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Preface

This book is written on the occasion of the centenary of the birth of Kurt Godel
(1906-1978), the most exciting logician of all time, whose discoveries shook the
foundations of mathematics. His beautiful technique of examining the whole edifice
of mathematics within mathematics itself has been likened, not only figuratively
but also in precise technical terms, to the music of Bach and drawings of Escher
[6]. It has had a deep impact on philosophers and linguists. In a way, it ushered
in the era of computers. His idea of arithmetization of formal systems led to the
discovery of a universal computer program that simulates all programs. Based on his
incompleteness theorems, physicists have propounded theories concerning artificial
intelligence and the mind-body problem [13].

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 mathematician interested in knowing
what mathematical logic is concerned with and who would like to learn the famous
completeness and incompleteness theorems of Godel 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 pains
have been taken to make the book suitable for both classroom and self-instructional
purposes. The book does not strive to be a comprehensive encyclopedia of logic, 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 reasonable
level of mathematical rigor and generality. However, a working knowledge of
elementary mathematics, particularly naive set theory and algebra, is required. We
suggest [17, pp. 1-15] for the necessary prerequisites in set theory. A good source
for the algebra needed to understand some examples and applications would be [10].

Students who wish 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

vii



viii Preface

for readers to complete. Students of computer science may leave out sections on
model theory and arithmetical sets. Mathematicians working in other areas who
wish 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. Chapters 1-4, except for Sect. 2.4 and Sects. 5.1 and 5.4, should
constitute a satisfactory course in mathematical logic for undergraduate students.
The book prepares students to branch out in several areas of mathematics related
to foundations and computability such as logic, model theory, axiomatic set theory,
definability, recursion theory, and computability. Hinman’s recent book [5] is the
most comprehensive one, with representation in all these areas. Shoenfield’s [16]
is still a very satisfactory book on logic. For axiomatic set theory, we particularly
recommend Kunen [9] and Jech [8]. For model theory, readers should also consult
Chang and Keisler [3] and Marker [11]. For recursion theory we suggest [12].

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
encouragement and help. I fondly acknowledge my daughter Rosy, my son Ravi,
and my grandsons Pikku and Chikku for keeping my spirits up 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 as at the office for the duration of my
work on the book.

Preface to the Second Edition. In the second edition, we have given a fairly
respectable introduction to model theory. It shows that logic is a lively subject
with surprising connections elsewhere in mathematics. The work of Tarski, Julia
Robinson, Vaught, Morley, Shelah, and others is a testimony to the fact that model
theory in its own right is a beautiful and deep subject. Hrushovski’s proof of
the function-field Mordell-Lang conjecture [7], the proof of the Manin—Mumford
conjecture by Pila and Zannier [15], and Pila’s proof of the André—Oort conjecture
[14] are some of the spectacular applications of model theory to geometry and
number theory.

Our second edition aims at giving a first introduction to the easier parts of model
theory. However, this is in no way a complete book on model theory. Still, we
hope it will motivate and prepare readers to embark on a more serious study of the
subject. In Chap. 2 we have added a section on homogeneous structures and a section
on definability. The first three sections (including the proof of the completeness
theorem for first-order logic) and the last section of Chap. 5 of the first edition have
been transplanted to Chap. 4. Chapter 5 of the second edition is largely new and is
devoted exclusively to model theory.

Significant new additions are ultraproduct of models, elimination of quantifiers,
types, and atomic, saturated, and stable models. We study a large number of
examples from algebra to illustrate our methods. A substantial study of real
closed fields is an important new example from algebra. Several applications in
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algebraically closed fields and real closed fields such as Chevalley’s theorem,
Hilbert’s Nullstellensatz, A. Robinson’s proof of Hilbert’s 17th problem, and others
are given. Apart from cosmetic changes and the additional examples, the rest of the
material from the first edition has remained unchanged.

I have been greatly helped by my wife and colleague H. Sarbadhikari for her
review of the first edition. I remain grateful to her. I fondly acknowledge the
contribution of my daughter-in-law Deepali to keep me and my wife free of any
domestic worry and my new grandson Rhishant (Totu) for providing sufficient
entertainment as a diversion from this work. Help on LaTeX-related problems
provided by my colleagues Pradipta Bandyopadhyay and Asish Mondal is gratefully
acknowledged.
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Chapter 1
Syntax of First-Order Logic

The main objects of study in 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 of developing 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 a physical existence. By con-
trast, mathematical objects are concepts, e.g., “sets,” “belongs to (€),” “natu-
ral numbers,” “real numbers,” “complex numbers,” “lines,” “curves,” “addition,”
“multiplication,” etc.

There must be initial concepts in a theory. To elaborate on this 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, x 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 “belongs 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
numbers,” “zero,” and the “successor function”; in the theory of real numbers (seen
as an archimedean ordered field), the undefined concepts are “real 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 and 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
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2 1 Syntax of First-Order Logic

objects of study. It is expected that based on these undefined concepts and on 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, for example, Latin, Sanskrit, or Tamil, 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 x 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 foregoing statement as follows:

Vxdy(x-y=e).
Example 1.1.2. The following two statements appear in set theory:
VxVyJz(x € zZAy €2)

and

—~IVy(y € x).

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 y”; the second statement means
“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.”

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. Thus, we can start with a few logical
connectives and quantifiers. This economy will help in making many proofs quite
short.
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A first-order language L consists of two types of symbols: logical symbols
and nonlogical symbols. Logical symbols consist of a sequence of variables
X0,X1,X2,...; logical connectives — (negation) and V (disjunction); a logical quanti-
fier 3 (existential quantifier); and the equality symbol =. We call the order in which
variables xq,x1,X2,... 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 {c; : i € I}; for each positive integer
n, a set of n-ary function symbols {f;j : j € J,}; and a set of n-ary relation symbols
{pk ke Kn}.

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 must specify its nonlogical symbols only. The collection of all nonlogical
symbols is sometimes called the signature of the language. To avoid suffixes and
for ease in reading, we shall use symbols x, y, z, u, v, w, with or without subscripts,
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 nonlogical
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 symbol: 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 of 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 constant
symbols, 0 and 1, two binary function symbols, + 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 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 extension of the
language of the theory of rings with identity.

Exercise 1.1.8. Show that the set of all expressions of a countable language is
countable.
1.2 Terms of a Language

We now define the terms of a language L. Broadly speaking, they correspond to
algebraic expressions.
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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 ty,....t, € 7, fjti---t, € 7, 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 71, ... ,#, are terms of
rank <k, and if f; is an n-ary function symbol, then fjt; ---1, is a term of rank at
most k+ 1. Thus, the rank of a term ¢ is the smallest natural number k such that 7 is
of rank < k.

Note that the set of variable-free terms is the smallest set .7 of expressions of
L that contains all constant symbols and is closed under the following operation:
whenever t,...,t, € 7', then fjt;---1, € 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 fj(tl, ...,t,) instead of fjt ---1,, and
t + s instead of +¢s. 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 #; - (f, - (3 -14) ), we shall write
t| -1y - t3 - f4. It is important to note that the term ((7; - ;) - #3) - 4 is not the same as
t| -1 - t3 - t4. This term can only be written using parentheses, unless, of course, one
writes it as

- taty!
Similarly, (¢; -#;) - (#3 - 14) shall stand for
-l - 13ty
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, + and -. Let m
denote the term obtained by “adding” 1 to itself m times, i.e., m is the term

14+ +1;
~———

m times

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

r-t---t-1.
———

n times
Then m and 1" are terms of L. Also, any “formal polynomial”
mo +mx+-- -+ mux",
with x a variable, is a term of L.

