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Abstract. Stable logics are modal logics characterized by a class of frames closed under relation
preserving images. These logics admit all filtrations. Since many basic modal systems such as K4
and S4 are not stable, we introduce the more general concept of an M-stable logic, where M is an
arbitrary normal modal logic that admits some filtration. Of course, M can be chosen to be K4 or
S4. We give several characterizations of M-stable logics. We prove that there are continuum many
S4-stable logics and continuum many K4-stable logics between K4 and S4. We axiomatize K4-
stable and S4-stable logics by means of stable formulas and discuss the connection between S4-
stable logics and stable superintuitionistic logics. We conclude the article with many examples (and
nonexamples) of stable, K4-stable, and S4-stable logics and provide their axiomatization in terms of
stable rules and formulas.

§1. Introduction. One direction in the study of modal logics is to identify classes of
modal logics that are finitely axiomatizable, have the finite model property (fmp), and are
decidable. To give a few examples:

(i) Bull [10] and Fine [17] proved that every extension of S4.3 has the fmp, is finitely
axiomatizable, and hence decidable;

(i1) Segerberg [32] showed that every logic above K4 of finite depth has the fmp;
(iii) Fine [18] proved that every subframe logic above K4 has the fmp; and
(iv) Zakharyaschev [37] showed that the same holds for cofinal subframe logics above

K4.

One of the most standard techniques for proving the fmp in modal logic is the method
of filtration, which gives rise to yet another important class of modal logics enjoying the
fmp. If a model 9 is a filtration of a model 907, then O is an image of YT under a relation
preserving map. We call such maps stable maps.! Thus, if a modal logic is characterized by
a class of frames closed under images of stable maps, its fmp can be proved via filtration.
Such logics were called stable in [3].

Received: February 21, 2016.

2010 Mathematics Subject Classification: 03B45, 03B55.

Key words and phrases: modal logic, modal consequence relation, canonical formula, canonical
rule, finite model property, axiomatization, intuitionistic logic.

1 In model theory such maps are called homomorphisms, but we reserve the term “homomorphism”
for operation preserving maps between modal algebras. Ghilardi [20] calls such maps continuous,
but we reserve the term “continuous” for structure preserving maps between topological spaces.
Thus, we follow [3] in calling such maps “stable.”
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Examples of stable logics are the basic modal logic K, the logic T of all reflexive frames,
the logic D of all serial frames, the epistemic logic S5, the logic KMT of the frames where
each point sees a reflexive point, etc. Stable logics enjoy the following strong property:
they admit all filtrations.

There are modal logics that are not stable but still admit particular filtrations. For ex-
ample, the well-known modal systems K4 and S4 admit transitive filtrations, but they do
not admit all filtrations, hence are not stable. This generates a problem of how to deal with
logics that only admit some filtrations. As a solution, we weaken the notion of stability by
parameterizing it over a ground logic. If a modal logic M admits a filtration, we define M-
stable logics as logics above M that are stable over M (meaning that they are characterized
by a class of frames closed under those stable images that validate M). A stable logic is
then simply a K-stable logic. It is our goal to develop the theory of M-stable modal logics.

In many ways stable logics parallel subframe logics. The defining property of subframe
logics is that their classes of frames are closed under subframes. Transitive subframe logics
admit selective filtration and hence have the fmp. They also admit a uniform axiomati-
zation via the so-called subframe formulas [18]. Subframe formulas are obtained from
Zakharyaschev’s canonical formulas [36,37] and subframe rules are obtained from Jerabek’s
canonical rules [22] by dropping the extra parameter ® of closed domains. Similarly, stable
rules are obtained from the stable canonical rules of [3] by dropping the extra parameter
© of stable closed domains. Consequently, every stable logic is axiomatizable by stable
rules. Stable rules are best described by their semantic property. The stable rule of a finite
frame § is refuted on a frame & iff §§ is an image of & via a stable map. Thus, if a logic
L is axiomatized by the stable rules of finite frames {§; | i € I}, then it is characterized
by the class of finite frames omitting (not having as stable images) every §;. This gives a
geometric intuition in analogy with that for subframe formulas (see, e.g., [38]).

Another analogy between (elementary) subframe logics and stable logics arises from
the model-theoretic perspective. It is a well known result of L.o$ and Tarski that a first-
order sentence is preserved by submodels iff it is equivalent to a set of universal sentences
(see, e.g., [14, Theorem 3.2.2]). Consequently, if a modal logic L is characterized by a
class of frames that is definable by universal sentences, then L is a subframe logic. On
the other hand, by Lyndon’s theorem, a first-order sentence is preserved by surjective
homomorphisms (stable maps) iff it is equivalent to a set of positive sentences (see, e.g.,
[14, Theorem 3.2.4]). As a result, if a modal logic L is characterized by a class of frames
that is definable by positive sentences, then L is stable. We will use this characterization
to show that many well-known logics above K4 and S4 are K4-stable and S4-stable,
respectively.

There are also essential differences between nontransitive subframe logics and stable
logics. Since the method of filtration works well in the nontransitive case, every stable logic
has the fmp, which in general is not true for subframe logics (see, e.g., [13, Exa. 11.32]).
There even exists a transfinite chain of Kripke-incomplete subframe logics [35]. Stable
logics form a well-behaved class also from a proof-theoretic perspective as every stable
logic enjoys the so-called bounded proof property (the bpp) [7]. Whether all subframe
logics enjoy the bpp is still an open problem.

Our main results include several characterizations of M-stable modal logics. Since logics
above K4 and S4 play an important role in modal logics, we pay special attention to K4-
stable and S4-stable logics. For logics above K4, we can turn every stable rule p(§) of
a rooted frame § into a stable formula y (), which behaves similarly to p (§) on rooted
frames. As a consequence, every K4-stable logic is axiomatizable by stable formulas. The
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converse is not true for logics above K4, but we prove that it is true for logics above S4;
that is, every logic axomatized by S4-stable formulas is S4-stable.

We also investigate the connection between S4-stable logics and stable superintuition-
istic logics (si-logics) studied in [2, 4]. We prove that the intuitionistic fragment pM of
every S4-stable logic M is a stable si-logic. In fact, given an axiomatization of M via stable
formulas of finite rooted S4-frames {F; | i € I}, we can obtain an axiomatization of pM
by the stable intuitionistic formulas of the intuitionistic frames (Bi|i €I}, where §; is
obtained from §; by “unfolding” each cluster into a chain. Conversely, stability is preserved
by the least modal companion of a si-logic, and if the stable formulas of {&; | i € I}
axiomatize a stable si-logic, then the S4-stable formulas of {&; | i € I} axiomatize its least
modal companion. However, stability is not preserved by the greatest modal companion
of a si-logic. This is in contrast with subframe logics, where both the least and greatest
companions of a subframe si-logic are subframe logics, and the intuitionistic fragment of
every subframe logic above S4 is a subframe si-logic (see, e.g., [13, sec. 9.6]). We explic-
itly use these connections between S4-stable logics and stable si-logics to give concrete
axiomatizations of many well-known K4-stable and S4-stable logics via stable formulas.

The article is organized as follows. In the next section, we recall the necessary back-
ground and central notions from [3]. In §3, we lay out the general theory of M-stable logics
and show that there are continuum many stable logics. In §4, we turn to more specific cases
and discuss M-stable logics, where M is a normal extension of K4. In §5, we discuss the
connection between S4-stable logics and stable si-logics. In the final section, we present
many examples (and nonexamples) of stable, K4-stable, and S4-stable logics and provide
their axiomatizations in terms of stable rules and formulas.

§2. Preliminaries. We assume that the reader is familiar with modal logic. We use
[8,13,23,34] as our main references for modal logic, [11] for universal algebra, [24,30] for
modal consequence relations, and [3,22] for multiconclusion modal consequence relations.

We recall that a modal algebra is a pair 2l = (A, ) where A is a Boolean algebra and &
is a unary function on A preserving all finite joins. We also recall that a modal space (aka
a descriptive frame) is a pair X = (X, R) where X is a Stone space (compact Hausdorff
zero-dimensional space) and R is a binary relation on X satisfying R[x] :={y € X | xRy}
is closed for every x € X and R7U]:={x € X | xRy forsome y € U} is clopen for
every clopen U of X. If X is a finite modal space, then the topology is discrete, and we
view X as a finite Kripke frame.

We will often use the duality between modal algebras and modal spaces. The dual modal
space of a modal algebra 2 = (A, O) is X = (X, R), where X is the Stone space of A (that
is, the points of X are the ultrafilters of A and the topology on X is generated by the basic
opensets p(a) = {x € X |a € x}foralla € A) and xRy iff (Va € A)(a € y = <a € x).
If X = (X, R) is a modal space, then its dual modal algebra is 2l = (A, <), where A is the
Boolean algebra of clopen subsets of X and Ga = R™![a] forall a € A.

Morphisms between modal algebras are modal algebra homomorphisms, morphisms
between modal spaces are continuous p-morphisms, and the duality extends to morphisms
by taking preimages of the morphisms in question.

We recall (see, e.g., [23, p. 174]) that an element a of a modal algebra 2l is an opremum if
a # 1 and for each b # 1 there is n €  with B,b < a, where 0% = b, O"+1p = OO"p,
and Wb = A\, Ob. A modal algebra 2 is subdirectly irreducible iff it has an opremum.

An element x of a modal space X = (X, R) is a root if X = R®[x] and a topo-root if
R®[x] is dense in X, where R0[x] = {x}, R"H[x] = {y € X | zRy for some z € R"[x]},
and R°[x] = U R"[x]. We call X rooted if it has a root, and topo-rooted if the set of

new
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topo-roots is not co-dense (the interior is nonempty). By [33, Theorem 2], a modal algebra
2l is subdirectly irreducible iff its dual modal space X is topo-rooted. Therefore, if 2 is
finite, then 2 is subdirectly irreducible iff X is rooted [31, Theorem 3.1].

In this article, we will often be interested in maps between modal algebras that are
not full modal algebra homomorphisms but preserve < only “half-way.” Such maps were
studied in [5] under the name of semihomomorphisms and in [20] under the name of
continuous morphisms. We follow [3] in calling them stable homomorphisms.

DEFINITION 2.1. Let 2 = (A, <) and B = (B, <) be modal algebras.

1. A Boolean homomorphism h : A — B is stable provided Oh(a) < h(<Ca) for all
a e A

2. We call 2 a stable subalgebra of B if A is a Boolean subalgebra of B and the
inclusion A — B is a stable homomorphism.

Dually stable homomorphisms correspond to continuous relation preserving maps (see
[3, Lemma 3.3]).

DEFINITION 2.2.
1. Let X = (X, R) and ) = (Y, R) be modal spaces. A map f : X — Y is called
stable provided it is continuous and x Ry implies f(x)Rf (y).
2. We call ) a stable image of X if there is an onto stable map f : X — Y.

A multiconclusion rule is an expression of the form I'/ A, where I and A are finite sets
of formulas. A modal algebra 2 = (A, <) validates a rule I'/A (in symbols: 2 = T'/A)
if for every valuation V : Prop — A, from V(y) = 1 for all y € T it follows that
V() = 1 for some 6 € A. Just as formulas correspond to equations, multiconclusion rules
correspond to universal clauses, namely the rule I'/A corresponds to the universal clause
VX A\yer 7 () = Vep 0(X), where X is a set of variables containing a variable for each
propositional letter used in the formulas from I" and A.

We recall the stable rules of [3, sec. 7]. Let 2l = (A, <) be a finite modal algebra. For
every a € A, let p, be a propositional letter such that a # b implies p, # pp. The stable
(multiconclusion) rule p(2l) is defined as I'/ A, where

I'={pavb & paV py | a,b e A}U

{P-a > —palaec AU

{Opa = poalae A}
and

A={pslacA,6a#l}

Stable rules generalize the Jankov rules of [22], which in model theory correspond

to diagrams of finite modal algebras [14, p. 68]. Recall that satisfying the diagram of a
structure is equivalent to the structure being isomorphically embeddable [14, Prop. 2.1.8].

On the other hand, refutation of the stable rule of a finite modal algebra 2{ is equivalent to
2 being stably embeddable:

PROPOSITION 2.3. [3, Proposition 7.1]. Let 2, B be modal algebras with 2 finite. Then
B b= p(R) iff there is a stable embedding h : A — ‘B.

