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Abstract

We give alternative proofs of the completeness of two second order propositional intu-
itionistic logics with respect to Kripke models. One is the logic having the full comprehension
axiom, and the other has the constant domain axiom in addition. We also show that, for
disjunction free fragment, the constant domain axiom is not needed for the completeness
with respect to constant domain models. To show the completeness, we use “sequent tree
calculi”.

1 Introduction

Second order propositional intuitionistic logic (SOPIL) is obtained from the propositional intu-
itionistic logic by adding quantifiers which bind propositional variables. There are some variants
of SOPIL. Among them, this paper mainly treats the logic which is axiomatized by the following
inference rules in the sequent calculus:

AB),I' = C I' = A(p) .
VzA(x), ' = C (v left) I' = VzA(x) (v right)

A(p),I' = C I' = A(B) )
JzA(z), ' = C (3 left) I' = 3zA(x) (3 right)

where p does not occur in the lower sequent. We call this logic SOPILy. (SOPIL is also
characterized by the “full comprehension axiom”: Jx(z—A).)

Recall that a Kripke model for propositional intuitionistic logic is of the form M = (W, R, Z)
where (W, R) is a partially ordered set of “worlds” and Z is an interpretation which assigns an
R-upper closed subset to each propositional variable; that is, Z = {Z, € UP(W,R) | p is a
propositional variable} and UP(W,R) = {a C W | Va,b € W[ if a € o and aRb, then b € a]}.
Then, for a formula A and a world a € W, the relation a = A (“A holds at a”) is inductively
defined as follows.

akEp & a€l, alfkl al=A—B < (bt A)or (b= B) for all b such that aRb.
alE=ANB & (af=A)and (a=B). al=AVB < (a=A) or (a = B).

A Kripke model for SOPIL is obtained from the above by adding the “domain” D = {D, C
UPW,R) | a € W} that satisfies the hereditary condition: aRb = D, C D;. The quantifiers
are interpreted as follows.
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a =EVxA(r) & bl A(a) for all b and all « such that aRb and o € D,,.
a =3drA(z) & a = A(a) for some a € D,.

To describe the completeness theorem, we introduce one more condition — fullness — on
the domain of quantifiers. Given a formula A(pi,po,...,pn), there is an n-array function f on
UP(W,R) such that f(ai,as,...,an) = {a € W|a Alar,as,...,a,)}. We say that this
function f is induced by the formula A. For example, the formula pVq induces the function
fla, B) = aUB. Then the domain D, is said to be full if the set D, is closed under any function
that is induced by a formula, and the Kripke model is said to be full if each D, is full. Note that
these definitions are informal; precise definitions are given in Section 5. A formula A is said to
be wvalid in the model if a = A for all a € W.

The completeness theorem is stated as follows: A formula is provable in SOPILg if and only
if it is valid in any full model. Moreover we have the constant domain case, like the first order
intuitionistic logic. The axiom schema Vz(AVB(z))—AVVxB(x) is called CD. Then we have
the completeness theorem: A formula is provable in SOPILg + CD if and only if it is valid in
any constant domain full model, where the model is said to be constant domain if D, = Dy, for
any a,b € W. These completeness theorems or similar results have been proved in the literature
[2, 3, 4, 5, 6, 7]. In this paper, we give alternative proofs of them using “sequent tree calculi’
(or, often called “nested sequent’; see e.g. [1] for the history of nested sequent calculi).

The above theorems show that the two sets J = {4 | A is valid in any full model} and
Jea = {A | Ais valid in any constant domain full model} are different; indeed, in Section 5, we
give a full model in which an instance

Va(p V (p—2)Va)) — (p v Va((p—2)V-r))
of the axiom CD is not valid. On the other hand, we show the following:
The sets J and Jeq coincide if the language does not contain the disjunction (V). (1)

One may doubt this result because, in SOPIL, disjunction can be represented by using other
symbols as
AVB = Vz((A—z)—(B—z)—);

and the lack of disjunction seems to have no influence on the provability and validity. The
following is the reason why the result depends on the existence of disjunction. The condition
“D, is closed under any function that is induced by a formula”, which is the definition of the
fullness, is weakened by the lack of disjunction, and disjunction-free formulas do not require
that D, is closed under U.

The structure of this paper is as follows. In Sections 2 and 3, we give the definitions of formu-
las and sequent calculi. In Section 4, we study the replacement of AV B by Vz((A—x)—(B—x)—x)
in detail. In Section 5, we give definitions of Kripke models; then the soundness of sequent cal-
culi are shown in Section 6. In Section 7, we introduce a sequent tree calculus for SOPILy,
and we prove its completeness. This argument is applied to SOPILg + CD in Section 8. So
far, roughly speaking, we show (i) if A is provable in the sequent calculus, then A is valid in
Kripke models (in Section 6); and (ii) if A is valid in Kripke models, then A is provable in
the sequent tree calculus (in Sections 7 and 8). Then the final piece to complete is (iii) if A is
provable in the sequent tree calculus, then A is provable in the sequent calculus. This is shown
in Section 9. Moreover, for disjunction-free case, we show a stronger result in Section 10: (iii™)
if A is provable in the disjunction-free sequent tree calculus for constant domain Kripke models,
then A is cul-free provable in the sequent calculus for SOPILg. This implies the above fact (1)
and the cut-elimination theorem for disjunction-free SOPILg. Finally, in Section 11, we give
precise statements of the main theorems of this paper; moreover, we make additional remarks
and give problems for future study.



2 Formulas

We fix two countably infinite sets PropPara (of propositional parameters) and PropVar (of
propositional variables) such that PropPara N PropVar = (). Both propositional parameters
and propositional variables are called propositional symbols. Then formulas are inductively
defined as follows.

Propositional symbols and L are formulas. If A and B are formulas and z is a
propositional variable, then (A—B), (AAB), (AVB), (VxA), and (3xA) are formulas.

Note that, for example, Vp(p—p) is not a formula if p is a propositional parameter (only proposi-
tional variables can be bound by quantifiers). Propositional parameters are denoted by p, ¢, . . .,
propositional variables are denoted by z, ¥, ..., and formulas are denoted by A, B,.... We con-
sider the logical operators — and < to be the abbreviations as follows. -4 = A—1, and
A—B = (A—B)A\(B—A). Parentheses are omitted by the convention that Vz, 3z and — bind
more strongly than binary operators; A and V bind more strongly than — and «»; and that
A1—Ay— - Ay is (A1—(As— - (Ap—1—Ay) - -+ )). For example, Ve A—BAC—D denotes the
formula (VzA)—((BAC)—D).

For a formula A, the set of free propositional variables in A and the set of propositional
parameters in A are denoted by FV(A) and PP(A) respectively. These are inductively defined
as follows.

FV(p) = 0 and PP(p) = {p} for p € PropPara. FV(z) = {z} and PP(z) = 0
for # € PropVar. FV(L) = PP(L) = 0. FV(Ao B) = FV(A) UFV(B) and
PP(A o B) = PP(A) UPP(B) for o € {—,A,V}. FV(VzA) = FV(A) — {z} and
PP(VzA) = PP(A) for V € {¥,3}.

We call a formula A is closed if FV(A) = 0.

If A and B are formulas and x is a propositional variable, then A[z:= B] denotes the formula
that is obtained from A by replacing all the free occurrences of x by B. This is inductively defined
as follows.

z[z:=B] = B. alx:=B] = aif a € PropParaUPropVar and a # z. L[z:=B] = L.
(Ay 0 Ay)[x:=B] = (Ai[x:=B]) o (Az[z:=B]) for o € {—,A,V}. (VzA)[z:=B] =
VzA for V € {V,3}. (VyA)[z:=B] = Vy(A[z:=B)), if y # 2 and V € {V, 3}

Note that if B is a closed formula, then this substitution does not cause undesired binding of
a free-variable in B (such as (Jy(zAy))[x:=-y]) and we do not need the renaming of bound
variables. This is the reason why we include propositional parameters in the definition of for-
mulas. Note also that A[x;:= Bj|[z2:=Ba] = Alra:= Bs][x1:=Bj] if By, B2 are closed formulas
and x1 # x2. This can be proved by induction on A, and we will tacitly use this fact.

3 Sequent calculi

If I" is a finite set of closed formulas and A is a closed formula, then the expression I' = A is called
a sequent. As usual, if I' = {By,Ba,..., By}, then I' = A is written as By, Ba,...,B, = A
instead of {By, B, ..., B,} = A.

LJ2 is a system which derives sequents. Note that all the formulas occurring below must be
closed since the definition of sequents. Axioms (initial sequents) of LJ2 are of the forms

A=A and L= A.

Inference rules of LJ2 are (cut), (weakening), (— left), ..., (3 right) as follows.



I'=A A A=B I'=A .
FA=B (cut) BT = A (weakening)

I'= A B’A:C(—Aft) A I'=B (= right)

A-BT,A=C ¢ = A-p ‘' "8

T rsc M) apragln)  LSAESE (kg
A,F;/; FB:,>FC:> ¢ (V left) % (V right) % (V right)
A[{j;f]]i i;(;c (V left)(T1) m (¥ right)(+2)
A[;;ﬂij;?c (3 left)(12) m (3 right)(11)

(t1) Proviso: B is a closed formula.
(t2) Proviso: p is a propositional parameter which does not occur in the lower
sequent.

As usual, the propositional parameter p in (V right)/(3 left) rules is called an eigenvariable.'
Note that the inference rules

A A I'=B
AT'=B

IN'A,B,A=C
I'B,A A= C

(contraction) (exchange)

are available because {4, A, I'} = {A,I'} and {I'A, B, A} ={I,B, A, A}.

We say that a formula A is provable in LJ2 (or, in another sequent calculus, say L) if the
sequent (= A) is provable in LJ2 (or, in L). We will use the symbol “+” to mean the provability;
that is, “L F I = A” means the fact that the sequent I" = A is provable in the sequent calculus
L. For example, Jz(x+ A) (full comprehension axiom) is provable in LJ2 for any closed formula

A A=A (—r1.) A=A (—r.)
= (A—A)N(A—A)

S (o AN As)) )

Sequent calculus LJ2CD is obtained from LJ2 by adding the “constant domain azxiom”
which is any sequent of the form

Vx(AVB) = AVWzB.