Example 1.2.2. Variables are the only terms in the language of set theory because
it has no constant and no function symbols.
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We define the set of all subterms of a term ¢ by induction as follows: ¢ is a subterm
of t. If ft1---t,, 11,...,t, € 7, is a subterm of ¢, then so is each #;, 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 . of expressions that contains ¢ and such that whenever
fty--ty €., thenty,... 1, €.7.

Example 1.2.3. Lett be the term x -y - z of the language of group theory. Then x-y-z,
X,¥-z,y, and z are all the subterms of z. Note that x - y is not a subterm of ¢.

Exercise 1.2.4. List all the subterms of the term
X-u+y-v+z-w
of the language of ring theory.

Let s be a term. We shall write s[vy,...,v,] to indicate that variables occurring
in s are among vy, ...,v,. If sis a term, then s, __y, [t1,... %], or simply s[t1,... %]

when there is no possibility of confusion, denotes the expression obtained from s by
simultaneously replacing all occurrences of vy,...,v, in s by #1,...,t,, respectively.

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

Sx,y,z[x+zu 17yy] = (X+Z) : (1 +yy)
Proposition 1.2.6. Let s[vy,...,v,| andt,,...,t, be terms. The expression sty,. .. ,t)
defined above is a term.

Proof. We prove the result by induction on the rank of s. If s is a constant symbol

c, then s[ty,...,t,] = c; if s is a variable other than the v;, then sy, ... ,t,| =s; if s is
v; for some 1 <i < n, then s[t,...,t,] =¢;. Thus, the assertion is true for terms of
rank 0.

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

S0 = L1l ).
Then
sltrs e tal = F(stltry e tuls ooy Smltny - 1))
By the induction hypothesis, each sj[f1,. .. ,#,] is a term. Hence s[t1,...,1,] is a term.
The proof is complete by induction on the rank of terms. a

Remark 1.2.7. The foregoing method of proving statements on terms by induction
on the rank of terms is a fairly standard one 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 terms.
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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 7 and s are terms of L,
then ¢ = s is an atomic formula of L; if p is an n-ary relation symbol of L and t, .. . ,t,
are terms, then pt; - - - 1,, is an atomic formula; these are all the atomic formulas of L.

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

Example 1.3.2. v € w, v =w, where v and w are variables, are all the atomic
formulas of the language of 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); dvA 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. Atomic
formulas or their negations are called literals.

Henceforth, unless otherwise stated, L will denote a first-order language, and by
term (or 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
AVBVCistobereadas AV (BVC);AVBVCVDistobereadas AV (BV (CVD));
and so on. Note that the formula (A V B) v C is different from the formula A Vv (BV C)
and that the parentheses have to be used to write the former formula, unless, of
course, one writes it as VVABC! If Ay,--- ,A, are formulas, then we shall write
VI Aifor Ay V--- VA, Also, we shall often write ¢ # s instead of —(r = s), where
t and s are terms of the language.

Remark 1.3.3. Any term or formula is of the form Au; ---u, where A is a symbol
and uq,--- ,u, are 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 quantifiers.

VvA is an abbreviation of =3v—A; A A B abbreviates ~(—AV —B); A — B is an
abbreviation of (—A) 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—Distobereadas A — (B — (C — D)); and so on. The
connective A is called a conjunction and the quantifier V the universal quantifier.
Note that we could have added all these symbols to our alphabet. There are several
reasons for not doing so. For instance, the proof of some results concerning formulas
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would become long if we did not exercise economy in the number of logical
symbols. As in the case of disjunction, we shall write A?_|A; for A A---AA,.

A formula of the form IvA is called an instantiation of A, and a formula of the
form VvA is called a generalization of A. A formulais called elementary if it is either
an atomic formula or an instantiation of a formula.

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

A subformula of a formula A is inductively defined as follows: A is a subformula
of itself; if =B or JvB is a subformula of A, then so is B; if BV C 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 7 (A) of formulas of L that contains
A and satisfies the following conditions: whenever =B or 3vB is in . (A), then so is
B, and whenever BV C is in % (A), then so are B and C.

Exercise 1.3.5. List all the subformulas of the following formulas:

1. Vx3y(x-y=e).
2. VaxVyJz(x € zAy € 7).
3. =IVy(y € x).

(The preceding 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 3vB; 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 @[vo, ..., v,] if @ is a formula all
of whose free variables belong to the set {vg,...,v,}.

Example 1.3.6. In the formula
xeyVvix(xey),
all the occurrences of y are free, the first occurrence of x is free, and other

occurrences of x are bound.

A formula with no free variable is called a closed formula or a sentence. 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 &
of formulas such that each atomic formula is in ¢ and is closed under — and V, i.e.,
whenever A,B € 0, then ~A and A V B are in & as well.

Let Alxo, .. .,X,—1] be a formula whose free variables are among xj, . . ., x,—1 and
Xp—1 1s free in A, where xo,...,x,— are the first n variables in alphabetical order.
We call

Vxn,1 . -VX()A

the closure of A. Note that if A is closed, then it is its own closure.
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Let 7 be a term, v a variable, and A a formula of a language L. We say that the
term t 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
xeyVvix(xey),
we cannot substitute any term containing x for y.

If 7 is substitutable for v in A, then A,[r] designates the expression obtained
from A by simultaneously replacing each free occurrence of v in A by ¢. Simi-
larly, if the terms #q,...,#, are substitutable in A for vy,...,v,, respectively, then
Ay, wltt, .. ta), or Alry,....1,] when there is no possibility 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 #1,...,t,, respectively. Note that
whenever we talk of Alfy,...,f,), it will be assumed that 7y,...,f, are substitutable
in A for vy, ..., v,, respectively.

Example 1.3.9. Let A be the formula
xeyVvx(xey).
Then A, [z] is the formulaz € yV Ix(x € y).
Proposition 1.3.10. The sequence Alty, ... ,t,] defined previously 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 A[vy,...,v,] be an atomic formula. Then
A is a formula of the form p(s[vi,...,Va]s-.-,Sm[V1,...,Va]), Where p is an m-ary
predicate symbol and sy, ...,s,, are terms of L (p may be the equality symbol; in
this case m = 2). Then,

A[l‘l,...,l‘n] :p(sl[tl,...,l‘n],...,sm[l‘l,...,l‘n]).

By Proposition 1.2.6, sj[ti,...,t,], 1 < j < m, are terms. Hence, Afrq,...,1,] 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 t,).

Let B[vi,...,v,| and C[vy,...,v,] be formulas of rank <k, and let 7y,...,z, be
substitutable for vy,...,v, respectively in B and C. If A is the formula —B, then
Alty,...,t,] is the expression —Blt,...,t,], which is a formula by the induction
hypothesis. If A is BVC, then A[ty, ... ,1,] is the expression B[t ... ,t,| VC[t1,.. . ,t],
which is a formula by the induction hypothesis.

Let B[v,vy,...,v,] be a formula of rank &, and let v be distinct from v;. Suppose
A is the formula JvB. Then A[ry,...,1,] is the expression IvB[v,71,...,1,]. 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.

O
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Remark 1.3.11. The foregoing method of proving results by induction on the rank
of formulas is a fairly standard method in the field. Sometimes, in the remainder of
this book, we may not give the complete argument and simply 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 meaning). One may consider
this to be a useless representation of a sentence. But it is far from useless. Logical
connectives and quantifiers have an intended logical meaning, so that whatever A
may be, “A VA is “true”; for any term ¢, t =1t is “true”; AV B is “true” if and only
if at least one of A or 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 we see; and we can make some inferences about it from its
syntactical structure. Of course, we should know what an inference is and how it is
done. This will be specified later in the book.