Recall that varieties are classes of algebras closed under the operations of taking homo-
morphic images H, subalgebras S, and products P. There is a one-to-one correspondence
between normal modal logics and varieties of modal algebras. If T is set of formulas, then
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we denote by V(I') the variety corresponding to the logic axiomatized by I' over K. Just
as formulas axiomatize varieties of algebras, multiconclusion rules axiomatize universal
classes of algebras. These are classes of algebras closed under the operations of taking
isomorphic copies I, subalgebras S, and ultraproducts Py. If I is a class of modal algebras,
then we denote by V(K) the variety generated by K, and by /(K) the universal class
generated by KC. It is well known that V(K) = HSP(K) and U (K) = ISPy (K). Note that
U(K) is contained in V(/C), but in general the inclusion is proper.

Universal classes of modal algebras correspond to normal modal multiconclusion con-
sequence relations. A normal modal multiconclusion consequence relation is a set S of
rules such that

p/p €S;

9.9 > y/y €S;

9/0p € S;

/o € S for each theorem ¢ € K;

ifT/A eS8, then,T//A, AN €S,
ifT/A,peSandT,p/A €S, thenT/A € S;

if /A € § and s is a substitution, then s(I')/s(A) € S.

If S is a normal modal multiconclusion consequence relation, then we denote by U(S)
the universal class corresponding to S. As shown in [22, Theorem 2.2], S is complete
with respect to U(S). If K is a class of modal algebras, then S() = {I'/A | A E
I'/ A for every 2l € K} is a normal modal multiconclusion consequence relation. If R is
a set of rules, then we denote by CR(R) the least normal modal multiconclusion conse-
quence relation containing R. If S = CR(R), then we say that R axiomatizes S.

For a normal modal logic L, we denote by S| the normal modal multiconclusion con-
sequence relation axiomatized by {/¢ | ¢ € L}. A set of rules R gives rise to the logic
Log(R) = {¢ | /¢ € CR(R)}. If L = Log(R), then we say that L is axiomatized by
R. More generally, if R is a set of rules and M is a normal modal logic, then we say
that the logic L = {p | /¢ € CR(Sm U R)} is axiomatized by R over M. We have
V(Log(R)) = VU(CR(R))) and V({¢ | /¢ € CR(Sm UR)}) = VU(CR(Sm U R))).

§3. M-stable modal logics. Stable modal logics are modal logics axiomatized by sta-
ble rules [3, sec. 7]. As we pointed out in the introduction, they admit all filtrations (where
admitting filtration is meant in the weak sense, see Definition 3.1(2)). Many logics that
admit filtration do not admit all filtrations—e.g., K4 only admits filtrations that produce
transitive frames—and such logics are not stable. We therefore relativize the concept of
a stable logic to that of an M-stable logic, where M is a normal modal logic admitting
filtration (in the strong sense, see Definition 3.1(3)). Thus, M-stable logics are logics above
M that admit all M-filtrations (in the weak sense). To facilitate the study of M-stable logics,
we give several equivalent descriptions of M-stability. We also collect several observations
on how M-stable logics lie in the lattice of all modal logics. We conclude the section by
showing that there are continuum many (weakly transitive) stable logics.

We recall that an algebraic account of filtrations in modal logic was first given in [27,28]
(see also [25,26]). For a more recent discussion of filtrations algebraically we refer to
[3,15,20]. Here we follow the construction discussed in [3, sec. 4].

DEFINITION 3.1.

1. Suppose A = (A, ) is a modal algebra, V is a valuation on A, and T is a finite
set of formulas closed under subformulas. Let A" be the Boolean subalgebra of A

https://doi.org/10.1017/51755020317000375 Published online by Cambridge University Press


https://doi.org/10.1017/S1755020317000375

STABLE MODAL LOGICS 441

generated by V(X). Then A’ is finite because X is finite. Set D = {V (p) | Op € Z}.
Let &' be a modal operator on A’ and V' be a valuation on A" = (A’, &) satisfying

o The inclusion A" — U is a stable homomorphism;
o V'(p) = V(p) for all propositional letters p € ;
o Oa=<Caforalla e D.

Then (', V') is called a filtration of (2(, V) through X.

2. A normal modal logic M admits filtration (in the weak sense) if for every nonthe-
orem ¢ of M, there is a filtration (A, V') of a counter-model (2, V) of ¢ through
some finite set T of formulas containing ¢ and closed under subformulas such that
A’ is an M-algebra.

3. A normal modal logic M admits filtration (in the strong sense) if for every M-
algebra U, every valuation V on 2, and every finite set X of formulas closed under
subformulas, there is a filtration (A, V') of (A, V) through X such that ' is an
M-algebra.

Our definition of admitting filtration in the weak sense follows [13, p. 142], and admit-
ting filtration in the strong sense follows [20, p. 201]. Clearly the latter is stronger than the
former, but the former is sufficient for proving the fmp. Indeed, by the Filtration Theorem
(see, e.g., [13, Theorem 5.23)), if (R, V’) is a filtration of (A, V) through some X, then
V(p) = V/(p) for all p € Z. It follows that if a normal modal logic M admits filtration in
the weak sense, then M has the fmp. On the other hand, admitting filtration in the strong
sense ensures the finite embeddability property (see Remark 3.4).

DEFINITION 3.2. Let M be a normal modal logic and let L be a normal extension of M.

1. Suppose K and V are two classes of modal algebras with IC C V. We say that K is
V-stable provided for 2,8 € V, if B € K and there is a stable embedding 2 — *B,
then 2 € K.

2. Let K be a class of M-algebras. We say that K is M-stable if KC is V(M)-stable.
We say that K is finitely M-stable provided for every finite M-algebra 2| and any
B € K, whenever there is a stable embedding 2 — B, then 2 € K.

3. We say that L is M-stable if the variety V(L) is generated by an M-stable class.

PROPOSITION 3.3. If M is a normal modal logic that admits filtration in the strong
sense, then every M-stable logic admits filtration in the weak sense, and hence has the fimp.

Proof. Let L be M-stable. Then V(L) is generated by an M-stable class K. If L I ¢,
then there is 20 € K and a valuation V on 2 such that 2 }~ ¢. Let Sub(gp) be the set of
subformulas of ¢. Since M admits filtration in the strong sense, there is a finite M-algebra
2’ and a valuation V/ on 2" such that (', V') is a filtration of (2(, V) through Sub(p).
Because K is M-stable, 2 € K. Thus, L admits filtration in the weak sense, and hence L
has the fmp. O

Roughly speaking, whenever L is M-stable and M admits filtration in the strong sense,
the fmp of L can be shown with the “same proof” as the fmp for M.

REMARK 3.4. We briefly discuss connection between M-stability and the notion of the
finite embeddability property (fep for short) [19, Sec. 6.5]. The fep is equivalent to the
finite model property for quasi-equations [16, 9], so it is a slightly stronger notion than the
fmp. If a normal modal logic M admits filtration in the strong sense, then the corresponding
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variety of modal algebras has the fep. Every M-stable class of algebras has the fep, but in
general we do not know whether the variety V(L) corresponding to an M-stable logic L has
the fep since by Definition 3.2(3), V(L) is only generated by an M-stable class and may
itself not be an M-stable class. However, if L is a normal extension of K4, then it follows
from [22, Lem. 3.23] that the notions of fmp and fmp for quasi-equations coincide. As
the fmp for quasi-equations is equivalent to the fep, we conclude that the notions of fmp
and fep coincide for normal extensions of K4. Therefore, Proposition 3.3 yields that if L is
K4-stable, then V(L) has the fep.

In what follows, we will mainly be interested in admitting filtration in the strong sense,
and will simply refer to this condition as admitting filtration.

LEMMA 3.5. Let M be a normal modal logic that admits filtration and let IC be a finitely
M-stable class of M-algebras.

1. S(K) is axiomatized over Sy by the stable rules of finite M-algebras.
2. UK) = U(Kin), where Kiin is the class of finite members of K.

Proof. (1). Suppose that K is finitely M-stable. Let .A be the set of finite nonisomorphic
M-algebras that do not belong to & and let ¥ = {p(2() | A € A}. We show that S(K) is
axiomatized over Sy by V. For this, it is sufficient to show that I/ (K) is exactly the class of
M-algebras satisfying W. First, we show that each member of /C satisfies V. If there are B €
K and 2 € A such that B [~ p(2), then by Proposition 2.3, there is a stable embedding
2A »— PB. Since K is finitely M-stable and 2! is finite, 2( € X, a contradiction. Because
U(K) is generated by K, it follows that each member of U (K) satisfies V. Conversely,
suppose that an M-algebra B satisfies p(2() for each 2 € A. If B & U/(K), then there is a
multiconclusion rule T'/A such that K = T'/A but B (= I'/A. Let B’ be an M-filtration
of B through Sub(I' U A) with B’ = '/ A. Since B’ is a stable subalgebra of 28, we have
B £ p(B’) by Proposition 2.3. As B satisfies p () for each 2 € A, we see that B’ € I,
so B’ € U(K). But this contradicts B’ = I'/ A. Therefore, B € U(K).

(2). The inclusion U (Ksin) C U(K) is obvious. To see the reverse inclusion, let I'/ A be
a multiconclusion rule that is refuted in /(K). Then there is 2 € K that refutes I'/A. Let
2A’ be an M-filtration of 2l through Sub(T" U A). Then 2(’ refutes I'/A and 21’ € K since 2’
is finite and K is finitely M-stable. Thus, 2l € K, and so U (Ksipn) refutes T'/A. O

DEFINITION 3.6. Let § = (W, R) be a finite Kripke frame. We call r € W a strong root of
SifrRw forallw e W.

Note that if » is a strong root, then it is reflexive. In algebraic terms, a strong root
corresponds to an atom «a of a finite modal algebra 2 such that a < $b forall 0 # b € 2.

DEFINITION 3.7.

1. Let § = (W, R) be a finite Kripke frame and let r ¢ W. We set §" = (W', R')
where W = WU {r}and R' = RU{(r, w) | w € W'}. Figuratively speaking, §" is
obtained by adding a strong root beneath §.

2. We say that a normal modal logic M has the (x)-property if for each finite M-frame
§ we have that §" is also an M-frame.

If A = (A, O) is the dual algebra of §, then the dual algebra of §” is the algebra
A = (A, 0’), where A’ is the Boolean algebra generated by A and a fresh atom a with
&’a = a and &’'b = Ob Vv a for every atom b € A. Consequently, a normal modal logic M
has the (x)-property if for every finite M-algebra 2 = (A, ©), the algebra 21’ = (A’, <)
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is an M-algebra. Examples of normal modal logics satisfying the (x)-property are K, D, T,
K4, and S4. On the other hand, the logics KB, S5, and GL do not satisfy the (x)-property.
For a class K, we let [Cg;j be the class of subdirectly irreducible members of /.

THEOREM 3.8. Suppose M is a normal modal logic that admits filtration and L is a normal
extension of M. The following are equivalent.

1. L is M-stable.

2. V(L) is generated by a finitely M-stable class.

3. V(L) is generated by an M-stable class of finite M-algebras.

4. L is axiomatizable over M by stable rules of finite M-algebras.
5. V(L) is generated by an M-stable universal class of M-algebras.

Moreover, if M has the (x)-property, then the above conditions are equivalent to the fol-
lowing ones:

6. V(L) is generated by an M-stable class of finite subdirectly irreducible algebras.
7. V(L) is generated by a V(M)g;j-stable class.
8. V(L) is generated by a finitely M-stable class of subdirectly irreducible algebras.

Proof. The proof is similar to [3, Theorem 7.6]. The implication (1) = (2) is trivial
since every M-stable class is finitely M-stable. For the implication (2) = (3), suppose that
V(L) is generated by a finitely M-stable class K. By Lemma 3.5(2), K and Ky, generate the
same universal class, and hence they generate the same variety. Thus, V(L) is generated by
the M-stable class Ky, of finite modal algebras. The implication (3) = (2) is obvious. For
the implication (2) = (4), suppose that V(L) is generated by a finitely M-stable class K. By
Lemma 3.5(1), S(K) is axiomatized over Sy by the stable rules of finite M-algebras. Since
the variety V(L) is generated by /C, the same rules axiomatize L over M. For the implication
(4) = (5), suppose that L is axiomatized over M by a set ¥ of stable rules. As validity
of stable rules is preserved by stable embeddings, the universal class U/ (CR(Sy U P)) is
M-stable. Since V(L) = V(U (CR(Sp U ¥))) and because U (CR(Sy U ¥)) is an M-stable
universal class, we conclude that V(L) is generated by an M-stable universal class. The
implication (5) = (1) is obvious.