Note that = € FV(A) since AVVx B is a closed formula by the definition of sequent. The constant
domain axiom is not provable in LJ2; this will be shown in Section 6.
The following lemma will be used in Section 9.

Lemma 1 The following inference rules are derivable in LI2CD.

AWzxzB, ' = C
Vx(AVB), I = C

A—=VeB, ' = C
and Vz(A—B), [ = C

(V-V left)

(V— — ]eft)

where A, VxB, C and all the formulas in I" are closed formulas. ((V-— left) is derivable also in
LJ2.)

1p is not a propositional variable but a propositional parameter; however, we follow the convention.



Proof (V-V left)
(c.d.axiom)
Vz(AVB) = AVWzB AWzB,I' = C

Ve(AVB), I = C
(V-— left) Let p be a propositional parameter such that p ¢ PP(A, B).

(cut)

(axiom) (axiom)
A=A Blz:=p| = Blz:=p]

A—B[z:=p|, A = Blz:=p] (V(l—;l)
Vo(A—B), A = Blz:=p] (Vr.).

Vr(A—B),A = VzB (—r)
Ve(A—B) = A—VzB " A—VzB,I' = C
Ve(A=B), [ = C

(cut)

QED

4 Deleting disjunction

We say that a formula (or a sequent) is disjunction free if it contains no occurrence of V. Sequent
calculus LI24 is obtained from LJ2 by imposing the restriction that all the sequents occurring
in the proofs are disjunction free. Of course neither (V left) nor (V right) is available in LJ24F.

It is natural to expect that: (1) A disjunction free sequent I' = A is provable in LIJ24
whenever it is provable in LJ2. One may try to prove this by induction on the proof of I' = A.
However, such a simple induction does not work; for example, if (I' = A) = (VaB,I”" = A) is
inferred from (B[z:=C],I" = A) by (V left) rule and C contains V, then the induction hypothesis
does not work. In this section, we prove the above (}) using the fact that disjunction can be
expressed by universal quantification and implication (as mentioned in Section 1).

For a formula A, we define a set DF(A) of formulas as follows.

a) = {a} if a is a propositional symbol. DF(L) = {L}.
AVB) = {Vz((A'—z)—(B'—z)—z) | A € DF(A), B’ € DF(B), and z ¢
V(4

DF(
DF(
FV(A', BY)}.

DF(AO B)={A"oB'| A € DF(A) and B’ € DF(B)}, for o € {—,A}.
DF(VzA) = {VzA' | A’ € DF(A)}, for V € {V,3}.

The following properties are easily shown:

e DF(A) # 0.

All the elements in DF(A) are disjunction free formulas.

If A is disjunction free, then DF(A) = {A}.
o If A’ € DF(A), then FV(A’') = FV(A) and PP(4’) = PP(A).

We will tacitly use these. In the following, A% will denote any (or some) formula in DF(A), and
A+B will denotes any (or some) formula of the form Vz((A—z)—(B—x)—x) provided that
z ¢ FV(A, B). Roughly speaking, A% is a formula that is obtained from A by replacing each
PvQ@Q by P+Q.



Lemma 2 The following inference rules are derivable in LI24 (and in LI2).

AT=C BTI=C
AT oC () T aep (hrght) [yl (+ right)
Proof (+ left)
B, I'=C (axiom)
Ar=C () T=B=C1M c=c
I'=A-C V" (B—C)—C,I = C ‘

(A=C)—=(B—C)—C, = C (=1)

Vr((A—z)—(B—zx)—zx), I = C

(V1)

where x ¢ FV(A, B).

(+ right)
" (axiom) (axiom)
FZ: F];:p (=1) FB:>—>B Fi>:>p (=1)
b, P (weak.) P, P (weak.)
B—p, A=p, I'=p (—r) B—p, A=p, I' = p (o)

A—p, I' = (B—p)—p (—r) (—r)
I'= (A=p)—=(B—p)—p (’r) I'= (A—p)—(B—p)—p (V.r)
I' = Vz((A—z)—(B—x)—z) © I' = Vz((A—x)—(B—x)—z) ©

where x ¢ FV(A, B) and p ¢ PP(I', A, B). QED

A—p, I' = (B—p)—p

We say that a closed formula A is an atomic instance of a formula B if A = Blxj:=p;]
[x2:=pa] -+ [Tn:=pp] for some propositional variables z1,xs,...,x, and some propositional
parameters py, pa, ..., Pn. We define an equivalence relation < jo between formulas as follows.

A <132 B if and only if any atomic instance of A« B is provable in LJ2.

In other words, A <155 B means that LJ2 - A9 = Bf and LJ2 - B0 = A for any substitution
0 = [x1:=pi][r2:=p2] - [Tn:=pp]. Similarly an equivalence relation < j,ar is defined using
LJ24f instead of LJ2.

Lemma 3 If A’ € DF(A) and A” € DF(A), then A 152 A" and A’ < jpar A”.

Proof By induction on A, we prove (1) LJ2 - A0 = A9, (2) LI2 - A0 = A6, (3) LI2
A9 = A"0, and (4) LI24 - A" = A0, where FV(A) = {x1,72,...,2,}, 0 = [71:=p1]
[x2:=pa| -+ [xn:=py], and p1,p2, -+ ,p, are arbitrary propositional parameters. Here we show
a few cases.

If A= BVC, then A’ = B'+C" and A” = B"+C" for some B, B” € DF(B) and C",C" €
DF(C). Then (3) is shown as follows.
(i.h.) (i.h.)
B'6 = B"9 C'd=C"0
.)(Lem.2

5= 56+ c7g ) G S ¢ o
B0+ C'0= B"60 + C"0

Note that B'0+C'0 = (B'+C")0 because B'+C’ = Vy((B'—y)—(C'—y)—y) and y & {z1,22,...,2,}
If A=VyB, then A’ =VyB’ for some B’ € DF(B). Then (1) is shown as follows.

(i.h.)
Bb[y:=p] = B'0[y:=p]
Vy(BO) = B'0[y:=p]
Vy(Bo) = Vy(B'6)

(4r.)(Lem.2)
(+1.)(Lem.2)

(VL)
(Vr.)




where p is a fresh propositional parameter. Note that Vy(B0) = (VYyB)60 because y & {z1,22,...,Zn}.
QED

Lemma 4 If A € DF(B[z:=C]) and C is a closed formula, then there are formulas B €
DF(B) and C% € DF(C) such that A < jpar B [z:=C4].

Proof By induction on B.

(Case 1: B = z) Define BY = ¢ and ¢ = A.

(Case 2: B is a propositional symbol other than x, or B = L) Define BY = A = B.

(Case 3: B = B1VBy) Assume A € DF((B1VBs)[x:=C]) = DF(By[z:=C|VBy[z:=C]).
By the definition of DF(), A = Vy((D1—y)—(D2—y)—y) for some D;, Da, and y such that
D, € DF(By[z:=C]), D2 € DF(Bz[z:=C]), and y € FV(D;, D2). Then, by the induction
hypotheses, there are formulas B?f € DF(By), Ciif € DF(CO), Bgf € DF(By), Céif € DF(C), such
that

Dy &y ypar By'[z:=C'] (2)
and
Dy 1,304t BQdf[l'::Cgf]. (3)

On the other hand, by Lemma 3, we have C{f < j,ac C$f and therefore BSt[z:=C{] & jar
B3 [z:=Cg!]; this and (3) imply

Dy &, ggur B'[w:=Cf']. (4)

Now let z be a fresh propositional variable and define BY = Vz((B{f —2)—(B3f—2)—z). We
have

A =Vy(D1—y)—(D2—y)—y)
S, 70df Vz((D1—2)—=(D2—z2)—2)

Sy V2 (B [o:= O] 2)— (BY [o:= (| = 2)—2) (- (2) and (4))
= (V2((Bff —2)—(BS —2)—2)) [:=C{]
— Bdf[x::C?f].

(Case4: B = BjoByand o € {—,A}) Assume A € DF((B;1 0 By)[z:=C]) = DF(Bi[z:=C]o
Bo[z:=C]). By the definition of DF(), A = D o Dy for some D;, Dy, and y such that D; €
DF(B;[z:=C]) and Dy € DF(Bsz[z:=C]). Then, by the induction hypotheses, there are formulas
B{f € DF(By), Cff € DF(C), BYf € DF(Bs), CSf € DF(C), such that

D1 & yqat B{f[z:=C!] (5)
and

Dy < joar B[z .= (6)
and we have

Dy & ypu By'[z:=C1] (7)
by the similar argument to (4). Then define BY = B{f o Bf; we have

A:D10D2



Syt B zi= O 0 B z:= O (. (5) and (7))

= BY[z:=C).
(Case 5: B = VyB; and V € {V,3}) If y = , then define B¥ = A. In the following, we
assume y # x and A € DF((VyB)[z:=C]) = DF(Vy(Bi[z:=C])). By the definition of DF(),

A = VyD for some D such that D € DF(B;[z:=C]). Then, by the induction hypothesis, there
are formulas B{f € DF(B;) and C% € DF(C) such that

D <1,J0df Bff[x::Cdf]. (8)
Then define BY = VyB{f; we have

A=VyD
&1 gpar Vy(BI [z:= ) ¢ (8))
= B [g:= ).

QED

Lemma 5 If LI2 - Ay, Ao, ..., A, = Ay, then LI2 A‘llf,Agf,...,Agf = Agf, for some
A A A such that AN € DF(4;).

Proof By induction on the proof of Ay, Ao, ..., A, = Ag in LJ2. Here we show a few cases.
Suppose that A1 = BVC and that the last inference rule is

B, As,..., A, = Ay C,As, ..., A, = Ay
BVC, As,..., A, = Ap.

