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Abstract

A satisfaction class is a set of nonstandard sentences respecting Tarski’s truth
definition. We are mainly interested in full satisfaction class, i.e., satisfaction
classes which decides all nonstandard sentences. Kotlarski, Krajewski and Lachlan
proved in 1981 that a countable model of PA admits a satisfaction class if and only
if it is recursively saturated. A proof of this fact is presented in detail in such a
way that it is adaptable to a language with function symbols. The idea that a
satisfaction class can only see finitely deep in a formula is extended to terms. The
definition gives rise to new notions of valuations of nonstandard terms; these are
investigated. The notion of a free satisfaction class is introduced, it is a satisfaction
class free of existential assumptions on nonstandard terms.

It is well known that pathologies arise in some satisfaction classes. Ideas of
how to remove those are presented in the last chapter. This is done mainly by
adding inference rules to M-logic. The consistency of many of these extensions is
left as an open question.
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1

Introduction

By the work of Skolem we know there are nonstandard models of Peano Arithmetic
(PA) and we know how to arithmetise logic inside PA due to Godel. It is also easy
to see that in any such nonstandard model there are nonstandard elements which
the model thinks are sentences. By Tarski’s truth definition we also know what it
means for a standard sentence to be true. The obvious question is:

When is a nonstandard sentence true?

Given a nonstandard model 9t of PA a satisfaction class is a (non-definable)
predicate which, in a special sense, is a truth definition for nonstandard sentences,
i.e., it respects Tarski’s truth definition. More formally, a satisfaction class is a

set 2 of standard and nonstandard sentences, extending the elementary diagram
of M, such that

—peY iff p¢y,
pVvyped iff peXoryel and
v,y € X iff there exists a € M such that y[a/v;] € 2,

for any nonstandard sentences ¢, and Jv;7. It is not obvious that we can con-
struct such a set, in fact we cannot always do this, depending on the saturation of
M.

This chapter is a short introduction to the subject with some motivation of
the study and a historical overview. Next chapter is intended as a review of the
prerequisites for this thesis; the results are given without proofs. In Chapter 3 we
have rewritten the construction of satisfaction classes in a new style, the language
includes functions, as opposed to [KKL81], and the terms are treated as they
should be treated, i.e., satisfaction classes can only “look” finitely deep into them,
as opposed to [Kay91].

In Chapter 4 we study some alternative definitions of satisfaction classes which
all are weaker in the sense that the sentence Jz(t = x) does not have to be true.



2 Introduction

We call these satisfaction classes ‘free’ since they are free of existential assumptions
on nonstandard terms.

The last chapter is devoted to pathological examples that arise in satisfaction
classes and how to remove them. We introduce satisfaction classes closed under
propositional proofs and even stronger notions.

All structures studied in this thesis are models of PA in the language Z4 with
symbols {S,+,-,0}.

1.1 Motivation

From the philosophical point of view there is an obvious motivation for the study
of satisfaction classes. We know what truth is for standard formulas by the truth
definition of Tarski and with the arithmetisation of logic we have the notion of
nonstandard formulas. The obvious question is then, what does it mean for a
nonstandard formula to be true? The study of satisfaction classes is an attempt
to answer this question. In fact, satisfaction classes can be seen as nonstandard
models in the same way as complete consistent Henkin theories represent their
Henkin models. There are 2%° satisfaction classes in a countable recursively satu-
rated model of PA, which implies that the structure of satisfaction classes is rich
in some sense! and we can see the study of satisfaction classes as a nonstandard
model theory.

In [Smi84], Smith characterises the recursively saturated models of PA in terms
of satisfaction classes, he constructs a 3{ formula characterising them. He also A}
characterises resplendent models in terms of satisfaction classes. This gives us some
idea that the satisfaction classes are more important, in a mathematical sense, then
just as truth definitions. For mathematicians there are a lot of questions to be
answered by this study. For example, one of my motivations for this thesis has
been to find characterisations of other interesting model theoretic properties, such
as saturation properties stronger than recursive saturation.

The study could also be seen as an example of how to work with ill founded
objects, there may even be applications to computer science.

The main reason for the existence of this thesis is to show that there are many
unstudied related notions of satisfaction classes. Some of them arise naturally
when we add function symbols in the language and others when we try to remove
certain “pathologies.”

1.2 Historical background

In 1963 Abraham Robinson published a paper, ‘On languages which are based
on nonstandard arithmetic’ [Rob63], where he discusses syntax and semantics for
nonstandard languages. This is, as far as I know, the first time nonstandard

Mn fact, the set of satisfaction classes is dense in the Stone space of the nonstandard Linden-
baum algebra, see [Smi84].
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languages are defined and investigated explicitly. He does not use the word sat-
isfaction class, but he gives two different examples of semantics for nonstandard
languages. He calls them the internal and the external truth definitions. The
external one, defined by the help of Skolem operators, is defined only for formu-
las with finite ‘Robinson-rank’ (which is a complexity measure on nonstandard
formulas), therefore it is not a full satisfaction class.

The internal truth definition is defined as X if

(Na 20) =< <mta E> 72

where N is the standard model of arithmetic and Y is the standard truth defini-
tion, i.e.,

Y9 ={¢]|p is a standard sentence in £, and NE ¢ }.

He proves that the external and the internal truth definitions do not coincide and
leaves it, more or less, there.

Later Krajewski [Kra76] returns to the question of the semantics of nonstan-
dard languages. He defines satisfaction classes (even though his definition is rather
weak) and investigates some related notions. He also proves that for some mod-
els of cardinality A there exists 2* full satisfaction classes. He does not mention
the question of which models admit satisfaction classes, he only proves that some
specific models do.

In [KKLS81] and [Lac81] this question is answered. In the first paper it is shown
that if a countable model is recursively saturated then it admits a satisfaction
class. This is done by using a version of w-logic (the idea is due to Jeff Paris) and
the result is not surprising. What is more surprising is the result in the second
paper by Lachlan in which he shows that if a model (of any cardinality) admits
a satisfaction class then it is recursively saturated. He proves this using a sort of
overspill he gets from the satisfaction class (proving the result with induction in
the language Z4 U { X } is easy).

In [Smi84] Smith strengthens the results in the two papers above. He shows
that any resplendent model has a satisfaction class and is able to find a A} charac-
terisation of resplendency. He also formulates Lachlan’s proof in a syntactical way
which makes it possible to find a ¥} formula characterising recursive saturation.

Other important contributions to the study of satisfaction classes are [Kot85],
[KR90a] and [KR90b]. These papers discuss the question of when the structure
(M, X) satisfies either induction over ¥j formulas or full induction. In the first
paper Kotlarski shows that the satisfaction classes satisfying A induction are
precisely those closed under nonstandard proofs of first-order logic and including
all nonstandard instances of the axiom of induction. It is easy to see that if a
model admits such a satisfaction class then it satisfies the scheme of reflection:

‘PAF @ — .

2In fact Robinson’s notion is a bit different, but for the purpose of this survey we can think
of internal truth defined in this way.
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The definitions of satisfaction classes in the preceding works are all using a
relational language, i.e., the language 0, 1, o, m where ¢ and 7 are ternary relational
symbols, supposed to express addition and multiplication. The theory PA has to
be extended by some axioms expressing that these relational symbols are in fact
functions. In [Kay91] Kaye investigates the case when PA is expressed in the
language with symbols: +, -, <, 0 and 1, where 4+ and - are binary function
symbols. Throughout this thesis we will be using the language .£4 which has one
unary function symbol S, two binary function symbols + and -, and one constant
symbol 0 (and the equality predicate =).

1.3 Theorems, Propositions, Lemmas, Corollaries and Porisms

We will use the term ‘theorem’ sparsely, it is used to put extra emphasise on
an important result. Propositions are the results which have a value on their
own, and lemmas (or lemmata) are results which help us to prove propositions or
theorems. Corollaries are simple consequences of propositions or theorems (and in
some rare occasions of lemmas), but the, somewhat, unusual term porism is used
for simple consequences of a proof of a proposition, theorem or lemma. It could
for example be a simple generalisation of a proposition which you get by some
minor modifications of the presented proof of the proposition. The term was used
by Euclid, but he used it with a somewhat different meaning, which is not entirely
known, see [Twe00] for more information.
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Prerequisites

To be able to read this thesis the reader needs some background knowledge of
first-order logic, [Men97] is more than enough, and also some knowledge of first-
order arithmetic (Peano Arithmetic), especially its model theory. A good general
reference for this is [Kay91]. In this chapter we will review some of the material,
omitting the proofs of the results.

2.1 Peano Arithmetic

Throughout this thesis 9t will be a structure in the language .Z4 with symbols S,
4+, - and 0, where S is a unary function, 4+ and - are binary function symbols and
0 is a constant symbol. We will as usual write terms and equalities in the more
convenient way by using infix notation, e.g., instead of writing + (¢1,¢2) we will
write tl —+ tQ.

We denote interpretations as usually; the interpretation of S in 9t is denoted
by S™, the interpretation of + is denoted +™, and so on.

We will consider formulas built up from the logical connectives — and V and
the quantifier 3. The other connectives and quantifiers are considered to be ab-
breviations in the usual way, ¢ A is defined to be —\(—mp\/ —\1/)), p — Y is np Vi,
P is (gp — w) A (1/) — <p) and Vv, ¢ is =3v; 7. We also define exclusive or
o V 1 as (o V) A-(pA). Later it will be important to note that all these
abbreviations are of constant depth, i.e., the depth only increases a constant num-
ber when replacing the definiendum with the definiens. For example, the depth of
= (= Vv ) is always two more than that of ¢ A 1.

The variables in the language are vg,v1,.... Sometimes we will be a bit sloppy
in the notation and use x,y, w, ... as names for variables. If ¢ is a formula then

Lp[tl,...,tk/vil,...,vik]

will denote the formula you get by substituting all free occurrences of v; with
the term ¢;, we will always assume that v;, is free for ¢;. Sometimes, when it will



6 Prerequisites

not cause confusion, we will write ¢(¢) to mean the formula obtained from ¢ be
replacing all the occurrences of the free variable under consideration by the term
t, i.e., p[t/v;] where v; is the variable under consideration. In short, we will adopt
all the usual notations and abbreviations used in the literature.

Let %y be the language £y U {c,|a € M} (0 and cym will be regarded as
the same symbol; this is to simplify some definitions below) and let ElDiag(91) be
the theory of the structure 90t in the language %oy, i.e., all Ly-formulas true in
IMT, where IMM™T is the expanded model of M which interprets each symbol c, as
a. Mostly we will not distinguish between the two structures 9t and 9™, hoping
this will not cause any confusion for the reader. Sometimes, mostly when dealing
with standard formulas and terms, we will identify the element a € 9t with the
constant symbol c,.

Diag(9M) is the set of all true standard atomic and negated atomic formulas in
the language %o, so Diag(9M) & ElDiag ().

PA~ is the theory with the universal closures of

S(z) =S(y) —z =y,
S(z) #0,
x#0— Jy(S(y) = =),
r+ 0=z,
z+5S(y) =S(z +y),
x-0=0 and
z-S(y)=z-y+=x

as axioms. If we add the axiom scheme of induction:
Vo (9(0,2) Ay (p(y,7) = 9(S), 7)) — Yy e(y, 7))

for all Z4-formulas ¢, we get Peano Arithmetic or PA for short.

The symbol 9t will always be assumed to be a structure, in a language extend-
ing Z4, satisfying PA and not isomorphic to the standard model N of PA, i.e., 9
will be assumed to be a nonstandard model of PA.

The predicate z < y is defined as

F2(z#£0Nz+2=1).
Once again, it will be important later that this definition is of constant depth, i.e.,
Jz(z #0At+ 2z =r) is of depth at most four more than the depth of ¢t < r. We
also define the function x — 1 by the following equation

r—1=q (z)(z=0A2=0)V (z#0AS(z) =),

where (uz)p(x) means ‘the least = such that ¢(x).’
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We will also identify the smallest initial segment of 91 (i.e., the smallest non-
empty subset of 9 closed under successor and less then) with the standard model
N, i.e., we assume that N C 9t. We will reserve the symbol N to denote the
standard model and w to denote the first infinite ordinal, which is the same as the
domain of N.

If o(x) is a formula with a free variable we will write @(90) for the set of
elements in 9N satisfying p(z), i.e.,

{aeM|ME ¢(a) }.
Given a € 9 we define I, to be the initial segment

{zeM|lz<a}.

2.2 Coding

We will assume a notion of finite sets and a definable predicate z € y (i.e., an
Za-formula with two free variables) such that the universal closures of

rey—x<y,
Vw(wexﬁwéy)ﬁx:y,
Hsz(yGZHy:x),
3sz(w€z<—> [wEx\/waD,
EIsz(wGZH [wEx/\wa]), and
32Vw(w€z<—> [wa/\wQﬁyD,

are all provable in PA. The sets z (which all are unique by the second property)
in the last three formulas will be denoted {« }, x Uy, z Ny and z \ y respectively.
We will also write { z,y }, {z,y,2}, ... for {z}U{y}, {z}tU{y}tu{z}, ...
respectively. The membership predicate can be defined by using the exponentia-
tion function, we will not go into the details of this here; for a good reference see
[HP9S].

We also assume a notion of finite sequences, either derived from the notion
of finite sets (see [HP98]) or by the Chinese remainder theorem (see [Kay91]).
The predicate (z), = z is assumed to be such that the universal closures of the
following formulas are provable in PA,

Jy (y)o =, and
Fw(Vi<y (z); = (w); A (w)y = 2).
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We define the following provable recursive functions (and constant)

len(z) =q¢ (z)o,
[2]y =ar (pz)(y <len(z) A (z)s(y) = 2) V (y = len(z) A z = 0),
x "y =qar (uz)len(z) + len(y) = len(z)
AYi<len(z) [x]; = [2]; AVi<len(y) [yl = [2]ien(z)+4>

) =ar () len(z) =,
[z] =ar (uy)len(y) = LA [ylo = =,
[z, k) =ar [vo] T T [k,
x |y =ar (uz)len(z) = y AVi<y[z]; = [z];,

b

here (ux)p(z) means ‘the least x such that p(z).

2.3 Nonstandard languages

We need a Gédel numbering for the formulas and terms in the language L. We
might define the Gédel number for a formula ¢, denoted @', to be (a code for)
the sequence of the Gédel numbers of the symbols in ¢, thus

rs(o) :VOT _ FST’ r(77 FO‘I7 r)‘|7 r077 r\/oﬁ]

The exact definition we use for Goédel numbering is unimportant. But it will
not, except in some special occasions, be assumed to be defined in this way; any
numbering such that the properties below hold will work.