Finally, suppose that M has the (x)-property. Obviously (6) = (7) = (8) = (2). There-
fore, it is sufficient to prove that (3) implies (6). Suppose K is a stable class of finite
M-algebras that generates V(L). It is sufficient to show that Kgj generates V(L), and for
this, it is sufficient to show that K is contained in the variety generated by /Cgj. Suppose
2A e K. If 2 is subdirectly irreducible, then 2 € Kgj, and there is nothing to prove.
Otherwise 2 is a subdirect product of its subdirectly irreducible homomorphic images.
Therefore, to conclude that 2 is in the variety generated by Kg;, it is sufficient to see
that every subdirectly irreducible homomorphic image 8 of 2 belongs to this variety.
Let B be a subdirectly irreducible homomorphic image of 2[. Since 2 is finite, so is
B. Let X = (X, R) be the dual of A and J) = (¥, R) the dual of B. Since B is
finite and subdirectly irreducible, 2) is a finite rooted M-frame. Consider )" = (Y, R’)
(see Definition 3.7(1)). Because M has the (x)-property, )" is an M-frame. Since 95 is
a homomorphic image of 2, ) is a generated subframe of X. As 2( is not subdirectly
irreducible but B is, X is not rooted but ) is. So 2) # X. Define f : X — Y’ by mapping
the points of Y to themselves and the remaining points of X to r. It is easy to see that f
is an onto stable map. Therefore, there is a stable embedding from the dual algebra B’ of
" to 2. Since 2 € K and K is M-stable, we conclude that B’ € K. As )" is finite and
rooted, 28 is subdirectly irreducible, and hence B’ € Kgj. Now, 2) is a generated subframe
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of 9", so B is a homomorphic image of ', and hence 9B belongs to the variety generated
by Ksi, as desired. O

REMARK 3.9. The definition of a normal modal multiconclusion consequence relation
M admitting filtration, the proof that such M has the fmp, the definition of M-stable
multiconclusion consequence relations and an analogue of Theorem 3.8 are proved simi-
larly, so we skip the details. M-stable multiconclusion consequence relations generalize
the stable multiconclusion consequence relations studied in [3].

For a normal modal logic M, we denote by NExtM the sublattice of the lattice of all
normal modal logics consisting of normal extensions of M.

PROPOSITION 3.10. Suppose M, L, N are normal modal logics with M C L C N.

1. If N is M-stable, then N is L-stable.

2. The converse of (1) is not true in general, i.e., if N is L-stable, then N may not be
M-stable.

3. If V(L) is a V(M)-stable class, then N is L-stable iff N is M-stable.
4. The M-stable logics form a \\-subsemilattice of NExtM.

Proof. (1). Since N is M-stable, V(N) is generated by an M-stable class K. As K is
M-stable, it is obviously L-stable. Thus, N is L-stable.

(2). We will see in §6 that taking M = K, L = K4, and N = S4 provides the desired
example.

(3). One implication follows from (1). For the other, suppose that N is L-stable. Then
V(N) is generated by an L-stable class K. Since V(L) is V(M)-stable, K is also V(M)-
stable. Therefore, N is M-stable.

(4). Suppose {L; | i € I} is a family of M-stable logics. Then every L; is generated by
some M-stable class K;. Clearly the class | J{/C; | i € I} is also M-stable, and generates
VAL 1 e 1)), 0

PROBLEM 3.11. Suppose M is a normal modal logic that admits filtration. Do the
M-stable logics form a complete sublattice of NEXtM? In particular, do the stable logics
form a complete sublattice of NExtK?

REMARK 3.12. For a normal modal multiconclusion consequence relation M, let
NEXxtM be the sublattice of the lattice of all normal modal multiconclusion consequence
relations consisting of normal extensions of M. If M admits filtration, then the M-stable
multiconclusion consequence relations do form a complete sublattice of NExt M. To see
this, let {S; | i € I} be a family of M-stable multiconclusion consequence relations. Then
each §; is axiomatized over M by a set X; of stable rules of finite M-algebras. But then
V{S; | i € I} is axiomatized by | J{X; | i € I}, and hence \/{S; | i € I} is M-stable.
That A{S; | i € I} is M-stable is proved as in Proposition 3.10(4).

The reason that the same argument does not work for M-stable logics is that if each logic
L; is axiomatizable above M by the set of rules X;, it is unclear whether \/{L; | i € I} is
axiomatizable by | J{Z; | i € I}. In algebraic terms, if V; is the variety corresponding to L;
and U; is the universal class of M-algebras validating X;, then V; is generated by I4;. But it
is unclear whether ({V; | i € I} is generated by (\{U4; | i € I}.

As we will see in the next section, if M is a normal extension of K4 that admits filtration
and has the (x)-property, then the M-stable logics do form a complete sublattice of NExtM.
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While it is unclear whether the M-stable logics form a \/-subsemilattice of NExtM, we
will show that the tabular M-stable logics do form a \/-subsemilattice of NExtM. For a
variety V, let Vg be the class of subdirectly irreducible members of V.

PROPOSITION 3.13. Let M be a normal modal logic admitting filtration and satisfying
the (x)-property.

1. If L is a tabular M-stable normal extension of M, then V(L)gj is M-stable.
2. The tabular M-stable logics form a \/ -subsemilattice of NExtM.

Proof. (1). Since L is M-stable, by Theorem 3.8, there is an M-stable class K of subdi-
rectly irreducible algebras that generates V(L). Since L is tabular, we may assume that C is
a finite class of finite subdirectly irreducible algebras. Let B € V(L)gj and let € be a stable
subalgebra of 8. By Jonsson’s Lemma, 8 € HS(K), so there is 2 in S(K) such that B is
a homomorphic image of 2. Since € is finite, it is subdirectly irreducible by [3, Prop. 6.4].
Therefore, it is sufficient to show that € is an L-algebra. Let X be the dual of 2, let ) be the
dual of B, and let 3 be the dual of €. Then 2) is a generated subframe of X and 3 is a stable
image of ). Since K is M-stable, so is S(K). Thus, all stable images of X are L-frames.
If X = 9), then 3 is a stable image of X, and so 3 is an L-frame. If X # %), then by the
(*)-property, we may add a new strong root to 3 to obtain an M-frame 3’. As we observed
in the proof of Theorem 3.8, 3’ is a stable image of X. Therefore, 3’ is an L-frame, and
hence so is 3. Thus, € € V(L)gj.

(2). Suppose {L; | i € I} is a family of tabular M-stable logics. By (1), V(L;)gj is
M-stable for all i € I. Therefore, V(\/{L; | i € I}si = ({V(Li)si | i € I} is M-stable.
Thus, \/{L; | i € I}is M-stable, and it is clearly tabular. O

REMARK 3.14. The proof of Proposition 3.13 uses essentially that subdirectly irre-
ducible L-algebras are finite, and does not extend directly to nontabular logics.

The next theorem shows that there are infinitely many stable logics.

THEOREM 3.15.

1. For a finite modal algebra 2, let Stable(2l) be the class of modal algebras that
are isomorphic to stable subalgebras of 2, and let Log(Stable(2l)) be the logic of
Stable(2l). Then Log(Stable(2l)) is a stable modal logic.

2. Every extension of S5 is a stable modal logic.

Proof. (1). Clearly Stable(%() is a stable class of finite modal algebras. Now apply
Theorem 3.8.

(2). It is well known that an S5-algebra is subdirectly irreducible iff its dual is a cluster.
It is easy to see that the class of finite clusters is a stable class. Since S5 is the logic of this
class, S5 is a stable logic by Theorem 3.8. It is also well known that for every extension L
of S5 there is n such that L is the logic of m-clusters for m < n. This class is stable by the
same reasoning. Thus, every extension of S5 is stable. (]

We conclude this section by showing that there are continuum many stable logics. In fact,
we will show that there are continuum many stable logics above the logic wK4 of weakly
transitive frames, where a frame § = (X, R) is weakly transitive provided xRy, y Rz, and
x # z imply xRz for all x, y, z € X. For our proof we will make use of Jankov formulas
for finite wK4-algebras (see [29] or [1, sec. 7.2]). For a finite subdirectly irreducible
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wK4-algebra 2, let y () be the Jankov formula of 2(. Then for a wK4-algebra B, we
have:

B = x (R) iff A is a subalgebra of a homomorphic image of 5.

Dually, if § is a finite rooted weakly transitive frame and X is an arbitrary weakly transitive
space, then we have

X ¥ x(F) iff § is a p-morphic image of a generated subframe of X.

We will often not distinguish between modal algebras and their duals. If 2( is a finite modal
algebra and § is its dual, then we often write p (§) instead of p (). As usual, we denote a
reflexive point by ¢ and an irreflexive point by e.

THEOREM 3.16. There is a continuum of weakly transitive nontransitive stable modal
logics.

Proof. Forn > 2 let €, = (X,, R,) be the irreflexive n-point cluster depicted in
Figure 1; thatis, X, = {x1,...x,} and R, = {(x;, x;) € X,, x X, | i # j}.

CIDEEN LY o)

() &3 ¢y ¢s
Fig. 1

Let N>y ={n e N|n > 2}. For I C N> set,
KC; = {X | 3n € I such that X is a stable image of €, }.

It is clear that C; is a stable class of modal spaces. Let L; be the logic of K;. Since K; is
stable, L; is a stable modal logic. We show that if I # J, then L; # L. For this we first
show thatn € I iff y(€,) ¢ L;.Ifn € I,then €, € K,s0 €, = L;. Clearly €, (= x(€,),
which implies that y (¢,) ¢ L;. Conversely, suppose that y (€,) & L;. Since L; is the
logic of Ky, there is X € K; such that X [~ y(C,). Therefore, €, is a p-morphic image
of a generated subframe of X. But the only generated subframe of X is X, so K; is closed
under generated subframes. Also a p-morphic image of X is a stable image of X, and KC;
is closed under stable images. Thus, &, € K. If n ¢ I, then there is m € I and an onto
stable map f : &, — &€,. Since m = |€,,| > |&,| = n, we see that f must identify at least
two points of €,,. Therefore, there are distinct x, y € &, with f(x) = f(y). Thus, xR,y
and f(x)K, f(y), which is a contradiction because f is stable. Consequently, n € I, and
son e Iiff y(&,) ¢ L;. Now, if I # J, then without loss of generality we may assume
that there isn € I \ J. Therefore, y(€,) € Ly \ L;, and hence L; # L. Since each &, is
weakly transitive and nontransitive, we conclude that {L; | I C Ns»} is a continual family
of weakly transitive nontransitive stable logics. (]

§4. Transitive M-stable logics. We next study M-stability when M is a normal ex-
tension of K4 that admits filtration and has the (x)-property. In this case we will show
that M-stable logics are axiomatizable by stable formulas. As a corollary we derive that
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the M-stable logics form a complete sublattice of NextM. If in addition M is a normal
extension of S4, then the converse is also true, and the M-stable logics are exactly the
normal extensions of M axiomatizable by stable formulas. At the end of the section we
point out that the results of this section can be further generalized by replacing K4 with
a normal modal logic that has a master modality, admits filtration, and satisfies the (x)-
property.

Let2l = (A, ©) be a K4-algebra. As usual, fora € A, we set Ota =avOaand OFa =
a A Oa. Then AT = (A, OT) is an S4-algebra. Following [28, Def. 1.10], we call 2 well-
connected if OTa A Otb = 0 implies a = 0 or b = 0. Equivalently, 2 is well-connected
if OYa v O"h = 1 implies a = 1 or b = 1. Each subdirectly irreducible K4-algebra is
well-connected. To see this, suppose 2! is subdirectly irreducible and O%a v OFb = 1. If
a,b # 1, then since 2 is subdirectly irreducible, it has an opremum ¢ # 1,so a,b # 1
implies O%a, OTh < ¢, so OYa v OYb < ¢ # 1, a contradiction. Therefore, a = 1 or
b =1, and hence 2l is well-connected. While the converse is not true in general, it is true
for finite K4-algebras.

For a class K of K4-algebras, we use the following notation:

e /Cgj denotes the subdirectly irreducible members of C;
e [Cisj denotes the finite subdirectly irreducible members of K;
o [Cwc denotes the well-connected members of K.

For a K4-space X = (X, R), let R™ be the reflexive closure of R. Then X* = (X, R™)
is an S4-space. Since in a K4-space R” = R™, we see that a K4-space is rooted iff there
is x € X such that X = R*[x]. It is well known that a K4-algebra is well-connected iff its
dual K4-space is rooted.

LEMMA 4.1. Suppose A = (A, Cy4) and B = (B, Op) are K4-algebras. If B is well-
connected and there is a stable embedding h : 2 — B, then 2 is well-connected.

Proof. Since h is stable, we see that Ogh(a) < h(<$aa) for all @ € A. Therefore,
<>§h(a) < h(¢Ya) forall a € A. Now, let a,b € A with O%a A OFb = 0. Then
OFh(a) A Ogh(b) = 0. As B is well-connected, #(a) = 0 or A(b) = 0. Since & is an
embedding, a = 0 or b = 0. Thus, 2 is well-connected. O

As was shown in [3, sec. 6.2], if 2l is a finite subdirectly irreducible K4-algebra, then the
stable rule p(2l) = I'/ A can be rewritten as a formula.

