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Modal completeness of sublogics of the
interpretability logic IL

Taishi Kurahashi and Yuya Okawa

Abstract

We study modal completeness and incompleteness of several sublogics
of the interpretability logic IL. We introduce the sublogic IL™~, and prove
that IL™ is sound and complete with respect to Veltman prestructures
which are introduced by Visser. Moreover, we prove the modal com-
pleteness of twelve logics between IL™ and IL with respect to Veltman
prestructures. On the other hand, we prove that eight natural sublogics
of IL are modally incomplete. Finally, we prove that these incomplete
logics are complete with respect to generalized Veltman prestructures. As
a consequence of these investigations, we obtain that the twenty logics
studied in this paper are all decidable.

1 Introduction

The notion of formalized provability is well-studied in the framework of modal
logic. The provability logic of Peano Arithmetic PA is the set of all modal
formulas that are verifiable in PA when the modal operator [J is interpreted as
the provability predicate Prpa (z) of PA. Solovay’s arithmetical completeness
theorem [12] states that the provability logic of PA is exactly axiomatized by
the modal logic GL that is obtained from the smallest normal modal logic K
by adding the axiom scheme O(A — A) — OA. Segerberg [10] proved that
the logic GL is sound and complete with respect to the class of all transitive
and conversely well-founded finite Kripke frames.

The interpretability logic IL is the base logic for modal logical investigations
of the notion of relative interpretability. The language of IL is that of GL with
the additional binary modal operator t>. The binary modal operator > binds
stronger than —, but weaker than =, A, V and 0. The intended meaning of the
formula A> B is “PA + B is relatively interpretable in PA 4+ A”. The inference
rules of IL are the same as those of GL, and the axioms of IL are those of GL
together with the following axioms:

J1 O(A— B) = Ap B;
J2 (A>B)A(B>C) — A C;
J3 (A C)AN(B>C)— (AV B) > C,



J4 A B — (0A — OB);
J5 QA A.

The logic IL is not arithmetically complete by itself. The logic ILM is
obtained from IL by adding Montagna’s Principle A> B — (AAOC) > (B A
OC), then Berarducci [1] and Shavrukov [11] independently proved that ILM is
arithmetically sound and complete with respect to arithmetical interpretations
for PA. Also let ILP be the logic IL with the Persistence Principle A > B —
O(A> B). Visser [15] proved the arithmetical completeness theorem of the logic
ILP with respect to arithmetical interpretations for suitable finitely axiomatized
fragments of PA.

These logics have Kripkean semantics. A triple (W, R, {S; }zcw ) is said to be
an IL-frame or a Veltman frame if (W, R) is a Kripke frame of GL and for each
x € W, S, is a transitive and reflexive binary relation on R[z] := {y € W : xRy}
satisfying the following property: (x) Vy,z € W(xRy & yRz = yS.z). De
Jongh and Veltman [3] proved that IL is sound and complete with respect to all
finite IL-frames. Also they proved that the logics ILM and ILP are sound and
complete with respect to corresponding classes of finite IL-frames, respectively.

The logic IL and its extensions are not only arithmetically significant. It
is known that for extensions of PA, relative interpretability is equivalent to
I1;-conservativity, and this equivalence is provable in PA (see [8]). Therefore
the logic ILM is also the logic of II-conservativity for PA (see also [5]). On
the other hand, when we consider the logics of I'-conservativity for I' # IIy,
the principle J5 is no longer arithmetically valid. Ignatiev [6] introduced the
logic of conservativity CL which is obtained from IL by removing J5, and he
proved that the extensions SbCLM and SCL of CL are exactly the logic of
II5-conservativity and the logic of T-conservativity for I' € {%,,II, : n > 3},
respectively.

Ignatiev also proved that CL is complete with respect to Kripkean semantics.
A triple (W, R, {S;}zew) is said to be a CL-frame if it is a structure with all
properties of IL-frame but (). Then CL is sound and complete with respect to
the class of all finite CL-frames. The correspondence between J5 and the prop-
erty () is explained in the framework of IL™ -frames. A triple (W, R, { Sz }zew)
is called an IL™ -frame or a Veltman prestructure if (W, R) is a frame of GL and
for each x € W, S, is a binary relation on W with Vy,z € W(yS,z = xRy).
Then Visser [14] stated that for any IL™ -frame, the validity of the scheme J5
is equivalent to the property (x).

Visser also showed, for example, that for any IL™ -frame, the validity of J4
is equivalent to the property Vz,y,z € W(yS,z = xRz). However, systematic
study of sublogics of IL through IL™-frames has not been done so far. In this
paper, we do this study, and prove the modal completeness and incompleteness
of several sublogics of IL.

In Section 2, we introduce the logic IL™ that is valid in all IL™ -frames. We
introduce the notion of IL_-frames that serves a wider class of models than

set
IL -frames. Then we show that IL™ is also valid in all IL__ -frames. In Section
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3, we investigate several axiom schemata and extensions of IL™. Section 4 is
devoted to proving lemmas used to prove our modal completeness theorems. Our
modal completeness theorem with respect to IL™ -frames is proved in Section 5.
In Section 6, we prove several natural sublogics of IL are incomplete with respect
to IL™ -frames. In Section 7, we prove these incomplete logics are complete with
respect to IL__ -frames. Finally, Section 8 concludes the present paper with a
few words.

set

2 The logic IL™

In this section, we introduce and investigate the logic IL™. The language of IL™
consists of countably many propositional variables p, q, 7, ..., logical constants
T, L, connectives =, A, V, — and modal operators [, i>. The expression QA
is an abbreviation for —[0-A. We show that every theorem of IL™ is valid
in all IL™ -frames defined below (see Definition 2.2). In fact, we will prove in
Section 5 that IL™ is sound and complete with respect to the class of all (finite)
IL -frames. The logic IL™ is the basis for our logics discussed in this paper.
First, we introduce the logic IL™. Note that the axioms and rules of the
logic IL™ are intended to characterize the logic of the class of all IL™ -frames.

Definition 2.1. The axiom schemata of the logic IL™ are as follows:
L1 All tautologies in the language of IL™;

L2 O(A — B) —» (0A — OB);

L3 O(UA — A) — OA4;

J3 (A C)AN(B>C)— (AV B) 1>,

J6 DA <~ (mA) > L.

A A—-B
The inference rules of IL™ are Modus Ponens —————, Necessitation

R1 and R2. Here the rules R1 and R2 are defined as follows:

A— B )
CrA—-Cp> B’

A— B
B>C = A C’

The logic GL consists of the axiom schemata L1,L2 and L3, and of the
inference rules Modus Ponens and Necessitation (in the language without >).
Hence IL™ is an extension of GL. In Subsection 3.5, we prove that IL proves
the axiom J6 and admits the rules R1 and R2 (see Proposition 3.20). Therefore
IL™ is a sublogic of IL.

We introduce IL™ -frames that are originally introduced by Visser [14] as
Veltman prestructures.

A
0A’
R1

R2



Definition 2.2. We say that a triple (W, R, {S;}zew) is an IL™ -frame if it
satisfies the following conditions:

1. W is a non-empty set;
2. R is a transitive and conversely well-founded binary relation on W;

3. For each x € W, S, is a binary relation on W satisfying Yy, z € W(yS,z =
xRy).

A quadruple (W, R, {S; }zew, F) is called an IL™ -model if (W, R, {S;}zew) is
an IL™ -frame and I is a binary relation between W and the set of all formulas
satisfying the usual conditions for satisfaction with the following conditions:

e rlF0A <— Vye W(zRy = yl- A).
e zlFA>B < VYyeW(zRy & ylk A= 32 € W(yS,z & z Ik B)).

A formula A is said to be valid in an IL™ -frame (W, R,{S;}zew) if for all
satisfaction relations I on the frame and all x € W, z I A.

For each z € W, let R[z] := {y € W : zRy}. In this notation, the third
clause in the definition of IL™ -frames states that S, is a relation on R[z] x W.
Note that this clause can be removed from the definition because it is not forced
by axiom schemata of IL™ and does not affect the definition of I-. We impose
this clause to simplify our arguments.

We prove that IL™ is sound with respect to the class of all IL™ -frames.

Proposition 2.3. FEvery theorem of IL™ is valid in all IL™ -frames.

Proof. We prove the claim by induction on the length of proofs in IL™. Since the
modal logic GL is sound with respect to the class of all transitive and conversely
well-founded Kripke frames (see [2]), all theorems of GL in the language of IL™
are valid in all IL™ -frames. That is, L1, L2 and L3 are valid in all IL™ -frames,
and the rules Modus Ponens and Necessitation preserve the validity. Then it
suffices to prove that J3 and J6 are valid in all IL™ -frames, and the rules R1
and R2 preserve the validity.

Let FF = (W,R,{S:}zcw) be an IL™ -frame, € W be any element and I+
be any satisfaction relation on F'.

J3: Suppose z IF (A>C) A (B> C). Let y € W be any element with xRy
and y IF AV B. In either case of y IF A and y I+ B, there exists z € W such
that S,z and z |- C. Thus we obtain z IF (AV B) > C.

J6: (—): Suppose z IF TA. Then there is no y € W such that zRy and
yIF =A. Hence z IF (-A) > L.

(«+): Suppose z I (=A) > L. If there were y € W with xRy and y |- —A,
then there would be some z € W such that z I 1, a contradiction. Thus if
xRy, then y IF A, and this means z |- OA.

R1: Assume A — B is valid in F. Suppose z |- C > A and let y € W be
such that xRy and y IF C. Then there exists z € W such that yS,z and z IF A.
By the assumption, z I B. Then we obtain x I C > B.



R2: Assume A — B is valid in F'. Suppose z IF B> C and let y € W be
such that xRy and y IF A. By the assumption, y IF B, and hence there exists
z € W such that yS,z and z I- C'. Thus we have x I A C. O

By the rules R1 and R2, we immediately obtain the following proposition.