There are .Zs-formulas Form(z), Sent(x), Term(z) and ClTerm(z) coding, in
PA, the formulas, sentences, terms and closed terms of %y respectively. Let FV
be the function (defined in PA) such that FV(y) is (an element coding) the set of
Godel numbers of the free variables of . The precise construction of the formulas
are not important, but some of the properties of them are. Those are listed below.

The notation rS(z)1 will be taken, when appropriate, to mean the function
which takes a Godel number of a term ¢ and returns the Godel number of the term
S(t). By ‘when appropriate’ we mean that in some cases 'S(z)' means the Godel
number of the term S(z), but we will try to write 'S(v;)' in that case. Of course
this also applies to for example Jv; ' which is a function taking a Godel number
of a formula ¢ and an ¢ and returning the Gédel number of the formula Jv; .
With the assumption that a Gédel number is a sequence of (Gédel numbers of)
symbols we get that

PAFVz 'S(z) = {FST, r(T] Ax/\[r)j]

If = is not a Godel number, or a Godel number of “wrong type,” then the
functions can be defined to take the value 0.

In PA we can define the substitution function that takes the Goédel number
of a formula/term, a term and a variable and returns the Gédel number of the
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formula/term we get by substituting all occurrences of the given variable with the
given term. We denote this function z[y/z].

That the universal closures of the following formulas are provable in PA tells
us that all elements that should satisfy Term(x) does so.

Term('0') A Term('c,') A Term('v;?),
Term(z) — Term(' S(z)'),
Term(z) A Term(y) — Term('z + '), and
Term(z) A Term(y) — Term(z - y').
The analogous formulas for Form(x) are:

Term(x) A Term(y) — Form(@ = ¢"),

Form(z) — Form(™

a),
Form(z) A Form(y) — Form('z Vy') and
1

Form(z) — Form(3v; z').

The next properties tell us that nothing other than what is supposed to satisfies
Term(z). This is the inductive property of terms:

©(0") AVip(Vi') AVz o(ey') AVa,y[Tern(z) A Term(y) A ¢(z)
Ne(y) = o('S(x)) A e +y') Ap(a-y')] — Va(Tern(z) — (z))

for all Zyn-formulas ¢(x). The analogous property for Form(z):

Vz,y(Term(z) A Term(y) — ¢('@ = y')) A Vz,y,i[Form(z) A Form(y)
N (@) Ap(y) — o(ma) A (V) Ap(Fvia')] — Vo (Form(z) — ()

for all Zyp-formulas ¢(z).
There are also some similar properties for FV(x).

FV('0') =0AVz FV(c,') =0,
ViFv('vi') ={ Vi’ },
Va,y[Term(z) A Term(y) — FV('S(z)") = FV(z) AFV(z + ') = FV(z - ¢')

Last we have the defining properties of C1Term(z) and Sent(x):

ClTerm(x) <> Term(x) AFV(z) =
Sent(z) « Form(z) AFV(z) =
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Observe that these properties define the formulas Term(x), Form(x), C1Term(z)
and Sent(x) and the function FV(z) up to provable equivalence in PA.

Two very important properties, which follows from the properties above, of PA
is the following, usually called the ‘unique readability property.” PA proves the
following two sentences:

Vi (Term(a:) — [Aliz = vy V3lyz =, v Aly(Tern(y) Az = 'S(y)')
V 3y, z(Term(y) A Term(z) Az = "y + 2')
V 3ly, z(Term(y) A Term(z) A -z"')])
and
Vo (Form(x) — [y, z(Term(y) A Term(z) Az = = = ¢')
V 3ly(Form(y) Az = —y') V Jly, z(Form(y) A Form(z) Az = 'y V 2')
V 3y, i(Forn(y) Aw = Bviy)]).

These properties make it possible to handle nonstandard languages. Let %y be
the nonstandard language which corresponds to Loy, i.e., the “terms” of *%y are
all a € M such that M F Term(a) and the “formulas” are all @ € MM F Form(a), etc.
The unique readability properties give us the possibility to handle these “terms”
and “formulas” in much the same way as the standard ones, with the important
exception that they need not be well-founded, e.g., =—... =0 = 1, where the dots
represent a nonstandard number of negation signs, is a *%y-formula. Therefore,
and this is very important, we do not have “external” induction on *%y-terms and
“Lm-formulas. !

2.4 Partial truth definitions

Due to Tarski’s theorem on the undefinability of truth we cannot find an Zyy-
formula ¢ such that

PAR (W) =
for all Zn-sentences ¥. What we can do is the following.
Theorem 2.1. There is an ZLa-definable function val such that PA proves
val('t') =t
for all closed Loy -terms t, and
Va (ClTernm(z) — val('S(z)") = S(val(z)))
AV, y(ClTerm(m) A ClTerm(y) — val('z +y') = val(x) + val(y))
AVz,y(ClTerm(z) A ClTerm(y) — val(-y') = val(z) - val(y)).

IWe have induction inside the model, that is what the inductive property of Form(z) and
Term(z) tells us.
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Let Ay, X and Il be defined as usual, e.g., 3 is the set of all formulas of the
form 3% p(Z) where ¢(Z) is in Ag. There are .£4-formulas coding these sets in PA
in the usual sense. Let us write, for example, x € Ay for the formula coding Ay
applied to the variable x.

Theorem 2.2. There are £a-formulas Trr(x), where T' is Ag, Xy or I, such
that PA proves

Trr (') < ¢
for all sentences ¢ € T,
Va,y[ClTerm(xz) A ClTerm(y) — (Tra,(w =y') < val(z) = val(y))],
Va [z € Ag ASent(z) — (Tra, (™) < —Tra,(z))],
Va,y[z,y € Ag A Sent(z) ASent(y) — (Tra, (@ Vy') < Tra,(z) V Tra, (¥))],
Va,i,y[z € Ag ASent(Fv;z') — (Tra,(Fvi<cyz') & Jz<y Ter(rx[cz/vi]j))},
and also
Va,i[ 3v; 2’ € T ASent(Fv;2') — (Trp( v 2') « Ty Trp(l—x[cy/vif))], and
Va,i[ Vv, z' € I ASent('Wv; z') — (Trp(Wv; z') « Wy TI‘F(’—J)[Cy/VZ‘]—I))].

For explicit constructions see [Kay91].

2.5 Recursive saturation and resplendency

In this section 9t can be any structure in any recursive language .Z. Let Zoy be
the language which extends .Z with constant symbols naming all elements in 91.
Given a theory T, a type in T is a countable set of formulas

Hz) ={pi(@a)|icw}

such that ¢;(Z,§) are Z-formulas with finitely many free variables Z and §; a are
parameters from 9; and T +¢(€), where € are new constant symbols, is consistent.
A type over a model 9 is a type in the elementary diagram of the model, i.e., in
ElDiag(9M). A type t(Z) is recursive if the set

{ 'o(Z,7) ‘there exists @ € M such that p(Z,a) € ¢(T) } Cw
is recursive. If ¢(Z) is a type then it is realized in 90 if there are elements m € M
such that M E p(m) for all ¢(Z) € ¢(T).
Definition 2.3. 9 is recursively saturated if all recursive types in 9 are realized.

The following proposition says that all consistent theories have recursively sat-
urated models of any cardinality.

Proposition 2.4. For every 9 there is an elementary extension N = M that is
recursively saturated and such that M| = |9].
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Now to a slightly different notion, that of resplendency. A Xi formula is a
second-order formula of the form 3X p(X) where X is a set variable and ¢(X) is
a first-order formula in the language extended with the set variable X.

Definition 2.5. 9 is resplendent if for all £ Zy-sentences @, such that
ElDiag(M) U { ® }
is consistent, we have 9 E ®.

In other words 901 is resplendent if as many as possible ¥} sentences are true
and it is recursively saturated if all recursive types are realized. Observe that both
these notions apply to all structures, not only models of PA. The next theorem
follows from work by Kleene [Kle52].

Theorem 2.6. If M is resplendent then it is recursively saturated.

There is a converse if the model is countable, this result is due to Barwise and
Schlipf and independently Ressayre.

Theorem 2.7 ([BS76]). If M is countable and recursively saturated then it is
resplendent.

There are several model theoretic properties which are ¥}, making resplendent
models easy to work with. In this thesis we will express the consistency of logics,
which are definable in some model, by an %1 formula:

X (all axioms are in X A X is closed under the inference rules

A Jz(x is a formula A z ¢ X))

Hopefully, the reader is now ready to face satisfaction classes.
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Satisfaction classes

When defining satisfaction classes we have two different approaches to choose
from. The historical way (used in [Kra76]) is to look at nonstandard formulas of
Z4 and define a satisfaction class to be a set of pairs; the first component being a
nonstandard formula of .Z4 and the second being a code for a sequence of elements
in 9. The intention is that the sequence satisfies the formula, i.e., if we substitute
the free variable v; with the ith element of the sequence then the result is “true” in
9. The disadvantage of this approach is that we need some machinery to handle
different ways of getting the “same” formula. We will give an example; let €y be
Vo 7# vo and €;41 be €; V¢, also let €, be vo # 0 and €], be €] V ¢, then we clearly
want (e;, [0]) € X iff (€, [0]) € X.

Conjecture 3.1. There is a satisfaction class X, in the sense of [Kra76] and
[KKL81], such that (€4, [0]) € & and (e, [0]) ¢ & for some a € M.

We think that by redefining 9i-logic to work with pairs of Z4-formulas and
elements of 2 it should be possible to prove the conjecture by reproving the results
in this chapter.

We are going to define a satisfaction class to be a set of *Zy-sentences; the
intention is that the sentences are those which are “true” in 9. The disadvantage
of this approach is that the name ‘satisfaction class’ seems a bit awkward, a better
name would probably be ‘truth class’, but for historical reasons we will stick with
it.

We will use the two notations z € ¥ and X(z) to mean the same thing, i.e., in
this case the symbol € has nothing to do with the coding of finite sets. We hope
this will not confuse the reader, but instead make the formulas easier to read.

A comment on the word class should be made here. A class in the model
theory of arithmetic is a subset C' of the domain of the model such that for all a,
C N I., is definable (remember that I, = {x € M|z < a}). It is just a mere
and unfortunate coincidence that the word is used in the term ‘satisfaction class.’

Definition 3.2. A satisfaction class X is an external subset of 9t satisfying the
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following conditions in 9t:

x € ¥ — Sent(x), (3.1)

Co =Cp €EX > a=1, (3.2)

i={ex, (3.3)

t=r'eX—-Tr=t€ex, (3.4)
t=reXAT=5€X—t=5 €3, (3.5)

'St)=c, €S Fx(t=c, €XAS(z) = a), (3.6)
t+r=c, € eodny(t=c €ESAT=c) €ESANT+y=a), (3.7)
tr=c¢'€X—dny(t=c €ESAT=c €Az y=a), (3.8)
t=r'eYoIz(t=c €eSAT=c, €3), (3.9)
mpeEX o p¢ X, (3.10)

‘YVY' eEX o (peTVYEY) and (3.11)

iy € ¥ o (Y /vi] €3), (3.12)

for all closed *%p-terms t,  and s and all *%y-sentences ¢, 1 and v;7.

The clauses (3.2)-(3.9) take care of the atomic formulas and we could replace
them with the single clause

t=re¥ o Mk val(t) = val(r),

but that would yield a stronger notion. We will look more closely at this later in
Chapter 5.

Observe that there is a first-order formula SatC1(X) in the language Z4U{ X }
such that for any subset A of MM A is a satisfaction class iff 9 F SatC1(A). The
formula SatC1(X) is the conjunction of the universal closures (with the universal
quantifiers restricted to closed terms and sentences) of (3.1)-(3.12), which all are
first-order properties.

Proposition 3.3. Let ¥ be a satisfaction class, then the following is true in the
structure (9,3 :
DAY ED o peETAYEY,
oY e (e —yYeEY),
oY e (e —YeEY), and
Wiy €8 Vx(rv[cz/vif €x),

for all *fon-sentences @, 1 and Vv; .

Proposition 3.4. If ¥ is a satisfaction class, p an ZLon-sentence and M E ¢ then
v €%, i.e., ElDiag(M) C 3.
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Proof. We first prove the statement for sentences ¢ of the form ¢ = ¢, for some
closed term ¢ and some a € 91, by induction on the construction of ¢.

If t is ¢ then M E ¢, = ¢, s0 ¢, = ¢, € X by (3.2).

Suppose ¢ is S(t’) for some closed term t'; then 9 E ¢/ = ¢;, for some b € M and
by the induction hypothesis we have t' = ¢, € X. Also S™(b) =asoS(t') =c, € ©
by (3.6).

Suppose t is t; + to, then there are b, b’ € 9 such that M F ¢; = ¢, and
I E to = cp. By the induction hypothesis we have t; = ¢, € ¥ and to = ¢ € X.
We know that b+" b’ = a, so t; +t2 = c, € ¥ by (3.7). The case when t is t1 - t5
is treated in a similar way.

Suppose now M E t; = t5 then there is a b € Mt such that M E t; = b and
MEt; =b sot; =c, €% and ta = ¢, € ¥ which by (3.4) and (3.5) implies
t1 =ty € 2.

If M E t; # to then there are by, by € M such that

Mt = by Aty = by Aby # ba,

sot; =cp € X and ty = ¢, € U. By (3.2) we also have ¢, # ¢, € ¥ and by
(3.4) and (3.5) we have t; # ty € X.
We have proved that Diag(9t) C X. We should prove that if ¢ is an Zy-
sentence then
MEp & peX

by induction on ¢. The case when ¢ is atomic is proven. The induction step is
easy and left to the reader. ]

Remark 3.5. By Tarski’s theorem of the undefinability of truth a satisfaction class
3} is not definable. Moreover ¥ N I, for a > w is not definable, since this would
also yield a truth definition, therefore ¥ is not a class.

Given a set of *#y-sentences X, define the binary relation ~x (or just ~ if X
is understood from the context) on the set of closed *%m-terms, C1Term(9M), as
follows

ti ~x to I t; =ty € X.

If ~x is an equivalence relation let ClTerm(90t)/~x be the set of equivalence
classes T of C1Term(90) and define the functions S™*, +™x and ™% by

S™X(7) =ar S(1),

if they all are well-defined. This defines an Z4-structure
(C1Term(M) /~x, S7x, +7x . Mx ),

Let M x denote this structure, when it is well-defined.
The following equivalent definition of a satisfaction class may be well worth
notice; it will play the main role of Chapter 4.
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Proposition 3.6. X is a satisfaction class iff it is a unary predicate on M such
that ~yx is an equivalence relation, My, is well-defined, the canonical map

f:M—IMy, a—7C,

is an isomorphism and

xr € ¥ — Sent(x), (3.1)

—lEN o péd X (3.10)

YV €T (peTVYEY), and (3.11)
Tviy' €% o Fz(Ye/vi] € %) (3.12)

holds for all *Lyn-sentences @, ¥ and Jv; .