(V left)

Then we have

(ih.)
At AL o Adl
(i.h.) D (%)
B A LAY = Ad o Adt Al o Al

(+ left) by Lemma 2
B+ AF AT S AT

where (x) is obtained by the fact A < oar A?f/ (Lemma 3) and the cut rule.
Suppose that A1 = VxB and that the last inference rule is

B[l‘Z:C},AQ,...,An = AO

ViB Ay A, = Ag. (7 left)
Then we have
(i.h.)
(Bla=C)" AT, A= A
Ba=CT Af A= A
e B AT AT o Al °ft)
where (*) is obtained by Lemma 4 and the cut rule. QED

Note that if both A" and A” are elements of DF(A), then they are a-equivalent (that is, A”
is obtained from A’ by renaming bound variables), and A" < jpar A” (Lemma 3). Hence, from
now on, we will identify A’ with A”; in other words, given A, we consider A% to be a unique
formula. For example, the statement of Lemma 5 can be simplified as follows: If LI2 - ' = A,
then LI24 - 14 = AY where 'Y = {44 | A € I'}.



Theorem 6 For any sequent I' = A, the following three conditions are equivalent.
(1) LI2+T = A.

(2) LI2F Y = Adf,

(3) LJ2d |- rdf = Adf,

Proof (1 = 3) is implied by Lemma 5. (3 = 2) is trivial. (2 = 1) is implied by Lemma 3.
QED

Corollary 7 For any disjunction free sequent I' = A, the following two conditions are equiva-
lent.

(1) LI2+ I = A.

(2) LI2¢ -1 = A.

5 Kripke model

If W, R) is a partially ordered set, then UP(W, R) denotes the set of R-upward closed subsets
of W; that is

UPOW,R) ={a CW |Va,be W[if a € a and aRbD, then b € a.]}

We define a Kripke model (for second order propositional intuitionistic logic) to be a tuple
M= W,R,D,I) as follows.

e W is a non-empty set (of “worlds”).
e R is a partial order (“accessibility relation”) on W.

e D = {D, | a € W} where each D, is a non-empty subset of UP(W,R) satisfying the
condition: aRb = D, C Dy. (D, is the domain of quantification at the world a).

e 7 ={Z, | p € PropPara} where each 7, is an element of UP(W,R). (Z, is the “interpre-
tation” of the propositional parameter p.)

M is said to be constant domain if D, = D, for all a,b € W.

Given a Kripke model M = (W, R,D,Z), we extend the language by adding “propositional
constant” @ for each & € UP(W,R). We call @ the name of a, and define Name(W,R) =
{a| a € UP(W,R)}. The definition of formulas (Section 2) are extended by the clause: “Each
name « is a formula.” We call a formula of this extended language an “M-formula”; in other
words, an M-formula is a formula in which names of elements of UP(W,R) can be used like
propositional symbols.

For a Kripke model M = (W, R,D,Z), a € M, and a closed M-formula A, the rela-
tion M,a}=A (“A holds at a world a in M”) is defined inductively as follows (“M” is often
omitted).

al=p < a€l,, for pe PropPara.
aFEa < ac€aq, forae Name(W,R).

al~E L.
aEA—B <= [(b}E A) or (b= B)] for all b such that aRb.



a = ANB < (a = A) and (a = B).
aEAVB < (al= A)or (a = B).
a EVrA < b Alxz:=q] for all b such that aRb and all a € Dy.
a=3rA < a = AJlz:=a] for some o € D,.
We define [A] aq, which is a subset of W, by
[Alm ={aeW | M,a = A}.
The following equations are easily verified by the definition.
[Plm = Zp. [@]m = a. [L]m = 0.
[ANByt = [Alu 0 [Blw. [AVBLy = [A]u U [Blu.
Lemma 8 If M = W, R,D,I) is a Kripke model, then [Ajp € UP(M,R) for any closed
M-formula A.

Proof By induction on the complexity (i.e., the number of occurrences of —, A, V, V, and
J) of A, we show the following: If a = A and aRb, then b = A. Note that the condition
“aRb = D, C Dy’ is used in the case that A = JdxB. QED

From now on, M always denotes a Kripke model (W, R, D,T).
We say that a closed M-formula A is interpretable at a world a if the following two conditions
hold for all p € PropPara and all @ € Name(W, R):

If p occurs in A, then 7,, € D,. If @ occurs in A, then a € D,.

M is said to be full if the following condition holds for any closed M-formula A and any world
a€W.

(t) If A is interpretable at a, then [A]rq € D,.

If M is full, then each domain D, contains () (*." take L as A in (1)), and D, is closed under N
and U (. take @aAB and @V as A in (1)).

On the other hand, M is said to be df-full if the condition (}) holds for any disjunction free
closed M-formula A and any world a. Any full model is df-full; on the other hand, the converse
is not true in general because a domain D, might not be closed under U in a df-full model.

(Remark) The term “full” is due to Sgrensen and Urzyczyn [7]. However the definition is
slightly different. M is said to be full in the sense of Sorensen and Urzyczyn if the following
condition holds for any closed M-formula A and any world a € W.

If A is interpretable at a, then there is an element a € D, such that [A],r and «
coincide above a; that is, {a’ | ' € [AJpm and aRd’'} = {d’ | ' € @ and aRa'}.

Our definition of “full” is stronger and simpler than this.
(Example) Let o = {a,b,c}, B = {b,c}, v = {c}. We define a Kripke model M = (W, R,D,T)

as follows: W = {a,b,c}. aRbRc. D, = {«, 3,0}. Dy = D, = {a, 5,7,0}. We can easily verify
that this is a full Kripke model. Now consider two M-formulas L and R as

L=Vz(BV ((B—z)v-z)), R=pV Va((f—z)V-z),

which are instances of, respectively, the leﬁt-hand and right-hand sides 0£ the constant domain
axiom of LJ2CD. Then, a = L (" a = f—a,a  f—f,a = -0,b |= B,c |= f), and a £ R
(- alfB,bE B—7,b ).
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6 Soundness of sequent calculi

Lemma 9 Let M = W,R,D,Z) be a Kripke model, x be a propositional variable, A be an
M-formula such that FV(A) C {x}, and B,C be closed M-formulas. If [B]p = [C]m, then
[Alz:=B]]pm = [Alz:=C)]am.

Proof By induction on the complexity of A. QED

Lemma 10 Suppose that two Kripke models M = W, R,D,I) and M' = W, R,D,I') have
(W, R,D) in common.

(1) Let A be a closed M-formula (and also a closed M'-formula). If T, = T, for all p € PP(A),

(2) If M is full, then so is M'.

Proof (1) By induction on the complexity of A.

(2) Assume that M’ is not full; that is, there are a closed M’-formula A and a world a € W
such that A is interpretable at a in M’ and [A]rr & Do. Let A° be a formula obtained from
A by replacing each p; € PP(A) with the name Z/. A° is a closed M-formula (for I is also
a name in M), and we have [A°|pm = [A°]amr = [AJmr by Lemma 10(1) and Lemma 9. This
implies that M is not full, because A° is interpretable at a and [A°]rq & D,. QED

We say that a sequent Bj, Bs,..., B, = A is valid in a Kripke model M = (W, R,D,Z) if
the following condition holds for any world a € W:

If By, Bs,...,B, and A are interpretable at a and if M,a = By, M,a |= Bo, ...,
and M, a | B,, then M,a E A.

Moreover, a closed formula A is said to be valid in M if the following condition holds for any
world a:

If A is interpretable at a, then M, a = A.

In other words, a formula A is valid if and only if the sequent = A is valid.

Theorem 11 (Soundness of LJ2) If LJ2 + I' = A, then this sequent is valid in any full
Kripke model.

Proof By induction on the proof of I"' = A in LJ2. This theorem is trivial when I' = A is an
axiom A = Aor L = A.

Then we show that the property “valid in any full Kripke model” is preserved through any in-
ference rule R. To show this, we introduce a condition (©) for a sequent, say By, Ba, ..., B, = A,
as follows.

(V) There is a full Kripke model M = (W,R,D,Z) and a world a € W such
that Bi, Ba,...,B, and A are interpretable at a, M,a = By, M,a = Ba, ...,
M,a = By, and M, a [~ A.

This is the negation of the property in question. Now we will show the following: If the conclusion
of R satisfies the condition (©), then so does one of the premises of R.
(Case 1) R = (cut):
A=C CII=A
Al = A

(cut)

11



(Subcase 1-1: C is interpretable at a.) If M,a | C, then the right premise (C,II = A)
satisfies the condition (©); otherwise the left premise does.

(Subcase 1-2: C' is not interpretable at a.) In this case, some propositional parameters,
say qi, 4o, - --,qx, violate the interpretability of C. Then we modify the Kripke model M by

replacing the interpretation of ¢1,qo,...,qx to 0 (or, to another element in D,). That is, we
define M" = (W, R, D,Z') where

I/ _ Ip 1fp¢{QhQ277Qk}
P00 ifpe{a.g.- .. a)

This M’ is full (by Lemma 10(2)) and all the formulas in (A, IT, A, C) are interpretable at a.
Moreover, by Lemma 10(1), we have [F]r¢ = [F]am for all F in (I',II, A) since ¢; ¢ PP(F).
Then, similarly to the subcase 1-1, either the left premise or the right premise satisfies the
condition (Q).
(Case 2) R = (V left):
Blz:=Cl,A= A
VB, A= A

(Subcase 2-1: C' is interpretable at a.) Since M is full, there is v € D, such that [CIam = 7.
Then we have M,a = VaB (" (V) of VaB, A = A), M,a | Blx:=7| (. definition of Kripke
model), and M, a |= Blz:=C] (. Lemma 9), which implies (©) for Blz:=C|], A = A.

(Subcase 2-2: C' is not interpretable at a.) Similarly to subcase 1-2, we modify M by
replacing the interpretation of propositional parameters in C' that violate the interpretability.
Then, similarly to subcase 2-1, we get the condition (V) for Blx:=C], A = A.

