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Abstract

In this paper we show that the intuitionistic monotone modal logic iM has the uniform
Lyndon interpolation property (ULIP). The logic iM is a non-normal modal logic on
an intuitionistic basis, and the property ULIP is a strengthening of interpolation in
which the interpolant depends only on the premise or the conclusion of an implication,
respecting the polarities of the propositional variables. Our method to prove ULIP
yields explicit uniform interpolants and makes use of a terminating sequent calculus
for iM that we have developed for this purpose. As far as we know, the results that
iM has ULIP and a terminating sequent calculus are the first of their kind for an
intuitionistic non-normal modal logic. However, rather than proving these particular
results, our aim is to show the flexibility of the constructive proof-theoretic method
that we use for proving ULIP. It has been developed over the last few years and
has been applied to substructural, intermediate, classical (non-)normal modal and
intuitionistic normal modal logics. In light of these results, intuitionistic non-normal
modal logics seem a natural next class to try to apply the method to, and we take
the first step in that direction in this paper.

Keywords: intuitionistic monotone modal logic, uniform interpolation, uniform
Lyndon interpolation.

1 Introduction

Over the last years a method to prove uniform (Lyndon) interpolation has been
developed by the authors that applies to various (intuitionistic) modal and
intermediate logics [9,10,12,1,2,3]. Uniform interpolation is a strengthening
of interpolation in which the interpolant depends only on the premise or the
conclusion of an implication. It is Lyndon whenever the interpolant in addition

1 Support by the Netherlands Organisation for Scientific Research under grant 639.073.807
and by the FWF project P 33548 is gratefully acknowledged.
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respects the polarities of the propositional variables involved. Our method to
prove the property is based on sequent calculi for the given logics. Until now,
it has been applied to classical modal logics, normal as well as non-normal,
but in the intuitionistic setting only to intermediate logics and to intuitionistic
modal logics that are normal.

In this paper, we try to show the general applicability of the method by
applying it to a well-known intuitionistic non-normal modal logic namely the
intuitionistic monotone modal logic iM, which is axiomatized over intuitionistic
propositional logic IPC by the following axiom and rule [5]:

g2y o
O(pAy) = B ADY By 0% E
The axiom is one direction of the principle O(¢ A t)) > Op A Oy that holds in
every normal modal logic. We show that iM has uniform Lyndon interpolation,
which, to our knowledge, is the first result of this kind, meaning the first result
stating that an intuitionistic non-normal modal logic has uniform (Lyndon)
interpolation. Our method is effective in that it provides explicit (existential
and universal) interpolants and it makes use of a terminating sequent calculus
for the logic. The calculus is an extension of the calculus G4ip, which has been
introduced by Dyckhoff as a variant of G3ip in which proof search terminates
(without extra conditions on the search) [6]. The terminating calculus that we
develop here seems to be the first terminating calculus for the logic iM. Our
method to prove uniform interpolation is inspired by the first syntactic proof of
uniform interpolation, given by Pitts for intuitionistic propositional logic [18].

As can be seen from [5], the semantics for intuitionistic non-normal modal
logic that combines the semantics of intuitionistic logic and classical non-normal
modal logic is not simple. In this light it is somewhat surprising that the proof-
theoretic method developed in this paper is essentially not more complicated
than the one for its normal counterpart, that, we have to admit, is already
quite complicated in itself.

In the literature there are many syntactic proofs of Craig interpolation,
most of them connected in some way or another to the well-known syntactic
Maehara method [16]. Proofs of uniform interpolation are less common, and
syntactic proofs of uniform interpolation even more so. Most of the existing
proofs are inspired by Pitts’ syntactic proof of uniform interpolation for IPC
[18] mentioned earlier. Some proof systems seem to lend themselves better for
syntactic proofs of (uniform) interpolation than others. Especially for nested
sequents there are several syntactic results. There are nested sequent systems
for certain tense logics and bi-intuitionistic logic that allow for a syntactic
proof of Craig interpolation [15]. A similar statement holds for various modal
and intermediate logics, although in this case the method is no longer purely
syntactical but also contains semantic elements [7,13].

Uniform interpolation has applications in computer science, in particular in
description logics [14], but our interest in the property stems from a project in
universal proof theory where we aim to develop methods to prove that certain
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(classes of) logics cannot have certain well-behaved proof systems, in our case
sequent calculi [3,10]. Here we make use of the fact that uniform interpolation
seems to be a rare property among logics. For example, only seven intermediate
logics have this property [8,17]. In fact, in this case also only seven intermediate
logics have Craig interpolation, but in modal logics these two properties in
general do not coincide. And while in this class the property is equivalent to
interpolation, this is certainly not the case for modal logics. The logics K4
and S4 are examples of logics that have Craig interpolation but not uniform
interpolation [4,8]. The result in this paper is meant as a first step to also
consider the class of intuitionistic non-normal modal logics in the project. The
reason that we only treat one logic in that class and only prove that it has
uniform Lyndon interpolation without taking the further generalization steps
needed for the project, is more for reasons of space than anything else. We
hope to take these further steps and cover more intuitionistic non-normal modal
logics in the future.

This paper is built up as follows. Section 2 contains the preliminaries, in
which the interpolation properties, the intuitionistic non-normal modal logic
iM, and the sequent calculi G3iM"Y and G4w are defined. In Section 3, the
terminating calculus G4iM is introduced and is shown to be equivalent to
G3iMYW, which implies that it is a terminating calculus for iM. In Section 4,
it is proved that iM has uniform Lyndon interpolation property.

2 Preliminaries

The language we use is £ = {A,V,—,0, L}, and T is an abbreviation for
1 — 1, asusual. We use small Roman letters p, g, . . . for atomic formulas, small
Greek letters p, 1, . .. to denote formulas, and capital Greek letters 3, A, ... and
also @,1), ... to denote finite multisets of formulas. The weight of a formula is
defined as follows, which is a combination of the definitions given in [4] and [6]:
w(p) = w(L) =w(T) = 1, for any atomic formula p, w(p®v) = w(p)+w()+
1, for ©® € {V, =} w(e AY) = w(p) + w(®) + 2, and w(Op) = w(p) + 1. This
weight function induces an ordering on the multisets: I' < A if ' is obtained
from A by replacing one or more formulas of A by zero or more formulas, each
of which is of a strictly lower weight. Note that this order is well-founded.

Definition 2.1 The sets of positive and negative variables of a formula ¢ € L,
denoted by V() and V= (i), respectively, are defined recursively by:

VEp) ={p}V = (p) =VH(T) =V (T) =V*(L) = V(L) = & for atom p,
Vi eoy) =VHe)uVH (), VT (eoy) =V (9)UV (1), for © € {A, v},
Vi =4) =V () UV () and V7 (p = ¢) =V (p) UV (),
VH(Bp) = VF(p) and V7 (Op) = V™ ().