Proof. Assume ¥ is a satisfaction class. By (3.3)-(3.5) it is clear that ~x is an
equivalence relation and by (3.6)-(3.8) My is well-defined. It is also clear that
the mapping f is a bijection since if a # b then ¢, = ¢, ¢ X so f(a) # f(b)
and if ¢ € C1Term(9M) then t = ¢ € %, so by (3.9) there exists m € 9 such that
t=cy, €3, 1e., f(m)=1 We also have

£(8™(a)) = Cem(y) = S(ca) = ST (ca) = S”*(f(a)),
fla+7b) =y, = co + ¢ =T+ @ = fa) £ f(b) and

flab) =Comy =S =S "X T = f(a) "X f(b),

so f is really an isomorphism.

Assume now that ¥ satisfies the conditions above.

We have to prove conditions (3.2) and (3.6)-(3.9) in the definition of satisfaction
classes. The other follows immediately.

(3.2) It follows from the injectivity of f, since if @ # b € 9 then f(a) # f(b)
SO Cq # Cp, 1.€., Cq 7 Cp € L.

(3.6) Assume S(t) = ¢, € X, we have to find m such that ¢ = ¢, € ¥ and
S™(m) = a. We have

a=["Hca) = F7HS@) = FHET(D) = ST,
so m = f~1(t) works since £ = f(m) implies t = c,, € ¥. On the other hand
assume that there exists m such that ¢ = ¢, € ¥ and Sm(m) = a then
S(t) = S™X (1) = S (c) = ST (f(m)) = F(S™(m)) =<a.

(3.7) Assume t +7 = ¢, € ¥ and let m = f~1(%) and m’ = f~(F) then
a=m+"m andt=cp,eXandr=c, €X. Tm+"m' =qa,t=c,, € X and
r=Cp €Y then f~1(#) =m and f~1(F) =m’ so

a=frE+"xF) = T +7).
In other words f(a) =t+r, ie.,t+1r =c, € 3. (3.8) Similar as above.

(3.9) Assume t =7 € X then f~1(f) = f71(F) =msot =Cp, 7 = Cp, € X
andift=c,,, r=c¢n €Xthent=¢, =7,s0t=rc X. O
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Question 3.7. Are satisfaction classes built up by two “parts;” one with closed

terms and equality and one with “the rest,” in the following sense: Given a relation
~ satisfying the conditions in Proposition 3.6 is there a satisfaction class ¥ such
that the relation ~x. coincides with ~?

A partial answer to this question is given in Proposition 3.58.

3.1 Inductive partial satisfaction classes

This section is included as an introduction to satisfaction classes; the results will
not be used later and may therefore be skipped. For simplicity the satisfaction
classes in this section will all include the set

{t=r|MEval(t) =val(r) }.
Therefore, in this section, % C 91 is a satisfaction class iff
(M, %) EVa(z € ¥ — Sent(z)) AVa¥(Z, z),
where U(X, z) is the formula
Yy, z[C1Term(y) A ClTerm(z) Az = Ty = 7' — (z € ¥ — val(y) = val(z))]
/\Vy[Sent(y) ANr ="y — (x EXoyéd E)]

/\Vy,z[Sent(y) ASent(z) Az =TyVz — (:c EXoyeXVze E)]
AVy,i[Sent(Fv;y) Az = Bviy — (z €T < I2 yle./vi] € ).

We will assume that if 1 is a subformula or subterm of ¢ then i)' < '; under
the assumption that the Godel number of a formula is the sequence of Godel
numbers of the symbols in the formula this is true.

Definition 3.8. A set X C M is a partial satisfaction class if there exists ¢ € M\ w
such that

(M, 3) E Va(r € £ — Sent(z)) A Vp<cVa U(X, ‘plz/v]).!

A partial satisfaction class is inductive if full induction in the language L, U{ 2 }
holds, i.e., if

(M, ) £ 9(0) AVz(p(z) — ¢(S(2)) — Vo p()
for every .%o U { X }-formula ¢(x).
Proposition 3.9. If ¢ is an Zyn-sentence and ¥ a partial satisfaction class then

peX dff ME .

1See Definition 3.31 for the definition of ¢[a/Vv].
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Proof. For atomic sentences ¢ the proposition follows trivial from the definition
of partial satisfaction classes. The rest is an easy induction on the construction of
Pp. O

Theorem 3.10. Every countable recursively saturated model 9N of PA admits an
inductive partial satisfaction class.

Proof. Since M is countable and recursively saturated it is resplendent. Therefore
we only need to show that the theory

ElDiag(9)
+ { 0(0) AV (p(z) — ¢(S(x))) — Vo p(x) | p(z) an Ly U{ X }-formula }
+Vz(z € ¥ — Sent(z)) + { Vo U(Z, p[z/v]) | ¢ an ZLs-formula }

is consistent. If this theory is consistent then clearly any ¥ satisfying it will be an
inductive partial satisfaction class by a simple overspill argument since

Vnew (M, XY EVe<n Ve U (X, o[z/v]).

To prove the consistency take a finite subset of the theory, it will at most
involve a finite number of standard formulas ¢ in the scheme

Vo U (%, p[z/v]).

Since it is a finite number they will all be 3 for some k € w, therefore we can
define
Y =qr {aeim|i)ﬁ)=TrEk(a)}. ]

Theorem 3.11. If M F PA is a nonstandard model admitting an inductive partial
satisfaction class ¥ then M is recursively saturated.

Proof. Suppose p(x) is a recursive type in 9 and a € 9 are the parameters of
the type. The type, being recursive, is coded by some b € 9. Since

Vkew (M, X) E IeVo<k(p € b — r4,0[[30,(’1]/v]—| €)
we can use overspill (it is here we are using that ¥ is inductive) and get
(M, %) E JaVp<c(p € b— r(p[[x, (’1]/v]j €x)
for some ¢ € M\ w. This gives us an x € M realizing p(z). O

Remark 3.12. We are going to do the same sort of argument when ¥ does not
satisfy induction. The argument there involves more work.
Combining these two theorems we get the following.

Theorem 3.13. A nonstandard countable model of PA is recursively saturated iff
it admits an inductive partial satisfaction class.
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3.2 Construction of satisfaction classes

We will prove the following theorem.

Theorem 3.14 ([KKL81]). If M is countable and recursively saturated then M
admits a satisfaction class.

To prove it we will define a logic, called 9Mi-logic, which we will prove to be
consistent (if 2 is recursively saturated). Then we construct a maximally consis-
tent set of sentences in this logic, which turns out to be a satisfaction class. The
idea to use M-logic is due to Jeff Paris.

3.2.1 M-logic

As formulas in this logic we will consider all *%yn-sentences. We will consider
a formal deduction system that derives actually finite sets of formulas, usually
denoted by upper case Greek letters. The intention is that the set I' should be
read as \/ T, i.e., the disjunction of the sentences in I'. The symbol ¢ will denote
the singleton set { ¢ } and I, ¢ will denote I'U{ ¢ }. The axioms for the deductive
system are:

®, P (Axioml)

ca#Cp ifa#b (Axiom?2)
t=t (Axiom3)
t#r,r=t (Axiom4)
t#£rr#£st=s (Axiomb)
t#r,S(t) =S(r) (Axiom6)
t£t r#Er t+r=t+1r (Axiom?T)
t#£tr#Er tor=t"1 (Axiom3)
S(ca) = csom(q) (Axiom9)

Ca +Cp = Coqyomy, (Axiom10)

Cq * Cp = Cq.op (Axiom11)
Ivo(t = vo) (Axiom12)

where ¢ is an arbitrary *%p-sentence and t, r and s are arbitrary closed *%n-
terms. The inference rules are the following:

Fia (Weak)
9%

.oV (VI1)
Ly (VI2)

LoV
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Fv 2 Fa _'w
_ O VI3
Lo=(p V) (VI3)
Lo
Lo I'mp
T (Cut)
Fv (p[Ca/Vi] (E'I)
Fa Elvi ¥
B A [ AVZ
T, :Hvz - . (M-rule)

where I is an arbitrary finite set of *Zy-sentences, ¢ is an arbitrary *%m-sentence
and the premises in 9M-rule means I', =p[c,/v;] for all a € M.

It might be worth noticing that it is only Axiom2, Axiom9, Axiom10, Axiom11
and M-rule that depends on the model 9.

At a first glance Axiom12 seems to be an ugly duckling, but it turns out to be
of great importance. We will discuss its importance in Chapter 4.

Observe the connection with w-logic: the logic we get by replacing 91-rule with

Tolea/vi] v aem
T, Vv, @

is essentially equivalent to 91-logic.

The definition of a proof follows the usual one. A proofis a tree where the nodes
are finite sets of sentences, the leaves are axioms and the root is the conclusion
and each edge from one node to another follows one of the inference rules. For
example;

Axiom?2 Axiom2

PP sk -2 Weak

@, 1, o ©, 1, VI3

(V)9
(e V), o, Ve

(VY)Y Ve
(VYY) V[ Ve) Y Ve
(VY V(P V)
is a proof of the commutativity of V, i.e., of (p V) — (¥ V ). Figure 3.1 shows
the corresponding tree.

The notation kg, T’ will mean that p is a proof in M-logic with conclusion I'
and f5; T’ means that there is a proof p such that K} T'. Please observe that the
proofs are external objects and might not be definable in 90, they are either finite
or infinite trees.

If A is a (external, finite or infinite) set of *Zp-sentences then A i), I' means
that p is a proof of I" in 9M-logic with the added axioms

VvI2
VvI1

VI2
VIl

v ifpeA. (AxiomA)
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¥, P wa ﬂ/’
Weak

0,1, 0, P,

VI3 VI3

(e V), 0,9

VvI2

(e VY), 0,0 Ve

VvI1

(VY)Y Ve

VvI2

(V) V(P V)V

VvI1

(VY V(P Vo)

Figure 3.1: The tree form of the proof of (¢ V ¥) — (¥ V ).
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A K5, T means that there is a proof p such that A i T'.
If A i, T then |p| denotes the height of p which is the height of p looked on as
a tree, or in other words;

Definition 3.15. The height, |p|, of a proof p is defined as follows; if p is an axiom
then |p| = 0, if the last inference rule in p is of the form

b1 P2 bi
Iy I's .. Ty

T

(there are either one, two or infinitely many premises) then
Ip| = sup(|p;| + 1).
1

The height |p| is an ordinal number in the “real world.” By the M-rule |p| might
be infinite. For example Figure 3.2 shows a proof of height w. As we will see later,
the question of whether there are sets I' provable in 9i-logic but not provable by
a proof of finite height is equivalent to the question if 9M-logic is consistent.

If v is an ordinal number then A Kj; I means that there is a proof p such that
Ip| < a and A, T, e.g., s T means that there is a finite height proof of T..

As an alternative we may define

T iff Tel,
where I; is the set of axioms of 9Mi-logic,
Io41 = {T|T is the result of applying one of the inference rules to sets in I, }

and

I\ = UIa

a<A

for limit ordinals A. Then we could have defined f5; I' to hold if there exists an
ordinal o such that K I'. This alternative definition avoids mentioning trees,
simplifying things.

Lemma 3.16. Let A be an arbitrary set of *Lon-sentences and A and I" be finite
sets of o -sentences. Then

1. AARK T dff Ay AT where =A = {—p|p € A}.
2. Agp T,V iff Ay T,9,9.
3 Ao dff A T,—o.

Proof. 1. If A = (), the lemma is trivial. Suppose A = { ¢ }, then if A k5, ¢, T it
is clear that A, ¢ t5; =, T" and A, ¢ k55 ¢, T' (by AxiomA and Weak) so by Cut we
get A, p g, I



Axiom3
Axiom3 Cay = Cay Axiom3
Cay = Cay  Cay = Cay), P Cay = Cay

Cay = Cayy P

Cay = Cayy 7P

Cay = Cay

ca2 = Caw@

Cay = Cay

7Cay 7é Cas

Axiom3
AXiOHlS Ca; = Cay
Ca; = Cay  Cay = Cqqy P
Cay = Cqh P
. C =C
Axiom3 s S
Caoy = Cag “Cay 7é Cay
_'Cao 7é Ca()

—3vi(vi # Vi)

Figure 3.2: An example of a proof of height w. Here {a;}icw is an enumeration of the domain of M and ¢ is, for example,

Cap = Cap-

SISSE[D UOIIDBYSIIES JO UOIFONIISUOD) Z'

€¢
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On the other hand assume that
AphT.

We will do induction on |p|; if |p| = 0 then I' is an axiom, if I' # { ¢ } it is clear
that A k5, I', = by Weak and if I' = { ¢ } then I', =g is Axioml.
If |p| = 1 then the last inference in p is of the form

Ty Ty ...
T

and by the induction hypothesis we know that A ; I';, =, so by the inference

To,—p T'1,=9p
I -

we get A kg, I', —e.
To prove the statement in the general case when |A| > 1 we iterate, moving
one formula at a time by induction on |A|.
2. Suppose A g, I', 0,7, then by VIL A i, I', o Vap, 9 and by VI2 A i, T', o Vb,
If Ay I', o V9 then by Axioml

A'ﬁnra%w,_‘@ and A'?)JIF7LP7¢a_'w7
so by V3-rule we have A b, T', 0,9, (¢ V ¢) and then by Weak and Cut we get
Atgy T, 9.
3. One direction is —I. Suppose A kg, I', 7—¢, then by Weak we have

Al Ty, =g
and by using Axiom1 and Weak we get

A '5.7{ F7 Y, 7Y,
so, finally, Cut gives us A k5, I, . O

Definition 3.17. If T is a set of *%y-sentences, then it is said to be consistent in
M-logic if T K, 0.

Proposition 3.18. If T is a set of “Lym-sentences then the following statements
are equivalent:

1. T is consistent in M-logic.
2. There exists a “Zoy-sentence @ such that I' Ky ¢.

3. For all Loy -sentences ¢ either I' ¥y, ¢ or I' Ky —p.
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Proof. 1 = 2. Suppose I' proves all *Zy-sentences. Let ¢ be any such, then
I'by ¢ and T k5, =, By Cut 'k, 0, i.e., T' is inconsistent.

