Lorenz Halbeisen
Requla Krapf

Godel's
Theorems and
lermelo’s
Axioms

A Firm Foundation of Mathematics

Second Edition

X Birkhiuser



X Birkhauser



Lorenz Halbeisen * Regula Krapf

Godel’s Theorems
and Zermelo’s Axioms

A Firm Foundation of Mathematics

Second Edition

Birkhauser



Lorenz Halbeisen Regula Krapf

Department of Mathematics Mathematics Institute

ETH Zurich Universitdt Bonn

Zurich, Switzerland Bonn, Nordrhein-Westfalen, Germany
ISBN 978-3-031-85105-6 ISBN 978-3-031-85106-3 (eBook)

https://doi.org/10.1007/978-3-031-85106-3

Mathematics Subject Classification (2020): 03Exx, 03C35, 03C62, 11B25, 03B30, 03-xx, 03E30,
03C10, 03H15

© The Editor(s) (if applicable) and The Author(s), under exclusive license to Springer Nature Switzerland
AG 2020, 2025

This work is subject to copyright. All rights are solely and exclusively licensed by the Publisher, whether
the whole or part of the material is concerned, specifically the rights of translation, reprinting, reuse of
illustrations, recitation, broadcasting, reproduction on microfilms or in any other physical way, and
transmission or information storage and retrieval, electronic adaptation, computer software, or by similar
or dissimilar methodology now known or hereafter developed.

The use of general descriptive names, registered names, trademarks, service marks, etc. in this publication
does not imply, even in the absence of a specific statement, that such names are exempt from the relevant
protective laws and regulations and therefore free for general use.

The publisher, the authors and the editors are safe to assume that the advice and information in this book
are believed to be true and accurate at the date of publication. Neither the publisher nor the authors or
the editors give a warranty, expressed or implied, with respect to the material contained herein or for
any errors or omissions that may have been made. The publisher remains neutral with regard to
jurisdictional claims in published maps and institutional affiliations.

This book is published under the imprint Birkhduser, www.birkhauser-science.com by the registered
company Springer Nature Switzerland AG

The registered company address is: Gewerbestrasse 11, 6330 Cham, Switzerland

If disposing of this product, please recycle the paper.


https://doi.org/10.1007/978-3-031-85106-3
http://www.birkhauser-science.com

Preface

This book provides a self-contained introduction to the foundations of math-
ematics, where self-contained means that we assume as little prerequisites as
possible. One such assumption is the notion of finiteness, which cannot be
defined in mathematics.

The firm foundation of mathematics we provide is based on logic and mod-
els. In particular, it is based on Hilbert’s axiomatisation of formal logic (in-
cluding the notion of formal proofs), and on the notion of models of mathe-
matical theories. On this basis, we first prove Gédel’s Completeness Theorem
and Godel’s Incompleteness Theorems, and then we introduce Zermelo’s Ax-
ioms of Set Theory. On the one hand, Goédel’s Theorems set the framework
within which mathematics takes place. On the other hand, using the example
of Analysis, we shall see how mathematics can be developed in a model of
Set Theory. So, Godel’s Theorems and Zermelo’s Axioms are indeed a firm
foundation of mathematics.

The book consists of four parts. The first part is an introduction to First-
Order Logic from scratch. Starting with a set of symbols, the basic concepts
of formal proofs and models are developed, where special care is given to the
notion of finiteness.

The second part is concerned with GODEL’S COMPLETENESS THEOREM.
Our proof follows Henkin’s construction [23]. However, we modified Henkin’s
construction in order to work just with potentially infinite sets and to avoid
the use of actually infinite sets. Even though Henkin’s construction works also
for uncountable signatures, we prove the general COMPLETENESS THEOREM
with an ultraproduct construction, using L.0S’S THEOREM.

After a preliminary chapter on countable models of Peano Arithmetic, the
third part is mainly concerned with GODEL’S INCOMPLETENESS THEOREMS,
which will be proved from scratch (i.e., purely from the axioms of Peano
Arithmetic) without any use of Recursion Theory. In Chapter 10 and 12 some
weaker theories of arithmetic are investigated. In particular, in Chapter 10 it
is shown that GODEL’S FIRST INCOMPLETENESS THEOREM also applies for
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Robinson Arithmetic and in Chapter 12 it is shown that Presburger Arith-
metic is complete.

In the last part we present first Zermelo’s axioms of Set Theory, includ-
ing the Axiom of Choice. Then we discuss the consistency of this axiomatic
system and provide standard and non-standard models of Set Theory (in-
cluding Go6del’s model L). After introducing the construction of models with
ultraproducts, we prove the COMPLETENESS THEOREM for uncountable sig-
natures as well the the LOWENHEIM-SKOLEM THEOREMS. In the last two
chapters, we construct several standard and non-standard models of Peano
Arithmetic and of the real numbers, and give a brief introduction to Non-
Standard Analysis.

Zirich and Koblenz, 28 April 2020 L. Halbeisen and R. Krapf

To the second edition.

Besides many corrections and additions, this second edition now contains
detailed solutions to all exercises.

Zirich and Bonn, 27 July 2024 L. Halbeisen and R. Krapf
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Chapter 0
A Framework for Metamathematics

In the late 19th and early 20th century, several unsuccessful attempts were
made to develop the natural numbers from logic. The most promising ap-
proaches were the ones due to Frege and Russell, but also their approaches
failed at the end. Even though it seems impossible to develop the natural
numbers just from logic, it is still necessary to formalise them.

In fact, the problem with the natural numbers is, that we need the notion
of finiteness in order to define them. This presupposes the existence of a kind
of infinite list of objects, and it is not clear whether these objects are—in
some sense — not already the natural numbers which we would like to define.

However, in our opinion there is a subtle distinction between the infinite
set of natural numbers and an arbitrarily long list of objects, since the set
of natural numbers is an actually infinite set, whereas an arbitrarily long list
is just potentially infinite. The difference between these two types of infin-
ity is, that the actual infinity is something which is completed and definite
and consists of infinitely many elements. On the other hand, the potential
infinity —introduced by Aristotle —is something that is always finite, even
though more and more elements can be added to make it arbitrarily large. For
example, the set of prime numbers can be considered as an actually infinite
set (as Cantor did), or just as a potentially infinite list of numbers without
last element which is never completed (as Euclid did).

© The Author(s), under exclusive license to Springer Nature Switzerland AG 2025 1
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2 0 A Framework for Metamathematics

As mentioned above, it seems that there is no way to define the natural
numbers just from logic. Hence, if we would like to define them, we have to
make some assumptions which cannot be formalised within logic or mathe-
matics in general. In other words, in order to define the natural numbers we
have to presuppose some metamathematical notions like, for example, the no-
tion of FINITEN E S 8. To emphasise this fact, we shall use a wider letter
spacing for the metamathematical notions we suppose.

The combination of all metamathematical assumptions we take, forms the
so-called metatheory, that is then implicitly used to carry out logical argu-
ments. Metatheories form an essential part of logic, because describing the
machinery behind any syntactic rule necessarily requires semantic explana-
tion. While there are many canonical ways of choosing a certain metatheory
to work with, there are two properties which all of them have in common:

1. A metatheory has to be informal by design — otherwise, if we decide to
formalise a syntactic metatheory, we will in turn require a “metametathe-
ory” to achieve that, which in term has to be formalised, requiring this
process to be repeated ad infinitum. To prevent this from happening, for-
mal logic always has to rely on some inherently non-formal foundation.

2. A metatheory has to capture some inherently physical properties about
the world we exist in. Indeed, the standard procedure for creating math-
ematical proofs requires that we can physically write them down in finite
time. While this approach seems very natural, it forces us to define F 1 -
NITE objects as those that satisfy a certain material property inside
this universe. This way FINITEN E S S becomes something inherently
physical and needs to be included inside the metatheory per se, without
a formal mathematical definition.

We remark that the ideal metatheory ought to be inherently uncontro-
versial, i.e., it should only contain the bare necessities needed to carry out
logical arguments, with the remaining load being offset to formal axiomatic
systems. This way we do not have to question the “validity” of mathematical
results, since those become nothing more than logical consequences derived
from axiomatic systems.

So, let us assume that we all have a notion of FINITE N E S S. Let us fur-
ther assume that we have two characters, say 0 and s. With these characters,
we build now the following FINIT E strings:

0 sO ssO sssO ssssO sssss0

The three dots on the right of the above expression mean that we always
build the next string by appending on the left the character s to the string
we just built. Proceeding this way, we get in fact a potentially infinite “list”
IN of different strings which is never completed.
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More formally, we build this potentially infinite list step by step as follows:
We start with the empty list, denoted [ ]. Then we append the list [0], which
contains just the string 0, to the list [ |, denoted [ ] 4 [0], and obtain the
list [0]. Similarly, we append the list [s0] to the list [0], denoted [0] + [s0],
and obtain the list [0, s0]. In this way we obtain arbitrary long FINITE
lists of FINITE strings of symbols. This never-ending process leads to the
potentially infinite list of so-called natural numbers, i.e.,

IN=0, s0, ss0, sss0, ssss0, sssss0,...
For the sake of simplicity, we consider IN as a list, i.e.,
N =10, s0, ss0, sssO, ssss0, sssss0,...]

even though IN itself, without assuming actual infinity, is not a proper list.
For each natural number n in the list IN we have:

either n=0 or n=o00,

where the symbol = means “identical to” and ¢ is a non-empty FINITE
string of the form s --- s and hence 00 has the form

s---s0.
——

non-empty
finite string

If 0 and 7 are both (possibly empty) FINITE strings of the form s --- s,
then we write o for the concatenation of o and 7, i.e., for the string obtained
by writing first the sequence o followed by the sequence 7.

Remark. For any (possibly empty) strings o, 7, o of the form s - - - s we get
om0 = wo0, son0 = s7wo0, son) = os70,
and further we get:

00 =70 <> so0 =sn0
00 =70 <= 000 = 7m0

If we order FINITE strings of the form

s---s 0
——

possibly empty
finite string

by their length, we obtain that two strings are identical if and only if they
have the same length. From this rather geometric point of view, the facts
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above can be deduced from Euclid’s Elements, where he writes the following
statements (see [9, p. 155]):

1. Things which are equal to the same thing are also equal to one another.
2. If equals be added to equals, the wholes are equal.
8. If equals be subtracted from equals, the remainders are equal.

4. Things which coincide with one another are equal to one another.

It is convenient to use Hindu-Arabic numerals to denote explicitly given
natural numbers (e.g., we write the symbol 1 for s0) and Latin letters like
n,m, ... for non-specified natural numbers. If n and m denote different nat-
ural numbers, where n appears earlier than m in the list IN, then we write
n < m and the expression n, ..., m means the natural numbers which belong
to the sublist [n,...,m] of IN; if n appears later than m in IN, then we write
n > m and the expression n, ..., m denotes the empty set.

We shall use natural numbers frequently as subscripts for FIN 1T E lists of
objects like t1,...,t,. In this context we mean that for each natural number
Ek in the list [1,...,n], there is an object t;, where in the case when n = 0,
the set of objects is empty.

If n is a natural number, then n 4+ 1 denotes the natural number sn (i.e.,
the number which appears immediately after n in the list IN); and if n # 0,
then n — 1 denotes the natural number which appears immediately before n
in the list IN. Furthermore, for ¢0, 70 in the list IN, we define

00+0:=00 and 04 70 :==0,

and in general, we define:
00+ 70 := om0

Finally, by our construction of natural numbers we get the following fact:

If a statement A holds for 0 and if whenever A holds for
a natural number n in IN then it also holds for n + 1, then
the statement A holds for all natural numbers n in IN.

This fact isknownas INDUCTION P RICIPLE, which is an important
tool in proving statements about natural numbers.

A second principle, which also uses that each natural number is either 0
or the successor of some natural number n in IN, is the RECURSION
PRINCIPLE:

If we define Xy, and if whenever X, is defined then we
can define X, 11, then X, can be defined for all natural
numbers n in IN.
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All together, FINITENESS, NATURAL NUMBERS, the IN-
DUCTION PRINCIPLE and the RECURSION PRINCIPLE
define the classical metatheory that we will almost exclusive use to derive
metamathematical results. There will be only a handful of exceptions where
we strengthen our metatheory by adding the LAwW OF EXCLUDED
M 1D DLE and some elements from NATIVE SET T HEORY, primarily
to argue about models and their construction. In this case we are using a
strong metatheory, as summarised in the drawing below.

FINITENESS
NATURAL NUMBERS
INDUCTION PRINCIPLE

RECURSION PRINCIPLE

L classical metatheory |

LAw OF EXCLUDED MIDDLE

NAIVE SET THEORY

L strong metatheory )




Part 1
Introduction to First-Order Logic

First-Order Logic is the system of Symbolic Logic con-
cerned not only to represent the logical relations between
sentences or propositions as wholes (like Propositional
Logic), but also to consider their internal structure in
terms of subject and predicate. First-Order Logic can
be considered as a kind of language which is distin-
guished from higher-order languages in that it does not
allow quantification over sets of elements of the domain
or other objects of higher type (like statements of infi-
nite length or statements about formulas). Nevertheless,
First-Order Logic is strong enough to formalise all of Set
Theory and thereby virtually all of Mathematics.

The goal of this brief introduction to First-Order Logic
is to introduce the basic concepts of formal proofs and
models, which will be investigated further in Part II and
Part III.
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Chapter 1
Syntax: The Grammar of Symbols

The goal of this chapter is to develop the formal language of First-Order
Logic from scratch. At the same time, we introduce some terminology of
the so-called metalanguage, which is the language we use when we speak
about the formal language (e.g., when we want to express that two strings
of symbols are equal). In the metalanguage, we shall use some notions of
NA1IvE SET THEORY like sets (which will always be FINIT E), the
membership relation €, the empty set (), or the subset relation C. We would
like to emphasise that these notions are not part of the language of formal
logic and that they are just used in an informal way.

Alphabet

Like any other written language, First-Order Logic is based on an alphabet,
which consists of the following symbols:

(a) Variables such as x,y, vg,v1,. .., which are place holders for objects of
the domain under consideration (which can, e.g., be the elements of a
group, natural numbers, or sets). We mainly use lower case Latin letters
(with or without subscripts) for variables.

(b) Logical operators which are - (not), A (and), V (or), and — (implies).

(c) Logical quantifiers which are the erxistential quantifier 3 (there is or
there exists) and the wuniversal quantifier ¥ ( for all or for each), where
quantification is restricted to objects only and not to formulae or sets of
objects (but the objects themselves may be sets).

(d) Equality symbol = which is a special binary relation symbol (see be-
low).

(e) Constant symbols like the number 0 in Peano Arithmetic, or the neu-
tral element e in Group Theory. Constant symbols stand for fixed indi-
vidual objects in the domain.

© The Author(s), under exclusive license to Springer Nature Switzerland AG 2025 9
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(f) Function symbols such as o (the operation in Group Theory), or +, -, s
(the operations in Peano Arithmetic). Function symbols stand for fixed
functions taking objects as arguments and returning objects as values.
With each function symbol we associate a positive natural number, its
co-called arity (e.g., o is a 2-ary or binary function, and the successor
operation s is a l-ary or unary function). More formally, to each function
symbol F' we adjoin a fixed FINIT E string of place holders x- - -x and
write F'x---x.

(¢) Relation symbols or predicate constants (such as € in Set Theory)
stand for fixed relations between (or properties of) objects in the domain.
Again, we associate an arity with each relation symbol (e.g., € is a binary
relation). More formally, to each relation symbol R we adjoin a fixed
FINITE string of place holders x---x and write Rx---x

The symbols in (a)—(d) form the core of the alphabet and are called logi-
cal symbols. The symbols in (e)—(g) depend on the specific topic we are
investigating and are called non-logical symbols. The set of non-logical
symbols which are used in order to formalise a certain mathematical theory
is called the signature (or language) of this theory, and formulae which are
formulated in a language £ are usually called Z-formulae. For example, if
we investigate groups, then the only non-logical symbols we use are e and o,
thus .Z = {e, o} is the language of Group Theory.

Terms & Formulae

With the symbols of our alphabet, we can now start to compose names. In
the language of First-Order Logic, these names are called terms. Suppose
that .Z is a signature.

Terms. A string of symbols is an Z-term, if it results from applying
FINITELY many times the following rules:

(T0) Each variable is an .Z-term.

(T1) Each constant symbol in £ is an Z-term.

(T2) If 1,..., 7, are any .Z-terms which we have already built and Fx---x is
an n-ary function symbol in .Z, then F'rq - -7, is an Z-term (each place
holder x is replaced by an .Z-term).

When we write general statements which are independent of the signature %,
we omit the prefix . and simply write term rather than .Z-term. Terms of
the form (T0) or (T1) are the most basic terms we have, and since every term
is built up from such terms, they are called atomic terms. In order to define
the rule (T2) we had to use variables for terms, but since the variables of
our alphabet stand just for objects of the domain and not for terms or other
objects of the formal language, we had to introduce new symbols. For these
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new symbols, which do not belong to the alphabet of the formal language,
we have chosen Greek letters. In fact, we shall mainly use Greek letters for
variables which stand for objects of the formal language, also to emphasise
the distinction between the formal language and the metalanguage. However,
we shall use the Latin letters F' and R as variables for function and relation
symbols, respectively.

Note that this recursive definition of terms allows us to use the following
principle: If we want to prove that all terms satisfy some property @, then
one has to prove that

e all variables satisfy ®;

e each constant symbol satisfies ®;

e if some terms 7y,...,7, satisfy ®, then so does F'ry,---,7, for every
n-ary function symbol F.

We call this principle induction on term construction.

In order to make terms, relations, and other expressions in the formal
language easier to read, it is convenient to introduce some more symbols,
like brackets and commas, to our alphabet. For example, we usually write
F(ry,...,7,) rather than F'ry -« 7,.

To some extent, terms correspond to names, since they denote objects of
the domain under consideration. Like real names, they are not statements
and cannot express or describe possible relations between objects. So, the
next step is to build sentences, or more precisely formulae, with these terms.

Formulae. A string of symbols is called an .Z-formula, if it results from
applying FINITELY many times the following rules:

(FO) If 1 and 7o are Z-terms, then = 779 is an Z-formula.

(F1) If ry,..., 7, are any .Z-terms and Rx- - - x is any non-logical n-ary relation
symbol in .Z, then Rry -- -7, is an Z-formula.

(F2) If ¢ is any .Z-formula which we have already built, then —¢ is an .Z-
formula.

(F3) If v and ¥ are Z-formulae which we have already built, then Ap, Vb,
and — o are Z-formulae.

(F4) If ¢ is an Z-formula which we have already built, and v is an arbitrary
variable, then vy and Vvy are Z-formulae.

As in the case of terms, we usually write simply formula rather than
ZL-formula unless the statement in question refers to a specific language.
Formulae of the form (F0) or (F1) are the most basic formulae we have,
and since every formula is a logical connection or a quantification of these
formulae, they are called atomic formulae.

In order to make formulae easier to read, we usually use infix notation
instead of Polish notation, and use brackets if necessary. For example, we
usually write ¢ At instead of Apt), ¢ — (¥ — ¢) instead of — ¢ — P, and
(¢ — 1) — ¢ instead of —— Y.



12 1 Syntax: The Grammar of Symbols

In the same way as for terms, a property ® is satisfied by all formulae if
we check the following:

e All atomic formulae satisfy ®.
o If ¢ and v satisfy ® and v is a variable, then so do —p,p A ¥, ¢ V 1,
@ — 1, Jvp and Y.

In accordance with the corresponding principle for terms, we denote this as
induction on formula construction.

For binary relation symbols Rxx and binary function symbols F'xx, it is
convenient to write xRy and xFy instead of R(x,y) and F(z,y), respectively.
For example, we usually write x = y instead of = xy.

If a formula ¢ is of the form Jvy or Vv (for some variable v and some
formula 1) and the variable v occurs in 1), but not immediately after a quan-
tifier, then we say that v is in the range of a logical quantifier. Every occur-
rence of a variable v in a formula ¢, where v occurs not immediately after a
quantifier, is said to be bound by the innermost quantifier in whose range
it is. If an occurrence of the variable v at a particular place—not after a
quantifier —is not in the range of a quantifier, it is said to be free at that
particular place. Notice that it is possible that a variable occurs in a given
formula at a certain place at bound and at another place at free. For example,
in the formula 3z(z = z) A Vz(x = y), the variable x occurs bound and free,
whereas z occurs just bound and y occurs just free. However, one can always
rename the bound variables occurring in a given formula ¢ such that each
variable in ¢ is either bound or free —the rules for this procedure are given
later. For a formula ¢, the set of variables occurring free in ¢ is denoted by
free(y). A formula ¢ is a sentence (or a closed formula) if it contains no
free variables (i.e., free(¢) = (). For example, Vz(z = z) is a sentence but
x = x is just a formula.

In analogy to this definition, we say that a term is a closed term if it
contains no variables. Obviously, the only terms which are closed are the
constant symbols and the function symbols followed by closed terms.

Sometimes it is useful to indicate explicitly which variables occur free in a
given formula ¢, and for this we usually write ¢(z1,...,z,) to indicate that
{z1,..., 2} C free(yp).

If 7 and 7y are terms and v is a variable, then 7(v/7g) is the term that we
obtain from 7 after replacing all instances of v bei 7. In the case of a formula,
this is more complicated since variables are either free or bound. Hence, if ¢
is a formula, v a variable, and 7 a term, then ¢(v/7) is the formula we get
after replacing all free instances of the variable v by 7. The process by which
we obtain the formula ¢(v/7) is called substitution. Now, a substitution is
admissible if and only if no free occurrence of v in ¢ is in the range of a
quantifier that binds any variable which appears in 7 (i.e., for each variable
U appearing in 7, no place where v occurs free in ¢ is in the range of 30 or
VD). For example, if ¢ free(p), then ¢(z/7) is admissible for any term 7.
In this case, the formulae ¢ and ¢(x/7) are identical, which we express by
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© = ¢(x/7). In general, we use the symbol = in the metalanguage to denote
an equality of strings of symbols of the formal language. Furthermore, if ¢ is
a formula and the substitution ¢(x/7) is admissible, then we write just ¢(7)
instead of p(z/7). In order to express this, we write ¢(7) := p(z/7), where
we use the symbol := in the metalanguage to define symbols (or strings of
symbols) of the formal language.

So far, we have letters, and we can build names and sentences. However,
these sentences are just strings of symbols without any inherent meaning.
At a later stage, we shall interpret formulae in the intuitively natural way
by giving the symbols their intended meaning (e.g., A meaning “and”, Vz
meaning “for all z”, et cetera). But before we shall do so, let us stay a
little bit longer on the syntactical side — nevertheless, one should consider
the formulae from a semantical point of view as well.

Axioms

In what follows, we shall label certain formulae or types of formulae as ax-
ioms, which are used in connection with inference rules in order to derive
further formulae. From a semantical point of view we can think of axioms
as “true” statements from which we deduce or prove further results. We dis-
tinguish two types of axiom, namely logical axioms and non-logical axioms
(which will be discussed later). A logical axiom is a sentence or formula ¢
which is universally valid (i.e., ¢ is true in any possible universe, no matter
how the variables, constants, et cetera, occurring in ¢ are interpreted). Usu-
ally, one takes as logical axioms some minimal set of formulae that is sufficient
for deriving all universally valid formulae—such a set is given below.

If a symbol, involved in an axiom, stands for an arbitrary relation, function,
or even for a first-order formula, then we usually consider the statement as
an axiom schema rather than a single axiom, since each instance of the
symbol represents a single axiom. The following list of axiom schemata is a
system of logical axioms.

Let ¢, ¢1, 2, @3, and 1, be arbitrary formulae:

Lo: @ V-

Liz o = (¥ — o)

Lot (¥ = (o1 = 92)) = (¥ = 1) = (¥ = 92))
Ls: (0AY) =@

La: (@A) =

Ls: o = (¥ — (¥ A o))

Le: v — (9 V)

Lz: v — (9 V)

Ls: (1 — w3) = ((p2 = @3) = ((¢1 V 2) = ¥3))
Lo: = = (v =)
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Let 7 be a term, v a variable, and assume that the substitution which leads
to ¢(v/7) is admissible:

Lio: Vrp(v) = (1)
Li1: (7)) = Fvp(v)

Let ¢ be a formula and let v a variable such that v ¢ free(t)):

Lio: Yv(¢ = o(v)) = (¥ = Yre(v))
Liz: Vo (p(v) = ) — Fre(v) = ¢)

What is not yet covered is the symbol =, so let us now have a closer look at
the binary equality relation. The defining properties of equality can already
be found in Book VII, Chapter 1 of Aristotle’s Topics [2], where one of the
rules to decide whether two things are the same is as follows: ... you should
look at every possible predicate of each of the two terms and at the things of
which they are predicated and see whether there is any discrepancy anywhere.
For anything which is predicated of the one ought also to be predicated of the
other, and of anything of which the one is a predicate the other also ought to
be a predicate.

In our formal system, the binary equality relation is defined by the following
three axioms. Let 7,7y, ..., 7y, 71, ..., T, be arbitrary terms, let R be an n-ary
relation symbol (e.g., the binary relation symbol =), and let F' be an n-ary
function symbol:

|_14Z T=T

Lis: (7'1 =T A ATy ZT;L) — (R(T1,...,Tn) — R(T{,...,T;L))

Lie: (m=mA- Amy=1)) = (F(r,....7) = F(1{,...,7}))

where the ambiguous formula (11 = 7{ A --+ A7, = 7,) written in Polish

notation reads as:
/ / / / /
/\—T]T] /\—7'27'2 /\—T}T3 VAN /\_Tn—]Tn 1 = TnTy,

Finally, we define the logical operator <+, the quantifier 3! and the binary
relation symbol # by stipulating:

pop = (p=2P)AY =),
e = () AVu(e(p) = p="v))
T#ET = a(r=171),
where we use the symbol :<=> in the metalanguage to define relations between

symbols (or strings of symbols) of the formal language (i.e., ++, vy and #
are just abbreviations).

This completes the list of our logical axioms. In addition to these axioms,
we are allowed to state arbitrarily many formulae. In logic, such a (possibly
empty) set of formulae is also called a theory, or, when the signature &
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is specified, an Z-theory. The formulae of a theory are the axioms of the
theory, which are called non-logical axioms. So, a non-logical axiom is in
fact just a formula which is not a logical axiom. Furthermore, the axioms
of mathematical theories are always sentences, i.e., formulae without free
variables. However, in order to develop the notion of formal proofs, we will
also consider theories consisting of arbitrary sets of formulae —such theories
are relevant only in logic.

Examples of mathematical theories (i.e., of sets of non-logical axioms)
which will be discussed in this book are the axioms of Set Theory (see
Part IV), the axioms of Peano Arithmetic PA (also known as Number The-
ory), and the axioms of Group Theory GT, which we discuss first.

GT: The language of Group Theory is %t = {e, o}, where e is a constant
symbol and o is a binary function symbol.

GTo: VaVyVz(zo(yoz) = (xoy)oz) (i.e., o is associative)

GTy: Va(eox =) (i.e., e is a left-neutral element)

GTa: VaJy(yox =e)  (i.e., every element has a left-inverse)

PA: The language of Peano Arithmetic is %pa = {0, s, +, - }, where 0 is a

constant symbol, s is a unary function symbol, and +, - are binary function
symbols.

PAo: ~Jz(sz = 0)

PA;: VaVy(sz =sy >z =1y)

PAy: Vz(z +0=x)

PAs: VaVy(z + sy = s(z + y))

PAs: Va(z-0=0)

PAs: VaVy(z - sy = (- y) + x)

Let ¢ be an arbitrary Zpa-formula with free(yp) = {z}:

PAs: ((0) A Vr(p(x) = p(sz))) — Vaip(x)

Notice that PAg is an axiom schema, known as the Induction Schema, and not
just a single axiom like PAy—PAs.

It is often convenient to add certain defined symbols to a given language so
that the expressions get shorter or are at least easier to read. For example, in
Peano Arithmetic— which is an axiomatic system for the natural numbers —
we usually replace the expression sO with 1 and ssO with 2. More formally,
we define:

1:=s0 and 2 :=ss0

where we use the symbol := in the metalanguage to define new constant
symbols or certain formulae. Obviously, all that can be expressed in the
language %pa U {1,2} can also be expressed in Zpa.



16 1 Syntax: The Grammar of Symbols

Formal Proofs

So far, in a certain language we have a set of logical axioms and can assume
some non-logical axioms. Furthermore, we can define, if we wish, as many
new constants, functions, and relations as we like. However, we are still not
able to deduce anything from the given axioms, since until now, we do not
have inference rules which allow us, for example, to infer a certain sentence
from a given set of axioms.

Surprisingly, just two inference rules are sufficient, namely:

o=,
Y

In the former case we say that the formula 1 is obtained from ¢ — ¢ and
© by Modus Ponens, abbreviated (MP), and in the latter case we say that
Yvy (where v can be any variable) is obtained from ¢ by Generalisation,
abbreviated (V).

Using these two inference rules, we are now able to define the notion of a
formal proof: Let .Z be a signature (i.e., a possibly empty set of non-logical
symbols) and let ® be a possibly empty set of .Z-formulae (e.g., a set of non-
logical axioms). An Z-formula 1 is provable from ® (or provable in ®),
denoted ® F 9, if there is a FINITE sequence @, ..., o, of Z-formulae
such that ¢, = ¢ (i.e., the formulae ¢, and 1 are identical), and for all 4
with ¢ < n we are in at least one of the following cases:

1

Modus Ponens (MP): and Generalisation (V): Yoo
vy

e , is a logical axiom, or
e v, € P or
e there are j, k < i such that ¢; = ¢, — ¢;, or

e there is a j < i such that ¢; = Vv ¢;, where v is a variable which does
not occur free in any formula of ®.

The sequence g, . .., @, is then called a formal proof of .

In the case when ® is the empty set, we simply write - ¢. If a formula v
is not provable from ®, i.e., if there is no formal proof for v which uses just
formulae from ®, then we write ® ).

Formal proofs, even of very simple statements, can get quite long and tricky.
Nevertheless, we shall give a few examples:

ExaMPLE 1.0. To warm up, let us formally prove that the equality relation
is reflexive, which is expressed by the sentence Va(z = z):

wo: T==x instance of Lig
p1: Vz(r =x) from ¢q by (V)
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Now, let us give a formal proof of Jz(x = x):

@o:
w1

p2:

r=x instance of Lig

z=z— Jz(z =x)

17

instance of Li; (notice that for ¢ =z = z, the

substitution ¢(z/z) is admissible)

from ¢1 and ¢g by (MP)

ExaMPLE 1.1. For every formula ¢ we have:

R

A formal proof of ¢ — ¢ is given by:

o= ((p=9) = 9) = (e = (p—9) = ()
e = ((p—9) = 9)

= (p—=9) = (=)

e (=)

T =

instance of L,
instance of L
from ¢ and ¢1 by (MP)
instance of L
from ¢2 and ¢3 by (MP)

ExXAMPLE 1.2. We give a formal proof of PAF 1+ 1 = 2. Recall that we have
defined 1 := s0 and 2 := ss0, so we need to prove PA I s0 4 s0 = ss0.

¥o:
p1:
p2:
p3:

P5:
¥6:
P!
®8:
p9:

®10:
P11t
Pp12:
©13:
P14:
®15:
®16:

VaVy(z + sy = s(z + y)
VaVy(z + sy = s(z 4+ y)
Vy(s0 + sy = s(s0 + y))
Vy(s0 + sy = s(s0 + y)) — s0 + s0 = s(s0 + 0)
s0+ s0 =s(s0+0)

)
) = Vy(s0 + sy = s(s0 + y))

Va(x + 0 =)

Vz(x +0=1x) — s0+0=s0
s0+0=1s0

s0O+ 0 =s0 — s(s0 4 0) = ss0

s(s0 + 0) = ss0

s0 +s0 =s0+s0

9 = (p10 = (P10 A ¥9))

v10 = (10 A 99)

®10 N P9

(¢10 A pg) — (s0 + s0 = s(s0 + 0) — sO + sO = ss0)
s0 + s0 = s(s0 + 0) — s0 + s0 = ss0

s0 + s0 = ss0

PA3

instance of Lig

from ¢1 and ¢g by (MP)
instance of Lig

from ¢3 and @2 by (MP)
PA,

instance of Lig

from ¢ and 5 by (MP)
instance of Lig

from ¢g and @7 by (MP)
instance of Lig

instance of Lg

from ¢11 and @9 by (MP)
from @12 and @10 by (MP)
instance of Lis

from @14 and @13 by (MP)
from ¢15 and @4 by (MP)

In Chapter 2, we will introduce some techniques which allow us to simplify
formal proofs such as the one presented above.
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Tautologies & Logical Equivalence

We say that two formulae ¢ and 1 are logically equivalent (or just equiv-
alent), denoted ¢ < v, if F ¢ <> ¥. More formally:

pey <= Fepay

In other words, if ¢ < 1, then— from a logical point of view — ¢ and 1) state
exactly the same, and therefore we could call ¢ <> 1 a tautology, which means
saying the same thing twice. Indeed, in logic, a formula ¢ is a tautology if
F ¢. Thus, the formulae ¢ and 1 are equivalent if and only if ¢ <> 9 is a
tautology. More generally, if ® is a set of formulae, we write p <4 ¥ to
denote ® F ¢ > .

ExXAMPLE 1.3. For every formula ¢ we have:

=P

This follows directly from Example 1.1, since ¢ <+ ¢ is simply an abbreviation
for (o = ) A (e = ¢):

©wo: P> Example 1.1

p1: (=) = ((p—=0) = (e @) instance of Ls

w2r (=) = (v 9) from ¢ and o1 by (MP)
p3: PP from ¢ and @2 by (MP)

ExXAMPLE 1.4. For every formula ¢ we have:
Y= e

which corresponds to TAUTOLOGY (F) given at the end of the book. By
applying Ls as in Example 1.3, one can easily check that it suffices to prove
separately that the formulae ¢ — == and ——p — ¢ are tautologies. We
only prove the former statement, the latter one is proved in Example 2.2.

po: (2 = (¢ = =) = (e = (v = —9) =
((m V ==p) = (p = =) instance of Lg

p1: e = (@ = ) instance of Lg
w21 (e = (o = ) = (e V=) = (9 = =) from ¢ and o1 by (MP)
p3: e — (@ = ) instance of Ly
1 (V) = (9 — ) from 2 and s by (MP)
@5 TV o instance of Lo

pe: P — from ¢4 and @5 by (MP)
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ExAMPLE 1.5. Commutativity and associativity of A and V are tautological,
i.e., for all formulae @, and x we have p Ay = Y A and p A (P A ) <
(@A) Ax; and similarly for V. Again, we omit the proof since it will be trivial
once we have proved the DEDUCTION THEOREM 2.0 (see also EXERCISES 1.1
and 1.2). This result legitimises the notations gg A ... Ap, and po V...V ¢y,
respectively, for @o A (w1 A (... App)...) and wo V (p1 V (... V @n)...),
respectively.

At the end of the book, there is a list of tautologies which will be frequently
used in formal proofs. Note that it follows from EXERCISE 2.1 that < defines
an equivalence relation on all .Z-formulae for some given signature .. More-
over, it even defines a congruence relation (i.e., equivalence is closed under
all logical operations). More precisely, if ¢ < ¢’ and 1 < ', then:

—|80<:>—\80,
potp e ¢ oy
Yvp < Yvy'

where o stands for either A,V, or —, and ¥ stands for either 3 or V.
A proof of these statements will be easier once we have proved the the
DEDUCTION THEOREM 2.0.

The above observation enables us to replace subformulae (i.e., proper for-
mulae which are part of the formula ¢) of a given formula ¢ by equivalent
formulae so that the resulting formula is equivalent to ¢.

THEOREM 1.6 (SUBSTITUTION THEOREM). Let ¢ be a formula and let a be
a subformula of . Let i be the formula obtained from ¢ by replacing one
or multiple occurrences of o by some formula 3. Then we have:

asf = o

Proof. We prove the theorem by induction on the recursive construction of
the formula . If ¢ is an atomic formula or if « is ¢, then the statement is
trivial. If ¢ is a composite formula, then we use the observation that < is
a congruence relation: For example, if the formula ¢ is of the form —¢’, and
¢’ is the formula obtained from ¢’ by replacing one or multiple occurrences
of a by 8, then by induction we may assume that ¢’ < 1’. Consequently,
we have —p’ < =)’ as desired. The other cases can be checked in a similar
way. =

THEOREM 1.7 (THREE-SYMBOLS). For every formula ¢ there is an equivalent
formula v which contains only the symbols = and A as logical operators and
3 as quantifier.
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Proof. By THEOREM 1.6, it suffices to prove the following equivalences:

VY & a(mp A )
o= & eV
VU(p = ﬁﬂl/ﬁg@

The proof of these equivalences is left as an exercise (see EXERCISE 2.5). Note

that the methods of proof introduced in Chapter 2 will simplify such proofs
to a great extent. -

As a consequence of THEOREM 1.7, one could simplify both the alphabet
and the logical axioms. Nevertheless, we do not wish to do so, since this would
also decrease the readability of formulae.

NOTES

The logical axioms are essentially those given by Hilbert (see, e.g., [27]). However, Hilbert
also introduced the axiom schemata ((cp = P)A (—p — 1/1)) — 1 and == — . On the
other hand, he did not introduce the LAw OF EXCLUDED MIDDLE Lg, because it is not
needed any more in this setting (see also EXERCISES 2.9 and 2.10.(c)).

EXERCISES

1.0 (a) {o, v} F oAy
(b) {pAY}EY AP

1.1 (a) FeVYy =Y Ve
b) Feny =P A

1.2 (a) {1 A (2 A3)} - (1 Avha) As
(b) {(¥1 Ap2) Adbs} 1 A (P2 A3)

13 {p =yt — g

1.4 (a) {vo = ¥1,%1 — Y2} F Yo — Y2
(b) {0 = @, 91 — @} F (o V1) = ¢
(©) {w = %o, = 1} F = (Yo A1)

1.5 F ((¢1 Avh2) Vaps) — ((1 Vh3) A (2 V ab3))
1.6 FVaVy(za =y >y =x)
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Chapter 2
The Art of Proof

In Example 1.2 we gave a proof of 14+ 1 = 2 in seventeen proof steps. At that
point you may have asked yourself: If it takes that much effort to prove such
a simple statement, how can one ever prove any non-trivial mathematical
result using formal proofs? This objection is of course justified; however, we
will show in this chapter how one can simplify formal proofs using some
methods of proof such as proofs by cases or by contradiction. It is crucial
to note that the following results are not theorems of a formal theory, but
theorems about formal proofs. In particular, they show how — under certain
conditions — a formal proof can be transformed into another.

The Deduction Theorem

In common mathematics, one usually proves implications of the form
IF ® THEN U

by simply assuming the truth of ® and deriving from this the truth of W.
When writing formal proofs, the so-called DEDUCTION THEOREM enables us
to use a similar trick: Rather than proving ® F ¢ — 1 we simply add ¢ to
our set of formulae ® and prove ® U {¢} F 9.

If ® is a set of formulae and ®’ is another set of formulae in the same
language as ®, then we write ® + ®' for & U®'. In the case when the set &’
consists of a single formula ¢, we write ® + ¢ instead of ® U {¢}.

THEOREM 2.0 (DEDUCTION THEOREM). If ® is a set of formulae and
® + 9 F p, then ® -1 — ¢; and vice versa, if ® 1 — ¢, then D + 9 - ¢,
i.e., we have:

Pyl <= ®rFY—op (DT)

© The Author(s), under exclusive license to Springer Nature Switzerland AG 2025 21
L. Halbeisen, R. Krapf, Gddel’s Theorems and Zermelo’s Axioms,
https://doi.org/10.1007/978-3-031-85106-3_3
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Proof. Tt is clear that ® - ¢ — ¢ implies ® + ¢ F . Conversely, suppose
that @ 4+ ¢ F ¢ holds and let the sequence ¢, ..., @, with ¢, = ¢ be a
formal proof for ¢ from ® + 1. For each ¢ < n we will replace the formula
i by a sequence of formulae which ends with ¥ — ;. Let ¢ < n and assume
D 1) — p; for every j < i.

o If ¢, is a logical axiom or ¢, € ®, we have

©i,00  Pi p; € ® or p; is a logical axiom
wi1: wi = (Y — wi) instance of L;
Yi,2: P — 5 from ®i1 and ©i,0 by (MP)

The case p; = 1 follows directly from Example 1.1.

If ¢; is obtained from ¢; and ¢ = (¢; — ¢;) by Modus Ponens, where
J, k < i, we have:

wi,00 Y — @ since j < i

wii1r Y= (pj = @i) since k < 1

vi2 pi1— (Y= ej) = (Y= ¢i)) instance of Ly

viz: (Y= i) = (Y= v;) from ¢; 2 and ;1 by (MP)
wial Y= from ;3 and ¢;,0 by (MP)

If ¢, is obtained from ¢; by Generalisation, where j < ¢, i.e., ¢; = Vvy;
for some variable v, then, by the rules of Generalisation, the variable v
does not occur free in . In particular, v ¢ free()), and the claim follows

from:

vi0r Y= p; since j < 1

wi1r (Y — ;) from ¢;,0 by (V)

wi2: Y = i) = (Y = ¢;) instance of L

vz Y= from ;2 and ;1 by (MP)
Hence, we have ® - ¢ — . =

Notice that the DEDUCTION THEOREM allows us under certain conditions
to transform a formal proof into another. So, the DEDUCTION THEOREM is a
theorem about formal proofs (i.e., about sequences of formulae) and not a the-
orem of a theory. Notice also that in order to prove the DEDUCTION THEOREM
restricted to Propositional Logic (i.e., quantifier-free formulae), we need only
the logical axioms L; and L.

Note that - ¢ — ¢ is a trivial consequence of the DEDUCTION THEOREM,
whereas its formal proof in Example 1.1 has five steps. Let us now consider
a few application of the DEDUCTION THEOREM.
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EXAMPLE 2.1. As a first application, we show that the equality relation is
symmetric and transitive, i.e., we show

FVaeVy(z =y —>y=2a) and I—VmVsz((x:y/\y:z)—)y:x).

In order to show that the equality relation is symmetric, we first show that
{z =y} y=u=, ie., we assume the non-logical axiom z = y and show that
from this axiom we can prove y = x:

wo: (x=yAz=2)—>(zr=2z—>y=nu1x)
p1: T==x

w2 T=y

p3: z=z—>(r=y—> (r=yAxz==1x))
p1: z=y—(z=yAz==zx)

Y5 T=YANr ==

Y6 T=T —>Y==x

e y==x

instance of Lis

instance of Lig

z =y belongs to {z = y}

instance of Lg

from ¢3 and ¢1 by (MP)

from ¢4 and @2 by (MP)

from ¢ and @5 by (MP)

from ¢g and 1 by (MP)
Thus, we have {x = y} F y = z, and by the DEDUCTION THEOREM we

obtain - x = y — y = x, i.e., from the empty set of non-logical axioms we

can prove r = y — y = x, and by applying twice Generalisation we finally get

FVaVy(z =y - y==x).

For a proof that does not use the DEDUCTION THEOREM see the SOLUTION
TO EXERCISE 1.6.

To show that the equality relation is transitive, we set ® = {z = yAy = z}
and first show that ® - x = z, where in the formal proof we make use of the

fact that F z = y — y = x has already been proven:

Yo T=Yy—y==z already proven

Y1 T=yYANy==2 xr =1y Ay = z belongs to ®
p2: (x=yAy=z2)—oz=y instance of L3

p3: T=y from ¢2 and 1 by (MP)
p4: Y==x from ¢ and @3 by (MP)
p5: (x=yAy=2z)—oy==z instance of L4

pe: Y=z from ¢5 and 1 by (MP)
P7: y:z—)(y:x—)(y:x/\y:z)) instance of Ls

ps: y=zxz—> (y=xzAy=2) from ¢7 and e by (MP)
po: Yy=zAy=2=z from ¢g and ¢4 by (MP)
pi0: y=zxzAy=2)— (y=y—z=2) instance of Lis

Y11 Yy=y—s T =2 from @10 and @9 by (MP)
p12: Y=y9y instance of Lig

p13: T=2 from ¢11 and @12 by (MP)

Thus, we have {x = yAy = z} b 2 = z, and by the DEDUCTION THEOREM
we obtain F (x = y Ay = 2) —» & = z, and after applying three times

Generalisation we finally get

FVaVyVz (z=yAy=2) s y=uz).
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ExXAMPLE 2.2. As a second application, we prove == — ¢, which is one
direction of TAUTOLOGY (F) given at the end of the book. For the other
direction see Example 1.4 and for the relationship between ——¢ — ¢ and
the axioms of Propositional Logic, see the SOLUTIONS TO EXERCISES 2.9.(b)
and 2.10. By the DEDUCTION THEOREM it suffices to prove {——¢} F ¢:

wo: = (mp — @) instance of Lg

p1: = € {——p}

p2: P —p from ¢ and @1 by (MP)
g3 (5= 9) = (0 > 9) = (P V) = 9) instance of Lg

w4: P —> @ by Example 1.1

w51 (mp =) = ((pV ) = @) from 3 and ¢4 by (MP)
wer (pV ) = from @5 and w2 by (MP)
wr: eV e instance of Lo

ps: @ from ¢g and 7 by (MP)

EXAMPLE 2.3. As a third application, we prove TAuTOLOGY (K), which is
the statement (¢ — 1) > (—p V ). We first show F (—p V) = (¢ = ¢):

wo: (e = (¢ =) =

(¥ = (=) = ((me V) = (¢ = ¥))) instance of Lg
p1: (mp = (¢ =) instance of Lg
P2 (Y= (p =) = (b V) = (¢ = 9) from o and @1 by (MP)
p3: Y= (p— ) instance of L
pa: (e VY) = (9 — ) from 3 and 3 by (MP)

Now, we show {¢© — ¥} F (- V ¢):

wo: Y — (mp V) instance of Ly
P12 (= (e VY)) = (= (Y = (e V) instance of L;
w2r (o= (= (- V) from 1 and ¢ by (MP)
w3 (o= (¥ = (e VY))) —
(g =) = (o= (me V) instance of Lp
pa: (= Y) = (p = (mp V) from @3 and @2 by (MP)
ws: =Y assumption
we: = (@ V) from ¢4 and @5 by (MP)

wr: (o= (e VY)) —
(5 = (e V) = ((p V —p) = (2 V 9))) instance of Lg

ws: (mp = (e VY)) = ((p V) = (e Vi) from 7 and e by (MP)
po: = (mp V) instance of Lg

w100 (¢ Vp) = (o VP) from g and @9 by (MP)
e11: @V e instance of Lo

p12: "V from @19 and @11 by (MP)

By applying (DT) we find - (¢ — ¥) — (—¢ V 9), and after combin-
ing this statement with the previous statement using Ls, we finally obtain
TavToLoGy (K).

Remark. The tautologies listed at the end of the book can all be proven from
the logical axioms (for some examples see the SOLUTION TO EXERCISE 2.4).
So, we can consider tautologies as if they were additional logical axioms.
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Natural Deduction

We have introduced predicate logic so that there are many logical axioms and
only two inference rules. However, it is also possible to introduce calculi with
an opposite approach: few axioms and many inference rules. In the calculus
of natural deduction there are, in fact, no axioms at all. Its inference rules
essentially state how to transform a given formal proof to another one. We
write ® I— to state that there is a formal proof of ¢ in the calculus of natural
deduction with the non-logical axioms given by ®.

Let ® be a set of formulae and let o, 1, x be any formulae. The first rule
states how formal proofs can be initialized.

INITIAL RULE (IR): for p € ®.

Prp

In the calculus of natural deduction there are so-called introduction rules
and elimination rules for each logical symbol.

- P, PHY P AY PO AY
(In): P-p A (Er): P 1
(V) P D) (EV): PV, ®+pl-yx, P+ Yy
PV PV ' Py
A s P =Y, Py
(I=): F Ya— (E—): Y-
D+ p—YPp A\ P
=)y — E-): ————
(17) Py (E=) o] S)

Let 7 be a term and v be a variable such that the substitution @(v/7) is
admissible and v ¢ free(x) for any formula y € ® and—in the case of
(E3)—v ¢ free(e)). Now we can state the corresponding introduction and
elimination rules for quantifiers:

(1) D—vp(v), 2+ o)y

(19): S0 (E3): Fyw—"
' P—o(v) . D—VYvp(v)
W @) S T

Finally, we need to deal with equality and atomic formulae. Let 7,71 and 75 be
terms and ¢ an atomic formula. The following introduction and elimination
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rules for equality are closely related to the logical axioms Li4—L16:

. PrT =1, Pro(v/T)
T=T (E=): P—p(v/m)

(I=):

Formal proofs in the calculus of natural deduction are defined in a similar
way as in our usual calculus: There is a formal proof of a formula ¢ from a
set of formulae ®, denoted by ® -, if there isa FINITE sequence of of
pairs (®o,¢0), -, (®n,n) such that ®,, = ®, ¢, = ¢ and for each i < n,
P, 1-p; is obtained by the application of an inference rule

‘I)jo = ®joy -+ (I)jk —vj,

with £ < 3 and jp,...,Jr < i. Note that the the case £ = 0 is permitted,
which corresponds to an application of the INITIAL RULE. In the case when
® is the empty set, we simply write .

We have now described two ways of introducing formal proofs. It is therefore
natural to ask whether the two systems prove the same theorems. Fortunately,
this question turns out to have a positive answer.

THEOREM 2.4. Let ® be a set of formulae and let ¢ be a formula. Then we
have
DFp «—> Do

Proof. We need to verify that every formal proof in the usual sense can be
turned into a formal proof in the calculus of natural deduction and vice versa.
In order to prove that ® - implies ® - ¢ for every formula ¢, we need to
derive all introduction and elimination rules from our logical axioms and
(MP) and (V). We focus only on some of the rules and leave the others as an
exercise.

Formal proofs of the form ®1—¢ with ¢ € ® using only (IR) obviously
correspond to trivial formal proofs of the form ® F ¢. We consider the more
interesting elimination rule (EV). Suppose that ® - o V¢, ® + ¢ F x and
® + 9 F x. We verify that ® F y.

©wo: P — X from ® + ¢ - x by (DT)
p1: Y —=x from ® + ¢ - x by (DT)
20 (p=x) 2> (Y = x) = ((pVY) = X)) instance of Lg

e3: (¥ —=x) = (P V) = X) from 2 and @o by (MP)
war (pVY) = x from @3 and @1 by (MP)
A by assumption

we: X from ¢4 and @5 by (MP)

The corresponding introduction rule (IV) follows directly from Le and L7
using (DT). Note that (I—) follows directly from (DT) and (E—) from (MP).
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We further prove the rules for negation. For (I-) suppose that ® + ¢ +
Y A=), Tt follows from (EA) that @ + ¢ - ¢ and & + ¢ F —1p. We prove that
® + p - —p, since then ® F —p by (EV) and Lo. We have:

wo: Y = (P = ) instance of Lg

e1: Y by assumption
w2: P = —p from ¢ and ¢1 by (MP)
@w3: P by assumption
pa: P from @2 and ¢3 by (MP)

The corresponding elimination rule (E—) follows from Example 2.2. Finally,
we prove (13) and (E3). Note that (13) follows directly from Ly; using (DT)
and (MP). For (EJ), let v be a variable such that v ¢ free(x) for any x € ®
and suppose that ® - Jvp(v) and ® + p(v) F 1. An application of (DT)
then yields ® - ¢(v) — t. Then we obtain ® + ¢ by the following formal
proof:

wo: Yr(p(v) = ) = (Ave(v) — )
12 o) =

wa: V(o) — )

w3 Fvpv) =P from ¢ and @2 by (MP)
pa:  Fvp(v) by assumption

w5: P from ¢3 and ¢4 by (MP)

instance of Li3
by assumption
from ¢1 by (V)

This completes the proof of (E3J). The verification of the other rules of the
calculus of natural deduction are left to the reader (see Exercise 2.2).

Conversely, we need to check that the calculus of natural deduction proves
the logical axioms Lo—L1¢ as well as the inference rules (MP) and (V). Observe
that (MP) corresponds to (E—) and (V) corresponds to (IV). As before, we
only present the proof for some axioms and leave the others to the reader.
We consider first Lg. We need to check that - — (¢ — ).

{~p, 0,0} o by (IR)
{—p, 0,0} =g by (IR)
{~¢, 0,0} o A-p by (IA)
{~, ¢} =9 by (1-)
{~¢, 0} =9 by (E-)
{~¢} == by (I-)
==p = (¢ — ) by (1-)

Secondly, we derive Axiom Li3 using the calculus of natural deduction, i.e.,
we show HYv(o(v) — ¢) = (Fve(v) — ¢):

{Vw(pv) = ), Ivp(v), ()} Fp(v) by (IR)
{V(e) = ), ), p(v)} F3Ivep(v) by (IR)
{Vv(p(v) = ), ve(v), p(v)} FE=Yw(pv) — ) by (IR)
V(o) = ), vp), p(v)} o) = by (EV)
{Vu(e(v) = ), ), p(v)} H9 by (E—)
{Vu(p(v) = ), vp()} o by (E3)
{M(p(v) = ) F3vp) = by (1)
V(o) = ) = (Fve(v) = ) by (I=).

The other axioms can be verified in a similar way. -
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Methods of Proof

The inference rules of the calculus of natural deduction are very useful be-
cause they resemble methods of proof which are commonly used in mathe-
matics. For example, the elimination rule (EV) mimicks proofs by case dis-
tinction: Under the assumption that ® - ¢ V ¢, one can prove a formula y
by separately proving ® +¢ - xy and ® + ¢+ x.

In the following, we list several methods of proof such as proofs by contra-
diction, contraposition and case distinction.

PROPOSITION 2.5 (PROOF BY CASES). Let ® be a set of formulae and let
p, ¥, x be some formulae. Then the following two statements hold:

PV and ®+pkx and P+YpEyxy =—> PrLy (V0)
P+pkyxy and ®+-pky =—> ®Fyx (V1)

Proof. Note that (VO0) is exactly the statement of (EV) and (V1) is a special
case of (V0), since ® - p V —p by Lg. B

COROLLARY 2.6 (GENERALISED PROOF BY CASES). Let ® be a set of for-
mulae and let vy, ..., %y, be some formulae. Then we have:

DYV -V, and ®+Y;Fpforalli<n =—» ®Fop

Since COROLLARY 2.6 is just a generalization of (V0), we will denote all
instances of this form by (V0) as well.

Proof of COROLLARY 2.6. We proceed by induction on n > 1. For n = 1 the
statement is exactly (V0). Now assume that ® F g V...V 9, V ¥,41 and
®+ 1y Fpforali<n+41 Let ® :=® + 1y V...V, and observe that
® 1)y V...V, and ® + 1; F ¢, so by induction hypothesis ®' - ¢. By
the DEDUCTION THEOREM this implies ® F ¢y V ...V ¥, — ¢. Moreover,
by another application of (DT) we also have ® F 1,11 — ¢. Using Lg and
twice (DT), we obtain ® - g V...V ¢, V ¢,41 — ¢, hence (DT) yields the
claim. —

PROPOSITION 2.7 (EX FALSO QUODLIBET). Let ® be a set of formulae and
let ¢ an arbitrary formula. Then for every £-formula 1) we have:

BrpA—p —> ®Fy @)

Proof. Let 1 be any formula and assume that ® - o A - for some formula
©. By (EA) we have @ F ¢ and ® F —¢. Now the instance =¢ — (¢ — 9) of
the logical axiom Lg and two applications of Modus Ponens imply ® - ¢. -
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Notice that PROPOSITION 2.7 implies that if we can derive a contradiction
from ®, we can derive every formula we like, even the impossible, denoted

by the symbol
pify

This is closely related to proofs by contradiction:

COROLLARY 2.8 (PROOF BY CONTRADICTION). Let ® be a set of formulae,
and ¢ be an arbitrary formula. Then the following statements hold:

B+phb@ —> Bt
ot —> ®F-p

Proof. Note that the second statement is exactly the introduction rule (I-).
For the first statment, note that by (V1) it is enough to check ® + ¢ F ¢
and ® + - F . The first condition is clearly satisfied and the second one
follows directly from (IA) and (£9). =

PROPOSITION 2.9 (PROOF BY CONTRAPOSITION). Let ® be a set of formulae
and @ and v two arbitrary formulae. Then we have:

Pty <= S+-YF-p (CP)

Proof. Suppose first that ® +¢ F 1. Then by (IA), @U{—, ¢} F p A—p and
hence by (=) we obtain ® + -1 - —p. Conversely, assume that ® +—1) F —¢p.
A similar argument as above yields ® + ¢ - =—). An application of (E—)
completes the proof. -

Note that PROPOSITION 2.9 proves the logical equivalence
Y P = .

THEOREM 2.10 (GENERALISED DEDUCTION THEOREM). If ® is an arbi-
trary set of formulae and ®U{¢y, ..., ¥} F @, then ® F (Y1 A~ Athy) = @5
and vice versa:

SU{Y1,...., e <= PFWIA-AY,) = (GDT)

Proof. This follows immediately from the DEDUCTION THEOREM and the
DEMORGAN’S LAwWS (see EXERCISE 2.6). =

The Normal Forms NNF & DNF

In many proofs it is convenient to convert a formula into an equivalent formula
in some normal form. The simplest normal form is the following: A formula
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is said to be in Negation Normal Form, denoted by NNF, if it does not
contain the implication symbol — and if the negation symbol = only occurs
directly in front of atomic subformulae.

THEOREM 2.11 (NEGATION NORMAL FORM THEOREM). Every formula is
equivalent to some formula in NNF.

Proof. We successively apply the following transformations to every non-
atomic negated subformula ¢ of ¢, starting with the outermost negation
symbols.

e Using TauToLOGY (K), we may replace subformulae of the form ¢ — 9
by —thy V 1.

o If vp = =)’ for some formula v’, we replace 1 with ¢’ using TAUTOL-
oay (F).

e By the DEMORGAN’s LAWS (see EXERCISE 2.6), we replace subformulae
of the form —(3)1 A1g) and —(1)1 V 1h9), respectively, with —)1 V —1b9 and
—p1 A\ —1pg, respectively.

o If ¢p = —Jwy)’ then it follows from TAUTOLOGY (Q.0) that ¢ < Vv—)/,
and hence we replace ¢ with Vv—)’. Similarly, using TAUTOLOGY (Q.1),
we replace subformulae of the form —Vv1)’ with the equivalent formula
B

_|

A quantifier-free formula ¢ is said to be in Disjunctive Normal Form,
denoted DNF, if it is a disjunction of conjunctions of atomic formulae or
negated atomic formulae, i.e., it is of the form

(LA AP ) VeV (Ema A Ak,

for some quantifier-free formulae ; ; which are either atomic or the negation
of an atomic formula. In particular, each formula in DNF is also in NNF.

THEOREM 2.12 (DISJUNCTIVE NORMAL FORM THEOREM). Every quantifier-
free formula ¢ is equivalent to some formula in DNF.

Proof. By the NEGATION NORMAL FORM THEOREM we may assume that ¢
is in NNF. Starting with the outermost conjunction symbol, we successively
apply the distributive laws

YA (P1Vpa) & (P A@1) V(P Apy) and
(1 V) Np & (1 AY) V (02 A1)
until all conjunction symbols occur between atomic or negated atomic formu-

lae. This process ends after FINITELY many steps, since there are only
FINITELY many conjunction symbols. a
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A similar result holds for the so-called Conjunctive Normal Form, denoted
CNF (see EXERCISE 2.8).

Substitution of Variables and the Prenex Normal Form

In Part IT & III, we shall encode formulae by strings of certain symbols and
by natural numbers, respectively. In order to do so, we have to make sure
that the variables are among a well-defined set of symbols, namely among
Vg, U1, . . ., where the index n of v, is a natural number (i.e., a member of IN).

THEOREM 2.13 (VARIABLE SUBSTITUTION THEOREM). For every sentence
o there is an equivalent sentence & which contains just variables among
vg, V1, ..., where for any m,n € IN with m < n, if v, appears in &, then
also v,, appears in &.

Proof. Let o be an arbitrary sentence and let m be such that no variable vy
with & > m appears in 0. Assume that Jvp(v) is a sub-sentence of 0. Then
Jve(v) & Jugp(v/vg) for any k > m. To see this, first notice that since vy
does not appear in ¢, the substitution ¢(v/vg) is admissible. Furthermore,
we have:

wo:  p(vg) = Jve(v) instance of Li;
w1 Voug (gp(vk) — Hmp(l/)) from ¢q by (V)
w2 Vo (p(vg) — 31/50(1/)) — (Hvkw(vk) — 31/90(1/)) instance of Li3
w3 Fugp(vg) — vep(v) from ¢2 and 1 by (MP)

Similarly, we obtain Jve(r) — Jugp(vk), which shows that Jvp(v) <
Fugp(vg).

Assume now that Yvp(v) is a sub-sentence of 0. Then Vvp(v) < Yurp(v/vg).
Since the substitution ¢(v/vy) is admissible, we have:

wo:  Vre(v) — p(vg) instance of Lig
p1: Vg (Vl/cp(u) — go(vk)) from ¢q by (V)
po2: Vg (‘v’r/go(u) — cp(vk)) — (VV@(V) — Vvkgo(vk)) instance of Lio
p3: Yvp(v) = Yogp(vg) from ¢2 and 1 by (MP)

Similarly we obtain Vugp(vg) — Vvep(v), which shows that Yvp(rv) <
Vurp(vg).

Therefore, we can replace all the variables vy, v, ... appearing in o step by
step with variables v,,, V1, - .. and obtain a sentence ¢’ which is equivalent
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to 0. In a last step, we replace the variables v,,, vy, 41, ... with vg,v1,... and
finally obtain &. —

In Chapter 5, we will use the fact that every sentence can be transformed
into a semantically equivalent sentence in the so-called special Prenex Normal
Form:

A sentence o is said to be in Prenex Normal Form, denoted by PNF, if
it is of the form

Yovo ... Yovno,

where the variables vy, ..., v, are pairwise distinct, each ¥,, (for 0 < m < n)
stands for either 3 or for V, and & is a quantifier-free formula. Furthermore,
a sentence o is in special Prenex Normal form, denoted by sPNF, if o is
in PNF and

o= YyvoFivy... Y, v,0,

where each ¥, (for 0 < m < n) stands for either 3 or V, & is quantifier-free,
and in addition, each variable vy, ...,v, appears free in &.

THEOREM 2.14 (PRENEX NORMAL FORM THEOREM). For every sentence o
there is an equivalent sentence & in sPNF.

Sketch of the Proof. Using the NEGATION NORMAL FORM THEOREM we
may suppose that ¢ is in NNF. Moreover, by TAUTOLOGIES (O.1) and (0.2)
(see in the proof of the VARIABLE SUBSTITUTION THEOREM) we may addi-
tionally suppose that no variable is quantified more than once. The crucial
part is now to show that for all formulae ¢ and v, where v ¢ free(y), the
following formulae are tautologies:

Jvp o & (o),
Y o) & Yr(pot),
where o stands for either V or A. We just prove that the formula
eV — (eVe), where v ¢ free(y),

is a tautology; all other cases are proved similarly.
By Lg, we obtain

F (Bre = (V) —
<(¢ = J(pV 1/1)) — ((Eugo V) = Av(eV 1/)))) .

Therefore, it is enough to show:
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FIve - w(eVvy) and Fo— Tv(pVy)

We first prove - v — Jv(p V y):

wo: @ —> eV instance of Lg

p1: VY = (e V) instance of Lig

p2: = (pVY) by TauTtoLocy (D.0)
p3: Vl/((p — (e V z/))) from ¢2 by (V)

©a: Vl/(cp — (e V ¢)) — (Hucp — Jv(eV w)) instance of Lj3

ps5: Jrve — (e V) from ¢4 and @3 by (MP)

Now we show ¢ — Jv(p V ):

wo: Y —>eVY instance of L7
p1: VY = (e V) instance of L
p2: Y — (e V) by Taurorocy (D.0)

After FINITELY many applications of the above tautologies, we ob-
tain a sentence in PNF. Moreover, the VARIABLE SUBSTITUTION THEOREM
yields a formula in sPNF, i.e.; a formula in which the quantified variables are
Vg, - .., Uy and in the quantifier part of the formula, the variables appear in

the order v, ..., v,.
_|

Semi-formal Proofs

Previously, we have shown that formal proofs can be simplified by apply-
ing methods of proof such as case distinctions, proofs by contradiction or
contraposition. However, in order to make proofs even more natural, it is
useful to use natural language for describing a proof step as in an “informal”
mathematical proof.

EXAMPLE 2.15. We want to prove the tautology F ¢ — ——p. Instead of
writing out the whole formal proof, which is quite tedious, we can apply the
methods of proof which we introduced above.

The first modification we make is to use (DT) to obtain the new goal

{e} F =

The easiest way to proceed is to make a proof by contradiction; hence it
remains to show
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{o, 7} F

which by (IA) is again a consequence of the trivial goals

{o, 7t Fe and  {p,—p}F .

To sum up, this procedure can actually be transformed back into a formal
proof, so it suffices as a proof of F ¢ — —~—p. Now this is still not completely
satisfactory, since we would like to write the proof in natural language. A
possible translation could thus be the following;:

Semi-formal Proof. We want to prove that ¢ implies =—¢. We assume ¢, and
for a contradiction we assume also —¢. Then we have ¢ and —p, which is a
contradiction. Hence, we must have =—¢p, i.e., ¢ — . —

We will now show in a systematic way how formal proofs can—in prin-
ciple—be replaced by semi-formal proofs, which make use of a controlled
natural language, i.e., a limited vocabulary consisting of natural language
phrases such as “assume that” which are often used in mathematical proof
texts. This language is controlled in the sense that its allowed vocabulary is
only a subset of the entire English vocabulary and that every word and every
phrase, respectively, has a unique precisely defined interpretation. However,
for the sake of a nice proof style, we will not always stick to this limited
vocabulary. Moreover, this section should be considered as a hint of how for-
mal proofs can be formulated using a controlled natural language as well as
a justification for working with natural language proofs rather than formal
ones.

Every statement which we would like to prove formally is of the form ® |- ¢,
where ® is a set of formulae and ¢ is a formula. Note that as in Example 2.15,
in order to prove ® F ¢—which is actually a meta-proof —we perform
operations both on the set of formulae ® and on the formula to be formally
proved. We call a statement of the form ® - ¢ a goal, the set ® is called
premises, and the formula ¢ to be verified as target. Now instead of listing
a formal proof, we can step by step reduce our current goal to a simpler
one using the methods of proof from the previous section, until the target is
tautological as in the case of Example 2.15.

In that sense, methods of proof are in that sense simply operations on
the premises and the targets. For example, the proof by contraposition for
example adds the negation of the target to the premises and replaces the
original target by the negation of the premise from which it shall be derived:

If we want to show

P+YFo

we can prove ® + —p - ) instead A slightly different example is the proof
of a conjunction ® - ¢ A, which is usually split into the two goals given by

Pt and PFp.
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Thus we have to revise our first attempt and interpret methods of proof as
operations on FINITE lists of goals consisting of premises and targets.

We distinguish between two types of operations on goals: Backward rea-
soning means performing operations on targets, whereas forward reason-
ing denotes operations on the premises. We give some examples of both back-
ward and forward reasoning and indicate how such proofs can be phrased in
a semi-formal way.

Backward reasoning

e Targets are often of the universal conditional form Vv (p(v) — ¥(v)). In
particular, this pattern includes the purely universal formulae Vv (v) by
taking ¢ to be a tautology as well as simple conditionals of the form
¢ — 1. Now the usual procedure is to reduce ® F Vv (p(v) — 9 (v)) to
® + p(v) F 9 (v) using (V) and (DT). This can be rephrased as

Assume p(v). Then ... This shows ¥ (v).

e As already mentioned above, if the target is a conjunction ¢ A 1), then
one can show the conjuncts separately using (IA). This step is usually
executed without mentioning it explicitly.

o If the target is a negation —p, one often uses a proof by contradiction or
by contraposition: In the first case, we transform ® F —¢ to ® + ¢ -
and use the natural language notation

Suppose for a contradiction that ¢. Then ... Contradiction.

In the latter case, we want to go from ® + =) = —=p to ® + ¢ - ¢ or,
in its positive version, from ® + ¢ - —¢ to ® + p - =), respectively. In
both cases, we can mark this with the keyword contraposition, e.g., as

We proceed by contraposition ... This shows —.

Forwards reasoning

e By (EA), conjunctive premises ¢ A1) can be split into two premises ¢, ¢;
ie, ®+ o AY F x can be reduced to ® U {p,1}  x. This is usually
performed automatically.

e Disjunctive premises are used for proofs by case distinction: If a goal of
the form ® + ¢ V ¢ F x is given, we can reduce it to the new goals
P+ ot x and ® + ¢ - x. We can write this in a semi-formal way as

Case 1: Assume @ ... This proves x.
Case 2: Assume 1) ... This proves x.
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e Intermediate proof steps: Often we first want to prove some intermediate
statement which shall then be applied in order to resolve the target.
Formally, this means that we want to show ® - ¢ by first showing ® - ¢
and then adding v to the list of premises and checking ®+1 - ¢. Clearly,
if we have ® F ¢ and ® + ¢ F ¢, using (DT) and (MP) we obtain that
® I . In a semi-formal proof, this can be described by

We first show 1 ... This proves .

Note that it is important to mark where the proof of the intermediate
statement 1) ends, since from this point on, ¥ can be used as a new
premise.

Observe that in any case, once a goal ® I ¢ is reduced to a tautology, it
can be removed from the list of goals. This should be marked by a phrase
like

This shows/proves .

so that it is clear that we move on to the next goal. The proof is complete as
soon as no unresolved goals remain.

What is the use of such a formalised natural proof language? First of all, it
increases readability. Secondly, by giving a precise formal definition to some
of the common natural language phrases which appear in the proof texts, we
show how —in principle —one could write formal proofs with a controlled
natural language input. This input could then be parsed into a formal proof
and subsequently be verified by a proof checking system.

We would like to emphasize that this section should only be considered as
a motivation rather than a precise description of how formal proofs can be
translated into semi-formal ones and vice versa. Nevertheless, it suffices to
understand how this can theoretically be achieved. Therefore, in subsequent
chapters, especially in Chapters 8 and 9, we will often present semi-formal
proofs rather than formal ones.

Consistency & Compactness

We say that be a set of formulae ® is consistent, denoted Con(®), if ® ¥ 0D,
i.e., if there is no formula ¢ such that ® F (¢ A =), otherwise ® is called
inconsistent, denoted — Con(®).

FacT 2.16. Let ® be a set of formulae.

(a) If = Con(®), then for all formulae 1 we have ® I 1.

(b) If Con(®) and ® I ¢ for some formula ¢, then ® ¥ —p.
(¢) If = Con(® + ), for some formula ¢, then ® - —p.

(d) If ®F —p, for some formula ¢, then — Con(® + ¢).
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Proof. Condition (a) is just PROPOSITION 2.7. For (b), notice that if ® F ¢
and @ - -, then by (IA) we get @ 0D and thus also = Con(®). Moreover,
(¢) coincides with the second statement of COROLLARY 2.8. Finally, for (d)
note that if ® - -y, then ® + ¢ - ¢ A = and hence ® + ¢ is inconsistent. -

If we choose a set of formulae ® as the basis of a theory (e.g., a set of
axioms), we have to make sure that ® is consistent. However, as we shall see
later, in many cases this task is impossible.

We conclude this chapter with the COMPACTNESS THEOREM, which is a
powerful tool in order to construct non-standard models of Peano Arithmetic
or of Set Theory. On the one hand, it is just a consequence of the fact that
formal proofs are FINITE sequences of formulae. On the other hand,
the COMPACTNESS THEOREM is the main tool to prove that a given set of
sentences is consistent with some given set of formulae ®.

THEOREM 2.17 (COMPACTNESS THEOREM). Let ® be an arbitrary set of
formulae. Then ® is consistent if and only if every finite subset ® of ® is
consistent.

Proof. Obviously, if @ is consistent, then every finite subset ®’ of ® must be
consistent. On the other hand, if ® is inconsistent, then there is a formula ¢
such that ® - ¢ A—. In other words, there is a proof of ¢ A—¢ from ®. Now,
since every proof is finite, there are only finitely many formulae of ® involved
in this proof, and if ®’ is this finite set of formulae, then ®" I o A =, which
shows that @', a finite subset of @, is inconsistent. -

NOTES

Natural deduction in its modern form was developed by the German mathematician
Gentzen in 1934 (see [11, 12]).

EXERCISES

2.0 (a) Show that quantifier-free formulae can be written with the only logical operator
A, where

P A= =(pAY).
(b) Show that quantifier-free formulae can be written with the only logical operator
V, where

PV = =(p V).
2.1 Show that logical equivalence < defines an equivalence relation on the set of formulae.
2.2 Complete the proof of THEOREM 2.4.
2.3 Formalise the method of proof by counterexample and prove that it works.

2.4 Show that the TauTOLOGIES (L.0) and (R) are provable from the logical axioms.
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2.5 Prove the equivalences in the proof of THEOREM 1.7.
2.6 Let ¢o,...,pn be formulae. Prove the DEMORGAN’S LAaws:
(a) =(po A=+ Apn) & (1 V-V pn)

(B) ~(90 V-V o) & (=1 A+ A—pn)
(©) wo=(p1= (= on)) & (mpoV - Vopn1) Vo

2.7 Prove the following generalisation of Lis to an arbitrary formula ¢:
F(mi=TAATp=1))— (tp(n,...,‘rn) *)QD(T{,...,T,,’I)),
where 7,71,...,7n,T{,...,T;, are terms and ¢ is a formula with n free variables.

2.8 A quantifier-free formula ¢ is said to be in Conjunctive Normal Form, denoted
CNF, if it is a conjunction of disjunctions of atomic formulae or negated atomic for-
mulae, i.e., it is of the form

P11V - Veorg ) A Alem1V -V onk,)
for some quantifier-free formulae ¢; ; which are either atomic or the negation of an
atomic formula.

Show that every quantifier-free formula ¢ is equivalent to some formula in CNF.
2.9 Let Lo3/, be the axiom schema (¢ — ) — ((gp = —p) = ).

(a) Show that {Lo,Li,L2,Lg, Lo} Lgs/,, where |- here means that we can only use
Modus Ponens and the five logical axioms Lo, Li, Lp, Lg, and Lg—this applies
analogously for the following exercises.

(b) Show that {L1,L2,Les/,} F o — ==,
(C) Show that {Llng} ¥ Lg3/4.

Hint: Define a mapping |-|, which assigns to each formula ¢ a value |p| € {—1,0,1}
such that the following conditions are satisfied: |¢ V ¢| = max{|¢|, ||}, [p AY| =

min{|pl, |¥]}, |7¢] = —|¢|, and the value of |¢ — 9| is given by the following
table:
I 0 1
]
-1 1 1 1
0 1 11 =9
1 -1 0 1

Show that for every formula 6 with {Li—Lo} - 6 we have |0] = 1. On the other
hand, for certain values of |¢| and |¢| we have |Lgs/,| # 1.