Define V(p) as V¥ (p) UV~ (p) and set V() = U, cp VT (y) and V- (T) =

U,er V7~ (7), for a multiset I'. For an atomic formula p, a formula ¢ is called

pt-free (p~-free), it p & V(o) (p &€ V= (p)). Tt is called p-free if p & V().
Note that a formula is p-free iff p does not occur anywhere in the formula.



80 Uniform Lyndon interpolation for intuitionistic monotone modal logic

We will need the following notations: if we want to refer to both V™ (p) and
V= (), we use V1(p), with the condition “for any t € {+, —}”. When we want
to refer to both V() and V™ (¢) but also to their duals, we use the notation
V°(¢) for the one we intend and V°(p)? for its dual, respectively. Therefore,
by the sentence ‘if p € V°(¢p), then p ¢ V°(y), for any o,¢ € {+,—}’, we mean
‘if pe V*(p), then p ¢ V~(¢) and if p € V~(¢), then p ¢ V*t(p).

Definition 2.2 A [ogic L is a set of formulas of £ extending the set of in-
tuitionistic tautologies, IPC, and closed under substitution and modus ponens
0 =YY

Definition 2.3 A logic L has the Lyndon interpolation property (LIP) if for
any formulas @,y € L such that L - ¢ — 1, there is a formula 6 € £ such that
Vi) CVTi(p)NVTi(), for any t € {+,~}and LF ¢ — 0 and L+ 6 — 1. A
logic has Craig interpolation (CIP) if it has the above properties, omitting all
the superscripts t € {4, —}.

Definition 2.4 A logic L has the wuniform Lyndon interpolation property
(ULIP) if for any formula ¢ € L, atom p, and o € {+,—}, there are p°-free
formulas, 3°p and V°pe, such that VT(3°pp) C VT(p) and VI(Vopyp) C Vi),
for any t € {+, -} and

(1) LF ¢ — 3%, and

(i¢) for any p°-free formula ¢ if L+ ¢ — 1 then L F 3o — 1),
(131) L+ Y°py — o,

(iv) for any p°-free formula v if L+ ¢ — ¢ then L 4 — Yopep,

A logic has uniform interpolation property (UIP) if it has all the above proper-
ties, omitting the superscripts o, 1 € {4, —}, everywhere. Note that although
the interpolants are indicated by expressions that contain symbols that do not
belong to L, they do stand for formulas in the language L.

Theorem 2.5 If a logic L has ULIP, then it has both LIP and UIP.

Proof. For UIP, define Vpp = VtpV~py and Ipp = ITpI~pyp. We will show
that Vpp acts as the uniform interpolant for ¢. The case for Ipyp is similar. By
definition, VT (V*p¥~pyp) C VI(V pp) C VI(p), for any 1 € {+, —}. Therefore,
V(¥pp) C V(p). Moreover, VT pV ™ pyp is pT-free, by definition. Suppose p €
V=(VtpV~pyp). Then, p € V~ (V™ py), which is a contradiction, as V™ pyp is
p~-free. Hence, Vpyp is p-free.

Condition (ii7) is easy, as we have L =V pV " pp — V" pp and L + VYV~ pp —
¢, by Definition 2.4. Therefore, L F Vpp — . For condition (iv), let ¢
be a p-free formula such that L - ¢ — . Then, as ¢ is p~-free, we have
L1y — VYV pp and as ¢ is pT-free, we get L -1 — VT pV pp.

For LIP, assume L + ¢ — 1. Define § = 3T Pt3~P~ ¢, where Pt =
Vi(p) — [VI(p) nVT(@)], for any T € {+,—} and by 37 {p;,...,p,}T we mean
Ipl ... 3pl. Since 0 is p'-free for any p € Pt and any 1 € {+,—}, we have

2 The superscript ¢ has nothing to do with the usual modality <.
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Fig. 1. The sequent calculus G3iM"™. In Az, p must be an atom.

Vi) CVi(p)— Pt CVi(p)NVT(1h). For the other condition, it is clear that
LF ¢ — 6 and as 1 is pf-free, for any p € Pt, we have L 6 — 1. a

2.1 Sequent calculi

A sequent S is any expression of the form I' = A, where I' and A are two
multisets of formulas called the antecedent and the succedent of the sequent,
denoted by S and S*, respectively. A sequent is called single-conclusion if its
succedent has at most one formula. The multiplication of the sequents S and
T is defined by S-T = (S*UT?) = (S°UT*). The set of positive variables
(V1) and the set of negative variables (V~) of a sequent S are defined by
Ve(S) = V(8% U V°(S®), for any o € {+,—} and V(S) = V(5%) UV (S*).
In case it is clear from the notation which set we mean we omit the words
“positive” and “negative”. The ordering < can be extended to sequents by
S <T:=58"US <T*UT?s If §<T, wesay that S is lower than T.
Sequents and multisets can also be compared with each other in an expected
way. For instance, ¥ < S means ¥ < (S*U S*). A rule is an expression of the

Sy ...5,

form where S1,...,5S,, and S are sequents called the premises

and the conclusion of the rule, respectively. If a sequent .S is the conclusion
of an instance of a rule, we say that the rule is backward applicable to S. A
sequent calculus is a set of rules. In this paper, we consider single-conclusion
sequent calculi, where only single-conclusion sequents are allowed.
Let us introduce three sequent calculi that we need throughout the paper. The
first is the sequent calculus G3iMY 3 presented in Figure 1. The system was
introduced in [5] under the name G.O—IM. The logic of G3iMWY, i.e., the
set of all formulas such that (= ) is derivable in G3iMY, is called iM, the
intuitionistic monotone modal logic. The second system is G4ip, a sequent
calculus for IPC presented in Figure 2 and introduced in [6]. If we add the
following weakening rules to G4ip, we get the third system G4w:
I'=A I'=
o= A YT %)

Rw

3 The use of superscript W becomes clear in the next section.
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Fig. 2. The sequent calculus G4ip from [6]. In Az and (Lp—), p is an atom.

The weakening rules are admissible in G4ip and hence there is no need to
include them explicitly. However, as we will work with an extension of the
system G4ip, we will need the explicit weakening rules later.

