language Lg is built up using the connectives t (the Ackermann constant), ~, A,
V, D (implication), ® (fusion) and p € ATMg:

Le : ¢ w=p [ t | ~¢o | (ene) | (eVe) | (#29) | (¢@¢)

We present the Routley-Meyer semantics for basic relevance logic with an (induced) informa-
tion order. It is taken from Badia [8]) which stems from Brady [I1} p. 80]. The Routley-Meyer
semantics for the basic relevance logic B can also be used as a basis for all relevance logics (see
next section).

A Routley-Meyer frame for Lgr is a structure § = (W, R, x,T) where W is a non-empty set,
() #£ T C W is the set of normal states, x : W — W is an involutive function, and R C W xW x W
satisfies p1-p6 below. In the standard way, we will abbreviate Jw(Tw A Rwuv) by u < v. Then,
for all u,u’,v,v",w,w’ € W,

pl. w<w

p2. if u < v and Ru'vw then Ruvw
p3. if v <v' and Ruv'w then Ruvw
p4. if w < v’ and Ruvw then Ruvw’
p5. if u < v then v* < u*

p6. T is upward closed under SE

1n the first publications [52} [61] and many others, T is assumed to be (generated by) a single element 0.
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The relation < is reflexive and transitiveE A Routley-Meyer model for Lg based on a
Routley-Meyer frame § is a pair 01 = (§, V) where V : ATMy — P(W) is a function such that
for any p € ATMy, V(p) is upward closed under the relation <, that is, v € V(p) and u < v
implies that v € V(p). By abuse, we write w € 9 and w € §F when w € W. We define the
satisfaction relation = between pointed Routley-Meyer models and formulas of Lg as follows:

(M, w) =t iff  there is v € T such that v < w

(M, w) = p iff weV(p)

(Mw) = ~p iff  not (M, »w) = ¢

(M, w) ): (e NY) it (9, w) ): ¢ and (M, w) ): (

(Mw) = (pvy) it (M w) =@ or (M w) =1

(M, w) = (p D) iff  for every u,v € W such that Rwuw, if (9, u) = ¢ then
(M, ) = ¢

(M, w) = (p@1) iff  there are u,v € W such that Ruvw, (9, u) = ¢ and
(M, ) = ¢

If § is a Routley-Meyer frame, the satisfaction relation between pointed Routley-Meyer frames
(¥, w) and formulas ¢ of Lg is defined by (F,w) = ¢ iff (9N, w) = ¢ for all Routley-Meyer model
M based on F. A formula ¢ is said to be walid if (§,w) |= ¢ for all Routley-Meyer frames §
and all w € T, and globally valid if (F,w) = ¢ for all Routley-Meyer frames § and all w € §.
We denote by Fg the class of all pointed Routley-Meyer frames (§, w) where w ranges over the
normal states 7' of §. The triple B = (Lg, Fg, =) is a logic called basic relevance logic.

Encoding the basic relevance logic B as an atomic logic. We consider atomic models
with information order. We introduce the atomic connectives Cg = ATMy U BLN; U {t, ~, D, ®}
where ~ is the negation of FDE and

® = (((1,1,1),3,+, +,+,(1,2,3)),1) t 2 ((1,3,4),1)
o2 (((1,1,1),V, —, +,—,(3,1,2)),1).

The persistent set of connectives associated to Cg are D 2 ATMg U {A,V} U {t,D,®}. The
connectives ® and D are residuated. If we apply the correspondence algorithm in the proof of

Theorem [5| (where the definition of is replaced by @) to the formulas of Fig. @

we obtain the following computations.
Example 19 (Axiom[Tj). t — (¢ D ¢) is an inductive atomic formula.
o VQVyz (Tx A Rxyz A Qy — Qz)

« 0@ =N yCt
Yyz (Tz A Rxyz — y C z).

Example 20 (Axiom[T3). p — (t ® p) is an inductive atomic formula.
e VP (Px — Jyz (Ryzx ATy A Pz))

e o(P)EN. Tt
Jyz (Ryzx ATy Az C z)

Jy (Ryzxz A Ty) because of the [Tonicity postulates]

15We can see this as follows. By p1, we have reflexivity. Now if z < y (i.e. Ju(Tu A Ruzy)) and y < 2 (i.e.
Ju(Tv A Rvyz)), by p3, we have that Jv(Tv A Rvxz), i.e. < z.
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Inductive atomic axiom Local first-order correspondent x(z)

t—(¢>q) VYyz (Tz A Rzyz — y C 2) T,
p— (t®p) Jy (Ryzx A Ty) To
t = ((p1 D~ p2) = (p2 D~ p1)) Vyry2 (Tx A Rryry2 — Raysyy) T3

Figure 6: Axioms for basic relevance logic B.

Example 21 (Axiom[T3). ¢ =t — ((p1 D~ p2) — (p2 D~ p1)) is an inductive atomic formula.

o VP P, (Tx — (Vai2o (Rrxiza A Przy — —Paxl) — Yyrya(Rayiya A Payr — —\Plyg)))
VPP, (Tz = VYyr1y2 (V129 (Rrayze A Proy — —Poxl) A Rxyi1ys A Prys — —|P2y1))
VP Py (Tx — Vy1y2(—Va122 (Rrzixs A Piay — = Poxs) V = (Rayrys A Prys) V —Payy))
VP P, (T:z: — Yy1y2(Pay1 A Rxyrye A Prys — 3x129 (Rrxize A Prag A ngg)))

VP PoVy1y2(Tx A Payr A Rryrye A Prys — Jxias (Rraiza A Prag A Paxl))

e o(P)2X.ysCtand o(Py) 2 M. yy Tt
Yy1y2 (Tx A Rxy1ys — I (Raxziaxa Ayl Cxp Ay E 23))

Yyrya (Tx A Rryrye — 3 (Rxaxixa Ayl C xq1 Aze T y7)) because  is involutive

(

Yy1y2

Tz A Rryry2 — Raybyl) because of the [Tonicity postulates|

The calculus P8 of Fig. is in fact PFPE+Py o -y +{T1h [T} [T} +(RT)+ (Uniform D-substitution))
where [RT]is the following. It somehow connects the global validity of formulas with their validity
in B, as shown in the proof of the next theorem.

From t — ¢, infer ¢ RT

Theorem 9. The calculus PE of Fig. E is sound and complete for the basic relevance logic B.