Proposition 2.4. Let L be a logic with the inference rules R1 and R2. If
LE Ay« A and L+ By < By, then L+ Ag > By <> Ay > By.

In this paper, we freely use Proposition 2.4 without any mention. In IL™,
the inference rule R2 is strengthened as follows.

Proposition 2.5.
1. IL” +FO-A— A> B.
2 IL FOA—-B)—> (B>C— A>(O).

Proof. 1. Since IL™ + 1L — B, we have IL™ - A> 1 — A B by the rule R1.
By the axiom J6, we obtain IL™ - [0-A — A> B.

2. Since IL™ - 0O(A — B) — O-(A A =B), we have IL” + O(A — B) —
(AA=B)>C by 1. ThenIL™ - O(A — B)A(B>C) — ((AA—B)VB)>C by the
axiom J3. Since IL™ - A — (AA-B)V B, we have IL™ + ((AA-B)VB)>C —
A > C by the rule R2. Therefore we conclude IL™ - O(A — B)A (B> C) —
ApC. O

Thus IL™ is deductively equivalent to the system obtained from IL™ by
replacing the rule R2 by the axiom scheme J(A — B) = (B> C — A C).

In Section 5, we will prove that several extensions of IL™ are complete with
respect to corresponding classes of IL™ -frames. On the other hand, we will also
prove that several logics are not complete. To prove this incompleteness, we use

the notion of IL_-frames that is a general notion of ILg-frames or generalized

Veltman frames introduced by Verbrugge [13] (see also [16, 9]).

Definition 2.6. A tuple (W, R, {S; }zew) is called an IL_ -frame if it satisfies
the following conditions:

1. W is a non-empty set;
2. R is a transitive and conversely well-founded binary relation on W;

3. For each x € W, S, is a relation on W x (P(W) \ {0}) such that Vy €
WYV C W(yS,V = zRy);

4. (Monotonicity) Va,y € W,VV,U C W (yS,V &V C U = yS,U).

As in the definition of IL ™ -frames, we can define IL_-models (W, R, {S. }zew, IF
) with the following clause:

e zlFA>B «— Vye W(Ry & ylk A= IV CW([yS,V &VzeV(zIF
B))).



Let M = (W, R,{Ss}zew,!F) be an IL™-model. For each € W, we define
the relation S, C W x (P(W)\ {0}) by ySLV : <= 3z € V(ySyz). Then it is
shown that (W, R, {S. }sew) is an IL_-frame. Let I be the unique satisfaction
relation on this IL_,-frame satisfying that for any € W and any propositional

variable p, z IF p if and only if z I p. Then (W, R,{S.}sew,F) is an IL_,-
model, and for any x € W and any formula A, z I A if and only if z I A.
Therefore, in this sense, every IL™ -frame (resp. model) can be recognized as an

IL_,-frame (resp. model). We strengthen Proposition 2.3.
Proposition 2.7. Every theorem of IL™ is valid in all IL_,-frames.

Proof. Let F = (W, R,{S.}zecw) be an IL_,-frame, x € W be any element and
IF be any satisfaction relation on F'. As in the proof of Proposition 2.3, we only
prove the cases J3, J6, R1 and R2.

J3: Suppose z IF (A> C) A (B> C). Let y € W be any element such that
xRy and y IF AV B. In either case that y IF A and y I- B, there exists VVC W
such that yS,V and Vz € V(z Ik C). Therefore z I+ (AV B) > C.

J6: This follows from the following equivalences:

zlF0A < Vy(zRy = y Ik A),
— Vy(xRy & ylF mA=3IV(V #0 & yS,V & Vz e V(zIF 1))),
— zlk(-A4)> L.

R1: Assume that A — B is valid in F. Suppose z IF C'> A. Let y € W
be such that zRy and y IF C. Then there exists V' C W such that yS,V and
Vz € V(z IF A). For each z € V, z |- B by the assumption. Therefore we
conclude z I C > B.

R2: Assume that A — B is valid in F. Suppose z IF B> C and let y € W
be any element with zRy and y IF A. Then y I B by the assumption, and
hence there exists V' C W such that yS,V and Vz € V(z I C'). Thus we have
zlF A C.

O

Remark 2.8. In the proof of Proposition 2.7, Monotonicity of IL_,-frames is
not used at all. As in the case of IL™ -frames, conditions 3 and 4 in Definition
2.6 are introduced because they are useful properties to have.

In usual definition of TLget-frame (W, R, {S; }zew ), each S, is a relation on
R[z] x (P(R[z]) \ {0}). Therefore ILg-frames are not IL_,-frames because of
our definition of Monotonicity. On the other hand, from Proposition 3.10 below,
when we deal with logics containing J4,, we can restrict conditions 3 and 4 in

Definition 2.6 so that S, is a relation on R[z] x (P(R][z]) \ {0}).

3 Extensions of IL™

In this section, we investigate several additional axiom schemata and several
extensions of IL™. Let ¥,...,%, be axiom schemata. Then IL™ (¥4,...,%,)



is the logic IL™ together with the axiom schemata »q,...,3%,. Let L be an
extension of IL~. We say that L is complete with respect to finite IL™ -frames
(resp. IL_ -frames) if for any formula A, L - A if and only if A is valid in all

set
finite IL™ -frames (resp. IL_-frames) where all axioms of L are valid.

set

3.1 The axiom scheme J1

In this subsection, we investigate the axiom scheme J1.
J1 O(A—B) = A> B.

First, we show that the following axiom scheme J1’ is equivalent to J1 over
IL™.

J1” A A
Proposition 3.1. The logics IL™ (J1) and IL™ (J1) are deductively equivalent.

Proof. IL™(J1) + J1': This is because IL~ + O(A — A) and IL™(J1)
O0A— A) — A A

IL~(J1') - J1: By Proposition 2.5.2, IL™ - 0(A — B) — (B>B — A>B).
Since IL™ (J1') F B > B, we obtain the desired result. O

Therefore, in this paper, we sometimes identify the axiom schemata J1 and
J1’. The following proposition is stated in Visser.

Proposition 3.2 (Visser [14]). Let F = (W, R,{Sy}zew) be any IL™ -frame.
Then the following are equivalent:

1. J1 is valid in F.
2. Vx,y € W(zRy = yS,y).

Proof. (1 = 2): Assume that J1 is valid in F. Suppose xRy. Let |- be any
satisfaction relation on F' satisfying that for any v € W, u IF p if and only if
u = y for some fixed propositional variable p. Then y IF p. Since zRy and
x IF p > p, there exists a z € W such that ¢S5,z and z IF p. By the definition of
IF, z =y, and hence yS,y.

(2 = 1): Assume Vz,y € W(zRy = yS,y). Let y € W be such that zRy
and y IF A. Then yS,y, and thus we conclude z I A > A. O

sot-frames.

We prove a similar equivalence concerning IL

Proposition 3.3. Let F' = (W, R,{Ss}zsew) be any IL_ -frame. Then the
following are equivalent:

1. J1 is valid in F.
2. Va,y € W(zRy = yS.{y}).



Proof. (1 = 2): Assume that J1 is valid in F. Suppose zRy. Let IF be a
satisfaction relation on F satisfying for any v € W, u IF p if and only if u = y
for some fixed propositional variable p. Then y IF p. Since xRy and x IF p > p,
there exists V' C W such that yS,V and Vz € V(z I p). By the definition of IF,
V = {y} because V is non-empty. We obtain yS,{y}.

(2 = 1): Assume Vz,y € W(zRy = yS.{y}). Let y € W be such that
xRy and y I+ A. Then yS,{y} and Vz € {y}(z IF A). Thus we conclude
zlF A A O

3.2 The axiom scheme J4
This subsection is devoted to investigating the axiom scheme J4.
J4 (A B) — (0A — OB).

First, we prove that J4 is equivalent to the following axiom scheme J4' over
IL™. The principle J4' is introduced in Visser [14].

J4 (AxB) = (B> 1 — A 1).
Proposition 3.4. The logics IL™ (J4) and IL™ (J4') are deductively equivalent.

Proof. This is because IL™ + (0A — OB) + (B> L — A 1) by J6. O

Since J4' is a particular instance of the axiom scheme J2, we obtain the
following corollary.

Corollary 3.5. IL™ (J2) - J4.

The axiom scheme J4 does not behave well by itself in the sense of modal
completeness. In fact, we will prove in Section 6 that for instance, IL™ (J4)
is not complete with respect to corresponding class of IL™ -frames. Thus we
introduce a well-behaved axiom scheme J4 whose corresponding class of IL™ -
frames is same as that of J4. The principle J4, is originally introduced in
Visser [14]. We also introduce the schemata J4' and J4'] as follows:

J4, O(A—-B)—- (C>A— Cr> B).
J4 04— (C>(A— B)—Cr>B).
J4) 0A— (C>B— Cr>(AAB)).

Proposition 3.6. The logics IL™ (J44), IL™(J4',) and IL™ (J4'}) are deduc-
tively equivalent.

Proof. IL™(J4,) + J4',: Since IL” + A — ((A —» B) — B), IL” - 0OA —
O((A — B) — B). Then we have IL™ (J4,)F0A — (C> (A — B) = C1> B).

IL™(J4',) - J4: Since IL” + B — (A — AAB),IL” - C>B — C>(A —
A A B) by the rule R1. Then IL™(J4/ ) F 0OA — (C> B — C'> (AA B)).



IL™(J4')) - J4.: By the axiom J4/, we have IL™(J4/)) + O(4A — B) —
(CrA—Cp>((A— B)ANA)). Since IL™ F (A — B)ANA — B, we have
IL™ +C> ((A— B)AA) — C1> B by the rule R1. Thus IL™(J4/) + 0O(A —
B) = (CA—Cr B). O

The axiom scheme J4. is a strengthening of the inference rule R1, and
hence in extensions of IL™ (J4, ), the inference rule R1 is redundant.
We show that J4 implies J4 over IL™.

