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Preface

This book is written on the occassion of the birth centenary year of Kurt
Godel (1906-1978), the most exciting logician of all times, whose discov-
eries shook the foundations of mathematics. His beautiful technique to ex-
amine the whole edifice of mathematics within mathematics itself has been
likened, not only figuratively but also in precise technical terms, to the mu-
sic of Bach and drawings of Escher [4]. It had a deep impact on philosophers
and linguists. In a way, it ushered in the era of computers. His idea of arith-
metization of formal systems led to the discovery of a universal computer
program that simulates all programs. Based on his incompleteness theo-
rems, physicists have propounded theories concerning artifical intelligence
and the mind-body problem [10].

The main goal of this book is to state and prove Godel’s completeness and
incompleteness theorems in precise mathematical terms. This has enabled
us to present a short, distinctive, modern, and motivated introduction to
mathematical logic for graduate and advanced undergraduate students of
logic, set theory, recursion theory, and computer science. Any mathemati-
cian who is interested in knowing what mathematical logic is concerned
with and who would like to learn the famous completeness and incomplete-
ness theorems of Gdédel should also find this book particularly convenient.
The treatment is thoroughly mathematical, and the entire subject has been
approached like any other branch of mathematics. Serious efforts have been
made to make the book suitable for both instructional and self-reading pur-
poses. The book does not strive to be a comprehensive encyclopedia of logic,
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nor does it broaden its audience to linguists and philosophers. Still, it gives
essentially all the basic concepts and results in mathematical logic.

The main prerequisite for this book is the willingness to work at a rea-
sonable level of mathematical rigor and generality. However, a working
knowledge of elementary mathematics, particularly naive set theory and
algebra, is required. We suggest [12, pp. 1-15] for the necessary prereq-
uisites in set theory. A good source for the algebra needed to understand
some examples and applications would be [7].

Students who want to specialize in foundational subjects should read the
entire book, preferably in the order in which it is presented, and work out all
the problems. Sometimes we have only sketched the proof and left out the
routine arguments for readers to complete. Students of computer science
may leave out sections on model theory and arithmetical sets. Mathemati-
cians working in other areas and who want to know about the completeness
and incompleteness theorems alone may also omit these sections. However,
sections on model theory give applications of logic to mathematics. Chap-
ters 1 to 4, except for Section 2.4 and Sections 5.1 and 5.4, should make a
satisfactory course in mathematical logic for undergraduate students.

The book prepares students to branch out in several areas of mathemat-
ics related to foundations and computability such as logic, model theory,
axiomatic set theory, definability, recursion theory, and computability. Hin-
man’s recent book [3] is the most comprehensive one, with representation
in all these areas. Shoenfield’s [11] is still a very satisfactory book on logic.
For axiomatic set theory, we particularly recommend Kunen [6] and Jech
[5]. For model theory, the readers should also see Chang and Keisler [2] and
Marker [8]. For recursion theory we suggest [9].

Acknowledgments. I thank M. G. Nadkarni, Franco Parlamento, Ravi A.
Rao, B. V. Rao, and H. Sarbadhikari for very carefully reading the entire
manuscript and for their numerous suggestions and corrections. Thanks
are also due to my colleagues and research fellows at the Stat-Math Unit,
Indian Statistical Institute, for their encouragements and help. I fondly
acknowledge my daughter Rosy, my son Ravi, and my grandsons Pikku
and Chikku for keeping me cheerful while I was writing this book. Last but
not least, I shall ever be grateful to my wife, H. Sarbadhikari, for cheerfully
putting up with me at home as well at the office all through the period I
was working on the book.



1
Syntax of First-Order Logic

The main objects of study of mathematical logic are mathematical theories
such as set theory, number theory, and the theory of algebraic structures
such as groups, rings, fields, algebraically closed fields, etc., with the aim to
develop tools to examine their consistency, completeness, and other similar
questions concerning the foundation of these theories. In this chapter we
take the first step toward logic and precisely define the notion of a first-
order theory.

1.1 First-Order Languages

The objects of study in the natural sciences have physical existence. By
contrast, mathematical objects are concepts, e.g., “sets,” “belongs to (€),”
“natural numbers,” “real numbers,” “complex numbers,” “lines,” “curves,”
“addition,” “multiplication,” etc.

There have to be initial concepts in a theory. To elaborate it a bit
more, note that a concept can be defined in terms of other concepts. For
instance, x —y is the unique number z such that y+ z = x; or if x and y are
sets, © C y if for every element z, z € x implies z € y. Thus, “subtraction”
can be “defined” in terms of “addition” and “subset (C)” in terms of “be-
longs to (€).” At the onset, one begins with a minimal number of undefined
concepts. For instance, in set theory, the undefined concepts are “sets” and
“belongs to”; in number theory, the undefined concepts are “natural num-
bers,” “zero,” and the “successor function”; in the theory of real numbers
(seen as an archimedean ordered field), the undefined concepts are “real
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numbers,” “zero,” “one,” “addition,” “multiplication,” and “less than.” In
these examples, we see that there are two groups of concepts: sets or natural
numbers or real numbers on the one hand; belongs to, zero, one, successor,
addition, multiplication, less than, etc. on the other. Concepts of the first
type are the main objects of study; concepts of the second type are used
to reflect basic structural properties of the objects of the first type. Then
one lists a set of axioms that give the basic structural properties of the
objects of study. It is expected that based on these undefined concepts and
the axioms, other concepts can be defined. Then the theory is developed by
introducing more and more concepts and proving more and more theorems.
Clearly, we ought to have a language to develop a theory. Like any of the
natural languages, say Latin, Sanskrit, Tamil, etc., a language suitable for
a mathematical theory also has an alphabet. But unlike natural languages,
a statement in a mathematical theory is expressed symbolically and has
an unambiguous syntactical construction. Before giving precise definitions,
we give some examples of statements in some theories that we are familiar
with.

Example 1.1.1 Consider the following statement in group theory: For
every z there exists y such that x -y = e. Here - (dot) is a symbol for the
binary group operation and e for the identity element. If we use the symbol
V to denote “for every” and 3 for “there exists,” then we can represent the
above statement as follows:

VaIy(z -y =e).
Example 1.1.2 The following are two statements in set theory:
VaVy3z(z € z ANy € z),

and
—JazVy(y € z).

The first statement is a symbolic representation of the statement “Given
any two sets x and y, there is a set z that contains both x and ¥”; the
second statement means that “There is no set x that contains all sets y”.

We see that the language for a theory should have “variables” to represent
the objects of study, e.g., sets in set theory, or elements of a group in group
theory, etc., and some logical symbols like 3 (there exists), A (and), —
(negation), = (equality). These symbols are common to the languages for
all theories. We call them logical symbols. On the other hand, there are
certain alphabets that represent undefined concepts of a specific theory.
For instance, in group theory we use two symbols: the dot - for the group
operation and a symbol, say e, for the identity element; in set theory we
have a binary relation symbol € for the undefined concept belongs to.
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We make one more observation before giving the first definition in the
subject. Mathematicians use many logical connectives and quantifiers such
as V (or), A (and), 3 (there exists), V (for all), — (if - -, then ---), and <
(if and only if). However, in their reasoning “two statements A and B are
both true” if and only if “it is not true that any of A or B is false”; “A
implies B” if and only if “either A is false or B is true,” etc. This indicates
that some of the logical connectives and quantifiers can be defined in terms
of others. So, we can start with a few logical connectives and quantifiers.
This economy will help in making many proofs quite short.

A first-order language L consists of two types of symbols: logical
symbols and nonlogical symbols. Logical symbols consist of a sequence
of variables zg, x1, za, .. .; logical connectives — (negation) and V (dis-
junction); a logical quantifier 3 (existential quantifier) and the equality
symbol =. We call the order in which variables xq,z1,%o,... are listed
the alphabetical order. These are common to all first-order languages.
Depending on the theory, nonlogical symbols of L consist of an (empty or
nonempty) set of constant symbols {¢; : ¢ € I}; for each positive integer
n, a set of n-ary function symbols {f; : j € J,}; and a set of n-ary
relation symbols {p; : k € K, }.

When it is clear from the context, a first-order language will simply be
called a language. Since logical symbols are the same for all languages, to
specify a language one has to specify its nonlogical symbols only. To avoid
suffixes and for ease in reading, we shall use symbols z, vy, z, u, v, w, with
or without subscriptss, to denote variables. Any finite sequence of symbols
of a language L will be called an expression in L.

A language L is called countable if it has only countably many nonlog-
ical symbols; it is called finite if it has finitely many nonlogical symbols.

Example 1.1.3 The language for set theory has only one nonlogical sym-
bol: a binary relation symbol € for “belongs to.”

Example 1.1.4 The language for group theory has a constant symbol e
(for the identity element) and a binary function symbol - (for the group
operation).

Example 1.1.5 The language for the theory of rings with identity has two
constant symbols 0 and 1 and two binary function symbols + and -.

Example 1.1.6 The language for the theory of ordered fields has two con-
stant symbols 0 and 1, two binary function symbols 4+ and -, and a binary
relation symbol <.

A first-order language L’ is called an extension of another language L
if every constant symbol of L is a constant symbol of L’ and every n-ary
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function (relation) symbol of L is an n-ary function (relation) symbol of L’.

Example 1.1.7 The language for the theory of ordered fields is an exten-
sion of the language for the theory of rings with identity.

Exercise 1.1.8 Show that the set of all expressions of a countable lan-
guage is countable.

1.2 Terms of a Language

We now define terms of a language L. Broadly speaking, they correspond
to algebraic expressions.

The set of all terms of a language L is the smallest set 7 of expressions
of L that contains all variables and constant symbols and is closed under
the following operation: whenever t1,...,t, € 7, fjt1---t, € T, where f;
is any n-ary function symbol of L. Equivalently, all the terms of a language
can be inductively defined as follows: variables and constant symbols are
terms of rank 0; if ¢1,...,¢, are terms of rank < k, and if f; is an n-ary
function symbol, then f;t; --- ¢, is a term of rank at most &+ 1. Thus, the
rank of a term ¢ is the smallest natural number k such that ¢ is of rank
<k.

Note that the set of variable-free terms is the smallest set 7’ of ex-
pressions of L that contains all constant symbols and is closed under the
following operation: whenever ti,...,t, € 7', then fjt;---t, € 7', where
f; is any n-ary function symbol of L.

We shall freely use parentheses and commas in a canonical way for
easy readability. For instance, we shall often write f;(¢1,...,t,) instead
of fjt1---t,, and t+ s instead of 4ts. We shall also drop parentheses when
there is no possibility of confusion. Further, we shall adopt the convention
of association to the right for omitting parentheses. For instance, instead
of writing ¢1 - (ta - (t3 - t4)), we shall write t1 - to - t3 - t4. It is important to
note that the term ((¢1 - t2) - t3) - ¢4 is not the same as ¢y - to - t3 - t4. This
term can only be written using parentheses, unless, of course, one writes it
as

- tytotsty!

Similarly, (t1 - t2) - (3 - t4) will stand for
- tytg - taty!

Example 1.2.1 Let L be the language for the theory of rings with identity:
L has two constant symbols, 0 and 1, and two binary function symbols, +
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and -. Let m denote the term obtained by “adding” 1 to itself m times, i.e.,
m is the term
L+ +1;
|
m times

for any term t, let t" denote the term obtained by “multiplying” ¢ with
itself n times, i.e., t" is the term

t-t---t-t.
————
n times

Then m and t" are terms of L. Also any “formal polynomial”
Mo + 1z + - A mpa”
x a variable, is a term of L.

Example 1.2.2 Variables are the only terms of the language for set theory
because it has no constant and no function symbols.

We define the set of all subterms of a term ¢ by induction as follows: ¢
is a subterm of t. If fty---t,, t1,...,t, € T, is a subterm of ¢, so is each t;,
1 < i < n. An expression is a subterm of ¢ if it is obtained as above. Thus,
the set of all subterms of a term t is the smallest set S of expressions that
contains ¢ and such that whenever ft;---t, € S, then t1,...,t, € S.

Example 1.2.3 Let ¢ be the term x -y - z of the language for group theory.
Then z-y- 2z, x, y -z, y, and z are all the subterms of ¢. Note that = - y is
not a subterm of ¢.

Exercise 1.2.4 List all the subterms of the term
T-U+Yy-v+2-w
of the language for the theory of rings.

Let s be a term. We shall write s[vi,...,v,] to indicate that variables
occurring in s are among vy,...,v,. If s is a term, sy, . 4, [t1,...,ts], Or
simply s[ti,...,t,] when there is no possibility of confusion, denotes the
expression obtained from s by simultaneously replacing all occurrences of
V1,...,Uy in s by t1,...,t, respectively.

Example 1.2.5 Let s be the term - (y+ z) of the language for the theory
of rings with identity. Then

Seyzl+ 2z, Ly yl=(r+z2)-1+y-y).

Proposition 1.2.6 Let s[vy,...,v,] and let t1,...,t, be terms. The ex-
pression s[t1, ..., t,] defined above is a term.
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Proof. We prove the result by induction on the rank of s. If s is a con-
stant symbol ¢, s[t1,...,t,] = ¢; if s is a variable other than the v;’s, then
S[t1,. .., tn] = s; if s is v; for some 1 < i < n, s[t1,...,t,] = t;. Thus, the
assertion is true for terms of rank 0.

Let k be a natural number and assume that the assertion be true for all
terms s of rank < k (and all variables v; and all terms ¢;). Let s;[v1, ..., vy],
1 < j < m,be terms of rank < k, ¢, ..., t, terms, and f an m-ary function
symbol. Suppose

Sty ..y on] = f(s1[v1, -y Un]y ooy Sm UL, <oy UR))-
Then
S[tl,...,tn] :f(sl[tl,...,tn],...,sm[tl,...,tn}).
By the induction hypothesis, each s;[t1, . .., ¢,] is a term. Hence s[t1, ..., ty]

is a term. The proof is complete by induction on the rank of terms. 0O

Remark 1.2.7 The above method of proving statements on terms by in-
duction on the rank of terms is a fairly standard one in the subject. Some-
times, in the rest of this book, we may not give the complete argument and
just say that the result can be proved by induction on the rank of terms.

1.3 Formulas of a Language

Our next concept is that of an atomic formula of the language L.

An atomic formula of a language is defined as follows: if ¢ and s are
terms of L, then ¢t = s is an atomic formula of L; if p is an n-ary relation
symbol of L and tq,...,t, are terms, then pty - - - ¢, is an atomic formula;
these are all the atomic formulas of L.

Example 1.3.1 -y =1,i-(j+k) =i-j+i-k i-i < m are atomic
formulas of the language for the theory of ordered fields.

Example 1.3.2 v € w, v = w, where v, w are variables, are all the atomic
formulas of the language for set theory.

A formula of a language is inductively defined as follows: every atomic
formula is a formula—these are all the formulas of rank 0; if A and B are
formulas of rank < k and v is a variable, then —A (the negation of A);
JvA and VAB (the disjunction of A and B) are formulas of rank < k + 1.
The set of strings so obtained are all the formulas of L. Thus, the set of
all formulas of L is the smallest set of all expressions of L that contains
all the atomic formulas and that is closed under negation, disjunction, and
existential quantification. Let A be a formula of L. The rank of A is the
smallest natural number k& such that the rank of A is < k.
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From now on, unless otherwise stated, L will denote a first-order lan-
guage, and by a term (or a formula) we shall mean a term (or a formula)
of L.

We shall generally write A V B instead of VAB. In the case of formulas
also, we shall use parentheses and commas in a canonical way for easy
readability. We adopt the convention of association to the right for omitting
parentheses. This means that AV BV C is to be read as AV (B V C);
AVBVCVDistoberead as AV (BV (CV D)); and so on. Note that the
formula (AV B)V C is different from the formula AV (B V C) and that the
parentheses have to be used to write the former formula, unless, of course,
one writes it as VvV ABC'

Remark 1.3.3 Any term or formula is of the form Au; ---u, where A is
a symbol and uq, -, u, terms or formulas. It should be noted that such
a representation of a term or formula is unique. This allows us to define
functions or give proofs by induction on the length of terms or formulas.

We now define some other commonly used logical connectives and quan-
tifiers:

Vv A is an abbreviation of =3v—A; AA B abbreviates ~(—AV—-B); A — B
is an abbreviation of (mA)V B; and A <« B abbreviates (A — B)A(B — A).
Note that according to our convention of omitting parentheses, A — B — C
is to be read as A — (B — C); A - B — C — D is to be read as
A — (B — (C — D)); and so on. The connective A is called conjunction
and the quantifier V the universal quantifier. Note that we could have
added all these symbols into our alphabet. There are several reasons for
not doing so. For instance, proof of some results concerning formulas will
become long if we do not exercise economy in the number of logical symbols.

A formula of the form JvA is called an instantiation of A, and a for-
mula of the form Vv A is called a generalization of A. A formula is called
elementary if it is either an atomic formula or an instantiation of a for-
mula.

Exercise 1.3.4 Show that the set of all formulas is the smallest collection
F of formulas such that each elementary formula is in F and that is closed
under — and V, i.e., whenever A, B € F, then A and AV B are in F as
well.

A subformula of a formula A is inductively defined as follows: A is a
subformula of itself; if =B or Fv B is a subformula of A, then so is B;if BVC
is a subformula of A, then B and C are subformulas of A; nothing else is a
subformula of A. Thus, the set of subformulas of A is the smallest set S(A)
of formulas of L that contains A and satisfies the following conditions:
whenever =B or FuB is in S(A), so is B, and whenever BV C is in S(A),
so are B and C.

Exercise 1.3.5 List all the subformulas of the following formulas:
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1. VaJy(x -y =e).
2. VaVy3z(x € z Ay € 2).
3. ~JxVy(y € z).

(The above formulas should be considered in their unabbreviated forms.)

An occurrence of a variable v in a formula A is bound if it occurs in
a subformula of the form JvB; otherwise, the occurrence is called free.
A variable is said to be free in A if it has a free occurrence in A. We shall
write v, . .., v,] if ¢ is a formula all of whose free variables belong to the

set {vg,...,vn}

Example 1.3.6 In the formula
z€yVIx(r €y),

all the occurrences of y are free, the first occurrence of z is free, and other
occurrences of x are bound.

A formula with no free variable is called a closed formula or a sen-
tence. A formula that contains no quantifiers is called an open formula.

Exercise 1.3.7 Show that the set of all open formulas is the smallest
collection O of formulas such that each atomic formula is in O and that is
closed under — and V, i.e., whenever A, B € O, then =A and AV B are in
O as well.

Let Alzg,...,xn—1] be a formula whose free variables are among
To,...,Tp_1 and x,_1 is free in A, where zq, ..., z,_1 are the first n vari-
ables in alphabetical order. We call

VZp_1---VooA

the closure of A. Note that if A is closed, it is its own closure.

Let t be a term, v a variable, and A a formula of a language L. We
say that the term ¢ is substitutable for v in A if for each variable w
occurring in ¢, no subformula of A of the form JwB contains an occurrence
of v that is free in A.

Example 1.3.8 In the formula
r€eyVIx(r €y),

we can’t substitute any term containing x for y.

If ¢ is substitutable for v in A, then A,[t] designates the expression ob-
tained from A by simultaneously replacing each free occurrence of v in A by
t. Similarly, if terms ¢1, ..., t, are substitutable in A for vy,..., v, respec-
tively, then A,, . v, [t1,---,tn], or Aft1, ..., ¢,], when there is no possibility
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of confusion, called an instance of A, will denote the expression obtained

from A by simultaneously replacing all free occurrences of vy,...,v, in A
by t1,...,t, respectively. Note that whenever we talk of A[ty,...,t,], it will
be assumed that tq,...,t, are substitutable in A for vy, ..., v, respectively.

Example 1.3.9 Let A be the formula
x€yVIx(r €y).

Then A,[7] is the formula z € y vV Jz(z € y).
Proposition 1.3.10 The sequence Alt1, ..., t,] defined above is a formula.

Proof. As in the case of the corresponding result on terms, this result is also

proved by induction on the rank of formulas. Let Afvy,...,v,] be an atomic
formula. So A is a formula of the form p(si[v1,...,vn], ..., Sm[v1,. .., Un]),
where p is an m-ary predicate symbol and sy, ..., s,, terms of L (p may be

the equality symbol. In this case m = 2). Then,

A[tl, e ;tn] = p(Sl[tl, PN ;tn]7 N 7Sm[tl, e atnD
By Proposition 1.2.6, s;[t1,...,t,], 1 < j < m, are terms. Hence,
Alty, ..., t,] is a formula. Thus, the assertion is true for formulas of rank 0.

Let k be a natural number and assume that the assertion is true for all
formulas of rank < k (and all variables v; and all terms ¢;).

Let Blvy,...,v,] and Clvy,...,v,] be formulas of rank < k and let
t1,...,t, be substitutable for vy,...,v, respectively in B and C. If A is
the formula —B, Alty,...,t,] is the expression —Blty,...,t,], which is a

formula by the induction hypothesis. If A is BV C, Alty,...,t,] is the ex-
pression B[tq,...,t,] V C[t1,...,t,], which is a formula by the induction

hypothesis.
Let Blv,v1,...,v,] be a formula of rank k and let v be distinct from the
v;’s. Suppose A is the formula JvB. Then A[ty,...,t,] is the expression

JuB[v, t1,...,t,]. This is clearly a formula by the induction hypothesis.
Thus the assertion is true for all formulas of rank k + 1. Our proof is
complete by induction on the rank of formulas. 0O

Remark 1.3.11 The above method of proving results by induction on the
rank of formulas is a fairly standard method in the subject. Sometimes, in
the rest of this book, we may not give the complete argument and just say
that the result can be proved by induction on the rank of formulas.

So far, we have been describing the “syntax,” i.e., rules for arranging
symbols into terms and sentences, of a theory. Here a sentence is just a
string of symbols from the language of the theory (without having a mean-
ing). One may consider this to be a useless representation of a sentence.
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But it is far from so. Logical connectives and quantifiers have an intended
logical meaning, so that whatever A may be, A V A is “true”; for any
term ¢, t =t is “true”’; AV B is “true” if and only if at least one of A and
B is “true”; and so on. Thus, quite often, the structure of a formula itself
helps us to make inferences about the formula. We are now in a very good
situation: we have a precise definition of a sentence; it exists concretely,
as the string of symbols that we see; and we can make some inferences
about it from its syntactical structure. Of course, we should know what is
inference and how it is done. This will be specified later in this book.

1.4 First-Order Theories

A first-order theory or simply a theory T consists of a first-order lan-
guage L and a set of formulas of L. These formulas are called nonlogical
axioms of T'. By terms or formulas of T', we shall mean terms or formulas
respectively of the language for T'. The language for T' will also be denoted
by L(T). A theory is called countable if its language is countable. It is
finite if the set of all nonlogical symbols is finite. In general, a theory T'
whose set of all nonlogical symbols is of cardinality x, x an infinite cardinal,
is called a k-theory.

Example 1.4.1 Group theory is the theory whose nonlogical symbols
are a constant symbol e and a binary function symbol - and whose nonlog-
ical axioms are the following formulas: (Below, z, y, and z denote the first
three variables.)

1. VavVyVz(z - (y - z) = (x - y) - 2).
2. Ve(z-e=xzNhe-x=ux).
3. Vedy(z-y=eAhy-x=e).

Example 1.4.2 The theory of abelian groups is the theory whose
nonlogical symbols are a constant symbol 0 and a binary function symbol
+ and whose nonlogical axioms are the following formulas:

1. VaVyVz(z + (y + 2) = (z + y) + 2).
2. Ve(x+0=2A0+z=ux).

3. Vedy(z+y=0Ay+z=0).

4. Vavy(z +y =y +z).

Example 1.4.3 The language for the theory of rings with identity
has two constant symbols, 0 and 1, and two binary function symbols, +
and -. The nonlogical axioms of this theory are the axioms (1)—(4) of abelian
groups together with the following axioms:

5 VavVyVz(z - (y-2) = (z-y) - 2).
6 Ve(z-1=azA1l-2=u2z).
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T VaVyVz(x - (y+2) =z -y +x-2).
8 VaVyVz((y+2) - z=y-x+ 2z x).

Example 1.4.4 The theory of fields has the same language as that
of the theory of rings with identity; its nonlogical axioms are the axioms
(1)—(8) of the the theory of rings with identity together with the following
axioms:

9 VaVy(z -y =y - x).
10 Ve(=(x=0) —» Jy(z-y=1Ay-x=1)).

Example 1.4.5 Let L be a language with only one nonlogical symbol—
a binary relation symbol <. The theory LO (the theory of linearly
ordered sets) is the theory whose language is L and whose nonlogical
axioms are the following:

1 Vo=(z < x).
2 VaVyVz((z <y ANy < z) =z < z).
I VaVy(zr <yVez=yVy<uz).

Example 1.4.6 The theory of dense linearly ordered sets, denoted
by DLO, is obtained from LO by adding the following axioms:

4 Vavy((z < y) — Jz(z <z Az < y)).
5 Vzdy(y < z).
6 Vzdy(z < y).

Exercise 1.4.7 Express the axioms of an equivance relation as formulas
of a suitable first-order language.

Example 1.4.8 Let F' be the theory of fields. For each m > 1, let A,,
be the formula —(m = 0). The theory obtained by adding each A,, to
the set of axioms of F' as an axiom is called the theory of fields of
characteristic 0.

Example 1.4.9 Let F' be the theory of fields. Let L be an extension of
the language for the theory of rings with identity obtained by adding a new
binary predicate symbol <. Consider the theory OF whose language is L
and whose nonlogical axioms are all the nonlogical axioms of F' and the
following axioms:

11 Va—(z < ).

12 VaVyVz((z <y Ay < z) — o < 2).
13 VaVy(z <yVz=yVy<z).

14 VaVy(-(z <yVa=y) =y <x).
15 VaVy(x <y = Vz(z + 2 <y + 2)).
16 VaVy((0 <z A0 <y) = 0 < z-y).

The theory OF is known as the theory of ordered fields.
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Example 1.4.10 We now give some axioms of number theory, which plays
an important role in logic. We designate this theory by N. The nonlogical
symbols of N are a constant symbol 0, a unary function symbol S (which
designates the successor function), two binary function symbols + and -,
and a binary relation symbol <. The nonlogical axioms of N are:

. Vo (—(Sz =0)).

. VaVy(Sz = Sy — x =y).
. Vz(z+0=12).

. VaVy(xz + Sy = S(z +v)).
. Vz(z-0=0).

. VaVy(z - Sy = (z - y) + ).

. Ve(=(z < 0)).

VaVy(x < Sy« (r<yVaz=y)).
Ve(Vy(z <yVz=yVy<uz).

© 00 ~J O Ui Wi

For any nonnegative integer n, the term

S... S0
—

m times

will be denoted by k,. These terms are called numerals. Note that kg is
the constant symbol 0.

Example 1.4.11 Peano arithmetic is the theory obtained from N by
deleting the last axiom and adding the following axiom schema, called the
induction axiom schema: for every formula A[v], the formula

Ayl0] = Vo(A — A,[Sv]) — A
is called an induction axiom. This theory will be denoted by PA.

Example 1.4.12 We give below the axioms of set theory. This theory is
called Zermelo—Fraenkel set theory, and is designated by ZF. To con-
vey the content of the axioms better, we shall state the axioms informally
in words also:

1. Set Existence. There exists a set. This is expressed by the following
formula:

Jz(x = x).

2. Extensionality. Two sets are the same if they have exactly same mem-
bers:
VeVy(Vz(z €z = z €y) — x =y).

3. Comprehension (subset) schema. For each formula @[z, w1, ..., w,],
the following is an axiom.

VeVwy -+ - Yw, (FyVe(z € y — x € 2 A @)).
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This axiom says that given any “property of sets” expressed by a formula

plr,wy, ..., wy], for any fized parameters wy,...,w, and for any set
z, there is a set y that consists precisely of those x € z that satisfy
plr,w, ..., wy].

By extensionality, it can be proved that such a set y is unique. It is
assumed that the variables z, y, z and the w;’s are distinct.