DEFINITION 4.2. The stable formula of a finite subdirectly irreducible K4-algebra 2 is
defined as

y@) = \(O%y |y eT} > \/{OTd|de A).
If § is a finite rooted K4-frame, then we write y (§) for the stable formula of the dual

algebra of §.

As follows from [3, Theorem 6.8], for every K4-algebra B, we have B = y (1) iff
there is a subdirectly irreducible homomorphic image € of ®8 such that 2 is isomorphic to
a stable subalgebra of €. If ‘B is well-connected, then one implication of this equivalence
can be strengthened.

LEMMA 4.3. Suppose 2 is a finite subdirectly irreducible K4-algebra and B is a well-
connected K4-algebra. If h : A — B is a stable embedding, then B = y ().
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Proof. Let V be a valuation on 2l such that V(p,) = a, and let V/ = h o V. As in the
proof of [3, Theorem 6.8], we have that V/(O%y) = 1forall y € I" and V/(O76) # 1
for all 0 € A. Therefore, V’(/\{D+y | y € T') = 1, and since B is well-connected,
V/(\/{O"d |6 € A) # 1. Thus, V’ witnesses that B & y (). O

EXAMPLE 4.4. The converse of Lemma 4.3 is not true in general. Let 2( and 25 be the
K4-algebras that are dual to the K4-frames § and & shown below.

[

§ ()

Clearly both §, & are rooted and § is a generated subframe of &. So 2 is a subdirectly
irreducible homomorphic image of 8, and hence B [~ y (). On the other hand, § is not a
stable image of & since an onto stable map would send the root of & to the root of §. But
the root of & is reflexive while the root of § is irreflexive, a contradiction. Thus, there does
not exist a stable embedding of 2 into 5.

o

Of course, the key is that the root of § is irreflexive. The next lemma shows that this is
essential. Note that for finite K4-frames, strong roots from Definition 3.7 are the same as
reflexive roots.

LEMMA4.5. Let§ = (X, R), 8 = (Y, Q), and & = (Y’, Q') be finite K4-frames such
that § is a stable image of & and & is a generated subframe of ®'.

1. There is a finite K4-frame §' = (X', R’) such that § is a generated subframe of §',
§ is a stable image of &', and the following diagram commutes.

& — §

2. If in addition § has a strong root, then § is a stable image of &' and the following
diagram commutes.

& — §

b
-
-
-
-
-
-

6/

Proof. (1).1f & = &', then there is nothing to show as we can take § to be §. Otherwise
we let § be obtained by adding a strong root r to §. It is easy to see that §” is a K4-frame
and that § is a generated subframe of §F'. Moreover, the same argument as in the proof
of Theorem 3.8 yields that §’ is a stable image of &’. Furthermore, it follows from the
definition that the diagram commutes.

(2). Let f : Y — X be an onto stable map. Define g : ¥’ — X so that the restriction of
gtoYis f and g maps Y’ \ Y to the reflexive root r of §F (provided Y’ \ Y # @). Then it
is easy to see that g is an onto stable map, and that the diagram commutes. (]
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We can reformulate Lemma 4.5 in algebraic terms as follows.

LEMMA 4.6. Let 2, B, and B’ be finite K4-algebras such that there is a stable embed-
ding of A into B and B is a homomorphic image of ‘B’.

1. There is a finite K4-algebra ' such that A is a homomorphic image of A, A is
isomorphic to a stable subalgebra of 8, and the following diagram commutes.

B —— A

|

0
|
|
|

D p—, 1T

2. If in addition A has an atom a such that a < b for all 0 #£ b € 2, then there is a
stable embedding of 2 into B’ and the following diagram commutes.

B — A

A
-
-
-
-
-
v

%/

We next build on Theorem 3.8 and obtain several more convenient characterizations
of M-stability when M is a normal extension of K4 that admits filtration and satisfies the
(*)-property.

THEOREM 4.7. Let M be a normal extension of K4 that admits filtration and has the (*)-
property. For a normal extension L of M, the following are equivalent.

1. Lis M-stable.

2. V(L)wc is M-stable.

3. V(L)gj is finitely M-stable.

4. V(L)tsj is M-stable and generates V(L).

Moreover, each M-stable logic is axiomatizable by stable formulas.

Proof. For the implication (1) = (2), assume that L is M-stable. By Theorem 3.8, V(L)
is generated by an M-stable class K of finite M-algebras.

CLAIM 4.8. For any finite subdirectly irreducible M-algebra 2\, if A I~ L, then y () € L.

Proof. 1t is sufficient to prove that y (2() & L implies 2{ = L. Suppose that y () & L.
Since IC generates V(L), there is B € K such that B [~ y (2(). By [3, Theorem 6.8],
there is a subdirectly irreducible homomorphic image € of B8 and a stable embedding of
2 into €. By Lemma 4.6(1), there is a finite K4-algebra © such that © is isomorphic
to a stable subalgebra of B and 2( is a homomorphic image of ©. Since M has the (x)-
property, it follows from the proof of Lemma 4.5(1) that © is an M-algebra. As K is M-
stable and B € K, we have that © € K. Because V(L) is closed under homomorphic
images, 2l € V(L). Therefore, 2 = L. O

Now suppose 2, B are M-algebras with B € V(L)wc and there is a stable embedding
of 2 into B. Since B is well-connected, so is 2 by Lemma 4.1. If 2L [~ L, then 2 [~ ¢
for some ¢ € L. As M admits filtration, there is a finite M-algebra € such that € is a stable
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subalgebra of 2 and € [~ ¢. But then there is a stable embedding of € into ‘B. Since € is
finite and well-connected, it is subdirectly irreducible. By Claim 4.8, y (¢€) € L. Because
there is a stable embedding of € into 23, it follows from Lemma 4.3 that B [~ y (¢), which
contradicts to B = L. Thus, 2 =L, so A € V(L)we, and hence V(L)yc is M-stable.

The implication (2) = (3) follows from the fact that every subdirectly irreducible
K4-algebra is well-connected and that the two notions coincide in the finite case. For
the implication (3) = (4), observe that if V(L)g; is finitely M-stable, then V(L)ssj is M-
stable. By Lemma 3.5(2), V(L)gj and V(L)ssj generate the same universal class, and hence
the same variety. Therefore, V(L) is generated by V(L)ssj. The implication (4) = (1) is
obvious.

Finally, we show that M-stable logics are axiomatizable by stable formulas. Suppose
that L is M-stable. Let A be the set of finite nonisomorphic subdirectly irreducible M-
algebras not belonging to V(L). We claim that L = M + {y (/) | & € A}. The inclusion
M+ {yR) : 2 € A} C L follows from Claim 4.8. For the reverse inclusion, let VV be
the variety corresponding to M + {y () : 2 € A}. As subdirectly irreducible members
of V generate V), it is sufficient to show that each subdirectly irreducible member of V
belongs to V(L). Let B be a subdirectly irreducible member of V. If B [~ L, then since M
admits filtration, there is a finite M-algebra B’ such that 95’ is a stable subalgebra of B and
B’ b= L. Because ‘B is subdirectly irreducible, it is well-connected. Therefore, B’ is well-
connected by Lemma 4.1. Thus, as 98’ is finite, it is subdirectly irreducible. So B’ € A.
Now, 9B (£~ y (B’) by Lemma 4.3. Consequently, 8 ¢ V, a contradiction. This yields that
B ELandhenceL=M+ {y Q) | A € A}. |

COROLLARY 4.9. If M is a normal extension of K4 that admits filtration and has the
(x)-property, then the M-stable logics form a complete sublattice of NExtM.

Proof. Let {L; | i € I} be a family of M-stable logics. By Theorem 4.7, each L;
is axiomatized above M by a set X; of stable formulas of finite subdirectly irreducible M-
algebras. Butthen \/{L; | i € I}isaxiomatized by | J{Z; | i € I}, andhence \/{L; | i € I}
is M-stable. That A{L; | i € I} is M-stable follows from Proposition 3.10(4). O

In particular, since K4 admits filtration and has the (x)-property, we obtain

COROLLARY 4.10. Let L be a normal extension of K4. The following are equivalent.
1. L is K4-stable.
2. V(L)wc is K4-stable.
3. V(L)gj is finitely K4-stable.
4. V(L)tsj is K4-stable and generates V(L).

Moreover, each K4-stable logic is axiomatizable by stable formulas, and hence the stable
K4-logics form a complete sublattice of NExtK4.

EXAMPLE 4.11. On the other hand, there exist logics above K4 that are axiomatizable
over K4 by stable formulas, but are not K4-stable logics. To see this, consider the K4-
frames §, ®, and $) shown below.
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We set L = K4 + y (§). Clearly $) is the only nonsingleton rooted upset of ) and § is not
a stable image of § since $) has a reflexive root and § has an irreflexive root. Therefore,
H E y(F), and so H | L. Next consider the map $ — & indicated in the picture above.
It is easy to see that it is a stable map from $) onto &. If L were K4-stable, Theorem 4.7
would yield & = y (). However, & (= y (§) as we already discussed in Example 4.4.
Thus, L is not K4-stable.

REMARK 4.12. It is of interest to study further the class of logics axiomatized by K4-
stable formulas over K4. It is not even clear whether all such logics have the fmp, which
we leave as an open question here.

In Example 4.11 it was essential that the root of § was irreflexive. We next show that
every logic that is axiomatizable over K4 by stable formulas of finite K4-frames with
reflexive roots is K4-stable. In algebraic terms we will show that a logic is K4-stable if
it is axiomatizable over K4 by stable formulas of finite K4-algebras that have an atom
a such that a < Ob for each b # 0. For convenience, we call such algebras strongly
subdirectly irreducible.

PROPOSITION 4.13.
1. Let A be a finite strongly subdirectly irreducible K4-algebra. For a well-connected
K4-algebra B we have B = y () iff there is a stable embedding of 2 into B.

2. Suppose L = K4 + {y (;) | i € I}, where each 2; is a finite strongly subdirectly
irreducible K4-algebra. Then L is K4-stable.

Proof. (1). The right to left direction was already proven in Lemma 4.3. For the left to
right direction, let B8 be a K4-algebra such that 6 }~ y (21). (Note that for this direction
it is not needed that 98 is well-connected.) Since K4 admits filtration, there is a finite K4-
algebra € that is a stable subalgebra of B and € (= y (). By [3, Theorem 6.8], there is a
subdirectly irreducible homomorphic image © of € and a stable embedding of 2 into .
Since 2 is strongly subdirectly irreducible, by Lemma 4.6(2), there is a stable embedding
of 2 into &, and hence a stable embedding of 2l into B.

(2). It is immediate from (1) that the class of well-connected algebras of L is K4-stable.
Now apply Theorem 4.7. O

Since every finite subdirectly irreducible S4-algebra is strongly subdirectly irreducible,
Proposition 4.13 yields

COROLLARY 4.14. Let 2 be a finite subdirectly irreducible S4-algebra. For every well-
connected S4-algebra B we have B W=y () iff there is a stable embedding of U into *B.

This immediately yields that if M is a normal extension of S4 that admits filtration and
has the (x)-property, then all logics axiomatizable over M by stable formulas of finite sub-
directly irreducible M-algebras are M-stable. Thus, we obtain the following improvement
of Theorem 4.7.

COROLLARY 4.15. Let M be a normal extension of S4 that admits filtration and has

the (x)-property. For a normal extension L of M, the following are equivalent.

1. L is M-stable.

2. V(L) is generated by a finitely M-stable class.

3. V(L) is generated by an M-stable class of finite M-algebras.
4. L is axiomatizable over M by stable rules of finite M-algebras.
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. V(L) is generated by an M-stable universal class of M-algebras.
. V(L)wc is M-stable.

. V(L)si is finitely M-stable.

. V(L)tsi is M-stable and generates V(L).

. L is axiomatizable over M by stable formulas of finite subdirectly irreducible M-
algebras.

O 0 3 O W

In particular, since S4 admits filtration and has the («)-property, Corollary 4.15 is true
for S4.

REMARK 4.16. We recall (see, e.g., [34, sec. 5]) that a normal modal logic M has a
master modality if there is a compound-box [m] such that for every M-algebra 2( and every
a € A we have [m]a < Ma for each compound box M. Such logics are also known under
the name of w-transitive logics. If M is an extension of K4, then OF acts as a master
modality. If [m] is a master modality of M, then an M-algebra 2 is well-connected iff
[mlav [m]b=1impliesa =1orb = 1foralla,b e 2.