(Case 3) R = (V right):

(¥ left)

I' = Alz:=p]
I' = Vz A
By the condition (V) of I' = Vz A’, we have M, a [~ VxA’; therefore there are b € W and o € D,
such that aRb and M,b & A'[z:=a] (note that M, b |= I'). We modify M by replacing the
interpretation of p to a. The resulting model, called M’, is full and we have M’ b = I" and
M b = Allx:=p] by Lemmas 9 and 10. This is the condition (V) of I' = A'[x:=p].
The other cases are similar. QED

(V right)

Recall that LJ2f is the system in which all the sequents are disjunction free. The above
proof holds for LJ2% and df-full models (note that, in case 2, the formula C is disjunction free).
Therefore we have the following;:

Theorem 12 (Soundness of LI2%) If LI2 - I = A, then this sequent is valid in any df-
full Kripke model.

By Theorem 11, we can show that LJ2CD is strictly stronger than LJ2:
Theorem 13 LJ2 does not prove the constant domain axiom Vz(AVB) = AVVxB in general.

Proof We have
LI2 ' Vz(pV((p—x)V—z) = pVWa((p—z)V)

by the example in the previous section and Theorem 11. QED

On the other hand, we can easily verify that the constant domain axiom is valid in any
constant domain Kripke model, and the proof of Lemma 11 is available for constant domain
Kripke models. Then we have:

Theorem 14 (Soundness of LJ2CD) IfLJ2CD + I' = A, then this sequent is valid in any
constant domain full Kripke model.

12
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Figure 1: Label tree
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Figure 2: Sequent tree

{p,q,r, s}

7 Sequent tree calculus

In this section, we introduce a “sequent tree calculus”, and prove its completeness.

If ny,na, ..., ng are natural numbers, then the finite sequence (n1,na, ..., ng) is called a label.
In the following, () denotes a label. We define a partial order < between labels by (m) < (1)
if and only if (m) is a prefix of (7)), that is, (@) = (M, a1, aq,...,ax) for some k > 0 and some
ai, ag,..., a. We say that a (finite or infinite) set T' of labels is a label tree if T contains the
empty label () and if T is closed under prefix, that is, if (n) < (@) € T, then (m) € T. For
example, {(), (1),(2),(2,1),(2,2)} is a label tree, where () is the root node, nodes (1) and (2)
are the children of the root node, and nodes (2, 1) and (2, 2) are the children of (2), as illustrated
in Figure 1.

If I' is a set of closed formulas and A is a non-empty set of closed formulas, then the
expression I' = A is called a c-sequent (I" and A may be infinite sets). A sequent tree is a
label tree each node of which is associated with a pair of a c-sequent and a set of propositional
parameters. By a “finite sequent tree”, we mean a sequent tree whose label tree is a finite set
and all the c-sequents and the sets of propositional parameters are finite.

Figure 2 is an example of finite sequent tree, in which the root is associated with the c-
sequent (p, ¢ = —p, —q) and the set {p, ¢}, and the inner node (2) is associated with the c-sequent
(r—p = q) and the set {p,q,7}.

A labelled formula is an expression

(f): A
where (77) is a label and A is a formula. In the following, I', A, ... will denote (finite or infinite)
sets of labelled formulas. Using labelled formulas, we will write any sequent tree in compact
form as

r¥a
where T is its label tree, f is a function from T to P(PropPara) such that f((7)) is the
set of propositional parameters that is associated with the node (i), and I and A are sets of
labelled formulas such that ((77):A) € I' (or A) if and only if the formula A is in the left (or
right, respectively) part of the c-sequent that is associated with the node (7). For example, the
sequent tree of Figure 2 is written as

O:ipy (g, (2)ir—p, (2,1):i7mg 2 0w, Oimg, (1):=op, (2):0, (2,1):pAg, (2,2):5Vp
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where T' = {(), (1), (2),(2,1),(2,2)}, f(() = f((1)) ={p,a}, f({2)) = f({2,1)) = {p,q,7}, and
f((2,2)) ={p,q,7 s}

We say that a sequent tree I' 2! A is legal if is satisfies the following two conditions. (1) If
((): A) € I' U A, then PP(A) C f((#)); in other words, f((7)) denotes the set of propositional
parameters that can be used in the formulas in the node (77). (2) If (m) < (i), then f((m)) C
f((7)); therefore, available propositional parameters are inherited (sometimes new elements are
added) by the children of the node. All the sequent tree that we treat are legal; so we will use
the term “sequent tree” to mean “legal sequent tree” from now on.

We introduce a system TLJ2, which derives finite sequent trees. Axioms of TLJ2 are finite
sequent trees of the forms

@A, T A @:A  and (@)L I A (@):A

Inference rules of TLJ2 are the following eleven ((heredity), (A left), ..., (3 right)). Note that
the cut rule is not there. In those rules, (1) is called the operated node.

- T.f
A, T A
(a):4, I = (heredity) (1)
i@):A, I'5 A

(1) Proviso: PP(A) C f((7)) (therefore the lower sequent tree is legal).

rYa @m.a @B r¥a @ay:A, T A (ii,6):B
(— left)

(@):A-B, I & A r&a @w.Aa-B

(— right)(12)

(12) Proviso: (7i,a) is a leaf of T, the c-sequent associated with (7, a) is just
(A = B) (this node has no other formula than A, B), T = T*\{(7,a)}, fT ({77, a)) =
fr((A)), and f = f* |7

— - T.f T.f - -
tA B, ' A I'=A tA I'=A
TN P Xl @B
(M)y:AANB, I' = A I = A, (i):A\B
@A, ITE A @B A rYa, @A @B |
v, (V left) T (V right)
(My:AVB, I' = A = A, (i):AVB
" T.f Tt =
ny:Alz:=B], I’ = A I = A (n,a):Alx:=p .
() : A ] 7 (V left)(13) 7 (7 a): A ](V right)(14)
(@) :ved, T2 A rY A (i):vea

(13) Proviso: B is a closed formula.

(t4) Proviso: p is a propositional parameter (called eigenvariable) which does not
occur in the lower sequent tree, (77, a) is a leaf of TF, the c-sequent associated with
(7, a) +iS just (= Alz=p]), T =TT\ {{(i,a)}, f*((7,a)) = f7({7i)) U {p}, and
f=7"1Ir

AT T.f* T.f N Al
(1) : Alz:=p], FTf:> A (3 1eft) (+5) r :>TAf, (riy: Alx:= B (3 right)(16)
(f)y:3zA, I' = A I'= A, (i):3zA
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(t5) Proviso: p is a propositional parameter (called eigenvariable) which does not
occur in the lower sequent tree, and fT and f satisfy the following equation.

f((m))u{p} if (m) is equal to or a descendant of (i),
f(m)) otherwise.

Fr(m)) = {

(16) B is a closed formula.

For example, if we apply the rules (— right), (V right), (V left), and (3 left) to the sequent
tree of Figure 2 (in which the operated node is (2)), the resulting sequent trees are Figures 3,
4, 5, and 6, respectively.

We say that a sequent tree I" g A contains a sequent tree I T/:’J , A, denoted by “(I" T:f A)D
(= Ay or (T2 Ay ¢ (0B A)7 it the following conditions hold: T 2 T7, I' D I,
A D A and f((ri)) D f'((7i)) for all (@) € T'. Especially we say that I’ L A contains o TLI2-
aziom if it contains ((77): A, I = ():A) or ((@): L, I" = (f): A) for some 7, A, I,
A, T, and f'. Note that I L A does not contain TLJI2-axioms if and only if the following
two conditions hold for any label (7)) € T' and any closed formula A: (1) ((7): A € A) implies
(my:A¢ ). (2)(A): LT

We say that a sequent tree I’ LY Ais saturated if it satisfies all the conditions (heredity), (—
left), ..., (3 right) below, where (i) is an arbitrary label, A, B are arbitrary closed formulas, x is
an arbitrary propositional variable, and A’ is an arbitrary formula that satisfies FV(A’) C {z}.

(heredity) If (7i): A € I', then (i,a): A € I' for any child (77, a) of (77) in T
(— left) If (7): A—>B € I', then (): A€ Aor (f):BeI.

(— right) If (i7): A—»B € A, then there is a child (7, a) of (i) such that (fi,a): A € I" and
(fi,a):B € A.

(A left) If (i): ANB € I, then (7): A€ I' and (fi): B € I'.
(A right) If (7): AAB € A, then (f): A € A or (f): B € A.
(V left) If (7): AVB € I, then (i): A € " or (i):B € I'.

(V right) If (7): AVB € A, then (7): A € A and (7i): B € A.

(1)
(V left) If (77):Vz A’ € I' and PP(B) C f((#)), then (): A'[x:=B] € I.

(V right) If (1) :Vz A’ € A, then there are a child (7, a) of (7i) and a closed formula C' such
that PP(C) C f((7i,a)) and (7i,a): A'[lx:=C] € A.

)
(3 left) If (77) : zA’ € I', then there is a closed formula C' such that PP(C) C f((7)) and
(ny:A'lz:=C] e I.

(3 right) If (ri): 32 A’ € A and PP(B) C f({(fi)), then (7i): A’[z:=B] € A.

Lemma 15 Let I” g A be a finite sequent tree. If TLI2 / I” T:J A, then there is a sequent

+ ot
tree I'T T:’>f AT which is saturated, contains I’ :2; A, and does not contain TLJ2-axioms.
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2,2)1 = 5VP [ 4p q.r, s}
=Pl @lor=e @] g g gy
oLPa= ], o

Figure 3: A conclusion of (— right) for Fig.2.

(2,1) 079 = PRty g,
=P lpg @ lor=a Ve g g
oLPa= e, o

Figure 4: A conclusion of (V right) for Fig.2.

{p,q,r s}

Figure 5: A conclusion of (V left) for Fig.2.