As the final part of this section, let us mention some of the properties of
the rules in G4w that we will need later. First, note that in any of the rules
of G4w, I and A are free for any multiset substitution. We call this property
the free-context property. For later reference, we call any premise of a rule with
A in its succedent contertual and the other premises non-contextual. Second,
if we denote the set of rules in G4w minus the rule (Lp—) by G4w ™, then all
the rules of G4w ™, have one of the following general forms:

{T, @i = b;}ier {T,¢; = A}jes {T, @i = b;}ier
M= A |

where I and J are some finite (possibly empty) sets, I' and A are free for
any multiset substitution and @;’s, ¢;’s and d;’s are (possibly empty) multisets
of formulas, where &;’s are either empty or a singleton. The formula ¢ is
called the main formula and the formulas in @;,v;, and §; are called the active
formulas of the rule. If the main formula is in the antecedent (succedent),
the rule is called a left (right) rule. Third, notice that each rule in G4w™
enjoys the local variable preserving property, i.e., given o € {4, —}, for the left
rule, we have J; Ugeg, V°(0) UU; Ugey, V°(0) UU,; Uges, V°(0) € V°(p), and
for the right one, U, Upey, VO (0) U Us Uges, V°(0) € V°(p). This property
ensures the crucial condition | J!—, V°(S;) C V°(S), for any instance of the rule

Sy -+ S,

in G4w™ and any o € {4, —}. We call this weaker property

the wvariable preserving property. Note that the rule (Lp —) also enjoys this
property. Finally, notice that in any rule in G4w, each of the premises is lower
than the conclusion in the order <.
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3 A Terminating sequent calculus
In this section, we provide a terminating single-conclusion sequent calculus for
iM. Define the system G4iM as G4w extended by the following rules:
Y= =Y I,0p,0 = A
Oy = O [,O0p,0¢ = 0= A
Note that each premise of any rule in G4iM is lower than the conclusion.
Consequently, G4iM is terminating, i.e., any proof search terminates.

The remainder of this section is devoted to the proof that G3iM™Y“ and
G4iM are equivalent, the main part of which consists of a proof that G3iM™W
and G4iMWY are equivalent. This proof is an adaptation of a similar result for
G3i and G4i in [6]. We start with some preliminaries.

3.1 Strict proofs in G3iMW

Lemma 3.1 All rules in G3iMY except RV and L — are invertible, and
G3iMVY is closed under weakening, contraction and implication inversion, i.e.
the following rule is admissible:

LM—

ey—v=A
Ty=A

Proof. Closures under the structural rules and implication inversion are
proved with induction to the depth of the derivation. ]

A multiset is irreducible if it has no element that is a disjunction or a
conjunction or falsum and for no atom p does it contain both p — ¢ and p. A
sequent S is irreducible if S is. A proof is sensible if its last inference does not
have a principal formula on the left of the form p — v for some atom p and
formula ¢.% A proof in G3iMW is strict if in the last inference, in case it is an
instance of L — with principal formula Og — 1, the left premise is an axiom
or the conclusion of an application of the modal rule.

Lemma 3.2 FEwvery irreducible sequent that is provable in G3iM¥ has a sen-
sible strict proof in G3iMW.

Proof. This is proved in the same way as the corresponding lemma (Lemma
1) in [6]. Arguing by contradiction, assume that among all provable irreducible
sequents that have no sensible strict proofs, S is such a sequent with the shortest
proof, D, where the length of a proof is the length of its leftmost branch. Thus
the last inference in the proof is an application

'Dl DQ
Lp—y=p Lp=A
NLe—v=A

of L—, where ¢ is an atom or a modal formula. Since S® is irreducible, | ¢ S¢
and if ¢ is an atom, ¢ & S®. Therefore the left premise cannot be an instance

4 In [11] the requirement that the principal formula be on the left was erroneously omitted.
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of an axiom and hence is the conclusion of a rule, say R. Since the succedent
of the conclusion of R consists of an atom or a modal formula, R is a left rule
or a right modal rule. The latter case cannot occur, since the proof then would
be strict and sensible. Thus R is a left rule.

We proceed as in [6]. Sequent (T, — ¢ = ¢) is irreducible and has
a shorter proof than S. Thus its subproof D is strict and sensible. Since
the sequent is irreducible and ¢ is an atom or a pure modal formula, the last
inference of D; is L— with a principal formula ¢’ — 1)’ such that ¢’ is not an
atom. Let D’ be the proof of the left premise (T, — ¢ = ¢’). Thus the last
part of D looks as follows, where II, ¢’ — ¢’ =T.

/ @//
L=, 2¢' =¢" ey, ¢ =0 Dy
o=y, =9 = I, 0" — " = A
M=, = = A

Consider the following proof of S.

D DM
D’ Hawﬁwawléw Hﬂ/’ﬂ//iﬁ
Le—=v,¢ =¢ = ¢ ILe =4, ¢" = A

Ly =, =4 = A

The existence of D’ follows from Lemma 3.1 and the existence of Dy. The
obtained proof is strict and sensible: In case ¢’ is not a modal formula, this
is straightforward. In case ¢’ is a modal formula, it follows from the fact that
was observed above, namely that D is strict and sensible. ]

Theorem 3.3 G3iMY and G4iMWY are equivalent (derive exactly the same
sequents).

Proof. The proof is an adaptation of the proof of Theorem 3.4 in [11], which
again is an adaptation of Theorem 1 in [6]. Under the assumptions in the
theorem we have to show that for all sequents S: Fgzimw S if and only if
Fgaimw S.

The proof of the direction from right to left is straightforward because
G3iMVY is closed under the structural rules. For weakening and contraction
this is easy to see, and cut-elimination for G3iM™ is proved in [5]. For details,
see [11]

The other direction, left to right, is proved by induction on the order <
with respect to which G4iMW is terminating, in a similar manner as in [11]. So
suppose G3iMW I S. Sequents lowest in the order do not contain connectives
or modal operators by definition of the weight function underlying <. Thus
such sequents have to be instances of axioms, and since G3iM"¥ and G4iMW
have the same axioms, S is provable in G4iM™.

We turn to the case that S is not the lowest in the order. If S contains a
conjunction, say S = (I, p1 Apa = A), then S' = (T, p1, 2 = A) is provable in
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G3iMY by Lemma 3.1. As G4iMW contains LA and G4iMVY is terminating,
S’ « S follows. Hence S’ is provable in G4iM™ by the induction hypothesis.
Thus so is (I', o1 A w2 = A). A disjunction in S* as well as the case that both
p and p — ¢ belong to S*, can be treated in the same way.

Thus only the case that S is irreducible remains, and by Lemmas 3.1 and 3.2
we may assume its proof in G3iMW to be sensible and strict. The irreducibility
of S implies that the last inference of the proof is an application of a rule,
R, that is either a nonmodal right rule, a modal rule or L —. In the first
two cases, R belongs to both calculi and the fact that G4iMW is terminating
implies that the premise(s) of R is lower in the order < than S. Thus the
induction hypothesis implies that the premise(s) is derivable in G4iMW, and
since R belongs to G4iMY, the conclusion S is derivable in G4iMY as well.