1.4 First-Order Theories

A first-order theory, or simply a theory, T consists of a first-order language L and a
set of formulas of L. These formulas are called nonlogical axioms of T. By terms or
formulas of 7', we shall mean terms or formulas respectively of the language of 7.
The language of 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 at most x,
with k an infinite cardinal, is called a x-theory.

Example 1.4.1. The theory of infinite sets has no nonlogical symbols and its axioms
are the sentences A,,, n > 2, where A,, is the formula

Fxp - g Ai<icj<n Xi 7 X

Example 1.4.2. Group theory is a theory whose nonlogical symbols are a constant
symbol e and a binary function symbol - and whose nonlogical axioms are the
following formulas (below, x, y, and z denote the first three variables):

1. VavyWz(x- (y-z) = (x-y) - 2),

2. Vx(x-e=xAe-x=x),

3. Vxdy(x-y=eAy-x=e).

Example 1.4.3. The theory of abelian groups is a theory whose nonlogical symbols

are a constant symbol 0 and a binary function symbol + and whose nonlogical
axioms are the following formulas:
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L Va¥yWz(x+ (y+2) = (x+y) +2),
2. Vx(x+0=xA04+x=x),

3. Vady(x+y=0Ay+x=0),

4. VaVy(x+y=y+x).

Example 1.4.4. The language of 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 axioms 1—4 of abelian groups together with the following
axioms:

5. VaVyVz(x- (y-z) = (x-y) - 2),

6. Vx(x-1=xA1-x=x),

7. VaVWz(x- (y+2) =x-y+x-2),
8. VaVyVz((y+2z) - x=y-x+2z-x).

We define the theory of commutative rings with identity by adding
9. VaxVy(x-y=y-x)
as a nonlogical axiom.

Example 1.4.5. Field theory has the same language as the theory of rings with
identity its nonlogical axioms are axioms 1-9 of the theory of commutative rings
with identity together with the following axiom:

10. Vx(=(x=0) = Iy(x-y=1Ay-x=1)).

Example 1.4.6. Let L be a language with only one nonlogical symbol — a binary
relation symbol <. The theory LO (the theory of linearly ordered sets) is a theory
whose language is L and whose nonlogical axioms are as follows:

1. Va—(x < x),
2. VaVyWz((x <y Ay <z) = x < 2),
3. aVy(x < yVx=yVy<x).

Example 1.4.7. The theory of ordered abelian groups, denoted by OG, has a
constant symbol 0, a binary function symbol +, and a binary relation symbol <,
and its axioms are the axioms of abelian groups, axioms of linear order, and the
following axiom:

VaVyWz(x <y = x+z<y+2).

Example 1.4.8. The theory of dense linearly ordered sets, denoted by DLO, is
obtained from LO by adding the following axioms:

4. Vavy((x <y) — Jz(x <zAz<Yy)),
5. Vxdy(y < x),
6. Vxdy(x < y).

Exercise 1.4.9. Express the axioms of an equivalence relation as formulas of a
suitable first-order language.

Example 1.4.10. Let F be the theory of fields.
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Let p > 1 be a prime number. The theory obtained by adding

A (m#0) A (p=0)

to the axiom of F is called the theory of fields of characteristic p.

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 1.4.11. 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. Vx=(x <x),

12. VaVyVz((x <yAy<z) = x<2),
13. aVy(x <yVx=yVy<x),

14. aVy(x <y = Vz(x +z <y +2)),
15. VaVy((0 <xA0<y) =0 <x-y).

The theory OF is known as the theory of ordered fields.

Example 1.4.12. We now give some axioms of number theory, which plays an
important role in logic. We denote this theory by N. The nonlogical symbols of N
are a constant symbol 0, a unary function symbol § (which designates the successor
function), two binary function symbols + and -, and a binary relation symbol <.
The nonlogical axioms of N are as follows:

1. Vx(=(Sx =0)),

2. VxVy(Sx =Sy = x=1y),

3. Vx(x+0=1x),

4. VxVy(x+ Sy = S(x+y)),

5. Vx(x-0=0),

6. Vax¥y(x-Sy = (x-y) +x),

7. Vx(=(x < 0)),

8. aVy(x < Sy > (x <yVx=y)),
9. Vx(Wy(x <yVx=yVy<ux).

For any nonnegative integer n, the term

~——

m times

will be denoted by k. Such terms are called numerals. Note that kg is the constant
symbol 0.
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Example 1.4.13. Peano arithmetic is the theory obtained from N by deleting the last
axiom and adding the following axiom schema, called an induction axiom schema:
for every formula A[v], the formula

Ay[0] = V(A — Ay[SV]) — A

is called an induction axiom. This theory will be denoted by PA.

Example 1.4.14. We give below the axioms of set theory. This theory is called
Zermelo—Fraenkel set theory and is designated by ZF. To convey the content of
the axioms better, we shall state the axioms informally in words as well:

1. Set existence. There exists a set. This is expressed by the formula

2. Extensionality. Two sets are the same if they contain the same sets:
Vavy(Vz(z €x 3 z€y) = x=y).

This axiom has a serious consequence: elements of a set are themselves sets. For
instance, the collections of all Indians and that of all Americans are not sets. For,
if they were, they would be the same sets because they contain no sets.

3. Comprehension (subset) schema. For each formula @[x,wy,...,w,], the follow-
ing formula is an axiom:

VZVwy - VY (IyVax(x €y <> x EZA ).

This axiom says that given any “property of sets” expressed by a formula
olx,wi,...,wy], for any fixed parameters wy,...,w, and for any set z, there is
a set y that consists precisely of those x € z that satisfy Qx,wy,...,wy].
By extensionality, it can be proved that such a set y is unique, usually denoted
by
y={x€z:xwi,...,wy}.

It is assumed that the variables x, y, and z and the w; are distinct.

4. Replacement schema. For every formula @[x,y,z,ui,...,u), the following
formula is an axiom:

VzVuy - - Vu, (Vx € 23lye — IWx(x € z — Iy(y € vA 9))),
where 3!y abbreviates the formula

0 AVu(gylu] = u=y).
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This axiom, together with comprehension, says that the range of a “function” on
a set z that is defined by a formula ¢ is a set.
5. Pairing. Given sets x and y, there is a set 7 that contains both x and y:

VxVyJz(x € zAy € 7).

This axiom, together with comprehension, helps us to speak of sets of the form

b {xe v} {xy, 2}, ete.
6. Union. Given any set x, there is a set 'y that contains all z that belong to a member
of x:
VxIWVu(u exAz€u—z€y).

This axiom, together with comprehension, will imply that the union of a family
(i.e., a set) of sets is a set.
7. Power set. Given any set x, there is a set y that contains all subsets 7 of x:

VxWz(Vu(u ez —uex) > z€y).

This axiom, together with comprehension, will enable us to define the power set
of a set.

8. Infinity. Based on the axioms introduced so far, it can be “proved” that an empty
set exists, which we shall denote by 0. The following formula is an axiom:

(0 exAVy(y ex — yU{y} €x)).

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

9. Foundation. This is the most unintuitive axiom. It is the following formula:

Vx(3y(y € x) = Iy(y ExA—-Tz(z ExAzEY))).

It says that the binary relation € is well founded on every nonempty set. It rules
out the existence of a set that contains itself. Even by restricting the domain of
discourse of set theory to well-founded sets, we can define all the mathematical
objects, i.e., natural numbers, real numbers, complex numbers, Euclidean spaces,
curves, surfaces, etc., as sets.



Chapter 2
Semantics of First-Order Languages

In the last chapter, we presented syntactical notions pertaining to first-order theories.
However, in general, mathematical theories are not developed syntactically. 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. This chapter should also be seen as the beginning of a branch of logic
called model theory, which can be thought of as the general study of mathematical
structures. Some important notions from model theory, for example, the downward
Lowenheim—-Skolem theorem, types, homogeneous structures, and definability, are
introduced here.