2.10 Let Lg1/, be the axiom schema ——¢ — .
(a) Show that {Lo7 Ly, Lo, Ls, Lg} I Lg1/4.

(b) Show that {Li, L2, Ls, L7, L93/4} F==(e V).
(¢) Show that {|_17 Lo, Le, L7, |_93/47 L91/4} F Lo.
(d) Show that {Li-Lo,Lgs/,} ¥ Lo1/, (compare with EXERCISE 2.9.(b)).
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(e) Show that {L1—Lg,Lgs/,} ¥ Lo (compare with EXERCISE 2.10.(c)).
Hint for parts (d) & (e): As in EXERCISE 2.9.(c), define a mapping |-|, which assigns
to each formula ¢ a value |p| € {—1,0,1} such that the following conditions are
satisfied: | v | = max{l@l, [4]}, ¢ A 9] = min{l], [$}, and the values of ||
and | — 1| are given by the following tables:

] 0 1
el
lep| -1 0 1
-1 1 1 1
|ﬁ<p|‘ 1 -1 -1 0| -1 1 1 [ — |
1] -1 0 1

Show that for every formula 6 with {L1-Lo,Lgs/,} = 0 we have |¢] = 1. On the
other hand, for certain values of || we have |Lo| # 1 and |Lg1/,| # 1, respectively.

2.11 Prove GLIVENKO’S THEOREM, which states that for every formula ¢ of Propositional
Logic, i.e., for every formula ¢ which is quantifier-free, we have:

{Lo-Lo} = if and only if {Li-Lo,Los,} F ==



Check for
updates

Chapter 3
Semantics: Making Sense of the Symbols

There are two different views on a given set of formulae ®, namely the syn-
tactical view and the semantical view.

From the syntactical point of view (presented in the previous chapters), we
consider the set ® just as a set of well-formed formulae — regardless of their
intended sense or meaning— from which we can prove some formulae. So,
from a formal point of view there is no need to assign real objects (whatever
this means) to our strings of symbols.

In contrast to this very formal syntactical view, there is also the semantical
point of view according to which we consider the intended meaning of the for-
mulae in ® and then seek for a model in which all formulae of ® become true.
For this, we have to explain some basic notions of Model Theory like struc-
ture and interpretation, which we will do in a natural, informal language. In
this language, we will use words like “or”, “and”, or phrases like “if...then”.
These words and phrases have the usual meaning. Furthermore, we assume
that in our normal world, which we describe with our informal language, the
basic rules of common logic apply. For example, a statement A is true or
false, and if A is true, then the negation of A, denoted not-A, is false; and
vice versa. Hence, the statement “A or not-A” is always true, which means
that we tacitly assume the LAW OF EXCLUDED MIDDLE, also
knownas TERTIUM N ON D ATUR, which corresponds to the logical
axiom Lg. Furthermore, we assume DEM ORGAN’S L Aw S and apply
Mobpus PONENS as an inference rule.

Structures & Interpretations

In order to define structures and interpretations, we have to assume some
notions of NAIVE SET THEORY like subset, cartesian product, or
relation, which shall be properly defined in Part IV. On this occasion, we
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also make use of the set theoretical symbol €, which stands for the binary
membership relation.

Let . be an arbitrary but fixed language. An Z-structure M consists
of a non-empty set A, called the domain of M, together with a mapping
which assigns to each constant symbol ¢ € .Z an element ¢ € A, to each
n-ary relation symbol R € £ a set of n-tuples RM of elements of A, and to
each n-ary function symbol F € .Z a function F™ from n-tuples of A to A.
In other words, the constant symbols denote elements of A, n-ary relation
symbols denote subsets of A™ (i.e., subsets of the n-fold cartesian product of
A), and n-ary functions symbols denote n-ary functions from A™ to A.

The interpretation of variables is given by a so-called assignment: An as-
signment in an Z-structure M is a mapping j which assigns to each variable
an element of the domain A.

Finally, an Z-interpretation I is a pair (M, j) consisting of an Z-
structure M and an assignment j in M. For a variable v, an element a € A,
and an assignment j in M, we define the assignment j by stipulating

jew) = {‘? o' =,

j(v'") otherwise.

Furthermore, for elements a,a’ € A and variables v, v/, we shall write j
instead of (]%) o

v

’
aa
v

For an interpretation I = (M, j) and an element a € A, we define:
I8 = (M, %)

We associate with every interpretation I = (M, j) and every .Z-term 7 an
element I(7) € A as follows:

e For a variable v, let I(v) := j(v).
e For a constant symbol ¢ € .Z, let I(c) := M.
e For an n-ary function symbol F' € .Z and terms 7q,...,7,, let

I(F(’Tl, .. ,’Tn)) = FM(I(’Tl), .. .,I(Tn)) )

Now, we are able to define precisely when a formula ¢ becomes true under
an interpretation I = (M, j); in which case we write I F ¢ and say that ¢
is true in I (or that ¢ holds in I). The definition is by induction on the
complexity of the formula ¢, where the truth value of expressions involving
“NOT”, “AND”, “IF ... THEN”, et cetera, is explained later. By the rules (F0)—
(F4), » must be of the form 7 = 7o, R(71,...,7n), ¥, 1 A o, U1 V 1o,
1 — Yo, v, or Y.

IEm =7 <= I(71) IS THE SAME OBJECT AS I(72)

IER(m,...,7) == (I(n1),...,1(,)) BELONCS TO RM
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IF—~) <= NoT IFY
IEY1 Ay === TE; AND IF
IEY Vi <= TIEvY; OrR IF s
Iy >y <= 1F IF¢; THEN IF
IF3dvp <=~ THERE EXISTS a IN A: I7F9

IEVY) <= FORALLa IN A: I2F%

Notice that by the logical rules in our informal language, for every £-formula
o we have either I F ¢ or I F —¢. So, every Z-formula is either true or false
in I. On the syntactical level, however, we do not necessarily have ® F ¢ or
P - —p for each set & of Z-formulae and each .Z-formula ¢.

The following fact summarises a few immediate consequences of the above
definitions:

Fact 3.0. (a) If  is a formula and v ¢ free(y), then:
I+ ¢ ifandonly if TF ¢
(b) If p(v) is a formula and the substitution ¢(v/7) is admissible, then:

1Y) = o(v) ifand only if TF o(7)

Basic Notions of Model Theory

Let ® be an arbitrary set of Z-formulae. Then an Z-structure M is a model
of & if for every assignment j and for each Z-formula ¢ € ® we have
(M, j) E ¢, ie., @ is true in the Z-interpretation I = (M, j). Instead of
saying “M is a model of ®” we just write M F ®. If ¢ fails in M, then
we write M ¥ ¢. Notice that in the case when ¢ is a sentence, M F ¢ is
equivalent to M F —¢, since for any .Z-sentence ¢ we have either M F ¢
or M E —p.

EXAMPLE 3.1. Let £ = {c, f}, where c is a constant symbol and f is a
unitary function symbol. Furthermore, let ® consist of the following two
Z-sentences

Ve(z=cVae=f(c) and Jz(z#c).
—_———
P1 P2
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We construct two models M; and My with the same domain A, such that
M; E ® and M, ¥ ®: For this, let A := {0,1}, and let

M=o, M(0):=1, M(1):=0,

M=o, M20):=0, fM2(1):=1.

We leave it as an exercise to the reader to show that ¢o holds in both models,
whereas ¢1 holds just in the model M;. In fact, we have M F 1 A 2 and
M; E =1 A 2.

As an immediate consequence of the definition of models, we get:

Fact 3.2. If ¢ is an ¥-formula, v a variable, and M a model, then M F ¢
if and only if M E VY.

This leads to the following definition: Let (vq,...,v,) be the sequence of
variables which appear free in the Z-formula ¢, where the variables appear
in the sequence in the same order as they appear for the first time in ¢ if one
reads ¢ from left to right. Then the universal closure of ¢, denoted @, is
defined by stipulating

D=V -V, p.

As a generalisation of FACT 3.2, we get:
Fact 3.3. If ¢ is an Z-formula and M a model, then

MEp «—> MEDp

The following notation will be used later on to simplify the arguments when
we investigate the truth-value of sentences in some model M: Suppose that
M is a model with domain A. Let ¢(v1,...,v,) be an .Z-formula whose free
variables are vy,...,v, and let aq,...,a, € A. Then we write

ME p(a,...,a,)
to denote that for every assignment j in M we have:

(M, g5 22) F (v, .o vn)

Let us now have a closer look at models: For this, we fix a signature .Z (i.e.,
we fix a possibly empty set of constant symbols ¢, n-ary function symbols F,
and n-ary relation symbols R). Two Z-structures M and N with domains
A and B are isomorphic, denoted M =2 N, if there is a bijection f: A — B
such that for all constant symbols ¢ € .Z we have

F(M) =N,
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and for all natural numbers n, all n-ary function symbols F' € £, all n-ary
relation symbols R € .Z, and any aq,...,a, € A we have:

f(FM(ala“'van)) = FN(f(al)v'“vf(an))

(a1,...,a,) € RM & (f(a1),..., f(an)) € RN

Since models are just Z-structures, we can extend the notion of an iso-
morphism to models and obtain the following:

Fact 3.4. If M and N are isomorphic models of some given set of £-
formulae and ¢ is an £-formula, then:

MEyp <> Nk

It may happen that although two Z-structures M and N are not isomor-
phic there is no .Z-sentence that can distinguish between them. In this case,
we say that M and N are elementarily equivalent. More formally, we say
that M is elementarily equivalent to N, denoted by M =, N, if each
Z-sentence o which is true in M is also true in N. The following lemma
shows that =, is symmetric:

LEMMA 3.5. If M and N are .Z-structures and M =, N, then for each
Z-sentence o we have:

MEoc <— N¢Fo

Proof. One direction follows immediately from the definition. For the other
direction, assume that ¢ is not true in M, i.e., M ¥ ¢. Then M F =, which
implies N F —o, and hence, ¢ is not true in N. B

As a consequence of FACT 3.3, we get:

Fact 3.6. If M and N are elementarily equivalent models of some given set
of L-formulae and ¢ is an £-formula, then we have:

MFy <= NEFgp

In what follows, we investigate the relationship between syntax and seman-
tic. In particular, we investigate the relationship between a formal proof of a
formula ¢ from a set of formulae ® and the truth-value of ¢ in a model of
®. In this context, two questions arise naturally:

e Is each formula ¢ which is provable from some set of formulae ® valid in
every model M of ®?

e Is every formula ¢ which is valid in each model M of ® provable from ®7
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Soundness Theorem

In this section, we give an answer to the former question in the previous
paragraph; the answer to the latter question is postponed to Part II.

A logical calculus is called sound if all that we can prove is valid (i.e., true),
which implies that we cannot derive a contradiction. The following theorem
shows that First-Order Logic is sound.

THEOREM 3.7 (SOUNDNESS THEOREM). Let ® be a set of .£-formulae and
M a model of ®. Then for every £-formula ¢ we have:

Py =—> MFyp
Somewhat shorter, we could say
Vo: @ —> VMME® —> Mk ),

where the symbol W stands for “FOR ALL”.

Proof. First we show that all logical axioms are valid in M. For this, we have
to define truth-values of composite statements in the metalanguage. In the
previous chapter, e.g., we defined:

MEpAYy <= MEp AND MEY
—— —— N——

© <= P AND N4

Thus, in the metalanguage the statement O is true if and only if the statement
“@ AND U7 is true. So, the truth-value of © depends on the truth-values of
® and V. In order to determine truth-values of composite statement like
“P AND U” or “IF & THEN W’ where the latter statement will get the
same truth-value as “NOT ® OR W”, we introduce so called truth-tables, in
which 1 stands for true and 0 stands for false:

[ 4 NOoT P d AND U ® OrR ¥ IF & THEN V¥
0 0 1 0 0 1
0 1 1 0 1 1
1 0 0 0 1 0
1 1 0 1 1 1

With these truth-tables, one can show that all logical axioms are valid in
M. As an example, we show that every instance of L; is valid in M. For this,
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let 1 be an instance of Ly, i.e., o1 = ¢ — (Y — ) for some Z-formulae
wand 9. Then M E ¢, if and only if M F ¢ — (¢ — ¢):

MEp—=(p—=¢p) <= 1IF MF¢ THEN ME¢ — ¢
N—_—— N——

) <« 1+ & THEN (IF MFvY THEN MF p)
N—— ——
v Lo

This shows that
© <= IF & THEN (IF ¥ THEN @ ).

Writing the truth-table of O, we see that the statement © is always true
(i.e., 1 is valid in M):

P v IF ¥ THEN ¢ IF ® THEN (IF W THEN ®)
0 0 1 1
0 1 0 1
1 0 1 1
1 1 1 1

Therefore, M F ¢, and since ¢; was an arbitrary instance of Lj, every
instance of Ly is valid in M.

In order to show that the logical axioms Ljg—Lje are also valid in M, we
need somewhat more than just truth-tables. For this purpose, let A be the
domain of M, let j be an arbitrary assignment, and let I = (M, j) be the cor-
responding Z-interpretation. Now we show that every instance of Lyg is valid
in M. For this, let ¢19 be an instance of Lig, i.e., 910 = Vvp(v) — ¢(7) for
some Z-formula ¢, where v is a variable, 7 an .Z-term, and the substitution
p(v/7) is admissible. We work with I and show that I F 1.

By definition, we have
IEVYve(v) — (1) <= 1F IEYrp(v) THEN Ik ¢(7),
and again by definition, we have
IFVvp(v) <==> FOR ALLa IN A: IS F p(v).

In particular, we obtain

IEVYe(v) —> I@ Eo).
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Furthermore, by FAcT 3.0.(b) we get

Ik o(r) ~—> 112 ko).

v

Hence, we have
IF TEVvp(rv) THEN 1F ¢(7)

which shows that
(M, j) EVvp(v) — o(T).

Since the assignment j was arbitrary, we finally have:
MEVvp(v) — o(71)

Therefore, M F @19, and since 19 was an arbitrary instance of Lyg, every
instance of Ly is valid in M.

With similar arguments, one can show that every instance of L1y, L1o, or L3
is also valid in M (see EXERCISE 3.5.(a)). Furthermore, one can show that Lyq,
Ly, and Ly are also valid in M (see EXERCISE 3.5.(b)).

Let ® be a set of formulae, let M be a model of ®, and assume that ® F ¢,
for some Z-formula ¢y. We shall show that M F ¢q. For this, we first notice
the following facts:

e As we have seen above, each instance of a logical axiom is valid in M.
e Since M F ®, each formula of ® is valid in M.
e By the truth-tables, we get

IF (ME@—1% AND ME ) THEN ME ¢

and therefore, every application of Modus Ponens in the proof of ¢ from
® yields a valid formula (if the premises are valid).
e Since, by FACT 3.2,

MEe <= MEVYvp(v)

every application of the Generalisation in the proof of g from ® yields a
valid formula.

From these facts, it follows immediately that each formula in the proof of ¢q
from ® is valid in M. In particular, we get

M ': (,D()
which completes the proof. n

The following fact summarises a few consequences of the SOUNDNESS THE-
OREM 3.7.
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Fact 3.8.

(a) Every tautology is valid in each model:
Vo: Fo = VM: MFop
(b) If a set of formulae ® has a model, then ® is consistent:
IM: ME® =—> Con(®)

Here, the symbol 3| stands for “IT EXISTS”.

(¢) The logical axioms are consistent:
COH(Lo—Llﬁ)

(d) If a sentence o is not valid in M, where M is a model of ®, then o is
not provable from ®:

IF (MFo AND ME®) THEN ®Fo

Completion of Theories

A set of Z-sentences is called an Z-theory, denoted by T. An Z-theory T is
called complete, if for every .Z-sentence o we have either TH o or T F —o.
Notice that, by definition, an inconsistent theory is always incomplete (i.e.,
not complete). Furthermore, for an #-theory T let Th(T) be the set of all
Z-sentences o, such that T F ¢. By these definitions, we get that a consistent

ZL-theory T is complete if and only if for every .Z-sentence o we have either
o € Th(T) or —o € Th(T).

PROPOSITION 3.9. If T is an £-theory which has a model, then there exists a
complete £-theory T which contains T. In particular, every .£-theory which
has a model can be completed (i.e., can be extended to a complete theory).

Proof. Let M be a model of some .Z-theory T and let T be the set of .Z-
sentences o such that M F o. Since for each Z-sentence og we have either
M E og¢p or M F —0g, we get either g € T or =0y € T, which shows that T
is complete, and since M E T, we get that T contains T. -

Let M be a model of some .Z-theory T and let T be the set of .#-sentences
o such that M E o. Then T is called the theory of M, denoted by Th(M).
By definition, the theory Th(M) is always complete.

It is natural to ask whether the converse of PROPOSITION 3.9 also holds,
i.e., whether every .Z-theory which can be completed has a model. Notice
that if an Z-theory T can be completed, then T must be consistent. So, one
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may ask whether every consistent theory has a model. An affirmative answer
to this question together with FACT 3.8.(b) would imply that an Z-theory
T is consistent if and only if T has a model — which is indeed the case, as we
shall see below.

NOTES

The history of Model Theory can be traced back to the 19th century, when semantics
began to play a role in Logic. However, one of the earliest results in modern Model Theory
is Godel’s COMPLETENESS THEOREM (see Chapter 5). In the 1950’s and 1960’s, Model
Theory was further developed, e.g., by Jerry Los$ (see Chapter 15) and Abraham Robinson
(see Chapter 17).

EXERCISES

3.0 Show that the domain of a model is never empty.
Hint: Use EXAMPLE 1.0.

3.1 Let R be a binary relation symbol and let the three sentences 1, @2, 3 be defined as
follows:

p1 :=Va(zRz), @2 :=VaVy(zRy — yRx), p3:= VxVy‘v’z((:cRy AyRz) — sz)
Find three models M1, Mg, M3 with domains as small as possible, such that
M1 F =1 A2 A s, Moz F o1 A —p2 A s, M3 E o1 Ap2 A—ps .

3.2 Let T be a set of .Z’-sentences (for some signature .#’) and let M’ be an .£”’-structure
such that M’ E T. Furthermore, let .Z be an extension of .Z’ (i.e., .Z is a signature
which contains .Z”). Then there is an .Z-structure M with the same domain as M/,
such that M E T.

3.3 If two structures M and N are isomorphic, then they are elementarily equivalent.

3.4 Let DLO be the theory of dense linearly ordered sets without endpoints. More precisely,
the signature 4pLo contains just the binary relation symbol <, and the non-logical
axioms of DLO are the following sentences:

DLOg Vz—(z < z)

DLO; VxVsz((w <yNy<z)—ozx< z)
DLO2 VxVy(z <yV:Jc:yVy<m)
DLO3 VaVydz(z <y — (z < 2 Az <y))
DLO4 VacEIyElz(y <zANz < z)

Show that every countable model of DLO is isomorphic to (Q, <).

Hint: Enumerate both Q and some model M of DLO, and construct an isomorphism
by recursion in such a way that in the n-th step the n-th element of M is mapped to
an element of @ with the order being preserved.

3.5 Let .Z be an arbitrary signature and let M be an arbitrary .Z-structure.

(a) Show that Lii-Li3 are valid in M.
(b) Show that Lis-Lie are valid in M.



Exercises 51

3.6 We say that two Z-formulae ¢ and ¢ are semantically equivalent if for all .#-
structures M and every assignment j we have

M) EFe <=> M,j)F

(a) Show that for every sentence o there is a semantically equivalent sentence 6 which
contains just variables among vg,v1, ..., where for any m,n € IN with m < n, if
vy, appears in &, then also vy, appears in & (compare with THEOREM 2.13).

(b) Show that for every .Z-sentence o there is a semantically equivalent .Z-sentence
in sPNF (compare with THEOREM 2.14).
3.7 (a) Show that Group Theory GT is incomplete.
(b) Let ¢ = VaVy (zoy = yox). Show that GT + 1) is incomplete.



Part 11
Godel’s Completeness Theorem

In this part of the book, we shall prove GODEL’S COM-
PLETENESS THEOREM and show several consequences of
it. Roughly speaking, GODEL’S COMPLETENESS THE-
OREM states that every consistent .Z-theory T has a
model M F T. With respect to the model M, every Z-
sentence o is either true or false (i.e., either o or —o
is true in M). Hence, the set of .Z-sentences which are
true in M is with this respect complete. Therefore, as
a consequence of GODEL’S COMPLETENESS THEOREM
we obtain that every consistent theory is contained in
a complete theory. However, this result should not be
confused with GODEL’S FIRST INCOMPLETENESS THE-
OREM (presented in Part III), which states that the the-
ory of Peano Arithmetic PA is incomplete.

Godel proved his famous theorem in his doctoral dis-
sertation Uber die Vollstindigkeit des Logikkalkiils [14]
which he completed in 1929. In 1930, he published the
same material as in the doctoral dissertation in a rewrit-
ten and shortened form in [15]. However, instead of
presenting Godel’s original proof we decided to follow
Henkin’s construction, which can be found in [23] (see
also [25]), since it fits better in the logical framework as
developed in Part I. Even though Henkin’s construction
also works for uncountable signatures, we shall prove in
Chapter 15 the general COMPLETENESS THEOREM with
an ultraproduct construction, using L.0S’S THEOREM.
We would like to mention that in our proof of GODEL’S
COMPLETENESS THEOREM —in contrast to Henkin’s
proof — we only have to assume the existence of poten-
tially infinite sets, but no instance of an actually infinite
set is required (see also Chapter 0).
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Chapter 4
Maximally Consistent Extensions

Throughout this chapter, we require that all formulae are written in Polish
notation and that the variables are among vg, v1, vs, . . . Notice that the former
requirement is just another notation which does not involve brackets, and that
by the VARIABLE SUBSTITUTION THEOREM 2.13, the latter requirement gives
us semantically equivalent formulae.

Maximally Consistent Theories

Let £ be an arbitrary signature and let T be an Z-theory (i.e., a set of
Z-sentences). We say that T is maximally consistent if T is consistent
and for every .Z-sentence o we have either o € T or = Con(T + o). In other
words, a consistent theory T is maximally consistent if no proper extension
of T is consistent. The following fact is just a reformulation of this definition.

FAcT 4.0. Let £ be a signature and let T be a consistent .£-theory. Then T
is maximally consistent if and only if for every £-sentence o, either o € T
or TF —o.

Proof. By FACT 2.16(c) & (d) we have:
-Con(T+o0) <—> TtF-0o

Hence, an Z-theory is maximally consistent if and only if for every .Z-
sentence o, either c € T or T F —o. =

As a consequence of FACT 4.0, we get

LEMMA 4.1. Let .Z be a signature and let T be a consistent .Z-theory. Then
T is maximally consistent if and only if for every £-sentence o, either o € T
or o €T.

© The Author(s), under exclusive license to Springer Nature Switzerland AG 2025 55
L. Halbeisen, R. Krapf, Gddel’s Theorems and Zermelo’s Axioms,
https://doi.org/10.1007/978-3-031-85106-3_5


https://doi.org/10.1007/978-3-031-85106-3_5
https://crossmark.crossref.org/dialog/?doi=10.1007/978-3-031-85106-3_5&domain=pdf

56 4 Maximally Consistent Extensions

Proof. We have to show that the following equivalence holds:
\VJ(JGT or TF—\J) <~ WU(JGT or —|O'ET)

(=) Assume that for every Z-sentence ¢ we have ¢ € T or T  —o. If
o € T, then the implication obviously holds. If ¢ ¢ T, then T F —¢, and since
T is consistent, this implies T ¥ 0. Now, by TauToLOGY (F), this implies
T ¥ ——0 and by our assumption we finally get —o € T.

(<) Assume that for every .Z-sentence o we have 0 € T or o € T. If
o € T, then the implication obviously holds. Now, if ¢ ¢ T, then by our
assumption we have —¢ € T, which obviously implies T F —o. -

Maximally consistent theories have similar features as complete theories:
Recall that an Z-theory T is complete if for every Z-sentence o we have
either THo or T —o.

As an immediate consequence of the definitions, we get

FacT 4.2. Let £ be a signature, let T be a consistent £-theory, and let
Th(T) be the set of all £-sentences which are provable from T.

(a) If T is complete, then Th(T) is maximally consistent.
(b) If T is maximally consistent, then Th(T) is the same as T.

The next result gives a condition under which a theory can be extended to
a maximally consistent theory. In fact, it is just a reformulation of ProPO-
SITION 3.9.

FacT 4.3. If an £-theory T has a model, then T has a maximally consistent
extension.

Proof. Let M be a model of the Z-theory T and let Th(M) be the set of
Z-sentences o such that M F o. Then Th(M) is obviously a maximally
consistent theory which contains T. =

Later we shall see that every consistent theory has a model. For this, we
first show how a consistent theory can be extended to a maximally consistent
theory.

Universal List of Sentences

Let .Z be an arbitrary but fixed countable signature, where by “countable”
we mean that the symbols in . can be listedina FINITE or POTEN -
TIALLY INFINITE list L.
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First, we encode the symbols of .Z corresponding to the order in which
they appear in the list L ¢: The first symbol is encoded with “2”, the second
with “22”, the third with “222”, and so on. For every symbol ( € L g, let #(
denote the code of (. Therefore, the code of a symbol of .Z is just a sequence
of 2’s.

Furthermore, we encode the logical symbols as follows:

Symbol ¢ Code #(
= 11
- 1111
A 111111
Y 11111111
— 1111111111
3 111111111111
v 11111111111111
V0 1
V1 111
Un 1111 ... 11111
(2n+1) I's

In the next step, we encode strings of symbols: Let ¢ = (4(1(a... ¢, be a
finite string of symbols, then

#C = #C0#C10#Ca ... 0%,

For a string #( (i.e., a string of 0’s, 1’s, and 2’s), let |#(| be the length of
#¢ (i.e., the number of 0’s, 1’s, and 2’s which appear in #J().

Now, we order the codes of strings of symbols by their length and strings
of the same length lexicographically, where 0 < 1 < 2. If, with respect to this
ordering, #( is less than #(’, then we write #¢ < #(’.

Finally, let

Ay :=o1,09,...]

be the potentially infinite list of all .Z-sentences written in Polish notation
(notice that we did not encode brackets), where we require

#O; < #0; = 1 <].

We call Ao the universal list of .Z-sentences.
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Lindenbaum’s Lemma

In this section, we show that every consistent set of Z-sentences T can be
extended to a maximally consistent set of .Z-sentences T. Since the universal
list of Z-sentences contains all possible .Z-sentences, every set T of .Z-
sentences can be listed in a finite or potentially infinite list.

THEOREM 4.4 (LINDENBAUM’S LEMMA). Let £ be a countable signature
and let T be a consistent set of £-sentences. Furthermore, let oy be an £-
sentence which cannot be proved from T, i.e., T ¥ 0y. Then there exists a
maximally consistent set T of %-sentences which contains —oy as well as all
the sentences of T.

Proof. Let Ay = [01,09,...] be the universal list of all Z-sentences. First
we extend Ay with the Z-sentence —og; let A% = [-00,01,0,...].

Now, we go through the list A% and define step by step a list T of .£-
sentences. For this, we define Ty as the list which contains just —oy, i.e.,
To := [-0g). If T, is already defined, then

T ) Ta4[ong] if Con(T + Ty, + opny),
a T, otherwise.

Let T = [~00,04,,...] be the resulting list, i.e., T is the potentially infinite
list which contains each finite list T, as an initial segment. Notice that this
construction only works if we assume the metamathematical LAW OF E X -
CLUDED MIDDLE or a similar principle like the WEAK KONIG’S
LEMMA (see EXERCISE 4.1): Even in the case when we cannot decide
whether T + T;, + o, is consistent or not, we assume, from a metamathe-
matical point of view, that either T + T, + o, is consistent or T 4+ T,, + o,
is inconsistent (and neither both, nor none).

The following claim states that we cannot derive a contradiction from
finitely many .#-sentences in T and that we cannot add any new .Z-sentence
to T without destroying this property. However, in order to simplify our ter-
minology, we shall consider the potentially infinite list T as an actual infinite
set —mnotice that this is just a “facon-de-parler” since we do not have to
assume the existence of actual infinite sets.

CLAIM. T is a maximally consistent set of #-sentences which contains —o
as well as all the sentences of T.

Proof of Claim. First we show that T contains T 4 =0, then we show that T
is consistent, and finally we show that for every Z-sentence o we have either
o €T or =Con(T + o).

T contains all sentences of T + —0¢: By definition, Ty = [=00], and since
Ty is an initial segment of the list T, -0y belongs to T. For every o € T,
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there is n € IN with n > 1 such that ¢ = 0,,. By induction, we show that if
o, € T then ¢,, € T. For this, suppose that the claim holds for all m < n and
that 0,41 € T. Let m be the largest number m < n such that o, € T. Then
we have T,, = T,,. If =Con(T 4+ T,, + 0,41), then since 0,41 € T, we have
- Con(T + T,,), contradicting o,,, € T. Hence we have Con(T + T,, + 0ps1)
and therefore 0,411 € Tyy1.

T is consistent: By the COMPACTNESS THEOREM 2.17 it is enough to show
that every finite subset of T is consistent. Since every finite subset of T is
contained in T, for some n, it suffices to prove by induction that T, is
consistent for every n € W. Since T ¥ 0o, To = [-0p] is consistent. Now
suppose Con(T,,) for all m < n.If = Con(T+ T, +0,+1), then T,,11 =T, is
consistent by our induction hypothesis. Otherwise, Con(T + T,, + 0,,4+1) and
therefore T, is consistent, too.

For every o, either ¢ € T or =Con(T +o): For every .#-sentence o, there
isan €N with n > 1 such that c =0,,. Bythe LAW OF EXCLUDED
M ID D L E, we have either Con(T+T,_1+0y,) or = Con(T+T,—1+0,). In
the former case we obtain ¢, € T,, which implies ¢ € T. In the latter case
we obtain — Con(T + o,,), which is the same as = Con(T + o). 4 Glaim

Thus, the list T has all the required properties, which completes the proof. 4

The following fact summarises the main properties of T.

FACT 4.5. Let T, T, and oy be as above, and let ¢ and o' be any £-
sentences.

(a) mog €T.

(b) Either c €T or ~o € T.

(c) If Tko, theno €T.

(d) Tko ifand only if o €T.

(e) If 0 < o', then o € T if and only if o’ € T.

Proof. (a) follows by construction of T.

Since T is maximally consistent, (b) follows by LEMMA 4.1.

For (c), notice that T F ¢ implies = Con(T 4 —0), hence ~o ¢ T and by (b)
we get 0 € T.

For (d), let us first assume T - o, where ¢ = 0,,. This implies Con(T + o),
hence Con(T + T, + on), and by construction of T we get o, € T. On the
other hand, if o € T, then we obviously have T I~ o.

For (e), recall that o < ¢’ is just an abbreviation for F o <> ¢’. Thus, (e)
follows immediately from (d). =

FacT 4.5 shows that the Z-sentences in T “behave” like valid sentences in
a model, which is indeed the case—as the following proposition shows.
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PROPOSITION 4.6. Let T be as above, and let ¢,01,02 be any .#-sentences
in Polish notation.
(a) €T <> NOT g€T

(b) /\0’10’2€T < 01 €T AND (D] eT
(c) Voiog €T <=~ 01 €T OR 02 €T
)

(d — 0109 €T <> IF 0 €T THEN o9 €T
Proof. (a) Follows immediately from FACT 4.5.(b).

(b) First notice that by FACT 4.5.(d), Agio2 € T if and only if T F Acy0os.
Thus, by Lz and Ly and (MP) we get T oy and T F o3. Therefore, by
FACT 4.5.(d), we get 1 € T AND 09 € T. On the other hand, if oy € T
AND 09 € T, then, by FACT 4.5.(d), we get T = oy and T - o3. Now, by
TAUTOLOGY (B), this implies T - Acioa, and by FACT 4.5.(d) we finally get
No102 € T.

(c) and (d) follow from FacT 4.5.(¢) and from the 3-SymMBOLS THEO-
REM 1.7 which states that for each formula o there is an equivalent formula
o’ which contains neither V nor —. .

EXERCISES

4.0 Show that all the logical axioms of propositional logic (i.e., Lo—Lg) were used in the
proofs of FACT 4.0, LEMMA 4.1, FACT 4.5, and PROPOSITION 4.6. Notice that in the
proof of FACT 4.0, we used FACT 2.16.(c) & (d).

4.1 The WEAK KONIG’S LEMMA is a very weak choice principle: A tree T is a 0-1-tree if it
is a sub-tree of a binary tree in which the two successors of a node are always labelled
with 0 and 1, respectively. Now, the WEAK KONIG’S LEMMA states that

every infinite 0-1-tree contains an infinite branch.

Show that in the proof of LINDENBAUM’S LEMMA 4.4, the LAW OF EXCLUDED
MIDDLE can be replaced be the metamathematical WEAK KONIG’S LEMM A.

Hint: First, let A be the set of all finite lists A = [0, 01, . . . , 0n] of £-sentences, where
for each 1 < i < n, either g; = o; or g; = —0;. Now, encode formal proofs, which
are finite sequences of Z-formulae, with natural numbers. Finally, construct the tree
T consisting of all lists A € A, such that there is no formal proof of an inconsistency
from T 4+ A with a code-number less than the length of A. Then T corresponds to an
infinite 0-1-tree with the property that each infinite branch through T corresponds to
a maximally consistent set of .Z-sentences.

4.2 Show that in the case when the theory T 4+ -0 already has a model M, then we
can just set T = Th(M). Therefore, we do not need the LAW OF EXCLUDED
MIDDLE in this case.
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Chapter 5
The Completeness Theorem

As in the previous chapter, we require that all formulae are written in Polish
notation and that the variables are among vg, v1,ve, . .. Let .Z be a countable
signature, where by “countable” we mean that the symbols in .Z can be listed
iNaFINITEOr POTENTIALLY INFINITE list. Furthermore, let T
be a consistent Z-theory and let oy be an Z-sentence which is not provable
from T. Finally, let T be the maximally consistent extension of T + —og
obtained with LINDENBAUM’S LEMMA 4.4.

We shall construct a model of T as follows: In a first step, we extend the
signature .Z to a signature .Z. by adding countably many new constant
symbols, so-called special constants. In a second the step, we extend the
Z-theory T to an .Z.-theory T. by adding so-called witnesses to existential
sentences in T. In particular, for each sentence Jvo(v) € T we add an .Z.-
sentence o(c), where ¢ is some special constant. In a third step, we extend
the .Z,-theory T, to a maximally consistent .Z,-theory T, and in a last step,
we build the domain of the model of T as a list of lists of closed Z.-terms.

Extending the Language

A string of symbols is called a term-constant, if it results from applying
FINITELY many times the following rules:

(C0) Each closed (i.e., variable-free) .#-term is a term-constant.

(C1) If 19,...,7n—1 are any term-constants which we have already built and
F' is an n-ary function symbol, then F'ry---7,_1 is a term-constant.

(C2) For any natural numbers i, n, if 79, ..., 7,—1 are any term-constants which
we have already built, then (i, 79,...,7,—1,7n) is a term-constant.

The strings (4,70, ...,7n—1,n) which are built with rule (C2) are called
special constants. Notice that for n =0, (i,70,...,7Tn—1,n) becomes (i,0).
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Let Z. be the signature . extended by the countably many special con-
stants. In order to write the special constants in a list, we first encode them
and then define an ordering on the set of codes.

First we encode closed Z-terms with strings of 0’s, 1’s, and 2’s as in Chap-

ter 4. Now, let ¢ = (¢, 79,...,Tn—1,n) be a special constant, where the codes
#7050, #Tn_1 of 79, ..., Th_1 are already defined. Then we encode c¢ as fol-
lows:
c=( & ,T0o, v 5 Tn-1, M )
+ Ll + Ll
#c =6 1...1 8#m1%8 ... 8#7mm_18 1...19
i-times 1 n-times 1

The codes of special constants are ordered by their length and lexicograph-
ically, where 0 <1 <2< 6<8<0.

Finally, let A, = [79,71,...] be the potentially infinite list of all term-
constants, and let A, = [cg, ¢y, . . .] be the potentially infinite list of all special
constants, both ordered with respect to the ordering of their codes.

Extending the Theory

In this section, we shall add witnesses for certain existential .Z,.-sentences
o; in the list T = [-0g,01,...,0,...], where an .Z,-sentence is existential
if it is of the form Fvp. We choose the witnesses from the list A, of special
constants. In order to make sure that we have a witness for each existential
Z.-sentence (and not just for .#-sentences), and also to make sure that the
choice of witnesses does not lead to a contradiction, we have to choose the
witnesses carefully.

Let o; € T and let ¢; = (i,t0,...,tn—1,n) be a special constant. Then we
say that c; witnesses oy, or that c; is a witness for oy, if

e > 1 and o; is in special Prenex Normal Form sPNF (see Chapter 2),
e the string of symbols Jv,, appears in o;,
e for all m < n: if Ju, appears in o;, then t,, = (4,0, ..., tm—1,m).

On the one hand, we have only witnesses c; for .Z-sentences o; with i > 1.
On the other hand, notice that since —o( is not necessarily in sPNF, by
construction of T there exists an ¢ > 1 such that o; and —o are semantically
equivalent, which will be sufficient for our purposes.

If an Z-sentence o; € T is in sPNF and either Jv,, or Yv,, appears in o3,
then
o; = Yvo¥v1 - Yo vnoin(vo, ... 0p),
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where 0; 5, (vo, . . ., v,) is an Z-formula in which each variable among vy, . . . , vy,
appears free. In particular, if ¢; = (4,0, ..., t,—1,n) witnesses o;, then

0; = Yovo¥ivr -+ ¥, _10p_130005 0 (Vo ..., Up),
i.e., Ju, appears in ;. Furthermore, if o; € T isin sPNF, ¢; = (i, to, ..., tn—1,7n)

is a special constant, and c; witnesses o;, then let

ginlci] = gin(vo/to, .. Un—1/tn—1,vn/¢;) .

Now, we go through the list A. = [¢g, 1, . . .] of special constants and extend
step by step the list T = [0g,01,...]. For this, we first stipulate Ty := T.
Now assume that T, is already defined and that ¢; = (3,0, ...,tn—1,n) for
some natural numbers ¢, n and term-constants tg, ..., t,_1. Then we have the
following two cases:

Case 1. The special constant ¢; does not witness the .Z-sentence o; € T.
In this case, we set T; 1 :==Tj.

Case 2. The special constant ¢; witnesses o; € T. In this case, we insert the
Z.-sentence o; ,[c;] into the list T; at the place which corresponds to the
code #0; n[c;]. The extended list is then T, 1.

Finally, let T, be the resulting list, i.e., T, is the union of all the T;’s.
LEMMA 5.0. T, is consistent.

Proof. By construction of T we have Con(T) with respect to the signature
%. We first show that T is also consistent with respect to the signature .%,.:
Assume towards a contradiction that T F 8 with respect to the signature
.. In that proof, we replace each special constant ¢ by a variable v, which
does not occur in any of the finitely many formulae of the proof, such that v,
and v, are distinct variables whenever ¢ and ¢’ are distinct special constants.
Notice that every logical axiom becomes a logical axiom of the same type.
Moreover, notice that all .#-sentences of T remain unchanged since they do
not contain special constants. Furthermore, each application of Modus Ponens
or Generalisation becomes a new application of the same inference rule. To
see this, notice that we do not apply Generalisation to any of the v.’s, since
otherwise, we would have applied Generalisation to a special constant ¢, but
c is a term-constant and not a variable. Since the obtained proof does not
contain any special constants, we get T (with respect to £), which
contradicts the fact that T is consistent (with respect to .#). Therefore we
have Con(T) with respect to .Z,.

Now, assume towards a contradiction that T, is inconsistent, i.e., = Con(T,).
Then, by the COMPACTNESS THEOREM 2.17, we find finitely many pairwise
distinct .Z.-sentences o; »[c;] in T, such that

_|COI’1 (T + {Uil,nl [le], ey Jik,nk [Cjk]}) .
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Notice that since the .Z.-sentences o;, n,[¢j,], ..., Tiy nilCj,] are pairwise
distinct, so are the special constants c;,,...,cj,. Without loss of general-
ity we may assume that o;, n,[cj,], .., Ticn, [ ] are such that the sum

n1 + ...+ ng + k is minimal.

For term-constants 7 we define the height h(7) as follows: If 7 is a closed
Z-term, then h(7) :=0; if 79,...,7,—1 are term-constants and F' € £ is an
n-ary function symbol, then

h(F7o - Tno1) :=max {h(70), ..., h(Tp—1)} ;
and finally, if 7 = (4,79, ..., Tn—1,n) is a special constant, then
h(7) :== 1+ max {h(r0),..., h(Tn-1)},
where max () := 0. Without loss of generality we may assume that

h(cj,) = max {h(cjl)7 . h(cjk)},

i.e., for each special constant ¢; occurring in ¢;,,...,¢;, we have h(c;) <
h(cj,). In particular, it follows that c¢;, does not occur in any such special
constant c¢;.

Let us now consider the formula o;, ,, [cj,]- In order to simplify the nota-
tion, we write 4, n, j instead of ix, n, ji respectively; in particular, o, », [, ]
becomes o; ,[c;]. Furthermore, let

Y= {Uil,m [Cj1]> s Oy g1 [cjk—l]}’
and let ¢; = (4,t0,...,th—1,n), ie.,
Ui,n[cj} = (Ti’n(vo/to, e ,’Un_l/tn_l,’l)n/Cj) .

Since c; witnesses o;, Jv,, appears in oy, i.e.,
Oin—1(00,. .., Vn—1) = F0p0; 0 (Vo, - - -, Upn—1,0n) .
In order to simplify the notation again, we set
G(vn) = 0in(vo/to, -« s Vn—1/tn—1,0n).
Notice that v, is the only variable which appears free in &.
Cram. = Con (T+ X +0inle]) == —Con (T + X+ Jv,5(vn))
Proof of Claim. If T + ¥ + 0; »[c;] is inconsistent, then
T+ X +0inle] - @, (1)

and with the DEDUCTION THEOREM we get
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T+Z F o4l — . (2)

In the latter proof (2) we replace the special constant ¢; throughout the
proof by a variable v which does not occur in o; , and which does not occur
in any of the finitely many formulae of the former proof (F;). Notice that
every logical axiom becomes a logical axiom of the same type. Moreover,
notice that .Z-sentences of T are not affected (since they do not contain spe-
cial constants). Furthermore, .Z.-sentences of 3 are not affected either, since
they do not contain the special constant c; (recall that the special constants
Cjyy---,Cj, are pairwise distinct). Finally, each application of Modus Ponens
or Generalisation becomes a new application of the same inference rule (no-
tice that we do not apply Generalisation to v, since otherwise we would have
applied Generalisation to ¢;, but ¢; is a term-constant). Now, we construct a
proof of Jv,,6(v,,) — @ from T + X as follows:

T+Y F 6(v)— by assumption

T+X F Yv(6(v) —dD) by Generalisation

T+ F Ww(e(v) = @) - (Jve(v) — &) Lis

T+Y F Je(v) — by Modus Ponens

T+Y F Juo(vn) = TAUTOLOGY (Q.1)
Therefore, we finally have = Con (T + X+ Elvn&(vn)). A Glaim

Let us now consider o;. Let m < n be the largest natural number such that
for each | with 1 <1 < m we have that Vv, _; appears in ¢;. For example, if
m = 0, then ¥, _, is the quantifier 3, and if m = n, then for no n’ < n, ¥,
is the quantifier 3. In general, o; is of the form

o = -1'/01)0 T Elvnfm,flvvnfrn to vvnflavn Ji,n(UO7 cee 7Un) .
—_——

JorV only V
Consider now the formula
Om 1= Ui,n—m—l(vo/t07 ce avn—m—l/tn—m—l) .

Then either 5, € T (in case m = n), or Jv,_,,_1 appears in o; (in case
m < n), and therefore, we are in one of following two cases:

Case 1. &, € T: First notice that in this case,
Gm =Yg -+ - YUp_1300,04 5 (Vo, - .., V) -

Since &,, € T and to, ..., tn_1 are closed terms, by Lig we get T - Fvp 6 (vy).
Hence, by the CramMm, = Con(T + X). This shows that we do not need
Oir.my G| tO derive a contradiction from
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T + {Uil,nl [cjl]’ s O g [Cjk}} )

which is a contradiction to the minimality of the sum ny +...nx + k.

Case 2. 3v,,_,—1 appears in o;: Note that since ¢; = (4,t0,...,th—1,n)
witnesses o,
tn—m—l = (i, tO; N atn—m—Qa n—m-— 1)

witnesses o;, too. Similar as above, by Lig we get

T+ 0in—m—-1ltn-m—1] F v, (va),
and with the DEDUCTION THEOREM we obtain

TFE Oim—m—1[tn—m—1] = v, (vy).
This shows that if we derive a contradiction from

T+3+ Jv,6(vn),
then we also derive a contradiction from
T+X+0in-m-1ltn—m-1],

which is again a contradiction to the minimality of the sum nq +...nx + k.

Therefore, T + {04, n,[cj1],- -, 04, m.[cj]} is consistent, and since the
finitely many Z,-sentences oy, n,[cj, ], ..., i, n,[cj,] Were arbitrary, we ob-
tain that T, is consistent, which completes the proof. B

The Completeness Theorem for Countable Signatures

In this section, we shall construct a model of the .Z.-theory T, which is of
course also a model of the .Z-theory T + —0(y. However, since we extended
the signature .Z, we first have to extend the binary relation =, as well as
relation symbols in .Z, to the new closed .Z,-terms.

LEMMA 5.1. The list T. can be extended to a consistent list T of Z.-
sentences, such that the additional .Z,-sentences are variable-free (i.e., they
contain neither quantifiers nor free variables) and for each variable-free .£,-
sentence o we have

either o0 €T or —occT.

Proof. Like in the proof of LINDENBAUM’S LEMMA 4.4, we go through the
list of all variable-free .Z.-sentences and successively extend the list T, to a
consistent list T. -
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Notice that by the construction of T, if the .Z.-sentence
Yog -+ - YUp—1 30 040 (Vo /T0, - -+, Vk—1/tk—1,Vk, - . ., Un)
belongs to T., where n — 1 > k, then for all t,...,t,—1 € A, and
¢ = (4,t0, . th—1,thy .., tno1, )

the sentence
Tin(Vo/to, -y Vk—1/th—1, Uk /thy ., Un—1/tn—1,0n/cj)

belongs to T., and hence, this sentence belongs to T. The reason is because
in the witness c;, tg,...,tn—1 can be any term-constants in A,.

Furthermore, as a consequence of the construction of T we obtain the fol-
lowing result.

Fact 5.2. If the Z,.-sentence

o =Yg - - Yo, 050 (vo/tos -, Vk—1/tk—1, Vk, - - -, Un)
—_———

only V-quantifiers

belongs to T, where 0; n, does not contain quantifiers, then for all ty, ..., t, €
A, the sentence

O'/ = Uim(’l)()/to, . 7vk,1/tk,1,vk/tk, e ,’Un/tn)
belongs to T.

Proof. Ifg € T., then by L1y we have T, F ¢’. Thus, by construction of T we
get o’ € T. 4

Now we are ready to construct the domain of a model of T, which shall be
a list of lists. For this, let

Ay = [to,t1, .ot

be the list of all term-constants (ordered with respect to their codes). We
go through the list A, and construct step by step a list of lists: First, we
set Ag := []. Now, assume that A, is already defined and consider the .Z,.-
sentences

tn =to, tn=t1, ... tn=tn_1.

If, for some m with 0 < m < n, the sentence t,, = t,,, belongs to 'T', then we
append ¢, to that list in A, which contains ¢,,; the resulting list is A, 1.
If none of the sentences t, = t,, (for 0 < m < n) belongs to T (e.g., if
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n=0), then A1 := A, + [[tn]]. Finally, let A = [[tny,.. ], [tny,-.]...] be
the resulting list. Then, A is a finite or potentially infinite list of potentially
infinite lists.

The lists in the list A are the objects of the domain of our model M E T.
In order to simplify the notation, for term-constants 7 let 7 be the unique
list of A which contains 7.

In order to get an Z.-structure M with domain A, we have to define a
mapping which assigns to each constant symbol ¢ € %, an element ¢M € A,
to each n-ary function symbol F € . a function FM : A" — A, and to each
n-ary relation symbol R € £ a set RM C A™:

o If c € %, is a constant symbol of £ or a special constant, then let

M

c"i=¢C.
o If F € % is an n-ary function symbol and #i,...,%, are elements of A,
then let
FMEyody = Fty -ty
o If R € £ is an n-ary relation symbol and t,...,%, are elements of A,

then we define

(t1,..., 1) € RM :«—=—=> Rt;--t,€T.

FAcT 5.3. The definitions above, which rely on representatives of the lists in
A, are well-defined.

Proof. This follows easily by Lis, Lis, and Lig, and the construction of T; the
details are left as an exercise to the reader. B

THEOREM 5.4. The Z.-structure M is a model of 'T', and therefore also of
the Z-theory T + —oy.

Proof. We have to show that for each .Z.-sentence o we have
ceT == MEo, orequivalently MEo —> o ¢ T.

First, we consider the case when o is variable-free: The proof is by induction
on the number of logical operators. By LEMMA 5.1 we know that for each
variable-free .Z,-sentence o we have either o € T or =0 € T. Hence, we must
show that for each variable-free .Z,-sentences o we have o € T if and only if
MEo.

If o is variable-free and does not contain logical operators, then ¢ is atomic.
In this case, we have either o = t; = t2 (for some term-constants ¢; and t;)
or 0 = Rty ---t, (for an n-ary relation symbol R € .Z and term-constants
t1,...,tn), and by construction of M, we get o € T if and only if M E ¢ in
both cases.
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Before we consider the case when o is variable-free and contains logical
operators, recall that for any .Z,.-sentence ¢ with ¢ < &, by the SOUNDNESS
THEOREM 3.7 we get M F ¢ if and only if M F &. Therefore, by the THREE-
SYMBOLS THEOREM 1.7, we may assume that o is either of the form —¢’ or
of the form Acjos. Now, let o be a non-atomic, variable-free .Z.-sentence,
and assume that for each variable-free Z.-sentence ¢’ which contains fewer
logical operators than o, we have o’ € T if and only if M E ¢’. By our former
assumption, we just have to consider the following two cases:

Case 1. o = —0': Since ¢’ has fewer logical operators than o, we have o’/ € T
if and only if M & ¢’. This shows that

—0' ¢ T <—> MF -0, orequivalently ce€T <«—> MEo.

Case 2. 0 = No10: Since each if o1 and o2 has fewer logical operators than
o, we have o1 € T if and only if M F 01, and o3 € T if and only if M F 0.
Hence, we obtain

Ao1oa €T <= 0, €T AND oy €T ~—>
MEo; AND MF oy <—> M F Acq0s
which shows that 0 € T <—> M F 0.

We now consider the case when the Z.-sentence o € T contains variables:
The proof is by induction on the number of different variables which appear
in 0. If 0 € T is an .%.-sentence which contains variables, then, by construc-
tion of T, there is a & € T, in sPNF, say

6 =%vo- ¥, vn0in(vo,...,v,), where o;, is quantifier free,

such that for some natural numbers i, k,n with £ < n and some term-
constants tg,...,tr_1 we have

o=Yuvg- Y vnoin(vo/to, .., Vk—1/tk—1,Vk, ..., Vpn).

Now, let o be an .Z.-sentence of the above form and assume that for each
Z.-sentence o’ which contains fewer variables than o we have

o' eT == MEo', orequivalently MEo —> o' ¢ T.

We are in exactly one of the following two cases:

Case 1. ¥, is the quantifier 3: Suppose that ¢ € T. Then we have o € T,
and for the special constant

tk = (i,to, ce ,tk,hk)
and the .Z.-sentence

A
o =Y, Vg1 yn,UnUi,n(Uo/to, cee avk/tkavk+la .- -),
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we have ¢’ € T,, and consequently o’ € T. Now, since ¢/ has fewer variables
than o, by our assumption we conclude that M F ¢’, and therefore, by Li;
and the SOUNDNESS THEOREM 3.7, we obtain M F ¢. Hence,

ceT =—> MEo.
Case 2. ¥, is the quantifier V: Suppose that o € 'T', where

0 =Yg -+ - VUpqs I0kpst1 i ktst1(V0/C0s -3 Vkm1 /1, Vs - -+ s Vkgst1)
—_——
only V-quantifiers
or
0 =Y Yrys O s (Vo/Toy oo V1 /Th—1,Vky -, Ups)
—_——
only V-quantifiers
where 0; ;45 does not contain quantifiers. Then, by FACT 5.2 and the con-
struction of T, for all g, ..., tk1s € A, and
cj = (i,to,...,tk_l,tk,...,tk+s,k+5+ 1),

in the former case we have

Tikts1(V0/t0s - s Vkgs/thts, Ukpst1/Cj) € T,

’

g

and in the latter case we have

Tikts(V0/t0, - - s Vs [tiys) €T

o’

In both cases, ¢’ has fewer variables than o and by our assumption we have
M E ¢’. Thus, by FacT 3.0.(b), for all t, ..., tkrs € A we have

(M, jie - 3,:7:) F J0kt54+100 k+5+1(00/805 - - s Vks /hts, Vst 1)

or

(M7JZ—7; . Z’;%) E 0i,k+S(UO/th e ,Uk+5/tk+5) 5

and in both cases we have M F o.

So, for each Z,-sentence o we have that o € T implies M E o. This shows
that M E T, in particular, M E T 4+ —0yg. —

The following theorem just summarises what we have achieved so far:

THEOREM 5.5 (GODEL’S COMPLETENESS THEOREM). If .% is a countable
signature and T is a consistent set of .£-sentences, then T has a model.
Moreover, if T¥ oy (for some Z-sentence oy ), then T 4+ —o( has a model.
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In our construction, it was essential that the signature £ was countable,
so that the symbols in .Z could be encoded by finite strings. However, in the
more formal setting of axiomatic Set Theory, we can also prove the Com-
PLETENESS THEOREM for arbitrarily large signatures (see Chapter 15).

Some Consequences and Equivalents

We conclude this chapter by discussing some consequences and equivalent
formulations of GODEL’S COMPLETENESS THEOREM 5.5 which follow directly
or in combination with the COMPACTNESS THEOREM 2.17.

Let .Z be a countable signature, T a set of Z-sentences, and oy an Z-
sentence.

e If T ¥ o(, then there is an .Z-structure M such that M E T + —oy:
THFog —> EIIM(M F T+—|00)

This is just a reformulation of GODEL’S COMPLETENESS THEOREM 5.5.

e If T is consistent, then T has a model:
Con(T) == IM(MET)

This follows from the fact that Con(T) is equivalent to the existence of
an .Z-sentence og such that T ¥ og.

e If each model of T is also a model of oy, then T I og:

VM(MET —3 MEo) — Thkog

This follows by contraposition: If T ¥ o, then, by GODEL’S COMPLETE-
NESS THEOREM 5.5, there is a model M E T + —oy.

e In combination with the COMPACTNESS THEOREM 2.17, we obtain the
following implication:

If every finite subset T’ of T has a model, then T has a model.

If every finite subset T’ of T has a model, then every finite subset T’ of T
is consistent, and therefore, by the COMPACTNESS THEOREM 2.17, T is
consistent. Thus, T has a model.

The most important consequence of GODEL’S COMPLETENESS THEO-
REM 5.5 and the SOUNDNESS THEOREM 3.7 is the following equivalence:

VM(MET = MFoj,) <> Ttoy

denoted by T F o



72 5 The Completeness Theorem

This equivalence allows us to replace formal proofs by mathematical proofs.
For example, instead of proving formally the uniqueness of the neutral ele-
ment in groups from the axioms of Group Theory GT, we just show that in
every model of GT (i.e., in every group), the neutral element is unique. So,
instead of GT F o¢, we just show GT F og.

As a last consequence, we would like to mention the so-called Skolem’s
Paradoz, which is in fact just the countable version of the DOWNWARD
LOWENHEIM—SKOLEM THEOREM 15.8.

THEOREM 5.6 (SKOLEM’S PARADOX). If .Z is a countable signature and T
is a consistent set of £-sentences, then T has a countable model.

Proof. In the previous chapter, when we have constructed the universal list
of Z-sentences, we began with a countable signature .Z and a consistent set
of Z-sentences T, and at the end, we obtained a model of T whose domain
was a finite or potentially infinite list of lists. So, the model of T which we
constructed is countable. —

What is paradoxical about this statement? For example, the signature of
the axioms of Zermelo-Fraenkel Set Theory ZFC only consists of the mem-
bership relation €. Hence, if ZFC is consistent, it has a countable model.
However, it is easy to prove from the axiom system ZFC that there exist
uncountable sets. Nevertheless, this is no contradiction, since countability in
the formal theory and on the metalevel simply do not coincide.

NOTES

The COMPLETENESS THEOREM for countable signatures was first proved by Gédel [14, 15].
Later, a modified proof was given by Henkin [23] (see also [25]). The proof given here is
essentially Henkin’s proof, but in contrast to Henkin’s proof, our construction does not
rely on the assumption that an actually infinite set exists (in Halbeisen [21] a framework
for metamathematics is provided which is sufficient to build models of first-order theories).

EXERCISES

5.0 Let .Z be a countable signature and let T be a consistent .Z-theory. Show that if T
has up to isomorphisms a unique model, then T is complete.

5.1 Let £ be a countable signature, let ¥ be the collection of all .Z-structures M, and
for each Z-sentence ¢, let X, be the collection of all M € ¥ such that M F ¢.
(a) Show that the set {X, : ¢ is an Z-sentence} is a basis for a topology on 3.
(b) Show that X, is closed for each .Z-sentence .

(c) Show that the topological space ¥ is compact, i.e., show that each open covering
of 3 contains a finite sub-covering.
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5.2

5.3

5.4

Let DLO be the — assumingly consistent —theory of dense linearly ordered sets with-
out endpoints (see EXERCISE 3.4).

(a) Show that the theory DLO is complete, i.e., for all #p|o-sentences o we have
either DLO - ¢ or DLO F —o.

(b) Show that the converse of EXERCISE 3.3 does not hold.

Hint: Consider (Q, <) and (R, <) where Q is the set of rational numbers, R the
set of real numbers and < is the natural ordering on Q and R, respectively.

Let .Z be a countable signature and let T be a consistent set of .Z-sentences such that
T has arbitrarily large finite models. Show that T has an infinite model.

Hint: Use the COMPACTNESS THEOREM 2.17.

Let £ be the language that consists of two constant symbols 0 and 1, two binary
function symbols + and -, and a binary relation symbol <. Let M = (Q,0,1,+, -, <)
be the usual Z-interpretation and let T = Th(M).

Prove that there is a model of T which contains an infinitesimal number, i.e., a number
z > 0 such that n-a < 1 for all natural numbers n.

Hint: Note that n is not included in the language .Z. Hence, you need to find a way
to formalise n within the language.
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Chapter 6
Language Extensions by Definitions

Sometimes it is convenient to extend a given signature .Z by adding new
non-logical symbols which have to be properly defined within the language
£ or with respect to a given Z-theory T. Let the extended signature be
Z* and let the corresponding extended Z*-theory be T*. Since T is an .Z-
theory, we can only prove .Z-sentences from T but no .£*-sentences which
contain symbols from £* \ £. However, this does not imply that we can
prove substantially more from T* than from T: It might be that for each
ZL*-sentence ¢* which is provable from T* there is an .Z-sentence & such
that T* F o* <> 6 and T I ¢ which is indeed the case as we shall see below.

Defining new Relation Symbols

Let us first consider an example from Peano Arithmetic: Extend the signature
Zpa of Peano Arithmetic by adding the binary relation symbol < and denote
the extended signature by 23, := Zpa U {<}. In order to define the binary
relation <, we give an %pa-formula 1. with two free variables (e.g.,  and
y) and say that the relation z < y holds if and only if ¢~ (z,y) holds. In our
case, Y (z,y) = Jz(x 4+ sz = y). Therefore, we would define the symbol <
by stipulating:
<y Jz(r+sz=1y)

The problem is now to find for each £, -sentence o* an £pa-sentence & and
an extension PA* of PA, such that PA* F o* < & and PA - & whenever
PA* |- o*.

The following result provides an algorithm which transforms sentences ¢* in
the extended language into equivalent sentences ¢ in the original language.
In order to prove that the algorithm works, we will make use of GODEL’S
COMPLETENESS THEOREM 5.5.

© The Author(s), under exclusive license to Springer Nature Switzerland AG 2025 75
L. Halbeisen, R. Krapf, Gddel’s Theorems and Zermelo’s Axioms,
https://doi.org/10.1007/978-3-031-85106-3_7
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THEOREM 6.0. Let .Z be a countable signature, let R be an n-ary relation
symbol which does not belong to £, and let £* .= ¥ U{R}. Furthermore,
let Ygr(v1,...,v,) be an L-formula with free(yr) = {v1,...,v,} and let

ﬁREVvl-ann(va--mn <—>¢R(v1,...7vn)).

Finally, let T be a consistent £-theory and let T* := T + Y. Then there
exists an effective algorithm which transforms each £*-formula ¢* into an
ZL-formula ¢ such that:

*

(a) If R does not appear in ¢*, then ¢ = ¢*.

(b) ~p=-¢ (for ¢* =-p)

(©) GrApa=@1 APz (for p* = o1 Aga)
(

)
)
d) e =3Tvg  (for ¢* = Tvyp)
)
)

(e) T"Fop* &
(f) If T* F ¢*, then T+ &.

Proof. Let ¢* be an arbitrary .Z*-formula. In ¢*, we replace each occurrence
of R(v1/71,...,vn/Tn) (where Ty,...,7, are Z-terms) by a particular £*-
formula ¥ (v1/71,...,vn/7) such that

Pr(vi, .oy vn) ST YR(V1, ..., )

and none of the bound variables in 1} is among vq,...,v, or appears in
one of the Z-terms 7y,...,7,. In fact, in order to obtain ¢ we just have
to rename the bound variables in g using the VARIABLE SUBSTITUTION
THEOREM. For the resulting .Z-formula ¢, (a)-(d) are obviously satisfied.

We prove (e) and (f) on the semantic level: For this, we first show how we
can extend a model M E T to a model M* E T*. Let M be an .Z-structure
with domain A such that for each assignment j we have (M,j) E T (ie.,
M E T). We extend M to an .Z*-structure M* with the same domain A by
stipulating M*| & := M, and for any ay,...,a, € A:

RM*(al,...,an) D= (M,j%“'%)':1/)R(U1,~~~,”Un)~
Then M* is an Z*-structure and for every assignment j we have
(M*,j)ET and (M*,j)FE ¥g.

Therefore, we obtain
M*ET*.

In order to prove (e), by GODEL’S COMPLETENESS THEOREM 5.5 it is
enough to show that ¢* <> ¢ holds in every model M* of T*. So, let M* be
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an arbitrary model of T*. In particular, M* E 9g. If ¢* does not contain R,
then we are done. Otherwise, if ¢* is atomic, then ¢* = Rty ---t, for some
ZL-terms tq,...,t,. Since M* E Jg, we get:

M*E Rty -ty <> PRty ... tn)

This shows M* F ¢* + ¢ for atomic formulae, and by (b)—(d) we get the
result for arbitrary formulae.
For (f), we first extend an arbitrary model M E T to a model M* E T*.
By (e), for each .Z*-formula ¢* we have:
M'Ep* <= M'Ep

Now, if T* F ¢*, then M* F ¢*, which implies that M* £ ¢. Since ¢ is an
Z-formula, we get M F @, and since the model M of T was arbitrary, by
GODEL’s COMPLETENESS THEOREM 5.5 we get T F . -

Defining new Function Symbols

If we define new functions, the situation is slightly more subtle. However,
there is also an algorithm which transforms sentences ¢* in the extended
language into equivalent sentences & in the original language:

THEOREM 6.1. Let £ be a countable signature, let f be an n-ary function
symbol which does not belong to £, let £* := £ U {f} and let T be
a consistent £-theory. Furthermore, let ¥ ¢(vi,...,v,,y) be an Z-formula
with free(yy) = {v1,...,vpn,y} such that

TEVYor - Vo, Ay s(vi, ..., 00,Y) .

Finally, let

Uy EV01~-~anVy(fv1-~-vn =y <—>wf(vl,...7vn7y))

and let T* := T + ;. Then there exists an effective algorithm which trans-

forms each £*-formula ¢* into an £-formula @ such that:

(a) If f does not appear in p*, then ¢ = p*.

(b) ~p=-¢ (for p* =~p)

(©) prAp2=@1 APz (for " =1 Aga)

(d) ETZ;(TO =g (for p* = dvy)

() T"Fo" < ¢
)

f) If T*F ¢*, then T - .
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Proof. By an elementary f-term we mean an Z*-term of the form ftq---t,,
where t1,...,t, are Z*-terms which do not contain the symbol f. We first
prove the theorem for atomic .Z*-formulae ¢* (i.e., for formulae which are free
of quantifiers and logical operators). Let ¢*(f|w) be the result of replacing
the leftmost occurence of an elementary f-term in ¢* by a new symbol w,
which stands for a new variable. Then, the formula

Elw(z,bf(tl, ces by, W) A ga*(f\w))

is called the f-transform of ¢*. If ¢* does not contain f, then let ¢* be its
own f-transform. Before we procceed, let us prove the following

CLAIM. T* b Jw(Yf(t, ..., by, w) A p*(flw)) > ¢*

Proof of Claim. Let M* be a model of T* with domain A, let j be an arbitrary
assignment which assigns an element of A to w, and let M7 := (M*,j) be
the corresponding £ *-interpretation. Assume that

M; Hw(wf(tl,...,tn,w) /\Lp*(f\w)) )

Then, since T* F Vo --- Vo, 3y ¢ (v1,. .., vUn,y), there exists a unique b € A
such that

which is the same as saying that

*

M* M* M*
Now, since M} F ¥y, b is the same object as f “t; ’ ---¢, *. This implies
M} F fti-t, =0,

which shows that
\Y

For the reverse implication, assume that M7 F ¢* and let b be the same

*

object as fMj tllvlj ~~~tnMj. Then M F ¢*(f|b) and, since M F 9y,
M; E ¢f(t1,...,tn,w) A4 ft1"'tn =w.

In particular, we get
M;% ’:’l/Jf(tl,...,tyub) < ftltn = b,

T M3 M

and because fMj ty 7 -+-tn 7 is the same object as b, we get M} F ¢f(t1,...,t,,b).

Since we already know M F ¢*(f[b), we have:
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So, there exists a b in A such that

b ':wf(tlv"'atnaw)/\@*(f‘w)a

w

which is the same as saying that

M; = Elw(wf(tl,...,tn,w) /\gp*(f\w)).

Since the model M* of T* was arbitrary, by GODEL’S COMPLETENESS THE-
OREM 5.5 we get T* Elw(wf(tl, coy b, w) A @*(f\w))  pF. 4 Glaim

Since the f-transform Elw(wf(tl, cooytp,w) A @*(f\w)) of ¢* contains one
f less than ¢*, if we take successive f-transforms (always introducing new
variables), we obtain eventually an atomic .Z-formula ¢ (i.e., a formula which
does not contain f) such that T* F ¢* <> ¢. We call ¢ the f-less transform
of ™.

In order to get f-less transforms of non-atomic f *-formulae ¢*, we just
extend the definition by letting =¢ be —¢, /\<p1<p2 be A@1p2, and Elwp be
Jvp; properties (a)—(e) are then obvious.

It remains to prove property (f). For this, let M be an abitrary model of
T with domain A. Then, since T F Yoy --- Yo,y ¢(vi,...,vp,7), for all
ai,...,a, in A there exists a unique b in A such that

ME¢s(ar,...,an,b),
and we define the n-ary function f* on A by stipulating:

f(at,...,an):=0b

With this definition, we can extend the .Z-structure M to an Z*-structure
M*, where we still have M* E T. With the definition of f*, we additionally
get M* E ¢, which implies M* = T*. If we have T* F ¢* for some .£*-
formula ¢*, then there exists an Z-formula @ such that T* F ¢* < @, i.e.,
T* F ¢. Since T* - ¢ implies M* F @, and because ¢ is an .Z-formula,
we have M F ¢. Now, since the model M of T was arbitrary, by GODEL’S
COMPLETENESS THEOREM 5.5 we get T F ¢. —

Defining new Constant Symbols
Constant symbols can be handled like 0-ary function symbols:

FACT 6.2. Let £ be a countable signature, let ¢ be a constant symbol which
does not belong to £, let £* := £ U{c} and let T be a consistent £-theory.
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Furthermore, let 1.(y) be an #-formula with free(v.) = {y} such that
T+ 3y . (y). Finally, let

de =Vy(c=y < ve(y))

and let T* := T + 4.. Then there exists an effective algorithm which trans-
forms each Z*-formula ¢* into an £-formula ¢ such that:

If f does not appear in ¢*, then ¢ = p*.
=g (for gt =)

PLAP2 =1 AG (for " =1 A )
é;:p =Jvg (for p* =3Jvp)

T Fe" <@

If T*F ¢*, then T F .

Proof. The algorithm is constructed in exactly the same way as in the proof
of THEOREM 6.1. -

NOTES

In the proof of THEOREM 6.1, we essentially followed the proof of Proposition 2.28 of
Mendelson [35].

6.0

6.1

6.2

6.3

EXERCISES

(a) Write the axioms of Group Theory in the language Zg1+ = {0}, where o is a
binary function symbol.

(b) Extend the language .Zg1+ with the constant symbol e for the neutral element.

(c) Extend the language Zg1+ U {e} with the unary function symbol inv(-), where

[73%1)

inv(z) is the inverse of & with respect to “o”.

Show that in a signature ., constant symbols and function symbols are dispensable
(i.e., we only need relation symbols as non-logical symbols).

Hint: Notice that m-ary function symbols can be replaced by (n + 1)-ary relation
symbols, and that constant symbols can be replaced by unary relation symbols.

(a) Write the axioms of Group Theory in the language .2 = { R}, where R is a ternary
relation symbol.

(b) Extend the language .Z with the unary relation symbol R, for the neutral element.

(c) Extend the language £ U {Re} with the binary relation symbol Rj,,, where
Rinv(z,y) holds if and only if y is the inverse of x.

Hint: Use EXERCISES 6.1 and 6.0.

Let £ = {+, 0} and .Z* = LU {<}. Let T* = Th(Z, +,0, <). Show that there is no
Z-formula v_ such that and T* F VaVy(z < y < ¥_ (z,7)).



Part II1
Godel’s Incompleteness Theorems

On the syntactical level, an Z-theory T is complete if
for every Z-sentence o, either TF o or T - —o. On the
semantical level, a consistent .Z-theory is T complete if
any two models of T are elementary equivalent.

In this part of the book we shall first provide a few
models of Peano Arithmetic PA, where we assume that
PA is consistent. Then, we shall prove GODEL’S FIRST
INCOMPLETENESS THEOREM, which states that Peano
Arithmetic PA is not complete, i.e., there is a Zpa-
sentence o, such that neither PA F ¢ nor PA - —o. In
a second step we shall prove GODEL’S SECOND INCOM-
PLETENESS THEOREM, In a second step we shall prove
GODEL’S SECOND INCOMPLETENESS THEOREM, which
states that no theory which is at least as strong as Peano
Arithmetic can prove its own consistency.
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Chapter 7
Countable Models of Peano Arithmetic

By GODEL’'S COMPLETENESS THEOREM 5.5 we know that every consistent
theory T has a model. Later we will see that if T has an infinite model, then
it also has arbitrarily large models.

In this chapter, we provide different countable models of PA and investigate
their structure. First, we construct the so-called standard model, and then we
extend this model to countable non-standard models, where by “countable”
we mean that the elements of the domain of the model can be listed in a
POTENTIALLY INFINITE list.

The Standard Model

For the sake of completeness, let us first recall the language and the seven
axioms of Peano Arithmetic PA. The language of PA is %pa = {0,s,+, - },
where 0 is a constant symbol, s is a unary function symbol, and + and - are
binary function symbols.

PAg: —3z(sz = 0)

PA;: VaVy(sz =sy » z =vy)

PAy: Vz(z +0=x)

PAs: VaVy(z +sy =s(z +y))

PAs: Va(z-0=0)

PAs: VaVy(z - sy = (z - y) + o)

If p is any Lpa-formula with x € free(y), then:

PA: ((0) AVa(p(z) = p(s(x)))) — Vap(w)

The domain IN of our standard model consists of the elements in the list of
natural numbers as introduced in Chapter 0. So, each natural number in the
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set IN is either 0 or of the form s --- s0 for some FINITE strings --- s.
Notice the difference between s (which is an unary function symbol) and s
(which is a symbol which we use to build the elements of the set IN, i.e.,
the objects in the domain of our standard model of Peano Arithmetic). In
order to write this more formally, we extend the signature Zpa by the unary
relation symbol N and add the following statement as a kind of meta-axiom

to PA:
o=V ({N(o),vz (N(z) — N(sz)) } + N(x))

Notice that this statement is not a statement in first-order logic since it
involves the symbol F, which implicitly incorporates the metamathematical
notion of FINITE N E S S. However, the statement ® makes sure that every
model of PA + ® is isomorphic to the standard model.

Now, we are going to define the standard model of PA with domain IN. For
this, we first have to define first an Zpa-structure N. If ¢ and 7 are both
(possibly empty) finite strings of the form s -- - s, then we can interpret the
non-logical symbols in %pa as follows:

oN:=0

sV NS IN

00 — so0
+N: NxIN - IN
(¢0,70) — o710

Ny NNxIN - N

(00,70) — oo --- 00

R
Ss... S
—

Note that if either o or 7 is the empty string, then ¢0 -N 70 is 0. The main
feature of the Zpa-structure N is that every element of IN corresponds to a
certain Zpa-term. In order to prove this, we introduce the following notion:
Toeach FINITE stringoc =s --- sweassigna FINITE stringg=s --- s
such that o is obtained from o by replacing each occurrence of s by s. As a
consequence of this definition, we get the following

FAacT 7.0. Forall FINITE strings o and 7 of the form's - - - s, we have:

(a) If o is not the empty string, then PAF g0 # 0.
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(b) PAF g0 =70 <= 00=70.
Proof. (a) follows from PAg, and (b) follows from PA; and Li4. o

LEMMA 7.1. Every element of IN corresponds to a unique FINITE appli-
cation of the function s to 0, or in other words, every element of IN is equal
to a unique FINI1TE application of the function sV to 0. More formally,
for every element o0 of IN there is a unique Zpa-term o0 such that

(c0)N 1S THE SAME OBJECT AS 00,

or equivalently,
(c0)N =00.

Proof. By definition of sV, for every FINITE string 7 = s---s we get
that s(70) is the same element of IN as s70, and after applying this fact
FINITELY many times we get:

The uniqueness of g0 follows from FAacT 7.0. .

Now, we are ready to prove that the Zpa-structure N, which is called the
standard model of Peano Arithmetic, is indeed a model of PA.

THEOREM 7.2. N F PA.

Proof. By definition of sV we get N E PAg and by FAcT 7.0 we also have
N kE PA;. Further, by definition of +Y and - we get N £ PA, and N £ PA,
respectively. For PAs, let o and 7 be (possibly empty) finite strings of the
form s --- s. Then

o0+ s"70 = 6570 = s070 = sV (00 + 70).

Similarly, we can show N E PAs (see EXERCISE 7.0). In order to show that
N E PAg, let p(z) be an Zpa-formula and let us assume that

NE ¢(0) /\Vm(@(m) — cp(sx)) . (%)

We have to show that N F Vze(z). By definition of models we get that ¢(0)
holds in N and for all n € IN: If p(n) holds in N, then also (sn) holds
in N. Let 00 be an arbitrary element of IN. Since ¢ is a FINITE string,
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by (*), the logical axiom Lo, and by applying FINITELY many times
Modus Ponens, we get N E ¢(c0). Hence, since 00 was arbitrary, ¢(n) holds
in N for every string n € IN, and therefore, N E V(). -

As a matter of fact, we would like to mention that from a metamathematical
point of view, every model of PA must contain an isomorphic copy of the
standard model N. Therefore, it would also make sense to call N the minimal
model of Peano Arithmetic.