Let 2 be a finite subdirectly irreducible M-algebra. Define the stable formula y () of 2
as

y@) = A{Imly |y e T} - \/{Imls | € A},
where I'/ A is the stable rule of 2.
The results of this section generalize to the following: Let M be a normal modal logic

that has a master modality, admits filtration, and satisfies the (*)-property. For a normal
extension L of M, the following are equivalent.

1. L is M-stable.

2. The well-connected L-algebras are an M-stable class.
3. V(L)gj is finitely M-stable.

4. V(L)tsj is M-stable and generates V(L).

Moreover, each M-stable logic is axiomatizable by stable formulas of finite subdirectly
irreducible M-algebras. Furthermore, the same proof as in [22, Lemma 3.23] shows that
M has the fmp iff it has the fmp for quasi-equations. Thus, as discussed in Remark 3.4,
similarly to K4-stable logics, every M-stable logic has the fep.

§5. Connection with stable superintuitionistic logics. In this section we will study
the relationship between S4-stable logics and stable superintuitionistic logics (si-logics).
We will show that the intuitionistic fragment of an S4-stable logic is a stable si-logic, and
that the least modal companion of a stable si-logic is S4-stable. We also translate axioma-
tizations of stable si-logics to axiomatizations of S4-stable logics and vice versa. We then
discuss similar connections between K4-stable logics and S4-stable logics. We summarize
our findings in Table 1. Since there are continuum many stable si-logics, our observations
allow us to show that there are continuum many S4-stable logics, and continuum many
K4-stable logics between K4 and S4.

From now on we will mainly work with frames instead of algebras to utilize their
geometric intuition. We start by recalling a few facts about intuitionistic fragments of
normal extensions of S4 and modal companions of si-logics. We follow the notation of [13,
sec. 9.6]. Let M be a normal extension of S4 and let L be a si-logic. The intuitionistic frag-
ment of M is defined as pM := {¢ | t(¢p) € M}, where f(¢p) is the Godel translation of ¢.
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If L = pM, then M is called a modal companion of L. It is well known that every si-logic
L has a least modal companion tL = S4 + {¢(¢) | ¢ € L}.

For an S4-frame § = (X, R) its skeleton pF = (pX, pR) is obtained by modding out
the clusters of §. Clearly p§ is an intuitionistic frame. It is well known (see, e.g., [13,
Lemma 9.67]) that for every S4-frame §, we have § = tLiff pF = L, and if § is a partial
order, then § = Miff § = pM.

Next we recall some relevant facts from [2, sec. 6] about stable si-logics. Suppose §
and & are finite intuitionistic frames. We call § a stable image of & if there is an order
preserving map from & onto §. If § is rooted, then we denote the stable (intuitionistic)
formula of F by y (§).> We have & = y () iff § is a stable image of &. A si-logic L is
stable iff L is axiomatizable by stable formulas of some finite rooted frames.

The next theorem shows that stability is preserved by least modal companions, allowing
us to translate axiomatizations of stable si-logics to axiomatizations of their least modal
companions. We will use these results in §6 to axiomatize S4-stable logics. We point out
that the greatest modal companion of a stable si-logic is not necessarily S4-stable. For
instance, the Grzegorczyk logic S4.Grz is the greatest modal companion of IPC, and we
will see in §6 that it is not S4-stable.

THEOREM 5.1.

1. Let § = (X, R) and & = (Y, R) be finite rooted S4-frames. If & is a stable image
of §, then p® is a stable image of pg§.

2. If L is a stable si-logic, then tL is S4-stable.
3. IfL=IPC+{y(®;)|i €I}, thentL=84+ {y (&;)|i e I}.

Proof. (1).Let f : X — Y be an onto stable map. Since the quotient map zy : ¥ — pY
is an onto p-morphism, the composition zy o f : X — pY is onto and stable. Define
g:pX > pY by g(nx(x)) = 7y (f(x)). Because 7y o f is stable, g is well defined, and
it is clear that g is onto and stable. Therefore, p® is a stable image of p§.

(2). Let L be a stable si-logic. By [2, Theorem 6.8], L has the fmp. Therefore, so does
7L (see, e.g., [13, p. 328]). Thus, 7L is the logic of its finite rooted frames. We show that
this class is S4-stable. Let § be a finite rooted 7 L-frame and & be a finite rooted S4-frame
that is a stable image of §. Since § is a tL-frame, pg is an L-frame. By (1), p® is a stable
image of p§. As L is stable, p& = L. Therefore, = rL, and hence the class of finite
rooted 7L-frames is S4-stable. Thus, by Corollary 4.15, L is an S4-stable logic.

(3). Let M = S4 + {y (&;) | i € I}. By Corollary 4.15 and (2), both zL and M are
S4-stable. Therefore, to see that tL = M, it is sufficient to check that the two logics have
the same finite rooted frames. Let § be a finite rooted S4-frame. If § [~ 7L, then p§ - L,
so ®; is a stable image of p§ for some i € I. Since pg is a stable image of §, we conclude
that &; is a stable image of §. Thus, § [~ 7 (&;), and hence § [~ M. Conversely, if § & M,
then &; is a stable image of § for some i € I. From (1), it follows that p®; is a stable
image of p§. Since ®; is partially ordered, ®; = p®;, implying that &; is a stable image
of p§. Thus, pF £ L, and so § b~ L. O

Next we will show that stability is preserved by intuitionistic fragments, which will allow

us to translate axiomatizations of S4-stable logics to axiomatizations of their intuitionistic
fragments.

2 Stable formulas in the modal and intuitionistic case, while syntactically different, have similar
semantic behavior. This justifies the same name and notation in both cases. It should always be
clear from the context which formula we are working with.
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Fig. 2

For a finite rooted S4-frame § = (X, R), let § = (X, R) be the partially ordered S4-
frame that is obtained from § by unraveling each n-cluster into an n-chain (see Figure 2);
that is, if X = Cy; U --- U Cy is the division of § into clusters, with C; = {xi, ... ,lei},

then for all x = xli and y = x,{,, we have

xﬁy i {:Jiandl > m or
i # jand xRy,

where 1 <i,j <kand1l <[ <n;,1 <m <nj.Note thatx;i is the root of the chain C;
ing.
THEOREM 5.2.
1. Let § = (X, R) and & = (Y, R) be finite rooted S4-frames, with & being partially
ordered. Then § is a stable image of ® iff § is a stable image of ®.
2. If M is S4-stable, then pM is stable.
3. IfM=S4+{yGi)|iecl} then pM=IPC+{y F:) | i € I}.

Proof. (1). Since § is easily seen to be a stable image of §, the implication from right to
left is obvious. Conversely, suppose that f : & — § is an onto stable map. We transform
f into a stable map f : & — § by shuffling the values of f belonging to some cluster
of §. Let C; be a cluster of § and let Y/ = f_l(Ci). We view Y’ as a subframe of ¢, and
define f : Y’ — C; by induction on the depth of points in ¥’. The idea is to map the points
of the smallest depth injectively onto the first n; — 1 points of C; and all the other points
of Y’ to the root x,ii. More precisely, suppose {y1, ..., ym} C Y’ are the points of depth
d and we have mapped all the points of ¥’ of smaller depth injectively onto {xi ey x,i }.
If m < n; — 1, then set f(yy) = xli+h forall 1 < h < m.If m £ n; — [, then define f
as before for all y; with /[ < m — (n; — [) and map all the other points of Y’ to xfli. Itis

straightforward to check that f is stable.

(2). Since M is S4-stable, it has the fmp. Therefore, so does pM (see, e.g., [13, p. 328]).
It thus suffices to show that the finite rooted pM-frames form a stable class. Suppose & is
a stable image of a finite rooted pM-frame §. From § = pM it follows that § = M. Since
M is S4-stable, & = M. Consequently, & = pM.

(3). Since M is S4-stable, pM is stable by (2). Let L = IPC + {y (3;) | i € I}. By [2,
Theorem 6.11], L is stable. Therefore, both pM and L have the fmp, and hence it suffices
to show that the two logics have the same finite rooted frames. Suppose & is a finite rooted
partially ordered frame. If & & L, then there is i € I such that & p= y (3;). Therefore, §;
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is a stable image of &. By (1), §; is a stable image of &. Thus, & b~ y (§;), and so & (= M.
Since & is a partially ordered frame, we conclude that & (= pM. Conversely, if & p= pM,
then & [~ M, and hence & [~ y (§;) for some i € I. Therefore, §; is a stable image of &.
By (1), §; is a stable image of &. Thus, & p= y (3:), yielding that & & L. O

COROLLARY 5.3.
1. A si-logic L is stable iff tL is S4-stable.

2. A S4-stable logic is the least modal companion of a si-logic iff it can be axiomatized
by stable formulas of finite rooted partially ordered S4-frames.

Proof. (1). It is well known that L = p zL (see, e.g., [13, Theorem 9.57]). Now apply
Theorems 5.1(2) and 5.2(2).

(2). Suppose M is the least modal companion of a si-logic L. Then M = 7L, and so L =
pM. Since M is S4-stable, L is stable by Theorem 5.2(2). Therefore, by [2, Theorem 6.11],
there are finite rooted partially ordered frames {F; | i € I} such that L = IPC + {y (§}) |
i € I}. Thus, M = S4 + {y (§;) | i € I} by Theorem 5.1(3). Conversely, if M = S4 +
{y (i) | i € I} for some finite rooted partially ordered S4-frames {§; | i € I}, then
pM = IPC +{y (§:) | i € I} by Theorem 5.2(3). Since J; is partially ordered, §; = §; for
all i € I. Therefore, 7pM = IPC + {y (3;) | i € I} = M, and hence M is the least modal
companion of pM. O

Next, we discuss connections between S4-stable and K4-stable logics. For a formula ¢,
let o+ be obtained from ¢ by replacing each subformula of ¢ of the form Oy by y A .
If L = S4 4T is a normal extension of S4,let Lt = K44I, where 't = {¢pT | ¢ € T'}.
For a K4-space § = (X, R), define the reflexivization of § as §+ = (X, R*"), where R
is the reflexive closure of R. Then § is an S4-space and § |= LT iff + |= L. Therefore,
L™ is the logic of {F | §+ = L} (see, e.g., [13, sec. 3.9]).

LEMMA 5.4.

1. Let § be a finite S4-frame and let & be a K4-space. Then § is a stable image of &
iff § is a stable image of &,

2. IfL=S44{y (3 | i € I}, where the §; are S4-frames, then LT = K4+ {y (§:) |
iell

3. IfL is S4-stable, then LT is K4-stable.

Proof. (1). Immediate since § is reflexive.

(2). By (1), Proposition 4.13(1), and Corollary 4.14, if & is a rooted K4-space, then
& =y (F) iff 8 = 9 (Fi). Therefore, ® = LT iff 8T = Liff &+ = {y (§;) | i € I}iff
& = {y(§) |i eI} Thus,L* and K4+ {y (F;) | i € I} have the same rooted K4-spaces,
and hence the two logics coincide.

(3). If L is S4-stable, then L is axiomatizable by stable formulas of S4-frames. By (2),
L™ is axiomatized by the same stable formulas. In particular, L* is axiomatizable by stable
formulas of frames with reflexive roots. Thus, LT is K4-stable by Proposition 4.13(2). [

For two normal modal logics L and M, let L v M denote the join of these logics in the
lattice of normal modal logics.

LEMMA 5.5. Let L be a normal extension of K4.

1. If S4 C L, then L is K4-stable iff L is S4-stable.
2. If L is K4-stable, then S4 Vv L is S4-stable.
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3.IL=KA+{y@)liel}thenS4vL=S4+{yF) I3 =5}
4. fL=K4+{y(Fi) | i € I}, then L C S4 iff each §; contains an irreflexive point.

Proof. (1). Observe that V(S4) is a V(K4)-stable class and apply Proposition 3.10(3).

(2). By Theorem 4.7, the rooted L-spaces are K4-stable. Therefore, the rooted (S4 v L)-
spaces are S4-stable. Thus, S4 Vv L is S4-stable by Corollary 4.15.

(3). Let & be a rooted S4-space. We have & =S4 v Liff = Liff & = y (F;) for all
i € 1.1t is obvious that & = y (F;) for every §; that contains an irreflexive point because
no such §; can be a stable image of a reflexive space. Therefore, & =y (§;) foralli € I is
equivalent to & = y (§;) forall §; with §; = 8'[+ Thus, S4vL =S4+{y (F:) | §i = 37i+}.

(4). First suppose that each §; contains an irreflexive point. Then §; # SZ“L foralli e I.
Therefore, (3) implies that S4 v L = S4, and hence L C S4. Conversely, suppose that
some §; is reflexive. Since §; b~ L and §; is an S4-frame, we see that L Z S4. O

In Table 1, we summarize the main results of this section.