2 = 3. Suppose there is a *y-sentence ¢ such that I' i, ¢ and I' i, —¢ then
by Cut I' k5, 0 and so by Weak I' kg, ¢ for any *%y-sentence ).

3 = 1. Suppose I is inconsistent; by Weak I' proves every *%n-sentence, so
there certainly exists a “syn-sentence ¢ such that I' i, ¢ and I' i, —¢. O

It follows from Lemma 3.16 that if T' is consistent (in 9M-logic) and ¢ is a
““m-sentence then I', v or T', = is consistent (in M-logic).

Proposition 3.19. If ¢ € ElDiag(IM) then 5y ¢.

Proof. The proof is by induction on the construction of .
First we prove that if ¢ is any closed Zyy-term and

MEt=c, then kKyt=c,.

This is done by induction on the construction of ¢. The base case, when ¢ is a
constant, follows from Axiom3. We prove the case when ¢ is r + s for some closed
terms r and s. Let b, d € 901 be such that

MEr=cpANs=cgANb+d=a.

By the induction hypothesis k5, 7 = ¢; and K, s = ¢4, so by Axiom7 kg, t = ¢y +¢q
and by Axioml0 and Axiom5 ks, t = c,. The other cases, when t is S(r) or r - s
are similar.

Now we prove, by induction on the construction of ¢, that

if MEe then ko and
if MFEe then .

For the base case, when ¢ is an atomic sentence, assume first that 9 F ¢t = r.
Then, clearly, M F t = c, AT = ¢, for some a € M. By the fact proved above
5p t = cq and k5 7 = ¢4, and by using Axiom3 and Axiom4 by get k5, t = r.

IEMETLF#7rthen MEL =cy Ar = ¢ for some a # b € 9. The formal
deduction of ¢t # r from ¢t = c,; r = ¢, and ¢, # ¢p is written out in Figure 3.3 as
an illustration of a 9M-logic proof.

For the inductive step we only handle the case when ¢ is ¢ V o, the others are
similar and easy. Assume 9 F ¢ V o then 9 F ¢ or M F o so by the induction
hypothesis we have kg, 9 or kg, 0. In either case kg, ¥ V o by VIL or VI2.

On the other hand if 9t ¥ Vo then M ¥ ¢ and MM ¥ o. Thus, by the induction
hypothesis k5, =9 and k5, —o. An application of VI3 yields k5, =(¢ V o). O

3.2.2 Soundness and completeness

T ={7,y,...,7 } is a finite set of *Zy-sentences, let \/ T be

V(e V(.. V)
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Axiom4
Co=tt#c, t=cq
Cq =1
Axiomb t#7r,co=1
t#£r,co=rco#t t#r,co=r,co=t
Axiomb t#r.co=r
Cq = Cb, 7 # Cp, Ca £ T t#7,Ca =CpCa =T r=Cp
t?'éTyCa:Cbﬂ"?éCb»Ca?ér t#T,Ca:Cb,T#Cb,Ca:T t#T,T:Cb Axiom?2
t#1r,cq =Cp, T FECp t#£1,Cq =Cp, T =Cp Ca # Cp
t#£rc,=cp t#£rc,#cy

t#£r

Figure 3.3: A proof of t # r from the hypothesis t = c,; 7 =y and a # b.
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if ' is nonempty and 0 # 0 if I' is empty.? If ¥ is a satisfaction class then \/T € &
iff 7 € X for some 1 < 7 < k. Please note that this is independent on the
numbering of the set I'.

Proposition 3.20 (Soundness of M-logic). If k5, I' and X is a satisfaction
class then \/ T € X.

Proof. The proof is by induction on the height of the proof p of I'. If |p| = 0 then
I" is an axiom:

Axioml: If T is ¢, =), it is clear that ¥ V —p € ¥ due to the definition of
satisfaction classes.

Axiom?2: If a # b then ¢, # ¢, € £ by (3.2).

Axiom3: If I is t = ¢ then ¢t =t € ¥ by (3.3).

Axiomd: This is (3.4).

Axiomb: This is (3.5).

Axiom6: If T"is t # r,S(t) = S(r) we have to prove that t # rVS(t) =S(r) € &
or equivalent that if t = € ¥ then S(¢) = S(r) € . If t = r € X let a be such
that t =c, € ¥ and r = ¢, € . We have S(t) = ¢, € ¥ and S(r) = ¢, € X, where
b=5"(a), by (3.6). Thus, by (3.3)-(3.5), S(t) = S(r) € .

Axiom7: As above but use (3.7) instead of (3.6).

Axiom8: As above but use (3.8) instead of (3.6).

Axiom9, Axiom10, Axiom11: Directly from Proposition 3.4.

Axiom12: Jvg(t = vg) € X since by (3.3) we have t = ¢ € ¥ and by (3.9) there
exists a € M such that ¢ = ¢, € 3 and so Ivy(t = vg) € ¥ by (3.12).

For the inductive step we prove that all the inference rules are sound in the sense
that if all disjunctions of the premises of an inference rule are in in a satisfaction
class then so is the disjunction of the conclusion. This is easy to see for the first
six rules. We prove it only for I and 9i-rule.

3I: Suppose \/ AV e, /vi] € E; then we can assume that

w[ca/vi] ey

since otherwise \/ A € ¥ and \/ AV 3v;¢ € . Thus, by (3.1), Iv; ¢ € ¥ and so
VAV Ivg e,
M-rule: Suppose \/ AV ), /v;] € E for all a € M. We can assume

Wy /vi] €2

for all @ € M. If =3v; ¢ ¢ X then Jv; ¢ € ¥ and then e, /v;] € T for some a € M
by (3.1), and we have a contradiction. O

Remark 3.21. There is a stronger version of the proposition: If A k5, I' and ¥ is a
satisfaction class extending the set A, i.e., A C X, then \/T € X.

2We will later redefine \/ T' so that it does not depend on the numbering of the set by choosing
a canonical numbering.
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Suppose M is countable and the set A is a set of *Zpy-sentences which is
consistent (e.g., if M-logic is consistent itself we can choose A to be the empty
set). We will construct a satisfaction class including A. The construction is very
much as the completeness theorem for first-order logic.

Let { p; }fil be an enumeration of all *%py-sentences and let I'g = A. Define
the sequence { I'; };° of consistent sets of *Zp-sentences recursively as follows.

We know that if I'; is consistent then either I';, 9,11 or I';, mp; 11 is consistent.
Choose I'; 11 to be the one which is consistent with the extra condition that if ¢; 1
is Jv; ¢ for some *Zay-formula 9 and we choose I';11 to be I';, Iv; ¢ then we also
put 9[cq/v;] in I';41 in such a way that this new set is consistent. We can always
do this, because otherwise we would have

L, 3vj ¢ fap —blca /vy
for all @ € M, but then
Fl', E'Vj d) km _\E|Vj d)
by 9M-rule so by Cut I';, 3v; ¥ k5, 0 contradicting the fact that I';, v, 1 is consis-

tent.
Let

Iy = Uri.
Lemma 3.22. ', is a maximally consistent set of “Lon-sentences.

Proof. 1t is clearly maximal from the construction: for every sentence ¢ we have
p €'y or mp € T',. To prove the consistency of 'y, we first notice that by the
construction there is no sentence ¢ such that ¢ € I'oc and = € I',. Then we
observe that for all rules with finitely many premises if the premises are in I'y,
then the conclusion is too. This is easy to see since all the premises are in some
I',,. Assume now that —plc,/v;] € T'w for all @ € M and that Ivgp € T, by
the construction we have ¢[c,/v;] € 'y, for some a which is a contradiction. We
have proved that 'y, is closed under all the inference rules so since there is no
*fm-sentence ¢ € ', such that ~¢ € T',, I'y, is consistent. O

Proposition 3.23. ¥ is a mazximally consistent set of “Lon-sentences iff 3 is a
satisfaction class.

Proof. If 3 is a satisfaction class we can prove the consistency and the maximality
very much as in Lemma 3.22. We prove the converse.

Assume ¥ is a maximally consistent set of *Zy-sentences. We will use Propo-
sition 3.6 to prove that X is a satisfaction class. First we have to prove that ~ is
an equivalence relation; Axiom3, Axiom4 and Axiomb takes care of that. Axiom6,
Axiom7 and AxiomS8 takes care of the well-definability of 9s;. The canonical map
f 9 — My is an embedding by Axiom2, Axiom9, Axiom10 and Axioml1, f is
surjective by Axiom12. O

Adding up the results in this section we get the following:

Proposition 3.24. If A is a set of *fon-sentences then there is a satisfaction class
Y such that A C 3 iff A ¥y 0.
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Remark 3.25. We can define A K T' for sets of “p-sentences I' and A, where I'
is finite, to hold iff \/ T is included in every satisfaction class extending A. Then
Proposition 3.24 can be reformulated as

Ay T iff AR, T.
Finally, we add a small remark for the confused reader.

Remark 3.26. Even though by definition a consistent set I' is maximally consistent
in a logic if for every sentence or formula ¢ ¢ I', the set I'U{ ¢ } is inconsistent; in a
logic where the deduction theorem holds a consistent set I' is maximally consistent
iff for all sentences or formulas ¢ either ¢ € I or ~p € T

3.2.3 The height of proofs

The next result is about recursively saturated models. This is the only time we
use the recursive saturation in this chapter. It tells us that in recursively saturated
models we can prove everything provable in 91-logic with proofs of finite height.

Proposition 3.27. If A is an Zyp-definable set of “Zop-sentences, A gy I' and 9
is recursively saturated then A gy I

Proof. Let A(z) define A. We will recursively define formulas Pf;(z), k¥ > 1 such
that
M EPfy(a) iff ARyT,

where a is a code for the finite set I'.
Let Pf(z) be

Vz(z € x — Sent(z))
A [By(sent(y) Ao ={y} AXy))
VvV 3y(Sent(y) Az ={y,—y'})
Vy(z={"c,=¢,'})
vﬂy,z(a:: { rcy +c, }/\y;«éz)
V 3y (ClTerm(y) Az ={y=9"})
V 3y, z(ClTerm(y) A ClTerm(2) Az = { 'y # 2,
V 3y, z, w(ClTerm(y) A C1Term(w)A C1Term(2)A
x:{ry;éz—',rz#w—',"y:w"' })
V 3y, z(ClTerm(y) Az = { y#c.',"S(y) = S(c.) })
V Iy, z, w,v (ClTerm(y)/\ ClTerm(z)A
z={ WA cy, 2FCh, Y+ 2=Cp+cy )
Vv dy, z, w, v(ClTerm(y)/\ ClTerm(z)A
z={"y#c,, 24, Y 2=cu- })
V Jy(ClTerm(y) Az = { Svo(y = vo) })]

==y ))
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And let Pfiq(z) (k> 1) be

Jy, z(Sent(2) APfi(y) Az =yU{z})
V 3y, z,w(Sent(z) A Sent(w) APfr(yU{z}) Az=yU{zVw })
V 3y, z,w(Sent(2) A Sent(w) APf(yU{w ) Az =yU{ZVw})
V Jy, z, w(Sent(z) A Sent(w) A PEj(y U{ =z }APE,(yU{ =w' })A

xzyu{ (2 Vw) })
V3y, z(Sent(2) APfi(yU{z}) Az =yU{ =7 })
V 3z(Sent(2) APfr(z U {2z }) APER(zU{ ™2 }))

vV EIy,z,w,i(Sent(rﬂvi 2') NPER(y U { I—z[cw/vi]j }) ANx=yU { By, 2! })
V 3y, z,i(Sent(=3v; 2') A Vw Pt (y U { "z[cw /il }) ANz =yU{ =3v;2' }).
Observe that if a € M is code for a finite set of *Lyy-sentences I' and M E Pfy(a)

then |T'| < k+ 2.
Suppose the lemma is false and let

A={T|Ak; T and AW T}
and
B ={p|pisaproof from A of T for some " € A }.

Let p € B be of smallest height, i.e., such that if ¢ € B then |p| < |g|. All the
subproofs of p must be of finite height, so it is clear that |p| = w and that the last
inference rule in p is M-rule:

ce A,wp[ca/vi] cee oaEM
A, —3v; @

Let a € 901 be a code for A and define
q(x) = { ﬁPfk(aU{ "—plca /il }) ’k; >1 }

It should be clear that g(x) is a recursive type so, by recursive saturation, it is
realized by some b € 9. We therefore have

ﬁ A, j‘l"[cb/vi]v
which contradicts the fact that the height of p is w. O

Remark 3.28. In Proposition 3.27 we do not need A to be definable, we only need
the expanded structure (9T, A) to be recursively saturated for the proof to work.
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3.3 The inconsistency of Mi-logic

In this section we prove that if 9t admits a satisfaction class then 91 is recursively
saturated (without any restriction on the cardinality of 9t). We will also mention
a strengthening of this result by Smith.

Please do compare the next theorem (and proof) with Theorem 3.11.

Theorem 3.29 ([Lac81]). Let M be an arbitrary nonstandard model of PA ad-
mitting a satisfaction class then M is recursively saturated.

Proof. Let X be a satisfaction class on 9 and assume 9 is not recursively satu-
rated. Let

{ Pi (JJ) }iEw
be a non-realized recursive type. We can assume that
M =Yz (piv1(z) — pi(2)),
M EJz (—piv1(2) A pi(z))  and
M EVe (),

for all i € w. If not, we can replace the formulas p; by ¢} where
oo(x) is z==x  and
Pip1(@) is @i(x) Api(r) A Ty<z 9i(y)-

Let
a;(z) be ~@i11(x) Api(z) forallicw

and
Azz{aemﬂimhal(a)}

It should be clear that { A; },.,, is a partition of 901.

We will recursively define a sequence { f;(z) },,, of formulas. Let Bo(z) be
ap(x) and if B;(x) is defined let §;; be

Elx(ﬁi(x) A o (a:))
and f;41(x) be
(_‘Elyﬂi(y) A ao(x)) \ (Ely Bi(y) A (9i0 A Oél(x)) \ [—'91'0

A (031 A aa(z)) V [-0:1
AN (97;2 AN Otg(!E)) \ [ﬁ9i2

N AO%H@))"'H])'
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The sequence ;(x) is recursive and therefore coded in 9 and so extendable to
a nonstandard v € M \ w, so that the recursive definition holds for all ¢ < v. Let

Bi:{aefmmi[ca/vj] EE}

for all 4 < v, where v, is the free variable in §;(z).
The idea of the definitions of the ;s is that

b [ A if B, =0
T Ay otherwise, where k = (uncw) B; N A,, # 0.