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, c in G,
a-(b-c)=(a-b)-c.

2. Foreverya € G,

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

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 in the
language of 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
the structure of a language L as a nonempty set A together with the interpretations

S.M. Srivastava, A Course on Mathematical Logic, Universitext, 15
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or meanings of all the nonlogical symbols of L. This is known as the semantics of L.
Then the models of a theory T are those structures of the language for 7' in which
all axioms are true.

2.1 Structures of First-Order Languages

A structure or an interpretation of a first-order language L consists of (a) a nonempty
set M (called the universe of the structure), (b) for each constant symbol ¢ of L, a
fixed element ¢y € M, (c) for each n-ary function symbol f of L, an n-ary map
Ju : M" — M, and (d) for each n-ary relation symbol p of L, an n-ary relation
pu C M" on M. The interpretation of “=""is always taken to be the equality relation
in M.

Any group is a structure of the language of 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 is true in a structure and which is not is
irrelevant in the definition of a structure. For instance, the set of all natural numbers
N={0,1,2,...} as the universe, O as the interpretation of e, and + the interpretation
of - is a structure of the language of group theory even though it is not a group.

Example 2.1.1. Let N be the set of all natural numbers, and let 0, 1, +, -, and <
have the usual meanings. Further, let S(n) = n+ 1, n € N. This is a structure of
the language of the theory N defined in Chap. 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 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. Thus, we shall define the interpretation or
meaning fyy of each variable-free term ¢ of L in M by induction on the rank of z. The
interpretation of a constant symbol c¢ is already given by the structure, namely cy;.
If1,...,t, are variable-free terms whose interpretations have been defined and if f
is an n-ary function symbol of L, then we define

(ftr-ta)u = fua((t1)ms- -5 (ta) 1)

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

Example 2.1.2. Let L be the language of 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(x) be a polynomial expression whose coefficients are of the form m, i.e., P(x)
is a term of the form

@'i_@x'i_""i_ﬂxn?
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where x is a variable. Let R be a ring with identity. Then the interpretation 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 7, the interpretation of P.[¢] in R is the element

P(tg) = mo + mytg + motg + -+ mytp

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 ¢[x], then 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 a structure of L with universe M, let Ly, 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 Ly, 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 the truth of
a closed formula or a sentence of Ly, in the structure M. The definition is based on
the well-known intended meaning of the logical connectives V and — 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 Ly to the set {T,F} (T for true and F for false)
satisfying some conditions. This will be done by induction on the rank of sentences
of Ly. If a sentence takes the value 7', 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
pty---t,, where p is an n-ary relation symbol (including =) and #,...,1, are
variable-free terms. We say that pt; - - -, is true in the structure if

pu((t1)ns - (tn)mr)
holds, i.e.,
(1) -+ (ta)m) € pu C M.

Otherwise, we say that pt; - - - ,, 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 @ € M. We say that a formula A of Ly,
is true in the structure if its closure is true in the structure. If a formula A of L is true
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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, then we write M [~ A.
Note that if A and B are closed formulas, then

ME-ASMEA

and
MEAVB&SMEAorMEB.

Exercise 2.2.1. Give an example of a formula (necessarily not closed) of the lan-
guage of the theory N that is not true and whose negation is not true in the standard
structure N of N. Similarly, give examples of formulas A and B of the language of
the theory N such that A V 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 Vv[v] is valid in a structure with universe M if and only
if for each a € M the sentence @, [is] of Ly 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 is 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.

Exercise 2.2.3. Let A[vy,...,v,] be a formula and 7y,...,7, be variable-free terms
of L. Show that the formulas

Vv YvpA = Al .. 1]

and
A[tl,...,t,,] — vy .-, A

are valid in all structures of L.

2.3 Models and Elementary Classes

A model of a first-order theory 7 is a structure of L(T) with universe M in which
all nonlogical axioms of 7" 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 of e and - respectively, is definitely a structure for the
language of group theory but not a model of group theory.
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Example 2.3.1. Show that the set of all natural numbers
N={o0,1,...}

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.

A formula A of T that is true in all models of T is called valid in T. One writes
T E=Aif Aisvalidin T.If A is not valid in some model of T, we shall write T [~ A.

Exercise 2.3.2. 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;W is
valid in M’ if and only if it is valid in M.

Let M be a structure of L and Th(M) the set of all sentences of L that are true in
M. Then Th(M) is called the Theory of M.

A class M of structures of a language L is called elementary if there is a theory
T with language L such that elements of M are precisely the models of 7. Thus,
the classes of infinite sets, dense linearly ordered sets with no first element and no
last element, groups, rings, fields, ordered fields, etc., are elementary classes in the
corresponding languages.

A field K is called algebraically closed if every nonconstant polynomial P(X) €
K[X] has a root in K. Let L be the language of rings. For each n > 1, let A,, denote
the formula

VVO...VVnEVn+1(V0—|—V1 'Vn+1+"'+vn'vz+1 :0)

Then the class of all algebraically closed fields is elementary, axiomatized by
axioms of fields and {A, : n > 1}. ACF will denote the theory of algebraically closed
fields, ACF (0) that of algebraically closed fields of characteristic 0, and ACF (p) that
of algebraically closed fields of characteristic p, p being a prime.

Exercise 2.3.3. (i) Show that a ring with an identity has more than one element
if and only if 0 # 1.
(i) Show that every algebraically closed field is infinite.
(iii) Show that if K is a nontrivial ordered field, then 0 < 1.
(iv) Show that every nontrivial ordered field is of characteristic 0.
(v) Show that every nontrivial ordered field is order-dense.
(vi) Show that if K is an ordered field, then —1 cannot be written as a sum of
squares of finitely many elements in K.
(vii) Show that an algebraically closed field is not orderable, i.e., there is no linear
order < on the field making it into an ordered field.

Henceforth, we assume that if R is a ring with identity, then 0 # 1.
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Example 2.3.4. Let (R,0,1,+,-) be a commutative ring with identity. The theory of
left R-modules has as its language an extension of abelian groups (with a constant
symbol 0', a binary function symbol +'), and, for each r € R, a unary function
symbol 7-. Its axioms are those of abelian groups and the following sentences:

(1

Vx(1-x=x)
)
Vavy(r- (x+'y) = r-x+'r-y).
3)
Vx((r+s)-x=r-x+"s-x).
“)

Vx(r-(s-x) = (r-s)-x).

Models of the theory of left R-modules are called left R-modules. If, moreover, R
is a field, then they are called vector spaces over R.
Let G be an abelian group. For any element x € G, let nx denote the term

X+ t+x.
N—_——

n times

We call a group G divisible if for every n > 1 and every x € G there existsay € G
such that ny = x. Call G torsion-free if for every x € G, x # 0, and for every n > 1,
nx # 0. Let 0 £ x € G, and let there exist a positive integer n such nx = 0. We call
the least such n the order of x in G.

Exercise 2.3.5. 1. Show that the class of divisible groups and that of torsion-free
groups are elementary.

2. Show that every nontrivial ordered abelian group is torsion-free.

3. Let n > 1 be an integer. Show that the class of all nontrivial groups G such that
every nonzero element in G is of order n is elementary. Also show that such an n
must be prime.

4. Let G be a torsion-free, divisible abelian group. For any x € G and n > 1, show
that there is a unique y € G such that ny = x. (Subsequently, we shall denote this

ybyx/n.)

The theories of divisible abelian groups and ordered divisible abelian groups will
be denoted by DAG and ODAG, respectively.