{p.q,s}

) {p.q}
Figure 6: A consequence of (3 left) for Fig.2.
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Proof A tuple ((17), A, B,z, A") is called a seed if (i) is a label, A and B are closed formulas, x
is a propositional variable, and A’ is a formula satisfying FV(A’) C {z}. Let SEED be the set
of all seeds. Since SEED is a countable set, there is an infinite sequence

((n1), A1, By, z1, A), ((n3), Ao, Ba, 2, A5), ..., (i), Ai, By, @i, A}),

of seeds such that any seed occurs infinitely often in this sequence; in other words, for any
seed ((11), A, B,x, A’) and any natural number i, there is a natural number j > i such that

(), Aj, B, j, Af) = <<*> A, B,z A’>

Suppose TLJ2 I/ F A where F A is a finite sequent tree. Then we construct an infinite

sequence (I Toufo =" Ay), (I n Ayp), ... of finite sequent trees by the following procedure.

(Step i + 1)
Sj ,g
J ’ = 2

Suppose that I; = “fz A; is already defined. Then we define eleven finite sequent trees I1;
for j =1,2,...,11 successively by the procedure below; and finally we define

Tit1.fs S
(L 727 Ap) = (I 78" 2.
(1) for (heredity)

Tifi -
I; = Az if i A Fz,
(<7”Z;,a1>:Ai, <7i;,a2>:Ai, ...,<77T%,ak>:Ai, Fz “ ZA) if <ﬁ> Al EFi,
where {(n;,a1), (ni,a2), ..., (n;,ar)} is the set of all the children of (1) in T;.

(2) for (— left)

(I " ) if (7)) Ai—B; ¢ 114,

(I °S" 2, (): Ai) if (15): Ai—Bi € IT and
TLI2 Y (I, 5" 54, (): Ay,

({ni):B;, I 4 Y1) otherwise.

(IT, *22 5,) if (77): A= B; & s,
+
(7 a): A, T 8% 5, (5 a): By if (3): A B; € S,
where Sy = Sy U {(ni,a)} for some fresh number a, and
. g2((n3)) if (M) = (nj, a),
5 (M) = {

= g2({m)) otherwise.

(4) for (A left)



(5) for (A right)

24) if <’er> : A;A\B; g 2y,
:’g4 Xy, <ﬁ;> Az) if <7i;> :A;AB; € Xy and
TLI2 Y (11, " 24, (1) Ay,
(114 54:’5(]4 Xy, (n;):B;) otherwise.
(6) for (V left) Symmetric form of (5).
(7) for (Vv right) Symmetric form of (4).
(8) for (V left)

(11, S 5y _ | ) if (1) Vi A} ¢ IT7 or PP(By) £ gr((m3)),
(53): Ay = By), ITy "2 57) it () :Va; AL € ITy and PP(B;) C g7((1T})).

(9) for (V right)

S8.98 i 7
IIg "% 34 if (n;):Va, AL & X,
(1T 5 5,) = ( Sw ) (1) ¢ X
(s =" s, (7, a): Aflwi=p]) if (1) :Va; Al € Sg,

where p is a fresh propositional parameter, Sy = Ss U {(n;,a)} for some fresh number a,

and
Ty = 4 98 Udpy  if (M) = (7, a),
gs () {gg(( 7)) otherwise.

(10) for (3 left)
S . —
(Hlo Slg]m 210) N (HQ 92}99 29) if <nz> E|$1A; ¢ 11y,
= +
() : Af[zi:=p], IIg g o) if (ni): 3z A; € 1y,

where p is a fresh propositional parameter and

go((ny)) U{p} if (M) is equal to or a descendant of (n;),

7;
((m)) otherwise.

g9 ((11)) = {
99

(11) for (3 right) Symmetric form of (8).

Now we define the required sequent tree by

T Ay = o 4,

ieN
In other words, I't = {({(7i) : A) | (Fi € N)(((7) : A) € I})}, TT = {(A) | (Fi € N)((n) €
T}, fH(i) = {p | (3i € N)(p € fi((7i))}, and AT = {((ﬁ tA) | (e N)(({7) - A) €
A;)}. By the definition of the above procedure, we have (H1 Lt Y1) C (112 S2:’§72 X9) C -
(I P59 11), and therefore (I' = A) = (I, "2 Ay c (™ Ay ¢ c (™ Ay ¢

- . Moreover the TLJ2-unprovability is preserved throughout the procedure; that is, “TLJ2 t/

18



Sit+1,9i .
(11; gt 3, ;)" implies “TLJ2 I/ (11 1+1 LIy ) for i =1,2,...,10, and therefore we have

TLI2 1/ (Ip "2 Ag), TLI2 v (I ™S Ay, ..., TLI2 1/ (I "2 T“f’ A;), .... Using these facts,
T+ f+

we can show that I'" :’g AT is saturated, contains I’ T:g A, and does not contain TLJ2-

axioms. QED

+ p+

In the following, we fix a sequent tree I'" T:g AT which is saturated and does not contain

TLJ2-axioms. For each closed formula A, we define Left(A) and Right(A), which are subsets
of T, as follows.

Left(4) = {() € T \<>A€F+}
Right(4) = {(7i) € T+ | (ii): A ¢ A*}.

We say that s subset « of T is approzimated by A if the following two conditions hold.
(1) « € UP(TT, X).
(2) Left(A) C o C Right(A).
Note that the second condition is equivalent to
V(7)) € T*)[((m:A €l = (i) €a)and ((i):Ac AT = (71) ¢ oz)]. 9)

Lemma 16 For any closed formula A, we have Left(A) C Right(A), and Left(A) is approxi-
mated by A.

+
Proof By the fact that I'" T2 A+ does not contain TLJ2-axioms and the condition (hered-
+ p+
ity) of saturatedness of I'" T A QED

+
Using I't " =/ A*, we define a Kripke model M+ = (W, R, D, T) as follows.

W = T,

R ==

Dy = {a C T | there is a closed formula A such that PP(A) C f*((A)) and a is
approximated by A }.

7, = Left(p), for p € PropPara.

We can easily verify that M™ is indeed a Kripke model: W is not empty because it contains ();
R is reflexive and transitive; D((fi)) is not empty because it contains () ( () is approximated by
the formula L); if ()R (n’) then D((7i)) C D((n')) (.- fH (7)) C fT((n'))); and T, = Left(p) €
UP(T™*, %) (cf. Lemma 16).

Lemma 17 Let M™ be the Kripke model defined above, A be a formula, x1,xs, ..., T be mu-
tually distinct propositional variables such that FV(A) C {x1,x9,..., 2}, X1, Xo,..., Xi be
closed formulas, and ai,qse,...,a be elements of UP(TT,=). If o; is approzimated by X;
for any i, then [A[z :=aq][ze :==a3] - - [z = ak| s+ is approzimated by the closed formula
Alzy:=X1][ze:=Xo] -+ - [xg 1= X].

Proof We write [f] and [6] to denote respectively the successive substitutions “[z1:=a7][r2:=
g [xp=0g)” and “[x1:=X1|[z2:=Xo] - - [z :=X}]”. We prove

((ﬁ) CAlf] € T = M* () |= A[é]) and ((ﬁ> LAl] € AT = M*, (7)1~ A[@])
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(cf. the condition (9)) for any (i7) € T, any [f], and any [f]. The proof is done by induction
on the complexity of A.

(Case 1: A = p € PropPara) In this case, A[f] = A[f] = p, and [p]+ (= Left(p)) is
approximated by p (" Lemma 16).

(Case 2: A = x;) Trivial, because «; is approximated by Xj.

(Case 3: A= 1) Trivial, because I'" T+:’g+ AT does not contain TLJ2-axioms.

In the following, (heredity), (— left), ..., (3 right) will mean those conditions of saturated-
ness of I'" TJr:’ng AT,

(Case 4: A= B—C(C)

(f):(B—C)fl e I't = <77_’2>(B[9])—>(C'[0]) € I't, for any (m) such that (7)R(m)
("." heredity)
= (m):B[f] € AT or (m):C[#] € I'", for any (m) such that
(MYR(m) (- — left)
— (ﬁi> K= B[0] or (m) = C6], for any (m) such that (7)R(m)
(" ind.hyp.)
— () |- (B—C)[]
(i) : (B—C)[f] € AT = (@,a):Blf] € I't and (77, a):C[f] € A*, for some child (i, a)
of (i) (.~ — right)
= (ii,a) = B[] and (7,a) = C[0)], for some (i, a) such that
(MYR(7,a) (. ind.hyp.)
= (7)) F (B=C)[0]
(Case 5: A= BAC)
():(BAC)[0] € 't = (i@): B[] € I'" and (7):C[0] € I'" (.- A left)
= (i) = B[f] and (i7) = C[A] (.- ind.hyp.)
= (7i) = (BAC)[0].

(@) :(BAO)[0] € AY = (i@):B[6] € A* or (7):C[0] € AT (.* A right)
= () £ Blf] or (@) = C[f] (. ind.hyp.)
— (@) I (BAC)[A).

(Case 6: A = BVC) Similar to Case 5.

In the following, we assume that « # x; for all i. (The proof for the case of x = x; is similar.)

(Case 7: A =VxB)

(f):(VaB)[#] € I'" (@) :Vz(B[f)) € I'"

if (7)R(m), then (m):Vz(B[f]) € I'", for any node (1), ("
heredity)

if (7YR(m) and PP(C) C f*((m)), then (m): B[f][z:=C] €
I't, for any node (m) and any closed formula C' (.- V left)
if ()R () and v € Dz, then there exists a closed formula
C such that v is approximated by C, PP(C) C fT((m)),
and (m):B[f][x:=C] € I'", for any node (m) and any set
(. definition of D)

R
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I

if (7)R(m) and v € Dy, then (m) |= B[f][z:=7], for any
node (m) and any set vy (. ind.hyp.)