Since a satisfaction class is able to “look” finitely deep into a formula we can prove
the following properties of the sequence { B; },,:

B;=A, = Biji1=Ar foralli<vandkcw (3.13)
by the recursive definition of 3;(x), and
Vi< 3kew B; = Ay, (3.14)

since By = Ag and if i > 0 then either B;_; is the empty set, in which case B; is
Ap, or B;_1 is not empty and then there is a least k € w such that B;_; intersects
Ay (since { A; },.,, is a partition of ) and then B; is Apy1.

Let us now finally define the (external) function f : I, — w such that f(i) = k
iff B; = Ay. By the property (3.14) this is a total function and by property (3.13)
fli+1) = f(i) + 1, so the sequence

fW)y>fo-1>flv-=2)>...

is a strictly decreasing infinite sequence of natural numbers, which contradicts the
well-ordering of the natural numbers. Hence there could not be a non-realized
recursive type and therefore 9 is recursively saturated. O

There is a somewhat stronger version of the theorem:

Theorem 3.30 ([Smi84]). If M-logic is consistent then M is recursively satu-
rated.

Proof. The proof is by modifying the proof of Lachlan’s result; defining the sets
B; by provability in 9-logic instead of by satisfaction classes, see [Smi84] for the
details. O

Please observe that when 91 is countable 9t admits a satisfaction class precisely
when 2-logic is consistent, so the result of Smith is a strengthening of Lachlan’s
result only when 97 is uncountable.
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3.4 The consistency of 9i-logic

3.4.1 Template logic

In Section 3.2 we proved that 9-logic is consistent iff we can find a satisfaction
class for the model (assuming 9 is countable). In this section we prove that for
any recursively saturated model of PA 9Mi-logic is consistent.

Together with the results in Section 3.3 above we get that a countable non-
standard model of PA admits a satisfaction class iff it is recursively saturated.

The question is; if 9 is recursively saturated how do we prove the consistency
of M-logic? Proving consistency of a logic can be done, mainly, in two different
ways; the proof theoretic way, by a cut-elimination theorem, or the model theoretic
way, by a soundness theorem. We will use the model theoretic approach and prove
a soundness theorem. For this we will define a new kind of logic. The idea is
really easy; instead of studying nonstandard formulas we are going to replace
some subformulas and subterms in the nonstandard formula with templates, and
in this way study formulas of finite depth.

We will call this logic template logic, it is first-order logic with template symbols
added. Each *%py-formula and *%y-term has a corresponding template symbol.
These symbols may be looked on as predicates and functions of nonstandard finite
arity. For example, the template symbol corresponding to the *Zy-formula

Vo=VgVVviy=vVviV...VVvg =V,

could be treated as a predicate of arity a, even if a > w.
Let %t be the language

ZLmU{@|eis a "Ly-formula } U {ﬂt is a *Zm-terms }

where ¢ is treated as 0-ary relational symbols (i.e., propositional variables) and t
is treated as constant symbols when building up terms and formulas. For technical
reasons we include the variables { v, |a € 9 } in the language Z7.

The formulas and terms of template logic are defined in the usual way with
template symbols being 0-ary. The free variables of a term is defined in a non-
standard way as follows

FV(c,) =ar 0
FV(Vi) =df { r\/; }

FV(T) =qr {a € M|MEacFV()}
FV(S(r)) =as FV(r)
FV(r + s) =qr FV(r) UFV(s)
FV(r-s) =q¢ FV(r) UFV(s)

Observe that in the third clause FV has two different meanings, in the second
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appearance it is the function definable in PA. And of a formula as

FV(r = s) =q¢ FV(r) UFV(s)
FV(P) =at {a€M|MEacFV(p)}
FV(—) =ar FV(7)
FV(yV 8) =ar FV(y) UFV(S)
FV(3v;y) =ar FV(y) \ { Vi }

We call a formula v a sentence if FV(y) = () and a term ¢ closed if FV(¢) = 0.
Substitution is also defined in a nonstandard way; for terms

chlca/vi] s

. Cq if i = ]
V.lC, /V; 18
J[ a/Vi] {Vj otherwise

[cafvil i tleafvi]

[ca/vi] is  S(rlca/vi])

[ | is rlca/vi] + slca/Vi]
[ca/vi]

is  rlcg/vi] - s[ca/vi]

is  rlca/vi] = s[ca/vi]

is @[Ca/vi]
is  —(v[ca/vi])
is  y[ca/vi] V d[ca /vi]

{Hvi(W[Ca/V]’]) ifi#j

Av; vleg /vi| is
ivlca/ J] v, v otherwise.

Definition 3.31. If ¢ is a *%py-formula and a € M then pla/v] is

(p[C[a]il_ C[a _1/V11,...,Vik]

where {41,...,ix } = {i€M|[a]; #0}. We define t[a/v], for terms ¢, in the
obvious similar way.

Definition 3.32. The relation (between *%p-formulas) ¢ 2 ¢ holds if there exists
a *Zm-formula v and a, b € M such that y[a/v] is ¢ and v[b/v] is 1. The relation
between *Zy-terms ¢ = r holds if there exists a *%y-term s and a, b € M such
that s[a/v] is ¢t and s[b/v] is r.

Proposition 3.33. The relation = is an equivalence relation on the set of *Lon-
formulas and *%on-terms.
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Proof. The reflexive and symmetric properties are trivial, only the transitive prop-
erty involves some work. We prove the proposition for terms, the case with for-
mulas is similar.

Let us assume that ¢ = r and r 2 s, and prove t = s. The proof is by induction
on r inside PA; we use the inductive property of Term(x). If r is a constant or a
variable then ¢ and s are also either constants or variables. In any case ¢ = s since
any constant is related to any constant or variable and a variable is related to a
variable iff they are equal.

For the inductive step the case when r is of the form S(r’) is easy and the two
cases when r is 1 + ro or ry - ro are similar, therefore we only handle the case
when 7 is r1 + ro.

It is easy to see that ¢ and s also are of this form, i.e., ¢ is t; + t2 and s is
s1 + so. Let p, q, a4, a,, b, and b be such that

t = pla/v],r = pla,/v],r = q[b,/v] and s = q[bs/V]
and let p be p; + p2 and g be g1 + ¢g2. Clearly,
ti = pilac/V], 7 = pilar/v], i = qi[br/v] and  s; = q;[bs/V]

for i = 1, 2, therefore t; & r; and r; = s;. Thus, by the induction hypothesis
t; =2 s;. Let o4, a;; and a;s be such that

t; = oglai/v] and s; = oi[as/V].

We have to “unify” a;; and a;s in such a way that the results, a; and as, work
for both is, i.e., such that ¢; = o}[a:/v] and s; = 0of[as/v], where o; are some new
terms. Then clearly t = (0] + 0})[as/v] and s = (01 + 02)[as/v] so t = s.

To make this happen let 0] be 01 and let iy € 9 be bigger than all indices of
free variables of o7 and all is such that

[ae]i #0 or [ais]; # 0.

Let of, be as 05 except that if v; occurs as a free variable in 0y and [ag]; # 0 it is
substituted by v;,,. Finally, define a; and as such that

[at]; = [a1¢]; and

for all i < i¢ and
[at]itio, = [aze]i  and
[as]i+ig = [agsi
for all 4 € M. Clearly, t; = o}[a;/v] and s; = 0[as/v] for i =1, 2. O

So far, so good; we have a new logic to play with (even though we have not
defined the axioms and inference rules yet). But how does template logic connect
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with 9-logic, the object of study? For the connection to work we need a way
to approximate a *%py-formula or a *%ny-term with a template formula or term.
Given a *%p-formula you can, by replacing some of the subformulas and subterms
with corresponding template symbols, e.g., replacing the subformula ¢ by @, make
an Zr-formula. This is the idea behind approximations.

If ¢ is an Z-formula and § a *Zy-formula we define .#5(¢)) to be ¢ with all
occurrences of symbols @, for ¢ = 4, replaced by

Ezf; if pist; =t
7 if ¢ is -y
Vo ifpisyVo
;¥ if pis Fv;y

and we define #,.(¢), where r is a *%y-term, to be ¢ with all occurrences of
symbols ¢, for ¢ = r, replaced by

v, iftisv;

c, iftisc,
S(r) iftis S(r)
iftisr+s

iftisr-s.
Now, the definition of an approximation.

Definition 3.34. An Zr-formula (or £7-term) 1) is an approximation of another
Zr-formula (or Zr-term) § if there exist *%p-formulas or -terms 7, ..., 75 such
that

0=Fr, 0Fr_,0...0%. (V).

Tk—1

If
F=F,0F, ,0...0%,
we call &# an approximating function and say that the length of #, denoted |%]|,

is k. We say that ¢ is an approximation of a *#y-formula ¢ if ¢ is Z#(9), for
some approximating function .%.

We define approximations of finite sets of formulas by letting
F(A)={F)|deA}.
Finally, for convenience, we define % (p), where ¢ is a *%y-sentence, to be

Z(p).
The formal proof system for template logic as just like the one for 9M-logic, but
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for completeness we write it down anyway. The axioms are

v,y (Axiom1;)

Ca ZCy fa#b (Axiom2;)
t=t (Axiom3;)
t#£rr=t (Axiom4,)
t#rr#st=s (Axiom5;)

t #r,S(t) =S(r) (Axiom6;)
t£r#r t+r=t'+70 (Axiom?7;)
t£t r#Er tor=t"1r (Axioms;)
S(ca) = Cs(a) (Axiom9;)

Cq +Ch = Catb (Axiom10;)

Cq " Cp = Cab (Axiom11;)

Ivo(t = vo) (Axiom12;)

where ~y is an arbitrary #r-sentence, and t, r and s are arbitrary closed Zr-terms.
The inference rules are the following;:

Fl;y (Weak;)
=
— o

T,y FF, e (Cuty)

AU —vl};[’cig\\/lz]’y CoaEMm (M-rule, )

where I' is an arbitrary finite set of Zr-sentences, v, 6 and Jv;~ are arbitrary
Zr-sentences, t and r are arbitrary closed Zr-terms and a € 91.

Similar to M-logic ¥ A means that p is a proof of A in template logic. All
other definitions in 9M-logic transform almost verbatim to template logic, that is
also the case for Lemma 3.16 and Proposition 3.18.
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Please observe that if we are only studying standard formulas template logic
extends 9M-logic, so any proof in 9M-logic using only standard formulas and terms
is also a proof in template logic. On the other hand if we restrict template logic
to formulas and terms without template symbols, then 91-logic is an extension of
template logic.

3.4.2 Some Technical Results

We need some more information on how the approximating functions work for
later use.

Lemma 3.35. If % is an approximating function and 7y is an Zr-formula then
Z (Ylea/vi]) = F(7)lca/vi-

Proof. Observe first that it is enough to prove the lemma for approximating func-
tions % = .%,; the general result follows by “moving” one .%, at a time.

Since both substitution and approximating functions commute with the sym-
bols =, Vv, 3, =, S, + and - we only have to check the base cases, i.e., when ~ is a
constant, variable or template symbol.

If ~ is a constant or variable (or even more generally if v does not contain any
template symbols) we have

Fr(V[ca/vil) = 7ca/vil = Fr(V)[ea/vil.

If v is a template symbol, say 3\, it is clear that if 7 22 6 then

—_—

Z1(6)[ca/vi] = Flea/vi] = olca/vi] = Fr(olca/vi] = Fr(Glea/vi)).

In the third equality we are using the fact that 7 2 d[c,/v;], this is easy to see
since if 7 2 §[c,/v;] then, since 2 is a equivalence relation and d[c, /v;] =2 4§, 7 = 4.
Suppose 1 is =y and ¢ = 1) then

Fo(D)calVi] = Alcafui] = ca/Vi] = Fo(Vlca/vi]) = T (Dlca/vi)).

The case when 1 is vV § is treated in a similar way. Suppose that 1 is Jv; v then

Fo(W)lca/vi] = (v A)ca/vi] =
By leafvi) = Fo(llea/vi) = Fp(@leaful) i # ]
v 7 = F, () = Fo(Ylea/vil) otherwise.
We also have to check the term cases. If the term is a composite term then it is
handled just as the —y case. For the other cases we have
Fu;(Vi)lea/vi] = vilca/vi] =

vi =y, (Vilea/vj]) ifi#j
Ca = Py, (Ca) = Py, (Vilca/v;])  otherwise.
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and
Fu; (@)lev/vi] = ¢ = Py, (Colea/vil)- O

Lemma 3.36. If A is a finite set of Zr-sentences, F is an approximating function
and §* A then * Z(A).

Proof. The proof is by induction on the length of the proof. It should be clear
that if A is a template axiom then so is % (A). It is also easy, but tedious, to
check that the inference rules are not affected by .. We will not do it here. [

Remark 3.37. It should be clear that the lemma could be strengthen as to say
that if A is a set of Zr-sentences such that if A € A then #(\) € A for any
approximating function %, A a finite set of Zr-sentences, .% an approximating
function and A B* A then A B> .#(A).

Lemma 3.38. If %y, %1, ... are approximating functions such that | %#;| < k and
T' a finite set of *Lom-sentences then there is an approximating function % such
that

|Z| < (2" —1)|T)|

and
F () =7 (#(I))

foralli € w.
Proof. Let

ﬁ' = ,?5" e} ﬁ};”fl 0...0 yisl
where 61, ..., d, are all subformulas and subterms occurring in some formula in I"
at depth < k in “the right order,” i.e., if J; is a subformula or subterm of §; then
j <i. Clearly n < (2% — 1)|T| and .Z (') = Z(Z:(I)) for all i. O

Definition 3.39. An approximating function
f:y(;no...oggl

is said to be in normal form if j < i for every i, j such that J; is a subformula or
subterm of §;.

Observe that if .# is an approximating function and 7%’ is %5, o ... 0 %y,
where Z5,, ....%s, are the approximating functions in .%# ordered such that if §;
is a subformula or subterm of §; then ¢ < j, then #’ o #(I') = .Z#'(T') and ¥’ is
in normal form. Therefore if .% (T") is provable so is .#'(I).

From now on we will assume that all approrimating functions are in normal
form.

If #1,..., % are approximating functions we can form the uniform union

FLx... % Ty,

of them which is any normal form of % o ... 0 .%#;. This definition is not unique,
the reader may try to make it unique in a suitable way.

Please observe that if % and %, are approximating functions and & % (T)
then kb 1 x F x F5(T) since Fy x F x Fo(F (1)) = F1 x F x Fo(T).
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Lemma 3.40. Let v be any *Lon- sentence and F an approximating function (in
normal form) such that F, is in F, then

e if P is ~y then F(—y) = ~F(7),
o if ) isy Vg then F(y1 V) = F(71)V F(y2) and
o if ¢ is Av;y then F (v, ) = Iv; F(7).