Proof. The soundness part is routine. As for the completeness part, let us define the Hilbert
calculus PE £ PB — (RT)). It is in fact the calculus P§ = PFPE + Prg o 5y + Tl [T[Tal +
(Uniform D-substitution]), that is Pcy+{N1.2}[N2. 1} [N1 3} [N5 1} [T} T2l [T5]+ (Uniform D-substitution])

where ~!, ~2 ~3 have been uniformly replaced by ~=~". According to Theorem m Pg is sound

and strongly complete w.r.t. the class &g of pointed Cg-frames (with information order) defined
by the first-order correspondents of {{Ny }[N5 1][N7 5] [N5 1] [T1L[Tol[T3]}. We are going to show that
this is the class of all pointed Routley-Meyer frames where the designated /pointed state w ranges
over all states of the Routley-Meyer frames: &g = {(F,v) | (§,w) € Fs,v € F}.

The first-order conditions and are equivalent to the following condition: z C y iff
Jz(TzARzxy) (1). (To see that, if we assume that x C y, then by the[Tonicity postulates|and
we have that 3z(Rzxy A Tz) holds. Conversely, if this holds, then by we have that z C y.)
This shows that the information order C in a Cg-frame § = (W, {R,S},C) can indeed be seen
as the same abbreviation as in a Routley-Meyer frame. Now, conditions {[Ny o}[N51}[Ny s} [N5 1]}
entail that % is the graph of an involutive function. Conditions p1l-p4 and p6 are fulfilled: they
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All axioms and inference rules of Pgpg (PFPE)

¢®@Vw%ﬁ(®wﬂﬂw®¢)
(V)@Y = (pRY) V(¢ @)
WO NW D)= WD (pAY))
(e DY) A (¢ D)%«w ©') DY)
(p2Y)®p) =2

Y= (pD[W®ep)

From —y, infer —(¢ ® )
From -, infer —(y ® ¢)
From ¢, infer ¢ D ¢
From —¢p, infer ¢ D¢

From ¢ — ¢/, infer (¢ ® ¥) = (¢’ @ ¥)
From ¢ — ¢/, infer (¢ @ ) = (Y ® ¢’)
From ¢ — ¢/, infer (¢ D ¢) = (¥ D ¢')
From ¢ — ¢/, infer (¢’ D ) = (¢ D ¥)

From ¢ and ¢ — 1, infer ¢

t— (x D x)

o= (t®p)

t = ((p D~ ¢') = (¢ D~ 9))
From t — ¢, infer ¢

The formulas x, x’ range over Lp and ¢, ¢’, 1,1’ range over Lc.

Figure 7: Hilbert calculus P8, sound and complete for B.

are just the [Tonicity postulates| for the D-information order C. Finally, condition p5 is also
fulfilled because of the first-order correspondent of .

So, for all ¢ € Lg, if ¢ is globally valid in B then ¢ is provable in P§ by completeness. Now,
if we assume that ¢ is valid in B then t — ¢ is globally valid in B. Therefore, t — ¢ is provable
in PB. Then, by Rule ¢ is provable in PB. O

Proposition 10. The following theorems and inference rule are derivable in PB: for all p,1) €
ED;

t D o = iff p D

Proof. The theorem t follows from since t — t is a theorem of Propositional Logic (CPC).
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The theorem ¢ D ¢ follows from it and Now, we prove the two-way rule:

1. oDy Hyp. 1l.o—1 Hyp.
2. Y= (=) CPC 2.t — (p Do) [Tl e Lo
3. 0D (p—7) RAl 1,2 3.t—t CPC
4. o= (t®@p) ] 4.t RT3
5. t = (0D (¢ — 1)) CPC,3 5. 9D MP! 4,2
6. t@p—(pD(p—v)ee RIS 6. (2 ¢) = (¢D¢)RA

7. o= (pD(p—= ) ®¢ Gen.[MP| 4,6 7. oD MPl 5, 6
8. (p2(p—=v)@¢— (p— ) A

9. o= (p—=1) Gen. [MP] 7,8

10. (p = (¢ = ¥)) = (¢ = ¢)  CPC

11. ¢ — MP1 9, 10. O

Note that the two-way rule of Proposition [10]is not valid for the whole language Lc,, only
for the (positive) relevance language Lp. For example, =p — —p is valid but —=p D —p is not.
Likewise, ¢ — (1 D ¢) is not valid, although ¢ — (¢ — ¢) is, because ¢ D (¥ D ¢) is not valid.

11.3 Case study: Relevance logics R, T, TW, etec.

The local first-order correspondents of Fig. [§ have been obtained by applying the correspondence
algorithm in the proof of Theorem [5| to the respective inductive atomic formulas (where the
definition of is replaced by @) Unsurprisingly, the first-order formulas that we obtained
are equal to those that can be found in the literature [47]. We only provide as example the
computations of this algorithm for the inductive atomic formulas [A9] and

Example 22 (Axiom [A9). ¢ = (p D ¢q) = ((¢ D) D (p D r)) is an inductive atomic formula.
o YPQR[Vzi29 (Rxa122 A Px1 — Q2) = (Vy1y2(Rey1y2 AVz122(Ry12122 AN Qz1 — Rzg) —
lewQ(Rygwlwg N Pw1 — ng)))]

It is an inductive atomic formula, its graph is pE,qE,r (the second occurrence of p is
essential because equivalent to z1p, x1 being an universal connective):

VPQR[Vy1yawiwz (Vo122 (Rexyza APry — Qua) AV2122(Ry1 2122 AN Q21 — Razz) ARxyiya A
Ryswiwy A Pwy — Rws)]

e o(P) & X wi Ct
VQRNVy1yowiws (Vo zo(Reaizs A wy T x1 — Qo) A Vzrza(Ryiz120 A Qz1 — Rzg) A
Rzy1y2 A Ryswiwy — Rws)]

o 0(Q) = At. Jxy(Rzzit Awy T a)
VRYy1yowiwe (Vz122( Ry1 2122 A Rra1z1 Awy CE 21 — Rzo) A Rryiys A Ryswiws — Rws)

e 0(R) 2 A\t. Ju(Ryut A Rrxyu Aw; C 1)
Vy1yawiwe (Rxy1y2 A Ryswiwe — I(Rrxiu A Ryjuws A wy C 21))