= {ii) = Va(B[0])
= (@) = (VzB)[0).
(t):(VaB)[f] € AT = (@):Va(B[]) € AT
= (f,a): B[f][z:=C] € AT for some child (7, > of (1) a
some closed formula C such that PP(C) C f*((7,a)) (
right)
= (i1, a) j= B[f][x:=Left(C)] (.- Lemma 16 and ind.hyp.)
— <ﬁ> b’é VHT(B[ ]) ( Left(C) S D<ﬁ’a>)
= (7i) £ (V2B)[0)].
(Case 8: A= 3zB)
(y:(3xB)P] e I't = (i):Fx(B[P]) € I'"
= (f):B[f][z:=C] € I'" for some closed formula C' such that
PP(C) C £ () (- 3 left)
— (Ai) = B[f)[x:=Left(C)] (. Lemma 16 and ind.hyp.)
— () = 3z(B0)) (. Left(C) € Dyay)
= (i) = (F=B)[0].

):(3uB)[0] € A*

St

( (@) : 3x(B[0]) € A*

it PP(C) C fT((n)), then (i) : B]f][x:=C] € A", for any
closed formula C' (-.- 3 right)

if v € D, then there exists a closed formula C' such
that ~ is approximated by C, PP(C) C f*((ii)), and
(i) : B[f][z:=C] € AT, for any set v (. definition of Dyz)

if v € Dy, then (@) [~ Bf][x := 7], for any set v (-
ind.hyp.)

(i) = J=(B[0))
(7i) = (32B)(0].

L

I

Il

QED

Theorem 18 The above Kripke model M™ is full.

Proof Take an arbitrary closed MT-formula A and an arbitrary node (i) € W. Assume that
A is interpretable at (7). Our goal is to show [A] v+ € D).

Let B1, B2, . .., Bm be all the names in A and p1, pa, . .., pi; be all the propositional parameters
in A. Using fresh propositional variables zi,xs,..., 2z, and y1,9s,...,Yr, we define a closed
formula Ay by replacing each occurrences of 3; and p; respectively with z; and y;. As a result,
Ay contains no propositional parameters, and

A = Ao[wy:=01][x2:=02) - - [Tm =LBmlly1 :=p1]ly2:=p2] - - [y :==pu]- (10)

21



Now we have ; € D for all i and [p;Ja+ € Dy for all j, by the assumption (A is inter-
pretable at (77)). Therefore, by the definition of D, there are closed formulas By, By, ..., B, and
C1,Ca, ..., Cy such that PP(B;) C f*((n)), §; is approximated by B;, PP(C;) C f*((i7)), and
[pjlam+ is approximated by Cj, for all 4, j. Then, by Lemma 17, the set

[ Aol =Bullwa:=Ba) - [ =Bl := i Tvae 2= Tl )l =Tl (1)

is approximated by the closed formula
Aolz1:=B1][w2:=Ba] - - [y = By [y1 :=C1][y2:=Co] - - - [y := CkJ. (12)

By (10) and Lemma 9, the set (11) is equal to [A]a+. On the other hand, the formula (12)
consists of the only propositional parameters in f*((7)). These implies [A] x4+ € D7y by the
definition of D g. QED

Theorem 19 (Completeness Theorem of TLJ2) If a closed formula A is valid in any full

Kripke model, then the sequent tree (g (): A) is provable in TLJ2 where T = {()} and f(()) =
PP(A).

Proof We show the contraposition. Suppose TLJ2 I/ (T:g ():A). By Lemma 15, there is a

+

saturated sequent tree I't ' = A+ which does not contain TLJ2-axioms and (): A e AT,
Using this, we define a Kripke model M™ as above, which is full by Theorem 18. Lemma 17
says that [A] \¢+ is approximated by A; therefore M1, () I~ A (see the condition (9)). QED

8 Sequent tree calculus for constant domains

In this section, we modify the arguments of the previous section for constant domain case and
its disjunction free version.

We say that a sequent tree I T:’J A is constant domain if f is a constant function (that is,
f{A)) = f((m)) for all (), (Mm)). We introduce a system TLJ2CD, which deduces constant
domain finite sequent trees. Axioms of TLJ2CD are the restriction of TLJ2-axioms to constant
domain sequent trees. Inference rules of TLJ2CD are obtained from the rules of TLJ2 by
replacing (V right) and (3 left) as follows.

=y A, (1) Alx:= i) Alz:= =y A
a —— A =E gty AR=E L = (3 lef)(f)
I'= A, (ii):VzA (f):3JzA, I' = A

(t) Proviso: pis a propositional parameter (called eigenvariable) which does not occur
in the lower sequent tree, and f* and f satisfy the equation f({(m)) = f((m))U{p}
for all m.

We modify the notion of saturatedness by replacing the condition (V right) as follows.

(V right) If (i) : Yz A" € A, then there is a closed formula C' such that PP(C) C f((7i)) and
(ny: A'lz:=C] € A.
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This modified version of saturatedness is called “cd-saturated” (“cd” for “constant domain”).

Then all the arguments of Lemmas 15, 16, 17, and Theorem 18 can be modified by replacing
the terms “TLJ2”, “sequent tree”, and "saturated” by “TLJ2CD”, “constant domain sequent
tree”, and ”cd-saturated”, respectively. In these modified arguments, the Kripke model M™ =
(W, R, D,C) becomes constant domain because Dz = {a C T | there is a closed formula
A such that PP(A) C f*((17)) and « is approximated by A } and f* is a constant function.
Consequently we have:

Theorem 20 (Completeness Theorem of TLJ2CD) If a closed formula A is valid in any

constant domain full Kripke model, then the sequent tree (y ():A) is provable in TLJ2CD
where T'={()} and f({)) = PP(A).

Moreover we modify the above arguments for disjunction free formulas.

TLJ2CDY is obtained from TLJ2CD by imposing restriction that all the sequent tree
are disjunction free. Of course, the rules (V left) and (V right) are deleted. We define the
notion of “cddf-saturated” (“cddf” for “constant domain disjunction free”) by deleting the two
conditions (V left) and (V right) from the definition of cd-saturatedness. Then all the argu-
ments of Lemmas 15, 16, 17, and Theorem 18 can be modified by replacing the terms “for-
mula”, “full” “TLJ2”, “sequent tree”, and "saturated” by “disjunction free formula”, “df-full”,
“TLJ2CDY” | “constant domain disjunction free sequent tree”, and ”cddf-saturated”, respec-
tively. Consequently we have:

Theorem 21 (Completeness Theorem of TLI2CD) If a disjunction free closed formula

A is walid in any constant domain df-full Kripke model, then the sequent tree (T:g ():A) is
provable in TLI2CDY where T = {()} and f({)) = PP(A).

9 From sequent trees to formulas
In this section, we show the following:

If a sequent tree I” T:f Ais provable in TLJ2 (or TLJ2CD), then a formula #(I” g ),
which is a translation of I T——’! A, is provable in LJ2 (or LJ2CD, respectively).

As a corollary, we have the following.

If a sequent tree {0/ (): A is provable in TLJ2 (or TLJ2CD), then the formula A
is provable in LJ2 (or LJ2CD, respectively).

Before defining the translation # (I’ il ), we make a remake on formulas. As usual, if
I' is a finite set of formulas, then A I" and \/ I" will denotes respectively the conjunction and
disjunction of all the formulas in I". There are many formulas that are regarded as A I" (or \/ I")
for a fixed I'. For example, if I' = {A, z, y}, then both ((xAy)AA) and ((AAZ)A(AAy)) are A\ I
We do not have to distinguish these formulas because they are equivalent with respect to LJ2-
provability. For example, two conditions LJ2 + (Vz3y(((zAy)AA)—B),II = X) and LJ2
(Vz3y(((AAz)A(ANy))—B), I = X) are equivalent because the former implies the latter:

(PAg)AA = (ANp)A(ANg) —
: the former
Vxﬂy(((A/\x)/\(A/\y))HB.) = VzIy(((zAy)NA)—B) VzIy(((xAy)NA)—B), Il = ¥

VaeIy(((AAz)A(ANY))—B), Il = ¥

(cut)
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EEDIF

Figure 7: Sequent tree S.

and the converse is similarly proved.

Moreover, if 21, xa, . . . , 7} are mutually distinct propositional variables, and if Z = {x1, zo, . . .,
xy}, then we write V—ac) to represent VriVrs---Vai. In this case, we do not have to mind the
order of z; because, for example, VaVyVz(---) and VzVyVz(---) are equivalent with respect to
LJ2-provability.

Now the formula #(I L A) for sequent tree I' L Ais defined by induction on the height
of the tree T, as follows.

In general, a subtree S of a finite sequent tree is illustrated as Figure 7, where S!, S?, ...,
Sk are subtrees of S (k > 0), and {f} and {ﬁ,q_;} (where {p} N {q_;} = ()) are respectively the
sets of propositional parameters that are associated with the nodes. For each i € {1,2,...,k},
we define a number n; by n; = |{q_2}| and we define a set ' of n; fresh propositional variables by
7= {ad,2h, ... ,J:ih} Suppose that the formulas #(S'), #(S?), ..., #(S*), for subtrees S*,
S2, ..., Sk, are already defined. Then the formula #(S) is defined as follows.

#(8) — {(/\ H)H((\/ E)VAl\/AZ\/ e \/Ak) if IT is not empty,

(V X)VAVAgV - - VA if IT is empty
where
— L - .
A = Vo' (#(SH )= (D)) (i=1,2,....k)
and [(q_;> = <9LT;)] is the substitution to replace each occurrence of q§ by .Z'; for j =1,2,...,n;.

For example, if S is the sequent tree in Figure 2, then #(S) is the formula
(pAq) — [ﬁpvﬂq vV omp Vv Vw((x—>p) — (¢ V (==g—pAg) V Vy(pr)))]
Lemma 22 Let

S ), B2 )

be an instance of an inference rule of TLJ2 in which the root node is operated. If p is a
one-premise rule except (3 left), then we have LI2 & (#(S) = #(7)). If p is a two-premises
rule, then we have LI2 b (#(S1), #(S2) = #(T)). If p = (3 left), then we have LI2 +
(My(#(S)[p:=vy]) = #(T)) where p is the eigenvariable and y is a fresh propositional variable.