. Replacement schema. For every formula ¢[x,y, 2, u1, . .., uy], the fol-
lowing formula is an axiom:

VzVuy - - - Yu, (Ve € 23lyp — FoVe(z € z — Jy(y € v A @))),

where Jlyp abbreviates the formula

o AVu(pyu] = u=y).

This axiom together with comprehension says that the range of a “func-
tion” on a set z that is defined by a formula ¢ is a set.
. Pairing. Given sets © and y, there is a set z that contains both x and
y:

VaVy3Iz(x € z Ay € z).

This axiom together with comprehension helps us to talk of sets of the
form {z}, {z,y}, {z,y, 2}, etc.

. Union. Given any set x, there is a set y that contains all those z that
belong to a member of x:

VaedyVaVu(u € x ANz € u— z € y).

This axiom together with comprehension will imply that the union of a
family of sets is a set.
. Power Set. Given any set x, there is a set y that contains all subsets z
of x:

VedyVz(Vu(u € z »u € x) — z € y).

This axiom together with comprehension will enable us to define the
power set of a set.
. Infinity. Based on the axioms introduced so far, it can be “proved” that
the empty set exists, which we shall denote by 0. The following formula
is an axiom:

(0 e x AVy(y € x — yU{y} € x)).

Without the infinity axiom, we can’t prove the existence of an “infinite”
set; without this axiom, we can’t prove that there is a set containing all
natural numbers.

. Foundation. This is the most unintuitive axiom. It is the following
formula:
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Ve(Jy(y €z) » Jyly € x A—=3z(z € z Az € y))).

It says that the binary relation € is well-founded on every nonempty
set. It rules out the existence of a set that contains itself. It also has the
effect of restricting the domain of discourse of set theory to those sets
where mathematics actually takes place.



2

Semantics of First-Order Languages

In the previous chapter, we presented the syntactical notions pertaining
to first-order theories. However, in general, mathematical theories are not
developed syntactically. There is, of course, one serious exception to this:
essentially, due to its foundational nature, axiomatic set theory is developed
syntactically. Since set theory is needed for proving independence results,
the syntactical approach is quite important for mathematics. In this chapter
we give the semantics of first-order languages to connect the syntactical
description of a theory with the setting in which a mathematical theory is
generally developed.

Recall that instead of beginning with the syntactical object group theory,
in practice, one begins by defining a group as a nonempty set G with a
specified element e and a binary operation - : G x G — G satisfying the
following three conditions:

1. For every a, b, ¢ in G,
a-(b-c)=(a-d)- ec

2. For every a € G,
a-e=e-a=a.

3. For every a € G, there is a b € G such that

a-b=b-a=ce.
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Thus a group consists of a nonempty set G with “interpretations” or
“meanings” of the nonlogical symbols - (a binary function symbol) and e
(a constant symbol) such that all the axioms of group theory are “satisfied.”
Further, a statement of the language for group theory is called a theorem
if it is satisfied in all groups. Thus, to give the connection we are looking
for, first we should define the interpretation or a structure of a language
L as a nonempty set A together with the interpretations or meanings of
all the nonlogical symbols of L. This is known as the semantics of L. Then
models of a theory T are those structures of the language for T in which
all nonlogical axioms are true.

In this chapter we shall define the structure of a language, truth or satisfi-
ability in a structure, and the model of a theory. Finally, we shall generalize
the notion of homomorphisms, isomorphisms, subgroups, subfields, etc. in
the general setting of models of a theory.

2.1 Structures of First-Order Languages

A structure or an interpretation of a first-order language L consists
of (i) a nonempty set M (called the universe of the structure), (ii) for
each constant symbol ¢ of L, a fixed element c); € M, (iii) for each n-
ary function symbol f of L, an n-ary map fy; : M™ — M, and (iv) for
each n-ary relation symbol p of L, an n-ary relation pp; C M™ on M. The
interpretation of = is always taken to be the equality relation in M.

The elements of the universe M are called individuals of the struc-
ture; the fj;’s the individual functions of the structure; and the py,’s,
the individual predicates; cys, fur, and pys will be called interpretations
of the constant symbol ¢, of the function symbol f, and of the predicate
symbol p respectively.

Any group is a structure of the language for group theory; the usual
set of real numbers with the usual 0, 1, +, -, and < is a structure for the
language of the theory of ordered fields. Note that which statement of L
is true in the structure and which is not, is not relevant in the notion of a
structure of L. For instance, the set of all natural numbers N = {0,1,2,...}
as the universe, 0 as the interpretation of e, and + the interpretation of - is
a structure of the language for group theory even though it is not a group.

Example 2.1.1 Let N be the set of all natural numbers and 0, 1, +, -,
and < have the usual meanings. Further, let S(n) = n+ 1, n € N. This
is a structure for the language of the theory N defined in Chapter 1. This
structure will be called the standard structure of N.

Let L be an extension of L’ and M a structure of L. By ignoring the
interpretations of those nonlogical symbols of L that are not symbols of L/,
we get a structure M’ of L’. We call M’ the restriction of M to L' and
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denote it by M|L’. In this case we shall also call M an expansion of M’
to L.

Recall that all variable-free terms can be obtained starting from constant
symbols and iterating function symbols on them. So, we can define the
interpretation or meaning t,; of each variable-free term t of L in M by
induction on the rank of ¢. The interpretation of a constant symbol c is
already given by the structure, namely cps. If ¢4,...,¢, are variable-free
terms whose interpretations have been defined and if f is an n-ary function
symbol of L, then we define

(ftr-tw)m = faur((t)ars - - o5 (Bn)ar)-

By induction on the rank of terms, it is easy to see that we have defined
tyr for each variable-free term ¢ of L.

Example 2.1.2 Let L be the language for the theory of rings with identity.
For each positive integer m, let m denote the term obtained by “adding”
1 to itself m times. Let P(z) be a polynomial expression whose coefficients
are of the form m, i.e., P(x) is a term of the form

n
mo +mix + -+ Mmux,

where x is a variable. Let R be a ring with identity. Then the interpreta-
tion of m in R is the element m € R obtained by adding the multiplicative
identity of R to itself m times, and for any variable-free term ¢, the inter-
pretation of P.[t] in R is the element P(¢5;) of R.

2.2 Truth in a Structure

In this section, we shall define when a formula of L is true and when it is
false in a structure of L. Note that if we have a structure of L with universe
M and we would like to know whether there is an element a € M satisfying
a formula ¢[z], we have a bit of a problem because ¢ is a syntactical object,
and elements of M are not. To circumvent this problem, given a structure
of L with universe M, we first describe an extension Ly, of the language L.

Given L and and a structure of L with universe M, let Lj; be the first-
order language obtained from L by adding a new constant symbol i, for
each a € M. The symbol i, is called the name of a. We regard M itself as
the expansion of M to Lj; by setting the interpretation of i, to be a for
each a € M.

We are now in a position to define when a formula of L is true or valid or
satisfiable in the structure M. To achieve this, we define the notion of truth
of a closed formula or a sentence of L, in the structure M. The definition is
based on the well-known intended meanings of logical connectives V and —
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and that of the existential quantifier 3. The notion of truth will be defined
by defining a function from the set of all closed formulas of Ljy; to the set
{true, false} satisfying some conditions. This will be done by induction on
the rank of sentences of L. If a sentence takes the value true, we shall say
that the sentence is true or valid in M ; otherwise, it is said to be false in M.

Recall that formulas have been defined inductively starting from atomic
formulas and iterating —, V, and 3 on them. A variable-free atomic formula
is of the form pt; - - - t,,, where p is an n-ary relation symbol (including =)
and tq,...,t, are variable-free terms. We say that ptq - - - ¢, is true in the
structure if

par((t1)ars -, (En)ar)

holds, i.e.,
((tl)M77(tn)M) € pym C M™.

Otherwise, we say that pty - - - t,, is false in the structure. A sentence —A is
true if and only if A is false. A sentence A V B is true if either A is true or
B is true. Finally, a sentence JvA is true if A,[i,] is true for some a € M.
We say that a formula A of L, is true in the structure if its closure is true
in the structure. If a formula A of L is true in a structure M of L, we also
say that A is valid in the structure and write M | A. If A is not valid
in M, we write M [~ A.
Note that if A and B are closed formulas, then

MFEA—= ME-A

and
MEAVB<<= MEAor M E B.

Exercise 2.2.1 Give an example of a formula (necessarily not closed) of
the language for the theory IV that is neither true nor false in the standard
structure N of N. Similarly, give examples of formulas A and B of the
language for the theory IV such that AV B is valid in the standard structure
N but neither A nor B is valid in N.

Exercise 2.2.2 Show the following:

1. A sentence A A B is valid in a structure if and only if both A and B are
valid in the structure.

2. A sentence of the form Vup[v] is valid in a structure with universe M
if and only if for each a € M, the sentence @,[i,] of Lys is valid in the
structure.

3. A sentence of the form A — B is valid in a structure if and only if either
A is false or B true in the structure.

4. A sentence of the form A < B is valid in a structure if and only if either
both A and B are valid or both are not valid in the structure.
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Exercise 2.2.3 Let Afvy,...,v,] be a formula and ¢4, ...,t, variable-free
terms of L. Show that the formulas

Yoy - Vo, A — Alty, ...t

and
Alty, ... tp] — Jug -+ Fu, A

are valid in all structures of L.

2.3 Model of a Theory

A model of a first-order theory T is a structure of L(T) with universe M
in which all nonlogical axioms of T" are valid. For instance, any group is a
model of group theory. On the other hand, the set N of natural numbers
together with the usual 0 and + as the interpretations for e and - respec-
tively is definitely a structure for the language of group theory but not a
model of group theory.

A formula A of T that is true in all models of T is called valid in T'.
One writes T = A if A is valid in T. If A is not valid in some model of T,
we shall write T' = A

Example 2.3.1 Let L be a first-order language with no nonlogical symbol.
For each n > 1, let A,, be the formula

Jxg - Irn_1 No<icjan (T = x5).

Suppose T is the theory whose language is L and whose axioms are
Ay, Az, ... . Then models of T" are precisely the infinite sets.

Exercise 2.3.2 A field K is called algebraically closed if every nonconstant
polynomial over K has a root in K. The characteristic of a field K is the
least integer n > 2 such that

14--4+1=0.
~———

n times

If such an integer n exists, it must be prime. If K is not of characteristic n
for any n > 1, K is said to be of characteristic 0.

(i) Show that every algebraically closed field is infinite.
(ii) Define a first-order theory AC'F' whose models are precisely the alge-
braically closed fields.
(iii) Define a first-order theory ACF(p), p > 2 a prime, whose models are
precisely the algebraically closed fields of characteristic p.
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(iv) Define a first-order theory ACF(0) whose models are precisely the
algebraically closed fields of characteristic 0.

Example 2.3.3 Show that the set of all natural numbers
N={0,1,...}

with the usual meanings of S (the successor function), +, -, and < is a
model of the theory N and also of Peano arithmetic. This model will be
called the standard model of N or of Peano arithmetic.

Exercise 2.3.4 Let L be an extension of L', M a structure of L, and M’
the restriction of M to L’. Note that M and M’ have the same individuals.
Use the same constant as a name for an individual in M and M’. Show
that a statement of L), is valid in M’ if and only if it is valid in M.

In mathematical parlance, valid statements in T are called theorems.
So, in order to decide whether a statement is a theorem of T', one has to
show that it is true in all models of 7. But a sentence is a well-formed
finite sequence of symbols. So it is not unreasonable to expect to give a
finitary and also constructive notion of theorem. This is where the famous
program of the great German mathematician David Hilbert enters. Hilbert
proposed to write down a set of axioms and a set of rules of inference to
infer a formula from its syntactical structure, and call a sentence a theorem
if it can be inferred from axioms by using certain logical rules of inference.
We shall elaborate on Hilbert’s program in the next few chapters.

2.4 Embeddings and Isomorphisms

In this section we introduce notions analogous to subgroups of a group,
isomorphisms of rings, isomorphic fields, etc. in the general context of first-
order logic.

In the rest of this section, unless otherwise stated, M and N will denote
structures of a fixed first-order language L.

For the sake of brevity, a sequence (ai,...,a,) € N™ will sometimes be
denoted by @ and (i4,,...,%,, ) by iz. Further, for any map o : N — M,
a(a) will stand for the sequence (a(ay),...,a(a,)).

An embedding of N into M is a one-to-one map « : N — M satisfying
the following conditions:

(1) For every constant symbol ¢ of L,
alen) = cp-

(2) For every n-ary function symbol f of L and every a € N™,
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a(fn(@) = fu(a(@)).

(2) For every n-ary relation symbol p of L and every @ € N,
pn (@) <= pu(a(@)),

ie.,
a € Py < a(a) € Py.
If, moreover, « is onto M, we call &« : N — M an isomorphism. In this
case, M and N are called isomorphic structures.

If N C M and the inclusion map N — M is an embedding, then NV is
called a substructure of M.

Remark 2.4.1 Let N be a subset of a structure M such that for each
constant symbol ¢, cp; € N, and for every function symbol f, N is closed
under fj;. We then make N a substructure of M by setting

(i) for every constant symbol ¢ of L,
CN = CM,
(ii) for every n-ary relation symbol p,
pN =pm NN",

the restriction of py; to N, and
(iii) for every n-ary function symbol f,

In = fu|N",

the restriction of fy; to N™.

Example 2.4.2 Let L be the language for group theory. If H is a subgroup
of a group G, then H is a substructure of G. If G and H are groups, then
a group isomorphism « : G — H is an isomorphism from the structure G
to the structure H.

Exercise 2.4.3 Show that any two countable models Q; and Q5 of DLO
are isomorphic.

Hint: Let {r,} and {s,,} be enumerations of Q; and Qg respectively.
Set ng = 0 and my = 0. Suppose for some i, ng,...,ne; and mg,...,ma;
have been defined so that the the map f defined by

f(rnj) = Smy, 0< .7 < 217

is injective and order-preserving. Now let mq; 41 be the first natural number
k such that sy is different from each of s,,;, j < 2i. Show that there is a



22 2. Semantics of First-Order Languages

natural number [ such that r; is different from each of r,,;, j < 2i, and the
extension of f sending r; to sp,,,, is order-preserving. Set nz;41 to be the
first such {. Thus, the map f(ry;) = sm;, j < 2+ 1, is injective and order-
preserving. Now define n; 5 to be the first natural number [ such that r; is
different from each of r,,;, j < 27+ 1. Again observe that there is a natural
number k such that s is different from each of s,,;, j < 2i + 1, and the
extension of the above map by defining f(7y,,,,) = sk is order-preserving.
Set sg;42 to be the least such k.

Proposition 2.4.4 Let o : N — M be an embedding, t[v1,...,v,] a term
of L, and @ € N™. Then

a(tlia]n) = tlia@)]m-

Proof. We prove the result by induction on the rank of ¢. If ¢ is a variable
v;, then both the terms equal «(a;). If ¢ is a constant ¢, then the term on
the left is a(cy) and that on the right is c¢ps. They are equal because « is
an embedding.

Now assume that the result is true for ti,...,tx and t is the term
f(t1,... tx). Then

a(tliz]n) = a(fy(tilian, - - - telia]n))
= fu(a(tiligln), - - - oltrlialn))
= fM(tl[ia(ﬁ)]Mv s 7tk[ia(ﬁ)}M)
= tlia@)] M-

The first equality holds by the definition of t[iz]x, the second equality
holds because « is an embedding, the third equality holds by the induction
hypothesis, and the fourth equality holds by the definition of t[i(a)]as-

The proof is complete. O

Proposition 2.4.5 Let « : N — M be an embedding, ¢[v1,...,v,] an
open formula of L, anda € N™. Then

N = ¢lia] == M = ¢lia@))- (%)

Proof. Recall that the set of all open formulas is the smallest class of for-
mulas that contains all atomic formulas and is closed under — and V. So,
the result will be proved if we show that the set of formulas ¢ satisfying
(*) contains all atomic formulas and is closed under — and V.

By the definition of the truth in a structure, and the definition of em-
bedding, (*) holds for formulas of the form ¢ = s, as well as, for atomic
formulas of the form p(ti,...,t,).

Now assume that ¢ is the formula =% and the result is true for ¥. Then
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N | plig] <= N £ Y[iq]
= M Fé w[ia(ﬁ)]
= M ): @[ia(ﬁ)}'

The first and the last equivalences hold because the formulas 9 [iz] and
Yliq(a] are closed; the second equivalence holds by the induction hypoth-
esis.

The case ¢ of the form 1 V 7 is dealt with similarly:

N | ¢lia] <= N | ¢[ia] or N = 1lia]
= M E Ylig@] or M = 1nlia)]
— M ': (p[ia(a)]'

The proof is complete. O

Exercise 2.4.6 Let o : N — M be a map such that for every open formula
®lvr,...,v,] of L and every @ € N™,

N E plia] &= M = ¢lia@)]-

Show that ¢ is an embedding.

Hint: To show that for any constant symbol ¢, a(cy) = cpr, let the
formula ¢[x] be ¢ = x and consider ¢[i.,]; to show that for a,b € N,
ala) = a(b) implies a = b, let @[z, y] be the formula z = y and consider
@[iavib]'

Theorem 2.4.7 Let o : N — M be an isomorphism and ovy,...,v,] a
formula of L. Then for everya € N™,

N | glia] <= M |= plia@)]- ()
In particular, for every sentence ¢ of L, N = ¢ if and only if M | .

Proof. Since an isomorphism is an embedding, by the arguments contained
in the proof of Proposition 2.4.5, the set of all formulas ¢ satisfying ()
contains all atomic formulas and is closed under — and V.

Let @[vy,...,v,] be a formula of the form Juvi, v different from each
of the v;. Suppose (¥x) holds for ¢ and all (a,as,...,a,) € N1 To
complete the proof, we now have only to show that (xx) holds for ¢ and
every @ € N". So, we take any @ € N™. Then,

N = glig] <= N [ 9[iq, iq] for some a € N
= M = Y[iaa); ta@@) for some a € N
= M |= Y[ip, iq@)] for some b € M
— M }: @[ia(a)}'

The first equivalence holds by the definition of validity in NV, the second
equivalence holds by the induction hypothesis, the third equivalence holds
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because « is surjective, and the last equivalence holds by the definition of
validity in M.
The proof is complete 0O

An embedding o : N — M is called an elementary embedding if for
every formula ¢[vy,...,v,] and every @ € N7,

N [ plia] &= M = ¢lia@)]-

If N C M and the inclusion N < M is an elementary embedding, then we
say that IV is an elementary substructure of M or that M is an elemen-
tary extension of N. The structures N and M are called elementarily
equivalent if for every closed formula ¢,

NEp= MEep.

We write N = M if N and M are elementarily equivalent. Clearly, = is an
equivalence relation on the class of all structures of L.

Remark 2.4.8 By Theorem 2.4.7, two structures N and M are elemen-
tarily equivalent if they are isomorphic. Later in this book we shall show
that any two algebraically closed fields of characteristic 0 are elementarily
equivalent. But there exist two algebraically closed fields F; and Fy of char-
acteristic 0 such that |Fq| # |Fz|. Hence, elementarily equivalent structures
need not be isomorphic.

Theorem 2.4.9 Let N be a substructure of M. Then N is an elementary
substructure of M if and only if for every formula plv,v1,...,v,] and for
every a € N", if there is b € M satisfying

M ': Sﬁ[iba Z'EL
then there is b € N satisfying
M = ¢liy, ia].

Proof. Let N be an elementary substructure of M. Take a formula
©lv,v1,...,0,]. Let @ € N™ and suppose there is b € M satisfying

M = @liv, ia]-

This means that
M |= Juyp|v, ig].

Since N is an elementary substructure of M, we have
N E Jvplv, ig].

So, there is b € N satsfying



2.4 Embeddings and Isomorphisms 25

N = liv, al-

Since N is an elementary substructure of M, it follows that

M = ¢li, ia).

We prove the if part of the result by showing that for every formula
Y[vy, ..., v,] and for every @ € N™,

M |= Ylia] <= N |= ¢lia]. (%)

We shall prove () by induction on the rank of 1. By Proposition 2.4.5, (x)
is true for all atomic formulas. Arguing as in the proof of that proposition,
we can show that if (x) is true for ¢, it is true for -, and if ¢ and ¢ satisfy
(x), so does @ V 1.
Now assume that p[vy, ..., v,] is a formula of the form Jvipv, vy, ..., v,]
and (x) holds for v and every (a,ay,...,a,) € N**1. Takea € N".
Suppose

N [ plig].
Then there is b € N such that
N = ¥lip, ial.
By the induction hypothesis,
M ': w[iba 7’5] .
So,
M E lial.
Now assume that
M E ¢lia].
So there is b € M such that
M ': w[iba iﬁ} .
By our assumptions, there is b € N such that
M = [iy, i)
By the induction hypothesis,
N ': ¢[ib7 ZE]

Thus,
N = oplia]- a
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The next result gives a method of constructing elementary substructures
of small cardinality. From this result it will follow that if a finite theory
has a model, it has a countable model. In particular, if there is an infinite
model of set theory, there is a countable model of set theory. This is an
important result in set theory. In Chapter 5, we shall give a method to
construct elementary extensions of arbitraily large cardinality.

Theorem 2.4.10 (Downward Léwenheim—Skolem theorem) Let M
be a structure of L and X C M. Suppose L has at most k nonlogical
symbols, Kk an infinite cardinal number. Then there is an elementary sub-
structure N of M such that X C N and the cardinality of N is at most
max(k, | X|), where | X| denotes the cardinality of X.

Proof. Essentially, our N will be the smallest subset of M containing X
satsfying the following conditions:

(i) Each cpr € N, where ¢ is a constant symbol of L.
(ii) The set N is closed under fy, for every function symbol f of L.
(iii) Whenever a sentence of the form vy is valid in M, there is an element
a € N such that M = ¢, [ig].

By induction on k, we shall define
NoCN{CN; C...CNyCN,CNgy1C...CM

such that each NJ, is a substructure of N and for every formula of the form
Juplv,v1,...,v,] and every @ € N;", if M = Juplv, ig], there is b € Nj1q
such that M = @iy, ig]. Further, each Ny is of cardinality < max(k, |X]|).

Let Ny be the smallest subset of M containing X that contains all cp;’s
and that is closed under all fj;’s. Note that |Ng| < max(k,|X|) and that
Ny is a substructure of M.

Suppose N has been defined such that |Ni| < max(x,|X|). We define
N, and N1 now. Let N}, be the smallest subset of M containing Ny, that
is closed under all fy;’s. Note that |N/| < max(k, | X|).

Fix a formula of the form ¢[v,v1,...,v,]. Let ¢ be the formula Jvp. For
a=(a1,...,a,) € (N},)", whenever
M | lig],

there is b € M such that

M ): Qﬂ[ib, iﬁ]-
Choose and fix one such b. Let Ny41 be obtained from N} by adding all
the b’s so chosen. Again note that |Ni11| < max(k, |X]).

Set
N = U Ng.

Then
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(i) For every constant symbol ¢, cpr € N.
(ii) For every function symbol f, N is closed under f,.
(iii) |N| < max(k,|X]|) and X C N.

Thus, N is a substructure of M as in Remark 2.4.1.

Let ¢[vy, ..., v,] be any formula and @ € N™. Since N is a substructure of
M, by Theorem 2.4.9, the proof will be complete if we show that for every
formula ¢[v,v1,...,v,] and for every @ € N, if there is b € M satsfying

M ': @[ibviﬁ]v

then there is b € N satsfying

M = @lip, ial.

Let p[v,v1,...,v,] be a formula, and let @ € N™ and b € M be such that

M = ¢liy, ia-

Since N C Ngyi for all k, there is a natural number p such that each
a; € Np. By the definition of N, there is b € N1 C N such that

M |= plip, ial.
o

Remark 2.4.11 In the above proof we have used the following version of
the axiom of choice.

Axiom of choice: If {X; : i € I'} is a family of nonempty sets, there is
amap f: I — UjerX; such that f(i) € X; for all i € I.

A function f satsfying the conclusion of the axiom of choice is called a
choice function for the family {X; : ¢ € I'}. The axiom of choice asserts
only the existence of a choice function—it gives no method to produce a
choice function.

From now on, by set theory we shall mean the theory obtained by adding
the axiom of choice to the axioms of ZF. We denote this theory by ZFC.

Any model of the theory OF is called an ordered field. Let F be an
ordered field and A C F. An element u of F is called an upper bound of A
if for every a € A, a < u, where z < y means that either x < yorz =y. If u
is an upper bound of A and no v < w is an upper bound of A, then w is called
the least upper bound of A. A complete ordered field is an ordered
field F such that every nonempty subset A of F that has an upper bound
has a least upper bound. It is known that if F; and F, are two complete
ordered fields, then they are isomorphic, i.e., there is a field isomorphism
f :Fy — Fy such that for every a,b € F1, a < b — f(a) < f(b). We denote
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a complete ordered field by R. This is the traditional set of real numbers
and is unique modulo the isomorphism just described. Cantor proved that
R is uncountable.

Theorem 2.4.12 There is no first-order theory with language L for or-
dered fields whose models are precisely complete ordered fields.

Proof. This is because R is uncountable, and by the downward Lowenheim—
Skolem theorem, any such theory must have a countable model. O

Remark 2.4.13 There is no set of first-order formulas of the language L
for ordered fields expressing the least upper bound axiom: Every nonempty
set of real numbers that has an upper bound has a least upper bound.

Let G be an abelian group. For any element = € G, let nz denote the
term
r+---tx.
———

n times

We call a group G divisible if for every n > 1 and every x € G there exists
a y € G such that ny = x. Call G torsion-free if for every x € G, = # 0,
and every n > 1, nx # 0.

Exercise 2.4.14 1. Show that there is a sequence of formulas of the lan-
guage for group theory expressing that an abelian group is divisible.
Later we shall show that such a finite set of formulas does not exist.

2. Show that there is a sequence of formulas of the language for group
theory expressing that an abelian group is torsion-free. Later we shall
show that such a finite set of formulas does not exist.

Remark 2.4.15 1. An ordered field (A4;0,1;4,-;<) is called an
archimedean ordered field if for every z,y € A, 0 < x,y, there is
an n such that y < nz. Later we shall show that there is no first-order
theory whose language is the same as the language for ordered fields,
and whose models are precisely archimedean ordered fields.

2. A linearly ordered set (A, <) is called well-ordered if for every non-
empty subset B of A there is an element by € B such that for every
b € B, by < b, i.e., every nonempty subset of A has a least element.
Using the axiom of choice, it is easy to show that a linearly ordered
set is well-ordered if and only there is a sequence {a,} in A such that
an+1 < an for all n. The statement “Fvery nonempty set can be well-
ordered” is known as the well-ordering principle. It is known that
the well-ordering principle is equivalent to the axiom of choice. Later we
shall show that there is no first-order theory T" whose language has only
one nonlogical symbol—a binary relation symbol—and whose models
are precisely well-ordered sets.
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Propositional Logic

We now turn our attention to the fundamental notion of a logical deduction
or a proof. As mentioned earlier, in mathematical parlance, statements
valid in all models of a theory are called the theorems of the theory. But
any statement is a well-formed finite sequence of symbols of the language.
So, it is natural to expect a finitary definition of a theorem depending
only on its subformulas and the syntactical construction. Note that while
computing the truth value of a statement in a structure, one uses some
rules of inference depending only on the syntactical construction of the
statement. For instance, if A or B is true in a structure, we infer that
AV B is true in the structure. We have also noted that statements with
some specific syntactical structures are valid in all structures. For instance,
a statement of the form —AV A is true in all structures. Statements true in
all structures of a language are called tautologies. So all tautologies ought
to be theorems. Is there a conveniently nice list of tautologies (to be called
logical axioms) and a list of rules of inference such that a statement is valid
if and only if it can be inferred from logical and nonlogical axioms using
the rules of inference from our list? It is indeed the case.

In this chapter we first develop a simpler but important form of logic
called propositional logic. The main objective of propositional logic is to
formalize reasoning involving logical connectives V and — only.