Proof. The proof is more or less trivial and left to the reader. O

3.4.3 Semantics

We will now start to look at the semantics of template logic and prove a soundness
theorem which implies the consistency of the logic. We end the section by also
proving a completeness theorem.

Definition 3.41. An % -structure ¥ is a pair (T;, T,) of a set T; of *Fyy-sentences
and a map ¥, from the closed *%n-terms into 9.

Definition 3.42. If T is an Zr-structure define valg(t) for closed .Zr-terms ¢
inductively as follows:

valg(7) =ar To(r),
valg(S(r)) =ar S(vals(r)),
valz(r 4+ s) =gt valg(r) +valz(s) and
) =

valeg(r-s) =g¢ valg(r)-valg(s).

Definition 3.43. If T is an Z-structure then define the predicate ¥ E ¢ on
Zr-sentences ¢ inductively as follows:

TEt=r iff valg(t) =valz(r),
TEp it peF,
TE-w iff THEy,
TE~yVS iff TEyorTEJ and
TE vy iff  there exists a € M such that T F ylcy/vi].

We will now prove a soundness property for template logic. Let \/ A be
doV (61 V(... VL))
if A={dg,...,0; }and 0 £ 0 if A =0.
Proposition 3.44 (Soundness of template logic). Let A be a finite set of %r-

sentences, let v be \| A and A any set of Lr-sentences. If T is an Lr-structure
making all the sentences of A true and A g A then T E ~.
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Proof. We have to check that all the axioms of template logic are true in all ;-
structures and that all the inference rules are sound, i.e., if the premises of a
rule are true in some Zr-structure then the conclusion is also true in the same
Zr-structure. The axioms are quite obvious true and the inference rules are also
easy to check; we only prove that 9i-rule; is sound. Suppose ¥ E —)[c, /v;] for all
a € M and T E Jv; 1), then there is an a € M such that T F 1[c,/v;] which is a
contradiction. O

Definition 3.45. An Zr-sentence v is said to be true in 9 if T F ~ for all
Zr-structures T.

Corollary 3.46. If T then \/T is true in 9.
Now, we easily get the consistency of template logic.
Corollary 3.47. In any model 9 we have ¥ 0 # 0.

Proof. Use Corollary 3.46 and the fact that for any template structure ¥ we have
TEO#O0. O

Proposition 3.48 (Completeness of template logic). If ¢ is an £r-sentence
true in 9 then &5 1.

Proof. Suppose ¥ 1 then { =1 } is a consistent set in template logic and could be
extended to a maximally consistent set A in the same way as when we constructed
satisfaction classes from consistent sets in 91-logic.

Define the Zr-structure ¥ by letting

T ={¢|pis a “Lyp-sentence and @ € A }

and R
T(t)=a iff t=c, €A

We prove that
pelA iff TE

by induction on the construction of ¢. To handle the case when ¢ is atomic we
first prove that if ¢ is a closed .Z1-term then t = ¢, € A iff valz(t) = a.

Suppose t is 7, then the claim is trivially true from the definition of ¥,. If ¢
is S(r) and t = ¢, € A, by Axiom12;, there is a b € 9 such that r = ¢, € A and
S™(b) = a. By the induction hypothesis vale(r) = b so valg(t) = S™(a) = b.
The case when the term is r + s or 7 - s is handled in a similar way.

If t = r € A then by Axiom12 (and Axiom3, Axiom4 and Axiomb) there is
an a € M such that ¢t = ¢, € A and r = ¢, € A. By the fact proved above
valg(t) = valg(r),so TEt=r.

On the other hand if ¥ F ¢ = r then valz(t) = valg(r) = a for some a € M.
Since, by the maximality of A, there are b, d € 91 such that t = ¢, € A and
r = cq € A we have, by the fact proved above, b = d = a. Therefore t = r € A.

If ¢ V4 € A then either ¢ € A or ) € A by the maximality of A and so, by the
induction hypothesis, either ¥ E ¢ or T E 1, either way T F ¢ V 9. On the other
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hand, if ¢ V1) ¢ A then neither ¢ nor ¢ is in A so by the induction hypothesis
T F ¢ and ¥ ¥ ¢ which implies that ¥ ¢ V 1.

If =p € A then ¢ ¢ A by the consistency of A and by the induction hypothesis
T ¥ @, therefore T E . If 7 ¢ A then ¢ € A so TE ¢ and T ¥ —p.

If 3v; ¢ € A then there exists a € M such that ¢[c,/v;] € A and so T F ¢[c, /v;]
and T F Jv; p. And if Jv; ¢ ¢ A then ¢[c,/v;] ¢ A for all a € M. By the induction
hypothesis ¥ ¥ ¢[c, /v;] for all a € M so T ¥ v, . O

To sum up this section, the main result is that for an Zr-sentence v we have
that ~ is true in 9 iff k5 ~.

3.4.4 A link between 9i-logic and template logic

In this section we prove that finite provability in 9-logic implies provability of
some approximation in template logic. Since template logic is consistent (Theo-
rem 3.44) this will imply that 9M-logic is consistent.

Proposition 3.49. There is a (recursive) function G : w — w such that if 5 T
then there is an approzimating function F such that |#| < G(n) and k5 F(T).

Proof. If n =1 then I' is an axiom. It is easy to see that an approximating function
of length 9 is enough to make .%(I') into an axiom of template logic.

Suppose we have defined G for all values < n and take a proof of height n+1, by
the induction hypothesis we get a proof of some approximation of the premises of
the last inference of the proof, with the approximating functions of length < G(n).
Suppose the last inference is

Weak:
A

Ao

By the induction hypothesis we have an approximating function .# such that
.7 (A), by Weak; we get a proof of .#(A),.7 (p) which is the same as Z (A, ),
therefore G(n + 1) = G(n) is enough for this case.

VI1 (and VI2):

A
AoV

By the induction hypothesis we get an approximating function %, such that

ﬁ fo (A7 SD)
Let .F = Fo* F vy then F(A, @) is provable and by VI,

FN), F(e)V F () =F (A oVi)
is provable. Therefore G(n + 1) = G(n) + 1 is enough for this case.
VI3:
Av P Aa _‘¢
A, =(p V)
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By the induction hypothesis we get approximating functions %y and %7 such that
Fo(A, ) and F1 (A, ) are both provable. Let

F = Fox F1x F oy * T (o) * Fap % F oy,
by Lemma 3.36 .% (A, ~¢) and .# (A, —¢)) are both provable. Since
F (A, —p) = F(A), ~F () and F (A, ) = F(A), ~F(¥)
we have by VI3; a proof of
F(A),~(F(p)VF @) =F (A (e V).
Therefore G(n + 1) = 2G(n) + 4 is enough for this case.

—I:
A
A’ —|—|gp

By the induction hypothesis we get an approximating function %, such that
y() (A7 <p)
is provable. Let
F = Fok Fopx Fy,
then
F (A, ) =F(A), Z(p)

is provable, so —I; gives us a proof of
F(A), =T () =F(A), F () =F (A p).

Thus G(n + 1) = G(n) + 2 is enough for this case.

Cut:
Fa ¥ Fa P

T

By the induction hypothesis we get approximating functions .%y and .%#; such that
Fo(A, @) and F1 (A, ~p) are provable. Let

F = Fox F1xF -y,
then
F (L, p) = F (), Z(p) and
F ([, —p) = F(I),~F(p)
are both provable. By Cut; we get a proof of .#(I"). Thus G(n + 1) = 2G(n) +1
is enough for this case.
dI:

A7 @[Ca/Vi]
A, v
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By the induction hypothesis we get an approximating function %, such that
Fo(A, plca/vil)

is provable. Let
F = Fox P,
then
F (A, plea/vil) = F(A), Z(#)lca/vi]
is provable (the equality is Lemma 3.35) so by JI; we get a proof of
F(A),Ivi F(p) = F(A), F(3Fvip) = F (A, i p).

Thus G(n+ 1) = G(n) 4+ 1 is enough for this case.
M-rule:
A o /Vi] e aem
A7 _'Elvi 12

By the induction hypothesis we have approximating functions .%, such that

Fa(A, plca/vi]) = Fa(A), Fa(mp)[ca/vi]
are provable for all a € 9. Let .%’ be as in Lemma 3.38 and

F =F ' * F3y, o % T3, o

then

F(A), Z(=p)lca/vi] = F(A), ~.F (©)lca/vi]
are all provable by Lemma 3.36. By 9M-rule; we get a proof of

F(N), =, F(p) = F(N), Z(—3v; ) = F(A, =3, ).
Thus G(n + 1) = (n + 2)(29(™ — 1) + 2 is enough since if igp T then |I'| < n + 2
and therefore |#'| < (n 4 2)(2¢(™ — 1) by Lemma 3.36.
Thus, if we define G recursively by
G(1)=9
Gn+1)=n+2)2°M™ —1)+2 forn>1,

then G satisfies the proposition. O

Definition 3.50. If A is a set of *Zp-sentences then app(A) is a set of Z7-
sentences defined as

app(A) = { F(\) | A € A and Z is an approximating function } .

Porism 3.51. If A is a set of “Lon-sentences and A kg3 T' then app(A) |k Z(T') for
some approrimating function F .

In fact we could strengthen the porism: Let A be any set of Zr-sentences closed
under approximating functions, i.e., if ¢ € A and .% is an approximating function
then .7 (1) € A. Let A be a set of *%p-sentences and k a natural numbers such
that for every ¢ € A there exists an approximating function # such that |#| < k
and Z (¢) € A. If Akg; T then there exists .# such that A % (T).
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3.4.5 The consistency of 9i-logic

Proposition 3.52. If M is recursively saturated and tg; I' then there is an ap-
prozimating function F such that 5 Z(T').

Proof. Combine Propositions 3.27 and 3.49. O

Proposition 3.53. Suppose M is recursively saturated, A is a definable set and
there is a template structure ¥ such that

TEN  forall X € app(A)

then A is consistent in 9M-logic.

Proof. By Proposition 3.27 if A k5, () then A k5 0. By Porism 3.51 there is a proof
in template logic of () from the set app(A), i.e., app(A) k5 (. By Proposition 3.44
we then have T F 0 # 0 which clearly is a contradiction. ]

Corollary 3.54. If M is recursively saturated then M-logic is consistent, i.e.,
Fon 0.

In fact, we can prove something a bit stronger by carefully examine the proofs
of Proposition 3.27, 3.49 and 3.44:

Theorem 3.55. Let A be a set of “om-sentences such that the expanded structure
(MM, A) is recursively saturated, let A be a set of Zr-sentences closed under ap-
prozimating functions and n a natural number such that if ¢ € A then there exists
an approzimating function F such that |.#| < n and F(p) € A. Moreover let

A ={F(o)||F|I<kNpeANTF(p) e A}.
If there exists template structures Ty such that
TREGS forall § € Ag
then A is consistent in 9M-logic.

The next result is a, sort of, negative result. Usually it is expressed as 9M-logic
admits full pathology.
Let dg be 0 # 0 and by induction define §,41 to be 6, V J, for all a € 9.

Proposition 3.56. If 9 is recursively saturated and countable and a € M\ w
then 9 admits a satisfaction class 3 such that 6, € 3.

Proof. The approximations of J, are

3a.
6(1—1 \ 5a—17

—_——

(Baz V ba—2) V (Bu—s V 8a—2),

and so on. The template structure T = (%,,%;) with T,(t) = 0 for all closed
terms ¢ and T; = { J,— : k € w } makes all these approximations true. Applying
Proposition 3.53 gives us the proposition. O
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Proposition 3.57. If t is a term with no constants or multiplications at finite
depth, e.g.,

with a nonstandard number of successor symbols, and a € M\ w then there erists
a satisfaction class X3 such that t = ¢, € 3.

Proof. We have to prove that there is a template structure making all the approx-
imations of ¢t = ¢, true. Define T, (¢) = a and by induction define ¥, on all closed
terms occurring in ¢ at constant depth. If T,(r) = b and r is S(s) then define
To(s)=b—1andif ris s+ ¢ let

Ty(s) = Ty(s') = b/2

if b is even and

1 -1
T'U(S) == %7 3:’U(S/) == b—

if b is odd. Let T,(c,) = a and for all closed terms r not occurring in ¢ at finite
depth let T, (r) = 0. Finally, let T, = {t =c¢, }.

It should now be clear that valg(%#(t)) = a, and so T E #(t = ¢,) for any
approximating function .%. Applying Proposition 3.53 gives us the result. O

The proposition is false if we allow multiplication at finite depth in ¢, since if
t is, for example,

S(S(r)) - S(S(s))
and a € M is prime, i.e.,

MES0) <aAVz,y(z-y=a—z=5(0)Vy=5(0)),

then kg, t # cq.
The next result is a partial answer to Question 3.7.

Proposition 3.58. Let ~ be an Zyn-definable equivalence relation on C1lTerm(90)
and

E={t=rlt~r}.
If Mg is well-defined and the canonical map
f M —=IMg, ar—7T,
is an isomorphism then there is a satisfaction class 3 such that
t~r Gff t=reX

for all closed *Lyp-terms t and r.
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Proof. We prove that the Zyn-definable set E is consistent in 9Mi-logic. We do
this by defining a template structure ¥ = (¥, T,) such that all Z1-sentences in
app(F) are true in .

Let

and T, = E. We claim that
TEZF(t=r)

for closed *%p-terms t and r such that ¢ ~ r and any approximating function .%.
To see this we first observe that for any closed *%y-term ¢t and any approximating
function .# we have

TEt=2Z().

This is proved by induction on |%#|. For |%#| = 0 it is trivial and for for the
induction step all we have to do is to observe that

valg(S(1)) = S™ (valg(?)) = S™(f (1)) = F1(8™"(1)) =

F7HS()) = vals(S(1)

and similar for + and -. This means that when we substitute, for example, S(%\)

—

for S(¢) the value of valg does not change. Therefore
vale(Z(t)) = valg(t)

for any closed *%n-term t and any approximating function .%#. This proves the
claim. O

3.4.6 Some auxiliary results

We will end this chapter by proving converse results of Proposition 3.53 and 3.49.

Proposition 3.59. If A is a consistent set in M-logic of “Lon-sentences then there
is a template structure T making all sentences \ € app(A) true.