We turn to the third case. Suppose that the principal formula of the last
inference is (y — ¢) and S = (I',y — ¥ = A). Since the proof is sensible, ~ is
not atomic. We distinguish according to the main connective of ~.

Ify= 1, then I' = A is derivable in G3iM™ because of the closure under
cut: G3iMVYW derives ( = L — 1), and so the cut

=>1l—-¢ Il-oyv=A
'=A

shows that I' = A is derivable in G3iM". Since (I' = A) <« §, it follows
that I' = A is derivable in G4iMWY by the induction hypothesis. As G4iMW
is closed under weakening, .S is derivable in G4iM"Y too.

If v = 1 A pa, then the fact that S is derivable in G3iMY implies the
same for 8" = (I',1 — (p2 — ) = A), as G3iMW is closed under cut.
The fact that G4iMY is terminating and contains LA — implies S’ < S.
Hence S’ is derivable in G4iMY by the induction hypothesis. Thus so is
I',o1 Ay = 9 = A by an application of LA—. The case that v = 1 V 9 is
analogous.

If v = ¢1 — 9, then because v — ¥ is the principal formula, both premises
S; = (T, = A) and I,y — ¢ = v are derivable in G3iMY. Thus so is
I,y = 9,901 = @2 by the invertibility of R — (Lemma 3.1). It is not hard
to see that I', o2 — 9, 1,01 = 2 = 1 is derivable in G3iM™. Hence so is
I oo — Y, 01 = v — . Together with I',v — 1,1 = o and the fact that
G3iMVY is closed under cut, this gives the derivability of T', o — 9, 01 = @2
in G3iMY, which implies that S; =T', o2 — ¥ = ~ is derivable in G3iM™.

Since S; and S; are the premises of L —— with conclusion S in G4iMY,
they both are lower in the order < than S. Therefore they are derivable in
G4iMY by the induction hypothesis. And thus so is S by an application of
L——.

If v = Oy, then the fact that the proof is strict and S is irreducible implies
that the left premise is the conclusion of the modal rule R with premises x = .
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Thus the derivation looks as follows:
Do
X = ¢ Dy
I'Op — 4, 0x = Op I,Ox,v = A
I[0p—4,0x=A

Observe that G4iMWY contains the rule

X = [0x,¢ = A
[,0p =4, 0x = A

Since G4iMVY is terminating, it follows that both premises are below S in the
ordering. By the induction hypothesis they are derivable in G4iMWY, say with
derivations Dj and Dj5. Then the following is a proof of S in G4iMW:

D), Dy
x=¢ TIOx¢y=A
Idp — ¢, 0¢ = A

Lemma 3.4 G4iMVY is closed under the structural rules, including cut.
Theorem 3.5 The systems G3iMY and G4iM are equivalent.

Proof. To show that G3iMY and G4iM are equivalent, it suffices to show
that G4iMY and G4iM are equivalent. That every sequent derivable in
G4iMV is derivable in G4iM is clear. For the other direction it suffices to show
that weakening is admissible in G4iM™ which already has been investigated.O

4 Uniform Lyndon interpolation

In this section, we will prove that the logic iM enjoys ULIP. To this end, we
will provide a stronger variant of ULIP for the sequent calculus G4iM and
prove that the system has that property. From now on, when we say a sequent
is derivable, we mean it is derivable in G4iM, unless specified otherwise.

Theorem 4.1 G4iM has ULIP, i.e., for any sequent S, multiset X3, atom p,
and o € {+, -1}, there exist formulas ¥°pS and 3°pX such that:

(var) ¥°pS and I°pY are p°-free and Vi(¥°pS) C VI(S) and VI(IpX) C
VI(E), for any t € {+,-},

(i) ¥ = 33X is derivable,

i)

(ii) for any se_quent_C’ = D where D has at most one formula andp ¢ V° (C =
D) if £,C = D is derivable, then (3°pX,C = D) is also derivable.

(iii) S - (V°pS =) is derivable,

(iv) for any multiset C' such that p ¢ V°(C) if S - (C =) is derivable, then
(C,3pS* = V°pS) is also derivable,

V°pS (resp., 3°p¥%) is called a uniform Vp-interpolant of S (resp., uniform 3p-
interpolant of X).
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Let us first derive the main result of the paper as an immediate corollary.
Corollary 4.2 iM has ULIP. Hence, it also has UIP and LIP.

Proof. By Theorem 4.1, G4iM has ULIP. Hence, for ¥ = &, by (i), we know
that (= 3°p@) is derivable. Therefore, 3°p@ is provably equivalent to T. Now,
set VopA = V°p(= A) and I°pA = I°p{A}. First, by (iii), we know that
V°p(= A) = A is derivable. Hence, iM F V°pA — A. Secondly, for any p°-free
formula B, if iM F B — A, then B = A is derivable in G4iM. Therefore,
by (iv), when C = {B}, we get the derivability of B,3°p@ = Ap(= A).
Since 3°p@ is provably equivalent to T, we get B = V°p(= A) and hence,
iM + B — V°pA. Therefore, V°pA satisfies the conditions in Definition 2.4.
The case for 3°p A is easier and will be skipped here. The second part of the
corollary is a result of Theorem 2.5. a

Now, to prove Theorem 4.1, we need the following lemma.

Lemma 4.3 G4iM enjoys ULIP with respect to the axioms, i.e., for any
sequent S, multiset &, atom p, and o € {4, —}, there exist formulas Vo,pS and
F:pX such that they satisfy conditions (var), (i), and (iii) in Theorem 4.1 and

(ii") for any sequent C' = D such that p ¢ V°(C = D), if £,C = D is an
axiom in G4iM then (35,p%,C = D) is derivable,

(iv') for any multiset C' such that p ¢ V°(C), if S-(C =) is an axiom in
G4iM then (C = VgzpS) is derivable.

Proof. Define 35,p¥ as the conjunction of all p°-free formulas in > and Vg, pS
as the following: if S is provable, define it as T, otherwise, define Vg, pS as
the disjunction of all p°-free formulas in S®. We will show that 35,p> and
VoupS satisfy the conditions (var), (i) and (iii) of Theorem 4.1, and condition
(4i') and (iv'). Clearly, 33,p¥ and V,pS are p°-free, V1 (35,p%) C VI(X) and
Vi(Ve.pS) C VI(S), for any t € {+,—} and ¥ = 35,p¥ and S - (V3:pS =)
are derivable.

For (ii'), if ,C = D is an axiom, it is either of the form I',q = ¢, where
q is an atom, or I', | = A. In the first case, as D = {¢}, the atom q is p°-free.
If ¢ € O, then C,35,pY = D is an instance of (Ar) and hence provable. If
q € X, then ¢ appears as a conjunct in 33,p¥ and C,33,pY = D is provable.
If ,C = D is of the form I', L = A, then if L € C, then C,33,pX = D is
an instance of (L) and provable. If 1 € 3, then L appears as a conjunct in
32,p% and hence C,3,p% = D is provable.