Proposition 3.7. IL™ (J4,) - J4.

Proof. Since IL™ F B> 1 - O-B by J6, IL” F B> 1 — O(B — L1). Then
by J4,, we have IL"(J4, ) A>B — (B> L — A 1). By Proposition 3.4,
we conclude IL™ (J4,) F J4. O

We prove that J4 and J4, have the same frame condition with respect to
IL™ -frames. This is stated in Visser [14].

Proposition 3.8 (Visser [14]). Let F = (W, R,{Sy}zcw) be any IL™ -frame.
Then the following are equivalent:

1. J4. is valid in F.
2. J4 is valid in F.
3. Vzx,y,z € W(ySyz = zRz).

Proof. (1 = 2): By Proposition 3.7.

(2 = 3): Assume that J4 is valid in F'. Suppose yS,z. Let I be a satisfaction
relation on F' such that for any u € W, u IF p if and only if u = y, and u I g if
and only if u = z for some fixed propositional variables p and ¢q. Then z IF p> g
by the definition of |- and our supposition. Since xRy and y I p, we have
z I Op. Then by the validity of J4, = I ¢q. Hence there exists u € W such
that x Ru and u IF ¢. By the definition of I, we obtain zRz.

(3 = 1): Assume that Vz,y,z € W(ySyz = zRz). Suppose z |- A> B and
x IF QA. Then there exists y € W such that xRy and y IF A and hence there
exists z € W such that S,z and z I B. By the assumption xRz and therefore
we obtain x IF O B. That is, J4, is valid in F. O

On the other hand, J4 and J4, can be distinguished by considering IL_-
frames. That is, these logics have different frame conditions with respect to

IL_ -frames.

Proposition 3.9. Let F' = (W, R,{S:}zew) be any IL_-frame. Then the
following are equivalent:

1. J4 is valid in F.
2. Va,y € WNV C W (yS,V = 3z € V(zRz)).



Proof. (1 = 2): Assume that J4 is valid in F, and suppose yS,V. Let IF be a
satisfaction relation on F' such that for any uw € W, u I p if and only if u = y,
and u IF ¢ if and only if w € V for some fixed propositional variables p and gq.
Then z IF p> q because V' is non-empty. Since xRy and y IF p, we have z IF Op.
Then by the validity of J4, x IF $q. Hence there exists z € W such that xRz
and z IF ¢. By the definition of IF, we obtain z € V.

(2 = 1): Assume Vz,y € W,VV C W(yS,V = 3z € V(zRz)). Suppose
xlF (A> B) AQA. Then there exists y € W such that xRy and y I+ A, and also
there exists a V' C W such that yS,V and Vz € V(z I B). By the assumption,
xRz for some z € V. Hence z IF {$B. This shows that J4 is valid in F. O

Proposition 3.10. Let F = (W, R,{S;}zew) be any IL_-frame. Then the
following are equivalent:

1. J4, is valid in F.
2. Vx,y € WYV C W(yS,V = yS.(V N Rxz])).

Proof. (1 = 2): Assume that J4, is valid in F. Suppose yS,V. Let I+ be a
satisfaction relation on F' such that for any w € W, u I p if and only if u = y,
ulF ¢ if and only if w € V, and u IF r if and only if (v € V' and xRu), for some
fixed propositional variables p, ¢ and r. Then x IF p> ¢ because V' is non-empty.
Let y € W be any element such that xRy and y I+ ¢, then y € V and xzRy.
This means y Ik r. Therefore x IF O(¢ — r). By the validity of J4., we obtain
x Ik p>r. Since xRy and y IF p, there exists a U C W such that yS,U and
Vz € U(z Ik r). By the definition of I, for each z € U, z € V and zRz. That is,
U C V N R[z]. By Monotonicity, we conclude yS,(V N Rx]).

(2 = 1): Assume Vz,y € W,VV C W(yS,V = yS.(V N R[z])). Suppose
zlF (A>B)ADO(B — C). Let y € W be such that Ry and y IF A, then
there exists a V' C W such that yS,V and Vz € V(z I B). By the assumption,
ySy (VN R[z]). In particular, for each z € VN R[z], zIF B and z IF B — C, and
hence z IF C. We have shown z I A > C. Therefore J4 is valid in F. O

By Proposition 3.10, when we consider logics containing J4., for each IL,,-
frame (W, R, {S; }zew), we may assume that for every x € W, S, is a relation
on R[z]x (P(R[z])\{0}). This is required in the usual definition of ILg-frames
(see [16, 9]).

3.3 The axiom scheme J2
In this subsection, we discuss the axiom scheme J2.

J2 (A B)AN(B>C)— A C.

As in the case of the axiom J4, we introduce the following new axiom
schemata J2; and J 2’+ which are stronger than J2.

J2, (Ax(BVO)A(B>C)— A C.

10



J2! (A>B)A((BA-C)>C) — A C.

Proposition 3.11. The logics IL™ (J2,) and IL™ (J2/) are deductively equiv-
alent.

Proof. IL™(J2.) - J2,: Since IL™ F B — (B A ~C) V C, we have IL™ -
A B — A ((BA-C)VC) by the rule R1. Then IL™ F (A> B) A ((B A
“O)Y>C) = (A (BA-C)VO)A((BA-C)>C). Thus IL™(J24) +
(A B)A((BA-C)>C) = A C.

IL~(J2,) - J2,: Since IL™ - (BVC)A~C — B, IL” + B> C —
((BvC)A—-C)r>C by the rule R2. Then IL™ + (A> (BVC))A (B> C) —
(A (BVO)A((BVC)A-C)>C. Therefore we conclude IL™(J2) F
(A (BVCO)A(B>C)— A C. O

The axiom scheme J2, is slightly stronger than J2. In fact, the following
proposition shows that J2 and J2 are equivalent over the logic IL™ (J1).

Proposition 3.12.
1. IL(J2.) - J2.
2. IL"(J1,J2) - J2,.

Proof. 1. This is because IL™ - A>B — A (BV ().
2. Since IL-(J1) W B> C — (BV C) > C by J1 and J3, we have
IL-(J1,J2)F (A (BVO)A(B>C)— A C. O

We proved in Corollary 3.5 that IL™ (J2) proves J4. Analogously, we prove
that J2 is stronger than J4 over IL™.

Proposition 3.13. IL™ (J2;)F J4,.

Proof. Since IL™ - 0O(A — B) — O-(A A =B), we have IL™ - 0O(A — B) —
(AA—-B) > B by Proposition 2.5.1. Then IL™(J2/,) - 0(A - B) = (C> A —
C > B). By Proposition 3.11, we obtain IL™ (J24) - J4,.. O

The following corollary is straightforward from Propositions 3.12.2 and 3.13.
Corollary 3.14. IL™(J1,J2) - J4,.

We prove that J2 and J2, have the same frame condition with respect to
the IL™ -frames.

Proposition 3.15. Let F = (W, R, {S:;}zew) be any IL™ -frame. Then the
following are equivalent:

1. J2. is valid in F.
2. J2 is valid in F.

3. J4 is valid in F and for any x € W, S, is transitive.

11



Proof. (1 = 2): By Proposition 3.12.1.

(2 = 3): This is proved in Visser [14].

(3 = 1): Assume that J4 is valid in F and for any x € W, S, is transitive.
Suppose z IF (A> (BV C)) A (B> C). Let y € W be any element such that
xRy and y IF A. Then there exists z € W such that yS,z and z IF BV C. We
shall show that there exists u € W such that yS,u and u IF C. If z IF C, then
this is done. If z ¥ C, then z IF B. Since xRz, by our supposition, there exists
u € W such that zS,u and u |- C. By the transitivity of .S, we obtain y.S,u.

Therefore we conclude x |- A > C. That is to say, J24 is valid in F. O

We prove that J2 and J2, have different frame conditions with respect to

IL_,-frames.

Proposition 3.16. Let ' = (W, R, {S;}zew) be an IL_,-frame. Then the
following are equivalent:

1. J2 is valid in F.
2. J4 is valid in F and

Yo,y € W,VV CW | yS,V & Vz € V N R[z](25,U.) = yS, U v
z€VNR[z]

Proof. (1 = 2): Assume that J2 is valid in F. Then by Corollary 3.5, J4 is
valid in F. Suppose yS,V and Vz € V N R[x](2S,U,). Let |- be a satisfaction
relation on F' such that for any w € W, u I p if and only if u = y, u IF ¢ if and
only if u € V, and w IF r if and only if 3z € VN R[z](u € U,). Then z I+ p> ¢
and z IF ¢ > r. By the validity of J2, = IF p > r. Since xRy and y IF p, there
exists a U C W such that yS,U and Yw € U(w Ik r). By the definition of IF,
UC Uzeva[a;] U.. By Monotonicity, ny(Uzeva[gC] U,).

(2 = 1): Assume that J4is valid in F and Va,y € W,VV C W (yS,V & Vz €
VN R[z](25:U.) = yS2(U.evnpp Uz))- Suppose z IF (A> B) A (B> C). Let
y € W be any element with xRy and y I A. Then there exists a V' C W such
that yS,V and Vz € V(z I B). Since J4 is valid in F, we have V N R[z] #
(). Then for each z € V N R[z], there exists U, C W such that 2S,U, and
Vw € U.(w IF C). By the assumption, yS:(U,cy g, U:) because the set
U.evnrz U is non-empty. Also Vw € U,y U=(w IF C). We have shown
wlF A> C. Hence J2 is valid in F. O

The condition Vx,y € W,VV C W(yS,V & Vz € V N R[z|(25.U,) =
YSz(U.evnpjm Uz)) stated in Proposition 3.16 is required in the usual definition
of ILg.-frames.