Yy wiwe (Fu(Rryru A Ruwiws) — Ju(Rxwiu A Ryjuws)) by the [Tonicity postulates|

Vyzw(R(xy)zw — Ry(zz)w).
Example 23 (Axiom [A10). ¢ = (p D q) = ((r D p) D (r D q)) is an inductive atomic formula.
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o VPQR[Vzi29(Rrr129 N Py — Q) — YYy190 (nylyg AVz129(Ry12122 AN Rz1 — Pzg) —
lewg(Ry2w1’LU2 A Rwi; — sz))]

VPQRVy yowiwe [Vri1xo(Rrxaixo A Pr1 — Qo) A Rry1ys AVz120(Ry1 2120 A Rz1 — Pzo) A
Ryswiws A Rwy — QU}Q]

It is an inductive atomic formula, its graph is rE, pE,q.
e 0(R) & Xtw; Ct

VPQVy1yawiwa [Vrixo(Rraxize A Pr1 — Qo) A Rryiys A Vzr20(Ryzi20 A wy C 21 —
Pz3) A Ryswiwe — Qus)

e 0(P) & \t. 321 (Ry1 21t Awy C 1)
YOV yowiwa [V xo(Rrxyxe A 21 (Ry12121 Awy T 21) = Q) A Rryiys A Ryswiwe —
Qo]
VYY1 yowr we V12221 (Rrz122 A Ryr 2121 Awy C 21 — Qr2) A Reyr1ya A Ryaswiwa — Qus]
e 0(Q) = M. 3121 (Rrxit A Ryi 2121 Awy E 21)
Vyrypwiwe[Rryi1ye A Ryswiwy — 3r121(Rrziwe A Ryi 2101 Awy E 21)]

Yy wrwa[Fye (Reyrye A Ryswiwse) — Jx1 (Rexziws A Ryywixy)] by the [Tonicity postulates|

Yy wiwa (R(zyr )wiwe — Rx(y1w )ws).

Theorem 10. Let ¥ C {AR[A9 ... [AI6}. The Hilbert calculus PB4+ (Uniform D-substitution))
is sound and complete for the relevance logic L = (Lc,, Fg, ), where Fg is the class of pointed
Routley-Meyer frames (§,w) (with w a normal state) validating the first-order conditions corre-
sponding to ¥ in Fig.[§

Proof. Tt is basically the same as the proof of Theorem[0] The first-order conditions corresponding
to X are global and hold for all states x of the domain of the Routley-Meyer frames, for the same
reason as with B. They are just added to those first-order conditions [Ny 2} [N2 1} [N1 3} [N3 1}

[T3] characterizing B. O

As we did before, the axioms could be replaced with axioms schemas by substituting
the propositional letters p, ¢, r by formulas ranging over Lp, because of the Rule (Uniform D-substitution)).
Likewise, the material implication — in these axioms (which is the outermost connective) could
be replaced by the relevant implication D because of Proposition [L0| (third item). In doing so,
we would obtain the classical axioms A8-A16 of relevance logic, recalled in [47] for example.

11.4 Case study: Intuitionistic and intermediate logics

In this section, we assume some familiarity with intuitionistic logic (see [B, Section 15.1] for
the necessary background). We consider atomic logics with information order. The encoding of
intuitionistic and intermediate logics into atomic logics is similar to the encoding of intuitionistic
logic into update logic of [II, Section S]E The underlying idea is to impose conditions on the
ternary relation associated to the atomic connective D by means of specific axioms so that for
all u, v, w,

Rouvw iff u Ew and v Cw (10)

16 A similar encoding had also been proposed by Bimbé & Dunn [9, p. 291-295].
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Inductive atomic axiom Local first-order correspondent x(z)
(p D~q) — (g O~ p) Vyz (Rryz — Rxz*y*) A8
P>a)>(g>r) = (p>D1)) Vyzw (R(zy)zw — Ry(zz)w) A9
(pDq)— (rop)D(r>q) Vyzw (R(zy)zw — Rx(yz)w) A10
P>(@>q)—(Da) Vayz (Ryz — R(zy)y?) All
p—((pDq) Dq) Yyz (Rxyz — Ryxz) Al2
t— (pV ~p) Tex - 2" Cux Al3
(p D~p) =~p (Tx — z* Ez) A (-Tz — Rrz*T) Al4
p— (¢ Dp) Vyz(Rryz — x C 2) Al5
p— (pDp) Yyz(Rzyz — (x C 2V y C 2)) A16
(pA(pDq) —p Rxzx PMP
pOp Vyz (Rxyz — y C 2) ID
PV —pp Yyz (Rxyz — y C x) PEM
“pp NV TRTRP Va1 xay1y2 (Rexizs A Roy1ys

— EIwRylxlw) wPEM
(» D p) D (—ap D —nq) Va1 xoy1y22122(Rew1xe A Rryiy2 A Rysz1 22

— 21 C z9 V IwRy1z1w) wDGP
“n(PAq) D (—rqV D) Va129y1y22122( Rexixo A Reyiys A Rrozi 2o

— Jw(Rzoz1w A Rxoyw) DM4

where  R(zy)zw £ Ju (Rryu A Ruzw) and  —pp 2 (9 D 1)
Rz(yz)w £ Ju (Ryzu A Rruw) .

Figure 8: Axioms and their local first-order correspondents.

DW= T = TW +[AllK[A14
DWX = = TWX+A11+|,JAﬁ|J
™ = RW = TW +AT2
TWX = R = RWHAII[=T+A12]
= RWK = RWHAT5
RM = R+[AlG

Figure 9: Classical relevance logics.

This condition will ensure that the semantics for D with this kind of ternary relation will coincide
with the semantics of the intuitionistic implication. Indeed, if holds then we have that

(M, w) |- ¢ D o iff for all u,v € M such that Rywuw,if (M, u) |- ¢ then (M, v) |-
iff for all v € 9 such that w C v, if (9N, v) = ¢ then (M, v) = 9.
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11.4.1 Intuitionistic logic

For the encoding of intuitionistic logic into an atomic logic with information order, we consider the
set of atomic connectives Cipc = ATMoUBLN; U{D} where D= (((1,1,1),V, —, +,—,(3,1,2)),1).
The persistent set of connectives associated to Cjpc are Dipc = ATMy U {A,V} U {D}. Condition
(10) is then enforced on Cjpc-frames by choosing adequately the axioms and more precisely by
including in the calculus the Axioms[PMP] [[D] and The proof of that is then very similar to
the proof of [Il, Lemma 20]. Applying Theorem |7} we obtain the following result (we recall that
Pcpc is defined by replacing C with Cipc in Fig. [1).