For (iv'), suppose a p°-free multiset C is given such that S - (C' =) is an
axiom in G4iM. If S is provable, then as V5,pS = T, we have C' = V5,pS. If S
is not provable, then there are two cases to consider. First, suppose S - (C =)
is of the form I',q = ¢, where ¢ is an atom. If ¢ ¢ C, then ¢ € S which
implies that S is provable. Therefore, ¢ € C. Hence g is p°-free and appears as
a disjunct in V2, pS. Therefore, as g € C, we get C = V2,pS. Second, suppose
S - (C =) is of the form I', L = A. If L € S¢, then S is provable. Therefore,
1 ¢ 5% Hence, L € C which implies C' = V5,pS. O
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Proof. [of Theorem 4.1] Let us fix some notations. Let Sy, denote (= ¢). We
use X4 (respectively Xy 0) to denote the multiset obtained from ¥ by replac-
ing one instance of ¢ — v (respectively Oy — ) in X by ¢ (respectively 6). Ac-
cordingly, for S = (X = A), define Sy 4 = (Xq,4 = A) and Spy0 = (Xoy,e =
A). Define I3,(X) = {(¢,¢) | ¢ — ¢ € ¥ and ¢ is an atom and p°-free} and
I,(2) = {(¢,4,0) | Op,0¢ — 0 € ¥ and G4iM + ¢ = t}. Here are some
remarks:

(R1) If ¢ = ¢ € ¥ (resp. Oy — 0 € X), then 3,y < X (resp. Xgye < X)
and VI(3,4) C VI(Z), (resp. VI(Zaye) C VI(X)), for any 1 € {+,-}.
Similarly, if ¢ — ¢ € S% (resp. O¢Y — 6 € S%), then S, < S (resp.
Sape < S) and VT(S, ) C VT(S), (resp. VT(Sgy,e) C VT(S)).

(Ry) If O¢p — 0 € %, then Sy, < ¥ and VT(Sy,) C VI(D), for any € {+,—}.
Similarly, if Oy — 6 € S?, then Sy < S and V1(S,) C VI(9).

(Rs) If (q,%) € I3,(X), then g is p°-free.

Define the four formulas 3TpX%, I=p%, VTpS and V™~ pS simultaneously by re-
cursion on the well-founded order < over the set of all multisets and sequents:
if ¥ = @, define 3°pX as T. Otherwise, define it as:
A (ANEpSi = ¥pSi) =V IpX;) A (Faep®) A (FapX) A (F5pX)
RELR i J

The first conjunction is over all the left rules R in G4w ™ and the rule (Lp—),
backward applicable to (X =), where (¥ =) is the conclusion, the S;’s are
the non-contextual premises and (X; =)’s are the contextual premises. The
second conjunct is provided by Lemma 4.3. The rest are defined as

FupX = A q— PpXey
(CRDISI AN

FpS= N\ OFppA  \ (O¥pSy = IpToy) A A Py
Opex Oy —0ex (p,9,0)€ln (X)

For V°pS, if S is provable define it as T, otherwise, define V°p.S as:

VIAE DS = VpSi)) V (VazpS) V (YarpS) V (VipS)
The first disjunction is over all rules R in G4w backward applicable to S,
where S;’s are the premises. The second disjunct is provided by Lemma 4.3.
The third is defined as

VaipS = A g N (3PSG, — VpSyw),
(g,4)€15,(S%)
For Vp,pS, if S = (= Ov), define Vp,pS = OV°pS,,. Otherwise, define
VapS =\ (V°pSoye ADOVDSy)V \% V°pSay.6
Oyp—6ese (0,9,0)EL, (S)

We use induction on the well-founded order < to prove that 3°p¥ and V°pS
have all the properties of Theorem 4.1. In fact, in the induction step, we assume
that for a sequent S (resp. multiset ), all 3Tp¥’, I~ p¥’, VTpS’ and vV~ pS’
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exist for any sequent S’ and multiset ¥’ lower than S (resp. X).

To prove that the recursive definition is well-defined, note that in any rule
in G4w, if S;’s are the premises and S is the conclusion, we have S; < S.
Therefore, using the remarks (R;) and (Rz) above, we conclude that both
V°pS and 3°pS are well-defined.

To prove (var), using the induction hypothesis and the remark (Rg3), it is
clear that V°pS and 3°p¥ are p°-free. Moreover, as every rule in G4iM enjoys
the variable preserving property, it is enough to use the induction hypothesis,
Lemma 4.3 and the remark (R;) and (Rg) to prove VI(v°pS) C V1(S) and
Vi(3px) C VI(R), for any t € {+, -1}

To prove conditions (i), (ii), (iii) and (iv), as the cases that ¥ = @ and S is
provable are easy, from now on, we assume that ¥ # & and S is not provable.

To prove (i), it is enough to show that the following formulas

N\ (A\EpSE = vps) = \/3p%;) (1), F2pT (2), FapE (3), InpS (4)
RELR i J

are all derivable from 3. For (1), assume that the left rule R of G4w™ is
backward applicable to (X =) with S;’s as the non-contextual premises and
(¥, =)’s as the contextual premises. Since S;’s and X,’s are lower than X,
by the induction hypothesis, we have S; - (V°pS; =), (S¢ = 3I°S¢) and
(X; = 3X,) for all i and j. Therefore, S; - (A,;(IpSF — V°pS;) =) and
=V j 3°p¥; are derivable. By the free-context property of R, we can add
N\;(3°pSE — ¥VpS;) to the antecedents of the premises and conclusion and put
\V j 3°pY; in the succedents of the contextual premises and the conclusion. The
rule will become:

{N\i(FpSi = VpS;), 58 = Sitier  {¥; = V;3IPE;}jes
E, N EpSE = VpSi) = V,; 3pE;

Hence, we get ¥ = (A;(I°pS — V°pSi) — V;3%L;). The case where the
last rule is (Lp—) is similar.

For (2), we use Lemma 4.3. For (3), if ¢ is p°-free and ¢ — ¢ € %, then
we have ¥ = X' U{q¢ — ¢} and X, = X' U {¢p}. As 3, is lower than 3, by
the induction hypothesis ¥, = 3°p3, . Therefore, ¥',¢ = 33, which
implies ¥', ¢,q — ¢ = 3°X, . Hence, we get ¥ = ¢ — I°pE, 4.