One might be tempted to think that N is essentially the only model of PA,
but this is not the case, as we shall now see.

Countable Non-Standard Models

The previous section shows that every natural number in the standard model
N corresponds to a unique Zpa-term; more precisely, every element o0 of IN
is the same object as the term ¢0. In order to simplify notations, we will from
now on use variables such as n,m, ... to denote elements of IN and n,m,...
their counterpart in the formal language %pa, i.e., if n stands for ¢0, then n
denotes ¢0.

Since every model M of PA contains n™, the standard natural numbers,
for every n € N, it is clear that M contains a copy of the standard model.
However, M can also have non-standard natural numbers, i.e., elements
which are not interpretations of terms of the form n. In the following, we
present the simplest way to construct such non-standard models.

Let Zpp+ be the language Zpp augmented by an additional constant symbol
¢, which is different from 0. Note that by setting

x<y:<= Ir(r+sr=y)

one can introduce an ordering in PA, which in the standard model corresponds
to the usual ordering of natural numbers (for further details see Chapters 8
and 9). Let PAT be the theory whose axioms are PAg—PAg together with the

axioms
c>0

c > s0
c > ss0

c > sss0

Hence, PAT is PAU {c > n :n € IN}.

LeEMMA 7.3. Con(PA™), i.e., the theory PA" is consistent.
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Proof. By the COMPACTNESS THEOREM it suffices to prove that every F1I -
NITE subset of PAT is consistent. Let T be a FINITE subset of PAT.
Now let n € IN be maximal such that the formula ¢ > n belongs to T. Notice
that such n exists, since T is FINITE. Then we can define a model M
of T with domain IN by interpreting the constant and function symbols by
M=0,sM=s, +M= 4N M =N 354 cM = sn. Since N £ PA, we get
that M E PA and by construction M F ¢ > m for every m < n, and hence
MET. =

Now, since .Zpp+ is a countable signature, by THEOREM 5.6 it follows that
PA™ has a countable model M which is also a non-standard model of PA,
i.e., a model which is not isomorphic to the standard model N. What does
the order structure of M look like?

Note that ¢ has a successor sc = ¢+ 1, and ¢+ 1 in turn has a successor,
and so on. Furthermore, since

PAFVz(z =0V Jy(z = sy))

(see LEMMA 8.3), ¢ also has a predecessor, i.e., there exists ¢ — 1 with the
property that s(c — 1) = ¢, and the same argument yields that ¢ in fact has
infinitely many predecessors, which are all non-standard. Hence, the order
structure of ¢ and its predecessors and successors corresponds to (Z, <), so
there are infinitely many such Z-chains. Moreover, each multiple of ¢ yields
a further copy of a Z-chain. Now, one can easily prove in PA that every
number is either even or odd (see EXERCISE 8.1), and hence there is d such
that 2d = c or 2d = ¢+ 1. We denote d by §. This shows that between the
copy of the standard model and the Z-chain given by c, there is a further
Z-chain given by £ and its predecessors and successors. In fact, the Z-chains
are ordered like (Q, <) (see EXERCISE 7.6).

copies of Z ordered like (Q, <)

| | | | | | |
I I I I I I I

%4_1 ... ¢c—1 ¢ c+1 ... 2c—1 2¢ 2¢c+1

D I =

[
—
w -
|
i
wlo ——

Note that the proof of LEMMA 7.3 implies that there are non-standard
models of PA which are elementarily equivalent to N. To see this, let Th(N)
denote the theory of all £pa-sentences which are true in N. Then one could
simply replace PA by Th(N) in LEMMA 7.3 and thus obtain a model of Th(N)
augmented by all formulae of the form ¢ > n for n € IN. By construction,
this model is elementarily equivalent to N. For a more general result see
EXERCISE 7.3.
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NOTES

An early attempt at formalising arithmetic was given by Grassmann [20] in 1861, who
defined addition and multiplication and proved elementary results such as the associative
and commutative laws using induction. Dedekind [6] also identified induction as a key prin-
ciple in 1888, as well as the first two axioms of Peano Arithmetic; however, he introduced
them as a definition rather than as axioms. Peano [42] presented his five axioms in 1889,
where he only introduced zero and the successor function axiomatically, and the induction
axiom is given in second-order logic in the following form: Every set of natural numbers
which contains 0 and is closed under the successor function is the set of all natural num-
bers. The version of Peano’s Axioms formalised in first-order logic — where the induction
axiom is replaced by an axiom schema, and the axioms defining addition and multipliation
are included — goes back to the advent of first-order logic in the 1920’s. The first explicit
construction of a non-standard model of arithmetic was given by Skolem in [52]. For further
reading on non-standard models consult [29].

EXERCISES

7.0 Verify that N F PAs.
7.1 Prove that PAg and PA; are independent of the other axioms of PA.

7.2 Show that there is a non-standard model M of PA with domain M, such that there is
a non-zero a € M divisible by every standard prime number.

Hint: Notice that divisibility can be formalised in PA by z | y :<= 3r(rz = y).

7.3 Show that there are uncountably many countable models of PA which are all elemen-
tarily equivalent (with respect to the signature .Zpa) and pairwise non-isomorphic.

Hint: Let P C IN be the set of prime numbers and let ¢ be a constant symbol which
is different from 0. For any distinct prime numbers p and g, let ¢, 4 be the formula

plchgfc.

For every subset S C PP, let ®g be the collection of all formulae ¢y 4 such that p € S
and ¢ ¢ S. For each set S C P construct a model for PA + &g and use that, by
CANTOR’S THEOREM 13.8, the power-set of P is uncountable.

7.4 Prove the following so-called Overspill Principle: If M is a non-standard model of PA
with domain M and ¢ is a formula with one free variable then

ME p(n) forallneIN
implies that there is a non-standard element a € M such that
M EVz(z < a — ¢(x)).

7.5 Show that it is not possible to introduce a relation standard(z) by a language extension
of %pa such that for every model M of PA with domain M and for every a € M we
have M F standard(a) if and only if a = n™ for some n € IN.

7.6 Let M be a countable non-standard model of PA with domain M. For every non-
standard element ¢ of M, let

Zic := {deM:thereexistsnG]Nsuchthat d+n=c or c+n:d},
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and let Z. < Zg if and only if c4+n < d for all n € IN, where < is the linear ordering
in the model M.

Show that the set {Z. : ¢ € M is non-standard} together with the binary relation < is
a dense linearly ordered set and use EXERCISE 3.4 to conclude that the order structure
of M corresponds to the disjoint union of IN and Q x Z.



®
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Chapter 8
Arithmetic in Peano Arithmetic

In this chapter, we take a closer look at Peano Arithmetic (PA) which we
have defined in Chapter 1. In particular, we prove within PA some basic
arithmetical results, starting with the commutativity and associativity of
addition and multiplication, culminating in some results about coprimality.
This paves the way for the coding of finite sequences of numbers, which will
be covered in the next chapter. Furthermore, we introduce some alternative
formulations of the Induction Schema PAg.

Addition & Multiplication

In this section, we verify the basic computation rules of PA involving addition
and multiplication. Since the complete proofs are very long and tedious, we
will only show the commutativity of 4+ in an elaborate way. Subsequently, we
will use semi-formal proofs as described in Chapter 1 which include enough
details to allow the reader to reconstruct a corresponding formal proof.

LEMMA 8.0. PAFVzVy(z +y =y + )

Proof. We proceed by induction on x. Thus, we have to show
(a) PAFVy(0+y=y+0), and
(b) PAFVYy(z +y=y+2a) > Yy(sz +y =y +sz).

For (a), we first prove
PAEVYy(0+y=y)

by induction on y. The base case 0+ 0 = 0 is clearly an instance of PA;, and
for the induction step, we assume 0+y = y for some y. Then 0+ sy = s(0+y)
by PA3 and s(0+4y) = sy by assumption. In order to keep the notation short,
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we just write 0+sy = s(0+y) = sy instead of 0+sy = s(0+y)As(0+y) = sy.
So, by PAg we obtain Vy(0+y = y), and since by PA, we have Vy(y+0 = y),
by symmetry and transitivity of = we have Vy(0 4+ y =y + 0).

As a prerequisite for (b) we need
PAFVy(sz+y=s(z+y))

which is again verified by induction on y: If y = 0, note that by PA; we have
sz + 0 = sz = s(x + 0). For the induction step, assume sz + y = s(z + y).
Then, by PAs, we have sz + sy = s(sz +y) = s(s(x + y)) = s(z + sy).
Now, we are ready to prove (b): Assume that z +y = y + « for some z and
for all y. Then sz +y = s(z +y) = s(y + ) = y + sz by our computation
above and PAz, which, by PAg, shows (b). B

In a similar manner, we can derive other basic calculation rules whose
proofs are left as an exercise for the reader.

LEMMA 8.1.

(a) PAFYaVy¥z((z +y) +2 =2+ (y +2))
(b) PAFVaVy¥z((z-y) -z =2 (y-2))

(¢) PAFYaVy(z-y=y-x)

(d) PAFVavyvz(z-(y+2) = (z-y) + (z- 2))

From now on, we will make use of these rules without explicitly mentioning
them anymore. The next lemma shows injectivity of left —and by commuta-
tivity also right — addition.

LEMMA 8.2. PAFVavyVz(z +y=a+2 =y = 2)

Proof. The proof is by induction on x. The base case follows from the proof
of LEMMA 8.0. For the induction step, assume

VYyVz(z+y=x+2—>y=2z)

and let st +y =sz+ z. Then s(x +y) = sz +y =sz+ 2z = s(z + z), where
the first and the third equality again follow from LEMMA 8.0 and PA3z. Then
by PA, we obtain z + y = x + 2z and in particular y = z. B

The next result is crucial, because —as we will see in Chapter 10 —it is
the only application of PAg which is indispensable for the proof of the FIRST
INCOMPLETENESS THEOREM 10.5.

LEMMA 8.3. PAF Vz(z =0V Jy(z = sy))

Proof. We proceed by induction on x. The base case is trivial and the induc-
tion step follows from the fact that « witnesses Jy(sz = sy). =



The Natural Ordering on Natural Numbers 93

From now on, we will use the convention that - binds stronger than +
and omit the multiplication sign, e.g., the term zy + z stands for (z - y) + z.
Furthermore, by associativity of + and - we may omit parentheses whenever
we have pure products of pure sums of terms.

In order to keep the notation short, for £pa-formulae ¢ we define

Vo # 0 (p(z)) = Va(z # 0 = ¢(2)).

The next result shows a property of multiplication which is similar to the
one given in LEMMA 8.2 for addition.

LEMMA 8.4.

(a) PAFVxVy(Iy:OH (x:O\/y:O))

(b) PAEVz #£0VyVz(zy =22 >y = 2)

Proof. For (a), let zy = 0 and suppose towards a contradiction that z,y # 0.

Then by LEMMA 8.3 there are x’, 3’ such that x = sz’ and y = sy’. By PAs
and PA3, we obtain

O=zy=s2-sy =s2’ -y +s2’ =s(sa’ -y +2'),

which contradicts PAg.

For (b), suppose that x # 0. We proceed by induction on y. If y = 0,
then xy = 0. So, xy = xz implies xz = 0 and by (a) we obtain z = 0 and
consequently y = z. Now assume that

Vz(zy =2z = y = 2).

Let z be arbitrary such that z-sy = xz. By (a), we can rule out the possibility
that z = 0. Hence, by LEMMA 8.3, there is a 2’ such that z = sz’. Therefore,
by PAs,

WHr=x-sy=axz=x-sz =22 +x.

Using LEMMATA 8.0 and 8.2 we obtain that xy = zz’ and thus the induction
hypothesis implies y = z’. Therefore, we finally get sy = sz’ = z as desired. -

The Natural Ordering on Natural Numbers

In Chapter 6, we have seen how to extend languages by incorporating new
symbols for relations, functions or constants. In this sense, we can now intro-
duce the binary relations < and < in PA by stipulating

r<y:<=Ir(z+r=y),

r<y:i<= Ir(x+sr=y).
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An alternative definition of z < y is given by
r<y<=Ir#£0(x+r=y).
Furthermore, we define

T2y <==y<zx
>y <——y<ux.

Now, we define bounded quantification by stipulating
o Qye(z) <= Jz(z Qy A (),
Vo Qyp(z) <= Va(z <y — o(2)),

where < stands either for < or for <. The next result shows some properties
of < and <.

LEMMA 8.5.

(a) PAFVaVy(z <sy <>z <y)
(b) PAF VaVy(z <y <> sz <y)

Proof. We only consider (a) and leave (b) as an excercise. Fix x and y. Firstly,
assume that = < sy and take r # 0 such that x + r = sy. By LEMMA 8.3 we
find an 7’ such that r = sr’. Then s(z 4+ ') =z + s’ = z + r = sy by PAs,
and by PA, we obtain x + r’ = y, which shows that x < y.

Conversely, let x < y and take r such that x +r = y. Then x + sr =
s(z + r) = sy, which shows that x < sy. -

The next result implies that < defines a total ordering on the natural
numbers.

LEMMA 8.6.

(a) PAFVz(x < x)

(b) PAFYaVy(z <yAy<z—zx=y)
(¢) PAEYaVyVz(z <yAhy<z—z<z)
(d) PAEYaVy(z <yVz=yVa>y)

Proof. Condition (a) is a trivial consequence of PA;.

For (b), assume that © < y and y < x. Then there are r,s such that
x+r=yand y+ s=x. We obtain that

y+(s+r)=w+s)+r=z+r=y=y+0.
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By LEMMA 8.2, this implies s 4+ r = 0 and hence, by PAg, s = 0 = r, which
shows that z = y.

For (c), let x < y and y < z and take witnesses r, s satisfying x +r = y
and y + s = z, respectively. Then  + (r +s) = (x +r)+s=y+ s =z and
thus z < z.

We show (d) by induction on z. If 2 = 0, we can make a case distinction
according to LEMMA 8.3: If y = 0 then z = y and otherwise x < y. For the
induction step, fix y and assume that x < yVax =y Vzx > y. Now, we make a
case distinction, where in the case of x < y, LEMMA 8.5 implies that sx <y
and thus either sz < y or sz = y. Secondly, if x = y then

sz =sy =s(y+0)=y+ s0,
which shows that sz > y. The case of x > y is similar. -

Finally, one can show that addition and multiplication with non-zero num-
bers preserve the natural odering (the proof is left as an excercise to the
reader):

LEMMA 8.7.
(a) PAEVaVyVz(z <y < (x4 2 <y +2))
(b) PA}—V;nyVz;EO(;USy<—>(x-z§y-z))

Subtraction & Divisibility

With the help of the ordering that we have introduced in the previous section,
we are ready to define a version of subtraction which rounds up to 0 in order
to preserve non-negativity. For this, we first show the following

LEMMA 8.8. PAF VxVy(z <y—dr(z+r= y))

Proof. Assume that z < y. The existence of r follows directly from the defi-
nition of <, and the uniqueness of r is a consequence of LEMMA 8.2. -

Therefore, we can define within PA the binary function —, called bounded
subtraction, by stipulating

r—y=z<= yY<zAy+z=z)V(@<yAz=0).

Observe that PA + VaVy < z((z — y) + y = z), from which we can easily
derive computation rules for bounded subtraction such as

PA FVzVyVz (x(y —z)=uxy— zz), or

PARVzVyVz(z <y — (z — 2 <y — 2)).
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Let us now turn to divisibility, which can easily be formalised by stipulating
x|y <= Ir(re =y).

If the binary divisibility relation | holds for the ordered pair (x,y), then we
say that = divides y. Without much effort, one can verify that the divisibility
relation is reflexive, antisymmetric, and transitive. For this reason, we will
omit the proof of the next result.

LEMMA 8.9.

(a) PAFVz(x|x)

(b) PAEVYaVy(z|yAy|lz = x=y)
(¢) PAEVaVyVz(x |y Ay |z = x| 2)

Also without much effort, we can prove the following
LEMMA 8.10.

(a) PAF VaVyVz(z |y ANx|z — x|y + z), where the symbol £ stands for
either 4+ or —.

(b) PAFYaVyVz(x |y — z|yz)

Proof. For (a), assume that x divides y and z. Then there are 7, s such that
y=rx and z = sz. Then y + z = ra &+ sx = (r £ s)x, thus = divides y + z.
Condition (b) is obvious. !

In most textbooks, one defines two numbers to be coprime (or relatively
prime), if they have no common divisor greater than 1. Nevertheless, for our
purpose it is more convenient to use the following equivalent definition:

coprime(z,y) <= z#O0ANYy#0AVz(z|yz — z|2)

Since we will be working with this somewhat unusual definition of relative
primality, we first check that it is a symmetric relation.

LEMMA 8.11. PAF Vwa(coprime(z, y) <> coprime(y, x))

Proof. Assume coprime(z, y). We have to show that for every z we have that
y|zz implies y|z. So, let z be such that y|xz. Since y|zz, there is an r
with yr = zz. Furthermore, since x| xz and zz = yr, we get = |yr, and by
coprime(z, y) we have x| r. Thus, there is an s such that s = r, and hence,
xsy = ry = yr = xz. Now, by LEMMA 8.4 we obtain sy = z, and therefore
y |z as desired. B

If the binary relation coprime holds for x and y, then we say that = and y
are coprime.
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LEMMA 8.12. PA + VaVyVk(k |z A coprime(z, y) — coprime(k,y)).

Proof. Assume that x and y are coprime. Let k& be a divisor of z and let
r be such that rk = z. Assume y|kz for some arbitrary z. We have to
show that y|z. First, notice that by LEMMA 8.10.(b) we have y|rkz, and
since rkz = zz, we have y|xz. Now, since coprime(z,y), we obtain y |z as
desired. -

The following result is crucial for the construction of Goédel’s 3-function
(see THEOREM 9.9), which will be the key to the FIRST INCOMPLETENESS
THEOREM 10.5.

LEMMA 8.13. PAFVkVz #0Vy (k | & — coprime(1 + (j + k)z, 1 +jx)>

Proof. We first show PA - Vz # 0V (coprime(x, 1+ ja:)), i.e., we show that
for all z,
|14+ jx)z = z|z.

For this, suppose z | (14 jx)z for some arbitrary z. Since (14 jx)z = z+ jzz,
by LEMMA 8.10.(b) we have x| jzz, and as a consequence of LEMMA 8.10.(a)
we obtain x| z.

Now, let k and = # 0 be such that k| z. Notice that since x # 0, this implies
that k # 0. Furthermore, let j be arbitrary but fixed. We have to show

Coprime(l +jz, 1+ (5 + k‘)x) ,
i.e., we have to show that for all z,
(L+jo) |1+ G +Ek)z)z - (1+jz)]z.
First, notice that
(1+(G+k)z)z=QQ+jz+kz)z=(1+jz)z + kaz.
Assume now that for some z,
(1+jz)| (1 + jx)z + kxz.

By LEMMA 8.10.(b) we have (1+ jz)| (14 jx)z, and by LEMMA 8.10.(a) this
implies (1 + jx) | kzz. Now, since coprime(x, 1 + jx), as shown above, we get

(14 jx) |x(kz) = (L + jz) | k=z.

Finally, since by assumption k| 2, by LEMMA 8.12 and coprime(z, 1 + jz) we
get coprime(k, 1 + jz). Hence, we obtain (1 + jz) | z as desired. 4
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Alternative Induction Schemata

A fundamental principle in elementary number theory states that if there is
a natural number fulfilling some property ¥, then there must be a least nat-
ural number satisfying W. This principle can be shown in PA; actually, every
instance of this principle (i.e., by considering ¥ to be some %pa-formula)
is equivalent to the corresponding instance of the Induction Schema PAg. In
order to prove this, we need another induction principle which will turn out
to be quite useful for further proofs in this book.

PROPOSITION 8.14 (STRONG INDUCTION PRINCIPLE). Let p(x) be an Zpa-
formula. Then in PA, ¢ satisfies the following principle of strong induc-
tion:

PAFVz(Vy < zo(y) = ¢(z)) = Vap(z)

Proof. Suppose Vx(Vy <zoly) = @(x)) Using PAg, we first show Vay(x)
for

Y=Yy <z o(y).

Notice that 1(0) vacuously holds, since there is no y < 0 with —¢(y). Now,
if ¢p(x) holds, then by our assumption we have ¢(x). So, we have ¥ (z) and
(), which is the same as ¢(sz). Therefore, by PAg we obtain Vzi(x). Now,
because for every z, 1 (sx) implies ¢(x), we finally obtain Yaxp(x). =

PROPOSITION 8.15 (LEAST NUMBER PRINCIPLE). Let ¢(z) be an Zpa-
formula. Then

PA = Jzp(z) — Jz(p(z) AVy <z —p(y)).

Informally, the LEAST NUMBER PRINCIPLE states that if there is a witness
to an arithmetic statement, then there is always a least witness. This principle
is often used in the following equivalent form: If a universally quantified
formula does not hold, then there is a least counterexample.

Proof of Proposition 8.15. By TauTtorocy (K) and the 3-SymBoLS THEO-
REM 1.7, we have

Fzp(x) — Elx(<p(x) AVy < x —wp(y)) &
Vo —p(z) V Iz (p(z) AVy <z —p(y)),

where the latter statement is equivalent to the implication
Va (—p(z) V -Vy < z =p(y)) — Yz —p(z).
Now, by TauToLOGY (K) this implication is equivalent to

Vi (Vy <z =p(y) — —e(z)) = Y —p(z),
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which is the STRONG INDUCTION PRINCIPLE 8.14 applied to the formula
—p(x). Consequently, we have PA - Jzp(z) — Jx(p(z) AVy <z —p(y)). -

Relative Primality Revisited

We conclude this chapter by providing an alternative definition of relative
primality, which shall be useful in the next chapter. First, we introduce the
Principle of Division with Remainder:

PROPOSITION 8.16 (PRINCIPLE OF DIVISION WITH REMAINDER).

PAI—VxVy>03q3r(x=qy—|—7‘/\r<y).

Proof. Let p(x) =Vy > 0dg3r (x =qy+rAr < y) The proof is by induction
on x. Obviously, we have ¢(0). Now, assume that we have ¢(z) for some z,
i.e., for each y > 0 there are g, such that

r=qy+rAr<y.
If we replace x by sz, then for each y > 0 there are ¢, r such that
st =qy+srAsr<y.

If st <y, let v ;= sr and ¢’ := ¢, and if sr = y, let 7/ := 0 and ¢’ := sq.
Now, in both cases we obtain

st=qy+r AT <y,
which shows ¢(sx). =

The following result gives a connection between the PRINCIPLE OF Divi-
SION WITH REMAINDER and the relatively prime numbers:

LEMMA 8.17. For any z,y > 0 with x = qy + r and r < y we have
PA I coprime(y, ) <> coprime(y, 7).
Proof. By definition we have coprime(y, z) <> Vz(y | zz — y | 2), and since

x = qy + r, we obtain

coprime(y, z) <> Vz(y | ygz +rz = y | 2).

Now, by LEMMA 8.10 we have (y | ygz + rz) < (y | rz), and therefore we
obtain

coprime(y,z) + Vz(y|rz —y|z) + coprime(y,r).
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Now we are ready to give the promised alternative definition of relative
primality.

PROPOSITION 8.18.

PAI—V;ny(coprime(x,y) “ x#O/\y;&O/\Vz((z |z Nz |y)—z= 1))

Proof. The statement is obvious for x = y, or if at least one of x and y is
equal to 1. Therefore, without loss of generality, let us assume that z > y > 1.

(—) The proof is by contraposition. Assume that there is a z such that
z | x, z |y, and z > 1. Then, there is a u < x such that uz = z. Now,
since z | y, we obtain z | yu, and since v < z, we have x { u, which implies
— coprime(z, y).

(+) Assume towards a contradiction that there is a pair of numbers (z, y)
with > y > 0 such that for all z we have

(zlzAz|y) —2z=1,

but = coprime(z, y). By the LEAST NUMBER PRINCIPLE, let (29, yo) be such a
pair of numbers where x( is minimal. Let ¢ and r be such that xo = qyg + r.
Since — coprime(zg,yo), by LEMMA 8.17 we have - coprime(yg,r). On the
other hand, if there is a zp > 1 with 2o | yo and zg | r, then this would imply
that

20 | qYo + T,

i.e., zg | xo. But since zp > 1, this contradicts the fact that (zo | zo A 20 |
Yo) — 2o = 1. Therefore, for the pair (yo,r) we have — coprime(yp,r), for all
z we have

(zlyNz|r)—2z=1,

and in addition we have yg < xg, which contradicts the minimality of zy. -

As an immediate consequence of PROPOSITION 8.18, we get the following

COROLLARY 8.19. For all z and y, the following statement is provable in PA:

coprime(z,y) < x#0AY#0AVz<(z+y)((z]zAz]y) = 2z=1)

EXERCISES

8.0 Prove that addition is associtative, i.e., PA - VaVyVz(z + (y + 2) = (z + y) + 2).

8.1 Introduce the unary relations even(z) and odd(z) formalising evenness and oddness,
and show the statements

PA - Vz (even(x) Y odd(m)) and PAFVz (odd(z) — even(sm)) .
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8.2 Show that BEzouT’s LEMMA is provable in PA, i.e., show that
PA ‘v’xVy(coprime(a:,y) > (x #ZO0ANy#0ATa<yIB<z(ax+1= by))) .

8.3 (a) Prove PAg from PA¢g—PAs, LEMMA 8.3 and the LEAST NUMBER PRINCIPLE.

(b) Construct a model M for PA;—PAs and the LEAST NUMBER PRINCIPLE, in which
PAg does not hold.

8.4 Prove the following alternative induction principle:

PA + (<p(1) AVz(o(z) = p(22) A p(x — 1))) — Vzp(z)
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Chapter 9
Godelisation of Peano Arithmetic

The key ingredient for Godel’s Incompleteness Theorems is the so-called
Godelisation process which allows us to code terms, formulae and even proofs
within PA. In order to achieve this, we introduce Godel’s S-function, with the
help of which one can encode any FINITE sequence of natural numbers
by a single natural number.

Natural Numbers in Peano Arithmetic

As we have already seen in Chapter 7, every standard natural number corre-
sponds to a unique Zpa-term. More precisely, every element 0 of IN corre-
sponds to a term ¢0. In order to simplify notations, from now on we will use
variables such as n,m,... to denote elements of IN and n,m, ... their coun-
terpart in the formal language %pa, i.e., if n stands for 00, then n denotes
0. Then FAcT 7.0 yields

n=m <—» PAFn=m.

Moreover, by definition of n for n € IN we have:

0=o0
sn =sn
Furthermore, we define
n—1
\/x:E = z2=0Vva2e=s0V ---Ve=n-1.
k=0
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PRrROPOSITION 9.0. Any two natural numbers n,m € N satisfy the following
properties:

Ng: PAFsn=sn

Ni: PAbm+n=m+"n

Np: PAbm-n=m-"n

N3: If m =n then PA+m =n, and if m # n then PAF m # n.
Ng: If m <n then PAFm < n, and if m £ n then PAFm £ n.
Ns: PAFVa(z <n gz =k)

Before we give a proof of PROPOSITION 9.0, let us recall the IND U C -
TION PRINCIPLE that we have introduced in Chapter 0: If a statement
A holds for 0 and if whenever A holds for a natural number n in IN then it
also holds for n + 1, then the statement A holds for all natural numbers n
in IN. Note that this INDUCTION PRINCIPLE is more general than
what we obtain from the induction axiom PAg in the standard model N. The
reason is that PAg is restricted to properties which can be described by an
Zpa-formula, whereas the INDUCTION PRINCIPLE applies to any
statement about standard natural numbers. In order to distinguish between
the INDUCTION PRINCIPLE for standard natural numbers and
induction within PA using PAg, we shall call the former metainduction.

Proof of Proposition 9.0. Ng follows directly from the definition of n for nat-
ural numbers n € IN.

We prove N; by metainduction on n. The case n = 0 is obviously true,
since 0 is 0. For the induction step, let us assume PA - m+n = m+Vn.
Using N and PA3z both within PA and in N we obtain

PAFm+sn=m+sn=s(m+n)=sm+"n)=s(m+"n)=m+"sn.

The proof of N» is similar and is left as an exercise to the reader.

The first part of N3 follows from FACT 7.0, and the second part is a conse-
quence of Ng4, since whenever m % n, then either m < n or n < m.

Let us now turn to Ng. If m < n, then there is k£ € IN such that m +Nk =n
and k # 0. By N3 and N; we get PA - m + k = m +" k& = n. It remains to
show that PA - k # 0. Since k # 0, it is of the form sk’ for some k' € IN.
Thus by Ng and PAg, PAF k = sk’ = sk’ # 0. The second statement of Ny
follows from the first one and N3 by observing that if m < n, then either
m=norn<m.

In order to prove Ns, we proceed by metainduction on n. The case n = 0 is
trivially satisfied. Now, assume that N5 holds for some n and let x < sn = sn.
Then, by LEMMA 8.5 we get x < n, i.e., either x < n or x = n. Since the
first case is equivalent to Z;& z = k by assumption, we obtain \/}_sz =k
as desired. The converse is a consequence of Ny.
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On the one hand, by the SOUNDNESS THEOREM 3.7 we know that every
statement which is provable within PA holds in every model of PA; in partic-
ular in the standard model N. On the other hand, not every statement which
is true in N must be provable within PA. In this respect, PROPOSITION 9.0
gives us a few statements which are true in the standard model N and which
are provable within PA. In order to obtain more such statements, we shall
introduce the notion of N-conformity; but before doing so, we have to give a
few preliminary notions.

We call an Zpa-formula ¢ a strict 3-formula if it is built up from atomic
formulae and negated atomic formulae using A, V, existential quantification
Jv and bounded universal quantification, i.e., “Vv < 7”7 for some term 7.
Furthermore, ¢ is said to be an 3-formula if there is a strict I-formula
1 such that ¢ <pa 1. By exchanging the role of universal and existential
quantification in the above definition, we can analogously define (strict)
V-formulae. Furthermore, if a formula is both an 3- and a V-formula, then
we call it a A-formula. In particular, every formula which contains only
bounded quantifiers is a A-formula.

EXAMPLE 9.1. The formulae “x < y” and “z | y” are A-formulae:
<y &pa Ir<sylz+r=y) and x|y Spa Ir<sy(rz=y)

PROPOSITION 9.2. Let ¢(z1,...,2,) be a formula whose free variables are
among Ii,...,Tn, and let ay,...,a, € N.

(a) If ¢ is an 3-formula and N E p(ai,...,a,), then PAF p(ay,. .., a,).
(b) If ¢ is a V-formula and N E —p(a1,...,ay), then PAF —p(ay,. .., a,).

Proof. Observe first that (b) follows from (a), since the negation of a
V-formula is an 3-formula. Furthermore, note that it is enough to prove (a)
for strict 3-formulae. We proceed by induction on the construction of .

e If ¢ is an atomic formula, then it is of the form 7o(z1,...,z,) =
71(x1, ..., x,) for some terms 79, 71 whose variables are among x1, . .., Ty,.
We show by induction on the construction of terms that for every term
7(x1,...,2,) and for all standard natural numbers aq,...,a, € N, we
have

PAFTN(al,...,an):T(al,...,an). (*)

The statement is clear for terms 7 of the form 7 = v (for a variable v)
or 7 =0. If 7 is of the form s7’ for some term 7/, by the induction hy-
pothesis we have PA - a = 7/(a4, ..., a,), where a = 7N(ay,...,a,) € N.
Therefore, 78 (a1, ..., a,) is sa. Then by Ng we have

PAFsa=sa A sa=s7(a1,...,a,) A st'(a1,...,an) =7(as,...,an)
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as desired. The proofs for terms of the form 7y 4+ 71 or 7p - 71 are similar
using N; and Ny, respectively. This shows (x).
Now assume N F q(ay, ...,a,) = 11(a1,...,a,) and put a = 19(aq, ..., an)
and b = 1 (a1,...,a,). Then by (%) and N3 we get

PAF 1o(a1,...,an) =a ANa=bAb=mi(ai,...,an).

e If p is a negated atomic formula, then it is of the form 1y # 71 for some
terms 79 and 71, and since

T0# T <pa y(ro+sy=mV 1o=71+sy),

this case follows from the cases below.

e Suppose that ¢(z1,...,2,) = wo(x1,...,2n) A p1(x1,...,2,) and N E
o(ai,...,ay). Then N F @o(aq,...,a,) and N F ¢1(aq,...,a,). By in-
duction hypothesis, PA F ¢g(ai,...a,) and PA F ¢i(ai,...,an). Using
(IA) this shows that PA - ¢(aq,...,a,). The disjunctive case is similar.

e Let now ¢(x1,...,2,) =Vy < 7(x1,...,2,) ¥(x1,...,2,,y) and suppose
that N F o(ai,...,a,). Let a = ™ (ay,...,a,). Then for every b < a
we have N E ¢(ay,...,an,b). Hence, by induction hypothesis, for every
b < a we have PAt 4(ay,...,an,b), and by (%), PAta=7(a1,...,a,).
Now using N5 we obtain

a—1

PAE ¢(ai,...,an) <—>Vy(\/ Y =b—>¢(@,-~7a7my)).
b=0
The right-hand side can clearly be derived in PA.

e Finally, let ¢(x1,...,2,) = Jyp(z1,...,Zn,y). Then N E p(aq,...,a,)
implies that there exists b € IN such that N E ¢(aq, ..., a,,b). Inductively,
we get NE (a1, ..., an,b), which completes the proof.

_|

Note that any constants, relations, and functions that one can define in PA
in the sense of Chapter 6 can be interpreted in the standard model N.
A relation R(z1,...,x,) defined by

R(x1,...,2p) <= Yr(x1,...,2Tpn)

is said to be N-conform if for all a4, ...,a, € IN the following two properties
are satisfied:

(a) If NE¢g(a1,...,an), then PAF Yr(al,... an).
(b) If NE =pr(ai,...,a,), then PAF —r(ai, ..., an).

For the sake of simplicity, the formula 1 is also called N-conform.
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Now, let f be a function symbol whose defining formulais ¥ ¢(z1,- - -, Zn,v),
ie., PAFVay.. Vo, ys(zy,...,2,,y) and

fxo...xn:y;<:> 'l/}f(xl,...,xn;y)'

Then we say that f is N-conform if its defining formula ¢; is N-conform.
Let fN be the interpretation of f in N. If f is N-conform, then for all
a,...,an €N

PAF Y(ay, ... an, (a1, .. a,)),

and hence
PAF f(ai,...,an) = fY(a1,...,a,).
To see this, suppose that f is N-conform. For the sake of simplicity, suppose

that n = 1 and let @ € N. Then N F ¢¢(a, fN(a)), hence by N-conformity
we get PA I 14 (a, fN(a)). On the other hand, we have PA F v¢(a, f(a)) and

hence by functionality of ¢¢ we get PAF f(a) = fN(a).

COROLLARY 9.3.

(a) Every relation which is defined by a A-formula is N-conform.

(b) Every function which is defined by an 3-formula is N-conform.

Proof. Condition (a) follows directly from PROPOSITION 9.2. For (b), it suf-
fices to prove that every function whose defining formula is an 3-formula is
already a A-formula. Suppose that f is defined by the 3-formula ¢, i.e.,

f@i, . zn) =y = Yr(21,..., 20, Y).
Now note that by functionality of ¢ we have
V(1,20 Y) pa Ve(Yr (a1, ... 20, 2) > 2 =Y).
Moreover, TauToLOGY (K) yields
Vz(r(ze,...,Tn,2) 2> 2=9y) & V2(9p(z1,...,T0n,2) V2 =1y),

which is a V-formula. -

EXAMPLE 9.4. The binary coprimality relation “coprime” is N-conform. To
see this, first notice that by the previous example, the defining formula of
the divisibility relation is a A-formula, and therefore, by COROLLARY 9.3,
the symbol | is N-conform. Furthermore, by COROLLARY 8.19 the defining
formula of “coprime” is equivalent to a A-formula, and therefore, by COROL-
LARY 9.3 the binary relation “coprime” is N-conform.
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Godel’s B-Function

The main goal of this section is to define a binary function (the so-called
B-function introduced by Kurt Gédel) which encodes a FINI1T E sequence
of natural numbers cg, -+ ,c,_1 in the standard model by a single number ¢
such that for all i < n,

PAF B(c,i) = e

In fact, one can even do better than that and introduce a function § such
that for every unary function f definable in Peano Arithmetic,

PA - VE3cVi < k(B(c,i) = f(i)).

The first step is to encode ordered pairs of numbers by introducing a binary
pairing function op. We define

op(z,y) =z <= (z+y) - (z+y)+z+1==z.

Furthermore, we define the unary relation not an ordered pair “nop” and
the two binary functions first element “fst” and second element “snd” by
stipulating

nop(c) :<= =33y (op(z,y) = ¢),
fst(c) = z :<= Jy(op(z,y) = ¢) V (nop(c) Az =0),
snd(c) = y :<= 3z (op(z,y) = ¢) V (nop(c) Ay =0).
In particular, whenever op(zx,y) = ¢, then

¢ = op(fst(c),snd(c)) .

Until now, we did not show that the above definitions are well-defined.
This, however, follows from the following

LEMMA 9.5. PAF op(x,y) =op(2/,y') mxz=2' Ay =1y’

Proof. Assume that op(z,y) = op(z/,y’). We first show that this implies
x+y=1a' +y': Suppose towards a contradiction that x +vy < 2’ +3’. Then,
by PA3; and LEMMA 8.5, we obtain s(z + y) = x + sy < 2’ 4+ . Therefore,

op(¢',y') = op(z,y) = (z+y) - (z+y) +z +1
<(z+sy)-(x+y)+(z+sy)
= (z+sy) - (z+sy)
s(z+y)-s(z+vy)
)

< (2" +9)- (@ +y)
<op(z',y),
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which is obviously a contradiction. By symmetry, the relation 2’ +v' < z+y
can also be ruled out, and therefore we have that op(z,y) = op(z’,y’) implies
x+y=2'+y. Now, if z+y = 2’ +¢/, then (x+y)-(z+y) = (&' +y')- (' +v),
and since op(z,y) = op(a’,y’), by LEMMA 8.2 we obtain z+1 = 2’ + 1, which
implies z = 2’ and also y = /. a

Now we are ready to define the S-function. Let
v(a,i,y,x) := (1 + (op(a,i) + 1) - y) |z
and define
B(c,i) =a <= (nop(c) Aa=0) V
EIxEIy(c =op(z,y) A ((Vb <z (=v(b,i,y,z)) Aa=0) V
('y(a,i, y,x) AVb < a (—v(b, 1, y,x)))))

Slightly less formal, we can define 3(c,) by stipulating

0 if nop(c),
Ble,i) = 40 if FzTy(c = op(z,y) A =3b <z (y(b,i,y,))),
a if 3z3y(c = op(z,y) Aa=min {b:v(b,i,y,z)}).

Observe that as a consequence of the LEAST NUMBER PRINCIPLE, (8 is a
binary function.

Before we can encode finite sequences with the S-function, we have to prove
a few auxiliary results. The first one states that for every m there exists a y
which is a multiple of lem(1,...,m).

LEMMA 9.6. PAFVm3yvk((k#0Ak <m) —k|y).

Proof. We proceed by induction on m. The case when m = 0 is clear. Assume
that there is a y such that for every k with 0 < k < m we have k | y. Let
y' =y -sm. Then, by LEMMA 8.10, every k with 0 < k < sm divides y'.

As described in Chapter 6, for any %pa-formula ¢ which is functional, i.e.,
PA F Vz3lyp(x,y), we can introduce a function symbol F, by stipulating
Fo(z) =y = o(z,y).

If F' is defined by some functional Zpa-formula, then we say that F' is de-
finable in PA.

The next result shows that for every function F' which is definable in PA
and for every k > 0, we can define max {F(0),...,F(k—1)}.
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LEMMA 9.7. Let F be a function which is definable in PA. Then
PA - Vk > OEI!a:(EIi < k(F(i) = x) AV < k(F(z) < x))

Proof. We prove the statement by induction on k starting with 1. For k = 1,
one can clearly take x = F'(0). Assume that there is a unique = and there is
io < k such that F(ig) = z and for all ¢ < k, F(i) < z. Now if F(k) < =z,
then set ' = z; otherwise let ' = F(k). Then for every i < sk, we have
F(i) < z and the first condition is also satisfied since z’ is either F'(ig) or
F(k); uniqueness is trivial. 4

This leads to the following definition:
max; < F (i) = z <= 3i < k(F(i) = ) AVi < k(F(i) < 2)
The next result plays an important role in the coding of finite sequences.

LEMMA 9.8. Let G be a unary, strictly increasing function with G(0) > 1
which is definable in PA and let ¢(v) be an %pp-formula. Then

PA I Vm(Vj <mVj' <m(j #j — coprime(G(j), G(j")))
—JdxVj<m (G(j) | z < gp(])))

Proof. We proceed by induction on m starting with m = 1. If ©(0) holds, let
x := G(0), otherwise let z := 1. For the induction step, assume that for all
distinct j, 7' < sm, G(j) and G(j’) are coprime and that there is an a such
that for all j < m, G(j) | * +> ¢(j). By the LEAST NUMBER PRINCIPLE,
let zo be the least such . Now we consider the following two cases: If p(m)
holds, let 1 := G(m) - xo, otherwise, let z1 := z(. It remains to show that
for all j < m we have G(j) | 1 <> »(J).

If o(m) fails (i.e., 1 = x¢), then, by induction hypothesis, for all j < m
we have G(j) | zg + ¢(j) and coprime(G(j), G(m)), where the latter implies
by the choice of 2y that G(m) t zo. To see this, assume that G(m) | xg. Then
there is an r such that G(m)-r = g, and since m > 1, G is strictly increasing
and G(0) # 0 by coprime(G(0),G(1)), we get that G(m) > 1 and conse-
quently r < zo. Moreover, since for all j < m we have coprime(G(j), G(m)),
this implies

Vi <m(GU) | Gm) -7 < GG | 7).
——

= x9
which contradicts the minimality of xg.
If ¢(m) holds (i.e., x1 = G(m) - zp), then, since coprime(G(j), G(m)) for
all 7 < m we have
G() [ G(m) -z < G(j) | 2o
————

=x
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Furthermore, we obviously have G(m) | 21, which completes the proof.  H

The following theorem states how the S-function can be used to code finite
sequences.

THEOREM 9.9. Let F' be a function which is definable in PA. Then
PA FVEk3eVi < k (B(c,i) = F(i)).
Proof. Fix an arbitrary number k. Let F’(i) := op(F(i),7) + 1 and let
m = max;<x F'(i) .

By LEMMA 9.6 there is a y such that every j < m divides y. Furthermore, by
LEMMA 8.13 we have for all u with u |y (i.e., 1 <u <m) and for all w

coprirne(l +wy, 1+ (w+ u)y) .
In particular, if ¢ < j < m, then for w:=i+ 1 and u := j — i, we obtain
coprime (1 + (i + 1)y, 1+ (j + 1)y) .
Finally, define the unary function G by
Glj)=2z = z=1+ G+ 1)y

and let
¢o(z) == Fi < k(z=op(F(i),i)).

Then G is a strictly increasing function and we can apply LEMMA 9.8 in order
to find a number x such that for all j < m, where m > op(F(i),i) (for all
i < k), we have

GU) [z < wld),

in other words,
vj <m<1+(j+1)y lz o Ji<k(j :op(F(z’),i))).

It remains to show that for ¢ = op(z, y) we have (¢, i) = F(i) for all i < k. By
our assumption on z, we have 1+ (op(F(i),7) + 1)y | z, i.e., y(F(i),i,y,z).
Therefore, it is enough to check that F'(¢) is minimal w1th this property.
Assume towards a contradiction that there is an a < F(i) with v(a,1,y,x),
ie.,

1+ (op(a,i) + 1)y | =.

Then, by the formula ¢, there is a j with j = op(a,i) = op( (i"),1")
some 7' < k. Thus, by LEMMA 9.5, we have i = ¢’ and a = F(i') = F

for
(4),
which is a contradiction to the assumption a < F(7). o
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Note that all functions—in particular the S-function —which we have in-
troduced in this section can be defined by an 3-formula and are therefore
N-conform.

Encoding Finite Sequences

This section aims at showing how the S-function can be used to encode
a finite sequence of numbers; but what is meant by the words “finite” and
“number”? In the standard model, this coincides with FINITENE S S and
the usual natural numbers. In general, however, this means that the sequence
has a limited length k£ for some k, i.e., in non-standard models its length can
actually be a non-standard number.

In a naive way, sequences of natural numbers can be viewed as functions
from some {0, - - - ,n} to the natural numbers, where {0, - ,n} is the domain
of the function. In PA, however, we cannot specify the domain of a definable
function, which is why we will use 3(-,0) to encode the length of a sequence.
Concretely, we will encode (F(i) | ¢ < n) using some ¢ (whose existence is
guaranteed by THEOREM 9.9) such that

ﬁ(ca O) =n
Vi < n(B(c,i+ 1) = F(i)).

This motivates us to introduce the functions

lh(c) := B(c,0)
ci :=PB(c,i+1).

We will also call 1h(c) the length of c. Furthermore, we define s to be a
sequence, (denoted seq(s)), if s is the smallest code for (s; | i < lh(s)):

seq(s) <=Vt < s(Ih(t) = lh(s) — i < Ih(s)(t; # s;)).

Note that the definition of seq assures that codes for finite sequences are
unique, i.e.,

PA I (seq(s) Aseq(s’) Alh(s) =1Ih(s") AVi < Ih(s)(s; = })) = s ="

EXAMPLE 9.10. The simplest example is the empty sequence () which is
defined by () = s :<= seq(s) A lh(s) = 0. By taking a closer look at the
definition of the S-function, one can easily see that () is actually 0, since it
is the smallest code s with 8(s,0) = 0.
Secondly, we consider one-element sequences: The sequence just consisting
of = is given by
(x) = s :<=seq(s) Alh(s) =1 A sp = .
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In the same way, one can define two-element sequences as
(x,y) = s <= seq(s) ANlh(s) =2Aso = Asy =y.
More generally, if F' is definable in PA, then one can define
(F(i) | i < k) = s :<=>seq(s) Alh(s) = k AVi < k(s; = F(i)).

THEOREM 9.9 assures that such a number s always exists and since it is the
least code it is unique.

The functions ¢, +— ¢;,lh and (-) are all defined by 3-formulae and are
thus N-conform as a consequence of COROLLARY 9.3. We will use the same

notation for the corresponding function in N, for example we write (n, m) for

(n, m)N.

Next, we show how finite sequences can be concatenated.

PROPOSITION 9.11.
PA - ¥s¥s/3t(sea(t) A Th(t) = Ih(s) + Ih(s') A
Vi < lh(s)(ti = SZ) AV < lh(sl)(tlh(s)+i = S;))
Proof. Put F(0) = 1h(s) + 1h(¢), F'(i) = B(s,4) for 0 < ¢ < lh(s) + 1, and
F(i) = B(t,i — lh(s)) for ¢ > 1h(s) 4+ 1. This clearly defines a function, so we
can apply THEOREM 9.9 and obtain a code t such that
for all ¢ <1h(s)+1h(¢) + 1 we have B(t,i) = F(i).

In particular, this means that lh(¢) = lh(s) + lh(s'), (¢); = B(t,i + 1) =
B(s,i+ 1) = s; for i < lh(s). Similarly, we get t,(5)4+; = s; for i < lh(s’).

The LEAST NUMBER PRINCIPLE then enables us to choose ¢t minimal with
the properties from above, i.e., such that seq(t). -

With PROPOSITION 9.11, we can define
578 =t <= seq(t) Alh(t) = lh(s) +1h(s") A
Vi < lh(S)(tl = Si) AV < lh(s/)(tlh(s)+i = S;) .

Note that by PROPOSITION 9.11, s7s’ is functional. Moreover, it is easy to
check that concatenation is associative, i.e.,

PAE (s78)7s" =s7(s7s").

Therefore, we can omit the brackets and write s~s'~s” instead of s™(s'"s").
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Encoding Power Functions

In the previous paragraphs, we have seen how the [S-function allows us to
encode finite sequences. Now we will use these insights to show how recursive
functions can be defined in PA. We will not do this in general, since the only
crucial function we need is the power function. Further examples of recursive
functions can be found in the exercises.

The definability of the power function is remarkable, since it means that
we can define exponentiation from addition and multiplication; however, as
we will see in Chapter 12, multiplication cannot be defined from addition.
The idea is to interpret the power z* as the sequence (1,z,--- , ¥~ 2*) of
length k + 1.

We introduce the function z* by stipulating
a¥ =y 1= Ft(seq(t) Nh(t) = sk Ato = LAV < k(ts; =z - t;) Aty = ).

Why is z* functional? Clearly, the function z* has (if defined) a unique value.
In order to see that it is always defined, we can use induction: For k = 0 it is
clear. Now assume that there is a sequence s of length k + 1 such that so = 1
and for all ¢ < k we have sg; = x - s;. Consider ¢t = s7(z - sx). Then ¢ is a
sequence of length k£ + 2 which satisfies the desired properties.

Note that the power function is defined by an 3-formula and therefore N-
conform by COROLLARY 9.3. Furthermore, observe that the power function
fulfils the usual recursive definition, i.e.,

PA - Vz(2® = 1)
PA F VaVk(z®* =z - ).
Our next aim is to encode terms, formulae and proofs by making use of
unique prime decomposition. This can be shown in PA. However, for us it
suffices to show that the function mapping x,y, z to 2% - 3¥ - 5% is injective.

The general result is left as an exercise to the interested reader. We define
primality by

prime(z) = 2 > 1AVz(z |2 = (z =2V z=1)).

If prime(z), we say that x is prime. Note that prime can be defined by an
J-formula, since Vz can be replaced by Vz < x. By using the fact that 2,3 and
5 are prime in the standard model N and by PROPOSITION 9.2, we obtain

PA I prime(2) A prime(3) A prime(5).
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Moreover, prime decomposition up to 5 is easily seen to be unique: One
just has to show that

PAR27.3Y.5 =27 .3Y .57 & g=o/Ay=y Az=2.

This is usually proved by induction on x + y + z. Note that the simplest
way to achieve this is to use the following characterisation of primality (see
EXERCISE 9.1):

PA I prime(x) <> VyVz(z | yz » x|y Vx| 2)

Encoding Terms and Formulae

In a first step, every logical and every non-logical symbol ¢ of Peano Arith-
metic is assigned a natural number #( in IN, called G6édel number of (.
Since from now on, we will often switch between the meta-level and the formal
level, we will always explicitly mention whenever we are reasoning formally,
i.e., within PA. Otherwise the proofs will be on the meta-level.

Symbol ¢ Godel number #(
0 0
s 2
+ 4
. 6
= 8
- 10
A 12
Vv 14
— 16
3 18
v 20
Vo 1
(% 3
Un, 2-n+1

In the previous section, we introduced power functions in PA. Since N F PA,
such functions also exist in IN, and we will use the same notation n* as in
PA. By N-conformity we have PA - nk = n* for all n,k € IN. Note that by
THEOREM 1.7 it would already suffice to just godelize the logical operators
=, A and 3. Next we encode terms and formulae.
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Term 7 Godel number #7  Formula ¢ Godel number # ¢
0 0 To=T1 27 =.3#7 . 57 ™
U 2-n+1 —) 277 .37
st 27 . 3#1 o At 27N 3FH Yo g

to+t 27+ . 3#h g#h Wo Vi 27V . 3# o 5F

to-t 27 . 3%t g#h o — 1 2% . 3# v g#
Ay 273 .37 5FY
Vi) 27V . 3% g#Y

Observe that by the uniqueness of the prime decomposition up to 5, every
natural number encodes at most one variable, term or formula. So far, we
have only assigned a natural number in the standard model to each symbol,
term, and formula. However, we want to do this within Peano Arithmetic.
This can be achieved by stipulating

S

¢

for an arbitrary symbol, term or formula (. This allows us to express in PA
that some number is the code of a variable, term or formula. However, we

can easily formalize this so-called Godelisation process, where 2 := ss0,
3 :=sss0, and 5 := sssss0.
succ(n) = 2rsj - 3" add(n,m) :=2 3m.5m
mult(n, m) := 5™ eq(t,t') ;=2 =".3t.5"
not(f) :=2 3f and(f, f') ;== 2" -3/ .5/
or(f, f/):=2"V" .3/ .5/ imp(f, f/):=2"~".3/ .5/
ex(v, f):=2"7".3v.57 all(v, f) :=2"7".3v.5f
In order to simplify the notation, for terms 7,79, ..., 7,, we define

n

Te{T0,.. ., T} = \/T:Ti.

=0

Now we are ready to provide a formalised version of construction of terms
and formulae:

var(v) ;<= In(v=2-n+1)
cterm(c, t) <= seq(c) A cip(ey—1 =t A
Vk < 1h(c) (var(ck) Vep =0V
Ji < k3j < k(e € {succ(ci),add(ci,cj),mult(ci,cj)}))
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term(t) :<=> 3c(c_term(c, t))

cfml(c, f) <= seq(c) A ei(e)—1 = f A
Vk < lh(c) (Elt 3t' (term(t) A term(t') A ¢, = eq(t, ') V
di,j < k(ck € {not(cl-),and(ci,cj),or(ci,cj),imp(ci,cj)}) Vv
3i < k3v(var(v) A g € { ex(v, ¢;), all(w, ci)})>
fml(f) 1= e(c_fml(c, f))

Note that all the above relations are defined by 3-formulae.

ExAMPLE 9.12. Let us consider the term 7 = sv,, + 0. In the standard
model N, the sequence ¢ = (#uvp, #svp, #0, #sv, +0) encodes 7, i.e.,
N E c_term(c, #7). By PROPOSITION 9.2 this implies PA I ¢c_term(c,"77).

LEMMA 9.13. For n € IN we have

(a) N Evar(n) if and only if n = #v for some variable v.
(b) NF term(n) if and only if n = #7 for some Zpp-term .
(¢) NF fml(n) if and only if n = #p for some Lpa-formula .

Proof. Condition (a) is obvious. For (b), we first prove that N F term(#7)
for every term 7. We proceed by induction on the term construction of 7. If
T = 0 or 7 is a variable, then clearly N E c_term((#7), #7) and hence the
claim follows. Now, if 7 = s7’ for some term 7/ with N F term(#7’), and
¢ € N is a code with N F c_term(c, #7’), then N F succ(#7’), and hence,
N E c_term(c¢™(#7), #7). The other cases are similar. For the converse, we
use the principle of strong induction in N. Suppose that the claim holds
for all m < n in IN and let N E term(n). If n = 0 then n = #0, and if
n = 2m + 1 for some m, then n = #v,,. Let NF c_term(c,n) for some ¢ € N
with lh(c) > 1. Now in N we have either n = succ™(¢;) for some i < lh(c),
n = add"(c;, ¢;) or n = mult"(¢;, ¢;) for 4,5 < Ih(c). In the first case, note
that N E c_term({cy | k < si), ¢;). By our induction hypothesis, we can take
a term 7 such that ¢; = #7, and by But then, by N-conformity we have
n = succ(¢;) = (273" - 3%)N = 2#5.3% = g7 and hence, n encodes s7.
The other cases are similar.

The corresponding statement for formulae is proved in the same way and
is therefore left as an exercise. -

Note that the relations var, term and formula are 3-formulae. Therefore, by
combining LEMMA 9.13 and PROPOSITION 9.2 we obtain: If v is a variable, 7
is a term and ¢ is a formula, then

PAF var("v7), PAF term("77), and PAF formula("p™).
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Before we proceed to godelise logical axioms, the axioms of Peano Arith-
metic and formal proofs, we have to deal with substitution: First, we intro-
duce new relations which check wether a code for a variable appears in the
code of a term or formula, respectively.

var_in_term(v,t) <= var(v) A Hc(c,term(c, t) A

V' < c—cterm(d,t) A i < lh(c)(c; = v))

Note that the minimality of ¢ is necessary since otherwise, any code for a
variable could appear in the sequence of codes of the term construction. The
same holds for the following relation var_in_fml:

var_in_fml(v, f) <= Hc(c,fml(c, AV < c—cetml(d, f) A
Ji < 1h(c) 3to It1 (term(to) A term(t1) A ¢; = eq(to, t1) A

(var_in_term(v, t) V var_in_term(v, t1))) )

free(v, f) <= Elc(c,fml(c, f) Avardn_fml(v, f) A

Vi < 1h(c) Vi < i(c; # ex(v,¢;) A c; # all(v, cj)))

For the sake of simplicity, we permit the substitution ¢(x/7) only if it is
admissible and z as well as all variables in 7 appear only free in ¢. This
does not impose a restriction, since by renaming of variables, every formula
is equivalent to one in which no variable occurs both bound and free. We can
thus define

sb_adm(v, t, f) <= var_in_fml(v, f) A free(v, f) A
Vo' < t(varin_term(v', ) — free(v', f)).

Note that the relations var_in_term, var_in_fml, free, and sb_adm are all 3-

formulae: The only unbounded universal quantifier appears in the relation

sb_adm, where var_in_term occurs as negated — recall that var_in_term(v’, t) —
free(v’, f) is equivalent to —var_in_term(v’,t) V free(v’, f). However, the ex-

istential quantifier in the definition of var_in_term(v’,¢) can be replaced by a

bounded one, since the code of ¢ has to be smaller than the code of f.

The next relation expresses that ¢’ encodes the construction of the term
obtained from the term with code ¢ by replacing every occurrence of the code
v of a variable by the code tg.

csb _term(c, ¢, ¢’ v, tg, t,t') :<= var(v) A c_term(c, t) A c_term(c’, ") A
cterm(c”,tg) Alh(c') =1h(c") +1h(c),
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and for all k£ < lh(c) we have
(var(cg) A cp #£v — c{h(c/,)_,_k =cp) A (e =0— C{h(c”)-‘rk: =0)
A (k=0 = Cyeny g, = o)
and

Vi < kv] <k ( Cp = SuCC(Ci) — Cih(c”)-{-k = SUCC(C{}I(C//)_;'_I*) A
C = add(Ci, C]) — Clh(c”)+k = a‘dd(cih(c”)Jri’ Cih(c//)+j) A

cx = mult(c;, ¢j) = Cin(er )+ = mult(c{h(c,,)+i, c{h(c/,)ﬂ)
By omitting the codes ¢, ¢/, ¢”” we can describe term substitution by
sb_term(v, to, t,t') :<=> Jc¢3c’ 3¢ (csb_term(c, ¢, ", v, g, t,1')).
Informally, if ¢ encodes the term 7, v the variable v, ty the term 7y, and #’

encodes 7(v/7p), then the relation sb_term(v, tp,t,t") holds.

For formulae, we proceed similarly, except that we first have to make sure
that the substitution is admissible.

c_sb_fml(e, ¢, v, tg, f, ') =

c_fml(e, f)Actml(c, f) Asb_adm(v, to, f) Alh(c") = 1h(c), and
for all k < 1h(c) we have:

YVt Vs Vs’ ((c;C = eq(t,t') A sb_term(v, to,t,s) A
sb_term(v, to,t',s")) — ¢}, = eq(s, s'))
and

Vi < kVj <k(ck =not(¢e;)  — cj, =mnot(c))
cx = or(c, ;) — ¢, = or(d, )
cr = and(c;, ¢j) — ), = and(c}, ¢})

and c, = imp(c;, ¢;) = ¢, = imp(c},c}) )
Vi < kVo (¢ = all(v,¢;) — ¢}, = ex(v,c}) A

ek = ex(v,¢;) = ¢, = ex(v,c}) )

Again, by leaving out the sequence codes, we define
sb_fml(v, to, f, f') :<= 33 (c_sb_fml(c, ¢, v, to, f, ') .

Informally, if f encodes the formula ¢, v the variable v, ty the term 7, and if
the substitution ¢(v/7) is admissible and f’ encodes ¢(7), then the relation
sb_fml(v, to, f, f') holds.
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LEMMA 9.14. Let 7 and 19 be two terms, ¢ a formula and v a variable such
that the substitution ¢(v/79) is admissible. Then we have:

(a) PAF sbterm("v 7, "o, T t) >t ="1(v/70)”
(b) PAF sbfml("v ™, "7, T, f) <> f = Tp(v/10)7

Proof. This follows from the definition of the relations sb_term and sb_fml
using induction on the term construction of 7 and the formula construction
of @. -

EXAMPLE 9.15. Let 7 = sz+y and 79 = 0. Then the sequence ("z7,"sz ™, "y,
Tsa +y™) encodes "7 and (07 encodes 79. Now, when coding 7(z/79), we
first take the code of 7y and then replace every occurrence of x in the code
of 7 by 79. This gives

<|’0—|7 FSO—I’ ry77 rso + y—\>

which encodes 7(z/79).

Encoding Formal Proofs

Finally, we can use the machinery as developed in the previous section to
encode axioms and formal proofs. We first show how to achieve this in N.
For this, recall that a formal proof of some Zpa-formula ¢ is a FINITE
sequence g, - . . , P, With ¢, = @ such that each ¢; is an instance of a logical
axiom, an axiom of PA or is obtained from preceding elements of the sequence
by using Modus Ponens or Generalisation. Hence we can code a formal proof
of ¢ by (#vo,...,#en). Conversely, from such a code we can recover the
sequence @, . . ., @, and hence reconstruct a formal proof of .

As for terms and formulae, we proceed to code formal proofs in PA. The
goal is to define a relation prv with the property that N E prv(T¢™) for some
formula ¢ if and only if there is a formal proof of ¢, i.e., PA F . The following
examples illustrate how axioms can be formalised in PA:

ax_Ly(f) :e= 33" (fml(f) Afml(f") A f = imp(f’, imp(f”, f)))
ax_Lig(f) <= EIf’EIf”EIvEIt(sb,fml(v,t,f’,f”) Af= imp(all(v,f’),f’/))
ax_Li4(f) <= Jt(term(t) A f = eq(t,t))

PAg and the Induction Schema are godelised as follows:

ax_PAo(f) :<=f = "Vug—(svg = 0)"
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ax_PAg(f) <=3 f'3f"3f" Fv3g(free(v, f') A sb_fml(v, 07, f', ")
A sb_fml(v, succ(v), f', f”') A g = all(v, imp(f', "))
A f = imp(and(f”, g),all(v, f')))

We leave it to the reader to formalise the other axioms. Similarly, we define
axioms:

log_ax(f) ;<= ax_Lo(f) V- Vax_Lig(f)

peano_ax(f) <= ax_PAo(f) V-V ax_PAs(f)
ax(f) :<=log_ax(f) V peano_ax(f)

Next, we formalise the inference rules Modus Ponens and Generalisation:

mp(f', f”, f) = fml(f') Afml(f) A f = imp(f’, f)
gen(v, f/, f) = var(v) A fml(f') A f = all(v, f)

Finally, we encode formal proofs as sequences of codes of formulae which are
either axioms or produced by one of the inference rules. Therefore, we define
the predicates c¢_prv(e, f) in order to specify that ¢ encodes a proof of the
formula coded by f and prv to express provability.

cprv(c, f) == seq(c) A cin(ey—1 = [ A Vk < Ih(c)(ax(cg) V
Ji < k3j < k(mp(ci, ¢j,c) V Fv(gen(v, ¢, cr))))

prv(f) ¢=3e(c-prv(c, f)).

Note that in the standard model N we have N F ¢_prv(c, #¢) if and only if ¢
encodes a sequence (# g, . . ., #pn), Where g, ..., @, is a formal proof of .

LEMMA 9.16. Let n,c € IN be natural numbers. Then N E c_prv(e,n) if and
only if ¢ encodes a formal proof of some Zpa-formula ¢ with #¢ = n. In
particular, N F prv(#) if and only if PAF .

Proof. Note first that N F ax(m) for some m € IN if and only if m = #v
encodes an instance of a logical axiom or an axiom of PA. The proof is the
same as the proof of LEMMA 9.13, where in the forward direction, one pro-
ceeds by induction on lh(c), and for the converse by induction on the length
of the formal proof of .

For the second part, suppose that N E prv(# ). Then there is ¢ € IN which
encodes a formal proof of ¢, and hence, PA I~ ¢. -

Note that LEMMA 9.16 does not hold if we replace N by a non-standard
model M of PA: If M F cprv(c,"¢") and ¢M is a non-standard number,
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then the “proof” encoded by ¢M is of non-standard length and therefore, we
cannot conclude that PA F ¢.

COROLLARY 9.17. Let ¢ be an Zpa-formula. If PA\- ¢ then there is n € IN
such that PA + c_prv(n,” ™). In particular, if PAF ¢ then PA F prv(T¢7).

Proof. Suppose that PA I ¢. Then by LEMMA 9.16 we have N F c_prv(c, #¢)
for some ¢ € IN. Observe that the relations c_prv and prv are defined by an
I-formula. Hence, it follows from PROPOSITION 9.2 that PA F c_prv(e, "¢ ™),
and in particular, PA F prv(T¢™). .

NOTES

In his proof of the incompleteness theorems [16], Godel used the S-function and unique
prime decomposition in order to encode finite sequences by a single number. There are,
however, other ways to achieve this (e.g., the coding provided by Smullyan in [53]). In our
presentation, we mainly followed Shoenfield [48].

EXERCISES

9.0 Prove the statement No.

9.1 (a) Show that PAFVz > 23y (prime(y) Ay | z), i.e., every x > 2 has a prime divisor.
(b) Show that PA+ Vz > 2 (prime(x) > VyVz(z |yz >z |y V| z))
Hint: Use BEZOUT’S LEMMA (see EXERCISE 8.2).

9.2 Introduce a factorial function “!” such that n! = 1-...-n, and show that it is N-conform.

9.3 Introduce a function lem; <, F'(%) for a function F definable in PA such that lem; « F'()
is the least common multiple of F(0),..., F(k — 1) and show that it is N-conform.

9.4 Let M be an arbitrary non-standard model of PA. Prove the following statements:

(a) M contains a non-standard prime number.

(b) M contains a number that is divisible by every standard prime number.

Hint: Use EXERCISE 7.4.

9.5 State and prove in PA that every number has a unique prime decomposition, i.e.,
prove that every number is a product of primes, and show that this is unique up to
permutations of the factors.

9.6 (a) Show that the encoding of terms and formulae by Goédel numbers is one-to-one,
i.e., show that there are no two valid terms or formulae with the same Godel
number.

Remark: The Godel number 4 might stand for + as well as for s0, but + is neither
a valid term nor a valid formula.

(b) Give the sequence encoding the construction of the formula Yvg == 0w, which
corresponds to Yvo(0 # vo) in “infix notation”.
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9.7 An alternative way to utilise the uniqueness of the prime number decomposition for
Godel coding is to use the existence and uniqueness of base b notation for any b > 2.

(a) Show that it suffices to godelise only b symbols for some b € IN.

(b) Prove that for every number n there are numbers ng,...,n; with 0 < n; < b for
all 0 <4 < k such that

n=nib® 4+ ...+ nb+ng =: (ks -+ »M0)b-
(c) Show that there is a function * definable in PA such that
(ks -5 m0)b * (M, -, m0)y = (g, - - -, M0, MU -, M0)b -

(d) Use (a) and (b) to give an alternative of Godel coding using base b notation rather
than the unique prime decomposition.

9.8 Show that there is a function which truncates sequences, i.e., introduce a binary
function [ such that

PA + (seq(s) Nk < lh(s)) — (seq(s [E)Alh(s [ k) =kAVi<k((s]k);= sz)) .

9.9 Complete the proof of LEMMA 9.14.
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Chapter 10
The First Incompleteness Theorem

In 1931, Godel proved his FIRST INCOMPLETENESS THEOREM which states
that if PA is consistent, then it is incomplete, i.e., there is a Zpa-sentence
o such that PA ¥ ¢ and PA ¥ —o. In this chapter, we prove the FIRST
INCOMPLETENESS THEOREM not only for PA but also for weaker and stronger
theories.

The Provability Predicate

In this section, we state some properties of the provability predicate that we
introduced in Chapter 9.

LEMMA 10.0.

(a) PAF prv(z) Aprv (irnp(oc7 y)) — prv(y)
(b) PAt prv(z) Aprv(y) — prv(and(z,y)).

Proof. For (a), note that prv(z) and prv(imp(z, y)) imply mp(z, imp(z, y), y).
Now, if ¢, ¢’ satisfy c_prv(c, x) and c_prv(c’,imp(z,y)), respectively, then the
concatenation of the codes yields c_prv(¢™ ¢~ (y),y) and hence prv(y) as de-
sired.

For (b), assume prv(z) and prv(y). In particular, this implies fml(z) and

fml(y). Note that using the formalised version of the axiom Ls, we obtain
PA + prv (imp(y, imp (x, and(z, y))))

Using prv(y) and (a), we get prv (imp (x,and(x,y))), and a further applica-
tion of (a) yields prv(and(z,y)). !
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As an immediate consequence of LEMMA 10.0, we obtain the following

COROLLARY 10.1. Let ¢ and ¢ be Zpa-formulae. Then we have

(a) PAFprv(Te = ¢™) = (prv(T¢) — prv(T¢7)),
(b) PAFprv(Te ) Aprv(Ty™) — prv(Te A Y.

Note that (a) corresponds to a formalised version of the inference rule (MP).

COROLLARY 10.2. Let ¢ and ¥ be Zpa-formulae. Then the following state-
ments hold:

(a) If o <pa 1, then prv("p™) <pa prv(Ty7).
(b) prv(Te™) Aprv(Ty™) <pa prv(Tp AYT).

Proof. For (a), assume that ¢ <pa 9. By symmetry, it suffices to verify that
PA + prv(Te™) — prv(T¢7). Since PA F ¢ — 4, COROLLARY 9.17 yields
PA E prv(Te — ). The assertion then follows from COROLLARY 10.1 using
Modus Ponens.

For (b), note that by COROLLARY 10.1.(b), it suffices to prove PA F
prv("p AT — prv(Te ™) A prv(T¢T). But this is a direct consequence of
COROLLARY 10.1.(a) using L3 and Ly. -

The Diagonalisation Lemma

We already know that every standard natural number is either 0 or the
successor of a standard natural number. Hence, we can introduce a binary
relation which states that x is the code of a standard natural number:

cnat(c,n, z) :<=seq(c) A Th(c) =snAco="0"TA

Vi < n (csi = suce(e;) A ¢y, = )
nat(n, z) :<=3c (cnat(c, n, z))
Clearly, it follows from the definition that
PA F cnat(c,n,z) — cmat(c” (succ(z)), sn, suce(z)) .

LEMMA 10.3. For any natural number n € IN we have PA F nat(n, n"). In
particular, if ¢ is an %pa-formula, then PA F nat("p™, "),

Proof. We proceed by metainduction on n. For n = 0, the term 0 is the
same as 0, and clearly, the code ¢ of the singleton sequence ("07) wit-
nesses c_nat(c,0,707). Now, suppose that for some ¢ and n € IN we have
cnat(c,n,"n). Let ¢’ be the code for ("sn™) and let ¢ := ¢~¢”. Notice
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that since lh(c) = sn, we have lh(¢’) = ssn, and by definition of ¢’ we have
(¢)sn, = "sn = succ("n"). Using the induction hypothesis and the above
observation, we obtain ¢_nat(c’,sn, "sn™) as desired. -

Finally, we define the Gédel number of a number by stipulating
gn(n) = z :<= nat(n,z) vV (-3y(nat(n, y)) Az = 0).

This indeed defines a function, since using the definition of the predicate seq,
one can easily show that

PA I nat(n,x) Anat(n,y) >z =y.
In particular, by LEMMA 10.3 we have
PAFgn(fp™) ="Tp ™. (*)

We have now assembled all the ingredients to prove the DIAGONALISATION
LEMMA, which will be crucial in the proof of the FIRST INCOMPLETENESS
THEOREM.

THEOREM 10.4 (DIAGONALISATION LEMMA). Let ¢(v) be an Zpa-formula
with one free variable v which does not occur bound in ¢. Then there exists
an Zpp-sentence o, such that

PAF o, < p(v/To,7), ie, o, <pap(To,).
Proof. We define

P(vo) :=Vun <sb,fml(rv07,gn(vo)7vo,v1) — @(V/Uﬁ)

and
oy = Y(vo/ 7).

In other words, o, = ¥("9¥7) and "o, = "¢ ("¢7)". Since vy = s0, we
have

o, =V (sb,fml(so,gn(rwj), Th(vg) T, v1) = go(u/vl))
Spp Vg (sb,fml(so, Py Tah(vg) Ty v1) — gp(vl))
&pa Vo1 (v1 = "p(vo /") = (1))
<pa p("Y(vo/"Y7)7)
=o("p("YT)7)
=¢(Toy ),

where the first equivalence follows from (%), the second equivalence follows
from LEMMA 9.14, and the third equivalence follows from Lig and Li4. =
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The DIAGONALISATION LEMMA is often called FIXPOINT LEMMA, since the
sentence o, can be conceived as a fixed point of ¢. It is a powerful tool, since
it allows us to make self-referential statements, i.e., for a formula ¢ with one
free variable it provides a sentence o, which states “I have the property ¢”.

The First Incompleteness Theorem

Now we are ready to prove the FIRST INCOMPLETENESS THEOREM:

THEOREM 10.5 (FIRST INCOMPLETENESS THEOREM FOR PA). PA is incom-
plete.

Proof. By the DIACONALISATION LEMMA there is an Zpa-sentence o such
that
o <pp —prv(To?).

To see this, let p(vg) := —~prv(vg). Then o, <pa ¢(To, ") and
o(To, ) = v/ oy ) = —prv(ve/Toy ) = —prv(To, ).
Assume towards a contradiction that PA is complete. We have to consider

the following two cases:

Case 1: PA I o. On the one hand, by COROLLARY 9.17 we have that
PA F prv(To™). On the other hand, since o <pa —prv(To™), we have
PAF —=prv(To™). Therefore, PA -0, i.e., PA is inconsistent.

Case 2: PAF —o. From
=0 <pa ~prv(To) <pa prv(ToT)

we obtain PA F prv(T¢™). In particular, N F prv(#o), so there exists an
n € N with N E c_prv(n, #0). Thus, by LEMMA 9.16, n encodes a formal
proof of o, which implies PA I ¢. Therefore, by our assumption, we have
PA - dg, i.e., PA is inconsistent.

Summing up, we have
PAFo or PAF-0c <> -Con(PA),

which shows that PA is incomplete. -

Remarks

e In the above proof of THEOREM 10.5 we proved that a sentence o with
the property o <pa —prv(To ) witnesses the incompleteness of PA. In N,
however, o is true: Note that if N E —o, then N E prv(#o). On the
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other hand, LEMMA 9.16 implies PA F o, and hence, N F ¢, which is
a contradiction. Observe that in N the sentence o expresses “I am not
provable” — where the expression “provable” is meant with respect to
prv— which is, of course, true.

e With respect to the model N, we have
NEprv(To?) <> PAto

for every Zpa-sentence o. However, by the FIRST INCOMPLETENESS THE-
OREM we know that this is generally not the case for arbitrary models
M E PA.

e The existence of a sentence o such that PA ¥ o as well as PA ¥ —o
implies that both theories PA + —o and PA + ¢ are consistent. Hence,
by GODEL'S COMPLETENESS THEOREM 5.5, there are models M_,, and
M, for PA 4+ —o and PA + o, respectively. Notice that the models M_,
and M, are not elementarily equivalent, and therefore, they are also not
isomorphic.

e Let og be such that neither PA + o¢ nor PA F —og. Since PA ¥ oy,
we find that the “pa-theory PA + -0 is consistent. Now, by adding
the sentence o(p as a new axiom to PA, in the same way as above we
can construct an %pa-sentence o such that neither PA + —og F o1 nor
PA + -0 b =07 (see below). Proceeding this way, we see that we cannot
complete PA by just adding finitely many axioms (for a stronger result
see THEOREM 10.10 & 10.11).