Remark 2.3.6. For any rational number p/q, ¢ > 0 relatively prime to p, define
(p/q)x = p(x/q). This makes G a vector space over the field Q of rationals. Further,
if G is uncountable and B is a basis of G as a vector space over QQ, then B and G are
of the same cardinality.
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At this stage it is not possible to give examples of nonelementary classes. For
instance, it will be proved later that the class of all finite sets is not elementary.
Several more examples will be given later.

2.4 Embeddings and Isomorphisms

In this section we introduce notions analogous to subgroups of a group, isomor-
phisms 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 (ay,...,a,) € N* will sometimes be denoted
by @ and (iq,,...,ia,) by iz. Further, for any map o : N — M, o(a) will stand for the
sequence (o(ay), ..., o(an)).

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,
Ot(CN) =CM.

(2) For every n-ary function symbol f of L and every a € N",

o(fn(@) = fu(a(a)).

(2) For every n-ary relation symbol p of L and every a € N”,

pn(@) & pu(a(a)),

i.e.,
acpy<oa)eEpuy.

If, moreover, o : N — M is a surjection, we call & : N — M an isomorphism. In
this case, M and N are called isomorphic structures. An automorphism of M is an
isomorphism from M onto itself.

If N C M and the inclusion map N — M is an embedding, then N 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
¢, cy € 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;
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(ii) For every n-ary relation symbol p,

pN=puNN",

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

v = fulN",

the restriction of fj; to N”.

Example 2.4.2. Let L be the language of 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
o : G — H is an isomorphism from the structure G to the structure H.

Note that if G is a group and H C G a substructure, then H need not be a
subgroup. It is just a subset of G that contains the identity of the group G and is
closed under the group operation. For instance, N C Z, the group of all integers, is
a substructure but not a subgroup of Z. Similarly, a substructure R’ of a ring R with
identity is a subset of R containing 0 and 1 and closed under + and -, but it may not
be a subring.

It will be convenient to have the substructures of a group be a subgroup and
those of a ring be its subrings. Thus, henceforth we shall take the following as the
definition of the theory of rings. Its language is the extension of the language of
rings as defined earlier and one more binary function symbol —. Its axioms are the
axioms of the rings and the following statement:

VxVWz(x —y =z x=y+2).

Similarly, henceforth the language of groups is augmented with a binary function
symbol — and the preceding axiom.
Substructures of a field [ are subrings ID of [ satisfying

VaxVy(x-y=0— (x=0Vy=0)).

Such commutative rings with identity are called integral domains.

Exercise 2.4.3. Show that if K is a field, then the ring of polynomials K[X,- -+, X,,]
is an integral domain.

(Hint: Let P(Xy,---,Xy) - Q(X1, -+ ,X,) =0 and P # 0. This means that not all
coefficients of P are zero and all coefficients of P-Q are zero. By a suitable inductive
argument, show that all the coefficients of Q are 0. Also note that this result is true
for all integral domains K.)

We now proceed to study the notion of embeddings, isomorphisms, etc. in
complete generality. This general study, which is more in the spirit of logic, will
turn out to be very useful.
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Proposition 2.4.4. Let ot : N — M be an embedding and t|vy,...,v,] a term of L,
and leta € N". Then

o(tligln) = tig(@)m
Proof. We prove the result by induction on the rank of . If ¢ is a variable v;, then

both terms equal o (a;). If ¢ is a constant ¢, then the term on the left is a(cy) and
that on the right is cj;. They are equal because ¢ is an embedding.

Now assume that the result is true for 7y, ... ,# and 7 is the term f(t1,...,#;). Then
o(tlialy) = e(fv(niliay, .. - ilialv))
—MWU[U o(tx[ialv))
(tl [la(a ] tk[loc(a ] )
MMM

The first equality holds by the definition of #[iz]y, 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 #[iyg) |-

The proof is complete. g

Proposition 2.4.5. Let o0 : N — M be an embedding and @|vy,...,v,| an open
Sformula of L, and leta € N". Then

N ¢lid &M E ¢liga)]. (*)

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

By the definition of the truth in a structure, the definition of embedding, and
Proposition 2.4.4, (x) holds for formulas of the form r = s as well as for atomic
formulas of the form p(z1,...,).

Now assume that ¢ is the formula —y and the result is true for y. Then

N|= ¢lia] < N |~ ylid]
& M~ Yliga)
< M= @ligm)-
The first and last equivalences hold because the formulas y/iz] and y/[iy ] are

closed; the second equivalence holds by the induction hypothesis.
The case ¢ of the form y V 1 is dealt with similarly:

N |= ¢lia] < N = ylig] or N |= nia]
e M )Z ll/[ia(a)] orM ': n[ia(ﬁ)]
& ME Qliga)

The proof is complete. g
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Exercise 2.4.6. Let o : N — M be a map such that for every atomic ¢[vy,...,v,]
and every a € N,

N ¢lia) & M | @liga))-
Show that ¢ is an embedding.

(Hint: To show that for any constant symbol ¢, ¢&t(cx) = ¢y, let the formula @[x]
be ¢ = x and consider ¢[ic,]; to show that for a,b € N, o.(a) = o(b) implies a = b,
let @[x,y] be the formula x = y and consider ¢[i,, i3], etc.)

Our next result gives a method to build an extension of a structure. Let M be a
structure of a first-order language L. We define the atomic diagram , or simply the
diagram of M, denoted by Diag(M), by

Diag(M) = {¢liz] :a € M,M = ¢[iz], ¢ an atomic formula of L}.

Proposition 2.4.7. If N |= Diag(M), then M has an embedding into N.

Proof. For a € M, take af(a) = (is)n. By Exercise 2.4.6, @ : M — N is an
embedding. O

Theorem 2.4.8. Let oe : N — M be an isomorphism and @[vi,...,v,| a formula of
Ly. Then for everya € N",

N ¢lia] & M = ¢lig()- (*%)
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 (xx*) contains all
atomic formulas and is closed under — and V.

Let @[vy,...,v,] be a formula of the form Ivy, with v different from each of the
v;. Suppose (**) holds for y and all (a,ay,...,a,) € N"*'. To complete the proof,
we now have only to show that (xx) holds for ¢ and every a € N". Thus, we take
any a € N". Then

N = ¢liz] © N |= ylia,ig] for some a € N
& M = Ylig(a),la() for some a € N
& M = Ylip,iq(g)] for some b € M
& M= Qlig)-

The first equivalence holds by the definition of validity in N, the second
equivalence holds by the induction hypothesis, the third equivalence holds because
« is surjective, and the last equivalence holds by the definition of validity in M.

The proof is complete. O

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

N = ¢lia] & M = ¢ligg))-
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If N C M and the inclusion N < M is an elementary embedding, then we say that N
is an elementary substructure of M or that M is an elementary extension of N. The
structures N and M are called elementarily equivalent if for every closed formula ¢,

NEoeMEoQ.

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

Below we present a method to build an elementary extension of a structure. Let
M be a structure of a first-order language L. We define the elementary diagram of
M, denoted by Diag.;(M), by

Diagy (M) ={¢[iz] :a € M,M = ¢[iz], ¢ aformulaof L}.

As before, we have the following result.
Proposition 2.4.9. IfN |= Diag,;(M), then M has an elementary embedding into N.

Remark 2.4.10. By Theorem 2.4.8, two structures N and M are elementarily
equivalent if they are isomorphic. Later on in the book we shall show that any
two algebraically closed fields of characteristic 0 are elementarily equivalent. But

the field @alg of algebraic numbers and the field C of complex numbers are
two algebraically closed fields of characteristic O that are not even of the same
cardinality. Hence, elementarily equivalent structures need not be isomorphic. Later
in these pages we shall show that an elementary embedding o : N — M need not
be surjective.