A language for propositional logic has a nonempty set of variables and
logical symbols V and — alone. Here variables stand for propositions rather
than elements of a set. Then we consider the smallest set of expressions
F, to be called formulas, of the language that contains all variables and
that is closed under — and V. For instance, our set of variables could be
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the set of all elementary formulas of a first-order language L. Then F will
coincide with the set of all formulas of L. We may think of variables of L to
be some simple statements and formulas that can be made using variables
and logical connectives. In this setting it is more important to examine the
truth of a formula in terms of its subformulas.

In this chapter we shall introduce propositional logic in details.

3.1 Syntax of Propositional Logic

Thus language for a propositional logic L consists of

(i) variables: a nonempty set of symbols, and
(ii) logical connectives: — and V.

Throughout this chapter, unless otherwise stated, L will denote the lan-
guage of a propositional logic. A finite sequence of symbols of L will be
called an expression in L.

Let F be the smallest set of expressions in L that contains all variables
and that contains the expression —A whenever A € F, and contains VAB
whenever A and B are in F. The expressions belonging to F are called
formulas of L.

Example 3.1.1 Let R be a binary relation on a nonempty set X. Let A
stand for the proposition “R is reflexive,” B for “R is symmetric,” C' for
“R is transitive,” and E for the proposition “R is an equivalence relation.”
Let the set of all variables of L be {A, B,C,E}. Then E < (AABAC) is
a formula of L standing for the statement “R is an equivalence relation if
and only if R is reflexive, symmetric, and transitive.”

Example 3.1.2 Let A stand for the statement “Humidity is high,” B for
“It will rain this afternoon,” and C for “It will rain this evening.” Let
A, B,C be all the variables of L. Then the formula A — (B V C) stands
for the statement “If humidity is high, it will rain this afternoon or this
evening.”

Exercise 3.1.3 Express the following statements as formulas of a propo-
sitional logic:

1. If the prime rateinterest goes up, people are not happy.
2. If stock prices go up, people are happy.

By a literal of L we shall mean either a variable or the negation of
a variable of L. The rank of a formula is defined as in Chapter 1. As in
the case of a first-order language, we shall often write A v B for VAB.
We shall maintain the same convention in using parentheses. Also, logical



3.2 Semantics of Propositional Logic 31

connectives A, —, and < are defined similarly. We shall use letters A, B,
C, P, Q, R, and S, with or without subscripts for variables of L.

Let A be a formula of L. The set of all subformulas of A is the smallest
set S of expressions in L satisfying the following conditions:

(i) AeS.
(ii) A € S whenever =A € S.
(i) A,B € S whenever AV B € S.

The following example, mentioned in the beginning of this chapter, is an
important example for us.

Example 3.1.4 Let L be a language for a first-order theory and L’ the
propositional logic whose variables are elementary formulas of L. Then the
set of all formulas of L’ is the same as the set of all formulas of L.

3.2 Semantics of Propositional Logic

In the next step we use the intuitive meaning of the logical connectives and
define the truth or falsity of a formula in terms of its subformulas.

A truth valuation or an interpretation or a structure of L is a map
v from the set of all variables of L to {T, F'}.

Let v be an interpretation of L. We extend v (and denote the extension
by v itself) to the set of all formulas by induction as follows:

v(—A) =T if and ounly if v(A)=F
and
v(AV B) =T if and only if v(A) =T or v(B) =T.

If v(A) =T, we say that A is true in the structure v or that v satisfies A.
Otherwise, A is said to be false in the structure.

Note that the truth value v(A) of a formula A depends only on the
variables occurring in A.

Exercise 3.2.1 Let A, B, C be all the variables of L. For each truth valu-
ation v of L, compute the truth values of the following formulas:

. A—B—C.
. B—A—=C.
. A—C— B.
(=AV B) — —=(AA-B).

=~ W N
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Let A be a set of formulas of L. An interpretation v is called a model
of A if every A € A is true in v. In this case we write v = A. If A has a
model, we say that A is satisfiable.

Note that if a set of formulas is satisfiable, all its subsets are satisfiable.

Exercise 3.2.2 Let A, B be formulas and v a truth valuation of L. Show
the following:

(a) v(AAB)=T if and only if v(A) =v(B)="1T.
(b) v(A— B)=T if and only if v(A) = F or v(B) =T.
(¢) v(A« B)=T if and only if v(A) = v(B).

Let A, B be formulas and A a set of formulas.

(i) We say that A is a tautological consequence of A, and write A = A
if A is true in every model v of A.

(ii) If A is a tautological consequence of the empty set of formulas, we say
that A is a tautology and write = A. Thus, A is a tautology if and
only if v(A) =T for every truth valuation v of L.

(iii) If A < B is a tautology (i.e., if v(A) = v(B) for all truth valuations
v), we say that A and B are tautologically equivalent and write
A =B.

Exercise 3.2.3(a) Show that A - B — C and B — A — C are tauto-

logically equivalent.

(b) Show that A - B — C and A — C — B are not tautologically
equivalent.

(¢) Show that A - B — C and (A — B) — C are not tautologically
equivalent.

(d) Show that =(AV B)V C is a tautology if and only if both -A Vv C and
- BV C are tautologies.

(e) Show that = is an equivalence relation on the set of all formulas of L.

The following result is quite easy to prove. Therefore, its proof is left as
an exercise.

Proposition 3.2.4 Let A, A1, Ao, ..., A, be formulas. Then the following
statements are equivalent:

(a) A is a tautological consequence of Ay, Aa, ..., A,.
(b)) Ay —» Ay — -+ = A, — A is a tautology.

Exercise 3.2.5(a) Show that

(b) Show that
E-(AV B) < -AN-B.
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(¢) Show that
E-(AAB)«< -AV-B.

A formula is said to be in conjunctive normal form if it is a conjunc-
tion of disjunctions of literals, i.e., it is of the form

k
Ni=1 V;'Lil Aij,
where each A;; is a literal.

Exercise 3.2.6 Show that for every formula A there is a formula B in
conjunctive normal form such that A and B are tautologically equivalent.

Proposition 3.2.7 Let A — A* be a map from the set of formulas of L
to itself such that for all formulas A and B,

(mA)* = =(A") and (AV B)* = A*V B*.

Assume that B is a tautological consequence of Ay,...,A,. Then B* is a
tautological consequence of A3, ..., A%.

Proof. Let v be a truth valuation. For every variable A, define
v'(A) = v(A").

It is routine to check that for every formula A,
v'(A) = v(A").

Since B is a tautological consequence of Ay,..., A,, it is easy to see that
v(B*)=Tifv(4})=...=v(4%)=T. O

Exercise 3.2.8 Show that {A,—=(AV B)}, {=A,—~B, AV B} are not satis-
fiable.

3.3 Compactness Theorem for Propositional Logic

We now present a nontrivial fact: the compactness theorem for propositional
logic.

A binary relation < on a set P is called a partial order if it is reflexive,
antisymmetric, and transitive. An element p of P is called an upper bound
of a subset A of P if ¢ < p for every ¢ € A. An element p of P is called a
mazximal element of P if for any ¢ € P, p < ¢ implies that p = ¢. A partial
order < on P is called a linear order if for every p,q € P, p < q or ¢ < p.
A chain in a partially ordered set P is a subset Q of P such that for every
p,q € Q, p<qorq<p,ie., the restriction of < to Q is a linear order.
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Lemma 3.3.1 (Zorn’s lemma) Let (P, <) be a nonempty partially or-
dered set such that every chain in P has an upper bound in P. Then P has
a maximal element.

Remark 3.3.2 It can be proved that the axiom of choice and Zorn’s
lemma are equivalent in ZF'. In particular, Zorn’s lemma is a theorem
of ZFC.

We call A finitely satisfiable if every finite subset of A is satisfiable.

Clearly if A is satisfiable, it is finitely satisfiable. The compactness the-
orem tells us that the converse is also true. We proceed to prove this im-
portant result now.

Lemma 3.3.3 Let A be a finitely satisfiable set of formulas and A a for-
mula of L. Then either AU {A} or AU{=A} is finitely satisfiable.

Proof. Suppose AU{A} is not finitely satisfiable. We need to show that for
every finite subset B of A, BU {—A} is satisfiable. Suppose this is not the
case for a finite B C A. Then A is a tautological consequence of B. Fix a
finite C C A. Since BUC is finite, it is satisfiable. Let v be a truth valuation
that satisfies it. Since A is a tautological consequence of B, v(A) = T. In
particular, C U {A} is satisfiable. Thus, AU {A} is finitely satisfiable and
we have arrived at a contradiction. 0O

Theorem 3.3.4 (Compactness theorem for propositional logic) A
set A of formulas of L is satisfiable if and only if it is finitely satisfiable.

Proof. We need to prove the if part of the result only. Assume that A is
finitely satisfiable. We have to show that A is satisfiable. Let P denote the
set of all finitely satisfiable collections of formulas containing A. Equip P
with the partial order C (contained in). Let @ be a chain in P. Clearly,
UQ is finitely satisfiable. So, it is an upper bound of Q in P. Thus, by
Zorn’s lemma, there is a maximal family M of finitely satisfiable formulas
containing A. By Lemma 3.3.3, for every formula A, either A € M or
—Ae M.
Consider the truth valuation v defined by

v(A) =T <= Ae M, (%)

where A is a variable. We extend v to the set of all formulas such that for
all formulas A and B,

v(—A) =T <= v(A)=F

and
v(AVB)=T <= v(A) or v(B) =T.



3.3 Compactness Theorem for Propositional Logic 35

By induction on the length of formulas A, we now show that (*) holds
for all formulas A. Since A C M, it will follow that v(A) = T for every
A € A and the proof will be complete.

If A is a variable, the induction hypothesis holds for A by the definition
of v.

Let A be of the form =B and B satisfies (). Since v(A) = T if and only
if v(B) = F and B satisfies (), v(A) = T if and only if B ¢ M. But
B ¢ M if and only if A € M.

Finally, let A be a formula of the form BV C and let B and C satisfy
(*). Let v(A) = T. Then either v(B) =T or v(C) = T. So, either B € M
or C' € M. If possible, suppose BV C & M. Then =(BV C) € M. Since
one of B and C belongs to M, it follows that M is not finitely satisfiable.

Now assume that v(A) = F. Then v(B) = v(C) = F. So, =B, ~C € M.
If A e M, {BV C,-B,~C} is satisfiable, which is impossible. Thus,
AgM. O

Exercise 3.3.5 Assume that L is countable. Give a proof of the compact-
ness theorem using induction on the natural numbers that does not require
Zorn’s lemma.

Hint: Since L is countable, the set of all its formulas is countable. Let
{Ayp, A1, Ag, ...} be an enumeration of all its formulas. We define a sequence
of natural numbers ng,ni,no,... as follows: let ng be the first natural
number ¢ such that A; ¢ A and AU {4;} is finitely satisfiable. Suppose
n;, 0 <14 < k, have been defined in such a way that AU {A4,,,...,4,, } is
finitely satisfiable. Set B = AU {A,, : 0 < i < k}. Let ng41 be the least
natural number ¢ such that A; ¢ B and B U {A4;} is finitely satisfiable, if
such an 7 exists. Otherwise, set nipy; = ni. Now consider the set M =
AU{A,, :i € N}

Remark 3.3.6 One can prove the compactness theorem quite elegantly
using Tychonoff’s theorem for compact Hausdorff spaces. We give below
the difficult part of the proof. Readers not familiar with these topics may
skip the following proof.

Equip X = {T, F}” with the product of discrete topologies on {T’, F'},
where F denotes the set of all variables of L. Thus, X is the set of all
structures of L. By Tychonoff’s theorem, X is compact Hausdorff.

For each finite B C A, set

Fg={ve X :v(A) =T for all A€ B}.

It is easy to check that each Fp is closed in X. They are nonempty by
hypothesis. By hypothesis again, the family

{Fp : B C A finite}
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has the finite intersection property. Since X is compact, this implies that
N{Fg : B C A finite} # 0.

Any v in this set models A. O

As a corollary to the compactness theorem, we get the following useful
result.

Proposition 3.3.7 Let A be a set of formulas and A a formula. Then A is
a tautological consequence of A if and only if A is a tautological consequence

of a finite B C A.

Proof. The if part of the result is clear. So, assume that for no finite B C A,
B = A. It follows that AU{—A} is finitely satisfiable. Hence, it is satisfiable
by Theorem 3.3.4. This implies that A is not a tautological consequence of

A O

Exercise 3.3.8 A graph is an ordered pair G = (V, E), where V is a
nonempty set and F is a set of unordered pairs {z,y} (z # y) of elements
of V. Elements of V are called vertices and those of E the edges of G. A
subgraph of G is a graph G’ = (V' E’), where V' C V and E' C E. For
any natural number k£ > 1, we say that G is k-colorable if there is a map
c:V —{1,2,...,k} such that

{z,y} € E = c() # c(y).

Show that a graph is k-colorable if and only if each of its finite subgraphs
is k-colorable.

Hint: Let G = (V, E) be a graph. Consider the language L for proposi-
tional logic with the set of variables

Informally, we think of A,; as the statement “the vertex x is assigned the
color 7.” Now consider the set & of formulas consisting of the following
formulas:

A V... NV Ay, z €V,

(A NAgj), z€V,1<i<j<k,

and
_‘(Azz A\ Ayz), {.’L‘,y} S E,l < 7 < k.

Note that @ is satisfiable means that G is k-colorable.
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3.4 Proof in Propositional Logic

In this section we define a proof in propositional logic. To define a proof syn-

tactically, we fix some tautologies and call them logical axioms. Further,

we fix some rules of inference. There is only one class of logical axioms,

called propositional axioms. These are formulas of the form —A Vv A.
Rules of inference of the propositional logic are

(a) Expansion Rule. Infer BV A from A.

(b) Contraction Rule. Infer A from AV A.

(¢) Associative Rule. Infer (AV B) V C from AV (BV ().

(d) Cut Rule. Infer BV C from AV B and —=AV C.

Exercise 3.4.1 Show that the conclusion of any rule of inference is a tau-
tological consequence of its hypotheses.

Let A be a set of formulas not containing any logical axiom. Elements
of A will be called nonlogical axioms. A proof in A is a finite sequence
of formulas A1, Ay, ..., A, such that each A; is either a logical axiom or a
nonlogical axiom or can be inferred from formulas A;, j < ¢, using one of
the rules of inference. In this case we call the above sequence a proof of A,
in A. If A has a proof in A, we say that A is a theorem of A and write
AF A. We call A inconsistent if there is a formula A such that A F A
and AF —A; A is called consistent if it is not inconsistent.

We shall write - A instead of () = A. Note that each logical and nonlogical
axiom is a theorem.

Remark 3.4.2 It is worth noting that there is an algorithm to decide
whether a finite sequence of formulas is a proof, provided there is an algo-
rithm to decide whether a formula is a nonlogical axiom.

Lemma 3.4.3 If there is a sequence Ay, As, ..., A, such that each A; is
either a theorem of A or can be inferred from formulas Aj;, j < i, using
one of the rules of inference, then A,, is a theorem of A.

Proof. In the sequence Aq, Ao, ..., A,, replace each A; that is a theorem
by a proof of it. The sequence thus obtained is a proof of 4,,. O

Another easy but useful result is the following.

Lemma 3.4.4 Let A be a set of formulas of L and A a formula of L.
Suppose At A. Then there is a finite B C A such that B+ A.

Proof. This follows from the fact that each proof is a finite sequence of
formulas and so contains only finitely many nonlogical axioms. 0O
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Theorem 3.4.5 Let L be the language of a propositional logic and A a
formula of L. Then
FA=FE A

Proof. Let A1, Ao, ..., A, be a proof of A. Thus, A = A,,. Fix any truth
valuation v. By induction on 4, 1 < i < n, we show that v(A;) = T. Note
that A, must be a tautology. So, v(A1) =T. Let 1 <i<nand v(4;) =T
for all j < i. If A; is a tautology, then v(A;) = T. Otherwise, by Exercise
3.4.1, A; is a tautological consequence of {A; : j < i}. Hencev(4;) =T. 0O

Exactly the same proof proves the following theorem.

Theorem 3.4.6 (Soundness theorem for propositional logic) If A
1s a set of formulas of L and A a formula, then

AFA= AEA.

3.5 Metatheorems in Propositional Logic

Metatheorems in their own right are not very interesting. Their proofs are
often mechanical and sometimes quite tedious. But they are unavoidable.
Metatheorems play a key role in proving important results. In this sec-
tion we prove some metatheorems in propositional logic. These results are
needed to show that A - A <= A |= A. This is a very important result
because this shows that we have indeed formalized the notion of logical
deduction in propositional logic.

Lemma 3.5.1 Let A and B be formulas of L such that = AV B. Then
FBvVA.

Proof. Consider the sequence
AV B, -AVA, BVA.

The first element of it is a theorem by the hypothesis, the second one is a
propositional axiom, and the third one follows from the first two by the
cut rule. By Lemma 3.4.3,- BV A. 0O

Lemma 3.5.2 A set of formulas A is inconsistent if and only if for every
formula A, At A.

Proof. Let A be inconsistent. So there is a formula A such that both A
and —A are theorems of A. Now take any formula B. By the expansion
rule, H BV A and - BV -A. By Lemma 3.5.1, F AV B and - ~AV B. By
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the cut rule, - B V B. By the contraction rule, = B. This proves the only
if part of the result. The if part of the result is trivial. O

Lemma 3.5.3 (Modus ponens) Let A and B be formulas of L such that
FAand+ A— B. Thent+ B.

Proof. Since A is a theorem, by the expansion rule, BV A is a theorem.
Hence, by Lemma 3.5.1, AV B is a theorem. Now consider the sequence

AVB, A—B, BVB, B.

The first formula is shown above to be a theorem; the second formula
is a theorem by hypothesis; since A — B is the formula —=A V B by
definition, the third formula is inferred from the first two by the cut rule;
the last formula is inferred from the third formula by the contraction rule.
The result follows by Lemma 3.4.3. O

Now by induction on n, we easily get the following corollary.

Corollary 3.5.4 (Detachment rule) Let B, Ay, Ao, ..., A, be formulas
of L. Assume that each of Ay,..., A, and Ay — --- — A, — B is a
theorem. Then + B.

Lemma 3.5.5 If- AV B, then - -——AV B.

Proof. Since ~—AV —A is a logical axiom, - =—=AV —=A. Then - -AV--A4
by Lemma 3.5.1. By hypothesis, - AV B. Hence - B V =—A by the cut
rule. So, - =—AV B by Lemma 3.5.1. O

Lemma 3.5.6 Let Ay,..., A, be formulas of L (n>2) and1 <i < j<mn.
Suppose = A; V A;. Then

A V-V A,

Proof. We shall prove the result by induction on n. Clearly we can assume
that n > 3.
If ¢ > 2, then
FAyVv--- VA,

by the induction hypothesis. Hence,

FA VA V---VA,

by the expansion rule.
Now let ¢ =1 and j > 3. Then
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FA VA3V ---V A,
by the induction hypothesis. So,
F(AsV .-V A, VA
by Lemma 3.5.1. So,
FAyV((A3V---V A,V Ay
by the expansion rule. Then
F(AsV (A3V---VA,))V A
by the associative rule. Hence,
FA V-~ VA,

by Lemma 3.5.1.
Finally, assume that ¢ = 1 and j = 2. Then

= (A3V-~-\/An)\/(A1 \/AQ)
by the expansion rule. By the associative rule,
F((AsV---VA,) VAV As.

By Lemma 3.5.1,
FAsV ((AsV -V A,V A).

By the associative rule,
F(AsVv---V A, VAL

By Lemma 3.5.1 again,

AL V-V A,
O
Lemma 3.5.7 Letm>1,n>1, and 1 <iy,i0,...,0m < n. Suppose
FA, VA,V ---VA, .
Then

FA VA V.- VA,

Proof. We shall prove the result by induction on m. In the rest of the proof,
A will designate the formula A1V ---V A,.
Case 1: m = 1. Set i = i;. By hypothesis, - A;. By the expansion rule,
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F (A1 V- VA, VA,

By Lemma 3.5.1,
FA; VA V- VA,

Applying the expansion rule repeatedly, we get
FA V-~V A,.

Case 2: m = 2. Suppose i1 = i3. Then F A;, by the hypothesis and the
contraction rule. The result now follows from Case 1.

Suppose i < i1. Then, by the hypothesis and Lemma 3.5.1, - A;, V A;,.
Hence, without loss of generality, we assume that iy < i2. The result now
follows from Lemma 3.5.6.

Case 3: m > 2. By the hypothesis and the associative law,

F(A;, VA, VA,V ---VA, .
Note that m is reduced by 1. Hence, by the induction hypothesis,
F (A, VA,V A

By Lemma 3.5.1,
FAV (A, VAL).

By the associative law,
F(AVA,)VA

Qg
By the induction hypothesis,
F(AVA;) VA

By Lemma 3.5.1,
FAV(AVA;).

By the associative law,
FAVA)VA,.

By the induction hypothesis,
F(AVA)VA.
By the induction hypothesis,
FAVA)V(AVA).
Applying the contraction rule twice, we see that

FA.
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Lemma 3.5.8 If+-AV C and if - -BV C, then - -(AV B) Vv C.
Proof. Since =(AV B)V (AV B) is a propositional axiom, by Lemma 3.5.7,
FAVBV=(AVB).

Since - =A Vv C, by the cut rule,
F(BV-(AVB))VvC.

By Lemma 3.5.1,
FCVBV-(AVB).

Hence, by Lemma 3.5.7,
FBVCV-(AVB).
Since - =BV C, by the cut rule,
F({CvVv—-(AVvB))VvC.

By Lemma 3.5.1,
FCVCV-(AVB).

Hence
F-(AvB)vC

by Lemma 3.5.7. O

3.6 Post Tautology Theorem
In this section we prove the following theorem due, to Emil Post.
Theorem 3.6.1 (Post tautology theorem) If A is a formula of L, then
FA—=FE A
By Theorem 3.4.5, we only need to prove that
Every tautology is a theorem.

Note that if A is a tautology, so is A V A. By the contraction rule, our
result will be proved if we show that every tautology of the from AV A is
a theorem. We shall prove a bit more.
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Proposition 3.6.2 Let n > 2, and A1 V ---V A, be a tautology. Then
FA V-~V A,.

Proof. Suppose each A; is a literal, i.e., each A; is either a variable or the
negation of a variable. Since A;V---V A,, is a tautology, there is a variable B
such that both B and =B occur in the sequence Ay, ..., A,. But F =BV B.
Hence the result follows by Lemma 3.5.7.

So, we assume that for some 1 < i < n, A; is not a literal. By Lemma
3.5.7, without loss of generality, we assume that A; is not a literal. Thus
A, is a formula in one of the three forms: BV C or =—=B or =(B V C).

We shall complete the proof by induction on the sum of lengths of the
AfS.

Case 1. A; is of the form BV C: Then BVCV A3 V---V A, is a tautology.
Hence, it is a theorem by the induction hypothesis. The result in this case
follows by the associative rule.

Case 2. A; is of the form ——B: From the hypothesis, it follows that
BV Ay V.-V A, is a tautology. Hence it is a theorem by the induction
hypothesis. The result in this case now follows from Lemma 3.5.5.

Case 3. A; is of the form —(B V C): Assuming the hypothesis, it is easy
to check that =BV Ay V---V A, and -C'V A3 V ---V A,, are tautologies.
So, by the induction hypothesis, they are theorems. The result in this case
follows from Lemma 3.5.8. 0O

There is another very useful formulation of the Post tautology theorem.

Theorem 3.6.3 If- Ay, ..., F A, and if B is a tautological consequence
of Ay,..., A,, then - B.

Proof. By Lemma 3.2.4, A; — --- — A, — B is a tautology. Hence, by
the Post tautology theorem,

FA —---— A, —> B.

The result now follows from Corollary 3.5.4 (the detachment rule). O

Theorem 3.6.4 (Completeness theorem for propositional logic)
Let A be a set of formulas of L. Then

AFA— AE= A

Proof. Assume that A F A. Then there is a finite set of formulas
{B1i,...,Bn} such that
{Bi1,...,Bn} F A.

By the soundness theorem,

(Bi,....,Bn} = A

Hence,
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A=A

Conversely, assume that A | A. Then, by the compactness theorem
(Proposition 3.3.7), there is a finite set B C A such that B = A. Hence, by
Theorem 3.6.3, B+ A. In particular, A+ A.

Corollary 3.6.5(a) A set of formulas A is consistent if and only if it is

satisfiable.

(b) Suppose A and B are tautologically equivalent. Then = A if and only if
- B.

(¢) Suppose = A« B. Then b A if and only if - B.

(d) A — B if and only if - -B — —A.

(e) F AA B if and only if - A and + B.

() fFA— B and+-B — C, then A — C.

The simple proof of this result is left as an exercise.

Remark 3.6.6 The completeness theorem gives a trivial proof of the com-
pactness theorem. To see this, let A be a set of formulas of L, and A a
formula of L. Then

AEA=AFA
= BF A for some finite B C A
= B A for some finite B C A.

The first implication holds by Theorem 3.6.4, the second implication
holds because every proof contains only finitely many nonlogical axioms,
and the last one holds by the soundness theorem for propositional logic.
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Proof and Metatheorems
in First-Order Logic

In the previous chapter, we introduced the notion of proof in propositional
logic. In this chapter we shall define proof in a first-order theory and prove
several metatheorems in first-order logic.

4.1 Proof in First-Order Logic

In Chapter 1, we have already described what a first-order language is and
what its terms and formulas are. We fix a first-order language L.
The logical axioms of L are:

(a) Propositional axioms: These are formulas of the form —A Vv A.

(b) Identity axioms: These are formulas of the form = = z, where z is a
variable;

(¢) Equality axioms: These are formulas of the form

y1zzl—>~-~—>yn=zn—>fy1-~-ynzle---zn
or formulas of the form
YL=21 7 D Yn =20 = DYL Yo = DAL 2

(d) Substitution axioms: These are formulas of the form A;[t] — JzA,
where A is a formula and ¢ a term substitutable for z in A.

The rules of inference of L are:
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(a) Expansion rule. Infer BV A from A.

(b) Contraction rule. Infer A from AV A.

(c¢) Associative rule. Infer (AV B) v C from AV (BV C).

(d) Cut rule. Infer BV C from AV B and -AV C.

(e) F-Introduction rule: If z is not free in B, infer 3zA — B from
A — B.

Each logical axiom is valid in every structure of L. Also, the conclusion of
each rule of inference is valid in any structure of L in which its hypotheses
are valid.

Let T be a first-order theory. A proof in T, a theorem in T, etc., are
defined as before. So, a proof in T is a finite sequence Ay,..., A, of
formulas of L(T) such that for each i < n, A; is either an axiom (logical
or nonlogical) of L(T') or can be inferred from {A; : j < ¢} by a rule of
inference. We shall write T+ A or simply - A (when T is understood) to
say that A is a theorem of T.

We prove the soundness theorem (also known as the validity theorem)
for first-order theories in exactly the same way we proved the soundness
theorem for propositional logic (Theorem 3.4.6). Recall that a formula in
a theory is valid if it is true in all models of the theory.

Theorem 4.1.1 (Validity theorem) Every theorem in T is valid in T.

A theory T” is called an extension of T if L(T’) is an extension of
L(T) and if every nonlogical axiom of T is a theorem of T". If L(T”") is an
extension of L(T') and if every nonlogical axiom of T is a nonlogical axiom
of T, then T is called a part of T”; moreover, if the number of nonlogical
axioms of T is finite, it is called a finitely axiomatized part of T”. If T'
and T” are extensions of each other, then they are called equivalent. Note
that if 7" and T are equivalent, then they have the same language, i.e.,
L(T) = L(T"). Let I" be a set of formulas of T'. The simple extension of the
theory T obtained by adding I" as new nonlogical axioms is designated by
T

Exercise 4.1.2 Let T’ be an extension of T'. Show that every theorem of
T is a theorem of T".

An extension T” of T is called a conservative extension of T if every
formula of T that is a theorem of T” is also a theorem of T'; T” is a simple
extension of T if L(T) = L(T’) and every theorem of T is a theorem of
T’ too.