Completeness and Incompleteness of Arithmetics

A first attempt to deal with the incompleteness phenomenon might be to
replace PA with T = PA + o, since N F T. Moreover, the gédelisation process
could be done in the same way, where one would just need to code an addi-
tional axiom, namely ¢. This, however, would lead to a modified provability
predicate prvy which additionally allows formal proofs to be initialised by
0. One could then prove a version of the DIAGONALISATION LEMMA which
allows us to define a version o1 of o with the property

Tkor < —prve(Tor?),

and, since T ¥ o1 and T ¥ —oT, we obtain a version of the FIRST INCOM-
PLETENESS THEOREM. This suggests that THEOREM 10.5 can be generalised.
Such a generalisation is the very goal of this section, whereby we consider
both theories which are weaker and stronger than PA. We investigate how
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much of PA is really needed for the proof of the FIRST INCOMPLETENESS
THEOREM. As we have seen, exponentiation can be expressed using addition
and multiplication. Therefore, one idea might be to leave out multiplication
and thus delete PA; and PAs. However, the resulting theory, called Pres-
burger Arithmetic, will turn out to be complete (see Chapter 12).

Robinson Arithmetic

The most critical axiom is certainly the Induction Schema PAg, so we might
consider the theory with PAg deleted. This is still not strong enough, but we
will see that one instance of PAg actually suffices: Robinson Arithmetic
RA is the axiom system consisting of PAy-PAs and the additional axiom

Vo (z =0V y(z =sy)) .

The language of RA is also %pa, so we can express the same statements as
in PA, which implies that RA must be incomplete. On the other hand, we
can prove much less in RA than in PA. For example, RA is so weak that we
cannot even prove Vz(0 + z = x).

EXAMPLE 10.6. We show that RA ¥ Vx(0 + x = z), which implies that we
cannot prove within RA that addition is commutative. In order to achieve this,
we provide a model M of RA in which Vz(0 + = = z) is false. The domain of
the model is M = N U {a, b}, where a and b are two distinct objects which
do not belong to IN. Furthermore, let @ = b and b = a. Then we can interpret
OM by 0 and define the functions sM, +M and -M as follows:

SNJ? T
M(m):{ (x) zeN

x x € {a,b}

r+Vy z,yeN

z4+My=<z yeNand z ¢ N
y y¢N
z Ny z,yeN
‘rMyE ) ye{oaa7b}

Kl

y Z0 and x € {a, b}
It is easy to check that M is a model of RA, and that 0+™b = a # b = b+M0.
Note that No—Ns in Proposition 9.0 are also provable in RA, since the proof

uses metainduction rather than induction in PA and the only non-trivial
argument uses LEMMA 8.5, which can easily be seen to hold in RA.
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N-Conformity Revisited

In what follows, we prove that all relations and functions that were intro-
duced in Chapters 8 and 9 are N-conform—even with respect to RA. For
this purpose, we prove that each such relation and function can be defined
both by an 3-formula and a V-formula. The representations with an 3-formula
are already given, and by the proof of COROLLARY 9.3.(b), functions defined
by an 3-formula always have an equivalent definition by a V-formula. The only
relations whose representation by a V-formula is non-trivial, are term, fml, as
well as all relations used to formalise substitution and formal proofs. Note
that if we are able to show that the existential quantifiers in term and fml
can be replaced by bounded existential quantifiers, then the same can be
achieved for all subsequent relations.

LEMMA 10.7. If ¢ is a formula of the form ¢ = Jec(seq(c) A ¢(c)) for some
A-formula ¢, and if there is a term T whose variables are among free(v) such
that

PA I seq(c) A p(c) = (Ih(c) < 7 AVi <1h(c)(¢; < 7)),

then 1 is a A-formula as well.

Proof. We go once more through the proof of THEOREM 9.9 and show that
the quantifier 3¢ can be replaced by a bounded quantifier. For this purpose,
suppose that F'(2) is a function defined by a A-formula. Let F’(i) = op(7,i)+1
and m = max;<, F'(i). Moreover, note that by Exercise 9.2 we can define
factorials in PA; so, let y := m!. Furthermore, put G(j) = 1+ (j + 1)y. By
LEMMA 8.13, we have that G(i) and G(j) are coprime for all 7,5 < m. Now,
LEMMA 9.8 allows us to pick x with x(z), where

x(z)=Vj < m(G(j) lz e Tdi<(j= op(T,i))).

We check that if F(i) < 7 for every ¢ < 7 then we can find an upper bound
7/ whose variables coincide with the variables of 7 such that there is ¢ < 7/
with B(e,4) = F(i) for all ¢ < 7. If this can be accomplished, then we have

¥ <pa Je < 7' (seq(c) A o(c)).

To see this, suppose that seq(c) Ap(c) with ¢ > 7/. Now take F (i) := S(c,1) <

7. By our assumption, there is ¢/ < 7/ < ¢ with 8(c/,i) = F(i ) = B(c,1)

for all ¢ < 7. Moreover, note that lh(¢') = 8(c/,0) = B(¢,0) = lh(c) and
).

Ih(¢') = F(0) < 7, and hence ¢, = ¢; for all i < 1h(c), contradicting seq(c

It remains to find 7’. Note that we clearly have m < 7 with 7y = op(7, 7)+1
and hence y < 7 !. Furthermore, we have G(j) < 1+ (7 +1)! for each j < m.
Therefore, since G(i) and G(j) are coprime for all 4, j < m, we can find z
which satisfies x(z) such that < 75 with 75 = (14 (71 +1)!)™. In particular,
there is ¢ = op(z,y) with seq(c) A ¢(c) and ¢ < op(71,72). B
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LEMMA 10.8. The relations term and fml are N-conform.

Proof. We want to apply LEMMA 10.7 to the defining formulae of term and
formula, respectively. Since both cases are similar, we only consider term. We
prove that Elc(c,term(c7 t)) is equivalent to the formula

(t) = Je(cterm(c, t) AVi < Th(c)Vj < i(e; < ).

Then LEMMA 10.7 for 7 =t + 1 concludes the proof. We proceed by strong
induction on lh(c). If Ih(c) = 1, then there is nothing to prove. Suppose now
that term(t) — ¢(¢) holds for all # < ¢ and assume c_term(c,t). If t = 0
or var(t), then c_term((t),t) and hence ¢(t) holds. Therefore, we have either
t = succ(e;) or t = add(e;, ¢j) or t = mult(c;, ¢ ) for 4, j < lh(c). We only
focus on the first case, since the others can be handled in the same way.
Note that by Exercise 9.8 we can restrict ¢ to (¢; | j < i), which we denote
by ¢ | s¢;. Clearly, ¢; < ¢ and c_term(c | si,¢;). Hence, by our induction
hypothesis, there is d with c_term(d,¢;) and di, < d; for all j < lh(d) and
k < j. But then, d™(t) witnesses ¢(t). o

Let us now turn back to RA: LEMMA 10.8 implies that if n € IN is a natural
number which is not the Gédel number of a term or formula, then

RA + —term(n) and RAF —fml(n).
Moreover, since the relation c_prv is also a A-formula, we have
RAF —cprv(n, o™

whenever n does not encode a formal proof of o. However, the existential
quantifier in the definition of the provability relation prv cannot be bounded,
since otherwise, RA ¥ ¢ would imply RA + = prv(T¢™), which contradicts the
incompleteness of RA.

Generalising the First Incompleteness Theorem

There are two ways to generalise the FIRST INCOMPLETENESS THEOREM:
Firstly, one can modify the underlying language, and secondly, one can use
a different axiom system. If the language satisfies .Z O %pa and we have
N-conformity for all relevant relations, then, as we shall see, the proof can
easily be transferred to the new setting. However, there are two issues at
stake, namely the godelisation of the language and the godelisation of the
axioms. The coding of terms, formulae and proofs can then be realised in the
same way as in Chapter 9.

A language .Z O Zpa is said to be godelisable if it is countable. Note
that if .Z is godelisable, then its constant symbols, relation and function
symbols admit a Godel coding as described in Chapter 9. A theory T in some
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godelisable language £ O Zpa is godelisable, if there is a A-formula axt
in the language .Zpa with the property that

NEaxt(#¢) ifandonlyif €T,

where # ¢ is the Godel code of . As in the case of PA, we introduce Godel
codes on the formal level by stipulating "¢ := #p. Note that if T is
godelisable and satisfies No-Ns, then by COROLLARY 9.3, every A-formula
© in the language Zpa is N-conform. In particular, by LEMMA 10.8 it is pos-
sible to define A-formulae termt and fmlt such that

NE termt(n) <==> n = #7 for some Z-term 7,
NE fmlt(n) <=> n = #yp for some Z-formula ¢.

Moreover, by the gddelisability of T, the axioms can be coded by some A-
formula axt. One can then proceed to define a A-formula c_prv; and an
I-formula prvy such that

NEcprvr(n,#¢) <==> n codes a formal proof of ¢,
NEprvr(#p) <=~ Tho

for every n € IN and Z-formula ¢. Notice that it is crucial that c_prvy and
prvy are Zpa-formulae, since otherwise we would have to specify how to
interpret them in the standard model N. Moreover, using COROLLARY 9.3,
we obtain

Po: NE cprvr(n,#¢) =—> TFcprvr(n,"¢"),
Pi: NE —cprve(n,#p) =—> TF -cprvr(n,"¢l).

In the following, we present two proofs of the FIRST INCOMPLETENESS
THEOREM for godelisable theories T O RA. The restriction to extensions of
RA ensures that No—Ns, and hence also COROLLARY 9.3, hold.

Godel’s original proof uses the assumption of a slightly stronger property
than just consistency: An Zpa-theory T is said to be w-consistent if when-

ever T F Jxp(x) for some Zpa-formula ¢(x), then there exists n € IN such

Fact 10.9. If T is an 4pa-theory with N F T, then T is w-consistent. In
particular, PA and RA are w-consistent.

Proof. f T F Jzp(x), then N E Jzp(z). Hence, there is an n € IN with
N E ¢(n), which shows that T + ¢(n) is consistent and implies T ¥ —p(n). -

THEOREM 10.10 (FIRST INCOMPLETENESS THEOREM, GODEL’S VERSION).
Let T O RA be a gédelisable Zpa-theory. If T is w-consistent, then T is
incomplete.
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Proof. Observe that the proof of the DIAGONALISATION LEMMA still works
if we replace PA by T. Take a sentence ¢ such that

o <pa oprvy(To).

Assume towards a contradiction that T is complete. Then we have that either
TrHoor TEF—o.

Case 1: T+ o. In this case, the argument is the same as in THEOREM 10.5.
Case 2: T F —o. Since we can encode the proof of —o within T, we have

TFprve(T=o™).

On the other hand, we have -0 <1 ~=prv(To7) <1 prvy(To7), and there-
fore we also have
Tk prve(To™).

So, by COROLLARY 10.1, we have T F prvy(To A =07), and by the w-
consistency of T, there is an n € IN such that

TF acprve(n,"o A—cT).

However, since T is consistent, we have T ¥ o A =, which implies
NE —cprvy(n, #(oc A —0o)),

and by P; we obtain
Tk —cprve(n,"o A—c?),

which is obviously a contradiction. a

In [47], Rosser showed how to get rid of this dependency on w-consistency
by slightly modifying the provability predicate:

cprvi(c, ) <= cprvy(c, ) A =3¢ < c(cprvy(c/,not(x)))
prvR(z) <= Je(cprvi(c, 1))

THEOREM 10.11 (FIRST INCOMPLETENESS THEOREM, USING ROSSER’S TRICK).
Let £ O Zpa be a godelisable language and let T be a gddelisable £ -theory.
If T is consistent, then it is incomplete.

Proof. As before, we apply the DIAGONALISATION LEMMA, this time to the
formula — prvi(z). Thus we obtain an .#-sentence o with

o <pa prvy(ToT).

Again, we prove that neither ¢ nor —¢ is provable from T. Observe first that
our assumption on ¢ implies
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o <pa Ve(eprv(c,"o7) — 3’ < c(cprv(c,"=0T)))

since not("o7) = T—o ™. Assume towards a contradiction that T is complete.
As before, we have two cases:

Case 1: T F 0. By Py, there is an n € IN such that
Tt cprv(n,"o7),
and by our above observation we have
TH 3¢ <nlecprve(d,"=07)).
Since T satisfies Ng, this means that there exists £ < n in IN such that
T cprvp(k,To7),
and therefore, there is an m € IN with
Tk cprve(m,"o A—c™).
Hence, by N-conformity of c_prvy, we have
N E c_prvy(m, #(o A —0)),

which implies
TFoA=-o.

This contradicts our assumption that T is consistent.
Case 2: T+ —o. In this case, there is a ¢/ € IN such that

TFcprve(d,"=o™).
On the other hand, we have T I prvl(To7), and hence, there is a ¢ € IN with
T ceprvi(e, o).

By definition of c¢_prv}, we must have ¢ < ¢/. Now, we can use N5 to reach
the same contradiction as in the first case. -

Tarski’s Theorem

The DIAGONALISATION LEMMA allows us to make self-referential statements
such as the Godel sentence which formalises to some extent the sentence
“This sentence is not provable”. Recall that we call an %pa-sentence ¢ true
in N, if N F ¢. Is it possible to express truth in the standard model N by a
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formula, i.e., is there a formula truth(a) with one free variable x such that
for every Zpa-sentence o,

NFE truth(#¢) <= NEp?
Or equivalently, is there a formula truth(z) such that for every £pa-sentence ¢,
N E truth(#¢) < ¢ ?

Using the DIAGONALISATION LEMMA, we provide a negative answer to this
question.

THEOREM 10.12 (TARSKI’S THEOREM). There is no Zpa-formula truth(z)
with one free variable x such that N E truth(# ¢) < ¢.

Proof. Assume towards a contradiction that such a formula truth exists. By
the DIAGONALISATION LEMMA there exists an Zpa-sentence o such that

PAE o < —truth("o™).
But then

N E truth(#0) <= NEFko
<« NE —truth(#o0),

which is impossible. a

Note that we have just solved the so-called Liar Paradox concerned with
the sentence

“This sentence is false.”,

which is true in some model if and only if it is false in that model. If we
work in the model N, then the above sentence corresponds to the sentence o
in the proof of TARSKI’S THEOREM. Hence, in order to express it in PA, one
would need to be able to define truth in N, which is impossible by TARSKI’S
THEOREM.

NOTES

The FIRST INCOMPLETENESS THEOREM was first proven by Godel [16] in 1931. Rather
than using Peano Arithmetic in first-order logic, as we did, he based his proof on Type
Theory in the system of Principia Mathematica [58] introduced by Russell and White-
head. Godel’s original proof makes use of the stronger assumption of w-consistency, which
Rosser [47] showed to be negligible. The observation that all proof steps of the FIRST IN-
COMPLETENESS THEOREM can in fact be carried out in Robinson Arithmetic was made by
Robinson [46] in 1950. Although TARSKI’S THEOREM is usually attributed to Tarski and
was first published by him in [55], Godel already mentioned this result in 1931 in a letter
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to Bernays; previously he had been trying to come up with a definition of a truth predicate
(see [37]). Usually, godelisable theories are called recursive, which means that there exists
an algorithm terminating after finitely many steps that can decide whether ¢ € Tor ¢ ¢ T.
More generally, a property P(n) of natural numbers is said to be recursive, if there is an
algorithm which decides in finitely many steps whether a given number n has the property
P (i.e., whether or not P(n) holds). With the so-called Recursion Theory, one can analyse
the strength of various theories of Arithmetic very precisely.

10.0

10.1

10.2

10.3

10.4

EXERCISES

Let ¢ and ¥ be Zpa-formulae.
(a) Show that PA (prv(ﬁpj) \% prv('_w—')) — prv(Te V).
(b) Does the converse also hold?

A theory T with signature %pa is said to be w-incomplete if there is an £pp-formula
¢ such that T F ¢(n) for every n € IN but T ¥ Vzp(z).

Show that PA is w-incomplete.

Let ¢1(z,y) and pa(z,y) be ZLpa-formulae with at most two free variables. Show that
there are .Zpa-sentences o1 and o9 such that

o1 &pap1("o1,To2) and o2 ©pa p2(To1,To2).
Note that this is a generalisation of the DIAGONALISATION LEMMA.

Goldbach’s Conjecture (GC) states that every positive even integer can be written
as the sum of two primes.

Show that if GC is independent of PA, i.e., PA ¥ GC and PA ¥ —GC, then it is true in
the model N, i.e., N F GC.

Show that there is a consistent extension of PA which is not w-consistent.
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Chapter 11
The Second Incompleteness Theorem

It follows from Godel’s COMPLETENESS THEOREM that a theory is consistent
if and only if it has a model. In particular, the consistency of Peano Arithmetic
follows from N F PA. With the help of the provability relation prv, we are
even able to express consistency of an arithmetical theory on the formal level,
i.e., we can introduce a sentence conpa which expresses in N the consistency
of PA. The SECOND INCOMPLETENESS THEOREM which we shall prove in this
chapter states that PA ¥ conpa, i.e., PA cannot prove its own consistency.

Outline of the Proof

Recall that a theory is consistent, if it cannot prove contradictions. In the
case of PA, a simple contradiction is the sentence 0 = 1. Thus, we have

Con(PA) <> PAFO=1.

As a formalised version of this statement, we define the Zpa-sentence conpa
by stipulating

conpp <= —prv("0=17).

Since N E prv(T¢™) if and only if PA F ¢, the consistency of PA implies
that N F conpa. In particular, this shows that PA ¥ —conpa. The SECOND
INCOMPLETENESS THEOREM states that conpp is independent of the axioms
of PA.
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THEOREM 11.0 (SECOND INCOMPLETENESS THEOREM). PA ¥ conpa.

As a matter of fact, we would like to mention that by the COMPLETENESS
THEOREM, PA ¥ conpa implies that there exists a model M FE PA in which
conpp fails (i.e., M F —conpa), which shows that with respect to M, the
sentence conpp is not equivalent to the statement Con(PA).

The proof of the SECOND INCOMPLETENESS THEOREM hinges on the fol-
lowing properties of the provability predicate, also called the Hilbert-Bernays-
Lob derivability conditions, which state that for every #pa-formula ¢ the
following conditions hold:

Do: If PAF ¢ then PAF prv(Te™),
D1: PAF prv(Tp = ¢7) — (prv(T¢™) — prv(Ty7)),
Da: PAF prv(Te™) — prv(Tprv(Te ) 7).

Note that Dg follows from COROLLARY 9.17 and D; is exactly the state-
ment of Corollary 10.1.(a). Assuming Do—D;, the proof of the SECOND IN-
COMPLETENESS THEOREM becomes quite simple:

Proof of Theorem 11.0. Assume towards a contradiction that PA F conpa, in
other words, assume that PA - —prv(70 = 17). Using the DIAGONALISATION
LEMMA we can find an Zpa-sentence o such that

o <pa —prv(To).
Now, observe that by COROLLARY 10.2 we have
prv(T0=1") <pa prv(fTo A—-o™) <pa prv(To?) Aprv(T—o?).
Another application of COROLLARY 10.2 yields
prv(T=o ) <pa prv(Tprv(Te)7),
and therefore we have
prv(T0 =17) <pa prv(To ) Aprv(Tprv(To™)7).

Furthermore, by Dy we have PA F prv(T¢™) — prv(Tprv(T¢ ™)), and hence,
by TAUTOLOGY (D.2) we obtain

PAF prv(To?) — (prv('—a—') A prv(’_prv(ra—')—')) ,
and by L3, this implies
prv(To ) Aprv(Tprv(To 7)) <pa prv(ToT).

Therefore, we obtain
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prv(T0 =17) <pa prv(To’),
and consequently, we have
conpa <pa —prv(T o) Spa o,

which is a contradiction to THEOREM 10.5 which states that PA ¥ o. =

Proving the Derivability Condition D,

In order to complete our proof of Goédel’s SECOND INCOMPLETENESS THE-
OREM, it remains to prove D,. At a first glance, it looks very similar to
the statement Dg. There is, however, a subtle difference between the two
statements: While the implication in Dy is just a meta-implication, i.e., an
implication in the meta-logic, the implication in D5 is a formal one. Note that
it follows from Dg that

if PAFprv(Te™) then PAF prv(Tprv(T¢™)7),
which, however, is weaker than D;. A first attempt would be to try to prove
PAF o — prv(Ta’)

for every Zpa-formula «. However, this is false in general, as the following
example shows:

ExXAMPLE 11.1. Let o denote the formula from the proof of the FIRST IN-
COMPLETENESS THEOREM, i.e., o satisfies

o <pp —prv(To’).

As a consequence of the proof of FIRST INCOMPLETENESS THEOREM, we
have NE o but PA¥ o. Now, if PAF 0 — prv(To™), then NE o — prv(To™)
and hence N F prv(T¢ 7). By construction of the provability predicate, this
would imply PA - o, which is not the case, as we have seen.

This means that we have to slightly modify our approach. For this purpose,
recall that we proved in PROPOSITION 9.2.(a) that every 3-sentence which is
true in the standard model N has a formal proof in PA. If we can transfer
this result to PA, this would mean that we have

Ds: PAF o — prv(Ta™) for every J-sentence «.

Clearly, once we have established D3 we obtain D, by taking « to be the
F-sentence prv(T¢ ") for some Fpa-formula . The most natural way to prove
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Ds is by induction on the construction of the 3-sentence «. This, however,
turns out to be problematic, since in the formula construction of « there are
also subformulae which are not sentences:

EXAMPLE 11.2. Assume that we can prove PA F a — prv("a™) for some
Zpea-formula a = (vg = v1), i.e.,

PAF vy =v; = prv(Tvg =v17).

Observe that prv(Tvyg = v17") does not contain any free variables. Now, since
vo and vy are free variables in «, we obtain by substitution PA - 0 =0 —
prv(Tvg = v1 ). Therefore, using Modus Ponens, we get PA F prv(Tvg = v17),
which is clearly false in the standard model N, since there is no formal proof
of vg = v1.

This problem can be solved by slightly modifying our provability predicate
in such a way that free variables are permitted. Thus, we first want to adjust
our Godel coding such that (some) free variables can be preserved. The way
to do this is by defining for some set V' of variables

v ifrveV,
[v]v = {

"v71  otherwise.

Roughly speaking, variables v € V remain variables and all other variables
become natural numbers, namely "v". Now, as in the case of godelisation, we
can inductively extend this definition to terms by stipulating:

I—O—I

suce([7]v)
add([m1]v, [T2]v)
= mult([71 v, [12]v)

o
_I_lil_l
< < < <

Il

For formulae, one proceeds similarly. The only noteworthy cases are those of
quantification:

[Avely =ex(v, [eln ),
[Vveply = all("v7, [elvwy)-

Thus, the set V contains all variables which remain free in [¢]y . In particular,
if VNfree(yp) is the empty-set, then [¢ |y is the same as "¢ ™. The other special
case is when V contains all free variables in ¢. In that case, we write [¢] for
[¢]v and say that [¢] is the pseudo-code of .

Pseudo-coding is intended to mimic the usual process of Godel coding.
Hence, we will often substitute the free variables v of [¢] by the term gn(v)
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with free variable v. For terms 7 and formulae ¢ whose free variables are
among {x1,...,%,}, we will henceforth use the notation

(7]
[¢]

Note that [¢]3" has the same free variables as [¢]y. Again, if V' contains
all free variables of ¢ then we simply write [¢]8" for [¢]{". Recall that
for natural numbers n € IN, LEMMA 10.3 implies PA = ™n7 = gn(n). In
particular, if we substitute each variable x; by some natural number m;,
then " and [¢]8" coincide, i.e.,

gn |
|4
gn |
|4

[ﬂv(xl/gn(acl), . ,xn/gn(xn)) ,
[

olv(z1/gn(z1),. .., 20/ gn(zn)) .

To(x1/ma, ..., xn/my) s equal to  [@]®"(z1/ma, ..., 20 /mp) .

To see this, notice that on the left hand side, the variable z; is first replaced
by m;, and when computing "¢, m; is replaced by "m; . On the right hand
side, when computing [¢]8", the variable z; is replaced by gn(z;), and then
x; — which is a free variable in gn(z;) —is replaced by m;. Thus, on the left
hand side, x; is replaced by "m; ', and on the right hand side, z; is replaced by
gn(m,), and as mentioned above, "m; " is equal to gn(m;). A slightly stronger
result is given by the following

Fact 11.3. For terms T and formulae ¢ whose free variables are among
{z1,...,2,}, we have
PAE Tr(z1/ma, ... 2n/mn)" = [T]8%(@1/ma, ... @0 /mn) ,

PAETp(xi/ma, ..., xn/mn)" = [@|#(z1/ma, ..., 20 /mp) .
For a proof see the SOLUTION TO EXERCISE 11.1.
Our next goal is to prove the following

THEOREM 11.4. If ¢ is an 3-formula, then

PA ¢ — prv([p]®"). (*)

Notice that for 3-sentences ¢, THEOREM 11.4 implies D3. In order to prove
THEOREM 11.4, we first need some auxiliary results whose proofs turn out
to be quite technical. The following lemma essentially states that removing a
variable z from V' amounts to substituting in [¢]| %/n\ {a} each occurrence of "z
by the term gn(z), thus obtaining [¢]5". While this seems to be completely
obvious, its proof is highly non-trivial, since it requires us to unravel all the
details of the formalised substitution function. Before we prove the lemma,
we first prove the following

Fact 11.5. PAF Vzterm(gn(z)).
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Proof. The proof is by induction. Notice first that gn(0) = 0 and observe
that PA I term(0) by taking the sequence ¢y = 0 with lh(c) = 1. Now, by the
definition of gn we may assume that nat(x,y) for some x and y. Thus, there
exists ¢ such that ¢ nat(c, z,y), i.e., seq(c), co =707, ¢, = y and ¢g; = succ(c;)
for every i < x. With this sequence, c_term(c,y) holds, and hence we have
term(y). On the other hand, nat(z,y) implies gn(z) = y, and therefore we
have term(gn(z)), and applying (V) yields PA k- Vz (term(gn(z))). 4

LEMMA 11.6. Let V be a finite set of variables, let x € V', and suppose that
T Is an Zpa-term and that ¢ is an %pa-formula with x € free(p). Then we
have:

(a) PAE sbterm("z7, gn(z), [T137 1, [T15)

Proof. We give a detailed proof of (a). Note that (b) is very similar, and since
the proof is quite lengthy, we omit the proof of (b). A complete proof of both
statements, in a slightly different context, is given in [54, Lem. 7.4-Lem. 7.6].

In order to prove (a), we proceed by induction on the construction of 7.
The case when 7 = 0 is trivial, since in that case, 7 does not have any free
variables. The other atomic case is when 7 = y is a variable. In that case, we
need to distinguish between three possibilities: either y = z or, if y # «, then
eitherye Vory¢V.

Case 1. If y = z, then [y]y\(z3 = [¥lv\fyy = "y, and, since z € V,
[y]lv = v, which implies [y]}" = gn(y). Then the claim follows, since by
Facrt 11.5 we have PA F sb_term("y ™, gn(y), "y, gn(y)).

Case 2. If y # x and y € V, then [y|y\{z} = [ylv = y and therefore
(y]‘g/n\ (o} = [y]y" = gn(y). Since the variable z does not appear in 7 = y,
there is nothing to substitute. More precisely, we have

PA I sb_term("z7, gn(x), gn(y), gn(y))

as desired.
Case 3. Suppose that y # z and y ¢ V. Then [y]y\(z} = [ylv = "y,

and therefore [y]}) (o} = [y]5" =Ty, and since "y does not have any free

variables, the claim trivially holds.

Let us now consider the cases when 7 is not atomic. Suppose that 7 = s7’ for
some term 7'. Clearly, all variables in 7/ are also among V. By our inductive
assumption, we have

PA F sb_term ("2, gn(z), [7'] %/n\{z}, [7'] %,n).
Note that by definition of sb_term we have in general

PA | sb_term(v, to, t,t') — sb_term(v, tg, succ(t), succ(t')).
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In our case, this means that if we set
vi=Tz7, to:=gn(z), ti= (T/]%/n\{x}’ t = [T/Wg‘;;l

in the above formula, then we have [7] %/n\{w} = succ(t) and [7]§" = suce(t),
and therefore, 7 satisfies (a).

The cases when 7 = 1 + 79 or 7 = 71 - o are shown similarly. =

THEOREM 11.7. For every Zpa-formula ¢, we have:
PAE prv(Te™) — prv([¢]®")

Note that for sentences ¢, THEOREM 11.7 becomes trivial. On the other
hand, if ¢ has free variables, then the statement still seems obvious, since it
should not matter whether the free variables are godelized at the same time
as —as in the case of "¢ '—or whether one godelizes the formula such
that the variables remain free, and afterwards substitutes the Godel code of
the variables—as in the case of [¢]8". However, the proof is trickier than it
might be expected, since one needs to use the properties of the formalised
substitution function, which is, unfortunately, a very complicated function.

Proof of Theorem 11.7. Recall that by FACT 11.5 we have PA - Va term(gn(x)).
Moreover, by induction on x we can also show

PA - VoVz— var_in_term(v, gn(x)),

which proves that the formalised substitution v/ gn(x) is always admissible.
Note that if we have PA F ¢(v) for some variable v, then we have PA
p(v/7) whenever 7 is a term such that the substitution v/7 is admissible:

wo:  p(v) by assumption

p1: Yvp(v) from ¢q using (V)

p2: Vo) = p(v/7) instance of Ljg

w3 (1) from ¢2 and @1 using (MP)

Now, if we transfer this proof to the formalised level, by using LEMMA 9.16,
for the standard model N and some ¢ € IN we have:

If NEcprv(c,"o") Asbtml("v ™, "7, T, Tp(r)™)
then N E c_prv(c’,"p(1)7)

where
d = c”<all('—y—','—ga—'), imp(all('—u—','—go_‘),'_cp(T)—‘),

mp (all(’_l/—‘, o), imp(all('_lﬂ, ), r<,0(7')—‘)) > .
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By rewriting this implication syntactically, we obtain
NF cprv(c,"¢™) — cprv(c,"e(7)7)
and therefore, by COROLLARY 9.3 we have
PA - prv(Te™) — prv(Te(7)7) .

Now, let ¢ be an arbitrary Zpa-formula. We may assume that all free vari-
ables of ¢ are among vy, . . ., v, for some n € IN. Using the above observation
together with LEMMA 11.6, we obtain that PA F prv(T™) — prv(f@}?zo}),

and for each k € {1,...,n},

PAEprv(felfe )= orv([elfe o)

After FINITELY many applications of TAUTOLOGY (D.0), we obtain

PAF prv(Te™) = prv([elf, o)
and since [¢p] %207___ o} = [©]8%, this completes the proof. -

The following results are easy consequences of THEOREM 11.7.
COROLLARY 11.8. Let ¢ be an Zpa-formula. If PA + ¢ then PA F prv([¢]8").

Proof. Note that from PA + ¢ and Dy we obtain PA + prv(T¢7), and by
THEOREM 11.7 we have PA F prv([¢]8"). .

COROLLARY 11.9. Let ¢ and v be arbitrary Zpa-formulae. Then PA F ¢ —
¢ implies PA + prv([¢]8") — prv([¢]8"). In particular, if ¢ <pa @ then
prv([@]&") <pa pr([¢]&7).

Proof. Suppose that PA F ¢ — 1. An application of COROLLARY 11.8 yields
PAE prv([o — ¥]8%).

Recall that [¢ — 9] equals imp([¢], [¢]), and therefore, [¢ — 1]%" equals
imp([]8", [¢]8"). Moreover, by definition of formalised Modus Ponens we
have

PA = mp([p]#", [¢ — 15", [¥]5").
Hence, by LEMMA 10.0.(a) we obtain

PA L (prv([¢]#) Aprv([p — ¥]8%)) — prv([¢]5"),

which completes the proof.
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Now we have assembled all ingredients for the proof of THEOREM 11.4:

Proof of Theorem 11.4. We have to show that for every 3-formula ¢y,

PAF ©o — prv([eo]8"). (%)

Notice that by COROLLARY 11.9 it suffices to check (x) for strict 3-formulae
o, i.e., for formulae built up from atomic formulae and negated atomic for-
mulae using A, V, existential quantification v and bounded universal quan-
tification Vv < 7 (for some term 7). We proceed by induction on the con-
struction of formulae .

We start with atomic formulae. Since £pa does not contain relation sym-
bols, we only have to consider atomic formulae of the form 7; = 7; for some
Zpa-terms 7; and 7;. Moreover, by substitution it suffices to show that each
atomic formula of the form v; = v;, where v; and v; are variables, satis-
fies (). For example, if oo = s0 + vy = s0 - 80, then, for ¢ = v; = vy, we
have ¢y = <p(v1/s0 + vg, v2/s0 - sO). Therefore, let us consider the formula
v; = v;. First, note that we obviously have PA +~ v; = v;, and hence, by
COROLLARY 11.8 we have

PA + prv([v; = v;]8"%).

Furthermore, since v; and v; are free variables in prv([v, = v;]|#"), we can
use EXERCISE 2.7 to obtain

PAE (v; = v; Av; =) = (prv([v; = v;]8") = prv([v; = v,]1%)) .

Putting these facts together and using logical axioms, tautologies and twice
Modus Ponens, we obtain the following formal proof:

PA+v; =v; Fuv, =1
Fo; =
Fv=v; Ay = v,
F (v = vi Avp = v;) = (prv([v; = v;18") = prv([v; = v;]8"))
Fprv(Jv; = v;]%%) — prv([v; = v;]%")
Fprv(fv; = v;]%%)
Fprv(foi = v %)

Therefore, by the DEDUCTION THEOREM we obtain
PAF v; = v; — prv([v; = v;]%%)

as desired.

For negated atomic formulae, we only have to show that each formula of
the form v; # v; satisfies (). Now, we obviously have
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v v Spa (i <vj) V(v <),
where
(v; <)V (v; <v;) Spa Hvk((vk <vjAvE =)V (v < v Ay = vj)) .

Hence, the case of negated atomic formulae follows from the fact that formu-
lae of the form Jv;p satisfy (%), which will be shown below.

Suppose now that ¢ satisfies (). We have to verify that ¢(v;/7) (where the
substitution v; /7 is admissible), and that Jv;¢ and Yv; < v; ¢ satisfy ().

e Suppose that v; € free(¢) and that 7 is an Zpa-term such that the
substitution v; /7 is admissible. We have to show that ¢(v; /) satisfies ().
For the sake of simplicity, we assume that v; is the only free variable of .
By assumption we have PA - ¢ — prv([¢]8"). Now, using Generalisation
we obtain

PA = Vu; (¢ — prv([¢]®")),

and hence, by Lig and Modus Ponens we get

PA F () = prv([¢]&) (vi/7).

Thus, it is enough to verify that PA - [¢]8"(v;/7) = [¢(7)]8". For this,
we first prove that PA F gn(7) = [7]%" by induction on the construction
of the term 7: If 7 = 0 then PA - [0]8® = [0] =707 = 0 = gn(0). The
case when T is a variable is similar. We now verify our claim for 7 = s7’
and leave the other cases as an exercise to the reader. By induction, we
may assume that PA F gn(7’') = [7/]8". Then

PA F [s7']®" = succ([7"]®")
F suce([7']8") = succ(gn(7'))
F succ(gn(7')) = gn(s7’),

and by transitivity of the relation = we have PA F [s7/]8" = gn(s7’) as
desired.

As a consequence of PA |- gn(r) = [7]8", we obtain

B (vi/7) = [l (vi/ gn(vi))(vi/T)
(vi/ gn(vi))(vi/7) = [@](vi/ gn(7))
= Tel(vi/ gn(r)) = [l (vi/[T]%")

= Tel(ui/[T1%) = Te(m)1*",

and by transitivity of = we obtain PA F [@|®(v;/7) = [p(T)]8" as
desired.

PA I [
= e

e e |
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e Under the assumption
PA @ — prv([e]®")

we show that Vv; < vj ¢ (where i # j) satisfies (). Let v be a variable
which does not occur in ¢. Since

Yo, <wjp Spa I (v; = v; AVu; < 0] ©),

we may assume without loss of generality that v; does not occur in ¢.
Furthermore, let 1(v;) denote the formula

Yo; < vy — prv([Vu; < vy @]®").

It suffices to show that PA - Vv, ¢(v;). So, by PAg it is enough to show
that PA F4(0), and for all v;, PAF ¥(v;) — ¢ (sv;).

Notice that, since Yv; < 0 ¢ is a tautology, by COROLLARY 11.8 we have
PA F 4(0). For the induction step, assume that PA - ¢)(v;). Recall that
by LEMMA 8.5 we have

v; < 8V <=pa U <V VU =05,

and hence,
Vo, < svj@ epa Yo <vjo A o(vi/v;),

where the substitution v;/v; is admissible because v; does not occur in .
Since PA 9 (v;), by LEMMA 10.0.(b) it suffices to show that

PA F o(vi/v;) — prv([e(vi/v;)18"),

which follows from the previous case, using our assumption that ¢ satis-
fies ().

e Now, we show that Ju;¢ satisfies (). Since by L1, PA F ¢ — Ju;p, we
can apply COROLLARY 11.9 and obtain

PAE prv([¢]®") — prv([Jvip]®") .
Therefore, by TAUTOLOGY (D.0) we have
PAE @ — prv([Jvip]®"),
and by Generalisation we obtain
PA FVu; (¢ — prv([Jvip]®)) .

Now, since v; does not occur as a free variable in prv([Jv;p]8"), by Li3
and Modus Ponens we finally obtain
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PA + Ju;0 — prv([Fv;e]®")
as desired.

Finally, suppose that ¢ and ¢ both satisfy (x). We have to show that ¢ A
and ¢ V 1 also satisfy (x).

o In order to see that ¢ A ¢ satisfies (x), notice first that
and (o], []5") = [ A]=".
Therefore, by LEMMA 10.0 we have
PA = prv([¢]#) Aprv([$]5") — prv([@ A 15" .

Using our assumption that ¢ and ¢ both satisfy (x), it follows that p A1)
also satisfies (x).

e The case ¢ V 1 is similar and thus left as an exercise to the reader.

Concluding Remarks

To summarise, we have shown that PA ¥ conpa, where
conppy = —prv(T0=17).
In other words, we have shown that
PAF —prv(T0=17).

Now, by the COMPLETENESS THEOREM we know that there exists a model
M E PA such that
MEprv(fo=17).

Since PA + —(0 = 1), we have M E —(0 = 1), which shows that
ME-(0=1)Aprv(T0=17).

A slightly more general result can be obtained from LOB’S THEOREM.

Lob’s Theorem

Recall that by LEMMA 9.16 we have, for every Zpa-formula ¢, N E prv(#¢)
if and only if PA F . In particular, this implies that N F prv(#¢) — ¢. In
other words, in the standard model N, each “provable” formula is true, where



Lob’s Theorem 151

“provable” in N is meant with respect to the provability predicate prv. This
applies because in N one can retrieve the proof of ¢ from its code. Another
consequence of N E prv(#¢) — ¢ is that for every Zpa-formula ¢,

NE - A prv(#¢) .

This leads to the natural question whether this is true in any model of PA.
LOB’S THEOREM gives a negative answer to this question.

THEOREM 11.10 (LOB’S THEOREM). Suppose that ¢ is an Zpa-sentence.
Then PAF prv(T¢™) — ¢ implies PA F .

Proof. Assume that PA F prv(T¢™) — ¢ and let o be an %pa-sentence such
that
o <paprv(To) — p.

In order to see that such a sentence o exists, let ¥ (vg) := prv(vg) — ¢. Then
by the DIAGONALISATION LEMMA, there exists an .#pa-sentence o such that
0 <PA 1/)(|—0'—|).

CLAM. PAF o, or equivalently, PA+ prv(To™) — .

Proof of Claim. By our assumption we have PA I prv(T¢™) — ¢. Therefore,
it suffices to check that PA = prv(To™) — prv(T¢™). Note that by COROL-
LARY 10.2.(a) we have prv("o ) <pa prv("prv(Te”) — ¢). Moreover, Dy
implies

PAE prv(Tprv(ToT) = ¢7) — (prv('—prv('—o—')—') — prv('—go—')) .

Now, if we assume prv("c ™), then by Dy we obtain prv("prv(T¢™)7), and by
the preceding observations, Modus Ponens, and the DEDUCTION THEOREM,
we finally obtain prv(T¢™). 4 Glaim

Using the above claim, we have PA F ¢ and therefore, we get PA - prv(To™)
by Dg. So, by PA F prv("o7) — ¢ and Modus Ponens we get PA F ¢ as
desired. B

LOB’S THEOREM has some remarkable consequences. For example, if we
use the DIAGONALISATION LEMMA to obtain a sentence o such that o <pa
prv(To™), then it follows that PA + o. Hence, if we replace the sentence
stating “I am unprovable” by “I am provable” —the so-called truth-teller
sentence —then this does not yield an undecidable statement.

LOB’s THEOREM also implies that if PA ¥ ¢ for some Zpa-formula ¢, then
PA ¥ prv(Te™) — o, ie,, PA ¥ oV =prv(T¢T). This illustrates the differ-
ence between truth and provability in non-standard models of PA: For every
formula ¢ with PA ¥ ¢, there are models M such that M E = A prv(Tp™).
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In M, the code of the “proof” of ¢ is of non-standard length and does hence-
forth not code an actual proof of . In this sense, Gédel’s FIRST INCOM-
PLETENESS THEOREM can be viewed as a special case of LOB’S THEOREM,
by taking ¢ to be the formula o with o <pa —prv(To?).

NOTES

The question of whether arithmetic can be shown to be consistent was the second of
Hilbert’s famous list [26] of 23 open problems of mathematics. While Gédel’s SECOND
INCOMPLETENESS THEOREM published in [16] in 1931 gives a negative answer to Hilbert’s
second problem, Gentzen [13] provided in 1936 a consistency proof of PA in primitive
recursive arithmetic with the additional principle of quantifier-free transfinite induction
up to the ordinal number 9. The proof of the SECOND INCOMPLETENESS THEOREM using
pseudo-coding which we presented here follows Swierczkowski [54]. However, Swierczkowski
worked in the theory of hereditarily finite sets, which is equivalent to PA. His proof was
actually formalised and proof-checked using the interactive theorem prover Isabelle by
Paulson [41] in 2013. The derivability conditions Dg—D2, although already used by Gdodel,
were first introduced by Hilbert and Bernays [28] and re-formulated in its current form by
Lob [32]. In the same paper, Lob also proved his theorem as an answer to a question posed
by Henkin [24] in 1952.

Let us also say a few words about the impact of the SECOND INCOMPLETENESS THEOREM
on the so-called Hilbert’s programme. In the early 1920s, Hilbert presented a new approach
to the foundations of classical mathematics, which became known as Hilbert’s programme.
The aim of this programme was to find a formalisation of all mathematics in an axiomatic
form and to prove that this axiomatisation of mathematics is consistent. The proof of
consistency itself should only be carried out with what Hilbert called finitary methods.
Even though the the work on this programme made considerable progress in the 1920s with
contributions from numerous logicians, Gédel’s SECOND INCOMPLETENESS THEOREM shows
that Hilbert’s programme must fail. The crucial point is that we cannot formally define the
notion of FINITEN E S S, and in particular of finitary methods, and as a consequence we
get that we cannot even show the consistency of PA within PA—unless PA is inconsistent.
However, despite the failure of Hilbert’s programme, the framework of Hilbert’s programme
with notions such as actual mathematics, formal mathematics, and metamathematics, was
very fruitfull and still influences the philosophy of mathematics (see Halbeisen [21]).

EXERCISES

11.0 Give an alternative proof of the SECOND INCOMPLETENESS THEOREM by using LOB’S
THEOREM.

11.1 Prove Fact 11.3.

Hint: Use induction on term and formula construction, respectively.

11.2 Prove that all formulae of the form v; + v; = v, and v; - v; = vy satisfy (x) in
THEOREM 11.4.

11.3 Prove that if ¢ and v satisfy (x) in THEOREM 11.4, then so does the disjunction ¢ V.
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11.4 Let ¢ be an Zpa-formula.

(a) Show that the formalisation of LOB’S THEOREM is provable within PA, i.e., show
that
PAE prv(Tprv(Te™) — ™) = prv(Te ).

Hint: Set ¢ := prv("prv("¢ ") — ¢ ) — prv("¢") and prove PA F prv("¢7) — 1.
(b) Prove PAF —prv(Tep ") — —prv(T—prv(Te ) 7).
(¢) Conclude that the SECOND INCOMPLETENESS THEOREM is provable within PA.

11.5 Use EXERCISE 11.4 to prove the following generalisation of LOB’S THEOREM: For all
Zpa-formulae ¢ and 1,

PAEprv("e ™) A (prv('_w—‘) — 1/)) == PAFprv(Te") — 9.
11.6 Prove that for every %pa-formula ¢,
PA F prv("¢ <> conppa ') — (prv(rcpj) > _‘COHPA) ,
and interpret this result in the standard model.

11.7 Let conZ, denote the formula — prv® (70 = 17), i.e., the formula obtained from conpp
PA

by replacing the provability predicate prv by prvi.

Show that PA conﬁA. Note that this implies that prv® satisfies neither D1 nor Ds.
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Chapter 12
Completeness of Presburger Arithmetic

In Chapter 10, we have seen that Peano Arithmetic PA is incomplete. More-
over, if we omit the Induction Schema and replace it by the axiom Vz(x =
0V Jy(x = sy)), stating that every number is either 0 or has a predecessor,
then the resulting theory, called Robinson Arithmetic, is also incomplete.
There are, however, other natural ways to weaken the axioms of PA: One
could, for example, drop one of the function symbols + or - as well as the
corresponding axioms. In the former case, this leads to Skolem Arithmetic,
and in the latter case to Presburger Arithmetic. In this chapter, we will
only consider Presburger Arithmetic, denoted by PrA.

In the proof of the FIRST INCOMPLETENESS THEOREM, we introduced the
[S-function which allows to express exponentiation in terms of addition and
multiplication. A natural question that arises in this context is whether mul-
tiplication might already be expressible in terms of the successor function
and addition. If this is the case, then we can carry out the proof of the
FIrRST INCOMPLETENESS THEOREM in PrA, and obtain that PrA is incom-
plete. However, we will prove below that PrA is complete, which implies that
we cannot express multiplication in terms of addition and successors.

© The Author(s), under exclusive license to Springer Nature Switzerland AG 2025 155
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Basic Arithmetic in Presburger Arithmetic

As already mentioned above, the language of Presburger Arithmetic PrA is
given by %pa = {0,s,+}, where, as in %pa, 0 is a constant symbol, s is a
unary function symbol, and + is a binary function symbol. The axioms of PrA
are simply given by the axioms of PA except PA; and PAs. More precisely,
the axioms of PrA are

PAg: —3z(sz = 0)

PA;: VaVy(sz =sy -z =vy)
PAy: Va(z +0=1x)

PA3: VaVy(z + sy = s(z +y))

together with the Induction Schema, i.e., if ¢ is an Zp,a-formula such that
x € free(y), then

PAs: ((0) AVr(p(z) - pls(x)))) - Vap(z).

Presburger, who first investigated PrA and proved its completeness, orig-
inally axiomatised the theory in a distinct manner: For example, he did
not use the Induction Schema, but also postulated the existence of nega-
tive numbers and hence subtraction. In particular, he included the axiom
VaVy3dz(x + z = y).

Clearly, in PrA one can prove all standard results of arithmetic which do
not involve multiplication. In particular, we can define the relations < and <
in the same way as in PA. Furthermore, as in Peano Arithmetic, we are able to
define the terms n for all n € IN, where the terms n are called natural numbers.
Moreover, we can prove the properties No-Ns stated in PROPOSITION 9.0.

In the subsequent sections, it will become clear that it is impossible to
define multiplication using addition and the successor function. However, it
is possible to define the multiplication with a natural number of the form n for
n € IN. Using the RECURSION PRINCIPLE defined in Chapter 0,
we define

Note that for the sake of simplicity, we usually write nz rather than n - z.

LEMMA 12.0. Let n,m € IN. Multiplication with natural numbers satisfies
the associativity and distributivity laws:

PrA b VaVy(n(z 4+ y) = nz + ny)
PrA b Va(m + nz = ma + nx)
PrA b Va(mnz = m - (nx))
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Furthermore, multiplication with natural numbers respects the two binary
relations = and <:

PrA F VaVy(ne = ny < 2 =y)
PrA F VaVy(ne < ny <> x < y)

Proof. The proof is similar to the proof of PROPOSITION 9.0 and uses metain-
duction in IN. We only prove the first statement, since all proofs are similar.
For n = 0, we obviously have 0(x +y) =0 =0-2 + 0 - y. Suppose now that
the claim holds for some n € IN. Then

n+1(z+y) =n(z+y)+ (r+y) = (nr+ny) + (z +y)
=(mz+z)+(y+ty)=ntl-z+n+l-y,

where the second equality follows from our induction hypothesis. a

For n € IN with n > 2, we define
xznyK:)Hz(@z—l—x:y \Y, Qz—l—y:x).

Furthermore, we abbreviate =(z =,, y) by « #,, y. Formulae of the form z =,
y are called congruences. It is straightforward to check that congruences
are—on the formal level —equivalence relations, i.e.,

PrAFVz(z =, z),

PrAEVavVy(z =, y < y =, ),

PrA V:rVny(x SLYANY=p 2 = T=, z) .

In fact, as the name already suggests, they define congruence relations with
respect to +:

PrAl—‘v’mVsz(xEny > m+z5ny+z).

The following result is a version of division with remainder, where the
divisor is in IN.

LEMMA 12.1. For every natural number n > 2, we have

n—1

PrAFVmEIy(\/ @y+@:x).
k=0

In particular,
n—1

Prszp(\/xan).

k=0
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Proof. We proceed by induction on x. For x = 0, the statement is trivial.
Suppose that © = ny + k for some k& < n and some y. Then sz = s(ny+ k) =
ny +k+ 1. Now, if k+ 1 < n, we are done. Otherwise, k +1 = n and hence
r=ny+n=n(y+1). .

Quantifier Elimination

The idea for proving that PrA is complete, consists of proving, in a language
extension of %p,a, that every sentence is logically equivalent to a quantifier-
free one. Such sentences can easily be shown to be N-conform, and hence, they
can be either proven or disproven, depending on whether they are satisfied
in N. In this section, we will prove a more general result, which we will
then apply to PrA. We say that a theory ® in some language £ admits
quantifier elimination, if for every Z-formula ¢ there is a quantifier-free
formula v such that
PFpeY.

The key point is to note that in order to prove that a theory admits quantifier
elimination, it suffices to check that a single existential quantifier can be
eliminated.

THEOREM 12.2 (QUANTIFIER ELIMINATION THEOREM). Let ® be a theory
in some language £ such that the following holds:

(a) If ¢ is an atomic £-formula, then —p is logically equivalent to a dis-
Jjunction of conjunctions of atomic £-formulae.

(b) For every £-formula ¢ of the form ¢ = v(p1 A ... Ay), where each
w; is an atomic £-formula, there is a quantifier-free £-formula v with
free(y)) = free(p1 A ... Apy) \ {v} such that ® - ¢ <> .

Then ® admits quantifier elimination.
Proof. The following steps show how to transform any .#-formula into an
equivalent quantifier-free one using the above statements (a) and (b).

Step 1. Using THEOREM 2.14, we can transform any Z-sentence into an
£-sentence in PNF.

Step 2. Using TAUTOLOGY (Q.0), we can eliminate all universal quantifiers,
i.e., every Z-formula in PNF is equivalent to an .Z-formula of the form

(m)3vr ... (7)Tvnp,

where vq, ..., , are variables and ¢ is quantifier-free.
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Step 3. Given an Z-sentence of the form (—)3v; ... (—)3Jv,p as above, one
can transform the quantifier-free part ¢ into DNF by the DISJUNCTIVE NOR-
MAL FORM THEOREM, i.e., all of the conjuncts are atomic or negated atomic
formulae. Moreover, using (a) we can replace each negated atomic formula
by a disjunction of conjunctions of atomic formulae and can thus transform
the quantifier-free part into DNF in such a way that all conjuncts are atomic.

Step 4. From Step 3 we obtain an .Z-formula of the form
(=) ... (ﬂ)Ell/n((goLl AN i N@1g ) VooV (@ma A A gom,km)),

where each ¢; ; is an atomic or negated atomic .Z-formula. Using TAU-
TOLOGY (U.2) this is equivalent to

(=)3vy ... (ﬂ)ﬂyn_l(—\)(ﬂyn(gpl,l/\. CANPLE )V VI (Oma A -A(pm,km)).

Now using (a) and (b), each of the formulae Jv,, (s 1 A+ - - A, i, ) is equivalent
to a corresponding quantifier-free Z-formula ;.

Step 5. In the case that there is a negation symbol — in front of the exis-
tential quantifier Jv,, we use (a) to eliminate the negation, and then return
to Step 3 in order to restore the DNF.

Steps 3-5 have to be repeated FINITELY many times until no more
quantifiers are left. Thus, the above described algorithm yields a quantifier-
free disjunction of conjunctions of almost atomic formulae, as desired. a

Note that one could simplify THEOREM 12.2 by omitting (a) and requiring
instead in (b) that each ¢; is either atomic or the negation of an atomic
formula.

Completeness of Presburger Arithmetic

We will now show that PrA is complete. Using the previous result, one might
be tempted to first show that PrA admits quantifier elimination and then
show that quantifier-free Zp,a-sentences can be either proven or disproven.
While the second step will be verified in LEMMA 12.7, the first one is not
possible: An example is the Zp a-formula

Jy(z = 2y),

stating that x =3 0 is not equivalent to a quantifier-free formula; another ex-
ample for an %pa-formula which is not equivalent to a quantifier-free formula
is the formula 3z(x + z = y), stating that z <y (see EXERCISE 12.0).
However, this problem can be overcome by extending the language Zp.a
to admit the binary relations < and =, for m € IN: Let %p,a~ denote the
language Zpra U {<} U {=,,| m € IN}. By THEOREM 6.0 we get that the
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completeness of PrA with respect to %p,a is equivalent to the completeness
of PrA with respect to the extended language Zp,a~-

In the following paragraphs, we will show that PrA admits quantifier elim-
ination with respect to Zpa+. The first step is to introduce a normal form
for equations and congruences with respect to a fixed variable:

LEMMA 12.3. Let v be a variable. Then, for n,m € IN, every atomic Zpa~-
formula is logically equivalent to a formula of the form

/ — ! / !
nw+r=7, nwH+rtr=,7, nw+r<7, T nv+rT,

where v does not occur in 7,7’.

Proof. Since all cases are similar, we may assume that ¢ is an equation. We
prove by induction on the term construction that for every Zpa+-term 7
there exist n € IN and an Zp,a+-term 7’ such that PrA 7 = nv + 7.

e Suppose first that 7 is atomic. If 7 = 0, then obviously PrA+ 7 = Qv +0.
If r=v, then PrAF 7= 1v 4+ 0, and if 7 = w for some variable w # v,
then we can set n =0 and 7/ = w.

e Assume now that 7 = s7/. By induction, we may assume that PrA - 7/ =
nv + 7 for some n € IN and some %p,a+-term 7" such that v does not
occur in 7. Then PrA+ 7 =s7" =s(nv +7") = nv + s7” by PAs.

e Finally, let 7 = 7 + 72, where PrA - 1y = nv+7{ and PrA + 75 = my+79,
where n,m € IN and 71, 74 are terms such that v does not occur in 71 and
74. Then PrAt 7 =1 4+ 19 = (o +7{) + (mv +74) = n+ mv+7’, where
T =7+ 75

It follows that every equation is equivalent to an equation of the form nv+71 =
mv + 7'. Without loss of generality, we may assume that n > m, and hence
PrA + n > m. Therefore, by LEMMA 12.0, we have

PAAFnv4+r7=mv+7 & n—mv+r=1,
which completes the proof. —

We say that an atomic Zpa<-formula ¢ is in v-normal form, if it is of
the form

w+t=7, nwH+r=,7, wt+r<7, 7 <w+r,

where n, m € IN and v does not occur in 7,7’. In that case, we call the number
n € IN the v-coeflicient of .

LEMMA 12.4. Let ¢1,...,¢, be atomic Zpa~-formulae in v-normal form.
Then o1 A ... A\ @, is logically equivalent to a conjunction of atomic Lpax-
formulae in v-normal form, each of whose v-coefficient is either 0 or 1.
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Proof. Without loss of generality, we may assume that each ¢; has a v-
coefficient k; € IN with k; > 0. Note that it is easy to check that x Ry <pa
kx Rky, where R is either =, <, or >, and k € IN with k£ # 0; a similar
property also holds for congruences (see EXERCISE 12.1). In particular, by
replacing k; by k = lcmN(kl,...,kn) (see EXERCISE 9.3), we may assume
that each formula ¢; has the same v-coefficient k. Now if ¢; = kv + 7; R; 7/,
then we can replace kv by w and obtain

P1 AN N QOm SPrA PLA LAY, Aw = O,

where ¢; is the formula w + 7, =; 7. B
LEMMA 12.5. Let v be a variable. If ¢1,..., @, are atomic Zp.p~-formulae
such that either ; is an equation or each y; is a congruence, then there are
atomic Zpa+-formulae 1, ..., 1, such that 1; is of the same type as @;, v
does not occur in g, ..., Yy, and 1 A ... N @y Spa V1 A A Yy

Proof. By induction, we may assume that n = 2. By LEMMA 12.4, we may
further suppose that each ¢; is in v-normal form with v-coefficient 1. There
are two cases:

Case 1. p1 = v+ 7 =7, and w3 = v + 7 R7) for some terms 7,7, T2, T4
in which v does not occur and R is either =, <, > or =,,, for some m € IN.
In this case, one can show that

©1 A2 Spa Y1 Ao,

where 11 = ¢1 and g = (71 + 72) R (71 + 7). Indeed, suppose that @1 A @9
holds. Then we have

HN4+n=w+n)+n=n+w+n) and (1 + v +7n))R(m+75).

Hence, we have 11 A 15 as desired. The converse is similar.

Case 2. 1 is the formula v + 71 =, 71 and @9 i8S v + T =, 75. Then by
EXERCISE 12.1 and by applying LEMMA 12.4 to scale the v-coefficients, we
may suppose that m; = msy. The rest of the proof is the same as for the first
case. =

THEOREM 12.6. The theory PrA admits quantifier elimination with respect
to the language Lpia~.

Proof. We will check that PrA satisfies the assumptions of THEOREM 12.2
with respect to the extended language Zpoa«.
For the first condition, note that

_'(TZT/) Spa T<T VT <T,



162 12 Completeness of Presburger Arithmetic

S(r<7) epaT=7 VI<T,
m—1
(1= 1) Spa \/ (t+k=m,7) foreverymeN,
k=1

where the last equivalence follows from LEMMA 12.1.

We now turn to the second assumption. Let 1, ..., ¢, be atomic Zpax-
formulae. We have to show that ¢ = Jv(p; A ... A p,) is logically equivalent
to a quantifier-free Zp,a=-formula 1 such that free(y)) = free(¢) \ {v}. Due
to TAUTOLOGY (T.2) and LEMMA 12.5, we may suppose that each ; is in
v-normal form with v-coefficient 1. We distinguish between the following four
cases:

Case 1. There is an equation ¢; among ¢i,...,¢9,. By FINITELY
many applications of LEMMA 12.5 in combination with TaAuToLoGY (T.2),
it is sufficient to check that dvp; is logically equivalent to a quantifier-free
Zpa--formula, which is the case since Ww(v+17=7")<paT=7 V1T <71

Case 2. Each of the formulae ¢1,..., ¢, is a congruence. Then, by TAU-
TOLOGY (T.2) and LEMMA 12.5, it suffices to check that the quantifier in
J(v+7=,7) can be eliminated. This is obviously possible, since by
LEMMA 12.1, there are k,I € IN such that 7 =,, k and 7 = [, and there-
fore, we can choose v =1+ n — k in order to obtain a true formula.

Case 3. All formulae among @1, ..., @, are inequalities. Since < is a linear
relation, we may order the lower and upper bounds in the following sense: For
example, if v+7; < 7/ and v +7; < 7] are two inequalities, then one can view
them as upper bounds for v, since if there is such a v, then v < 7/ — 7; and
v< T; — 7, where subtraction is defined as in LEMMA 8.8. Now, by linearity
of <, we have either 7/ — 7, < 7/ — 7 or 7} — 7; < 7/ — 7;. In other words,
;i A j is equivalent to

(47 ST+ T Av+ 7 <)V (Ti+7) <7+ 7 Av+ 75 < 7)),

where ¢; is the stronger bound in the first disjunct, and ¢; is the stronger
bound in the second one. In a similar way, we can order the upper bounds.
Using the distributive laws as well as TAuTOLOGY (U.2), we may thus sup-
pose that there is at most one lower and one upper bound. Moreover, note
that

Wwv+7<7)EpaT <1,
E|V(7J<I/+T)<:>Pr/_\0:0.

On the other hand,
W +n <TIAT,<V+T) SpaTi+T4+1< 7 + 7o

Therefore, the existential quantifier can be eliminated in both cases.
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Case 4. There is at least one congruence and no equation among @1, . .., ©n.
As in the second case, without loss of generality we may assume that there
is exactly one congruence and at most one inequality of each type. Without
loss of generality, we only handle the case that there is exactly one lower
and one upper bound, i.e., p = @1 A p2 A 3, where po = 75 < v + T2 and
w3 = v+ 13 < 75. Then Jvy is logically equivalent to the formula ¢ with

m
P = \/(73+75+E<T§+Tg A Tl-i-Té—FEEmT{—FTQ).
k=1

Note that if there is a v such that ¢ holds, then it is of the form v = 7} — o+
for some x > 0 such that v < 74 — 73, with the additional requirement that
the congruence ¢ be satisfied; one can then take x to be the smallest such
solution, i.e., z is among 1,...,m. Clearly, v ¢ free(¢), and hence, 1) is as
desired. —

LEMMA 12.7. For every quantifier-free £p,a~-sentence o, we have
either PrAl ¢ or PrAF —p.

Proof. We will first check the claim for atomic Zp,a=-sentences by proving
that for every Zp,a«-term 7 which does not contain any variables, there is an
n € IN such that PrA F 7 = n. We proceed by induction on term construction:

e If 7 = 0, then there is nothing to check.
e If r=s7" and PrAF 7/ = n, then PrA+ 7 = s7/ = sn = sn by No.

o If we have 7 = 7y +72, PrAF 7y = ny, and PrA = 75 = ng, then N; implies
PrAFT=7 + 7 =n1 +ng =ni +ny.

Therefore, every atomic Zp,a+-sentence is equivalent to a formula of the form
m=n,m <n orm = n for some k > 2, and is therefore N-conform. Since
N-conformity is preserved under negation, conjunctions and disjunctions, the
claim follows. =

COROLLARY 12.8. The theory PrA is complete.

Proof. This follows immediately from THEOREM 12.6 and LEMMA 12.7.

Note that the proof of the completeness of PrA actually provides a decision
procedure for Zp.a-sentences. In fact, there is an algorithm which computes,
with respect to a given £pa-sentence ¢, a quantifier-free £p,a-sentence ¥
such that ¢ <pa ¢, which, by LEMMA 12.7, can easily be decided in the
sense that either PrA 1 or PrA = —). In order to illustrate the algorithm,
we provide an explicit example:

ExAMPLE 12.9. We illustrate the quantifier elimination process using the
example
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Vedydz(z <22A3z<xc+yAz=20).

In a first step, we have to eliminate the quantifier 3z. In order to achieve this,
we first have to uniformise the z-coeflicient using LEMMA 12.4, obtaining the
equivalent formula

VzIydz (§x <6zN02<2x4+2yNbz =12 O).
Now, we can replace 6z by w, which yields
V:Eﬂyﬂw(;'x <wAw<2r+2yAw =12 0 Aw =12 O).
Clearly, the first congruence is a consequence of the second one and can thus

be removed. Using the second case in the proof of THEOREM 12.6, we can
eliminate the variable w, and by further transformations we obtain

1

N

VxEly( (Brx+k<2c+2yA3z+k=¢ O))
k=1
6
Spra VHZ(\/ (Bz+k=60ATy(z+k< 22/)))
k=1
6

SprA VQ?(\/ 3r+ k= 0)7
k=1

which is provable by PrA due to LEMMA 12.1. For the second equivalence, note
that Jy(x + k < 2y) holds, which can be seen by taking y = = + k. Following
the algorithm, one would now have to replace the universal quantifier by a
negated existential quantifier and negate the disjunction, and then restore
the disjunctive normal form. Since this is very laborious, we will not pursue
this further.

Let N* be the £p,a-structure ]N s, +, 0& i.e., N* is the same as N, except
that we do not have the binary functlon in N*. Since N is a model of PA,
we find that N* is a model of PrA. Now, since PrA is complete, we obtain
that Th(N*) coincides with Th(PrA), i.e., for every Zp,a-sentence o we have

N*Eo <=— PrAto.

The reader might now wonder why one does not take Presburger Arithmetic
rather than Peano Arithmetic as the standard axiomatisation of arithmetic.
Even though PrA is weaker than PA, it has the advantage that it is complete.
However, the disadvantage of PrA is, that it is much too weak to serve as a
proper axiomatisation of arithmetic. In fact, not even multiplication can be
defined within PrA. This is a consequence of the following result, which states
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that every set of natural numbers defined by some Zp,a-formula is eventually
periodic.

LEMMA 12.10. Let ¢(x) be an Zpia-formula with one free variable x. Then
N*F 3p > 03ngVn > ng (¢(n) <> ¢(n+p)) .

Proof. By THEOREM 12.6, it suffices to check the claim for quantifier-free
Zpax-formulae . We proceed by induction on the construction of the for-
mula .

e If ¢ is an atomic formula, then, for some m,n,p,k € N, ¢ is logically
equivalent to one of the following formulae:

my+n =

mv+n <

le—~ o~ |~

mv—+n >

mv+n = [.

This follows immediately from LEMMATA 12.3 and 12.7. The first three
cases are trivial, since one can choose ng = [ and p = 1—in the first two
cases we have —p(nq) for all n; > ng, and in the third case ¢(n) holds.
Finally, suppose that ¢ is mv + n =, [. Without loss of generality, we
may assume that n = 0. If [ does not divide ged(k,m), then ¢ is never
satisfied and hence the claim is trivial. Otherwise, by EXERCISE 12.2, we
may assume that m = 1 and choose p = k and ng = 0.

o If the claim holds for ¢, then by TAuTOLOGY (H.0) it also holds for ¢
with the same witnesses p,ng € IN as for ¢.

e Suppose that the claim holds for ¢ and ¥ with witnesses ng, pp and ny, p1,
respectively, i.e.,

N* EVn > ng (¢(n) <+ ¢(n+po)) and N* E Vn > ny (¥(n) <> ¥(n+p1)).

Now, let ng := max(ng,n1) and ps := lem(po, p1). Then, in N* we have
p(n) < p(n + p2) and ¥(n) < Y(n + pa) for all n > ng, and hence,
the claim follows for ¢ V ¢ and ¢ A ¢ by TauToLocy (H.2) and (H.3),
respectively.

_|

THEOREM 12.11. Multiplication is not definable in PrA, i.e., in PrA we cannot
define a binary function mult( -, -) which satisfies the axioms PA; and PAs.

Proof. Assume toward a contradiction that there exists an Zp,a-formula
o(z,y,z) such that PrA - VzVy 3z p(z,y, 2) and

mult(z,y) =2 <= p(r,9,2).
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If there was such a formula ¢, then ¥(z) := Jzxp(z, z, z) would be a formula
defining z to be the square of some z. By LEMMA 12.10, there are p,ng € IN
with p > 0 such that

N* EVn > ng (¢(n) < ¢(n+p)) .

This, however, is impossible, since v is not eventually periodic: To see this,
take, for example, m := max(ng,p). Then N* E 1)(m?), but N* ¥ ¢)(m? + p),
since m > p implies

m? < (m? +p) < (m+1)%

and there are no squares between m? and (m + 1)2. =

The previous theorem is the reason why Presburger Arithmetic is not con-
sidered as the standard axiomatisation of arithmetic. While multiplication
cannot be expressed using the successor function and addition, exponenti-
ation can be introduced using the successor function, addition and multi-
plication, as we have seen in Chapter 9. The main difference between PrA
and PA lies in the fact that in PA allows recursive definitions using Godel’s
S-function.

Non-standard models of PrA

In what follows, we recapitulate which axioms of PrA are actually necessary in
order to prove its completeness. In fact, the proof only uses some particular
instances of the Induction Schema; namely those which are concerned with
equations and congruences. In order to axiomatise PrA, we surely need the
axioms PAp—PA3. Moreover, in order to prove all required statements about
equations, inequalities and congruences, we add the following axioms:

PrAs: VaVy(z +y =y + x)

PrAs: YaVyVz(z + (y +2) = (x +y) + 2)
PrAs: Vz(z =0V Jy(z = sy))

PrA7: VaVy(z <yVax=yVy<zx)
PrAg: Va(\/}—g © =, k) for every n € N

Note hat PrAg is actually an axiom scheme, just like the Induction Schema.
However, it is considerably simpler than the Induction Schema in the sense
that it is indexed by standard natural numbers instead of formulae. Each of
these axioms is used in the proof of the completeness of PrA. For example,
the commutative and associative laws of addition, i.e., PrA; and PrAs, are
used in the proof of LEMMA 12.0. Moreover, by analysing all steps in the
proof, it becomes clear that the axioms PAg—PA3 and PrA;—PrAg suffice. By
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completeness, we thus obtain that the theory given by these axioms coincides
with PrA.

Now that we are in possession of a simplified system of axioms, we can
describe non-standard models of PrA. Note that since PA extends PrA, every
non-standard model of PA is also a non-standard model of PrA. However,
there are also non-standard models of PrA which have a simpler structure
than non-standard models of PA. The simplest non-standard model of PrA
is surely the Zp,a-structure M with domain M consisting of all rational
polynomials in the indeterminate X of degree at most 1, such that either the
leading coefficient is positive and the constant coefficient is an integer, or the
leading coefficient equals 0 and the constant coefficient is a natural number.
More formally, M consists of all polynomials of the form

gX +a € Q[X],

where ¢ € Q, ¢ > 0, and a € Z or a € IN, depending on whether ¢ > 0 or
q = 0. The interpretations of 0, s, and + are the obvious ones. Note that for
the ordering < we then obtain

MEpX +a<gX+b <= p<%UqVv(p=qra<?d),

which is essentially the lexicographic ordering. Since this is a linear order,
it follows that M F PrA;. The other axioms, except for PrAg, are obviously
satisfied. In order to see that PrAg also holds in M, note that
MEg¢gX+a=n- (gX) +a=,a,
n
and hence, by taking k € {0,...,n — 1} to be the modulus of a, we obtain
that M F ¢X +a =, k.

Another model of PrA is obtained by admitting all rational polynomials
n
Zak =ap, X" +...+ a1 X +ap € Q[X]
k=0

with positive leading coefficient a,, > 0 and integer constant coefficient ay €
Z., where ag € IN in the case when n = 0. Notice that both models are
not models of PA: In PA, one can define exponentiation, and hence, there
exists, e.g., the number (1X)'X | which obviously does not have a polynomial
representation.

NOTES

The method of quantifier elimination was already used by Skolem in 1919 to prove the
completeness of the first-order theory of a class of boolean algebrae. Presburger Arithmetic
is named after the Polish mathematician Mojzesz Presburger, who proved its consistency,



168 12 Completeness of Presburger Arithmetic

completeness and decidability in 1929 (see [43]). However, his original proof is given for
the integers rather than the natural numbers. The proof which is presented here follows
the one presented in [8]. Skolem independently discovered Presburger’s result in 1930 (see
[51]) and further showed the same to be true for Skolem Arithmetic, i.e., the theory of
natural numbers with multiplication but without addition.

EXERCISES

12.0 Show that there is no quantifier-free Zp,a-formula which is logically equivalent to
the formula Jy(z = 2y), and conclude that Presburger Arithmetic does not admit
quantifier elimination.

12.1 Prove that 7 =, 7/ ©pa mMT =mn m7’ for all Fp,a-terms 7 and 7/ and every m € IN.

12.2 Use BEzouT’s LEMMA (see EXERCISE 8.2) in the standard model N to prove that in
every formula of the form mv +n =i [ for m,n,k € IN such that ged(m,k) = 1 is
logically equivalent to a formula of the form v =y I’ for some I’ € IN. Note that this
essentially consists of proving that m has an inverse element modulo k.

12.3 Let .Z be the set of constant symbols {c, : n € IN} and let T be the set of sentences
{—|(cn =cm):n,meNn ‘fm}

Show that T admits quantifier elimination.

12.4 Show that the theory Th(N, <,s,0) admits quantifier elimination and conclude that
addition “4” is not definable in Th(N, <,s,0).

12.5 Let .Z consist of the binary relation symbol ~ and the set of constant symbols
{¢n : n € N}, and for every n € IN let M,, be an infinite subset of IN such that IN
is the disjoint union of the M,,’s. Let T be the theory of one equivalence relation with
infinitely many infinite equivalence classes, i.e., consisting of the following axioms:

Va(x ~ )

Vo, y(z ~y =y~ )

Ve,y,z(x ~yANy~z—x~2)
VxEle...EIxn(szl/\...Axwxn/\/\i#jﬂ(mi :mj)) for each n € IN
Va3 ... Jen (AL, ~(z ~ i) AN, (2 ~ ;) for each n € N

Show that T admits quantifier elimination.

12.6 Prove that the divisibility relation is not definable in PrA.



Part IV
The Axiom System ZFC

In this part, we first present the axioms of Set The-
ory, including the Axiom of Choice. Then we discuss
the consistency of this axiomatic system and provide
standard as well as non-standard models of Set The-
ory. In the last three chapters, we use Set Theory to
prove the LOWENHEIM-SKOLEM THEOREMS, to con-
struct models of PA, and to construct different models
of the real numbers.
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Chapter 13
The Axioms of Set Theory (ZFC)

In this chapter, we shall present and discuss the axioms of Zermelo-Fraenkel
Set Theory including the Axiom of Choice, denoted ZFC. It will turn out that
within this axiom system, we can develop all of first-order mathematics, and
therefore, the axiom system ZFC serves as a foundation of mathematics. We
will start with Zermelo’s first axiomatisation of Set Theory and will show
how basic mathematics can be developed within this system. Then we will
introduce Zermelo’s Axiom of Choice, Fraenkel’s Axiom Schema of Replace-
ment, and the Axiom of Foundation. Finally, we will discuss the notions of
ordinal and cardinal numbers.

Before we begin presenting the axioms of Set Theory, let us say a few words
about Set Theory in general: The signature of Set Theory Zst contains only
one non-logical symbol, namely the binary membership relation denoted
by €, i.e., Zs1 = {€}. Furthermore, there exists just one type of objects,
namely sets. However, to make life easier, instead of €(a,b) we write a € b
(or also b 3 a on rare occasions) and say that “a is an element of b”, or
that “a belongs to b”. Furthermore, we write @ ¢ b as an abbreviation of
—(a € b). Later we will extend the signature of Set Theory Zst by defining
some constants (like § and w), relations (like C), and operations (like the
power set operation &), but as we know from Chapter 6, all that can be
expressed in Set Theory using defined constants, functions, and relations,
can also be expressed by formulae containing the non-logical binary relation
symbol € only.
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Zermelo’s Axiom System (Z)

In 1905, Zermelo began to axiomatise Set Theory. In 1908, he published his
first axiomatic system consisting of the following seven axioms:

1. Axiom der Bestimmtheit
which corresponds to the Axiom of Extensionality

2. Axiom der Elementarmengen
which includes the Axiom of Empty Set as well as the Axiom of Pairing

3. Axiom der Aussonderung
which corresponds to the Axiom Schema of Separation

4. Axiom der Potenzmenge
which corresponds to the Axiom of Power Set

5. Axiom der Vereinigung
which corresponds to the Axiom of Union

6. Axiom der Auswahl
which corresponds to the Axiom of Choice

7. Axiom des Unendlichen
which corresponds to the Axiom of Infinity

The axioms 1-5 and axiom 7 (i.e., all axioms except the Axiom of Choice)
form the so-called Zermelo’s axiom system, denoted by Z, which will be dis-
cussed below.