Proof. Since A is consistent it is contained in some satisfaction class 3. Define ¥
to interpret the approximation symbols exactly as ¥ sees them, i.e., define

=2

and

T(t)=a iff t=c, €
It is clear that T F ¢ if ¢ € A, therefore, all we have to prove is that

TEY = ITEZ(V),

for any %r-sentences ¥ and any template symbols 7.
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If 7 is = then by observing that
TEZP iff TE-3

we see that replacing all occurrences of = by —& does not change the truth value
of the sentence. In the same way we have

TEovey if TESVY  and
TE e iff TE G
Therefore, substituting @ V 1//; for m in a sentence does not change the truth

value. The same holds for Iv;@ and Jv;e.
We also have that if 7 is S(¢) then

TES(t) = S(7)

so substituting S(#) for S(t)does not change the truth value either. The same is
true for addition and multiplication since

TEi+r=1+7 and
TEt-r=1-7
We have to check two more cases, the following observations will handle those:

TEf—1r iff TET=7 and
TEC, =cq. O

We are now in a good position to prove a converse to Proposition 3.49.

Proposition 3.60. If T is a finite set of *%op-sentences, F is any approrimating
function and 5 F (I') then k5, T

Proof. Suppose that k5, I', then —I is consistent in 9-logic. By Proposition 3.59
there is a template structure ¥ satisfying app(—I'), but if i .% (T') then

TE\/ Z(D),
by Proposition 3.44. Clearly, then there is a v € I such that
TEZ0M),
therefore, ¥ ¥ —.% (y) and so
TETF x Fy().

Since
F x T (—y) € app(-T)

this yields a contradiction. ]

To sum up we illustrate the chapter by Figure 3.4.
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Figure 3.4: A diagram showing the main results of Chapter 3.

2180|-)(G Jo Adud3sisuod a3y ¢

6t



50

Satisfaction classes




4

Weaker satisfaction classes

In this chapter we will study sets which fail to be satisfaction classes, but just
merely; Axiom12 might be false in it, i.e., there might be terms ¢ such that

ﬁHVO (t = V())

is in the set.

4.1 Free 9M-logic

We will try to answer the question:
What happens if we remove Axiom12 from the axioms of 9t-logic?

Let us call a set of *%yn-sentences satisfying the alternative definition of satisfac-
tion class given in Proposition 3.6 but with the word ‘isomorphism’ changed to
‘isomorphic embedding’ for a free satisfaction class. And 9M-logic without Axiom12
for free M-logic.!

Proposition 4.1. Free M-logic corresponds to free satisfaction classes in the same
way as M-logic corresponds to satisfaction classes, i.e., every maximally consis-
tent set of sentences in free M-logic is a free satisfaction class and every free
satisfaction class is a maximally consistent set of sentences.

Proof. Assume X is a maximally consistent set in free 9i-logic. We have to prove
that X satisfies the definition of a free satisfaction class, the only nontrivial parts
are to prove that ~x is an equivalence relation, that 9t x is well-defined and that
the canonical map f : 9 — My is an isomorphic embedding.

Clearly, Axiom3, Axiom4 and Axiomb implies that ~x is an equivalence rela-
tion, furthermore Axiom6, Axiom7 and Axiom8 implies that My is well-defined.
That f is a homomorphism follows from Axiom9, Axiom10 and Axiom11. Finally,
the injectivity follows from Axiom2.

1See Remark 4.5 for an explanation of the name.
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For the converse, assume that ¥ is a free satisfaction class. X is clearly max-
imally consistent if it is consistent since for every *Zy-sentence ¢ either ¢ € X
or = € Y. Thus, all we have to prove is that ¥ is consistent in free 9-logic,
i.e., we have to check that if A is an axiom then \/ A € ¥ and that ¥ is closed
under all inference rules; the consistency then follows from the fact that there are
*m-sentences not in X.

From the fact that ~x is an equivalence relation it is easy to see that the
disjunctions of Axiom3, Axiom4 and Axiom5 all are in ¥. For Axiom6; assume
that ¢t = r € X, by the well-definition of My,

S(t) = 8™ () = $™(7) = S(r),

thus, S(t) = S(r) € ¥. Similar for Axiom7 and Axiom8. Clearly, the disjunction
of Axioml1 is in ¥, and if a # b then

S =fla) # f(b) =70

S0 ¢q = ¢p ¢ X. Therefore, by the maximality of 3 we have ¢, # ¢, € X.
Furthermore,

Carmp = fa4+™b) = fla) +7™ f(b) =+ @ =¢q + G

Thus c 4o, = ¢4 + ¢ € X and similarly for Axiom9 and Axiom11.
That ¥ is closed under the inference rules is proved by using properties (3.10),
(3.11) and (3.12) of X, it is left to the reader. O

A natural question now arises:
Are there free satisfaction classes which are not satisfaction classes?

The answer is yes as we now will prove. We prove that if a € 9\ w then we can
find a free satisfaction class X such that =3vg(n, = vg) € X, where n, is the closed
term defined inductively as follows:

— 0 ifa=0
“1S(ne)  if a=S"™(b).

The consistency criteria we worked out in Chapter 3 is too acute to handle this
since in every Zr-structure ¥ we have

TE HVO(j(TlUJ = Vo)

for any approximating function .%. The solution to this problem is to redefine and
make Zr-structures more general.

Definition 4.2. A free Z-structure, T, is a pair, (¢, T,), of a set, Ty, of *Loy-
sentences and a map, ¥,, from the closed *%p-terms into some Z4-structure
9 DO M.
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Truth in a free Zr-structure is defined in the obvious way.
We state the consistency criteria in one of its simplest forms, but it should be
evident that it could be strengthen as in Theorem 3.55.

Proposition 4.3. Let ¢ be a *Gy-sentence and Fo an approximating function
such that there exists a free Lr-structure making F o %o(p) true for any approz-
imating function % . Then ¢ cannot be proved in free M-logic.

Proof. Only some small modifications to the proofs of Proposition 3.44 and 3.49
is needed. The details are left to the reader. O

Let M 2 M and b € N\ M. Define

To(na—k) =ar b—k forall k € w,
Ty =ar 0,
T =ar (%4, %) and
Fo =dt Fuo © Fna=vo © Favp(na=vo) © F—=3vo(na=vo)-

Clearly
TE F o Fo(—Ivg(ng = Vo))

for every approximating function %, since valg (% (n,)) = b for every %#. There-
fore, by the proposition, =3vg(n, = vo) is consistent in free M-logic. By the usual
construction we can find a maximally consistent set ¥ including —3vg(n, = vo)
which by Proposition 4.1 is a free satisfaction class. ¥ is not a satisfaction class
since Axiom12 is not true.

Remark 4.4. Even though a free satisfaction class X is a satisfaction class if for
every closed *%pp-term t there exists a € 9 such that t = ¢, € ¥ and we get an
equivalent definition of satisfaction class if we replace (3.9) in Definition 3.2 by

Jrt=c, €T

for every closed *Zp-term t, we do not get an equivalent definition of a free
satisfaction class by removing (3.9) in that definition. This is a consequence of the
fact that the *Zmy-sentence

S(cq) = S(np) Acy # my (4.1)

is consistent in free M-logic for any a,b € 9 such that b > w, and therefore
included in some free satisfaction class. But (3.6) implies that for any satisfaction
class ¥ in which 3.9 may fail the sentence (4.1) is false since if S(c,) = S(np) € &
then cgm,y = S(np) € X, thus (3.6) implies that ¢, = n, € X. To prove that
the sentence (4.1) is consistent in free M-logic it is enough to construct an Zs-
structure M 2 M such that for some d € M we have S”(d) = S™(a) and d # a.
Then define an Zr-structure mapping ny,_x to d — k for every k € w.
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Remark 4.5. We are using the term free since free M-logic is a sort of (positive) free
logic, see [Lam01]. In fact the part of free M-logic where we only consider sentences
of the form o[t1,...,t5/Viy, ..., Vi, ], where o is a Zoy-formula and ¢4, ..., tj are
closed *%n-terms, is a (positive) free logic, with the existential predicate defined
as

El't def HVO(t == Vo).

In fact, for any ¢(x) of this form and any closed *%y-terms ¢ and r we can prove
(in this restricted free 9M-logic)

pt) At =1 — o(r).
Therefore, it is easy to see that
o(t) NEH — Fap(x)

also is provable (in the same logic). See [Lam01] or [Ben99] for more information
on free logics.

Question 4.6. Which ZL4-structures 9t O M are My, for some free satisfaction
class X7

Question 4.7. Are there free satisfaction classes i, which are not satisfaction
classes, cuh that the canonical map f: 9 — My is an elementary embedding?
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Stronger satisfaction classes

As we have seen in Chapter 3 some “pathological” examples arise in the study of
satisfaction classes. For example, we can make the sentences d, and n, = ¢, true
in a satisfaction class (if a, b are nonstandard).’ The main question we will try to
answer in this chapter is:

What do we need to remove such “pathological” examples?

To answer this question we have concentrated on extensions of i-logic. Any
maximally consistent set of sentences in any of the extensions we will study in this
chapter is a satisfaction class removing pathologies of a certain kind.

It should be remarked that this chapter is included to emphasise the vast
amount of open questions in this area. There is a lot of work to be done, I have
just scratched the surface. The big question of consistency of the extensions is a
hard question. We know the answer to some of them but not to all, but a small
remark is in order here:

Remark 5.1. Since every logic we will study have axioms and inference rules de-
finable in PA, consistency is a ¥1 statement:

3X3p(Sent(p) A ¢ ¢ X A X includes all axioms

A X is closed under all inference rules).

Therefore, in countable models, consistency of one of these extensions of Mi-logic
could only depend on Th(9) and not on other model theoretic properties of M,
such as saturation properties, since if 91-logic is consistent then 9t is recursively
saturated by Theorem 3.29 and so resplendent by Theorem 2.7.

Figure 5.1 is a summary of some of the pathologies and their “solutions.” The
sentences € are defined as follows:

e 1s (e V) and

© .
€at1 18 € Veq.

1Remember that &g is 0 # 0, Sa+1 18 6q V ba, no is 0 and ngom (4) is S(na).
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Pathology Solution Consistent? | Section
Ng = Cp Axioms: Trag Yes 5.1
Oa Axioms: Tra, Yes 5.1
(54 Rule: Prop ? 5.2
Jvgvy ... vg 0£0 Axioms: Try, Yes 5.1
(Elvovl oy <,0) o —p Rules: 13°°, M>-rule ? 5.3
“ Rule: Pred ? 5.5
: - ?
(E'V()vvl e E|V2a (p) — T Rul](?{.ulsek:oiffeldrule 5 gé

Figure 5.1: A summary of the pathological examples we will study in this chapter
and their “solutions.”

In the table, a is nonstandard and ¢ is a sentence of high complexity (it is not
Yk for any k € w). The ‘Solution’ to a pathology tells us what we need to add to
M-logic (either axioms of inference rules) to remove the pathology, i.e., to be able
to prove the negation of the pathology. The ‘Consistent?’ column tells us if this
logic is consistent or not; a ‘Yes’ means that in any recursively saturated model
the logic is consistent and a ‘?” means that we do not know the answer. The
column named ‘Section’ is a reference for where to read more about the solution,
it is the section number in this chapter.

Question 5.2. How should Figure 5.1 be completed?

5.1 Partial Truth Definitions
In [Kay91] a satisfaction class is defined to extend the set
Tray = {t =7 |ME val(t) = val(r) }.

By Proposition 3.53 this set is consistent since we can define a template structure
T = (%, %), with

Te={t=r|MEval(t) =val(r)} and
T, = val,
where val is the valuation function definable in PA. This is a template structure

making all Z;-sentences in app(Trag) true. In the same manner we can find
template structures making all sentences in app(Try, ) true.

Proposition 5.3. The sets Tr a4, Tra,, Try, and Trr, are all consistent.

Proof. It is clearly enough to prove that Try, is consistent for any k € w. The
sets are definable so, by Proposition 3.53, it suffices to find a template structure
making the .Z7-sentences in app(Try, ) true.
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Let ¥ = (%,, %) be such that T, (¢) = a iff M F val(t) = ¢, and let T; = Try, .
By an easy induction it is easy to see that this structure satisfies the condition.
The induction is left to the reader, but we remark that the properties of val and
Try, in Section 2.4 are used heavily. O

5.2 Closure under propositional logic

Satisfaction classes closed under nonstandard propositional proofs, in the sense
that if 9t thinks ¢ is provable in propositional logic from sentences in ¥ then
@ € X, is the next object of study. Firstly, we have to define what it means for
a model to think something is provable in propositional logic, i.e., we need some
formula expressing propositional provability.

Definition 5.4. If o(z) is any formula then PropPrf _(y) is defined to be the
formula

Hx([ac]len(z),l =y AVi<len(z)[Sent([z];) A [Ax([z];) V o([z];)
v 3, k<iFz([zl; = = > [l Ak = z)]]),

where Ax(z) is a formula defining the axioms of propositional logic.?

The formula PropPrf _(y) says that there exists a sequence of sentences such
that every element in the sequence is a *Zhy-sentence ¢ and either an axiom,
satisfying o, or a result of applying Modus Ponens to other sentences occurring in
the sequence prior to ¢.

This section is about satisfaction classes closed under this relation, in the sense
that

M & Va (PropPrf, v (z) — z € 3).

For simplicity we will write A K ¢ to mean 90t = PropPrf ., (¢), but please do
remember that all propositional proofs are “inside” the model 91.

It is important to observe that we have a sort of compactness theorem even for
nonstandard proofs:

Proposition 5.5. Let ™ be any expansion of M, o(x) a formula in the language
of M and o ¥ ¢, then there exists an Loy-formula 6(x) such that

M* E Ve (§(z) — o(x)) AJaVy(6(y) — y < x) A PropPrts(¢p).

Proof. Let p be a proof of ¢ from o, i.e., a witness for the existential sentence
PropPrf_(¢). Define () to be

Ji<len(p) ([p]l = A —Ax(2) AV), k<len(p)Vy([p; = ¥ — @ — [plp # y))7

saying that x is a sentence in the proof p but it is not a result of Modus Ponens,
neither an axiom of propositional logic. Clearly, this Zyn-formula has the desired
property. O

2The axioms could be chosen in a variety of ways. Use your favourite axiomatisation.
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Define \/ T, for any finite set of *%y-sentences I, in the following way: let \/T
be the *%ny-sentence

YV (2V(sV(-m1)))

where 7; < ;41 for all i <k — 1 and 7, ..., 7x—1 enumerates the set T'.