Proof
(Case 1: p = (heredity)) Suppose S = ((a>:A,FTj’fA), T = (():4, FgA), #(S) =

(C—(DVVa((AAE)—F)), and #(T) = ((AAC)—(DVVz(E—F)), where Vz = (Va1 Va - - - Vo)
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and x1,x9, ... 2, € FV(A). Then a proof sketch for LI2 F (#(S) = #(7)) is as follows.

(ANE")—F', A= E'—F'
— —
Vr((ANE)—F), A= Vx(E—F)
DWz((ANE)—F), A = DWz(E—F)
—(DWz((ANE)—F)), A,C = D\VWa(E—F)

C—>(D\/Vac(( E)—F)) = (ANC)—(DVVz(E—F))

(Case 2: p = (— left)) Suppose S; = (FQJA, ():A), S = (():B, FQA), T =

(0:A-B, T 5 A), #(S1) = C—(DVA), #(Sy) = (BAC)—D, and #(T) = ((A—B)AC)—D
Then a proof sketch for LI2 F (#(S1), #(S2) = #(7)) is as follows.

(BAC)—D,B,C = D
A, (BNC)—D,A—B,C = D
DVA,(BNC)—D,A—B,C = D
C—(DVA),(BNC)—D,A—B,C = D
C—(DVA),(BANC)—D = ((A—B)\C)—D

(Case 3: p = (— right)) In this case, two formulas #(S) and #(7) are equivalent.

(Case 4: p = (A left)) In this case, two formulas #(S) and #(7") are equivalent.

(Case 5: p = (A right)) Suppose &; = (I’ £ A, ():A), S = (I L A, ():B), T =

(r £y (): AAB), #(S1) = C—(DVA), #(S;) = C—(DVB), and #(T) = C—(DV(AAB)).
Then a proof sketch for LI2 F (#(S1), #(S2) = #(7)) is as follows.

A, B = DV(AAB)
DVA,DVB = DV(AAB)
C—(DVA),C—(DVB),C = DV(AAB)
C—(DVA),C—(DVB) = C—(DV(AAB))

(Case 6: p = (V left)) Suppose S; = ((): A4, I" L A),S=((:B, I' L A), T =

(0:AVB, T T A), #(81) = (ANC)—D, #(S2) = (BAC)—D, and #(T) = ((AVB)AC)—D
Then a proof sketch for LI2 F (#(S1), #(S2) = #(7)) is as follows.

(ANC)—D,A,C = D (BAC)—D,B,C = D
(ANC)—D, (BNC)—D,AVB,C = D
(ANC)—=D, (BAC)—D = ((AVB)AC)—D

(Case 7: p = (V right)) In this case, two formulas #(S) and #(7) are equivalent.

(Case 8: p = (V left)) Suppose S = (():Alz:=B], FT——’!A), T = (():Vz4, FQCA),
#(S) = ((A[lz:=BJAC)—D), and #(T) = (((VzA)AC)—D). Then a proof sketch for LI2 +
(S

(#(S) = #(T )) is as follows.

VzA,C = zil[x::B]/\C'
(A[z:=B|\NC)—D,VzA,C = D
(A[z:=B]ANC)—D = ((VzA)ANC)—D
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(Case 9: p = (V right)) In this case, two formulas #(S) and #(7) are equivalent.

(Case 10: p = (3 left)) Suppose S = ((): A[z:=p], r A), T = (():3zA, rt A)
#(S) = ((A[z:=p]AC)—D), and #(T) = (((3zA)AC)—D), where p ¢ PP(((3zA)A\C)—D)
and ((3xA)AC)—D is a closed formula. Then a proof sketch for LJ2 = (Vy(#(S)[p:=y]) = #(7))

is as follows (y is a fresh propositional variable).

(Afz:=p]A C)HD: Alz:=p|,C =D
Vy((Alx:=y]AC)—D),3zA,C = D
Vy((Alz:=y|AC)=D) = (BzA)NC)—=D

(Case 11: p = (3 right)) Suppose S = (I' 2" A, ():A[z:=B)), T = (I' ¥ A, ():324),

#(5) = (CH(DVA[x::B])% and #(7) = (C—>(D\/3xA)). Then a proof sketch for LJ2 I
(#(S) = #(7)) is as follows.

DVA[z:=B] = DV3zA
C—(DVA[z:=B]),C = Dv3izA
C—(DVA[z:=B]) = C—(DV3zA)

QED

Lemma 23 Let
() Sl 82

(p)

be an instance of an inference rule of TLJ2 in which the root node is not the operated node. If
p is a one-premise rule, then we have LI2 & (#(S) = #(7)). If p is a two-premises rule, then
we have LI2 F (#(S81), #(S2) = #(7)).

Proof We give a proof for the case that p is a two-premise rule and (a) (a child of the root
node) is the operated node. The other cases can be similarly proved by the repetition of the
following argument.
Let Sl<a>, S2<a> and 7{® be the subtrees of respectively S, S and 7 whose root is (a). Then
the figure
Sfa) SQ(a)
7{a)

is an instance of the inference rule p in which the root node is operated. Therefore we can apply
the previous Lemma 22 and we have (1) LJ2 - (#(S@), #(S§a>) = #(T))).

By the definition of the translation #(), there are closed formulas C' and D, propositional
parameters p’ (= (pl,pg,...,pk)) prop081t10nal variables ¥ (= (z1,29,...,2)) (k > 0) such

that #(S1) = O—(DVVe(#(S\)(F) = @)))), #(S2) = C=(DWa(#(SII@) = @),
and #(7) = C—(DVVz #(T<“>)[<ﬁ> (Z)])). Define the formulas A, As, and B by A =

(
H(SI(D) = (@), As = #(SS)(P) := ()], and B = #(T')[(5) := ()]. Then a proof sketch

26



for LI2 b (#(81), #(S2) = #(7)) is as follows.
L (1)
A [(7) = <@L Az[@ 1= <ﬁ>]j B[(Z):=(p)]
VrAy, VeAs = VaB
DVVzA;, DVVzAy = DVVZB
C—(DVVz A1), C—(DWzAs), C = DVVzB
C—(DWzA), C—(DWzAs) = C—(DVVzB)

Note that, for example, A;[(Z) := (p)] = #(S; >) because the propositional variables & do not
occur elsewhere. QED

Theorem 24 Let T be a sequent tree. If TLI2 F T, then LI2 F = #(7).

Proof By induction on the proof of 7 in TLJ2. If 7 is an axiom, it is easy to get LJ2 F
= #(7). For the other cases, suppose that 7 is inferred by a rule

S S22 )

If p = (3 left) and the root node is operated, then = #(7) is provable in LJ2 as follows.

ind. hyp.
= #(S) i Lemma 22
SWESb=D " sl = #T)
= #(T) -

where p is the eigenvariable. In the other cases, we have

ind. hyp. Lemma 22 or 23

ind. hyp. TLemma 22 or 23 ind. hyp. = #(S1) #(S1), #(S52) = #(7T) (cut)
= #(S) HSSHD) | =S )= #T)
= #(T) or = #(T).

QED

Corollary 25 Let A be a closed formula. If TLJ2 - {0/ (): A (where f(()) 2 PP(A)), then
LI2F = A.

Proof By the previous theorem, since #({O:Z’f ():A) = A. QED

In the rest of thib section, we modify the above argument for the constant domain case.

Recall that I i A is a constant domain sequent tree if and only if fi is a constant function.

If the sequent tree in Figure 7 is constant domain, then all of q q, .. q are empty, and the
translation #(S) is simply defined as follows.

(A= ((V 2)VH#(SHVH#(S?)V - - - V#(SF))  if IT is not empty,

= {<v DNVAS ISV - v (SH) if 17 is empty.
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Lemma 26 Let

S A2

(p)

be an instance of an inference rule of TLJ2CD in which the root node is operated. If p is a
one-premise rule except (V right) and (3 left), then we have LI2CD + (#(S) = #(7)). If p is
a two-premises rule, then we have LI2CD F (#(81), #(S2) = #(7)). If p is (¥ right) or (3
left), then we have LI2CD F (VYy(#(S)[p:=y]) = #(7)) where p is the eigenvariable and y is
a fresh propositional variable.

Proof The proof is same as Lemma 22 except the case that p is (V right). In that case,

suppose S = (I'"L" A, ():Ajz=p)), T = (0 A, ():¥24), #(S) = (C—(DVAfz=p]),

and #(T) = (C—(DVWWzA)), where p ¢ PP(C—(DVVzA)) and C—(DVVzA) is a closed for-
mula. Then a proof sketch for LJ2CD F (Vy(#(S)[p:=y]) = #(7)) is as follows (y is a fresh
propositional variable).

Alz:=y]ly:=p] = Alz:=p|
DVVyAlz:=y] = DVVzA .
vy(DVA[r=y]) = DVvaA (V-V left) in Lemma 1

]
C—Vy(DVA[z:=y]) = C—(DVVzA)
)

-— left) in L 1
Vy(C—(DVAfr=y])) = C(DVvzA) (- left) in Lemma

QED

Lemma 27 Let
S S

(p)

be an instance of an inference rule of TLI2CD. The same claims as Lemma 26 hold even if
the root node is not the operated node.

Proof The proof is similar to Lemma 23, using Lemma 1. QED

Theorem 28 Let T be a constant domain sequent tree. If TLJ2CD + 7T, then LJ2CD F
= #(T).

Proof Similar to Theorem 24, using Lemmas 26 and 27. QED

Corollary 29 Let A be a closed formula. If TLJ2CD oL/ (): A (where f({)) 2 PP(A)),
then LJ2CD F = A.
10 Disjunction free case

We define a sequent calculus LJ 2Cutfree to be the systems obtained from LJ24 by deleting (cut)
rule. In this section we show the following:

(TLI2CDY - U7 (). 4) — (LI2d = a).

cutfree
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Compared with the previous Corollary 29, this is somewhat surprising because “LJ ZSlfltfmC =

means not only needlessness of cut rule but also needlessness of constant domain axiom.

For a sequent tree I T:J A and a label (i) € T, we define a set I of formulas by

Iy = {A|(m): A€ I for some label (1) € T such that () < (7)}.