4.2 Metatheorems in First-Order Logic

The converse of the validity theorem is also true. This is a famous result
that was first proved by Godel and is known as the completeness theorem.
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A proof of it will be given in the next chapter. In this section we present a
few metatheorems needed to prove the completeness theorem.

Throughout this section, we fix a first-order theory T'; by a theorem we
shall mean a theorem of T', and - A will mean that A is a theorem of T'.

The next few definitions are needed to adapt results from propositional
logic to first-order logic. Recall that a formula is called elementary if it is
either an atomic formula or a formula of the form JdxB. We have already
seen that the formulas of L are precisely the formulas of the language of the
propositional logic whose variables are precisely the elementary formulas
of L. A truth valuation for L is a map v from the set of all elementary
formulas into {T, F'}. We extend v to the set of all formulas of L as before.
Further, we define the notion of tautological consequences, tautology,
and Tautologically equivalent formulas, in exactly the same way as
before. For instance, A is a tautological consequence of a set A of formulas
of L if v(A) = T for every truth valuation v of L in which all formulas of
A are true.

It is also clear that the detachment rule (Theorem 3.6.3), the Post tau-
tology theorem (Theorem 3.6.1) etc. proved in the last chapter hold for
first-order theories also.

Proposition 4.2.1 (Detachment rule) Suppose
FAL.. A,

and
FA — - — A, 1 — A, > A

Then
A

Theorem 4.2.2 (Post tautology theorem) Suppose
THA,..., TFA,
and
Ay, .. AL E A

Then
T+ A.

Theorem 4.2.3 FEvery tautology in a first-order theory is a theorem of the
theory.

The corollary to the tautology theorem given in the last chapter also
holds for first-order theories. In the rest of this section, we shall prove
some metatheorems involving terms, quantifiers, etc.

Lemma 4.2.4
FA— Ju--- 3, A
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Proof. Applying the substitution axiom repeatedly, we get
FA— Jdu,A,

F3v, A — Fu,_1Tv, A,

F3Jvy ... Jv, A — Jug - - Ju, Al

Since A — Jvp...3v, A is a tautological consequence of the above
formulas, the result follows from the tautology theorem. 0O

Proposition 4.2.5 (V-introduction rule) If - A — B and x is not free
in A, then - A — VaB.

Proof. By the hypothesis and the tautology theorem, we have
F-B — -A.

Then
Fdz—-B — A

by the F-introduction rule. So,
FA— —-Jx-B.

Hence,
FA—VeB

by the definition of V. 0O

Proposition 4.2.6 (Generalization rule) If+ A, then - VaA.
Proof. By the hypothesis and the expansion rule,
F-vVzA — A
Then, by the V-introduction rule (Proposition 4.2.5),
F-VzA — VzA.

The result follows by the tautology theorem. O

Proposition 4.2.7 (Substitution rule) If B is an instance of A and if
F A, then - B.
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Proof. We first prove the result in a simple case. Suppose t is substitutable
for vin A and B is A,[t]. By the substitution axiom,

F-A, [t] — Ju-A.
So, by the tautology theorem,
FYvA — B.

By hypothesis and the generalization rule,

F VYuA.
Hence
FB
by the detachment rule.

Now let B be the formula A,, ., [t1,...,ts]. Let wy,...,w, be vari-
ables, each different from vy, ..., v,, not occurring in A or B. By repeated
application of the first part,

= Av1 [wl],

'_ A’Ul ,U2 [w17 U)Q] 9

F Ay o Wi, wy].

Let C designate the formula A,, ., [w1,...,w,]. Then B is the formula
Cur,..wn[t15 - - -, tn]. By repeated application of the first part, we see that

F Cwl [tl]a

H C7U177U2 [th tg],

F Cuwyown [t1, -+ s tnl.

Using Lemma 4.2.4, Proposition 4.2.6 and the substitution rule (Propo-
sition 4.2.7), we get the following result.

Proposition 4.2.8 (Substitution theorem)

(a) b Ay, v b1, tn] — Jv1 - Fu Al
(b) FVvy - Vo, A — Ay, ooty tal]
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Proposition 4.2.9 (Closure theorem) Let B be the closure of A. Then
F A if and only if - B.

Proof. If A is a theorem, then B is a theorem by the generalization rule
(Proposition 4.2.6).

Since A = Ay, v, [v1,-..,0p], by the substitution theorem, F B — A.
So, if F B, F A by the detachment rule. 0O

Exercise 4.2.10 Let L(7”) be an extension of L(T). Show that the fol-
lowing statements are equivalent.

(i) The theory T” is a conservative extension of T.
(ii) A sentence of T is a theorem of 7" if and only if it is a theorem of 7.

Proposition 4.2.11 (Distribution rule) If+ A — B, then
F3vA — FvB

and
FVvA — YuB.

Proof. By the substitution axiom,
F B — JvB.

By the hypothesis and the tautology theorem,

FA— JuB.
So,
F JvA — JvB
by the J-introduction rule.
By the substitution theorem,
FYvA — A.

By the hypothesis and the tautology theorem,
FvYvA — B.

So,
FVYvA — YuB

by the V-introduction rule. 0O

Formulas A and B are called equivalent in T if
THA«— B.

We write A =r B if A and B are equivalent in T'.
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Exercise 4.2.12 Show that =t is an equivalence relation on the set of all
formulas of T'.

Proposition 4.2.13 (Equivalence theorem) Let A’ be obtained from A
by simultaneously replacing subformulas B1,...,B, by Bi,..., Bl respec-
tively. Assume that

1 <i<n. Then
FAo A

Proof. If A is one of the formulas B;, then there is nothing to prove. We
assume that this is not the case and prove the result by induction on the
length of A.

Let A be a formula of the form —B. Then A’ is =B’, where B’ is obtained
by replacing subformulas By, ..., B, by B}, ..., B, respectively. Then

FB« B
by the induction hypothesis. So,
FA— A

by the tautology theorem.
The proof is similar if A is a formula of the form B Vv C.
Now assume that A is a formula of the form JvB. Then by the induction
hypothesis,
FB«— B,

where B’ is obtained by replacing subformulas B, ..., B, by Bji,..., B,
respectively. The result now follows from the distribution rule. O

Sometimes there is difficulty in substituting a term ¢ for a variable v in
a formula A. Our next result shows a way to circumvent this.

Let B be obtained from A by a sequence of replacements of the following
type: replace a subformula JvC by a formula of the form JwC,[w], where
w is not free in C. Then B is called a variant of the formula A.

Proposition 4.2.14 (Variant theorem) If B is a variant of A, then
A< B.

Proof. By the equivalence theorem and the tautology theorem, we only
need to show that
F 3C « JwC,[w], (1)

where w is not free in C.
By the substitution axiom,



52 4. Proof and Metatheorems in First-Order Logic

FCylw] — FvC.
So, by the F-introduction rule,
F JwC, [w] — JvC. (2)

On the other hand, since w is not free in C, the formula (C,[w]),[v] is
C'. In other words, if we replace free occurrences of v in C' by w and then
replace free occurrences of w by v, we get back C' because w is not free in
C. Hence, by the substitution axiom,

FC — JwCyw]. (3)
By the J-introduction rule,
F 3C — FJwC,[w]. (4)

Since the formula in (1) is a tautological consequence of those in (2) and
(4), (1) follows from the tautology theorem. 0O

Proposition 4.2.15 (Symmetry theorem) For any two terms t and s,
Ft=s<s=t.
Proof. Let v and w be distinct variables. By the equality axioms,
Fo=w—v=v—-v=v—w=nu
By the identity axiom and the tautology theorem,
Fo=w—w=nw.
Substituting ¢ for v and s for w, by the substitution rule,
Ft=s—s=t

and
Fs=t—t=s.

The result now follows from the tautology theorem. O

Proposition 4.2.16 (Equality theorem)

(a) Let a term s be obtained from t by replacing subterms tq,...,t, by
S1,...,8p respectively. If
F tl‘ = S,

1 <i<n, then
Ft=s.
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(b) Let a formula B be obtained from A by replacing some occurrences of
terms ty,...,t, in A not immediately following 3 or ¥ by s1,...,8,
respectively. If

Ft = si,

1 <i<n, then
A<« B.

Proof. (a) We shall prove the result by induction on the rank of t.

If t is ¢; for some 4, s is the term s; and there is nothing to be proved.
This, in particular, shows that the result is true for ¢ of rank 0.

Let t be a term of the form fa; ---ag. Then, the t;’s are subterms of the
a;’s. (Why?) Let a’; be the term obtained from a; by replacing appropri-
ate occurrences of terms t¢1,...,t, by s1,...,s, respectively. Then by the
induction hypothesis,

Fa; = aj,

1 < j < k. We have the equality axiom
TL=yr = o T =Y = for T = fyre e

So, the result follows from the substitution rule and the tautology theorem.

(b) We prove the result by induction on the rank of A.

Assume A is an atomic formula of the form pa; - - - ax. Then the ¢;’s are
subterms of the a;’s. Let a; be the term obtained from a; by replacing
appropriate occurrences of terms t1,...,t, by s1,..., s, respectively. Then
B is the formula pa) - - - a},. By (a),

1 < j < k. We have the equality axiom
Fri=yr = = Ty = Yk = DT Tk YL ke
By the substitution rule and the tautology theorem,
Fpay - ap — pal - al.
Since by the symmetry theorem,
- a) = ay,
by the tautology theorem,
Fpal - a), — pay - ag.

Hence,
I—pal...ak Hpa&...ak
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by the tautology theorem.

Let A be a formula of the form JvC'. Then, by the hypothesis in (b), B
is the formula Jv D, where D is obtained from C by replacing appropriate
occurrences of terms tq,...,t, by s1,..., s, respectively. By the induction
hypothesis,

FC < D.

The result follows from the distribution rule and the tautology theorem.
The cases in which A is of the form —=C or C'V D are dealt with similarly.
O

In mathematics, while proving a sentence of the form A — B, quite often
one assumes A and then proves B. This means that one adds A as a new
axiom and proves B in this extension of T. We now show that this is a
correct method of proving A — B in T.

Recall that we designated the simple extension of a theory T obtained
by adding a set I" of formulas as new axioms by T[I']. If I' = {44, ..., A},
we shall write T[A1, ..., A,] instead of T'(I").

Proposition 4.2.17 (Deduction theorem) Let A be a closed formula.
Then

THA—B
if and only if
T[A]F B
Proof. Suppose
THA— B.
Then
T[A]F A— B.
Also
TIAJF A
So,
T[Al+ B
by the detachment rule.
Now assume that
T[A] F B.

Fix a proof of Ay,..., A, of B in T[A]. By induction on ¢, we shall prove
that

for 1 < i <n, which will complete the proof.
The formula A; is an axiom of T[A]. If A; is an axiom of T, then

T+ A,.
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Hence,
THA— A1

by the expansion rule. In case Ay is A,
THA— A

by the propositional axiom.
Assume the hypothesis for all j < i. If A; is an axiom of T[A], we have
already proved that
THA— A;.

If A; is inferred from {A; : j < i} using a rule of inference other than the
J-introduction rule, then A; is a tautological consequence of {4; : j < i}.
But then A — A; is a tautological consequence of {A — A; : j < i}. By
the induction hypothesis,

THA— A

for every j < i. Hence,
THA— A;

by the tautology theorem.

Now assume that A; is inferred from some A;, j < 4, by the
J-introduction rule. So, A; is a formula of the form B — C, A; of the
form FvB — C, where v is not free in C. By the induction hypothesis,

THA— B—C;
by the tautology theorem,
THFB—A—-C.
Since A is closed, v is not free in A — C'. Hence by the J-introduction rule,
THIwB — A— C,
by the tautology theorem,
THA— JFB — C,

ie.,

Corollary 4.2.18 If Ay,..., A, are closed, then

T[A4,...,A))F B<—=TFA —---— A, — B.
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Exercise 4.2.19 For any consistent theory 7" that has a model with more
than one point, show that

Tr =y| - VaVy(z = y)

but
THz=y—VaVy(z =y).

Thus, the deduction theorem is not true if the A’s are not closed.

Proposition 4.2.20 (Theorem on constants) Let T' be obtained from
T by adding new constants but no new nonlogical axioms. Then T' is a
conservative extension of T.

Proof. By the definition of conservative extension, we need to show that
for any formula ¢ of T,
T'Fp=TkFp.

Suppose
T - .

Hence, by the substitution rule,

T, '_ 90'01,...,'071 [Clv e 7C’n]7

where vy, ...,v, are all the variables free in ¢ and ¢y, ..., ¢, are new con-
stants.

Fix a proof of ¢, v, [c1,...,¢,] in T and replace all occurrences of
c1,...,Cy in the proof by distinct variables wq,...,w, respectively that
do not occur in the proof. Note that we have thus obtained a proof of
Y = Qoo W, -, wy] In T Since ¢ = ¥y, 4, (W1, ..., wy], the result
now follows from the substitution rule. 0O

Proposition 4.2.21 Lett, t1,...,t, and s1,...,S, be terms. Then
Fti=s1— =ty =8, = tlt1,...,tn] =t[s1,..., 8]

Proof. Replace each variable occurring in a t; or in an s; by a new constant.
Designate the extension of T thus obtained by T”. Let t; become ¢}, s;
become s}, and t become t'. By the theorem on constants, it suffices to
prove that

Tt =8 — - =t =5, =U[t,.. . .t =t][s,...,s,]

r'n e n

By the deduction theorem, this will follow from

Tt =s8y,...,t, =sh | Et[th, ... 6] =t[s],..., 8]

n r n

This follows from the equality theorem. O
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In the same way we prove the following result.

Proposition 4.2.22 Let ty,...,t, and s1,...,8, be terms and A a for-
mula of L. Then

I—tl:SlH"'_’tn:Sn_)(A[tl"‘”t”]HA[Sl"”’Sn]).

Proposition 4.2.23 Let a variable v not occur in the term t and let A be
a formula of L such that t is substitutable for v in A. Then

F A, t] < Fv(v =t A A).
Proof. By Proposition 4.2.22,

Fo=t— (A At]).
So, by the tautology theorem,

Flo=tAnA)— A,t].

By the F-introduction rule,

F3v(v=1tAA) — At
On the other hand, by the substitution axiom,

F=tAAt]) — Fv(w=tAA).

Since ¢ = t, by the tautology theorem, it follows that

FA,[t] = Jv(v =t A A).
The result now follows from the tautology theorem. 0O

Exercise 4.2.24 Let T be a first-order theory. Let O be the smallest set of
formulas that contains all atomic formulas and their negations and that is
closed under disjunctions and conjunctions. Show that every open formula
is equivalent in T to a formula in O.

Exercise 4.2.25 Show that a formula of T of the form —(fzq--- 2, = y)
is equivalent in T to a formula of the form

ey =2) A fay -z = 2),
Y, %, T1,...,T, distinct.
Exercise 4.2.26 (a) Show that

F —3vA < Yu-A.
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(b)  Show that

F -VvA < Ju-A.
(¢) If vis not free in B, show that

F3vAvV B < Fu(AV B),

FYvAvV B < Yu(AV B),
FBV3IvA — Fu(BV A),

and
F BVYvA < Yu(BV A).

Exercise 4.2.27 Show the following:

a) F3Jvw(AVB)«— JvAV IB.
b) FVo(AA B) < VoA AVuB.
c) FIv(AAB)— JvAATvuB.
d) FYvAVYuB — Yu(AV B).

Exercise 4.2.28 Give examples A and B of formulas of N such that the
formulas
Yu(AV B) — YvAVYuB

and
JvA A FvB — Fv(A A B)

are not theorems of N.
Exercise 4.2.29 Let v and w be distinct variables. Show the following:

(a) F JviwA « JwIvA.
(b) FYoVwA < VwVvA.
(¢) F FoVwA — VwIvA.

Exercise 4.2.30 Give a formula of NV of the form
YoiwA — JwVvA
that is not a theorem.
A formula A is said to be in prenex form if it is in the form
Q1v1 -+ QnunB,

where each Q); is either 3 or V, and B open. Then Qqv; - -- Qnv, is called
the prefix and B the matrix of A. A formula in prenex form is called
existential if all the quantifiers in its prefix are 3; a formula in prenex
form is called universal if all the quantifiers in its prefix are V.
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Exercise 4.2.31 Show that every formula is equivalent in T to a formula
in prenex form whose matrix is of the form
Nizy Vit Bij,

where each B;j; is either an elementary formula or the negation of an ele-
mentary formula.

4.3 Some Metatheorems in Arithmetic

In this section we prove a few metatheorems pertaining to the theories N
and PA. They are needed to prove the first incompleteness theorem.

Proposition 4.3.1 For any formula A of N and any n € N,
NF Akl = - — Aylkp_1] v <k, — A.

Proof. We prove the result by induction on n. For n = 0, the result follows
since =(v < 0) is an axiom of N.
Let the result be true for some n. By the axiom (8) of N,

NFEv<kpiieov<k,Vv=k,.
By the equality theorem,
NFv=k,— (A< Akn)).
Hence, by the induction hypothesis and the tautology theorem,
NE Akl = - — Aylkn-1] — Ay[kn] = v < kpy1 — A.

O
Proposition 4.3.2 Let N A, [k;] for alli <n and N+ A,lky,). Then

NEAANVw(w < v— 24 [w]) < v =k,
Proof. Let B denote the formula
ANYw(w < v — —A,[w]).
By the equality theorem,
Ntov=k, — (B < Bylky)). (1)
By Proposition 4.3.1, we have

N+ (A [w])wlko] = «++ = =(Au[w)w[kn-1] = w < kn — =4, [w]. (2)
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Hence, by the hypothesis, the detachment rule, and the generalization rule,
NEVYw(w < ky — 2A,[w)]). (3)
Since N + A,[ky], by (1) and (3) and the tautology theorem,
Nbkv=k, — B. (4)
By the substitution theorem, we have
N FEYw(w < v — 24,w]) = (b, <v— Ay [ky]).
But N + A,[k,]. Hence, by the tautology theorem,
NFE B — =(k, <v). (5)
Since N F —A,[k;], i < n, by Proposition 4.3.1 and the detachment rule,
NFov<k, — A

Hence,
NEB— =(v<ky). (6)

By the axiom (9) of N,
Nrtov<k,Vv=k,Vk,<wv. (7)
Hence, by (4)—(7) and the tautology theorem, we get
NEB—v=k,.

O

Example 4.3.3 Peano arithmetic PA is an extension of N.
This will follow if we show that the axiom (9)
r<yVe=yVy<cw
of the theory N is a theorem of PA. We show this in three steps.
Step 1: PAFO=yV0<y.

Let A be the formula 0 =y V0 < y. Then PA+ A,[0]. By the axiom (8)
of N (which is also an axiom of PA),

PAF A<~ 0<Sy.

Also,
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PAFO0< Sy — Ay[Sy].

Hence,
PAFA— A,[Sy].

So, by the induction axiom of P,

PAF A

Step 2: PAtz <y — Sz < Sy.
Let B be the formula = < y — Sx < Sy. By the axiom (7) of N,
PAF B,[0].
By the axiom (8) of N,
PAF By[Sy] < ((zr<yVaz=y) — (Sz < SyV Sz = Sy)).
So, by the equality axiom,
PAF (zx<yVz=y)— (Sz < SyV Sz =S8y).

Hence,
PAF B — By[Sy].

By the induction axiom of PA,
PAF B.

Step 3: Let C' denote the formula * < y Vo =y Vy < x. Since PAF A
(Step 1),

PAF C,0).
Since PA + B (Step 2), by the axiom (8) of N,
PArz<y— (Sz<yVSz=y)

and
PAF(y<zVy=z)—y<Sz.

Hence,
PAF C — C,[Sz].

So, by the induction axiom of P,
PAEC.

Thus PA is a finite extension of N.
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Exercise 4.3.4 Let ¢ be a formula of PA, x, y distinct, such that y does
not occur in ¢. Show the following:

(a) PAEVz(Vy(y <z — . ly]) — @) — Yao.
(b) PAFFzp — Jz(p AVy(y < x — =p:y]))-

Exercise 4.3.5 Let ¢ be a formula of PA in which no variable other than
v1,-..,V, and w are free, vy, ...,v,, w distinct. Suppose PA F Jwyp. Let
w’ be a new variable and 1) the formula

e AV (W' < w — =g, [w']).

Show the following:

(a) PAF Jwy.
(b) PAE Y Apy[w"] — w=w".

4.4 Consistency and Completeness

A formula A is said to be undecidable in a theory T if neither A nor - A
is a theorem of T'; otherwise, the formula is called decidable in T

It is not reasonable to expect that in a theory all formulas would be
decidable. For instance, the formula v = 0 of N is undecidable in N. (Why?)

A theory T is called inconsistent if every formula of T is a theorem of
T. Otherwise, the theory is called consistent.

While developing a theory axiomatically, one is naturally confronted with
the question of the consistency of the theory. Proving consistency of the-
ories is often a challenging task in mathematics. This is one of the most
important topics in axiomatic set theory. Interested readers may see the
excellent book of Kenneth Kunen [6].

Lemma 4.4.1 A theory T is inconsistent if and only if there is a formula
A such that both A and —A are theorems of T.

Proof. The necessary part of the result is clear. So, assume that A is such
that - A as well as - = A. Take any formula B. By the expansion axiom
and Lemma 3.5.1, - AV B and - =A V B. So, by the cut rule, - BV B.
Hence, - B by the contraction rule. O

Remark 4.4.2 Since a proof is finite and in particular uses only a finite
number of axioms, a theory is consistent if and only if each of its finitely
axiomatized parts is consistent.

Lemma 4.4.3 IfT has a model, then T is consistent.
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Proof. Suppose T has a model M and it is inconsistent. Take a closed
formula A. Then, both A and —A are theorems of T'. Hence, by the validity
theorem, both are valid in M. This is a contradiction. 0O

Exercise 4.4.4 Let T' be an extension of T'. If T” is consistent, show that
T is also consistent. Assume, moreover, that T" is a conservative extension
of T'. Show that the converse is also true, i.e., if T' is consistent, so is 7.

The following is another useful result.

Proposition 4.4.5 Let B be the closure of A. Then T + A if and only if
T[—B] is inconsistent.

Proof. Suppose T+ A. Then by the closure theorem, 7'+ B, and hence
T[-B] + B. Hence, T[-B] is inconsistent.

Now assume that T[-B] is inconsistent. Then T'[-B] - B. So, by the
deduction theorem, T'+ =B — B. Hence, by the tautology theorem, T' - B.
Thus, T+ A by the closure theorem. 0O

Exercise 4.4.6 (Reduction theorem) Let I" be a set of formulas of T'.
Then
TIEA

if and only if there exist By, ..., B,, each the closure of a formula in I,
such that
THBy—--+-— B, — A.

Theorem 4.4.7 (Completeness theorem, first form) A formula A of
T is a theorem of T if and only if it is valid in T.

The only if part of the result is precisely the validity theorem.

There is an equivalent formulation, the form in which we shall prove it,
of this result. The proof still requires some preparation. We postpone the
proof to the next chapter.

Theorem 4.4.8 (Completeness theorem, second form) A theory T
1s consistent if and only if it has a model.

We now show that the two forms are equivalent.

Assume the first form of the completeness theorem. Let T" be consistent.
Let B be a closed formula that is not a theorem of T'. So, by the first form,
it is not valid in T'. This, in particular, gives us a model of T.

Now assume the second form of the completeness theorem. By the clo-
sure theorem, without loss of generality we assume that A is closed. By
Proposition 4.4.5,

TF A< T[-A4] is inconsistent.
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By the second form, T[—A] is inconsistent if and only if it has no model.
Since A is closed, a model of T'[-A] is a model of T in which A is not valid.
Hence, A is a theorem of T if and only if it is valid in T

A theory T is called complete if it is consistent and if every closed
formula is decidable in T'.

Remark 4.4.9 The importance of giving a complete set of axioms in the
above sense cannot be overemphasized. Let T be a theory with a model
M. Let T' be the simple extension of 7" whose nonlogical axioms are pre-
cisely those sentences that are valid in M. We designate this theory by
Th(M). Clearly Th(M) is complete. However, we may not be able to me-
chanically decide whether a sentence is valid in M. This is obviously not a
satisfactory situation. A theory for which there is an algorithm to decide
whether a formula is an axiom is called an aziomatized theory. In an epoch
making discovery, Godel showed that for most of the theories this is impos-
sible. After introducing the notion of an algorithm, we shall briefly study
axiomatized theories in Chapter 6.

Exercise 4.4.10 Let T be a complete theory and A, B closed formulas of
T. Show that

(a) TFAVB <= (T+AorTF B).
(b) THAAB <= (T+Aand T+ B).

We close this section by proving the following theorem, due to Adolf
Lindenbaum, which will be used to prove the completeness theorem in the
next chapter. This will be proved by Zorn’s lemma and Proposition 4.4.5.

Theorem 4.4.11 (Lindenbaum’s theorem) Every consistent theory T
admits a simple complete extension.

Proof. Let P be the family of subsets I" of the set of formulas of T" such that
T[I] is consistent. Since T is consistent, P # (). () € P.) Partially order P
by inclusion C. Let C be a chain in P and I" = UC. Since every proof is
finite, I" € P. So, by Zorn’s lemma, P has a maximal element, say A.

Set T = T'[A]. Clearly, T" is a simple consistent extension of T'.

We claim that T’ is complete. Let A be a closed formula of T that is
not a theorem of 7”. In particular, A ¢ A. We must show that T F —A.
If not, then by Proposition 4.4.5, T'[A] is consistent, contradicting the
maximality of A. O
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Completeness Theorem and Model
Theory

5.1 Completeness Theorem

In this section we prove the completeness theorem for first-order logic. We
shall prove it in its second form (Theorem 4.4.8). The result for countable
theories was first proved by Godel in 1930. The result in its complete gen-
erality was first observed by Malcev in 1936. The proof given below is due
to Leo Henkin.

Theorem 5.1.1 (Completeness theorem) Every consistent first-order
theory T has a model.

Since we have only syntactical objects at hand, a model of T" has to be
built out of these. Since syntactical objects that designate individuals of a
model are variable-free terms of the language of T', it seems quite natural to
start with these. However, T' may have no constants. In that case, we add
at least one constant to T and no other nonlogical axiom. By the theorem
on constants, the theory 7" thus obtained is a conservative extension of T,
and so consistent. Further, the restriction of any model of 7" to L(T) is a
model of T'. Thus, without any loss of generality, we assume that 7" has at
least one constant symbol.

Let N be the set of all variable-free terms. Let a and b be variable-free
terms such that T'F a = b. Then interpretations of @ and b in any model
of T are the same individuals. This leads us to define a binary relation on
N as follows:

a~b if THa=0,
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where a, b belong to N.
Lemma 5.1.2 The binary relation ~ is an equivalence relation on N.

Proof. (i) The relation ~ is reflexive, i.e., for every variable-free term ¢,
THt=t.

This is so by the identity axiom and the substitution rule.

(ii) It is symmetric by the symmetry theorem (Proposition 4.2.15) and
the tautology theorem.

(iii) By the equality axiom and the substitution rule,

Fs=t—-t=u—s=nu.
Hence, the relation is transitive by the detachment rule. O

We set M to be the set of ~-equivalence classes. For any a € N, let [a]
denote the equivalence class containing a. Since T has constant symbols,
M is nonempty. The set M will be the universe of our intended model.

We now define the interpretations of the nonlogical symbols of T" in M
in a natural way:

Cp = [C]
fau(lad], .. lan)) = [far - - anl,
and
pum([ai], .-, [an]) if and only if T+ pay - - ay.

In the above definitions, ¢ is a constant symbol (so a variable-free term),
ai,...,a, are variable-free terms, f an n-ary function symbol, and p an
n-ary relation symbol. The above functions and relations on M are well-
defined by the equality theorem (Proposition 4.2.16).

We have now defined a structure M for the language of T'. The structure
M is called the canonical structure for the language of T'. By induction
on the length of expressions, the following result is quite routine to prove.