Let us start with the axiom which states the existence of a set, namely the
so-called empty set.

0. The Aziom of Empty Set

JaVz(z ¢ x).

This axiom postulates the existence of a set without any elements, i.e., an
empty set.

1. The Axiom of Extensionality
Vavy(Vz(z €z <>z €y) » x =1y).

This axiom says that any sets « and y having the same elements are equal.
Notice that the converse —which is: x = y implies that z and y have the
same elements —is just a consequence of the logical axiom L;is.

The Axiom of Extensionality also shows that the empty set, postulated by
the Axiom of Empty Set, is unique: If g and z; are empty sets, then we have
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Vz(z ¢ o A z ¢ x1), which implies Vz(z € zp +> 2z € z1), and therefore,
xg = x1. Thus, with the Axiom of Empty Set and the Axiom of Extensionality
we can prove 3z Vz(z ¢ x), and therefore, we can denote the unique empty
set by the constant symbol (.
Similarly, we define the binary relation symbol C, called subset, by stipu-
lating
xCy<=Vz(z€x—zEy).

Notice that for every x we have ) C z. Furthermore, we define the binary
relation symbol &, called proper subset, by stipulating

TGy <=zxCyAzF#y.

So far, we have at least one set, namely the empty set ), for which we
have () C (.

2. The Axiom of Pairing
VaVyduVz(z € u s (z=aVz=1y))

Notice that by the Axiom of Extensionality, the set u is uniquely defined by
the sets 2 and y. Therefore, we can define the binary function symbol {-, - }
by stipulating

{z.y}=u=Vz(z€ue (z=aVz=y)).

Notice that by the Axiom of Extensionality we have {z,z} = {z}, where
{z} denotes the set which contains the single element x. Thus, by the Ax-
iom of Pairing, if x is a set, then also {z} is a set. Now, starting with 0,
an iterated application of the Axiom of Pairing yields for example the sets
0,40}, {{03}, {{{0}}},. .., as well as {0, {0}}, {{0},{0,{0}}},....

Notice also that by the Axiom of Extensionality we have {x,y} = {y,z}.
Therefore, it does not matter in which order the elements of a 2-element set
are written down. However, with the Axiom of Pairing we can easily define
ordered pairs, denoted by (z,y), as follows:

(x,y) = {{z}, {=,y}}

It is not hard to show that (x,y) = (2/,y’) if and only if x = 2’ and y = ¢/'.
Thus, we can define the binary function symbol (-, -) by stipulating

(x,y) =u <= Vz(z cusr (z={a}vz= {x,y}))
Similarly, one could also define ordered triples, ordered quadruples, et cetera,

but the notation becomes quite hard to read. However, once we have more
axioms at hand, we can easily define arbitrarily large tuples.
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3. The Axiom of Union
VoIuvz(z € u <+ Jw € z(z € w))

With this axiom we can define the unary function symbol | J, called union,
by stipulating

Ux:ux:}Vz(zEUHHwEx(zew)).

Informally, for all sets x there exists the union of x which consists of all
sets which belong to at least one element of x. For example, x = [ J{z}.
Similarly, we define the binary function symbol U by stipulating

nyzu:(z}u:U{x,y}.

The set z Uy is called the union of z and y.

Now, with the Axiom of Union and the Axiom of Pairing, and by stipulating
x4+ 1:=xzU{x}, we can build, for example, the following sets:

0:=0
1:=0+1=0uU{0} = {0}
2:=1+1=1U{1} ={0,1}
3:=2+1=20{2} ={0,1,2},

and so on. This construction leads to the following definition: A set = such
that Vy(y € ¢ — (yU{y}) € z) is called inductive. More formally, we define
the unary relation symbol ind by stipulating

ind(z) <= Vy(y cxz— (yu{y}) € x)

Obviously, the empty set @ is inductive, i.e., ind(f); but of course, this def-
inition only makes sense if also some other inductive sets exist. However, in
order to make sure that non-empty inductive sets exist as well, we need the
following axiom.

4. The Axiom of Infinity
IO el ind(I))

Informally, the Axiom of Infinity postulates the existence of a non-empty in-
ductive set containing ). All the sets 0,1,2,... constructed above— which
we recognise as natural numbers — must belong to every inductive set. Thus,
if there was a set which contains just the natural numbers, it would be the
“smallest” inductive set containing the empty set. In order to construct this
set, we need some more axioms.
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5. The Axiom Schema of Separation
For each formula ¢(z,p) with free(yp) C {z,p}, the following formula is an
axiom:

V:UVﬁElsz(z Ey (z SN gp(z,ﬁ))),

where p'is an abbreviation for p1,...,p,, and correspondingly Vp stands for
Vpi1...Vp,. One can think of the sets py,...,p, as parameters of ¢, which
are usually some fixed sets. Informally, for each set z and every Zst-formula

(),
{zez:9(2)}

is a set. Notice that the Axiom Schema of Separation just allows us to separate
sets with a given property from a given set, but not to build collections of
sets with a given property. For example, for a set z and ¢(z) = z ¢ z,
{z € x:p(z)} is a set, but the collection {z : p(z)} is not a set.

As a first application of the Axiom Schema of Separation, we define the
intersection of two sets xo and x1: We use xy as a parameter and define
©(z,20) = z € 2. Then, by the Axiom Schema of Separation, there exists a
set y ={z € x1:p(zxz0)}, ie,

zEy (z€x1 N2 €xp).

In other words, for any sets xy and x1, the collection of all sets which belong
to both zg and x; is a set. This set is called the intersection of zy and
x1 and is denoted by zy N x1. More formally, we define the binary function
symbol N by stipulating

woﬂxl:y:<:>Vz(z€y<—>z€x1/\z€xo).

In general, for non-empty sets x we define the unary function symbol () by
stipulating

ﬂmzy:(z)y:{uEUx:VZEx(UEz)},

which is the intersection of all sets which belong to z. In order to see that [z
is a set which is uniquely determined by z, let p(z,2) = Vy € z (2 € y) and
apply the Axiom Schema of Separation to |Jz. Notice that x Ny = N{z, y}.

Another example is ¢(z,y) = z ¢ y, where y is a parameter. In this case,
{z € x: z ¢ y} is a set, denoted by x \ y, which is called the set-theoretic
difference of z and y. More formally, we define the binary function symbol \
by stipulating

z\y=u=Vz(z€usrzexAzdy).

The next axiom gives us for any set = the set of all subsets of z.
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6. The Axiom of Power Set
VedyVz(z € y <> z C x)

Informally, the Axiom of Power Set states that for each set x there is a set
P(x), called the power set of x, which consists of all subsets of x. More
formally, we define the unary function symbol & by stipulating

D)=y <= Vz(z€y+ zCx).

The Set w

As an application of the axioms which we have so far, we define the small-
est non-empty inductive set containing (), denoted by w, which will be the
smallest set containing the natural numbers (see Chapter 16): By the Axiom
of Infinity, there exists an non-empty inductive set Iy. Now, with the Axiom
of Power Set and the Axiom Schema of Separation, we can define the set

w:=[{X €2(I):0e X Aind(X)}.

We have to show that the set w is the smallest set which is inductive and
contains (: By definition, w is inductive and contains @). Now, let I be an
inductive set with ) € I, and let Xy := wnI. On the one hand, X is inductive
and § € Xy. On the other hand, since Xy C w, we have Xy € & (ly), which
implies that w C X. Therefore, w is the unique inductive set containing 0,
which is contained in every inductive set containing (.

Later in Chapter 16, we shall see that w is the domain of the standard
model of Peano Arithmetic PA.

Functions, Relations, and Models

With the axioms which we have so far (i.e., with Zermelo’s axiom system Z),
we can define notions like functions and relations.

Cartesian Products and Functions

Let us first define Cartesian products: For arbitrary sets A and B we define
the binary function symbol x by stipulating

AxB:={(z,y):x € ANy € B},
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where (z,y) = {{z},{z,y}}. The set A x B is called Cartesian product
of A and B. Thus, the Cartesian product of two sets A and B is a subset of
P(P(AUB)).

Now, we define functions f : A — B which map the elements of a set A to
elements of a set B as certain subsets of A x B. The set of all such functions
is denoted by 4B, where we define

AB:={f CAxB:Vre Ay e B((z,y) € f)}.

For f € 4B (i.e., f : A — B), we usually write f(z) = y instead of (z,y) € f
and say that y is the image of x under f. Moreover, the set A is called the
domain of f, denoted by dom f. If S C A, then the image of S under f is
denoted by f[S] = {f(z) : x € S}, and f|s = {(z,y) € f : x € S} is the
restriction of f to S. Furthermore, for a function f : A — B, f[4] is called
the range of f, denoted by ran(f).

Here are some special functions:
e A function f: A — B is surjective, or onto, if
Vy € Bz € A(f(z) =y).

In order to emphasise the fact that the function f is surjective, one can
write f : A — B.

e A function f: A — B is injective, or one-to-one, if we have
Vr, € AVxy € A(f(xl) = f(IQ) — T = Ig).
In order to emphasise the fact that f is injective, one can write f : A — B.

e A function f : A — B is bijective if it is injective and surjective. If
f+ A — B is bijective, then

Vy € B3lz € A((z,y) € f),
which implies that

Fh={{y2): (wy) e fr e A

is a function which is even bijective. Therefore, if a bijective function
exists from A to B, then there is also one from B to A and we sometimes
just say that there is a bijection between A and B. Notice that if f :
A — B is injective, then f is a bijection between A and f[A].

e If f is a function from A to B and g is a function from B to C, then the
composition go f is a function from A to C, where
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gof = {(x,z) €A><C:E|y€B(<x7y> € fA{y,z) Gg)}.

e If fis a function with domain «, for some ordinal number «a, then we call
f a sequence of length a. If f(5) =: zg for 8 < a, then we may write
f=(xs: 8 <a).

Cartesian Products and Relations

Let us now turn back to Cartesian products: For a set A and a natural number
n € w, we define the n-fold Cartesian product, denoted A™, by stipulating

AX. .. XxA:=(-((Ax Ay x A) x---x A).
—_——
n-times

In order to simplify the notation, we identify the elements {(ag, . . .,an,—1) € A™
with functions f € "A by stipulating:

A" +— "A
(agy ..., an—1) — {(k,ak>:k€n}
<f(0>7""f(n_1)> — f

With this identification, we can define Cartesian products A’ for arbitrary
sets I by identifying the elements of the Cartesian product with functions
felA

Notice that we are not yet able to define Cartesian products of arbitrary
sets, but we are able to define relations as subsets of finite Cartesian products.

e For any set A and any n € w, a set R C A" is called an n-ary relation
on A.

e If n =2, then R C A x A is also called a binary relation. For binary
relations R we usually write xRy instead of (z,y) € R.

e A binary relation R on A is a linear ordering on A, if for any elements
z,y € A we have xRy or x = y or yRx, where these three cases are
mutually exclusive.

e A linear ordering R on A is a well-ordering on A, if every non-empty
subset S C A has an R-minimal element, i.e., there exists a xy € S such
that for each y € S we have g Ry. Notice that, since R is a linear ordering,
the R-minimal element z( is unique. If there is a well-ordering R on A,
then we say that A is well-orderable. The question whether each set is
well-orderable has to be postponed until we have the Axiom of Choice.
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Other important binary relations are the so-called equivalence relations: Let
S be an arbitrary non-empty set. A binary relation ~ on S is an equivalence
relation if it is

o reflexive (i.e., for all x € S: z ~ x),
e symmetric (i.e., for all z,y € S: x ~ y <> y ~ x), and
e transitive (i.e., for all z,y,z € S:x ~yAy~z — x~ 2).

The equivalence class of an element x € S, denoted by [z]7, is the set
{y € §:x ~ y}. Ifit is clear from the context which relation ~ is meant,
we simply write [z] for [z]". We would like to recall the fact that for any
z,y € S we have either [z]” = [y]" or [z] N[y "= 0. Aset A C Sisa
set of representatives if A has exactly one element in common with each
equivalence class [x]". We would like to mention that the existence of a set of
representatives generally relies on the Axiom of Choice.

Zermelo-Fraenkel Set Theory with Choice (ZFC)

In 1922, Fraenkel and Skolem independently improved and extended Zer-
melo’s original axiomatic system, and the final version was again presented
by Zermelo in 1930. The two axioms which we have to add to Zermelo’s system
from 1908 are the Axiom Schema of Replacement and the Axiom of Founda-
tion. In this section, we will present the remaining axioms of the so-called
Zermelo—Fraenkel Set Theory with the Axiom of Choice, denoted by ZFC,
which consists of Zermelo’s axiom system Z together with the Axiom Schema
of Replacement, the Axiom of Foundation, and the Axiom of Choice.

7. The Axiom Schema of Replacement

In the first form in which we present the Axiom Schema of Replacement, it
states that for every first-order formula ¢(z,y,p) with free(p) = {x,y, p},
where p denotes a finite sequence of parameters, the following formula is
an axiom:

VAVﬁ(Vm € Adlyo(z,y,p) = IBVe € Ay € B<p(:zc7y,]§))

In order to reformulate the Axiom Schema of Replacement, we introduce the
notion of a class function: Let p(z,y,p) be a formula with free(p) = {z,y,p}
such that

Vv 3ly (. y,p) -
Then, for each parameter set p, the unary function symbol F', defined by
stipulating
F(z) =y = ¢(z,y,p),
is called a class function. Now, the Axiom Schema of Replacement states
that for every set A and for each class function F, F[A] := {F(z) : z € A}
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is contained in a set. With the Axiom Schema of Separation, we get slightly
more.

Fact 13.0. If F is a class function and A is a set, then F[A] is a set.

Proof. By the Axiom Schema of Replacement, there exists a set B such
that F[A] C B, and by the Axiom Schema of Separation we obtain that
{y € B:3z € A(F(x) =y)} is a set which obviously corresponds to F[A]. 4

We can therefore replace the Axiom Schema of Replacement with the fol-
lowing, somewhat stronger statement:

VAVﬁ(VI € Ay p(z,y,p) — IBVy (y €EB+dre Aga(x,y,;ﬁ)))

In other words, images of sets under class functions are sets. In this context,
we would like to mention that we can derive the Axiom Schema of Separation
from this stronger form. To see this, let ¢ (z) be a first-order formula with
free(y)) = {z}, let = be a set, and define the class function Fy by stipulating

Fu(z) = {{z} if (),

@  otherwise.

Then, by the stronger version of the Axiom Schema of Replacement, F[x] is
a set, and by the Axiom of Union, |J Fylz] = {z € z : ¢(2)} is also a set.

We would also like to mention that with this stronger version of the Ax-
iom Schema of Replacement, the Axiom of Empty Set is also redundant (see
EXERCISE 13.0).

With the Axiom Schema of Replacement, we can now define arbitrary Carte-
sian products: Let F' be a class function and let I be an arbitrary set. Fur-
thermore, for every ¢ € I let A, := F(:) and let A := |JF[I]. Then the
set

X A, = {f A el(f()e AL)}

el
is called the Cartesian product of the sets A, (v € I). As a matter of fact, we
would like to mention that with the axioms we have so far, we cannot prove

that Cartesian products X A, of non-empty sets A, are non-empty.
el

8. The Axiom of Foundation
Ve(z#0— Jylyean(yna=0)))

As a consequence of the Axiom of Foundation, we see that there is no
infinite descending sequence zg 3 1 3 =y 3 ---, since otherwise, the
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set {xo,21,22,...} would contradict the Axiom of Foundation. In particu-
lar, there is no set x such that x € x and there are also no cycles like
g € ¥1 € -+ € T, € To. As a matter of fact, we would like to mention
that if one assumes the Axiom of Choice, then the non-existence of such in-
finite descending sequences can be proved to be equivalent to the Axiom of
Foundation.

The axiom system containing the axioms 0-8 is called Zermelo—Fraenkel
Set Theory and is denoted by ZF.

9. The Axiom of Choice (AC)
V.Z 3f (f is a function from F to JZ N (0 ¢ F —Vz € F (f(x) € 2))),

or equivalently,
vgo‘(v) ¢ F af(f eUF AV e Z(f(z) € z)))

Informally, every family of non-empty sets has a choice function.

One can show that AC is equivalent to the statement that Cartesian prod-
ucts of non-empty sets are non-empty. More formally, let . = {A, : v € I} be
a family of non-empty sets (i.e., for each + € I, A, # (). Then the Cartesian
product

X A,

vel

is non-empty. In order to see this, let f be a choice function of .%. Then

{<L,f(AL)>:L€I} S XAL,

el

and hence, X A, is non-empty.
el

ZF together with the Axiom of Choice AC is denoted by ZFC. Later on, we
shall see that the axiom system ZFC is a foundation of first-order mathemat-
ics.

Well-Ordered Sets and Ordinal Numbers

In 1904, Zermelo [59] published his first proof of the so-called Well-Ordering
Principle, which states that every set can be well-ordered (see THEOREM 13.3),
and in 1908 he published a second proof (see [60]). In the proof presented be-
low, we essentially follow Zermelo’s first proof, but first we have to introduce
the notion of ordinal numbers.
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Ordinal Numbers

One of the most important concepts in Set Theory is the notion of ordinal
number, which can be seen as a transfinite extension of the natural numbers.
In order to define the concept of ordinal numbers, we must first give some
definitions: Let z € z. Then z is called an €-minimal element of x, denoted
by mine(z, ), if Vy(y ¢ 2z Vy ¢ z), or equivalently, for any y in z we have
y ¢ x, or more formally,

ming(z,7) <= z2€x A Vyly€z—y¢x).

A set z is ordered by ¢ if for any sets y1,y2 € x we have y; € yo or y1 = Yo
or y1 O Y2, where the three cases do not have to be mutually exclusive. More
formally,

orde(z) <= Vy,y2 €2 (y1 €Y Vyr =y2Vy1 D y2).

Now, a set x is called well-ordered by ¢ if it is ordered by € and if every
non-empty subset of x has an €-minimal element. More formally,

woe(z) == orde(z) A Vy € P(z) (y #0 — Iz € y mine(z,y)).

Furthermore, a set x is called tramsitive if each element of x is a subset of
z, i.e.,
trans(z) <= Vy(y € x — y Cx).

Notice that if z is transitive and z € y € x, then this implies z € z. A set
is called an ordinal number, or just an ordinal, if it is transitive and
well-ordered by €, i.e.,

ordinal(x) :<= trans(z) A woe(z).

Ordinal numbers are usually denoted by Greek letters like a, 3, 7, A, et cetera,
and the collection of all ordinal numbers is denoted by 2. We will see later
that € is not a set. However, we can consider “a € 2’ as an abbreviation of
ordinal(x), which is just a property of «, and thus, there is no harm in using
the symbol €2 in this way, even though 2 is not an object of the set-theoretic
universe.

Now, we are ready to prove the following result.

THEOREM 13.1.
(a) If a € Q, then either o =0 or ) € a.
(b) If a € Q, then a ¢ «.

(¢) If o, 8 € Q, then a € f or a = 8 or a > B, where these three cases are
mutually exclusive.

(d) If a« € B €9, then a € Q.
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(e) If a € Q, then also a U{a} € Q.

(f) Q is transitive and is well-ordered by €. More precisely, (2 is transitive and
ordered by €, and every non-empty collection C' C ) has an €-minimal
element.

Proof. (a) Since a € 2, « is well-ordered by €. Thus, either o = @, or, since
a C «, a contains an €-minimal element, say zg € a. If zg # 0, then we find
a z € xg, and by transitivity of a, we get z € «, which implies that zg is
not an €-minimal element of «. Hence, we must have z¢g = ), which shows
that 0 € a.

(b) Assume towards a contradiction that oo € . Then {a} is a non-empty
subset of a and therefore contains an €-minimal element. Now, since {a}
just contains the element «, the €-minimal element of {a} must be «, but
on the other hand, o € « implies that « is not €-minimal, a contradiction.

(¢) First, notice that by (b), the three cases o € 8, @« = 8, a > 8 are
mutually exclusive.

Let «, B € Q be given. If a = 3, then we are done. So, let us assume that
a # . Without loss of generality, we may assume that a \ 8 # 0.

We first show that o N g is the €-minimal element of '\ 8: Let «y be an €-
minimal element of a'\ 8. Since « is transitive and v € «, Yu(u € v = u € «),
and since « is an €-minimal element of « \ 8, Vu(u € v — u € (), which
implies v C aN . On the other hand, if there is a w € («N )\ 7y, then, since
a is ordered by € and v # w (v ¢ 8 2 w), we must have v € w, and since
is transitive and w € 3, this implies that v € 3, which contradicts the fact
that v € (a\ 8). Hence, v = aN § is the €-minimal element of o\ 8. Now, if
also 8\ a # 0, then we would find that N 3 is also the €-minimal element
of B\ «, which is obviously a contradiction.

Thus, a \ 8 # 0 implies that 8\ a = (J, or in other words, 5 C «, which is
the same as saying 5 = a N B. Consequently, we see that 3 is the €-minimal
element of o\ 8, and, in particular, we have 5 € a.

(d) Let o € 8 € Q. Since S is transitive, « is ordered by €. So, it remains
to show that « is transitive and well-ordered by €.

well-ordered by €: Because (3 is transitive, every subset of « is also a subset
of 8 and consequently contains an €-minimal element.

transitive: Let § € v € a. We have to show that § € «. Since ( is transitive,
6 € B, and since § is ordered by €, we have either 6 € a or § = a or a € 4. If
0 € a, we are done, and if § = a or « € §, then the set {a, 7,5} C 8 does not
have an €-minimal element, which contradicts the fact that 3 is well-ordered
by €.

(e) We have to show that a U {a} is transitive and well-ordered by €.

transitive: If B € (o U {a}), then either 8 € o or § = «, and in both cases
we have § C (aU{a}).

well-ordered by €: Since « is an ordinal, o U {a} is ordered by €. Let
now z C (a U {a}) be a non-empty set. If z = {a}, then « is obviously an
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€-minimal element of x. Otherwise, z N« # ), and since a € Q, x N« has an
€-minimal element, say ~y. Since « is transitive, we have Ny = @ (otherwise,
~ would not be €-minimal in z N «), which implies that v is €-minimal in x.
(f) Q is transitive and ordered by €: This is a consequence of part (d) and
part (c), respectively.
Q is well-ordered by €: Let C C ) be a non-empty collection of or-

dinals. If C = {a} for some a € Q, then « is the €-minimal element
of C. Otherwise, C' contains an ordinal &g such that do N C # @ and
let z := §p N C. Then z is a non-empty set of ordinals. Now, let a €

xz and let v be an €-minimal element of z N (o U {a}). By definition,
v € (aU{a}), and since (a U {a}) € Q, v C (o U {a}). Thus, every ordi-
nal 4" € v belongs to aU {a}, but by the definition of 7, 4" cannot belong to
x N (aU{a}), which implies that v is also €-minimal in z, and consequently
in C. -

Notice that if € is a set, then by (f), Q is an ordinal number, and therefore
Q € Q, which contradicts (b). Thus, the collection of all ordinals € is not a
set, but a so-called class. In general, a collection of sets, satisfying for example
a certain formula, which is not necessarily a set is called a class. For example,
Q is a class which is not a set (it consists of all transitive sets which are well-
ordered by €). Even though proper classes (i.e., classes which are not sets)
do not belong to the set-theoretic universe, it is sometimes convenient to
handle them like sets, e.g., taking intersections or extracting certain subsets
or subclasses from them.

Since € constitutes a linear ordering by (c), we use the following notation:

a<fl <<= aep
a<p <= a<pBVa=p

By THEOREM 13.1.(e) we know that if o € Q, then also (aeU{a}) € Q. Now,
for ordinals « € Q, let o + 1 := aU {a}. Part (b) of the following result —
which is just a consequence of THEOREM 13.1 —motivates this notation.

COROLLARY 13.2.

(a) If A CQ is a set of ordinals, then | J A is an ordinal.

(b) If a, 8 € 2 and « € B, then a+ 1 C B. In other words, a+ 1 is the least
ordinal which contains «.

(c) For every ordinal o € Q we have either o = |J v or there exists a 5 €
such that « = g+ 1.

Proof. (a) For every § € |JA there is an ordinal v € A such that 8 € ~.
Thus, by THEOREM 13.1.(d), § is an ordinal which implies that |JA C Q is
a set of ordinals, and by THEOREM 13.1.(f) we get that |J A is well-ordered
by €. Furthermore, if « € 8 € v € |J 4, then, since v is transitive, we have
a € v, which implies « € |J A4, i.e., |J A4 is transitive.
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(b) Assume a € 3, then {a} C S, and since 8 is transitive, we also have
a C B; thus, a+1=aU{a} C 3.

(¢c) Since « is transitive, [Ja C «. Thus, if a # [Ja, then o\ Ja # 0.
Let 8 be €-minimal in « \ [Ja. Then 8 € « and §+ 1 € Q, and by part (b)
we have § 4+ 1 C «. On the one hand, a € 8 + 1 would imply that a € «,
a contradiction to THEOREM 13.1.(b). On the other hand, 8 + 1 € a would
imply that 8 € |Ja, which contradicts the choice of 8. Thus, we must have
B+1=q. 4

This leads to the following definitions: An ordinal « is called a successor
ordinal if there exists an ordinal 3 such that o = B8+ 1; otherwise, it is called
a limit ordinal. In particular, () is a limit ordinal. Notice that o € Q is a
limit ordinal if and only if |Ja = «.

With these definitions one can show that w, defined above as the least non-
empty inductive set, is in fact the least non-empty limit ordinal. In particular,
we have Jw = w.

Now we are ready to prove the following

THEOREM 13.3. The Well-Ordering Principle is equivalent to the Axiom of
Choice.

Proof. (=) Let % be any family of non-empty sets and let < be any well-
ordering on |J.Z. Define f : # — |JZ by stipulating f(z) to be the <-
minimal element of z.

(<) Let M be a set. If M = @, then M is well-ordered and we are done.
Therefore, assume that M # () and let 22*(M) := (M) \ {0}. Furthermore,
let

f: 2" (M) > M
be an arbitrary but fixed choice function for the family &2*(M), which exists
by the Axiom of Choice.

Now, an injective function
We : 0 — M
from some ordinal a € 2 into M is called an f-set if for all v € @ we have
wa () = f(M\ {wa(d) : 6 €7}).

For example, w; = {<0, f(M)>} is an f-set —in fact, wy is the unique f-set
with domain {0}. In general, for every o € § there is at most one f-set wy,
with domain «. In order to see this, assume that w, and w!, are two distinct
f-sets with domain «. Because w, and w/, are distinct and o € €, there
exists an €-minimal v € « such that w,(y) # wl, (), but since for all § € v
we have w,(§) = wl,(8), which contradicts the fact that
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wa(y) = F(M\{wa(8) : 6 € 7}) = f(M\ {w,(8) : 0 € v}) = wi(v).

Thus, if there exists an f-set w, for some « € €, then this f-set w,, is the
unique f-set with dom(w,) = «a. Moreover, if wg and w, are f-sets and
B € «, then wy|g = wg (i-e., the restriction of w, to B is equal to wg).

Because every f-set w, induces a well-ordering on ran(w,) C M, by the
Axiom Schema of Separation, the collection of all f-sets is a set, say S. Now,
we define the class function F' by stipulating

F(w) = a if wis an f-set with dom(w) = a,
" 10 otherwise.

Notice that by the Axiom Schema of Replacement, F'[S] is a set of ordinals,
and therefore, by COROLLARY 13.2.(a), |J F[S] is an ordianl, say «p.
On S we define the ordering < as follows: For two distinct f-sets w, and
wg, let
W < Wg = a € f.

Since €2 is well-ordered by €, S is well-ordered by < and for wy, :=J S we
have dom(wq,) = ag. Let now

M :={zeM:Iyeay(w,(y)=1)}

Then M’ = M and w,, € S, since otherwise, w,, can be extended to the
f-set

Wy U {<Oé(),f(M \ M,)>} )
which is a contradiction to the definition of S. Therefore, the injective func-

tion we, : ap — M is surjective. In other words, w,, is a bijection between
ag and M. Finally, define the binary relation < on M by stipulating

T <y = w;ol(x) c w;ol(y).
Then, since «q is well-ordered by €, M is well-ordered by <. B

As an immediate consequence of THEOREM 13.3 we get the following

COROLLARY 13.4. For each well-ordering < of a set A there exists a unique
ordinal « and a unique bijective function w, : o — A such that for all
B,y € a,

e = wa(B) <wa(7)-

Proof. Let < be a well-ordering of a set A. Define f : 2*(A) := Z(A) \ {0}
by stipulating f(z) to be the <-minimal element of x. Then the second part
of the proof of THEOREM 13.3 gives us a bijection w,, : « — A with desired
property. -
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We conclude this chapter with the development of ordinal and cardinal
arithmetic. Since this topic is not essential outside of set theory, some results
are given without proof (for proofs we refer the reader to Halbeisen [22]).

Ordinal Arithmetic

The next result is the TRANSFINITE RECURSION THEOREM, a very powerful
tool which is used, for example, to define ordinal arithmetic (see below) or
to build the cumulative hierarchy of sets (see Chapter 14).

THEOREM 13.5 (TRANSFINITE RECURSION THEOREM). Let F' be a class
function which is defined for all sets. Then there is a unique class function G
defined on ) such that for each o € ) we have

G(a) = F(Gl|a), where Glo = {(8,G(B)): B € a}.

By transfinite recursion we are able to define addition, multiplication, and
exponentiation of arbitrary ordinal numbers (see EXERCISE 13.1):

Ordinal Addition: For arbitrary ordinals o € ), we define

(a) a+0:=q,

(b) a+1:=aU{a},

(¢c) a+(B+1):=(a+pB)+1forall Beq,

(d) and if 8 € Q is non-empty and a limit ordinal, then a4 := Uéeﬁ(a—l—é).

Notice that, for example, 1 + w = w # w + 1, which shows that addition of
ordinals is in general not commutative.

Ordinal Multiplication: For arbitrary ordinals « € ), we define
(a) a-0:=0,

(b) a-(B+1):=(a-B)+aforall g€,

(c) and if B € Q is a limit ordinal, then o - 8 := Jsc (e - 9).

Notice that, for example, 2 - w = w # w + w = w - 2, which shows that
multiplication of ordinals is in general not commutative.

Ordinal Exponentiation: For arbitrary ordinals o € €2, we define

(a) a® =1,

(b) aftl:=af - forall B €Q,

(c) and if 8 € Q is non-empty and a limit ordinal, then o := [J;c ().
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By definition, we obtain that addition, multiplication, and exponentiation
of ordinals are binary operations on 2. Moreover, one can prove that ad-
dition and multiplication of ordinals are also associative and that the left
distributive law holds (but not the right distributive law). In order to prove
a property for all ordinals, the following generalisation of the induction prin-
ciple for natural numbers is a very powerful tool.

THEOREM 13.6 (TRANSFINITE INDUCTION PRINCIPLE). Suppose that ¢(x)
is an ZLst-formula and suppose that the following conditions hold:

(a) (0)

(b) Va € Q(p(a) — ¢(a+1))

(c) (VB <ag(B) — ¢(a) if a € Qis a limit ordinal.
Then () holds for all ordinals o € Q.

ExaMPLE 13.7. We prove the left distributive law of ordinal arithmetic,
where we assume that the associativity of addition has already been shown.
Let a, 8 € Q be fixed ordinals.

(a) By definition, we have - (B+0)=«a-8=(a- ) + («a-0).
(b) Assume that « - (8 + 7) holds. Then we obtain

a-(B+(y+1) =a-(B+7)+1)

(a-B)+(a-7)) +a
+ ((a-7) + )
+ (o (y +1)).

(¢) Suppose that v is a limit ordinal and that o - (8 + ) = (o - 8) + (- 0)
for all 4 < . Then we have

a-B+y)=a- |JB+o)={Ja - B+0)=J((a 8)+(a-3)
o<y o<y o<y

=(@p+Jad=(ap+(7)

o<y

Hence, by the TRANSFINITE INDUCTION PRINCIPLE, the left distributive law
holds for all ordinals.

Let us consider the set w again. The ordinals belonging to w are called
natural numbers. Since w is the smallest non-empty limit ordinal, all nat-
ural numbers, except 0, are successor ordinals. Thus, for each n € w we have
either n = 0 or there is an m € w such that n = m + 1. Since by definition,
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k<n < ken

for each n € w we have n = {k € w: k <n},ie, n={0,1,...,n—1}. In
particular, for every n € w, n is a set containing exactly n elements.

With ordinal addition, multiplication, and exponentiation we can define
sums, products, and powers of natural numbers within ZF. In fact, we can
define these operations in Z already (see EXERCISE 13.5).

Cardinal Numbers and Cardinal Arithmetic

By COROLLARY 13.4 we know that for each well-ordering < of a set A there
exists a unique ordinal a and a unique bijective function w, : @ — A such
that for all 8,7 € a, we have § € v <= w4(8) < wy(7). The unique ordinal
« which corresponds to a well-ordering < of A is called the order type of
the well-ordering <.

In the presence of AC, we are now able to define cardinal numbers as or-
dinals: For any set A we define the cardinality of A, denoted by |A|, by
stipulating

|A| := min {o € Q : o is the order type of a well-ordering of A} .
By definition we have
|A| = min {a € Q : there is a bijection between o and A} .

In order to see that this definition makes sense, notice that by AC, every
set A is well-orderable, and that by the above remark, every well-ordering on
A corresponds to exactly one ordinal. Therefore, for each set A, the set of all
order types of well-orderings of A is a non-empty set of ordinals. Let C' C Q
be this set of ordinals. Then, by THEOREM 13.1.(f), C has an €-minimal
element min C, which shows that |A| is indeed an ordinal.

For example, we have |n| = n for every n € w, and |w| = w; but in general,
for a € Q, we do not have |a| = «a. For example, |w + 1| # w + 1, since
|w+ 1] =w and w # w + 1. However, there are also other ordinals « besides
n € w and w itself for which we have || = «. This leads to the following
definition:

An ordinal number x € Q such that |x| = & is called a cardinal number,
or just a cardinal. Cardinal numbers are usually denoted by Greek letters
like k, A, w, et cetera, or by Ws. For example, the cardinal number w is
denoted by RNg, which is the cardinality of countably infinite sets.

A cardinal « is infinite if k ¢ w, otherwise, it is finite. In other words, a
cardinal is finite if and only if it is a natural number.
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Since cardinal numbers are just a special kind of ordinal, they are well-
ordered by €. However, for cardinal numbers x and A we usually write K < A
instead of Kk € A, i.e.,

k<A &= KEM

Notice that for any cardinals x and A, if Kk < XA and A < k then x = A.
Thus, for any sets A and B, in order to show that |A| = |B|, it is enough to
find injections from A — B and B — A, since this implies |A| < |B| and

|B| < |A|, and hence, |A| = |B|.

The next result implies that there are arbitrarily large cardinal numbers.
THEOREM 13.8 (CANTOR’S THEOREM). For every set A, |A| < |2(4)|.

Proof. Let A be an arbitrary set. Obviously, we have |A| < |Z(A)]. If we
had |A] = |Z#(A)|, then there would be a bijection between A and F(A).
In particular, there would be a surjection A — Z?(A). Therefore, in order
to prove |A] < |Z(A)], it is enough to show that there is no surjection
f:A—-» P(A).

If A =0, then Z(A) = {0} and f = (); hence, f is not a surjection.

If A # 0, consider the set

I'={zeA:z¢ f(x)}.

On the one hand, since I' C A, I" € #(A). On the other hand, for each
x € A we have
rel < z¢ f(x),

and therefore, there is no z € A such that f(z) = I', which shows that f is
not surjective. -

A set A is called countable if |A| < w, and it is called uncountable
if |A| > w. For example, one can show that the set Q of rational numbers
is countable and that the set R of real numbers is uncountable (see EXER-
CISE 13.8).

Let k be a cardinal. The smallest cardinal number which is greater than
is denoted by k7, i.e.,

kY =min{a € Q: k< |}

Notice that by THEOREM 13.8, k < 2" for every cardinal . In particular, for
every cardinal x, {« € Q : k < ||} is non-empty and therefore xT exists.

A cardinal p is called a successor cardinal if there exists a cardinal k
such that u = k™; otherwise, it is called a limit cardinal. In particular,
every positive integer n € w is a successor cardinal and w is the smallest
non-zero limit cardinal. By induction on « € Q we define R, := XI, where
Ng := w, and Ry := [Jsc, Ns for limit ordinals a; notice that (Jsc, Ns is
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a cardinal (see SOLUTION TO EXERCISE 13.2.(a)). In particular, N, is the
smallest uncountable limit cardinal and N; = NSF is the smallest uncountable
cardinal. The collection {R,, : o € Q} is the class of all infinite cardinals, i.e.,
for every infinite cardinal s there is an o €  such that k = X,. Notice that
the collection of cardinals is—like the collection of ordinals—a proper class
and not a set. Now, we define addition, multiplication, and exponentiation of
cardinals as follows:

Cardinal Addition: For cardinals x and p, let

fot = (5 x {0} U (u x {1})]-

Cardinal Multiplication: For cardinals x and p, let

K- =K X pl.
Cardinal Exponentiation: For cardinals x and u, let
K= PR
As a consequence of these definitions we get the following result (for a proof

see SOLUTION TO EXERCISE 13.3).

Fact 13.9. Addition and multiplication of cardinals are associative and com-
mutative, and we have the distributive law for multiplication over addition,
and for all cardinals k, \, i, we have

M = g gH, g = (,%)‘)“, (k- N)H =rF A
Notice that there is a bijection f: & (k) — *2 given by

1, e X

P = {O iy

for A < k. Hence 2" = |#(k)|, and therefore, THEOREM 13.8 states that for
every cardinal k we have k < 2”. Now, the Continuum Hypothesis (CH) states
that 280 = Ry, and the Generalised Continuum Hypothesis (GCH) states that
2Re =R, for all @ € Q. It is worth mentioning that CH — and consequently

also GCH —is not provable within ZFC (see Halbeisen [22, Ch. 15]).

One of the main features of the arithmetic of infinite cardinals is given by
the following result.

ProPoOSITION 13.10. For any ordinal numbers «, 5 € §), we have
N, + NB =N, - Nﬁ = Nauﬁ = maX{Na, NB}

In particular, for every infinite cardinal k and for every n € w, K" = K.
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Proof. 1t is enough to show that for all a € Q we have R, - X, = N,. For
a = 0 we have Ry = w, and by the bijection f:w X w — w defined by

(n+m)(n+m-+1)
2 )

f((n,m)) i=n+

we have |w X w| = w, which shows that Ny - 8g = Ng. Assume towards a
contradiction that there exists an a € €2 such that R, - X, > N,. Then there
exists a least ordinal o with this property, i.e.,

ag=[ o€ Q:Re Ry >Ry}
On N,, x V., we define an ordering < by stipulating

(y1Ud1) € (72 Ud2), or
(71,01) < (72,02) == (11 U61) = (12U d2) Ay €72, or
(71U(51) = (’YQU(SQ)/\’)/l :’}/2/\(51 € 9.

With respect to the ordering <, the first few elements of X, x R, are

(0,0) < (0,1) < (1,0) < (1,1)
< (0,2) < (1,2) < (2,0) < (2,1) < (2,2) < (0,3) < ---

and in general, for a € 8 € R, we have {a,8) < (8, ). It is easily verified
that < is a linear ordering on R, x X, and we leave it as an exercise to the
reader to show that < is even a well-ordering.

Now, let n € Q2 be the order type of the well-ordering < on R,, x N,, and
let T : p = N, xRy, be the unique order preserving bijection between n and
Ny, X Ny, In particular, for any o, o’ € n we get

a€d ifandonlyif I'(a)<I'(d).

Because N,, < [Nqo, X No,| we have R, < |n]. Let now (79, d0) = I'(Nq,)-
Then, since 7g, dg € Ny, , for v = max{yp, dp} we have

V] <Ry, and Ny, <|vxv|.

Thus, for Rg = |v| we get Rg < Ny, and Rg-Ng > Ng, which is a contradiction
to the choice of ay. -

For a cardinal &, let fin(k) denote the set of all finite subsets of x, and let
seq(k) denote the set of all finite sequences which we can build with elements
of k. For a proof of the following fact see the SOLUTION TO EXERCISE 13.4.

Fact 13.11. For every infinite cardinal , we have x = |fin(k)| = | seq(x)|.
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NOTES

In 1905, Zermelo began to axiomatise Set Theory, and in 1908 he published his first
axiomatic system consisting of the seven above-mentioned axioms. In 1930, he presented
in [62] his second axiomatic system, which he called the ZF-system, where he incorporated
ideas of Fraenkel [10], Skolem [50], and von Neumann [38, 39, 40]. In fact, he added the
Axiom Schema of Replacement (which was already used implicitly by Cantor in 1899) and
the Axiom of Foundation to his former system, cancelled the Axiom of Infinity and did not
explicitly mention the Axiom of Choice. More details can be found, for example, in the
notes of Halbeisen [22, Ch. 3].

EXERCISES

13.0 Show that the Axiom of Empty Set follows from the Axiom Schema of Separation.

13.1 (a) Define by transfinite recursion addition of ordinals.

Hint: For each a € Q define a class function F,, by stipulating Fu(z) := 0 if = is
not a function; if x is a function, then let

a ifz =90,

z(B)U{x(B)} ifdom(z)=p+1andf€Q,

Usep z(6) if dom(z) = B and B € Q\ {0} is a limit ordinal,
0

otherwise.

Fo(z) =

(b) Define by transfinite recursion multiplication of ordinals.

(c) Define by transfinite recursion exponentiation of ordinals.

13.2 (a) Show that for limit ordinals a € Q, s, Rs is a cardinal.

(b) Show that any infinite cardinal & is of the form Rz for some ordinal 3.

13.3 Prove Fact 13.9.

13.4 (a) If s is an infinite cardinal, then x = |seq(k)|.
Hint: Notice that |seq(x)| = | U, e, ™| = Ro - &-
(b) If £ is an infinite cardinal, then k = | fin(k)|.

13.5 Show that we can construct a model of PA within the axiom system Z. In particular,
addition and multiplication of ordinals in w can be defined without the Axiom Schema
of Replacement (i.e., without the help of the TRANSFINITE RECURSION THEOREM).

13.6 Let the unary relation symbol trans* be defined as follows:
trans*(z) <= trans(z) A Vy € x (trans(y))
Show that for all sets z we have:

trans*(z) = Vy1,y2 €z (y1 Cy2 — (y1 =v2 V1 € 2))
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13.7 Prove that the following statements are equivalent for all sets x:
(a) ordinal(z)
(b) trans*(z)
(c) orde(x) A trans(z)
13.8 Show that R is uncountable. In particular, show that |R| = |(0,1)| = |#(w)|, where
(0,1) is the set {re R: 0 < r < 1}.

Remark: A construction of R is given in Chapter 17. In this exercise, you may use
any well-known properties of R.
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Chapter 14
Models of Set Theory

Zermelo writes in [61, p. 262] that he was not able to show that the seven
axioms for Set Theory given in that article are consistent. Even though it
is essential whether a theory is consistent or not, we know that whenever a
theory is strong enough to prove the axioms of PA, then there is no way to
prove its consistency within this theory (see Chapter 11). Therefore, since we
can prove within ZF that PA is consistent, we cannot prove the consistency
of ZF within ZF. On the the other hand, we know that every consistent theory
has a model. In particular, if ZF is consistent, then it has a model.

In what follows, we first show what models of ZF look like, then we briefly
discuss non-standard models of ZF, and finally we give a construction of
Godel’s model of ZFC, which shows that AC is relatively consistent with ZF.
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L. Halbeisen, R. Krapf, Gddel’s Theorems and Zermelo’s Axioms,
https://doi.org/10.1007/978-3-031-85106-3_15


https://doi.org/10.1007/978-3-031-85106-3_15
https://crossmark.crossref.org/dialog/?doi=10.1007/978-3-031-85106-3_15&domain=pdf

196 14 Models of Set Theory
The Cumulative Hierarchy of Sets

Let us assume that ZF is consistent. Then, by GODEL’S COMPLETENESS
THEOREM 5.5 we know that there must be a model M = (M, €™) of ZF.
Surprisingly, the domain M of the model M always has the structure of a
cumulative hierarchy of sets. For this, we first construct within ZF a certain
class V which has the structure of a cumulative hierarchy, and then we show
that every set in M corresponds to an element in V, which is—in abuse of
notation — denoted M = VM. To construct V, we first define the sets

VO = ®a
Vo= U Vs if ais a limit ordinal ,
BEw
Va+1 = <@(\/VO() s

and then we define the class V by stipulating

V = U V..

a€eQ

The class V we defined is called the cumulative hierarchy of sets. To
carry out the construction of V in the framework of ZF, we define the class
function F by stipulating F(x) := ) if z is not a function; and if z is a
function, then let

1] ifx =0,
Fla) = 2(x(B)) ifdom(z) =B+ 1and B €,
v Usepz(9) if dom(z) = 8 and B € @\ {0} is a limit ordinal,

0 otherwise.

By the TRANSFINITE RECURSION THEOREM 13.5, there is a unique class
function G defined on € such that for each a € Q we have G(a) = F(Gla).
In particular, for each a € Q we have G(«) = V.

Notice that by the Axiom Schema of Replacement, for each a € 2, V,, is a
set. Moreover, we can easily prove the following
FAcT 14.0. For any «, 8 € Q) we have:
(a) V, is transitive.
(b) The class V is transitive.
(c¢) If € B, then Vo & V3.
(d) « €V, and o € Vyrq.
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The cumulative hierarchy of sets is visualised by the following figure:

Va+1

Before we can prove that the interpretation VM of V in the model M
contains all sets of M, we have to introduce the notion of transitive closure:
Let S be an arbitrary set. By induction on n € w, we define

SO = S7 Sn+1 = USru

and finally
TC(S) = | S,
new
where |, c,, Sn := U{Sn : n € w}. For example, ; € S; if and only if there
is an zg € Sy, such that xg 3 z1, and in general, z, 11 € S,1 if and only if

Jzg € So---Jxy € Sp(xo D212+ D Tpg1)-

Notice that by the Axiom of Foundation, every descending sequence of the
form zg 3 1 5 - -- must be finite. More precisely, every descending sequence
To D x1 D --- is of the form g 3 1 3 --- 3 x,, for some n € w.

By construction, TC(S) is transitive, i.e., z € TC(S) implies z C TC(S5),
and we further have S C TC(S). Moreover, since every transitive set 7' must
satisfy T C T, it follows that the set TC(S) is the smallest transitive set
which contains S. Thus,

TC(S) = ﬂ{T : T D S and T is transitive}.

Consequently, the set TC(.S) is called the transitive closure of S.
Now we are ready to show that M = VM,

THEOREM 14.1. For every set x in M there is an ordinal o such that x € VM.
In particular, the domain of any model M of ZF has the structure of a
cumulative hierarchy of sets.
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Proof. Let M be an arbitrary model of ZF with domain M, where we write
just “€” instead of “eM”. Assume towards a contradiction that there exists
a set x in M which does not belong to VM. Let z := TC({z}) (i.e., Z is the
transitive closure of {z}), and let w:={z €z :2 ¢ VM} ie, w=72\ {2 €
7 Ja € Q2" € VM}. Notice that w € M. Since z € w we have w # (), and
by the Axiom of Foundation there is a 2y € w such that (zg Nw) = @. Since
29 € w we have zo ¢ VM which implies that zo # ), but for all u € 2, there is
a least ordinal «,, such that u € Vgﬂu. By the Axiom Schema of Replacement,
{ay : u € 29} is a set, and moreover, o = | J{aw, : u € 29} € Q. This implies
that zo € VM and consequently we get 2o € Vyﬂ, which contradicts the
fact that 29 ¢ V™. Thus, we have verified that in the model M we have
M = VM, x

Since the class V is defined as a union of iterated powers of 0, i.e.,
V =Upeaq 2°0), VM depends on the interpretation 2™ in M of the unary
power-set function symbol £ in the extended language of set theory. It is
therefore natural to ask whether we can interpret & in M also in a differ-
ent way, say @M, such that the corresponding cumulative hierarchy VMg a
sub-class of VM, but M = (VM, €) is still a model of ZF, or even of ZFC. By
THEOREM 14.1, we obtain that if M E ZF, then VM = VM. This is because
M which is the interpretation of & in M, is the same function as M In
particular, if VM i a proper sub-class of VM, then M = (VM €) is a proper
sub-model of M = (VM ¢).

Now, since every model M of ZF is of the form M = (VM &), where V is
the formally defined cumulative hierarchy of sets, in abuse of terminology we
will identify the model M with the class V. In particular, we will consider
V as the set-theoretic universe which contains all sets. Even though V is
formally defined within ZF, this does not mean that ZF has a unique model,
as we will see in the next section.

Non-Standard Models of ZF

On the one hand, in Chapter 7 we have constructed the standard model of PA
with domain IN, on which we later defined the linear ordering <. On the other
hand, in Chapter 13 we have constructed from ZF the set w with the linear
ordering given by the membership relation €. Now, if, in a model V of ZF,
the structure (w, €) is isomorphic to the structure (IN, <), then we call V
a standard model of ZF; otherwise, V is called a non-standard model
of ZF. Recall that in ZF, a set z is called finite if and only if there exists
a bijection between z and some element of w. This leads to an alternative
definition of standard models of ZF: A model V of ZF is a standard model
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if and only if each set x which is finite in V is also finite with respect to the
metamathematical notion of FINITENES S.

Before we show the existence of non-standard models of ZF, we would like
to mention that we do not have a criteria to decide whether a model V
of ZF is standard. In particular, when we assumed earlier that M F ZF, it
might have been that M was a non-standard model, and therefore we find
that the non-standard models of ZF also have the structure of the cumulative
hierarchy.

Now, we will show that if ZF is consistent, then there exists a non-standard
model of ZF. For this purpose, we first extend the signature Zst = {€}
by adding countably many new constant symbols cg, c1, ca, ..., i.e., the new
signature is {€, cg, 1, €2, ...}. Then, we extend the axioms ZF by adding the
formulae

cp €cp, Cop€C, C3€E€CY ...,
—— —— ——

$o 1 P2

and let U be the collection of these formulae. Now, if ZF has a model V
and @ is any finite subset of ¥, then, by interpreting the finitely many c;’s
co,--.,Cpn appearing in ¥ in a suitable way, e.g., by stipulating

c;:=n—1,

V is also a model of ZF U ®, which implies that ZF U ® is consistent. Thus,
by the COMPACTNESS THEOREM, ZF UV is also consistent and therefore has
a model, say V*. Since V* E ZF U ¥, we get that the Axiom of Foundation
holds in V*. In particular, there must be a set z € TC (cé’*) such that

V*EzNTC (¢ ) =0,

which implies that z must be different from all the sets ¢V . On the other
hand, by the Axiom of Foundation, the length of a decreasing sequence of the
form
cS’* BCY* Bc;,* 222

must be finite in the sense of V*. In other words, the length of such a de-
creasing sequence must be an element of w in the model V*, denoted by wV",
which shows that wV™ contains sets which are not finite with respect to the
metamathematical notion of FINIT EN E S S. In particular, the structures
(wV",€) and (N, <) are not isomorphic, and hence, V* is a non-standard
model of ZF.

As a matter of fact, we would like to mention that from the consistency
of ZF we obtain the existence of non-standard models of ZF, but without
using the metamathematical notion of FINITEN E $ S, we do not obtain
the existence of standard models of ZF.
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Godel’s Incompleteness Theorems for Set Theory

In this section, we indicate how Godel’s Incompleteness Theorems can be
transferred to ZF and ZFC, respectively. In Chapter 16, we shall see that
within ZF we can construct a model of PA with domain w. In particular, we
obtain

Con(ZF) == Con(PA).

Therefore, with respect to w, we can define within ZF the non-logical symbols
of %pa and can extend the language Zst to the language £ := L1 U Zpa U
{w}. Furthermore, we can extend the theory ZF to the theory T := ZF U PA.
Now, since .Z O Zpa is a godelisable language and T is a godelisable .Z-
theory, we can apply THEOREM 10.11 and obtain that if ZF is consistent,
then it is incomplete — the same applies to ZFC.

Moreover, within ZF we can define the Zst-sentence

congg <= —prvze(T0 = {0}")
and show that if ZF is consistent, then ZF ¥ conzr — where the same applies

to ZFC.

Summing up, we obtain the following

THEOREM 14.2 (GODEL’S INCOMPLETENESS THEOREMS FOR SET THEORY).
(a) If ZF is consistent, then it is incomplete.

(b) If ZF is consistent, then ZF ¥ congg.

Correspondingly, the same holds for ZFC.

As a matter of fact, we would like to mention that for T as above, on the
one hand we have
Con(T) == Con(PA),

but on the other hand, for conpa :<= —prvpa ("0 =17) we have

Con(T) ==> T ¥ conpa .

Absoluteness

In order to investigate sub-models of V of fragments of ZFC, where we identify
the class V with the model (V, €), the notion of absoluteness will be crucial.
If M is the domain of a sub-model M of V, then M is a collection of sets
of V. However, M itself is not necessarily a set in V, but as a collection of
sets of V, M is a class in V. For a class M in V, we can relativise a formula
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©(v1,...,Vy) to the model M = (M, €) such that for all z1,...,z, € M, the

relativised formula " (vy,...,v,) has the following property:
M@y, x,) = ME@(z,...,2,)

To do this, by THEOREM 1.7, we may assume that ¢ only contains — and A
as logical operators and 3 as quantifier. We define " recursively as follows:

(xiExj)M%:) VEz €,
($¢:$j)MI<:> V':’I'l:xj
(mp)" = V=M
(A= VEQM A
BreM:e—= FzeM: VEMa)

If M; and M, are two classes in V such that M; C M, then an Zs1-
formula ¢(vy,...,v,) is called absolute between the models M; = (Mg, €)
and My = (:’.\/.[27 E), if for all Ti,...,T, € My,

le(xl,...,mn) — (pM2(J:1,...,33n).

In the case when My = (V, €), then we say that ¢ is absolute for M.

As for Zpa-formulae, we say that an Zst-formula ¢ is a A-formula if it
is built up from atomic formulae using —, A, V, and bounded quantification,
ie., Vv € 7 and Jv € 7 for some term 7.

ExAMPLE 14.3. The formula x C y can be expressed by a A-formula, since
rCy < Vzex(zey).

Moreover, the formula stating that z is an ordinal is equivalent to a A-
formula, since trans(z) is a A-formula and by EXERCISES 13.6 and 13.7.(b)
we have

ordinal(z) <= trans(z) A Vy € z(trans(y)) .

A proof of the following result can be found in Kunen [31]).

FacT 14.4. Let M be a class and let M = (M, €). Then every Zst-formula
which is logically equivalent to a A-formula is absolute for M.

The following result is useful because it provides simple criteria for the ax-
ioms of ZF being valid in transitive classes (a proof can be found in Kunen [31]).
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LEMMA 14.5. Let M be a transitive class (i.e., M is a class and for all x,y
we have x € y € M — x € M), and let Ml = (M, €). Then we have:

a) M E Axiom of Extensionality
b) M E Axiom of Foundation
¢) M E Axiom of Pairing <= Vz,y € M({z,y} € M)

(
(b)
(c)
(d) M E Axiom of Union <= Yz € M(Jz € M)
(e)

)

e) M E Axiom of Infinity <— w € M
(f) M E Axiom of Power Set <= Yz € M(2(x) "M € M)

Godel’s Constructible Model L

In this section, we present Godel’s constructible universe L, which essentially
consists of all sets which can be “described” and is therefore the smallest
model of Set Theory. More precisely, in each step of the construction of L
within some ground model V FE ZF, we only add sets which are definable
from already constructed sets M by taking sets of the form

T = {yEM:(M7€) 'Zgo(yapla"-apn)}a

for some formulae ¢ and parameters pi,...,p, € M. The problem that we
encounter at this point is that we do not know whether the satisfaction re-
lation (M, €) E ¢(y,p1,...,pn) can be defined by an Zsr-formula, which is
crucial in order to apply the Axiom Schema of Separation to obtain the ex-
istence of the set x. To achieve this, we first gbdelise .Zst-formulae within
ZF in a similar way as we godelised Zpa-formulae within PA in Chapter 9.
However, in Set Theory the gidelisation is much simpler. We first godelise
atomic Zst-formulae as follows:

Suppose that ¢ and ¥ have already been gbodelised. Then we define:

M= (2,797
I_QO /\ w—l <3 r —I I’w—l>
,_30 \/ ,l/}—l <4 r —l I—w—l>
I_(,O — w"l <5 r "I I_'(/)—l>
;07 := (6,4, ")
Vo= (7,5,"¢")
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We can then define the set of all codes of formalised Zst-formulae by stipu-
lating:
fe€Fml:«<=3n€w and c:n+1—V, such that f =c(n) and
Vm <n3i,j € wk,l <m(c(m)=1(0,4,5)Veclm)=(1,i,7)
Ve(m) = (2,c(k)) v e(m) = (3, c(k), c(l))
Ve(m) = (4, c(k), c(l)) V e(m) = (5, c(k), (1))
Ve(m) = (6,4, c(k)) V c(m) = (7,i,¢c(k))) .
Notice that Fml is a set which belongs to V. Furthermore, by induction on

the construction of ¢, one can show that for every .Zsr-formula ¢ we have
o™ € Fml

Let M be a set or a class. As usual, we shall identify the Zst-structure
(M, €) with M. Furthermore, let & = (zq,...,7,) € M"*! ie., 7 is a func-
tion with dom Z = n+1 and Z(i) = z; for all 0 < i < n. Now, we formalise the

satisfaction relation for .Zsr-formulae with free variables among {vo, ..., v}
as follows:
MTEY0,4,5)[F] : <= z; € z;
MTE(1,i, )] : <= x; = x
MTEY2, f)[&] : <= ~M"Ef[7]
MTE3, £, 9)[F] : <= MTEVf[Z] A MTEg[Z]
MTEY6, i, f)[T] : <= Ja € M(MTEf[ZL]),

where for 0 < k < n,

a k=1

() = { b

FAcCT 14.6. Let M be a class in V and let o(vy, . ..,v,) be an ZLsr-formula.
Then for any zg,...,x, € M and & = (xq,...,z,) we have

ME o(xo,...,zn) <= MTETo[].

Let now M be a set in V. We say that a set « is definable over M, if there
exist an Zr-formula (v, ...,v,) and p1,...,p, € M such that

r={yeM:MEoyp1,....pn)} ={y €M : " (y,p1,...,00)} -
Furthermore, we define

Def(M) := {x € P (M) : x is definable over M} .
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Notice that since M € V, Def(M) belongs to V as well. Moreover, by defi-
nition we have Def(M) C Z(M).

In order to achieve that the set Def(M) itself is definable within V, we
have to use the formalised satisfaction relation. The reason is that we can-
not quantify over Zsr-formulae, but need to quantify over elements of Fml
instead. By the above definitions we obtain

x € Def(M) <=
3feFmlInewdpe M"Vye M(y €z < MTEf[{y,p)]),
which shows that we can indeed define the set Def(M) within V. Thus, by

transfinite recursion we can define within V the constructible hierarchy
as follows:

Lo=10
L, = U Lg if o is a limit ordinal
BEQ

Lat1 = Def(Ly)

The constructible universe is then defined as

L= UL(X.

ae)

By transfinite recursion one can show that the class L is definable within V.
The goal is now to show that L is a model of ZFC. In order to simplify the
notation, we will not distinguish between the sets L, and the correspond-
ing Zr-structures (Ly, €); the same applies to the class L and the Zsr-
structure (L, €).

The following result shows that the structure of L is the same as the struc-
ture of V. In particular, we obtain that L contains the same ordinals as V.

PROPOSITION 14.7.

(a) If o« € B € Q, then Ly & Lg.

(b) For every 8 € Q, Lg is transitive.
(c) For every € Q,Lg C Vg.

(d) Forevery BeQ,LgnQ=4.

Proof. The proof is by induction on 3 € Q. For § = 0 we have Lg = () and
therefore, the claim is trivial. The limit case follows immediately from the
definition of Lg at the limit stage. Hence we may assume that f =vy+1isa
successor ordinal. For (a) it suffices to check that L, C Lg and L, € Lg. For
the first claim, let z € L. By transitivity of L, we have x C L, and hence
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z={yeL,:(Ly,€)Fyeua}eDef(L,) =Ls.
For the second claim, note that
L,={z€L,:(Ly,e)Fz =z} € Ls.

For (b) let « € Lg. Then (a) and the transitivity of L., imply « C L, C Lg. By
our induction hypothesis we have L, € V, and thus #(L,) C Z(V,) = V.
Since Vg = Def(L,) € #(L,), (c) holds. For (d), observe first that LN C
V3N Q = 3. For the reverse inclusion, by induction we have L, N = v and
therefore, by absoluteness of the formula ordinal(z)’, we finally have

v={6 €L, :ordinal(6)} = {6 € L, : (L, €) F ordinal(¢) } € Def(L,) = Lg.
4|

THEOREM 14.8 (LEVY’S REFLECTION THEOREM). Let ¢ be an Zst-formula
and a € Q. Then there is a § € ) with 8 > « such that ¢ is absolute between
L[g and L.

Proof. By THEOREM 1.7, we may assume that ¢ only contains — and A as
logical operators and 3 as quantifier. Suppose that ¢, ..., ¢, is a list of all
subformulae of ¢ with the property that all proper subformulae of ¢; occur
among g, - - ., Pi—1, i.e., ® is the formula ,,. Furthermore, assume that all
free variables of ¢, . . . , @ are among {vy, . . ., v, }. For the sake of simplicity,
for ¥ = (xg,...,x,) € L™ we define

o(Z) = o(xo, ..., xn) .

For every i < m, we define a class function F; : L"*! — Q by stipulating

ming {5 €Q:bely ¢L(g,f)} if (@) = (v, )
Fi(%) = and EIaGLwL(%,f),

0 otherwise.

Notice that the class function F; guarantees that if ¢; is of the form Jv ¢ (v)
and there is a witness in L for ¢)(v), then there is already a witness for ¢ (v)
in Lﬁ.

Now, we recursively define a sequence of ordinals (8y : k € w) as follows:
Let By := a. Suppose that fy is given. Then let

Br+1 ZU{Fl(a_f) s <mA{zg,...,Tn} Qngk}.

Finally, set 8 := U,c,, Bx- We show by induction that for every i < m, the
formula ¢; is absolute between Lg and L. Suppose that {zo,...,2,} C Lg.

Case 1. p; is atomic. Then ¢; is obviously absolute between Lg and L.
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Case 2. p; is ~p; for some j < i and ¢; is absolute between Lg and L. By
o . Lg — L/=
assumption, we have ¢,” () <= ¢/ () and hence

L/j

" Lg - " -
0" (T) = —9° (1) = ~¢j (@) = o'@).

Case 3. ¢; is @ Ay, for j, k < i and ¢;, ¢ are absolute between Lg and L.
Then we have

Lg /- Lg /- Lg /- — ﬁ. .
0,7 (B) = 97 (@) N (£) <= @} (F) A gk (8) = or ().

Case 4. ; is vy, for some j < i such that ¢; is absolute between Lg
and L. Then on the one hand, since L and Lg C L, we have

0% (F) = v € Lp 9" (7) = v € Lok (@) = oF(@),

and on the other hand, by construction of g and since {zo,...,z,} C Lg, we
have L .
ol(F) = v e L<pjl~‘(f) = W eLpp,” (@) = ¢;” ().

Hence, ¢; is absolute between Lg and L. =

LEZF

Now we are ready to show the following

THEOREM 14.9. The constructible universe is a model of ZF, i.e.,

LEZF.

Proof. First notice that since () € L, the Axiom of Empty Set holds in L, and
since L is a transitive class, by LEMMA 14.5 also the Axiom of Extensionality
and the Axiom of Foundation hold in L.

By applying LEMMA 14.5, we now show that the following five axioms of
ZF hold in L:

Axiom of Pairing. Let a,b € L and let a € €2 be such that a,b € L. Then
{a,b} ={z €La:z=aVa=>b} €Ly CL.

Axiom of Union. Let a € L and let o € € such that a € L,. Since L, is
transitive, we have | Ja C L, and thus,

Uaz{xeLa:Ely(xEy/\yea)}
={z€Lly:LoFIycalzey)} € Las.

Axiom of Infinity. By PROPOSITION 14.7 we have w € L, 41 C L.
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Axiom of Power Set. Let a € L. By the Axiom of Power Set in V we obtain
that Z(a)NL is a set, and thus, there is an « € € such that Z(a) L C L,.
Therefore, we have

ﬂ(a)ﬂL:{meLa:an}:{xELa:Lahmga}ELQH,

since the subset relation is absolute.

It remains to show that the two axiom schema of ZF hold in L as well:

Axiom Schema of Separation. Let ¢(vp,...,v,) be an Zr-formula such

that free(v) C {vo,...,Vn}, let {x,p1,...,pn} C L and let = (p1,...,Dn).
It suffices to prove that

{yex:LIZga(y,ﬁ)}eL.

Let o € Q be such that {z,p1,...,pn} C Ly. By LEVY’S REFLECTION THE-
OREM, there is a 8 € {2 with 8 > o such that ¢ is absolute between Lg and L.
Then by transitivity of Lg we have

{yex:LEpyp)}={yex:LsFo(y,p}
={yels: Lk y(y,pa)} €Lpy,

where ¥(vg, ..., Up11) is the formula vy € vy 1 A @(vo, ..., Un).

Axiom Schema of Replacement. Let ¢ be an Zsr-formula with n + 2 free
variables and let {p1,...,pn, A} € L. Suppose that ¢ defines a class function
in L, i.e.,

Vo € L3y € Ly(x,y,D).

Consider the function F' on A given by

F(z) =minc {8 €Q: 3y € ngpL(a:,y,ﬁ)}.

Since A € L, by the Axiom Schema of Replacement applied in V we have
X := F[A] € V. Now, X is a set of ordinals, and therefore, a := [JX € Q.
Consider

B:={yeL:3z¢c A@L(x,y,ﬁ)}.

Since ¢ is functional and using the Axiom Schema of Replacement in V| we
obtain that B is a set satisfying B C L,. Now, by LEVY’S REFLECTION
THEOREM there is an ordinal 8 > « such that A € Lg and ¢ is absolute
between Lg and L. Hence,

B={yeL:3z¢ A@L($7y7m}
= {y c LB :dw € A‘PLB(l‘vyaﬁ)} € L:@Jrl '

Therefore, we have shown that L satisfies all axioms of ZF, i.e., L E ZF. 4
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LE ZFC

In this section, we will show that it is possible to define a class-sized well-
ordering of Godel’s model L, from which it follows that L is in fact a model
of the Axiom of Choice. Since our ground model V, in which we carried out
the construction of L, was just a model of ZF, it may come as a surprise that
L E ZFC. In particular, we obtain that in every model V of ZF there exists
a sub-model of ZFC, no matter whether or not AC holds in V.

The idea of the proof is to show that each level L, of the constructible
hierarchy can be well-ordered, which can be used to construct a well-ordering
of L.

Suppose that for some « € €, a well-ordering <, of L, is given such that
for any 8 € Q with a < 8, <3 is an end-extension of <, i.e., <g satisfies
the following two properties:

e For any =,y € L, if x <, y then z <3 y.
o If x €L, and y € Lg \ Ly, then z <3 .

Assuming the existence of such a well-ordering <, for every a € 2, we obtain
a class-sized well-ordering of L by stipulating

T <Ly <= Jo € Az <4 Y).

We will define <, by transfinite recursion. Note that the only non-trivial case
will be the successor case. Recall that we have defined L,41 to be Def(L,),
and each element of Def(Ly,) is of the form x = D(«, f, ), where f € Fml,
P € seq(Ly) and

D(a’ﬁﬁ) = {y € L : Lal—':—lnyam}}'

Therefore, the task of defining a well-ordering on L, 41 essentially reduces to
ordering triples («, f,p), whereby one has to take into account that different
triples can generate the same set. Thus, we will also define recursively a
well-ordering <, on triples of the form (8, f,p) for 8 < «, f € Fml, and
P € seq(L,). Now, since the sequence of parameters p'is in L, one needs to
refer to <, in order to define <,1. Hence, we define both well-orderings by
a simultaneous recursion.

Moreover, observe that ordering such triples further requires ordering Fml.
By construction, we have Fml C V,,, and thus, Fml is countable. Hence, there
is a well-ordering <pp1 of Fml. We proceed as follows:

e Let <g be the empty ordering, i.e., <g:= ().

e Suppose that for some a € Q, <, has already been defined. We first
tackle <o41. Let 8,7 < «, f,g € Fml, and let p, ¢ € seq(Lq) of length Iz
and [z, respectively. Then we define:
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(B, f.P) %at1(7:9,0) = B <V (B=7Af <rm 9)
V(B=aAf=gnlz<ly)
V(ﬁZ’Y/\f:g/\lﬁ:lq'/\

In € w(n = min {m < Iz Iz : p(m) # g(m)}
AB(R) <a ()

Now, we are ready to define <,41. For z,y € Ly41, we set

T <a+1¥Y :<:><vi717>'~<&+1<’77qu>’

where (8, f,p) and (v,g,7) are <,41-minimal triples such that z =
D(B, f,p) and y = D(v,9,q).

e If v is a limit ordinal, then we set
<a:= U =B -

By construction, <z is an end-extension of <, for all o, 8 € Q with o < 3.
Therefore, the ordering <y, as defined above is a well-ordering of the entire
constructible universe L. Note that the existence of a well-ordering of the
whole model, a so-called global well-ordering, yields a strengthening of
the Axiom of Choice, namely a class-sized choice function which chooses an
element from every non-empty set.

As a consequence of the existence of a global well-ordering of L, we obtain
the following

THEOREM 14.10. The constructible universe is a model of the Axiom of
Choice, i.e.,
LEZFC.

Proof. For every family .% € L such that () ¢ %, there is a choice function
f: 7 - U F,
where f(x) is the <p-minimal element of x € .%. o

In particular, as a consequence of THEOREM 14.10 we obtain that the con-
sistency of ZF implies the consistency of ZFC, i.e.,

Con(ZF) == Con(ZFC).
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NOTES

The constructible universe L was introduced by Gddel in his 1938 paper [17], in which
he proved both that if ZFC is consistent, then L is a model of the Axiom of Choice and
the Continuum Hypothesis. The construction of L presented here is mainly taken from
Koepke [30] (see also Kunen [31]). According to Bernays, Godel originally used the old
German script £ to denote the constructible universe, where £ is a capital C and not —
as one could think—a capital L. In 1963, Cohen developed in [4] and [5] the method of
forcing (see, for example, Halbeisen [22] for an introduction) to prove that both the Axiom
of Choice and the Continuum Hypothesis are in fact independent of the axioms of ZF.

EXERCISES

14.0 Prove Fact 14.0.

14.1 Let V F ZFC. For cardinals k € V, we define the class
Ho:={z eV :|TC{z})| <r}.

(a) Prove H,, C V, and conclude that H, is a set.

Hint: Set rk(z) = « for the minimal a €  such that z € V. and prove that
{rk(y) : y € TC(z)} = rk(x). We call rk(z) the rank of x.

(b) Find cardinals k1 and x2 such that He, = Vi, and Hx, # Vi,

14.2 Examine which of the axioms of ZFC hold in the structure (Hy, €) for k € {Rg, Ny }.
Remark: Hy, is called the set of hereditarily finite sets and Hy, is called the set of
hereditarily countable sets.

14.3 Show that Zermelo’s axiom system Z does not imply the Axiom Schema of Replacement.
Hint: Show that V4. is a model of Z but the Axiom Schema of Replacement fails
in Vg

14.4 Show that the axiom system of ZF is not equivalent to a FINITE set of axioms.

Hint: Notice that LEVY’S REFLECTION THEOREM also holds if we replace Lo by V.
Use this fact and the Axiom of Foundation to show that the assumption that ZF is
equivalent to a FINITE axiom system leads to a contradiction.

14.5 A cardinal k is called inaccessible if it has the following properties:

(0) « is uncountable.
(1) For all cardinals A < x we have 2* < k.
(2) For all sets A C k with |A| < k we have |JA € k.

Recall that by COROLLARY 13.2.(a), |J A is an ordinal, and notice that Rg has prop-
erties (1) and (2).
(a) Show that if k is inaccessible, then V, F ZFC.

Hint: Show first that for all ordinals « € k, [Va| < k.

(b) Show that if ZFC is consistent, then the existence of an inaccessible cardinal cannot
be proved within ZFC.
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Chapter 15
Models and Ultraproducts

The goal of this chapter is to show that every consistent .Z-theory has a
model, no matter whether the signature . is countable or uncountable. In
addition, we will show that if a consistent Z-theory T has an infinite model,
then, on the one hand, T has arbitrarily large models, and on the other hand,
T has a model of size at most max { X, |.Z/}.

In order to prove these results, we shall work within a model of ZFC, in
particular, we shall make use of the Axiom of Choice. Therefore, in contrast
to the proofs of the corresponding results in Part II, the following proofs are
not constructive in general. As a matter of fact, we would like to mention
that even though the proofs are carried out in a model of ZFC, in general,
they cannot be carried out in ZFC. In fact, we do not work with ZFC as a
formal system, but we just take a model of ZFC and use it as a framework in
which we carry out the proofs.

Filters and Ultrafilters

Let S be an arbitrary non-empty set and let &(S) be the power-set of S,
i.e., the set of all subsets of S. A set .F C Z(S) is called a filter over S, if
Z has the following properties:

e ScFand¢.F
e (zeFNYyeF)—> (zNy)eF
o (zeFVyeF)— (zUy)eF

In particular, if x € % and x C y, then y € %. Thus, a filter over S is a
set of subsets of S which does not contain the empty set and which is closed
under finite intersections and supersets. For example, the set {S} is a filter
over S.
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A more interesting example of a filter over S is the set
F={x CS:85\zis finite},

which is the so-called Fréchet-filter. Now, a set Z C £(S) is called an
ultrafilter over S, if % is a filter over S and for each x € Z(9), either
x €U or (S\x) € %. In other words, a filter % is an ultrafilter if % is not
properly contained in any filter. For example, for each a € S, the set

%a::{xgs:aex}

is an ultrafilter over .S, called trivial ultrafilter. In particular, every ultrafilter
over a finite set is trivial. It is natural to ask whether there exist also non-
trivial ultrafiters, for example, ultrafilters which contain the Fréchet-filter. Or
in general, we can ask whether every filter can be extended to an ultrafiter.
This is what the Ultrafilter Theorem states:

Ultrafilter Theorem: If .% is a filter over a set S, then .% can be ex-
tended to an ultrafilter.

Surprisingly, we cannot prove the Ultrafilter Theorem without assuming
some form of the Axiom of Choice. However, proving the Ultrafilter Theorem
within ZFC is not so hard (see SOLUTION TO EXERCISE 15.1).

