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Abstract

In this paper we expose a method for building models for interpretabil-
ity logics. The method can be compared to the method of taking unions of
chains in classical model theory. Many applications of the method share
a common part. We isolate this common part in a main lemma. Doing
so, many of our results become applications of this main lemma. We also
briefly describe how our method can be generalized to modal logics with
a different signature.

With the general method, we prove completeness for the interpretabil-
ity logics IL, ILM, ILMg and ILW*. We also apply our method to obtain
a classification of the essential ¥1-sentences of essentially reflexive theo-
ries. We briefly comment on such a classification for finitely axiomatizable
theories. As a digression we proof some results on self-provers.

Towards the end of the paper we concentrate on modal matters con-
cerning IL(All), the interpretability logic of all reasonable arithmetical
theories. We prove the modal incompleteness of the logic ILW*Py. We
put forward a new principle R, and show it to be arithmetically sound
in any reasonable arithmetical theory. Finally we make some general re-
marks on the logics ILRW and IL(All).
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1 Introduction

In this paper we describe in great detail a method for modal completeness
proofs. The method we present is actually not new. But, to the best of our
knowledge, it is the first time it has been given a thorough and complete
treatment of its own. The reason for starting such a study was twofold.

In the first place there is rigor. Modal completeness in interpretability
logics is often a rather involved and elaborate business. Therefore, almost
never a fully detailed completeness proof has been given. Mistakes are
easily made, and indeed have been made in many papers. We thought it
desirable to, at least once, provide a fully detailed completeness proof of
a non-trivial interpretability logic.

In the second place, we hoped to provide a tool-kit that would make
rigorous proofs easier and shorter. To a certain extend we think we have
succeeded in doing so. We have tried to isolate a part of reasoning present
in all completeness proofs for interpretability logics. That is to say, all
completeness proofs that are presented in the format we have developed
in this paper.

Developing the necessary toolkit is sometimes rather tough-going and
tedious. We do think however that the results are somehow rewarding.

1.1 How to (not) read this paper.

Indeed, this paper is a rather lengthy one. We see two reasons for this
excessive length. First of all, as we already mentioned, we have chosen to
write down fully detailed proofs. This is merely for the sake of correctness.
Not rarely, the word “trivial” in a modal completeness proof, is actually
an indication of an error or small mistake. Of course, once the reader is
convinced of some claim, all the tedious checks can be skipped, and we
actually encourage the reader to do so.

Secondly, the paper deals with many different modal matters, as the
title already indicates. Consequently, the paper gets some encyclopaedic
flavor. Therefore one should not try to read the paper linearly but rather
look up the result one is interested in.

2 Interpretability logics

In this section we introduce the basic notions that are used in the rest of
this paper. We tried to keep the treatment self contained. It is advised
to only turn to this section to look up a notion or a basic fact about
interpretability logics.

2.1 Syntax and conventions

In this paper we shall be mainly interested in interpretability logics, the
formulas of which, we write Formiyr,, are defined as follows.

Formir, := L | Prop | (Formi. — Formyy) | (OFormiw) | (Formir > Formir,)



Here Prop is a countable set of propositional variables p, q, r, s, t, po, p1, - - - -

We employ the usual definitions of the logical operators —, V, A and «.
Also shall we write O¢ for -O-¢. Formulas that start with a O are called
box-formulas or O-formulas. Likewise we talk of ¢-formulas.

From now on we will stay in the realm of interpretability logics. Unless
mentioned otherwise, formulas or sentences are formulas of Formir,. We
will write p € ¢ to indicate that the proposition variable p does occur
in . A literal is either a propositional variable or the negation of a
propositional variable.

In writing formulas we shall omit brackets that are superfluous ac-
cording to the following reading conventions. We say that the operators
<, O and — bind equally strong. They bind stronger than the equally
strong binding A and V which in turn bind stronger than >. The weakest
(weaker than >) binding connectives are — and <. We shall also omit
outer brackets. Thus, we shall write A> B — AAOC > B A OC instead
of (A> B) — (AA(OC)) > (B A (OC))).

A schema of interpretability logic is syntactically like a formula. They
are used to generate formulae that have a specific form. We will not be
specific about the syntax of schemata as this is similar to that of formulas.
Below, one can think of A, B and C as place holders.

The rule of Modus Ponens allows one to conclude B from premises
A — B and A. The rule of Necessitation allows one to conclude JA from
the premise A.

Definition 2.1. The logic IL is the smallest set of formulas being closed
under the rules of Necessitation and of Modus Ponens, that contains
all tautological formulas and all instantiations of the following axiom
schemata.

L1 0O(A— B) — (0A — OB)

L2 0A — DOA

L3 O(0A — A) — 0A

Jl O(A—-B)— A>B

J2 (A-B)A(B>C)— A C

33 (AC)AN(B>C)— AVB>C
J4 A> B — (CA— OB)

J5 OA> A

We will write IL F ¢ for ¢ € IL. An IL-derivation or IL-proof of ¢ is a
finite sequence of formulae ending on ¢, each being a logical tautology, an
instantiation of one of the axiom schemata of IL, or the result of applying
either Modus Ponens or Necessitation to formulas earlier in the sequence.
Clearly, IL - ¢ iff. there is an IL-proof of .

Sometimes we will write IL - ¢ — 9 — x as short for IL F ¢ —
¥ & IL F ¢ — x. Similarly for >. We adhere to a similar conven-
tion when we employ binary relations. Thus, zRyS.z I B is short for
xRy & ySzz & z I+ B, and so on.



Sometimes we will consider the part of IL that does not contain the
>-modality. This is the well-known provability logic GL, whose axiom
schemata are L1-L3. The axiom schema L3 is often referred to as Lob’s
axiom.

Lemma 2.2.
1. ILFOA« -Ap> L
2. ILFA> ANO-A
3. ILFAVOAD A

Proof. All of these statements have very easy proofs. We give an informal
proof of the second statement. Reason in IL. It is easy to see A> (A A
0-A4) vV (AAQA). By L3 we get ©A — G(AADO-A). Thus, ANCAD
O(A A O-A) and by J5 we get O(A A O-A) > AAO-A. As certainly
ANO-Ap> AANO-A we have that (AAO-A)V(AANCA) > AADO-A and
the result follows from transitivity of . -

Apart from the axiom schemata exposed in Definition 2.1 we will on
occasion consider other axiom schemata too.

M A>B— AANOC>BAOC

P Ax>B —0O(Ar> B)

My A>B — CAANDOC>BAOC

W A>B— A>BAO-A
W* A>B— BAOC>BAOCAO-A

Po Ar><¢B — O(A> B)

RA>B— —(A>D)A(-C>D)>BADOC

If X is a set of axiom schemata we will denote by ILX the logic that
arises by adding the axiom schemata in X to IL. Thus, ILX is the small-
est set of formulas being closed under the rules of Modus Ponens and
Necessitation and containing all tautologies and all instantiations of the
axiom schemata of IL (L1-J5) and of the axiom schemata of X. Instead
of writing IL{Mo, W} we will write ILMoW and so on.

We write ILX | ¢ for ¢ € ILX. An ILX-derivation or ILX-proof of ¢ is
a finite sequence of formulae ending on ¢, each being a logical tautology,
an instantiation of one of the axiom schemata of ILX, or the result of
applying either Modus Ponens or Necessitation to formulas earlier in the
sequence. Again, ILX I ¢ iff. there is an ILX-proof of ¢. For a schema
Y, we write ILX |- Y if ILX proves every instantiation of Y.

Definition 2.3. Let I' be a set of formulas. We say that ¢ is provable
from I" in ILX and write I' FiLx ¢, iff. there is a finite sequence of formulae
ending on ¢, each being a theorem of ILX; a formula from T, or the result
of applying Modus Ponens to formulas earlier in the sequence.

Clearly we have @ FiLx ¢ < ILX F . In the sequel we will often
write just ' F ¢ instead of I FiLx ¢ if the context allows us so. It is well
known that we have a deduction theorem for this notion of derivability.

Lemma 2.4 (Deduction theorem). I'’ Atix B I'Fix A — B



Proof. “«<” is obvious. For, let 0, A — B be an ILX-proof of A — B
from I". Then 0, A — B, A, B is an ILX-proof of B from I, A.

“=" goes by induction on the length n of the ILX-proof ¢ of B from
I'yA. If n=1, then 0 = B and B € TU{A}. If B = A, clearly I" Frx
A— A If Be F, also I Fix B.

If n>1, then ¢ = 7, B, where B is obtained from some C and C —
B occurring earlier in 7. Thus we can find subsequences 7’ and 7" of
7 such that 7/,C and 7,C — B are ILX-proofs from I', A. By the
induction hypothesis we find ILX-proofs from I' of the form o', A — C
and ¢’ A — (C — B). We now use the tautology (A — (C — B)) —
((A— C) — (A — B)) to get an ILX-proof of A — B from I'. Namely
oA — C,0"; A — (C - B),(A— (C—-B)—-(4A—-0C) — (4
B)),(A—-C)— (A— B),A— B. =

Definition 2.5. A set I' is ILX-consistent iff. T' FApx 1. An ILX-
consistent set is maximal ILX-consistent if for any ¢, either ¢ € I' or
—pel.

Lemma 2.6. Every ILX-consistent set can be extended to a mazimal
ILX-consistent one.

Proof. This is Lindebaums lemma for ILX. We can just do the regular ar-
gument as we have the deduction theorem. Note that there are countably
many different formulas. —

We will often abbreviate “maximal consistent set” by MCS and refrain
from explicitly mentioning the logic ILX when the context allows us to
do so. We define three useful relations on MCS’s.

Definition 2.7. Let I' and A denote maximal ILX-consistent sets.
e '<A:=0AcT'=> A 04AcA
e '<xc A=A Cel'=-A0-A€ A
e 'Co A:=0Acl'=04AcA

It is clear that I' <¢ A = T' < A. For, if OA € I" then - A> L € T.
Also L > C €T, whence “A>C €T. If now I' <¢ A then A,0A € A,
whence I' < A. Ttis also clear that [ <c¢ A < A’ =T <o A’.

Lemma 2.8. Let I’ and A denote mazimal ILX-consistent sets. We have
<Af I'<; A.

Proof. Above we have seen that I' <4 A = I' < A. For the other
direction suppose now that T' < A. If Ap> 1 €T then, by Lemma 2.2.1,
O0-A € T whence —A,0-A4 € A.

4|



2.2 Semantics
Interpretability logics come with a Kripke-like semantics. As the signature
of our language is countable, we shall only consider countable models.

Definition 2.9. An IL-frame is a triple (W, R,S). Here W is a non-
empty countable universe, R is a binary relation on W and S is a set of
binary relations on W, indexed by elements of W. The R and S satisfy
the following requirements.

1. R is conversely well-founded®
xRy & yRz — xRz

ySzz — xRy & xRz

TRy — ySay

zRyRz — ySzz

A

uSzvSw — uwS,w

IL-frames are sometimes also called Veltman frames. We will on occa-
sion speak of R or S, transitions instead of relations. If we write ySz, we
shall mean that yS,z for some x. W is sometimes called the universe, or
domain, of the frame and its elements are referred to as worlds or nodes.
With z] we shall denote the set {y € W | zRy}. We will often represent
S by a ternary relation in the canonical way, writing (x,y, z) for ySxz.

Definition 2.10. AnIL-modelis a quadruple (W, R, S,IF). Here (W, R, S,)
is an IL-frame and I is a subset of W x Prop. We write w I p for
(w,p) € IF. As usual, I is extended to a subset I of W x Formm by
demanding the following.

° wle iff. w Ik p for p € Prop

o w ,J/IL

e wirA — Biff. w )4-A or wiFB

o wiFOA iff. Vo (wRv = vIFA)

o wiFA > Biff. Vu (wRu A ulFA = 3v (uS,vlFB))

Note that IF is completely determined by IF. Thus we will denote =
also by IF. We call I+ a forcing relation. The IF-relation depends on the
model M. If there is chance of confusion, we will write M, w I+ ¢. If not,
we will just write w I . In this case we say that ¢ holds at w, or that ¢
is forced at w. We say that p is in the range of I if w IF p for some w.

If F = (W,R,S) is an IL-frame, we will write € F to denote z € W
and similarly for IL-models. Attributes on F will be inherited by its
constituent parts. For example F; = (W;, R;, S;). Often however we will
write F; = xRy instead of F; = zR;y and likewise for the S-relation. This
notation is consistent with notation in first order logic where the symbol
R is interpreted in the structure F; as R;.

If M = (W,R,S,IF), we say that M is based on the frame (W, R, S)
and we call (W, R, S) its underlying frame.

If I' is a set of formulas, we will write M, x I I" as short for V€I’ M, x I+
~. We have similar reading conventions for frames and for validity.

LA relation R on W is called conversely well-founded if every non-empty subset of W has
an R-maximal element.



Definition 2.11 (Generated Submodel). Let M = (W, R, S,IF) be an
IL-model and let m € M. We define m[* to be the set {x € W | z=m V
mRx}. By M|m we denote the submodel generated by m defined as
follows.

Mm = (m]*, RN (m]%)?, U S, N (m]%)?,IF N(m] * xProp))

zEM[*

Lemma 2.12 (Generated Submodel Lemma). Let M be an IL-model
and let m € M. For all formulas ¢ and all x € m[* we have that

Mim,z k¢ iff. Mzl e.

Proof. By an easy induction on the complexity of ¢. We will only com-
ment on one direction of the case p = A> B. So, we suppose that for some
x € m[x we have M,z IF A B, and will show that M |[m,z |- A> B. If
now M|m,y - A with M|m |= xRy, then also M = xRy, whence, by the
induction hypothesis, M,y = A. We can thus find a z with M | ySzz
and M,z |k B. As x € m[x, we see that M |m |= yS;z. By the induction
hypothesis M [m, z I+ B. -

We say that an IL-model makes a formula ¢ true, and write M = ¢,
if ¢ is forced in all the nodes of M. In a formula we write

ME ¢ VweM wlk .

If F = (W,R,S) is an IL-frame and IF a subset of W x Prop, we denote
by (W,IF) the IL-model that is based on F' and has forcing relation I-.
We say that a frame F makes a formula ¢ true, and write F' = ¢, if any
model based on F' makes ¢ true. In a second-order formula:

FEg:eViE (FIF)Ee

We say that an IL-model or frame makes a scheme true if it makes all
its instantiations true. If we want to express this by a formula we should
have a means to quantify over all instantiations. For example, we could
regard an instantiation of a scheme X as a substitution o carried out on
X resulting in X?. We do not wish to be very precise here, as it is clear
what is meant. Our definitions thus read

F EXiff. Vo F E=X°
for frames F', and
M =X iff. Vo M = X°

for models M. Sometimes we will also write F' |= ILX for F' |= X.

It turns out that checking the validity of a scheme on a frame is fairly
easy. If X is some scheme?, let 7 be some base substitution that sends
different placeholders to different propositional variables.

20r a set of schemata. All of our reasoning generalizes without problems to sets of
schemata. We will therefore no longer mention the distinction.



Lemma 2.13. Let X be a scheme, and T be a corresponding base substi-
tution as described above. Let F' be an IL-frame. We have

FEX &Vo FEX°.

Proof. If Vo F |= X7, then certainly F' = X7, thus we should concentrate
on the other direction. Thus, assuming F' = X™ we fix some o and |- and
set out to prove (F,IF) = X?. We define another forcing relation I+ on F'
by saying that for any place holder A in X we have

wlF 7(A) 1 (F,IF) = o(A)
By induction on the complexity of a subscheme® Y of X we can now prove
(FIFY,wlF' YT < (FIF),wlF Y.
By our assumption we get that (F,IF), w IF X7. —

If x is some formula in first, or higher, order predicate logic, we will
evaluate F' |= x in the standard way. In this case F' is considered as a
structure of first or higher order predicate logic. We will not be too formal
about these matters as the context will always dict us which reading to
choose.

Definition 2.14. Let X be a scheme of interpretability logic. We say that
a formula C in first or higher order predicate logic is a frame condition of
X if

FEC iff FEX

The C in Definition 2.14 is also called the frame condition of the logic
ILX. A frame satisfying the ILX frame condition is often called an ILX-
frame. In case no such frame condition exists, an ILX-frame resp. model
is just a frame resp. model, validating X.

The semantics for interpretability logics is good in the sense that we
have the necessary soundness results.

Lemma 2.15 (Soundness). ILF o =VF F o

Proof. By induction on the length of an IL-proof of ¢. The requirements
on R and S in Definition 2.9 are precisely such that the axiom schemata
hold. Note that all axiom schemata have their semantical counterpart
except for the schema (A>C)A(B>C) — AV B> C. -

Lemma 2.16 (Soundness). Let C be the frame condition of the logic
ILX. We have that

ILXF = VF (Fl=C=F = ¢).

Proof. As that of Lemma 2.15, plugging in the definition of the frame
condition at the right places. Note that we only need the direction F' |=
C = F E X in the proof. B

31t is clear what this notion should be.

10



Corollary 2.17. Let M be a model satisfying the ILX frame condition,
and let m € M. We have that T' := {p | M,m |+ ¢} is a mazimal
ILX-consistent set.

Proof. Clearly L ¢ T'. Also A € T’ or A € T'. By the soundness lemma,
Lemma 2.16, we see that I' is closed under ILX consequences. -

Lemma 2.18. Let M be a model such that VweM w I ILX then ILX -
p=ME .

A modal logic ILX with frame condition C is called complete if we
have the implication the other way round too. That is,

VF (FEC=F[E ¢)=ILXIF ¢.

A major concern of this paper is the question whether a given modal
logic ILX is complete.

Definition 2.19. T lFix ¢ iff. VM M = ILX = (YmeM [M,m | T =
M, m Ik ¢])

Lemma 2.20. Let I be a finite set of formulas and let ILX be a complete
logic. We have that T FiLx ¢ iff. T IFix .

Proof. Trivial. By the deduction theorem I' Frx ¢ <tmwx AT — .
By our assumption on completeness we get the result. Note that the
requirement that I" be finite is necessary, as our modal logics are in general
not compact (see also Section 3.1). =

Often we shall need to compare different frames or models. If F =
(W,R,S) and F' = (W' R',S’) are frames, we say that F is a subframe
of F/ and write FC F/, if W C W', RC R and S C 5. Here S C &’ is
short for VweW (S C Si,)-

2.3 Arithmetic

As with (almost) all interesting occurrences of modal logic, interpretability
logics are used to study a hard mathematical notion. Interpretability
logics, as their name slightly suggests, are used to study the notion of
formal interpretability. In this subsection we shall very briefly say what
this notion is and how modal logic is used to study it.

We are interested in first order theories in the language of arithmetic.
All theories we will consider will thus be arithmetical theories. Moreover,
we want our theories to have a certain minimal strength. That is, they
should contain a certain core theory, say 1A¢ + Q1 from [HP93]. This
will allow us to do reasonable coding of syntax. We call these theories
reasonable arithmetical theories.

Once we can code syntax, we can write down a decidable predicate
Proofr(p, ) that holds on the standard model precisely when p is a T-
proof of ¢.* We get a provability predicate by quantifying existentially,
that is, Provr(¢) := Ip Proofr(p, ¢).

4We take the liberty to not make a distinction between a syntactical object and its code.
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We can use these coding techniques to code the notion of formal inter-
pretability too. Roughly, a theory U interprets a theory V if there is some
sort of translation so that every theorem of V is under that translation
also a theorem of U.

Definition 2.21. Let U and V be reasonable arithmetical theories. An
interpretation j from V in U is a pair (6, F'). Here, § is called a domain
specifier. It is a formula with one free variable. The F' is a map that sends
an n-ary relation symbol of V' to a formula of U with n free variables. (We
treat functions and constants as relations with additional properties.) The
interpretation j induces a translation from formulas ¢ of V to formulas ¢’
of U by replacing relation symbols by their corresponding formulas and
by relativizing quantifiers to §. We have the following requirements.

o (R(Z)) = F(R)(Z)

e The translation induced by j commutes with the boolean connec-
tives. Thus, for example, (¢ V ¥)? = 7 V47, In particular (L) =
(Vo) =Ve =1

o (Vo ¢)! =Va (5(z) = ¢’)
e Vikp=UF ¢’

We say that V' is interpretable in U if there exists an interpretation j of
Vin U.

Using the Provr(p) predicate, it is possible to code the notion of for-
mal interpretability in arithmetical theories. This gives rise to a formula
Intr(p, 1), to hold on the standard model precisely when T + ¢ is inter-
pretable in 7"+ ¢. This formula is related to the modal part by means of
arithmetical realizations.

Definition 2.22. An arithmetical realization * is a mapping that assigns
to each propositional variable an arithmetical sentence. This mapping is
extended to all modal formulas in the following way.

- (V)" = ¢* Vo™ and likewise for other boolean connectives. In
particular 1* = (Vg)* = Vg = L.
- (Op)" = Provr(¢")
- (p> )" = Intr (™, 97)
From now on, the % will always range over realizations. Often we will
write O7y instead of Provr(p) or just even Op. The O can thus denote
both a modal symbol and an arithmetical formula. For the >-modality

we adopt a similar convention. We are confident that no confusion will
arise from this.

Definition 2.23. An interpretability principle of a theory T is a modal
formula ¢ that is provable in T' under any realization. That is, V*x T F ™.
The interpretability logic of a theory T', we write IL(T), is the set of all
interpretability principles.

Likewise, we can talk of the set of all provability principles of a theory
T, denoted by PL(T). Since the famous result by Solovay, PL(T) is known
for a large class of theories T'.

12



Theorem 2.24 (Solovay [Sol76]). PL(T) = GL for any reasonable
arithmetical theory T.

For two classes of theories, IL(T) is known.
Definition 2.25. A theory T is reflexive if it proves the consistency of

any of its finite subtheories. It is essentially reflexive if any finite extension
of it is reflexive.

Theorem 2.26 (Berarducci [Ber90], Shavrukov [Sha88]). IfT is an
essentially reflexive theory, then IL(T) = ILM.

Theorem 2.27 (Visser [Vis90]). IfT is finitely aziomatizable, then IL(T) =
ILP.

Definition 2.28. The interpretability logic of all reasonable arithmetical
theories, we write IL(All), is the set of formulas ¢ such that VT'V T F ¢*.
Here the T ranges over all the reasonable arithmetical theories.

For sure IL(All) should be in the intersection of ILM and ILP. Up to
now, IL(All) is unknown. In [JV00] it is conjectured to be ILPoW™*. It is
one of the major open problems in the field of interpretability logics, to
characterize IL(All) in a modal way.

We conclude this subsection with a definition of the arithmetical hier-
archy. This definition is needed in Section 7.

Definition 2.29. Inductively the following classes of arithmetical formu-
lae are defined.

e Arithmetical formulas with only bounded quantifiers in it are called

Ay, Yo or ITp-formulas.

o If pisall, or ¥,41-formula, then 3z ¢ is a X, 1-formula.

o If pis a X, or II,,11-formula, then Vz ¢ is a II,1-formula.
Definition 2.30. Let ¢ be an arithmetical formula.

- ell,(T) iff. Irell, THp— 7

-peX,(T) iff. JoeX, THyp - 0o

- peA(T) iff. Fwell, & FoeX, TH (p— 7)) A(p <o)

Sometimes, if no confusion can arise, we will write X, !-formulas instead
of ¥,-formulas and X,-formulas instead of 3, (T")-formulas.

3 General exposition of the construction
method

In this section we will expose the main ingredients of our construction
method. We will explain why we have chosen to work with these particular
ingredients and compare them to other methods in the literature.

Most of the applications of the construction method deal with modal
completeness of a certain logic ILX. More precisely, showing that a logic
ILX is modally complete amounts to constructing, or finding, whenever
ILX t/ ¢, amodel M and an x € M such that M, x I —p. We will employ
our construction method for this particular model construction.

In this section, we will not always give precise definitions of the notions
we work with. All the definitions can be found in Section 4.
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3.1 The main ingredients of the construction method

As we mentioned above, a modal completeness proof of a logic ILX amounts
to a uniform model construction to obtain M,z IF —¢ for ILX t/ . If
ILX t/ ¢, then {—¢} is an ILX-consistent set and thus, by a version of
Lindenbaum’s Lemma (Lemma 2.6), it is extendible to a maximal ILX-
consistent set. On the other hand, once we have an ILX-model M, z I+ —¢,
we can find, by Corollary 2.17 a maximal ILX-consistent set I' with
- € I'. This I can simply be defined as the set of all formulas that
hold at x.

To go from a maximal TLX-consistent set to a model is always the hard
part. This part is carried out in our construction method. In this method,
the maximal consistent set is somehow partly unfolded to a model.

Often in these sort of model constructions, the worlds in the model
are MCS’s. For propositional variables one then defines z IFp iff. p € x.
In the setting of interpretability logics it is sometimes inevitable to use
the same MCS in different places in the model.> Therefore we find it
convenient not to identify a world x with a MCS, but rather label it with
a MCS v(z). However, we will still write sometimes ¢ € z instead of

v €v(z).

One complication in unfolding a MCS to a model lies in the incom-
pactness of the modal logics we consider. This, in turn, is due to the fact
that some frame conditions are not expressible in first order logic. As an
example we can consider the following set.®

I':=={Opo} U{O(pi — Opit1) | i € w}

Clearly, I' is a GL-consistent set, and any finite part of it is satisfiable
in some world in some model. However, it is not hard to see that in no
IL-model all of I can hold simultaneously in some world in it.

If M is an ILX-model and = € M, then {¢ | M,z IF ¢} is a MCS. By
definition (and abuse of notation) we see that

Ve [zlk @ iff. ¢ € x].

We call this equivalence a truth lemma. (See for example Definition 4.10
for a more precise formulation.) In all completeness proofs a model is
defined or constructed in which some form of a truth lemma holds. Now,
by the observed incompactness phenomenon, we can not expect that for
every MCS, say I', we can find a model “containing” I' for which a truth
lemma holds in full generality. There are various ways to circumvent this

5As the truth definition of A > B has a V3 character, the corresponding notion of bisimu-
lation is rather involved. As a consequence there is in general no obvious notion of a minimal
bisimular model, contrary to the case of provability logics. This causes the necessity of several
occurrences of MCS’s.

6This example comes from Fine and Rautenberg and is treated in Chapter 7 of [Boo93].
Boolos also gives an example of Goldfarb that uses only one propositional variable. Goldfarb
uses infinitely many different formulas though. We note that conversely ill-foundedness can not
be imposed by a consistent (over some complete logic ILX) set of finitely many formulas. This
is because the construction method, or even just the completeness, would yield a conversely
well-founded model forcing these finitely many formulas in some point.
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complication. Often one considers truncated parts of maximal consistent
sets which are finite. In choosing how to truncate, one is driven by two
opposite forces.

On the one hand this truncated part should be small. It should be
at least finite so that the incompactness phenomenon is blocked. The
finiteness is also a desideratum if one is interested in the decidability of a
logic.

On the other hand, the truncated part should be large. It should be
large enough to admit inductive reasoning to prove a truth lemma. For
this, often closure under subformulas and single negation suffices. Also,
the truncated part should be large enough so that MCS’s contain enough
information to do the required calculation. For this, being closed under
subformulas and single negations does not, in general, suffice. Examples
of these sort of calculation are Lemma 6.9 and Lemma 11.15.

In our approach we take the best of both opposites. That is, we do
not truncate at all. Like this, calculation becomes uniform, smooth and
relatively easy. However, we demand a truth lemma to hold only for
finitely many formulas.

The question is now, how to unfold the MCS containing —¢ to a model
where = holds in some world. We would have such a model if a truth
lemma holds w.r.t. a finite set D containing —.

Proving that a truth lemma holds is usually done by induction on the
complexity of formulas. As such, this is a typical “bottom up” or “inside
out” activity. On the other hand, unfolding, or reading off, the truth value
of a formula is a typical “top down” or “outside in” activity.

Yet, we do want to gradually build up a model so that we get closer
and closer to a truth lemma. But, how could we possibly measure that we
come closer to a truth lemma? Either everything is in place and a truth
lemma holds, or a truth lemma does not hold, in which case it seems
unclear how to measure to what extend it does not hold.

The gradually building up a model will take place by consecutively
adding bits and pieces to the MCS we started out with. Thus somehow,
we do want to measure that we come closer to a truth lemma by doing
so. Therefore, we switch to an alternative forcing relation | that follows
the “outside in” direction that is so characteristic to the evaluation of
z Ik ¢, but at the same time incorporates the necessary elements of a
truth lemma.

z|rp iff. pex for propositional variables p
zlrrp Ay i x| & x|t and likewise for

other boolean connectives
>y . Vy [zRyA e € x — 3z (ySez A € 2)]

If D is a set of sentences that is closed under subformulas and single
negations, then it is not hard to see that (see Lemma 4.12)

VaV €D [z|hp iff. p € 2] (%)
is equivalent to

VaV €D [z Ik @ iff. p € x].  (xx)
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Thus, if we want to obtain a truth lemma for a finite set D that is closed
under single negations and subformulas, we are done if we can obtain
(*). But now it is clear how we can at each step measure that we come
closer to a truth lemma. This brings us to the definition of problems and
deficiencies.

A problem is some formula —(¢ > ) € 2 0D such that z|p—(p > ).
We define a deficiency to be a configuration such that ¢ > € x N D
but z|¥e > 1. It now becomes clear how we can successively eliminate
problems and deficiencies.

A deficiency ¢ > 1 € x ND is a deficiency because there is some y (or
maybe more of them) with zRy, and ¢ € y, but for no z with yS,z, we
have 1) € z. This can simply be eliminated by adding a z with yS;z and
P € 2.

A problem —(p>1) € zND can be eliminated by adding a completely
isolated y to the model with xRy and ¢, - € y. As y is completely
isolated, ySzz = z = y and thus indeed, it is not possible to reach a
world where 1 holds. Now here is one complication.

We want that a problem or a deficiency, once eliminated, can never re-
occur. For deficiencies this complication is not so severe, as the quantifier
complexity is V4. Thus, any time “a deficiency becomes active”, we can
immediately deal with it.

With the elimination of a problem, things are more subtle. When
we introduced y 3 ¢, 1) to eliminate a problem —(p > %) € z N D, we
did indeed eliminate it, as for no z with yS;z we have ¢ € z. However,
this should hold for any future expansion of the model too. Thus, any
time we eliminate a problem —(¢ > ) € x N D, we introduce a world y
with a promise that in no future time we will be able to go to a world z
containing 1 via an S;-transition. Somehow we should keep track of all
these promises throughout the construction and make sure that all the
promises are indeed kept. This is taken care of by our so called v-critical
cones (see for example also [dJJ98]). As v is certainly not allowed to hold
in R-successors of y, it is reasonable to demand that O-) € y. (Where y
was introduced to eliminate the problem —(p > ) € z N D.)

Note that problems have quantifier complexity 3V. We have chosen to
call them problems due to their prominent existential nature.

3.2 Some methods to obtain completeness

For modal logics in general, quite an arsenal of methods to obtain com-
pleteness is available. For instance the standard operations on canoni-
cal models like path—coding (unraveling), filtrations and bulldozing (see
[BVO01]). Or one can mention uniform methods like the use of Shalqvist
formulas or the David Lewis theorem [Boo93]. A very secure method is to
construct counter models piece by piece. A nice example can be found in
[Boo93], Chapter 10. In [HVO01] and in [HH02] a step-by-step method is
exposed in the setting of universal algebras. New approximations of the
model are given by moves in an (infinite) game.

For interpretability logics the available methods are rather limited in
number. In the case of the basic logic IL a relatively simple unraveling
works. Although ILM does allow a same treatment, the proof is already
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much less clear. (For both proofs, see [Bus98]). However, for logics that
contain ILMg but not ILM it is completely unclear how to obtain com-
pleteness via an unraveling and we are forced into more secure methods
like the above mentioned building of models piece by piece. And this is
precisely what we do in this paper.