Proposition 11. The calculus P'P¢ = Pcpe + {PMBIDATE} is sound and strongly complete
for intuitionistic logic.

Note that, again, our calculus for intuitionistic logic includes axioms and inference rules
with Boolean connectives, and in particular Boolean negation. But Remark 3| (and Theorem
applies here too (our axioms are inductive atomic formulas). In fact, our calculus P'P¢ is a
genuine combination of classical and intuitionistic logic which preserves exactly all theorems of
classical and intuitionistic logics when restricted to their respective languages. On the one hand,
it derives all the theorems of the logic C' + J of Farifias del Cerro & Herzig [26HZ| On the other
hand, it is more comprehensive than the more recent system S of Niki & Omori [44] because the
latter only considers a classical extension of “positive” intuitionistic logic (without the absurdity
constant | and therefore without the intuitionistic negation).

11.4.2 Intermediate and superintuitionistic logics

A superintuitionistic logic is a propositional logic extending intuitionistic logic. Intermediate
logics are consistent superintuitionistic logics. So, they are logics between intuitionistic logic and
classical propositional logic. There exists a continuum of different intermediate logics [38] and
just as many such logics exhibit the disjunction propertyE Intermediate logics form a complete
lattice with intuitionistic logic as the least element and classical logic as the greatest elementE

As is well known, classical logic is obtained from intuitionistic logic by adding the principle
of excluded middle . It turns out that if we add the corresponding first-order condition to
the condition characterizing the relation associated to D in intuitionistic logic, this amounts
to have a ternary relation R satisfying the following condition: for all u, v, w,

R-~uvw iff u=v and v C w (11)

where u = v is a shorthand for u C v and v C u. Assuming condition , the intuitionistic
implication D then collapses with the material implication — of classical propositional logic.
Indeed, one can prove that for all v, ¢ € Lc,., the formula (¢ D ) < (p — 9) is valid in any
frame satisfying Condition (note that is the left to right direction of this implication).

We can weaken in many ways and thus obtain a plethora of intermediate logics. For
example, the logic KC, also called Jankov’s logic [37] is the logic obtained from intuitionistic logic
by adding Axiom (weak PEM) or equivalently (weak Dirk Gently’s Principle) or

I Farifias del Cerro & Herzig [26] used a different definition of the standard notion of conservative extension:
what should be preserved in a conservative extension in their definition is the validity of the axiom schemas of
intuitionistic logic, not so much its theorems.

18The disjunction property for a logic L is the following: if ¢ V v is provable/valid in L then either ¢ is
provable/valid in L or ¢ is provable/valid in L.

YA complete lattice is a partially ordered set (L, <) such that every subset A of L has both a greatest lower
bound (the infimum, also called the meet) and a least upper bound (the supremum, also called the join) in (L, <).
The meet is denoted /\ A, and the join is denoted VA.
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DM4| (generalized 4" De Morgan law). As one can easily notice, the first-order frame correspon-
dents in Fig. [§| are all different for these axioms. However, if we assume condition , then
they are all equivalent to the following condition:

if w C v and u C w then there is x such that v C z and w C z (Confluence)

This is a condition that characterizes the frames of the logic KC [39, Table 1]@

12 Related works and conclusion

Related works. Greco et al. [35] also adapted and generalized the framework of Goranko &
Vakarelov [34] dealing with the correspondence theory of polyadic modal logics to their DLE-
logics, just as we did it with our atomic and molecular logics. In particular, they introduced the
notion of inductive inequality which is the counterpart in their setting to the notion of Goranko
& Vakarelov’s inductive formula. It is therefore not surprising that we come up with notions
and results which are very similar to their notionsE Unlike theirs, our notions are genuine
instances of the notions introduced by Goranko & Vakarelov [34] and operate and apply directly
at the level of the Kripke-style relational semantics, like [34], because we set a formal connection
between our atomic logics and modal polyadic logics (Proposition . It is in fact the soundness
and completeness of our calculi w.r.t. a Kripke-style relational semantics which allows to import
directly the results and notions of Goranko & Vakarelov [34] in our framework. This is different
from what has been done by Greco et al. [35] where such a formal connection is absent. They
do not connect their work to the work of Goranko & Vakarelov as tightly as we do because they
simply do not provide a Kripke semantics to their DLE-logics. Finally, since they do not use
a Kripke-style relational semantics, they do not consider models with information order. This
makes the study of intermediate logics rather difficult within their framework and, in fact, they
do not deal with such logics.

As for the case study of relevance logics, Restall [48] [49] briefly proved some correspondence
theory results, connecting display logic structural rules with Hilbert axioms and corresponding
frame conditions. But Badia [8] was one of the first to develop systematically the correspondence
theory of relevance logics (another forerunner is Sekhi [55] but for modal extensions of relevance
logics). He introduced a Sahlqvist fragment for relevance logic and showed how to compute
the first-order correspondents of the formulas of this fragment. This work was extended by
Conradie & Goranko [I7] who introduced a larger fragment of so-called “inductive formulas”
by applying general result of the “unified correspondence theory” [2I] discussed above. This
inductive fragment turns out to be a proper fragment of our inductive atomic formulas for
relevance logics (because we also consider in our definitions of inductive atomic formulas semantic
features dealing with the validity of formulas). However, none of them proved the canonicity of
the formulas of their Sahlqvist or inductive class and they thus cannot state a theorem similar to

20This condition is also sometimes replaced by other formulations, such as: “KC is complete w.r.t. finite rooted
frames with unique top points” [25] p. 64] or KC is the logic “characterized by the class of directed [intuitionistic
Kripke] frames” [24] Proposition 3.2]. These formulations are equivalent because of the properties of S4.2 [14].