Lemma 5.1.3 Let a be a variable-free term and A a variable-free open
formula of T. Then

(a) apr = [a].
(b)) THA+< M E A.

Is the canonical structure for L(T') a model of 7?7 A moment’s reflection
will tell us that T ought to have many constants. For instance, suppose
T+ JvA, where v is the only free variable in A. In order that JvA be valid
in M, there should be a variable-free term ¢ such that T F A,[t].

In a very special case, we prove that the canonical structure of L(T) is
a model of T.
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A theory T is called a Henkin theory if for every closed formula of the
form 3z A there is a constant symbol, say ¢, in L(T) such that

TF3zA — Ayl
An extension of T' that is Henkin is called a Henkin extension of T'.
We have the following theorems.

Theorem 5.1.4 FEvery theory T has a conservative Henkin extension T'.
In particular, if T is consistent, so is T".

We shall give a proof of this later in the section.

So, we fix a conservative Henkin extension 7" of T'. Since T is consistent,
T’ is consistent. By Lindenbaum’s theorem (Theorem 4.4.11), 7" has a
complete simple extension T”. Since T" is a simple extension of a Henkin
theory, it is clearly a Henkin theory.

So, the completeness theorem will follow from the following theorem.

Theorem 5.1.5 If T" is a complete Henkin theory, then the canonical
structure for T" is a model of T" .

Proof. By the closure theorem, the result will be proved if we show the
following:
For every closed formula A,

T" = A if and only if M = A. (%)

The proof of (%) proceeds by induction on the number of times the logical
symbols V, =, and 3 occur in A. This number is called the height of A.

By definition of M, (%) holds for all atomic A.

Suppose B is the closed formula —A and that (*) holds for A. Let 7" + B.
Since T" is consistent, it follows that T" I/ A. By the induction hypothesis,
it follows that M £ A. But then M = B. Conversely, suppose T t/ B.
Since T" is complete, this implies that T + A. By the induction hypothesis,
M = A.So M |~ B.

Now suppose A = BV C, and (*) holds for B and C. We can show that
(*) holds for A using similar arguments and Exercise 4.4.10.

Suppose B is the closed formula 3z A and () holds for all formulas of
height less than the height of B. Let T F JxA. Since T” is a Henkin
theory, there is a constant symbol ¢ such that

T+ 3zA — Aglcl.
By the detachment rule, it follows that

T" = Aglcl.
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By the induction hypothesis, M = A,[c]. Let m = cps. Since cpr = (im) M,
M = Aglim]. Hence M |= B. Conversely, suppose M |= B. Then there is an
m € M such that M = A,[iy], im the name for m in the language Ly,. Let
m = [a] for some variable-free term a. By Lemma 5.1.3, apr = (i) = m,
i.e., M = a = i,. Hence, M |= A.[a]. By the induction hypothesis,

T" = Aglal.
Since A,[a] — Jx A is a substitution axiom, by the detachment rule,

T" + B.

It only remains to prove Theorem 5.1.4. We first define T". Set Ty = T.
Suppose T, has been defined. We define an extension 75,1 of T;, as follows:
for each closed formula of T}, of the form Jx A, add a new symbol, say c3; 4,
and a new axiom JxA — A,[caza]. The new constant symbols added to
T, _1 to define T,, will be called special constants of level n; If ¢ is the
special constant for 3z A, the axiom 3z A — A,[c] will be called the special
axiom for c.

Now let 7" be the theory whose language is the “union” of the languages
of the T},’s, i.e., nonlogical symbols (nonlogical axioms) of 7" are precisely
those that are nonlogical symbols (respectively nonlogical axioms) of some
T,. Clearly, T’ is a Henkin theory.

Claim. The Henkin extension T' of T is a conservative extension of T

Proof of the claim. Our claim will be established if we show that for each
n, T),11 is a conservative extension of 7T;,. To see this, observe the following:
Let A be a formula of T and a theorem of T”. Since every proof of A in
T’ contains only finitely many axioms and finitely many special constants,
T, + A for some n.

Let T)Y be the extension of T),, obtained by adding all special constants
of level n + 1 but no new nonlogical axiom. By the theorem on constants,
T¢ is a conservative extension of T,,. Hence, our proof will be complete if
we show that 7,41 is a conservative extension of T7S.

Let A be a formula of T such that 7,11 - A. By the reduction theo-
rem, there exist distinct special axioms for special constants of level n + 1,
By, ..., By, such that

T°F By — -+ — B, — A.

Suppose Bj is the formula 3zC — C,[c|, where ¢ is the special constant
for 3zC. Since the B;’s are distinct, it follows that ¢ does not occur in
B,,...,By.
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Let y be a variable not occurring in By — --- — B — A. Then, by the
theorem on constants,

ToF (F2C — Crly]) » Ba — -+ — By, — A.
Hence, by the F-introduction rule,
T+ Jy(F2C — Cyly]) » By — -+ — By, — A.

Now,
T¢ F 32C — FyCyly]

by the variant theorem. Since y does not occur in JzC, it follows that
T+ 3y(FzC — Caly)).
By the detachment rule,
T F By —---— B, — A.
Proceeding similarly, in k steps, we show that
TS A.
O

The completeness theorem is a very important result in mathematical
logic. It shows that our definition of proof is a correct one. Besides, it is
quite useful. Instead of giving the tedious syntactical proofs, now one can
establish results using the notion of truth. This is often an easier job. Fur-
ther, arguments no longer depend on logical axioms and rules of inference.

The model of T obtained as above is called the Henkin model of T'.

Let k be an infinite cardinal. Recall that a theory T is called a k-theory
if its language has at most x nonlogical symbols.

Theorem 5.1.6 Let x be an infinite cardinal and T a consistent k-theory.
Then there is a model M of T such that | M| < k.

Proof. The model M obtained in the proof is of cardinality at most x. (We
invite the reader to prove it.) O

Exercise 5.1.7 Let L(T") be an extension of L(T). Show that 7" is an
extension of T if and only if the restriction of every model of 7" to L(T) is
a model of T'.

Exercise 5.1.8 Show that two theories are equivalent if and only if they
have the same models.
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Proposition 5.1.9 Any finite set of first-order sentences that is valid in
the theory T of torsion-free abelian groups is true in some abelian group
with torsion. Hence, the theory of torsion-free abelian groups is not finitely
axiomatizable.

Proof. Let Aq,...,A, be sentences of T' that are valid in T'. So, these are
theorems of T'. Since every proof of A;, 1 < i < n, contains only finitely
many axioms P,, of the form

Va(—(x = 0) — =(mz = 0)),

there is a natural number & such that A; has a proof in T" without using
axioms P; for ¢ > k. Since there are abelian groups such that the order of
each of its elements is < k, the theory 7" that is an extension of the theory
of abelian groups and whose new axioms are P;, i > k, is consistent. Hence
it has a model. The result now follows. 0O

Exercise 5.1.10 Show the following:

(i) The theory of torsion-free abelian groups is not finitely axiomatizable.
(ii) The theory of divisible abelian groups is not finitely axiomatizable.
(iii) Any finite set of first-order sentences of the theory of fields that are

valid in the theory of fields of characteristic zero are valid in fields of
characteristic p for all large p.
(iv) The theory of fields of characteristic 0 is not finitely axiomatizable.

5.2 Interpretations in a Theory

In this section we define an interpretation of a theory 7" in another theory
T’. Semantically, this would mean that given any model of T’ one can define
a model of T. For instance, starting from the Peano axioms, we construct
rational numbers and show that they form a field. Thus we can say that
field theory has a model in Peano arithmetic.

Let L an L’ be first-order languages. An interpretation I of L in L’
consists of:

(a) a unary predicate symbol Uy of L', called the universe of L;

(b) for each constant symbol ¢ of L, a constant symbol ¢; of L';

(¢) for each n-ary function symbol f of L, an n-ary function symbol f; of
L';

(d) for each n-ary relation symbol p of L other than =, an n-ary relation
symbol p; of L'.

Let I be an interpretation of L in L’ as above and ¢ a term of L. The
term, designated by t;, of L’ obtained from ¢ by replacing each nonlogical
symbol u of L by uy is called the interpretation of ¢t by I.
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An interpretation of L in a theory 7" is an interpretation I of L in
L(T'") such that

T+ Us(er), (1)
T'+ 32Uz, (2)

and
T Uiz, — - — Uizp — Urfroey ... xy (3)

for each n-ary function symbol f of L.

The first condition requires that 7" prove that the universe U; contains
cr; the second requires that T” prove that Uy is nonempty; the third requires
that in the theory T", fr be an n-ary function whose restriction to U takes
values in U7. An interpretation I of L in T may be thought of as a structure
of L in T" where the underlying universe is Uj.

Let A be a formula of L. We now proceed to define a formula A’ of L/
such that 77 F A! will mean that A is true in the structure U;. Let A; be
the formula of L(T") obtained from A by replacing each nonlogical symbol
u occurring in A by u; and also replacing each subformula of A of the type
JxB by 3x(Urxz A Br). More precisely, we define A; by induction on the
rank of A. For atomic formulas, we obtain A; from A by replacing each
nonlogical symbol u occurring in A by uy. If Ais ~B or BV C, Ay is =By
or By V Cy respectively. If A is 3aB, Ay is Jz(Urx A By).

Finally, if vy, ..., v,—1 are all the variables free in A (and hence in Ay)
in alphabetical order, then A’ is the formula

U]’Uo — e = U[’Un_l — A[.
Note that if A is closed, then A’ is the formula A;.

An interpretation of a theory T in a theory 7" is an interpretation I
of L(T) in L(T") such that for every nonlogical axiom A of T, T' - Al

Theorem 5.2.1 If T has an interpretation in T’ and if T' is consistent,
then so is T.

Proof. Let I be an interpretation of T in T” with universe U;. Since T” is
consistent, by the completeness theorem, it has a model M.
Set
N = (Ur)m.

By (1) and the validity theorem, N is a nonempty set. For any relation
symbol p of T, let px be the restriction of (p;)a to N. Now take a n-ary
function symbol f of T. By (2) and the validity theorem, N is closed under
(fr)pr- We define fy to be the restriction of (fr)ar to N. Thus, N is a
structure for L(T).
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Now let A be a nonlogical axiom of 7. Then 7" + A!. Hence, by the
validity theorem, M = A!. Now it is quite easy to check that N = A. So
N isamodelof T. O

5.3 Extension by Definitions

In a theory we begin with the minimal number possible of undefined con-
cepts (constant, function, and predicate symbols of the theory). Axioms of
the theory state their basic properties. But as the theory develops, more
and more concepts are introduced and they are treated as an integral part
of the theory. For instance, in number theory, subtraction is not a nonlogical
symbol of N. It is defined later. Similarly, in set theory, C (inclusion) is a
defined concept and not a nonlogical symbol of the language for set theory.
Results proved using these concepts are taken as theorems of the original
theory. In this section, we show that this is a logically correct process.

Let plvy, ..., v,], v;’s distinct, be a formula of T'. We form an extension T”
of T by adding a new n-ary relation symbol p and adding a new nonlogical
axiom

PUL - Uy > . (1)

The formula (1) is called the defining axiom for p.

Example 5.3.1 In ZF, if we add a binary relation symbol C and a new
axiom
xCy«—Vz(zex—z€e€y),

we get an extension by definition of ZF in which C (subset) is a defined
concept.

Proposition 5.3.2 Let p[v1,...,v,] be a formula of T and let T be ob-
tained from T by adding a new n-ary relation symbol p with

p’l}l .. ’l}n —> (p
as its defining axiom. Then T' is a conservative extension of T.

Proof. Let A be a formula of T that is a theorem of T”. By the completeness
theorem, the proof will be complete if we show that A is valid in T". Let M
be a model of T'. Interpret p in M as follows: For ay,...,a, € M,

plar, ... an) <= M E= ©u,.. v, llars s lay -
Thus, we get a model M’ of T’. By the validity theorem,
M E A.

But this implies that
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M = A.
O
Now we consider a similar method of adding a function symbol to a the-

ory. Let vg, ..., v,—1 and w,w’ be distinct variables and @[vg, ..., vp—1, W]
a formula of T'. Further, assume that

T+ Jwe (i)

and
TE (oA ppw']) —w=uw'. (i1)
Informally speaking, conditions (i) and (i) say that for all vg,...,v,_1,

there is a unique w “satisfying” . We form 7’ from T by adding a new
n-ary function symbol f and a new nonlogical axiom

w= fug-Up_1 < p. (#i7)
The formula (i) is called the defining axiom for f.

Example 5.3.3 In ZF, (after adding C), consider the following formula

pla,y:
Vz(z € y «— 2z C z).

Using the power set, comprehension, and extensionality axioms, one shows
that the formula ¢ satisfies (i) and (i7) for T' = ZF (in fact the extension of
ZF obtained by adding C). So, one may add a new unary function symbol
P (traditionally called power set) and a new nonlogical axiom

y="P) — ¢

Remark 5.3.4 Note that if n = 0, this method adds a new constant sym-
bol to T. As an example, we can add a constant symbol 0 (called empty
set) in an extension by definition of ZF'. This can be seen as follows: Let
Aly] be the formula

Ve=(z € y).

Using the set existence, extensionality, and comprehension axioms of ZF,
one shows that A satisfies conditions (i) and (i) for T = ZF. One then
defines an extension by definition of ZF by adding a new constant symbol
0 and a new axiom

y=0< A.

Proposition 5.3.5 Let T’ be obtained from T by adding a new n-ary func-
tion symbol [ with
w:foO...fUnil <—>S0

as its defining axiom. Then T' is a conservative extension of T.
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Proof. Let A be a formula of T that is a theorem of T”. By the completeness
theorem, the proof will be complete if we show that A is valid in T". Let M
be a model of T'. Interpret f in M as follows: For b, ag,...,a,_1 € M,

b= f(ao, ey an_1) — M ': Pw,vg,... ;01 [ib,iao, o 77:¢1n71}'

Thus, we get a structure M’ of L(T") that is an expansion of M. It is easy
to check that M’ is a model of T".
By the validity theorem,
M E A.
But this implies that
M E A.

O

We say that T” is an extension by definitions of T if T” is obtained
from T by a finite number of extensions of the two types that we have
described.

Theorem 5.3.6 If T’ is an extension by definitions of T, then T' is a
conservative extension of T. In particular, T is consistent if and only if T’
18 consistent.

An interpretation I of T in T” is called faithful if for every formula ¢
of T, T' -l = TF .

Exercise 5.3.7 Suppose T has a faithful interpretation in an extension by
definitions of 77 and T” is consistent. Show that T is consistent.

Remark 5.3.8 The previous exercise gives a method to prove relative con-
sistency results.

We state some interesting results without proof.

Theorem 5.3.9 Peano arithmetic PA has an interpretation in an exten-
sion by definitions of ZF. [6]

Theorem 5.3.10 Fach of Peano arithmetic PA and ZF — Infinity has a
faithful interpretation in an extension by definitions of the other. In partic-
ular, PA is consistent if and only if ZF — Infinity is consistent. [6, Exercise
30, p.149].

5.4 Compactness Theorem and Applications
In this section we present the compactness theorem for first-order theories.

This was first proved for countable theories by Godel in 1930. In its full
generality, it was proved by Malcev. Malcev was also the first who saw the
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power of this theorem. Using the completeness theorem, it is now trivial to
prove.

Theorem 5.4.1 (Compactness theorem for first-order theories)
A theory T has a model if and only if each of its finitely axiomatized parts
has a model.

Proof.

T has a model < T is consistent
< each finitely axiomatized part of T is consistent
< each finitely axiomatized part of T has a model.

O
We now give some applications of the compactness theorem.

Proposition 5.4.2 Let T be a theory that has arbitrarily large finite mod-
els. Then T has an infinite model.

Proof. Let {c, : n € N} be a sequence of distinct symbols not appearing
in L. Let T” be the extension of T obtained by adding each c¢,, as a new
constant symbol and for each m < n, the formula —(¢, = ¢,) as a new
axiom.

Since T has arbitrarily large finite models, each finite part of 77 has a
model. Hence, by the compactness theorem, 7" has a model. Clearly, any
model of 7" is infinite and a model of T. O

Remark 5.4.3 This also shows that there is no theory T' whose models
are precisely the finite sets.

We can use the above idea to build models of arbitrarily large cardinali-
ties.

Theorem 5.4.4 (Tarski) Let  be an infinite cardinal. Assume that T has
an infinite model M. Then T has a model of cardinality at least k.

Proof. Fix a set {co : a@ < k} of cardinality x of distinct symbols not
appearing in L. Let L’ be the extension of L obtained by adding each c,
as a constant symbol. Set

I={catcs:atpl).

Consider the theory
T =TI

with language L’.

We claim that 7" is finitely satisfiable. To see this, fix a finite subset I
of I'. Let cq,,...,Cq, be all the new constants that appear in a formula
in I". Since M is infinite, there exist distinct elements bq,...,b; of M.
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Interpret c,, by b;, 1 < i < k. Then we get a model of T' in which I is
satsifiable. Thus, by the compactness theorem, T’ has a model. Now note
that any model of T” is of cardinality at least x and a model of . O

Under the hypothesis of Tarski’s theorem, we can say more.

Theorem 5.4.5 (Tarski) Let k be an infinite cardinal and T a consistent
k-theory. Assume that T has an infinite model M. Then T has a model of
cardinality k.

Proof. Let T' be the theory obtained from T as in the proof of Theorem
5.4.4. Note that T” is a consistent x-theory. By Theorem 5.1.6, 77 has a
model N of cardinality at most . Since any model of T’ is of cardinality
at least k, |[N| = k. Thus, we get a model of T of cardinality x. O

Corollary 5.4.6 (Lowenheim—Skolem) Every countable consistent the-
ory has a countable model.

Remark 5.4.7 ZFC is a countable theory. Assume that ZFC' is consis-
tent. Then ZFC has a countable model, say V. However, in ZFC we can
prove that the set of real numbers R is uncountable. How can a countable
model contain an uncountable set? This paradox is resolved as follows: no
bijection from N (the set of all natural numbers) onto RV, the set of all
reals in V| is in the model V.

Theorem 5.4.8 (Upward Lowenheim—Skolem theorem) Let k be an
infinite cardinal, L have at most kK nonlogical symbols, and let N be an
infinite structure of L of cardinality at most k. Then there is a structure
M of cardinality k such that N has an elementary embedding in M.

Proof. Let N.; be the theory whose language is Ly and whose axioms are

formulas of the form ¢[iz] (@ € N™,n > 0) that are valid in N. Since N is

a model of N, the theory Ng; is consistent. Further, the model N of N

is infinite. Hence, by Theorem 5.4.5, N¢; has a model M of cardinality .
Now define «« : N — M by

a(a) = (ig)Mm, a € N,

i.e., a(a) is the meaning of i, in M. We claim that & : N — M is an
elementary embedding.
Let a1, as be distinct elements of N. Then

N |: ﬁ(7;111 = ia2)7
i.e., 7(iq, =14,) is an axiom of N.;. Hence,
M ): _‘(ia1 = iaz)a

i.e., a(a1) # alag). Thus, a is an injection.
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Since M is a model of N, a is clearly an elementary embedding of N
into M. 0O

The compactness theorem gives nonstandard models of number theory,
real numbers, etc.

The set N with the usual S, +, - and < will be called standard model
of N and of PA. A formula ¢ of N or of an extension by definitions of N
will be called true if it is valid in the standard model N.

Proposition 5.4.9 There is a model M of the theory N having an element
b such that for every natural number n, (n)p < b.

Proof. Recall that the set of all natural numbers N = {0,1,2,...} is a
model of N. Take a new constant symbol ¢ and for each natural number
m, let A,, be the formula m < ¢. Now consider the theory

N’ = N[{An : m € N}].

Since every finite set of natural numbers has an upper bound in N, it follows
that N’ is finitely satisfiable. Hence, by the compactness theorem, it has a
model M. This model has the required properties with b = cp;. O

Exercise 5.4.10 Show that there are models of N of arbitrarily large in-
finite cardinalities.

Proposition 5.4.11 There is an ordered field *R that is not archimedean.

Proof. Let T be the theory of ordered fields. Consider the extension 7" of T
obtained by adding a new constant symbol ¢ and the following new axioms:

nl <c, neN.

Since the real line R is a model of each finitely axiomatized part of T, by
the compactness theorem, T” is consistent. Let *R be a model of 77 and
1,b the interpretations of 1 and c respectively in this model. Then nl < b
for all n. Thus *R is not archimedean. 0O

Exercise 5.4.12 Show that there is no first-order theory whose models
are precisely archimedean ordered fields.

Exercise 5.4.13 Show that there is no first-order theory whose language
has only one nonlogical symbol, namely a binary relation symbol, and whose
models are precisely the well-ordered sets.

5.5 Complete Theories

In this section we shall study general properties of complete theories.
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Proposition 5.5.1 Let T be a consistent theory. Then the following state-
ments are equivalent:

(1) The theory T is complete.
(2) Any two models M and N of T are elementarily equivalent.
(8) For any model M of T, T is equivalent to Th(M).

Proof. We first show that (1) implies (2). Let ¢ be a sentence in T'. If
Tk, then M =paswellas N = . f T+ —p, then N }£ ¢ and M [~ .
Thus (1) implies (2)

Now assume (2). Any model of Th(M) is clearly a model of T. On the
other hand, let N be a model of T. By (2), every theorem of Th(M) is
valid in N, i.e., N is a model of Th(M). So, T and Th(M) are equivalent
by Proposition 5.5.1.

We now prove that (3) implies (1). Let ¢ be a closed formula. Exactly
one of ¢, =y is in Th(M). Hence, by (3), one of them is a theorem of T
O

Exercise 5.5.2 Show that there exists a nonarchimedean ordered field
elementarily equivalent to the field of reals.

Let x be an infinite cardinal. A consistent k-theory T is called
k-categorical if any two models of T of cardinality x are isomorphic.

Our interest in this concept stems from the following result of Robert
Vaught.

Theorem 5.5.3 (Vaught) Let k be an infinite cardinal and T a consis-
tent k-theory all of whose models are infinite. If T is k-categorical, T is
complete.

Proof. Suppose a sentence ¢ is not decidable in T'. By Proposition 4.4.5,
the theories T1 = T'[p] and Tz = T[] are consistent. Since T" has no finite
models, both 77 and T5 have infinite models. So, by Theorem 5.4.5, 71 and
T> have models M; and My respectively of cardinality . Hence, by the
hypothesis of the theorem, they are isomorphic. But ¢ is valid in M; and
not in M>. Thus we have arrived at a contradiction. Hence, T is complete.
O

Proposition 5.5.4 The theory DLO of order-dense, linearly ordered sets
with no first and no last elements is complete.

Proof. By Exercise 2.4.3, DLO is Ny-categorical, where N, is the first in-
finite cardinal. Clearly all its models are infinite. Therefore by Vaught’s
theorem (Theorem 5.5.3), DLO is a complete theory. O
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5.6 Applications in Algebra

Let (G, +) be a divisible torsion-free abelian group. Then for every z € G
and every n > 1, there is a unique y € G such that ny = . We set y = z/n.
Now for any rational number m/n, we define 2 = m(x/n). It is easy to
check that (G,+) with this definition of scalar product is a vector space
over the field of rationals Q.

Proposition 5.6.1 Any two divisible torsion-free abelian uncountable
groups G1 and Gy of the same cardinality are isomorphic.

Proof. We treat both G; and G5 as vector spaces over the field Q of ratio-
nals. Let B; be a basis of of G;, 1 < ¢ < 2. Since each G; is uncountable,
we have

|Bi| = |G1| = [G2| = |Bz|.
Hence, G; and G4 are isomorphic as vector spaces. In particular, they are
isomorphic as groups. O

Hence by Vaught’s theorem (Theorem 5.5.3), we have the following re-
sult.

Theorem 5.6.2 The theory of divisible torsion-free abelian groups is com-
plete.

It is known that two algebraically closed fields are isomorphic if and only
if they have the same characteristic and same transcendence degree. Let x
be an uncountable cardinal. It is known that an algebraically closed field
is of transcendence degree « if and only if it is of cardinality k. [7]. So we
have the following theorem.

Theorem 5.6.3 Let « be an uncountable cardinal. Then ACF(0) and
ACF(p), p > 1, are k-categorical.

Let F = {ay,...,ar} be a finite field and let 1 denote its multiplicative
identity. Then the polynomial
1+ (x—a1) - (x—ag) - (x —an)

has no zero in F. Hence every algebraically closed field is infinite. Thus all
models of ACF' are infinite. Now by Vaught’s theorem (Theorem 5.5.3), we
have the following result.

Theorem 5.6.4 The theories ACF(0) and ACF(p), p > 1, are all com-
plete.

Theorem 5.6.5 Let ¢ be a sentence of the language of the theory of rings
with identity. Then the following statements are equivalent:

(i) ¢ is valid in the field C of complex numbers.
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(i1) @ is valid in all algebraically closed fields of characteristic 0.

(iii) ¢ is valid in some algebraically closed field of characteristic 0.

(iv) There is an m such that for all prime p > m, ¢ is valid in some
algebraically closed field of characteristic p.

(v) There is an m such that for all prime p > m, ¢ is valid in all alge-
braically closed fields of characteristic p.

Proof. By Proposition 5.5.1, (i) implies (ii) and also (iii) implies (ii). Now
assume (ii). Then by the completeness theorem, ¢ is theorem of ACF(0).
Since a proof of ¢ contains only finitely many nonlogical axioms, there is
an m such that for all primes p > m, ¢ is a theorem of ACF(p). Hence
(iv) is true by the validity theorem.

The statement (iv) implies (v) because each ACF(p) is complete. We
now show that (v) implies (ii). Let ACF(0) [~ ¢, i.e., ¢ is not valid in
ACF(0). Since ACF(0) is complete, it follows that —¢ is valid in ACF(0).
Since (ii) implies (v), it follows that there is an m’ such that for all primes
p >m', —p is valid in all algebraic closed fields of characteristic p. So, (v)
is false. O

We close this chapter by giving an application in algebra. We recall a
standard result from algebra.

Proposition 5.6.6 Let p be a prime, F), the field with p elements, andE
its algebraic closure. Then

Fp - Un21Fpn.
In particular, every subfield of F, generated by finitely many elements is

finite.

Proposition 5.6.7 Let p > 1 be prime and
f(X1, o X))y eoo fo(Xa, ., X)) € B[Xy, ., Xy

If the map o o

f: (fla'“afn):Fp _>Fp
18 1njective, it is surjective.
Proof. Suppose [ is not surjective. Let {ai1,...,ar} be the set of all coeffi-
cients of f1,..., fn. Let by, ..., b, € Fj, besuch that (b1, ...,b,) is not in the
range of f. Let K be the subfield of F,, generated by {a1,...,ax,b1,...,b,}.
By Proposition 5.6.6, K is finite. But now we have an injective map

f : K™ — K" that is not surjective. This is impossible since K" is a fi-
nite set. O

Theorem 5.6.8 (Ax) Let K be an algebraically closed field and

fl(Xh--~7Xn)7-~-afn(X1>~--;Xn) S K[Xl,,Xn]
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If the map
=01, fn) KM =K"

1s injective, it is surjective.

Proof. Let each f; be of degree at most d. It is not hard to see that there
is a sentence @ of the language of ring theory saying that if f1,..., f, are
polynomials of degree at most d and if the map f = (f1,..., fn) is injective,
then it is surjective.

Let K be of characteristic p for some prime p > 1. Then ¢ is valid in F,
by Proposition 5.6.7. So ¢ is valid in K by Theorem 5.6.4 and Proposition
5.5.1.

Now let K be of characteristic 0. In this case the result follows from
Proposition 5.6.7 and Theorem 5.6.5. 0O



6

Recursive Functions
and Arithmetization of Theories

Let us ask the following question: is there an algorithm to decide whether an
arbitrary sentence of the theory N is a theorem? Many important math-
ematical problems are of this type. For instance, the famous Hilbert’s
tenth problem sought for an algorithm to decide whether an arbitrary
polynomial equation

F(Xq,...,X,)=0

with integer coefficients (also known as a Diophantine equation) has a solu-
tion in rational numbers. Problems of this form are called decision prob-
lems.