Decidability and the finite model property are two related issues that
more or less seem to divide the landscape of interpretability logics into
the same classes. That is, the proof that IL has the finite model property
is relatively easy. The same can be said about ILM. For logics like ILMg
the issue seems much more involved and a proper proof of the finite model
property, if one exists at all, has not been given yet.” Alternatively, one
could resort to other methods for showing decidability like the Mosaic
method [BV01].

4 The construction method

In this section we will expose the construction method and prove its cor-
rectness. Most of the applications of the construction method are in prov-
ing some logic complete. In the end of this section we shall make some
remarks on these sort of applications.

4.1 Preparing the construction; Some definitions

In this section we will make extensive use of maximal ILX-consistent sets
for interpretability logics ILX. As we have seen in Section 3, in our setting
the following definitions come very natural. Let us first recall Definition
2.7 and introduce some more nomenclature.

Definition 4.1. Let I' and A be maximal ILX-consistent sets. We set
I < Aiff. [0A el = A,04 € A]. We say that A is a successor of I'.

Definition 4.2. Let I' and A be maximal ILX-consistent sets and let C'
be some formula. We set I' <¢ A iff. [B>C € T'= -B,0-B € A]. We
call A a C-critical successor of T'.

It is clear that C-critical successors are indeed successors. For, let
OAeTl. AsILF OA < -Ap | and I' is maximal ILX-consistent, we
have =Ap> 1 € I'. Clearly L > C € I' and thus also =A> C € I'. By
C-criticallity we get A,0A € A.

Definition 4.3. Let I' and A be maximal ILX-consistent sets. We set
FCo Aiff. [DAeT = 04 € Al

We now come to a central definition in our construction; that of an
ILX-labeled frame. An ILX-labeled frame is just a Veltman frame in
which every node is labeled by a maximal ILX-consistent set and some
R-transitions are labeled by a formula. R-transitions labeled by a formula
C indicate that some C-criticallity is essentially present at this place.

Definition 4.4. An ILX-labeled frame is a quadruple (W, R, S,v). Here
(W,R,S) is an IL-frame and v is a labeling function. The function v

"In [Joo98] a sketch is given to obtain decidability for ILMg.
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assigns to each x € W a maximal ILX-consistent set of sentences v(z).
To some pairs (z,y) with 2Ry, v assigns a formula v({z,y)).

If there is no chance upon confusion we will just speak of labeled
frames or even just of frames rather than ILX-labeled frames. Labeled
frames inherit all the terminology and notation from normal frames. Note
that an ILX-labeled frame need not be, and shall in general not be, an
ILX-frame. If we speak about a labeled ILX-frame we always mean an
ILX-labeled ILX-frame. To indicate that v({z,y)) = A we will sometimes
write zRy or v(z,y) = A.

Formally, given F' = (W, R, S,v), one can see v as a subset of (W U
(W xW)) x (Formm, U{T" | T" is a maximal ILX consistent set}) such that
the following properties hold.

- VaeW ({(z,y) € v =y is a MCS)
- V{z,y)eW x W (({z,y),2) € v =z is a formula)
- VeeW3y (z,y) €v
- Va,u,y ((By) evA (@ y) ev—y=1)
We will often regard v as a partial function on WU (W x W) which is total
on W and which has its values in Formy, U{T" | I" is a maximal ILX consistent set}

Remark 4.5. Every ILX-labeled frame F = (W, R, S,v) can be trans-
formed to an IL-model F in a uniform way by defining for propositional
variables p the valuation as F,z IF p iff. p € v(z). By Corollary 2.17 we
can also regard any model M satisfying the ILX frame condition® as an
ILX-labeled frame M by defining v(m) := {p | M,m IF ©}.

We sometimes refer to F' as the model induced by the frame F. Alter-
natively we will speak about the model corresponding to F'. Note that for

ILX-models M, we have M = M, but in general F # F for ILX-labeled
frames F.

Definition 4.6. Let x be a world in some ILX-labeled frame (W, R, S, v).
The C-critical cone above x, we write CS, is defined inductively as

o v({z,y)) =C=yecy

o 2’ cCl & a'Sy=>yecy

o2’ cCl & 2Ry=yecs
Definition 4.7. Let x be a world in some ILX-labeled frame (W, R, S, v).
The generalized C-cone above z, we write G, is defined inductively as

e ycCl=yeg?d

o 2’ €GY & &'Syz = z € GS for arbitrary w

e ' cGY & 'Ry =y e Gt

It follows directly from the definition that the C-critical cone above
x is part of the generalized C-cone above z. So, if G2 NGS = @, then
certainly CZ ncS = @.

We also note that there is some redundancy in Definitions 4.6 and 4.7.
The last clause in the inductive definitions demands closure of the cone

8We could even say, any ILX-model.
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under R-successors. But from Definition 2.9.5 closure of the cone under R
follows from closure of the cone under S,. And closure of the cone under
S follows from the second clause. We have chosen to explicitly adopt the
closure under the R. In doing so, we obtain a notion that serves us also
in the environment of so-called quasi frames (see Definition 5.1) in which
not necessarily ()2 N R C S..

In our construction we will gradually build up ILX-labeled frames so
that the corresponding models get more and more of the desired proper-
ties. The following two definitions provide a means to measure how many
of our desiderata we still miss.

Definition 4.8. ° Let D be some set of sentences and let F = (W, R, S, v)
be an ILX-labeled frame. A D-problem is a pair (z, =(A > B)) such that
—(A> B) € v(z) N D and for every y with zRy we have [A € v(y) =
3z (ySzz A B € v(2))].

Definition 4.9. Let D be some set of sentences and let F' = (W, R, S, v)
be an ILX-labeled frame. A D-deficiency is a triple (z,y,C > D) with
zRy, C>D € v(z) N D, and C € v(y), but for no z with yS;z we have
D e v(z).

If the set D is clear or fixed, we will just speak about problems and
deficiencies.

Definition 4.10. Let F = (W, R, S,v) be a labeled frame and let F be
the induced IL-model. Furthermore, let D be some set of sentences. We
say that a truth lemma holds in F with respect to D if V AED VxeF

FzlFAs Acu(z).

If there is no chance of confusion we will omit some parameters and
just say “a truth lemma holds at F” or even “a truth lemma holds”.

Definition 4.11. Let A be a formula. We define the single negation of
A, we write ~A, as follows. If A is of the form —B we define ~A to be B.
If A is not a negated formula we set ~A := —A.

The next lemma shows that a truth lemma w.r.t. D can be reformu-
lated in the combinatoric terms of deficiencies and problems. (See also
the equivalence of (*) and (xx) in Section 3.)

Lemma 4.12. Let F = (W, R, S,v) be a labeled frame, and let D be a set
of sentences closed under single negation and subformulas. A truth lemma
holds in F' w.r.t. D iff. there are no D-problems nor D-deficiencies.

Proof. The proof is really very simple. We have included it though, to
show the interplay between all the ingredients.

Suppose a truth lemma holds. To see that there are no D-problems
we consider some =(A > B) € D and some z € F with =(A> B) € v(x).
We need to find a y with xRy, A € v(y) such that for no z with yS,z,
B € v(z). As a truth lemma holds and —(A > B) € v(x), we have that
F,z IF =(A > B), and thus, for some y we have: zRy IF A and for no
z with ySzz, holds F,z IF B. Thus, ySzz — z |- =B. As D is closed

9This is a temporary definition. We will eventually work with Definition 4.14.
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under subformulas, BED. And, as D is closed under single negations,
~B € D. Clearly IL - =B < ~B and thus, ySzz — z |F ~B. By the
truth lemma, we have that for any z, ySzz — ~B € v(z). As v(z) is a
maximal consistent set, ~B € v(z) = =B € v(z) and thus we see that
(z,—(A > B)) is not a D-problem.

To see that there are no deficiencies, we reason as follows. Consider
xRy with C > D € v(z) N D, and C € v(y). We need to find a z with
ySyz and D € v(z). Again, C > D € v(z) implies by the truth lemma
that F,z IF C > D. Analogously we get F,y |- C. Thus, we find z
with ySzz IF D. Again, by the truth lemma and the closure of D under
subformulas, we see that D € v(z). Thus (z,y,C > D) can not be a
deficiency.

For the other direction, assume that there are no D-problems nor D-
deficiencies. We will prove by induction on the complexity of A € D
that

vV (F,z - Aiff. A€ v(x)).

For propositional variables this holds by our definition of IF. The logical
structure of maximal consistent sets mimics very well the behavior of I
when it comes to boolean connectives. For example F,z IF AA B <
F,zlF A& F,z IF B 1. Acv(z) & B € v(z) & AAB € v(z).
Note that we have access to the induction hypothesis as D is closed un-
der subformulas. For the negation we see that F,z IF -A < F,z |f
A &1u. A¢v(z) & —Acv(z). Note that in this case we have access to
the induction hypothesis again by the subformula property.

We now need to see that Fz IF C > D < C > D € v(zx) for any
C > D € D. This part is split in two directions.

First suppose that C' > D € v(xz). We need to see that z I+ C > D.
Thus, suppose that zRy IF C. By the induction hypothesis C € v(y) and,
as there are no deficiencies, we can find z with yS,z > D. Again by the
induction hypothesis, z IF D and indeed = IF C > D.

For the other direction suppose that C'> D ¢ v(z). Thus -(C > D) €
v(z). Note that ~(C' > D) = =(C > D). As there are no D-problems and
—(C > D) € D, we can find some y with zRy and C € v(y) and for no z
with ySzz, D € v(z). Or equivalently, for all z with ySzz, D ¢ v(z). By
applying twice the induction hypothesis we see that z I =(C > D). —

The labeled frames we will construct are always supposed to satisfy
some minimal reasonable requirements. We summarize these in the notion
of adequacy.

Definition 4.13 (Adequate frames). A frame is called adequate if the
following conditions are satisfied.

1. zRy = v(z) < v(y)
2. A#B=G2ngl =0
3. yeCd = v(z) <a v(y)

If no confusion is possible we will just speak of frames instead of ad-
equate labeled frames. As a matter of fact, all the labeled frames we

20



will see from now on will be adequate. In the light of adequacy it seems
reasonable to work with a slightly more elegant definition of a D-problem.

Definition 4.14 (Problems). Let D be some set of sentences. A D-
problem is a pair (z,—(Ar> B)) such that =(A> B) € v(z) D and for no
y € CZ we have A € v(y).

From now on, this will be our working definition. Clearly, on adequate
labeled frames, if (z, ~(A > B)) is not a problem in the new sense, it is
not a problem in the old sense.

Remark 4.15. It is also easy to see that the we still have the interesting
half of Lemma 4.12. Thus, we still have, that a truth lemma holds if there
are no deficiencies nor problems.

To get a truth lemma we have to somehow get rid of problems and
deficiencies. This will be done by adding bits and pieces to the original
labeled frame. Thus the notion of an extension comes into play.
Definition 4.16 (Extension). Let F = (W, R, S,v) be a labeled frame.
We say that F' = (W', R',S’, 1) is an extension of F, we write FF C F’,
if W C W' and the relations in F restricted to F yield the corresponding
relations in F'.

More formally, the requirements on the restrictions in the above defi-
nition amount to saying that for x,y,z € F' we have the following.

- zR'y iff. xRy

- yShziff. ySyz

- V() = v(z)

- V' ({z,y)) is defined iff. v((z,y)) is defined, and in this case v’ ({z,y)) =

v((z,y)).
A problem in F is said to be eliminated by the extension F’ if it is

no longer a problem in F’. Likewise we can speak about elimination of
deficiencies.

Definition 4.17 (Depth). The depth of a finite frame F, we will write
depth(F) is the maximal length of sequences of the form zoR ... Rz,. (For
convenience we define max(@) = 0.)

Definition 4.18 (Union of Bounded Chains). An indexed set {F;}icw
of labeled frames is called a chain if for all i, F; C Fiy1. It is called a
bounded chain if for some number n, depth(F;) < n for all ¢ € w. The
union of a bounded chain {F;}ic. of labeled frames F; is defined as fol-
lows.

UicwFi = (Uico Wi, Uicw Ri, Uscw Si, Uicw Vi)

It is clear why we really need the boundedness condition. We want
the union to be an IL-frame. So, certainly R should be conversely well-
founded. This can only be the case if our chain is bounded.
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4.2 The main lemma

We now come to the main motor behind the results. It is formulated in
rather general terms so that it has a wide range of applicability. As a
draw-back, we get that any application still requires quite some work.

Lemma 4.19 (Main Lemma). Let ILX be an interpretability logic and
let C be a (first or higher order) frame condition such that for any IL-
frame F' we have

FEC=FEX

Let D be a finite set of sentences. Let T be a set of so-called invariants of
labeled frames so that we have the following properties.

o FETY = F |=C, where T is that part of T that is closed under
bounded unions of labeled frames.

e T contains the following invariant: xRy — JAc(v(y) \ v(z)) N
{O0-D | D a subformula of some B € D}.

e For any adequate labeled frame F, satisfying all the invariants, we
have the following.

— Any D-problem of F' can be eliminated by extending F' in a way
that conserves all invariants.

— Any D-deficiency of F' can be eliminated by extending F in a
way that conserves all invariants.

In case such a set of invariants T exists, we have that any ILX-labeled
adequate frame F satisfying all the invariants can be extended to some
labeled adequate ILX-frame F on which a truth-lemma with respect to D
holds.

Moreover, if for any finite D that is closed under subformulas and
single negations, a corresponding set of invariants Z can be found as above
and such that moreover Z holds on any one-point labeled frame, we have
that ILX is a complete logic.

It is clear that the lemma will be proved by subsequently eliminat-
ing problems and deficiencies by means of extensions. These elimination
processes have to be robust in a sense that every problem or deficiency
that has been dealt with, should not possibly re-emerge. But, as we shall
see, the requirements of the lemma almost immediately imply this. The
following two lemmata however show that the requirements are not so
strong. The first lemma relates to problems.

Lemma 4.20. Let I’ be a mazimal ILX-consistent set such that —(A >
B) € I'. Then there exists a mazimal ILX-consistent set A such that
I'<xpg A>3 A 0O-A.

Proof. So, consider =(Ar> B) € I, and suppose that no required A exists.
We can then find a!® formula C for which C > B € T" such that

_'C, \:\—\C, A, O0-A Fmx L.

10Writing out the definition and by compactness, we get a finite number of formulas
Ci,...,Cp with C; > B € T, such that =C1,... ,—-Cyp,0-Cq,...,0-Cph, A, 0-A Fipx L.
We can now take C':= C7 V...V Cy. Clearly, as all the C; > B €T, also C> B eT.
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Consequently
Fix AAO=A — CV OC

and thus, by Lemma 2.2, also Fix A> C. But as C > B € I, also
A B €T. This clearly contradicts the consistency of T'. -

For deficiencies there is a similar lemma.

Lemma 4.21. Consider C> D € T <g A > C. There exists A" with
I' <p A3 D,0-D.

Proof. Suppose for a contradiction that C'> D € I' < A 5 C and there
does not exist a A’ with I' <g A’ > D,0-D. Taking the contraposition
of Lemma 4.20 we get that =(D > B) ¢ T', whence D > B € T and also
C > B € T'. This clearly contradicts the consistency of A as ' <p A >
C. -

In the proof of our main lemma however we will not consider the
process of eliminating problems and deficiencies in that much detail. We
required a sort of black box that does the eliminations in the conditions
of the theorem. Every application however will make use of Lemmas 4.20
and 4.21.

Proof of Lemma 4.19. So, let ILX, D, C and Z be given so that the
requirements of the lemma are satisfied. We first proof that every labeled
adequate frame F' satisfying all the invariants can be extended to a labeled
adequate ILX-frame F on which a truth lemma w.r.t. D holds.

In the light of Lemma 4.12 and of Remark 4.15 we are done if we can
find an extension of F' where no D-problems nor D-deficiencies occur.

Actually, we will assume that D is closed under subformulas and single
negations. If D does not have these closure properties, we can first close
D off to get a set D’ that does have the closure properties. Clearly D’
is also a finite set. Thus, without loss of generality we may assume that
D is closed under subformulas and single negations. In this case {O0-D |
D a subformula of some B € D} = {0-D | D € D} = {0D | D € D},
where the last equality is not really an equality but rather some sort of
equivalence.

The idea of the proof is very simple. We start with Fp := F and
consider some deficiency or problem in it. We eliminate this problem or
deficiency by extending Fy to Fi. Next we consider some problem or
deficiency in Fy and eliminate it by extending Fi to F>. Proceeding like
this we get a (possibly) infinite chain.

F:FogFlgFgg...QUi@,Fi::F (’L)

As we shall see, this F' will be our required extension of F' if we choose
our intermediate F; right. At this moment we can point out four points
of attention.

1. Newly created problems and deficiencies should also at some point
be eliminated.
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2. Problems and deficiencies that have been eliminated, should not
come back at a later stage.

3. The chain () should be a bounded chain.

4. The limit should be an adequate labeled ILX-frame containing no
problems and no deficiencies.

We now see how these points get incorporated in the construction.

Point 1 is really not problematic. We can just take care of it by
fixing some enumeration of problems and deficiencies. To this extend, we
fix a countable infinite set of names X := {xo,z1,...} for our current
and future worlds. Every world in some F; will be some x € X. Next we
consider the set A := {(z,~(A>B)) |z € X,~(A>B) € D}U{{z,y,C1>
D) |z,y € X,C 1> D € D} and we fix some enumeration on A. If we are
to choose at a certain stage some deficiency or problem to eliminate, we
just pick the least (with respect to the enumeration order) element of A
that is indeed a problem or a deficiency. If we now know that problems
and deficiencies, once dealt with, will never re-occur, we are sure that we
come higher and higher in the enumeration of A. Point 2 precisely deals
with the robustness of the elimination method.

Point 2. It is easy to see that deficiencies, once eliminated by means
of an extension, will never re-occur. Consider C't> D € v(z) and C € v(y)
and zRy. If (z,y,C > D) is a deficiency in F; that is eliminated at this
stage, it will be eliminated by adding (at least) a new element z to F;.
Thus, Fi+1 will contain z with D € v(z) and ySzz. This world z will also
be in all extensions of Fi4.

To see that we can eliminate problems in such a way, so that they will
never re-occur, we have to be a bit more precise. Let (z,—(A > B)) be
a problem of F; that will be eliminated in Fy41. Thus, some y € CZ is
added with A € v(y). We need to see that in no Fj, j > i+ 1 there is a
z with yS,z and B € v(z). But if yS.z, we have by the definition of CZ
that z € CZ. By adequacy we see that'' z <p z and thus —B € v(2).

Point 3. We should provide a bound on depth(F;) of the elements of
our chain (¢). This is taken care of by the invariant zRy — JA€(v(y) \
v(z)) N {O0-D | D a subformula of some B € D}. Clearly, if in some Fj;
we have that xoRz1R. .. Rt we have that m < |D|.

Point 4. We should have that ¥ := UscoF; is a labeled adequate
ILX-frame. For adequacy we should check a list of items. Amongst
these are: transitivity of R, conversely well-foundedness of R, reflexiv-
ity and transitivity of Sy, tRyRz — ySzz, ySz2z — xRz. It is completely
straightforward to show that these properties are preserved under taking
bounded unions of chains. As F' = 7", we get from our assumption that
F = C and thus F is an ILX-frame. Clearly F can not have any problems
or deficiencies and thus a truth lemma holds in F' with respect to D.

This proves the first part of the Main Lemma.

We will now prove the second part of the Main Lemma. Thus, we
suppose that for any finite set D closed under subformulas and single
negations, we can find a corresponding set of invariants Z. If now, for any

11 This is actually the only property of adequacy that is used in the proof of the main lemma.
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such D, all the corresponding invariants Z hold on any one-point labeled
frame, we are to see that ILX is a complete logic, that is, ILX ¥ A =
diM (M E X & M = —A). But this just follows from the above. If
ILX ¥ A, we can find a maximal ILX-consistent set I' with —A € I". Let
D be the smallest set that contains —A and is closed under subformulas
and single negations and consider the invariants corresponding to D. The
labeled frame F := ({z},d,d, (z,T")) can thus be extended to a labeled
adequate ILX-frame F' on which a truth lemma with respect to D holds.
Thus certainly F, 2 IF —A, that is, A is not valid on the model induced by
F. B

The construction method can also be used to obtain decidability via
the finite model property. In such a case, one should re-use worlds that
were introduced earlier in the construction.

4.3 How to use the main lemma

The main lemma provides a powerful method for proving modal complete-
ness. In several cases it is actually the only known method available.

Remark 4.22. A modal completeness proof for an interpretability logic
ILX is by the main lemma reduced to the following four ingredients.

e Frame Condition Providing a frame condition C and a proof that

FEC= F E=ILX.

e Invariants Given a finite set of sentences D (closed under subfor-
mulas and single negations), providing invariants Z that hold for
any one-point labeled frame. Certainly Z should contain zRy —
JAe(v(y) \v(z))n{OD | D € D}.

e elimination

— Problems Providing a procedure of elimination by extension
for problems in labeled frames that satisfy all the invariants.
This procedure should come with a proof that it preserves all
the invariants.

— Deficiencies Providing a procedure of elimination by extension
for deficiencies in labeled frames that satisfy all the invariants.
Also this procedure should come with a proof that it preserves
all the invariants.

e Rounding up A proof that for any bounded chain of labeled frames
that satisfy the invariants, automatically, the union satisfies the
frame condition C of the logic.

The completeness proofs that we will present will all have the same
structure also in their preparations. As we will see, eliminating problems
is more elementary than eliminating deficiencies.

As we already pointed out, we eliminate a problem by adding some
new world plus an adequate label to the model we had. Like this, we get
a structure that need not even be an IL-model. For example, in general,
the R relation is not transitive. To come back to at least an IL-model,
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we should close off the new structure under transitivity of R and S et
cetera. This closing off is in its self an easy and elementary process but
we do want that the invariants are preserved under this process. Therefore
we should have started already with a structure that admitted a closure.
Actually in this paper we will always want to obtain a model that satisfies
the frame condition of the logic.

The preparations to a completeness proof in this paper thus have the
following structure.

e Determining a frame condition for ILX and a corresponding notion
of an ILX-frame. (Cf. Definition 2.9 and Lemma 2.15 in the case
of IL, Definition 6.1 and Lemma 6.2 in the case of ILM, Theorem
11.18 in the case of ILMg and Theorem 12.11 in the case of ILW™.)

e Defining a notion of a quasi ILX-frame. (Cf. Definition 5.1 in the
case of IL, Definition 6.4 in the case of ILM, Definition 11.9 in the
case of ILMy and Definition 12.6 in the case of ILW*.)

e Defining some notions that remain constant throughout the closing
of quasi ILX-frames, but somehow capture the dynamic features of
this process. (Cf. critical and generalized cones; Definitions 4.6 and
4.7, in the case of IL; critical M-cone, Definition 6.3, and Ro S in
the case of ILM and Definition 11.5 and Definition 11.8 both in the
case of ILMg and ILW™.)

Proving that a quasi ILX-frame can be closed off to an adequate
labeled ILX-frame. (Cf. Lemma 5.2 and corollary 5.3 for IL, Lemma
6.5 and Corollary 6.8 for ILM, Lemma 11.12 in the case of ILMg and
Lemma 12.8 in the case of ILW™.)

e Preparing the elimination of deficiencies. (Cf. Lemma 4.21 in the
case of IL, 6.9 in the case of ILM, Lemma 11.15 in the case of ILMg
and Lemma 12.9 in the case of ILW™*.)

The most difficult job in a the completeness proofs we present in this
paper, was in finding correct invariants and in preparing the elimination
of deficiencies. Once this is fixed, the rest follows in a rather mechanical
way. Especially the closure of quasi ILX-frames to adequate ILX-frames
is a very laborious enterprise. We have chosen to do it in great detail
though as it is the place where all the essential ingredients come together.
Furthermore, this work can be used time and again, once it is executed.

5 The logic IL

The modal logic IL has been proved to be modally complete in [dJV90].
We shall reprove the completeness here using the Main Lemma.

The completeness proof of IL can be seen as the mother of all our
completeness proofs in interpretability logics. Not only does it reflect the
general structure of applications of the Main Lemma clearly, also it so that
we can use large parts of the preparations to the completeness proof of IL
in other proofs too. Especially closability proofs are cumulative. Thus,
we can use the lemma that any quasi frame is closable to an adequate
frame, in any other completeness proof.
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5.1 Preparations

Definition 5.1. A quasi-frame G is a quadruple (W, R, S,v). Here W
is a non-empty set of worlds, and R a binary relation on W. S is a set
of binary relations on W indexed by elements of W. The v is a labeling
as defined on labeled frames. Critical cones and generalized cones are
defined just in the same way as in the case of labeled frames. G should
posess the following properties.

1. R is conversely well-founded
2. ySyz — zRy & xRz

3. zRy — v(z) < v(y)

4. A4B—-G2ingl =0

5. yeCs — v(x) <a v(y)

Clearly, adequate labeled frames are special cases of quasi frames.
Quasi-frames inherit all the notations from labeled frames. In particular
we can thus speak of chains and the like.

Lemma 5.2 (IL-closure). Let G = (W, R, S,v) be a quasi-frame. There
is an adequate IL-frame F extending G. That is, F = (W, R', S’ ,v) with
RCR and SCS'.

Proof. We define an imperfection on a quasi-frame F,, to be a tuple v
having one of the following forms.
(#) v=1(0,a,b,c) with F;, = aRbRc but F, [~ aRc
(#1) v = (1,a,b)y with F,, = aRb but F,, [~ bS.b
(#7) v = (2,a,b,¢c,d) with F,, = bS.cSad but not F, = bS.d
(i) v=(3,a,b,c) with F,, = aRbRc but F, [~ bSac

Now let us start with a quasi-frame G = (W, R, S,v). We will define
a chain of quasi-frames. Every new element in the chain will have at
least one imperfection less than its predecessor. The union will have no
imperfections at all. It will be our required adequate IL-frame.

Let <o be the well-ordering on
C:= ({0} x W3) U ({1} x W2) U ({2} x W4) U ({3} x W3)

induced by the occurrence order in some fixed enumeration of C. (Enu-
merations are always of type w.) We define our chain to start with.

Fo := G. To go from F, to F,41 we proceed as follows. Let v be the
<op-minimal imperfection on F),. In case no such ~ exists we set 41 :=
F,,. If such a = does exist, Fj,+1 is as dicted by the case distinctions.

(1) Fatr:= (Wa, Rn U {{a,c}}, Sn,vn)
(ZZ) Fn+1 = <W’ﬂ7 Rﬂa S’"« U {<a’7 b7 b>}? V’"«>
(Z’LZ) Fn+1 = <Wn7 Rny Sn U {<CL, b7 d)}? VTL>
) = (Wy, Rn U{{(a,¢)},Sn U{{(a,b,c)},vn)

(i?} Fn+1
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We first see by induction on n that all the F,, are quasi-frames. For
n = 0 this is true by definition.

We follow the case distinctions and see that at every step we obtain
a quasi-frame. In order to see that we have a quasi-frame, the following
five requirements should be checked.

1. R is conversely well-founded
2. ySyz — zRy & xRz

3. zRy — v(z) < v(y)

4. A4B—-GAngl =0

5. yeCy — v(x) <a v(y)

Instead of proving 4 and 5 we will prove two stronger statements. We will
prove that G2 and C2 are actually the same set for all n. Clearly 4 and
5 will follow from this observation and the fact that Fp is a quasi-frame.
What we would like to prove can be expressed by the following.

4. Yn¥m [F, = yeGd & F, = yeG2)
57. YnV¥m [F, | yeCa < Fn = yeCi]
For this, it is sufficient to prove that.

4.V [Fai1 EyeGa & F, | yeGi]
5. Vn [Fny1 EyeCa & F, | yeCy]

We can now just do all the cases. In case F,,+1 = F),, we are immediately
done by the induction hypothesis.

Case (i): We have eliminated an imperfection concerning the transi-
tivity of the R relation and Fi41 := (Wy, Ry U {(a,¢)}, Sn,vn). In this
case, 2 is clear as Sn4+1 = S,. For 1, suppose a sequence xo,z1,... is
given such that Fi,41 ): zroRx1R.... This sequence xo,z1,... can be
transformed into a sequence yo, y1, ... such that F, E yoRy1R... by re-
placing all occurrences of aRc in xg, x1, ... by aRbRc and leaving the rest
unchanged. Clearly, if o, z1,... is infinite, also yo, y1,... is infinite. We
conclude that xo,x1,... can not be infinite and 1 holds on Fj,4+1. To see 3
we only need to check that v(a) < v(c). This follows from the transitivity
of the < relation and v(a) < v(b) < v(c). To see 4’ we reason as fol-
lows. Suppose F,, 11 |= y€GZ. By the inductive definition this means that
there are zo,...,xr such that Fn41 E zRA20Qx1Q . .. QrrQy, where
Q € {R,S}. Recall that uSv means that uS,v for some w. We get
a sequence o, ... ,ym such that F,, = zR*y0Q ... QymQy by replacing
all occurrences of aRc by aRbRc in xo, ...,z and leaving the rest un-
changed. Thus F,y1 yeg;“ = F, E yegf. The other direction is
obviously true. The validity of 5 follows from a completely analogous
reasoning.

Case (i7): We have eliminated an imperfection concerning the reflex-
ivity of Sq and Fpy1 := (Wy, Ry, Sn U {{a,b,b)},vn). In this case, 1 and
3 are clear as R, = R,41. Furthermore, 2 is also clear, as we have that
(a,b) € Ry. As before we see that 4’ and 5’ hold.
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Case (i1i): We have eliminated an imperfection concerning the tran-
sitivity of S, and Fp41 := (Wy, Rn, Sn U {{(a,b,d)},vn). Again 1 and 3
are clear. The assumption tells us that 6S,cS.d. Thus by the induction
hypothesis, aRd whence 2 is also satisfied. As before we see that 4’ and
5 hold.

Case (iv): We have eliminated an imperfection concerning the inclu-
sion of R in S, and Fr41 := (Wy, R, U {{a,c)}, Sn U {{a,b,¢)},vn). To
see that 1 and 3 hold we apply precisely the same argument as in Case
(7). The only difference now is that F,, = aRc is also possible, which
would even simplify the argument. To see that 2 holds, we only need to
consider the newly added bSsc. But Rny1 = R, U {{a,c)}, thus certainly
F,+1 |E aRc. Points 4’ and 5’ go as always.

Thus indeed F;, is a quasi-frame for every n.

We will now see that F' := U;e, F; is the required adequate IL-frame.
To this extend we have to establish the following properties.

Ro C Uiew Ry

(1) Fl=yeCd = v(z) <a v(y)

Properties (a.)-(c.) say that F is an extension of G. Properties (d.)-
(i.) are from Definition 2.9 and Properties (j.)-(l.) are the adequateness
conditions.

Properties (a.), (b.) and (c.) are obvious. To see (d.) we reason as
follows. We first prove by induction on n that if F,, |= xRy, then there are
ai,...,am(0 < m) such that Fy = zRa1R... RamRy. By this property

any chain zo,z1,... with F | zoRz1R... can be transformed into a
chain yo,y1... with Fo = yoRy1R.... Clearly, if zo,z1,... is infinite,
then so is yo, y1 - ... Thus by the conversely well-foundedness of Fi we see

that F' is conversely well-founded.

To see (f.), suppose F' |= ySgzz. Then, for some n, F,, = ySzz. As F,,
is a quasi-frame, F,, = 2Ry and F,, = xRz. Thus the same holds in F'.
Property (j.) is proved similarly.

The validity of (k.) and (l.) is immediate from our previous observa-
tions 47 and 5” that the G2 and the CZ entities are stable throughout the
chain.

For the remaining cases (e.), (g.), (h.) and (i.) the following two ob-
servations on imperfections are central.
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e If v is not an imperfection in F,, then it will not be an imperfection
in F,, for any m > n. So, certainly it will not be an imperfection of
F.

e If ~ is an imperfection of F,, then there are only finitely many
imperfections v’ <o v in Fj.