Ultraproducts and Ultrapowers

Let .Z be an arbitrary but fixed signature, let I be a non-empty set, and
for each ¢ € I, let M, be an .Z-structure with domain A,. Furthermore,
let A:= X, c; A, be the Cartesian product of the sets A,. Below, we shall
identify the elements of A with functions f : I — (J,; A., where for each
€1, f(r) € A,. Finally, let  C Z(I) be an ultrafilter over I. With respect
to % , we define a binary relation ~ on A by stipulating

fr~g = {1tel:f() W}ew.
Fact 15.0. The relation ~ is an equivalence relation.

Proof. We have to show that ~ is reflexive, symmetric, and transitive.
e For all f € A, we obviously have f ~ f.
e For all f,g € A, we obviously have f ~ g+ g~ f.

o Let f,g,h € A and assume that f ~ g and g ~ h Furthermore, let
x—{LGI () (1} andy:={veT:g() }Thenxye%
and since % is a ﬁlter x Ny as well as every superset of x Ny belongs
to % . Thus, we have
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Ny C{eel:flt)=n()} e,

which shows that f ~ h.

Now, for each f € A, let

[fl:={9€A:g~ f}
and let
A ={[f]: f e A}

We now construct the Z-structure M* with domain A* as follows:

e For every constant symbol ¢ € Z, let f. € A be defined by stipulating
fot) =M foralliel,
and let

M= [fo].

e For every n-ary function symbol F € .Z, let FM : (A*)™ — A* be such
that

FM*([fO]v-"v[fn—l]) = [f] —
{L €1 FM(fo(0),..., fur(1)) = f(L)} cu.

e For every n-ary relation symbol R € .%, let RM™ C (A*)™ be such that

<[f0]"‘ ) [fn71]> S RM* <=
{re T (o) fa)) e R Y e 2.

Fact 15.1. The constants ¢M" | the functions FM", and the relations RM
are well-defined.

Proof. We just show that the functions FM" : (A*)" — A are well-defined
and leave the proofs for cM™ and RM" as an exercise (see EXERCISE 15.2). Let
F € % be an n-ary function symbol and let (fo,..., fn—1) and {go, ..., Gn-1)
be elements in A™ such that for each 0 < ¢ < n we have

fi~gi orequivalently [f;] =[gi].

For 0 <i < nlet
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zi={vel: fi(t)=g()}.

Then xz; € % for each 0 < ¢ < n, and since Z is a filter, we get that also
o N+ Nx,_1 €. Furthermore, we define f,g € A by stipulating

F@) = FM(fo(e),o s fa1(0)  and g(e) := FM(go(0), -+, gn1(1)) -

Then we have
oM Nan_1 S{eel: folt)=go(t) A A fac1(t) = gn1(t)} € %,
and consequently, we obtain
L€ 1 FM (fo0), s farr(0) = FM(g0(0), - 9n1(0)) } € 2.

Hence, {¢ € I : f() = g(¢)} € %, which shows that [f] = [g] and implies
that

FM* ([f0]7 ey [fnfl]) = FM* ([go]a R [gnfl]) .
Therefore, the value of the function FM™ does not depend on the particular
representatives that we choose from the equivalence classes [f;]. -

The Z-structure M* with domain A* is called the ultraproduct of the
Z-structures M, (v € I) with respect to the ultrafilter % over I. If for all
¢t € I we have M, = M for some .Z-structure M, then M* is called the
ultrapower of M with respect to % .

In the next section, we show that if each Z-structure M, is a model of
some Z-theory T, then also the ultraproduct M* is a model of T.

L.o$’s Theorem

As above, let .Z be an arbitrary signature, let I be a non-empty set, and
for each ¢« € I, let M, be an Z-structure with domain A,. Finally, let % be
an ultrafilter over I and let M* be the ultraproduct of the .Z-structures M,
(v € I) with respect to % . The following result allows us to decide whether
a given .Z-sentence is valid in M*.

THEOREM 15.2 (L0$’s THEOREM). For each .£-sentence o, we have
M'Eo <= {tel:M,Fo}eZ.
Proof. By THEOREM 1.7, for every .Z-sentence o there is an equivalent .Z-

sentence ¢’ which contains only — and A as logical operators and 3 as quanti-
fier. Therefore, it is enough to prove Lo$’s THEOREM for the #-sentence o”.
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The proof is by induction on the number of the symbols —, A, and 3 which
appear in the .Z-sentence o’.

By construction of M*, 1.0§’s THEOREM holds for atomic .Z-sentences o,
i.e., for sentences o’ which are build with the rules (F0) and (F1).

Assume that ¢’ = -0y and that Lo$’s THEOREM holds for oy. Then we
have:

M* ':ﬂO'O <ﬁ> M*#UQ
<= {tel:M,Foo} ¢
<~ I\{tel:M,Foo} e
<~ {Lel M, EFo} e
<~ {LGIZML':—'O'(]}G%
Now, assume that ¢’ = 01 A oo and that Lo$’s THEOREM holds for o; and
o5. Then we have:
M*Eoi Aoy <—> M*Eo; AND M*E oy
<= {tel:M,Foi}eZ aNDp {vel M, Foy} €%

=T =:T2
<= TNy €U
~—> {LeEl:M,Foi Ao} €U

Finally, assume that ¢/ = Jvoy (for some variable v) and that for some
[g] € A* we have

M ko) = {tel M, 29 Eoy(v)} € Z.
Then we have:
M* E Jvoy <= IT EXISTS [go] IN A™: M*@ Eoo(v)

<= IT EXISTS [go] IN A*: {1t €T M, 90 oo(v)} €U

v

=z

Because x C {L cl:M,E Hyao}, it follows that {L cl:M,E Huao} e,
which shows that

M*EJvey =—> {LEI:ML'ZHUO'()}E%.

In order to show the converse implication, we have to make use of the
Axiom of Choice. If, for « € I, M, E Jvog, then let a, € A, be such that
M, F oo(v), otherwise, let a, be an arbitrary element of A,. Now, for the
function
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go : I%ULeIA,,
L= a,

we have {v € I : M, F Jvog} = {1 € I: MLQOT(L) F oo(v)}. In particular, if
{telI:M,F3Ivog} € %, then also
{LGI:MLQOT(L)':O'()(I/)}EOZ/,
which shows that
{tel M,ETvoy} e% = M*EJvo,.
Thus, we obtain
M* E3vog <= {1 €l: M, E oy} € %,

which completes the proof. a

The Completeness Theorem for Uncountable Signatures

In Chapter 5, we have proven GODEL’S COMPLETENESS THEOREM 5.5 (i.e.,
the COMPLETENESS THEOREM for countable signatures). The proof given
there was based on potentially infinite lists, and the metamathematical as-
sumptions we made were very mild. In fact, our proof for GODEL'S CoM-
PLETENESS THEOREM 5.5 can be carried out effectively in a kind of algo-
rithmic way. In contrast to the proof for countable signatures, the proof of
the COMPLETENESS THEOREM for uncountable signatures — which will fol-
low from the semantic form of the COMPACTNESS THEOREM 2.17 —is much
more formal. In particular, it makes use of Lo§’s THEOREM 15.2, which is
based on the existence of ultrafilters and choice functions, and is carried out
in a model of ZFC—but not in ZFC itself.

THEOREM 15.3 (SEMANTIC FORM OF THE COMPACTNESS THEOREM). Let
T be an £-theory such that for every finite subset ® C T there is an £-
structure Mg such that Mg E ®. Then T has a model.

Proof. Let I be the set of all finite subsets of T, i.e.,
I := {<I> CT:dis ﬁnite}.

For each ® € I, let Mg be an .Z-structure with domain Ag such that Mg F
®. Furthermore, for every ® € I let

A(®):={d" €l:DC P}
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In other words, A(®) is the set of all finite supersets ®' O ®. In particular,
for every ® € I we have ® € A(®) and A(P) C I. Now, for all &1, P € I we
have A(®1) N A(Py) = A(Py U Py), where &y U Py € I. Therefore, the set

F={UCTI:30cI(A®) CV)}

is a filter over I, which, by the Ultrafilter Theorem, can be extended to an
ultrafilter % .

Let M* with domain A* be the ultraproduct of the .Z-structures Mg
(® € I) with respect to the ultrafilter % over I, and let o9 € T be an
arbitrary .#-sentence. Then {o¢} € I and M, F 0¢. Moreover, for every
® € A({oo}) we have Mg F 0¢. Therefore, we have

A({ao}) :{@61:006@}2{@€I:M¢#00}.
Now, since A({o0}) € . C %, by L0§’s THEOREM 15.2 we obtain
M* E g0,

and since oy € T was arbitrary, this shows that M* F T. Hence, T has a
model. —

As a consequence of THEOREM 15.3 and GODEL’S COMPLETENESS THEO-
REM 5.5, we obtain the COMPLETENESS THEOREM for arbitrarily large sig-
natures.

THEOREM 15.4 (COMPLETENESS THEOREM). If .Z is an arbitrary signature
and T is a consistent set of .£-sentences, then T has a model.

Proof. Firstly, if T is consistent, then, by the COMPACTNESS THEOREM 2.17,
every finite subset ® C T is consistent. Secondly, as in the proof of GODEL’S
COMPLETENESS THEOREM 5.5, for every finite subset of ® C T we can
construct an £’-structure My with domain Ag, such that My F ®, where
%' is the finite subset of % consisting of all non-logical symbols which appear
in sentences of ®. Now, we extend each .£’-structure M}, to an .Z-structure
Mg with the same domain Ag such that Mg F @ (see EXERCISE 3.2). Hence,
for every finite subset of ® C T there is an .Z-structure Mg such that
Mg E @, and therefore, we can apply THEOREM 15.3 in order to construct a
model M* E T. —

As an immediate consequence of the COMPLETENESS THEOREM 15.4 and
the SOUNDNESS THEOREM 3.7, we obtain the following

COROLLARY 15.5. For any signature £, a set T of £-sentences has a model
if and only if T is consistent.
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The Upward Lowenheim-Skolem Theorem

Next, we will show that every .Z-theory which has an infinite model has
arbitrarily large models.

THEOREM 15.6 (UPWARD LOWENHEIM-SKOLEM THEOREM). Let T be an
Z-theory which has an infinite model, and let k be an arbitrarily large car-
dinal. Then there exists a model M* E T with domain A* such that |A*| > &
(i.e., the cardinality of A* is at least k).

Proof. For each 7y € k, we define a constant symbol ¢, which does not belong
to Z. Let Z* := L U{cy : v € k}. Furthermore, let T* be the £*-theory
consisting of the sentences in T together with the sentences ¢, # ¢,/ (for any
distinct v,7" € k). As in the proof of THEOREM 15.3, let I be the set of all
finite subsets of T*. Now, let M E T be a model with infinite domain A. For
any ® € I, we can extend the .Z-structure M to an Z*-structure Mg such
that
Mg ET+ 0.

In order to see this, notice that the domain A of M is infinite and that there
are just finitely many constant symbols ¢, which appear in ®. Therefore, we
can apply THEOREM 15.3 in order to construct an Z*-structure M* with
domain A* such that M* E T*. Finally, by definition of T*, the elements cﬂ{M*
in A* (for v € k) are pairwise distinct, which shows that |A*| > k. 4

As an immediate consequence of the UPWARD LOWENHEIM—SKOLEM THE-
OREM 15.6, we get the following

COROLLARY 15.7. If an Z-theory T has a countably infinite model, then T
also has an uncountable model. In particular, PA has an uncountable model.

As a matter of fact, we would like to mention that the proof of the Up-
WARD LOWENHEIM—SKOLEM THEOREM 15.6 can be carried out neither in
the formal language of ZFC (since we use an infinite set of constant symbols),
nor in the language of metamathematics (since we use THEOREM 15.3, which
is based on L0$’s THEOREM 15.2 and therefore on ultrafilters).

The Downward Lowenheim-Skolem Theorem

The last result of this chapter provides an upper bound for the minimum size
of a model of a given theory.

THEOREM 15.8 (DOWNWARD LOWENHEIM-SKOLEM THEOREM). If a consis-
tent £-theory T has an infinite model, then T has a model of size at most

max {R, |-Z|}.
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Proof. If the signature £ is countable, then, by GODEL’S COMPLETENESS
THEOREM 5.5, T has a model, which is—by construction—a countable
model. Now, assume that |-Z| (i.e., the cardinality of .¥) is uncountable.
First notice that with the signature . we can build at most |-Z| terms. In
order to see this, recall that a term is just a special finite string of logical and
non-logical symbols, and by FACT 13.11, the cardinality of the set of such
strings is max {Xo, |Z|}. Now, in order to build a model M F T of cardinal-
ity at most max {Ro,|-Z|}, we can essentially follow the proof of GODEL’S
COMPLETENESS THEOREM 5.5. However, instead of potentially infinite lists
we have to work with actual infinite sequences of length at most |£|. At the
end of the construction, the domain of M will be a sequence of length at
most |-Z| of sequences of length at most |-Z|. =

As an immediate consequence of the DOWNWARD LOWENHEIM—SKOLEM
THEOREM 15.8, we get the following

COROLLARY 15.9. If T is a consistent £-theory and the signature £ is
countable, then T has a countable model.

As a matter of fact, we would like to mention that the proof of the DOWN-
WARD LOWENHEIM—SKOLEM THEOREM 15.8 cannot be carried out in the
formal language of ZFC either. Otherwise, since the signature of ZFC just
contains the single symbol € and is therefore countable, we would be able to
construct a countable model of ZFC within a model of ZFC. In particular, we
would be able to prove within ZFC that ZFC is consistent, which obviously
contradicts the SECOND INCOMPLETENESS THEOREM.

NOTES

Most of the material of this chapter is taken from Bell and Slomson [3, Ch. 5], where one
can find some more historical background. L.0$’S THEOREM, also called the FUNDAMENTAL
THEOREM OF ULTRAPRODUCTS, is due to the Polish mathematician Lo$ (see, e.g., [33]).
A first version of the LOWENHEIM-SKOLEM THEOREMS was proved by Lowenheim in 1915
(see [34]). Some years later, Skolem generalised Léwenheim’s result in [49].

EXERCISES

15.0 Let S be a non-empty set.

(a) Show that a set FF C Z(S) can be extended to a filter # over S, if and only
if no finite intersection of elements of F' is empty, i.e., for every finite subset
{zo,...,2n} C F of elements of F we have (" z; # 0.

(b) Show that a set  C £2(S) is an ultrafilter if and only if every intersection of

finitely many elements of % is non-empty and for all z C S we have either z € %
or S\ze%.
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15.1

15.2

15.3

15.4

15 Models and Ultraproducts

Find a proof of the Ultrafilter Theorem within ZFC.

Hint: First take a well-ordering of £2(S), and then extend the filter .# over S to an
ultrafilter by transfinite induction.

Complete the proof of FACT 15.1, i.e., show that the constants eM” and the relations
RM” | defined in the construction of the .Z-structure M*, are well-defined.

Prove L0o$’s THEOREM 15.2 for .#-sentences o’ which contain only — and V as logical
operators and V as quantifier.

Prove that there exists an ultraproduct of finite sets which is infinite.
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Chapter 16
Models of Peano Arithmetic

The Standard Model of Peano Arithmetic in ZF

In this section, we will show that ZF is sufficiently strong to prove that PA is
consistent. In fact, within a model V of ZF we can construct a model N, of
PA with domain w. The model N, which we obtain in V is the standard model
of PA with respect to V. In the case when the model V is a standard model
of ZF, the model N, is isomorphic to the standard model N of PA which we
constructed in Chapter 7. However, if the model V is a non-standard model
of ZF, then N, is a non-standard model of PA (i.e., N, is a model of PA
which is not isomorphic to N), and there is no way to obtain the standard
model of PA within V. In general, people living in V, no matter whether V
is a standard or a non-standard model of ZF, believe that N, is the standard
model N.

Now, let V be a model of ZF. Within V, we construct an %pa-structure
N, with domain w, and show that N, is a model of PA. Recall that Zpa =
{0,s,+, - }. The ZLpa-structure is defined by the following assignments which
are based on ordinal arithmetic (see EXERCISE 13.5):

n = n+1

—i—NW: wXw — w

(n,m) — n+m

-Neo wXw — w
(n,m) = n-m
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Before we show that the Zpa-structure N, is a model of Peano Arithmetic,
we first recall the axioms of PA:

PAg: —3z(sz = 0)

PA;: VaVy(sz =sy -z =vy)

PAy: Vz(z +0=x)

PAs: VaVy(z +sy =s(z +y))

PAs: Va(z-0=0)

PAs: VaVy(z - sy = (z - y) + o)

If ¢ is any Zpa-formula with z € free(y), then:
PA6: (2(0) AV (p(x) = ¢(s(2)))) = Yop(x)
Let us now show that N, F PA:

e PAy: Since n+1=nU{n} and n € {n} (ie., nU{n} # (), there is no
n € w such that n +1 = 0.

e PA;: Ifn,m € wand n # m, then, by THEOREM 13.1.(c¢), we have either
n € m or m € n, and in both cases we get n + 1 # m + 1.

e PA; and PA3: Follow immediately from (a) and (b) of ordinal addition.

e PA4 and PAs: Follow immediately from (a) and (b) of ordinal multipli-
cation.

e PAs: Let ¢ be an Zpa-formula with = € free(y) and assume that
(D) AVn € w(p(n) = p(n+1)).

Furthermore, let E := {n € w : =p(n)}. Obviously, E is a subset of w.
If E =0, then Vn € w(p(n)) and we are done. Otherwise, if E # 0, let
m be the €-minimal element of E. Now, m can neither be ), since we
assumed (@), nor a successor ordinal (i.e., of the form n + 1), since we
assumed ¢(n) — ¢(n + 1) which is equivalent to —¢(n + 1) = —¢(n).
Thus, there is no €-minimal element of F, which is only possible when
E =0.

Thus, N, is a model of PA with domain w.

In Chapter 7, we saw that there are non-standard models of PA. However,
the existence of these models was obtained by the COMPACTNESS THEO-
REM 2.17, and the proof cannot be carried out in ZFC. In the next section,
we will now give a construction of non-standard models of PA which can be
carried out in ZFC. Since the construction uses ultrapowers, it cannot be
carried out without the aid of the Axiom of Choice.
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A Non-Standard Model of Peano Arithmetic in ZFC

The non-standard model of PA which we now construct is the ultrapower of
the standard model N, with respect to some arbitrary but fixed non-trivial
ultrafilter % over w. First, let “w be the set of all functions f : w — w. With
respect to %, we define the binary relation ~ on “w by stipulating

f~g = {new:fn)=gn)}ecx.

Then the relation ~ is an equivalence relation (see Chapter 15). For each
fE¥w, let
[fl:i={g€“w:g~f}
and let
w* = {[f]: f € “w}.
We now construct the Zpa-structure N}, with domain w* as follows:

e For the constant symbol 0 € Zpa, let fo € “w be defined by stipulating
fo(n):=0 forallne€w,

and let .
oMo = [fo].

e For the unary function symbol s in %pa, we define s(f) by stipulating
s(f)(n) == f(n)+1 forn € w,
and let .
st ([£]) = [s(f)]-
e For the binary function symbols + and - in %pa, we define f + g and
f-g (for f,g € “w) by stipulating for all n € w
(f +9)(n) := f(n) +"* g(n),
(f-9)(n) = f(n) N g(n),
and let ) .
[f1+% [g] :==[f +g] and [f]-"[g] = [f-g].

By Lo$’s THEOREM 15.2, the .Zpa-structure N7, is a model of PA. In order
to see that N7, is a non-standard model of PA, first notice that N, can be
embedded —in a unique way —into N}, by the embedding

w— w*
ko [fx],

where fi(n) :=k for all n € w. This shows that N,, is a substructure of N},.
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In order to show that the models N,, and N, are not isomorphic, let g € “w
be such that for all n € w,

g(n) =n.

Then for all k¥ € w, [fx] < [g], which shows that the models N, and N
are not isomorphic, even though they are elementarily equivalent (see EXER-
CISE 16.1).

EXERCISES

16.0 Describe the model N, that one obtains by choosing a principal ultrafilter rather than
a non-principal one.

16.1 Show that the Zpa-structures N, and N, are elementarily equivalent.

Hint: Use Lo$’s THEOREM 15.2.

16.2 Show that the domain w* of N¥ is uncountable. In particular, show that N¥ is an
uncountable model of PA.

16.3 Show that for any [g], [¢'] € w* with [g] < [¢'], the cardinality of the set

{(New* g <<}

is either finite or uncountable.
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Chapter 17
Models of the Real Numbers

In this chapter, we will first construct a model of the real numbers using
Cauchy sequences of rational numbers. We also present a second model of the
real numbers according to A’Campo [1]. This construction has the advantage
that it only relies on the integers and not on the rational numbers, and
that the definition of the multiplication is much simpler and natural than
the classical definition based on equivalence classes of Cauchy sequences.
Afterwards, we will show that both constructions yield isomorphic models.
The constructions of the real numbers will be quite general, such that—
depending on whether we start with the standard or a non-standard model
of the natural numbers — we obtain the standard or a non-standard model
of the real numbers.

We shall conclude this chapter by giving a brief introduction to the so-called
Non-Standard Analysis, which is essentially just Analysis in a non-standard
model of the reals.

Let us first introduce the axioms R of the real numbers. The language of R
is % = {0,1,+, -, <}, where 0 and 1 are constant symbols, + and -” are
binary function symbols and < is a binary relation symbol.
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The first group of axioms are simply the field axioms:

Ro: VaVyVz(z + (y + 2) = (z +y) + 2)
Ri: Vz(x +0=1x)
Ry: Vzdy(z +y = 0)
Rs: VaVy(z +y =y + z)
Re: VaVyVz(z - (y-2) = (z-y) - 2)
Rs: Va(z -1 =1x)
Re: Vo (z #0 = Jy(z -y =1))
R7: VaVy(z -y =y - z)
Re: VaVyVz(z - (y+2) = (z-y) + (z - 2))
Rg! 0 7& 1
The second group of axioms are the so-called order axioms:
Rio: Va-(z < )
Rii: VaVyVz(ze <y Ay <z —x < 2)
Rip: VaVy(z <yVz=yVy <)
Riz: VaVyVz(a <y —z+z<y+2)
Rig: VaVyVz(zr < yAO<z—=x-2<y-2)
The last two axioms form the Completeness Axiom which is—in contrast
to the other axioms—a so-called second-order axiom (i.e., a statement, not

about the real numbers, but about sets of real numbers). The set A denotes
either the standard or a non-standard model of the natural numbers.

Ris: Every Cauchy sequence of reals converges.
Rig: If x > 0 and y > 0 there exists n € N such that nz > y.

Axiom Ryg is also called the Archimedian Axiom.

Classical Construction of the Real Numbers

Let \V be either w or w*, where w* is the ultrapower of w with respect to some
non-trivial ultrafilter  C Z(w). In other words, N is either the domain of
the model N, or of N,. Recall that the former model is the standard model
of PA within some model of ZF, whereas the latter model is a non-standard
model of PA, constructed in a model of ZFC, which is elementarily equiv-
alent to the corresponding model N,,. Furthermore, let N be the structure
(NV,0,+, -), i.e., N is either N, or N¥.

From N, we first construct a model Z s of the integers, then we construct a
model Qa of the rationals, and finally we construct a model Rf} of the reals
using Cauchy sequences.
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A Model of the Integers

On N, we first define the binary function =~ by stipulating
r-y=2z = Julytu=x A z=u)V (-July+u=z) A 2=0).
Now, we define the set of integers Z s as a subset of A' x A by stipulating
Zy = {(z,0) : 2 e N} U{(0,y) 1y e N}

We identify the elements z € N with integers of the form (0, y).

On Zys, we define the two binary functions + and - as well as the unary
function — as follows:

(zo,y0) + (x1,91) = 2 =z = ((wo+21) = (Yo+v1), (Wo+u1) = (zo+21))
(z0,y0) - (z1,11) = 2 1= 2z = ((wo - y1) + (yo - 21), (w0 - 1) + (Yo - ¥1))

—(x,y) =z <=z = (y,x)

In order to simplify the notation, we usually write (zg,yo) — (z1,y1) instead
of (z9,y0) + (—(x1,91)). Notice that (z,y) — (z,y) = (0,0).
We leave it as an exercise to the reader to check that the structure

Ly = (ZNa <070>7 <Ov 1>7+; )

is a model of the ring of integers satisfying the axioms Rg—Rg except Rg,
where (0,0) and (0,1) are the neutral elements with respect to the binary
operations + and -, respectively. Notice that in the case when N is equal to
w*, then Z s is a non-standard model of the integers.

On Z s, we define the binary relation < and the unary function symbol |- |
as follows:

(zo,%0) <(z1,91) = Yo+ 71 <Y1+

z=(z,y) if (x,y) >(0,0)

z = (y,z) otherwise

|<x,y>‘ =2z = {

A Model of the Rational Numbers

Let Nt := N\ {0}. On pairs (zo,%0), (z1,y1) € Zn x N we define an
equivalence relation ~ by stipulating

<330,y0> ~ (5617y1> < Zo "Y1 = 21" Yo-
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Now, we denote the equivalence classes by
2= [zy)] = {(,y) € Zy x NT: (2',yf) ~ (2,9)}

and call % a rational number. Let Qs denote the set of all rational numbers,
ie., ‘
Qn = {% tx € Zn,Y €N+}.

We can now introduce the two binary functions + and - by

To 4T ToY1+Yox1
Yo y1 -’ Yoy ’
Zo , T1 . ZoZi1

Yo Y1 = Yoy~

We leave it as an exercise for the reader to check that these functions are
well-defined and that the structure Qar = (Qur, % %, +, - ) satisfies the field
axioms Rg—Rg. As in the case of the integers, if N is w*, then Qy/ is a non-
standard model of the rational numbers.

On Q,r, we define the binary relation < and the unary function symbol |- |
as follows:

7<71 = To-Y1 < T1-Yo

z=2 ifxz>0
2| =2 «— Y
—z
y

z= otherwise

Again, it is easy to check that the order < and the absolute value function
are well-defined and satisfy the usual properties.

A Model of the Real Numbers using Cauchy Sequences

Let Qj\} denote the positive rational numbers, i.e., those p € Qs that satisfy
p > 0. We define a sequence (a,) of rational numbers to be a Cauchy se-
quence, if for every € € QX/ there is an N € A such that for all m,n € N’
with m,n > N, |a, — am| < €. We denote the set of all Cauchy sequences of
rationals by €. Two Cauchy sequences (ay,), (b,) € € are said to be equiva-
lent, denoted (a,) &~ (by,), if for each positive rational number & € Q}; there
is an N € N such that for all n € N with n > N, |a,, — b,| < €. In order to
simplify the notation, we shall write lim, o (a, — b,) = 0. Notice that the
meaning of lim,,_,., depends on whether N' = w or N' = w*.

It is obvious that the relation = is reflexive and symmetric. Moreover, it
is also transitive. To see this, let (an), (bn), (¢n) be Cauchy sequences with
(an) ~ (by) and (b,) = (c,). Then for each positive ¢ € Qf, there are
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Ny, Ny € N such that for all ny,ny € N with n; > Ny and ny > Ny we have
lan, —bp,| <5 and  |bn, —cny| < 5.
Consequently, for all n > max{Ny, N2} we have
lan = cnl < an = bp| +|bn —cu| < 5+ 5 =¢,

which shows that (a,) & (¢,,). Thus, &~ is an equivalence relation on € and
the equivalence classes with respect to &~ are given by

[(an)] := {(bn) € € : (by) = (an)}

Let Rj"{’} denote the set of all equivalence classes of rational Cauchy se-
quences, i.e.,

RY == {[(an)] : (an) € €}
The elements of IE{;‘{} are called real numbers.

In order to obtain a model of the real numbers, we need to define the func-
tions addition + and multiplication - on IR%, including the neutral elements
O] and 1[4, respectively; then we have to define a linear ordering < on Rf},
and finally, we check that the structure Rf} = (]Rf,,O[cg], lig), +, -, <) thus
obtained satisfies all axioms of the real numbers.

Addition and multiplication: For r,s € Rf/, represented by (ay), (b,) € €
we define:

r+5:=[(an + bp)]
r-s:=[(an - bn)]

LEMMA 17.0. Addition and multiplication of reals are well-defined, i.e., if
r,s € R such that r is represented by (a,),(al,) and s is represented by
(bn), (b)), then (ay + b,) and (anby,) are again Cauchy sequences such that
(an +bn) = (a}, +by,) and (anbyn) = (a7,by,).

Proof. In order to verify that (a, + b,) is a Cauchy sequence, let € € Q;\Ff.
By assumption, there are Ny, N, € N such that for all n,m > N :=
max{Ny, No} we have |a,, — a,| < § and |b,, — b,| < §. Then it follows

[(an +bn) = (@m +bi)| < an = | +bp —bi| < 5+ 5 =¢

for all n,m > N.

Next, we prove that (a,b,) is a Cauchy sequence. Since Cauchy sequences
are bounded, there is a C € N such that |a,],|b,] < C for all n € N'. Now
we can choose M7, My € N such that for all n,m > M := max{M;, My} we
have |a, — anm| < 55 and |b, —by| < 55 for all n,m > M. Consequently, we
obtain:
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|anbn - CLmbm| = lan(bn - bm) + bm(an - am)‘
<lan| - [br = bm| + [bim] - [an — am|
<C S1C 5
=€

Hence, (apb,) is a Cauchy sequence. The second part uses similar argu-
ments. B

Furthermore, we define the neutral elements O] and 14 in the following
way:
O := [(0,)]  where 0,, =0 for all n € N
Lig) == [(1,)] where 1, =1 for all n € N

Linear ordering: Let r,s € R, such that r = [(a,,)] and s = [(b,)]. Then
we define:

r<s:i= 3 €QINENVn>Nb,—a,>¢)
Again, we have to verify that this definition is well-defined.

THEOREM 17.1. The structure Rj"(’} = (Rﬁﬂ[cg], i), +, -, <) is a model of
the axioms of the real numbers.

Proof. The only non-trivial axioms are the existence of a multiplicative in-
verse and the completeness axiom. Suppose that r # O] is a real number
represented by (a,,). Then we define r~1 = [(@,)], where

_ _{alﬂ if a,, #0,

an : )
1 otherwise.

Since (ay) is a Cauchy sequence such that [(a, )] # O], only for finitely many
n € N we have a,, = 0. Thus, lim,, o0 (@G, —1) = 0 and hence r-r=1 = L)-

In order to prove that Rf} is complete, we first verify Rjs. Suppose that
(rn) is a Cauchy sequence of real numbers and let r,, be represented by (a}}),
where (a}) is a Cauchy sequence of rational numbers. Since (a}) is a Cauchy
sequence, for every n € N there is N,, € N such that

Vk,l > Ny (lag — af| < %)
Now we consider the diagonal sequence (d,,) with d,, := a}; for every n € N.

CLAIM. (dy,) is a Cauchy sequence of rationals which represents a real number
r = [(d,)] such that lim,, o r, = 7.
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Proof of Claim. First we show that (d,,) is a Cauchy sequence, and then we
prove that it represents a limit of the sequence (r,) of reals.

(dn) is a Cauchy sequence: Suppose that & € Qj{, Note that since (r,) is a
Cauchy sequence of reals, there exists N € N with N > g such that

VYm,n > N(|rm — | < %)

In particular, this implies that for all m,n € N with m,n > N, there is N, ,,
such that
Vk > Ny (lap! —af| < §).

Now let m,n € AN such that n,m > N. We have to verify that |d,, —d,| < e.
Choose k € N with k > N, ,. We have

‘dm —dy| = |a%m - GRI,J

<lay, —ai'|+|ap’ —ai| +|af —af, |-
N—— N——

<

1
< <-<i<

wolm
S|
wlm

1
<x<

wl|m

1
m
Hence we have |d,, — d,,| < €, which proves that (d,,) is a Cauchy sequence.

(rn) converges to v = [(dy)]: Suppose that e € R, is a positive real number,
i.e. € > Of%. We need to find N € NV and € € Q}; such that |r, — 7| < e
for all n > N. Choose a rational Cauchy sequence (b,,) representing e. Since
e > O the definition of our linear ordering yields § € QX/ and Ng € N
such that for all n > Ny we have b,, > §. Moreover, since (d,) is a Cauchy
sequence, there is Ny € N such that for all m,n > Ny we have |d,, —d,| < g‘
Now let N € N be defined by N := max{No, N1, [2]}, where [2] is the least
integer bigger than or equal to %7 and let n > N. We prove that |r, —r| < e,
i.e. we show that there is € € Qj{, and N’ € N such that

vk > N/ (bk — ‘(IZ 7dk| > 6).
Let € := % and N’ = max{N, N,,}. Then for each k¥ > N’ we have

aft — di| < [af} = dul + |dn — di |

= lay —aRy, |+ |dn — di],
—_—— ——
1
n

< <

Wl
Wi

<x<
and hence |a} — di| < %5. Since by, > ¢ we further obtain
b — lap —di| > 6 — 2 =e.

Therefore, we have lim,, oo 7, = 7. 4 Claim

Moreover, the Archimedian Axiom Ry holds as a consequence of the fact that
Cauchy sequences are always bounded: If 7, s € ]Rj‘{’} such that O <71 <s,
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then 2 is again a real number represented by some Cauchy sequence (ay,).
Since (a;,) is bounded (as a sequence of rational numbers), there is a natural
number N € N such that |a,| < N for all n € N. Hence, £ < N 4+ 1 and
r(N+1) > s. o

A Natural Construction of the Real Numbers

In this section, we construct a model of the real numbers in which the real
numbers are equivalence classes of certain functions, so-called slopes, from
Zin to Zyy, ie., from Zy we will directly construct a model Rﬁ of the real
numbers without first constructing a model of the rational numbers. It will
turn out that the models Rﬁ and Rf} are isomorphic, no matter whether

N =wor N =w*.

A slope is a function
ANl — Dy

for which there exists an My € N, such that for all n,m € Zx we have
[A(n+m) — (A(n) + A(m))| < M.

Roughly speaking, a slope is an almost linear function from Z s to Zs. Let .
denote the set of all slopes. We say that two slopes A\, \' € . are equivalent,
denoted by A ~ )X, if there exists an M € N such that for all n € Z we
have

|)\(n) — )\’(n)| < M.

Obviously, the relation ~ is reflexive and symmetric, and if for all n € Z,
[A(n) = N(n)| < My

and
’A/(n) —)\N(n)| S MA',)\’H

then
A(n) = X'(n)] < (Mxx + My ),

which shows that ~ is also transitive. Therefore, ~ is an equivalence relation
on .. For a slope A\ € .7, let

A :={N e N ~A}
Let Rﬁ denote the set of equivalence classes of slopes, i.e.,

RS = {[\: A€o}
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The elements of Rﬁ are denoted by letters like r, s, ¢, ... and are called real
numbers.

In what follows, we shall first define two binary functions addition + and
multiplication - on ]Rﬁ7 including the neutral elements 04} and 1| &), respec-
tively; then we introduce the binary relation <; and finally, we shall define
an isomorphism between the structures Rf} = (]Rf},o[%a], i), +, -, <) and
RY = (R{,0.%, 1], +, - <), which implies that R is a model of the
reals.

Addition: Let r, s € ]Rﬁ be two reals. Then there are slopes A, \' € ., such
that » = [A] and s = [X']. We define r + s by stipulating

r+s:=[A+ )],

where
AN Zy — VY
n = An)+N(n).
It is easy to see that A + )\ is a slope and that r + s is independent of the
choice of the representatives A and ). Furthermore, we define

OL#] := [Xo] where A\g(n) := 0 for all n € Zy.

We obviously have that 0] is a neutral element with respect to addition.
For a real r = [A], let

—r:=[—=A] where for all n € Zxr, (—=\)(n) := —A(n).

For all reals 7, we obviously have r + (=) = 0[], where r 4 (=) is usually
written as r —r.

Multiplication: Let r,;s € ]R% be two reals, and let A\, A’ € . be the corre-
sponding slopes. We define r - s by stipulating

res:=[XoN],

where
Ao N iy — AN
n o~ AN(n).

Furthermore, we define
Iy == [M1] where for all n € Zy, Ai(n) =n.

We obviously have that 1|} is a neutral element with respect to multiplica-
tion. However, we have to show that the composition Ao\ of two slopes is
again a slope, and that r- s is independent of the choice of the representatives
Aand N.
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In order to simplify the notation, for a slope A € . and any n,m € Zy,
we say that A(n +m) and A(n) + A\(m) are similar (with respect to \),
denoted by

A(n +m) N A(n) + A(m).
In fact, A(n+m) N A(n) 4+ A(m) just means that the absolute value of the dif-

ference of A(n+m) and A(n)+A(m) is uniformly bounded (i.e., independently
of n,m € Zy). Notice that by definition, for each u € Z we have

A(n+m+u) N A(n) + A(m). (%)

LEMMA 17.2. Let the slopes A\, X' represent r € Rﬁ, and let the slopes u, i’
represent s € ]Rﬁ. Then the compositions Aop and N oy’ are equivalent
slopes.

Proof. We first show that Aoy is a slope, i.e., there exists an M), such that
for all n,m € Zy,

|/\o,u(n +m) — (Aop(n) + Aop(m))| < Mro,-
Since p and A are both slopes, we have the following two relations:

pln+m) 2 p(n) + p(m)

A(p(n) + p(m)) = Aop(n) + Aop(m)
— —~— ——

’

>

n' m/ n m/
By the former relation, for all n,m € Z s there exists a w, ,, with
|un,m| < Mu s

such that
Mu(n+m)) = X(p(n) + p(m) + wpm)

and therefore, by (%) we obtain

Ap(n+m)) = A(u(n) + p(m)) .
Thus, by the latter relation we obtain

Aop(n +m) N Xopu(n) + Xop(m) ,

which shows that Aoy (as well as M op') is a slope.
In order to see that Aoy and M oy’ are equivalent slopes, first notice that

Nop(n +m) x Ap(n) + p(m)) & A/ (n) + p'(m)) -
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Similarly, we have X ou(n +m) N N (@ (n) + 1/ (m)), and since A ~ X', there
is an My n € N such that for all n € Zy,

|)\0/J,(7’L) - )\’o,u’(n)| S M)\)\/ s
which shows that the slopes Aoy and Moy’ are equivalent. -

Linear ordering: In order to define the binary relation <, we first define
the unary relation pos(:) on . by stipulating

pos(\) <= VN e N3Im e N(A(m) > N).
Now, for any slopes A,y € ., we define
A< p <= pos(—A).

Notice that the relation < on . is transitive and that pos(A) is equivalent
to Opg) < A. Finally, we define the relation < on Rﬁ by stipulating

A <[y <= A<p.

By the SOLUTION TO EXERCISE 17.0, the relation < is well-defined.

In order to show that the structures Rj‘(o/ and Rﬁ are isomorphic, which
implies that Rﬁ is a model of the reals, we first prove the following

FAacT 17.3. Let A € . and My € N be such that for all n,m € Zx we have
[A(n+m) = A(n) = A(m)| < M.
Then for all n,m € Zy we have
A(n) -m —A(n-m)| < (m+1)- M.
Proof. Notice that for each n € Zx we have |[A(0)] < M), since
My > [Mn+0) = A(n) — M0)| = | — A(0)] = |A(0)].
The proof is now by induction on m. If m = 0, then for all n € Z we have
A(R) -0 = A(n- 0)] = | = AO)] = [A(0)] < My
Assume that for some m > 0 and for all n € Zxs, we have
A(n)-m—=A(n-m)| < (m+1)-M,.

Then, for all n € Zx we have:
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[An) - (m+1) = A(n- (m+1))| = [A(n) - m+ A(n) — A(n - m +n)|
< [A(n) - m A+ A(n) = A(n - m) — A(n)| + My
= [A(n) - m — ANn-m)| + M,
< (m+1)- My+ M,
=(m+2)- M,
This obviously completes the proof. B

Now, we are ready to prove that Rﬁ is a model of the reals.

PROPOSITION 17.4. The two structures
R%:(]R%,O[cg},l[%],-i—, '7<) and Rﬁ:(Rﬁao[V]al[Vb_'_? 'a<)
are isomorphic.

Proof. First, we define a mapping v : ¥ — % which maps each slope
A € 7 to a Cauchy sequence v(\). Then we show that A ~ X if and only
if v(A) ~ y(\). With 7, we then define a bijection I' : Ry — R% which
induces an isomorphism between Rﬁ and Rf/.

Let v : .# — € be defined by stipulating v()\) := (a;\), where

0 if n =0,
o w otherwise.

A
an,

We have to show that ~ is well-defined, i.e., (a;) is a Cauchy sequence. For
this, let A € . and consider @ — % for some n,m € N'*. Notice that

Am)  A(m) _ A(n)-m —A(m) -n

n m n-m ’

and that by FACT 17.3 we have
|Mn)-m—=A(n-m)| < (m+1)-My and |[A(m)-n—A(m-n)| < (n+1)-M,.

Hence,
A(n)-m—Am)-n

n-m

< n+m+2.

n-m

M}\?

and since M) is fixed, for every € € Qj\} we find an N € A such that for all
n,m € N with m,n > N,

'M)\SE7
n-m

A(n) )\(m)‘<n+m+2

which shows that (a})) is a Cauchy sequence.
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Now we show that for any slopes A\, N € .7, if A ~ X then (a}) ~ (a)).
For this purpose, recall that A ~ )\ if and only if there exists an M € N
such that for all n € Zy we have |A\(n) — N (n)| < M. With respect to the

corresponding Cauchy sequences (a?)) and (a)), this gives us

A(n) = N(n)

M

n

<

which shows that (a}) ~ (a)).
Let us define the function I": Rﬁ — Rf} by stipulating

I([A]) = [y(V)].

By the above result, the function I' is well-defined. In order to show that the
structures Rﬁ and Rf; are isomorphic, we have to show that I" is a bijection.
For this, we show that I is surjective and injective.

I' is surjective: Let (a,) € € be a Cauchy sequence. With respect to (a,),
let ky < ks < ... be a strictly increasing sequence in A such that for every
n € NT we have

Vmy,mg > kn (|10 am, | — [0 am,]| < 1),

where for a rational £, |2] := max{z € Zy : 2 < L'}. In order to see that

such a sequence k1 < ko < ... exists, notice that since (a,) € €, for every
n € N1t we find a k,, € N such that

1

VYmy,mo > ky, (|am1 — am,z| < ﬁ) .

Hence, for n € N and all my,ms > k, we obtain

and therefore
“_n'amlj - I_n'amzﬂ < 1.

Now, we define \ : Z — Zar with respect to (a,) by stipulating
[n-ar, | for n e N,
A(n) = 0 for n =0,
—|—n-ai_,| otherwise.

Notice that for all n € Zys, we have A\(—n) = —A(n). Therefore, in order to
show that A € . is a slope, it is enough to show that wy, ., := [A(n +m) —
A(n) — A(m)| is bounded for n,m € N. Now, for all n,m € N we have:
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(
(n+m)-ag,,,] —|n-ag,] —|m-ax,]

I
< Hn-akaJ +m-ak, ] —|n-ax,| — Lm~akmj|+1
= |Ln-a,kn+mj —|n-ap, ]+ m-ak,.,.|—|m-ag,]| +1
< |Ln~akn+mJ — Ln'aknJ|+|Lm~akn+mJ — Lm~akmﬂ+l
<1+4+1+4+1
=3

This shows that A is a slope. Moreover, for ky := 0 and ay := 0, we obtain
v(A) & (ag, ) =~ (ay), and since (a,) € € was arbitrary, this implies that I is
surjective.

I' is injective: We have to show that for any slopes A\, N € ., if X\ = X
then y(A\) % v(X). Let (a,) = v(A\) and (b,) = y(X). Then ag = by = 0
and for all n € N, a, = %n) and b, = # Since A\, X € .7, there are
My, My, € N such that for all n,m € N,

[A(2n) —2X(n)| < M) and |N(2n) — 2N (n)| < My .

Assume that A »~ ). Then for each M € N, there is an n € A such that
[A(n) — X' (n)| > M. Let

My = My + My +1
and let ng € Nt be such that

[A(ng) — X (no)| > My .
Now, since

|(A(2n0) = 2A(no)) — (N'(2n0) — 2X (no))| < My + Mo,
we obtain
|AM(2no) — X'(2n0)| > 2Mo — (M + M) = Mx + My +2.
Similarly, we obtain
|A(4ng) — N (4no)| > 2(Mx + My +2) — (Mx + M) = My + My +4,
and in general, we have
IN(2Fng) — N(2%ng)| > My + My +2F.

For the corresponding Cauchy sequences (a,,) and (b,,), we therefore have
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)\(Qk’no) _ )\’(2"”'710)
ano ano

My+ My +2F 1
2’“no T no ’

|a2kn0 - bzkno| =

which shows that (a,) % (b,) and completes the proof that I" : RY, — R
is a bijection.

It remains to show that the structures Rﬁ and Rf} are isomorphic, which
is done in the SOLUTION TO EXERCISE 17.1. a

Non-Standard Models of the Reals

In the previous section, starting with either N' = w or N' = w*, we have
constructed four models of the real numbers, namely R?, R?,, R R, and
we have shown in PROPOSITION 17.4 that RY = RY and R?. =~ R7..

The models R% and R correspond to the standard model R (with respect
to some model of ZF), whereas RY. and R, are isomorphic non-standard
models of the reals (constructed in some model of ZFC), denoted by R,,~.

Other non-standard models of the reals are obtained by an ultrapower of the
standard model R with respect to some non-trivial ultrafilters  C Z(w).
The models which we obtain with this construction are denoted by R*. By
Lo$’s THEOREM 15.2 we know that all these models R* are elementarily
equivalent to R, independent of the choice of the ultrafilter %. Therefore,
beside the non-standard models R« as constructed above, we also have the
non-standard models R*. It is natural to ask whether the models R« are
also elementarily equivalent to the standard model R. This is indeed the
case. Moreover, if we use the same ultrafilter to construct w* (from w) and
R* (from R), then the models R,« and R* are isomorphic (see the SOLUTION
TO EXERCISE 17.2 for a bijection between RY, and Ry, ).

A Brief Introduction to Non-Standard Analysis

The idea of Non-Standard Analysis is that we work simultaneously with two
models of the real numbers. One model, let us call it the ground model, takes
the role of the standard model R, and the other model, which is an ultrapower
of R with respect to an ultrafilter % over w, denoted by R*, is in the view
of a non-standard model which is elementarily equivalent to R. Now, we take
the standpoint that proper Analysis takes place in the model R*, but—as
people living in R—we can only “see” the standard part of the reals in R*.
Even though we have quite a restricted view to proper Analysis from the
model R, by the fact that the models R and R* are elementarily equivalent,
we cannot detect any difference between the two models on the formal level.
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In fact, each sentence which is valid in one model is also valid in the other
model. For example, in order to solve a problem in R, we can carry out our
calculations in R*, where we can use reals in R* which do not exist in R, and
at the end we simply “project” the result to R again.

Let us now have a closer look at the models R and R*, and let us fix some
notation: The domain of R is denoted by R with the natural numbers IN,
and the domain of R* is denoted by R* with the natural numbers IN*. The
elements of R* are equivalence classes [f] of functions f : w — R. For such
equivalence classes we usually just write 7*. With the embedding

R — R*

r +— [c;] where ¢, :w — {r}

we obtain that IR is a subset of R*, and that IN is a subset of IN*. Furthermore,
we see that the equivalence class [d], where d(n) := n for all n € IN, is an
element of IN* which is bigger than all elements of IN. Thus, N := [d] is an
element in IN* which does not belong to IN. On the other hand, the equivalence
class &g := [d™'], where d~!(n) := L for all n € IN'\ {0} and d~'(0) := 0,
is an element in R, for which we have 0 < §y < % (for all n € W). From
the viewpoint of R*, &g is just a positive real, in fact a positive rational.
However, from the viewpoint of R, §p does not exist, since it would be an
infinitely small real number, a so-called infinitesimal (i.e., a non-zero real
number whose absolute value is smaller than % for any n € IN'\ {0}).

We say that r*,s* € R* are infinitely close, denoted by r* ~ s*, if r* — s*
is infinitesimal. Note that =~ defines an equivalence relation on R*. Further-
more, let R be the set of all reals r* € R*, such that for some s, s2 € R we
have s; < r* < so. Obviously, we have R C R C R*.

The following result states that for each real r* € R there is a unique real
r € R which is infinitely close to r*. This fact allows us to “project” the reals
in R to R.

PROPOSITION 17.5. For each real r* € R, there is a unique real » € R such
that r* ~r.

Proof. Uniqueness is obvious, since if there are r1,r2 € R such that r* ~ r;
and r* & rg, then by transitivity we have r1 & ro. Since 1,72 € R, it follows
that rq — ro = 0 and thus r1 = ro.

For the existence, we proceed as follows: Let r* = [f] for some f:w — R
and let s,t € R be such that [cs] < [f] < [et], which implies

{nEw:sgf(n)gt}E%.

We construct sequences (sy,) and (t,) in R as follows. Let sg := s and to := t.
Assume that s,, and t, are already defined and that we have

J;n::{nEw:snSf(n)Stn}e%.
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Let
yn::{nEw:sngf(n)gsni;t"}.

Since % is an ultrafilter, we have either y, € % or (w\ yn) € % . In the
former case, let s,11 = s, and t,41 = %, and in the latter case, let
Sp+1 = % and t,+1 = t,. Notice that since in the former case we have
Ty Nyn € %, and in the latter case we have z, N (w\ y,) € %, in both cases
we have

Tpa1 = {n Ew:spr1 < f(n) < tn+1} cwU.

By construction, (s,) and (¢,) are monotone sequences, where for all n €
IN we have [cs,] < [f] < [e,]- Furthermore, since limy, oo (tn — $n) = 0,

the supremum r € R of (s,,) is equal to the infimum of (¢,), which shows
that r* ~ r. a

For 7* € R, the unique r € R such that r ~ r* is called the standard part
of r*, denoted by st(r*). As mentioned above, we can consider the standard
part of a real r* € R as a projection of r* to R, similar to the real part of
a complex number. Moreover, PROPOSITION 17.5 shows that every r* € R is
of the form r* = [¢;] + [fs], where r = st(r*) and f5 : w — R is such that
lim,, o f5(n) = 0, i.e., f5 is a zero sequence. For the sake of simplicity, we

just write r + § instead of r* = [¢,] + [fs]-

The following figure, in which dp is an arbitrary infinitesimal, visualises the
ordering of R, how R is embedded in R, and shows some simple calculations.

R
Vo
(24 80)2

460 ———— =TT T (2+60)> — 63
do 2+ do
30
2
50
100
52 2+ 63

: R

—2 -1 1 3 1 5

—do 2 —do
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For example, let N € IN* \ IN and let §g := % Then the standard part of
dg is 0, i.e., for people living in R, dy = 0. Similarly, 2 + §p = 2, or more
formally, st(2 + &y) = 2. For example, 2 + &y belongs to R, but N does not
belong to R, since there is no s € R such that N < s. The set R, as a subset
of R*, is linearly ordered by <j. Notice that <j; restricted to R is just the
usual linear ordering on R (which follows from the fact that R is a submodel
of R* and that R and R* are elementarily equivalent).

The next result shows that in Non-Standard Analysis, one can compute,
for example, definite integrals without using limits.

PROPOSITION 17.6. (a) Let a € R, let f be a real-valued function which is
continuous at a, and let a* € R* be such that a* =~ a. Then we have:

fla®) = f(a)
(For a proof see Robert [44, Ch. 4].)

(b) Let a € R and let f be a real-valued function. If there exists an r € R
such that

st(W) =r forall 6 =0 with§ #0,

then f is differentiable at a and we have f'(a) =r.

(For a proof see Robert [44, Ch. 5].)

(¢c) Let b € R, let f be a real-valued function which is continuous on the
interval [0,b], and let N € IN*\ IN. Then in R we have:

b
O/f(x)dx = st(

(For a proof see Robert [44, Ch. 6].)

N—

=

i)

k=0

2|

Other applications of Non-Standard Analysis are given by the following
two examples.

EXAMPLE 17.7. As a first example, we prove L’Hospital’s Rule: Let f
and g be two real-valued functions which are derivable at xy € R, where
f(zo) = g(xo) = 0. Furthermore, let € be an infinitesimal. Then, by PROPO-
SITION 17.6.(a), we have

flz) _ St(f(xo +s)).

lim
g(l’o + 6)

z—xo g(x
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Since f(zg) = 0, for f we have

st(f(wo +¢)) = st(f(z0 +¢) = f(20)),

and similarly for g. Thus, we get:

flxo+e) f(zo +€) — f(z0)
(seere) = (Ser o —swn))
:St<f($o+€)—f($o) E)
g(xo +¢) —g(xo) €
_ g f(zo+e) — flzo) €
=t ETEE ),

St(g(aco + Ej - g(mo))

Therefore, by PROPOSITION 17.6.(b), we finally have

() _ f'=zo)

lim .
e=wo g(z)  g'(20)

ExXAMPLE 17.8. Let us now consider the Dirac Delta Function: For this,
let g be a real-valued function which is continuous at 0, and let § be a positive
infinitesimal. With respect to d, we define the function

6%+% for —§ < x <0,
fo(x)={—%+35 for0<z <9, Y
0 otherwise.

Then we obtain

B
/g(x)-fg(x) dor = /g(;v)-fg(x) dx .
R )

Since g is continuous at 0, by PROPOSITION 17.6.(a), there is an infinitesimal
€ > 0, such that for all z* € [—-4,6], g(0) —e < g(z*) < ¢g(0) +¢, which implies

)

) )
(9(0) — <) - / fi(@) de < / o) - folx)de < (g(0) +2) - / f3() da
-5 -

—0
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5
Now, since [ fs(z)dz =1 and st(g(0) £ &) = g(0), this shows that
s

5
st / o) - f5(x)de | = g(0).
s

Computing the Fourier coeflicients of fs, we obtain ag := %, and for all
positive n € IN* we have b, = 0 and

2
ap, = m(l — cos(nd)).

Notice that for all n € IN we have st(a,) = L.

NOTES

The natural construction of a model of the real numbers is due to A’Campo [1], who
proved all results directly from the properties of slopes— without using Cauchy sequences.
The structure of non-standard models of A’Campo’s construction of the reals was first
studied by Mizrahi [36].

Non-Standard Analysis was developed in the early 1960s by Robinson. Even though the
idea of working with infinitesimals can be traced back to Leibniz and L’Hospital, it was
Robinson who laid the logical foundations for infinitesimals and infinite numbers (see, for
example, [45]).

EXERCISES

17.0 Let A\, u € ., and let X',/ € . be such that X ~ X and p/ ~ p.
Show that [A] < [u] if and only if [N'] < [p/].
17.1 (a) Show that for any slopes A\, u € . we have F([)\] + [,u]) = F([)\D + F([,u])
(b) Show that F(O[y]) = O[cg].
(c) Show that for any slopes A, u € . we have I'([A] - [u]) = I'([A]) - I'([u])-
(d) Show that F(l[y]) = l[cg]
17.2 Find a bijection between the sets R} and R,,=, where these sets are constructed over

the same non-trivial ultrafilter. More precisely, construct a bijection between the sets
(R¥)* and RY..

17.3 Show that for a? # 1,

0 if la| < 1,
- loga? if |a| > 1.

/ log(1 — 2a cos(z) + a2)d1‘ = {

=0

This exercise is taken from Robert [44], where one can find many more applications
of Non-Standard Analysis.



Tautologies

In this section we give a list of some of the most important tautologies. Many

of them have been used explicitly and implicitly in several formal proofs.

(A.0)
(A1)

o
Feep

{0} oAy

F@W—e)— (Y = Yrp) [for v ¢ free())]

{1 = w2, 02 = @3} F o1 — w3
{o1 =Y, 02 =V} (01 Vp2) =
{ = 01,0 = w2} F Y = (01 A p2)

Fo— (¥ = (pAY))
Fe e e
(e =) < (=Y = —p)

{p et —p e
{pe ¢ vyt (=)o (¢ =)
{pe e oyt (pVi) < (¢ VYY)
{ee @ byt (pAyY) < (¢ AY)

F(p1 A p2) < (P2 Apr)
F (01 A p2) Aps) < (o1 A (02 Ags))

© The Author(s), under exclusive license to Springer Nature Switzerland AG 2025
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AAAA
R

~ S
W = O

AAAA
asag
W N = O
S N N

F(p1Vp2) < (p2 V1)
F ((p1V @2) V g3) <>

(=) < (mp V)

< (o V)
< (o AN )

F (1 A w2) Vs <> (01 Vps) A
F (g1 V2) A3 < (o1 Aps) V

Fve(v) < I'o(V)
FYvp(v) < V' o(V)

{o & Y} EVvp & Yoy
{p Y} Fvp < Ty

F—Jvp < Vv—p
F=Yvp < Jv—p

FYve < —dv—p

Fwav o« W'vp
F YUY o < Y Ve
F¥vavp < Jvp
F Vv < Ve

FIvp Ay « v/ (e
F Yup AV < YUY (p
}—Elugp/\z/JHEll/(go/\@[J)
FYvo A+ Yr(o A)

FIvp Vv vy« Iva/ (e
F Yup VYY) < YUY (p
}—Elugp\/w<—>5|1/(<p\/¢)
F YoV« V(e V)

Tautologies

(o1 V (02 V@3))

(p2 V p3)
(2 A p3)

[if ¥/ does not appear in ¢(v)]
[if ¥/ does not appear in ¢(v)]
[if v/ does not appear in ¢(v)]

[for v ¢ free(v), V' ¢ free(yp
[for v ¢ free(v)), v/ ¢ free(y
[for v ¢ free(v)
[for v ¢ free(v

[for v ¢ free(v), V' ¢ free(yp
[for v ¢ free(v)), v/ ¢ free(y
[for v ¢ free(v)
[for v ¢ free(v

~_ — D —



Solutions

Chapter 1

1.0 (a) A formal proof of ¢ A9 from ® = {¢, 1} is given by:
po: ¢ ped
p1: 1 Y eEP
p2: = (¢ = (P AY)) instance of Ls
@3t @ = (P AN) from ¢ and ¢1 by (MP)
pa: pAY from ¢3 and ¢g by (MP)

(b) A formal proof of ¥ A ¢ from ® = {p A} is given by:

po: A pApED
p1: (P AY) = ¢ instance of L3
p2: (pAY) = P instance of Ly
p3: Y from ¢2 and ¢g by (MP)
pa: from ¢1 and g by (MP)
w5t P AP by 1.0.(a) with ® = {3, ¢4}
which means that ¢5 follows by the formal proof of EXERCISE 1.0.(a) with respect
to ® = {3, ¢4}, in more detail:
ws5a: @ = (P = (YA @) instance of Ls
wsp: Y = (YA ) from 54 and 4 by (MP)
P55t YA P from @5, and 3 by (MP)

1.1 (a) A formal proof of (p V) = (¢ V @), where we set ¥ := ¢ V ¢, is
given by:
wo: Y =Y instance of Lg
p1: @ =0 instance of Ly
p2:i (=) = (v =) = (pVY) = 9)) instance of Lg
w3: (v = 9) = ((p V) = 9) from @2 and 41 by (MP)
pa: (V) =9 from ¢3 and ¢g by (MP)

© The Author(s), under exclusive license to Springer Nature Switzerland AG 2025 247
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Solutions

(b) A formal proof of (¢ A ) — (¥ A ), where we set ¥ := @ A, is

1.2 (a)

given by:

wo: V=

p1: 9=

w21 = (Y= (Y A)
3t P2 = (0 = ¢2)
wa: U — 2

®5:

¥6:
Pt
p8:

®9

®10:

F= (= @@= @WAp) = (0= ) = @0 —
=ps ¥ = (W Ae))))

(@ —= )= 0= = (DAe)
V= (Y= (Y AP)
@ =@ = @A) = ((0—=9)—

(@ = (¥ A ¢)))

(0 =) = (0 = (P Ap)
9= (P Ap)

instance of L3
instance of Ly
instance of Lg
instance of L
from ¢3 and @2 by (MP)

instance of Lp

from o5 and @4 by (MP)
from ¢¢ and g by (MP)

instance of Ly
from g and ¢7 by (MP)
from ¢g9 and o1 by (MP)

A formal proof of (11 Aha) Aths from ® = {11 A(2 Ah3)} is given by:

$po:
p1:
p2:
®3:
pa:
®5:
p6:
Pt
p8:
®9:

®10:
P11t
P12t
$13:
p14:

A formal proof of 11 A (12 Aths) from @ = { (1)1 Ah2) AP} is given by:

®o:
P1:
P2
p3:
pa:
®5:
¥e6:
P!
®8:
®9:

®10:
Y11
Pp12:
$13:
®p14:

1 A (P2 A s)

(1 A (2 Aip3)) = 91

(1 A (2 Aip3)) — (2 Aibs)
Y1

o A3

(2 Ab3) = 22

(2 Np3) — 3

P2

P3

2 = (b1 — (V1 Ap2))

1 = (1 A2)

U1 NP2

w3 = (Y1 Ap2) = (Y1 A2) As))
(Y1 Aap2) = (Y1 Ab2) Ap3)
(11 Np2) A3

(11 Np2) N3

(1 A p2) Avp3) — (Y1 A th2)
(1 Ap2) Ap3) — 3

W1 A2

Y3

(1 Np2) =

(Y1 Aap2) = 2o

1

P2

P3 = (Y2 — (P2 A3))

Y2 — (Y2 A3)

P2 A3

(2 Np3) = (b1 = (1 A (b2 Ap3)))
P1 = (Y1 A (P2 A1p3))

1 A (P2 A s)

1 A (P2 Aip3) € @
instance of L3

instance of Ly

from ¢1 and ¢g by (MP)
from o2 and @o by (MP)
instance of L3

instance of Ly

from ¢s5 and ¢4 by (MP)
from ¢¢ and @4 by (MP)
instance of Ls

from ¢g and @7 by (MP)
from @10 and @3 by (MP)
instance of Lg

from ¢12 and @g by (MP)
from ¢13 and @11 by (MP)

(1 AY2) ANp3 € @
instance of L3

instance of Ly

from ¢1 and @o by (MP)
from ¢2 and ¢g by (MP)
instance of L3

instance of Ly

from ¢s5 and @3 by (MP)
from ¢g and ¢z by (MP)
instance of Ls

from ¢g and ¢4 by (MP)
from @109 and @g by (MP)
instance of Lg

from ¢12 and @11 by (MP)
from ¢13 and @7 by (MP)
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1.3 A formal proof of =) — —¢p from ® = {p — ¢} is given by:
o=

o0 = (=% = o)
Y = o

1.4

®o:
P1:
p2:
®3:

©p4:
®5:
ve:

(2
P8:
®9:

w10t (7 = (= ) = (=Y — =)

(p =) = ((¢ = ) = —p)
—_— —m———

=:0

w3 = (—P — @3)

Y — @3

(=% = (po = V) = (=% = ¢o) = (=¢ = V)
~——

=93

(=% = @0) = (-9 = V)

) =

(=% = ((p = ~¢) = =) = ((-¢ = (¢ = )
———

=9

w11 Y = (p = )
p12: Y — -

= (4 = )

p—=1PpedP

instance of L

from ¢1 and ¢g by (MP)
instance of Lg

instance of Ly
from ¢4 and @3 by (MP)
instance of L,

from ¢g and @5 by (MP)
from ¢7 and @2 by (MP)

instance of L,

from o9 and @g by (MP)
instance of L
from @10 and @11 by (MP)

(a) A formal proof of ¥y — 1o from ® = {1hg — 1,91 — o} is
given by:

$o:
P1:
p2:
®3:
P4
®5:
®6:

Y1 — P2
Yo = (Y1 — P2)

(Yo — ¥1) = (Yo — ¥2)
Yo — Y1
Yo — P2

(1 = P2) = (Yo — (Y1 — ¥2))

(o = (Y1 = ¥2)) = (Yo = Y1) = (Yo = ¥2))

instance of L
Y1 > P2 €P
from ¢ and ¢1 by (MP)
instance of Lj
from ¢3 and @2 by (MP)
Yo — Y1 € P
from ¢4 and @5 by (MP)

A formal proof of (¢ V ih1) — ¢ from ® = {tbg = p,11 — ¢} is
given by:
t (%o = 9) = (Y1 = ) = (Yo VY1) = )

%o
®1
P2
®3
P4

to — @

(1= ) = (Yo V1) = @)

s =
(o V1) =

instance of Lg

Yo >p P

from ¢ and @1 by (MP)
P > P

from ¢2 and 3 by (MP)

A formal proof of ¢ — (Yo A1) from ® = {p — Yo, — Y1} is
given by:

$po:
p1:
p2:
®3:
P4
®5:
p6:

P!
®8:

» — o
® =

» = (¢ = o)
® = (o= 1)
1 — (Yo — (Yo A1)
| R
=:9
w6 — (= v6)
Y = P6

(¢ = o) = (¢ = (¥ = %0))
(o= P1) = (¢ = (¢ = Y1)

=1 EP

w1 €P

instance of L

instance of L

from o2 and @g by (MP)
from ¢3 and 1 by (MP)
instance of Lg

instance of L
from ¢7 and e by (MP)
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po: (o= (Y1 =) = (0 = ¥1) = (¢ = 9))
——

=6
w10: (@ = 1) = (@ = 9)
w11: @ = (Yo — (Yo A1)

w12t (¢ = (Yo — (Yo A1) —
((p = o) = (¢ = (Yo A1)
w13 (¢ = o) = (@ = (Yo A1)

w14t @ — (o A1)

Solutions

instance of Ly

from ¢g and @ by (MP)
from ¢10 and ¢1 by (MP)

instance of Ly
from 12 and @11 by (MP)
from @13 and @o by (MP)

1.5 A formal proof of ((1 Ah2) Vi3) = (01 Vb3) A (2 V 1h3)) is given by:

®o:
P1:
P2:
®3:
pa:
®5:
®6:
7
®8:
®9:

w10: (1 Ab2) Vabs) — (P11 V ¥3) A (2 V 93))

(1 A p2) = 4n
1 — (Y1 V 3)
(1 Aib2) = (1 V 3)
(Y1 ANab2) = 22
2 — (Y2 V 3)
(11 Np2) = (2 V 93)

(Y1 ANap2) = ((h1 V 3) A (b2 V 93))

¥3 — (Y1 V P3)
Y3 — (Y2 V 3)
¥3 = (1 V P3) A (P2 V 3))

instance of L3
instance of Lg
by 1.4.(a) with & = {0, 1}
instance of L4
instance of Lg
by 1.4.(a) with & = {3, ¢4}
by 1.4.(c) with & = {2, 5}
instance of Ly
instance of Ly

by 1.4.(c) with & = {7, ps}

by 1.4.(b) with ® = {5, 99}

1.6 A formal proof of VaVy (x =y — y = ) is given by:

®o:
P1:

®3:
P4
®5:

®6:
Pt

®8:
P9t

¥p10*
P11t
Y12
¥p13:
p14:

(z=yNax=z)—> (z=2—>y=u1))
(r=yAhz=z)—> (zr=z—>y=1)) >
((z=yANz=2)—>z=12)—>
(z=yArz=2) > y=u1)

(zr=yNzx=z)—>z=212)—

(z=yrz=12)—>y==2)

(r=yAhax=z)—>z==2
(r=yAhx=z)—>y==x
(r=yANax=z)—>y=1x)—

(z=y—=((z=yAz=2z2)—>y=10)
r=y—> (zr=yAax=z) > y==x)
(z=y— ((z=yAz=2)—>y=21a))—
(z=y—>(z=yAz=2a)) >
(z=y—>y=2)
(z=y—(z=yrz=2)—> (z=y—oy==1a)

r=x

r=z—> (z=y— (x=yAz=u1a))

z=y—(z=yAz==1x)
r=y—>y==zx
Vy(x=y > y=1)
VeVy(z =y = y=1x)

instance of Lis

instance of Ly

from ¢1 and ¢ by (MP)
instance of Ly
from @2 and ¢3 by (MP)

instance of L
from ¢5 and ¢4 by (MP)

instance of Lj

from ¢7 and e by (MP)
instance of Lig

instance of Lg

from @10 and ¢pg by (MP)
from ¢g and 11 by (MP)
from @12 by (V)

from ¢13 by (V)
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Chapter 2

2.0 (a) Using THEOREM 1.7, we can reduce the problem to the following
claim: For every formula containing only — and A as logical operators,
there is an equivalent formula using only A. To show this claim, we
use THEOREM 1.6 with the following equivalences:

(i) ~pepie

(i) p AP = (P AD)A(PAY)

For (i), notice that with (DT), (MP), L3 and Ls we can easily obtain
@ < @ A p. Now, with THEOREM 1.6 we then find

—pe(pAp) e pAep.

For (ii) we again use THEOREM 1.6 which gives us the following chain
of equivalences:

PAY S (pAY) & (2(p AY) A(=(p AY))
S (PAY)A (e AY).

where we used TauTOoLOGY (F) and (i).

(b) Just as above we only have to show:

(iif) ~ < Ve

(iv) e AY = (V) V(P V)

The first equivalence is immediate from ¢ < ¢ V ¢ which requires
Le, Lg, and TAUTOLOGY (A.1).

For (iv) we again use THEOREM 1.6 which gives us the following chain
of equivalences:

PAY & (e AY) & (mp V)
S ((pVe) V(¥ VY)) & (pVe) V(Y V).

where we used TAuTOLOGY (F) and (L.0).

2.1 By TAUTOLOGY (A.1) we have reflexivity. For symmetry, consider two
formulae @, ¢ with ¢ < . We want to prove {¢ <> ¥} F ¢ + ¢. Now,
since ¢ <> 1 is just an abbreviation for (¢ — ¥) A (¢b — ), this follows
directly from TAUTOLOGY (I.1).

In order to show transitivity, suppose @1 < @2, Y2 & @3. As we can
obtain ¢ > 3 from 1 <> w9 by replacing an occurrence of o by 3,
we apply THEOREM 1.6 to find:

P2 = Y3 T P11 > Yo Pl P3
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2.2

Solutions

Alternatively, one can also prove {¢1 > @2, 92 <> @3} F 1 <> @3 directly
with Ll, |_2, and |_5.

For the direction that ® F ¢ implies ® - for every formula ¢, there are
six rules left to check. Namely (IA), (EA), (IV), (EV), (I=) and (E=).

For (IN), suppose that ® - ¢ and ® I ). We verify that ® F ¢ A 1:

wo: Y — (p— (pAY)) instance of Ls
w1 Y by assumption
p2: o= (P AY) from ¢ and 1 by (MP)
p3: @ by assumption
pa: @AY from ¢2 and @3 by (MP)

For (EA), suppose that ® - @ A1). We verify that ® - ¢ as well as ® I 1.

wo: @AY by assumption
p1: (pAY) = instance of L3
p2: (P AY) = instance of Ly
p3: from ¢1 and ¢g by (MP)
pa: W from 2 and ¢ by (MP)

For (IV), let v be a variable such that v ¢ free(y) for any x € ® and
suppose that ® - ¢(v). Then by (V) it follows that ® - Yvo(v).

For (EY), let v be a variable and 7 a term such that v ¢ free(y) for
any x € ® and the substitution ¢(v/7) is admissible. Suppose that ® F
VYvp(v). We verify that ® F o(7):

wo: Yvp(v) — (1) instance of Lo
w1 Yrp(v) by assumption
p2:  o(T) from ¢ and 1 by (MP)

The rule (I=) follows directly from Li4.

In order to check (E=), we first prove
{n=mn}ttolv/n)=0c/m)

by induction on term construction. If ¢ is a variable or a constant symbol
this is obvious. Suppose that ¢ is the term Foy,--- ,0,. Since we may
assume that {r; = } F o;(v/71) = 0;(v/72) by induction, we obtain
{r1=m}Fo(/n)=oc(v/n)by Le.

Now note that an atomic formula ¢ is either of the form o7y = o9 or
Roy,- -0, for terms o1,...,0, and a relation symbol R. We consider
only the case that ¢ is Roy,--- ,0,. If we assume 71 = 75 then by the
observation above we have o;(v/m) = o;(v/7m2) for all i. Since ¢(v/7;)
is simply the formula Ro(v/7;),--- ,0(v/7), (E=) follows from L;s. This
completes the first part of the proof, namely that ® F ¢ implies ® ¢
for every formula ¢.
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Conversely, we still have to check that every logical axiom from Lg-Lig
can be deduced by the calculus of natural deduction.

Let us start with Lo, namely checking that ¢ V —¢:

{p,=(pV—p)} ¢ by (IR)
{p, 2 (e V-9)} FoV-p by (1V)
{p,=(pV=9)} F==(pV—p) by (IR)
{p, ~(pV=9)} (V) A=(pV—p) by (IA)
{=(pV—9)} F=¢ by (1-)
{=p,=(pV—p)} F—p by (IR)
{~¢,=(pV=p)} eV -p by (IV)
{=p, =(pV=p)} F=(pV—p) by (IR)
{=¢, (e V=9)} (V=) A=(pV—p) by (IA)
{=(pV=9)} ¢ by (1-)
{=(pV =)} F=p A==y by (IA)
=-=(p V) by (1-)

HoV-p by (E-)

For Ly, we need to show ¢ — (¢¥ — ¢).

{p, 9} o by (IR)
{et Y=o by (I—)
o — (Y — ) by (1-)

For L,, we need to show

=W = (1 = p2)) = (¥ = 1) = (¥ = 2)).

{ = (p1 = 92),% = p1,9} o by (IR)
{ = (p1 = 92), Y = @1,9} =Y = 1 by (IR)
{ = (01 = 92),% = p1,9} @1 by (E—)
{h = (p1 = 92), % = p1,9} Y — (p1 — ¢2) by (IR)
{ = (o1 = 92), ¥ = 01,9} Fo1 = @2 by (E—)
{0 = (o1 = ¥2),¥ = @1,9%} @2 by (E—)
{ = (o1 = ©2), ¥ = p1} Y — 2 by (I-)
{ = (p1 = w2)} H@ = ¢1) = (¥ = p2) by (1-)

= = (o1 = 92)) =
(= @1) = (¥ = 92)) by (=)

For L3, we need to show (¢ A ) — ¢.

{pAY} oA by (IR)
{p AP} o by (EA)
H(eAY) =@ by (1-)

For L4, we need to show (p A ) — 9.

{end} oy by (IR)
{eny} =y by (EA)
H(pAy) = by (1)

For Ls, we need to show ¢ — (¥ — (¢¥ A ¢)).
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{p, 9} o
{p, ¥} =9
{p, b} =Y A
{p} Y = (¥ Ap)
o= (= @A)

For Lg, we need to show ¢ — (¢ V ).

{¢} o
{o} oV
o — (e V)

For L7, we need to show 14 — (¢ V).

{¥} o
W} =evy
=Y — (o V)

For Lg, we need to show

Solutions

by (IR)
by (IR)
by (IA)
by (1-)
by (1—)

by (IR)
by (Iv)
by (1-)

by (IR)
by (V)
by (I1—)

(o1 = @3) = ((p2 = p3) = ((p1 V p2) = ¢3)).

{p1 = ©3,02 = 3,01 V 2} 1V 2
{p1 = p3,02 = 93,01 V 02,01} 1
{1 = @3,02 = 03,01 V 2,01} Fo1 — @3
{p1 = @3,02 = 3,01 V 92,01} b3
{p1 = @3,02 = ©3,01 V 2,02} F2
{p1 = w3,02 = 93,01V p2,02} Fp2 = @3
{p1 = @3,02 = ©3,01 V 2,02} 3

{p1 = @3,02 = 3,01 V 2} 3

{p1 = @3,02 = w3} F(p1Vp2) = @3

{p1 = w3} (02 = @3) = ((p1 V p2) = @3) by (I-)

(p1 = @3) —

((p2 = @3) = ((¢1 V 92) = @3)) by (1)

Note that Lg and L;3 are already verified. Furthermore, (EV) implies Lyq

and (13) implies Ly;.