The possibility of nonexistence of an algorithm for a decision problem
calls for defining the notion of algorithm precisely. This was considered
by several logicians including Herbrand, Church, Kleene, Gédel, and Tur-
ing. Several possible definitions were advanced, and quite remarkably, all
of them were shown to be equivalent. The notion of algorithm is quite
important for the incompleteness theorems. We shall adopt the definition
given by Gédel. He introduced a class of functions f : N¥ — N!, now called
recursive functions. These are all the functions that can be computed me-
chanically. The definition given by Goédel is quite mathematical and helps
to prove quite a strong form of incompleteness theorem.

In this chapter we shall study recursive functions. We shall also introduce
techniques to show how a general decision problem can be converted into
showing whether a partcular function is recursive.
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6.1 Recursive Functions and Recursive Predicates

Throughout this and the next section, unless otherwise stated, by a number
we shall mean a natural number, by a relation or a predicate we shall mean
an n-ary relation on N, n > 1, and by a function we shall mean a function
of the form f :N™ — N" m,n > 1. A sequence of numbers (ng,...,Nk—1)
will usually be denoted by m. Further, we shall not distinguish between a k-
ary relation and a subset of N*. In fact, in our context, it is more convenient
and natural to treat a subset of N* as a k-ary relation. Thus, for P,Q C N¥,

-P=P°=NF\P, PYQ=PUQ, P\Q=PnNQ,

and
P—-Q=PUQ, P~Q=(P—Q)N(Q— P).

If @ € N**1 we have the following equivalence:
ImQ(m,n) < (mQ)(n),

where 7,Q denotes the projection of Q to the last N¥ coordinate space.
The characteristic function x4 of A C X is defined by

Oifx € A,
1 otherwise.

xa(z) = {

We caution the reader that some authors define x4(z) to be 1 if z € A
and 0 otherwise.
Let P be a k-ary relation. We define a (k — 1)-ary function by

mP(m, ) = 0 if Vm—P(m,n),
# 7777 ] first m such that P(m,n) holds otherwise,

where @ = (ng,...,nk—2). In paricular, if k is 1, this defines the following
natural number:

P(m) = 0 it Vm—=P(m),
HIEAT) = first m such that P(m) holds otherwise.

The operation p is called minimalization. In the sequel, we shall also
need bounded minimalization ;< and bounded quantifiers 3<, V<,
3=, and V<. We define

u<"P(m,n) < pk[P(k,n) V k= m],

I<"P(m,n) « Jk[k <m A P(k,n)],

and
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V<" P(m,n) < Vk[k < m — P(k,7)].

The bounded quantifiers 3= and V< are similarly defined.
We give below examples of some simple functions.
Successor Function: S(n) =n+ 1;

Constant Functions: For any k£ > 1 and any p > 0,

C’;f(nl,...,nk) =Dp;
Projection Functions: For any £ > 1 and 1 <17 <k,

ﬂf(nl,...,nk) = N;.

The functions + (addition), - (multiplication), x<, and 7F, k > 1,1 <
1 < k, will be called initial functions.

Now we fix some constructive schemes for defining a function f from
given functions.
Composition: Given h(ni,...,ny) and g;(l1,...,lk), 1 <i < m, define

f(ll,...,lk) = h(gl(ll,--~7lk),-~-,9m(117--~7lk))~

Minimalization: Given a function g of (m + 1) variables such that
for every (ni,...,nm,), there is a k such that g(k,ni,...,nm,) = 0, we
define f by

f(ny,...,nm) = pklg(k,n1,...,nm) =0].

A function f is called recursive if it can be defined by successive appli-
cations of composition and minimalization starting with initial functions.
More precisely, the set of recursive functions is the smallest collection of
functions that contains all initial functions and that is closed under com-
position and minimalization. A relation R is called recursive if its char-
acteristic function y g is recursive.

Note that by definition, < is a binary recursive predicate.

It has been accepted that a function is “computable mechanically” if and
only if it is recursive. The statement in italics is known as Church’s thesis.
Once again we mention that several natural definitions of mechanically
computable functions were given. All definitions are shown to be equivalent.

We shall see that many decision problems can be turned into showing
whether a function f : N — N" is computable.

Remark 6.1.1 It is quite easy to see that the sets of recursive functions
and recursive predicates are countable. So, there are functions and pred-
icates that are not recursive. However, it is not easy to give examples of
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such functions and prediactes. This is because nonrecursive functions and
nonrecursive predicates are, in some sense, nonconstructive.

Now we proceed systematically to give examples and closure properties
of recursive functions and predicates.

If 7 : N¥ — N” is the projection to the first n coordinate spaces and if f
is a an n-ary recursive function, so is the k-ary map g defined by

9(@) = f(x()).

Lemma 6.1.2 If P(n) is a k-ary recursive predicate and if f;(w), 1 < j<k,
are recursive, then the predicate

Q(ﬂ) <~ P(fl(ﬂ), ey fk(ﬂ))

is recursive. In particular, if w is a permutation of {0,1,...,n— 1} and P
an n-ary recursive predicate, then so is the predicate Q@ defined by

Q(Z(]a teey lnfl) — P(ZTF(O)7 sy l‘n’(n—l))'

Proof. Since the set of all recursive functions is closed under composition,
the result follows from the following identity:

xQ@) = xp(f1(a),..., fr(a)).

The above closure property of the set of all recursive predicates is called
closure under recursive substitutions.

Lemma 6.1.3 If P(m,n) is a recursive predicate such that for every m,
P(m,m) holds for some m, then

f(@) = ymP(m,7)
1S recursive.
Proof. The result follows from the identity
f(m) = pm[xp(m,n) = 0]

and the minimalization rule. O

Lemma 6.1.4 Fvery constant function C;,f, k>1,p>0, is recursive. In
particular, § and each N* are recursive.

Proof. For each k, we prove the result by induction on p. Since
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k(= _ k+1 N\
CO (Tl) - /’[’m[Trl (ma Tl) - 0]7
CF is recursive. Assume that C’;f is recursive. Now,

CSH = um[C}’; < m).

The result follows by the induction hypothesis. O

In what follows, instead of giving complete proofs, we shall define func-
tions and predicates in such a way that it would not be hard to show that
they are recursive.

Example 6.1.5 The successor function S(n) = n + 1 is recursive. This
follows from the identity

S(n) = mi(n) + Ci(n).

Example 6.1.6 The binary predicates <, >, and > are recursive. This fol-
lows from the following equvalences and the closure properties of recursive
predicates already proved:

min<<—m<n+1,

m>n<=n<m,
m=n,

and
m>n<=m-+1>n.

Proposition 6.1.7 If P and Q are n-ary recursive predicates, so are =P
and PV Q. It follows that the predicates PN\ Q, P — Q, and P < Q are
also recursive if P and Q are. In particular each finite subset of N¥, k> 1,
18 TeCursive.

Proof. The result follows from the following identity:
x-p(P) = x<(0,xp(p)) and xpve(P) = xP(P) - X (P),

where = (p1,...,pn). O

Example 6.1.8 We define m—n as follows:

e — m —n if m > n,
~ 10 otherwise.

The function m—mn is recursive. To see this, note the following identity:
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m—n = pkln+k=mVvm < n.

Exercise 6.1.9 Show that the following functions are recursive:
(i) |m —nl.
(ii) min(m,n).

(iii) max(m,n).
(iv

(n) = 1lif n=0,
A=V 0iftn>o0.

sg(n) = 0ifn =0,
I =\ 1ifn > 0.
Exercise 6.1.10 Show that the set of all recursive functions is closed un-

der bounded minimalization; the set of all recursive predicates is closed
under bounded quantifiers.

Remark 6.1.11 In the next chapter, we shall show that the set of all
recursive predicates is not closed under existential and universal quantifiers.

Exercise 6.1.12 Let Aq,..., A,, be pairwise disjoint recursive subsets of
N* whose union is N*. Suppose fi,..., fm are k-ary recursive functions.
Define g : N¥ — N by

fi(@) if @ e A,

9(@) = :
fm(@)ifa e A,,.
Show that g is recursive.

We now proceed to show that we can effectively code a finite sequence of
numbers, a finite sequence of finite sequences of numbers, etc. by numbers.
This remarkable idea is due to Godel, and he turned it into a powerful tool
for proving his incompleteness theorems.

Exercise 6.1.13 The following predicates are recursive:

(i) (Divisibility) m|n < 3<"k[m - k = n].
(ii) (Prime) Prime(p) < p is a prime.
(iii) (Relatively prime) RP(m,n) < m # 0An # 0AVp < m][(Prime(p) A
plm) — —pln].

For an ordered pair (m,n) of natural numbers, we define

OP(m,n)=(m+n)-(m+n+1)+n+1.
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Clearly, OP(m,n) is recursive.
Lemma 6.1.14 The function OP is one-to-one.

Proof. Let OP(m,n) = OP(m/,n’). We first show that m +n = m/ +n’.
Suppose not. Without any loss of generality, we assume that m +n <
m’ +n'. Now

OP(m,n) < (m+n+1)? < (m' +n)? < OP(m’,n).

This is a contradiction.
Since m +n =m’ +n’ and OP(m,n) = OP(m/,n’), from the definition
of OP, it follows that n = n/. This, in turn, implies that m = m’ too. O

We shall need the following two simple lemmas from number theory.

Lemma 6.1.15 Let mq,...,my and nqy,...,n; be sequences of numbers
such that YiVj[RP(m;,n;)|. Then there is a number x such that Yi[m;|z]
and Vj[RP(z,n;)].

Proof. Take x to be the product of all the m;’s. If a prime p divides z, it
divides some m;. Hence, —p|n; for all j. The result follows. O

Lemma 6.1.16 Vm,nVj[m|n — RP(1+ (j + m)n, 1+ jn)].

Proof. Let p be a prime number such that p|1+4 (j+m)n as well as p|1+jn.
Then p|mn. Since p is a prime, either p|m or p|n. If p|m, then p|n also
because m|n. Hence, p|n. But then —(p|1 4+ jn). This contradiction proves
our result. O

The following result is due to Godel.

Theorem 6.1.17 There is a 2-ary function 3(n, 1) satisfying the following

properties:
(a) B is recursive.
(b) B(0,7) =0 for all i.
(¢) n#£0— B(n,i) <n for alli.
(d) For every finite sequence m = (ng, ...,ng—1) of positive length, there is
an n such that
Vi < k[B(n,i) = ny).

Proof. Define
B(n,i) = p<"23<"y3I<"2[n = OP(y,2) A (1 + (OP(z,i) + 1) - 2)|y],

i.e., B(n,t) is the first natural number x < n for which there exist y,z < n
satisfying n = OP(y, z) and y|1 + (OP(z,%) + 1) - z. If such an x does not
exist, G(n,i) = n—1.
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Properties (a)—(c) of 3 follow from the definition. To prove (d), take a
finite sequence @ = (ng, ...,nk—1) of positive length. Let

u=max{OP(n;,i)+1:3i <k},

and z the product of all nonzero numbers less than u. Then, by Lemma
6.1.16,
j<l<u= RP(1+jz,1+1z2).
For i < k, set
Let {l;} be an enumeration of all numbers of the form 1 + vz, where 0 <

v <uand v # OP(n;,i)+1 for all i < k. Then, by Lemma 6.1.15, there is
a number y such that

Vj < ull + jzly <= 3i(j = OP(n;,i) + 1)].

Set n = OP(y, z).
It remains to show that §(n,i) = n; for all 7. This will follow if we show
that n; is the smallest number x such that

1+ (OP(z,i) +1)z|y.

Note that this will follow if for all x < n;, OP(z,i) < v and OP(x,i) #
OP(n;, j) for all j. This can easily be seen using the fact that OP is one-
to-one (Lemma 6.1.14). O

The function § defined above is called Godel’s S-function.
For each n > 1 and each finite sequence (ki, ..., ky), we define
(k1,. .. kn) = pm[B(m,0) =n A B(m,1) =k A--- AB(m,n) = k).
We shall call such a number a sequence number.

The empty sequence of natural numbers will be denoted by ( ), and its
sequence number equals 0 by definition.

We now introduce some relations and functions of sequence numbers:

seq will denote the set of all sequence numbers, lh(n) = ((n,0) (the
length of the sequence coded by n), (n); = B(n,i + 1) (the ith element of
the sequence coded by n), and concatenation

(mo,...,mpq1)*(n1,...,np_ 1) = (Mo, ..., My 1,M0, .., N 1).

Proposition 6.1.18 The following functions and predicates are recursive:
n — lh(n), (n,i) — (n);, seq, and the concatenation (m,n) — m*n.
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Proof. Since lh(n) = (n,0) and (n); = B(n,i+1) and since § is recursive,
the functions lh(n) and (n); are recursive. That seq is recursive follows
from the following equivalence:

seq(n) <= 3"y, ... s Uh(n)—1Y0 <4 < Th(n)[B(n, 1) = u].
Let m = (mo,...,Mypemy—1) and n = (ng, ..., Nypmy—1). Then

mxn = pul[seq(u) Alh(u) = lh(m) + lh(n)
AV < lh(m)((u); = m;) AVj < Ih(n)((w)i+j = ny)].

Hence the concatenation function * is recursive. 0O

We introduce yet another operation on recursive functions.
Primitive Recursion: Given an m-ary function g and an (m + 2)-ary
function h, we define an (m + 1)-ary function f by

f(0,m) = g(n),
f(k+1,m) = h(f(k,m), k,7).

The scheme of primitive recursion is a general form of definition of func-
tions by induction. It should be noted that m may be 0 and that a O-ary
function is nothing but a constant. Thus given a natural number p and a
2-ary function h, this procedure defines a sequence {z;} by induction: set
xg = p and xgy1 = h(xg, k). Intuitively it should be obvious that if g and
h are “computable,” so is f.

Proposition 6.1.19 If g is an m-ary and h an (m+2)-ary recursive func-
tion and if f is defined by primitive recursion as above, then f is recursive.

Proof. The function f: N™*! — N is defined by

f0,m) = g(n),
flk+1,7) = h(f(k,7), k, 7).

We first define a function F : N™t! — N as follows:

F(p,m) = pkllh(k) =p+ 1A (k)o = g(n)
AV < p((k)iy1 = h((k)s,4,7)].

By the closure properties of recursive functions and recursive predicates,
F is recursive. Now note that for all p > 0,

f(p,m) = (F(p,m))p-
The result can now easily be seen. 0O

Exercise 6.1.20 Let R be the smallest set of functions that contains the
successor function S, constant functions Cj', and the projection maps 7,
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and that is closed under composition, minimalization, and primitive recur-
sion. Show that a function is recursive if and only if it belongs to R.

The previous exercise gives a more traditional definition of recursive func-
tions. Further, coding a sequence, sequence of sequences, etc. is achieved
more easily with this definition. However, our definition of recursive func-
tions is chosen to give the best-known form of Godel’s theorem.

Example 6.1.21 The exponentiation function m™ inductively defined by

mP =1,
m"t = m" . m,
is recursive.
Exercise 6.1.22 The function n! is recursive.

Exercise 6.1.23 Show that the predecessor function p(n) defined be-
low is recursive:

p(0) =0,
p(n+1) = n.

Exercise 6.1.24 Show that the functions max {m,n}, min {m,n}, and for
any k > 1, max {ny,...,ng} and min{ny,...,ng} are recursive.

Exercise 6.1.25 Let 2 = pg, p1,p2,... be the increasing enumeration of
all prime numbers. Show that n — p,, is recursive.

Exercise 6.1.26 (Closure under complete recursion) Let f(m,7) be
recursive and g(m,7) be defined by the equation

g(mﬂﬁ) - f(<g(07ﬁ)a s 7g(m - 17ﬁ)aﬁ)'
Show that g is recursive. (What is ¢g(0,7?)

Proposition 6.1.27 A function f : N¥ — N is recursive if and only if its
graph gr(f) is recursive, where for any m € N¥,

(m,m) € gr(f) <= f(n) =m.

Proof. If f is recursive, gr(f) is recursive because = is recursive and the
set of all recursive predicates is closed under recursive substitutions. Con-
versely, if gr(f) is recursive, f is recursive because of the following identity:

f(@) = pm|(@,m) € gr(f)].
O

We prove the following result using the well-known diagonal argument of
Cantor. Godel uses it beautifully to prove the first incompleteness theorem.
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Proposition 6.1.28 There is no recursive set U C N x N such that for
every recursive set A C N there is an n € N satisfying

Ym[m € A <= (n,m) € U],

i.e., there is no recursive set U C N x N whose vertical sections exactly list
all recursive subsets of N.

Proof. Suppose such a recursive set U exists. Define
A*={m e N:(m,m) ¢ U}.

Since the predicate U¢ is recursive and since the set of all recursive pred-
icates is closed under recursive substitutions, A* is recursive. So, by the
hypothesis, there is an n* € N such that

Ym[m € A* < (n*,m) € U]. (%)

If n* € A*, (n*,n*) € U by (). But then n* ¢ A* by the definition of
A*. On the other hand, if n* € A*, (n*,n*) € U by (*). But then n* € A*
by the definition of A*. We have arrived at a contradiction. 0O

For the next exercise, recall the definition of standard model and true
formulas of N.

Exercise 6.1.29 Recall that for any n € N, k,, denotes the term

S-S0
—

n times

of N. Let ¢[z1,...,x,] be an open formula of N. Show that the predicate
{meNP:@u . albny,-- . kn,] is true}

is recursive.

6.2 Semirecursive Predicates

A nonempty subset of N¥ is called semirecursive or recursively enu-
merable (r.e., for short) if it is the projection to the last k coordinate space
of a (k+1)-ary recursive predicate, i.e., there is a recursive Q@ C N*+! such
that for every m € N¥,

P(@) <= Im[Q(m,7)].

Proposition 6.2.1 FEvery recursive predicate is semirecursive.



94 6. Recursive Functions and Arithmetization of Theories

Proof. Let P be a k-ary recursive predicate. Define Q C N**1 by
Q(m,n) <= P(n).

Then @ is recursive and P(7) <= 3mQ(m, 7). Hence P is semirecursive.
O

Proposition 6.2.2 The set of all semirecursive predicates is closed under
V, A, projections, bounded universal quantifiers, and recursive substitutions.

Proof. Let P and @ be k-ary semirecursive predicates. Fix (k + 1)-ary
recursive predicates P’ and @’ such that for all @ € N*,

P(n) <= ImP'(m,n) and Q(n) < ImQ’ (m,n).

Let f;, 1 < i < k, be l-ary recursive functions. For any m € N¥, m € N!
note the following;:

(PVQ)([@) <= 3Im[(P'V Q)(m,n)],
P(f1(m),..., fr(M)) <= 3IrP'(r, fr(T), ..., fu(m)),

and
(P AQ)(@) <= Im[P'((m)o, ) A Q'((m)1,7)].

These show that the set of all semirecursive predicates is closed under V,
A, and recursive substitutions.

We use Godel’s coding functions to show other closure properties also.
Let P be a (k + 2)-ary recursive predicate and let @) be defined by

Q) < JImP(l,m,m).

Then
QM) < ImP((m)o, (Mm)1,7).

This shows that the set of all semirecursive predicates is closed under the
existential quantifier.
Let P be a (k + 1)-ary semirecursive predicate and let @) be defined by

Q(m,n) <= V<"pP(p,n).
Let R ¢ N x NFt1 be a recursive predicate such that
vpva € N¥[P(p, ) <= 3qR(q,p,7)].
Then

Q(m,m) <= Fq[seq(q) A lh(q) = m AY<""pR((q),, p,T)].
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This shows that the set of all semirecursive predicates is closed under the
bounded universal quantifier V<. The result is now easily seen. 0O

Exercise 6.2.3 A nonempty subset P of N is semirecursive if and only if
it is the range of a unary recursive function.

The following is an important result in recursive function theory.

Theorem 6.2.4 (Kleene) A predicate P is recursive if and only if both
P and —P are semirecursive.

Proof. If P is recursive, so is =P. By Proposition 6.2.1, both P and —-P
are semirecursive.

Now let P be k-ary and both P and =P be semirecursive. Choose (k+1)-
ary recursive predicates @ and R such that for all 7 € N¥,

P(m) <= ImQ(m,n) and ~P(n) <= ImR(m,n).
Then S = @ V R is recursive. Note that
v € N¥3mS(m, 7).
We define
s(m) = pmS(m,m).

The function s is recursive. Further,
P(n) <= Q(s(n), n).

This shows that P is recursive. 0O
Remark 6.2.5 Let P C N¥ be semirecursive and let there exist a (k+ 1)-
ary recursive predicate @) such that for all 7,

P(m) < YmQm, m).

Then P is recursive. By Theorem 6.2.4, our assertion will be proved if we
show that — P is semirecursive. This follows from the following equivalence:

-P(7m) < Im-Q(7,m).

Proposition 6.2.6 Let f : N* — N be any function. Then the following
statements are equivalent:

(i) The function f is recursive.
(it) The graph of f, gr(f), is recursive.
(iii) The graph of f is semirecursive.

Proof. By Proposition 6.1.27 and Theorem 6.2.4, we only need to show
that if gr(f) is semirecursive, —gr(f) is semirecursive. This follows from
the following equivalence:
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f@m #£#m<<3m#AIA f(n) =1].

A function f = (f1,...,fp) : N¥ — NP is called recursive if each f;,
1 <4 < p, is recursive.

Exercise 6.2.7 Let f : N¥ — NP be any function. Then the following
statements are equivalent:

(i) The function f is recursive.
(ii) The graph of f, gr(f), is recursive.
(iii) The graph of f is semirecursive.

6.3 Arithmetization of Theories

The next idea, arithmetization of theories, is a beautiful idea due to Godel.
It represents syntactical objects, e.g., symbols, terms, formulas, proofs, of a
theory by natural numbers. Consequently, statements about syntactical ob-
jects are expressed in terms of numbers. Its importance and beauty cannot
be overemphasized. It has the potential of converting a metamathematical
statement into a number-theoretic statement. Thus, the problem of whether
a metamathematical statement is true is translated into a number-theoretic
problem. This idea also plays a significant role in the theory of computa-
tion. The same idea is now used to convert many questions concerning
algorithms into proving whether a number-theoretic function or relation is
recursive. To elaborate a bit more, one can code each algorithm by an inte-
ger, or one can translate questions about algorithms into number-theoretic
problems.

Throughout this section, unless otherwise stated, T will denote a fixed
first-order theory. To simplify the matter, we assume that 7' is finite and
its nonlogical symbols are enumerated in some order.

In the first step we assign a symbol number to each symbol of L(T).

Set SN (z;) =2i,1>0; SN(—=) =1; SN(V) =3; SN(3) =5; SN(=)=T;
if «v is the ith nonlogical symbol, we set SN(a) = 7 + 2i.

Note that a number n is the symbol number of a variable if and only if
it is even, i.e., 2|n. Hence, the predicate

vble(n) <= n is the symbol number of a variable
is recursive. Since every finite set is recursive, the predicate

sn(n) <= n is a symbol number
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is easily seen to be recursive. In other words, there is an algorithm to
decide whether an integer is a symbol number. Further, intuitively it is
easy to see that there is an algorithm such that given a symbol number n,
the algorithm recovers the symbol whose symbol number is n. Let funcg
denote the set of symbol numbers of all constant symbols. We also define

pred(n) <= n is the symbol number of a predicate symbol
and
func(n) <= n is the symbol number of a function symbol.

Since T is finite, these predicates are recursive.
Let ¢ be a term and A a formula of T. We now define the G6del number
[t] and [A] of ¢ and A respectively by induction on the rank of ¢ and A.
If t is a variable or a constant, set

[t] = (SN (1))

If f is an n-ary function and tq,...,t, are terms whose Godel numbers
have been defined, we set

[ftr o tn] = (SN(f), [ta],. .- [tn]).
We define
term(n) <= n is the Gédel number of a term.

Proposition 6.3.1 The predicate term is recursive.

Proof. Note that for any n

term(n) <= seq(n) A [(Ih(n) = 1 A funce((n)o)) V [lh(n) > 1A
func((n)o) A V0 < i < lh(n)(term((n);))]].

Using closure under complete recursion (Exercise 6.1.26), it can now be
seen that term is recursive. We leave the details as an exercise for the
reader. 0O

We recall that the term

S-S0
——

n times
of N is denoted by k, and that these terms are called numerals.

Lemma 6.3.2 The map

num(n) = [k,], neN,
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18 recursive.

Proof. This follows from the following identities

num(0) = (SN(0))
num(n + 1) = (SN(S), num(n)).

O
If A is an atomic formula ptq - - - t,,, define
[A] = (SN(p), [ta] -, [tn])-
Proposition 6.3.3 The predicate
aform(n) < n is the Godel number of an atomic formula,

1S recursive.
Proof. We have
aform(n) <= seq(n) Alh(n) > 1 Apred((n)o) AV0 < i < lh(n)[term((n);)].

O

If Ais =B, and if [B] has been defined,

[A] = (SN(=), [B]).

If Ais VBC,
[A] = (SN(V),[B],[C]).

If Ais JzB,
[A]l = (SN(3), [«], [B]).

Proposition 6.3.4 The predicate
form(n) <= n is the Gédel number of a formula
18 Tecursive.
Proof. We define the following predicates:
Ay(n) = [sea(n) ATh(n) = 2 A (n)o = SN (=) A form((n)y)],

As(n) <= [seq(n) Alh(n) =3 A (n)o = SN(V) Aform((n)1) A form((n)s2)],

and

As(n) < [seq(n) Alh(n) =3 A (n)o = SN(3) Avble((n)1) A form((n)sa)].



6.3 Arithmetization of Theories 99

By closure under complete recursion (Exercise 6.1.26), it is not hard to
show that these predicates are recursive. Now note that

form(n) <= aform(n) vV A1(n) V Aa(n) V Az(n).
It follows that the predicate form(n) is resursive. O

Now we systematically proceed and show that many metamathematical
statements (statements about the theory itself or statements about syn-
tactical objects such as formulas and proofs) can be turned into number-
theoretic statements. Many of the functions and predicates thus defined are
recursive or semirecursive. However, we shall not verify this in full detail.
Interested readers should complete the proofs as an exercise.

Proposition 6.3.5 There is a recursive function sub(l,m,n) such that if
l is the Gadel number of a term t or a formula A, if m is the Gddel number
of a variable v, and if n is the Gédel number of a term s, then sub(l,m,n)
is the Godel number of t,[s] or A,[s] respectively.

Proof. Define

n if vble(l), Al =m
[ otherwise,

suby (I,m,n) = {

suba (1, m,n) = ((1)o,suba((l)1,m,n),...,suba((D)in@)—1,m,n)),

(D)o, subs((l)1, m,n)) if seq(l) A Lh(l)=2,
{(1)g,subs((1)1,m,n),subsz((l)2, m,n))
if seq(l) ALh(l)=3
sub (l m n): /\(l)o 7é SN(3)7
ST (D)o, (D)1, subs((l)2, m, n)) if seq(l) A lh(1)=3
A(l)o = SN(3)
/\(l)l 7é m,
l otherwise.

Now define

suby (I, m,n) if vble(l) V funcy (1),

subs (I, m,n) if pred((1)o) V func((1)o),
subs(l,m,n) if form(l) A —aform(l),

l otherwise.

sub(l,m,n) =

Then sub(l,m,n) is a recursive function with the desired properties. 0O

Exercise 6.3.6 For each n > 1, show that there is a recursive function
sb : N x N” — N such that whenever m = [E], E a term or a formula of
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the theory N,

sb(m, bo,...,bn_1) = I—EIUpu,En—l [kbgs - - - k’bnle ,
where g, x1,...,2,_1 are the first n variables in alphabetical order.

Exercise 6.3.7 For each m,n > 1, show that there is a recursive function
s . NxN™ — N such that whenever p = [A], A a formula of the theory N,

S:Ln(pv bm+17 e 7bm+n) - ’VAmerl,...,mern [kberl P kb,,,+n]—‘

where x1,..., Zm, Timt1, - .-, Tmin are the first (m + n) variables in alpha-
betical order.