Theorem 2.4.11. Let N be a substructure of M. Then N is an elementary substruc-
ture of M if and only if for every formula @[v,vy,...,v,| and for every a € N", if
there is a b € M satisfying

M ': (P[ib, iﬁ]a
then there is a b € N satisfying
M ': (p[ibv iﬁ] .
Proof. Let N be an elementary substructure of M. Take a formula @[v,vy,...,v,].

Let @ € N", and suppose there is a b € M satisfying M = @iy, iz]. This means that
M = Fvp|v,ig]. Since N is an elementary substructure of M, we have N = vo|v, iz].
Thus, there is a b € N satisfying N |= ¢[i, iz]. Since N is an elementary substructure
of M, M |= @lip, iz].

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

N | ylig] & M = ylig]. )
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We shall prove (x) by induction on the rank of . 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 @, then it is true for =@, and if ¢ and y satisfy (x), then so
does ¢ V .

Now assume that @[vy,...,v,] is a formula of the form JFvy/[v,vy,...,v,] and (x)
holds for y and every (a,ay,...,a,) € N**!. Take @ € N".

Suppose N |= ¢liz]. Then thereis ab € N such that N |= y[ip, iz]. By the induction
hypothesis, M |= wlip, iz]. Thus, M = @lig].

Now assume that M = ¢[iz]. So there is a b € M such that M |= y[ip,iz]. By our
assumptions, there is a b € N such that M = y[ip, iz]. By the induction hypothesis,

N [= Wiy, ia). Thus, N = @[ia]. 0

2.5 Some Examples

Let L(<) be a language with only one binary relation symbol <.

Proposition 2.5.1. If (M,<) is a countable linearly ordered set, then there is an
embedding o : M — Q, where Q is the set of all rational numbers with usual
ordering.

Proof. Let rg,ry,... be an enumeration of M such that the r; are distinct. We define
o/(r,) by induction on n. Set o(r9) = 0. Supposen >0,and ot : {r; eM:i<n} —Q
has been defined so that it is order-preserving. Since Q is a dense linearly ordered set
with no first element and no last element, there is a ¢¢(r,) € Q suchthat o : {r; e M :
i <n} — Q is order-preserving. Thus we have defined an embedding o : M — Q.
O

Theorem 2.5.2. Any two countable models Q| and Q, of DLO are isomorphic.

Proof. Let {r,} and {s;,} be enumerations of Q; and Q, respectively. Set nyp =0
and mo = 0. Suppose for some i, ng,...,ny; and my,...,my; have been defined so
that the map f defined by

f(r”j):smj7 O§j§2i,

is injective and order-preserving. Now let m»;, 1 be the first natural number k such
that sy, is different from each Smjs J < 2i. Show that there is a natural number / such
that r; is different from each Tnjs J < 2i, and the extension of f sending r; to sp,,. |
is order-preserving. Set ny;41 to be the first such /. Thus, the map f (an) = Sm;>
Jj <2i+1,is injective and order-preserving. Now define n,;1 to be the first natural
number / such that r; is different from each Tnjs Jj <2i+ 1. Again, observe that there
is a natural number k such that s; is different from each Smj» Jj <2i+1, and the
extension of the preceding map by defining f(ry,, ,) = s is order-preserving. Set
$2i42 to be the least such k. It is easily checked that f : Q) — @Q; is an isomorphism.

O
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Remark 2.5.3. The method of the foregoing proof is fairly common and will be
repeated several times. It is known as the back-and-forth argument.

Exercise 2.5.4. Let A C Q be finite and f : A — Q be an order-preserving, one-to-
one map. Show that there is an order-preserving bijection g : QQ — Q extending f.

Proposition 2.5.5. Two divisible torsion-free abelian uncountable groups G| and
G, are isomorphic if and only if they are of the same cardinality.

Proof. We need to prove the if part only. Since the G; are uncountable and of the
same cardinality, they are of the same dimension as vector spaces over Q. Hence, G
and G, are isomorphic as vector spaces over Q. In particular, they are isomorphic
as groups. O

Corollary 2.5.6. The additive groups of real and complex numbers are isomorphic.

Exercise 2.5.7. Show that the theory of divisible, torsion-free abelian groups has
exactly Xp-many nonisomorphic countable models such that any other countable
model is isomorphic to one of these models.

Proposition 2.5.8. Let D be an integral domain. Then there is a field F and an
embedding q : D — T such that for every field K and every embedding r : D — K,
there is a unique embedding s : F — K such that soq =r.

We give only a sketch of the proof. The routine verifications are left to the reader
as an exercise.

Proof. Set
E={(a,b) eDxD:b+#0}.
We define an equivalence relation ~ on E by
(a,b) ~ (¢c,d)=a-d=b-c
and set

F=E/~ :{g:(a,b)eE},

the set of all ~-equivalence classes, i.e., ¢ denotes the equivalence class containing
(a,b). We define

and

It is easily checked that these are well defined and make [ a field.
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Now define g : D — F by

gla)= %,a eD.

Then g : D — F is an embedding.
Given any embedding » of D into a field K, define s : F — K by

s(=) =r(a)- r(b)fl, ;—j eF. 0O

It is easy to verify that if ¢’ : D — F’ is another such pair, then there is an
isomorphism 4 : I’ — F such that hog’ = g. In particular, F is unique up to
isomorphism. Such an F is called the quotient field of D.

Example 2.5.9. The field of rational numbers Q is the quotient field of the ring of
integers Z.

Example 2.5.10. Tf K[Xj,---,X,] is the ring of polynomials over a field K, then its
quotient field is denoted by K (X, -+ ,X,). Its elements are called rational functions
over K. As described previously, its elements can be thought of as the formal
quotients of two polynomials.

Similar results are true for torsion-free abelian groups and ordered abelian
groups.

Proposition 2.5.11. Let H be a torsion-free abelian group. Then there is a torsion-
free, divisible abelian group G and an embedding o : H — G such that for every
torsion-free, divisible abelian group G' and every embedding B : H — G/, there is a
unique embedding y: G — G’ such that B = yo .

Proof. Set
E ={(h,n):he€H,n>0}.

Define an equivalence relation ~ on E by
(hyn) ~ (W' ,n") & n'h=nh'.

Let g denote the equivalence class containing (#,n) € E, and set

G=E/~ _{%:(h,n)eE},

0
0=—
17

h W n'h+nk
7 ’

n n nn
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and
h

Then these are well defined and make G a group with o : H — G an embedding.
Now given a torsion-free, divisible abelian group G’ and an embedding 8 : H — G/,

define y: G — G’ by
h h) h
')/<—>—ﬁ( ), ZGG,

is the unique element g of G’ such that ng’ = B (h). O

where @
The group G obtained above is unique up to isomorphism and is called the

divisible hull of H.

Proposition 2.5.12. Let H be an ordered abelian group. Then there is a divisible,
ordered abelian group G and an embedding o : H — G such that for every divisible,
ordered abelian group G' and every embedding B : H — G’ there is a unique
embedding v: G — G’ such that = yo .

Proof. Let < denote the ordering on H. Recall that every ordered abelian group is
torsion-free. We proceed as in the proof of Proposition 2.5.11 and define
h W
- <—enh<nh O
n o n
The ordered abelian group G is unique up to isomorphism and is called an
ordered divisible hull of H.
A ring R is called orderable if there is a linear order < on R such that for every
x,¥,2 € R the following conditions are satisfied.

1. 0<xand 0 <yimply 0 < x-y.
2. x <yimpliesx+z<y+z.

Let D be an ordered integral domain and K its quotient field. Note that every
element of K can be expressed in the form § € K with d > 0.