Proposition 3.17. Let F = (W, R,{Sy}zew) be any IL_-frame. Then the
following are equivalent:

1. J24 s valid in F.
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2. J4 is valid in F and

Yo,y € W,WVy, Vi CW | ySo(Vo U V1) & Vz € Vo N R[2](25,U.) = yS, U uv.uwn
z€VoNR[x]

Proof. (1 = 2): Assume J2, is valid in F. Since IL™ (J24) F J4, J4 is also
valid in F. Suppose yS,(Vo U Vi) and Vz € Vy N R[z](2S,U,). Let I- be a
satisfaction relation on F' such that for any u € W, u I p if and only if u = v,
ulF ¢ if and only if w € Vj, and u IF r if and only if (3z € Vy N R[z](u € U,) or
u € Vy). Then x I- pr> (¢Vr) and z Ik g > r. By the validity of J24, x IF p>r.
Since xRy and y I p, there exists a U C W such that yS,U and Vw € U(w IF 7).
Then by the definition of I, we have U C |, ¢y, gy Uz U V1. By Monotonicity,
ySf(UzEVoﬂR[m] U.uU Vl)

(2 = 1): Assume that J4 is valid in F and Va,y € W,VV,, Vi C W (yS.(VoU
V1) & Vz € VoNR[z](25,.U,) = ySm(UzeVmR[a:] U.uW)). Let z IF (A (BVC))A
(B> C). Let y € W be such that xRy and y IF A, then there exists a VC W
such that S,V and Vz € V(z IF BV (). Since J4 is valid, we have VN R[x] # 0.
Let Vp:={2z€V:zFB}land Vi:={z€V:zIFC}, then V=VUl. In
particular, for each z € V N R[z], there exists a U, C W such that zS5,U, and
Vw € U.(w I C). By the assumption, we have ySu (U, ev;, npps Uz U V1) because
U.evonrpz) Uz U V1 is non-empty. Since Vw € U, ey, nppy Uz U Vi(w IF C), we
obtain w IF A > C. Therefore J2, is valid in F. O

3.4 The axiom scheme J5
We investigate J5.
J5 OA> A.
The following proposition is stated in Visser [14].

Proposition 3.18 (Visser [14]). Let F = (W, R,{S; }zew) be any IL™ -frame.
The following are equivalent:

1. J5 is valid in F.
2. Vz,y,z € W(zRy & yRz = yS.,2).

Proof. (1 = 2): Assume that J5 is valid in F. Suppose xRy and yRz. Let IF
be a satisfaction relation on F' such that for any v € W, u I- p if and only if
u = z for some fixed propositional variable p. Then yRz and z IF p, and hence
y IF Op. Since xRy and x IF Op > p, there exists u € W such that yS,u and
u Ik p). By the definition of I+, we have u = z. Therefore yS, z.

(2 = 1): Assume that Vz,y,z € W(zRy & yRz = yS,z). Let IF be any
satisfaction relation on F'. Let y € W be any element such that x Ry and y I+ O A.
Then there exists z € W such that yRz and z IF A. By the assumption, yS,z
and hence we obtain x IF QA > A. That is, J5 is valid in F. O
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Proposition 3.19. Let F = (W, R,{S:}zcw) be any IL_,-frame. Then the
following are equivalent:

1. J5 s valid in F.
2. Vzx,y,z € W(zRy & yRz = yS.{z}).

Proof. (1 = 2): Assume that J5 is valid in F. Suppose xRy and yRz. Let I-
be a satisfaction relation on F' such that for any v € W, u I- p if and only if
u = z for some fixed propositional variable p. Then yRz and z IF p, and hence
y IF Op. Since zRy and z I+ Op > p, there exists a V' C W such that S,V and
Vw € V(w I p). By the definition of IF, we have V = {z}. Therefore y5,{z}.
(2 = 1): Assume Vz,y,z € W(zRy & yRz = yS;{z}). Let y € W be any
element such that xRy and y IF QA. Then there exists z € W such that yRz
and z IF A. By the assumption, yS,{z}. Since Vw € {z}(w I- A), we obtain
z - QA > A. That is, J5 is valid in F. O

The condition stated in the second clause in Proposition 3.19 is required in
the original definition of ILgei-frames.

3.5 The logics CL and IL

In this subsection, we show that the logics CL and IL are exactly IL™ (J1,J2)
and IL™ (J1,J2,J5), respectively. Since IL™ (J1,J2,J5) proves J4, J4, and
J2, by Propositions 3.7, 3.12 and Corollary 3.14, our logics studied in this
paper are actually sublogics of IL. The logic CL is GL plus J1, J2, J3 and
J4. Also the logic IL is CL plus J5.

Proposition 3.20.
1. CLFOA < (mA) > L.
2.CLFO(A—-B)— (C>A—Cr> B).
3. CLFO(A— B) = (B>C — A C).

Proof. 1. (—): Since CL - 0A — O(=A — 1), CL - 0A — (=A) > L by J1.

(+): By J4, CL F (=A) > L — (0=A — OL). Since CL  ~0L, CL F
(mA) > L — =0-A. That is, CL - (—4) > 1L — OA.

2. This is because CL + O(A — B) - Ar> B by J1 and CL | (C' 1> A) A
(A>B) — Cr> B by J2.

3. This is because CL + (A — B) -+ Ar> B by J1 and CL I (A> B) A
(B>C) — A>C by J2. O

Proposition 3.21. The logics CL and IL™ (J1,J2) are deductively equivalent.

Proof. CL FIL™(J1,J2): This follows from Proposition 3.20.
IL™(J1,J2) - CL: This is because IL™ (J2) i J4 by Corollary 3.5. O

Corollary 3.22. The logics IL and IL™ (J1,J2,J5) are deductively equivalent.
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Then de Jongh and Veltman’s and Ignatiev’s theorems are restated as fol-
lows:

Theorem 3.23 (de Jongh and Veltman [3]). For any formula A, the following
are equivalent:

1. IL~(J1,J2,J5) - A.

2. A is valid in all finite IL™ -frames where all axioms of IL™ (J1,J2,J5) are
valid.

Theorem 3.24 (Ignatiev [6]). For any formula A, the following are equivalent:
1. IL™(J1,32) - A.

2. A is valid in all finite IL™ -frames where all axioms of IL™ (J1,J2) are
valid.

In the following, we identify CL with IL™ (J1,J2), and IL with IL™ (J1,J2,J5).

4 Lemmas for proofs of modal completeness the-
orems

In this section, we prepare some definitions and lemmas for our proofs of the
modal completeness theorems of several logics. In this section, let L be any
consistent logic containing IL™. For a set ® of formulas, define & := {B :

there exists a formula C such that either B> C € ® or C > B € ®}. For
B if A is of the f -B

each formula A, let ~A := naw _O ¢ fort . We say a finite set
—-A otherwise

I of formulas is L-consistent if L ¥ AT — L, where AT is a conjunction of
all elements of I'. Also we say ' C ® is ®-mazimally L-consistent if T is L-
consistent and for any A € ®, either A € T" or ~A € T". Notice that if T' is
®-maximally L-consistent and L+ AT — A for A € @, then A € T.

Definition 4.1. A set ® of formulas is said to be adequate if it satisfies the
following conditions:

1. @ is closed under taking subformulas and applying ~;
2. Ledy;

3. If B,C € &, then B> C € &;

4. If B € &, then O~B € ;

5. 10B,Ch,...,Con, Diy.., Dy € Dy then 0 (B — VIt GV VI, 0D ) €
®.
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Note that [ is in our language as a symbol, and [JA is not an abbreviation
for (mA) > L. Then the following proposition holds.

Proposition 4.2. Every finite set of formulas is contained in some finite ade-
quate set.

Until the end of this section, we fix some finite adequate set . Let K, :=
{T' C ®: T is ®-maximally L-consistent}. Then K, is also a finite set.

Definition 4.3. Let I'; A € K, and C € ®.

1. <A:<= 1. forany OB € @, if OB € I', then B,0B € A and 2.
there exists OB € ® such that OB ¢ " and OB € A.

2.T<¢cA: <= I'<Aand forany B € ®,if B> C €T, then ~B € A.

3. 'kt A<= I'<Aandforany Be ®,if B>C €T, then ~B,00~B €
A.

The relation <¢, was introduced by de Jongh and Veltman [3], and T’ <} A
is read as “A is a C-critical successor of I”1. The relation <¢ was introduced
by Ingatiev [6]. Obviously, I' <% A implies I' <¢ A.

Lemma 4.4. ForI')A € K, ifI' < A, then I" <% A.

Proof. SupposeI' < A. If B> 1 € T', then O~B € I" by J6. Then ~B,[0~B €
A. This means I" <7 A. O

Lemma 4.5. Let I'A,0 € K and C € . IfT' < A and A < O, then
I' < ©.

Proof. Suppose I' <% A and A < ©. If B> C € I', then O~B € A. Then
~B,0~B € 0. Therefore I' <¢ O. O

Lemma 4.6. Let ' € K, and D,E € . If D> E ¢ T, then there exists
A € Kp such that D € A and T' <g A. Moreover:

a. If L contains J5, then we can find A such that in addition O~E € A
holds.

b. If L contains J2 and J5, then we can find A such that in addition I’ <3 A
and O~F € A hold.

Proof. Suppose D>E ¢ T'. Let X :={G : GE €T'}. Then(D — \/ X) € ®.
By J3, we have IL”" F AT - VX > E.

LFor every set S of formulas, more general notion of assuring successor <g was introduced
and investigated in Goris et al. [4]. Then < is exactly <{_c}. However, in this paper, <¢
and <7, are sufficient for our purpose.
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e Suppose, for the contradiction, that O(D — \/ X) € I'. Then IL™ F
AT = (VX > E — D E) by Proposition 2.5.2. Hence IL™ F AT —
D> E, and thus D> F € I'. This contradicts our supposition. Therefore
ODb—-VX)¢r.