We now see in one go that no imperfections can hold in F. Assume for
a contradiction that « is an imperfection in F'. Thus, for some n, 7 is an
imperfection of F,,. There are only finitely many, say m, imperfections
~" below ~ w.r.t. the <o ordering. At each stage one of these ~" will
disappear. Thus 7 is not an imperfection in F,4,,+1 and hence not in F'.
A contradiction. B

We note that the IL-frame F' O G from above is actually the minimal
one extending G. If in the sequel, if we refer to the closure given by the
lemma, we shall mean this minimal one. Also do we note that the proof is
independent on the enumeration of C' and hence the order <o on C. The
lemma can also be applied to non-labeled structures. If we drop all the
requirements on the labels in Definition 5.1 and in Lemma 5.2 we end up
with a true statement about just the old IL-frames.

Lemma 5.2 also allows a very short proof running as follows. Any
intersection of adequate IL-frames with the same domain is again an ad-
equate IL-frame. There is an adequate IL-frame extending G. Thus by
taking intersections we find a minimal one. We have chosen to present
our explicit proof as they allow us, now and in the sequel, to see which
properties remain invariant.

Corollary 5.3. Let D be a finite set of sentences, closed under subfor-
mulas and single negations. Let G = (W, R, S,v) be a quasi-frame on
which

2Ry — JAe((v(y) \vz) N{OD | D € D}) (%)
holds. Property () does also hold on the IL-closure F of G.

Proof. We can just take the property along in the proof of Lemma 5.2.
In Case (i) and (iv) we note that aRbRc — v(a) Co v(c). Thus, if
Ae((v(e) \ v(b)) N{OD | D € D}), then certainly A & v(a). =

We have now done all the preparations for the completeness proof.
Normally, also a lemma is needed to deal with deficiencies. But in the
case of IL, Lemma 4.21 suffices.

5.2 Modal completeness
Theorem 5.4. IL is a complete logic

Proof. We specify the four ingredients mentioned in Remark 4.22.

Frame Condition For IL, the frame condition is empty, that is, every
frame is an IL frame.
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Invariants Given a finite set of sentences D closed under subformulas
and single negation, the only invariant is xRy — 3 A€(v(y) \v(z))N{OD |
D € D}. Clearly this invariant holds on any one-point labeled frame.

elimination So, let F' := (W, R, S, v) be a labeled frame satisfying the
invariant. We will see how to eliminate both problems and deficiencies
while conserving the invariant.

problems Any problem (a, (A > B)) of F' will be eliminated in two
steps.

1. With Lemma 4.20 we find A with v(a) <g A > A,0-A. We fix
some b ¢ W. We now define

G' = (WuU{bl,RU{{a,b)},S,vU{(b,A), {{a,b), B)}).

It is easy to see that G’ is actually a quasi-frame. Note that if
G’ = zRb, then x must be a and whence v(x) < v(b) by definition
of v(b). Also it is not hard to see that if b € CS for x#a, that then
v(z) <c v(b). For, b € €S implies a € C§ whence v(z) <c v(a).
By v(a) < v(b) we get that v(x) <c v(b). In case z=a we see that
by definition b € CZ. But, we have chosen A so that v(a) <5 v(b).
We also see that G’ satisfies the invariant as O-A € v(b) \ v(a) and
~AeD.

2. With Lemma 5.2 we extend G’ to an adequate labeled IL-frame G.
Corollary 5.3 tells us that the invariant indeed holds at G. Clearly
(a,—~(Ar> B)) is no longer a problem in G.

Deficiencies. Again, any deficiency (a,b,C > D) in F will be elimi-
nated in two steps.

1. We first define B to be the formula such that b € CZ. If such a B
does not exist, we take B to be L. Note that if such a B does exist,
it must be unique by Property 4 of Definition 5.1. By Lemma 4.21
we can now find a A" such that v(a) <g A’ 3 D,0-D. We fix some
c € W and define

G = (W,RU{a,c},SU{a,b,c},vU{c, A'}).

Again it is not hard to see that G’ is a quasi-frame that satisfies the
invariant. Clearly R is conversely well-founded. The only new S in
G’ is bS,c, but we also defined aRc. We have chosen A’ such that
v(a) < v(c). Clearly O-D ¢ v(a).

2. Again, G’ is closed off under the frame conditions with Lemma 5.2.
Again we note that the invariant is preserved in this process. Clearly
(a,b,C > D) is not a deficiency in G.

Rounding up Clearly the union of a bounded chain of IL-frames
is again an IL-frame.

_|
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It is well known that IL has the finite model property and whence is
decidable. With some more effort however we could have obtained the
finite model property using the Main Lemma. We have chosen not to do
so, as for our purposes the completeness via the construction method is
sufficient.

Also, to obtain the finite model property, one has to re-use worlds
during the construction method. The constraints on which worlds can be
re-used is per logic differently. One aim of this section was to prove some
results on a construction that is present in all other completeness proofs
too. Therefore we needed some uniformity and did not want to consider
re-using of worlds.

6 The Logic ILM

The modal completeness of ILM was proved by de Jongh and Veltman
in [dJV90]. In this section we will reprove the modal completeness of
the logic ILM via the Main Lemma. The general approach is not much
different from the completeness proof for IL.

The novelty consists of incorporating the ILM frame condition (see
Definition 6.1). Thus, whenever yS; zRu holds, we should also have yRu.
In this case, adequacy imposes v(y) < v(u).

Thus, whenever we introduce an S, relation, when eliminating a de-
ficiency, we should keep in mind that in a later stage, this S, can acti-
vate the ILM frame condition. It turns out to be sufficient to demand
v(y) Co v(z) whenever ySz. Also, we should do some additional book
keeping as to keep our critical cones fit to our purposes.

6.1 Preparations

Let us first recall the principle M, also called Montagna’s principle.

M: A>B—AANOC>BAOC

Definition 6.1. An ILM-frame is a frame such that yS;zRu — yRu
holds on it. A(n adequate) labeled ILM-frame is an adequate labeled
ILM-frame on which S,z — v(y) Co v(z) holds. We call ySyzRu — yRu
the frame condition of ILM.

The next lemma tells us that the frame condition of ILM, indeed
characterizes the frames of ILM.

Lemma 6.2. F =Vz,y,u,v (ySeuRv — yRv) < F = ILM

Proof. “=7. We take any model M based on F' and a € M. We suppose
alF Ar>B. Thus, if aRb IF AANOC, then there is some ¢ with aRbS,c I B.
If ¢cRd, by the frame condition bRd whence d I C'. Thus c - B AOC and
alFANDOCD>BAOC.

“«<". We consider a,b,c,d € F with bSscRd. We define a model M,
based on F, by specifying I-.
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zlkp & =0
zlFq & z=c
rzlkr < bRx

Thus, a IF p > g, whence a I- p A Or > g A Or. Consequently ¢ I g A Or,
which can only be the case if cRz — bRx for all . Thus certainly bRd.
_|

We will now introduce a notion of a quasi-ILM-frame and a corre-
sponding closure lemma. In order to get an ILM-closure lemma in analogy
with Lemma 5.2 we need to introduce a technicality.

Definition 6.3. The A-critical M-cone of z, we write M2, is defined
inductively as follows.

o zRYy —»ye M2

o yc M2 & yRz — z € M2

e ye M2 & yS,z—ze M2

o ye M2 & yS*uRv — v e M2
Definition 6.4. A quasi-frame is a quasi-ILM-frame if'? the following
properties hold.

e R':S" is conversely well-founded*®

* ySez — v(y) Cov(z)

o ye ML =uv(z) <av(y)

It is easy to see that CZ2 C MZ C GZ. Thus we have that A #
B — M2NMEZ = @. Also, it is clear that if F is an ILM-frame, then

F = M2 = (2. Actually we have that a quasi-ILM-frame F is an ILM-
frame iff. F = M2 =C2.

Lemma 6.5 (ILM-closure). Let G = (W, R, S,v) be a quasi-ILM-frame.
There is an adequate ILM-frame F extending G. That is, F = (W, R, S’ v)
with RC R and S C S’.

Proof. The proof is very similar to that of Lemma 5.2. As a matter of fact,
we will use large parts of the latter proof in here. For quasi-ILM-frames
we also define the notion of an imperfection.

An imperfection on a quasi-ILM-frame F), is a tuple v having one of
the following forms.

(#) v=1(0,a,b,c) with F,, = aRbRc but F, }~ aRc

12By R we denote the transitive closure of R, inductively defined as the smallest set such
that zRy — zRYy and 3z (zR"2 A zR"y) — zR"y).
composition operator on relations. Thus, for example, y(R"Y;S)z iff. there is a u such that
yR"u and uSz. Recall that uSv iff. uSzv for some z. In the literature one often also uses
the o notation, where xR o Sy iff. 32 xSzRy. Note that RY; S* is conversely well-founded iff.

RY o S is conversely well-founded.

131n the case of quasi-frames we did not need a second order frame condition. We could use
the second order frame condition of IL via ySzz — xRy & xzRz. Such a trick seems not to be

available here.
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(it) v=(1,a,b) with F}, = aRb but F, [~ bS.b

(#it) v=(2,a,b,c,d) with F,, = bSacSad but F, (= bSad
(iv) v = (3,a,b,c) with F,, E aRbRc but F,, [~ bSsc

(v) v={(4,a,b,c,d) with F,, = bS.cRd but F, [~ bRd

We will define a chain of quasi-ILM-frames. Each new frame in the chain
will have at least one imperfection less than its predecessor.

Let <o be the well-ordering on
C:= ({0} x WHU {1} x W)U ({2} x WU ({3} x W)U ({4} x W?)

induced by the occurrence order in some fixed enumeration of C. We
define our chain by induction.

FO = G

To go from F), to F;,+1 we proceed as follows. Let v be the <¢-minimal
imperfection on F,. In case no such v exists we set F4+1 := F,. If such
a -y does exist, F),+1 is as dicted by the case distinctions.

(#) Frg1 := (W, Ry U{{a,c)}, Sn,vn)

(1) Fng1:= (Wha, Rn, Sn U {{a,b,b)}, vs)

(i11) Fny1:= (Wp, Rn, Sn U {{a,b,d)},vm)

(i) Fng1:= Wy, Ry U{{a,c)},Sn U {{a,b,c)},vn)
(v) Fng1:= Wy, Ry U{(b,d)}, Sn,vn)

We will now see by induction on n that for all n, F, is a quasi-ILM-
frame. Thus we should check for the following list of properties.

R is conversely well-founded
ySyz — xRy & Rz

xRy — v(z) < v(y)
A#£B—GingGgl =2

yeCs — v(z) <a v(y)

R"; 8" is conversely well-founded.
ySzz — v(y) Co v(z).

y € M3 — v(z) <av(y).

® N oW e

Again we follow our case distinction. We will only include the required
new parts in the proof. All cases we do not deal with here, are dealt with
in the proof of Lemma 5.2. Note that most of the proof of Lemma 5.2 can
indeed be copied. There is just one exception. In Lemma 5.2 we prove
that C2 is a constant entity, that is, the same set on all F},,. This is no
longer the case in our current chain. Thus, Property 5’ can no longer be
proved. Instead we can prove that

8. Foy1Eye ML iff. F, Eye M2
that is, M2 is a constant entity. Clearly 8 follows from 8 as Fp is a

quasi-ILM-frame. As C2 C M%, we see that 5 follows from 8.
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Case (i): We have eliminated an imperfection concerning the transitiv-
ity of the R relation and F, 11 := (W,, R,U{{a, )}, Sn, vn). Requirement
7 is obvious as Sp4+1 = Sn. To see 6, we reason as follows. We will see that
Fni1 = xRy iff. F, | zR"y. This is sufficient as Sy+1 = Sp. It is clear
that F,, F 2R"y = Fu+1 | 2R"y. On the other hand, F,,11 | xRy iff.
Iz1,... ,m (0 <m) Foy1 EzRz1R... Rzm Ry. We go from x1,... ,Zm

to y1,...,u (0 < 1) by replacing every occurrence of aRc by aRbRc
and leaving the rest unchanged. Thus, F, = zRyi1R... RyiRy whence
F, = zR"y.

To see that 8 holds, we reason as follows. Suppose F,,11 Ey € ML
Thus 321, ... ,2 (0 < 1) with' F,41 = 2R 21 (SzURU(S™; R))za, . . . , 21(SxU
R U (S";R))y. We transform the sequence z1,...,2 into a sequence
U1, ... ,uUm (0 < m) in the following way. Every occurrence of aRc in
Z1,...,2 is replaced by aRbRc. In case that for some n < | we have
znSYaRc = zn41, we replace zn, Znt+1 by zn,b,c and thus z,(S"; R)bRec.
We leave the rest of the sequence zi,...,z unchanged. Clearly F, =
2R (S: URU(SY; R))ua, ... ,um(S: URU(SY; R))y, whence F,, =y €
M.

Case (it): We have eliminated an imperfection concerning the reflex-
ivity of Sq and Fn41 := (Wy, Rn, Sn U {(a,b,b)},vn). Now, 7 is obvious
as v(b) Co v(b).

To see 6, we reason as follows. Suppose for a contradiction that we had
an infinite sequence x1, T2, T3, . .. such that F, 11 | 21 R" 22 S" 23 R 248" x5 . . ..
We transform x1,x2,x3,... into a sequence yi,y2,¥ys,... as follows. If
Tom = Tam+1 = b we just omit z2,,4+1. In all other cases we do nothing.

Clearly, the thus obtained yi,¥y2,¥ys,... is an infinite sequence too,
as we only deleted elements with an odd index. We have for all i that
F, E yiR"yit1 or F,, = v:S"yiy1. Moreover, for all i we have F,, =
YR Y1 V i1 R yiya.

We consider two possible situations. One possible situation is that
for all k from some j onwards, F, = yxR"yr+1. In this situation R"
would not be conversely well-founded on F,. This is in contradiction with
the assumption that R is conversely well-founded on F,. In the other
situation we have in F,, infinitely many S"-transitions in our sequence

Y1, 92,93, .... But this contradicts the assumption that R";S" is con-
versely well-founded on F,,. (We possibly use here that R" is a transitive
relation.)

A similar reasoning shows us that 8 holds. If F,41 =y € MZ then
3z1,...,2 (0 < 1) with Frpy = 2R*21(S: URU (S™; R))za, ..., 21(Sz U
RU (S"; R))y. The only difference between F, 1 and F), is that F, 1 =
bS.b and F,, [~ bS,b. This only has repercussions on S, and S*. But

as always, we can change to a sequence u1,...,un (0 < m) such that
F, = 2R (S, URU (S™; R))ua, ... ,um(Sz U RU (S; R))y, whence
Fol=ye M2

Case (4i1): We have eliminated an imperfection concerning the transi-
tivity of S, and Fhq1 := (Wy, Rn, Sn U {{a,b,d)},v,). Again, 7 is easy,

14The union operator on relations can just be seen as the set-theoretical union. Thus,
for example, y(Sz U R)z iff. ySzz or yRz. Clearly, the union operator is commutative and
associative.
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as Cp is clearly a transitive relation on MCS’s. In this case, to see 6, it
suffices to remark that F,11 | zS"y iff. F, | 2S"y. The argument is
similar to the one we exposed in Case (1).

To see 8 we reason as usual. Thus we transform a sequence such that
Foi1 = 2R (Se URU (S™;R))z2,...,z1(S: URU (S™; R))y, (0 < 1),
into a sequence such that F, &= oﬂRAul(Sz URU(SY™; R))uz, ... ,um(Sz U
RU (S";R))y (0 < m). Clearly, S does not change by adding bS.d to
F,,. Thus it is obvious how to get from z1,...,2; to U1,... , Um.

Case (iv): We have eliminated an imperfection concerning the inclu-
sion of R in S, and F11 := (W, Ry U{(a,¢)}, Sn U {{a,b,c)},vn). Re-
quirement 7 is easy, as v(b) < v(c) = v(b) Cao v(c). To see 6, we reason
as follows. As in Case (i) we see that F,+1 = zR"y iff. F, E zR"y. Now
suppose for a contradiction that we had an infinite sequence x1, z2, s, ...
such that F,,11 | 21 R 228" w3 R 245" 25 R"26SY . ... We will obtain an
infinite sequence y1,y2,ys, ... such that'®

Fn E 1R y2S"ysR ya ... . (%)

The new sequence will be the same as the old one apart from places
where Fn+1 ': Izistr$2i+1 (With 7 > 0) but F, 'Z ﬁ(wzistr$2i+1). In
this case either xz2; = b and 2,41 = ¢, or x2; = bRcS":rziH, or F, E
22iS"bReS" x2i41, or Fy = 22;S"bRx2:41 = c. In all four cases it is clear
how to proceed in order to obtain (x). Clearly, also the y1,y2,ys,... form
an infinite sequence. If there are no infinite number of S"-transitions in
the sequence, we get a contradiction with the fact that R is conversely
well-founded on F),. In the other case we contradict the assumption that
R"; 8" is a conversely well-founded relation on Fj,.

To see 8 we reason as usual. Thus, we suppose F,+1 |y € M2 and
we show that F,, Fy € M2, We do this by transforming a sequence such
that Foy 1 = 2R 21 (So URU(S™; R))za, ... , 21(S: URU(S™; R))y (0 < 1),
into a sequence such that F,, = 2Ry (Sz URU(S™; R))usa, ... ,um (S U
RU(S";R))y (0 < m). Occurrences of aRc will be replaced by aRbRc.
If Fot1 E 2:(S"; R)ziq1 but F, | —(2:(S™; R)zi41), we consider several
cases.

The case that Fn41 = b(SY; R)c but F,, = —(b(S™; R)c) is actually
not possible and excluded by the other invariants. But still, in this hypo-
thetical case, we could replace b(S"; R)c by bRc.

In case b = 2;(S"; R)zi+1 # ¢ we transform it to bcz;+1 and note that
now that either F,, = bRc(S"; R)zit1 or F,, E bRcRz;41.

In case Fy41 = b # 2;(S™; R)2i+1 # ¢, we can replace z;z;41 by ziczit1
Note that there are now two possibilities. Either F,, = 2;(S™; R)c(SY; R)zi41
or F, = 2;(S"; R)cRz;41.

In case Frni1 | b # 2(S"; R)zit1 = c we see that necessarily F,, &=
2;(S"; R)bRc. Thus in this case, we can replace z;c by z;bc. Note that
indeed F,, & 2;(S"; R)bRc is necessary. For, suppose F,41 | 2:(S"; R)c
but F,, = —=(2:(S"; R)c). Thus, for any = such that F,,11 = 2:S"zRc, we
have F,, = —(2:8"z) V negzRy. If F,, E —zRc, then x = a. It can not

15To be pedantically precise, we should write St'efl the transitive and reflexive closure of

S.
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be the case that also F), = —(z;S"a). For, in this case we should have
F, E z:S"bRcS"aRb which conflicts the conversely well-foundedness of
S R on F,,. Thus F,, | 2;S", whence F,, = z;(S"; R)bRc.

In case F,, = —(2:5"1) A xRe, we get Fp, = 2,S"bRcS"xRe or F,, =
2:S"bRcRe. This contradicts either the conversely well-foundedness of
S¥; R" or the conversely well-foundedness of R.

In case & = a, that is, in case we consider y € M2, we should also
replace any occurrence of bS,c in the sequence z1,... , 2z by bRc.

It is clear that the thus defined sequence witnesses F,, =y € MZ.

Case (v): We have eliminated an imperfection concerning the ILM
frame-condition and F, 41 := (W, R,U{(b,d)}, Sn, vn). We need to check
all of the eight requirements. To see 1, the conversely well-foundedness
of R, we reason as follows. Suppose for a contradiction that there is an
infinite sequence such that F,,+1 = x1Rz2R.... We now get an infinite
sequence ¥yi,Y2,... by replacing every occurrence of bRd in x1,x2,...
by bS.cRd and leaving the rest unchanged. If there are infinitely many
Se-transitions in the sequence yi1,ys2,... (note that there are certainly
infinitely many R-transitions in yi1,y2,...), we get a contradiction with
our assumption that R™; S* is conversely well-founded on F,,. In the other
case we get a contradiction with the conversely well-foundedness of R on
F,.

Requirement 2 is easy as Sn+1 = Sy. For 3 we only consider bRd. As
we have v(b) Cno v(c) < v(d), we also have v(b) < v(d).

To see the validity of 4 and we reason as in the proof of Lemma 5.2
Actually, the proof goes completely the same. We only replace now oc-
currences of bRd in F, 11 by bS,cRd in F,,. A proof of 6 goes similarly
to the proof of 6 in Case (i). Thus, a hypothetical infinite sequence
such that Fr41 | x1S"22R"238" 24 ... is transformed into an infinite
sequence y1, Y2, ... by replacing bRd by bS,cRd, yielding as always to a
contradiction. Again, 7 is easy, as Sp4+1 = Sn.

To see 8 we reason as usual. We actually need not to make any
replacements at all as F, = b(S"; R)d. (Note that S*; (S*; R) C S*; R.)

Thus, indeed F;, is a quasi-ILM frame for any n. We will now see that
F := Uie, Fi is the required adequate ILM-frame. To this extend we have
to check a list of properties (a.)-(n.). The properties (a.)-(l.) are as in the
proof of Lemma 5.2.

The one exception is Property (d.). To see (d.), the conversely well-
foundedness of R, we prove by induction on n that F, = xRy iff. Fy =
z (S R™)y. Thus, a hypothetical infinite sequence F' |= zoRz1 Rz2R. ..
defines an infinite sequence Fy = o(S™™"; R™)x1 (S™"; R™)z5 ..., which
contradicts either the conversely well-foundedness of R or of S*; R" on
Fp.

The only new properties in this list are (m.) : uSzvRw — uRw and
(n.) : ySzz — v(y) Co v(z). It is obvious that (n.) holds on F. So, it
remains to see that (m.) holds.

But, as this has the status of a possible imperfection, we can just copy
the proof from Lemma 5.2.

4|
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Again do we note that the closure obtained in Lemma 6.5 is unique.
Thus we can refer to the ILM-closure of a quasi-ILM-frame. All the
information about the labels can be dropped in Definition 6.4 and Lemma
6.5 to obtain a lemma about regular ILM-frames.*®

Definition 6.6. An ILM-quasi-frame is defined as being that what you
get from quasi-ILM-frames by dropping all the information about the la-
bels. Thus, an ILM-quasi-frame is a triple (W, R, S) with W a non-empty
set of worlds. R is a binary relation on W and S a set of binary relations
on W indexed by elements of W. We have the following requirements.

1. ySgez — zRy & xRz
2. R is conversely well-founded
3. S"; R" is conversely well-founded

Corollary 6.7. Any ILM-quasi-frame can be extended to an ILM-frame.

Proof. One just has to copy the relevant parts of the proof of Lemma
6.5 4

Corollary 6.8. Let D be a finite set of sentences, closed under subfor-
mulas and single negations. Let G = (W, R, S,v) be a quasi-ILM-frame
on which

zRy — FJAe((v(y) \v(z))N{OD | D € D}) (%)
holds. Property () does also hold on the IL-closure F of G.

Proof. The proof is as the proof of Corollary 5.3. We only need to remark
on Case (v): If bS.cRd, we have v(b) Co v(c). Thus, A € ((v(d) \ v(c))N
{OD | D € D}) implies A & v(b). -

The final lemma in our preparations is a lemma that is needed to
eliminate deficiencies properly.

Lemma 6.9. Let I' and A be mazrimal ILM-consistent sets. Consider
CrD el < A > C. There exists a mazimal ILM-consistent set A’
withT <g A’ 3 D,0-D and A Cog A’.

Proof. By compactness and by commutation of boxes and conjunctions,
it is sufficient to show that for any formula OF € A there is a A” with
I' < A" 3 DAOE AO-D. As C > D is in the maximal ILM-consistent
set ', also CAOE > DAOE € T. Clearly C AOFE € A, whence, by
Lemma 4.21 we find a A” with' <p A" 3 DAOEADO(-DV -OE). As
ILMFOFE AO(=DV —-OF) — O-D, we see that also D AOE AO-D €
A 4

16We note that not every  ILW-frame can be extended  to an
ILM-frame. A counterexample is  the smallest IL-frame  containing

<{a7 b7 C7 d7 €, f}7{<a7 b)’ <b7 C>7 <d7 6>7 (e’ f>}7{<a7 c7 e>7 <d7 f? b>}>
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6.2 Completeness

Theorem 6.10. ILM is a complete logic.

Proof. In Remark 4.22 four sufficient ingredients are mentioned for a logic
to be complete. We give these ingredients in case ILX is ILM.

Frame Condition In the case of ILM the frame condition is easy
and well known, as expressed in Lemma 6.2. Note that in the com-
pleteness proof we only use one part of the equivalence, that is, F' |=
vz, y,u,v (ySguRv — yRv) = F E ILM

Invariants Let D be a finite set of sentences closed under subformulas
and single negations. We define a corresponding set of invariants.

7. { 2Ry — FAe((v(y) \v(z))N{OD | D € D})
' uSvRw — uRw

elimination Thus, we consider an ILM-labeled frame F' := (W, R, S, v)
that satisfies the invariants.

problems Any problem (a, ~(A > B)) of F' will be eliminated in two
steps.

1. Using Lemma 4.20 we can find a MCS A with v(a) <p A 3 A,0-A.
We fix some b ¢ W and define

G = (WU {b},RU{{a,b)},S,v U {{(b,A), {{(a,b), B)}).

We now see that G’ is a quasi-ILM-frame. Thus, we need to check
the eight points from Definitions 6.4 and 5.1. We will comment on
some of these points.

To see, for example, Point 4, C # D — G NGP = &, we reason
as follows. First, we notice that Va,yeW [G' Ey € GS iff. F =
y € GS] holds for any C. Suppose G' =G5 NGP £ 2. IfG' =b ¢
6% N G2, then also F = 6¢ NGP + @. As F is an ILM-frame, it
is certainly a quasi-ILM-frame, whence C = D. If now G’ b €
6% NGP, necessarily G' = a € G NGY, whence F =a € G NGP
and C = D.

To see Requirement 8, y € ME — v(z) <g v(y), we reason as
follows. Again, we first note that Vz,yeW [G' Ey e MS iff. F =
Yy E Mf] holds for any C'. We only need to consider the new element,
that is, b € MZ. If x = a and E = B, we get the property by choice
of v(b).

For x # a, we consider two cases. Either a € MZ or a ¢ ME.
In the first case, we get by the fact that F' is a labeled ILM-frame
v(z) <g v(a). But v(a) < v(b), whence v(z) <g v(b). In the second
necessarily for some o’ € ME we have a’S"a. But now v(a’) Co
v(a). Clearly v(z) <g v(a") Co v(a) < v(b) — v(z) <g v(b).
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2. With Lemma 6.5 we extend G’ to an adequate labeled ILM-frame
G. It is now obvious that both of the invariants hold on G. The
first one holds due to Corollary 6.8. The other is just included in the
definition of ILM-frames. Obviously, (a, =(A > B)) is not a problem
any more in G.

Deficiencies. Again, any deficiency (a,b,C > D) in F will be elimi-
nated in two steps.

1. We first define B to be the formula such that b € CZ. If such a B
does not exist, we take B to be L. Note that if such a B does exist,
it must be unique by Property 4 of Definition 5.1. By Lemma 2.8, or
just by the fact that F' is an ILM-frame, we have that v(a) <5 v(b).
By Lemma 6.9 we can now find a A’ such that v(a) <p A’ 3 D,0-D
and v(b) Cog A’. We fix some ¢ ¢ W and define

G = (W,RU{{a,c)},SU{{a,b,c)},v U {{c, A)}).

To see that G’ is indeed a quasi-ILM-frame, again eight properties
should be checked. But all of these are fairly routine.
For Property 4 it is good to remark that, if ¢ € G2, then necessarily
be Gy orac gy
To see Property 8, we reason as follows. We only need to consider ¢ €
M2, This is possible if z = @ and b € M2, or if for some y € M2
we have yS¥a, or if a € M2, In the first case, we get that b € M2,
and thus also b € C2 as F is an ILM-frame. Thus, by Property 4,
we see that A = B. But A’ was chosen such that v(a) <g A’. In
the second case we see that v(z) <a v(y) Co v(a) < v(c) whence
v(z) <a v(c). In the third case we have v(z) <a v(a) < v(c),
whence v(z) <4 v(c).

2. Again, G’ is closed off under the frame conditions with Lemma 6.5.
Clearly, (a,b,C > D) is not a deficiency on G.

Rounding up One of our invariants is just the ILM frame condition.
Clearly this invariant is preserved under taking unions of bounded chains.
The closure satisfies the invariants. —

6.3 Admissible rules

With the completeness at hand, a lot of reasoning about ILM gets easier.
This holds in particular for derived/admissible rules of ILM.

Lemma 6.11.
(i) ILMF DA< ILMF A
(i) ILM - OAVOB < ILM - OA or ILM F OB
(iii) ILMF A> B < ILMF A — BV OB.
(iv) "ILMF Ap B < ILMF OA — OB

17We thank Rosalie Temhoff for pointing out this admissible rule to us.
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(v) Let A; be formulae such that ILM tf —A;. Then
ILM |-/\<>Ai — A> B < ILME A B.

(vi) ILMF AV OA < ILMFOL — A
(vid) ILMF T A< ILMFOL — A

Proof. (i). ILM + A = ILM + OA by necessitation. Now suppose
ILM I OA. We want to see ILM F A. Thus, we take an arbitrary model
M = (W,R,S,IF) and world m € M. If there is an mo with M | moRm,
then M, mo IF OA, whence M, m |- A. If there is no such mg, we define
(we may assume mo ¢ W)

M = (WU{mo}, RU{{(mo,w) | we W},
SU{(mo,z,y) | (z,y) € Ror z=y € W},IF).

Clearly, M’ is an ILM-model too (the ILM frame conditions in the new
cases follows from the transitivity of R), whence M " mo IF OA and thus
M’ m IF A. By the construction of M’ and by Lemma 2.12 we also get
M, m I A.

(#4).” <" is easy. For the other direction we assume ILM I/ OA and
ILM I OB and set out to prove ILM tf DAV OB. By our assumption and
by completeness, we find Mo, mo IF C—A and M1, m1 IF &—B. We define
(for some r ¢ Wo U Wh)

M := <WOUW1U{T},ROUR1U{<T,.T>|.Z‘€WOUW1},
SoUS1U{(r,z,y) | z=yeWo U Wi or (z,y)E€Ry or (z,y)ER1},IF).

Now, M is an ILM-model and M,r IF &-A A OB as is easily seen by
Lemma 2.12. By soundness we get ILM t/ OA Vv OB.

(i13).” <" goes as follows. H A — BV OB =+ 0O(A — BV OB) =+
Ap> BV OB =F A B. For the other direction, suppose that I/ A —
BV <©B. Thus, we can find a model M = (W, R, S,IF) and m € M with
M,m |- AAN—-BAO-B. We now define (with r ¢ W)

M = (Wu{r},RU{{r,z) | z=m or ({m,z) € R},
SuU{(r,z,y) | (z=y and ({m,z)ER or z=m)) or (m,z), (z,y)ER},IF).

It is easy to see that M’ is an ILM-model. By Lemma 2.12 we see that
M x- @ iff. M,z Ik for x € W. It is also not hard to see that M’ r I+
—(A> B). For, we have rRm |- A. By definition, mS,y — (m=yV mRy)
whence y If B.

(v). By the J4 axiom, we get one direction for free. For the other
direction we reason as follows. Suppose ILM ¥ A > B. Then we can find
a model M = (W, R, S,IF) and a world [ such that M,l I -(A> B). As
M,l+ (A B), w can find some m € M with [Rm IF AN —-B A O-B.
We now define (with r ¢ W)

M = (Wu{r},RU{(r,z) | z=m or (m,z) € R},
SU{(r,z,y) | (x=y and ({m,z)ER or z=m)) or (m, ), (x,y)ER},IF).
It is easy to see that M’ is an ILM-model. Lemma 2.12 and general

knowledge about ILM tells us that the generated submodel from [ is a
witness to the fact that ILM ¥ 0A — OB.1®

18This proof is similar to the proof of (iii). However, it is not the case that one of the two
follows easily from the other.
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(v). The ”<=” direction is easy. For the other direction we reason as
follows.®

We assume that I/ A > B and set out to prove i/ A CA; — AD> B.
As i/ A B, we can find M,r I+ =(A > B). By Lemma 2.12 we may
assume that r is a root of M. For all i, we assumed I/ —A;, whence we
can find rooted models M;,r; IF A;. As in the other cases, we define a
model M that arises by gluing r under all the r;. Clearly we now see that
M,r - NOA; A=(A> B).