Proposition 2.5.13. Let D be an ordered integral domain and K its quotient field.
For %, 45 € Kwith b,d > 0, define

a c

E < ZZ Sa-d<b-c

and

oc(a)z%, a€eD.

This makes the quotient field K an ordered field with o : D — K an order-
preserving embedding. Further, for every ordered field F and every order-preserving
embedding B : D — T, there is a unique order-preserving embedding v: K — F such
that yo oe = 3.

Its entirely trivial proof is left to the reader as an exercise.
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2.6 Homogeneous Structures

Let M and N be structures for a language L and A C M. Amap f: A — N is called
partial elementary if for every formula ¢[x] and every a € A,

M = ¢lia] & N E ¢lif@a)-

Note that a partial elementary map must be injective. Also, if f is partial elementary,
then so is f~1.

Remark 2.6.1. If A =0 C M, then f: A — N (the empty function) is partial
elementary if and only if M and N are elementarily equivalent. In particular, if
for some A C M there is a partial elementary map f: A — N, then M and N are
necessarily elementarily equivalent.

Let k be an infinite cardinal. We call M k-homogeneous if for all A C M of
cardinality less than k, for all partial elementary maps f : A — M, and for all
a € M, there is a partial elementary map g : AU {a} — M extending f. We call
M homogeneous if it is [M|-homogeneous, where |M| denotes the cardinality of M.
We call a theory T homogeneous if all its models are homogeneous.

Example 2.6.2. The linearly ordered set of rationals (Q is homogeneous. Let A C Q
be finite and f : A — Q a partial elementary. Then f is an order-preserving injection.
In a slight modification of the argument contained in the proof of Theorem 2.5.2,
we see that there is an order-preserving bijection g : Q — Q extending f. Thus, for
every formula ¢[x] and every @ € Q,

QF olia] & Q F oliga))-

Our contention now follows.
Following the back-and-forth argument, we have the following theorem.

Theorem 2.6.3. Let M be a countable homogeneous structure of a language L, and
let A C M be finite. Then every partial elementary map f : A — M can be extended
to an automorphism of M.

Proof. Fix an enumeration {x,} of the elements of M. Set f_; = f. We shall define
a sequence { f,, } of finite partial elementary maps such that for every n, f;,; | extends
[ and x,, belongs to the domain as well as to the range of f;,.

Assume f, is defined. If x,.; € domain(f,), then set g = f,. If x4 &
domain(f,), then, by homogeneity, there is a partial elementary g : domain(f,) U
{Xnt1} = M. Now, if x| € range(g), then we set f, | = g. Otherwise, we take
fut1 to be the inverse of a partial elementary map 4 : range(g) U {x,11} = M
extending g~ !, which exists by the homogeneity of M.

The map f. = U, f, is an automorphism of M extending f. O
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Using the method of transfinite induction we can easily see that this result can be
extended to all homogeneous structures as follows.

Theorem 2.6.4. Let M be a homogeneous structure of a language L and A C M of
cardinality less than that of M. Then every partial elementary map f : A — M can
be extended to an automorphism of M.

Proof. We assume that M| > Xo. Enumerate M \ A = {ay : @ < |M|}, and set fy =
f- By transfinite induction, for each oz < |M|, we define a partial elementary map
fo :AU{ag : B < o} such that for B < o < |[M|, fi extends fp.

Suppose fo : AU{ag : B < o} — M has been defined and is partial elementary.
Since [AU{ag : B < a}| < |[M|, by homogeneity, there is a partial elementary
extension fo 41 :AU{ag: B < o} — M of fq.

If o is a limit ordinal and fﬁ, B < a, have been defined, then we take f, =
Up<afp- Finally, g = Uy a1 fo : M — M is a partial elementary map that extends f.

O

Let M be a structure for a language L and @ € M". We define

tp" (@) = {o[x] : M |= ¢lial}

and call it a complete n-type realized by a. Types play a very important role in model
theory. 1 p™ (@) may be thought of as the set of all properties @[%] satisfied by @.

Theorem 2.6.5. Let M be a homogeneous structure for a language L and a,becM".
Then tpfl(ﬁ) = tpM(b) if and only if there is an automorphism o : M — M with
o(a) =b.

Proof. Observe that tpM (@) = tp™(b) if and only if the map @ — b is partial
elementary and use Theorem 2.6.4. O

Using the back-and-forth argument, we get the following proposition.

Proposition 2.6.6. Let M and N be countable homogeneous structures for a
language L such that for every k > 1,

{tp™ (@) :a e M*} = {tp" (b) : b € N*}.

Then M and N are isomorphic.

Proof. Fix enumerations {a;} and {b;} of M and N, respectively.

Set ag, = ap, and consider tpM(a{)). By our hypothesis, there is a b € N such that
tpM(al) = tp" (b). Let b}, be the first such b in the preceding enumeration of N.

Now let b} be the first element in the enumeration of N different from by,
By our hypothesis, there exist a,a’ € M such that tp"(a,a’) = tp"(b),b}). In
particular, 1pM (a) = tp™ (bf,) = tp" (a},). Thus, a — aj, is partial elementary. Since
M is homogeneous, there is an a” € M such that (a,d’) — (ap,a”) is partial
elementary. Therefore, 1 p" (b}, b}) = tp™ (a,a’) = tp™ (af),a"). Since b}y # b, x £y
is in tp" (b}, b!). This implies that afy # a”. We let & denote the first such a” in the
enumeration of M.
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Now let @, be the first element in the enumeration of M not belonging to
{aj,a|}. By our hypothesis, there exist b,b',b” € N such that tp"(b,b',b") =
tp™ (aj,,a},dy). In particular, tp" (b, b') =t p™ (af,,a}) = tp™ (b}, b}). Thus, (b,b") —
(bj,b}) is partial elementary. Since N is homogeneous, there exists a b € N
such that (b,b',b") — (b, b),b") is partial elementary. Hence, tp" (by, b} ,b") =
tpN (b,b' ") = tpM(a},d,db). Since d) & {a,a}}, b & {b},b|}. Let b}, be the
first such 5" in the enumeration of N.

Continuing this back-and-forth method, we shall get enumerations {a; } and {b} }
of M and N, respectively, such that for every &, (a,,--- ,a;) — (b,,--- ,b}) is partial
elementary. Plainly, a; — b/} defines an isomorphism from M to N. O

2.7 Downward Lowenheim—-Skolem Theorem

In this section we present a method of constructing elementary substructures of
small cardinality. From this it will follow that if a countable theory has a model,
then it has a countable model. In particular, if there is a model of set theory, then
there is a countable model of set theory. This is an important result in set theory. In
Chap. 5, we will present a method to construct elementary extensions of arbitrarily
large cardinalities.

Theorem 2.7.1 (Downward Lowenheim—Skolem theorem). Let M be a struc-
ture of L and X C M. Suppose L has at most K nonlogical symbols and K an infinite
cardinal number. Then there is an elementary substructure 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 satisfying
the following conditions:

(i) Each ¢y € N, where c is a constant symbol of L.
(i1) The set N is closed under f), for every function symbol f of L.
(iii)) Whenever a sentence of the form Jv¢ is valid in M, there is an element a € N
such that M |= @, [i4].

By induction on k, we shall define
NoCN CNyC...CNtCN,CNy,1 C...CM

such that each N is a substructure of N and for every formula of the form
ve(v,v1,...,v,] and every a € N, if M = Fve|v, iz, then there is a b € Ny such
that M |= @lip, iz]. Further, each Ny is of cardinality < max(x,|X]|).