Let
Yo :={B,0B:0BeT'}uU{D,0D - \/X)}U{~G:G e X},

then Yy C ®. Suppose that the set Yy were L-inconsistent. Then for some
UBy,..., 0B, €T,

k
L+ A\(B;AOB;) = (0D = \/ X) = (D= \/ X)),
i=1

k
L+ \OB; — D@D —\/X) = (D —\/ X)),
=1

L AT =00 - \/X).

Thus O(D — \ X) €T, and this is a contradiction. We have shown that
Yy is L-consistent.

Let A € K1, be such that Yy C A. Then D € A. Since O(D — V X) €

A\T, T < A. Moreover, if Gi> F € T', then G € X, and hence ~G € A.
This means I" <g A.

e a. Assume that L contains J5. Let X; := X U {0F}. Then O(D —
VX)) €® IfOD — VX)) €T, then IL™ - AT —» (VX1 > E —
D E). SinceIL” W AT -\ X > FE and L+ QE > E by J5, we obtain
LEAT=VXi>E Thus LEAT - D> FEand D> E €T. Thisis a
contradiction. Therefore O(D — \/ X;) ¢ T.

Let
Y1 :={B,0B:0BeT}U{D,0(D — \/Xl)}U{NG : G e X}U{O~E}.

Then it can be proved that Y; is also an L-consistent subset of & as
above. Let A € Ky, be such that Y7 C A. Then A satisfies the required
conditions.

e b. Assume that L contains J2 and J5. Let X5 := X U {0G : G €
X} U{OFE}. Then O — \/X3) € ®. For each G € X, we have
LF AT = (0G>G) A (G > E) by J5. Then by J2, L+ AT — 0G > E.
Therefore we obtain L = AT — A, (0G > E). Since we also have
IL-FAT 5 \VX>Eand L OE®> E, we get L AL =\ Xo > E.
This implies O(D — \/ X3) ¢ T.

Let

Yy :={B,0B: 0B € TIU{D,0(D - \/ X2)}U{~G,0~G : G € X}U{O~E}.

17



Then Y53 is also an L-consistent subset of @, and any A € K, with Y5 C A
is a desired set.

O

Lemma 4.7. Let I'A € Kp and D,E,F € &,. If D>E €T, T' <p A and
D € A, then there exists © € K, such that E € © and ~F € ©. Moreover:

a. If L contains J4, then we can find © such that in addition T' < © holds.
b. If L contains J2, then we can find © such that in addition ' <p © holds.

c. If L contains J24 and J5, then we can find © such that in addition I' <}
© and O~F € © hold.

Proof. Suppose D> FE €', T' <p A and D € A.

e Suppose, towards a contradiction, that the set {F, ~F} is L-inconsistent.
Then L + F — F. By the rule R1, we have LF- D> FE — D> F, and
hence D> F € T'. Since I' < A, we have ~D € A. This contradicts the
L-consistency of A. Therefore {E,~F} is L-consistent. Let © € K, be
such that {E,~F} C O, and then © satisfies the required conditions.

e a. Assume that L contains J4,. If O(EF — F) € T', then by J4,,
LEAT - (D>FE — D F). Since D> FE €T, we obtain D> F €T
Then ~D € A because I' <p A, and this is a contradiction. Therefore
O(E — F) ¢ T.

Suppose Y7 := {B,0B : OB € I'}U{E, ~F,0(E — F)} were L-inconsistent.
Then there would be OBy, ...,[0B; € I' such that

k
L+ N\(B;AOB;) = (O(E = F) - (E - F)),
:1
LFAD&%D@@%F%&E%D)

i=1

L+ AL - 0O(E - F).

Then O(E — F) €T, and this is a contradiction. Thus Y7 is L-consistent.
Let © € K, be such that Y3 C ©. Then (E — F) € © \ T, and hence
we conclude I' < ©.

e b. Assume that L contains J2,. Let X :={G:G> F €T'}.  J(E —
VXVF)eTl,then L- ATl - O(FEA-F = \/X), and hence L+ AT —
(V X>F — (EA-F)>F) by Proposition 2.5.2. Since L- AT — \/ X>F,
we have LE AT - (EA-F)>F. Since D>E €T, LEAT - D> F
by J2/,. Thus D> F € I'. Then ~F € A because I' <p A, and this is a
contradiction. Hence J(F — \/ X VF) ¢ T.
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Let
Yy :={B,0B:0B € I'}U{E,~F,0(E - \/ X VF)}U{~G : G € X},

then Y5 is L-consistent. Let © € K, be such that Yo C ©. Then O(E —
VX VF)e®\T, and hence I' < ©. Moreover, I' <p ©.

e c. Assume that L contains J2; and J5. Let X :={G: G>F €T'} and
X1 =XU{0G:Ge X}U{OF}. Then O(E — \/ X; VF) € ®. For each
GeX,LEANT - (OG> G)A (G F) by J5. Then L- AT — OG> F
by J2. Since LF AT' =V X > Fand L+ OF > F, we obtain L - AT' —
\/X1[>F

Suppose, towards a contradiction, J(E — \/ X; VF) € T'. Then L +
Al - O(EA-F — \/X1), and thus L+ AT - (VXi> F — (EA
—F) > F) by Proposition 2.5.2. Hence L - AT — (E A —F) > F. Since
D>E €T, by J2/,, we have L+ AT — D> F. Thus D> F € T.
Then ~F € A because I' < A. This is a contradiction. Hence we obtain
OFE—-VX1VF)¢rT.

Let
Y;:={B,0B:0B eT}U{E,~F,0FE — \/Xl\/F)}U{NG,DNG : G e X} U{O~F},

then we can prove that Y3 is L-consistent. Let ® € K be such that
Ys € O. Then J(EF — VX1 VF) € ©\T, and hence I' < ©. Moreover,
I' <% 0.

O

Lemma 4.8. Assume that L contains J4. Let ;A € K, and D, E € &. If
D>FEel, T <A and D € A, then there exists © € K, such that ' < © and
Ee€06.

Proof. Since D> E € I', L+ AT — (0D — OF) by J4. If O~FE € T, then
O~D e€T. Since I' < A, we have ~D € A, a contradiction. Thus O~FE ¢ T.
Let YV := {B,0B : OB € I'} U{E,0~FE}, then it is proved that Y is L-
consistent. Thus for some © € K, Y C ©. Since O~FE € O\ I', we obtain
I<e. O

Lemma 4.9. Assume that L contains J2. Let ')A € K, and D, E,F € .
IfD>Eel, T <p A and D € A, then there exists © € Ky, such thatT' <p ©
and EE € ©. Moreover:

a. If L contains J5, then we can find © such that in addition I' <% © and
O~F € O hold.

Proof. Let X := {G : G> F € I'}. Suppose, towards a contradiction, that
O(F — \VX) € T. Then by Proposition 2.5.2, IL™ - AT - (VX > F —
E> F). Since IL™ - AT - VX > F, IL” - AT — E> F. Also since
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D FE €T, weobtain L - AT - D> F by J2. Thus D> F € I'. Since
I' <p A, ~D € A and hence this contradicts the L-consistency of A. Therefore
OF —-VX)¢rT.

Let Yy := {B,0B:0B € TYU{E,0(E — \ X)}U{~G : G € X}, then Y
is L-consistent. Let © € K, be such that Yy C ©. Then O is a desired set.

a. Assume that L contains J5. Let X; := X U{0G : G € X} U{OF}. If
OF — VX;) €T, then Ex> F € T as in the proof of Lemma 4.6.b. Since
D> FE €T, we have D> F € T by applying J2. This contradicts I' <p ©
and E € ©. Therefore J(F — \/ X1) is not in I". Let Y; := {B,0B : OB €
r’yru{E,0F — VX)}U{~G,0~G : G € X} U{O~F}. Then Y; is L-

consistent. Let © € K, be such that Y; C ©. O
I' <306
E€cO | ~FecO |I'<0 |T'<r0 &Dwf;e@

v v Lemma 4.7
J4a v v Lemma 4.8
J4, v v v Lemma 4.7.a
J2 v v Lemma 4.9
J2,J5 v v Lemma 4.9.a
J2, v v v Lemma 4.7.b
J2,,J5 v v v Lemma 4.7.c

Table 1: Conclusions of Lemmas 4.7, 4.8 and 4.9

Lemmas 4.7 and 4.9 state that if D>FE, I' <p A and D € A, then there exists
© € K having several properties depending on each logic L. The statement
of Lemma 4.8 is similar except that I' < A is assumed instead of I' <z A. To
compare the properties that © is assured to have, we summarize conclusions of
these lemmas in Table 1. For example, the fifth line of the table shows that if
L contains J2, then such a set © satisfying £ € © and I' <g O is obtained by
Lemma 4.9. Note that the assumptions of each lemma are omitted in the table
for the sake of simplicity.

5 Modal completeness with respect to IL -frames

In the previous sections, we dealt with the additional axioms J1, J2, J2,, J4,
J4, and J5. From Corollary 3.5 and Propositions 3.7, 3.12 and 3.13, we know
that there are twenty different logics obtained by adding some of these axioms
to IL™ . In this section, we prove modal completeness theorems with respect to
IL™ -frames for twelve of them. Figure 1 represents the interrelations between
these twelve logics. In the figure, each line segment shows that the logic on the
right side is a proper extension of the logic on the left side, where properness
comes from our investigations in Section 3. It follows that no more line segments
can be drawn in the figure. The remaining eight logics are investigated in
Sections 6 and 7.
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Figure 1: Sublogics of IL complete with respect to IL™ -frames

First, we prove the completeness theorem for logics in Figure 1 other than
IL™(J2,4,J5) and IL. Secondly, we prove the completeness theorem for logics
IL™ (J24,J5) and IL. Our proof technique of the second completeness theorem
is essentially same as in the proof of de Jongh and Veltman [3]. However,
the detail of our proof is different from that of proofs presented in [3] and
[8]. Furthermore, our proof of the first completeness theorem admits a simpler
technique than that of the second theorem. More precisely, in the proof of the
second theorem, the universe of a countermodel is defined as a set of tuples
(T, 7) where I' is a ®-maximal L-consistent subset of a finite adequate set ®
and 7 is a finite sequence of formulas in ®. On the other hand, in our proof
of the first theorem, we simply consider tuples (I, B) where B is a formula in
® to define a countermodel. As a consequence, our proof of the completeness
theorem of the logic CL is simpler than Ignatiev’s proof in [6].