(vi). First, suppose that ILM + OL — A. Then, from ILM F OL V
&T, the observation that ILM F T « &O1 and our assumption, we get
ILME AV OA.

For the other direction, we suppose that ILM / O1 — A. Thus, we
have a counter model M and some m € M with m |- O1,-A. Clearly,
at the submodel generated from m, that is, a single point, we see that
- A A O-A holds. Consequently ILM-F AV OGA.

(vii). This follows immediately from (vi) and (443).

_|

Note that, as ILM is conservative over GL, all of the above statements
not involving > also hold for GL. The same holds for derived statements.
For example, from Lemma 6.11 we can combine (4ii) and (iv) to obtain
ILMFA—- BVOB < ILME OA — OB. Consequently, the same holds
true for GL.

6.4 Decidability

It is well known that ILM has the finite model property. It is not hard
to re-use worlds in the presented construction method so that we would
end up with a finite counter model. Actually, this is precisely what has
been done in [Joo98]. In that paper, one of the invariants was “there
are no deficiencies”. We have chosen not to include this invariant in our
presentation, as this omission simplifies the presentation. Moreover, for
our purposes the completeness without the finite model property obtained
via our construction method suffices.

Our purpose to include a new proof of the well known completeness of
ILM is twofold. On the one hand the new proof serves well to expose the
construction method. On the other hand, it is an indispensable ingredient
in proving Theorem 7.4.

7 The essential > -sentences of essentially
reflexive theories

In this section we will answer the question which modal interpretability
sentences are in T provably 3; for any realization. We call these sentences
essentially X;-sentences. We shall answer the question only for 7" an
essentially reflexive theory.

9By a similar reasoning we can prove - A ~(C; > D;) — A> B &+ A B.
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This question has been solved for provability logics by Visser in [Vis95].
In [dJP96], de Jongh and Pianigiani gave an alternative solution by using
the logic ILM. Our proof shall use their proof method.

We will perform our argument fully in ILM. It is very tempting to
think that our result would be an immediate corollary from for example
[Gor03], [Jap94] or [Ign93]. This would be the case, if a construction
method were worked out for the logics from these respective papers. In
[Gor03] a sort construction method is indeed worked out. This construc-
tion method should however be a bit sharpened to suit our purposes.
Moreover that sharpening would essentially reduce to the solution we
present here.

The result we present here seems extremely trivial. However, experi-
ence has taught us that matters concerning the complexity of arithmetic
applications of modal formulae, tend to be very tricky. We should not for-
get, that we are talking a 33-complete phenomenon ([Sha97]). However,
in essentially reflexive theories, interpretability becomes a ITe-matter. In
a sense our result reflects the fact that the complexity of interpretability
can not be reduced to ¥;-phenomena.

7.1 Model construction

Throughout this section, T" will be an essentially reflexive recursively
enumerable arithmetical theory. By Theorem 2.26 we thus know that
IL(T) = ILM. Let us first say more precisely what we mean by an essen-
tially 3;-sentence.

Definition 7.1. A modal sentence ¢ is called an essentially Y;-sentence,
if Vi« ¢* € £1(T). Likewise, a formula ¢ is essentially Aq if Vx p* € A1 (T)

If ¢ is an essentially X;-formula we will also write ¢ € X1(7). Analo-
gously for A{(T).

Theorem 7.2. Modulo modal logical equivalence, there exist just two es-
sentially A1-formulas. That is, A (T) = {T,L}.

Proof. Let ¢ be a modal formula. If ¢ € A{(T), then, by provably ;-
completeness, both V* T F §* — 06" and V* T F —=§* — O-4".
Consequently V+ T F 06" vV O-6*. Thus, V* T F (0§ vV O-§)* whence
ILMF 06 vV O-§. By Lemma 6.11 we see that ILM - § or ILM F —=§. -

We proved Theorem 7.2 for the interpretability logic of essentially
reflexive theories. It is not hard to see that the theorem also holds for
finitely axiomatizable theories. The only ingredients that we need to prove
this are [ILP - 0A Vv OB iff. ILP + 0OA or ILP - OB] and [ILP + OA iff.
ILP F A]. As these two admissible rules also hold for GL, we see that
Theorem 7.2 also holds for GL.

Lemma 7.3. If p € X1(T), then, for any p and q, we have ILM + p>q —
PAPD>gAp.

Proof. 1t is well known that for essentially reflexive theories T" we have
that if o is equivalent in T' to a X;!-sentence, then for all & and 8

THa>B—aNo>FBANo.
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b, q, 7P

Figure 1: Counter model

If thus ¢ € X1(T'), we have that
By Theorem 2.26 we see that ILMFp>qg —pAp>qgA p. =

Theorem 7.4. A formula ¢ is essentially 31 iff. it is equivalent to some
disjunction of O-formulas. That is, p € X1(T) <& ILM F ¢ < \/,., OC;
for some {C;}icr.

Proof. f ILM F ¢ « \/,., 0C;, then V* T F ¢" « (\/,.,0C;)" and
clearly (\/,c;0C:)" € ¥1(T"). We should thus concentrate on the other
direction.

So we suppose that ILM F ¢ « \/ie[ OC; for any finite set {C; }icr,
and set out to prove that ¢ ¢ 31(7"). By Lemma 7.3 we are done if we
can show that ILM I/ p>q — p A @ D> qgA ¢ for some p, ¢ ¢ . Or
equivalently, by Theorem 6.10, we are done if we can expose a model
MEPp>qg—pAp>qAe.

The idea is to build a model as in Figure 1, where p is true only in a
world [ (from left) and ¢ only in a world r (right) and ! IF ¢ and r IF —p.
Moreover we shall have xRlS;r. The ILM frame-condition demands in
this model Ry — [Ry. If our model M is to be an ILM-labeled ILM-
model, we should thus certainly have v(1) Cao v(r). If we moreover want
a truth lemma to hold, we actually want ¢ € v(I) Co v(r) 3 —ep.

That we can find such labels for [ and r is expressed by Lemma 7.9
(we call this the X-lemma). That having these labels is sufficient, follows
from an application of the Main Lemma, Lemma 4.19, as we shall see. We
shall not include the z in the labeled model. Rather shall we later place
it under the rest of the model.

Our application of the Main Lemma runs as follows. We work under
the assumption that ¢ is not equivalent to a disjunction of O-formulas.
Let Ay and A; be the MCS’s as provided by Lemma 7.9. Thus, ¢ €
v(l) Co v(r) 3 —p. Let D be the smallest set of sentences that contains

44



o and that is closed under taking subformulas and single negations. Let
7 be the following set of invariants.

xRy — FAe((v(y) \v(z))Nn{OD | D € D})
uSzvRw — uRw
Vag{l,r} IR"z

Note that the invariant Vx¢{l,7} IR"x certainly implies rRy — IRy if R
is transitive. Clearly 74 =7 and G |= Z = G |= ILM. We now define

F = <{l7r}7®7®7{<17A0>7<T7A1>}>' (T)

As R and S are empty on F, F' certainly is an ILM-frame on which our
four invariants hold. We now want to apply the Main Lemma to extend
F' to some labeled adequate ILM-frame F, on which a truth lemma holds
with respect to D. Thus, we should see that for any adequate labeled
frame F’, satisfying all the invariants, we can eliminate both deficiencies
and problems, by extending I in a way that conserves all the invariants.

We will copy these elimination processes in great part from the proof of
Theorem 6.10. Thus, we consider an ILM-labeled frame F’ := (W, R, S, v)
that satisfies the invariants.

problems Any problem (a, —(A > B)) of F’ will be eliminated in two
steps.

1. Using Lemma 4.20 we can find a MCS A with v(a) <p A 3 A,0-A.
We fix some b ¢ W. By R" we denote the reflexive closure of R,
that is, ztR*y < z =y V zRy. If F' = —~(rR*a), we define

G = (W U{b},RU {(a,b)},S,v U{(b, A), {{a,b), B)}).
In case F' = rR*a, we define
G' = (WU {b},RU{{a,b),{l,b)},S,v U {(b,A), {{a,b), B)}).

We should see that in both cases we get a quasi-ILM-frame on which
all four invariants hold. In case F’ = =(rR*a) the argument is the
same as in the proof of Theorem 6.10. We should only say a short
word on the two new invariants. It is clear that G’ = —y(S U R)I,
as F' = —y(S U R)I. If we want to see that G’ = Vag{l,r} |[R"z,
we only consider the new element b. But, F’ |= [Ra, whence G’ |=
{RaRb and G’ = IR"D.

In case F' = rR*a, again it is easy to see that the invariants
Vag{l,r} IR"z and —y(S U R)l hold. We should now check the
requirements that involve [ Rb.

It is clear that R is conversely well-founded on G’, as any occurrence
of IRb or aRb in a sequence can only be at the very end of it.

The only novelty is Requirement 3 of quasi-frames, [Rb — v(I) <
v(b). If rRa, then by the fact that F’ satisfies all the invariants,
lRa, whence v(l) < v(a). But, by definition v(a) < v(b) and thus
v(l) < v(b). If r = a, we see that v(l) Co v(r) < v(b) — v(l) < v(b).
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To see for example Requirement 4 of quasi-frames, C' # D — G5 N
GP = &, we reason as follows. We only have to consider the new
element b. So, suppose b € GE NGP. If & = a, then necessarily
C = B = D. Thus, we may assume that = # a.

If | = , either v((I,b)) = C, orl € G or a € Gf and similarly for D.
However, the pair (I,b) is not labeled. Also | € GF is not possible.
One can prove by induction on GS that in (adequate labeled) quasi-
ILM-frames z ¢ GS.2° Alternatively, we can see that [ ¢ GE as our
invariant —y(R U S)I holds on G’. Consequently, F' = a € G NGP
and C = D.

If | # a # a, it is clear that a € G or | € G¥. Again | € GY is
impossible, whence F' |=a € G° NGP and C = D. Requirement 8
admits a similar proof.

2. We now use Lemma 6.5 to extend G’ to an adequate labeled ILM-
frame G. We are to see that all the invariants hold on G. The
only new invariants are —y(S U R)l and Vx¢{l,r} IR"z. As [RaRb,
and as R is transitive on G, we see that [Rb. Checking —y(S U R)l
should be done by taking it along the proof of Lemma 6.5, but this
is completely trivial. Clearly (a, ~(A > B)) is not a problem in G.

Deficiencies. Again, any deficiency (a,b,C 1> D) in F’ will be elimi-
nated in two steps.
1. We first define B to be the formula such that b € CZ. If such a B
does not exist, we take B to be L. Note that if such a B does exist,
it must be unique by Property 4 of Definition 5.1. By Lemma 2.8,
or just by the fact that F’ is a labeled ILM-frame, we have that
v(a) <B v(b).
By Lemma 6.9 we can now find a A’ such that v(a) < A’ 3 D,0-D
and v(b) Cg A’. We fix some c € W. If F' = —(rR*a), we define

G = (W,RU{a,c},SU{a,b,c},vU{c, A'}).
In case F' = rR*a, we define
G = (W,RU {{a,c),{l,c)},SU {{a,b,c)}, v U {{c, A}).

In the first case we see by an argument as in the proof of Theorem
6.10 that G’ is a quasi-ILM-frame. Again, it is easy to see that G’
satisfies the two invariants involving [.

In the second case we should reason the same as earlier in this proof,
when we eliminated a problem, to see that G’ is a quasi-ILM-frame
satisfying all the invariants.

2. We close G’ off under the frame conditions with Lemma 6.5. Tt is a
routine inspection to see that all the invariants hold on G. Clearly,
(a,b,C > D) is not a deficiency on G.

Thus, we now have shown that any problem or deficiency in any ad-
equate labeled frame F’ satisfying all the invariants can be eliminated

20This does not hold in all ILX-frames.
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by extending F’. Moreover, we can do that in such a way that all the
invariants hold on the extension. By the Main Lemma, we get that con-
sequently any labeled frame, satisfying all the invariants can be extended
to an ILM-frame on which a truth lemma with respect to D holds.

Consequently, the F' that we defined in () can be extended to some
F on which a truth lemma holds w.r.t. D. Let F = (W,R,S,IF) be the
model induced by F. Certainly we have that

FllFe & F,riF-p.
We transform F into our required ILM-model M by “gluing” a root wo
to it (wo ¢ F):
M= (WU{wo}, RU {{wo,w) | w € W}, -
Sy {(wo,amy) | <1‘,y> € Ror T=Yy € W} U {<w0’lvr>}7|F1VI>'

Let p and ¢ be propositional variables that do not yet occur in the range
of IF. We define I+, as follows.

x#wo & s ¢ {p,q} & F,xlFs or
M,z s iff. x=l & s=p or
z=r & s=q
It is easy to check that M is an ILM-model. Also, using Lemma 2.12, it
is clear that M, wo IF =(p>qg—=pAp>qgAp). B

The proof we have just presented gives us some additional information.
For a set D, we can define the following relation on MCS’s.

<P A iff. OAeTTND— A,0AcA

Corollary 7.5. Let Ao, A1 and D be as in the proof above of Theorem
7.4. There is a MCS T" such that T’ <P Ao, Aq.

Proof. By inspection of the proof of Theorem 7.4 and using Remark 4.5.
The label that mo gets in M will be the required T'. —

It is not hard to get generalizations of Corollary 7.5, like Lemma 7.6,
by slightly changing our Main Lemma. But these sort of statements are
often also easy to obtain directly.

Lemma 7.6. Let Ag and A1 be mazimal ILM-consistent sets. There is
a mazximal ILM-consistent set I' such that I' < Ao, Aq.

Proof. We show that IV := {CA | A € Ag} U{OB | B € A1} is consis-
tent. Assume for a contradiction that I'' were not consistent. Then, by
compactness, for finitely many A; and Bj,

N\ cAin N\ OB L
A;€N BjEA]

or equivalently

= \/ 0-A4; Vv \/ |:|—|Bj.

A, €N BjeA

By Lemma 6.11 we see that then either - —A; for some ¢, or - =B; for
some j. This contradicts the consistency of Ag and Aj. -
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Actually, we can take Lemma 7.6 as a starting point for an alternative
proof of Theorem 7.4. The idea of the proof does not change a lot and is
still captured in Picture 1. Thus, given some ¢ that is not equivalent to
any disjunction of O-formulas, we use Ao, A1 and I' as given by Lemma’s
7.9 and 7.6, and define

<{m07 L T'}, {<m05 l>v <m05 7“>}, {<m05 L 7“>}, {<m05 F>v <lv A0>7 (Tv A1>}>

We then take the obvious D and I and apply the Main Lemma. The
benefit of this alternative approach is that we can use that part of the
proof of Theorem 6.10 that concerns the elimination of problems and
deficiencies.

Remark 7.7. There is however one subtlety in this alternative approach.
One of the invariants in the Main Lemma required that we could find
some specific O-formula in v(y)\v(z) whenever zRy. How can we possibly
guarantee that there is some Oy € Ag\I'? It might very well be the case
that x € Ag = Ox € Ap for all x. We see various ways out.

e We could add a new propositional constant symbol ¢ to the language
and extend Ag to Ay := AgU {c, O~c}. This Ay is again consistent.
For, if Ag,c,0-ct L, then for some § € Ag we get § - O—-¢c — —¢,
whence F— §(0-¢ — —¢). As ILM is closed under substitution, we
see that - § — (O0-§ — —¢), whence - 0= — = and by Lob - —d.
This contradicts the consistency of Ay.

Similarly, we can extend A; to A]. But, now it is still a tour de
force to get maximal consistent extensions Ag Cpo A; in the enriched
language.

e We could try to strengthen Lemma 7.9 to get a more informative
lemma. This more informative lemma should give us ¢, Ox € Ay Cg
A1 3 —p. Really, some work has to be done here, as all the obvious
attempts seem to fail. For example, if ¢ = A > B, we can never
get o, 0-¢ € Ag. (For then, ~¢, 01 € Ay, which is impossible.)
In this case, we can however get ¢,0p € Ay Co A; 5 —p. For
¢ = =(A > B) we can not get ¢,0p € Ag. But in this case we
could work with ¢,0-¢p € Ag Co A1 3 —¢. It seems tempting to
conjecture that we can either use ¢, Op € Ag or ¢, O-p € Ag. This
however is not the case as we shall show in Section 9.4. A good
analysis for which formulas we can do this trick seems equally hard
as the problem we originally started out with.

However, in a generalization of Lemma 7.9 we need not necessarily
use either x = ¢ or x = - to get ¢, Ox € Ag Co A D —p.

e We could generalize the Main Lemma. The proof of the Main Lemma
still goes through if we have xRy — JA€(v(y) \ v(z)) N {O-D |
D a subformula of some B € D} for all z,y where z # mo. We
would still get a bound on our chains.

The alternative proof that we give of Theorem 7.4 is based on a gen-
eralization of the Main Lemma.
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Lemma 7.8 (Generalized Main Lemma). Let ILX be an interpretabil-
ity logic and let C be a (first or higher order) frame condition such that
for any IL-frame F we have

FEC=FEX

Let D be a finite set of sentences and let G be an adequate ILX-labeled
frame. Moreover, let G C G be a finite subset of the universe of G. Let
T be a set of so-called invariants of labeled frames so that we have the
following properties. In the following, F is an arbitrary extension of G.

e GET

o FETY = F |=C, where T is that part of Z that is closed under
bounded unions of labeled frames.

e T contains the following invariant: xRy ANz ¢ G — FAe(v(y) \
v(z)) N {O0-D | D a subformula of some B € D}.

o [f I satisfies all the invariants, then we have the following.

— Any D-problem of F' can be eliminated by extending F' in a way
that conserves all invariants.

— Any D-deficiency of F' can be eliminated by extending F in a
way that conserves all invariants.

In this case, we can extend G to an adequate labeled ILX-frame G on
which a truth lemma holds with respect to D.

It is obvious how to modify the proof of the Main Lemma, so to obtain
a proof of the Generalized Main Lemma.

Second Proof of Theorem 7.4. Let ¢ be a formula that is not equivalent
to a disjunction of O-formulas. According to Lemma 7.9 we can find
MCS’s Ap and A; with ¢ € Ag Cog A1 5 =p. By Lemma 7.6 we find a
I' < Ap, Ay. We define:

G:= <{’Ino7l77“}, {<m07l>7 <77‘Lo,1">}, {<m0,l,?“>}, {<m0a1—‘>7 <l7A0>7 <T?A1>}>‘

We will apply the Generalized Main Lemma to this frame G. The finite
set G will be just {mo}. The finite set D of sentences is the smallest set
of sentences that contains ¢ and that is closed under taking subformulas
and single negations. The invariants are the following.

7. { xRy ANz #mo — FA€((v(y) \v(z)) N {OD | D € D})
’ uSz;vRw — uRw

In the proof of Theorem 6.10 we have seen that we can eliminate both
problems and deficiencies while conserving the invariants. The Gener-
alized Main Lemma now gives us an ILM-model M with M,l I o,
M, r Ik = and 1Sm,r. We now pick two fresh variables p and q. We define
p to be true only at [ and ¢ only at r. Clearly mo IF =(pt>q — pAp>qgAY),
whence by Lemma 7.3 we get ¢ ¢ 31(T).

_|
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7.2 The Y-lemma

We can say that the proof of Theorem 7.4 contained three main ingredi-
ents; Firstly, the Main Lemma; Secondly the modal completeness theorem
for ILM via the construction method and; Thirdly the ¥-lemma. In this
subsection we will prove the ¥-lemma and remark that it is in a sense
optimal.

Lemma 7.9. If ¢ is a formula not equivalent to a disjunction of O-
formulas. Then there exist mazimal TLX-consistent sets Ao, A1 such
that (2SS A[) Co Al S .

Proof. As we shall see, the reasoning below holds not only for ILX, but
for any extension of GL. We define

Oy = { \/ OD; | n > 0,each D; an ILX-formula},
0<i<n
Ocon = {Y C Oy |{—p}+Y is consistent and maximally such}.

Let us first observe a useful property of the sets Y in Ogon.

n—1
\/ oieY =3i<no; €Y. (1)
=0

To see this, let Y € Ocon and \/!-; 0; € Y. Then for each i<n we have

o; € Oy and for some i<n we must have o; consistent with Y (otherwise
{=¢} +Y would prove A" —o; and be inconsistent). And thus by the
maximality of Y we must have that some o; is in Y. This establishes (1).

Claim. For some Y € Ocon the set
{et+{-olocenv-Y}
15 consistent.

Proof of the claim. Suppose the claim were false. We will derive a con-
tradiction with the assumption that ¢ is not equivalent to a disjunction
of O-formulas. If the claim is false, then we can choose for each Y € Ocon
a finite set Y" C Oy — Y such that

{e}+{-oloey™} (2)

is inconsistent. Thus, certainly for each Y € Ocon

Fop— \/ o. (3)

oeyfin

Now we will show that:

{~¢}+{ \/ 0| Y € Ocon} is inconsistent. (4)

oeYfin
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For, suppose (4) were not the case. Then for some S € Ocon

{\/ U|Y€Dcon}gS-

oeyfin

In particular we have \/Uesﬁn o€ S. But for all o € S™ we have o ZS.
Now by (1) we obtain a contradiction and thus we have shown (4).
So we can select some finite 08, C Ogopn such that

FCA V a—e (5)

fi fi
yenfin geyfin

By (3) we also have

Foe— ANV o (6)

Yeofin seyfin

Combining (5) with (6) we get

Foe /\ \/ o.

Yenofin seyfin

Bringing the right hand side of this equivalence in disjunctive normal
form and distributing the O over A we arrive at a contradiction with the
assumption on . —

So, we have for some Y € Oon that both the sets

{o}+{-oloecby-Y} (7

{me}+Y ®)

are consistent. The lemma follows by taking Ao and A; extending (7)
and (8) respectively. -

We have thus obtained ¢ € Ag Co Ay 3 —¢ for some maximal TLX-
consistent sets Ag and A;. The relation Cg between Ag and A; is actually
the best we can get among the relations on MCS’s that we consider in
this paper. We shall see that Ay < A; is not possible to get in general.

By Lemma 9.6 and by some elementary semantical argument, we see
that p A Op is not equivalent to a disjunction of O-formulas. Clearly
pAOp € Ag < Ay 3 =pV Op is impossible. In a sense, this reflects
the fact that there exist non trivial self-provers, as was shown by Kent
([KenT73]), Guaspari ([Gua83]) and Beklemishev ([Bek93]). Thus, provable
31-completeness, that is T+ o — Oo for o € X1(T'), can not substitute
Lemma 7.3.
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8 Essentially Y;-sentences for reasonable
arithmetical theories

The content of this section is mainly negative. We show that we can not
directly generalize our proof method for showing essentially 3i-ness in
essentially reflexive theories, to any reasonable arithmetical theory. There
is also some positive information contained though in this section. We
give a necessary condition for a formula to be ¥; and we conjecture a
characterization of the ¥1-formulas of IL(All). Also do we embark on the
relation between interpretability and provability in finitely axiomatized
theories.

8.1 A necessary condition for >;-ness

We want a necessary condition for a sentence to be X to perform a
reasoning as in Theorem 7.4. Provable 3;-completeness, that is ¢ — Oo
for ¥;-formulas o, is such a condition. The condition we look for should
however not hold for all so-called self provers as studied by Kent ([Ken73])
and Guaspari ([Gua83]). Notably the formula p A Op should not satisfy
the necessary condition. The following lemma provides such a condition.

Lemma 8.1. Let T be a reasonable arithmetical theory. If o € 31(T),
then VaVB T Ha>f — Cano> [BAo.

Proof. The proof of this lemma is basically the soundness proof of prin-
ciple Mg. We may assume that o = 3z ¢(x), with ¢ € Ay.

We reason in 7" and assume that for some interpretation j : a > S.
This j comes with a special 7'+ « cut J and a definable isomorphism F'.
The F' is an isomorphism between J, living in some model M of T + «,
and an initial segment of the model M’ of T + 3 that is internally defined
in M by our interpretation j.

We want to see that Ca Ao > 8 A o. To this extend we assume
Oa A o which is the same as Oa A 3z ¢(x). By Lemma 8.2 this implies
CaAdz O(z € J A p(z)). Thus, we also have Ca A O3z (z € J A p(z))
and C(aAdz (z € J A p(x))).

Consequently, Ca A 3z o(z) > O(aAdz (x € J A p(z))) and by J5
and J2, also Ca Adz ¢(z) > aAdz (x € J A p(x)). By the choice of J
and F' and by the fact that ¢ is a Ag-formula, we now see o A Iz (x €
J A e(z)) > B ATz p(x). Thus we have proved Ca Ao > 3 Ao. -

Lemma 8.2. Let T be a reasonable arithmetical theory. Let J be a T-cut
and let p(z) € Ao. We have that T + 3z ¢(z) — 3z Provr(z € JAp(x)).

Proof. Tt is well known that T+ Vx Provy(z € J). For theories where
the exponentiation function is total, we get a very easy proof. For weaker
theories one has to switch to efficient coding techniques. See for example
[JV00]. The principle is sometimes called the “outside big, inside small”
principle. We write D for the part of the standard proof such that

D
Va Provr(z € J).
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To get our result, we reason in 1" as follows.

[p(c)]2
Bewr(p(c))
3 p(@) v Bewr(p(@)) o
3z Bewr(o(z)) 38,2 Vz Provr(z € J)
3z Bewr(z € J A ¢(z))
Iz p(x) — Iz Bewr(xz € J A p(x))

— 1,1

8.2 Finitely axiomatized theories

In Section 7 we proved a characterization of essentially ¥;-sentences for
essentially reflexive theories. The proof used modal techniques only. We
will now see that it is unlikely to find such a proof for finitely axiomatized
theories.

We first note, that we can never use Lemma 8.1 to substitute Lemma
7.3 in the proof of Theorem 7.4. For, if we are to use the same proof
strategy to show that =3(¢), we are to come up with a labeled model M
and some a, b, c,d € M such that the following hold.

e aRbRcS.d
* pev(b) Cov(d) >y
e A truth lemma holds on M with respect to the smallest set contain-

ing ¢ and being closed under taking subformulas and single nega-
tions.

If this is possible, we can define, for some fresh p and ¢, that p is
only true at ¢, and that ¢ is only true at d. In such a case, M,a I
p>gA-(OpA@>qgAg), whence by Lemma 8.1 we see that =3(p). This
approach however, does succeed if and only if / ¢ — OL.

If+ ¢ — 0L, then, by our assumption that M,b IF ¢, also M,b - OL.
As bR, clearly M, bl OT. This is impossible.

Ift/ ¢ — OL, then {p, OT} is consistent. We can find ¢, 0T € Ag Co
A 3 = by a lemma similar to Lemma 7.9. We now take any?! T' with
Ag < T' and any I'p < Ap and define

F:= {{a,b,cd},{{a,b}),{(a,c),{a,d),{bc)},
{<aa ) d>}7 {<a7 F0>7 <b7 A0>7 <Ca F>’ (d, A0>}>

An application of the Generalized Main Lemma, Lemma 7.8, now yields
the required model M.

The restriction that k¥ ¢ — 0L is however a serious restriction. There
do exist ¢ with =X(¢) and - ¢ — OL. The most prominent example is
probably ¢ = p A OL. Thus, probably, the pure modal formalism of ILP
is not refined enough to yield a characterization of essentially ¥;1-formulas

21 Note that by Lemmas 4.20 and 7.6, we can indeed find such T" and T'g.
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of finitely axiomatized theories. A proof of Conjecture 8.3 should either
use a richer modal signature, or a direct embedding of formulas ¢ that are
not essentially 3; into arithmetic. The latter approach has been applied
in [Bek93].
Conjecture 8.3. For finitely aziomatized theories we have that 3(p) iff.
ILP F ¢ < W, 04 vV (W, A Bix > Cji) for some suitable formulas and
indices.

It is clear that indeed all formulas of the form Y/, OA: v (W, A\, Bjx >
Cjr) are provably ¥; in any finitely axiomatizable theory. The other
direction needs a special treatment.

In some respect, the logic ILP seems to be an easier logic than ILM.
First of all, the > in ILP is used to describe a ¥;-phenomenon. In ILM
interpretability describes a IIs-matter. Second, we have a reduction from
ILP to IL in the sense of Lemma 8.5. Third, we see by Theorem 8.6 that
in a certain sense, ILP essentially reduces to provability logics.

Definition 8.4. We define a translation § of formulas to formulas, as
follows. We define p* = p for propositional variables. Moreover, f com-
mutes with the boolean connectives and the O-modality. The only non-
trivial action is on the >-modality. In this case we define (A > B)* =
Af > BY AO(AF > BY).

Lemma 8.5 (Hajek). ILP - ¢ < IL |- ©f
Theorem 8.6. LetT be a finitely axiomatized theory. For all arithmetical
formulae o, B there exists a formula p with

ThFap>r B« Orp.

Proof. The proof is a direct corollary of the so-called FGH-theorem. (See
[Vis02] for an exposition of the FGH-theorem.) We take p satisfying the
following fixed point equation.

TFpe— ((a>r B) < Orp)
By the proof of the FGH-theorem, we now see that
TF ((a>r f)VOrl) < Orp.
But clearly T+ ((a>r 8) VOrl) < abr . -

In some sense Theorem 8.6 suggests that ILP can be related to prov-
ability in a strong sense. The following definition indicates one of the lines
amongst which one could work.

Definition 8.7. The logic BILP is given by its language, its axioms and
its rules.

e The language of BILP is an extension of the language of ILP such
that for any A > B in the language of BILP, there is a constant
Parp in the language of BILP.

e The axioms are just all the axioms of IL, plus A> B <> OPaxp, for
any A, B in the language of BILP.
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e The rules are Modus Ponens and Necessitation

Now, if § is a translation that replaces in ¢, all occurrences of A > B
by OParp (inside out), and if ILP + ¢ iff. BILP goh, we can relate
Conjecture 8.3 to a conjecture in BILP, and we are back with O-formulas.

8.3 Essentially 3; in IL(All)

If we compare Conjecture 8.3 to Theorem 7.4, we see that there can not
be something as a characterization for essentially ¥;-sentences that holds
for any reasonable arithmetical theory. Both essentially reflexive theo-
ries, and finitely axiomatizable theories (of some reasonable strength) are
reasonable arithmetical theories. Theorem 7.4 does however suggest a
conjecture for the essentially Xq-sentences of IL(All).

Definition 8.8. A modal formula ¢ is an essentially ¥1-sentence of IL(All)
if VIV« T X(p").

Conjecture 8.9. The essentially ¥1-sentences of IL(All) are precisely
those equivalent in IL(All) to a disjunctions of O-formulas.

It is clear that a disjunction of O-formulas is indeed ¥; in any rea-
sonable arithmetical theory 7. The reasoning in IL(All) showing that a
formula ¢ is equivalent to such a disjunction is by definition of IL(All)
available in T'. It seems natural to expect that the 3i-sentences of IL(All)
can somehow be related to Theorem 7.4.

9 Self provers and formulas that gener-
ate trivial self provers

A self prover is a sentence ¢ that implies its own provability. That is,
a sentence for which - ¢ — Oy, or equivalently, - ¢ < ¢ A Op. Self
provers have been studied intensively amongst others by Kent ([Ken73]),
Guaspari ([Gua83]), de Jongh and Pianigiani ([dJP96]). It is easy to see
that any 31(T")-sentence is indeed a self prover. We shall call such a self
prover a trivial self prover.

9.1 Formulas that generate trivial self provers

In [Gua83], Guaspari has shown that there are many non-trivial self
provers around. The most prominent example is probably p A Op. But
actually, any formula ¢ will generate a self prover ¢ A Oy, as clearly
e AOp — O(p ADp).