For (4), we have to show that each conjunct in 35,p¥ is derivable from
3. For the first conjunct, suppose Op € X, ie., X = II,0¢p. As ¢ is lower
than X, by the induction hypothesis we have ¢ = 3°pp. Therefore, by
the rule (M), we have Op = O3°%¢. By (Lw), we get II,0p = O3%p,
which is ¥ = O3%¢p. For the second conjunct, suppose Oy — 6 € X, i.e.,
Y =1II,0¢ — 0. As ¥py ¢ and Sy are lower than ¥, by the induction hypothe-
sis, we have Xgy 9 = 3°pEay,e and Sy - (VpSy =), which are I, 0 = I%pEgy ¢
and V°pSy = 1. By (Lw), we have II,OV°pSy,0 = 3°pXoye. Applying
the rule (LM —), we get IL, OV*pSy, 0y — 6 = 3°Xgy,g, which implies
Y = 0OV°pSy — I°pXay,e. For the last conjunct, as (p,9,0) € I, (X), we
know that Op, 0ty — 6 € ¥ and the sequent ¢ = 1 is provable. Therefore,
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Y =1I,00,0¢ — 0. As Xgy ¢ is lower than 3, by the induction hypothesis, we
have Yoy, = 3°pYoy,e, which is II, Op, 0 = 3°pXgy e. Since ¢ = 1 is also
provable, we can apply the rule (LM—) to obtain II, Oy, 0t — 0 = I°pXay 6,
which is ¥ = 3°pXny 0.

For (ii), we assume p ¢ V°(C),p ¢ V°(D) and ¥,C = D is derivable and
we use induction on the length of its proof. If ¥, C = D is an axiom, we have
35.p%,C = D, by Lemma 4.3, and hence 3°%,C = D. If the last rule is a
left rule in G4w ™, it is of the form:

{L, i = ditier {I',v; = D}jes
o= D
Then, there are two cases to consider, i.e., either ¢ € C or ¢ € X. If ¢ € C,
set ' = C — {p}. Since p € C, it is p°-free by the assumption, and by the
local variable preserving property ¢;’s and @j’s are p°-free and &;’s are p°-
free. By the induction hypothesis, as p ¢ V°(C',@; = 4;), p ¢ V°(C',¢; =
D), and (%,0",¢; = 6;) and (%,C”,v; = D) have shorter proofs, we have
(3p%,C",¢; = §;) and (I°pX,C’,¢; = D) are derivable, for each i € I
and j € J. By using the rule itself, we get 3°p%, C’, ¢ = D, which implies
JopsS, € = D.
If p € X, set ¥ =3 — {p}. Hence, the last rule is of the form:
{E/;C»@‘ = 61’}1'6[ {E/,C, 1/1]' = D}jGJ
¥.C,o= D
Note that neither C' nor D contain any active formulas. By the free-context
property, if we delete C' and D from the premises and conclusion of the last
rule, the rule remains valid and it changes to:
{¥, @i = ditier (X =}jes
o=

Hence, the rule is backward applicable to (X =). Set S; = (X', %; = 6;) and
¥; =Y1;. As S;-(C =) and (%, C = D) are provable and S;’s and ¥;’s are
lower than (X =), by the induction hypothesis, we have (3°pS¢,C = V°pS;)
and (3°pX;,C = D). Hence C' = \,(F°pS¢ — ¥°pS;) and (V; 3Py, C = D)
are derivable. Therefore, we have (A,(3°pS;' — V°pS;) — V; 3%y, C = D).
As N\, (FpSP — VpS;) — V;3PE; is a conjunct in 3°X, we have
3p%, C = D.

If the last rule of the proof is a right rule, then it is of the form:
{2,C, @i = ti}ier
2,C=¢
and D = {p}. Hence, ¢ is p°~free. By the local variable preserving prop-

erty, ¢;’s are p°-free and 1);’s are p°-free. By the induction hypothesis, as
(C,p; = ;) is p°-free and (X,C,»; = ;) has a shorter proof, we have
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(3p%,C,¢; = ;). Using the rule itself, we get 3°pX,C = ¢ which is
3°p3., C = D.

If the last rule is the rule (Lp—), then it is of the form
I'q¢=D
Igq—v¢=D

There are four cases to consider, depending on whether ¢ or ¢ — 1 are in C.
If ¢ — ¢ € C, then set ¢’ = C — {q,q — ¥}. As X,C’,q, = D has
a shorter proof and ¢ and v are p°®-free, then by the induction hypothesis,
3°p¥%, C’, q,1» = D. Hence, by the rule itself, we have 3%, C’, q,q — ¢ = D.
If ¢,q — ¢ ¢ C, then the premise of the rule is of the form ¥,,,C = D,
and by the induction hypothesis, we have 3°p%, 4, C = D. However, by the
free-context property, we can delete C' and D in the premise and conclusion and

Zqﬂ/) =

the rule remains valid and has the form Therefore, this rule is

backward applicable to (X =) and as this rule h:;s no non-contextual premise,
T — J°p¥,, appears as a conjunct in 3°pX. Hence, 3°p%, C = D is derivable.

If g — 1 ¢ C and q € C, then q is p°-free. Set C’ = C' — {q}. Then, the
premise of the rule is of the form ¥,,,¢,C’ = D. As ¢ — ¢ € X, we have
Yo < 3, by (R1). As (C',q = D) is p°-free, by the induction hypothesis,
C’,q,3°p%,» = D. Using the rule (Lp—), we get C’,q,q — 3°p%,y = D.
As ¢ — 3°pX,  is a conjunct in 3°p3, we have I, C=D.

If ¢ ¢ C and ¢ — % € C, then v is p°-free and ¢ is p°-free. Set
C" = C — {q — }. Then, the premise of the rule is of the form ¥,1,C’ = D.
By the induction hypothesis, we have 3°p¥, 1, C’ = D. Moreover, by (Az),
we have ¥ = ¢. Since ¢ is p°-free, we have 35,p¥ = ¢ and hence, 3°p¥ = q.
Therefore, 3°p%, ¢ — 1, C’ = D, which is 3%, C = D.

If the last rule in the proof is the modal rule (Af), then it is of the form
=1
Dp = 0y

As ¥ # @, we have C = @ and ¥ = Oyp. Since D = 01, the formula 1
is p°-free. As (¢ = @) is provable and ¢ is lower than X, by the induction
hypothesis, we have 3°pp = ¢ and by (M), O3°pp = Oip. As OF°py appears
as a conjunct in the definition of 3°p3l, we get 3°p3%,C = D.

If the last rule in the proof is the modal rule (LM—), then it is of the form

=1 I',Op,0 = D
I',Op,0¢ - 0= D
There are four cases to consider based on which formulas are in C.