Proposition 6.3.8 There is a recursive predicate fr(m,n) such that if m
1s the Godel number of a term or a formula E and if n is the Gédel number
of a variable v, then

fr(m,n) <= v is free in E.

Proof. Set
Xt (myn) = xe:((m)1,m) . xa (M) i(my -1, 7).
Now take
0 if vble(m) Am = n,
Xt (m,n) if pred((m)g) V func((m)o),
Xt ((m)1, ) if (m)o = SN(ﬁ)a
) ) m) X ((m)a,m), i Th(m) =
Xfr( ) ) /\(m)O _ SN(\/)7
Xt ((m)2,n)), if th(m) =
A(m)o = SN(H) A (m)1 # n,
1 otherwise.

Then y¢ is a recursive function with the desired properties. 0O

Proposition 6.3.9 There is a recursive function substl(l,m,n) such that
if 1 is the Gddel number of a formula A, if m is the Gddel number of a
variable v, and if n is the Gédel number of a term t, then

substl(l,m,n) <= t is substitutable for v in A.
The proof is left as an exercise.

Exercise 6.3.10 Let I be an interpretation of a theory 7" in T'. Show that
there is a recursive function f : N — N such that if n is the Gédel number
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of a formula A of T, then f(n) is the Gédel number of its meaning A in I.

We shall now show that the set LAxp of Godel numbers of all logical
axioms of T' is recursive. We define four recursive predicates first:

pax(m) <= 3<"n[form(n) Am = (SN(V), (SN(=),n),n)].
Note that for all m,
pax(m) <= m is the Godel number of a propositional axiom,

idax(m) <= 3<™n[vble(n) Am = (SN(=),n,n)].
Note that

idax(m) <= m is the Gédel number of an identity axiom.

Exercise 6.3.11 Show that the unary predicates sax and eax of Godel
numbers of all substitution axioms and of all equality axioms respectively
are recursive.

We now have the following theorem.

Theorem 6.3.12 The unary predicate LAxy C N consisting of Gddel
numbers of all logical axioms of T is recursive.

We call a theory T axiomatized if the set NAxy C N of Gédel numbers
of all nonlogical axioms of T is recursive.

That T is axiomatized means that there is an algorithm to decide whether
a formula of T" is an axiom. This is a natural condition on the set of axioms
for any axiomatic system.

We define

Axp(n) <= n is the Gédel number of an axiom of 7.

The following result is obvious from Theorem 6.3.12 and the definition of
axiomatized theories.

Proposition 6.3.13 If T is axiomatized, Axr is recursive.

Example 6.3.14 The theory N has only finitely many nonlogical axioms.
So, N is axiomatized.

Exercise 6.3.15 (i) Show that the set of Godel numbers of formulas of
N of the form

Ay[0] = Vu(A — A,[Sv]) — A,

where A is a formula and v a variable, is recursive.
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(ii) Show that Peano arithmetic is axiomatized.

(iii) Show that ZF and ZFC are axiomatized. (Note that the language
for set theory has only one binary relation symbol. You only have to
show that the set of all Gédel numbers of comprehension axioms is
recursive. Show this for replacement axioms also.)

From now on, in this section, T will be a fixed finite theory.
We now introduce some recursive predicates related to rules of inference:

cont(n,m) < m = (SN(V),n,n).

If n = [B] and m = [BV B], then cont(m,n) holds. Further, if n is the
Godel number of a formula B and if m is the Gédel number of a formula A
and if cont(m, n) holds, then A can be inferred from B by the contraction
rule.

We define recursive predicates corresponding to other rules as follows:

exp(m,n) < form(n) Am = (SN(V),(m)1,n),

assoc(m,n) < n = (SN(V),(n)1, (SN(V), ((n)2)1, (n)2)2),)
A(m)o = SN (V) A ((m)1)o = SN
A((m)1)1 = (n)
A((m)1)2 = ((n)2)1 A (m)2 = ((1n)2)2,

cut(l,m,n) & m = (SN(V), (m)1, (m)2)
An = (SN (V), (SN (=), (m)1), (n)2)
A= (SN(V),(m)a, (n)2),

and
intr(m,n) & n= (SN(V SN(—\),((T<L)1)1>

S ;
Am = (SN(V), (SN(=), (SN (3
Avble(((m)1)1) A =fr(((m)1)1, (n)2).

Exercise 6.3.16 Show that the predicates cont, assoc, cut, and intr are
recursive.

We continue the idea further. Recall that any proof in a theory is a finite
sequence of formulas of the theory. Hence, the following definition is quite
important. It will be used to code proofs by numbers in such a way that
there is a mechanical procedure to decide whether a natural number codes
a proof. Further the procedure decodes the proof.

If Aq,..., A, is a sequence of formulas of T, the number

<|—A1-| [ ’—An—|>
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will be called the Gédel number of the sequence.

Proposition 6.3.17 IfT is aziomatized, the set Prp of Géddel numbers of
all proofs in T is recursive.

Proof. This follows from the following equivalence:
Prr(n) <= seq(n) AVi < lh(n)[Axr((n);)
Vv3j < i((cont V assoc V intr)((n);, (n);))
V3j, k< ileut((n);, (n);, (m)e)]
O

Proposition 6.3.18 IfT is axiomatized, the set Prfp C NxN, of all pairs
of numbers (m,n) such that m is the Godel number of a proof of a formula
whose Gdodel number is n, is recursive.

Proof. Note that for any m, n,
Prfr(m,n) <= lh(m) > 0 A Prp(m) A (m)ip(m)—1 = n.

O

Theorem 6.3.19 If T is axiomatized, then the set Thmyp of Gédel num-
bers of all theorems of T is semirecursive.

Proof. This follows from the following equivalence:
Thmp(n) <= Im[Prfr(m,n)].

O

But is the predicate Thmyp recursive? Not always. However, in the next
section we shall prove that if, moreover, T is complete, then Thmy is re-
cursive. Quite interestingly, in the next chapter we shall show that Thmy,
Thmpa, and Thmyzp are not recursive. This is the essence of Godel’s first
incompleteness theorem.

Remark 6.3.20 Let F(Xy,...,X,) € Z[Xy,...,X,]. We can give a sim-
ilar coding scheme and assign a natural number, say g(F), to F' in such a
way that Hilbert’s tenth problem has a positive answer if and only if the
set H of all those g(F') for which the Diophantine equation F' = 0 has an
integral solution is recursive. We invite readers to carry out such a coding.
It has been shown that Hilbert’s tenth problem has a negative answer.

6.4 Decidable Theories

We call a finite theory T decidable if Thmy is recursive. Otherwise, the
theory is called undecidable.
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Thus, if a theory is decidable, there is an algorithm to decide whether a
formula of T is a theorem or not. Hilbert believed that there should be a
decidable set of axioms of number theory (and of most of the interesting
mathematical theories) such that every true formula of N is provable. Godel
shocked the mathematical world by showing the impossibility of Hilbert’s
dream.

Our next result is the following.

Theorem 6.4.1 Every finite, complete theory is decidable.
We need the following lemma.

Lemma 6.4.2 There is a recursive map g : N — N such that if n is the
Gadel number of a formula A, then g(n) is the Gédel number of a closed
formula B such that

THFA<=TFB.

Proof. Consider the function f : N x N — N defined by
f(0,n) =mn,
and for all m > 0,
fm+1,n) = (SN(=), (SN3), (2m), (SN (=), f(m,n)))).

It is routine to check that f is recursive. Further, if n is the Gédel number
of a formula A, then f(m + 1,n) is the Godel number of Vz,, ...VzyA,
where xg, ..., T, are the first (m + 1) variables in alphabetical order. Now
set

g(n) = f(n,n), neN.

Using the closure theorem, generalization rule, and the closure properties
of the class of recursive functions and recursive predicates, it is easy to
check that the map g has the desired properties. O

Proof of 6.4.1. By Theorems 6.2.4 and 6.3.19, it is sufficient to show that
—Thmy is semirecursive. Fix any n € N. Now note the following:

—Thmy(n) <= —form(n) V Thmy((SN (=), g(n)))
<= Im|[-form(n) V Prip(m, (SN (=), g(n)))].

Since Prfr is recursive and g is recursive, it follows that =Thmy is semi-
recursive. O

This is a very important theorem. It says that if T' is axiomatized and
Thmy is not recursive, then T is not complete. Godel uses it beautifully to
establish the first incompleteness theorem.

Exercise 6.4.3 Let p = 0 or a prime > 1. Show that the theory ACF(p)
is axiomatized and decidable.
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This theorem, in particular, says that there is an algorithm to decide
whether a statement in the language of ring theory with identity is valid
in C.

A simple extension T" of T is called a finite extension if at most finitely
many nonlogical axioms of T” are not theorems of T'.

Theorem 6.4.4 Let T be an undecidable theory. Suppose T’ satisfies one
of the following conditions:

(a) T’ is a conservative extension of T.

(b) T is an extension by definition of T".
(¢) T is a finite consistent extension of T".
(d) T has a faithful interpretation in T'.
Then T' is undecidable.

Proof. In each case, we show that there is a recursive function f: N — N
such that if n is the Gédel number of a formula ¢ of T, f(n) is the Goédel
number of a formula ¢* of 7" such that

ThpeTF e

Assuming this done, we complete the proof first. Suppose in some case
(a)—(d), Thmy is recursive. Then,

Thmr(n) <= formr(n) A Thmy (f(n)).

Hence, Thmy is recursive by the closure properties of the set of recursive
predicates. This contradicts that T is undecidable.

In case (a), we take f(n) = n. Since an extension by definitions of T is a
conservative extension of T (Theorem 5.3.6), the result in case (b) follows
from case (a).

We now prove the result in case (c). Let By,..., By, be an enumeration
of the closures of all the nonlogical axioms of T” which are not theorems
of T. Let p be the Godel number of =By V ---V =B,,. If n is the Godel
number of a formula A of T, we define

f(n) = (SN(V),p,n).

Otherwise, we define f(n) = 0. Since the set of Gédel numbers of formulas
is a recursive set, it follows that f is recursive. By the reduction theorem
(Exercise 4.4.6),

Thmr(n) <= Thmy (f(n)).

To prove the result in case (d), fix a faithful interpretation I of T in T".
It is fairly routine to see that there is a recursive function f : N — N such
that if n is the Godel number of a formula A of T, then f(n) is the Godel
number of A! (Exercise 6.3.10). Since I is a faithful interpretation,
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Thmr(n) <= formr(n) A Thmy (f(n)).



7

Incompleteness Theorems
and Recursion Theory

This chapter gives the most important landmarks of mathematical logic—
the incompleteness theorems of Godel. We still have to do some work, which
we do in the first section. As a side output, in Section 3, we initiate the
study of recursion theory.

7.1 Representability

In this section, we present yet another beautiful concept, called repre-
sentability, introduced by Godel, which shows that recursive functions and
predicates can be represented by formulas of the theory N.

Let P C NP. We say that a formula A of N with distinct variables
v1,...,Vp represents P if for every sequence of numbers nq,...,ny,

(nl,...,np)€P=>N|—Av1 ..... vp[knu"'?knp]

and
(n1,...,np) € P = NFE=Ay o ks kn,l

We say that P is representable if some formula A with distinct variables
v1, ..., Vp represents it.

Let f : NP — N be a map. We say that a formula A of N with dis-
tinct variables vy,...,vp, w represents f if for every sequence of numbers
ni,...,Np,
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N+ Avl,...,vp[kn17~ . .,knp] o w =k,

where m = f(n1,...,n,). We say that f is representable if some formula
A with distinct variables v1, ..., v, w represents it.

Theorem 7.1.1 Every representable predicate P C N™ s recursive.

Proof. Let a formula ¢ of N with variables z1,...,z, represent P. Then
for every (a1,...,a,) € N we have the following:

P(ai,...,an) = NF oo o lkars- s ka,)
and
—\P(al, SN an) = NF TPxe,..zp [kalv cees kan}'

Since N is consistent, we now have the following:

P(ai,...,an) © Thmn([@z, .z kars- - Kan]l)

and
=P(ai,...,an) < Thmy([=0s, . . anlkars- -5 ka,]])-

Since N is axiomatized, by Theorem 6.3.19, Thmy is semirecursive. Fur-
ther, the maps

(al, ceey an) - [cprl,m,mn [kal sy kanﬂ

and
(a17 M} an) - |—_‘(10x17---1$n [kau R} kanﬂ

are recursive. (See Exercise 6.3.6.) Hence, both P and —P are semirecursive.
The result now follows from Theorem 6.2.4. O

The main theorem of this section is the following.

Theorem 7.1.2 (Representability theorem) Every recursive function
and every recursive predicate is representable.

This result is proved essentially by showing that the initial functions are
representable and that the set of all representable functions is closed under
composition and minimalization. We will see later in this section that every
representable function is recursive.

Lemma 7.1.3 Let P be a p-ary representable predicate on N and
Z1,...,%p distinct variables. Then there is a formula B of N such that
B with x1,...,x, represents P.

Proof. Let Awith vy, ..., v, represent P. Taking a variant of A, if necessary,
by the variant theorem, we can assume that xi,...,z, do not occur in A.
Now take B to be
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A’Ul,...,'up [-1:17 e ,xp].

O
The following result is also proved similarly.

Lemma 7.1.4 Let f be a p-ary representable function on N and
Z1,...,%p, Yy distinct variables. Then there is a formula B of N such that
B with x1,...,x,,y represents f.

Let f be a p-ary function. We say that a term ¢ of N with distinct
variables vy, ..., v, represents f if for every n;,...,n,,

N+ tvl,...,vp [knla R knp} = km’
where m = f(nq,...,ny).

Lemma 7.1.5 Let a term t with distinct variables vy, ..., v, represent f :
NP — N and let w be a variable distinct from each v;. Then the formula
w =1t with v1,...,v,, w represents f.

Proof. Let m = f(n1,...,n,). We have

We are required to show that
NEw=ty, v lkn, - kn,) & w=kny.

This essentially follows from the equality axiom, the substitution rule, and
the detachment rule. 0O

Proposition 7.1.6 A p-ary predicate P is representable if and only if xp
18 representable.

Proof. Let A with distinct variables vy, ..., v, represent P. Let the variable
w be distinct from each of v; and let B be the formula

(ANw=ko)V(—mAANw=k).
Fix any (n1,...,np). Suppose (n1,...,n,) € P. Then
NE Ay o lbngs e k). 1)
By (1) and the the tautology theorem,
NE By, olknys- - kn,] & w=ko.

If (n1,...,np) & P,



110 7. Incompleteness Theorems and Recursion Theory

N+ _‘Am,...,vp[k'nl)---aknp]- (2)
By (2) and the tautology theorem,
NFBvl ..... vp[knl,...,knp}Hw:kl_

Conversely, assume that A with distinct variables vy, ..., v,, w represents
xp. Let B be the formula A, [k,]. We claim that B with vq,...,v, repre-
sents P.

Since —(Sx = 0) is an axiom of N,

N —(k1 = ko).

Fix any (n1,...,np). Suppose (n1,...,n,) € P. Then

NEw=ho o Ay o lknyren s hin].
By the substitution rule,

NF ko =ko o Buyw lbnsse . Fin .
Since N F kg = kg, we have

NFE By, . wolkns- s kn,l

Since N F —(k1 = ko), the other case is similarly proved. O

Note that by the previous proposition, to prove the representability the-
orem, we only need to show that every recursive function is representable.
We shall show that all initial functions are representable and that the set of
all representable functions is closed under composition and minimalization.

Proposition 7.1.7 The formula x = y with distinct variables represents
=iin N.

Proof. We need to show the following:
m=n=NFk,=k,

and
m#n= Nt =(ky, =k,).

The first assertion follows from the identity axiom and the substitution
rule. By the symmetry theorem (Lemma 3.5.1), in the proof of the second
assertion, we can assume that m > n. We proceed by induction on n. If
n = 0, for all m, this follows from the axiom (1) of N and the substitution
rule. Let m > n > 0 and the second assertion hold for n — 1 and all m.
Now note the following;:
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N+ km = kn = km—l = kn—la

by the axiom (2) of N, the closure theorem, and the substitution rule. By
the induction hypothesis, we have

NF —(km—1=kn-1).
Hence,
N+ =(kpy = k),
by the tautology theorem. 0O
Proposition 7.1.8 All initial functions are representable.
Proof. (i) Let vy,...,v, be distinct variables and let ¢ be the term v;. Fix
natural numbers py, ..., p,. Clearly

NbEty, o olkprs-kp, ] =kp,.

K

This shows that the projection maps II;,
sentable.

(ii) Let = and y be distinct variables and let ¢ be the term x + y. We
show that ¢ with x,y represents +. We need to show that for all natural
numbers m, n,

n>1,1 <13 < n, are repre-

N F E + kn = Kpn- (1)
We fix m and show (1) by induction on n. By the axiom (3) of N, we have

NEkn+0=k,.

Now assume that
N &k + kn = kman. (2)

By the axiom (4) of N and the substitution rule, we have
Nt kyy + kg1 = S(km + ky).
By the equality axiom and (2), we have
N F S(km + En) = kmgnit.

So,
Nk + knJrl = km+n+1~

(iii) Similarly, using axioms (5) and (6) of N, we show that the term z -y
with distinct variables x and y represents -, the multiplication.

(iv) Finally, we show that the formula z < y with distinct variables x
and y represents <. This in turn will show that yx. is representable and
the result will be proved. We are required to show that for every natural
numbers m and n,
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m<n=— NFk, <k, (3)

and
—(m <n) = NF =(kn < k). (4)

For every n, we show that (3) and (4) hold for all m. We proceed by
induction on n. For n = 0, we only need to prove (4) for all m; (4) follows
from the axiom (7) of N.
Now assume that for some n, (3) and (4) holds for all m. Suppose m <
n+ 1. If m < n, then
NtFk, <k,

and hence
NFEk,< kn+1

by the axiom (8), the substitution rule, and the induction hypothesis. If
m =n,

N & kpy = ky,
by Proposition 7.1.7. Then

NFE, < knJrl

by the same arguments.
Now suppose m > n + 1. Then,

NF —(kpy < k)
by the induction hypothesis and
N F —(kpm = k)
by Proposition 7.1.7. So,
Nt =(km < knt1)
using the axiom (8) of N and the tautology theorem. O

Proposition 7.1.9 The set of all representable functions is closed under
composition.

Proof. Let

h(niy...,ng) =g(filny,...,nk)y ooy fm(na, ..o ng)),
where g, fi,...,fm are representable. We choose distinct variables,
Uy V.. ny Um, W1, ..., we and formulas B, Aj,..., A, such that B with
v1,...,U;, and w represents g and A; with wq,...,wy and v; represents

Now consider the formula C' defined by
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Fug - Fu (A A - AN Ay A B).
We claim that C with ws, ..., w, and w represents h. Fix (ni,...,ny). Let

p; = filn1,...,n,) and ¢ = g(p1,...,pm). Then ¢ = h(ny,...,ng). For
1 <1< m,set

A; = (Ai)w17---,wk [kn1 PR knk]

and
C' = Cunroowrlbngs -« kg

By our assumptions, we have
NF A & v =k,
1 < i < m. By the equivalence theorem, we have
NEC & Fup--Fug(vr = kpy A= Avg, = kp,, A B).
Let D denote the formula
Jui -+ Fup(ve = kp, A+ AV, = kp,, A B).
By the repeated application of Proposition 4.2.23, we have

Nl_EIUZ"'EIUm(UQ:kp2/\"'/\vm:kpm/\B'Ul[kpl])HD7

NF By, . v, [kpn- . 7kpm] = Fvg(vm = kp,, ABu, ..o [kpu ok 1

» VPm—1

By the equivalence theorem and the tautology theorem, we get
NEC" < By, v kprs- s kp, ]
Since B with vy, ..., v, and u represents g and ¢ = g(p1, .. .,Pm), we have
NF By, o lkprs s kp,] & u=kq.
Thus by the equivalence theorem,
NEC & u=k,.

O

It remains to show that the set of all representable functions is closed
under minimalization.

Proposition 7.1.10 The set of all representable functions is closed under
minimalization.
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Proof. Let f(m,7) be representable, where @ = (ng,...,n,—-1). Let A with
v,0,...,Up—1 and w represent f. Assume that

vYram(f(m,m) = 0).

Let
g(m) = pm(f(m,n) =0).

We now show that g is representable.
Let u be a new variable and let B be the formula

Ap[0] AVu(u < v — =4, 4 [u, 0]).
We claim that B with vg,...,v,-1 and v represents g.
Fix m = (ng,...,np—1) € NP. Let m = g(m). Then f(i,7) = I; # 0,
i <m,and f(m,m) =0. Set

A = Ay s [Fngs o Fon, ]

and
B' = Byg,...vp_ 1 [kngs - - s kny -
We have
N F A;[kl] W= k‘gi,
1 < m, and

Since I; # 0, we have
NE=(0=k,),

© < m. Thus, for all i < m, we have
N+ =A, [k, 0]

and
N+ A;’w[/fm,()].

Hence, by Proposition 4.3.2,
N F (A, 0] AVu(u < v — =4, [u,0]) = v =k,

i.e.

NFB < v=kp,.
Our claim is proved. 0O
We have completed the proof of the representability theorem.

Exercise 7.1.11 Show that every representable function f : N* — N is
recursive.
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Remark 7.1.12 We have presented an amazing loop constructed by Godel
that has been likened to the music of Bach and the drawings of Escher [4].
To make statements about numbers, first one develops a formal language
(for instance, the language of N) and expresses statements about numbers
syntactically in N (or in a suitable extension of N). In this language, a
statement about numbers is now a sentence of N. Then using the idea
of Godel numbers, one expresses statements about syntactical objects by
numbers themselves. Finally, by the representability theorem, one repre-
sents a certain class S of statements about numbers by formulas of N. For
instance, if

{n € N : n is the Godel number of a sentence in S}

is recursive, we represent it by a formula of N. This technique enables one
to hop into the theory N from the metaworld and vice versa. Thus many
questions in the metaworld are expressed by formulas of N. Sometimes
even a proof in the metaworld is converted into a proof inside the theory.
Thus, Godel built a very powerful tool and destroyed the beliefs of many
great mathematicians of his time, including Hilbert. In the remaining part
of this chapter, we present such remarkable discoveries of Godel.

7.2 First Incompleteness Theorem

Theorem 7.2.1 (First incompleteness theorem) FEvery aziomatized,
consistent extension of N is undecidable and so incomplete.

Proof. Toward arriving at a contradiction, assume that Thmy is recursive.
Fix a variable v. There is a recursive function f : N x N — N such that
if m is the Godel number of a formula B of T, then f(m,n) is the Godel
number of By [ky]. Then the binary predicate U C N x N defined by

U(m? n) < ThmT(f(m7 n))
is recursive. So, the predicate
P(m) < =U(m,m)

is recursive.
By the representability theorem, there is a formula A of N such that A
with v represents P. This means that for every n € N,

n€P = Nt Ak,

and
ng P = Nk -A,[k,]



116 7. Incompleteness Theorems and Recursion Theory

Since T is an extension of N, A is a formula of T" and for every n € N,
neP=TF A,k (a)

and
ng P=TkF A,k (b)

Now let m be the Godel number of A.
Suppose m € P. Then, by (a), T + A,lkn], i.e., U(m, m) holds by the
definition of U. Hence, m ¢ P by the definition of P. This is a contradiction.
On the other hand, suppose m ¢ P. Then, by (b), T + —A,[k,]. Since
T is consistent, this implies that Tt/ A,[k,,]. Therefore, by the definition
of U, =U(m,m) holds. But then m € P by the definition of P. We have
arrived at a contradiction again. 0O

Remark 7.2.2 Since N with the usual interpretations of S, +, -, and <
is a model of PA, PA is consistent. Further, by Exercise 6.3.15, PA is ax-
iomatized. Hence, by Theorem 6.4.4, P A is undecidable, and so incomplete
by the first incompleteness theorem.

Remark 7.2.3 There is an extension by definitions of ZF (or of ZFC)
in which there is a suitable interpretation of the theory N so that we can

carry out the same arguments and prove the incompleteness of ZF and
ZFC.

Remark 7.2.4 Comparison with the liar’s paradox. In the above
proof we have produced a formula A[v] that says that the formula whose
Godel number is m is not provable for “v = m.” This is similar to the
statement “I am lying” of the liar’s paradox. This argument also shows a
way to make a self-referential statement inside a theory.

Remark 7.2.5 Now we can state Hilbert’s problem precisely: is there an
axiomatized extension P’ of PA such that a sentence of P’ is true (in the
standard model) if and only if it is a theorem of P’. Since such a theory P’
is complete, the first incompleteness theorem answers Hilbert’s question in
the negative.

7.3 Arithmetical Sets

In this section, we present some basic results in recursion theory. We have
already initiated the study of recursive and semirecursive sets. The repre-
sentability theorem and the ideas contained in the proof of the first incom-
pleteness theorem help us to continue this study further.

A set of predicates (of not necessarily fixed arity) on N will be called a
pointclass. For brevity, we shall write 7 for (ny,...,ns). For P C N x N¥,
we define k-ary predicates 3* P and V¥ P by
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I P(m) <= ImP(m,n)

and
V¥ P(n) < VmP(m,n).

If I' is a pointclass, we define
ﬁF:{ﬁP:PGF},

¥r={3“P:Pel},
and
VeI ={v“P:Pel}.
Note that for any pointclass,
ver = -3¥-I
and
I = =T

In the sequel, these two identities and other such simple set-theoretic iden-
tities will be used without mention.

We define arithmetical pointclasses X0, 7%, and A%, n > 1, by in-
duction as follows:

E(l) = the poinclass of all semirecursive sets,

Hr? = _‘22’
22+1 = 3“’172,

and
AY =590 10,
Theorem 7.3.1 The pointclass AY) consists precisely of all recursive sets
and
X0 =3%AY and 117 = v~ AY.
Proof. The first assertion is just a restatement of Kleene’s theorem
(Theorem 6.2.4); the second one follows from the definition of semirecur-

sive sets and Kleene’s theorem (Theorem 6.2.4), and the third one follows
from the second one. 0O

Call a pointclass I' closed under recursive substitutions if whenever
P(ny,...,n;) € T, for all recursive functions f; : N — N, 1 < i < k, the
[-ary predicate ) defined by

Q(my,....,my) <= P(filma,...,mu), ..., fu(ma, ..., mu))

isin .
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Proposition 7.3.2(1) Fach arithmetical pointclass is closed under V, A
(so, under finite unions and finite intersections), and recursive substi-
tutions.

(2) For eachn, X9 is closed under 3%, IIY under V%, and AY under —.
(3) For each n,
X0 =A% and 112 = w2 A2,

0 0 0
YUl C AL,

Proof. We shall prove (1) by induction on n. The closure properties listed
in (1) have already been proved for X9 in Proposition 6.2.2. Then the result
for I1¢ follows from its definition. The result for A? is now easily seen.

Assume that X9, IT9, and AY have the closure properties listed in (1).
Note that a pointclass I" is closed under 3¢ if and only if —I" is closed under
V¥; a pointclass I is closed under recursive substitutions if and only if =I"
is and if both I and —I" satisfy the closure properties listed in (1), so does
A=TInNn-TI.

Now let f; : N — N, 1 < i < k, be recursive functions. Let
P(mq,...,mg) € H2+1- We are required to show that the predicate @Q
defined by

Q) = P((D)..... fe(D)

isin I19,,. Get P’ € X9 such that P = V*P’. Then,

Since X9 is closed under recursive substitutions, @ € II9_ ;.
Let P,Q € X9 ,,. Get P',Q" € II} such that P = 3“P" and Q = 3*Q’".
The following identities are easy to check:

PvQ<«< FPVvQ)

and
(P AQ)(1) <= 3Im(P'((m)o, 1) AQ'((m)1,1).

By the induction hypothesis, it follows that X9, is closed under V and A.
This, in turn, implies that /70, , and A?_; are closed under V and A.