Definition 9.1. A formula ¢ is called a trivial self prover generator, we
shall write t.s.g., if o AOgp is a trivial self prover. That is, if pAQp € 31 (7).

Obviously, a trivial self prover is also a t.s.g. But there also exist other
t.s.g.’s. The most prominent example is probably O0p — Op. A natural
question is to ask for an easy characterization of t.s.g.’s. In this subsection
we will give such a characterization for GL. In the rest of this subsection,
F will stand for derivability in GL. We shall often write ¥ instead of ;.
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Theorem 9.2. We have that (e AOyp) in GL if and only if the following
condition is satisfied.

For all formulae Ay, @i and Cp, satisfying 1, 2 and 3 we have that
FoAOp <\, OCn. Here 1-3 are the following conditions.

1. Foe W, (e AOA) VY, OCnh
2. Y OA; — ¢ for alll

8. 1 is a non-emptly conjunction of literals and <-formulas.

Proof. The <« direction is the easiest part. By remark 9.3 we see that
we can always find an equivalent of ¢ that satisfies 1, 2 and 3. Thus, by
assumption, ¢ A Oy can be written as the disjunction of O-formulas and
hence X(p A Op).

For the = direction we reason as follows. Suppose we can find ¢;, A;
and C,, such that 1, 2 and 3 hold, but

o ADOp < \X/ Cm. ()

As clearly F Y/, OC,, — ¢ A Ogp, our assumption (*) reduces to I/ ¢ A
Op — V/,,BCm. Consequently \/,(¢1 A OA;) can not be empty, and
for some [ and some rooted GL-model M, r with root r, we have M, IF
OA; A ¢y

We shall now see that I/ = A Op — O—A;. For, suppose for a contra-
diction that

I —p AOp — O=A;.

Then also - 0A4; — (D@ — ), whence - 0A; — O(0Op — ¢) — Ogp. And
by OA; — (Op — ¢) again, we get - OA; — ¢ which contradicts 2. We
must conclude that indeed F/ mpAOgp — OG—A;, and thus we have a rooted
tree model N,r for GL with N,r IF =, Op,0A4;. We can now “glue” a
world w below [ and r, set 1S,r and consider the smallest ILM-model
extending this. We have depicted this construction in Figure 2. Let us
also give a precise definition. If M := (W, Ro, o) and N := (W1, Ry, k1),
then we define

L= (WoUWi,RyURi U{(w,z)|zeWoUWi}U{(l,y)| N = rRy},
{{w,l,r)}U{{z,y,2) | L = xRyR*z},IFo UlF1).

We observe that, by Lemma 2.12 L,r IF Op AOA; A =g and L E rRx =
L,z IF pAA;. Also,if L |E IRz, then L,z IF ¢AA;, whence L, IF OpADA,.
As M,lIF ¢; and ; only contains literals and and diamond-formulas, we
see that L,l I ¢;, whence L,l1- o AOp. As L,r IF = A Oy we see that
L,wIF =X(p A Op). By the completeness of ¥ — ILM and ¥ — GL (see
[Gor03]) we conclude that indeed =3 (¢ A Op). -

Remark 9.3. It is not hard to see that for any ¢, we can find ¢;, A;
and C), such that 1-3 hold. Just by propositional logic we can write ¢
in a way such that 1 and 3 hold. Now we can just run through ¢ and
any time, if for a disjunct ¢; A OA; we have that F OA; — ¢, we can
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Figure 2: T.s.g.’s

replace that disjunct by OA; and obtain an equivalent formula. Clearly,
this process comes to an end, and the final result satisfies 1-3. If we
abbreviate W/, _; (¢r AOAr) VN, OCm by Qi, we see that the following
are equivalent.

e FOA — ¢

o FOA, — ¢ VQ

e FOAVQI < (gt NOA)V Q
o F-Q ANOA; — ¢

As we have seen, there do indeed exist t.s.g.’s that are not 3. Actually,
we can come up with quite some examples that do not look alike.

e (Og — OOg) A (BUp — Up)

e (O(gADBr) — Or) A (0Og — Og)

e (Op — Og) A (Bg — Op) A (O0p — Up)

e (O0Og — Og) A (Op — Og V Ox)

We see that Lob’s axiom plays a crucial role in showing that X(pAOp).
Therefore, it seems natural to work with a sort of conjunctive normal form
for ¢.

We will now pronounce a conjecture of a characterization of (oA Ogp)
when ¢ is given in “conjunctive normal form”.

Conjecture 9.4. We have in GL that (¢ A Ogp) iff. the following con-
dition is satisfied.
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For all formulae p;, Bi; and Cy, satisfying i, it and i, we have that
FenOp < (W, OCk) AN W, OBi;. Here i-iii are the following condi-
tions.

i oo Ni(ei VV,;0Bi;) A (W), OCk)
4. for all i we have t/ Qi — i V Wj OB;j
where Qi = N\, (pir VW; OByr;) vV W, OCk
1. i 1s a non-empty disjunction of literals and diamond-formulas

If we combine Conjecture 9.4 with Conjecture 9.14, we get that we
can take the ¢; in Conjecture 9.4 to consist of just a single ¢-formula.
Thus, the normal form of ¢ would look like X\;(OL; — \/,; OFi;). Now,
how can ¢ A Oy be possibly ¥1?7 The only sensible reason can be that
either OF; or \Wj OF;; is provable for any i from ¢ A Ogp.?? In either case
\V]. 0OB;; is provable for any <.

We conjecture that Theorem 9.2 and Conjecture 9.4 also hold for ILM.
A proof can probably be given along the same lines. The only difference
will be in the model construction in the proof of Theorem 9.2. In the case
of GL, we could just merge two rooted models and glue a new common
root to them. In the case of ILM, probably an application of the Main
Lemma is required at that place.

9.2 Decidability of the problems “being >;” and
“being a t.s.g.” in GL

In this subsection, we restrict our attention again to the logic GL. A
great part of the discussion can be generalized to ILM though.

We know that a formula ¢ is essentially 3; in GL if and only if it is
equivalent to a disjunction of O-formulas. Formulated as such, it is prima
facie not clear whether the notion of ¥1-ness is decidable, as we have an
unrestricted existential quantifier in the definition. It is very likely that
this quantifier can be restricted to a finite class that is generated by the
subformulas of ¢. Below we shall give a model theoretic characterization
of “being equivalent to a disjunction of O-formulas”.

From this characterization, the decidability will follow. The decidabil-
ity is actually a well-known fact and follows for example from work from
Ignatiev ([Ign93]), Japaridze ([Jap94]) and Goris [Gor03].

Definition 9.5. Let M, r be a rooted tree for GL, with root » and M :=
(W, R,IF). We say that a subtree N,r := (W', R'|IF') of M,r is a prune
of M, r if the following holds.

1.reW Ccw

2. ffx e W\ W' and M = zRy theny € W\ W’

3. e W\W' — JyeW\W’ (M | rRy AVz —(rRzRy))

4 R = RIW

5. 2 € W'\ {r} — (z |- piff. I+’ p) for all propositional variables p.

221t seems highly implausible that the implication can be provable without the antecedent
or the succedent being provable.
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We say that a formula ¢ is preserved under prunes if ¢ holds at the root of
any prune of M, r whenever it holds in M, r. Thatis, M,r IF ¢ = N,r - ¢
for any prune N,r of M,r.

Lemma 9.6. A modal formula ¢ is equivalent (in GL) to a disjunction
of O-formulas iff. ¢ is preserved under prunes.

Proof. The = direction is rather easy. It follows from Lemma 2.12 and the
observation that generated submodels are preserved under taking prunes.
That is, the generated submodel of x in IV, r is the same as the generated
submodel of = in M, r, whenever N, is a prune of M,r and x # r.

For the <= we reason as follows. Suppose that ¢ is not equivalent to the
disjunction of O-formulas. In other words (symbols), =X(¢). By Theorem
10.5 we can find a £-GL model L,w IF =X(¢). In other words, we can
find an ILM-model L := (W, R, S,I) as depicted in Figure 1 with L, I ¢
and L,r IF = and L = rRz — [Rx. We now define P,l := (W' R',IM')
with

W' = {zeW|z=I1VIRz}
R = RIW
o= W

and Q,r := (W" R",IF") with

W" = {zeW|z=rVrRz}
R" = RIW"
[

As L is an ILM-model, and thus L = [Rz — rRz, we see that Q,r is
a prune of P,l. —

Corollary 9.7. ¢ € X(T) is decidable in GL.

Proof. Enumerate for every \{/, OC; all possible proofs of ¢ « \/, OC;.
“Intertwine” this enumeration with checks of Lemma 9.6 for ¢ on all finite
tree models with their corresponding prunes. —

It is not clear what the complexity of this algorithm is. But probably,
the restriction of the possible OC; to prove Wl OC; < ¢ is a lot more
efficient.

In Subsection 9.1 we proved a characterization in GL for ¢ to be a
t.s.g. We now address the question whether this is an informative charac-
terization. As we have just seen, it is decidable whether (¢ A Ogp). The
characterizations we gave do not seem to give nicer complexity bounds
on the problem of X(p A Op), as they are formulated using a universal
quantifier. We do have however the following easy corollary to Theorem
9.2.

Corollary 9.8. For all p;, A; and Cy, satisfying 1, 2 and 8 from Theorem
9.2 we have F o ANOp < \/,, OC:,

iff.
There exist w1, A; and C,, satisfying 1, 2 and 3 from Theorem 9.2 and
FoAOp <V, BCnm.
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Proof. The “For all” implies the “There exist” direction is obvious in the
light of Remark 9.3. For the other direction, suppose we have A;, ¢
and C), satisfying the requirements. Then clearly (o A Oy), whence by
Theorem 9.2 we get the universal statement. —

Corollary 9.9. It is decidable if ¢ is a t.s.g. or not.

Proof. Transform ¢ into “disjunctive normal form”, that is, satisfying con-
ditions 1, 2 and 3 from Theorem 9.2, and check whether - ¢ < \/, OCp,.
The correctness of this procedure is guaranteed by Remark 9.3, Theorem
9.2 and Corollary 9.8. —

We now see that this procedure indeed looks a lot easier than the
procedure we sketched for a direct check if (¢ A Op). We actually see
that the problem of ¢ being a t.s.g. when ¢ is given so that it satisfies
1-3 from Theorem 9.2 is in PSPACE. It can just be reduced to theo-
remhood in GL, which is PSPACE-complete. It is not hard to see that
the problem is actually PSPACE-complete. Thus, indeed our character-
izations are informative characterizations. Improvements on Conjecture
9.4 could probably be made by requiring additional direct recognizability
of reflection principles. A reflection principle is a formula of the form

Ux — x.

9.3 Formulas that generate modalized self provers
in GL

In Subsection 9.1 we have classified the formulas that generate trivial self
provers. Likewise we could study the question which formulas generate
modalized self provers. In other words, for which ¢ do we have that o AOp
is a modalized formula. In this subsection we take up this question for
GL, make some remarks on it and pronounce a conjecture.

Definition 9.10. We say that p occurs modalized in ¢ if it occurs only
under the scope of some modal operator. We say that ¢ is modalized in
p if ¢ is equivalent to some ¢’ in which p occurs modalized. We say that
©p is strictly modalized if every propositional variables occurs modalized
in it. We call a formula ¢ modalized if it is equivalent to some strictly
modalized formula.

We shall now give a model theoretic characterization of modalized
formulae similar to our model theoretic characterization of 3;-formulae,
Lemma 9.6.

Definition 9.11. Let T, r be a GL-model based on a rooted tree with
root . An up-copy of T, r is a rooted tree T', r which only (possibly) differs
from T, r on the valuation of the propositional variables at . We say that
a formula ¢ is preserved under up-copies whenever T,r |- @ = T' r I ¢
holds for any rooted model T, r and any up-copy 1”,r of it.

Lemma 9.12. (In GL) ¢ is modalized iff. ¢ is preserved under up-
copies.
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Proof. “=" This direction is easy. For example, one could use induction
on the length of strictly modalized formulas employing Lemma 2.12.

“<" Suppose ¢ is not modalized. We can now write ¢ in a sort of
disjunctive normal form, that is

P \X/(li A i)

where [; is a conjunction of literals and ¢; a strictly modalized formula.
We claim that for some 4, we have that ¢;,—¢ ¥ L. For, suppose
Vi @i, = L, then F Y/, pi — ¢, whence - ¢ < \/, ¢;. This is contrary
to the assumption that ¢ is not modalized.

As GL is complete w.r.t. finite trees, we can find for the i for which
Vi — @aT zlF @ A—p. Consequently T/, z I —l; and [; is not empty.
Thus, by just changing the valuation at x, we can get to an up-copy
T,z IF ;. By the “=” part of this proof, we now know 7', z IF ¢;, whence
T,z I+ . Clearly, T', z is an up-copy of T, x and ¢ is not preserved under
up-copies. —

Corollary 9.13. “p is modalized” is a decidable matter.
Proof. As the proof of Corollary 9.7. —

Again, the complexity is probably much lower than indicated by the
above algorithm. Probably the following algorithm does also work if ¢
is given in “conjunctive normal form”. Walk through ¢ and delete every
modalized part. The remaining part should be provable or disprovable.
By this algorithm we see that checking for modalizedness for ¢ in “CNF”
is just Co-NP-complete.

Conjecture 9.14. ¢ A Oy is modalized iff.
© is modalized, or - p — OT

If ¢ is modalized, then clearly ¢ A Op is modalized. On the other
hand, if - ¢ — OT, then F (p A Oyp) <> L and is clearly modalized. The
remaining implication is the harder implication. For example, it is not
so hard to see that if ¥ ¢ — OT and ¢ = p A or p = p VY with ¢ a
strictly modalized formula, that then ¢ A Oy is not modalized. Working
with some sort of normal forms, the general case can probably be settled.

9.4 Essential ¥;-ness and t.s.g.’s.

In Remark 7.7 we considered three different approaches for an alternative
proof of the classification of the ¥;-sentences of ILM. In this subsection
we shall see that the second proposed approach may easily lead to the
topic of t.s.g.’s. In that approach, we took up the question for which ¢
we have that

E(p A Op) & B(p AO-p) = X(p). (1)

We shall see how this question can be reduced to the characterization of
t.s.g.’s.

61



Lemma 9.15.

For some (possibly empty) \/, OC; we have F o AO-¢@ < Y/, OC;
iff.
FOL—¢ or F-op

Proof. For non-empty \/, OC; we have the following.

FoAO-p < \,00 =
- O(p A D-g) = O(W,0C) =
FOp « OT =
FOL—e

Here, the final step in the proof comes from Lemma 6.11.

On the other hand, if - OL — ¢, we see that - ~¢p — OT and thus
O-¢ — 01, whence - ¢ AO=p < OL.

In case of the empty disjunction we get F ¢ A O—p « 1. Then
also F O-¢ — - and by Léb F —p. And conversely, if - —, then
FoANO-p <« L, and L is just the empty disjunction.

The proof actually gives some additional information. If 3(p A O-p)
then either (F - and F (p A O-¢) < L), or (FOL — @ and F (p A
D—mp) — DJ_). =

Lemma 9.16.

E(e AOp) ANE(p ADp) = X(p)
iff.
S(peAOp)=2(p) or Fo—OT

Proof. {. Clearly, if 2(p AOp) = 3(p), also (e AOp) AX(p AO-p) =
3(p). Thus, suppose - ¢ — OT, or put differently - OL — —p. If
now F =, then clearly ¥(¢), whence (o A Op) A (e A O-p) = X(p),
so, we may assume that ¥ —p. It is clear that now —X(p A O-y). For,
suppose X(p A O-g), then by Lemma 9.15 we see - OL — ¢, whence
F OT. Quod non. Thus, - OL — —¢ = =3(p A O-¢) and thus certainly
(e A Op) AE(p AO=p) = S(p).

|. Suppose X(pAOp) A-X(p) and ¥ OL — —p. To obtain our result,
we only have to prove X(p A O-p).

As ¥ OL — =, also ¥ =@ V O—=p. Thus, under the assumption that
3 (¢ A Op), we can find (a non-empty collection of) C; with F o A Ogp «—
W, ©C;. In this case, clearly F OL — \/, OC; — ¢, whence, by Lemma
9.15 we conclude X(p A O-¢p). -

By this lemma, we see that our original question (f) has been essen-
tially reduced to a question on t.s.g.’s, a question that has proved to be
at least as tough as the problem we originally started out with: a classi-
fication of the ¥i-sentences of ILM.

Indeed, an answer to the question for which ¢ we have that X(¢ A
Op) = X(p) seems to require a thorough analysis of t.s.g.’s. We have a
characterization of t.s.g.’s in GL. From this characterization it follows
that (1) does certainly not hold for any formula ¢, as we have seen that
there are plenty of t.s.g.’s that are itself not ;.
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Thus, in general we may not assume that if =3(¢), that then either
=X (pAOp) or =X (p AO-gp). Consequently, the Ox mentioned in the sec-
ond approach of Remark 7.7 should in certain cases be sought elsewhere.

10 A variation: The logic XILM

In this section we shall comment on some results obtained in a paper by
Goris [Gor03]. In that paper, also a construction or step-by-step method
was employed to obtain some modal completeness results.

This section contains no new results. However, we have included it to
provide a richer context for this paper. We do formulate a new conjecture
at the end of this section.

10.1 The logic XILM

The language of XILM is the modal language of interpretability with an
additional unary modality ¥. The syntactical conventions concerning >
are precisely the same as for the O-modality.

The additional »-modality is added to the language to capture the
notion of “being equivalent to some X;!-formula”. Having this meaning
in mind, the axioms of the logic ¥ILM come quite natural.

Definition 10.1. The logic ¥ILM is the smallest set of formulas being
closed under Necessitation and Modus Ponens, containing IL (in the lan-
guage with X) and all instantiations of the following axiom schemata.

¥1 X1

32 YOA

33 ¥¥A

Y4 SAAEB — X(AA B)

Y5 SAAXB — X(AV B)

6 YAANO(A < B)—XB

37 YA —OXA

¥8 YA — 0O(A— 0OA4)

XM XCA(A>B) - AANCD>BAC

A nice feature of XILM is that it needs no new modal semantics. It
can just be embedded in the semantics of ILM.

Definition 10.2. A YILM-frame is an ILM-frame. The IF-relation is
extended to the new language by demanding that

wlF XA iff. Vu,v,w [(w(RUS) w') A (uSy,v) A (ul- A) = vl Al
Lemma 10.3. YILMF A = F |= A, whenever F is a SILM-frame.

Proof. Straightforward. The ILM frame condition plays an essential role
in ¥2, ¥3, and 6. 4
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An adequate labeled XILM-frame is just an adequate YILM-labeled
ILM-frame for which moreover

uSwv A XA €v(w) and A € v(u) = A € v(v).

This condition should also be added to obtain the notion of a quasi->ILM-
frame. Lemma 6.5 immediately implies a closure lemma for quasi->ILM-
frames.

10.2 Modal and Arithmetical completeness

In Lemma 10.3 we have seen that XILM is sound w.r.t. YXILM-frames. In
[Gor03] the logic is proved to be also complete.

Theorem 10.4. XILM F ¢ iff. for all SILM-frames F, we have F |= ¢

The proof makes essentially use of the construction method, which
is called the step-by-step method in [Gor03] and in [Joo98]. We find it
instructive to mention this result in this paper, as it indicates a stan-
dard way to adopt the Main Lemma to modal languages with a richer or
different signature.

In the logic ¥ILM we have a new modality ¥. If we want a truth
lemma to hold, also sentences containing 3 should be taken into account.
As the quantifier complexity or the truth definition of the Y-modality is
V, no new deficiencies will arise. However, we should consider a new sort
of problem.

Thus, a new sort of problem in a labeled frame F' is a pair (z, =3¢)
with =Xy € v(z), and such that for no y with z(RU S)*y and for no u, v
with uSyv we have that ¢ € v(u) and —p € v(v).

Such a problem can always be eliminated by taking x = y and adding
two labeled worlds with “p € v(u)Szv(v) 3 —¢” in an adequate way to
the labeled frame. That these labels ¢ € v(u) Co v(v) 3 —p can be
found, can be proved by a lemma similar to Lemma 7.9.

The method of eliminating problems and deficiencies concerning the
>-modality can just be copied from the proof of Theorem 6.10. It is not
hard to see that all the requirements on the ¥-modality just lift along
with these elimination methods.

It is good to see that the Main Lemma can easily be adopted to modal
logics with a different signature. Different modalities will yield different
sort of problems and deficiencies. The distinction is always that a problem
has an existential nature and a deficiency a universal one.

Arithmetical realizations are in a canonical way extended to formulas
of XILM. In [Gor03] an arithmetical completeness is proved for XILM.

Theorem 10.5. XILMF ¢ 4ff. V*x TF "

On purpose we did not specify the T in the theorem, as there is
some freedom. Either T is essentially reflexive, or T is an extension
of 1X1. In the latter case > should be translated to a formalization of
II;-conservativity rather than interpretability.
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A nice observation that we can draw from Theorem 10.5 is that Lemma
7.3 can actually be reversed. Thus,

vV THX(e")
iff.
Va,BV+« THa> B —>aAe™>BAp".

Here T is of course an essentially reflexive theory. We conjecture that we
have a far more general arithmetical fact. Namely, that for any arithmeti-
cal formula 7 (thus not necessarily the translation of a modal formula) we
have that

THX(v)
iff.
Va,BTHa>8—aANy>BAy.

11 The logic ILMj

To start, let us recall the schema My.
Mg A>B — CAANDOC>BAOC

Let us also recall that ILMj is the logic we obtain when adding this
schema to IL. This section is devoted to showing the following theorem.?3

Theorem 11.1. ILMg is a complete logic.

In the light of Remark 4.22 a proof of Theorem 11.1 boils down to
giving the four ingredients mentioned there. Section 11.3, 11.4, 11.5 and
11.6 below contain those ingredients. Before these main sections we have
in Section 11.2 some preliminaries but we start in Section 11.1 with an
overview of the difficulties we encounter during the application of the
construction method to ILMg. We round things up in Section 11.7 and
finish in Section 11.8 with some reflections on what we have done.

11.1 Overview of difficulties

We shortly review the main construction method and see what difficulties
we might encounter when we apply it to ILM,.

Roughly the construction proceeds as follows. We identify a problem
or a deficiency in a labeled frame F'. We solve this problem or deficiency
by extending F to a labeled frame F’. Then we extend F’ to a frame F"’
in which all the frame conditions for the logic under consideration hold.
We repeat this procedure until no problems nor deficiencies are present
any more.

During these operations we need to keep track of two things.

1. If z has been added to solve a problem in w, say =(A > B) € v(w).
Then for all y such that xS,y we have v(w) <B v(y).

23 A proof of this theorem was first given in [Joo98]. In this section we fill in some missing
details.
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CO®y C @y

C>D@®w C>D@®w

Figure 3: A deficiency in w w.r.t. y

2. If wRx then v(w) < v(zx)

Item 1. does not impose any direct difficulties. But some do emerge
when we try to deal with the difficulties concerning Item 2. So let us
see why it is difficult to ensure 2. Suppose we have wRxRyS.,y Rz. The
Mo—frame condition requires that we also have xRz. So, from 2. and the
Mo—frame condition we obtain

wRrRySwy Rz — v(z) < v(2).

If we put A Co A’ :< {0A | 0OA € A} C A’ then a sufficient (and in
certain sense necessary) condition is,

wRxzRySwy — v(z) Co v(y).

Let us illustrate some difficulties concerning this condition by some
examples. Consider the left model in Figure 3. That is, we have a defi-
ciency in w w.r.t. y. Namely, C > D € v(w) and C € v(y). If we solve
this deficiency by adding a world y’, we thus require that for all z such
that wRzRy we have v(z) Cg v(y'). This difficulty is partially handled
by the lemma below. We omit a proof, but one can easily be given by re-
placing in the corresponding lemma for ILM, applications of the M axiom
by applications of the Mg axiom.

Lemma. LetI'; A be MCS’s such that C>D € ', ' <4 A and OC € A.
Then there exists some A" with' <4 A’, O-D,D € A’ and A Ca A

But now look at the right model in Figure 3. We have at least for
two different worlds x, say xo and x1, that wRzRy. The above lemma is
applicable to v(zo) and v(z1) separately but not simultaneously. In other
words we find y( and y; such that v(zo) Co v(y) and v(z1) Co v(y).
But we actually want one single 3’ such that v(z0) Co v(y’) and v(z1) Co
v(y'). We handled this difficulty by ensuring that it is enough to consider
only one of the worlds in between w and y. To be precise, we ensured
v(z') Co v(z) or v(z) Co v(z').
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Y

C>D@®uw C>D@®uw

Figure 4: A deficiency in w w.r.t. y’

But now some difficulties concerning Item 1. occur. In the situations
in Figure 3 we were asked to solve a deficiency in w w.r.t. y. But we
actually solved one in w w.r.t. some z in between w and y. We can let
y' solve both deficiencies if we have that v(w) <4 v(y') whenever y € Cia.
And this is assured by ensuring that wRzRy € C; implies v(w) <a v(z).

We are not there yet. Consider the leftmost model in Figure 4. That is,
we have a deficiency in w w.r.t. y'. Namely, C> D € v(w) and C € v(y’).
If we add a world 3" to solve this deficiency, as in the middle model, then
by transitivity of S, we have y.S,,y", as shown in the rightmost model. So,
we require that v(z) Co v(y”). But we might very well have OC & v(z).
So the above lemma is not applicable. Below we formulate and proof a
more complicated version of the above lemma which basically says that if
we have chosen v(y') appropriately, then we can choose v(y") such that
v(z) Ca v(y”). And moreover that lemma ensures us that we can, indeed,
choose v(y’) appropriate.

11.2 Preliminaries
Definition 11.2 (7*°, T*, T;T', T*, T2, TUT"). Let T and T" be bi-
nary relations on a set W. We introduce the following notations.
1. T* is the transitive closure of T.
2. T* is the transitive reflexive closure of T'.
3. 2T;T'y & It xTtT'y
4. 2Ty & 2Ty A -3t 2TtTy
5. xT2%y & Ty A —(zT'y)
6. 2TUT'y & xTyV zT'y
Definition 11.3 (S.). Let F = (W, R, S,v) be a quasi-frame. For each

w € W we define the relation S, of pure S,, transitions, as follows.

28wy & Swy A =(z = y) A = (z(Sw U R)"; R; (Sw U R)*y)
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Definition 11.4 (adequate ILMo—frame). Let F = (W, R, S,v) be an
adequate frame. We say that F' is an adequate ILMo—frame iff. the fol-
lowing additional properties hold.?*

4. wRxRySwy' Rz — xRz

5. wRrRyS.y — v(z) Co v(y)

6. ©Swy — z(Sw UR)*y

7 r

. zRy — z(RY)"y

As usual, when we speak of ILMy—frames we shall actually mean an ad-
equate ILMo—frame. Below we will construct ILMo—frames out of frames
belonging to a certain subclass of the class of quasi—frames. (Namely the
quasi-ILMo—frames, see Definition 11.9 below.) We would like to predict
on forehand which extra R relations will be added during this construc-
tion. The following definition does just that.

Definition 11.5 (K (F), K). Let F = (W, R, S, v) be a quasi—frame. We
define K = K(F) to be the smallest binary relation on W such that

1. RC K,

2. K = K™,

3. wKaK'y(Sy,) "y K'z — 2Kz.

Note that for ILMg—frames we have K = R.

The following lemma shows that K satisfies some stability conditions.
The lemma will mainly be used to show that whenever we extend R within
K, then K does not change.

Lemma 11.6. Let Fo = (W, Ro, S,v) and F1 = (W, R1,S,v) be quasi—
frames. If R1 C K(Fy) and Ry C K(F1). Then K(Fy) = K(F1).

Proof. Put

Ko = K(F)
Ky = K(F))
We show K¢ C K;. By symmetry the lemma then follows. We show

that K satisfies properties 1., 2. and 3. of the definition of Ky (Definition
11.5).

1. By assumption, Ro C K;.

2. By definition of K7, K1 = (Kl)tr.

3. Suppose wK1zK1y(Sw)"y' Kiz. Then, by definition of K1, 2K 2.
So, since Ky is the smallest binary relation that satisfies all of these prop-

erties we conclude Ky C K. -

In a great deal of situations we have a particular interest in K. To
determine some of its properties the following lemma comes in handy.
It basically shows that we can compute K by first closing of under the
Mo—condition and then take the transitive closure.

240ne might think that 6. is superfluous. In finite frame this is indeed the case, but in the
general case we need it as an requirement.
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Lemma 11.7 (Calculation of K). Let FF = (W, R,S,v) be a quasi—
frame. Let K = K(F) and suppose K conversely well-founded. Let T
be a binary relation on W such that

1. RCT"CK,

2. wTTzT y(Sw) y'T 2 — 2T 2.

Then we have the following.

(a) K=T"

(b) cK'y — aTy
Proof. To see (a), we will show that T satisfies the three properties of
the definition of K (Definition 11.5).

R C T" and the transitivity of T are clear. So suppose wT* z(T") y(S.,) "y (1) 2.

Since (T™)! = T* we have wT™zT y(Sw)"y'T 2. By assumption 2. on
T we obtain zT"" 2. We have shown (a).

To show (b) assume zK'y. Then by (a). zT%y. But if 2722y then,
since T' C K, also K Z2%y. —

Another entity that changes during the construction of an ILMy—frame
out of a quasi—frame is the critical cone (which is defined for all logics ILX,
see Definition 4.6). In accordance with the above definition of K (F'), we
also like to predict what eventually becomes the critical cone.

Definition 11.8 (NS). For any quasi—frame F we define NS to be the
smallest set such that

1. v(w,z)=C =2z e NS,
2. e NS Az(KUSW)y=yeNS.

In accordance with the notion of a quasi—frame we introduce the notion
of a quasi-ILMo—frame. This gives sufficient conditions for a quasi—frame
to be closeable, not only under the IL—frameconditions, but under all the
ILMo—frameconditions.

Definition 11.9 (Quasi—-ILMy—frame). A quasi-ILMy—frame is a quasi—
frame that satisfies the following additional properties.

6. K is conversely well-founded.
7. 2Ky — v(z) < v(y)
8. x€NS — v(w) <a v(z)
9. wKzKy(SwUK)*y — v(z) Co v(y)
10. 2Swy — 2(Sw UR)"y
11. wKzK'y(Sy) "y K'z — 2(K")" 2
12. 2Ry — z(RY)"y
Lemma 11.10. If F is a quasi-ILMo—frame, then K = (Kl)”.
Proof. Tt is enough to show that K satisfies the three conditions on 7T in
Lemma 11.7. Item 2. is clear by Property 11. of quasi-ILMo—frames. To

see Item 1. we note that R C K implies (R")" C (K')". So, R C (R")"
implies R C (K", o
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Lemma 11.11. Suppose that F is a quasi-ILMo—frame. Let K = K(F).
Let K', K" and K"’ the smallest binary relations on W satifying 1. and
2. of 11.5 and additionaly we have the following.

g, wK'zK y(Sw UK )y K"z — 2K’z
3//. wK//xK//y(Sw)try/K//Z — xK"
(4))///. wK///xK///y(Sw U K///)*y/K///Z — :I:K///Z
Then K = K' = K" = K"
Proof. We clearly have that K’, K” and K’ satisfies the three defining
properties of K. So, we have K C K', K C K", K C K". So we are
done when we have seen that K satisfies 3., 3”., 3"”". We can see 3'. with
induction on the minimal number of K steps in the (S, U K)—path from
y to 3. Ttem 3”. follows by Lemma 11.10. Item 3"’. follows by combining
3'. and 3". -
Before we move on, let us first sum up a few comments.

Corollary. If F = (W,R,S,v) is an adequate ILMo—frame. Then we
have the following.