Table 1
4 p S4v — =)7*
preserves stability v v v v
reflects stability v - - v
IPC+ {y F)Yier | S4+{y B)lier x x x
S4 +{y @i)lies x IPC + {y (F:)}ier x K4+ {y (S lier
K4 + {7 Bi)lier x x S4+ (@) I3 =3 x
“v"” means yes; “-” means no; “x”means not applicable.

That 7 preserves and reflects stability is the content of Corollary 5.3(1).

That p preserves stability follows from Theorem 5.2(3). That p does not reflect
stability follows from the fact that IPC is stable, S4.Grz is not S4-stable (see the
next section), and that p (S4.Grz) = IPC.

e That S4 v — preserves stability follows from Lemma 5.5(2). It does not reflect
stability because GL v S4 is the inconsistent logic, which is S4-stable, but as we
will see in the next section, GL is not K4-stable.

e That (=)™ preserves stability follows from Lemma 5.4(3). It also reflects stability
because S4 Vv — preserves stability and for every normal extension M of S4 we
have S4 v Mt = M.

e The axiomatization results follow from Theorems 5.1(3) and 5.2(3) and Lemmas
5.5(3) and 5.4(2).

We conclude this section by showing that there are continuum many K4-stable and
S4-stable logics.

THEOREM 5.6.
1. There are continuum many K4-stable logics above S4.
2. There are continuum many K4-stable logics between K4 and S4.
Proof. (1). By [2, Theorem 6.13], there are continuum many stable si-logics. Since
L # L' implies L # L/, this together with Theorem 5.1(2) yields continuum many

S4-stable logics. By Lemma 5.5(1), these logics are also K4-stable. Thus, there are con-
tinuum many K4-stable logics above S4.
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X1 V1 X1 Y1
X2 2 X2 2
X3 y3 X3 y3
Xn—1 Yn—1 Xn—1 Yn—1
Xn Yn Xn Yn
Xn+1 Xn+1
r r
Sn (o
Fig. 3

(2). Consider the sequence {§, | n € N>}, shown in Figure 3, where N>; = {n € N |
n > 1}. By [2, Lemma 6.12], §, is not a stable image of §,, for n # m. We slightly modify
the sequence. For n € N>, let &,, be the K4-frame that is obtained from §, by making x|
irreflexive. The proof of [2, Lemma 6.12] shows that &, is not a stable image of &,, for
n=£m.

For I C Nyjletl; = K4 + {y(&,) | n € I}. Since each &, has a reflexive root,
by Proposition 4.13(2), every L; is K4-stable. As each &, has an irreflexive point, by
Lemma 5.5(4), L; C S4 for every I C N5 . Thus, every L; is a K4-stable logic between
K4 and S4. Finally, if n € I\ J, then y (8,) € L;\Ly, so the cardinality of {L; | I C N>}
is that of continuum, completing the proof. O

§6. Examples of stable, K4-stable, and S4-stable logics. In this final section, we
will give many examples (and nonexamples) of stable, K4-stable, and S4-stable logics.
Moreover, we will look at the concept of stability from the model-theoretic perspective,
especially in relation with Lyndon’s theorem.?

As we pointed out in the introduction, stable logics parallel subframe logics. It is well
known (see, e.g., [13, Theorem 11.21]) that a normal extension of K4 is a subframe logic
iff it is the logic of a class of Kripke frames closed under subframes. We start by showing
that a parallel result holds for stable logics, and more generally for M-stable logics when
M admits filtration.

PROPOSITION 6.1. Let L and M be normal modal logics with M admitting filtration.

1. L is stable iff L is the logic of a class of Kripke frames closed under stable images.
2. If M C L, then L is M-stable iff L is the logic of an M-stable class of Kripke frames.

Proof. We only show (1), the proof of (2) is an easy adaption. The left to right impli-
cation follows from Theorem 3.8. For the right to left implication, suppose L is the logic
of a class IC of Kripke frames closed under stable images. We show that the corresponding

3 We are grateful to one of the referees for sharing his/her observations about the connection
between stable logics and Lyndon’s theorem, which led to the results in the first part of this
section.
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class Cm(K) := {Cm(F) | § € K} of complex algebras* is finitely stable. Let 2 € Cm(K)
and let *B be a finite stable subalgebra of 2. Then 2 = Cm(g) for some § € K and
B = Cm(®) for some finite frame &. Since ‘B is a finite stable subalgebra of 2, we see
that & is a finite stable image of §. As K is closed under stable images, & € /C, and hence
B € Cm(K). Therefore, L is the logic of a finitely stable class of modal algebras. Thus, L
is stable by Theorem 3.8. (|

We recall that a first-order formula is positive if it is built from atomic formulas via
the connectives A, V and quantifiers V, 3. By Lyndon’s theorem, a consistent first-order
theory is preserved under homomorphisms iff it has a set of positive axioms (see, e.g.,
[14, Theorem 3.2.4]). For Kripke frames, homomorphisms correspond to stable maps.
Therefore, from Lyndon’s theorem and Proposition 6.1 we immediately obtain

COROLLARY 6.2. Suppose L and M are normal modal logics, M admits filtration and
is characterized by a class K of Kripke frames.

1. If L is the logic of a class of frames definable by positive formulas, then L is stable.

2. If L is the logic of a class of frames definable by positive formulas within K, then L
is M-stable.

Recall that a normal modal logic L is elementary if there is a set ¥ of first-order formulas
such that L is the logic of the class of Kripke frames that validate all formulas in V. It is
known (see, e.g., [13, Theorem 11.26]) that a subframe logic L above K4 is elementary iff
L is the logic of a class of Kripke frames axiomatized by universal formulas.

PROBLEM 6.3. Suppose L is a stable logic. Is L elementary iff L is the logic of a class of
frames definable by positive formulas?

In relation to Problem 6.3, we do not even have an example of a stable logic (or a K4-
stable logic or an S4-stable logic) which is not elementary. We point out that there are
well-known examples of nonelementary subframe logics such as GL and S4.Grz. As we
will see in Theorem 6.11, these logics are not stable. Thus, we have the following open
problem.

PROBLEM 6.4. Is every stable logic (K4-stable logic or S4-stable logic) elementary?
Some examples of positive first-order formulas are

reflexivity: Vx (xRx);

seriality: Vx3dy (xRy);

universality: VxVy (xRy);

every world sees a reflexive world: Vx3dy (xRy A yRy).

The logics of the corresponding classes of Kripke frames are

T=K+0Op— p;

D=K+0Op— Op;

S5=T+(00Op — Op) + (p —» OOp);

KMT = K+ {&((Bp1 = p) A=~ A(@py = pp)) [ n > 1}

4 As usual, the complex algebra of a frame § = (X, R) is the modal algebra Cm(§) =
(p(X), R™); see, e.g., [8, Def. 5.21].
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The logics T, D, and S5 are well known, and KMT is discussed in [21]. Observe that
all T-frames are reflexive and all D-frames are serial. In particular, both logics have the
property that the class of all Kripke frames is first-order definable.> Since reflexivity and
seriality are expressed by positive formulas, both T and D are stable logics by Corollary 6.2.

The case of S5 is slightly different than that of T and D. On the one hand, having a
universal relation is expressed by a positive first-order formula, so S5 is the logic of a
class of frames definable by a positive formula, and hence S5 is stable. On the other hand,
all S5-frames do not form a stable class because equivalence relations are not preserved
by stable images.

The logic KMT is yet of a different type. As shown in [21], KMT is the logic of the
class of frames in which every world sees a reflexive world. However, not all KMT-frames
satisfy this condition. In fact, it is shown in [21] that the class of all KMT-frames is not
definable by any first-order formula. Still, it is proved in [21] that a Kripke frame is a KMT-
frame iff the successors of any world form a nonfinitely colorable subframe. This class is
closed under stable images, and hence all KMT-frames form a stable class.

By [3, Theorem 8.3], T is axiomatized by the stable rules p(e) and p( e—o ), and D is

axiomatized by the stable rules p(e) and p( i ). We next give axiomatizations of S5 and
KMT. As in the proof of Theorem 3.16, by €, we denote the irreflexive n-cluster, and by
¢, the frame that arises by adding a strong root r,, to &, so that x; Rr,, forall 2 < i < n;in
other words, the strong root r,, is seen by all elements of €/ except by x;. Observe that x;

does not see a reflexive world neither in €, nor in €/, and hence ¥ := Vx3y (xRy A yRY)
is refuted in both ¢, and .

THEOREM 6.5.
1. S5 is axiomatized by T := {p(®), p( &0 ), p( i ), p( d& )}
2. KMT is axiomatized by A := {p(&€,) | n > 1} U {p(€,) | n > 1}.
Proof. (1). First, we show that a finite rooted frame validates I' iff it is a (reflexive)

cluster. Since none of the frames e, o0, T, and d& is a cluster, and hence neither is a

stable image of a cluster, every finite cluster validates I". Conversely, suppose that § =
(X, R) is a finite rooted frame that is not a cluster. If § is a singleton, then it must be
irreflexive, so @ is a stable image of §, and hence § = p(®). Suppose that § has at least two
points. If §§ contains an irreflexive point x, then <o is a stable image of § as mapping x to
the irreflexive point of e—o and the rest to the reflexive point of e«—o is an onto stable map.
Therefore, § ~ p(e«0). Suppose that § is reflexive. If § contains exactly two points x
and y, then without loss of generality we may assume that x Ry and yKx. Thus, mapping
x to the root of i and y to the other point of i is stable and onto, and hence § [~ p(i).

Suppose § has at least three points. Since § is not a cluster, without loss of generality we
may assume that there are x, y € § with xRy. Then mapping x to the top node, y to the

bottom right node, and all the other points to the bottom left node of d& provides an onto
stable map. This yields § [~ p (d&o).

Now, let L be the logic axiomatized over K by I'. Since S5 is the logic of finite clusters
and each such validates ', we see that L C S5. Conversely, by Theorem 3.8, L is the logic

3 Logics axiomatizable by Sahlqvist formulas always have this property.
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of a stable class of finite rooted frames. Each such must be a cluster. Therefore, S5 C L,
and hence S5 is axiomatized over Kby TI'.

(2). First, we show that a finite frame validates A iff it satisfies the positive formula V.
Suppose that the finite frame § refutes A. Then there are n > 1 and a stable onto map
f 3% —> €, orastable onto map g : § — . Since ¢, and €, refute ¥, we conclude
that § refutes V. For the converse, suppose § refutes . Then § has a node u such that all
successors of u; are irreflexive. Let us, . . ., u, be the successors of u1. If § consists only
of uy, uy, ...uy,, thendefine f : § —> €, by f(u;) = x; forall 1 <i < n.If § contains at
least one other node, then define g : § — € by

x;i ifx=u;forl <i <n,
gx) = .

r, otherwise.

In both cases, it is easy to see that the defined map is stable and onto. Thus, § refutes A.
Let L be the normal modal logic axiomatized over K by A. It is shown in [21] that KMT

has the fmp and a finite frame is a KMT-frame iff it satisfies ¥'. Therefore, a finite frame
is a KMT-frame iff it validates A. Thus, since both KMT and L have the fmp and have
the same finite frames, the two logics coincide. Consequently, KMT is axiomatized over K
by A. (]

We next turn our attention to examples of K4-stable logics. The examples will illustrate
that K4-stability is in a way “more frequent” than stability. Roughly speaking, the reason
is that some first-order properties become positively definable modulo transitivity and
rootedness.

We start by showing that D4 := K4vD, S4 := K4V T, and K4B := K4+p — OOp are
K4-stable logics. That D4 and S4 are K4-stable is easy to see. It is well known that K4B is
the logic of symmetric K4-frames. It is straightforward to see that this class is not preserved
under stable images and hence is not definable by positive formulas. Nevertheless, K4B is
characterized by the stable class of rooted frames satisfying Vxy (x Ry) VVxy (x = y), and
so K4B is a K4-stable logic. Note that the additional condition of transitivity is not needed
since the latter clause implies transitivity.

THEOREM 6.6. The following are axiomatizations of the K4-stable logics D4, S4, and
K4B in terms of stable formulas:

1. D4 = K4 + y (e);

2.84=Ka+y@+7(;

3. KAB=K4 +y (i).

Proof. (1). Let X be a K4-space. It is sufficient to show that X = Op — Op iff
XEy@).IfX ¥ Op - Op,then there is x € X such that xRy for all y € X. Therefore,
{x} is a closed generated subframe of X, and ) = ({x}, @) is a finite rooted K4-frame.
The unique map from %) onto e is stable, and so we conclude that X [~ y (e). Conversely,
suppose that X [~ y (@). Then there is a stable map from a topo-rooted closed generated
subframe 2) of X onto e. This implies that ) is a singleton with no R-successors, and hence
X contains a point with no R-successors. Thus, X = Op — $p.