We shall now prove (2). The pointclass A% is clearly closed under —. By
Proposition 6.2.2, X¢ is closed under 3. Let P(p,q,l) € II°. Then

IpqP(p, q,1) <= ImP((m)o, (m)1,1)).

Since 1) is closed under recursive substitutions, it follows that X0, is
closed under 3*. Hence, 1T, is closed under V*.
We prove (3) also by induction on n. By Propositions 6.2.1 and 6.2.2,

X0 =3wAl
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So,
Iy = v AY.

Further, Since A9 C IT?, we conclude that 3* A9 ¢ I*IT?. Hence, X9 C X9
by the definition of X9.
If Pis XY and
Q(m,n) <= P(n),

then by recursive substitutions, @ is X9 and
P(n) < YmQ(m,n),

showing that P is I19. Thus, X9 C II9. This shows that X9 C AJ. Since AJ
is closed under —, it follows that ITY C AY as well. This proves the result
for n = 1. (3) can be proved similarly for all n by induction. O

Remark 7.3.3 The inclusion relations between these pointclasses are
summed up by the following diagram:

where a pointclass in any column is contained in all pointclasses to its right.
Corollary 7.3.4 (i) Let n be even. Then

X0 = Joyw... 3oy A9
—_——

n times

and
0 =vy“3 ... vw32 A9,
——————
n times

(i) Let n be odd. Then

Iy =330 AY

n times

and
o0 =vy“3v... v AY.
N————’

n times

A predicate in
Up XY =u,AY =u, 11?0

is called an arithmetical set.

Exercise 7.3.5 Show that all the arithmetical pointclasses are closed un-
der 3<, 3=, ¥<, and V=.
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Using the representability theorem and ideas contained in the proof of
the first incompleteness theorem, we now show that all the inclusions in
the arithmetical hierarchy are strict.

Let I" be an arithmetical pointclass. Let k& > 1. Call a (k+1)-ary predicate
U* universal for I" if U* € I" and if for every k-ary predicate P in I" there
is an m such that for all @ € N*,

P(@) < U*(m,n).

Strictly speaking, we should say that U is universal for k-ary predicates
in I'. We shall not do it. It should be understood from the exponent k.

We make some simple observations now.

(a) U* is universal for X0 if and only if ~U”* is universal for I7°.

(b) Let U**! be universal for I1°. Set

UF =3°Urtt.

We claim that U” is universal for X9_ ;.
Clearly U* € XY .1 Now let P be a k-ary predicate in X ;. Then there
is a (k + 1)-ary predicate @ in IT? such that

P =3%Q.

Since U**! is universal for IT0, there is a p such that for all ¢ and for all
m’

Q(q,m) <= U**!(p,q,m).

Our assertion follows.
(c) Let U' be universal for X. Define P by

P(m) <= U'(m,m).

Then P is 2. We claim that it is not A9.
Since X9 is closed under recursive substitutions, P € X%. We claim that
P ¢ II°. Suppose not. Then —P € X9. Let m be such that for all k,

-P(k) <= U'(m, k).
But then
P(m) <= U'(m,m) <= —P(m),

and we have arrived at a contradiction.
(d) Arguing as in (c), we see that for any n, A” does not contain any
universal set for X9 or IT0.
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Theorem 7.3.6 For each k > 1, there is a (k + 1)-ary predicate U that
is universal for 39.

Proof. Let xg,z1,22,x3,... be all the variables of the theory N in alpha-
betical order. For each @ € N*, set
num(a) = (num(agp), ..., num(ag_1)).
Define U* by
U*(m,a) < IpThmy ((m, num(p), num(a))),

where sb is the recursive function defined in Exercise 6.3.6.
Since Thmy € X9, U* € X9. Now let P C N¥ be semirecursive. Then
there is a recursive set @ C N¥*1 such that

P <<= 3“Q.

By the representability theorem, there is formula A of N such that A with
Xo, ..., 2 represents Q. Let m = [A]. Since N is consistent, we see that
for all @,

P(a) <= U*(m,qa).

O
The following theorem is also now easy to see.

Theorem 7.3.7 Let I' be any of the pointclasses X° or of 11O, n > 1.
Then, for every k > 1, there is a (k + 1)-ary predicate U* € I that is
universal for I.

Remark 7.3.8 We now see that the hierarchy of arithmetical sets is strict,
i.e., for all n, A is properly contained in both X9 and IT9.

Hint: Suppose every AY set is X9. Let U! be a universal X0 set. Then
it is a universal A? set too. But such a set cannot exist. (See the proof of
Proposition 6.1.28.)

Proposition 7.3.9 Let I" be any of X° or of II®, n > 1. Then, for every
k > 1, there are (k+ 1)-ary predicates Uf, U € I' such that for every pair
of sets Ay, Ay C N¥ in I, there is an m such that

(Va € N¥)(Ap(a) & Uk (m,a) A AL (a) & UF(m,a)).

Proof. Define
UF(m,a) < U*((m);,a),

i =0, 1. Since I' is closed under recursive substitutions, each U} and U¥ is
in I'. Given Ag, A; C N* in I", choose mg, m; such that

VE(AZ(E) = Up(mi,a)),



122 7. Incompleteness Theorems and Recursion Theory
i =0,1. Take m = (mg,mq). O
The pair U¥, UF obtained above will be called a universal pair for I'.

Let I' be any of X0 or of IT%, n > 1. We say that I" has the uniformiza-
tion propery if for every k > 1 and every P € I', P C N*¥ x N, there is a
@ C P in I" such that

(Va € N¥)(3mP(a,m) = 3mQ(@,m)),

where J!m ... abbreviates “there is a unique m....” Such a set @Q is called
a uniformization of P.

Let I" be any of X0 or of II?, n > 1. We say that I" has the reduction
property if for every Py, P, C N¥ in I" there exist Q1 C P;,Q2 C Py in I
such that Q1 N Qs = () and Q1UQs =P UP;.

Proposition 7.3.10 If I' has the uniformization property, then it has the
reduction property.

Proof. To see the result, given Py, P, C N¥ in I', define
P = (P x{1})U (P x {2}).
Then P € I'. Choose a uniformization Q C P of P in I'. Set
Q:(a) <= Q(a,1),
i=1,2. O

Let I" be any of X0 or of II2, n > 1 and A = I' N —=I". We say that I’

has the separation property if for every disjoint P;, P, C N* in I" there
exists a Q C N* in A such that

PLCcQ AN QNPy=0.

Proposition 7.3.11 If I" has the reduction property, then —=I" has the sep-
aration property.

Proof. To see this, take P, P» C N in —I" such that P, N Py = 0. Let

Qi = Nk \ Pi7
i =1,2. Then Q,Q2 € I' and Q; U Q2 = N*. Since I" has the reduction
property, there exist R; C Q; in I', i = 1,2, such that Ry N Ry = () and
RiURy; =NF. Thus Ry € A. Set Q =N\ R,. O

Exercise 7.3.12 Let I' = X0 or II%, n > 1. Show that I" cannot satisfy
both the reduction property and the separation property.
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Hint: Using Proposition 7.3.9, take a universal pair U{,Us for I'. Let
V1, Vo € I reduce the pair U, U} in the above sense. Let W D Vi, WNV, =
@, and W € A. Show that W is universal for A.

Theorem 7.3.13 (Uniformization theorem.) Every arithmetical point-
class X0 has the uniformization property.

Proof. Let P C N¥ x N be in X9. Choose R C N x N¥ x N in A% such that
P = 3“R. Define Q by

Q'(@,n) < R((n)o,a, (n)1) AV<"k=R((k)o,a, (k)1)

and set
Q(a,m) < In[m = (n)o A Q'(a,n)).

O

Corollary 7.3.14 Each arithmetical pointclass II°, n > 1, has the sepa-
ration property and each X9, n > 1, has the reduction property

We close this section by proving two basic results in recursion theory.

We shall set up some notation first. For @ = (a1, ..., Gm, Gm41s- - Gmin),
we have
lm(a) = (a17 R am)
and
T (@) = (Gmg1s- - Gmgn)

Theorem 7.3.15 (s"-Theorem) The sequence of wuniversal sets
UL U2 ... for X9 defined in 7.5.6 satisfy the following:

Ut (p,a) <= U™ (s"(p,rn(@)), a1, ..., am),

where @ = (a1, ..., Am, Gty - -« Gmin) and the function s is as defined
in Ezercise 6.5.7.

Proof. The result follows directly from the definitions of the U*’s and the
function s]*. O

If P is a k-ary semirecursive predicate and m is such that for all @ € N*,
P(a) <= U*(m,a),
we say that m is a code of P.

As an application of the s]'-theorem we show the following:

Proposition 7.3.16 There exist recursive functions VF(m,n) and
A*(m,n) such that if m is a code of P C N*¥ and n a code of Q C NF,
then VE(m,n) and A¥(m,n) are codes of PV Q and P A Q respectively.
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Proof. First we define V¥(m,n). Let U¥’s be as defined in Theorem 7.3.6.
Now define
R(@,m,n) <= U*(m,a) v U"(n,a).

Then there is a p such that
R(@,m,n) <= U*"2(p,a@,m,n).

Set
V¥(m,n) = s5(p,m, n).

We define A* similarly. O

We refer to the above closure properties of XY by saying that X9 is
uniformly closed under V and A (with respect to the universal sets U*).

Exercise 7.3.17 Show that X9 and IT? are uniformly closed under 3<,
V<, 3%, and V<. Further, X9 is uniformly closed under 3% and ITY under
V¥. For instance, show that for each k > 1, there is a recursive function
35 : N — N such that if n codes P(m,a), a (k + 1)-ary predicate, 3; (n)
codes the predicate

Q(p,a) <= 3PP (p,a).

Theorem 7.3.18 (Kleene’s recursion theorem) Let P be a (k+1)-ary
predicate in X9. Then there is a n* such that for all m,

P(n*,m) < U*(n*,m).
Proof. Define a (k + 1)-ary predicate @ by

Q(m,p) & P(s(p,p), m).
Then Q € XY. So, there there is a ¢ such that

Q(m,p) = U**(¢,m,p).
Take n* = s¥(¢q,q). O

Kleene’s recursion theorem is very useful in showing that certain func-
tions and predicates are recursive.

Example 7.3.19 Let « be a unary recursive function and 3 and « 3-ary
recursive functions. Then the 2-ary function § defined by

5(0,n) = a(n),
d(m+1,n) = B(6(m,v(6(m,n),m,n)),m,n)),

is recursive.
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To show this, by Proposition 6.1.27, it suffices to show that the graph of
0 is semirecursive. To show this, we define a 4-ary semirecursive predicate
G as follows:

G(l,m,n, k) < (m=0Ak=a(n))
VIpdgIrds(m=p+1
AU3(l,p,mn,q)
Ar =(q,p,n)
ANU3(l,p, 7, 8)
Nk :6(8,}?,”)),

where U3 is the universal set for X9-sets in N® defined earlier. Clearly, G
is a 4-ary semirecursive predicate. Hence, by Kleene’s recursion theorem,

IVmVnVE(G(I*,m,n, k) <= U>(I*,m,n, k)).

It is fairly routine to check that the 3-ary semirecursive predicate
U3(l*,-,-,-) is the graph of 4.

Exercise 7.3.20 Let n > 1, and let I" equal X0 or II?, and let the U*’s
be the universal sets for I" obtained in Theorem 7.3.7. Show that the s'-
theorem (with the same function s!') and Kleene’s recursion theorem hold
for I

Remark 7.3.21 It is fairly easy to see that the s]'-theorem for any of
these arithmetical pointclasses can be used to show their uniform closure
properties, and Kleene’s recursion theorem can be used to show that pred-
icates are in these classes.

7.4 Recursive Extensions of Peano Arithemetic

The arithmetization of theories due to Goédel enables one to examine
questions about a theory, such as PA or ZF, within the theory itself.
For instance, using the representability theorem, now we can express the
metasentence “Peano arithmetic is consistent” by a formula of PA itself
and can examine whether this formula is a theorem of PA. This involves
formalizing proofs in metatheory inside the theory itself. A key step toward
this is to show that every true closed existential formula of PA is a theorem
of PA. (Recall that a sentence ¢ of the language for N is called true if it
is valid in the standard model N of the theory N.) In this section we prove
this vital theorem.

Let P’ be an extension by definitions of PA and let ¢ be a formula of
P’ in which no variable other than v, ..., v, and w are free, vy,...,v,, w
distinct. Suppose P’ F Jwe. Let w’ be a new variable and v the formula

e AV (W' < w — =y [w']).
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By Exercise 4.3.5, we have the following:

(a) P+ Jwy.
(b) Py A = w=w".

Thus, we can introduce to P’ a new n-ary function symbol f with the
defining axiom . We shall write

foi - vp = pwe
to express that f has been introduced as above with 1 as its defining axiom.

We say that P’ is a recursive extension of PA of PA if it is obtained
by a finite number of extensions of PA where the defining axiom for a
predicate is an open formula and the defining axiom for a function symbol
is a formula of the form 1 described above with ¢ open.

Example 7.4.1 Let 1 < ¢ < n and let plw,vq,...,v,] be the formula
w = v;. Then

n —
TV Uy = JWP

introduces the projection map 7" in a recursive extension of PA.
The following exercise is quite easy to prove.

Exercise 7.4.2 Show that functions and predicates that can be introduced
in a recursive extension of PA are recursive.

Proposition 7.4.3 Let R be an n-ary predicate on N. Then R can be in-
troduced in a recursive extension of PA if and only if xg can be introduced.

Proof. Suppose R has been introduced in a recursive extension of PA with
the defining axiom an open formula . Then we can introduce xr by

Xr(V1, ... vn) = pw((e(vi,...,von) Aw =0) V (mp(vy,...,05) Aw = 1)).

Now assume that yr has been introduced in a recursive extension P’ of
PA. Then the formula

Xr(V1,...,0,) =0
introdues R. 0O

Example 7.4.4 The functions 4 (addition) and - (multiplication) are non-
logical symbols of PA. By Example 7.4.1, each projection map =" can be
introduced. Since < is a nonlogical symbol of PA, by Proposition 7.4.3, x<
can be introduced. Thus, all initial recursive functions can be introduced
in a recursive extension of PA.

Example 7.4.5 Let n > 1 and p € N. We can introduce the n-ary constant
function C}' by taking the formula ¢[w, vy, -, v,] to be w = k.
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Example 7.4.6 We can introduce — to PA by
x%y:uz(x—ﬁ—z:y\/x<y)
by the above method.

Proposition 7.4.7 The set of functions that can be introduced in a recur-
sive extension of PA is closed under composition.

Proof. Let f1,..., fir be n-ary functions and g a k-ary function that have
been introduced in a recursive extension P’ of PA. Further assume that

fivr e vp = pwipiwi,vr, .. v], 1< <k,

and
gwy W = Hw@[wywla s awk]'

Suppose
h(mi,....mz) =g(fi(my,...,my), ..., fu(my,...,my)).
It is not difficult to prove that
P F3ww=g(fi(vr...,vn), o fe(vi, ..., v0))].
Hence, we can introduce h as follows:
hvy -+ v, = pwlw = g(fr(vr ..., 0n)s -y fu(v1, .o 00))].

O

Remark 7.4.8 Let g be an (n + 1)-ary function that has been introduced
in a recursive extension P’ of PA and let

le .. anal[g(ml, e ,mn7l) = O]

Define
h(mla v 7mn) = Ml[g(mh Ce 7mn>l) = 0]
Suppose
UL -+ Upg1 = QWP[W, V1, .« ., Upt1).
If

PF Jupyi1]gur - Unvngr = 0],

then we can introduce h as follows:

hvy -+ Vp = WUp419V1 -+ - UpUpy1 = 0.
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A great many recursive functions and recursive predicates can be intro-
duced in a recursive extension of PA. Further, the set of all functions and
predicates that can be introduced in a recursive extension satisfies some of
the closure properties satisfied by the set of recursive functions and recur-
sive predicates. One can easily see this by looking at the explicit definitions
of many recursive functions that we have defined earlier and the proofs of
closure properties of the set of all recursive functions and recursive predi-
cates.

Exercise 7.4.9 1. Let fi,..., fx be n-ary functions and P a k-ary pred-
icate. Assume that f1,..., fr and P can be introduced. Show that the
n-ary predicate @@ defined by

Qimi,...,my) S P(fi(my,....,mp), ..., fr(mi,...,my))

can be introduced.
2. Let P and @ be n-ary predicates that can be introduced. Show that the
predicates =P, PV @, PAQ, P — @, and P < @ can be introduced.
3. Show that the set of all functions and predicates that can be introduced
is closed under bounded minimalizations, and bounded quantifiers.

Exercise 7.4.10 Show that the divisibility m|n, the ordered pair function
OP, and Goédel’s -function can be introduced in a recursive extension of
PA.

Exercise 7.4.11 Let A;,..., A,, be pairwise disjoint subsets of N* whose
union is N*. Suppose f1,..., fm are k-ary functions. Define g : N¥ — N by

fi(@) if @ e A,
g(a) = :

fm(@) ifa e Ap,.

Show that if Ay,..., A, and f1,..., fin can be introduced in a recursive
extension of PA, then g can be introduced.

Exercise 7.4.12 Show that the set of all functions that can be introduced
in a recursive extension of PA is closed under primitive recursion.

Exercise 7.4.13 Show that all the finitely many functions and predicates
for PA that were introduced in the section on arithmetization of theories
can be introduced in a recursive extension of PA.

We now proceed to prove that every true closed existential formula of a
recursive extension P’ of PA is a theorem of P’.

In the sequel we shall use the same notation for the functions and pred-
icates introduced. For instance, we shall use form both for the predicate
form(n) as well as for the corresponding function symbol introduced, num
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both for the function num(n) as well as for the corresponding function sym-
bol introduced, and Prfpa for the predicate Pripa(m,n) as well as for the
corresponding symbol, and so on.

Let P’ be a recursive extension of PA. The set of R-formulas of P’
is the smallest class of formulas F that contains all formulas of the form
for- v, =0, puy vy, and —poy - - v, (f and p function and predicate
symbols of P’) and that satisfies

(a) ABeF=AVB,ANBeF.
(b) If A € F and if x,y are distinct variables, then Va(z <y — A) € F.
(c) fAe F,zA e F.

A formula of PA of the form vy, ... v, [knys- oy kn,, ], P1s -y o € N, will
be called a numerical instance of ¢.

Proposition 7.4.14 Let A be an R-formula of PA. Then every true nu-
merical instance of A is a theorem of PA.

Proof. That R-formulas of the formz =y, Sz =y, z+ty=z,xy=z2, <y
and negations of these formulas satisfy the conclusion of the proposition
follows from the representability of =, S, 4, -, and < and the fact that PA
is an extension of V.

Now we show that the set G of formulas that satisfy the conclusion
of the proposition satisfy the three closure properties (a)—(c). If A, B
satisify the conclusion, it is quite easy to check that AV B and A A B
also satisfy the conclusion. Thus, (a) holds for G.

We now show that (c) holds for G. Let A satisfy the conclusion of the
proposition and let B be the formula 3zA. A numerical instance B’ of B is
of the form JzA’, where A’ is obtained by substituting numerals in A for
all free variables other than x. Suppose B’ is true. Then A/ [k,] is true for
some n. By our assumption, PA - A/ [k,]. This implies that PA + B’ by
the substitution axiom and the detachment rule.

Finally, we show that (b) holds for G. Let A satisfy the conclusion of
the proposition and let B be the formula Vz(z < y — A). A numerical
instance B’ of B is of the form Vz(x < k, — A’), where A’ is obtained
by substituting numerals in A for all free variables other than z and k,
for y. Suppose B’ is true. Then for each i < n, A/ [k;] is true. Hence, by
our hypothesis they are theorems of PA. By Lemma 4.3.1, the detachment
rule, and the V-introduction rule,

PAF B
O

Recall that a formula is called existential if it is in prenex form and all
the quantifiers in its prefix are 3.
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Proposition 7.4.15 Let P’ be a recursive extension of PA. Then every
ezistential formula A of P’ is equivalent in P’ to an R-formula.

Proof. In view of the defining condition (c) of R-formulas, it is sufficient to
prove that every open formula A of P’ is equivalent in P’ to an R-formula.

Step 1: Let t[x1,...,2,] be a term of P’, and A the formula 2 = ¢. The
result holds for A.

We proceed by induction on the length of t. If ¢ is a variable, then A
is an R-formula. If ¢ is a constant, then ¢ = x is an R-formula. This is
equivalent to x = t by the symmetry theorem. Now let t = ft; ---t,. Then,
by Proposition 4.2.23,

Proa=teIy 1=t A Ayp=toa AT = fyr - Yn)-

The result now follows from the induction hypothesis, the symmetry theo-
rem, and the definition of R-formulas.

Step 2: Let A be a formula of the form pt; ---t,, p a relation symbol,
and ty,---,t, terms. We have

Pll_A‘_)Elyl"'Elyn(yl:tl/\"'/\yn:tn/\pyl"'yn)-

Since each formula y; = t; is equivalent to an R-formula, the result holds
for A.

Similarly, we prove the result for formulas that are negations of atomic
formulas.

The class of formulas for which the theorem holds is, by the defining
condition (a) of R-formulas, closed under V and A. Hence, the result for
open formulas follows from Exercise 4.2.24. 0O

Proposition 7.4.16 Let P’ be a recursive extension of PA. Then every
R-formula of P’ is equivalent in P’ to an R-formula in PA.

Proof. Suppose P” is a recursive extension of P’ obtained by adding just
one nonlogical symbol. Our result will be proved if we show that every
R-formula A in P” is equivalent in P” to an R-formula in P’. By the
equivalence theorem, it is sufficient to prove the result for A of the form
fri-x, =y or pxry---x, or their negations.

Since the defining axiom of p is an open formula of P’, the result is easy to
prove for a formula of the form px; - - - z,, and their negations by Proposition
7.4.15. Since a formula of the form —(fz; - - - 2, = y) is equivalent in P” to
a formula 3z(—(y = 2) A fay - - - 2, = z), the result follows for such formulas
by Proposition 7.4.15.

Let A be fx1-- 2, =y. Then A is equivalent to a formula of P’ of the
form

BAVz(x <y — C),

where B and C are open. The result can be easily seen now by Proposition
7.4.15. O
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From the last three results, we have the following theorem.

Theorem 7.4.17 If P’ is a recursive extension of PA, then every true
closed existential formula is a theorem of P’.

7.5 Second Incompleteness Theorem

We are now in a position to prove that “PA is consistent” is not a theorem
of PA.

From now on, we assume that P’ is a recursive extension of PA in which
all the recursive functions and recursive predicates for PA introduced in the
section on arithmetization of theories have been introduced. We introduce
some notation first.

Let t, t1,...,t, be terms and 1, ..., x, be the first n variables in alpha-
betical order. We define the terms S(¢,t¢1,...,%,) by induction:

S(t7 tl) = SUb(t7 k[wﬂ s tl)v

S(t, tl, tQ) = sub(S(t, tl), k‘[mﬂ 5 tQ)

S(t,tl, ce ,tn) = sub(S’(t,tl, ce atn—1)7k[mn%tn)-

Since each formula in P’ has a translation in PA and since P’ is a
conservative extension of PA, we shall not distinguish between a formula
of P/ and its translation in P. With these conventions, we abbreviate the
formula JyPrfpa(z,y) by Thmpy(x) and

=V (formpa(x) — Thmpa(x))

by COHPA.
By formalizing the proof of Proposition 7.4.14 inside P’, we shall prove
the following lemma.

Lemma 7.5.1 For any R-formula Alxy,...,x,] of PA,
P, FA— ThmpA(S(k'(Aw,Il, ‘e ,In))

Proof. We shall prove the result by induction on the length of A. We shall
give only a few steps of the proof. Readers should not find it difficult to
complete the proof themselves.

Let A be the formula 0 = z. We have

S(kray, ) = (ksn(=), num(0), num(z)).

We have to show that
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P'+0=2— Thmps((ksn(=), num(0), num(0))).
By the equality theorem, this will be proved if we show that
P’ Thmpa((ksn (=), num(0), num(0))).
But the formula
Thmpa((ksn(=), num(0), num(0)))

is a true closed existential formula. Hence it is a theorem of P’ by Theorem
7.4.17.

Similarly by formalizing the proofs of the representability of S, +, -, and
< inside P’, we can prove the assertion for formulas of the form Sz = v,
r+y==zx-y=2z2 <y, etc.

We shall show only one inductive step and leave the others for the reader
to prove. Let Alzy,...,z,] be of the form 3z B and the result holds for the
formula B. Set

t= S(k(B],.’I}l, cey ).

Since S(kray, 21, --,%n) = (ksn(3), kre], 1) is a true closed existential for-
mula, by Theorem 7.4.17,

P't S(kpay, @1, 2n) = (ksn(3), Fa]s t)- (a)
By the induction hypothesis,
P’ B — Thmp(sub(t, k1, num(z))).
By the distribution rule, we have
P’ A — 3zThmp(sub(t, k7, num(z))). (b)

Using the fact that every true existential sentence is a theorem, we can
formalize the proof of “if P’ F B,[k,] for some n, P’ - 3zB” inside P’.
Thus, we get

P’ + 32Thmp 4 (sub(t, kfy1,num(x))) — Thmp((ksn(z), k2. 1) (¢)
Our assertion for A follows from (a), (b), and (¢). O

Essentially by formalizing the proof of the first incompleteness theorem
inside P/, we get the following very interesting result.

Theorem 7.5.2 (Second incompleteness theorem) Conpa is not a
theorem of PA.

Proof. Let A[x] denote the translation of the formula
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=3yPrfpa(sub(z, kry, num(z)), y)

in PA. Let
a=1T[A].

‘We need to show that
PA |71 ConpA. (1)

Since P’ is an extension by definition of PA, it is sufficient to prove that
Pt/ Conpa. (2)
For this, it is enough to prove that
P+ Conpa — Aglka], (3)

because by the argument contained in the proof of the first incompleteness
theorem,

P Aylka)

and A,[k.] is a tautological consequence of Conpy — A, [k,] and Conpa.
Let B be an R-formula in PA that is equivalent in P’ to

JyPrfpa(sub(z, krpp, num(z))), y) o ko).
Hence, by the equivalence theorem,
P+ B« Aglk,). (4)

Let b = [B] and ¢ = [Ag[ks]]- By the definition of consistency and
Theorem 7.4.17, we have

P'+ Conpa — (=Thmpa(k.) V -Thmpa(neg(k.))), (5)

where
neg(ke) = (ksn(-),c)-
Thus, by the tautology theorem, it is sufficient to show that
P+ (=Thmpa (k) V =Thmps(neg(k.))) — Azlka]. (6)
By the tautology theorem again, it is enough to show that

P+ =Thmpa(k.) — Azlka] (7)

and
P+ —=Thmpa(neg(ke)) — Azlka)- (8)

We prove (7) as follows:
Note that
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ke = sub(ka, k157, num(k,))

is a true closed existential formula of P’. Hence, by Theorem 7.4.17, it is
a theorem of P’. By the equality theorem and the definition of A, we now
have

Pl F ﬁAgj[k‘a] — ThmpAUCC).

This proves (7).
To prove (8), first note that by (4),

P'+ B — — Ay k.

Hence,
Thmpa((ksn vy, neg(ky), neg(ke)))

is a true closed existential formula. Hence, by Theorem 7.4.17,
P+ Thmpa(ky) — Thmpa(neg(k.)), (9)
Finally, by Lemma 7.5.1, we have,
P'+ B — Thmpg (k). (10)

Now note that
—Thmp(neg(k.)) — Azlka]

is a tautological consequence of
Thmpa(ky) — Thmpa(neg(ke)),

B — Thmpa(ksp),
and
-B « Aglka].
Hence, (8) follows from (9), (10), and (4) by the tautology theorem. 0O
Remark 7.5.3 There is an extension by definitions of ZF (or of ZFC)
in which there is a suitable interpretation of Peano arithmetic PA so that
the representability theorem can be proved with the theory N replaced by

Z F. Hence, we can express Conzp and Conzpc as formulas of ZF. Again,
using similar ideas, we can prove the following result:

ZF VCOW/ZF.
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