1. K(F)=R

2. FEzeNL) o FEzeC)

8. F is a quasi-ILMo—frame
Lemma 11.12 (ILMg—closure). Any quasi-ILMq—frame can be extended
to an adequate ILMo—frame.
Proof. Given a quasi-ILMo—frame F' we construct a sequence

FP=FRCFC---

very similar to the sequence constructed for the IL closure of a quasi—
frame (Lemma 5.2). The only two differences are that we add a fifth
entry to the list of imperfections.

(v) v=(4,w,a,b, ¥, c) with F,, = wRaRbS,,b Rc but F,, £ aRc

And we work with an enumeration on
C' = CuU ({4} x WP).
Where C' is defined as in Lemma 5.2, nameley
C= {0} x W)U ({1} x WU ({2} x WU ({3} x W?).

First we will show that each F, is a quasi-ILMo—frame. Then we show
that the union F = Un>0 F,, is quasi and satisfies all the ILMy frame
conditions. This implies that £ is an adequate ILMo—frame.

To see that each F), is a quasi-ILMy—frame, we proceed with induction
on n. The case n = 0 holds by assumption on F' = Fy. So, assume that
F,, is a quasi-ILMo—frame. Let for each n > 0
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K" = K(Fy,)
R" = R™
S =g

Claim 11.12a. For all w,z,y and A we have the following.

(a)
(b)
(c)

R'n+1 g K™
z(SETPUR™ Yy = x(SEUK™)*y
FoaEzeCli=F, ExeND

Proof. We show Claim (a) and (b) simultainously. Item (c) is an immedi-
ate corollary to (b). We distinguish cases according to which imperfection
is dealt with in the step from F),, to Fj41.

(i)

(ii)-(iv)

Suppose the imperfection under consideration concerns the transi-
tivity of R™. First we show (a).

Suppose xR" Ty, If zR™y then we are done. So suppose this is not
so. Then for some ¢, xR"tR"y. So, xtK"tK"y. By transitivity of
K" we conclude xK"y.

(b) follows from (a) and the fact that S™ = S™T!.

Suppose the imperfection under consideration concerns the reflexiv-
ity of S™, the transitivity of S™ or the inclusion of S™ in R™. Both
(a) and (b) are clear in these cases.

Suppose the imperfection under consideration concerns the Mg frame
condition.

We first show (a).

Suppose zR"ly. If zR™y then we are done. So, suppose this

is not so. Then for some u,v,v’ we have uR"zR"vS;v'R™y. So,
uK"zK"vS!v' K™y and thus by Lemma 11.11 we conclude zK"y.

(b) follows from (a) and the fact that S™T! = §™.
_|

Now let us show that F,+1 is a quasi—frame. We only have to consider
the case in which F), 11 is constructed out of F,, by solving an imperfection
of the form (v). The other cases can be copied from the proof of Lemma

5.2.
1.

R™1 is conversly well-founded.

By Claim 11.12a-(a), any R"*! chain is a K. And K™ is conversely
well-founded.

xSty — wR™ M, y.
This is clear, since S®™' = S§™ and R™® C R

zR" My — v(z) < v(y).

Suppose zR"'y. By Claim 11.12a-(b), we have 2 K™y and thus,
since F, is a quasi-ILMo—frame, v(z) < v(y).
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4. A4 B=Fo =E64nGE =9.
It is enough to show, that for all formulas C,

waFn+1 |:y€g$':>Fn Pyegs

Suppose F41 Ey € G2, Then we have for some k > 1 and 21 such
that " (w, 1) = A,

an+1$1(Rn+1 U Sn-H) . (Rn+1 U Sn+l)$k =y.

If, for some i < k, not x;(R™ U S™)xz;4+1 then, for some u,v and v’,
uR"z; R"vSMv' R"x;41. So, in any case, Fy, =y € Ga.

5. Fpi1 Ex €Ch = v(w) <a v(z).
Suppose Fyy1 = o € CA. Then F, =z € N, by Claim 11.12a-(c).
And thus v(w) <4 v(x).

Now we know that F, 41 is a quasi—frame and thus K (F,41) is defined.

Before we show that F,11 is a quasi-ILMo—frame we strengthen Claim
11.12a.

Claim 11.12b. For all w,z and A we have the following.
1. K" C K.
2. z(SETTUK™ ™y = (S U K™y
3. Foia |::U€N£ = F, ):xENf.

Proof. Ttem 1. follows by Claim 11.12a and Lemma 11.6. Item 2. follows
from Item 1. and Claim 11.12a-(b). Item 3. is an immediate corollary of
item 2.. B

Now we show that F, 41 is a quasi-ILMo—frame. So we run through
the properties of Definition 11.9.
6. K" is conversly well-founded.
By Claim 11.12b-1.
7. K"y — v(z) < v(y).
By Claim 11.12b-1.
8. Fup1 =z € Nt = v(w) <a v(z).
By Claim 11.12b-3.
9. wK" M e KT ly(SET U K"y — v(x) Co v(y).
By Claim 11.12b-1.-2.
10. zSETy — 2(Sw U R™T1)*y.
Immediate.
11 wK™ g K y(Seth) ™y kit x(K"Hl)trz.
By Claim 11.12b-1.

12. 2R™ Ty — :E(R"Jrll "

)y
Since F' is a qausi we have K = (Kl)tr. So, since R" "1y implies
zKy we have zR" 'y implies x(Kl)try. But R*™! C K. Thus we

conclude m(R"“l)try
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So we have shown that each F,, is a quasi-ILMy—frame. We put

F= UFn

n>0

We have to show that F' is an adequate ILMo—frame. To show that
Fis an adequate frame only the conversely well-foundedness of R needs
some attention. The other properties lift along with the proof given for
Lemma 5.2. By Claim 11.12b-1. any R-chain in Fis a K-chain in F. And
since F' is a quasi—-ILMoy—frame, such a chain is finite.

To show that F' is an adequate ILMo—frame we have to check the four
additional properties of Definition 11.4. Let (W, R, S, D) = F.

4. wRxRyS.y' Rz — xRz
In the terminology of Lemma 5.2, an example for failure of this
property is an imperfection of type (v). A proof that F does not
have imperfections of this type is completely similair to the proof
that ¥ does not have imperfections of types (i)—(iv), as given for
Lemma 5.2,

5. wRzRyS,y — v(x) Co (y')
Suppose wRzRySwy’. Then, for some n > 0, wR"zR"yS"y’. Thus,
since F,, is a quasi-ILMo—frame, #(z) Co 2(y’).

6. S,y — z(Sw UR) y
If a:S’wy then, for some n > 0, zS,y. So, since F, is a quasi-TLMo-
frame, z(S, U R")"y. Since S,y = S, we obtain z(S, U R)"y.

7. xRy — :c(l%l)try
R = K, so this follows immediate from the fact that K = (Kl)tr.
_|

Lemma 11.13. Let F = (W, R, S,v) be a quasi-ILMo—frame and K =
K(F). Then

zKy — 3z (v(z) Co v(z) Az(RUS) zRy).
Proof. Let
T ={(z,y) | 3z (v(z) Co v(z) Az(RUS)"zRy)}.
Claim 11.13a. T is transitive.

Proof. Suppose xTyT'z. Then for some t, with v(z) Cp v(t.) and some
ty with v(y) Co v(ty)

z(RUS) "t Ry(RU S)*ty Rz.
Also v(tz) < v(y). So
v(z) Cao v(ty).
Also clearly
z(RUS) tyRz.

Thus we conclude zT'z. -
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Claim 11.13b. {(z,y) | 3t (v(z) Co v(t) AzT;(SUK)*tTy)} CT.
Proof. Suppose that for some ¢ with v(z) Co v(t),
zT; (SUK)"tTy.

Then for some t" with v(t) Cg v(t'),

zT; (SUK)"t(RU S)"t'Ry.
Now v(z) Cg v(t') and z(RU S)*t' Ry. So we conclude zTy. -

We define
K' =KnT.

We have to show that K’ = K. As K’ C K is trivial, we will show
K C K’'. We show that K’ satisfies properties 1., 2. and 3. of Definition
11.5.

1. RC K’',since RCT and R C Kx.

2. f xK'yK'z then zKyK z and thus K 2. Also, xTyTz. So, by Claim
11.13a, zT'z.

3. T wK'zK'y(SwUK)*y' K’z then wKzKy(Sw UK)*y' Kz. So, zKz
and, since F is a quasi-ILMg—{frame, v(z) Co v(y'). Also, zTy(Sw U
K)*y'Tz. Thus, by Claim 11.13b, 2T2.

Since K is the smallest binary relation that satisfies these properties we

conclude K C K'. 4

The next lemma shows that K is a rather stable relation. We show
that if we extend a frame G to a frame F' such that from worlds in F' — G
we cannot reach worlds in G, then K on G does not change.

Lemma 11.14. Let FF = (W, R, S,v) be a quasi-ILMo—frame. And let
G = (W7,R™,S7,v7) be a subframe of F (which means W~ C W,
R CR,S"CSandv™ Cv). If

(a) for each f € W — W™ and g € W~ not f(RUS)g and
(b) Rlw- C K(G).
Then K(G) = K(F)w-.

Proof. We define

K = K(F)
K™ = K(F)lw-
Ko = K(G)

Clearly K~ satisfies the properties 1., 2. and 3. of the definition of K¢
(Definition 11.5). Thus, since K¢ is the smallest such relation,

Ko CK™.
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In what follows we will show
K~ C Ke. (9)
Or, to put it differently, K~ — K¢ = 0. For this, consider
K' =K— (K™ - Kg).
We will show that
KCK'. (10)

Since K~ — K¢ C K, this implies K~ — Kg = 0. (And thus we can
conclude (9).) We show that K’ satisfies properties 1., 2. and 3. of the
definition of K (Definition 11.5).

1. By definition of K we have
RCK. (11)
Next we will show
RN (K™ —Kg)=0. (12)

It is enough to show RN K~ C K¢. Suppose xRy and K ~y. Then
ZR|y -y and thus by assumption (b) of this lemma, xK¢gy. Thus
we have shown (12). It is easy to see that (11) and (12) together
imply

RCK'
2. Suppose 2K yK'z. Then in particular xKyKz. And thus
zKz. (13)

First, suppose z,y,z € W~. Since K~ is simply the restriction of
K to W~ we have z K~ yK~ z. So, by definition of K’', xtKgyKgz.
By transitivity of K¢ we obtain

zKgz. (14)

Combining (13) and (14) we get K’ 2.

Next suppose some of z,y,z are members of W — W™. By as-
sumption (a) of this lemma and by Lemma 11.13 we then have that
certanly z € W — W ™. Since K~ is the restriction of K to W™, this
implies

not K z. (15)

Combining (13) and (15) we get zK'2.

3. Suppose wK'zK'y(S,)"y'K'z. Then wKzKy(S,)"y' Kz And
thus

zKz. (16)

(6]



First suppose w,z,y,y’,2 € W~. Then wK K y(S,)"y K™ z.
And thus by defintin of K', wKcrKcy(Sw)"y' Kcz. This gives

xKgz. a7

Combining (16) and (17) we get K’ z.

Next suppose some of w, z, ¥,y , 2 are members of W — W ™. Then
by assumption (a) of this lemma and by Lemma 11.13, z € W —-W .
Since K~ is the restriction of K to W™, this implies

not K z. (18)

Combining (16) and (18) we get zK'2.

Since K is the smallest binary relation that satisfies these properties,
we conclude (10).

_|

We finish the basic preliminaries with a somewhat complicated varia-
tion of Lemma 4.21.

Lemma 11.15. LetI' and A be MCS’s. I <¢ A.
Pr>Q,51>T,...,Sp>T, el
and
OP € A.

There exist k < n. MCS’s Ag, A1,...,Ar such that

e Fach A; lies C-critical above T,

e Fach A; lies Co above A (e.g. A Co A;),

e €Ay,

o Foralll<j<mn,S;€A,= for somei<k,T; €A

Proof. First a definition. For each I C {1,...,n} put
Srie N{=Si i€}

The lemma can now be formulated as follows. There exists I C {1,... ,n}
such that

{Q,S1}U{-B,0-B|B>CcT}U{OA|OAc A}/ L
and, for all i € I,
{T:,S;}U{-B,0-B|B>CeT}U{0A|OAc A}/ L.

So let us assume, for a contradiction, that this is false. Then there
exist finite sets A C {A | OA € A} and B C {B| B> C € I'} such that,
if we put

A:s /\.A7
B & \/B.
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then, for all I C {1,...,n},

Q,S1,04,-BADO-B+ L (19)

or,
for some s g I, T;,Sr,0A,~BAO-BF L. (20)
We are going to define a permutation i1, ... ,i, of {1,... ,n} such that

if we put I, = {i; | j < k} then
Ti.,S1,,0A,~BADO-BF L. (21)
Additionally, we will verify that for each k
(19) does not hold with I for I.

We will define 75 with induction on k. We define I; = . And by Lemma
4.21, (19) does not hold with I = ). Moreover, because of this, (20) must
be true with I = (). So, there exists some i € {1,... ,n} such that

T,,0A4,~BAO-BF L.

It is thus sufficient to take for ¢1, for example, the least such 1.
Now suppose ix has been defined. We will first show that

Q. S1,,,,04,-BAO-BI L. (22)

Let us suppose that this is not so. Then

FOQ— O-AVBVOBVS;, V---VS;,). (23)
So,
'-Pr>Q
DQ—\AVB\/QB\/SZ‘I\/--~VSZ‘,671VS¢,€
[><>ﬁAVB\/<>B\/Si1\/"'VSik71VTik
>O0=AVBVOBVY S, V.-V S, ,V(Tiy, NADAA-BAO-BASL)
DQ—\AVB\/QB\/SZ‘I\/--~\/SZ‘,€71
\><>—|AVB\/<>B\/SZ'1
>0-AVBVOBV T,
> O-AV BV OBV (Ti, ADAA—-B A O-B)
>0-AVBVOB.
SObyMo,

OPAOAD (0-AVBVOB)AOAET.

But ©P AOA € A. So, by Lemma 4.21 there exists some MCS A with
I' <¢ A that contains BV ©B. This is a contradiction, so we have shown
(22).

(s

by (23)

by (21)

by (21), with k£ = 1.



But now, since (22) is indeed true, and thus (19) with I for I is
false, (20) must hold. Thus there must exist some ¢ & I11 such that

T;,51,.,,0A,-BAO-BF L.

So we can take for ix41, for example, the smallest such i.
It is clear that for I = {1,2,...,n}, (20) cannot be true. Thus, for
I'={1,2,...,n}, (19) must be true. This implies

FOQ—<©-AVBVOBV S, V- VS;,).

in

Now exactly as above we can show I' F P> G—=AV BV ¢B. And again
as above, this leads to a contradiction. =

In order to formulate the invariants needed in the main lemma (Lemma
4.19) applied for ILMg, we need one more definition and a lemma.

Definition 11.16 (C1, C). Let F' = (W, R, S,v) be a quasi—frame. Let
K = K(F). We define C; and C as follows.

1. x C1y e JwywKeK'y' (Sw)™y

2. z Cy & z(Ci UK)"y
Corollary 11.17. Let F = (W, R, S,v) be a quasi—frame. And let K =
K(F).

1. x CyNyKz — Kz

2. If F is a quasi-ILMo—frame, then © C y = v(z) Cg v(y).

11.3 Frame condition
Theorem 11.18. For an IL-frame F = (W, R, S,v) we have
Ywzryy'z (wRrRySwy Rz — xR2) & F = Mo.

Proof. Suppose F is an ILMg—frame, let F be a model based on F and
w € W. Suppose w I A > B. Pick any world x € W for which wRz and
z lF OQAAOC. Then there exists some world y, such that zRy and y |- A.
R is transitive, so there exists some y’, with yS,y’ and v’ IF B. zRyS.y’
implies S,%’, so we are done once we have shown that 3’ I OC. Let us
assume, for a contradiction, that this is not so. Then there exists some z
with y’Rz and z IF =C. Since F is an ILMy—frame we have zRz. So, in
particular z IF &—C'. A contradiction.

Suppose F' |= Mg. Choose w, z,y,y’, 2 € W such that wRzRyS.,y’ Rz.
We have to show that xRz. Let p, ¢ and s be distinct proposition variables.
Define a model F, based on F as follows.

viFp&esv=y

viFgev=y

vlFs < zRv
Since F' |= My, in particular we have w IF p>q — Op AOs > g A Os. Also,
by definition of IF, w I p> ¢ and x IF Op A Os. So there must exists some

world t for which ¢ IF ¢ A Os. The only candidate for this is 3’. And thus
we must have z | s. By definition of I this give zRz. —
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11.4 Invariants

Let D be some finite set of formulas, closed under subformulas and single
negation.
During the construction we will keep track of the following main—
invariants.
To for all y, {v(z) | K 'y} is linearly ordered by Cg
Ta wK'zAwK=%z'(S,UK)*z — ‘there does not exists a deficiency in w w.r.t. ’
Is wKxzKy(Sw UK)*y —
‘the Co-max of {v(t) | wKtK"y'}, if it exists, is Cg-larger than
v(z)
In wKzKyAye NS -z e N2
Ip xRy — 3A€(v(y)\v(z))Nn{OD | D € D}
Zm, All conditions for an adequate ILMo—frame hold

In order to ensure that the main—invariants are preserved during the
construction we need to consider the following sub—invariants.?3

Tu wKZQm(Sw)”y A wKZ2x'(Sw)try —x=xa

Tt wKeK'y(Sy,)" v K'z — 2Kz
JcyCzAhzCy—y==x

In, (S y AwKy Az € NY —y e N

Iy (S) "y Ay ENG -z e NI

T ‘v(w,y) is defined’ N\vKy — v C w

Jvs ‘v(w,y) is defined” — wk'y

Tvs I 2(Sw)™y, then v(w,y) is defined

Jvs I v(v,y) and v(w,y) are defined then w = v

What can we say about these invariants? Zg, Zs, Zy and Z4 were
discussed in the first subsection.

Ip ensures the boundedness of all the frames. Which is needed to
ensure the conversely well-foundedness of R in the end.

ZIwm, is there to ensure that our final frame is an ILMo—frame.

About the sub—invariants there is not much to say. They are merely
technicalities that ensure that the main—invariants are invariant.

Let us first show that if we have a quasi-ILMo—frame that satisfies all
the invariants, possibly Zy, excluded, then we can assume, nevertheless,
that Zu, holds as well.

Corollary 11.19. Any quasi-ILMo—frame that satisfies all of the above
invariants, except possibly Iw,, can be extended to an ILMo—frame that
satisfies all the invariants.

25We call them sub-invariants since they merely serve the purpose of showing that the
main-invariants are, indeed, invariant.
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Proof. Only Zp and Z4q needs some attention. All the other invariants are
given in terms of relations that do not change during the construction of
the ILMo-closure (Lemma 11.12).

We first tread Zp. We only have to consider the case in which Fj, 41 is
constructed out of F,, by solving an imperfection of the form (v). So, we
have wR™ xR ySEy' R 2. Since F, is a quasi-ILMpframe we have
v(z) Co v(y'). And FA€(v(2)\v(y'))N{OD | D € D}. So, this very same
A cannot be an element of v(z). Thus 3A€(v(z) \v(z))N{OD | D € D}.

Now let us tread Zg. We might get in trouble if at some point in the
construction we add wRz. But the premise of Z4 implies wRz and since
the premise is stable we see that Z4 is preserved.

_|

Lemma 11.20. Let F = (W, R, S,v) be a quasi-ILMo—frame. Then F |=
xz € N2 iff. one of the following cases applies.

1. v(w,xz)=A

2. There exists t € N2 such that tKx

3. There exists t € N2 such that tSwx

Corollary 11.21. Let F be a quasi-ILMo—frame that satisfies J,,. Let
w,x € F and let A be a formula. Then x € N7 implies v(w,z) = A or
there exists some t € N2 such that tKz.

Lemma 11.22. Let F be a quasi—frame which satisfies Tnw, Jvi; JTus
and J,,. Then

zty, y ENA =z e N2

Proof. Suppose 1, and y € NZ. Then, by Corollary 11.21, v(w,y) = A
or, for some ¢t € N2, tKy. In the first case we obtain w = v by Jvs and
Jv,- And thus by Jn,, « € ./\/{3. In the second case we have, by J,, and
Jv, that t C v. Which implies, by Lemma 11.17-1., tKz. —

11.5 Solving problems
Let
F=(WR,S,v)

be a quasi-ILMo—frame that satisfies all the invariants. Let (a, ~(A> B))
be a D-problem in F. Fix some b € W. Using Lemma 4.20 we find a
MCS Ap, such that v(a) < Ap and A,0-A € Ap. Put

F=(W,R,S,0)
= (WuU{b},RU{(a,b)},S,vU{(b,As),((a,b), B)})
K = K(F)

The frames F and E satisfy the conditions of Lemma 11.14. Thus we
have

VrzyeF zKy < zKy. (24)
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Since § = S, this implies that all simple enough properties expressed in
K and S using only parameters from F' are true if they are true with K
resplaced by K. In what follows we will use this extensively. With and
without mention.

Claim. F is a quasi-ILMo—frame.

Proof. We run through the properties (1.-5.) of Definition 5.1 (quasi—
frames) and the properties (6.-10.) of Definition 11.9 (quasi-ILMg—frames)
and the remaining ones in Definition 5.1 (quasi—frames).

1. Ris conversely well-founded
This is clear.
2. xS‘wy — wRaz,y.
Evident, since S =5 and if a:S’wy then w,z,y € F.
3. wRz — v(w) < i(x)
We only have to consider the case w = a and x = b. This case is
clear by choice of Ay,.
4. C#D=FEGSngh =0.
For all z € F, F |:Am eg¢él o F =z e GS. So we only have
to consider the case F' |=b € G§. If w = a then we are done. So
suppose w 7% a. Then there exists some y € F such that v(w,y) = C
and y(R U S)*z. Similarly, if F Exe G then for some y €F
with v(w,y’) = D we have y”(R U S)*z. But then y(RU S)"a and
y'(RU 8)*a. Which implies F }=a € G2 nG<. Conclusion: D = C.
5. Fl=aech = v(w) <a vz
If w # a then this follows since for all r, s, ¢, C, D(r) <c D(s) < D(t)
implies 0(r) <¢ ©(t). If w = a then this follows by the choice of Ap.
6. K is conversely well-founded.
By (24) any K-chain that is not a K-chain must include b. But any
such chain is obviously finite.
7. Ky — b(z) < D(y).
If z,y € F, then this follows from (24). If one of z and y are in
F — F then it is clear that this can only be y. So assume y = b. By
Lemma 11.13 we have for some z,

v(z) Co v(z)
z(RU S)*zRb.
The only candidate for such a z is a. We have chosen o(b)(= Ap)
such that

So, we conclude ©(z) < 2(b).
8. FlzeNS = p(w)<
We have

VaweF FlEz e N & FEz e N,
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So we only have to consider the case F' = b € NS. If w = a then
we are done by choice of o(b). Otherwise, by Lemma 11.22, we have
for some z € F, F E z € NS and zKb. By item 7. this implies
() < ©(b). So since U(w) <¢ P(x) we have P(w) <c P(b).

9. Ywzyy (wKzKy(S. UK)*y — i(z) Co 0(y')).
Let w, z,y,y" € F and suppose wkmf('y(é’w UK’)*y'. We can assume

that y # 3.
Case 1: All of w,z,y,y’ are in F. Then from (24) it follows that

wKzKy(Sw UK)"y'.

So, v(z) Co v(y'). And thus o(x) Co 0(y').
Case 2: Some of w,z,y,y" are in F — F. Then clearly ' = b and,
for some v, WKz Ky(Sw U K)"vKb. Now v(z) Co v(v). And since
vKb implies 7(v) < o(b) we certainly have o(z) Co o(b).

10. 28,y — z(Sw U R)*y.
This is clear since $ = S and R C R.

tr

11. wIA(xIA(ly(Sw)try’Klz —z(KY" 2.
See the proof that = Jx1 below.
12. zRy — x(Rl)try.
Immediate.

_|

Before we show that F' satisfies all the invariants we prove some
lemma’s.

Lemma 11.23. If for some x # a, zK'b. Then there ezist unique u and
w (independent of ) such that wK=u(S,)"a.

Proof. If such w and u do not exists then ' = K U {a, b} satisfies the
conditions of Lemma 11.7. In which case K 'b gives 1'b which implies
x = a. The uniqueness of w follows from J,, and J,,. The uniqueness of
u follows from 7, and the uniqueness of w. =

In what follows we will denote these w and wu, if they exist, by w and
u.

Lemma 11.24. For all x. If zK'b then z C a.
Proof. Let
K' = KU{(z,b) |zKbAz C a}.

We show that K’ satisfies the conditions of T' in Lemma 11.7. Clearly
K' C K. Suppose wK'zK' y(S,)"y'K''z. We have to show zK'z.
Since K C K’ we can assume that z = b and wKzK'y(S.)"y’. Now, by
definition of K’, y’ C a. And by definition of C, x C y’. So, z C a. And
thus, since zKb is clear, we conclude K 'b. —
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Lemma 11.25. Suppose the conditions of Lemma 11.23 are satisfied and
let u be the u asserted (by that lemma) to exist. Then for all x # a,

If zK'b then zK'u.
Proof. By Lemma 11.24 we have x C a. Let
z = 20(C1 UK)z1(Cy1 UK) -+ (C1 UK)z,, = a.
First we show
T=x0 C1 21 C1 - C1Zp =a.

Suppose, for a contradiction, that for some ¢ < n, r;Kz;+1. Then, by
Lemma 11.17, Kz 1Kb. So, zK>?b. A contradiction. The lemma
now follows by showing, with induction on ¢ and using F' = Jx1, that for
all 4 > 0, xn,<i+1>K1u.

_|

Lemma. F satisfies all the sub-invariants.

Proof. We only show that F satisfies Ik, Jc and J,. The other invari-

ants are immediate. Let K = K(F).

Jx1 wf(:cf(ly(gw)try'f(lz S aK'z
Suppose wf(xf(ly(gw)try'KIZ. We can assume that at least one of
w,x,y,y, z is not in F and the only candidate for this is z. So we
have z = b. We can assume that x # y’ (otherwise we are done at
once), so the conditions of Lemma 11.23 are fulfilled and thus w and
u as stated there exist.
Suppose now, for a contradiction, that for some ¢, zKtK'b. Then
by Lemma 11.25, t = a or tK'u. Suppose we are in the case t = a.
Since v(w,a) is defined and 2Ka we obtain by J,,, that = C w.
Since wK Z2u we obtain by Lemma 11.17 that 2K >?u. In the case
tK'u we have zK>%u trivially. So in any case we have

>2
zK="u.

However, by Lemma 11.25 and since y' Kz we have y’ K'u or ' = a.
In the first case, since F' = Jk1, we have zK'u. In the second case
we obtain, by the uniqueness of u, that y = u and thus zK'u. So
in any case we have

zKu.
A contradiction.

JcoyCzAhNxCy—y==x
Suppose z £ y, F E z C y. We can assume that y = b. Butb Cu
is impossible since this would imply that for some t, bKt.

Joy ‘D(w,y) is defined’ AvKy — v C w
Suppose ‘D(w,y) is defined’ and vR’y. We can assume that y = b.
We have that o(w, b) implies w = a. And by Lemma 11.24 we have
v Ca.
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Lemma. Possible with the exception of Zw,, F satisfies all the main-
mvariants.

Proof. Let K = K(F'). We run through the main-invariants.

Is

Za

Is

In

for all y, {0(z) | 2Ky} is linearly ordered by Co.

We only need to consider the case y = b. If {a} = {z | zK'b}
then the claim is obvious. So we can assume that the condition of
Lemma 11.23 is fulfilled and we fix u as stated. The claim now
follows by F' |= Zo (with y = u) and noting that, by Lemma 11.13,
zK'b =z Co a.

wK'z AwK>%2' (S, UK)*z — ‘there does not exists a deficiency in
ww.rt. z’

We only have to consider the case x = b. Suppose
wK'b, (25)
3z’ € F (wK=?2'(S, U K)*b). (26)

(26) implies 3z € F 2'(S, U K)*z”Kb. But then wK=>?b, in
contradiction with (25).

wKzKy(Sw U K)*y — ‘the Co-max of {v(t) | wKtKy'}, if it
exists, is Cp—larger than v(x)’

Suppose wkwf(y(é’w U IA()*y'. We can assume that 3y’ = b and thus
for some 3’ € F, y(Sw U K)*y"Kb. Since F is an ILMy—frame this
implies yS.,y" and thus zKb.
wKeKyANF =ye NG - FlEzeNg

Suppose wf(:cf(y and F' Eye N2 We only have to consider the
case y = b. Then, by Lemma 11.20, ?(w, b) = A or for some t € N
we have twa or tK'b. The first case is impossible by J,,. The
second is also clearly not so. Thus we have

tK'b. (27)

We consider the following cases.

(a) The conditions of Lemma 11.23 are not fulfilled.
In this case ¢ = a. Moreover zK*. So, a € N and since
F |= In we conclude z € N2,

(b) The conditions of Lemma 11.23 are fulfilled.
If t5'u and zK*u then we are done simmilarly as the case
above. So assume tK'a or zK*a. Since wRt and wRz in any
case we have wKa. Now by Lemma 11.22 and Ja;, we have

ue N saeND.
Also, by (27),
uG./\/qf\/aG./\/;f.

So since zKu or z = a or zKa we obtain z € N2 by F = Zy.
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Ip xRy — 3A € (0(y) \ o(z)) N {OD | D € D}
We have A € D and ¢A € p(a). We have chosen Ay, such that
O0-A4 € Ayp.

_|

_ To finish this subsection we note that by Lemma 11.12 we can extend
F' to an adequate ILMo—frame that satisfies all invariants. Moreover, by
Corollary 11.19, we know that this frame satisfies all the invariants.

11.6 Solving deficiencies

Let F = (W, R, S,v) be an ILMo—frame satisfing all the invariants. Let
(a,b,C > D) be a D-deficiency in F. There are two cases to consider.

Case 1: aR'b. Pick some y ¢ W. Pick some formula A such that b €
NZ. (If such an A exists, then by adequacy of F, it is unique. If no
such A exists, take A = 1.) Let A, be a MCS as given by Lemma
4.21. In particular, v(a) <4 v(Ay). (By Lemma 2.8, <, =<.) Now
we put

F=Wu{y}
RU{(a,9)},
Su{(a,b,y)},
vU{(y,Ay), ((a,y), A)}).

Case 2: aR=?b. Let = be the Cg-maximum of {z | aKzK'b}. This
maximum exists by Zn. Pick some A such that b € NZ'. (If such an
A exists, then by adequacy of F', it is unique. If no such A exists,
take A = 1.) By Zny and adequacy we have v(a) <a v(z). (By
Lemma 2.8, < =<.) So we have

C>Dev(a)<av(z)>OC.

Apply Lemma 11.15 to obtain, for some set Y, disjoint from W, a
set {A, |y € Y} of MCS’s with all the properties as stated in that
lemma. We define

F=(Wuy,
RU{(a,y) |y €Y},
Su{(aby) lyeYu{(a,yy) vy eYy#y'},
vU{(y,Ay), ((a,9),A) |y €Y}).
In both of the cases above there exists some set Y, disjoint from W,
and some set {Ay |y € Y} of MCS’s such that
F=(Wuy,

RU{(a,y) |y €Y},

Su{(aby) lyeYyu{(ayy) vy eYy#y},

vU{(y,Ay), ((a,9), A) [y € Y}).
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Claim. F is a quasi—-ILMo—frame.

Proof. We run through properties (1.-5.) of Definition 5.1 (quasi-—frames)
and properties (6.—10.) of Definition 11.9 (quasi-ILMo—frames)
1. Ris conversely well-founded
This is clear.
2. mgwy — wf%agy
This is clear.
3. wRz — v(w) < v(z)
Clear by choice of 0(y) fory € Y.
4. A£B=G2ngE =9.
Suppose F' =y € GANGE. We only have to consider the case y € Y.