If Op, 0¢ — 0 € C, then ¢ and 0 are p°-free and 1) is p°-free. Set C' = C' —
{O¢p, 0 — §}. The right premise of the rule is of the form %, C’,O¢, 0 = D.
Hence, by the induction hypothesis 3°p%, C’,0¢,0 = D. By (LM —) on
the latter sequent and ¢ = 1, we get 3°p%, C’,O¢p, 0y — 6 = D which is

LM —
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I°p%,C = D.

If Op, 0 — 0 ¢ C, then set ¥/ = ¥ — {Op,0¢ — #}. Hence, the
right premise of the rule is of the form E/ Op,0,C = D, or equivalently
Yay.e,C = D. Therefore, by the 1nduct10n hypothesis 3 png 0,C = D.
However, 3°p¥ny ¢ appears as a conjunct in the definition of 3°pX, since
Op, 0¢ — 6 € ¥ and G4iM F ¢ = 7). Consequently, 3°p%, C = D.

If Oy — 0 € C and Op ¢ O, then 6 is p°-free and v is p°-free. Set
C'" = C — {0y — 6}. Then, the premise has the form ¥,C’,§ = D. By
the induction hypothe51s we have 3pX%,C’,0 = D and by (Lw), we have
3°py, C’', 03,0 = D. Moreover, as ¢ = 1 is provable, 1) is p°-free,
and ¢ is lower than Z by the induction hypothesis, we have 3°pp = .
Applying (LM —) on 3°pp = 1 and Ip%,C’,03%¢p,0 = D, we get
I°opx, C',03F°pp, 0¢p — 6 = D. Note that as Op € X, by deﬁmtlon O3°
appears as a conjunct in 3°pX. Therefore, 3°p%, C' = D.

Finally, if Op € C and Oy — 0 ¢ C, then ¢ is p°-free. Set C' = C — {O¢p}.
Therefore, the right premise is of the form C’,0¢, Y549 = D. Since C’
and ¢ are p°-free and D is p°-free, by the 1nduct10n hypothesis, we have
C',0¢p,3 pXoy,0 = D. Moreover, for the premise ¢ = v, as Sy is lower than
¥ and ¢ is p®free, by the induction hypothesis, we get ¢, 3pSj = VpSy.
However, as S, = &, by definition we have HopSw = T. Hence, ¢ = V°pSy.
Applying (LM —) on ¢ = V°pS, and C',0¢p,3FpSaps = D we get
C’,0p,0¥°pSy — I°pXay,e = D. Therefore, as Oy — 6 € X, the formula
OV°pSy — I°pXoy,e is a conjunct in 3°p¥, and hence EIOpZ,C' = D is
derivable.

To prove (iii), it is enough to show that the following are provable:
S-(NEpS! = vopsSi) =) (1), S-(VaepS=) (2),
S-(VapS =) (3), S (VmpS =) (4).

For (1), assume that the rule R in G4w is backward applicable to S and the
premises of R are S;’s. As S;’s are lower than S, by the induction hypothesis
S; - (V°pS; =) and S¢ = 3% S¢. Therefore, S; - (IS¢ — V°pS; =). Hence,
by weakening, we have S; - ({EI S¢ — V°pS;}i =). Since any rule in G4w has
the free-context property, we can add {3 S¢ — V°pS;}i to the antecedents
of the premises and conclusion and by the rule itself, we have S - ({3°%
V°pS;}i =) and hence we get S - (A, (IS¢ — VpS;) =).

For (2), see Lemma 4.3. For (3), if (¢,v) € I3,(S*), then S = (I',q —
Y = A)and Sy = (I = A). As S, < S, by the induction hypothesis
I‘wVquwéAandI‘wiﬂ pSy - Hence, I';9p, ISy, — VopSq g = A.
Therefore, I',q,q — 1, 3% — V°pSg,¢ = A which implies I',q — ¥,q A
(3° SadJ—)Vqud,)iA andwegetS (gn (3°pSy. —>Vp5’q7w) ).

For (4), if S = (= Ov), then by definition V?npS = 0OV°pSy. As Sy < S,
by the induction hypothesis Sy, - (V°pSy =) = (V°pSy = v) is provable. By
(M) we get OV°pSy, = Oy which is § - (Vo,pS = ). If S is not of the form
(= O), then V;,pS is defined by a disjunction over two families of formulas.
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We have to show that adding any such disjunct to the antecedent of S makes
it provable.

For the first family of disjuncts, if Oy — 6 € S% then S is in form
(I''Oy — 0 = A). As Sy and Soy,¢ are lower than S, by the induction
hypothesis we have (V°pSy = ¢) and (V°pSpy,e,T',0 = A). By (Lw), we get
(Dvop5¢,vop55w79,r,9 = A) and by (LM —>), DVOpSw,VOpSD¢79,F,D¢ —
6 = A, which implies S - (OV°pSy A V°pSay,e = ).

For the second family of disjuncts, if (¢, 1, 0) € I,,,(S%), then S has the form
S =(I,00p,0¢ = 0= A)and G4iM F ¢ = . Since Sy = (I', Op,0 = A)
is lower than S, by the induction hypothesis we have V°pSny 9,1, Op, 8 = A.
Applying (LM —) on the latter sequent and ¢ = 9, we get S - (V°pSgy,e =).

For (iv), we use induction on the length of the proof of S-(C' =). If S-(C' =)
is an axiom, by Lemma 4.3 we have C = Vg,pS, and hence 3°pS°, C = V°pS.
If the last rule is a left one in G4w ™, it is of the form:

(T, @i = 0i}ier (T, 05 = Aljes
Fp=A

There are two cases to consider, either ¢ € C or ¢ € S%. If p € C, then it is
p°-free and by the local variable preserving property, ¢;’s and 1/_Jj’s are p°-free
and §;’s are p°-free. Set C' = C — {p}. As the sequent S - (C’,%; =) has
a shorter proof, by the induction hypothesis we have (3°pS¢,C", 1/;j = V°pS).
Now, we want to use the induction hypothesis to prove (3°pS®, C’, @; = 6;).
Note that it might be the case that S° = @ and hence S is not lower than
S. However, we already saw that for any multiset ¥, having the conditions (i),
(ii), (iii) and (iv) for all multisets and sequents below ¥ proves part (ii) for 3.
Putting ¥ = 5%, as any multiset or sequent below S¢ is also below S, by the
induction hypothesis we have all four conditions for them and hence we have
(ii) for S®. Now, as (8%, C’,p; = ;) is provable and p ¢ V°(C', ¢; = 6;), by
(ii), we have (3°pS®,C’, ; = 6;). By the rule itself, we have
{3pS®,C", ;i = i }ier {3pSe,C" ¢ = VpS}ies
IpSe, C', o = VS

which is 3°p.S¢, C = VpS.
If ¢ ¢ C, then it does not contain any active formulas of the rule. Set IV =
S — {¢}. The last rule is of the form:

{I",C, @i = bi}ict {I",C,¢; = A}jes
I',C,p= A
By the free-context property, we can delete C' from the premises and conclusion
of the rule which remains valid and changes to:

{I', i = 0; bier {49 = A}jes
o= A
Therefore, the rule is backward applicable to S = (I, = A). Set S; =
(I',@; = 6;) and T; = (I',¢; = A). As S;’s and T}’s are lower than S
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and S; - (C' =) and T} - (C =) are provable, by the induction hypothesis, we
have IS¢, ¢ = V°pS; and I°pT},C = V°pT;. Hence, C' = A,(IpSP —
vopSi) AN; (3T} — VopT}) and as A\, (I°p Sy — VopSi) AN; (3T — VopTy)
appears as a disjunct in V°pS, we have C' = V°pS and hence 3°p S, C' = V°pS.
The case where the last rule is a right one in G4w ™ is similar. If the last rule
is the rule (Lp—), then it has the form
g, v = A
Lg,q—=v=A

There are four cases to consider, depending on whether ¢ or ¢ — 1 are in C.

If g — v € C, then ¢ and ¢ are p°-free. Set C' = C — {q,q — ¥}. As
the premise S - (C’,q,1) =) has a shorter proof, by the induction hypothesis
I°pSe, C", q,v = ¥°pS and by (Lp—) we have IS¢, C’, q,q — 1 = V°pS.

If ¢,q — ¢ ¢ C, then by the free-context property we can delete C' from
the premise and the conclusion and the rule remains valid and changes to

r-C,q,v=A
r-C,qq—v=A
Note that the conclusion is S. Therefore, the rule is backward applicable to S.
Denote the premise by S’. By the induction hypothesis we have 3°p5®,C =
VopS’. As I°pS'® — ¥V°pS’ appears as a disjunct in V°pS, we have 3pS¢, C =
VopS.

If g— ¢ ¢ C and g € C, then ¢ — 1 € S¢, q is p°>-free and the premise is
of the form S, - (C =). By (R1), we know S, < S. Hence, by the induction
hypothesis 3°pS7 C = V°pS, . Hence, as q € C, we get C = gN(FpSy., —
VopSgp). As g — ¢ € S* and q is p°-free, we have (¢,v) € I, (S*). Hence,
g A (3pSg ., — VpSyy) is a disjunct in V°pS, and we have 3°pS°, C = V°pS.

If ¢ C and ¢ — ¢ € C, then q € S?, q is p°>-free and 1) is p°-free. Set
C" = C —{q — v}. As the premise is of the form S - (C’,%) =) and it has a
shorter proof, by the induction hypothesis we have 3°pS¢, C’, ¢ = V°pS. As
S® = qis an instance of (Az) and ¢ is p°-free, we reach 35,pS* = q. Therefore,
as 35,pS? is a conjunct in IpS*, we have I°S?, g — ¢, C’ = V°pS.

If the last rule in the proof is the modal rule (M), then it is of the form

=19
Op = Oy
If C = @, then S = (Op = 0O¢) is provable which contradicts with the
assumption that S is not provable. Hence, C' = Oy. Therefore, ¢ is p°-free
and S = (= Ov). By definition V;,pS = OV°pSy. Since ¢ is p°-free and
@ = 1 is provable, by the induction hypothesis HOpSfZ, ¢ = V°pSy,. However,
since Sy = @, we have %Sy = T. Therefore, ¢ = V°pSy, and by (M) and
then (Lw), we get 3°pS?, C = V5,pS. As V5,pS is one of the disjuncts in the
definition of V°pS, we get 3°pS*, C = V°pS.
If the last rule in the proof is the modal rule (LM—), then it is of the form
= 0p,0=A
I0p, 09 — 0= A

LM—
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There are four cases to consider based on which formulas are in C.

If Op, 09 — 0 € C, then ¢ and 6 are p°-free. Set €/ = C — {0y, Oy — 6}.
The right premise is of the form S - (C’, Oy, = ). Therefore, by the induction
hypothesis 3°pS®, C’, Oy, 0 = ¥°pS. Applying (LM —) on the latter sequent
and ¢ = 1, we get (3°pS%, O, Op, 0th — § = ¥°pS) = (IpS?, C = V°pS).

Note that in the other three cases below, we have S # @&. Hence, S is not
of the form (= O) and hence V;,pS is in the form of the big disjunction.

Suppose O, Oy — 6 ¢ C. As the right premise is of the form Sgy - (C =)
and by remark (R;), we have Spy ¢ < S, by the induction hypothesis we have
3°psgw79,é = V°pSpy.e. Since both Oy and Ty — § are in S* and ¢ = 9 is
provable, we get (¢,1,0) € I,,(S*), which implies that 3I°pSE,, 4 is a conjunct
in 3°pS® and V°pSny ¢ a disjunct in ¥°pS. Therefore, we get 3°p5, C' = V°pS.

If Oy — 0 € C and Op ¢ C, then ¢ is p°>free and 6 is p°-free. Set
C'" = C —{0O¢ — 0}. Since ¢ = 1 is provable and 1 is p°-free, by the
induction hypothesis condition (ii) we have I%pp = 1. As S - (C",0 =) is
a premise of the rule and has a shorter proof, by the induction hypothesis we
have 39S, C’, 0 = V°pS and by (Lw), O3°¢, IpS%, C’,0 = V°pS. Applying
(LM—) on the latter sequent and on 3°pp = 9 we get O3, IS¢, C', Oy —
0 = V°pS. As Op € S%, by definition O03°pp appears as a conjunct in I°pSe.
Hence, 3pS®, C = ¥°pS.

If Op e Cand Op — 0 ¢ C, set C' =C —{0p}. As Sy (p =) = (¢ = V)
is provable and ¢ is p°-free, by the induction hypothesis 3°p Sy, o = V°pSy,
or equivalently ¢ = V°pSy, as Sy = @ and hence EIQpSfZ = T. Therefore, by
(M),

Op = OV°pSy (1)
On the other hand, as the right premise is Sgy ¢ - (C’,0¢ =) and C’ and Oy
are p°-free, by the induction hypothesis, condition (iv), we get
3°pSGy.00 C’,0p = V°pSay.e- (2)
Therefore, using (1) and (2) we get
OV°pSy — 3pSE,, 4, C', Do = Y°pSauy 0.

As Oy — 6 € S%, the formula OV°pSy — I°pSE,, 4 appears as a conjunct in
the definition of 3°pS®. Hence, 3°p.S?, C',0p = Y°pSoy 0. Together with (1)
we get 3%S%, C", Op = V°pSuy,e A OV°pSy, which implies 3°pS*, C = V°pS,
as V°pSay,e A OV°pSy is a disjunct in V°pS, again by Oy — 0 € S°. ]
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