For example, if I" ZQJ A is the sequent tree of Figure 2, then g1y = {=—q,r—p,p,q} and
Ly ={r—p,p,q}.

Lemma 30 If a (constant domain) disjunction free sequent tree I' T:; A is provable in TLI2CD,

then there exists a labelled formula (77): A € A such that the sequent Iz = A is provable in
LJ2d

cutfree

Proof By induction on the TLI2CD-proof of I’ g A.
(Case 1) I L Ais an axiom (y: A, 11 E Y. (f):Aor (i): L, IT L X, (f): A. In this case,

() : A € A is the required labelled formula because both A, Il = A and L, Iz = A are

df
2cutfree

provable in LJ
(Case 2) I L A'is inferred by (heredity) as

by axiom and the weakening rule.

(m,a): B, T5 A
(i) B, I = A

(heredity)

By the induction hypothesis, there is a labelled formula (77): A € A such that

LJ2df

cutfree = (<7’?L, a>:Ban)<ﬁ)l = A. (13)
If (m,a) < (1), then condition (13) is equal to

LJ2df

cutfree

which is the required condition. If (m,a) £ (77), then condition (13) is equal to

LJ2df

cutfree

This (15) implies (14) using the weakening rule (if (m) < (7)), or (15) = (14) (if (M) A (7).
(Case 3) I L Ais inferred by (— left) as
a5 A wy:B  my:c, 1A
(m):B—C, II LA

(— left)

By the induction hypotheses, there is a labelled formula (n]): A € (A, (M) : B) such that

LJ2df

cutfree

F 1y = Ag, (16)
and there is a labelled formula (n3): Ay € A such that

LJ2df

cutfree

(Subcase 3-1) ((n1):A41) # ((m):B) or (m) A (n2). In this case, (16) and (17) imply

LJ2df

cutfree
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for some (7i): A € A (where ((7i): A) = ((n1): A1) or ((n2):As)), and (18) implies the required
condition LI24 . '+ (m): B—C, H<ﬁ> = A

(Subcase 3-2) ((n1) : A1) = ((m) : ) and (m) =< (n2). In this case, (16) and (17) are
equal to Lchutfree = Iz = B and LJ2cutfree t C, I,y = Az. Then, by (— left), we have
LJ2df = B—C, ) = Az, which is the required condition (note that II\zy) C Ilj) ).

cutfree

(Case 4) I L A is inferred by (— right) as

+

(m,a):B, I’ :} X, (m,a):C
rys wmy:.B-c

(— right)

where (m,a) is a leaf of Tt and no other formula than B,C has the label (n,a). By the
induction hypothesis, there is a labelled formula (7i): A € (X, (m,a):C) such that

LJ2% o ((M,a): B, T) iy, = A (19)

(Subcase 4-1) ({ii): A) # ({173, a):C). In this case, (19) is equal to LI24 . Ly = A,
which is the required condition (note that (1, a) £ (i)).

(Subcase 4-2) ((7i): A) = ((m,a):C). In this case, (19) is equal to LI2d .+ B, Ly = C
because no other formula than B, C has the label (17, a). Then, by (— right), we have LI2d .
I'yzy) = B—C, which is the required condition.

(Case 5) I L Ais inferred by (A left) as

n):B, C, H A
) B, (m): (A left)
(M) : BAC, n1 A
By the induction hypothesis, there is a labelled formula (77): A € A such that
LJ28 o (M) B, (m):C, IT) iy = A. (20)

(Subcase 5-1) (m) # (7). In this case, (20) is equal to LJ24f
required condition.

(Subcase 5-2) (i) < (7i). In this case, (20) is equal to LI2% .+ B,C, Iz = A. Then,
by (A left), we have LJ2d .+ BAC, Iz ()| = A, which is the required condition.

(Case 6) I L A'is inferred by (A right) as

+ 115 = A, which is the

cutfree

rY s wm:B Yy w.c
r® s m):BArC

(A right)

By the induction hypotheses, there are labelled formulas (n1):A; € (¥, (m): B) and (n3): As €
(X, (m):C) such that
LJ2d

cutfree

F Ly, = Ar and - LJ23

cutfree

FF< >i:>A2 (21)

(Subcase 6-1) ((n1): A1) # ((m): ) ((n3):As) # ((m):C). In this case, (21) implies that
LJ 2Cutfree = Iy = A for some (n): A € X. This is the required condition.

(Subcase 6- 2) ((n1) : A1) = ((m) : B) and ((n3) : A2) = ((m) : C). In this case, (21)
is equal to LJ2cutfree t I'ymyy = B and LJ2Cutfree = Limy, = C. Then, by (A left), we have
LJ2df F Iy = BAC, which is the required condition.

cutfree
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(Case 7) I L A'is inferred by (V left) as

(m):Ble:=C], 1 & A
(m) VB, 75 A

(V left)

By the induction hypothesis, there is a labelled formula (77): A € A such that

LJ2df

cutfree

() Bla:=C], ), = A (22)

(Subcase 7-1) (m) £ (7). In this case, (22) is equal to LJ24
required condition.

(Subcase 7-2) (m) = (7). In this case, (22) is equal to LJ2%
Then, by (V left) we have LJ24 .

(Case 8) I L Ais inferred by (V rightcq) as

F 115 = A, which is the

cutfree

cutfree H B[:L‘:C} H< i) = A.
- VaB, Il = A, which is the required condition.

T.f* o
r = X (m):Blz:=p] )
. (¥ rightea)
r'Y s ny:veB

where p does not occur in the lower sequent tree. By the induction hypothesis, there is a labelled
formula (77): A € (X, (m): B[z:=p]) such that

cutfree
(Subcase 8-1) ((77): A) # ((m): Blx:=p]). In this case, (23) is the required condition.
(Subcase 8-2) ((f) : A) = ((m) : Blx:=p]). In this case, (23) is equal to LJ24
Iysy) = Blr:=p|. Then, by (V right), we have LJ2df
condition.
The other cases — (3 left) and (3 right) — are similar to Cases 7 and 8. QED

cutfree -
t 17y, = Vo B, which is the required

cutfree

Corollary 31 Let A be a disjunction free closed formula. If the sequent tree {<>:;: <> A (where
() D PP(A)) is provable in TLI2CDY, then the sequent = A is provable in LI24

cutfree*

Proof By the previous Lemma 30. QED

(Remark) If we try to prove Lemma 30 for TLJ2CD instead of TLI2CDY, we get into
difficulties in the following case: I’ L Ais inferred by (V left) as

. T.f > T.f
B, IT = A :C, II = A
(i) : B, (- et
(

m):BVC, 11 =L A

By the induction hypotheses, there are labelled formulas (n}): A; € A and (n3): Ay € A such
that

LJ2df

A e (M) B, IT )5y = A1 and  LJ2Y

(n1 cutfree

F (<T?L>C, H)(n_é)l = As

However, if ({(n}): A;) # (< _'> 9), (m) < (n1) and (M) =< (n3), then neither LIJ2%
BVC, I 7y = Aq nor LJ2df t BVC, Il ;) = Az can be shown.

}_

cutfree

cutfree
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11 Conclusions and future study
Combining all the results of Sections 2—-10, we obtain main theorems of this paper.

Theorem 32 (Completeness of LJ2) For any closed formula A, the following four condi-
tions are equivalent.

(1) LI2F = A.
(2) LI24 |- = Adf,
(3) TLI2F = (): A where T = {()} and f(()) = PP(A).

(4) A is wvalid in any full Kripke model.

Proof By Theorems 6, 11, 19, and Corollary 25. QED

Theorem 33 (Completeness of LI2CD) For any closed formula A, the following three con-
ditions are equivalent.

(1) LJ2CD + = A.

(2) TLI2CD - = (): A where T = {)} and f({)) = PP(A).

(3) A is wvalid in any constant domain full Kripke model.

Proof By Theorems 14, 20, and Corollary 29. QED

Theorem 34 (Completeness and cut-elimination for disjunction free formulas) For any
disjunction free closed formula A, the following seven conditions are equivalent.

(1) LI2+= A.
(2) LI24 - = A.
(3) LJ2

cutfree [~ = A
(4) TLI2CDY - L (y: A where T = {()} and f({)) = PP(A).
(5) A is wvalid in any full Kripke model.

(6) A is valid in any df-full Kripke model.

(7) A is wvalid in any constant domain df-full Kripke model.

Proof (1 < 2) is shown by Corollary 7. (1 < 5) is shown by Theorem 32. (2 = 6) is shown
by Theorem 12. (6 = 5), (6 = 7), and (3 = 2) are trivial. (7 = 4) is shown by Theorem 21.
(4 = 3) is shown by Corollary 31. QED

In the rest of this paper, we give some remarks and problems for future study.

An essentially equivalent result to (2 = 7 = 4 = 3) of Theorem 34 (in other words,
semantical cut-elimination for LI2) was already proved by Prawitz [4] by using Beth model
instead of Kripke model. However I do not know whether this results can be extended to the
language with disjunction. So we give:
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Problem 1 Does the cut-elimination theorem hold for LJ2?

Let C = Vz(pV((p—z)V—z))— (pVVz((p—2)V-z)). In Section 5, we show an example of
full Kripke model in which the formula C is not valid. Then, by Theorems 32 and 34, there is
a constant domain df-full Kripke model in which C is not valid.

Problem 2 Find a simple constant domain df-full Kripke model in which the formula C is
not valid.

Note that C is valid in any constant domain full Kripke model (because C' is an instance of
constant domain axiom). A solution to this problem should be a good example to show the
distinction between AVB and Vz((A—z)—(B—z)—x).

In the study of nonclassical logics, there have been a lot of results on propositional and
predicate intermediate (between classical and intuitionistic) logics. However, I do not know sub-
stantial studies on second order propositional intermediate logics. (Theorem 33 — completeness
of the constant domain intermediate logic — is the only result on second order propositional
intermediate logics I know.) So we give:

Problem 3 Develop studies on second order propositional intermediate logics.
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