If w=athen FI=b¢ g;;‘ N g{f. So assume w # a. Then for some
x with 2(w,z) = A and for some z’ with 7(w,z’) = B we have the

following
z(RUS)"y
#(RUS)"y
But then also
z(RUS)"b
«'(RUS)*b

And thus
Flebegyngl.
Conclusion: A = B.
5. Fl=xeCh=o(w) <av(x)
We only have to consider the case F Eye ChlforyeY. fw+#a
then clearly F = a € Ci. So, #(w) <4 ©(a) and thus &(w) <a #(y).
6. K is conversely well-founded.
Any K-—chain that is not a K—chain must include a world y € Y.
But since for such y there is no z for which yKz, such a chain must
be finite.
7. 2Ky — b(z) < 0(y).
We can assume y € Y. By Lemma 11.13 we obtain some z with
(z) Co P(z) and z(RU S)*zRy. This z can only be a. By choice
of ¥(y) we have ¥(a) < ¥(y). And thus o(z) < o(y).
8. FlExe NS = d(w) <a v(z).
We only need to consider the cases E Eye N2 for y € Y. There
are two possibilities. For some z, F' |= z € NZ and zKy, orw =a
and I = b € N, Since otherwise N — {y} satisfies the two
conditions of Definition 11.8 but is strictly smaller than N;}. In the
first case we have F |= 2z € N} and thus ©(w) <4 ©(2). By item 7.

we obtain (w) <4 ¥(y). in the second case we are done by choice
of U(y).
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9.

10.

11.

12.

wKzKy(Sw UKy — b(x) Co 0(y).

We can assume at least one of w, z,y,y’ isin Y. The only candidates
for this are y and y'. If both are in Y then w = a and an x as stated
does not exists. So only 3’ € Y and thus in particular y # 3. Now
there are two cases to consider.

(a) For some t, wKzKy(S, U K) tKy'.
D(y') is Cp-larger than #(t) by Item 7. above. Also we have
wKzKy(Sw UK)*t. So, v(z) =v(z) Co v(t) = D(t).

b)) wKzKy(Sw U K)*bS,y'.
In this case we have w = a. y’ is chosen to be Cg-larger than
the Co-maximum of {v(r) | aKrK'b}. We have wKzKy(S, U
K)*b So, by F | Zg, this Co-maximum is Cp-larger than
v(z).

xS‘wy — a:(gw U R)*y

Immediate.
t

wKxKly(Sw)try'Klz — z(KY) 2.
See the proof that = Jx1 below.
xRy — x(l%l)try.

Immediate.

Lemma 11.26. For any x € F and y €Y we have

xlA(ly—wcCa.

Proof. Put

K =KU{(z,y) |y €Y, zKy, x C a}.

We will show that acf(ly — xK'y. To this end we show that K’ satisfies
the conditions of 7" in Lemma 11.7.

1.

RCK CK
K’ C K is clear. Suppose :rRy We can assume that y € Y. Then
x = a so certainly z C a.

wK’xK’ly(Sw)try’K'lz — zK'z.

Suppose wK'mK'ly(Sw)try'K’lz. Since K C K’ we can assume that
at least one of w,x,y,y’, z is in Y. The only candidate for this is z.
Now, by definition of K’, 3 K"z implies ' C a. By definition of C,
x C 4y’ and thus z C a.

So if xkly then xK'y. But if y € Y then 2Ky does not hold. So in
these cases we must have x C a.

_|

Lemma 11.27. Suppose y € Y and aK'z. Then for all x,

:Uf(ly — zK'z.
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Proof. Suppose K'y. By Lemma 11.26 we have 2 C a. There exist
To,X1,T2,... , Ty such that

z = 20(C1 UK)z1(C1 UK) -+ - (C1 UK)zy,, = a.
First we show that
r=x90Ci1 21 C1 -+ C1a.

Suppose, for a contradiction that for some i < n, we have z; Kz;y1. Then
2Kzt 1Ky and thus K22y, A contradiction. The lemma now follows by
showing, with induction on 4, using Jg1, that for all i < n, ,_K'z.

Lemma. F satisfies all the sub-invariants.
Proof. We run trough all the sub-invariants.

Tu wk22x($w)try A wKZQx/(Sw)try —z=x.

Suppose wf(zzx(gw)try and wKZQm'(Sw)try. We can assume that
y € Y. (Otherwise all of w,z,z’,y are in F' and we are done by
F = Ju.) We clearly have w € F. If x € Y then w = a and thus
wK'z. So, © €Y. Next we show that both z,z’ # b.
Assume, for a contradiction, that at least one of them equals b.
W.lo.g. we assume it is z. But then wK=%b and wK=22'(S,)"b.
By F | J,, we now obtain that v(w,b) is defined. And thus by
FE=J,, wK'b. A contradiction.
So, both z, 2’ # b. But now wK=2z(S,)""b and wK=2z'(S,)"b.
So, by F' = Ju, we obtain x = z'.

Tk wf(mf(ly(s‘w)try/f(lz —zK'z
Suppose wkxkly(gw)try'klz. We can assume that z € Y. (Oth-
erwise all of w, x,y,y’, z are in I and we are done by F' = Jg1.) Fix
some a; € F for which aK'a;. By Lemma 11.27 we have y’K1a1
and thus, since F' E Jgk1, zK'a;. By definition of K we have zK 2.
Now, if for some t, we have xf('tf(lz, then similarly as above,tK'a;.
So, this implies 2K >2a;. A contradiction, conclusion: zK'z.

JcyCzAhzCy—y==x
Suppose z # y and F =z C y. We can assume that at least on of
x,y is in Y. Since x C y implies that for some t, xKt, this can only
be y. But then, for the very same reason, we cannot have y C x.
In, x(&,)try/\wf(y, FleezeNt=>FEyeNS

Suppose ac(é:v)try7 wKy and F E 2z € NJ. We can assume v # w
and y € Y. Then v = a and we can assume that x = b. Moreover,
since F' &= Jo,,

FEwca (28)

We will show that wK'zQy. Suppose for a contradiction that wkly.
W.lo.g. we can assume aK'b. There can be two reasons for b €

NG

88



TN

T

Tvs

Tvs

Tva

(a) For some t € N, tSwb.

This would implie that wK'b and thus a C w. A contradiction.
(b) For some t € N, tKb.

Since t € N2 we have wKt and thus wK22b. A contradiction.
So wf(ly. AFiX some a; for which aK'a; K*b. By Lemma 11.27
we have wK'a,. By F = In, a1 € N7 . Now, by Lemma 11.27,
v(w,a1) = A. (The possibility that for some t € N2, tKa, is
excluded since this implies wK=2a;.) This gives, by F = J,,, a C
w. In contradiction with (28)
m(gw)try, FleyeNti=FEzeNS
Suppose x(Sw)tr F Fye N2 We can assume y € Y. So w = a.
The only reason for F' =y € ./\/aAAis F =b e N2. This implies, by
FEIy, FlExz e N2 and thus F =z e N2
‘D(w,y) is defined’AvKy — v C w
By J., and Lemma 11.26.
‘D(w,y) is defined’— wK'y
Suppose f/(zq, y) is defined. We can assume that y € Y. Then w = a
and thus wK1y.
If O(v,y) and D(w,y) are defined then w = v
Suppose both o(v,y) and P(w,y) are defined. We can assume that
y €Y. But then v =a=w.

If a:(S‘w)try, then v(w,y) is defined.

Suppose a:(gw)try. We can assume that y € Y. So w = a, and
?(w,y) is defined.

_|

Lemma. Ezxcept for I, F satisfies all main-invariants.

Proof. We run through the main-invariants.

Io

Za

For all y, {#(x) | Ky} is linearly ordered by Co.

Let y € F and consider the set {z | zK'y}. Since K |p= K and
for all y € Y there does not exists z with yk 12 we only have to
consider the case y € Y. Fix some a; such that aK'a1 K*b. By
Lemma 11.26 for any such y we have

{z|zK'y} C {z | 2K a1}

And by F & Io with a; for y, we know that {v(z) | K a1} is
linearly ordered by Cg.

wK'z AwK>?2' (S, UK)*z — ‘there does not exists a deficiency in
w w.r.t. o’

Suppose wK 2%y Sy, wKy and wK'y. If y € Y then w = a and we
have solved the deficiency in a w.r.t. b using case 2 (as described
on page 85). But then by construction there are no deficiencies in
w w.r.t. y. So suppose y € F. Then also w,z,z’,y € F and in F'
there does not exists a deficiency in w w.r.t. y. The only reason for
there to exist one in F is that wK y does not hold. Which is not so.
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s wKzKy(S, U K)*y — ‘the Co-max of {v(t) | wKtK'y'}, if it
exists, is Cp—larger than v(z)’

Suppo§e wf{mf{y(gw)try’. We can assume that ¢y’ € Y. Thus w = a.
So, wK'y'. In other words, {t | wKtKy'} = 0.

Iy wKeKyAFEyeNsA - FlEze NS
Suppose wf(xf(y F Euvy € N2 We can assume y € Y. By Lemma

11.26, x C a. So, wKzKb. By Lemma 11.22, F = b € N and
thus F' =z € N2

Ip xRy — 3A € (0(y) \ (z))N{OD | D € D}
In the case aR'b we have chosen #(y) to contain O—C. In the case

aRZ?’b we have for each y € Y, that #(t) Co »(y) for some (or
actualy each) aRtRb.

_|

To finish this section we noting that by Lemma 11.12 we can extend
F to an adequate ILMo—frame that satisfies all invariants. Moreover, by
Corollary 11.19, we know that this frame satisfies all the invariants.

11.7 Rounding up

We have to show that the union of a bounded chain of frames that satisfy
all the invariants is an ILMg—frame. But the ILMy—frame conditions are
part of the invariants and it is clear that the union of a bounded chain of
ILMo—frames is itself an ILMg—frame.

11.8 Considerations

In this section we discus some ideas which might simplify the completeness
proof for ILMg.

During the construction of the ILMo—closure, the set C is not a con-
stant object. Therefore showing that C2 lies A—critical above w is not
that trivial as in the case for IL. For this reason, the set N2 and the
relation K was introduced. The whole exposition might be easier if we
define C2 as follows.

1. w<azand z € G2, imply z € C2
2. CZ is closed under R and S,

However, K is also used in ensuring the conversely well-foundedness
of R. So, this does not yet completely eliminate the need for this object
yet. Tough at finite and transitive frame this is not really an issue since
there conversely well-foundedness equals irreflexiveness.

The use of the relations S,, can be circumvented using the following
observations.

1. Sy relations that are not S, only start to emerge when closing of
under the property wRzRy — xSwy.
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2. If a frame does not satisfy wRx Ry — xSy, but does satisfy all the
other ILMo—frame conditions. Then we can close it of, such that no
(new) problems nor deficiencies occur. (One basically has to show
that we do not need any new R relations when we close off.)

So, if we perform the construction method while ignoring the condition
wRxRy — xSwy. Then all S, relations are S, (so there is no need to
call them as such). And at the end we can extend our problem—less and
deficiency-less frame to a problem—less and deficiency-less ILMo—frame.

In the completeness proof for ILMg we used a complicated existence
lemma that made us add, in a single step of the construction, a whole
bunch of worlds to our model. Additionally we need to keep an invariant
of the form ‘If wRtRyS,y then there are no deficiencies in w w.r.t. y".
Here we ‘localize’ that complicated existence lemma. The result of this,
is that it suffices to add only one world in each step and we can forget
about the above invariant.

MCS means ILMg maximal consistent and F is provability in ILMo.

Definition 11.28 (<s). Let S be a set of formulas. We write I' <g A
iff for all formulas C' and So,...,S,—1 € S, C >V -S; € I' implies
-C,0-C € A.

In this context we have I' <4 A iff. I' <5 A for some S with —A € S.
Also notice that if S C S and I' <5 A then I' <g/ A.

Lemma 11.29. Suppose I’ <s A, C>D €T, C € A. There exists a A’
withT <s¢ A" and B € A’.

i<n

Proof. Let
D={C|3S,...,Sn1€S5(C>\/ S e}
i<n
Suppose that {B} U {—=C,0-C | C' € D} is inconsistent. Then for some
finite D’ C D we have
FB— \/ Cvoc.
cep’
So,
FBr \/ C.

CeD’

But then for some So,...Sk—1 € S we have B> \/
A B eI we obtain

i<k Sk € I'. So, since

Ax\/ S, eT.
i<k
So, since I' <5 A, we conclude —A,0-A € A. A contradiction. -

Lemma 11.30. Suppose I' <g A, Ax>B €T and CA € A. There ezxists
A with T <SU{DE|0EeA} A and B € A.
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Proof. Let

D={C|3S,...,5-1€ SU{OE|DE € A} (C> \/ Si e )}

i<n

Suppose {B} U {=C,0-C | C € D} is inconsistent. Then for some finite
D’ C D we have

B — \/ C Vv OC.

cep’
So,
FB>\/ C
cep’
But then for some So,...,Sx € S and OF),... ,0F; € A we have

B>V, SiVV,;,0E €T. So, since A> B € I' and by an application
of the My axiom we obtain

OANN\DE; > (\/ Siv\/OE)A \OE; €T,
j<i i<k i<l i<l
Since I' <5 A this implies A ¢ A or A\;_, 0E; ¢ A. A contradiction.
4|

We should maintain (variantions of) the following invariants (where
we identify worlds ¢ with their labels v(t)).

1. wRxRySwy — w <{oD|oDex} y'
2. ySuwy Aw <sy —w <sy.

If z <5 % then S C 4’ So, invariant 1. ensures that wRxRyS,y" —
2 Co y'. Lemma 11.30 ensures that we can solve deficiencies while pre-
serving both the Invariants 1. and 2.. Invariant 2. ensures that invariant
1. is preserved when we take S,, transitive. Lemma 11.29 ensures that we
can solve deficiencies while preserving Invariant 2..

12 The logic ILW*

In this section we are going to prove the following theorem.
Theorem 12.1. ILW™ is a complete logic.

Instead of applying the construction method in full we indicate how
we can modify the completeness proof of ILMy.

12.1 Preliminaries

Definition 12.2 (CF). Let D be a finite set of formulas. Let CZ be a
binary relation on MCS’s defined as follows. A C5 A’ iff.

1. ACg A/,
2. For some OA € D we have OA € A’ — A.
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Lemma 12.3. Let F' be an quasi—frame and D be a finite set of formulas.
If wRzRySwy — v(z) €5 v(y') then (R;Sy) is conversely well-founded.

Proof. Take w € F and let xo(R; Sw)z1(R; Sw)x2- -+ be an R; S, chain
in F'. For all i > 1 we have wRx;. Thus, for all 1 > 1, x; g? Tit1. Since
D is finite the chain must be finite as well. =

Lemma 12.4. Let F be a quasi-ILMo—frame. IfwRxRyS.,y — v(z) CF
v(y') then wRzRy(Sw U R)*y — v(z) CF v(y')

Proof. Suppose wRxzRy(S,UR)*y'. v(x) CF v(y') follows with induction
on the minimal number of R steps in the path from y to ¥’ —

Definition 12.5 (Adequate ILW*—frame). Let D be a set of formulas.
We say that an adequate ILMo—frame is an adequate ILW*—frame (w.r.t.
D) iff. the following additional property hold.

8. wKzKy(S,)"y —xChy
Definition 12.6 (Quasi—-ILW*—frame). Let D be a set pf formulas.

We say that a quasi-ILMo—frame is a quasi-ILW*—frame (w.r.t. D) iff.
the following additional property hold.

13. wKzKy(S,)"y — = CE v

In what follows we might simply talk of adequate ILW*—frames and
quasi-ILW™ In these cases D is clear from context.

Corollary 12.7. For any adequate ILW* —frame F and for each w € F
we have that (R; Sw) is conversely well-founded

Lemma 12.8. Any quasi-ILW*—frame can be extended to an adequate
ILW* —frame. (Both w.r.t. the same set of formulas D.)

Proof. Let F be a quasi-ILW*—frame. Then in particular F is a quasi—
ILMo—frame. So consider the proof of Lemma 11.12. There we constructed
a sequence of quasi—-ILMo—frames F' = Fy C Fy C UKW F; = F. What we
have to do is to show that if Fo(= F) is a quasi-ILW*—frame then each
F; is as well. And additionally that £ is an adequate ILMo—frame.

But this is rather trivial. As noted in the proof of Lemma 11.12, The
relation K and the relations (S,)"™ are constant throughout the whole
process. So clearly each Fj is a quasi-ILW*—frame.

Also the extra property of quasi-ILW*—frames is preserved under
unions of chains. So, Fis an adequate ILW*—frame.

_'

We finish the preliminaries with an adaption of Lemma 11.15 to the
logic ILW™.

Lemma 12.9. Let T and A be MCS’s. T <¢ A.
Pr>Q@,S5:1>T,...,S>T, el
and
OP e A.

There exist k < n. MCS’s Ao, A1,...,Ar such that
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FEach A; lies C-critical above T,

e Fach A; lies Cg above A,

e Qe Ay,

e For each i >0, 0-P € A,

e Foralll<j<mn,S;e€A,= forsomei<k,T; €A

Proof. First a definition. For each I C {1,... ,n} put
g[ R=- /\{—|Si ‘ 1€ I}.

The lemma can now be formulated as follows. There exists I C {1,... ,n}
such that

{0-P,Q,S;}U{-B,0-B|Br>CeT}U{OA|OAc A}/ L
and, for all i € I,
{0-P,T;,S;} U{-B,0-B | B>CeT}U{0OA|0OA€ A}/ L.

So let us assume, for a contradiction, that this is false. Then there
exist finite sets A C {A | OA € A} and BC {B| B> C € I'} such that,
if we put

A:s /\A,
B & \/BA
then, for all I C {1,...,n},
0-P,Q,Sr,0A,-BAO-BF L (29)
or,
for some i ¢ I, O-P,T;,S;,0A,~BAO-BF L. (30)
We are going to define a permutation i1, ... ,i, of {1,... ,n} such that

if we put I, = {i; | j < k} then
0-P,T;,,Sr,,04,-BAO-BF L. (31)
Additionally, we will verify that for each k
(29) does not hold with I, for I.

We will define i, with induction on k. We define I1 = ). And by Lemma
4.21, (29) does not hold with I = ). Moreover, because of this, (30) must
be true with I = (). So there exist some ¢ € {1,... ,n} such that

O-P,T,,04,-BAO-BF L.

It is thus sufficient to take for i1, for example, the least such 4.
Now suppose i has been defined. We will first show that

0-P,Q,Sr,,,,0A,~BAO-B/ L. (32)

94



Let us suppose that this is not so. Then

FOQ— OPVO-AVBVOBV S, V---V5S;,). (33)
So,
'EP>Q
\><>P\/<>_‘A\/B\/<>B\/Si1\/"'\/Sik,l\/sik
\><>P\/<>—|A\/B\/<>B\/Si1\/~~~VS¢,€71\/TZ',€
>OPVO=AVBVOBY S, V.-V S, V(T;, N\U-PAOAA-BADO-BAS;,)
>OPVO-AVBVOBV S, V---VSi,_,

>OPVO-AVBV OBV S;,
>OPVO-AVBVOBVT,
>OPVO-AVBVOBV (T, ANO-PANOAA-BAO-B)
>OPVO-AV BV OB.

So, by W, P> C—-AV BV <$B. And thus by Mo,
OPANDOAD (0-AVBVOB)ADOA€T.

But ©P AOA € A. So, by Lemma 4.21 there exists some MCS A that
contains B V OB. But, since I' <¢ A, by that very same Lemma we can
assure that I' <¢ A’. And this implies ~BAO-B € A’. A contradiction.
So we have shown (32).

But now, since (32) is indeed true and thus (29) with I4, for I is
false, there must exist some i & I;41 such that

0-P,T;,51,,,,0A,~BAO-BF L.

So we can take for ix41, for example, the smallest such i.
It is clear that for I = {1,2,...,n}, (30) cannot be true. Thus, for
I={1,2,...,n}, (29) must be true. This implies

FOQ—OPVO-AVBVOBV S, V---VS; ).

Now exactly as above we can show I' - P> &=AV BV ¢B. And again
as above, this leads to a contradiction. =

12.2 Frame condition

We can define a new principle Mg as follows.

Mg: A>B—CAANDOC>BAOCAO-A

Lemma 12.10. ILMyW = ILW* = ILMg
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Proof. The proof we give consists of four natural parts.

First we see ILW* + Mp. We reason in ILW* and assume A > B.
Thus, also A> (B V ©A). Applying the W* axiom to the latter yields
(BVOCA)AOC > (BVOA) AOC AO-A. From this we may conclude

CANDC > (BVOA)ADC
> (BVOA)ADOCAO-A
> BAOC

Secondly, we see that ILW* = W. Again, we reason in ILW*. We
assume A > B and take the C in the W* axiom to be T. Then we imme-
diately see that A> B> BAOT > BAOT AO-A> BAO-A.

We now easily see that ILMoW F Mg. For, reason in ILMoW as follows.
By W*, A> B> B AO-A. Now an application of My on A> B AO-A
yields OCAANOC > B AOC A O-A.

Finally we see that ILMg = W*. So, we reason in ILMg and assume
A B. Thus, we have also CAAOC > BAOC AO-A. We now conclude
BAOC > BAOC AO-A easily as follows. BAOC > (BAOCAO-A)V
(OCAQA)> BADOC AO-A.

_|

Theorem 12.11. For any IL-frame F' we have that
F =W & Vw (Sw; R) is conversely well-founded

Proof. Let F be an IL-frame.

(<) Suppose that for all w, (Sw; R) is conversely well-founded. Let
be some model based on F. Pick w € F and suppose w I+ A > B. Pick
2 € F such that wRx and z I A. There exists some y with 25,y and
y IF B. Assume for a contradiction that for no such y we have y IF O-A.
Construct a sequence xo,x1,Z2,... for which z;(Sw; R)x:+1 and z; IF A
as follows. xo = x. Suppose x, is defined. Pick some y for which x,,Swy
and y |- B. By transitivity of S, and the inclusion of S,, in R we have
xSwy. So, by assumption y I OGA. Pick xp41 such that yRx,4+1 and
Tnt+1 IF A. But the existence of such a chain is in contradiction with the
conversely well-founded-ness of (Sw; R).

(=) Suppose F' |EW. Let w € F and suppose, for a contradiction, that
(Sw; R) is not conversely well-founded. So, let xo(Sw; R)z1(Sw; R)x2---
be an infinite (S.; R) sequence. Moreover let us choose yo,y1,... such
that xoSwyoRx1Swy1 Rxs - - . Define the model F based on F as follows

viFp s ve{zo,z1,...}
viFqg<ve {yo,y1,...}

Now, by definition of I, w I- pt>q and thus, since FF =W, w IF p>gAO-p.
But also, by definition of IF, w & p > ¢ A O-p. A contradiction.
4|

Corollary 12.12. For any IL frame we have that F = W™ iff.
1. For each w, (Sw; R) is conversely well-founded.

2. For allw, z, y, y', 2 we have wRxRyS,,y' Rz — xRz.
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A completeness theorem for ILW™, however, does not trivially follow
from the completeness theorems for ILMy and ILW and Lemma 12.10.

Before we move on let us ponder a little on the following. It is a natural
question to ask if there is no frame condition for W* that is more natural
than just the conjunction of those of My and W. We do not know of such
a condition though. As the following lemma shows we do have one when
we consider finite frames only.2°

Lemma 12.13. For finite frames F we have that F = W”* iff. (R;S) is
conversely well-founded and uRvRwS, xRy — vRy.

12.3 Invariants

Let D be some finite set of formulas closed under subformulas and single
negation. As invariants we take all invariants of ILMg and additionally

Zw+ The conditions for an adequate ILW™* (w.r.t. D) hold

12.4 Problems

We have to show that we can solve problems an adequate ILW*—frame
in such a way that we end up with a quasi-ILW*—frame. If we have
such a frame then in particular it is an ILMo—frame. So, as we have seen
we can extend this frame to a quasi-ILMo—frame. It is easy to see that
whenever we started with an adequate ILW*—frame we end up with a
quasi ILW*—frame.

12.5 Deficiencies

We have to show that we can solve any deficiency in an adequate ILW™*—
frame such that we end up with an quasi-ILW*—frame. It is easily seen
that the process as described in the case of ILMg works if we use Lemma
12.9 instead of Lemma 11.15.

12.6 Rounding up

We have to show that the union of a bounded chain of frames that sat-
isfy all the invariants is an ILW*—frame. All the ILMo—frame conditions
(which are part of the ILW* conditions) are part of the invariants. It
is clear that the union of a bounded chain of ILMoy—frames is itself an
ILMo—frame. So we only have to show that in this union for each w we
have that (R;Sy) is conversely well-founded. But this is ensured by Z,~,
to be precise by the property wRxRyS.y — v(z) C5 v(y), in exactly
the same manner as we can ensure the conversely well-foundedness of R
via the boundedness condition. Namely, in any (R; S, ) chain the number
of O—formulas from D increases. But D is finite. So, such a chain must
be finite as well.

26The finiteness condition can be shown to be necessary.
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13 Incompleteness results

In [§91], Svejdar showed the independence of some extensions of IL. Some
of these logics, however, had the same class of characteristic Veltman
frames. Naturally, frames alone are not sufficent to distinghuis between
such logics so Svejdar used models combined with some bisimulation argu-
ments instead. A generalized Veltman semantics, intended to uniformize
this method, was proposed by de Jongh. This generalized semantics was
previously investigated by Vukovicé [Vuk96], Joosten [Joo98] and Ver-
brugge and was succesfully used to show independce of certain extensions
of IL.

In this section we set both the generalized Veltman semantics and
the model/bisimulation method to work in order to distinghuish some
extensions of IL, which are indistinguishable using Veltman frames alone.

13.1 Generalized semantics

We use a slight variantion of the semantics used in [Vuk96] to distinguish
ILPy from ILMg. Although we could have done this with the original
semantics, we also compute the characteristic (generalized) frame class
for some new interpretability priniciple R. Something we did not succeed
in with the original semantics.

Definition 13.1 (ILgset-frame). A structure (W, R, S) is an ILge-frame
iff.
1. W is an non-empty set.
2. R is a transitive and conversely well-founded binary relation on W.
3. SCW xW x (P(W)—{0}), such that (where we write yS,Y for
(z,y,Y) € 9)
(a) if S,Y then wRz and for all y € Y, wRy,
(b) S is quasi-reflexive: wRz implies S, {z},

(c) S is quasi-transitive: If £S5, Y then for all y € Y we have that
if y ¢ Z and ySwZ then xS, 7,

(d) wRxRy implies Sw{y}.
Definition 13.2 (ILsct-model). An ILge¢;-model is a structure (W, R, S, IF

) such that (W, R, S) is an ILse-frame and IF is a binary relation between
elements of W and modal formulas such that the following cases apply.

1. IF commutes with boolen connectives. For instance, w IF A A B iff.
wlF A and w Ik B.

2. w - OA iff. for all z such that wRz we have that = I A.

3. wlk A B iff. for all x such that wRz and x I+ A there exists some
Y, such that zS,Y and forally € Y, y IF B.

For ILget-models F = (W, R, S,IF) and Y C W we will write Y IF A for
Yy ey, ylk A

As usual, we say that a formula A is valid on an ILg-frame F =
(W, R, S) if for any model I = (W, R, S,IF), based on F', and any w € W,
we have F,w I- A.
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Lemma 13.3. Let F be an ILo-frame, IL' an extionsion of IL and sup-
pose that for any ariom X of IL’ we have F = X. Then for all A, IL' I A
implies F = A.

Proof. Validity on a frame is preserved under modes-ponens and nessecita-
tion. -

Let V be the class of structures of the form (W, R, S). Where W is a
set, RCW X W and S CW x W x (P(W) — 0). It somewhat dificult to
characterize the subclass I C V such that F € I iff. F' |=1IL. And indeed
the class if ILget-frames does not equal I. (For instance the assumption
F = J4 only forces that xS, Y implies wRz and for some y € Y we have
wRy.)

Occording to the following lemma, the ILget-frames do, however, form
a subclass of I.

Lemma 13.4 (Soundness of IL). IfIL Ik A then for any ILge-frame
F, F A

Proof. By Lemma 13.3 it is enough to show that all axioms of IL are valid
on each ILgei-frame.

Showing that all axioms of GL are valid on each IL. frame goes
exactly the same as showing that all axioms of GL are valid in transitive
and conversely well-founded (ordinary) Kripke-frames.

Let F = (W, R, S) be an ILg-frame, F = (W, R, S,IF) a model based
on this frame and w € W.

J1 O(A—-B)— A>B
Suppose w IF O(A — B). Pick some = with wRz and z I A. Then
z Ik B. Since xSy {z} there exists some Y (namely {z}) such that
zSwY and Y I+ B.

J2 (A>B)A(B>C)— A C
Suppose w I A> B and w I B> C. Pick some z with wRz
and suppose x I A. There exists some Y with ©5S,Y and Y |- B.
W.lo.g. we can assume that for some y € Y, y If C. Fix such a
y. Since y IF B and wRy there exists some Z such that yS,,Z and
Z |F C. In particular, y ¢ Z. And thus we have x5, 7.

B (A C)A(B>C)—= (AVB>C)
Suppose w I A> C and w IF B> C. Pick some z with wRx and
z IF AV B. First assume z I A. Now, for some Y, we have z5S,Y
and Y IF C. The case z IF B goes completely simmilair.

J4 (A> B) — (CA— ©B)
Suppose w IF A> B. and w IF ©A. Then for some =z with wRx
we have x IF A. So there exists some Y, with 25,Y, and Y |- B.
Moreover for each of those y, wRy. But Y is non-empty. Thus for
some y we have wRy and y I+ B.

J5 CAP A

Pick some z such that wRx and z IF GA. Then for some y with
xRy we have y IF A. Since we have wRxz Ry we also have z5,{y}.
So there exists some Y (namely {y}) with 5,Y and Y IF A.
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For the sake of completeness we show completeness of IL w.r.t. ILget-
frames.

Theorem 13.5 (Completeness of IL). If A is valid on each ILgci-frame,
then IL - A.

Proof. Suppose IL I/ A. Then there exists an IL-model M = (W, R, S),
and some m € M such that M, m I+ = A. Define the ILset-model M' = (W' R’ S’ IF)
as follows.

IF' = IF on propositional variables and is extended as usual
W =w

R =R

S ={(w,z,Y) | Vy €Y 2Suy}

It is easy to see that M’ is an ILg-model. As an example let us see that
S is quasi-transitive. Suppose 25, X, y € X and yS,, Y. (We can assume
y € Y, but we won’t use this.) Pick ¢’ € Y. Then xS,y and yS,y’. Thus
2Swy’. Since ¢y € Y was arbitrary we conclude zS.,Y .

We will now see that for all B and all w € W,

wlF' B wl- B. (34)

Induction on B. Let w € W. The propositional and boolean cases are
trivial. The case B = OC' is easy as well. So, suppose B = C > D.

(<) Suppose w I C > D. We have to show that w I’ C > D. Take
some x such that wR'z and z I C. We have to find some Y such that
zS,Y and Y’ I’ D. By (IH) we have z I+ C. R = R’ thus for some y we
have S,y and y I- D. By (IH) we also have y I’ D. It is thus sufficient
to take Y = {y}.

(=) Suppose w I C'1> D. We have to show that w I- C > D. So, take
some z for which wRx and z IF C. We have to find some y with xS,y
and y I D. By (IH) we have z I’ C. So, since R = R’ we have wR’z and
thus we can thus find some Y with 25,,Y and Y IF D. It is sufficient to
take for y any member of Y.

We have shown (34). Thus we have m IF = A and in particular A is
not valid on the underling frame of M’.

_|

Definition 13.6 (ILsetMo-frame). An ILgei-frame is an ILget Mo-frame
iff. for all w,z,y,Y such that wRzRyS.,Y there exists some Y’ C Y such
that

1. S.,Y’ and
2. for all ¥’ € Y’ we have that for all z, y' Rz — zRz.

Lemma 13.7. For any ILge-frame F = (W, R, S) we have F = Mo iff.
F is an ILge:Mo-frame.
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Proof. (<) Suppose F is an ILgtMo-frame. Let F' = (W, R, S,IF) be a
model based on this frame. Pick w € W and suppose w IF A > B. Pick
xz € W with wRz and z IF OA A OC. Now there exists some y with xRy
and y IF A. Thus, for some Y, yS,Y and Y I B. Since F' is an ILgetMo-
frame, there exists some Y’ C Y such that £S5, Y’ and for all ' € Y’ we
have that for all z, y’Rz — xRz. So, in particular, Y’ I- OC.