We will define a new logic, extending 91-logic, that corresponds to satisfaction
classes closed under propositional proofs. We call it 91,-logic and it is similar to
M-logic, with the important difference that Weak, VI1, VI2, VI3, —I and Cut are
replaced by the single rule:

. A P e i<a
’QOF = if{\/A\/cpo,...,\/A\/cpa_l}If,\/I‘, (Prop)

where a € MM and ¢;, for i < a, are *Zy-sentences.

This means that the inference rules of 9,,-logic are Prop, 3l and 9M-rule. Please
observe that we still restrict the sets of *%hy-sentences we derive to be actually
finite.

It is easy to see that Weak, VI1, VI2, VI3, =l and Cut are all derivable from
the single rule Prop, therefore, 9,-logic is an extension of 9M-logic.

Let gy denote provability in zm -logic and let }—9% mean provability with a proof
of helght less than «, analogous to the k5, and K relations.

We will show that 901,-logic is actually “ﬁnlte” in the sense that if something
is provable then it is provable by a finite height proof (as 9M-logic also is). This
will be true for all logics studied in this chapter, but since all proofs follow the
same line, we will only prove it for 9t,-logic.

We define formulas Pf} (z) as follows. Let P£}(z) be the formula defining the
axioms of My-logic, ie., M F Pf)(a) iff a is /I for I' an axiom of M,-logic.
Furthermore, let

Pf}41(z) =PropPriyy ()
\Y Ely,z,i(Sent(y) ASent( vz ) Az ="FvzVy
ATy Pe(ley /vl v §)
V 3y, z,i(Sent(y) ASent('Iv; 2 ) Az = "=z Vy
Ay Pt (z[c, /vil V') ),

for k> 1.
These formulas “code” proofs of finite height in 91,,-logic in the following way:

Lemma 5.6. If T is a finite set of *fom-sentences, p is \/ T and k > 0, then

I =  9MEPE(p) and

P

MEPE(¢) = '5??]:)_2(’0'
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Proof. The proof is by induction on k. For the base case, assume that }—9%th then

I' is an axiom of M-logic and M E P£)(¢). On the other hand, if M E P£)(yp)
then, let A be the axiom such that \/ A is ¢, since

Vake,

we have f5 .

For the induction step assume that the lemma holds for £ < n. We will only
prove the Prop cases, the I and the i-rule cases are left to the reader.

Assume that lg,;zrll" and that the last inference in the proof of I' is Prop, then
there is a finite set A and *Zy-sentences g, ..., p,—1 such that

{\/A\/(po,...,\/A\/@a_l}%\/F,

and l—g}}pA, ; for all i < a. By the induction hypothesis,

m kP, (\/ A, @),

so, clearly,
e, b \/ AV,

for all i < a. Thus, Pf;, K ¢, and so M = P£] 1 (p).
On the other hand, if 9 = P£] , ;(¢) and

M E PE B o,
then there exists, by Proposition 5.5, *%y-sentences @, ..., @p—1 such that
M = PE;, (¢i)

for all 7 < b and
{witicls @
Therefore, by the induction hypothesis,

|_3n72

m, 2
for all 7 < b, and so, by using Prop,
'5?12_ Lo. O

The lemma tells us that

ko I iff  there exists k € w such that M F Pf;c(\/ ),

for any finite set I' of *%y-sentences.

Lemma 5.7. If M is recursively saturated and lgmpF then Fm“{pf.
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Proof. Assume the lemma is false and let I' be such that
et T but K3 T,

we can find such I" as in Lemma 3.27. Either the last rule in the proof of height w
of I is 9M-rule or Prop. For the first case the last inference is

. Aa _‘w[ca/vi] cee a€EM
A7 _‘Hvi ’(/)

Define the type
pla) = { ~Pei(“wle vl V) [bew ],

where ¢ is \/ A.
For the second case the last inference is

Y P
l“ b

where
{77[}\/900’---71/’\/%%—1}%%

¥ is VA, ¢ is \/T and a is nonstandard. By Proposition 5.5 there is a Zp-
definable subset A of { ¢V ¢; },__ such that

1<a
ARy
Let b € 9 enumerate A such that

{ [b}l }i<lenb =A

and define the type
p(z) = { ﬂPf;v(ri//\/(b)xj)’k Ew}U{x<lenb}.

In either case p(x) is a non-realized recursive type contradicting the recursive
saturation of 91. O

The Lemma tells us that to prove the consistency of 9 ,-logic we only need to
prove that

VkcwM E -P£L('0#0).

We have, however, not succeeding in doing so.?

3In a preliminary draft of this thesis a proof of the consistency was presented, but it turned
out to be erroneous.
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Remark 5.8. It is easy to see that there are models 9t where :1,-logic is consistent.
Let N be the standard model of PA and let ¥ be the standard satisfaction class
on N, i.e.,
Yo ={ ¢ |y € ElDiag(N) }.
Clearly, Y is closed under propositional proofs; thus,
(N, %) F 8atC1(%g) A Va (PropPrf .y (z) — x € Xo).

Therefore, if
<Na Z0> = <9:n7 E>

then ¥ is a satisfaction class closed under propositional proofs.

Let us now instead prove that 9,-logic corresponds to satisfaction classes
closed under propositional proofs.

Proposition 5.9. Satisfaction classes closed under propositional proofs are ex-
actly the mazimally consistent sets in M, -logic.

Proof. Let X be a maximally consistent set. It is easy to see that it is a satisfaction
class, just as we did in Chapter 3. We check that it is closed under propositional
logic. Suppose X K ¢, then by the maximality either ¢ or ¢ is in 3. If ~p € ¥
then XI5y, 0, therefore, since X is consistent, ¢ € X.

If ¥ is a satisfaction class closed under propositional proofs then it is consistent
in M-logic, since it is closed under Prop, dI and 9M-rule. It is maximally consistent
since for every ¢ either ¢ € 3 or - € 3. O

5.3 Infinite 3l and Ni-rule

The inference rule Prop handles the propositional connectives in a satisfying way.
In a first try to handle quantifiers we add two infinite versions of I and 9i-rule:

T, ‘p[C(a)w Cla)ryr--- 7C((l)b/vi0’ Vigs - - ’Vib} 3%
FyHVimViU”wVib(p ( )

and
Il @y 2 S Vior Vias -5 Vi) -+ aem (9-rule)

L, =3vig, ..., V4, @
where b € 9 may be nonstandard.
Definition 5.10 ([Kra76]). A satisfaction class ¥ is 3-complete if

WNigs-o.yvs, @ €5 iff there exists a € 9 such that
Qp[c(a)oa s 7C(a)b/vio7 s 7Vib] S
The following proposition should now be easy to prove.

Proposition 5.11. A set of *%m-sentences is a mazimally consistent set in M-
logic with 1I3°° and I -rule added iff it is a I-complete satisfaction class.

Proof. Left to the reader. O
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5.4 Skolem operators

It seems that we could extend the infinite quantifier rules even more. To be able
to state this extended quantifier rule we need the notion of Skolem operators.
Let Q be a *%y-definable sequence of quantifiers, i.e., Q € 99t such that

Vj<len(Q)E|i([Q]j = v Vv Ql; = Rv’v;).

Define a function fq : 9 +— M such that the fq(j)th V-quantifier in Q is the first
V-quantifier preceding (to the left of) the jth 3-quantifier in Q. More formally;
there is a PA-definable function F(z,y) such that the following is provable in PA:

F(z,y) =0 if x is not a sequence of quantifiers.
F(l,y) =0
F(z,0)=0

F([3vi'] " 2,5(y) = Fla,y)

F([Wi'] " 2,y)

S(F(z,y)) ify#0

Define fq(z) = F(Q,z) and let Qg be the number of J-quantifiers in Q, i.e.,
Q5 = H(Q) where

Definition 5.12. A function ¥ : 9t — 91 is a Skolem operator for the sequence
of quantifiers Q if

Va7 <Qa (Vi< o (S0 [(#): = ()] — (¥(@); = (¥(w); ).

If ¢ is a *Zp-formula and Q is a sequence of quantifiers then let Qy denote
the formula we get by preceding ¢ with the quantifiers Q.*

Define two PA-definable functions G¥,G? : M — M such that the following is
provable in PA:

Gy =G"([,y) =0
GY(['Wi'] " x,0) =i
G ([3Bv'] " x,0) =i
Gl " wy) = G (x,y)
G([Bvi' ] " x,S(y) = G (z,y)
G7(['Wi'] T a,S(y)) = G¥(x,y)
G(('Wi] T, y) = G(x,y).

4The exact definition of Qyp depends on the Godel numbering.
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Also, define g§(z) = G¥(Q, ) and g3(z) = G7(Q,z). Informally, if ¢ is either
YV or 3 then g§(x) = i if the (z + 1)st g-quantifier in Q bounds the variable v;.

If Qp is a sentence and ¥ is a Skolem operator for Q then ¢[¥,a] will denote
the *%p-sentence we get by substituting v;, where

i = (Ma)[gg(x) = 1],

by (a); and v;, where
j = (Mz)[gg(z) =1],

by (¥(a));, in ¢. Here (Mz)p(z) means ‘the greatest x such that p(z),” we are
using it instead of (uz) to take care of situations like

YvoIvi V(v = v1)

where it is the second V quantifier bounding vg, not the first.
If ¥ is a Skolem operator such that the function ¥ : 91 — 9 is Zy-definable
then we say that W is a definable Skolem operator.

Definition 5.13 ([Kra76]). A satisfaction class ¥ is complete with respect to
definable Skolem operators if

Qp € X iff there exists a definable Skolem operator W for Q such that
©[¥,a] € X for all a € M.

Remark 5.14. In the standard model N of PA the only satisfaction class,
Yo ={¥" |y € ElDiag(N) },

is complete with respect to definable Skolem operators. This follows from the more
general fact that in any 991 E PA and Zoy-sentence Qp we have

ME Qe iff there exists a definable Skolem operator for Q such that
M E [V, q] for all a € M.

Let us define the corresponding rule:

- Te[W,a] oo aem
I Qyp

where VU is a definable Skolem operator for the sequence of quantifiers Q.

(Skolem-rule)

Proposition 5.15. A maximally consistent set in M-logic with Skolem-rule is a
satisfaction class complete with respect to definable Skolem operators.

Proof. Left to the reader. O



64 Stronger satisfaction classes

5.5 Closure under predicate logic

Let Prf,(y) denote the formula expressing that there is a (nonstandard) predicate
logic proof of y from hypothesis satisfying o (z). The exact definition of the formula
is left to the reader to figure out. We will write A ¥ ¢ for

M E Prfoca(p).

We will add the rule

...A,(p}.--i<a if{\/A\/(‘D()’._,’\/A\/SDafl}'Lk\/r~ (Pred)

to M-logic.

Proposition 5.16. Satisfaction classes closed under nonstandard first-order prov-
ability are precisely the mazximally consistent sets in IM-logic with Pred.

Proof. Left to the reader. O

Let PA* be the set of all standard and nonstandard instances of the axioms of
PA.

Theorem 5.17 ([Kot85]). If ¥ is a satisfaction class such that
(M, ) E Va(Sent(x) A Prfyepp-(z) — 2 € )
then (9, X) satisfies Ag-induction, i.e.,
(M, %) E ¢(0,%) AVz(p(z,X) — ¢(S(x), %)) — Vo o(z, X)
for every Lon U{ X }-formula o(x,X) which is Ag.

Remark 5.18. The arithmetical part of any (9, X} satisfying the condition in the
theorem is stronger than PA; for example, the consistency of PA is provable in such
a model, since otherwise 0 # 0 € X.

Remark 5.19. The previous remark shows that some countable recursively satu-
rated models of PA does not admit satisfaction classes closed under nonstandard
provability in PA. It might still be the case that any countable recursively satu-
rated model of PA admits a satisfaction class closed under nonstandard first-order
provability since it may fail to include PA*.



6

Conclusion and further work

In the first and second chapter we gave some background information, including a
short historical survey of the study of nonstandard truth. In Chapter 3 we intro-
duced a new definition of satisfaction class in a language with function symbols.
We also discussed the drawback of defining a satisfaction class as a set of pairs
of formulas and elements. The main part of the chapter led up to Theorem 3.55,
some applications were presented in the end of the chapter, such as the existence
of satisfaction classes making the sentence S(S(...(5(0))...)) = c, true for any
nonstandard number of S symbols and any nonstandard a. Our definitions of -
logic and template logic is rather different from other authors and we think our
notions is easier to work with.

In the chapter that followed we introduced free satisfaction class, it is a weaker
notion than satisfaction classes and in some sense it is a more natural notion, e.g.,
free 9M-logic is more natural than 9M-logic. We proved one characterisation of free
satisfaction classes in terms of free 9i-logic.

Chapter 5 presented some ideas of how to remove pathologies. One famous
pathology is 0 # 0V...V0 # 0 which can be made true for any nonstandard number
of repetitions. We highlighted some other pathologies and gave ideas of how to
remove those. We stated the question of whether there are satisfaction classes
closed under nonstandard propositional (or predicate) proofs in any countable
recursively saturated model.

We end this chapter be listing the open questions stated in the thesis.

Conjecture 3.1. There is a satisfaction class X, in the sense of [Kra76] and
[KKL81], such that (€4, [0]) € & and (e, [0]) ¢ & for some a € M.

Remember that €q is vo 7# vo and €;41 15 €; Ve € is vo # 0 and €], is €] Ve;. We
think that by redefining 9-logic to work with pairs of .Z4-formulas and elements
of 91 it should be possible to prove the conjecture.

Question 3.7. Are satisfaction classes built up by two “parts;” one with closed

terms and equality and one with “the rest,” in the following sense: Given a relation
~ satisfying the conditions in Proposition 3.6 is there a satisfaction class ¥ such
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that the relation ~v, coincides with ~?

A partial answer is given in Proposition 3.58. The general question seems to
be hard, since it is a question of whether a set of equalities is consistent or not in
M-logic. See also Question 5.2.

Question 4.6. Which ZL-structures St O M are My, for some free satisfaction
class 3¢

It is a natural question to ask. It might be the case that the structures My
have very specific properties, analogue to the models arising in the arithmetised
completeness theorem.

Question 4.7. Are there free satisfaction classes ¥, which are not satisfaction
classes, cuh that the canonical map f : M — My is an elementary embedding?

If this is true, is there a corresponding extension of free M-logic?
Question 5.2. How should Figure 5.1 be completed?

The question marks are all in the column ‘Consistent?’, thus this is a question
of proving consistency of extensions of 9i-logic. The only tool we have to do so is
Theorem 3.55 but it will not help us in this situation. The only plausible approach
we have found is to alter the definition of template logic and template structure,
but every attempt of this has ended with tears. We think this question is very
hard.
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