21T6 be more precise, the tonicity of molecular connectives corresponds to their sign inherited by the leaves
in the signed generation tree [35, Definition 14]; essentially universal molecular formulas are concatenations of
normal operators that behave ‘like boxes’ and correspond to their positive PIA formulas or negative skeleton [35],
Definition 15]; essentially existential molecular formulas are compositions of normal operators that behave ‘like
diamonds’ and correspond to their negative PIA formulas or positive skeleton [35], Definition 15]; the universal
molecular connective part is the skeleton part of [35, Definition 15], and the several essentially existential and
universal formulas attached to it are the maximal PIA formulas containing the critical occurrences (these occur-
rences are called essential here and in [34]). Every branch of a regular formula is good [35, Definition 15| since
the lower part of the formula is all PIA, and the upper is all skeleton.
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our Theorems |§| or [7l Moreover, the PEARL algorithm of [I7] is non-deterministic, unlike ours.
Finally, they do not assume that the Routley star * is involutive and thus they do not faithfully
capture the family of relevance logics as we do. In the same vein, the “Universal logic” of Brady
[12], and to be more precise his logic DJ dQ, could also be reformulated as an atomic logic because
of its grounding in the Routley-Meyer semantics of relevance logics [53]. An encoding similar to
those of Sections 1.2l and [1.3] could be introduced.

Concluding remarks. Atomic and molecular logics capture logics such that the truth condi-
tions of their connectives are expressible by formulas of first-order logic. As such, this represents
a very large class of non-classical logics. However, among these logics, there might be atomic
logics to which our correspondence theory does not apply. This is the case in particular for logics
which are not axiomatizable or finitely axiomatizable. Venema’s CDT logic [59] is an example
of atomic logic which is not finitely axiomatizable [36]. Conversely, there are also normal modal
logics defined proof-theoretically which are not complete for any class of frames [57]. There are in
fact as many incomplete modal logics as there are complete ones [I0] [13, Chapter 6]. This said,
it might be possible to give a relational semantics to these logics by means of specific molecular
connectives. Our framework of atomic and molecular logics may provide a relational semantics
for modal logics which are also incomplete w.r.t. the standard Kripke semantics. In fact, we al-
ready know that there are consistent normal modal logics that are incomplete w.r.t. any class of
Kripke frames but complete w.r.t. a class of neighborhood frames [33] [32][45], Section 2.3.3]. Yet,
in general, the modal connective [J of the neighborhood semantics can be seen as a molecular
connective: the alternation of quantifiers 3 and V in the truth conditions of the modal operator O
corresponds to the composition of two different atomic connectives. Molecular connectives gen-
eralize the so-called ‘bundled modalities’ [60] and therefore could be used to provide a relational
semantics for logics which are incomplete w.r.t. the standard Kripke semantics.

Finally, the ‘correspondence’ Theorem [5] applies not only to atomic logics but also to any
molecular logic. However, the ‘canonicity’ Theorems [6] and [7]apply only to atomic logics and not
to molecular logics. This is because in the proof of this theorem, we use the completeness of the
Hilbert calculi for basic atomic logics and in particular the canonical model built for that proof.
Such completeness results and methods have not been developed yet for molecular logics. They
are a preliminary step for the development of a full correspondence theory of molecular logics.
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Appendix: Proofs of Theorems [6] and

Lemma 1. Let C be a set of atomic connectives and let ® be a basic universal molecular connec-
tive based on C of tonicity signature (£1,...,%;) and arity m. Then, for allTy,...,T141 of the
canonical model I defined in [6], we have that (I'y,...,Ti11) € Ry iff for all o1,...,om € Lc,
if ®(¢1,-...0m) € Tiga then @i, thy Ty or ... or ¢, dy Ty where for all j € [1;1], @i, h; T; £

oy el if+;=+
pi, L5 if £5=—

Proof. By induction on the number i of atomic connectives composing ®. If i = 1 then ® is an
atomic connective ®. So, the expected result is just the definition of the accessibility relation
R of the canonical model (see the appendix of [6]).

Now, we deal with the induction step i + 1. Assume that ® is a basic universal molecular
connective of the form ® = ©(®1,...,®,) of dimension signature (k, k1, ..., k), width [ and
tonicity signature (41, ...,4;) with ® an atomic connective of skeleton (o, +,V, k, (7, ..., £9)).

Then for all ', T'y, ..., T'; € M€, we have by Deﬁnitionthat Rely ... iff forall TV, ..., T €
Me (RET] ... Ty Dor Ryog T . TET or . or Ryog TY .. T3 1) where TH. . T} ... T} ... T} €
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{Ty,...Ty}. Thus, RgTy...I T iff there are I'f,..., T, € 9M° such that (Rg=°T}...T,T and
R;?&F% .. ~F111F/1 and ...and R;(?@TLF? L IRT).
Assume that (I'y,...,I',I') € Rg. We are going to prove that for all ¢1,...,¢m € Lc,
if ®(¢1,...50m) € T then p;; My Ty or ... or ¢;; M; T;. Note that ®(¢1,...,0m) is of
the form O(®1(1,...,¢},), -, ®n(@l,...,¢")). Then, we have that ®(p1,...,om) € T
iff ©(®1(01,---,90,) - ®n(el,...,¢1)) € T. So, by definition of R™7, we have £ ®;
(¢1,--- 1) €Tiand ... and £7@®(¢}, ..., ¢p ) € T,. Now, because we also have Ri?&I‘} LI
and ... and R oy I7... 7 T7,, by Induction Hypothesis, if (£1,..., illl), cos (T, £ are
the tonicity signatures of ®1,...,®,, respectively then we have ¢;, M) I'1 and ... and ¢;, M) T
gi, €Ty if £P+F =+
@i, ¢ T; f £04F = —
well-defined by the coherence condition of the universal molecular connective.) That is, for all
Pi; € Fj if :l: i
QD,L'J. ¢ Fj if :|:
the tonicity signature. This proves the left to right dlrectlon of the inductive step.
Reciprocally, assume that for all v1,...,¢m € Lc, if ®(¢1,...,¢0m) € T'i41 then p;, My 1 or
.or g, My Ty, de

where for all j € [1;1], if ¢;;, = ¢F then ¢;, M Ty = { (This is

j €10, @i, ) Ty iff i, My Ty £ becaube +; = £+ by definition of

if =p;, My Ty and ... and —p;, My Ty then = ® (p1,...,0m) € Ti41. (%)

Then, we define for all j € [[1; n]]thesetfjo—{ i@®j(¢1,...,wl)|—np1 hy I j ey Yy, thy j}.