For Li,, we need to verify

Vv = p(v) = (¥ — Vvp(v))

for any variable v ¢ free(¢)).

{Ww(@ — o)), ¥} E=Yv( = p(v)) by (IR)
{Ww(p = o), ¥} =Y — p(v) by (EV)

{Wwp = o), v} =9 by (IR)
(W@ — o)), ¥} o) by (E—)

V(b — p(v)), ¥} F=Vre(v) by (IV)
W@y — o))} =9 = Yvp(v) by (I-)
=Y — o)) = (v — Yve(v)) by (1-)

L14 is immediate from (l=).
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2.3

24

For L5, we need to check that

(=7 A ATp=1) = (R(11,...,70) = R(1{,...,7))).

y'n

{ri=m N Amn=7),R(11,...,7)} b1y =7/ (for each i) by (IR) and (EA)
{ri=m{NANtn=1),R(71,...,7)} FR(T1,...,7n) by (IR)
{ri=mAN - Ata=1,,R(r1,....,7)} ER(7],...,7}) by (E=)
Note that in the last step we have applied (E=) multiple times. Applying
(I=) twice yields the desired result. N

For L1, we need to check that

(=7 AN ATp=1,) = (F(r1,...,70) = F(11,...,7)).

r'n

{mn=mN-Amn=1,} b7 =7/ (for each 1) by (IR) and (EA)
{ri=m{N-ANmn=1} V—F(r1,...,7) = F(11,...,7) by (I=)
{ri=mAN-Ata=1,} V—F(r1,...,7a) = F(1{,...,7},) by (E=)
As in the case of Lis we have to apply (E=) multiple times. The result
follows by (1—).

Let @ be a set of formulae, ¢ a formula, 7 a term and v a variable. We
will prove that the following two statements hold:

P -p(r) = ®F Ve
PEo(r) = P+ V()

For the first statement, assume —¢(7). Then, by (13), we get Iv—p(v),
which is equivalent to —=Vv¢(v) by TAUTOLOGY (Q.1).

For the second statement, assume (7). Then, again by (13), we get
Jvp(v), which is equivalent to ~—=3Jvp(v) by TAuTOLOGY (F). Thus, ap-
plying TauToLoGY (Q.0) and (G), we obtain —=Vv—p(v).

For the first direction - =(p A ) = (m¢ V =) of TauTOLOGY (L.0) we
first show {=(p A ), @, 1} - 02

©wo: assumption

p1: Y assumption

p2: P — (o= (e AY)) instance of Ls

w3: o= (A1) from 2 and o1 by (MP)
pa: @AY from ¢3 and ¢g by (MP)

The contradiction then follows with Ls. Using COROLLARY 2.8 we obtain
{=(¢ A¥), ¢} F =1 and a simple application of L7 gives {—=(p A1), p}
V.

With Le we can show {=(¢ A ¢),—¢} F = V ). Finally with (V1) we
obtain {—=(¢ A )} F —p V =), and we can thus conclude using (DT).
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Towards F (= V =) = =(p A ) we first show {¢o A, —p V =} F 2

wo: PAY assumption

p1: (P AY) =@ instance of L3

p2: from ¢ and 1 by (MP)
w3: (pAY) = instance of Ly

P4 Y from ¢ and ¢3 by (MP)
ps5: TV assumption

we:  (me V) = (¢ = ) instance of TauToLOGY (K)
O e from ¢5 and ¢e by (MP)
P8 TP from o and 7 by (MP)

The contradiction follows again with Ls. From COROLLARY 2.8 we obtain
{oAY} F =(=p V1), by PROPOSITION 2.9 we get {—pV -1} F =(pAY)
and finally we conclude with (DT).

The proof of TAUTOLOGY (R) requires (G). Notice that with THEO-
REM 1.6 and TAuTOLOGY (K) and (F), we obtain

=Y E VY )= S YV

and therefore, TAUTOLOGY (G) follows directly from commutativity of V
which in turn is proved easily with Lg, L7 and Lg.
We begin with - ~—=VYvp — —Jv-¢:

wo: Yrp — @ instance of Ljg
p1: (Vrp = @) = (mp — V) instance of (G)
p2:  —p — Ve from ¢ and ¢1 by (MP)
w3 Yw(—p — =Vrp) from ¢2 by (V)
pa: Yu(—p = V) = (Jv—p — V) instance of L3
ps: v — Ve from ¢3 and ¢4 by (MP)
pe:  (Fvp = V) = (-—Vrp — =Fv—p) instance of (G)
p7: Vv — ~Ju-g from ¢5 and ¢g by (MP)

From here we obtain F Vv — —3v—p again with TauToLocy (F) and
THEOREM 1.6.

For the other direction note that by THEOREM 1.6 we have

(=T = Yry) < (T V V) < —(--Jv-p V V)
< (= Ivmp A V) & (-FJv—p A V)

where we used TauToLOCY (K), (F) and (L.0). Thus if (-Fv-@A—-Vry)
then —(=3Jv—p — Yvp) F 0D as well and therefore by COROLLARY 2.8
we obtain F —Jv—p — V.

We can now show (—3v—¢p A V) F O3

wo: (mIv—p A V) assumption

p1: (mIv—p A V) — (-Tv-p) instance of L3

p2: e from oo and ¢1 by (MP)
p3: e — Jvop instance of Lig

pa:  (mp = o) = (mFv—p — ) instance of (G)

p5: v — e from ¢3 and ¢4 by (MP)

pe: from 3 and ¢5 by (MP)
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2.5

2.6

S e ) instance of (F)

P8 @ from ¢¢ and @7 by (MP)
pg: Yvp from g by (V)

p10: (4Iv—p A V) = (—Vre) instance of Lg

p11: Ve from @p and @19 by (MP)

from which a contradiction is reached as above.

To complete the proof of THEOREM 1.7, it now only remains to prove the
equivalence

eV (- A).

However, by THEOREM 1.6, this follows immediately from TAUTOL-
oay (F) and (L.0).

For part (a), let us first consider the case n = 1. We prove each implication
seperately and start with = (¢ V =) = = (¢ A ).

wo:  (me = (@A) = (79 = =(e AP))
= (e V) = =(p AY))) instance of Lg

p1: (pAY) =@ instance of L3

p2: = (e AY) by PROPOSITION 2.9 and (DT)
w3 (2 = (e AY)) = (e V —9) = (e AY))  from po and @2 by (MP)

pa: e ANY =Y instance of Lg

w51 T — (e AY) by PROPOSITION 2.9 and (DT)
we: (V) = (e AY) from @3 and ¢35 by (MP)

For the other direction, namely F =(¢ A ¥) — (—¢ V —1p), we will show
e a(eAY) = (mpV ) and ~p - =(@ AY) = (mp V 1)) separately,
which leads to the desired conclusion by case distinction (V1). We start
with the latter, assuming —p.

wo: = (me V) instance of Lg
p1: TP by assumption
p2: Vo from ¢ and 1 by (MP)
e3: (2 V) = (2(eAY) = (mp V1)) instance of Ly
pa: (e AY) = (mp V) from @3 and @3 by (MP)

To show {p, (e AY)} F (mp V —1)), we argue by contradiction. Assume
¢, 7@ A¢) and ¥

wo: Y= (p = (A1) instance of Lg
p1: Y by assumption
w21 = (P AY) from ¢ and 1 by (MP)
P3P by assumption
P4 P AY from @2 and 3 by (MP)
w5 (e AY) = ((pAY) = (e AY)A=(pAY)))  instance of Ls
wer (P AP) by assumption
wrr (e AP) = (P AY) A=(p A1) from 5 and g by (MP)
ws: (PAP)A=(pAY) from @7 and @4 by (MP)

Which is a contradiction, hence, by COROLLARY 2.8 {p, =(p AY)} F —p
and thus, using L7, {¢, ~(p A1)} F =@V —1. So, as mentioned above, we
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2.7

Solutions

conclude F =(¢ A) — (—¢ V =) by case distinction (V1). This finishes
the case n = 1.

The general case follows inductively by the following observation:
(70 V —p1) V 2

< =(po A1) Vs by case n = 1 applied to o and 1
< =((po A p1) A p2) by case n = 1 applied to (vo A 1) and @2

For part (b), we argue as follows:

(=0 A+ A mpn)
& o V-V oo, by part (a) applied to —;
S po V- Ven by TauToLocy (F) and (H.2)

Which leads to the conclusion, using PROPOSITION 2.9.

For part (c), note that by TauToLoGY (K) we have ¢ — ¢ < —p V)
for any formulae ¢ and . Similar to the argument concerning part (a)
we iteratively apply the following:

o = (¢1 = w2)
< 2o V(1 — @2) by TauTtorocy (K) applied to ¢o and ¢1 — @2
< =0 V (mp1 Vo) by TavTtorocy (K) applied to ¢1 and 2

The proof is by induction on the construction of ¢. First, note that by the
proof of THEOREM 1.7, we may assume that ¢ only contains the symbols
- and A as logical operators and V as quantifier.

If ¢ is an atomic formula, L35 gives the assertion. So, suppose p = — for
some formula ¢, (11 = 7{ A--- AT, = 7)), and that the statement already
holds for ¢. We verify that = (7, ..., 7,) = —(,..., 7)), which proves
by (DT) that ¢ satisfies the assertion. Because of TAuTOLOGY (G), it is
equivalent to check ¥(rq,...,7.) = ¥(T1,...,Tn).

By TauToLoGY (N.0), we have (7 = 1y A-+ - AT}, = 7,) from our assump-
tion. Thus, by applying the assertion to ¥ and using (DT), we obtain the
desired implication (7, ..., 7,) = ¥(T1,. .., Tn).

Now, suppose ¢ = 1 A 2 for some formulae 1 and @2 which satisfy the
assertion. Further, assume the following formulae:

(=T A - ATp=1})
O1(T1y oy Tn) = 01(T15 oy Th)
02Ty oy Tn) = ©2(T1, oy Th)

O01(T1, ooy Tn) A ©2(T1, oy Th)

We verify that o1(71,...,7,) A @2(71,...,7}). By applying L3 and L4

we obtain ¢1(71,...,7,) and @o(71,...,7y). Since @1 and @y satisfy the
assertion we obtain ¢ (74, ...,7.) and @a(71,...,7,) by (MP). Then, Ls
and (MP) lead to w1(71,...,7,) Apa(T{,...,T})-

It remains to check the statement for ¢ = Vv where v is some vari-
able and ¢ is a formula. So, suppose 5 = T, A --- AT, = 7, and
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Yv (v, To,. .., ). By Lig, we get (v, Ta,...,7,). By our assumptions,
this leads to ¥ (v, 74, ...,7),), and applying (V) gives the assertion.

2.8 The proof is by induction on the construction of ¢. If ¢ is atomic, there
is nothing to prove. So, let ¢ = =1 for some formula v in CNF. Using
the equivalence —=(& A &2) < (=& V =€) (cf. TauToLocy (L.0)), + is
equivalent to some formula of the form

(1A ADLg ) VeV (Y A Amg,,)

for some quantifier-free formulae v; ; which are either atomic or nega-
tions of atomic formulae. The assertion follows by iteratively applying
TAauTOLOGY (M.0).

Similarly, if ¢ = ¢1 V o for some formulae ¢; and ¢, in CNF TAUTOL-
0GY (M.0) does the job.

If now ¢ = @1 A @9 for some formulae ¢ and @ in CNF, then ¢ is
in CNF by construction. So, it only remains to check the case where
» =1 — ' for some formulae ¥ and ¢’ in CNF. Using TAUuTOLOGY (K),
 is equivalent to some formula of the form

(W11 Vo VL) A AW VoV Ymg,)

N ((wlm Ve VP YA A (W, V"'Vi/J;n,k,,L))

for quantifier-free formulae 1; ; and 7,[127 ;» which are either atomic or nega-

tions of atomic formulae, and this is equivalent to some formula in CNF
by the above discussion.

2.9 (a) Define x := (p = ¥) = ((p = ) = —¢p). If we assume that
F ¢ — x and F = — x we can conclude with:

©wo: =X assumption

p1: TP =X assumption

w2: (p—=x) = ((m¢ = x) = ((p V) = x)) instance of Lg

w3: (mp = x) = (@ Vp) = X) from 3 and ¢g by (MP)
wa: (P Vo) = x from @3 and @1 by (MP)
w5: Ve instance of Lg

we: X from ¢4 and @5 by (MP)

It thus remains to prove the two assumptions above. We first show
{Lp — 1/]7(10 — ﬁwvﬁp} = "

wo: ¥ assumption

P e assumption

p2: WP from ¢1 and ¢g by (MP)
p3: o — assumption

P4 TP from ¢3 and ¢g by (MP)
ws: = (Y = ) instance of Lg

pe: P — T from ¢s5 and ¢4 by (MP)

w7 T from ¢ and @2 by (MP)
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Trivially, we have {¢p — ¥, — =9, ¢} F —p and with (DT) we
then obtain - ¢ — x and - —¢ — ¥.

Note that while we have only used Ly, Lg, and Lg, the axiom
schemes L; and L are required in the proof of (DT).

We can again apply (DT) and show {Li, L2, Los,, 0} = ==:

©wo:  ® assumption
p1: = (—p — @) instance of Ly
P2 T — P from ¢1 and g by (MP)
p3: e — (@ — D) instance of L
s (= (9 — ) =

(= = @) = (mp = =) instance of Lp
w51 (mp = @) = (7 — ) from ¢4 and @3 by (MP)
we: TP — —p from o5 and @2 by (MP)
w7 (2 = @) = ((mp = =) = =) instance of Lgs/,
ps:  (mp = ) = e from ¢7 and 2 by (MP)
po: T from ¢g and g by (MP)
We define | - | as in the hint and first show that every instance of

axioms L;—Lg has value 1:

|_12

|_2:

|_3I

|_4Z
|_5Z

Lg:

Assume |L1| # 1. Then || = 1 and |¢p — ¢| # 1, and therefore
|| =1 and || # 1, which is a contradiction.

Assume |Lp| # 1. Then ) — (p1 — w2)| =1 and |(¢ — 1) —
(¥ = @2)| # 1. Thus | — 1] = 1 and |¢v — @s| # 1, which
implies || = 1, |pa| # 1 and |¢1]| = 1. Hence, |1 — ¢2| # 1 and
|y = (¢1 — @2)| # 1, which is a contradiction.

Notice that if we have |x1| < |x2| for any formulae x1, x2, then
necessarily |x1 — x2| = 1. As |o A Y| < |¢|, we clearly have
L1 = 1.

Same argument as for Ls.

Assume |Lg| # 1. Then |p| =1 and |[¢p = (¢ — ¢)| # 1. From
here we conclude again that |t — | # 1 and |p| # 1, which is a
contradiction.

D As [ VY| > ¢|, we get [Lg| = 1.
|_7Z
Lg:

Same argument as for Lg.

Assume |Lg| # 1. Then |1 — @3] = 1, [(w2 = ¢3) = ((p1 V

p2) = p3)l # L [(p2 = @3)] = 1, [(p1 V p2) = 3] # 1, and
therefore |p3| # 1 and |(p1 Va)| = 1. We then obtain |¢1] = 1 or
|o2] = 1, which in turn implies |1 — @3] # 1 or |2 — 3| # 1.

Assume |Lg| # 1. Then |-p| = 1, |¢ — ¢¥| # 1, || = 1 and
|] # 1, and since 1 = |—p| = —|p| = —1, we get a contradiction.



Chapter 2 261

Notice that because from |p| = 1 and |p — 9| = 1 it follows that
|| = 1, any application of (MP) to formulas with value 1 gives us
another formula with value 1. In that sense, (MP) is compatible with
| -] and any formula that can be proven using only instances of L;—Lg
and (MP) must have value 1. However, this is not always the case for
an instance of Lgs/,: If [p| = 0, then [p — | =1, |[¢ — =] = 1 and
|(¢ = =) — —p| = 0. Thus, we obtain |Les/,| = 0, which shows that
Lgs/, cannot be proven from the axioms Ly-Lg, i.e., {Li-Lo} ¥ Los/,.

2.10 For part (a), assume =~y and argue as follows:

wo: T = (mp — @) instance of Lg

p1: by assumption

P2 T — P from ¢ and 1 by (MP)
p3: eV -op instance of Lo

pa: =@ by Example 1.1

w5t (=) = (e = 9) = ((pVp) = ) instance of Lg

we:  (mp =) = ((pV—p) = 9) from @5 and ¢4 by (MP)
wr: (pV o) =@ from @g and @2 by (MP)
P8 from ¢7 and @3 by (MP)

For part (b), we first verify that

{Li, L2, Loas} E (9 = 9) = (-0 = =) (%)

for any formulae ¢ and . So, let us assume ¢ — ¥ and —p. We verify
that - holds, then (k) follows by (DT).

wo: Y = (p = ) instance of L;

p1: by assumption

p2: o — p from ¢ and 1 by (MP)
w3: (g =) = (¢ = ) = ) instance of L93/4

P4 =Y by assumption

w51 (=) =~ from ¢3 and @4 by (MP)
pe: TP from o5 and @2 by (MP)

Now, let us prove {Li,La,Le,L7,Los/,} F (0 V —gp).

po: @ — (V) instance of Lg
w11 (Vo) = - from g by (*)
p2: = (V) instance of Ly
p3: (Vo) > e from @2 by (%)

ea: (2 V) = ) =

((=(pV =p) = ==p) = ==(pV =p))  instance of Loz,
es: (2 V) = ) = (e V) from ¢4 and ¢1 by (MP)
we: (e V p) from @5 and @3 by (MP)

Since the axioms of part (b) are also given in part (c), we may use the
formula == (¢ V —¢) to prove the latter.

wo: (V) = Ve instance of Lgi/,
p1: =V ) by part (b)
p2: Ve from ¢ and ¢1 by (MP)
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Solutions

For parts (d) and (e) we define a mapping | - | as suggested in the hint by
assigning every formula a value in {—1,0, 1}. For atomic formulae we may
choose any value. For every other formula the value is fixed by induction
on formula construction, as illustrated in the following table:

ol [0l | |l |le =l leAd] | eV
-1 | -1 1 1 -1 1
~1 0 1 1 ~1 0
~1 1 1 1 —1 1
0 -1 | -1 ~1 ~1 0
0 0 1 1 0 0
0 1 —1 1 0 1
1 1 | -1 -1 —1 1
1 0 ~1 0 1
1 1 1 1 1 1

One can now check with the above table that every instance of any axiom
from L;-Lg and Lgs/, has value 1 under |- |. Furthermore, with respect to
(MP) we have that if |p| = 1 and | — ¥| = 1, then also |¢)| = 1. Thus,
for every formula 6 with {L;—Lo, Los/,} - 6 we have [0] = 1.

Now, if ¢ is any formula with |¢| = 0, then |-¢| = =1, |-—¢| = 1, and
|==¢ — | = 0, and since -~ — ¢ is an instance of Lgi,, this implies
that {Llng, L93/4} ¥ L91/4.

Similarly, ¢V —¢ is an instance of Ly with |V —p| = 0 for |¢| = 0. Hence,
{L1-Lo, Los/, } ¥ Lo.

Let ®¢ := {LoLo} and ®; := {L1-Lg, Los/,}, for simplified notation. We
prove each direction separately. First, we verify that every proof of ==
from ®; can be transformed in a proof for ®, - ——¢. First, note that
it follows from EXERCISE 2.9.(a) that ®¢ I Lgs/,. Now, since ®¢ I Loy,
(see EXERCISE 2.10.(a)), ®¢ F == then implies @ - .

For the other direction, suppose ® - ¢. Since ¢ is quantifier-free, we
may assume that its proof from ® does not involve (V). We will now
check that ®; - —— for every instance 1 of any axiom scheme in ®.

First let us prove ®; + ¢ - ==

wo: Y by assumption

w10 (Y =) = (Y = ) = 29) instance of Lgs,

w2 Y= (2 =) instance of L

p3r P > from @9 and ¢o by (MP)
par (P = ) = -y from ¢1 and 3 by (MP)
P51 Tp = by Example 1.1

©e6: —\—ﬂp from P4 and ¥5 by (MP)
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Together with EXERCISE 2.10.(b), we thus have ®; - ——) for every
instance ¥ of any axiom scheme in ®(. It remains to check that a rule
similar to (MP) holds. For this we claim that

@) + (Y = x) F - = —x. (%)

In order to show this, we prove that ®; + —() A x) F ¢ — —x.

wo: (Y AX) by assumption
e (¥ = W AX) = ) = (¥ = = A X))
— (¥ — X)) instance of Ly

w2 X = (b= (¥ AX) instance of Ls
w3 Y= (x = (WAX) from 2 by (DT)

war = (= AX) = x) from @3 by (x) and (DT)
ws: (W= =@ AX) = (¥ = x) from ¢1 and ¢4 by (MP)
we: (Y AX) = (=Y AX)) instance of Ly

w1t ==Y AX) from g and @o by (MP)
e from o5 and @7 by (MP)
Note that in order to obtain @5 from o we have to apply (DT) multiple
times.

Hence, we have ®1+—-(——1A—-x) F == — —=—x. In order to obtain (x:x),
it suffices to show ®; F (=) A=x) — =(xp — x), since then (k) follows
from (x) and (MP). Using (DT) we show instead

@+ p A-x E (= x).

po: T A-x by assumption
w1 (Y AX) = instance of L3
w2 D from ¢1 and g by (MP)
w3: (G Ax) = instance of Ly
wp4: X from @3 and ¢ by (MP)
es: ((ox = ) = ) = (((7x = ) = =)
— =(=x = ) instance of Loz,

we:  (ox = ) = p from ¢4 by (DT) and (MP)
wr: ((ox = ) = ) = —(=x = ) from 5 and @g by (MP)
ps: Y = ((-x = ) = ) instance of L
p9:  (ox = Y) = from ¢s ad 2 by (MP)
w100 ~(=x = ) from @7 and @9 by (MP)
11 (P = x) = (x = ) = (¥ = x)

— =(=x = ) = (= X)) instance of Lgs,
120 (P = x) = (~x = ) instance of (x)
130 (¥ = x) = ~(=x = ) = =(¥ = x) from @11 and @12 by (MP)
p1a: —(=x = ) = (Y = x) = —(=x = ")) instance of L
w150 (P = x) = ~(=x = ) from 14 and 19 by (MP)
w160 (Y = x) from 13 and @15 by (MP)

Hence, we have ®; + ——(¢ — x) F = — ——x. So, if x follows from 1)
and ¥ — x by (MP) in a proof of ®j I ¢ and we have ®; - =), as well
as ®, F -—(¢y = x), we can prove -—p — ——y from ®; as above and
obtain a proof for =—y by (MP). Hence, every proof of ¢ from ® leads
to a proof of == from ®;.
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Chapter 3

3.0 By EXAMPLE 1.0 we know F Jz(x = z). From the SOUNDNESS THEO-
REM, in particular FACT 3.8, for any model M we have M F Jz(z = ).
Therefore, by the definition of “F” there must exist some element in the
domain of M, which shows that the domain of M is non-empty. Thus,
it is not necessary to require that the domain of an .Z-structure to be
non-empty.

3.1 We define three domains
Ay i={a}, As:={a,b}, As:={abc}
and the relations
RM =0, RM2={(a,a),(b,b),(a,b)}, RM> = A3\ {(a,c),{c,a)}.

It can be checked that the corresponding models My, My and M3 satisfy
the requirements.

It remains to show that the chosen domains are minimal: By the previous
exercise it is clear that no domain can have fewer elements than A, and
any model with just one element will always satisfy o and 3. Finally,
it can be checked that any model M with domain As such that M F =3
cannot be a model of ;. Therefore, all three domains are minimal.

3.2 Let ag be an arbitrary but fixed element of the domain A of M’. We

construct a model M as follows: For each constant symbol ¢ € £ which
does not belong to .Z’, let ¢M := ag. Similarly, for each n-ary function
symbol F' € % which does not belong to .Z’, let FM : A™ — A be such
that FM maps each element of A™ to ag, and for each n-ary relation
symbol R € % which does not belong to .#’, let RM := A", Finally,
interpret the symbols in .#” in the .Z-structure M as they are interpreted
in the .#’-structure M’.
We now show that M E T by induction on the construction of the .#’-
sentences o € T: Let ¢ be an #’-formula which appears in the construc-
tion of some o € T. If ¢ is an atomic formula, then, since all symbols
contained in ¢ are interpreted in M as in M’, we obtain M EF . If
© = 7, then M’ F ¢ gives M’ ¥ ¢ and by induction we find M ¥ ¢ and
therefore M E —p. The other cases follow similarly.

3.3 The solution to this exercise follows directly from FACT 3.4 which in turn
can be proven by induction on the construction of formula just as in the
solution to EXERCISE 3.2.
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3.4 Let M E DLO be a countable model of DLO with domain {d; : j € N},
and let {¢; : ¢ € IN} be an enumeration of Q. Furthermore, define the
function g : N — IN as follows: Let ¢g(0) := 0 and for each i € IN, let
g(i + 1) be the least integer j € IN which is different from g(0),...,g(4),
such that for all £ < 7 we have

Gk < Git1 < dguy <dj.

Now, let g map the rationals to the domain of M by stipulating g(¢;) =
dg(iy- To show that M is isomorphic to (Q, <), it is enough to show that
g is an order-preserving bijection. Since by definition of g, for all 4,5 € IN
we have ¢; < q; <> dy) < dg(), the function g is an order-preserving
injection. So, it remains to show that g is surjective which in turn can
be shown by proving that g is surjective: Let jo be a positive integer and
assume that for all j < jo there is a k; € IN such that g(k;) = j. Now, let
ig € IN be the least integer such for all j < j, we have

qk; < Qi dj <dj0.

Then, g(ip) = jo, which implies that g is surjective.

3.5 (a) Let ¢11,¢12 and ¢13 be instances of Lii-Li3, let j be an arbitrary
assignment and let I = (M, j) be an interpretation with domain A.

We first consider Li;: By definition we have

IEp11 <> 1F IE o(7) THEN I F Jup(v),
IF Jvp(r) <= THERE EXISTS a IN A: 12 F o(v),

and by Fact 3.0.(b) we have II(TT) E ¢(v) if and only if IF (7).
Thus, for a = I(7), this shows that Lj; is valid in M.

For Li,, notice that by definition, I F 15 can be stated as

IF g1, <= IF FOR ALL a IN A: 12 F (¢ = ¢(v))
THEN I E (¢p — Vvp(v))

<= IF (FOR ALL a IN A: IF I% F ¢ THEN 1% F o(v))

(%)
THEN (IF I F ¢ THEN FOR ALL a IN A: I2 F ¢(v))

By using FACT 3.0 (a) we see that IS F 4 holds if and only if I F .
Assume that (%) holds and that I & 4. Then for all @ € A we obtain
12 F o(v), which shows that Ly is valid in M.
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For L3, notice that I F (13 can be stated as

IE 13 <= IF FOR ALL a IN A: 12 E (p(v) — 1)
THEN 1 E (3vp(v) — )

<= IF (FOR ALL a IN A: I% F ¢(v) THEN 1% E ¢)
THEN ( IF THERE EXISTS a IN A: I F o(v)
THEN I F ¢)

By similar arguments as above we obtain that Li3 is valid in M.

(b) Let I and A be as above and let 14, 15 and @14 be instances of the
logical axioms Liz-L16.

By definition we have

IE o4 <= I(7) IS THE SAME OBJECT AS I(7)

which is obviously true and therefore Ly4 is valid in M.

For Lis, by definition I F 15 can be stated as:

IEp; < FIE(m=7{A...ATp=T1))
THEN I E R(m,...,7) = R(1{,...,7})

r'n

<> IF (II=71:T{ AND ... ANDIF 7, = ;L)
THEN (IF IF R(7,...,7,) THEN I E R(7{,...,7}))

r'n

Now, if (I(11),...,I(7,)) belongs to RM and if for all i such that
1 <i<n we have that I(7;) is the same object as I(7/), then also
(X(]),...,I(7})) belongs to RM, which shows that Lis is valid in M.

Finally, for L1 we have:

IEps < WIE(m=m{A...ATp=T1))
THEN I E F(1,...,7) = F(7{,..., 7))

n

<= 1F (IF7 =7{ AND ... AND IF 7, =7})
THEN I(F(71,...,7,)) IS THE
SAME OBJECT AS I(F(7{,...,7}))

By definition we have that I(F(r,...,7,)) is the same object as
FM(I(ry),...,I(1,)). Now, if we assume that for all i such that
1 <i < n, I(r;) is the same object as I(7/), then FM(I(7y),...,1(7,))
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3.6 (a)

is the same object as FM(I(r]),...,I(7)), which implies that

IEF(r,...,7) =F(r],...,7))

r'n

and shows that Lig is valid in M.

Let o be an Z-sentence. With THEOREM 2.13 we find an equivalent
sentence ¢ satisfying the condition on its variables. Let M be an
arbitrary Z-structure and j any assignment. As o and & are equiv-
alent we have - ¢ <> 6 and by the SOUNDNESS THEOREM we then
obtain (M, j) E o « & which is enough to conclude that they are
semantically equivalent.

(b) By applying THEOREM 2.14, we can argue as above.

3.7 For part (a), consider the sentence o := VaVy(xz = y). We construct two
models G and Gs of GT such that G; F ¢ and Gy E —¢. Then, GT ¥ o
and GT ¥ —o, which implies that GT is incomplete.

For G, take the domain A; := {0}, let €%t := 0 and -%1(0,0) := 0.
Then, G F GT and G F 0.

For Gy take the domain Ay := {—1,1} and let e%2 := 1. Define -2 like
multiplication in Z. Then, G5 E GT and, since —1 # 1, Go F —¢. This
proves part (a).

For part (b), we may use the same sentence o and the same models Gy
and Go. One only needs to verify that G F v and G F 1, which follows
from the commutativity of multiplication in Z.
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Chapter 4

4.0 The proof of FACT 4.0 makes use of FACT 2.16.(d), which uses Ls. For
LEMMA 4.1 we used TauTOLOGY (F), whose proof uses the axioms Lo,
L1, Lg, Lg. In addition, we used L; in the proof of - ¢ — ¢, which was
also used for the proof of TAuTOLOGY (F).
The given proof for PROPOSITION 4.6 makes use of Lz, Ly and TAUTOL-
0oGY (K), by using THEOREM 1.7, where the proof of TAuTOLOGY (K)
uses Lg and L7.

4.1 Following the hint, let A be the set of all finite lists A = [-o0, 01, - . ., 0]
of Z-sentences, where for each 1 < ¢ < n, either ¢o; = o; or g; = —0;.
Encode now finite sequences of formulae s = [pg, ..., py,] by stipulating

#5:=3#n3# on_1---3# 0,

where each formula is encoded as a string of 0’s, 1’s, and 2’s as it was
done for the universal list A ¢ of Z-sentences. With this encoding of finite
sequence of formulae, and with a bijection between these codes and the
natural numbers, we can encode each formal proof by a natural number.
Finally, let T be the set of all lists A € A, such that there is no formal
proof of an inconsistency from T + \ with a code-number less than the
length of A. In order to obtain an infinite 0-1-tree, to each sequence A € T
we assign a 0-1-sequence by stipulating

[_'UOaQ17"'5Qn] — <13t13"'7tn>7

0 if o; = oy,
ti = A
1 if 0; = T0;.

where for 1 <i < n,

Then the set of 0-1-sequence we obtain as images of sequences A € T is
an infinite 0-1-tree with the property that each infinite branch through
T corresponds to a maximally consistent set of Z-sentences.

4.2 Let T = Th(M). Note that T is maximally consistent if for every sentence
o we have 0 € T or = Con(T + 7). So, let o be a sentence with o ¢ T.
We verify that = Con(T +¢). By construction, M ¥ o and thus, M F -,
which implies —o € T. Now, observe that T+ o F o0 and T + ¢ - —0,
since =o € T. Hence, by Ls, T + 0 I 0 A =0, which implies ~ Con(T + o).
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Chapter 5

5.0 By contraposition assume that T is not complete. Then there is a sen-
tence o such that T ¥ ¢ and T ¥ —o. In particular, both theories T + o
and T + -0 are consistent. Thus, by THEOREM 5.5 we find models M;
and M, such that M E T+o0 and My E T+ —0. Now, since both models
are models of T and since M; 2 Moy, this shows that T has at least two
non-isomorphic models.

Remark: By THEOREM 15.4, the statement also holds for arbitrary sig-
natures .Z.

5.1 (a)

We have to show
(1) USD X, =%, and

(ii) for any Z-sentences ¢; and @9, and for every Z-structure
M e X,, N X,,, there is an .#-sentence ¢ such that

M e Xy C X, N Xy,

For (i), notice that for any .Z-sentence ¢ we have ¥ = X, U X .
For (ii), let M € X, N X,,. Then M E ¢ A @2, and therefore,
M € Xy nps,-

Let ¢ be an .Z-sentence. Because ¥ = X, UX_, and X, NX_, = 0,
we obtain that X, = ¥\ X is closed. In fact, the basic open sets
X, are also closed.

Fix any open covering (J,; 4; of ¥ and assume there is no finite
subcovering, i.e., for every finite subset J C I we have:

U4, #%
JjeJ

Let @ be the collection of all #Z-sentences ¢, such that the basic
open set X, is contained in an open set A; (for some i € I'). By our
assumption we have that

U x,=%

ped

and for every finite subset ¥ C ® we have Uweq, X, # X. In other
words, for every finite subset ¥ C & there is an Z-structure My,

such that
Mg € 3\ | Xy = () X0,
pew pew

which implies that for each ¢ € ¥, Mg F —p. In particular, for
every finite subset {¢g,...,on} C ® we have that {—po,..., s}
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5.2

5.3

5.4

Solutions

is consistent. Thus, by the COMPACTNESS THEOREM 2.17, the set
{—¢ : ¢ € P} is consistent and by THEOREM 5.5 has a model Mg.
Hence, we have

M; e () X =2\ | X,,

ped ped

which is a contradiction to the fact that ¥ = U@EQ Xo.

(a) Assume towards a contradiction that there exists an 4p| o-sentence o,
such that DLO ¥ =¢ and DLO ¥ ¢. Then DLO + ¢ and DLO + —¢ are
both consistent, and therefore, by SKOLEM’S PARADOX 5.6, there
are countable models M and N such that M F DLO + o and
N E DLO + —o. However, this contradicts the fact that any two
countable models of DLO are isomorphic (see EXERCISE 3.4).

(b) Notice that (Q, <) and (R, <) are both models of DLO and are non-
isomorphic because of their different cardinality. We claim that they
are elementary equivalent: Let o be an arbitrary Z-sentence. By (a)
we have either DLO F ¢ or DLO F =, and therefore, by the SOUND-
NESS THEOREM we have either Q F 0 and R F o, or Q F —o and
RE —o.

For each n € IN define a constant symbol ¢,, and let
L =L U{c,:neN}.

For n,m € IN with n < m define the .Z-sentence ¢, , ‘= ¢, # ¢, and
let
T ::TU{(pnym:n,mE]Nandn<m}.

Since T has arbitrarily large finite models, for each k¥ € IN there is a
model My, F T such that its domain has at least k elements. Now, by
assigning k constants ¢, to pairwise different objects in the domain of M,
we find a model M}, £ T which is also a model for (g) sentences g -
In particular, this shows that any finite subset of T’ is consistent. We
therefore obtain by COMPACTNESS THEOREM 2.17 and by THEOREM 5.5
that T’ is consistent and has a model M. By definition of ¢, ,,,, M must

have an infinite domain, and since .Z C ¢’ and T C T, we have M F T.

Let
n=1+4+...4+1,
—_——
n times
where we omit the brackets since by construction + is associative. Now,
let .’ be the language % U {c} for some constant symbol ¢, let ¢, be
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the formula
O0<cAn-c<1,

and let
T :=TU{p,:neN}.

Now, every finite subset ® of T’ is consistent, since if n is the biggest
natural number such that ¢, € ®, then we can assign c to n%rl and
hence obtain that (Q,0,1, %H,—&—, -, <) is a model of ®. We therefore
obtain by the COMPACTNESS THEOREM 2.17 and by THEOREM 5.5 that
T’ is consistent and has a model M, and ¢™ is the desired infinitesimal

number.
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Chapter 6

6.0 A possible axiomatisation for (a) is

GTo: VavVyVz(z o (Yo z) = (xoy) o 2)
GTy: JaVyIz((x oy =y) A (z oy =1x))

For part (b), let 1e(x) := Vyflz(x cy=yAN(zoy= x)) We need to check
that GT* F Jlz e (z). We will give a semantic proof of this result.
Let M be an arbitrary model of GT™* and let ey, es be two witnesses for
3z 1. (z) with respect to axiom GTj. Then, for 7 € {1,2}, we have

M EVy(ei oy = y) (1)
and MEYy3Iz(zoy=¢;). (2)
So, M is a model for:
el = egoey from (1) with i =2 and y = ¢;
= (zoe1)oeg from (2) withi =2 and y = e;
= zo(eyoeq) by GT,
= zoe€] from (1) withi=1and y = e,
= ey from (2) withi =2 and y = e;

Hence, in M we have for some z in the domain of M: M E GT* we have
M E 3aVye(z), which implies, by GODEL’S COMPLETENESS THEO-
REM 5.5, GT* F Jlz e (x).

For part (c), let ¥iny(2,y) := y o © = e. We need to verify that
GT" F Va3ly viny (2, ) .

Similar to the argument above, let M E GT* and e = eM € M as in

part (b). We will first prove the following two results:
GT"FVo(zox=z—T=0¢) (3)
GT"FVaVy(lyor =€ =z oy =e) (4)

For (3), let a be an arbirary element of the domain of M for which we
have M F a o a = a. Then M is a model for:

a = eoa by GT;
= (boa)oa by GT7, for some b with boa =e
Zbo(aoa) byGT;
= boa by assumption
=e by GT;

Thus, since a was arbitrary, M EVz(z ocx =2 — x = e).

For (4), let b and a be arbitrary elements of the domain of M for which
we have M F boa = e. Then M is a model for:
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6.1

(aob)o(aob):ao((boa)ob) byGTS
= ao(eob) by assumption
= aob by GT;

Thus, by (3), M E aob = e, which proves (4). Now, let a,b,c in the
domain of M such that

MEboa=c¢ (5)
and MEcoa=ce. (6)
Then M is a model for:
b = eob by GT*
= (coa)ob from (6)
:Co(aob) byGTS
= coe from (5) and (4)
= co(aoc) from (6) and (4)
= (coa)oc by GT
= eoc from (6)
=c by GTj

Thus, since M was arbitrary, this proves GT* F Vz3ly i (z, y).

Let .Z be a signature, let ¢ € £ be a constant symbol, and let T be an .Z-
theory. In a first step, we replace the constant symbol ¢ € £ by a unary
relation symbol R, and denote the corresponding signature by Z*. In a
second step, for each Z-formula ¢ we choose a variable v not occurring
in ¢ and replace ¢ by the formula

Wy = {Ely(go(c/y) A Rc(v)) or
12

depending on whether ¢ occurs in ¢ or not, where ¢(c/v) is the formula
obtained from ¢ by replacing every instance of ¢ by v. This way, the
theory T transforms to an Z*-theory (i.e., to a theory which does not
involve the constant symbol ¢). To this theory we add the sentence

El!x(Rc(x))

and denote the resulting theory by T*.
Let M be a an Z-structure with domain A, such that M £ T. Now, we
extend M to an £*-structure M* with the same domain by stipulating

RM = (M}

where ¢M” is undefined in M*. Then M* £ T* and for each Z-formula
¢ we have M F ¢ if and only if M* F v,. Thus, since the constant
symbol ¢ was arbitrary, we may replace each constant symbol ¢ € %
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by its corresponding relation R., which shows that constant symbols are
dispensable.

Let .Z be a signature, let f € Z be an n-ary function symbol, and let T
be an .Z-theory. As above, we first replace the function symbol f € £ by
an (n+1)-ary relation symbol Ry and denote the corresponding signature
by £*. Then, for each .Z-formula ¢ we choose a variable v not occurring
in ¢ and, for terms 7, ..., T,, replace ¢ by the formula

W, = {ﬂu(w(f(n,...,rn)/u) /\Rf(Tl,...,Tn,V)) or
2

depending on whether f(7,...,7,) occurs in ¢ or not. This way, the
theory T transforms to an Z*-theory. To this theory we add the sentence

Yy - Yy, dly (Rf(uh e me))

and denote the resulting theory by T*.

Let M be a an .Z-structure with domain A, such that M E T. Now, by
induction on the complexity of terms, we extend M to an £ *-structure
M* with the same domain by stipulating

(7'11\/[*,...77',11\4*77&\4*) € R?/I* 2= fM(T%VI*,...,TM*) :7_(1)\/[*

where fM" is undefined in M*. By construction, M* E T* and for each
Z-formula ¢ we have M F ¢ if and only if M* F 4),. Thus, since the func-
tion symbol f was arbitrary, we may replace each function symbol f € ¥
by its corresponding relation Ry, which shows that function symbols are
dispensable.

6.2 For part (a) we use the axiomatization obtained in the solution of EX-
ERCISE 6.0.(a), together with what we have found in EXERCISE 6.1. This
leads to the following:

GTE, : Vavy3'zR(x,y, 2)

GT(I)% : VaVyVzFvgTvg JveJus (R(a:,y,vo) A
R(y, z,v1) A R(x,v1,v2) A R(vo, 2,03) A vg = v3)

GT{% : EI:rVyﬂz(R(%y,y) A R(z7y7x))
For part (b), we define the relation

Re(z) <= Vy3z(R(z,y,y) A R(z,y,2)) .
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6.3

By EXERCISE 6.1, the axiomatization above is equivalent to the one given
in EXERCISE 6.0.(a). Thus, the same argument as in EXERCISE 6.0.(b)
shows GT? F 3!z R.(x).

Similarly, for part (c¢) we define
Riny(z,y) <= Jug (Re(vo) A R(y, x, vo))

and obtain GT% + Y23y Ry, (z,y) by EXERCISES 6.1 and 6.0.(c).

Let M = (Z,+,0). Note that a — —a is an automorphism of M and
hence, M F ¢(a) if and only if M F p(—a) for any integer a. This
holdsbecause due to (—a)+(—b) = —(a+b) any statement about addition
does not change the truth value if we replace a by —a. Now, assume
towards a contradiction that there is an Z-formula v_ such that T* F ¢,
where

p=VaVy(z <y < P_(z,y)).

Consider M* = (Z,+,0, <). Then M* F 0 < 1 and hence, M* E +_(0,1).
Since ¢_ is an .Z-Formula, we get that also M F ¢_(0,1), and by our
observation above we obtain M F v _(0, —1), which is obviously a con-
tradiction.
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Chapter 7

7.0 We proceed as in the proof of THEOREM 7.2: Let 0 and 7 be FINITE
strings of the form s --- s, then

0 NsNr0=0---00=0---000=0---00+" 00 = (0 -N 70) +" 0.
T N 1ot
s .s s...s S...s
—

\;'/_./ —

7.1 We first show that {PA;—-PAg} ¥ PAy by constructing a model for
PA{—PAg in which PAy does not hold: Consider the structure M with
domain {0} and with s™M, +M .M (necessarily) defined as the zero-maps.
Then clearly, M = PA;-PAg and M ¥ PA,.
Similarly, towards a model for PAg and PAs—PAg let N be a structure
with domain {0,1} and define ON := 0, n Nm :=n-m, n +Nm :=
min{n + m,l}, and sNn := 1 for n,m € {0,1}, where + and - are the
standard operations in N. Then N F PAg and N F PA,—PAg, but N # PA;
since sNO = sN1 =1 but 1 #0.

7.2 Let P be the set of all standard prime numbers and for p € P define
op(z) =p |, L= LpaU{ctand T := PA+ {g,(c) : p € P}. Note
that divisibility can be defined in PA as will be discussed in Chapter 8.
By suitably assigning ¢ to an element of IN, we see that N is a model
of any finite subset of T. Hence, by THEOREM 2.17 and THEOREM 5.5,
T is consistent and therefore has a model N, and by construction, every
standard prime number divides cN.

7.3 Following the hint, let ¢ be a constant different from 0, let P C IN be the
set of all prime numbers and for p # ¢ € P define ¢, , :=p|cAgfc.
For each § C P, let &g be the collection of all formulae ¢, 4 such that
peSandqg¢s.

Then, for each S C P we can choose a c in the domain of N such that N
is a model of any finite subset of PA4+®g. With THEOREM 2.17 we obtain
that PA+ ®g is consistent and by THEOREM 5.6 it has a countable model
Ngs. Now, note that for every Sy C P there are at most countably many
S C P such that Ng and Ng, are isomorphic: Otherwise, by construction,
that model would have to contain for every such S a minimal element
as € Ng, such that
{peP:plast=5.

This implies that for any distinct 51,52 C P we have as, # as,, and
since the power-set of P is uncountable by CANTOR’S THEOREM 13.8,
Ng, would be uncountable. Hence, each model Ng, is isomorphic to
at most countably many models of the form Ng. Moreover, since the
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7.4

7.5

7.6

countable union of countable sets is countable by PROPOSITION 13.10,
there are uncountably many pairwise non-isomorphic countable models
Ny of PA.

Let M, M and ¢ be as in the statement. Assume towards a contradiction
that for every non-standard a € M there is an @ < a in M such that
ME o(a).

Define o(z) := Va(z < z — ¢(x)). Notice that if y € IN, then any = < y
is also an element of IN. Obviously, M F ¢(0).

In order to apply PAg, we claim that if M E o(ag) for some ag € M,
then also M E o(sag). For this, it is enough to prove that under the
assumption M F o(ap) we have M F ¢(ap): If this is not the case, then,
since M E ¢(n) for all n € N, ag is non-standard and we can use the
initial assumption to find @ < ag such that M ¥ ¢(a). However, this is
not possible as M F Vz(z < ag — ¢(x)) and a < ag. Thus we have shown
M E ¢(ag), which proves the claim.

Now, by PA¢ and the SOUNDNESS THEOREM we obtain M F Vz(o(z)).
In particular, we have M E o(a) where a« € M is an arbitrary non-
standard element (which exists as M is non-standard). This contradicts
our assumption and completes the proof.

Assume that such a relation standard(z), or st(z) for short, exists,
introduced by a language extension of Zpa. Define a new language
ZL* = Zpa U {st, c}, where c is a new constant symbol. Now, for ev-
ery n € IN let

on(z):=x>n and 1, :=st(c) Apy(c)

and let T* := PAU {¢,, : n € IN}. By suitably assigning the constant
symbol ¢, we see that N is a model for every finite subset of T*. Thus, by
THEOREM 2.17 and THEOREM 5.5, the Z*-theory T* is consistent and
has a model M.

Since M F st(c), by definition of st we have that c™ = n for some n € IN,
but because M F ¢, (c), we obtain a contradiction.

We first show that the set {Z. : ¢ € M is non-standard} together with
the binary relation “<” satisfies the axioms DLOy — —DLO4 of dense
linearly ordered sets without endpoints:

DLOg: This is clear since Z. = Z4 implies Z. 4 Z4

DLO;: By definition, we have that Z. < Z4 implies ¢ < d. Hence, for all
non-standard b, ¢,d € M we have that Zy < Z. N7, < Z4 implies
b < ¢ < d. In particular we have b < d (since “<” is transitive),
and since Zy, # 7.4, we obtain Zy, < Z.g.
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DL02:

DLO;:

DLO,:

Solutions

Notice that for any non-standard ¢,d € M, Z. # Z4 implies either
c < dord < ¢, but not both. In the former case we have Z. < Zg4,
and in the latter case we have Z; < Z..

Let Z. < Z4, we claim that then Z. < Z%d < Zg where <£4

2
denotes a number ¢ € M with 2¢ = ¢+ d or 2¢ = ¢+ d + 1,
which exists by EXERCISE 8.1: As ¢ < <4 < d, we cannot have
Zicra < Zic O Zig < Zicra. Now, if Zi. = Z c1ra, then there is an
2 2 2
n € IN such that c+n = C;d7 but this implies that ¢ + 2n > d,
which contradicts the fact that Z. < Z4. With DLO, we therefore

have Z. < Z eid. Similarly, we can show that Z epa < Zg.

We claim that Z¢ < Z. < Zsa. using the same notation for frac-
tions as above. Since § < ¢ < 2¢, by DLO; it is enough to prove
that Ze # Z. # Za.: If, for example, Z. = Zy., then we find
n € N with ¢ +n = 2¢, which implies ¢ = n and contradicts the
fact that ¢ is non-standard (i.e., ¢ ¢ IN). Thus, we have Z, < Za,
and similarly we show that Z¢ < Z.

For the second part of the exercise recall that the model M is countable
and apply EXERCISE 3.4 to see that the set {Z. : ¢ € M is non-standard}
with the binary relation “<” is isomorphic to (@, <). Now, since for every
non-standard ¢ € M, Z. is isomorphic to Z, we get that the ordering
structure of M corresponds to the disjoint union of IN and @ x Z (see
also the figure at the end of Chapter 7).
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Chapter 8

8.0 We argue by induction on z, i.e., we prove the following two statements:

PAEVYyVz(0+ (y+2) =(0+y)+ 2) (1)

PAEVYYz((z+ (y+2)=(x+y) +2) —
(sz 4 (y+2) = (sz +y) +2)) (2)

Then, by PAg, the assertion follows.

For (1) we argue as follows:

wor Vy(ly+0=y)
p1: y+0=y
w21 Yy+0=0+y
p3: 0+y=y

wa: (0+y=y)—= ((0+y)+2)=y+2)

w51 (0+y)+z=y+=z

ve: (Y+2)+0=0+(y+2)

o1t (Y+2)+0=y+=z

wg: 0+ (y+z)=y+=z

wor O+ (y+2)=0+y)+2

p10: VyVz(0+ (y +2) = (0+y) + 2)

For (2) we first show that

instance of PA,

from ¢g by Lig and (MP)

by LEMMA 8.0, Lig and (MP)
from ¢1 and o2 by Lis and (MP)
by Lie and Lia

from ¢4 and @3 by (MP)

by LEMMA 8.0, Lig and (MP)

by PA, Lio and (MP)

from ¢g and ¢7 by Lis and (MP)
from ¢5 and g by Lis and (MP)
from ¢g by (V)

PA+{z+(y+z2)=(x+y)+ztbsz+y+z)=(sz+y) +z.

wo: s+ (y+2)=(y+2)+sz
11 (y+z)tse=s((y+z)+w)
p2: s((y+2)+a)=sz+(y+2)
w31 T+ (y+z)=(x+y +z

pa: s(e+(y+2) =s((z+y)+2)
es: s((z+y)+2)=s(z+(z+y)
we: szt (y+2z)=s(z+(z+y))
er: s(z+ (z+y) =z+s(@+y)
ps: z+s(zt+y)=s(@+ty)+z
por zTty=ytz

e100 s(y+a)=y+sz

e11: s(@+y)+z=(y+sz)+z
120 (y+sz)+z=(sz+y)+2
130 s+ (y+2)=(sz+y)+z2

Now, by (DT) we have

by LEMMA 8.0, L1g and (MP)

by PAs, Lio and (MP)

by LEMMA 8.0, Lig, Lis and (MP)

by assumption

from ¢3 by Lig and (MP)

by LEMMA 8.0, Lig, L1 and (MP)
from o, ¢1, 2, ¥4, ps by TAuT. (N.1)
by PAs, Lio and (MP)

by LEMMA 8.0, Lig and (MP)

by LEMMA 8.0, L1g and (MP)

by PA3

from ¢g9 and ¢10 by Lis, Lig and (MP)
by LEMMA 8.0, Lig, L1s and (MP)
from g, @7, 8, @11, P12 by TAUT. (N.1)

PAF(z+(y+2)=(z+y)+2) = (se+(y+z2) =(szt+y)+2)

and hence, (2) follows by applying (V) twice.

Remark. Alternatively, the induction step can be simplified by proving

first PAF VaVy(s(z +y) = sz + y).
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8.1

8.2

8.3

Solutions

We define

even(z) <= Jy(y +y = x)
odd(zx) :<= even(sx),

which obviously proves the second statement.

For the first statement, the proof is by induction on z. Clearly, since
04 0 = 0, we have even(0). By case distinction, we may first assume
even(z). Then, by taking sy instead of y, we obtain even(z) — even(ssz),
and since even(ssz) <> odd(sz), we are done. On the other hand, if we
assume odd(x), then we get even(sz) by definition, and therefore we have

PA - Vz(even(z) V odd(z) — even(sz) V odd(sz)) .

Hence, by PAg, the assertion follows.

First, we prove
PA - (m Z0ANy#£0AJa<yIb<z(ax+1= by)) — coprime(z, y) .

In other words, we need to check Vz(z|yz — x|z). For this, sup-
pose z|yz. Then, x|byz and thus, x|axz + z. Since x|z, by applying
LEMMA 8.10(b) twice we get = |azrz and thus by LEMMA 8.10(a) we ob-
tain z | z. The result then follows by (DT) and (V).

It remains to show that
PA I coprime(z,y) = (x Z0ANy #0ATa <yIb <z (ax+1="0y)).

The proof is by strong induction on x + y. So, suppose the implication
holds for any pair (2/,y') with 2’ + 3’ < £ 4+ y and assume coprime(z, y).
Without loss of generality, let y < z. By the PRINCIPLE OF DIVISION
WITH REMAINDER we find 7 < y and ¢ such that ¢ = ¢y + r and
coprime(y, r) (by LEMMA 8.17). By LEMMA 8.11 we have coprime(r, y).
Since r +y < x + y, by our induction hypothesis there are o’ < y and
b < r such that a’r + 1 = b'y. Hence, for a = a’ and b = a’q + V' we get

ar+1=d(qu+r)+1=adqy+ (ar+1)=dqy+by=by.

It remains to check that a < y and b < x. By assumption, a = a’ < v,
and b=d'q+b = qa’ +V < qy+r = x. This completes the proof.

For part (a), let ¢ be an Zpa-formula with free(p) = {z} and suppose, by
contraposition, that 3z —~p(x). Let ¥ (z) := —p(z). Then, by the LEAST
NUMBER PRINCIPLE, Jz(¢(z) A Vy < z(-¢(y))), which means that
Jz(—p(x) A Yy < z(¢(y))). If 0 is a witness for « in this formula, then
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8.4

—¢(0) holds and we are done. Otherwise, by LEMMA 8.3, we find y such
that sy = x. Since ¢(y) holds, we have =(¢(y) — ¢(sy)), which proves
PA¢ by contraposition.

For part (b), we construct a model M with domain A :== NUN =
{0,1,2,...3U{0,1,2, ...} consisting of two copies of the standard natural
numbers IN which are disjoint, except for one common element 0 = 0. Let
OM := 0, define s in M as in the standard model and define s@ := 57
for every n € IN. Similarly, take the standard addition on IN and use the
following rules if summands in IN are involved:

n+m:=n-+m
n+m:=n+m
n+m:=n+m

The resulting partial order < in M then has the property that n < m is
equivalent both to m < m and n < m.

Regarding multiplication in M we proceed similarly, by taking standard
multiplication on IN together with the following rules:

i
)3
E

3 3
-
3
3

3 3

3|
?
[
S
3

One can check that this gives a model M satisfying PAq—PAs. It remains
to prove that the LEAST NUMBER PRINCIPLE holds in M and that PAg
fails in M. For the former statement, suppose a € A satisfies M E ¢(a) for
some formula . If there is such an a which is a standard natural number
we may use the LEAST NUMBER PRINCIPLE in the standard model and
find an appropriate n € IN. Since M F —(m < n) for every m € N, the
LEAST NUMBER PRINCIPLE holds in this case. Otherwise, M F —(m)
for every m € IN. Similar to the first case, we find an 7 € IN with ¢(n)
and —p(m) for every m < m. Thus, —p(z) holds for every x < 7, which
proves the LEAST NUMBER PRINCIPLE also in this case.

To show that M ¥ PAg, by part (a) it suffices to prove that M ¥ Va(x =
0V Jy(x = sy)) (i.e., LEMMA 8.3 does not hold in M). But 1 clearly is
neither 0 nor has a predecessor, so the claim follows.

Assume ¢(1)AVz(p(z) — ¢(22) Ap(z—1)). This implies ¢(1) — ¢(1—1)
and hence, ¢(0). We now argue by strong induction on z: Let z > 1 and
assume ¢(y) holds for every y < z. By EXERCISE 8.1, we may distinguish
the cases even(z) and odd(x). So, suppose first even(z), i.e., 3z(2z = z).
Since z > 1, we have z < x and the assertion follows from our assumption

p(2) = ¢(22).
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Solutions

For the other case, assuming odd(z), we know that sz is even and sz > 3.
Thus, there is a z with 2z = sz, and (sz) follows as described in the
previous case. Hence, with p(z’) — ¢(z’ — 1) for all ' < z we obtain
¢(x), and by the STRONG INDUCTION PRINCIPLE 8.14 we obtain VYay(x).
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Chapter 9

9.0 We use metainduction on n. The case when n = 0 follows from PA,.
Assume PA - m-n = m N n. Then, using Ng, PAs, N; and THEOREM 7.2,
the following equations are provable in PA:

m.sn:m.sﬁ:m.ﬂ+m:m.Nn+m:m.Nn+Nm:m.Nsn

9.1 (a) We first claim that
PA Vx> 2(prime(m) VIy>23dz > Q(yz = x)) .

Let > 1 be such that = prime(z). Thus, we find a y such that y | z,
y # x, and y # 1. Then there is a z with yz = z and z > 1 because
y # x, which proves the claim.

Assume now that there is an = > 2 which does not satisfy the state-
ment. By LEAST NUMBER PRINCIPLE we assume further that z is
minimal with this property, i.e., Vy(—' prime(y) V y ¢t :c) Asz |z
we see that — prime(z) must be true. We apply the initial claim and
write = yz with some 1 < y < z. By minimality of z, there is 3’
such that prime(y’) and 3’ | y. By LEMMA 8.9 we obtain that y' | xo,
a contradiction.

(b) Let 2 > 2 be such that prime(x) and let y, z be arbitrary with = | yz
and assume x { z. We will show that this implies = | y. We first
prove that z and z are coprime using PROPOSITION 8.18. Let u be
such thatu |  and w | z. Since z is prime, we have either v = x
or u = 1. The first case contradicts the assumption x { z. Hence,
we obtain u = 1 and therefore coprime(u, z). By BEZOUT’S LEMMA
(see EXERCISE 8.2) there are a and b such that ax + 1 = bz. Hence
axy +y = byz, and, since z | ary and by assumption z | byz, we get
z | y by LEMMA 8.10. This shows the first direction.

Conversely, let © > 2 be such that - prime(z). Then we find y, z such
that 1 < y,z < z and yz = x, and we obviously have neither z | y
nor x| z.

9.2 We define

n! =y < t(seq(t) Alh(t) =sn Atg=1A
Vi < n(te =si-t;) Atn=y).

We have to show that for each n there exists a value for n! and that this
value is unique. By definition, such a value is clearly unique if it exists.
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9.3

Solutions

For the existence we use induction on n: In the base case n = 0, the
sequence (1) with one element suffices. Assume there is a sequence s of
length sn encoding n!. Then the sequence s~ (n!-(n+1)) encodes (n+1)!.

Finally, notice that by COROLLARY 9.3.(b) the function is IN-conform.

We start by proving that the least common multiple of two values = and
y exists.

CLAIM. PAEVzVy3Im(z | mAy | mAVz<m(ztzVytz))

Proof of Claim. As x | xy and y | zy holds, we know that a common
multiple must exist. By the LEAST NUMBER PRINCIPLE we can choose
the smallest non-zero multiple m — which is unique by minimality. - cjam

Therefore, we can define lem(z,y) for any two values  and y. Further-
more, any common multiple of x and y is divisible by lem(z,y). To see
this, let z be a common multiple of x and y. Now, with the PRINCIPLE
OF DIVISION WITH REMAINDER we can write z = gm+7r with 0 <r <m
and ¢ # 0 as m < z. Then, as r = z — gm, by LEMMA 8.10 we have x | r
and y | » which contradicts the minimality of m, unless r = 0 and m | z.

Let F be a function which is definable in PA. We define now
lemcp, F(i) = m <= Vi < k(F(i) | m) AVy <m3i < k(F(i) {y)
and claim that this definition is functional:
PAEVE > 03m(Vi < k(F(i) | m) AVy <m3i < k(F(i) ty))

Using induction on k, we show the above claim and the statement that
every common multiple of F'(¢) for ¢ < k is also a multiple of m. For k = 1
we can simply take m = F(0) and for k = 2 we use lem(F(0), F(1))
defined as above. If the statement holds for k > 2, we use our induction
hypothesis to find m’ := lem;<y F (i) and then apply the CLAIM again
to obtain m := lem(m’, F(k)). We claim that this m satisfies the desired
properties. Indeed, since for all ¢ < k we have F(i) | m’ and m/ | m,
by LEMMA 8.9 we obtain F'(i) | m. Hence, F (i) | m for all i < k. Now
suppose towards a contradiction that y < m such that F(i) | y for all
i < k. Then, by construction of m, we either have m’ { y or F(k) t y.
Since the latter case is clearly contradictory, we may assume that m’ 1 y.
But since y is a common multiple of F(¢) for all i < k, by our induction
hypothesis we get m’ | y, a contradiction. That every common multiple
of F(i) for i < k is a multiple of m can be derived as in the case k = 2.
This proves that such an m exists. It there was another n with the same
properties, then both would be common multiples of all F'(i) for i < k.
But then m | n and n | m which implies m = n.
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9.4

9.5

As the defining formula only uses bounded universal quantification, it is
an J-formula and thus it is IN-conform.

(a) By Euclid’s theorem on the infinitude of primes, we have
N E Vn3p(prime(p) Ap > n).

Hence for ¢(z) := Ip(prime(p) A p > z) we have N F ¢(n) for ev-
ery natural number n. By COROLLARY 9.3, ¢ is N-conform, since
prime(z) is equivalent to a A-formula. Now, by N-conformity we
obtain PA F ¢(n) for all n € IN. By EXERCISE 7.4 there is a non-
standard number ¢ € M, where M is the domain of M, such that
M EVa(z < a — ¢(z)). Now let b € M such that b = sMa. Then we
have M E ¢(b), hence there is p > b such that prime(p). Then p is a
non-standard prime number.

(b) The second part can be shown in the same way by considering

¢(x) := JyVp < z(prime(p) — p | y).

Note that N F ¢(n) for every n € IN, since we can set y = n!.
Firstly, we define finite products as follows:
prod(s, ) :<=seq(s) Alh(s) >0 A3t (seq(t) Alh(t) =1h(s) A s9 =tg A
Vk < Th(s) (tek = tk - Sek) A tings) = x)

The idea is that © = sg ... sy(5)—1 and ¢ codes the construction process
of the product. That this is functional in case seq(s) follows from simi-
lar arguments as in EXERCISE 9.2. One can further prove inductively by
making use of EXERCISE 9.1 that

PA - VszVp(prod(s,x) A prime(p) Ap | & — Fk < 1h(s)(p | sk))
Now, we can use this to easily encode prime decompositions:
p-seq(s, ) :<=> prod(s, z)Vk < Ih(s)(prime(s))

We need to prove that every number x > 2 has such a prime decomposi-
tion and that it is unique. For the existence we prove

PA + Vx(x <1V Els(p,seq(s, x)))

Towards a contradiction suppose by the LEAST NUMBER PRINCIPLE that
x > 1 is a minimal counterexample. If prime(z), then the sequence (x)
contradicts this assumption. Hence, there are y, z such that 1 < y, z < x,
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and x = yz. By assumption, there are sequences s and s’ encoding the
prime decompositions of y and z, i.e., p_seq(s,y) and p_seq(s’, z). Then
we have p_seq(s”¢’, ).

It remains to check that the prime decomposition is unique up to the or-
der of the factors. Note that the sequence encoding the prime decomposi-
tion is not necessarily ordered (this significantly simplified the existence
proof). Hence we introduce the following definition:

p-seq-ord(s, z) :<= pseq(s,z) AVk < 1h(s)Vj < k(s; < si)

By induction, one can prove the following;:
PA F VsV (p-seq(s, ) — 3ls'(p_seq-ord(s’, z)))

In the induction step one removes the last number in the sequence, orders
inductively the rest of the sequence and then places the removed number
in the right place to obtain again an ordered sequence. We leave the
details to the reader.

For uniqueness we prove
PA I Vz(Vs, s’ ((p-seq-ord(s, ) A pseq-ord(s’,z)) = s = 5')).

Suppose again that z is a minimal counterexample with s, s’ encoding dif-
ferent ordered prime decompositions and let 1h(s) = sn and lh(s") = sn/
(they cannot be 0 since & > 1). As s¢ | « and prime(s,,) and prod(s’, z)
there is k < n’ such that s,, | s},. Now, since s} is also prime, this im-
plies sg = s},. Since s is ordered, s, must be the maximal prime divisor
of x: If p > s, was a prime divisor of z, then p would divide s; for some
i < lh(s) and hence p = s; < s,,, a contradiction. With similar arguments
one can show that kK = m, ie., s, = s,,. Now, we construct ¢ and ¢
such that s = t7(s,) and s’ = t/"(s/,) in the obvious way. Let 2’ be
such that prod(¢,z). Then by construction we also have prod(¢',z) and
further p_seq-ord(#', z) A p_seq-ord(t’, 2’). By induction, we can conclude
that ¢ = ¢’ and hence s = §'.

9.6 (a) Notice first that no valid formula or term has a Goédel number in
whose prime factorisation 2 has an odd power. Furthermore, the only
such number without 2 as a factor represents 0 or a variable. Thus,
any Godel number z is

(i) odd, in which case it represents a variable,
(ii) in {2k |0 < k <10}, or
(iii) of the form 2°*.3°.5¢, where a > 1 and 2a, b, ¢ are Gédel numbers.

We use induction to show that any Goédel number x encodes at most
one term or formula.
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9.7 (a)

We first carry out the induction step and assume that the above is
true if z < 20. The statement is clear if = is odd, so assume we are
in the case (iil). Since 2a,b, ¢ are smaller than z, we can conclude
that b and ¢ and hence also = encode a unique term or formula by
induction.

To show the base case when x < 20, we look at each case separately.
By the previous remark on the power of the factor 2, we only have
to consider factorisations of even numbers up to 20, where 2 has a
Nnon-zero even power:

Godel number possible symbols
4=22.30.50 +, 80
12=22.31.50 A, sug

16 =2*.3%.5° —,0+0
20 =2%.3%.5! v

As +, A, and — are not valid terms or formulae on their own, there
is no ambiguity with these Godel numbers.

Let ¢ = Yvg—=0vg. Using the Godel numbers 28 - 30 . 51 = 1280
for “= 0vy” and 210 . 31280 for “— = 0yy”, we find the Gédel number

220 31 [2'% 31280

for the formula ¢, and a sequence encoding the formula ¢ is then
given by
<1280 210 31280 920 31 g2' 31280> .

Remark: The code for this sequence, which would be a Godel code
encoding ¢, is much too large to be written down explicitly.

Instead of encoding an infinite number of variables, we only encode
the 13 logical symbols (including brackets) and reserve two numbers
for the variables, i.e., we set b = 15. All logical symbols ¢ with Godel
number #( get the alternative Godel number #,), ¢ := # In addi-
tion, we use the numbers 11 and 12 for brackets as well as 13 and 14
to encode the variables.

Now, any formula represented by a string of symbols can be trans-
lated to a sequence of numbers in {0, ..., b} by replacing each logical
symbol ( by its alternative Godel number #,,, ¢ and each variable
vk by k + 1 repetitions of 13 followed by 14. This translation into
sequences of numbers is injective.

For example, the formula Yvg3v, (vo +0= vl), which corresponds to
Vvgdvi =+ vg 0wy in Polish notation, translates to the sequence

(10,13,14,9,13,13,14,4,2,13,14,0,13,13, 14).
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(b)

Solutions

As in the case of finite products (see EXERCISE 9.5) we can define in
PA a relation sum(s, z) which states that s encodes the construction
process of the finite sum =z.

Let b > 2. Now, we formalise the statement that

r=n=nb"+ ...+ nb+ng=: (n)p =: (Mg, -+, 10)bs
where seq(n) and k + 1 = 1h(n).

(n)y =z :<=seq(n) A Is(sum(s,z) A lh(s) = lh(n)
AVi < 1h(n)(s; = n; - b"))

We need to check the following:
PAEVWZ(b>2A2>2— 3n:x=(n))

We use induction on z. The base case is easy. For the induction
step, using PRINCIPLE OF DIVISION WITH REMAINDER we can write
x = mb + ng. By induction, we have m = (ng,...,n1), und hence

T = (nkbk*1+...+n1)b+no =nib* 4+ ... .nb+ng = (Nky ..oy 10)p-
We define (ng,...,no)s * (My, ..., mo)y = y by stipulating

Y= ng,...,n0,My,...,Mo)p

= npb! TR b bt L+ my

The defining formula is functional and thus the function * is definable.

We can translate the above encoding of all symbols as sequences
(ng,...,nk) to numbers (ng,...,ng)p in base b notation. The oper-
ation * then allows us to recursively encode all formulas as for the
standard Godel encoding. For example, if v = (13,...,13,14), is the
code for some variable vy and f = (n;...np)p encodes any term or
formula, then

all(v, f) := (10), x v * f.

In order for this to work instead of Godel coding, we also need to
check that the base b notation is unique, which can easily be achieved
by induction.

9.8 Define

s | k=t:<=>seq(s) Aseq(t) A (k> 1h(s) = s =t)
A (k <1Ih(s) = (Ih(t) =k AVi < k(t; = s;)))
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It is clear that such a t must exist for any code s of a sequence and any
number k. As a sequence is entirely defined by all its elements, we also
have uniqueness. Therefore, the defining formula is functional and [ is
well-defined.

9.9 Let 7, 19, ¢, v be as in LEMMA 9.14.
(a) We show PA F sb_term("v™," 77,7 77,t) <> ¢ = "7(v/79)" using in-
duction on term construction of 7. By definition we have
PAE sb_term("v ™, "o, T t)
3’3" (c,sb,term(c, c,c’ vt t, t’)) .

First assume 7 is a constant or a variable different from v. If ¢ encodes
the term 7 and ¢” the term 7y then ¢/~ c satisfies

/!~ /!
csb_term(e, e, v T L, T T )

which gives the equivalence since 7(v/ty) = 7 and because the re-
quired t is uniquely defined in c_sb_term. Now, if 7 is equal to v,
then 7(v/79) = 70, and therefore, if ¢ encodes the sequence ("v7)
then

c_sb_term(c, '™’ v, T, T T )

and the equivalence follows as above. It remains to show the equiv-
alence in the case when 7 = s7; or when 7 = Frymy for F € {+, -}
and terms 7; and 75. We know by induction that for ¢ € {1, 2}:

PA sb,term('—z/—', "197, '_Ti—l,ti) St = '_’7'1'(1//’7'0)j
If 7 = F'1y7y, then from the definition of c_sb_term we obtain

“r(v/10)" = "Fri(v/m0)T2(v/T0) T =27 F " - 3" . 5P

2
S PA /\ t;="1(v/to)”
i=1
2
Spa /\ sb_term("v 7, T, T L )
i=1
2
Spa /\ Je; 33 (c-sb_term(c;, ¢}, ¢, v, T, T )
i=1

Spa 333 (csb_term(c, ¢, ", "v 7, T, T, )

<pa sbterm ("7, T, T 8)
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Solutions

where the penultimate equivalence uses that we can go from ¢; and
co to ¢ by appending "Fmy75 ' to the sequence ¢ co. Similarly, for
¢ by appending 2" . 3% . 52 to ¢|"&,, where ¢, is the sequence
¢b, without the initial subsequence ¢”’. Therefore, ¢’ encodes a term
construction of the term 2" ¥ . 3% . 5% = ¢ and hence, proving the
desired equivalence.

The case when 7 = s7y can be handled similarly.

We show PA F sb_fml("v ™, "0, To L f) < f = Tp(v/7)" using
induction on formula construction of . In the case when ¢ =7 =
is atomic note that

Co(v/10) =T (v/m0) = Ta(v/T0) T = 28 - 311 . 52

2
Spa /\ fi="1i(v/to)”
i=1

2
Spa /\ sb_term("v ™, T, TR fi)
i=1

2
Spa /\ Je; 33 (esb_term(c;, ¢}, ¢, v, T, T, fi))
i=1
Spa I3 (csbtfml(e, ¢, v, "1, "0, f))
Spa sbfml("v 7, T, T, f)
where we used (a) for the second equivalence and the penultimate

step can be seen by picking ¢ a code for ("7, 1 eq("11 ", 12 "))
and ¢ a code for (f1, f2,eq(f1, f2)) and f =28 .3f1.5f2,

If ¢ is of the form —, 1 A s, 1 V o, Y1 — o, Var), or Jzip we
proceed similarly. We will only show ¢ — 1)a:

r(P(V/TO)—l = I—wl(V/TO) — ¢2(I//TO)—| = 216 . 3f1 . 5f2

2
Sea \ fi = Ti(v/to)”
=1

2
=pa /\ sb_fml("v ™, T, T, fi)

i=1

2
Spa /\ Je; 3¢} (csbtml(e;, ¢, "7, T, T, fi)

=1
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pa Je3d (csb_tml(e, ¢, v, "1, T, f))

<PA Sb,fml('_l/jj ,_TO—lv I—So—lv f)
where the second equivalence uses induction and for the penultimate
one note that ¢ can be chosen as the code of the sequence encoded by

¢1”co with imp(T¢1 7, T1b2 ) appended to it and similarly for ¢’ but
with imp(fy, f2) = f.
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Chapter 10

10.0 For part (a), we argue with a proof by cases. Suppose prv(T¢™) and let
¢ be a code such that c_prv(e,"¢7) holds. We construct a new code ¢/
by setting ¢} := ¢; for every i < lh(c), c{h(c) := imp(T¢ ", or(Tp ™, "))
(instance of Lg), and ¢, (e =@ V¥ Since or(Te,Typ™) =T VT,
the sequence ¢’ with lh(c’) = sslh(c) satisfies mp(cfy,.)s Cp(e)—1 G m(e))s
and hence, c_prv(c’,"¢ V 17), which shows that prv(T¢ vV ¢7).

The other case is very similar. Starting with the assumption prv(T¢7),
we find a code for c_prv and can add an instance of L; instead of Lg to
obtain the same conclusion as above.

Regarding part (b), with the help of the FIRST INCOMPLETENESS THE-
OREM we will show that the converse does not hold. If prv(Tep V ¢7) —
(prv('—goj)\/prv(rw—')) was provable in PA, then, by the SOUNDNESS THE-
OREM 3.7, we have

NFEprv(#(p V) = (prv(#¢) V prv(#¢)) (%)

for every Zpa-formulae ¢ and 1. Now, let 0 be an Zpa-sentence with
PA¥F o and PA ¥ —o. By LEMMA 9.16, we obtain N ¥ prv(#o) and
N ¥ prv(# (—0o)). Furthermore, as an instance of Lo, we have PA - oV -0,
which gives N F prv(# (o V —0o)) by the same lemma. Thus, we have

NE prv(# (o V —o)) A —\(prv(#a) vV prv(#—mr))
which is a contradiction to (x).

10.1 Pick an Zpa-sentence o satisfying o <pa —prv(T¢7), as in the proof of
the FIRST INCOMPLETENESS THEOREM 10.5, and let

o(z) = (mcprv(z,To7)).