(2). Let X be a K4-space. It is sufficient to show that X = p — Opiff X Ey (e), y (f).

Suppose X [~ y (o) or X [~ y (f). Then there is a topo-rooted closed generated subframe 2)

of X and a stable map from ) onto e or f Observe that under a stable map a preimage of an
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irreflexive point has to be irreflexive. Now both of the latter frames contain an irreflexive
point, so in either case ) contains an irreflexive point. Therefore, so does X. Thus, X is
not reflexive, and so X [~ p — <p. For the converse, suppose that x is an irreflexive
point of X. Consider the closed generated subframe Y := R*[x] of X, and let ) be the
corresponding K4-space. Clearly x is a unique root of ). Since x ¢ R[x], there is a clopen
subset of X separating x from R[x]. Therefore, x is an isolated point of Y. Thus, 2) is
topo-rooted. If Y = {x}, then the unique map from ) onto @ is stable, and so X [~ y (e).
Otherwise, mapping x to the root of (f and the rest of Y to the top point of (f gives rise to a

stable map, and hence X - y (f).
(3). Since K4B is a K4-stable logic, it has the fmp. Also, since K4 4 y (i) is axiomatized

over K4 by the stable formula of a finite rooted K4-frame with a reflexive root, it has
the fmp by Propositions 4.13(2) and 3.3. Therefore, it is sufficient to show that for any
finite rooted K4-frame § = (X, R), wehave § = p —» OCOpiff § E y (i). Suppose

$ ¥ p > OCp. Then § is not symmetric, and so there are x, y € X such that xRy but
yRx.Define f : § > i by mapping R*[y] to the top node ofi and the rest to the root of

i. It is easy to see that f is an onto stable map. Therefore, § F= i Conversely, if § & y (i),
then since § is rooted, by Proposition 4.13(1), there is a stable map from § onto i Let x

be a root of § and let y € X be such that f(y) is the top point of i Since f is stable, xRy
but yRx. Thus, § is not symmetric. This yields that § = p —» OCp. O

We next provide axiomatizations of some S4-stable logics. Recall that S4Alt, is S4 +
alt,, where

alt, :=0py vO(p1 = p2) V- VOPIA - A Pp = Pnti)-
The S4Alt,-frames are the S4-frames such that each point has < n alternatives; that is,
Vxxp ... xp41 ( /\ XRx; — \/ Xj = Xj).
1<i<n+1 I<i<j<n+l

Clearly, this formula is not positive. It is not hard to see that this property is not preserved
by stable maps, and hence is not definable by positive formulas. But the rooted S4Alt,-
frames are the S4-frames that satisfy the positive formula

Irvx (rRx) AVxy ... xp41 ( \/ Xi = Xj),

I<i<j<n+l

implying that S4Alt, is an S4-stable logic.
We already saw that S5 is a stable logic, hence an S4-stable logic. We next axiomatize
S5 and S4Alt, over S4 by stable formulas.

PROPOSITION 6.7. The logics S5 and S4Alt, are S4-stable. They are axiomatized over
S4 by the following stable formulas:

1. 85=S4+y(§).

2. S4Alt, =S4+ y (6--9).
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Proof. (1). Since S5 = S4 v K4B, this follows from Lemma 5.5 and Theorem 6.6(3)
connecting S4-stability and K4-stability.

(2). Observe that there is a stable map from a finite rooted S4-frame §F onto the (n + 1)-
cluster iff the cardinality of § is greater than n. The result follows since both S4Alt,

and S4 + y () have the fmp. O

We next consider the following normal extensions of S4:

S4.2 = S4 4+ SOp — OO p, the logic of directed S4-frames;

S43 = S4+ 00@p — ¢q) vO@Og — p), the logic of upward connected
S4-frames;

S4BW,, = S4 + bw,,, the logic of S4-frames of width < n, where

n
bw, .= A opi > \/ ©piA0p);
i=0 0<i#j<n

S4BTW,,, the logic of S4-frames of top width < n.

The definitions of the first-order properties of S4-frames mentioned above are

(strong) directedness: Vxuv ((xRu A xRv) — Jy (uRy A vRYy)).
(strong) upward connectedness: Vxuv ((xRu A xRv) = (uRv Vv vRu)).
bounded width: Vyx;...x,4 (A1§i5n+1 YRxi = Vicizjnt1 xinj).
bounded top width:

Vyxp ... xpe1( /\ YRx; A /\ Vz(xiRz = zRx;) > \/ xiRxj).
1<i<n+1 1<i<n+1 1<i#j<n+1

Clearly, none of these formulas is positive. It is not hard to see that none of the properties
is preserved by stable maps, and hence is not definable by positive formulas. Nevertheless,
these logics are S4-stable. One way to see this is to look at their intuitionistic fragments.

KC = IPC + —p v —=—p, the logic of weak excluded middle;
LC=IPC+ (p = ¢) V (g = p), the Godel-Dummett logic;
BW, = IPC+ V/_o(pi = Vs p));
BTW, =IPC + /\Ogigjgn =(=pi A=pj) = Vieg(—pi = \/j;ﬁi —pj)-
We have that S4.2 = tKC, S4.3 = 7LC, and more generally, S4BW,, = tBW,, and

S4BTW,, = tBTW,, for every n. Theorem 5.1 together with the axiomatizations provided
in [2, Theorem 7.5] then yields:

PROPOSITION 6.8. The logics S4.2 and S4.3 are S4-stable. More generally, S4BW,,
and S4BTW,, are S4-stable for every n. These logics are axiomatized by the following
stable formulas:

1. S4BW, =S4 4y (RS + (%). In particular; S4.3 = S4 + y (X ) + » (@7).
2. SABTW,, = S4 + y (X). In particular, S4.2 = S4 + y (30

We define K4.2 := S4.2%, K4.3 := S4.3", K4BW, := (S4BW,)*t, K4BTW, :=
(S4BTW,)™, and K4Alt, := (S4Alt,)™. Since for a K4-frame §, we have § = LT iff
§T L, from the first-order characterizations of the corresponding logics above S4, we
obtain:

https://doi.org/10.1017/51755020317000375 Published online by Cambridge University Press


https://doi.org/10.1017/S1755020317000375

STABLE MODAL LOGICS 463

o §isaK4.2-frame iff Vxuvo (Ru AxRv Au #v) > (Ay Ry AvRy) VuRv v
v Rv)).

§ is a K4.3-frame iff Vxuv ((xRu A xRv Au #v) = (uRv V v Ru)).

T is a KABW,,-frame iff the width of F is < n.

§ is a KABTW,,-frame iff the top width of § is < n.

¥ is a K4Alt,-frame iff

VXX] .. Xpt1 /\ XRx; — \/ Xi=XxjV \/ Xi =X

1<i<n+l1 I<i<j<n+l 1<i<n+l1

REMARK 6.9. In [13], the definitions of K4.2 and K4Alt, are slightly different. Namely,
K4.2 is defined as K4 + dir where dir = G(0Op Ag) — O(Cp Vv q), and K4Al, is defined
as K4 + alt,, for n > 1. The first-order condition corresponding to dir is

Vxuv (kRu A xRv Au #0v) = dy uRy AvRYy))

and the first-order condition corresponding to alt,, is

Vxxy ... xp41 ( /\ xRx; — \/ Xj = Xj).

1<i<n+1 1<i<j<n+1

If we define K4.2 and K4Alt, as in [13], then it is no longer the case that K4.2 = S4.2*
and K4Alt, = (S4Alt,)™. Moreover, these logics are not K4-stable. To see that K4 + dir is
not K4-stable, observe that the K4-frame T validates all these logics but its stable image

refutes dir, yielding that K4 + dir is not K4-stable. The same example shows that K4 + alt;
is not K4-stable, and that K4 + alt, is not K4-stable can be shown similarly. These facts
and Proposition 6.10 below justify our usage of the names K4.2 and K4Alt,,.

Clearly, none of these formulas is positive. It is not hard to see that none of the properties
is preserved by stable maps, and hence is not definable by positive formulas. In fact, the
classes of transitive frames of the logics just described are not stable. Nevertheless, all
these logics are K4-stable. One way to see this is that in all these cases the classes of their
transitive rooted frames are definable by positive formulas:

e K4.2 is characterized by transitive frames satisfying
IrVx (r =x VrRx) AVYuo(Jz(uRz AvRz) Vu =v VuRv V oRu).
e K4.3is characterized by transitive frames satisfying
IrVx(r =x VrRx) AVxy(x =y VxRyV yRx).
e K4BW,, is characterized by transitive frames satisfying
IrVx (r =x VFrRx) AVyX] ... Xp41 \/ XiRxj Vv \/ Xi=r
1<i#j<n+1 1<i<n+l1

e K4BTW, is characterized by transitive frames satisfying

IrVx (r =x VrRx) Admy,...m,Vy \/ (yRm; Vy=m;).

1<i<n
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Table 2. Axiomatizations of some K4-stable and S4-stable logics

D4 = K4+ sS4 = Ke+y@+7 ]
K4B = Ka+y® S5 = S4+y(®

K4.2 = Ké+7RP) S4.2 = S4+y&P)

K4.3 = K4+y(%f)+y(@>) S4.3 = suﬂ%ﬁ)w(@?)

KABW, = K4+y(%g@)+y(%) S4BW,, S4+y(%;p)+y(<§p)
KABTW, = Ka+7 ) S4BTW, = S4+ 71X

K4Alt, = Kd+7y(©9) S4Alt, S4+y(©:--9)

e KA4Alt, is characterized by transitive frames satisfying

IrVx (r =x VrRx) AVX] ... X541 \/ Xi=x;Vxi=r

I<i<j<n+l

Since K42 = S4.2% K43 = S4.3%, K4BW, = (S4BW,)*, K4BTW, =
(S4BTW,,) ", and K4Alt, = (S4Alt,)™, from Proposition 6.8 and Lemma 5.4(2) we
conclude:

PROPOSITION 6.10.

1. K4BW, = Kd + 5 (%) +y (%). In particular, K4.3 = K4 4+ y (X /) + 7 (@7)
2. KABTW, = K4 + y (3;°). In particular, K4.2 = K4 + y ().

3. K4Alt, = K4 + y (6--9).

In Table 2, we summarize the axiomatizations of K4-stable and S4-stable logics ob-
tained above.

Finally, as promised, we show that several well-known logics are not stable. We point out
that to prove a given logic L is not stable, it is not sufficient to show that the class of all finite
L-frames is not stable. The difficulty is in proving that L is not characterized by any stable
class of finite L-frames. Consider the following well-known logics (see, e.g., [13, p. 116]):

KB = K+ p — OOp, the logic of symmetric frames;

K5 = K+ ¢0Op — Op, the logic of Eucliedean frames;

GL =K4 + 0O(dp — p) — Op, the logic of dually well-founded K4-frames;
S4.Grz =84+ 0(O(p — Op) = p) — p, the logic of Noetherian S4-frames;
K4.1 = K4.1+O00p — $Op, the logic of K4-frames with singleton final clusters;
S4.1 = S4 v K4.1, the logic of S4-frames with singleton final clusters.

THEOREM 6.11. None of the logics K4, S4, KB, and K5 is stable. Neither are the logics
GL, S4.Grz, K4.1, and S4.1. In fact, GL and K4.1 are not K4-stable and S4.Grz and
S4.1 are neither K4-stable nor S4-stable.

Proof. We start by showing that K4 is not stable. If K4 were stable, then by Theorem 3.8,
there would exist a stable class K of finite rooted K4-frames whose logic is K4. Consider
the finite rooted frames §, & and an onto stable map & — § shown below.
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G
<

Note that & is transitive, but § is not. Since & is a K4-frame and & }= y (&), we see that
K4 }£ y (®). Therefore, there is ) € K such that $) [~ 7 (&). As & has a reflexive root, by
Proposition 4.13(1), & is a stable image of ). Thus, since K is stable, & € . The same
reasoning yields § € K. But this is a contradiction as § is not transitive. Consequently, K4
is not a stable logic.

A similar reasoning gives that S4 is not a stable logic. We next show that KB is not a
stable logic. If it were, then by Theorem 3.8, there would exist a stable class K of finite
rooted KB-frames whose logic is KB.

CLAIM 6.12. There is § € K containing distinct x, y that are not R-related to each
other.

Proof. Clearly the KB-model
P e e eq

refutes bw; = Op A Og = O(p A OFg) v O(g A Ot p). Therefore, KB 1~ bwy. Thus,
there is § € K such that § [~ bw. It is easy to see that § has the desired property. O

For such an § = (X, R) define §’' = (X, R’), where R’ = RU{(x, y)}. Then the identity
map is a stable map from § onto F’. Since K is stable, § € K. But this is a contradiction
as § is not symmetric. Thus, KB is not a stable logic.