Using the Induction Hypothesis on :I: ®;, one can prove that FJ o is Pc—consistent for all
j € [1;n]. Moreover, for all —x; € FLO,... —Xn € 7,0, we have that = © (x1,...,xn) be-
longs to I' by the assumption (for formulas x1,..., X, such that ®(xi,...,xn) does belong
to the language Lc, since not all combinations work out). Hence, partially, we already have the
required condition so that ‘RZE7T ...T7, ol holds (see [6] for the definition of R_). Then,
given an enumeration of all tuples of formulas (¥1,...,%y,) of Lc, we can add incrementally
a tuple (¢1,...,9%n) to '] g x ... x I}, 4 if its formulas retain the consistency of I} 5,...,T7, o
and if ©(t1,...,%,) belongs to I'. Therefore, these Pc—consistent sets I'} g,..., T}, o can be
extended into maximal Pc—consistent sets I'},..., T, using the definition of R_g (because
R_o = R_s = Rg, note that —® has an existential quantification signature), in such a way that
we have R*i"r’ LLIIT (= R:%”F’l ...I".T"). Moreover, we also have that R;?&F% . Flllf'l

and ... and R;®® ..} T}, because by construction I'; o CT,..., I, 5 C F/ so that for all

Jj € [[1,7’1]], for all wlv" .,’(Mj S ﬁc, if :l:j® ®; (¢17...,wlj) S F/ then ¢1 thy I ,... 7¢lj ml
(which is the condition required to set R;@@)_F{ . F{J_ I'}). This proves the other direction of
the induction step. ’ O
Theorem 6. Let L = (Lc,Ec, | ) be an atomic logic based on a set C of atomic connectives
and a set Ec of pointed C-frames. Let X C L¢ be a set of inductive atomic formulas of L such
that Ec is the class of pointed C—frames defined by the first—order correspondents of the inductive
atomic formulas of . Then, the calculus Pc+ X is sound and strongly complete for L.

Proof. The proof is similar to the proof of [34]. The main difference is that we do not resort to
general frames and we do not use a compacity argument, we stay within the canonical model
and use its w-saturation (the notions of compacity and w-saturation are close enough notions to
obtain the desired proof). The other difference is that we deal with dimensions and tuples of
states instead of single states like in [34] but this does not change the layout of the proof.
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Soundness is proven without difficulty. As for completeness, we must prove that any Pc + X—
consistent set I' C Lc is satisfiable in a pointed C—frame of &c. We consider the simpler case
where ¥ consists of a single formula y in order to highlight the main ideas; the general case
where ¥ is an arbitrary set follows easily. We are going to show that the canonical frame
underlying the canonical model 9¢ of [6, Definition 29] (where k—Pc—consistency is replaced by
Pc + {x}—consistency) fulfills the expected requirements. W.l.o.g., we assume that all universal
connectives that appear in x are basic (if it is not the case, we can always replace them by
basic ones and change the initial set of atomic connectives C accordingly by taking another set
of atomic connectives C'). Let us take the canonical model ¢ = (W€, R°) associated to the
set of atomic connectives C defined in [6] and let §¢ be the C—frame underlying the canonical
C-model 9M¢. We know by assumption that ¢ |= y and we want to show that §¢ = x. As we
showed in the proof of Theorem I, if (§¢, Vin) = x for the minimal valuation V;,, (defined in the
proof of Theoreml ) then (§¢,V) = x for any valuation V| and thus ¢ = x. The result then
follows from Theorem [5| l So, we need to show that (F¢,V, ): X (4). The problem is that V,,, is
not necessarily the valuation of the canonical model 91°. We are gomg to show a weaker lemma
which will nevertheless imply that (4) holds. First, note that because of Fact [1| we can assume
w.l.o.g. that x is a plain regular formula. This weaker lemma is the following;:

Lemma 2. Let V,, be the ‘minimal’ valuation of Expressions and defined for the canonical
model MM of [6, Definition 29].

a. for alli € [1;k], Vin(P;,) is an intersection of sets [¢]™ for ¢ ranging over L¢;

b. for every positive formula © € L¢, [x]@5Vm) = (N [#]CY) where the intersection ranges

m =

over all valuations V' extending V,, and such that for alli € [1;k], V(P;,) is [p]™ for some
€ Lc.

Indeed, if we prove a. and b., then, because y is of a specific shape (see Expression in
the proof of Theorem [5)) and because of the rule (Uniform substitutionl), y will hold in (§F¢, V).

Now, we prove both a. and b. by an intertwined induction on i € {1,...,k}.
o =1.
a. Vi, (Pj,) is of the form V,,,(P;,) = {wh,... } or V., (Pj,) = {7 | R®]1vwh}
In the former case, we prove that
{w},,... } = ﬂ {[[go]]mc | wj, € [¢]™ and ... and E?l € [[go]]gnc}
pELC

and this will prove a. The left to right inclusion is immediate. As for the right to left implication,

assume that v € () {[e]™ |w;, € [¢]™ and ... and wh € [¢]™} and assume towards a
pELC

contradiction that ¥ gé {wj,,... Wk % }. Then, there are ¢',...,¢*F € Lc such that w}, € [ ™

but 7 ¢ [¢']™ and ... and wh € [[<pk]]m but T ¢ [©*]™" by definition of the canonical model

Me. Now, take ¢ é plv... \/ ©* € Lc. Then, we should have that & ¢ [p]™", because
w € [¢]™ and ... and @fl € []™". This is impossible by assumption.
In_the latter case, ®’' is a basic universal molecular connective by assumption. So, by

Fact |1} we have that R®hij1 iff for all ¢ € Lc, if W), € [®1 )™ then v € [o]™". So,

Vi(Pi) = N {le]™ |wj, € [®¢]} and this proves a.

pELC
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b. same as the proof of Fact [2| for the induction step ¢ + 1.
e induction step: 7 + 1.

b. We first prove b. and then a.