Then, since N E o, for each n € IN we have N E (—| c_prv(n, #O’)), and
therefore we have PA F ¢(n) for each n € IN (cf. PROPOSITION 9.2). On
the other hand, since PA 4+ —o is consistent, there exists a model M of
PA + -0, in particular, M E Jy(c_prv(y,"c)). Let a be a witness for y in
the domain of M. Then, M ¥ ¢(a), and thus, M ¥ Vzp(z), which shows
that PA ¥ Vao(x).

10.2 Fori=1or i =2, let

&i(vo, v1) = YuoVusVusVus ((sb_fml(Tvo 7, gn(vo), vo, va)
A sb_fml("v1 7, gn(v1), va, v3) A sb_fml(Tve T, gn(vg), v, vq)

A sb_fml("v1 7, gn(v1), va, vs)) = @i(v3, v5))
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10.3

10.4

and define o; := &(7¢7,7& ). Then we have:

0 = VuaVusVusVus ((sb_fml(1, gn("& ™), "€ (vo, v1) 7, v2)
A sb_fml(3,gn("& ), ve,v3) A sbAfml(1,gn("& ), "€ (vo, v1) T, v4)
Asb_fml(3,gn("627), va, v5)) — @i(v3, v5))

Spa VuaVusVusVos ((sb-fml(1,77& ™7, 7€ (vo, v1) 7, v2)
Asb_fml(3,77& 7 vy, v3) A sb_fml(1,77& ™7, "€ (v, v1) T, v4)
Asb_fml(3,"7 &M vy, v5)) — @4(vs, 115))

Spa Vo VosVoaVus ((vg =& ("¢, v1) " Asbtml(3,77E 7T, vg, v3)
Avg =" (& v1) T Asbdml(3,77 &, vy, v5)) — gpi(v37v5))

Spa Vo3V ((v3 = "€ (T6 7, &) T A s = T6a(T6 T, "6 ™M)

— pi(vs, v5))
Spa (T8 ("6 L) TR(TG T TR

= @i(rfflj, r02—|)

If there is a positive even integer ng € IN which cannot be written as a
sum of two primes, then, since nyg is finite, this integer ng exists in every
model of PA, which implies that PA F =GC. Hence, PA ¥ —GC implies
that every positive even integer n € IN can be written as a sum of two
primes, and therefore, N F GC.

Let T = PA + —o, where o is the %pa-sentence such that PA ¥ o and
PA ¥ =0 considered in the proof of FIRST INCOMPLETENESS THEOREM.
By construction, T is consistent. It remains to check that T is not w-
consistent. Consider the formula

o(z) :=cprv(z,"o).

Since PA - o <> =prv(To™) and T F =0, we have T + prv(To ™), hence
T F 3zp(x). In order to check that T is not w-consistent, we need to prove
that for n € IN we have T F —p(n). Assume towards a contradiction that
this is not the case. Hence, there is n € IN such that T ¥ —p(n). Then
there is a model M of T+¢(n), i.e., M E c_prv(n, ¢ ). But since ¢_prv is
equivalent to a formula which contains only bounded quantifiers, n codes
a standard proof of o and thus M F o, a contradiction.
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Chapter 11

11.0 We show that PA F conpa, i.e., we show that PA ¥ —prv("0 = 17):
Assume towards a contradiction that PA F —prv(T0 = 17). With Lg and
(MP) we deduce:

PAF —prv(T0=17)
PAF —prv(T0=1") — (prv("0=1") - 0=1)
PAFprv(fo=1")—=0=1

Thus, by LOB’S THEOREM we obtain PA - 0 = 1, which contradicts PA.

11.1 We will first prove the following more general statements for V' C
{z1,... 2}

PAETT(x1/ma,...,¢xn/mn)" = [T]V (z1/ma, ... 20 /M) (1)
PAFE To(z1/ma,...,xn/mn)" = [0V (@1 /ma, ...,z /my) (2)

[
Under the assumption that (1) and (2) hold, the claim follows for
V = free(p) C {z1,...,z,}. For the sake of simplicity, we will write
(xi/m;) instead of (961/@,-. Tp/my) and (z;/gn(z;)) instead of
(x1/gn(z1), ..., zn/ gn(zy,)). We show (1) by induction on term construc-
tion:

e If 7 = 0 then there are no free variables, so we can ignore the substi-

tution. Moreover, we have [7]5" = [7] ="0"="7"

e If 7 is a variable v which is not in V, then v is not a free variable of
[7]%" and hence we obtain:

(719 (i /ma) = "v (@ gn(@) (wi/ms) = 07 = "v(zi/mi)”

e If 7 is any variable which occurs in V' (without loss of generality we
may assume 7 = x1), then by LEMMA 10.3:

(715 (@i /ma) = [T1v (@) gn(@:)) (@i /ms) = @1 (i) gn(w:)) (@ /m;)
= gn(z1)(@i/m;) = gn(m) = "my "= "(x;/my)”

e Assume now that 7 = so where the statement holds for o, then we
obtain:

(715 (21/ma, - 20 /mn) = [so]v(zi/ gn(:)) (zi/m)
= succ([o]v)(z:/ gn(z:)) (i /mi)
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= succ([o ¥ (z;/my))
= succ(To(z;/my)7)

="so(xi/my)" = "7(x/m;)"

e In the case when 7 = o1 + 09 where the statement holds for o; and
09, then we obtain:

(715 (xi/mi) = [or + o2]v (2i/ gn(a:))(zi/m)
= add([o1]v, [o2]v)(zi/ gn(z;))(z: /m;)
= add([o11 (i/mi), [02]3 (2:/m4))
= add("o1(zi/m;)7, "o (zi/mi)7)
= (o1 + 02)(zs/my)"
e The case when 7 = g7 - 09 follows analogously.
We now prove (2) by induction on formula construction:
o If o =7 = 75, then with the previous result we obtain:
(o] (@i/mi) = [11 = 2] (2:/ gn(@;)) (i /mi)
eq([m1]v, [r2]v)(@i/ gn(z:)) (@i /mi)
eq([T: ¥ (fcz/mz) (2] (2i/m4))
eq("T ( i/mi)7, Tre (@i /ma)7)
="(n =m)(z ,/m,)

o If o = 1 A o, then by induction we obtain:

[p]V (zi/mi) = [o1 A walv(zi/ gn(a:))(2i/ms)
= and([¢1]v, [p2]v)(zi/ gn(w:))(z:/m;)
= and([¢1 9 (z:/mi), [p2 ¥ (zi/mi))
= and("p1(zi/mi) ", T2 (i /mi) )
="(p1 A p2)(xi/m;)”

o If =, 1 V s, 1 — o we proceed similarly.
o If ¢ = Jvyp where v ¢ V, then V' \ {v} =V and we have:

[olv (zi/mi) = [y (zi/ gn(w:))(zi/m;)
=ex("v7, [V]v)(zi/ gn(w;))(zi/m)
= ex("v, [Y19 (zi/my))
= ex("v 7, " (@i/mi) )
= "3vep(z;/mi)”
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e If ¢ = Jvyp such that v € V (without loss of generality we may
assume v = x1) and V' =V \ {21}, then we have:

[e15 (z:/ms) = [Fe1]v (2/ gn(2s)) (i /i)
=ex("z1 7, [Plv)(wif gn(ws)) (i /my)
= ex("xy 7 [Q]9 (w2 /ma, . 2 /1)

ex(wy T (we/my, - 20 /M) T)

F3zi1p(za/ma, ..., Tn/my)”

= Top(xi/mi)"

In the third and last we have used that x7 is neither a free variable
of [¢¥]y nor of ¢.

e The last case, when ¢ = Vv, is treated similarly.

11.2 From the proof of THEOREM 11.4 we know that () holds for formulas of
the form v; = v,. Thus, we obtain

PA Fu; = v, — prv([v; = vg |5")
PA =V, (v = v, — prv([u = vi,]8"))

PA -V, (U[ = v — prv([vy = vk]gn))

= (vi +vj = v = prv([v; +v; = v ]8"))

PA Fv; + v; = v — prv(fv; +v; = vg|5")

where we used L with the admissible substitution (v; = vi)(vi/(vi+v;)).

With similar arguments, we can show that (x) holds also for formulae of
the form v; - v; = vy

11.3 We have to show that PA F ¢V — prv([¢oV]2"): By COROLLARY 11.9,
Le and L; we obtain

PA - prv([¢]®") = prv([e vV ¢]#")
as well as
PAF prv([41%") = prv([e v ¢]#"),
Hence, with Lg and (MP) we deduce
PA = (prv([¢]®™) v prv([¢]5)) — prv([o v ¢]5").

From PA F ¢ — prv([¢]8") and PA F prv([¢]8?) — prv([e V ¢]8") we
obtain PA F ¢ — prv([¢ V ¢]8") with TAuTOLOGY (D.0), and similarly
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for 1. We can thus conclude with the following instance of Lg by applying
twice (MP):

PAE (¢ = prv([o v ¢1%") = ((v = prv([e vV ¢12")) —

11.4 (a)

(Ve = prv([pV]e)).

We define ¢ := prv(Tprv(Te ™) — ¢ ) — prv(T¢") and show that
PA  prv("¢™) — . By LOB’S THEOREM, this allows us to con-
clude that PA ¢ —notice that v is an Zpa-sentence and not just a
formula: By (DT) it is enough to show that

PA + { prv ("¢ 7), prv(Tprv(Te ) — )} prv(Te?).
=0

From prv("¢7), (MP), and Dy applied to ¢ we obtain:
prv("97) = prv(Tprv(Te™)7)

With ¥ = prv(Tprv(T¢™) — ¢7), Dy applied to prv(T¢™) — ¢, and
(MP), we obtain prv(™97), and therefore also prv("prv(T¢™)7). Fi-
nally, D; applied to prv(Tp™) — ¢ gives us

U — (prv("prv("e ")) = prv(Te )

from which we obtain the desired result using (MP).

Set ¢ := prv(T—prv(T¢ ")) — prv(T¢™"). Then, by TauToLOGY (G),
we have to show that PA 1, and by LOB’S THEOREM, it is enough
to show that PA F prv(T¢7) — ¢, and by applying (DT) twice, it is
enough to show that

PA + { prv("¢ ), prv(Toprv(Te ) )} E prv(TeT).
From prv("¢™), Dy and (MP) we deduce
prv("prv(Toprv(Te™) )T = prv(Tprv(Te ) ) .
With prv(T=prv(T¢™)7), D and (MP) we obtain
prv(Tprv(Toprv(Te™) 1))
and therefore also prv(Tprv("¢™)7). Now, by Lg we have
PAF =prv(Te™) = (prv(Te) = ),
hence, by Dy, we also have

PAF prv(T—prv(Te™) — (prv('_goj) — gp)j) )
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11.5

11.6

Solutions

Applying D; and (MP), we obtain
prv("=prv(Te ™)) = prv(Tprv(Te) = ¢7)

and by (MP) we have prv(Tprv("¢™) — ¢). Now, we can deduce
prv(Tprv(T¢ ™)) — prv(T¢ ™) using D; and finally get prv(ep).

(¢) HPAE =prv(T—prv(T0 =17)7), then by L; we have
PAFprv(fT0=1") — —prv(T=prv(T0=17)7),
or equivalently, by TAuTOLOGY (G):
PAF prv(T—prv(T0=1")") — =prv(f0=17)

Now, by LOB’S THEOREM we then obtain PA - = prv("0 = 17) which
contradicts the SECOND INCOMPLETENESS THEOREM 11.0. There-
fore, PA¥ —prv("—prv("0 = 17)7), i.e., the SECOND INCOMPLETE-
NESS THEOREM is not provable within PA.

We assume that PA F prv(Te™) A (prv(’_d)_‘) — 1/1). Notice that if ¢ is
an %pa-sentence, then we can use Ly and LOB’S THEOREM to obtain
PA I 4. We can then conclude with Ly and (MP).

In general this does not work if 1 is an arbitrary Zpa-formula. In this
case, we first use Do to find PA  prv("prv(T¢ ™) — 1) and then obtain
PA F prv(T¢7) with EXERCISE 11.4.(a). This implies again PA F ¢ and
hence we can conclude as above.

We first prove PA+ { prv(T¢ < conpa™), prv(T¢ ") } - = conpa. Note that
by definition of +» and by COROLLARY 10.2 we have

prv(Tp > conpa) <pa prv(T¢ — conpa’) A prv(Tconpa — ¢7) .

With L3, D; and (MP) we obtain prv("¢™) — prv(Tconpa™) and thus also
prv(Tconpa ). From EXERCISE 11.4.(b) we get

PAF —prv("T0=1") — =prv(T=prv(T0=17)7)

or equivalently, PA F prv("conpa™) — —conpa. Now, with (MP) and by
(DT) we obtain

PA + { prv(Tp <+ conpa ) } F prv(T¢T) — —conpa .
Next we show that

T:=PA+ {prv("p <> conpa™), 7 prv("¢ "), ~conpa } 0D,
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11.7

Just as above we can obtain prv(Tconpa”) — prv(T¢ ™). Towards a con-
tradiction we will show that T F prv(Tconpa™), this will in turn im-
ply T F prv("¢™) and therefore T + &8. Since PA F —(0 = 1), it
follows from Dg that PA F prv("—(0 = 1)7) and therefore the same
is provable in T. We now apply D; to an instance of Lg to obtain
prv(T=(0 = 1) — (O =1 = conpA)—'). Together with multiple appli-
cations of D; and (MP), we first deduce T F prv("0 = 1 — conpa’)
and then T prv(Tconpa ™), using that —conpa € T. Thus, with COROL-
LARY 2.8 and (DT) we finally obtain

PA + {prv(rgp > conij)} F —conpa — prv(T¢")

and together with the first part, this gives us the desired result.

In the standard model this result says that if N E prv(#¢ <> conpa)
then we have N E prv(#¢) if and only if N F —conpa. Notice that by
LEMMA 9.16 N ¥ —conpa because PA ¥ 0 = 1. Therefore, if some Zpa-
formula ¢ is provably equivalent to the consistency of PA, then we have
N F prv(#¢). Intuitively this makes sense, because otherwise we have
PA - ¢ and therefore PA - conpa.

First note:

congy, pa—prv(T0 = 17) pa ~Ic(cprvii(e,70 = 17))
Spa—Te(cprv(c,70 =17) A =3¢ < ¢(cprv(c,70 £ 17)))
SpaVe((meprv(c,”0=17)) V3’ < ¢(cprv(cd,70 # 17)))

where we used TAUTOLOGIES (Q.0), (L.0) and (F). We will show that
PA = Vz (1(z)) where

Y(x) = (meprv(z, 70 =17)) VI < z(cprv(c/,70 £ 17)).

It is clear that PA F prv("0 # 17). In particular, we find ¢ such that
PAF cprv(¢,70 # 17) and clearly also

PAFVz(z >¢— 3 < z(cprv(d,70#17))).

Therefore, we obtain PA - Vz > ¢ (¥ (z)). Since c_prv is a A-formula (see
Chapter 10), so is ¢ and also Vz < é (w(x)) Furthermore, we know that
N E Ve < ¢ (¢(z)) (because PA ¥ 0 = 1), and thus, N ¥ prv(# (0 = 1)).
Hence, by N-conformity we get PA - Vx < ¢ (1/)(17)), and with the above
we finally obtain PA - Vz (¢ (z)).
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Chapter 12

12.0 We claim that if ¢(z) is a quantifier-free formula with free(¢) = {x} such
that infinitely many z satisfy ¢(z) (we will show later how to formalise
this statement), then —¢(x) cannot be satisfied by any x. Now, if there
is a quantifier-free formula with free(p) = {x} such that PrA F ¢(x) <
Jy(x = 2y), then there are infinitely many witnesses for ¢(x) as well as
for —p(x), which contradicts our claim.

In order to prove the claim, suppose p(z) is a quantifier-free formula
with free(p) = {x} such that infinitely many z satisfy ¢(x), i.e., for
every n € IN we have PrA = Jvg - - - Jv,, \;;(vi # vj Ap(v;)). Then, every
atomic term in ¢ is either 0 or  and every term in ¢ can be written in
the form n + max for some n, m € IN. Consequently, every atomic formula
in ¢ is equivalent to an atomic formula of the form n + mx = k + [z for
some n,m,k,l € N. If g := (n — k)/(l —m) is a rational number which
belongs to IN, then

nt+me=k+lrcpar=gq.
If n =k and [ = m, then

n+mr==k+Ilx <pa0=0.
If none of the above conditions are satisfied, then

n+mr=~k+Ilx<pa0=1.

Since (x) is satisfied by infinitely many z, we may replace any occurrence
of an atomic formula equivalent to x = ¢ by the formula 0 = 1 and get
a formula ¢’ () with the same properties. Now, every atomic formula
in ¢’ satisfies PrA = 4 or PrA I —). Since PrA 3z ¢'(x), it follows
PrA F ¢’ and thus, PrA - Vz ¢'(z). So, —¢’ cannot be satisfied by any x,
which proves the claim.

12.1 To show PrAF 7=, 7" — m7 =,,,, m7’, we first assume
Jz(nz+7=1").
By multiplying the equation with m, we obtain
Jz(m - nz + mr =m7').
Since m - n = mn and multiplication is associative, this implies

— /
M7 =mn MT .
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12.2

12.3

Notice that this argument also works if we assume 3z(nz+71" = 7) instead
of Iz(nz+7=1").

For the converse, suppose Jz(mnz + mr = m7’). By LEMMA 12.0, this
leads to 3z(m(nz+7) = m7’) and Iz(nz+7 = 7’), which implies 7 =, 7’.
As above, the same argument works for 3z(mnz + m7’ = mr).

Let us first assume there is some z such that
mv+n+kz=1,

for some m,n, k,l € N with gcd(m, k) = 1. By BEzZoUT’S LEMMA there
are a and b in IN such that am = bk + 1. Since a # 0, our assumption is
equivalent to

al = amv + an + akz
= (bk + 1)v + an + akz
=k(bv) + k(az) +v+an
=k(bv+az)+v+an.

Equivalently, we obtain
v =g a(l —n)+ Nk

for a sufficiently large number N € IN so that al + Nk > an.

If, on the other hand, we start with an equation of the form
mv+n=1+kz,
we can argue similarly to obtain
al + akz = amv +an.

Depending whether bv < gz or not, we can rewrite the above equation
equivalently to

v+an=al+ (az—bv)k or (bv—az)k+v+an=al.
In both cases this is equivalent to
v =g a(l —n)+ Nk
for a sufficiently large number N € IN so that al + Nk > an.
Let us first introduce the relation symbol # by stipulating

rF#y = (z=y).
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12.4

Solutions

We will first check that T over the signature ¢’ := £ U {#} admits
quantifier elimination, using THEOREM 12.2.
Observe that part (a) of the theorem is satisfied, since

S(r=7)er#7 and ~(r#£7)eTr=1".

For part (b), let ¢ = Jv(p1 A -+ A pp), for some atomic formulae ;.
Without loss of generality, we may assume that v is free in every ;.

If there exists some ; of the form v = 7 or 7 = v for some term 7 # v,
then

T (/TN ANpn(v/T),

where @ is quantifier-free and has the same free variables as o1 A--- Ay,
except v.

If there is some ; of the form v # v, then we may replace @; by ¢y = ¢1
and afterwards substitute every occurrence of v by ¢y and obtain a desired
formula equivalent to ¢.

Otherwise, all ¢;’s are of the form v = v, v # 7, or 7 # v for some
term 7 Z# v. So, we may replace v = v by ¢y = ¢g, v # 7 by 7 = 7 and
7 # v by 7 = 7 and obtain an equivalent formula ¢ with the desired
properties—in fact, we even have T F .

Thus, THEOREM 12.2 is applicable and yields quantifier elimination for
T over .¢’. Finally, since every quantifier-free .#’-formula is equivalent
to a quantifier-free #-formula by replacing every occurrence of 7 # 7’ by
—(7 = 7'), we conclude that T admits quantifier elimination.

In order to simplify the notation we write just T instead of Th(N, <,s, 0)
and set £ := {<,s,0}. The proof is based on the QUANTIFIER ELIMI-
NATION THEOREM 12.2: Let ¢ be an atomic formula. Then ¢ is either of
the form 7 = 7/ or of the form 7 < 7’ for some terms 7 and 7’. Since N
is totally ordered under <, we have

S(r=r)err<rvr <t  and S(r<T)erT=7Vr<T.

This takes care of part (a) in THEOREM 12.2. Now, assume ¢ = Jv(p1 A
-+« A ) for some variable v and atomic formulae ;. Without loss of
generality, v occurs free in every ; and by replacing

s---s7 with 74+n

S~

n-times
we may also assume that every term in ¢ is of the form n or u + n for
some n € IN and some variable p.

We claim that ¢ is equivalent to formula to a formula Jv(] A--- A ¢}),
where each ¢, in one of the following forms, where u # v are variables
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and n,m € IN:

v<ptn (1)
p+n<v (2)
u<v+n (3)
v+n<p (4)

Pick any ;. If ¢; is of the form
v+n=v+m,

we may replace it equivalently by n = m. Similarly, if ¢; is of the form
v+n<v+m,

we may replace it by n < m. If ¢; is of the form
v+n=p+m,

for some variable p # v and n < m, we have

¢ o1t piv/ptm=n)A---Nop(v/p+m=n).
If, on the other hand, m < n, then
vin=pu+mer +n—m-1<p)Ap<v+n—m+1).

If ; is of the form v +n = m and n < m, we can replace every instance
of v in every ¢; by m —n and we are done. Otherwise, if m < n, ¢; can
never be satisfied and we can replace it, for example, by 0 < 0.

If p; is of the form v + n < m and n < m, we have

P o7 (/DA Apr(v/D)) .
1=0
If instead m < n, ; can never be satisfied and we can replace it by 0 < 0.
If ; is of the form m < v +n and n < m, we can replace every instance
of v by v + m — n + 1 and replace ; by 0 = 0.

If, on the other hand, m < n, then T  ¢;. So, we can replace it by 0 = 0.
This completes the proof of the claim.

For the remaining four types of atomic formulae, let us first assume that ¢
is a conjunction of formulae of type (1) and (2). Without loss of generality,
@ is of the form
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12.5

Solutions

(v<pitn) A AV <pi+n) AA+m <v) A AQj+my <v)

for n,, my € IN and variables p, # v and A, #Z v. Then, we have

<p<:>T/\(>\q+@+1<up+@). (%)
p,q

To complete the proof, we also have to allow formulas of type (3) and (4).
This works out similarly, we just have to put the terms m, and n, on the
other side of the inequality for the respective formulas in (*). Hence, T
admits quantifier elimination.

We still need to prove that addition + is not definable in T. So, let us
assume addition is definable in T, i.e., let ¢ be a formula such that

TEVavydlz oy (z,y,2) and NE @ (m,n,m+mn).

for all m,n € N. Let ¢(z) = Jy(z = y +y) = Jyp+(y,y,z). On the
one hand, since T admits quantifier elimination, there is a quantifier-free
Z-formula ¢’(x) such that 1 < ¢'. Furthermore, < is definable in PrA,
PrA is complete, and N E PrA. Thus, ¢'(x) <pa ¥(z). On the other
hand, a very similar argument to that given for EXERCISE 12.0 shows
that one cannot find a quantifier-free formula equivalent to Jy(z = y+y)
in PrA over the signature {<,s,0,+}. This is a contradiction and thus,
addition + is not definable in T.

Let ¢ be an arbitrary .Z-formula. We have to show that there exists
a quantifier-free Z-formula 1, such that ¢ <1 9. By THEOREM 2.14,
we may assume ¢ is in PNF. Since we can replace every occurrence of
Yu; by —3v;—, it suffices to prove the case when ¢ = vy’ for some
quantifier-free formula ¢’. Furthermore, by the DISJUNCTIVE NORMAL
ForM THEOREM 2.12 we may assume

Y = EIV((chl AN NP1 ) Ve V(g1 A A @knk))
S (Av(eia A Aorp)) VeV (Fv(pa A A @)

for some formulae ¢; ; which are atomic or negations of atomic formulae.
Thus, without loss of generality we may assume that k& = 1 and that
v € free(yps ;) for every i. Since ~ is reflexive, i.e., Vz(x ~ z), by Lia we
may replace any occurrence of v ~ v and v = v by ¢y = ¢¢ to obtain an
equivalent formula.

Now, if there is a formula ¢; ; of the form v = 7 or 7 = v for some term
T # v, we may replace any instance of v by 7. Since 7 # v, we are done.
Otherwise, note that any 1 ; of the form —(v = 7) or =(7 = v) for some
term 7 # v can be replaced by ¢y = ¢g, because of the fourth axiom in T.
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Thus, we may assume that every ¢;; is of one of the following forms
(where p # v are variables and n € IN):

v (1)
Ve~ (2)
(v~ p) (3)
(v~ ) (4)

If there are no formulae of the form (1) or (2), then ¢ <1 ¢ = ¢g, by the
last axiom of T. Otherwise, we construct a formula 1 <71 ¢ by taking
the conjunction over the following formulae:

1 ~ o for every p; and po in (1)
Cn ™~ Cm for every ¢, and ¢, in (2)

W~ cp for every p in (1) and ¢, in (2)
(1 ~ p2) for every py in (1) and ps in (3)
—(cp ~ 1) for every ¢, in (2) and p in (3)
=(p ~ cm) for every p in (1) and ¢, in (4)
“(en ~ cm) for every ¢, in (2) and ¢, in (4)

This shows that T admits quantifier elimination.

12.6 Suppose we have a relation ¥4y (2,y) in PrA, which coincides with the
relation z |y in the standard model N. Let

o(x) =Yy (Yaiv(y,2) = (y=1Vy =1)),

i.e., (x) holds if and only if = 1 or x is a prime. By LEMMA 12.10 we
find natural numbers p > 0 and ng such that:

N*E Vn > ng (¢(n) <> ¢(n +p)) (*)

If we now chose a prime ¢ > ng, then we have N* F ¢(q) and by succes-
sively applying (%) we obtain N* £ p(¢+p),...,N* E p(¢+gp), but since
g+ gp = q(1 + p) is neither a prime nor 1, we have a contradiction.
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Chapter 13

13.0 By EXAMPLE 1.0 we know that there exists a set « and that Vz(z = z).
We now apply the Axiom Schema of Separation with respect to the set x
and the formula ¢(z) := z # z, and obtain the set y := {z € x : z # z},
which obviously satisfies =3z(z € ), or equivalently, Vz(z ¢ z).

13.1 (a) We define F, as in the hint. It is clear that F, is a class function.
By the TRANSFINITE RECURSION THEOREM there is a unique class
function G, on 2 such that for all 5 € Q:

Ga(B) = Fu(Glp) = Fa({(0.G(0)) : 6 € B}).
In particular we have:
e If 3=0=0, then G,(0) = Fy(0) = .
o If 3=++1, then

Ga(v+1) =F,({(5,G(6)) : 6 ey +1}) =
Ga(ﬂ) U {Ga(ﬁ)} = Ga(ﬁ) +1.

o If 3 €\ {0} is a limit ordinal, then

Ga(B) =Fu({(0,G(6)) : 6 € B}) = | Gald

sep
Thus, addition of ordinals defined by stipulating «+ 8 := G(8) has
the required properties.

(b) We proceed as above but define F, as follows:

0 ife=0
z(f)+a ifdom(z)=pF+1and €
Usepz(9) if dom(z) = 8 and 8 € Q\ {0} is a limit ordinal

otherwise

F,(z) =

(¢c) We proceed as above but define F, as follows:

{0} ifz=0

z(f) -« if dom(z) =p+1and g€ Q

Uses (6) if dom(z) = B and g € Q\ {0} is a limit ordinal
otherwise

F,(z) =
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13.2

13.3

For part (a), assume towards a contradiction that for some limit ordinal
@ € Q, A = Jseq N5 is such that [A| < A (i.e., A is not a cardinal). Then,
since cardinals are ordinals, |A| € A, this implies that there exists a § €
such that |A\| < N5 < V541 € A which is obviously a contradiction. Notice
that A is the smallest cardinal which is bigger than N for each 0 € .

For part (b), assume towards a contradiction that there exists a cardinal
x such that for all ordinals a € €2 we have N, # x. Let

I={aeN:R, <k}.

Then [ is a set of ordinals, and therefore, the class Q \ I is non-empty
and has a least element, say By. If fg = a+1, then R, < k, which implies
that R < k, and since N} = R, = Ng, and [y ¢ I, we have k = Ng,.
If By is a limit ordinal, then Ny < k for all § € By, and by the remark
above we have r = (Jscg, N, i.6., K = Ng,.

Firstly, observe that if |A| = |A’| and |B| = |B’|, then we have |[AU B| =
|A’UB'|, |Ax B| = |A"x B|, and |BA| = |P A’|, where in the first case
we additionally assume that A and B as well as A’ and B’ are disjoint.

We first show that addition is commutative and associative: For this, let
A=k x {0} and B := X x {1}, and notice that x+ X = |AU B|, where U
is the disjoint union. Therefore, we have

k+A=|AUB|=|BUA|=\+k,
which shows that addition is commutative, and for C' := u x {2} we have
K+ A+p)=AU(BUC)| =|(AUB)UC| = (k+ A) + i,

which shows that addition is associative. Note that we have used our
observation above, e.g. in order to derive p = |C/.

Similarly, we can show that multiplication is commutative and associa-
tive: We have
K A=|EXA =|AXEK =K\,

which shows that multiplication is commutative, and
ko) = x| = [ x A) x pl = (k- A) - g,

which shows that multiplication is associative.
For distributivity, let again A := k x {0}, B := Ax {1}, and C := pux {2}.
Then we have

K-A+u)=[Ax (BUC)=[(AxB)UAXC)|=K-A+k-p.
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For the remaining equalities let again B := A x {1} and C := p x {2}.
Then we have:

A

R = M| = [BOC | = B x Ol = [P (O] = i -

R = M| = [V ER] = (R = (M) = (6N
(K- MF =Mk x A)| ="k x PA| = |* x A = gF - AF

Note that we have |29 Ck| = [Pk x “k| because we can bijectively map
a pair (f,g) € Br x ©k to h € BYCk by stipulating

o) = f(z), z€B
M) {g(x), xelC

With similar bijections one can also show |**#k| = |[#(*k)| and [FrxH)\| =
[KF X AP

13.4 Let k be an infinite cardinal, i.e., Kk > Ng.

(a) By definition, seq(k) is the set of all finite sequences which can be
built with elements of k. Note that we have |k"| = || for all n € w
and hence there is a bijection f, : k™ — k. This implies

|seq(n)\:|{s€"n:n€w}|:‘ Unli‘:‘ U/Q"

new

=Np Kk =K,

where for the penultimate equality we used the bijection

s+ (n, fu(s))
and for the last equality we used that there are injections
k= Rg X K) = (kX K),

which implies
K] < [No x ] < [52] = [s] = &.

(b) On the one hand, we obviously have x < |fin(k)|. On the other hand,
every finite subset s = {sqg,...,S$n—1} C k can be ordered such that
sp < -+ < Sn_1, and therefore, s corresponds to a unique finite
sequence (Sg, . ..,S,—1). This gives us an injection fin(k) < seq(k)
and by (a) we have

k< [fin(k)] < |seq(r)| = &,

which shows that |fin(k)| = k.
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13.5 The domain of the model N F PA we construct within Z is the set w.
Notice that for the construction of w we need neither the Axiom Schema of
Replacement nor the Axiom of Foundation. Recall that Zpa = {0,s,+, - }.
First, we define 0%, sV, 4N and -N as follows:

() -]

s i={(n,m) Ewxw:m=nuU{n}}

4N ﬂ{fe P((wxw)xw): Ve ew({({z,0),z) € f) A
Va2 (((z,y),z) € fA(z,y),2' ) € f = 2=2") A

VxVsz(<<x,y>7z> ef— <<$,SN(y)>7sN(z)> € f)}

N ::ﬂ{ge P ((wxw) xw): Vo ew(({z,0),0) € g) A
VavyVave (((z,y),2) € g A {(z,y),2') € g = 2 =2") A
VavVyVz({(z,y),z) € g — <<x,sN(y)>,z—|—N z) € g)}

We have to check that s, +V, and -V are functions and that the structure
N = (w,ON,sN, +N, ~N) is a model of PA.

sV is a unary function with domain w: By definition of sV, for every n € w

there is a unique m € w such that (n,m) € s™.

+N'is a binary function with domain w x w: First notice that by definition
of the set +Y, for all #,4 € w there exists at most one z € w such
that <<x,y>,z> € +N. Thus, if +~ # 0, then +" is a function. Now, we
show that for all (x,y) € w X w there exists a unique z € w such that
<<x,y>,z> € +". For this, let

oly) =Vr e wIz € w({{z,y),2) € +V).

By definition of +~, we have ¢()) and for each y € w we have ¢(y) —
©(sV(y)), where sN(y) = y U {y}. If there exists a y € w such that ~¢(y),
then, since w is well-ordered, there exists a yo € w such that —(yg) and
Yy < yo ¢(y). Since yo # 0, we have yo = y; U{y1 } for some y; € w. Now,
since y1 < yo, we have p(y1) and by p(y1) = ¢(yo) We get ©(yo), which
is a contradiction to the choice of yq. Thus, we have Vy € w (cp(y))7 which
shows that
Ve ewVy e wilz € w(<<m,y>,z> € +N) ,

and therefore, +" is a function.
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Solutions

N'is a binary function with domain w x w: The proof is essentially the

same as the proof for +V.

N F PAo: Since for all z € w we have s™(z) = 2 U {z} and z U {z} # 0,
there is no x € w with s(z) = 0.

N E PA;: If st (z) = sM(y), then z U {z} = y U {y}, which implies that
either x = y or z € y € z. In the former case, we are done, and in
the latter case, we obtain that z € x and therefore {z} C z (since z is
transitive), which contradicts the fact that x is well-ordered by € (since

{z} C z does not have an €-minimal element).
N E PA;: By definition we have

VJ:Ew(x—I—N@:x).

N E PA3: Notice that if z +Y y = 2, then s™(z +" y) = sz, Now, since
+Vis a function and

c+Vy=2 = o 4+VsV(y) =s"z,
we obtain Vz € wVWy € w(s(z +Vy) = 2 +Vs"(y)).
N E PA,: By definition we have

VxEoJ(x~N(Z)=(Z)).

N E PAsg: This is similar to N F PAz.
N E PAg: Let ¢ be an Lpa-formula with free(yp) = {z} and assume

e(0) AVz € w (p(x) = p(s"(2))) .

If the set A := {sc Ew: —w(z)} C w is non-empty, then, since w is well-
ordered, it contains a least element, say . Now, since ¢(0)) and —p(xq),
we have x¢ # ), and therefore 2y = s"(z;) for some z; € w with (),
which contradicts the assumption ¢(z1) — ¢(sV(z1)). Hence, the set A
is empty, i.e., Vo € w (¢(z)), which shows that N F PAs.

The proof is taken from Weiss [57, Ch. 4]. Assume towards a contradiction
that there is a set xo with trans*(xzo) such that the set

Si={yp€mo:Ipecxopr Sy #y2 A1 €y2)}

is non-empty.

Using the Axiom of Foundation we can find ys € zg be such that y, € S
and yo NS = 0. Now, let y; € ¢ be such that y; C ya, y1 # Yo, and y; ¢
y2. By the Axiom of Foundation there is a z € yo \ y1 with 2N (y2 \y1) = 0.
Thus, by trans(yz) we have z C ys, and since z N (y2 \ y1) = ) we obtain
z C y;1. Furthermore, since z € yo and y; ¢ ys2, we have z # y;, and from
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2 C y1 we obtain y; \ z # 0. Applying the Axiom of Foundation again, we
find u € y; \ 2 with uN (y; \ 2) = 0. Since trans(y; ), we have u C y; and
with N (y1 \ 2) = 0 we obtain v C 2. Now, since z € y2 and y2 N S = 0,
we have z ¢ S, and since z € xy by trans(zg) and v C z, we therefore
have u = z or u € z. However, u = z contradicts z € y2 \ 1 (i.e., u & y1)
and u € y1 \ z (i.e., u € y1), and u € z contradicts u € y; \ 2.

Thus, the set S is empty which shows that for all sets x with trans*(x)
we have:

Vyry2 €z (Y1 Cy2 = (1 =y2 Vy1 € 42))

We first prove (a) = (b): If ordinal(x), then by definition we have
trans(z). Let y € z, and let 21 € 23 € y. We have to show that z; € y.
Since trans(z), we have that zo € x and therefore also z; € x. Now, since
ordinal(x), we have orde(x), which implies that either z; € y, or 21 =y,
or z; D y. If z; € y, we are done, and if z; = y or y € 21, then the set
{y, 22,21} C = does not have an €-minimal element, which contradicts
the fact that x is well-ordered by €.

For (b) = (c), assume trans*(x) and let y;,y2 € z. Notice that since
trans(x) we have y; G  and y2 & . We have to show that either y; € ys,
or Y1 = Yo, Or y1 O y2. We consider the following two cases:

y1 C yo: By EXERCISE 13.6 we have either y; = ys or y; € ys.

y1 € yo: With Axiom of Foundation we can find z € y; \ y2 such that
2N (y1 \ y2) = 0. Since trans*(z) and z € y; € x, we have z C z.
Furthermore, since trans(y;) and z € y;, we have z C y;, and
since z N (y1 \ y2) = 0, we have z C y,. Thus, we have z,y2 €
and z C yo, and by EXERCISE 13.6 we obtain either z = ys
or z € ys. Now, z € yo is not possible since z € y; \ y2, and
therefore we have z = ys, i.e., y2 € y1.

Thus, in both cases we have either y; € ys, or y1 = ys, or y1 3 Yo.

For (¢) = (a) we suppose towards a contradiction
Jy C z(y #0 A —-Fzmine(z,y)) .

We thus pick such a non-empty set y C z. Note that by the choice of y
we have Vz € y32/(2/ € 2 A 2’ € y), or equivalently,

Vzeyd (2 € (zny)).

Since y is non-empty, we find zg € y, and by the choice of y, we then
find z1 € zg Ny. By the Axiom of Choice, we can then repeat this process
indefinitely by finding for each ¢ € w a z;41 € z; N y. This gives an
infinite decreasing sequence zg 3 21 3 ... which contradicts the Axiom of
Foundation.
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13.8 First we show |R| = |(0,1)|, where (0,1) = {r € R: 0 < r < 1}: For this,

consider the function
f:R—(0,1)
1
which is obviously a bijection between R and the interval (0, 1).
Now, we show |£(w)| < [(0,1)]: For this, consider the function

g: W) — (0,1
r s > 370D
nex
where g(0) := 2, which is obviously an injection from #(w) into the
interval (0, 1).
Finally, we show [(0,1)| < |Z?(w)|: For this, we use the fact that every

positive real number r € R has a unique representation as a finite or
infinite continued fraction, i.e.,

r=ag+
a1—|—

ag+ ———
4 a5_|_...

where a, € w and a, > 0 for all n > 1. For simplicity, we write

r = [ao, a1, ae,...]. Notice that every r € (0,1) has a continued frac-
tion which starts with ag = 0. Now, for each r» € (0,1) with finite or
infinite continued fraction [0, aq,as,...], we assign a finite or infinite set

z, C w by stipulating
Ty 1= {O, ai, a1 + ao, a1+a2—|—a3,...,a1+a2+...+an,...}.

Then, by the uniqueness of the representation of real numbers by contin-
ued fraction, the mapping which maps real numbers r € (0, 1) to subsets
z, C w is injective.

Now, combining these results we have [R| = |(0,1)| = |#(w)|, and by
CANTOR’S THEOREM 13.8 we get that R is uncountable.
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Chapter 14

14.0 (a) First, notice that Vy is transitive. Now, if « is a non-empty limit

14.1

ordinal and for each B € «, Vg is transitive, then (Jzc, Vi is obvi-
ously transitive, too. Finally, if « = 8+ 1 and Vg is transitive, then
Vo = Z(Vg), and for all sets x and y, such that y € x € V, we
have y € x C Vg. Hence, y € Vg, and since Vg is transitive, we get
y C Vg which shows that y € V. Therefore, by transfinite induction
we get that for each a € Q, V,, is transitive.

(b) Since arbitrary unions of transitive sets are transitive, this follows
immediately from (a).

(c) If B = a+1, then, since Vg is transitive, V, C Vg, and since V, € Vg
but Vi, ¢ Vo, we get V, & V. Now, if 8 is a limit ordinal and o € g,
then Vo & Voq1 & Vg,

(d) If & = 0, then we obviously have « C V, and «a € V,41. Now, let
ap be an ordinal and assume that for all 5 € oy we have 3 C Vg
and 8 € Vgy1. If ap is a limit ordinal, then the assumption implies
ayp C Vg,, and consequently we get oy € Vo,41. Finally, if o =
B+ 1, then, by the assumption, S € V,,, and since V,, is transitive,
ao € Vg, and consequently ag € Vo,4+1. Therefore, by transfinite
induction we get that for each o € Q, a C V, and o € Vy41.

For (a) assume that x € H, and let a = rk(x), where rk(x) is defined as
in the hint. Now, consider the set

A= {rk(y) : y € TC(z)}.

We will show that A = a. Then | TC(z)| < & implies |a] = |A] < & and
hence a < k, which proves the claim.

Obviously, we have A C «. Hence, it remains to check o C A. Suppose
towards a contradiction that there is a 8 < « such that 8 ¢ A. Then the
set

B :={y € TC({x}) : tk(y) > B A =3z € y(rk(z) = B)}

is non-empty (since @ € B). By the Axiom of Foundation, thereisay € B
such that y N B = 0. Since rk(y) > S, there is a z € y with rk(z) > S.
Now there are two cases:

rk(z) = B: This clearly contradicts our assumption that y € B.

rk(z) > B: Then z ¢ B, so there is w € z such that rk(w) = . Since
TC({z}) is transitive, we have w # z, we have w € TC(x)
and therefore 8 = rk(w) € A, a contradiction.



314

14.2

14.3

14.4

Solutions

Now, we turn to (b). We set k1 = Ry = w and Ky = N;. Firstly, we
have H, C V, by (a). For the other direction, one can easily prove by
induction that V,, C H,, for each n € w, which shows V, C H,,,.

For the other statement, observe that V41 € Vyx, by FAcT 14.0. How-
ever, since V,, is countably infinite, by CANTOR’S THEOREM we have
Vi1l = |2(Vy)| > Ny, and hence, V41 ¢ Hy,, which implies that
Hy, # Vy,.

Since H,, = Hy, is a transitive subset of V and subsets, finite unions and
power sets of hereditarily finite sets are hereditarily finite sets, all the
axioms of ZFC, except the Axiom of Infinity, hold in the structure (H,, €).

On the other hand, (Hy,, €) satisfies the Axiom of Infinity because w €
Hy, . However, the Axiom of Power Set is not fulfilled because w € Hy,
but #(w) ¢ Hy, by CANTOR’S THEOREM. The other axioms hold due
to similar arguments as for (H,, €).

Since V4, is transitive and @) and w belong to V.., the set V., is
obviously a model for the Axiom of Extensionality, the Axiom of Empty
Set, the Axiom of Pairing, the Axiom Schema of Separation, the Axiom of
Union, the Axiom of Choice, and the Axiom of Infinity. To see that Vi
is also a model for the Axiom of Power Set, notice that for each z € V4,
there is an o € w + w such that z € V,. Now, since V, is transitive,
for all y € « we have y € V,, and since Vo1 = £(V,), we obtain
P(x) € Vaq1, and therefore Z(z) € Voo, and since Vyyo C Vi, qy, we
have Z(z) € Vyiew.

Assume towards a contradiction that the Axiom Schema of Replacement
holds in V4. Let F' be the class function defined by stipulating

F(’)’L) L Vw+n ifne w,
o 0 otherwise.

Since w € V14, by the Axiom Schema of Replacement we get that the
set A:= {F(n) : n € w} is a set in V,,. Now, since the Axiom of
Union holds in V4., we get that also | JA = V4w is in V4, which is
obviously a contradiction.

Notice first that if ZF is equivalent to a FINIT E set of axioms, then
ZF is equivalent to one single axiom, say ozg. By replacing L, by V, in
LEVY’S REFLECTION THEOREM 14.8, we obtain that there is a ap € Q
such that ozr is absolute between V,, and V. In particular, we have
Voo F 0zF, or equivalently,

Ve, F ZF.
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Since V,, F ZF, by LEVY’S REFLECTION THEOREM 14.8, there is an
ordinal a; € V,, (i.e., @1 € ag), such that ozg is absolute between V.,
and V,,. Thus, we have V,, F ZF, where o 2 a;. Proceeding this way,
we obtain an infinite decreasing sequence ag 3 a3 3 ... 3 a, D ... of
ordinals, which is a contradiction to the Axiom of Foundation.

(a) We first show by transfinite induction that for all ordinals « € &,
[Vo| < k: If @ = 0, then |Vg| = 0 < k. Now, let o € s and assume
that |V4| = A for some A < k. Then [Voy1| = |2 (V,)| = 2* and by (1)
we have 2} < k, thus |V,11| < k. Finally, assume that § € & is a limit
ordinal and for all « € § we have |V,| = A\, < K, then, since ¢ € &, for
the set

A::{)\a:aeé}gn

we have |A| < |d] < k. Thus, by (2) we have A5 := |J A € &. In particular,
by the SOLUTION TO EXERCISE 13.2, As is a cardinal with \s < &, and
by the definition of A\s we obtain

Uv.

a€d

§|5|-)\5<K3.

We are now ready to show that V, is a model for the Axiom Schema of
Replacement, the other axioms can be shown similarly to the SOLUTION
TO EXERCISE 14.3. Let F' : V, — V. be a function and let X € V. be
a set. Then there is an ordinal o € k such that X € V, and for each
y € X there is a 8 € k such that F(y) € Vg. Let G : X — & be defined
by stipulating

Gly) =min{Ber:F(y) €V} andlet A:={G(y):yeX}.

Recall that by THEOREM 13.1.(f), the class of ordinals is well-ordered
by €, which shows that the function G is well-defined. Now, since X € V,,
[Va| < k and |A| < [Va|, we have |A| < &, and since & is inaccessible and
A C k, by (2) we obtain ||JA| < k. Thus, for the ordinal X := (J A we
have X € k and F[X] € V), which shows that F[X] is a set in V.

(b) If ZFC is consistent, then there is a model V F ZFC. Assume towards
a contradiction that

ZFC F there exists an inaccessible cardinal .

Then there exists an inaccessible cardinal kg € V and by (a) we have
V., F ZFC. Hence, by our assumption we find an inaccessible cardinal
K1 € V., and by (a) we have V,,, F ZFC. Proceeding this way, as in the
SOLUTION TO EXERCISE 14.4 we obtain an infinite decreasing sequence
Ko > K1 > ... of cardinals, which is a contradiction to the Axiom of
Foundation.
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Chapter 15

15.0 (a)

If % is a filter over S which contains F', then, since § ¢ %, no
finite intersection of elements of .%# is empty, in particular, no finite
intersection of elements of F' is empty.

For the other direction assume that no finite intersection of elements
of F' is empty and define

n
F = {yQS:ﬂxinyorsome{xo,...,xn}gF},
i=0

i.e., F consists of all supersets of finite intersections of elements
of F. By the properties of F', .% does not contain the empty set and
is closed under finite intersections and supersets. Thus, .# is a filter
over S.

If  is an ultrafilter over S, then, since % is a filter, every intersec-
tion of finitely many elements of % is non-empty, and by definition
of ultrafilter, for all x C S we have either x € % or S\ z € %.

For the other direction assume towards a contradiction that for some
x,y €% we have x Ny ¢ %. Then z := S\ (zNy) € Z and
2Ny Nz =(, which contradicts the fact that finite intersections of
elements of % are non-empty. Furthermore, let x € % and let y D .
Then we have y € %, since otherwise, S\ y € % and 2N (S\y) = 0.
Thus, % is a filter, and since for all z C S we have either x € % or
S\x €%, % is an ultrafilter.

15.1 Let % be a filter over a non-empty set S. We want to extend % to an
ultrafilter over S. By the proof of THEOREM 13.3, there exists an ordinal
a € Q and a bijection f : a — Z(S). For the sake of simplicity, for
every B € a let x5 := f(B). First, we construct by transfinite induction
for every f € a + 1 a filter %3 such that for all v € § € «a we have
F C F, C Fg C.%,, and then we show that %, is an ultrafilter.

Let %y := #, for non-empty limit ordinals « let

Fo =] Zs.
BEa

and for successor ordinals let

F3 otherwise.

7 {ﬁg U{zg} if zgN (X # 0 for every finite set X C .Zg,
B+1 =

Notice that by EXERCISE 15.0.(a), for every f € a + 1, %3 can be ex-
tended to a filter.
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Now we show that %, is an ultrafilter. By EXERCISE 15.0.(b), we have
to show that every intersection of finitely many elements of %, is non-
empty and for all x C S we have either x € %, or S\z € #,. The former
is an immediate consequence of the construction. For the latter, assume
towards a contradiction that there is an & C S such that neither z nor
S\ z belongs to .%,. Let v, 3 € a be such that z = z, and 23 = S\ z.
Without loss of generality, we may assume that v € 5. Since z, 23 ¢ Z,,
there are finite sets X, C .%, and X3 C %3 such that

mvﬂﬂXnY:(Z) and mlgﬂﬂXﬁ:@.

Now, since X, U X3 is a finite subset of .%#g, by the definition of =, and
rg we get that

ﬂ(XV U X»B) =0,
which contradicts the fact that .#s can be extended to a filter.

15.2 Since definition of ¢™” does not depend on a choice of representatives, it
is well-defined.

Let R € .Z be an n-ary relation symbol and let f; and g; as in the proof
for FM’. We have to show that

{LEI:<f0(L),...,fn_1(L)> ERML} cEU +—

{L €1:{(go(1),...,gn-1(t)) € RML} cEU.

For 0 <i < nlet

T; = {L el: fi(k)= gi(L)},
and let X :(=2xgN---Nx,_1. Then, since x; € Z for each 0 <7 < n and
since % is a filter, we have X € % . Thus, we have:

{LEI:(fO(L),...,fnl )N eRM L cw

}
— {LGI:<f0(L),...,fn . eRML}mXe%
— {LEIZ<go(L),...,gn 1 ERM}HXE%

= {L el:{go(t), . ,gn-1(1)) € RML} cU

15.3 As in the proof of L0o$’s THEOREM 15.2 we proceed by induction on the
number of symbols =, V and V which appear in ¢/, where the argument
for atomic sentences and for ¢’ = —0g remains unchanged.
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The case when o/ = 01 V 05 is justified by

M*'Cdl V oy <> M*'Cdl OR M*':UQ
<~ {tel MFo} e or{1el M Foy} €%

=z =iTr2
<> 11 Uxs € 4
< {Lel:M,FoVor} €,

where the penultimate equivalence uses the fact that if x; ¢ % and
x9 & %, then I\ (x1Uxs) = (I\z1)N(I\z2) € % and hence z1Uxy ¢ % .
Finally, suppose ¢’ = Vvop and that for any [g] € A* we have

M* Yk go(v) <= {1el M2 Eoy(v)} e %.
Just as for 4 we then find:

M* EVrvog <= FOR ALL [g] IN A" : M*% Eoo(v)
<= FOR ALL [g] IN A" : {L€I: ML%” Foo(v)} € %

Now, since {L el:M, F Vuao} C z, we obtain
{rel:M, EVvoy} e =—> M*EVvo.

For the converse implication, notice that {L el: M, F VI/JO} e v if
and only if I\ {L el: M, F Vuao} & U, where

IN{tel M, FVvoo}={tel:M,FIv-o}.
With the help of the Axiom of Choice, we define a function

go: 1 — ULelAL
L= a,

by stipulating that a, is a witness for M, F Jv—oy if such a witness exists,
or in the case when M, E Yvoy, a, is an arbitrary element of A,. Then
we have

{Lel M, EIv-gg} ={sel M2 E—g,)}.
Let us assume M* FE Vvog. Then by the implication

M* EVvgy == FOR ALL [g] IN A*: {te I: M, 2 = 5y(v)} e %

v
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15.4

we have

{tel: M2 E o)} ¢ %,

and we conclude as follows:
(el M2 E—o,(v)} ¢ %
= {vel:M,FIv-oy} ¢ %
— I\{LEI:ML':VVUQ}¢%
— {LEISML':VZ/O'()}E%
Thus, we have

M* EVvoy —> {LéI:MLFVVJO}G%.

Let % = 0 (i.e., Z is the empty language), and let I = IN and for
each i € I let M; be an .Z-structure with domain 4, = {0,...,.} for
+ € IN. Hence, each A, is a finite .Z-structure. Now let % be a non-trivial
ultrafilter on IN. Let M* be the corresponding ultraproduct. Note that
in all but finitely many structures the sentence

o Eaxl...ﬂxn(/\xi#%‘)
%

is fulfilled in all but finitely many M, hence,
{teN:M,Eo,} e¥%

for each n € IN, which implies that the domain of M is infinite.
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Chapter 16

16.0 Let = {x Cw: ng € x} be a principal ultrafilter, where ng € w. Then
we have:

frg = {ncw:fln)=gn)}ecu
> [f(no) = g(no)

The second equivalence can be verified as follows: If f(ng) = g(ng) then
the set © = {n € w : f(n) = g(n)} contains {ng}, which implies that
x € 7. Define the function h : N — N, by stipulating h(f) := fno.
Then h is an isomorphism between N}, and N, i.e., N}, is isomorphic to
the model N,,.

16.1 Let % be the ultrafilter with which we have constructed the ultrapower
Ny, and let o be an “pa-sentence. We have to show that

NL,Fo <= NyFo.
By Lo$’s THEOREM we have
NyFo <—> {tew:(N,), Fo}teZ,
and since (N,), =N, for all ¢ € w, we have

NiFo <—> NyFo.

16.2 Let G := {[gs] : k € w} be a countable set of elements of w*. We use a
diagonal argument to construct a function f :w — w, such that [f] ¢ G.
The function f is defined as follows:

J(0) := go(0) +1
f(1) == max {go(1), 1 (1)} +1

f(n) := max {go(n)7 an),..., gn(n)} +1

By construction, for all n > k we have that f(n) > gr(n), and since % is
a non-trivial ultrafilter (i.e., % does not contain finite sets), for all k € w
we have

{new: f(n)>g(n)}ez.
Hence, for every k € w we have N¥ E [f] > [gx], and therefore [f] ¢ G.
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16.3 Let [g] < [¢'] and let h : w — w be such that [¢g] + [h] = [¢']. Since
N* E PA, such a function h exists and [h] is unique. Furthermore, for
each k € w let ¢; : w — w be such that for all n € w, cx(n) = k. We
consider the following two cases.

Case 1: IM € w3z € % Vi € x (h(i) < M).

We claim that in this case, there exists a k € w with 0 < k < M such
that [h] = [cg], i.e., there is a y € % such that for all i € y, h(i) = k. In
order to prove the claim, for each 0 <1 < M let

y={i€x:h()=1}.

Then x = yoU---Uyyy (i.e., x is the disjoint union of the sets yo, . . . yar),
and since x € % and % is an ultrafilter, either yg € Z or y; U---Uyps €
. If yo € %, then for all i € yp we have h(i) = 0, which implies
[h] = [co]. Otherwise, either y; € % or y2U---Uyy € %, and we can
proceed as before. So, we finally find a y € % and a k with 0 < k < M
such that [h] = [ex].

Thus, we have [g] + [cx] = [¢'], and since N¥ E PA, this shows that

{((New g <<} ={lg)+la] ew™: 0<I<k},
which is a finite set.

Case 2: VM € wVz € % Ji € z (h(i) > M).

For each r € R with 0 < r <1 let h, : w — w be defined by stipulating
hr(n) := [r - h(n)], where

[r-h(n)] :==min{k€w:k>r-h(n)}.

Recall that by the SOLUTION TO EXERCISE 13.8, the set of reals r € R
with 0 < r < 1 is uncountable. Thus, it is enough to show that for all
r,s € R with 0 <7 < s <1 we have [h,] < [hs]. Since we obviously have
[hr] < [hs], we just have to show that [h,] # [hs], i.e., there is no z € %
such that for all i € , h,(i) = hs(4). Since r < s we find an My € w such
that

1
— < S.
T+MO S

Then - Mo+ 1 < s- My and for every i € w with k(i) > My we have:
[s-h(i)] = [r-h(i)]
[s- Mo +s- (h(i) — Mo)| — [r- Mo +r- (h(i) — Mo)]

>r-Mo+l > (h(i)— M)
>1

hs (Z) - hr (7’)
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In particular, we have hy(i) # h,(i) for all i € w with h(i) > M. Now,
assume towards a contradiction that there is an xy € % such that for
all i € zg, h.(i) = hs(i). Then by our assumption, for My and z( there
exists an ¢ € xo such that h(i) > My, which is a contradiction to the
choice of xg.

Thus, for each r € R with 0 < < 1 we have [g] < [g] + [h,] < [¢], which
shows that

{flew : g <[1<[¢)} 2{lg)+[h]ew:0<r<1}

is an uncountable set.
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Chapter 17

17.0 Assume that [A] < [p] and take X, p’ with A ~ A and p’ ~ p. Further-
more, let My, M,, € N be such that for all n € Zyr we have

A(m) = N(n)| < My and  |u(n) — 1/ (n)] < M.
Since A < p, we have pos(u — A), i.e.,
VNo € N 3ng € N (u(no) — AM(no) > No) -
Let Ny := N + (M + M,,), and let nq be such that
w(ng) —A(ng) > Ny
Then we have

' (n1) = XN(n1) > p(no) — Ano) — (M + M,,)
>N1

>No

which shows that for every Ng € N we find an n; € A such that
W (n1) — N (n1) > Ny, hence, N < /.

17.1 (a) By the definition of addition in R, we have

(N + (1) = DA+ pl) = [(ay™)]

where .
Mp 0 ifn=20
o = Q@) otherwise.
Now, since l
O 0m) _ M) +pl) _ A | pln) _ oy
we obtain I'([A]+ [u]) = [(ap )] = [(ap)] + [(af)] = T ([A]) + I([n])-
(b) We have
I(0p1) = (o)) = [(an°)],
where

0 ifn=0,
aﬁo =
Xo(n) _ % =0 otherwise.

Hence, (a;°) = (0,), which shows that I"(0j5|) = O]

n
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(c) By the definition of multiplication in R, we have

(- [1]) = I(Nopd) = [(a°")]

where

on _ {0 ifn=0,

T Qemm) A ierwise.

Assume first that g = Ag. Then
LA - 1) = LA - Pol) = T([heAo]) = [(ap°0)]

where

oo _ 0 if n=20,
" Aom) A0 Giherwise.

Let Mo := A(0). Since for every € € QJ and for every n > || we
have |a}°* — 0] = |[2e| < e, we get that (a}°*) ~ (0,). Therefore,
I'([A] - [Mo]) = 0. On the other hand,

L) - I([Ao]) = [(am)] - [(0)] = [(ap - 0n)] = [(0n)] = Ofes -
Hence, I'([A] - [Ao]) = I'([A]) - T'([Ao))-

Now, assume that p % \g, and without loss of generality assume that
pos(u) and that p(n) > 0 for all n € A with n > 0. Since pos(u),
for every M € N we find an m € N such that g(m) > N + M,. Let
M = N+ M, where N € N. We claim that for every n > m we have
u(n) > N. To see this, assume towards a contradiction that there is
some ng > m such that p(ng) < N. Then, by the properties of u, we
get

|1(no) — (pu(m) + p(no —m))| > M,

—_— =~ —-

<N >N+M, >0

which is a contradiction to the definition of M.
Let the sequence (a)) be defined by stipulating

A

n

Then, since (a;)) is a Cauchy sequence, also (a

for which we have (a))) =~ (a))).

) is a Cauchy sequence
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Finally, by definition, for n # 0 we have:

(Aop)(n) — Ap(n)) — Au(n) p(n)

n n wu(n) n

Thus, we obtain

(d) We have

where

0 ifn=0,
aﬁl =
M) _n 1 Gtherwise.

Hence, (a;') ~ (1,), which shows that I'(15]) = 1j¢].

17.2 First we consider the elements of RY, (R%)* and RY., respectively.

The elements of set RY are equivalence classes of Cauchy sequences
{an :m € W) in Q, i.e., the elements of RY are of the form [(a,)], where
(an) is a Cauchy sequence in Q.

By definition, (R)* is the ultrapower of RY with respect to some non-
trivial ultrafilter % C Z2(w). Thus, the elements of (R )* are equivalence
classes of functions f : w — R, where each function f is of the form
([(an,i)i] : @ € w) for some Cauchy sequences (a,; : n € w) in Q. For the
sake of simplicity we define

(n,i)i == <<am mEw):i€ w> )

Now, the elements of Rf* are equivalence classes of Cauchy sequences in
Q.+, where we can consider Q- as the ultrapower of Q,, with respect to
the same ultrafilter as above. Thus, the elements of R?. are equivalence
classes of Cauchy sequences of the form

(@ni)n = <<an,7; lEw):n€ w> ,
where for all n,? € w we have a, ; € Q,, and
{i € w: {an,; :n € w) is a Cauchy sequence in Qw} EU.

Notice that in the former case, each element of RY is an equivalence
class of Cauchy sequences, i.e., for each i € w we have that (a,;); is a
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Cauchy sequence in Q,,, whereas in the latter case it is enough that the
set {i € w: (an,;); is a Cauchy sequence in Q,,} is in % .

Define the function F: (RZ)* — RZ. by stipulating

F([(an,i)i]) = [(ani)nl -
It remains to show that the function F' is well-defined and bijective.

F is well-defined: Recall that by L0$’s THEOREM 15.2, (ay ;)i ~ (bn.i)i
if and only if there exists an z € % such that for each iy € x, (an,i, )i,
(bn,io )io- In particular, for each ig € x we have that (ay, i, )i, and (by iy )i,
are Cauchy sequence in Q,,, which shows that [(ay;).] and [(bn,i)n] are
elements of R?. and that (an,i)n = (bn,i)n — the latter follows again by
Lo$’s THEOREM 15.2.

~
~

F is injective: Since (an;); % (by,i); if and only if there exists an z €
such that for each ig € x, (an,iy)ip # (Dn,iy)io, by similar arguments as
above we obtain (an i)n % (bn,i)n-

F is surjective: Let [(an.;)n] be an arbitrary element in RZ. and let
T 1= {z € w: {an,;:n €w) is a Cauchy sequence in Qw} cEU.

Now, for each i € w\ z¢ we choose a Cauchy sequence (b, ; : n € w) in
Q. and define the Cauchy sequence (¢ i)n in Q- by stipulating

an,; if i € o,
Cn,i ‘= .
bn,; otherwise.

Then, by construction we have (cn ,) (an 1),1, ie., [(cn.i)n) = [(an.i)nls
[(en,i)] € (Rf) , and F( Cn,i) ) =

17.3 First notice that by PROPOSITION 17.6.(c), for a? # 1 we have

n n—1

/log (1 —2acos(z) + a*)dz = st(% Z log(1 —2acos(52) +a ))

0 k=0

_ bt(* 1og H zk7r/N _|_efzk7r/N> +a ))

(a—eik™/N)(q—e—ikm/N)

eI i
2

where we used the fact that cos(x) =

The following figure shows the complex numbers a — e=*7/N in the Ar-
gand diagram for 0 < k < N.
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a— e N=2in/N (N _9)
a_e—(Nfl)i'rr/N (k:N—l)

a+1 (k=N)

a_e(Nfl)i-rr/N (k‘:N—l)

0 — e(N=2in/N (N _g)

Notice that for any k with 0 < k < N we have e?"™/N = —e=(N=k)ir/N
Thus, taking together products of opposite terms, i.e., products of the
form

(ai6ki7r/N)(a767(N7k)i7r/N) — (aiekiﬂ/N)(a+6ki7r/N) _ (a2762ki7r/N)’

we obtain

2

—1
(Cl _ ekiﬂ/N) (a _ e—kiw/N) —

k=1

N—

NH kz'n’/N ( —e —(N— kwr/N H 62ki7r/N)'

Now, since in the original product ijv:—ol (a — eki”/N) (a e‘k”/N), we
do not have the factor a + 1 but for £ = 0 we get the factor a — 1 twice,

we finally obtain

N-1 N-1

i —kim a—1 i
H(a_ek /N)(a—e k /N):a+1_H(a2_62k /N).

k=0 k=0

Furthermore, if we replace a? by the variable z, then the N pairwise
distinct values {e2*"/N . 0 < k < N} are the N roots of the polynomial
N _ 1, which shows that

N-1

a2 — eQikw/N) 2N _ g

=a
k=0

Thus, we finally have:

a2 0 )
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If |a] < 1, then, since a?¥ — 1 ~ —1, we have 0 < Z—_ﬂ (a*N — 1) and

obtain: 1
s a —
I=st( 1 log(S - (@ 1)) =
S N og ] (a ) 0
bounded by 10g(?12)

If [a| > 1, then st(F log ZH) = 0 and we obtain:

1
I= st(% log(a®Y —1) ) = st(7rloga2 + %bg(l - GQ—N)) =7 -log a?
v —_———

log a2N +log(1— 0’21N ) bounded

Thus, we have

/7r log (1 — 2acos(z) + a*)dz = {
0

0 if |a] < 1,
7-loga® if |a| > 1.
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Logic I, 42
3 (exists), 9 IE ¢, 42-43
Y (for all), 9 ME ¢, 43
= (not), 9 MFE ¢, 43
— (implies), 9 Jje, 42
V (or), 9
A (and), 9 Peano Arithmetic
=13 B(e, i), 109
free(p), 12 #¢, 115
ov/7), 12 r¢n, 116
(1), 13 conpa, 139
s, 18 fml(f), 117
(), 16 gn(n), 127
(MP), 16 Ih(c), 112
(DT), 21 [C15, 143
i, 29 ¢], 142
P, 25 prv(f), 121
D ¥, 16 sb_fml(v, to, f, f), 119
D+, 16 sb_term(v, to, t,t'), 119
CNF, 38 seq(s), 112
DNF, 30 nat(n,z), 126
NNF, 30 term(t), 117
PNF, 32 n, 103
sPNF, 32 var(v), 117
Con(®), 36 e, 112
~ Con(®), 36
=, 45 Axioms
Th(T), 49 DLO, 50
Th(M), 56 GT, 15
?, 44 PA, 15, 83
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PrA, 155
RA, 130

ZF, 181

ZFC, 181
Z, 172

Models
L, 204
V, 196
Rﬁ, 233
N, 85
N, 221
Zinr, 227

Qu, 228
R%., 229

Domains of models

N, 83

Dy, 227
Qun, 228
R%;, 229
R, 232

Set theory
0, 174

Ax B, 177
Def(M), 203

Q, 182

R, 191
Nz, 175
Uz, 174
0,173

(=], 179
AB, 177
kT, 190
(z,y), 173
La, 204
Vo, 196
w, 176
oM, 201
P(x), 176
ran(f), 177
st(r*), 241
TC(S), 197
|Al, 189
{z,y}, 173
fIS], 177
fls, 177
xNy, 175
xUy, 174
ey, 171
r Gy, 173
x\y, 175
xz Cuy, 173
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Arangath, Joseph Federico, vi
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Bell, John L., 219

Bernays, Paul, 137, 152, 210
Birnick, Johann, vi

Cantor, Georg, 193
Cohen, Paul J., 210

Dedekind, Richard, 88

Feusi, Jeremy, vi

Fraenkel, Adolf Abraham, 179,
193

Furter, Marius, vi

Godel, Kurt, 53, 72, 122, 136,
152, 210

Gentzen, Gerhard, 152

Ghebressilasie, Adony, vi

Gillessen, Joscha, vi

Grassmann, Hermann, 88

Halbeisen, Lorenz, 72, 152, 193,
210

Henkin, Leon, v, 53, 72, 152

Hilbert, David, 20, 152

Hungerbiihler, Norbert, vi
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Keller, Lukas, vi

Kochert, Janik, vi
Koepke, Peter, 210
Kunen, Kenneth, 201, 210

L’Hospital, Guillaume Francois
Antoine de, 244

Leibniz, Gottfried Wilhelm, 244

Lischka, Marc, vi

Lob, Martin Hugo, 152

Los, Jerzy, 219

Mendelson, Elliott, 80
Mizrahi, Leila, 244

Neumann, John von, 193

Paulson, Lawrence, 152
Paunovic, Daniel, vi
Peano, Giuseppe, 88
Presburger, Mojzesz, 167
Provenzano, Philipp, vi

Reding, Quirin, vi

Reho, Michele, vi
Robinson, Abraham, 244
Robinson, Raphael M., 136
Roshardt, Matthias, vi
Rosser, John B., 136
Russell, Bertrand, 136

Schmitz, Joel, vi
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Schweizer, Robert, vi

Shoenfield, Joseph R., 122

Skolem, Thoralf, 88, 168, 179,
193, 219

Slomson, Alan, 219

Smullyan, Raymond, 122

éwierczkowski, Stanistaw S., 152

Persons

Tarski, Alfred, 136
Whitehead, Alfred North, 136
Yan, Michael, vi

Zaytsev, Mikhail, vi
Zermelo, Ernst, 195



Subjects

Assignment, 42

Axiom, 13
Archimedian, 226
Completeness, 226
logical, 13-14
non-logical, 15
of Choice, 181
of Empty Set, 172
of Extensionality, 172
of Foundation, 180-181
of Infinity, 174
of Pairing, 173
of Power Set, 176
of Union, 174
schema, 13
Schema of Replacement,

179-180
Schema of Separation, 175
Systems
Group Theory, 15

Peano Arithmetic, 15, 83, 222

Presburger Arithmetic, 155
Real Numbers, 225
Robinson Arithmetic, 130
Skolem Arithmetic, 155
Zermelo—Fraenkel, 172-181

Bézout’s Lemma, 101
Bijection, 177
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Cantor’s Theorem, 190
Cardinal, 189

countable, 190

finite, 189

inaccessible, 210

infinite, 189

limit, 190

successor, 190

uncountable, 190
Cartesian product, 177
Cauchy sequence, 228

equivalent, 228
Class, 184
Coefficient

v-coefficient, 160
Compactness Theorem, 37

Semantic Form, 216-217
Completeness Theorem, 217
Congruence, 157
Conjunctive Normal Form, 38
Consistency

of ZF, 195
Consistent, 36

w-consistent, 133

maximally, 55
Constructible hierarchy, 204
Constructible universe, 204
Controlled natural language, 34
Coprime, 96
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Countable Gédel-Henkin
Completeness Theorem, 70
Cumulative hierarchy, 196

Deduction Theorem, 21
Definable
in PA, 109
Definition, 15
DeMorgan’s Laws, 38
Derivability conditions, 140
Diagonalisation Lemma, 127
Difference
set-theoretic, 175
Disjunctive Normal Form, 30
Theorem, 30
Domain of M, 42
Downward Lowenheim-Skolem
Theorem, 218

Element
€-minimal, 182
Elimination rule, 25
Equivalence class, 179
Equivalent
logically, 18
semantically, 51
Ex falso quodlibet, 28

Filter, 211
Fréchet, 212
First Incompleteness Theorem
for PA, 128
Godel’s Version, 133
using Rosser’s Trick, 134
Formal proof, 16
Formula, 10, 11
A-formula, 105, 201
J-formula, 105
strict, 105
V-formula, 105
strict, 105
absolute, 201
atomic, 11
closed, 12
infix notation, 11

Subjects

Polish notation, 11
relativised, 200
Fréchet-filter, 212
Function, 177
B-function, 108, 109
bijective, 177
class function, 179
Dirac delta, 243
domain, 177
image, 177
injective, 177
one-to-one, 177
onto, 177
range, 177
surjective, 177

Godel’s Completeness Theorem,
53, 70

Godel’s Incompleteness Theorems
for Set Theory, 200

Generalised Deduction Theorem,
29

Goal, 34

Godel number, 115, 127

Godelisation, 116

Group Theory, 15

Inconsistent, 36
Induction
on formula construction, 12
on term construction, 11
schema, 15
Inference rule, 16
Generalisation, 16
Modus Ponens, 16
Infinitely close, 240
Infinitesimal, 240
infinity
actual, 1
potential, 1
Initial rule, 25
Interpretation, 42
Intersection, 175
Introduction rule, 25

Language, 10



Subjects

godelisable, 132
Least Number Principle, 98
Lévy’s Reflection Theorem, 205
L’Hospital’s Rule, 242
Liar Paradox, 136
Lindenbaum’s Lemma, 58-59
list, 1

potentially infinite, 3
Lob’s Theorem, 151
Logic

first-order, 7

higher-order, 7
Lo$’s Theorem, 214

Minimal model of PA, 86
Model, 43
countable, 83

N-conform, 106, 107
Natural deduction, 25
Negation Normal Form, 30
Negation Normal Form Theorem,
30
Non-standard model
of PA, 87
of PrA, 166
of ZF, 198
Non-standard models
of R, 239
Normal form
v-normal form, 160
Number
integer, 227
natural, 188
non-standard, 86
standard, 86
ordinal, 182
rational, 228
real, 229, 233

Operation
associative, 15

Operator
logical, 9

Order type, 189
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Ordered
by €, 182
pair, 173
Ordering
linear, 178
well-ordering, 178
global, 209
Ordinal, 182
addition, 187
limit, 185
multiplication, 187
successor, 185

Peano Arithmetic, 15, 83
Power set, 176
Premise, 34
Prenex Normal Form, 32
special, 32
Prenex Normal Form Theorem |,
32
Presburger Arithmetic, 155
Prime, 114
Principle of Division with
Remainder, 99
Proof
by cases, 28
by contradiction, 29
by contraposition, 29
Provable, 16
Pseudo-code, 142

Quantification
bounded, 94
Quantifier
logical, 9
elimination, 158
Elimination Theorem, 158

Reasoning
backward, 35
forward, 35
Relation
n-ary, 178
binary, 178
equivalence relation, 179
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membership, 171
reflexive, 179
symmetric, 179
transitive, 179
Relatively prime, 96
Representatives, 179
Robinson Arithmetic, 130

Second Incompleteness Theorem,
140
Sentence, 12
Sequence, 178
Set
definable, 203
inductive, 174
transitive, 182
Signature, 10
countable, 56, 61
Skolem Arithmetic, 155
Skolem’s Paradox, 72
Slope, 232
equivalent, 232
similar, 234
Sound, 46
Soundness Theorem, 46-48
Standard Model of PA, 85, 198,
221
Standard part, 241
Strong Induction Principle, 98
Structure, 42
elementarily equivalent, 45
isomorphic, 44
Subset, 173
proper, 173
Substitution, 12
admissible, 12
Substitution Theorem, 19
Subtraction
bounded, 95
Symbol
constant, 9
equality, 9
function, 10
logical, 10

Subjects

non-logical, 10
relation, 10

Target, 34
Tarski’s Theorem, 136
Tautology, 18
Term, 10
atomic, 10
closed, 12
Term-constant, 61
special, 61
witness, 62
Theory, 14, 49
complete, 49
incomplete, 49
of M, 49
Three-Symbols Theorem, 19
Transfinite Induction Principle,
188
Transfinite Recursion Theorem,
187
Transitive closure, 197
True, 42

Ultrafilter, 212

trivial, 212
Ultrafilter Theorem, 212
Ultrapower, 214
Ultraproduct, 214
Union, 174
Universal closure, 44
Universal List of Sentences, 57
Upward Léwenheim-Skolem

Theorem, 218

Variable, 9
bound, 12
free, 12
Variable Substitution Theorem,
31-32

Weak Konig’s Lemma, 60
Well-ordered

by €, 182
Well-Ordering Principle, 181
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