First, we prove the completeness theorem for logics other than IL™ (J2,, J5)
and IL.

Theorem 5.1. Let L be one of the logics IL™, IL™ (J4,), IL™ (J1), IL™ (J5),
L~ (J2,),IL™(J1,J4,), IL™(J4,,J5), IL~(J1,J5), CL and IL™ (J1,J4.,J5).
Then for any formula A, the following are equivalent:

1. L+ A.
2. A is valid in oll (finite) IL™ -frames where all azioms of L are valid.

Proof. (1 = 2): Obvious.

(2 = 1): Suppose L ¥ A. Let ® be a finite adequate set of formulas with
~A € ®. The existence of such a set ¢ is guaranteed by Proposition 4.2. By
the supposition, there exists I'g € K, such that ~A € T'y.

Let M = (W, R,{Sz}zew,IF) be a model satisfying the following clauses:

1. W={(I,B): T € K; and B € &, };
2. I,B)R{A,C) <= T < A;
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3. (A,C)Sir,py(0,D) <= (I',B)R(A,C) and the condition Cy which is
defined below holds;

4. B)IFp < peT.
The condition Cy, depends on L as follows:
o Le{IL ,IL” (J1)}: IT <¢ A, then ~C € O.

o L € {IL"(J4,),IL~(J1,J4,)}: (I', BYR(©,D) and if I' <¢ A, then
~C € ©.

L e {IL"(J2,),CL}: (I''B)R(O,D) and if ' <¢ A, then D =C, T <¢
© and ~C € O©.

L e {IL(J5),IL" (J1,J5)}: If I' <¢ A and O~C € A, then ~C € ©.

L € {IL” (J44,J5),IL"(J1,J4,,35)}: (I',B)R(©,D) and if ' <¢ A
and O~C € A, then ~C € ©.

Here D = C means that formulas D and C are identical. Since 1 € &,
we have (T'g, L) € W and therefore W is non-empty. Also W is finite and
R is a transitive and conversely well-founded binary relation on W. Thus
(W, R, {Sz}zew) is an IL™ -frame.

Lemma 5.2. Every aziom of L is valid in the frame F = (W, R, {S:}zew) of
M.

Proof. We distinguish the following several cases:

e L =1IL"(J1): Suppose (I, BYR(A,C). If ' <¢ A, then ~C € A because
CrC eT. Thus (A, C)Sr (A, C) by the definition of Cr. Therefore
J1 is valid in F' by Proposition 3.2.

o L =1IL"(J4,): If (A,C)Sr (O, D), then (I', B)R(O, D). By Proposi-
tion 3.8, J4, is valid in F.

e L =1L (J2,): Asin the case of IL™ (J4,), J4, is valid in F. Suppose
<A0, CO>S(F,B) <A1, Cl> and <A1, CI>S(F,B> <A2, CQ> Then <F7 B>R<A2, 02>
If T' <¢, Ao, then C; = Cp and I' <¢, A;. Since (A1, Co)Sir,y (A2, C2)
and I' <¢, A1, we have Cy = Cp, I' <¢, Ay and ~Cjy € Ay. Thus we ob-
tain (Ao, Co)Sr,p) (A2, C2). Therefore J2, is valid in F' by Proposition
3.15.

e L = IL™ (J5): Suppose (I', BYR(A,C) and (A,C)R(O,D). If T’ <¢ A
and O~C € A, then ~C € © because A < ©. Thus (A, C)Sr 5 (0, D)
holds. Then by Proposition 3.18, J5 is valid in F.

e For other cases, the lemma is proved in a similar way as above.
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Lemma 5.3 (Truth Lemma). For any formula C € ® and any (I',B) € W,
C €T if and only if (T, B) I C.

Proof. We prove by induction on the construction of C. We only give a proof
of the case C = (D > E).

(=): Assume D> E € T'. Let (A, F) be any element of W such that
(I'y B)R(A,F) and (A, F) I+ D. Then by induction hypothesis, D € A. We
distinguish the following two cases.

o If ' <p A, then by Lemma 4.7, there exists © € K, such that £ € © and
~F € ©. Moreover, if L+ J4,, ' < © holds. Alsoif L+ J2,, ' <p O
holds.

o If ' A A, by Lemma 4.7, there exists © € K such that E € © because
I' <1 A. Moreover, if L+ J4,, " < © holds.

In either case, we have (©,F) € W. Also E € © and (A, F)S(r,5y(O, F).
Then by induction hypothesis, (0, F) I E. Therefore we conclude (T', B) I+
D> E.

(<): Assume D > FE ¢ T'. By Lemma 4.6, there exists A € K, such
that D € A and I' <g A. Moreover, if L contains J5, then O0~F € A also
holds. Since (A, E) € W, (A, E) I+ D by induction hypothesis. Let (0, F) be
any element of W with (A, E)S 5 (O, F). By the definitions of the relations
Sr,py and the condition Cr, we have ~E € © in all cases of L. By induction
hypothesis, (©, F) ¥ E. Therefore we obtain (', B) ¥ D > E. O

Since (T'g, L) € W and A ¢ Ty, (g, L) ¥ A by Truth Lemma. Therefore A
is not valid in the frame of M. U

Our proof of Theorem 5.1 cannot be applied to logics containing both J2
and J5. For example, for L = IL™ (J2,,J5), the condition C;, which is used to
define the relations Sip gy might be as follows: (I', B)R(0, D) and if I' <¢ A
and O~C € A, then D =C, T’ <¢ © and ~C € O. Then J5 is no longer valid
in the resulting frame (W, R, {S;}.ew). To avoid this obstacle, as mentioned
above, for the modal completeness of such logics, we consider tuples (I, T) as
members of the universe of our countermodel, where 7 is a finite sequence of
formulas.

For finite sequences 7 and ¢ of formulas, 7 C ¢ denotes that 7 is an initial
segment of . Also 7 C o denotes that 7 is a proper initial segment of o, that
is, 7 C o and |7| < |o|, where |7| is the length of 7. Let 7 (B) be the sequence
obtained from 7 by concatenating B as the last element.

Theorem 5.4. Let L be one of the logics IL™ (J24,J5) and IL. Then for any
formula A, the following are equivalent:

1. LF A

2. A is valid in oll (finite) IL™ -frames where all azioms of L are valid.
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Proof. (1 = 2): Obvious.

(2 = 1): Suppose L ¥ A. Let ® be any finite adequate set with ~A € ®.
Let I'g € K1, be such that ~A € T'g.

For each I' € K, we define the rank of I' (write rank(I')) as follows:
rank(T") := sup{rank(A) + 1 : I" < A}, where sup) = 0. This is well-defined
because < is conversely well-founded.

Let M = (W, R,{Sz}zew,IF) be a model satisfying the following clauses:

1. W= {{I,7): T € K, and 7 is a finite sequence of elements of & with
rank(T") + |7| < rank(Ty) };

2. (I,7)R(A,0) <= I' < Aand 7 C 0;

3. (A,0)Sr,1(0,p) <= (I,1)R(A,0), (I',7)R(O,p) and if 7 % (C) C o,
I' <& Aand O~C € A, then 7% (C) C p, T <% O and ~C,0~C € ©;

4. (T,7)IFp < peT.

Let € be the empty sequence. Then rank(T'g) 4 |¢| = rank(T'g), and hence
(To,€) € W. Therefore W is a non-empty set. Also W is finite because of the
condition rank(I") + |7| < rank(T'g). Then (W, R,{S;}zew) is an IL™ -frame.

Lemma 5.5. Every aziom of L is valid in the frame F = (W, R, {Sy}zew) of
M.

Proof. J2,: By the definition of S, J4 is obviously valid in F'. Assume (A, 00)S(r -y (A1, 01)
and (A1,01)Sr,7)(A2,02). Suppose 7 * (C) C 0o, I' < Ag and O~C' € A,.
Then 7% (C) C o1, I' <¢ Ay and O~C € Ay because (Ao, 00)S(r 7y (A1,01).
Then also 7+(C) C 02, ' <& Ag and ~C,0~C € Ay because (A1, 01)S 1 (A2, 02).
Thus we obtain (Ao, 00)Sr,+)(As2,02). Therefore J2, is valid in F by Propo-
sition 3.17.

J5: Assume that (I', 7) R(A, o) and (A,0)R(O,p). Suppose 7 (C) C o,
I' <& A and O~C € A. Since o C p, we have 7% (C) C p. Since I' <} A and
A <0, I <% © by Lemma 4.5. Also we have ~C,0~C € © because A < O.
Therefore we obtain (A, 0)Sr (0, p). By Proposition 3.18, J5 is valid in F'.

At last, we assume L = IL and show that J1 is valid in F. Suppose
(T, 7)R(A,0), T <& A and O~C € A. Since C>C € T, ~C € A. Thus
we have (A, 0)Sr (A, 0). By Proposition 3.2, J1 is valid in F'. O

Lemma 5.6 (Truth Lemma). For any formula C € ® and any (I',7) € W,
C €T if and only if (T, 7) IF C.

Proof. This is proved by induction on the construction of C, and we prove only
for C=(D>E).