Fact 2. Let C be a set of atomic connectives. For any positive formula m € L¢, for all v, we
have that v € ST (m)[SUBJ iff it holds that v € ST (w[sub]) for all v;,,...,¢j,_, € Lc such that

VWL(le) - [[@Jd]]imc and ... and Vm(Pji—l) - [[‘Pjifl]]imc (5)

where SUB 2 [Py, := Vin(Pj,), -+, Pjy = Vi (P, )]
sub é [pjl/sojlﬂ e 7pji_1/s0jz‘—l]

Proof. (Fact|2)) The left to right direction follows from the positivity of 7. We prove the right to
left direction by induction on 7. The proof is the same as [34, Lemma 55] (relying on Esakia’s
lemma 53).

o if m = p is a propositional letter of {p;,,...,p;, ,} then it follows straightforwardly from
the Induction Hypothesis of a., namely V;,,(p) = [ [:] for some family of formulas of Lc¢

iel
indexed by some set I.
o Ifm=®(p1,...,pm) with ® existential molecular connective of tonicity signature (%1, ..., %)
where +1 = ... =4+p =+ and &y = ... = £, = — for some 1 <[’ <[, then we have

that M, T = ® (p1,..., pm)[sub] for all @;,,...,¢,, , € Lc such that
iff for all ;,,...,p;,_, € Lc such that (), Jvy,..., 7 (R®§1 ..o ATy € ST(pi, [sub]) A
. Ny € ST (ps, [sub]) Ay 1 ¢ ST (pry1[sub])A.. AT ¢ ST (p;, [sub])) (where p;,, ..., pi,

are positive and p;,, , i, are negative)

e
iff 35, ... 7, <R®@1 . TOAy € ST(pi, [sub])A. . .ATy € ST (ps,, [sub]) AT 1 € ST(=pi,, +1[sub])A
. AT € ST (—p;, [sub])).

Now, by w-saturation of 9, there are 71, ..., 7, such that Rgv; ... v and forall p;,,...,¢;_, €

Lc such that (f]), it holds that v; € ST(p;,[sub]) and ... and vy € ST(p;, [sub]) and
U1 € ST(=pi, ., [sub]) and ... and v, € ST (=p;, [sub]).

So, by Induction Hypothesis, because p1, ..., pr and —py 41, ..., pmy are positive, there are
U1,...,0; such that Rg® ... 70 and 71 € ST (p;,)[SUB] and ... and 5y € ST(p;, )[SUB]
and vy 1 € ST(pi,,,)[SUB] and ... and v, € ST'(p;,)[SUB].

That is, 5 € ST(®(p1, .., pm))[SUB.

o Ifm=®(p1,...,pm) with ® universal molecular connective of tonicity signature (+1,...,+;)
with 1 = ... = &y = 4+ and £p41 = ... = &; = — for some 1 < I’ < [, then
M, T @ (p1,. .., pm)[sub] for all ;,,..., ¢, , € Lc such that

iff for all ¢j,,...,¢j,_, € Lc such that (), Voy,...,7; (R@)m ... 7o VU1 € ST(p;, [sub]) V

.V € ST(pi,[sub]) V0,41 ¢ ST(pi,+1lsub]) V ... VT, & ST(p; [Sub])) where
Piys- -+ P, are positive and p;, 11,...,p; are negative.

o1



Then, for all 7y,...,T (R®®1 ...T0 or Uy € ST(p;, [sub]) for all ¢;,,...,¢;,_, € Lc such

that or ... or Ty € ST(p;,[sub]) for all g, ,...,¢;_, € Lc such that or Uy4q €
ST(=pi, ., [sub]) for all ¢;,,...,¢;, , € Lc such that or ... or 7y € ST(—p; [sub]) for

all j,,...,¢4,_, € Lc such that )
So, for all vy,...,7; (R@@l ...0v or vy € ST(p;; )[SUB] or ... or Ty € ST(p;, )[SUB| or
U1 € ST(=pi,,,)[SUBJ or ... or 7 € ST(ﬁpil)[SUB]) by Induction Hypothesis.
Thus, ((§¢, Vin),0) |- ST(®(p1, ..., pm)) i-e. T € ST(®(p1,---,pm))[SUB]. O
a. For better readability, let us denote j; by j. We define V;,,(P;) £ {@j | 301 ... Ty, (Réj U1 .. T, WA

Ty € ST(m) Ao ATiy 1 € ST(mi; 1) ATiy 1 & ST(vi, 1) A AT, & ST(vy,))[SUB] | where
T1,...,Mi,—1 are positive and v;; 41, ..., y, are negative formulas of Lc. We are going to prove
the following lemma.

Fact 3. Let j = j;. Then,

Vm(Pj) = n{[@ﬂmr |wj € [@)j(_'ﬂla""303"'7_‘Vn_7)[pj1/90j17-“apji_l/soji—l]]]gmc

for some @j,, ..., , € Lc such that (6)
Vm(le) c [@jlﬂmc and ... and Vm(sz‘—l) - [[‘pjifl]]imc}'

That is, T € Vi (p;,) iff for all ¢j,,..., ¢, . € Lc, all ¢ € L, if Vi (P},) C [, ]™ and ...
and V,,(P;,_,) C [[%Fl]]mc and ® (=my,...,0,.. -, Wp; )[sub] € W; then ¢ €.

Proof. (Fact Left to right inclusion C. © € V,,(P;) iff there are y,...,7,, such that
R_;01... 0w and 01 € ST(m1) and ... and Uy; ¢ ST(vy;) where Py, ..., Pj,_, are interpreted
in the canonical model by the sets V,,(P;,), ..., Vi (P;,_,) respectively. So, there are Ty,. .., Uy,
such that R_;v1...70,,w; and for all ¢j,,...,¢j,_, € Lc such that (@), 71 € ST(m1[sub]) and
. and Ty, ¢ ST (vy,[sub]) by positivity of 71,..., 7wy, Indeed, for all [ € [1;7;], we have that
U, € ST (m) implies v; € ST(m;)[sub] for all ¢;,,...,¢,, , such that (5) by positivity of ;.
Thus, for all ;,,...,¢j,_, € Lc such that (), there are 7,...,7,, such that R} vy ... 0,7,

and 7, € ST(mi[sub]) and ... and T, ¢ ST (vy,[sub]). (7)
Hence, let p and ;. , ..., ¢;,_, € Lc be such that (B and assume that ®7 (-7, ..., ¢, ..., -y, )[sub].

Then, by Fact% because we have R_ ;v ...7,,W;, we also have —m[sub] € Ty or ... or ¢ € Ty,

or ... or —w[sub] ¢ U, d.e. Uy ¢ ST(m[sub]) or ... or v,; € ST(vy,[sub]) or ¢ € ;;. So, by

(7), we have that ¢ € v;,.