Next, we show that K5 is not a stable logic. If K5 were stable, then there would be a
stable class /C of finite rooted K5-frames whose logic is K5.

CLAIM 6.13. There is § € K containing x, y such that x Ry and xR x.
Proof. Clearly the K5-model

P &———0O

refutes the formula ¢ := p — <p v OL. Therefore, K5 b ¢. Thus, there is § € K such
that § = ¢. It is easy to see that § has the desired property. O

For such an § = (X, R) define §’' = (X, R’), where R’ = RU{(y, x)}. Then the identity
map is a stable map from § onto §'. Since K is stable, § € K. But this is a contradiction
as § is not Euclidean because in an Euclidean frame every successor is reflexive. Thus,
K5 is not a stable logic.

Next we show that S4.Grz is not a stable logic. By Proposition 3.10(1), it is sufficient
to show that S4.Grz is not S4-stable. It is easy to see that the map § — & between finite
rooted S4-frames depicted below is stable.
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Note that § is a S4.Grz-frame, while & is not. Therefore, by Corollary 4.15(6), S4.Grz is
not S4-stable. Thus, by Lemma 5.5(1), S4.Grz is not K4-stable.

The same argument yields that S4.1 is not S4-stable. Therefore, by Lemma 5.5(1), S4.1
is not K4-stable. Since S4.1 = S4VvK4.1, Lemma 5.5(2) yields that K4.1 is not K4-stable.
Thus, neither S4.1 nor K4.1 is stable by Proposition 3.10(1).

Finally, we show that GL is not stable. For this, it is sufficient to show that GL is not
K4-stable. It is easy to see that the map depicted below is a stable map from a finite rooted
GL-frame § onto a finite rooted K4-frame ¢, which is not a GL-frame.

® F---------- > O
§ &
The rest of the argument is the same as in the case of S4.Grz. ]

We conclude the article by providing examples that show that the classes of K4-stable
logics, transitive subframe, cofinal subframe, and union-splitting logics (these classes of
logics are discussed in detail in [13, sec. 10.5 and 11.3]) are all different.

Table 3

transitive trjggg:{e K4- S4- union union

subframe subframe stable stable K4-splitting S4-gplitting
S4.2 - v v v v v
S4.Grz v v - - v v
GL v v X - X
7L - - v v v v
K4BTW; v v X - X
S4BTW; v v v -

“v"” means the logic belongs to the class;  “-” means the logic does not belong to it;  “x”means not applicable.

e By Proposition 6.8, S4.2 is S4-stable. Therefore, by Lemma 5.5(1), S4.2 is K4-
stable. It is well known that S4.2 is S4-splitting (see, e.g., [29]). Since S4 is a
union K4-splitting, it follows that S4.2 is a union K4-splitting. Finally, it is well
known that S4.2 is not a subframe logic, but it is a cofinal subframe logic (see,
e.g., [13, Sec. 9.4)).

e By Theorem 6.11, S4.Grz is neither S4-stable nor K4-stable. On the other hand, it
is well known that S4.Grz is a subframe logic (see, e.g., [13, sec. 9.4]). Therefore,
S4.Grz is a cofinal subframe logic. Finally, it is well known that S4.Grz is a union
S4-splitting (see, e.g., [12, Exm. 1.11]). Thus, S4.Grz is a union K4-splitting.
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e By Theorem 6.11, GL is not K4-stable, and it is well known that GL is not a union
K4-splitting (see, e.g., [13, Exe. 9.13]). On the other hand, it is well known that GL
is a subframe logic (see, e.g., [13, sec. 9.4]). Thus, GL is a cofinal subframe logic.

e It was shown in [4] that there is a stable si-logic L which is not a cofinal sub-
frame logic. Therefore, neither is zL. Thus, 7L is not a subframe logic. By Theo-
rem 5.1(2), 7L is S4-stable. Since L is a tabular logic, it is a union splitting si-logic
(see, e.g., [6, Theorem 3.4.27]). By [13, Corollary 9.64], 7L is a union S4-splitting
logic, hence a union K4-splitting logic.

e Itis easy to see that neither SABTW3 nor K4BTW3 is a subframe logic. It follows
from [13, sec. 9.4 and Corollary 9.64] that S4BTWj5 is a cofinal subframe logic.
Since K4BTW3 = S4BTW; ™, it follows that K4BTW3 is a cofinal subframe logic.
An adaptation of the proof of [13, Prop. 9.50] shows that KABTW3 is not a union
K4-splitting logic and S4BTW3 is not a union S4-splitting logic. On the other
hand, by Proposition 6.8(2), S4BTW3 is S4-stable, and by Proposition 6.10(2),
K4BTWs3 is K4-stable.

§7. Acknowledgements. We are very grateful to the referees for many useful sugges-
tions that have substantially improved the article. We also thank Frederik M. Lauridsen
for helpful discussions. This project has received funding from the European Union’s
Horizon 2020 research and innovation programme under the Marie Skladowska-Curie
grant agreement No. 689176.

BIBLIOGRAPHY

[1] Bezhanishvili, G. & Bezhanishvili, N. (2012). Canonical formulas for wK4. Review
of Symbolic Logic, 5(4), 731-762.

[2] Bezhanishvili, G. & Bezhanishvili, N. (2017). Locally finite reducts of Heyting
algebras and canonical formulas. Notre Dame Journal of Formal Logic, 58(1), 21-45.

[3] Bezhanishvili, G., Bezhanishvili, N., & Iemhoff, R. (2016). Stable canonical rules.
Journal of Symbolic Logic, 81(1), 284-315.

[4] Bezhanishvili, G., Bezhanishvili, N., & Ilin, J. (2016). Cofinal stable logics. Studia
Logica, 104(6), 1287-1317.

[5] Bezhanishvili, G., Mines, R., & Morandi, P. J. (2008). Topo-canonical completions
of closure algebras and Heyting algebras. Algebra Universalis, 58(1), 1-34.

[6] Bezhanishvili, N. (2006). Lattices of Intermediate and Cylindric Modal Logics.
Ph.D. Thesis, University of Amsterdam.

[7] Bezhanishvili, N. & Ghilardi, S. (2014). Multiple-conclusion rules, hypersequents
syntax and step frames. In Gore, R., Kooi, B., and Kurucz, A., editors. Advances in
Modal Logic (AiML 2014). London: College Publications, pp. 54-61. An extended version
available as ILLC Prepublication Series Report PP-2014-05.

[8] Blackburn, P., de Rijke, M., & Venema, Y. (2001). Modal Logic. Cambridge:
Cambridge University Press.

[9] Blok, W. J. & van Alten, C. J. (2002). The finite embeddability property for
residuated lattices, pocrims and BCK-algebras. Algebra Universalis, 48(3), 253-271.

[10] Bull, R. A. (1966). That all normal extensions of S4.3 have the finite model
property. Zeitschrift fiir mathematische Logik und Grundlagen der Mathematik, 12,
341-344.

https://doi.org/10.1017/51755020317000375 Published online by Cambridge University Press


https://doi.org/10.1017/S1755020317000375

468 GURAM BEZHANISHVILI ET AL.

[11] Burris, R. & Sankappanavar, H. (1981). A Course in Universal Algebra. New York:
Springer.

[12] Chagrov, A., Wolter, F., & Zakharyaschev, M. (2001). Advanced modal logic.
In Gabby, D. M., and Guenthner, F., editors. Handbook of Philosophical Logic, Vol. 3.
Dordrecht: Kluwer Academic Publishers, pp. 83-266.

[13] Chagrov, A. & Zakharyaschev, M. (1997). Modal Logic. New York: The Clarendon
Press.

[14] Chang, C. C. & Keisler, H. J. (1990). Model Theory (third edition). Studies in Logic
and the Foundations of Mathematics, Vol. 73. Amsterdam: North-Holland Publishing Co.

[15] Conradie, W., Morton, W., & van Alten, C. J. (2013). An algebraic look at
filtrations in modal logic. Logic Journal of the IGPL, 21(5), 788-811.

[16] Ferreirim, I. M. A. (1992). On Varieties and Quasivarieties of Hoops and their
Reducts, Ph.D. Thesis, University of Illinois at Chicago.

[17] Fine, K. (1971). The logics containing S4.3. Zeitschrift fiir mathematische Logik
und Grundlagen der Mathematik, 17, 371-376.

[18] Fine, K. (1985). Logics containing K4. II. Journal of Symbolic Logic, 50(3),
619-651.

[19] Galatos, N., Jipsen, P., Kowalski, T., & Ono, H. (2007). Residuated Lattices:
An Algebraic Glimpse at Substructural Logics. Studies in Logic and the Foundations of
Mathematics, Vol. 151. Amsterdam: Elsevier B. V.

[20] Ghilardi, S. (2010). Continuity, freeness, and filtrations. Journal of Applied Non-
Classical Logics, 20(3), 193-217.

[21] Hughes, G. E. (1990). Every world can see a reflexive world. Studia Logica, 49(2),
175-181.

[22] Jetabek, E. (2009). Canonical rules. Journal of Symbolic Logic, 74(4), 1171-1205.

[23] Kracht, M. (1999). Tools and Techniques in Modal Logic. Amsterdam: North-
Holland Publishing Co.

[24] Kracht, M. (2007). Modal consequence relations. In Blackburn, P., van Benthem,
J., and Wolter, F., editors. Handbook of Modal Logic. Amsterdam: Elsevier, pp. 491-545.

[25] Lemmon, E. J. (1966). Algebraic semantics for modal logics. 1. Journal of Symbolic
Logic, 31, 46-65.

[26] Lemmon, E. J. (1966). Algebraic semantics for modal logics. II. Journal of
Symbolic Logic, 31, 191-218.

[27] McKinsey, J. C. C. (1941). A solution of the decision problem for the Lewis
systems S2 and S4, with an application to topology. Journal of Symbolic Logic, 6,
117-134.

[28] McKinsey, J. C. C. & Tarski, A. (1944). The algebra of topology. Annals of
Mathematics, 45, 141-191.

[29] Rautenberg, W. (1980). Splitting lattices of logics. Archiv fiir Mathematische Logik
und Grundlagenforschung, 20(3—4), 155-159.

[30] Rybakov, V. V. (1997). Admissibility of Logical Inference Rules. Amsterdam:
North-Holland Publishing Co.

[31] Sambin, G. (1999). Subdirectly irreducible modal algebras and initial frames.
Studia Logica, 62(2), 269-282.

[32] Segerberg, K. (1971). An Essay in Classical Modal Logic. Vols. 1, 2, 3. Uppsala:
Filosofiska Foreningen och Filosofiska Institutionen vid Uppsala Universitet.

[33] Venema, Y. (2004). A dual characterization of subdirectly irreducible BAOs. Studia
Logica, 77(1), 105-115.

https://doi.org/10.1017/51755020317000375 Published online by Cambridge University Press


https://doi.org/10.1017/S1755020317000375

STABLE MODAL LOGICS 469

[34] Venema, Y. (2007). Algebras and coalgebras. In Blackburn, P., van Benthem,
J., and Wolter, F,, editors. Handbook of Modal Logic. Amsterdam: Elsevier, pp. 331-426.

[35] Wolter, F. (1993). Lattices of Modal Logics. Ph.D. Thesis, Free University of
Berlin.

[36] Zakharyaschev, M. (1992). Canonical formulas for K4. I. Basic results. Journal of
Symbolic Logic, 57(4), 1377-1402.

[37] Zakharyaschev, M. (1996). Canonical formulas for K4. II. Cofinal subframe logics.
Journal of Symbolic Logic, 61(2), 421-449.

[38] Zakharyaschev, M. (1997). Canonical formulas for modal and superintuitionistic
logics: A short outline. In de Rijke, M., editor. Advances in Intensional Logic. Applied
Logic Series, Vol. 7. Dordrecht: Kluwer Academic Publishers, pp. 195-248.

DEPARTMENT OF MATHEMATICAL SCIENCES
NEW MEXICO STATE UNIVERSITY
LAS CRUCES, NM 88003, USA
E-mail: guram@nmsu.edu

INSTITUTE FOR LOGIC, LANGUAGE AND COMPUTATION
UNIVERSITY OF AMSTERDAM
P.O. BOX 94242, 1090 GE
AMSTERDAM, THE NETHERLANDS
E-mail: N.Bezhanishvili@uva.nl
E-mail: ilin.juli@gmail.com

https://doi.org/10.1017/51755020317000375 Published online by Cambridge University Press


https://doi.org/10.1017/S1755020317000375