(=): Assume D> FE € I'. Let (A,0) be any element of W such that
(T, 7YR(A,0) and (A,o0) IF D. Then by induction hypothesis, D € A. We
distinguish the following two cases.
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o If 7% (F) Co, ' <% A and O~F € A for some F, then by Lemma 4.7,
there exists © € K such that £ € ©, I' <3 © and ~F,0~F € ©. Let
p =71 (F).

e If not, by Lemma 4.7, there exists © € Ky, such that £ € © and ' < ©
because I' < A. Let p:=7x* (L).

In either case, we have rank(©) + 1 < rank(I') and |p| = || + 1. Then we
obtain

rank(0©) + |p| = rank(0) + 1 + |7| < rank(T") + |7| < rank(Ty).

It follows (O, p) € W. By the definition of S, we have (A, 0)S(r (O, p). Also
by induction hypothesis, (0, p) IF E. Therefore we conclude (I',7) IF D > E.

(«<): Assume D> E ¢ I'. By Lemma 4.6, there exists A € K, such that
De A, T <% Aand O~E € A. Let 0 := 7 % (E), then it is proved that (A, o)
is an element of W as above. Then (A, o) IF D by induction hypothesis.

Let (©, p) be any element of W with (A, 0)S(r ;/(0,p). Since 7 x (E) = o,
I' <% A and O~FE € A, we have ~E € O by the definition of S. By induction
hypothesis, (©, p) ¥ E. Therefore we conclude (I',7) ¥ D> E. O

Since (I'g,e) € W and A ¢ T'g, (T, €) ¥ A by Truth Lemma. Therefore A is
not valid in the frame of M. 0

As a corollary to Theorems 5.1 and 5.4, we have the decidability of these
logics.

Corollary 5.7. Every logic shown in Figure 1 is decidable.

wet-frame, we obtain

Since every IL™ -frame can be transformed into an IL
the following corollary.

Corollary 5.8. Let L be one of twelve logics in Figure 1 and let A be any
formula. Then the following are equivalent:

1. L+ A.

2. A is valid in all (finite) IL . -frames in which all azioms of L are valid.

6 Modal incompleteness with respect to IL -
frames

In this section, we prove the modal incompleteness of eight logics shown in
Figure 2 with respect to IL™ -frames. As in Figure 1, no more line segments can
be drawn in the figure.

First, we prove incompleteness of the logics IL™ (J2), IL™ (J2,J4,), IL (J2,J5)
and IL™(J2,J4,,J5).

Proposition 6.1. IL™ (J2,J4,,J5) ¥ J2,.
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~(J2,J4,)
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~(J4,35) —— IL™(J2,J5) — IL™(J2,J4,,J5)
~(J1,J4) — IL™(J1,74,75)

Figure 2: Sublogics of IL incomplete with respect to IL™ -frames

Proof. Let F = (W, R,{Ss}zew) be the IL_ -frame defined as follows:

set
1. W= {x7y0uy17y2};

2. R:={(z,w), (z,91), (z,y2) };

3. Y05,V i <= V D {y1,y2};
ylSzV =V 2 {yz};
Y25V 1 <= V 2 {yo,y1, 92}

By Monotonicity of S, F' is actually an IL
J2, J4, and J5 are valid in F.

wt-frame. First, we prove that

e J4.: If yS,V, then V N R[z] =V \ {z}. By the definition of S,, we have
ySz(V \ {z}). Thus yS.(V N R[z]). By Proposition 3.10, J4, is valid in
F.

e J2: Since IL™ (J4,) F J4, J4 is also valid in F. Suppose yS,V and
Vz € VN R[z](25,U,). Then yo € V if y is either yg, y1 or ys. Also since
y2 € VN Rz], there exists Uy, C W such that yS,U,,. By the definition
of Sy, Uy, 2 {vo0,y1,¥2}. Thus UzEVﬁR[w] U, 2 {yo,y1,y2}. Then we have
ySm(Uzeva[I] U,) if y is either yo, y1 or ya. Therefore J2 is valid in F
by Proposition 3.16.

e J5: Since there are no y, z € W such that xRy and yRz, by Proposition
3.19, J5 is trivially valid in F.

It suffices to show that J2 is not valid in F. Let Vo = {y1} and V; = {y2},
then yoS;(Vo U Vi). Also let Uy, = {y2}, then Vz € Vp N R[z](25,U,). On
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the other hand, since UzGVgﬁR[x] U.UVi = Uy, UVI = {2} U{y2} = {12},
yOs:v(UzevomR[z] U, U V1) does not hold. Therefore J2 is not valid in F' by
Proposition 3.17. O

Corollary 6.2. Let L be any logic with IL™(J2) C L C IL™(J2,J4,,J5).
Then L is not complete with respect to IL™ -frames.

Proof. Let F be any IL™ -frame in which all axioms of L are valid. Then J2
is valid in F', and hence J2 is also valid in F' by Proposition 3.15. However,
by Proposition 6.1, L ¥ J2,. Therefore L is not complete with respect to
IL™ -frames. O

Secondly, we prove incompleteness of the logics IL™ (J4), IL™ (J1,J4), IL™ (J4,J5)
and IL™ (J1,J4,J5).

Proposition 6.3. IL™ (J1,J4,J5) ¥ J4,.
Proof. We define the IL_,-frame F = (W, R, {S; }zew) as follows:

set
1. W= {$7y03ylay2};

2. R:={(z,9), (z,y1)}

3. Y0S.V : <= V D {yot or VD {y1,90};
1S,V <= V2 {y}.

() () ()
®

Indeed, F' is an IL__-frame. We show J1, J4 and J5 are valid in F.

set
e J1: Since y0S.{yo} and y15.{y1}, J1 is valid by Proposition 3.3.

e J4: Suppose yS,V. Then whatever y is, either yo € V or y; € V. Thus
there exists z € V such that xRz. Hence J4 is valid in F' by Proposition
3.9.

e J5: As in the proof of Proposition 6.1, J5 is trivially valid in F'.

Then we show that J4, is not valid in F. Let V = {y1,y2}, then 4S5, V. On
the other hand, since VN R[x] = {y1}, yoSz(V N R[z]) does not hold. Therefore
J4, is not valid in F' by Proposition 3.10. O

Corollary 6.4. Let L be any logic with IL™(J4) C L CIL™ (J1,J4,35). Then
L is incomplete with respect to IL™ -frames.
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7 Modal completeness with respect to IL_-frames

In this section, we prove eight logics shown in Figure 2 are complete with respect

to IL_-frames. As in Section 5, at first we prove the completeness theorem of

logics other than IL™ (J2,J5) and IL™ (J2,J4,,J5).

Theorem 7.1. Let L be one of the logics IL™ (J4), IL™(J1,J4), IL™ (J4,J5),
IL™(J1,J4,J5), IL™ (J2) and IL™(J2,J4.). Then for any formula A, the
following are equivalent:

1. LE A.
2. A is valid in all (finite) IL_ -frames where all axioms of L are valid.

Proof. (1 = 2): Obvious.

(2 = 1): Assume L ¥ A. Let ® be any finite adequate set of formulas
containing {~A}. Let I'y € K, be such that ~A € Ty.

We define a model M = (W, R, {S; }zew,IF) as follows:

1. W={(T,B):TeK,and Bed.};

2. I,B)R(A,C) : <= T < A,

3. <A,C>S<F,B>V L=
(a) (I, B)R(A, C);
(b) For some (0©,D) € V, (I', B)R(O, D);
(¢) The condition Cy, holds.

4. (LB)IFp:< pel.

The condition C;, depends on L as follows:

e L € {IL"(J4),IL"(J1,J4)}: If T’ <c A, then there exists (A,G) € V
such that ~C € A.

o L € {IL"(J4,35),IL"(J1,J4,35)}: If T <c A and O~C € A, then
there exists (A, G) € V such that ~C € A.

o L =1IL"(J2): If I" <¢ A, then there exist (Ag, G), (A1,C) € V such that
~C € Agand T <¢ Ay.

o L=1L"(J2,J4;): IfT <¢ A, then there exist (Ag, G), (A1,C) € V such
that ' < Ag, ~C € Ag and I" <¢ A;q.

Since L € @, (T'p, L) € W. Therefore W is non-empty. The set W is
finite and the relation R is transitive and conversely well-founded. Moreover,
by Monotonicity of Sz, F = (W, R, {Syz}zew) is an IL_,-frame.

Lemma 7.2. FEvery axiom of L is valid in F.
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Proof. 1f (A, C)Sr pyV, then for some (6, D) € V, (I', B)R(©, D). Thus J4 is
valid in F' by Proposition 3.9.
We distinguish the following five cases:

e L = IL(J1,J4): Suppose (I', BYR(A,C). If T' <¢ A, then ~C € A
because C'>C € I'. Hence (A, C)Sr gy{(A,C)}. We conclude that J1 is
valid in F' by Proposition 3.3.

e L = IL"(J2): Assume that (A,C)Sr gV and for any (A',C') € V N
R[(T, B)], (A", C")S(r,ByUar,cry- We distinguish the following two cases:

— If T' <¢ A, then for some (A1,C) € V, we have I' <¢ Ay. Then
<A1,C> evn R[<P,B>] Since <A13C>S(F,B)U(A1,C) and I' <o Aq,
there exist (A, G), (A}, C) € U, ¢y such that ~C' € Aj and I' <¢
A’ by the definition of S. Therefore (A, C)Sr gyUa,,cy-

— If T" £¢ A, then for some (©,D) € V, (I', BYR(O, D), and hence
(©,D)Sr.ByUie,p)- Then there exists (0',D’) € Uig,py such that
(', BYR(©', D'). Therefore, we have (A, C)Sir gyUe,p)-

In either case, we obtain (A,C)Sp, (U<A, N EVARLT,B)] Uar,cry) by
Monotonicity. Thus we conclude that J2 is valid in F by Proposition
3.16.

e L =1L (J2,J4,): Asin the case of IL™ (J2), J2 is valid in F.
Suppose (A, C)Sr pyV. We distinguish the following two cases:
— If T <¢ A, then there exist (Ag, G), (A1,C) € V such that ' < Ao,
~C €Ay and T <¢ Ay. Let V' := {{Ag,G), (A1,C)}.
— If T 4¢ A, then for some (0, D) € V with (', B)R(0, D), let V' :=
{(©,D)}.