(=) Suppose F = My. Choose w,z,y,Y such that wRzRyS.,Y.
Let p, g, s be distinct proposition variables. Define an ILg-model F =
(W, R, S,IF) as follows.

viFpesv=y
viFgesveY
vlFs & xRu

Now, w IF p> ¢ and thus w IF Op AOs > g A Os. Also, z I Op A Os.
So, there exists some Y’ such that 5, Y and Y’ I ¢ A Os. But the only
candidates for such an Y’ are the subsets of Y. Also, since Y’ I- Os, by
definition of I we have y’ € Y’ and 3’ Rz implies zRz.

_|

Definition 13.8 (ILsctPo-frame). An ILge¢-frame is an ILgesPo-frame
iff. for all w,x,y,Y, Z such that

1. wRxRyS,Y and
2. for all y € Y there exsists some z € Z with yRz,
we have that there exists some Z’ C Z with yS,Z’.

Lemma 13.9. For any ILs-frame F = (W, R, S) we have F |= Po iff.
F is an ILgePo-frame.

Proof. (<) Suppose F' is an ILgetPo-frame. And let F = (W, R, S,IF) be
an ILget-model based on this frame. Let w € W and suppose w IF A><CB.
Pick x,y in W with wRz Ry and y IF A. There exists some Y with yS,Y
and Y IF OB. Put Z = {z | zIF B}. Now for all y € Y there exists some
z € Z such that yRz. So, there exists some Z’' C Z with yS.Z’.

(=) Suppose F = Po. Choose w,z,y € W and Y,Z C W such
that wRxzRyS,Y and for all y € Y there exists some z € Z with yRz.
Let p, ¢ be distinct propositional variables. Define the ILg-model F =
(W, R, S,IF) as follows.

viFpsov=y

vliFgq&eveZ
Now, Y IF ©q. So, w Ik p > ©q and thus, since w IF Po, w I O(p > q). So
for some Z' we have yS.Z and Z’ I q. But the only candidates for such

7' are the subsets of Z.
_|

Lemma 13.10. There exists an ILPo-frame which is not an ILs.tMo-
frame.
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Figure 5: An ILgPo-frame which is not an ILgyMg-frame.

Proof. Consider Figure 5. It represents an ILgci-frame. For clarity we
have omited the following arrows. Those needed for the transitivity of R.
Those needed for the quasi-reflexivity of S. Those needed for the inclusion
of S in R. Additionaly, quasi-transitivity dictates that we need xS, {22},
ySw{z1} and ySw{22}. All the other ones are drawn.

Let us first see that we actually have an ILgeiPo-frame. So suppose
vRaRbS, B. And let Z be such that for all b’ € B there exists some z € Z
such that b’ Rz. It is not hard to see that only for v = w,a =z, b=y
and B = {y1,y2} such a Z exists. And that moreover this Z must equal
{#1,22}. According to the Po-condition we must find a Z’ C Z such that
ySzZ. And {z1} is such a Z'.

Now let us see that we do not have an ILgtMo-frame. Put Y =
{y1,y2}. We have wRzRyS,Y. So, if we do have an ILgtMo-frame then
for some Y’ C Y we have S, Y’ and for all 4y’ € Y’ we have that for all
z, y' Rz implies zRz. But the only Y’ C Y for which x5,Y" is Y itself.
We have y2 € Y, y2 Rz2 but not xRz2. -

Theorem 13.11. ILP, I/ M.

Proof. 1f ILPo - Mg then Mg is valid on any ILge;Po-frame. But then any
ILsetPo-frame is an ILgetMo-frame. Which, by Lemma 13.10 is not so. -

In the next section we will investigate a new schema called R.
R A>B— —(A>D)A(-Cr>D)>BAOC
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Let us calculate its ILget-frame class. First a preliminary definition.

Definition 13.12. Let F = (W, R, S) be an ILg-frame. For any wRz
we say that I' C W is a choice set for (w, x) iff. for all X such that £5, X,
XNT#0.

Definition 13.13. Let F = (W, R, S) be an ILg-frame. We say that
F is an ILgtR-frame iff. wRxRyS, Y implies that for all choice sets I'
for (z,y) there exists some Y’ = Y'(I') C Y such that xS, Y’ and for all
y' € Y’ we have that for all 2z, y' Rz implies z € T.

Lemma 13.14. An IL.y-frame F = (W, R,S) is an ILsxR-frame iff.
FER.

Proof. (=) Suppose F is an ILgR-frame. Let F = (W, R, S,IF) be a
model based on F. Choose w,z € W and suppose wRz, w |- A> B
and z IF =(A 1> B) A (=C > D). We have to find some Y’ with zS,Y”’
and Y’ IF B AOC. There exists some y € W such that 2Ry, y IF A and
for all U such that yS;U there exists some u € U with u I =D. Let
I' be a choice set for (z,y) such that I' Ik =D and I' C J, g U. Since
w |- A B we can find some Y such that yS,,Y and Y I B By the R
frame condition we can find some Y’ C Y such that x5,Y’ and for all
y' € Y’ we have that for al z, y' Rz implies z € I'. So, we are done if we
can show that I' I C'. So, let g € I and suppose g I =C. Then xRg and
thus since x IF =C' > D, we can find some V such that ¢S,V and V I D.
But I' IF =D. So, since g € I" we have g ¢ V. By quasi-transitivity we
obtain yS, V. In contradiction with the choice of y.

(«<). Suppose F = R. Let w,z,y,Y € W and suppose wRzRyS,Y .
Let T' be a choice set for (z,y). Let p,q,s,t be distinct propositional
variables. Define the ILgei-model F = (W, R, S, IF) as follows.

viFp&sv=y
viFgeveY
viFtsvgD
viFssvel

Now, wlFpr>¢q. So, wlk =(p>t) A (ms>t) > gAOs. Also, ' IF —t. So,
z Ik =(p>t). Moreover z I+ O(—s < t) so z Ik —s > ¢. Therefore there
exists some Y’ such that 25,Y”’ and Y’ I ¢ A Os. Since Y’ I ¢ we must
have Y’ C Y. Now let 4’ € Y’ and pick some z for which y'Rz. Then
z Ik s. So, by definition of I, z € T".

_|

Before we move on let us consider the definition of an ILgct-frame
(Definition 13.1) again. As we have shown, this definition is sufficient for
all theorems of IL to be valid on these frames. There are however other
posibilities for the definition of an ILset-frame. They do not give us all
the results we want, however.

For the sake of illustration and because we can then see why we have
made the choices we did, let us run through the worst alternative version
of the definition of an ILget-frame.
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First we should mention that in [Vuk96] even another version is used.
The difference is that definition of quasi-transitivity in these papers runs
as follows. zS,X and for all y € X, yS,Y, implies xSy UyeX Y,. If
we modify the definition of ILget-frame such that it uses this notion of
quasi-transitivity then we can also distinguish ILMy and ILP,. But we
have not succeeded in determining the frame condition for ILR.
Definition 13.15 (ILj.-frame). A structure (W, R,S) is an IL-frame
iff. it is an ILg¢-frame, except that we replace 3.(c) with

3.(c)’ If £SwY, then for some y € Y we have that for all Z, if yS,,Z then
zSwZ.

IL;(Po-frames and ILJ,Mo-frames are defined similair to ILgetPo-
frames and ILgsetMo-frames. Except that we take as basis the ILJ.-frames
instead of the ILget-frames. The notion of an IL}.-model is also defined
similair as the notion of an ILgei-model.

The following lemma is crucial in showing that the ILZ,-frames does
not give us much more then the ordinary Veltman frames. It is also easy
to see that this lemma is not valid for ILg.-frames.

Lemma 13.16. Let F = (W, R, S) be an IL} -frame. If 2S,Y then for
some y € Y we have xS, {y}.

Proof. Suppose xS,Y. For all y € Y we have wRy and thus yS.,{y}.
Thus, by 3.(c)’, for some y € Y we must have xS, {y}. -

Theorem 13.17. Let M = (W, R, S,IF) be an IL}.-model. There exists
an IL-model M’ = (W', R, 8" IF) such that W = W', R = R’ and for all
formula’s A and all w € W we have

wlkAewl A
Proof. Put W =W, R = R and
S,y < xSu{y}.

And let IF agree with I- on propositional variables and extend it to more
complex formulas as usual.
We first show that M’ is an IL-model.

R’ is conversely well-founded since R’ = R

R’ is transitive since R’ = R

If 2S;,y then S,{y}. So, wR'z,y and thus wRz,y
If wR'z then wRz. So, ySw{y} and thus yS,y

If wR'zR'y then wRzRy. So, vS,{y} and thus =S,y

If S,y and yS,,z then S, {y} and yS,{z}. So, by 3.(c)’, ©Sw{z}
and thus =5,z

IR e

Secondly we show that if M is an ILZ.Po-model, then M’ is an ILP,-
model. Suppose wR'zR'yS.,y’R'z. We have to show yS,z. We have
wRrRySw{y'}. Put Z = {z}. Then for all s € {y} there is some t € Z
such that sRt. So by the Po-condition (for ILj.-frames) we obtain some
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7' C Z such that yS,Z’. Clearly the only possibility for such Z’ is Z.
Thus, by definition of S’, .57 2.

Finally we show that for allw € W, M’ and M force the same formulas
A in w. Induction on A. If A is a propositional variable then this is clear
by definition. Boolean connectives are trivial.

So, suppose w I- C' > D. We show w IF' C't> D. Pick z such that wR'z
and z IV C. By (IH), = IF C. So, for some Y C W we have zS,,Y and
Y Ik D. By Lemma 13.16, for some y € Y, ©5S,{y}. Fix such a y. By
(TH) we have y I’ B and by definition of S’, zS,,y.

Next suppose, w I C > B. We show w IF C > D. Pick some z such
that wRz and z IF C. By (IH), = I’ C. So, for some y we have y IF' D
and xS,,y. By definition of S’, zS,{y}. -

13.2 The incompleteness of ILMyPyW

This section is primary devoted to showing a conjecture from [Joo98].
Namely that ILMoPoW is an incomplete logic. To this end we use the
model/bisimulation method from [S91]. To start we introduce the schema
R (which we have already touched upon in the previous section).

R A>B——-(A>D)A(-Cr>D)>BAOC

In what follows we will show that R is not derivable in ILMoPoW, but
that it should have been were ILMoPoW complete. As we will see, the
characteristic Veltman frame class of ILR is the same as the characteristic
Veltman frame class of ILPy. In the previous section we used generalized
Veltman semantics to circumvent such situations, here we will work with
Veltman models and bisimulation arguments.

Lemma 13.18. Let IL' be some extension of IL. Let N be a model such
for all azioms X of IL' and any world v € N we have v IF X. (We write
N EIL/ for this.) Then for any theorem A of IL' we have N | A.

Proof. Induction on the derivation of A. If A is an axiom of IL’ then
N E A by assumption. First we show that validity on a model is preserved
under generalization. Suppose A = OA’ and A’ is valid on N. Pick any
x € N. To show that z IF A we need to show that for all y with zRy,
y Ik A’. But by assumption A’ holds everywhere on N so certainly on
those y. Next we show that validity on a model is preserved under modes-
ponens. Suppose N = A" and N = A" — A. Pick some z in N. Then
zl- A" and x - A" — A. Thus z IF A. -

Consider Figure 6. Let M be the smallest IL model based on this
figure. So we take each S, reflexive on v{, R and each S, transitive and
each S, extends R on vl. w, zo,..., Yo,... are names for the worlds.
a,b, c,d are proposition variables. They are placed exactly at the worlds
in which they are true. (So, for example, in xg all of a, b, c and d are false.)

Lemma (M [ ILPy). For all formulas A and B and each s € M,

slFA> OB — O(A> B).
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Figure 6: An IL-model M

Proof. Suppose s |- A > OB. Take some ¢t for which sRt. It is sufficient
to show that for all ¢/, with tRt', ¢’ |¥ A. So take a t’ with tRt'. Then
sRtRt' and thus s = w. Moreover t = g or t = ys.

case: t = xg. Now t' =y or t' = 3.

case: t' = yo. Clearly for no u, with yoSy,u, we have u I- OB.
So, since w IF A > OB, we have yo I A.

case: t' = y;. If y1 IF A then also z; I A. But for no u with
21Swu, we have u I OB. In contradiction with w I A > OB.

case: t = y2. Now t' = zg. Since w IF A> OB, 20 I A.

Lemma (M = Mo). For all formulas A, B and C and each s € M.
sliFA>B — CAANDOCD> BADOC.

Proof. Suppose s |- A> B. Let t be such that sRt and ¢t IF CAADC. We
have to find an u with tS,u and u IF B A OC.
Since t IF OGA, t = xo or t = y2. Moreover, in any case, s = w.

case: t = xo. In this case yo IF A or y1 IF A.

case: yo IF A. Since w |- A> B we now must have that yo I+ B.
So, since clearly yo IF OC, we can take yo for u.
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case: y; - A. Since w IF A> B we now have y1 IF B or 29 IF B
or y2 |- B. In all off these cases we can take y; resp. zo resp. y2
for u. In the first two cases is this clear since trivially y; I+ OC
and zo Ik OC. That y2 IF OC can be seen as follows. Since
zo IF OC we have yo IF C and thus 2o IF C. But z¢ is the only
R-successor of y2. So, this implies, indeed, y» I- OC.

case: t = yo2. In this case 2o I+ A. Since w I A> B, we have 2o IF B
and thus, since 2o IF OC, we can take zo for u.

_|
Lemma (M E W). For all formulas A and B and each s € W,
slFA>B — A> BAO-A.

Proof. 1t is well know that W is valid on any frame in which, for each w,
Ro Sy, is conversely well-founded. So it is certainly valid on models based
on such frames. -

Lemma (M [~ R).
wlifa>b—=a(a>d)A(-e>d)>bAOc

Proof. wlFar>bis clear. zo IF —c > d is also clear. y; is an example for
zo IF =(a > d). But the only world in the model where b A Oc holds is x2.
Which is not reachable from xqg with an S,, relation. =

Definition 13.19 (Po-frame). We say that a frame is an Po-frame iff.
for all w,z,y,y’, 2 for which wRxRyS,y Rz we have 45, z.

Lemma. A frame F = (W, R, S) is a Po-frame iff. F = Po.

Proof. (=) Suppose F is a Po-frame. Let F = (W, R, S,IF) be a model
based on F. Pick some w € W. Suppose w IF A > CB. Pick some
z,y € W such that wRxRy and y I A. Then wRy and thus for some y’
with yS,%y’, we have 3y’ IF OB. So, there exists some z for which 3y’ Rz and
z Ik B. Since F' is a Po-frame, yS, 2. We conclude x I A > B.

(<) Suppose F' = Po. Pick w,x,y,y’, 2 in W for which wRx Ry Sy Rz.

Let p and ¢ be distinct proposition variables. Define a model F' =
(W, R, S I), based on F, as follows.

viFp&sv=y

viFgsv=2
Since F' |= Po, in particular w IF p > ¢¢ — O(p > ¢). By definition of IF,
w Ik p><g and thus z IF p > ¢. Since y IF p there must be some ¢ for

which yS,t and t IF g. By definition of I, the only candidate for this is
z. -

Lemma (Frame condition of R). A frame F' is a Po-frame iff. F E R.
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Proof. (=) Suppose F is a Po-frame. Let F = (W, R, S,I) be a model
based on F. Choose some w € W for which w IF A> B. Pick = such that
wRx and z IF =(A>D)A(—~Ct> D). Let y be an example for  IF ~(A> D).
e.g. xRy, y IF A but for no u with yS,u we have u IF D. There exists
some 3" with 45,9 and ¢’ IF B. We will show that, additionally, 3 I- OC.
(This will finish the proof since xRy implies 2S5,y and thus we then have
xSwy'.) Suppose that this is not so. Take some z with y' Rz and z I =C.
By the Py-condition, Rz and ySzz. So, there exists some 2z’ with 2S5,z
and 2’ I D. But then also yS,2’. In contradiction with the choice of y.
(«=) Assume F' |= R. This gives that for distinct proposition variables
p,q,7,s the formula p>qg — =(p>7r) A (-p> 1) > gAOs is valid in F.
Now pick w,z,y,y’, 7z in F and suppose wRzRyS,y Rz. Define a model

F = (W,R, S, as follows.

viFp&sv=y

viFgev=y

viFr& —ySyv

viFsev#z
Now w IF pt>q and thus w IF =(p>r)A(—p>7r)>gAOs. Also z IF =(p>7).
Now suppose for a contradiction that not ySzz. Then z I r and thus
2z IF =p > r. But now we must be able to find some world z’ for which
2’ IF ¢ A Os. But the only world at which g holds is y’. And %’ can reach
z, at which —s is true. A contradiction. =

By the above lemma we can speek of R-frames instead of Po-frames.

Corollary 13.20. ILMoPoW is incomplete.
Proof. By the above lemma’s and the fact that M is a W model. -
Let us finish this section with a question.

Does there exists an extension of IL, IL’ say, such that IL’ I/ Py and IL'Py is complete?

14 Logics containing R

We start this section by showing that ILR is stronger than ILMgPo. In
Corollary 13.20 we have already seen that ILMoPy does not prove R. To
see that ILR is stronger than ILMgPy, we need to prove the following
theorem.

Theorem 14.1. TLR F MgPg

Proof. First we show ILR = Mg. Consider the following instantiation of
R.

A>B— —(A> L)A(=-C> 1)>BAOC (35)
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We have ILF =(Ap> 1) - CAand ILF -C > L « 0OC. So,
IL+ (35) = (A> B — OAADC > B ADC).

Now we will show ILR F Py. Consider the following instantiation of
R.

A>OB — -(A>B)A (B> B)><BAO-B (36)

Clearly, IL F (36) <> (A> B — —(A> B) > 1). For all formulas F,
IL+OF & —F > L. So,

IL - (36) < (A> OB — O(A > B)).

14.1 The Logic ILR

We will show that two principles that happen to have the same frame
condition as R are provable in ILR.
Let us recall the scheme R.

A B — ~(A>D)A(~C>D)>BAOC (37)

Lemma 14.2.

1. ILRFp> (gAOr)V(gADOs) = ~(p>r)>gAOs
2. ILRFp>gADO(0-r —0Os) - =(p>r)>qADOs

Proof. We first show 1. Take A =p, B = (¢ A<r)V (¢ ADOs), C = —r,
D =r in (37) to obtain

ILREp> (gAOr)V(gAOs) = =(p>r) > ((g AOT) V(¢ ADOs)) AO-r.
(38)

We also have
ILRFE (((gAOr) V(g ADBs)) AO-r) < (¢ ADs). (39)

Combining (38) with (39) we obtain 1. Note that (gAOr)V (gADs) «—
g A (O-r — Os) to see some similarities with 2.

We now show 2. Take A =p, B=g¢q,C = —-r and D = r in (37) to
obtain

ILRFp>g— —~(p>7r)>gAOT. (40)

We also have
ILRF O(O-r — Os) — g AO-r>qgAOs. (41)
Combining (40) with (41) we obtain 2. -
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14.2 The logic ILR*

In a certain way one could see the W scheme as the interpretability form of
Lob’s axiom. We know that the principle R, in a sense, does not embody
Lob’s axiom. To put it more precisely, ILR ¥ W. There is an obvious way
to incorporate W and R into one single principle.

R® A>rB——~(A>F)A(-Cr>F)>BAOCAO-A

Of course this principle is reminiscent of Mg.

Lemma 14.3. ILR* = ILRW

Proof. 1t is obvious that ILR*  R. By taking F' = 1 we see that ILR™ |-
Mg and thus by Lemma 12.10 also ILR* - W.

For the other direction we first apply W and then R. Thus, A> B —
Ar>BAO=A, and Ap> BAO-A — —(A>F)A(-C>F)>BAO-AAOC. H

Before trying to give a modal completeness proof of ILR* it seems
useful to submit it to some tests. If for some principle X we have ILR* |=
X, we should try to find an ILR*-proof of X. Two such examples are the
following formulas.

e AbB—-BA(-C>F)>BA(AV-C>F)

e AbB—BA(-C>A)>BAOCADO-A

14.3 Some remarks on modal completeness

The current challenge is of course, to decide whether ILR and ILR* are
modally complete. We conjecture that they both are indeed complete.
We obtained a modal completeness result for ILW* by analyzing and
adjusting the completeness proof for ILMg. It is not likely that we can
obtain a completeness proof for ILR or ILR* by minor adjustments.

A completeness proof for ILR or ILR* will however contain many of the
ingredients that were already present in the completeness proof of ILMg.
Instead of the relation Cg we shall need to work with a new relation C g.

Definition 14.4. For I' and A MCS’s, we define I' Cg A as
A>Bel =0-AcA.

We have the following useful observations on this new relation.
e 'Cp, ACp, A'=T Cp, A’
e I'Cp ACo A'=TcCpA
e I'Cr A<A"=T <5 A
e 'Cp A=TCn A
The principle R is tailored to prove the following lemma.

Lemma 14.5. If C>D €T <p, A <p, A’ 3 C, then there exists some
A" with T <p, A” 3 D,0-D and A Cp, A”.
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One of the difficulties with ILMg also arises in ILR. With respect to
what B; should Lemma 14.5 be applied? In the ILMg-case, this difficulty
was taken care of by the invariant

To for all y, the set {v(x) | K 'y} is linearly ordered by Co .

In the case of ILR we would like something similar. If {z;}1<i<n is the
set of worlds for which wRxz;Rv, with v(z;) <B, v(v), then for some
permutation 7w of the indices we should have

V(Zr1)) CBry Y(Tr(@) -+ CBrgn1) V(@x(n))-

But, replacing only Zo can never be sufficient, as the frame condition
of R is really different from that of Mg. A quasi-ILX-frame will always be
defined so that its closure is an ILX-frame. In this closure process, things
will drastically change due to more Sy-relations. This will make notions
like the N2 (see Definition 11.8) completely useless.

One way to go about this, would be to introduce ¥,-relations on quasi-
ILR-frames that capture the dynamics of the S, during the closure pro-
cess. This is in complete analogy with the introduction of the K-relation
(see Definition 11.5) to capture the dynamics of the R-relation in quasi-
ILMo-frames. Note that the K-relation can still be used in the model
construction in the completeness proof of ILR.

15 Remarks on the interpretability logic
of all reasonable arithmetical theories

Let us first recall Definition 2.28, that is, the definition of the interpretabil-
ity logic of all reasonable arithmetical theories. We shall write IL(All).
We defined IL(All) to be the set of modal formulas that are interpretabil-
ity principles in any reasonable arithmetical theory. That is, the set of ¢
for which

VIV x TF ",

In [Vis88] IL(All) was conjectured to be ILW. In [Vis91] this con-
jecture was falsified and strengthened to a new conjecture. It was now
conjectured that ILW™, which is a proper extension of ILW is IL(All).

In [Joo98] it was proved that the logic ILW*Pq is a proper extension
of ILW*, and that ILW*Py is a subsystem of IL(All). This falsified the
conjecture from [Vis91]. In [Joo98] it is also conjectured that ILW*Pq is
not the same as IL(All).

In [JVO0O] it is conjectured that ILW*Po =IL(All). As we will see below
we have that the logic ILR" is a subsystem of IL(All) and a proper exten-
sion of ILW*Pg. This rejects the conjecture pronounced in [JV00]. With
all this conjecturing and refuting of conjectures we are rather hesitant in
proposing as a new conjecture that TLR = TL(All).?”

27 Although we do have a certain hope.
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15.1 Arithmetical Soundness of R
We shall give a proof that the new principle

R:=A>B— —-(A>D)A(-Cr>D)>BAOC

is arithmetically valid in all reasonable theories. In the proof we shall
employ some well-known arithmetical facts. We will now first briefly sum-
marize these facts.

Definition 15.1. A definable T-cut is a formula I(z) with one free vari-
able, such that T'+ I(0) AVx (I(z) — I(z + 1)). Cut(-) will denote the
function that assigns to the code of a formula ¢, the code of the formula
expressing that ¢ is a cut, that is, p(0) AVz (p(z) — ¢(x+1)) (whenever
© is of the right format).

The function Cut(-) is a very easy function. It is certainly provably
total in 1Ag + Q1. In this section we shall denote the translation of a
formula ¢ under an interpretation j by j(¢). If I is a cut and ¢ a formula,
we shall by ! denote the formula ¢, where all the quantifiers in ¢ are
relativized to the cut I. The following lemma is mentioned (as an exercise)
in [Pud85]. It is central to many arguments in the field of formalized
interpretability.

Lemma 15.2 (Pudldk). There exists a function f, provably total in
IAg+ 4, such that for any reasonable arithmetical theory T, the following
holds.

Trj:amr B — [0rCut(f()) AVeeSy! j:aAc! P >p BA0]

Another fact from arithmetic that we shall need, is that we can perform
the Henkin construction using numbers from a cut. This is expressed by
the following lemma.

Lemma 15.3. For any reasonable arithmetical theory T' we have that
T+ Or(Cut()) — Oha >r o

These two lemmas are enough to prove the arithmetical soundness of
the principle R. Note that the j, I, @ and 8 in Lemma 15.2 en 15.3 are
parameters and hence could be universally quantified within the theory.

Theorem 15.4 (Soundness of R). For any reasonable arithmetical the-
ory T we have the following.
THa>p— -(a>8)A(—y>d0)>08A0y

Proof. Let f denote the function from Lemma 15.2. To prove our theorem,
we reason in 7" and assume a > (. Thus, for some interpretation j we have
j:ap> B. We now claim that

~(@s 0 A (> 8) = oan DDy (4)
Let us first see that this claim, indeed entails the result.

“(@>d)A(-y>d) > By (+)
SlanDfPy) > By Js
anDf@y > By Lemma 15.2 and j: a > 8
B A DOy
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Thus, now we only need to prove the claim. We will prove (4) by showing
the logical equivalent

D(a—><>f(j)—ry)/\(—|’y>5)—>ozl>5 (++)
We reason as follows.

D(a—><>f(j)ﬁ'y) — By J1
a > <>f(j)—|'y — By Lemma 15.3 and J2
o>y

Combining this with —y > ¢ yields the required « > §. 5

15.2 Principles in ILP N ILM

Both essentially reflexive theories and strong enough finitely axiomatized
theories are certainly reasonable arithmetical theories. Consequently,
IL(All) C ILM N ILP. Therefore, it is good to know which principles
can be found in this intersection.

Definition 15.5. The logic IL[M V P| is defined by the axiom scheme
[M V P] which is the following.

MVP]:=(A>B—AANOC>BAOC)V(Ex>F —0O(E>F))
Lemma 15.6. ILP NILM = IL[M V P]

Proof. TILIM V P] - ¢, then IL - o — ¢ for some « that is a conjunction
of instantiations of [M V P]. Clearly ILM F « & ILP F «, whence ¢ €
ILP N ILM.

If, on the other hand, for some ¢ both ILM F ¢ and ILP ¢, we
can reason as follows. For some conjunction « of instantiations of the
M-axiom scheme, we get

ILFa— .

Likewise, we get for some (3, which is the conjunction of P-instantiations,
that IL - 8 — ¢. Consequently

ILFaVp— .

We can rewrite « V 3 as a conjunction of disjunctions by distributing the
V at the top level in a Vv 3 over all the conjunctions at the top level in «
and in (. This yields an equivalent formula v which is a conjunction of
[M V Pl-instantiations. We conclude that IL[M V P] F ¢. -

It is clear that Lemma 15.6 is neither a manageable nor an informa-
tive characterization of ILM N ILP. The question arises whether such a
characterization does exist. Such a characterization should speed up the
process of judging candidates for new principles. For example, A > B —
O(AADOC) > B ADOC proves all of Mg, Po and W, but is not provable in
ILP.

The following items are all somehow related to IL(AlL).
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e The principle Ax> B — O(AANDO(AV B — OC)) > BAOC and other
principles related to tRyRzS;u — yRu V Vv (uRv — zRv).

e Principles related to zRyRzS;uRv — (yRu V zRwv), like
AD>BAOC — (CA = (O(ANOC) VO (BACD))).

e Principles related to xRyRzS,uRv — (zSyu V zRv).
e Principles like (CA> OB) A (A> B) — O(CA — OB).

e Principles like A>> B — CAADOOC > B A OC, that are related to
zRyRzS;uRv — Jw yRwRv.

At this stage, both positive and negative information will be very
informative.

16 Concluding

What are we to conclude at the end of this paper? We have presented a
method for completeness proofs. And indeed the results are promising. In
future completeness proofs, large parts of work can be skipped by referring
to the results in this paper. So, in this light our mission has not been
in vain. We do think however that the presentation is not yet optimal.
Nevertheless we have gained some insights in where the bottle-neck of the
completeness proofs can be expected.

16.1 Future research

Now that we have developed such precise and powerful machinery, new
arithmetically interesting questions can be addressed. We mention two of
them.

e The interpretability logic of primitive recursive arithmetic. In [Joo03]
the modal study of this logic has been initiated. Without a concise
modal tool box such a study seems inconceivable.

e The interpretability logic of all reasonable arithmetical theories still
remains uncovered. In this project the first step to take would be to
prove our conjecture on the modal completeness of ILR™.

The harvest has only just begun!

16.2 Refining techniques

One of our goals, was to isolate a part of work that is present in all modal
completeness proofs, and deal with it once and for all. In realizing this
goal we were driven by two opposed forces. On the one hand, generalicity
whence a wide scope of applicability, on the other hand, specificallity as
to save as much work for the applications you are thinking of.

When we started this project we tried to aim at generalicity. It
turned out that interpretability logics can have wild semantical peculiar-
ities which are hard to catch in a general approach.

For example, in the definition of quasi-ILX-frames, we tried to be as
general as possible. That is to say, we tried to specify the widest class
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of structures that can be closed to an ILX-frame. This is an interesting
question, but not the question we started out with. We are interested in
completeness.

By taking such a general notion of ILX-frame, our invariants should
be as strong as to single out in this large class, the structures which can be
endowed with a truth lemma. But, if we look at the “trajectory” of a single
pointed model (in completeness proofs, you always start out with such a
model) throughout the construction, we see that we can actually employ
a notion of quasi-ILX-frame that is a lot more specific. Therefore, we
think that a lot can be gained by using stricter notions of quasi-ness.?® In
general, finding a better balance between generality and easy applicability
to our purposes seems desirable.

Furthermore, we think that extending the notion of criticality as men-
tioned in Section 11.8 looks very promising in the way it dealt with the
difficulty of the transitivity of the Sg-relations in ILMp.

We think that somehow completeness proofs in interpretability logics
are intrinsically elaborative. This is not very pleasant, especially if one
works in the area of interpretability logics. One could wonder whether we
have the right notion of modal semantics. We would be more than happy
if an easier notion would show up. However we should keep in mind that
the >-modality is used to model a X3-complete notion. Viewed in this
light it seems miraculous that there even exists a decidable semantics.

The current semantics has also proven to be a good one with respect
to the mathematical entity that it is modeling. Two principles, Po and R,
which are valid in all reasonable arithmetical theories, have been discov-
ered on the basis of considerations on this semantics only.

The construction method we have presented here could also be applied
to get some results on complexity matters in interpretability logics. In
such an analysis one should study strategies for efficiently eliminating
problems and deficiencies. One could think of the following ingredients.
First eliminating problems. Like this some deficiencies might be dealt with
automatically. But also one should think on the order in which problems
are eliminated.

Acknowledgment Thanks to: Lev, Dick, Albert, Roos, Yde, Panikowski,
Remco, Vincent, Merlino

28We have even considered to build some path coding in to the notion of quasi-ILX-frames.
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