Right to left inclusion D. Let ¥ be such that for all ¢;,,...,¢;,_, € Lc such that (5), for all
¢ € Lc, ® (-1, ...,0,...,~wy,)[sub] € W; implies ¢ € .
Let ¢;,,...,95_, € Lc be such that . Assume that for all vy,...,9,,, we have that
R0y ... 0y, wjorvy € ST(—mi[sub])or... orv;;, 1 € ST (-7, _1[sub]) or v, 11 ¢ ST (—v;;41[sub])
or... or oy, ¢ ST(—y,[subl). Then, (M, w;) |- &7 (-1, ..., w1, L, 7w, 41,..., "Wy, )[subl.
Therefore, by assumption, ¢ € [L]™", which is impossible. So, for all ¢;,,...,¢j, , € Lc such
that 7 there are vy,...,,; such that R_;v1...9,,w; and v € ST (m)[sub] and ... and
Ui;—1 € ST(ms;—1)[sub] and v;; 1 ¢ ST(v;;41)[sub] and ... T,; ¢ ST (v,,)[sub].
Now, for all @j,,...,¢;, , € Lc such that and all ¢/ ..., ¢} € Lc such that (5, we
have that @;, A} , ..., 5, Ag; | € Lc fulfills ([B)) as well. So, forall (¢} ..., @5 )., (@F, .- 07 )
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of Lc such that for all I € [1;n], 1 € ST(m)[sub] and ... and v;,_y € ST(m;;_1)[sub] and
Ui;+1 € ST(—vi;41)[sub] and ... and v,,; € ST(—vy,;)[sub]. So, by w-saturation of the canonical
model M, there exist Uy, ...,V,, such that Rg;v;...0,,w; and for all ¢;,,...,¢;,_, € Lc such
that holds, we have that 7, € ST (m;)[sub] and ... and v;; 1 € ST(m;;_1)[sub] and T;, 41 €
ST(—vi,+1)[sub] and ... and ©,,; € ST(—wy,)[sub]. Then, by Fact [2} there exist 7y,...,7,, such
that 7, € ST(m1)[SUB] and ... and v;; 1 € ST(m;;_1)[SUB] and v, 1 € ST (-v;,41)[SUB] and

. and U,,; € ST(—vy,;)[SUB]. That is, v € V;,,(P},). O

So, we have proven the induction step and therefore a. and b. as well. O

Theorem 7. Let L = (Lc,Ec, |- ) be a Boolean atomic logic based on a Boolean common
set C of atomic connectives and a set Ec of pointed C-frames with D-information order. Let
3 C Lc¢ be a set of inductive atomic formulas of L such that Ec is the class of pointed C—
frames defined by the first—order correspondents of the inductive atomic formulas of . Then,
the calculus Pc + X + (Uniform D-substitution|) is sound and strongly complete for L, where
(Uniform D-substitution)) is the following rule:

For all x € ¥ and all prop. letters p1,...,px € D and ay,...,ar € Lp
and all prop. letters q1,...,q € C— D and B1,...,0; € L¢: (Uniform D-substitution)

From X infer X[pl/ah cee 7pk/akaQ1/ﬁl7 o 7QZ/EZ]

where x[p1/ai1, ..., pr/k,q1/B1,--.,q /B is the formula resulting from the uniform substitution
i x of pr by oy and ... and pr by ay and q1 by 1 and ... and q by 5.

Proof. We take up the proof of Theorem |§| and follow the same method. We must (1) add to the
canonical model ¢ a D-information order C¢, (2) prove that the minimal valuation V;,, defined
by Expressions @ and fulfills the [Heredity condition| with that D-information order C¢ and
(3) prove that it still satisfies Conditions (a) and (b) in the proof of Lemma [2|on p. [50| but with
formulas of Lp instead of L¢ if P;; € D and with formulas of L¢ if P, € C — D (because of our
specific rule (Uniform D-substitution))).

1. We take up the definition of the canonical model ¢ in [6] and define the preorder C° on
W€ as follows: for all I, IV € W€, we set

T Ce TV iff for all ¢ € Lp we have that ¢ € T implies ¢ € T

One can easily prove using the definition of the (canonical) relations 98¢ that this preorder
C¢ is an information order, that is, it satisfies the [Tonicity postulates|

2. We prove it by distinguishing two cases. The first case is when V;,(P},) is defined by
L. (@Jl-l CCtv...V @?1 C¢ ). It holds trivially: this set is closed under =€ because it is
transitive. The second case is when V,,,(P;},) is defined by At. ANT;, (P}, , ..., Pj,_,; P;,)(t),
it also holds because the zéfb argument of the tonicity +;; (%) of ®7 is +. So, in Expression

i

(B), we can derive from R_; o7" ... ... %} and v]) C°u]’ and the |Tonicity postulates|
i , ,

i 1

(generalized to universal molecular connectives) that R&-iﬂj{ .. ﬂfj

g @ﬁLJ Hence, from
ANT}, (—; Pj,)(w) and w C° v, one can derive ANTj, (Pj,,...,P;,_,;P;,)(v). That is from
w € V5, (Pj,) and w E° v, we derive that v € V,,,(P;,), that is the [Heredity condition| for

P;

K2
Ji—1)

i

3. To prove Conditions (a) and (b) of Lemma |2 we follow the same inductive reasoning as in
the original proof. The only difference in the proof resides in the base case for Condition
(a). In that case, V;,(P;,) is of one of the following three forms:
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(a) Vin(Py,) ={w|wj, =wor ... or @?1 =w} or

(b) Vim(P;,) ={w|wj, C°Wor ... or @fl C°w} or
(c) Vin(Pj,) = {v| Rg,, vwy, }.

The first and third subcases are proven like in the proof of Lemma [2] on p. In the
1

second subcase, we are going to prove that V;,(P;,) £ {w | wj, E° wWor ... or E;?l cCe
w} = N {[e]™ |}, € [¢]™ and ... and W% € [¢]™ }. The left to right inclusion
peLD
follows from the fact that {w|w;, C°w} € () {[¢]™ | @), € [¢]™ } by Proposition
»€ELD
Conversely, let T € ﬂﬁ {[£]™ |w}, € [¢]™ and ... and w¥ € [¢]™ } and assume
weLlp
towards a contradiction that we have neither Ejl- , EvUnor ... nor E?l C¢v. Then, by our
definition of £, there are @, ..., ¥ € Lp such that W', € [¢']™ but v ¢ [']™ foralli €
{1,...,k}. We take p £ o' V...V ¢" € Lp (because V € C7). Then, wj, € [€]™ and ...
and ﬁ?l € [p]™ but v ¢ [¢]™". This is impossible by our assumption. So, V;,(Pj,) £ {w |
w;, CCwor ... or wh C° W} = QE {[e]™ | w}, € [¢]™ and ... and w5, € [¢]™ }.
2 D
O
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