In either case, we have (A, C)S(r pyV'. Also we have V' C VN R[(T', B)].
Then (A, C)S(r, gy (VNR[(I", B)]) by Monotonicity. Therefore J4, is valid
in F' by Proposition 3.10.

e L =1L (J4,J5): Suppose (I', B)R(A,C) and (A,CYR(O©, D). Let V :=
{{(©,D)}, then (0,D) € VAR[I,B)]. T <c A and O~C € A, then
~C € O because A < ©. Thus (A,C)Sir g V. By Proposition 3.19, J5
is valid in F'

e L =1L (J1,J4,J5): As in the cases of IL™ (J1,J4) and IL™ (J4,J5),
the axiom schemata J1, J4 and J5 are valid in F.

O

Lemma 7.3 (Truth Lemma). For any C € ® and any (I',B) ¢ W, C € T if
and only if (I', B) I+ C.
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Proof. We prove by induction on C, and we only give a proof of the case C' =
(D> E).

(=): Assume D> E € T. Let (A, F) be any element of W such that
(T, B)R{A,F) and (A, F) I D. By induction hypothesis, D € A. Since L
contains J4, by Lemma 4.8, there exists © € K such that ' < © and F € O.

o If I' <p A, then by Lemma 4.7, there exists A € Ky, such that £ € A
and ~F € A. In particular, if L = IL™(J2,J4,), then I' < A holds.
Moreover, if L € {IL™(J2),IL™(J2,J4,)}, then we may assume I' <p ©
by Lemma 4.9. Let V := {(6, F), (A, F)}.

o If ' AF A, then let V := {(©, F)}.

In either case, (A, F)Sr g V. By induction hypothesis, (0, F) IF E and
(A, F) IF E. We conclude (I', B) I D> E.

(<): Assume D > E ¢ I'. Then by Lemma 4.6, there exists A € K, such
that D € A and I' <g A. Moreover if L contains J5, then O~FE € A also
holds. We have (A, E) I D by induction hypothesis. Let V be any subset of
W such that (A, E)Sr g V. By the definition of S, there exists (A, G) € V
such that ~F € A. Then by induction hypothesis, (A, G) ¥ E. Thus we obtain
(I,B)¥ D1 E. O

Since (T'g, L) € W and A ¢ Ty, it follows from Truth Lemma that (I, L) ¥
A. Thus A is not valid in the frame of M. O

At last, we prove the completeness of the logics IL™ (J2,J5) and IL™ (J2,J4,,J5)

with respect to IL_-frames.

Theorem 7.4. Let L be one of IL™ (J2,J5) and IL™ (J2,J4,,J5). Then for
any formula A, the following are equivalent:

1. L+ A.
2. A is valid in all (finite) IL_ -frames where all axioms of L are valid.

Proof. (1= 2): Straightforward.

(2 = 1): Suppose L ¥ A. Let ® be any finite adequate set containing ~A.
Let Ty € K, be such that ~A € Ty. For each T' € K, rank(T") is defined as in
the proof of Theorem 5.4. Let k := max{rank(T") : T" € K}.

We define the model M := (W, R, {S; }zew,IF) as follows:

1. W={{,7) : T € K, and 7 is a finite sequence of elements of &, with
rank(T") + |7| < k};

2. T, 7)R{A,0): <= T'< A and 7 C 0;
3. <A,O’>S<F’T>V D=

(a) (I', ) R(A, 0);
(b) For some (0, p) € V, (I', 7)R(O, p);
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(c) 7% (C) Co, I' <5 A and O~C € A, then the condition Cr, holds.
4. O,7)lFp:<= pel.
The condition Cy, depends on L as follows:

e IL7(J2,J5): There exist (A1, p1), (Aa, p2) € V such that 7 % (C) C po,
~CeN, T -46 Ao and O~C' € As.

e IL™(J2,J4,,J5): There exist (A1, p1), (A2, p2) € V such that 7 (C) C
pP1, T * <C> C po, I'< Al) ~C € Al, I -<>6 A2 and O~C € A2.

Let € be the empty sequence. Then rank(T'g)+|e| < k, and hence (T, €) € W.
Therefore W is a non-empty set. Then (W, R, {S,}.cw) is a finite IL_ ,-frame.

Lemma 7.5. Every aziom of L is valid in the frame F = (W, R, {S:}zew) of
M.

Proof. J2: It is easy to show that J4 is valid in F' (see Proposition 3.9). Suppose
(A,0)Sr -V and for any (A',0') € VN R, 7)], (A", 0") S0,y Uiarory-

o If 7+ (C) Co,I' <5 A and O~C € A, then there exists (Ag, p2) € V such
that 7% (C) C po, I' <% Ay and O~C' € Ay. Since (Ag, p2) € VNR[(T, 7)),
we have (Mg, p2) S0\ Uny,p,)- Since 7% (C) C p2, I' <¢ Ay and O~C €
A, by the definition of S, the set Uy, ,,) satisfies the condition Cr,. Thus
we obtain <A,0>S<F7T>U<A27p2>.

e Ifnot, thenlet (O, p) € V besuch that (I', 7) R(©, p). We have (0, p)S(r-yUe,,)
because (0, p) € V N R[(T',7)]. In particular, (A, )Sr - Uie,p)-

In either case, by Monotonicity, (A,o)Sr, ) (U<A,_’U,>€VQR[<F7T>] Uiarory)-
Therefore J2 is valid in F' by Proposition 3.16.

J5: Suppose (I', ) R(A, o) and (A, 0)R(O, p). If there exists C such that
T (C) Co, I <5 Aand O~C € A, then 7 (C) C p because 0 C p. Since
I' <tz A and A < O, we have I' <& © by Lemma 4.5. Also ~C,0~C € O
because A < ©. Therefore we obtain (A,0)S {(©,p)}. By Proposition
3.19, J5 is valid in F.

At last, when L = IL™(J2,J4,,J5), we prove that J4, is valid in F.
Suppose (A,0)Sr V. Then there exists (©,p) € V such that (I',7)R(©, p),
and hence (0,p) € VN R[T,7)]. If 7+ (C) C 0, ' <& A and O~C € A
for some C, then there exist (A1, p1), (A2, p2) € V such that 7% (C) C py,
7% (C) C p2, I' < Ay, ~C € A, T <5 Ay and O~C € A,. In particular,
(A1, p1), (A2, p2) € VN R, 7)]. Thus we obtain (A,0)S (V' N R[(T,7)]).
By Proposition 3.10, J4 is valid in F. U

Lemma 7.6 (Truth Lemma). For any formula C € ® and any (I',7) € W,
C €T if and only if (T, 7) IF C.

31



Proof. We prove the lemma by induction on the construction of C, and we give
a proof only for C'= (D> E).

(=): Assume D> FE € I'. Let (A,0) be any element of W such that
(T, 7)R(A,0) and (A,o) IF D. Then by induction hypothesis, D € A. We
distinguish the following two cases.

o If 7+(F) Co,I' <} Aand O~F € A, then there exists A; € K, such that
E,~F € Ay by Lemma 4.7. Moreover, if L = IL™ (J2,J4,,J5), T' < A4
also holds. By Lemma 4.9, there exists Ay € K such that I' <}, Ag

€ if L =1L"(J2,J5), an

Tx(F) if L=1IL"(J2,J4,,J5)

let po := 7 (F). Then it is easy to see that (Aq,p1), (A2, p2) € W.

Let V := {(A1,p1), (A2, p2)}, then (A,0)Sr -V by the definition of S.

By induction hypothesis, (A1, p1) IF E and (As, po) IF E. We conclude

(T, IF D> E.

and E,00~F € Ay. Let py :=

e If not, then there exists © € Ky, such that I' < © and F € © by Lemma
4.8. Let p:= 7 (E), then (0, p) € W. By induction hypothesis, (0, p) Ik
E. Let V := {(©,p)}, then (A,0)Sr V. We conclude (I',7) IF D> E.

(«<): Assume D> E ¢ I'. By Lemma 4.6, there exists A € K, such that
DeA T <% Aand O~E € A. Let 0 := 7 % (E), then (A,0) € W. We have
(A,0) Ik D by induction hypothesis.

Let V' be any subset of W with (A,0)Sr V. Since 7% (E) = 0, I' <3 A
and O~FE € A, there exists (A1, p1) € V such that ~E € A; by the definition
of §. By induction hypothesis, (A1, p1) ¥ E. Therefore we conclude (I, 7) ¥
D> E. O

Since (T'g,e) € W and A ¢ Ty, we obtain (I'g,e) ¥ A by Truth Lemma.
Therefore A is not valid in the frame of M. O

Corollary 7.7. Every logic shown in Figure 2 is decidable.

8 Concluding Remarks

In the previous sections, we investigated the twenty natural sublogics of IL
shown in Figures 1 and 2. We proved that twelve of them are complete with
respect to IL™ -frames, but the remaining eight are not. Finally, in Section 7,
we proved that these eight logics are also complete with respect to IL, -frames.
Consequently, all these twenty logics are also complete with respect to IL,,-
frames. In this situation, one of the referees proposed the following interesting
problem.

Problem 8.1. Does there exist an extension of IL™ incomplete with respect to
IL_,-frames?
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We introduced these twenty logics to investigate IL™ -frames in detail. As a
result of our research in the present paper, it can be said that our understanding
of the fine structure of IL has improved in terms of semantical and syntactical
aspects. Our framework would be useful for finer investigations of some known
results of IL and its extensions. In addition, investigating whether these newly
introduced logics satisfy natural logical properties is an interesting subject in
itself. Along these lines, a research following the present paper is proceeding by
the authors (see [7]).
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