Let Ny be the smallest subset of M containing X that contains all c¢y; and that is
closed under all f3s. Note that | Ny| < max(x, |X|) and that Ny is a substructure of M.
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Suppose N has been defined such that |N;| < max(k,|X|). Now we define N,
and Ny 1. Let N be the smallest subset of M containing N that is closed under all
fu. Then |N;| < max(k, [X]).

Fix a formula of the form ¢@[v,vy,...,v,]. Let ¥ be the formula Jv¢. For every
a=(ai,...,an) € (N)", whenever M |= ylig], there is a b € M such that M |=
@lip, iz]. Choose and fix one such b. Let Ny be obtained from N, by adding all the
b thus chosen. Again note that [Ny 1| < max(k, |X]).

Set

N = UgNy.
Then:

(i) For every constant symbol ¢, ¢y € N;
(ii) For every function symbol f, N is closed under fy;;
(iii) |N| < max(x,|X|) and X C N.

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

Let @[vi,...,v,] be any formula and @ € N". Since N is a substructure of M,
by Theorem 2.4.11, the proof will be complete if we show that for every formula
@[V, v1,...,vy] and for every a € N", if there is a b € M satisfying M |= @[ip, iz],
then there is a b € N satisfying M |= @[ip, iz]. Let @[v,v1,...,v,] be a formula, and
let @ € N" and b € M be such that M |= @[ip, iz]. Since Ny C Ni for all k, there
is a natural number p such that each a; € N),. By the definition of N, 1, there is a
b € Ny C N such that M = ¢lip, ig]. O

Remark 2.7.2. In the foregoing proof we used an important axiom of set theory
called the axiom of choice.

Axiom of choice: If {X;:i € I} is a family of nonempty sets, then there is a map
f 1 = UierX; such that f(i) € X; foralli € I.

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

The theory obtained by adding the axiom of choice to the axioms of ZF is denoted
by ZFC.

Corollary 2.7.3. If a countable theory has a model, then it has a countable model.
Corollary 2.7.4. IfZF (or ZFC) has a model, then it has a countable model M.

Remark 2.7.5. This seemingly paradoxical result calls for an explanation. First, we
call a set x transitive if y € x = y C x. In ZF, it can be shown that if M is a countable
model of ZF, then it has a countable transitive model. Thus, we assume that M is
countable and transitive.

Now, ZF proves that there is an uncountable set. Since M is a model of ZF, this
statement is true in the model M. In particular, there is a set x in M such that

M= x| > Ro.

Since M is transitive, x C M. But M itself is countable!
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In the real world V (a model of ZFC in the present case, assuming that it exists),
M is countable. Thus, in the real world there is a function f from N onto x. We have
not asserted that such an f € M. And in our situation, no such f belongs to M. This
is not a contradiction at all.

Let (R, <) be a linearly ordered set and A C R. An element u of R is called an
upper bound of A if for every a € A, a < u, where x < y means that either x <y
or x =y. If u is an upper bound of A and no v < u is an upper bound of A, then u
is called the least upper bound of A. A linearly ordered set R is called complete if
every nonempty subset A of R that has an upper bound has a least upper bound.

Proposition 2.7.6 (Cantor). Every complete, order-dense, linearly ordered set
(R, <) with more than one element is uncountable.

Proof. If possible, assume that R is countable. We shall arrive at a contradiction.
Fix an enumeration R = {r,} of R. Let xyp < yo be two distinct points of R. Since
R is order-dense, there is a x € R such that xo < x < yo. Let n be the first integer
such that xog < r, < yg. Set x; = r,. Since R is order-dense, there is a y € R such
that x; <y <yp. Set y; = r,,,, where m is the first natural number with x; < ry, < yp.
Assuming, xp < --- < x, <y, < --- <y have been defined, set x,,; | to be the first
r; such that x,, < r; < y,. Then take y, 1 to be the first 7, such that x,,1 < rp < yp.
Since {x,} is bounded above, it has a least upper bound, say r,. Clearly, r, <y,
for all n. But, by our construction, no r,, can be the least upper bound of {x,}. This
contradiction proves our result. a

Here is an interesting corollary.

Corollary 2.7.7. Let L = L(<) be a language with only one nonlogical symbol,
a binary relation symbol. Then the class M of all complete, order-dense, linearly
ordered L(<)-structures with more than one point is not elementary.

Proof. Suppose T is a theory with language L(<) whose models are precisely the
structures in M. Clearly, T has a model. Since T is countable, T has a countable
model. But, by Cantor’s theorem, no structure in M is countable. O

Exercise 2.7.8. Show that the class of all complete ordered fields is not elementary.

2.8 Definability

In this section, we introduce the interesting and important notion of definability.
This gives rise to interesting questions and applications in mathematics, which
is very important from a logic point of view, too. For instance, this formed the
basis for Godel’s model of constructible sets in which the axiom of choice and
the continuum hypothesis hold. This also plays an important role in decidability
questions pertaining to models.
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Throughout this section, unless otherwise stated, M will stand for a structure of
a language L.

For n > 1, X C M" is called definable (in the language L) if there is a formula
@[V, ,Vu, w1, -+ ,wy] of Land a b € M™ such that

aeX &M= @ligig).

b is called the parameters. If the parameters come from a subset A of M, we call X
A-definable. Note that if X is definable, it is A-definable for some finite A C M. A
function f : M* — M' is called definable if its graph is definable. An element a € M
is called A-definable if the singleton set {a} is A-definable.

Example 2.8.1. Let M be a structure for a language L. Then every finite D C M"
is definable. To see this when n = 1, let D = {ay,--- ,ar} C M. Then the formula
VK| (x = iy;) defines D. The proof for n > 1 is left to the reader as an exercise.

Example 2.8.2. If ¢, f, and p are respectively constant, function, and relation
symbols of L, then their interpretations cys, fir, and pys are O-definable. The formula
x = ¢ defines ¢y, the formula y = fx; ---x, defines fy, with f an n-ary function
symbol, whereas the formula py - - - y,, defines pys, with p an m-ary relation symbol.

Since formulas are described inductively, it is natural to expect an inductive
definition of definable sets, which we present in the next lemma. Its entirely routine
proof is left as an exercise for the reader. For a set M, a family of subsets of M",
n > 1, will be called a pointclass.

Lemma 2.8.3. Let M be a structure of a language L. The pointclass of all
definable subsets of M"', n > 1, is the smallest pointclass D satisfying the following
conditions:

1. {cm}, pm and the graph of fu, ¢, p, and f respectively constant, relation, and
function symbols of L, belong to D.

2. Theset{ae M":a;=a;} €D, 1<i<j<n.

3. IfAC M isin D and b € M™, then the section

Ap={aeM":(a,b) €A} eD.

4. IfA,B C M" are in D, then so are AUB and M" \ A.
5. IfAC M™ " is in D, then so is its projection

n(A)={aeM":JacM((a,a) cA)}.

Exercise 2.8.4. 1. Show that the pointclass D of definable sets is closed under
finite intersections and under substitutions by definable functions, i.e., if A C M"
is in D and f,---,f, : M™ — M are definable, then so is the set B C M"
defined by

acB<& f(a) €A

In particular, if A is definable, then so is M x A.
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2. Show that if A C M"*! is definable, then so is its coprojection B C M" defined by
ac€BeVaeM((a,a) €A).

3. Show that f = (fi,---, f;) : M* — M" is definable if and only if each fi,---, fj is
definable.

4. Show that if f: M* — M' and g : M' — M™ are definable, then so is their
composition go f : M* — M™.

5. For A C M, define the definable closure of A, denoted by dcl(A), by

dcl(A) ={x € M :x A—definable}.

Show that A C dcl(A),A C B = dcl(A) C dcl(B), and dcl(dcl(A)) = dcl(A).
Example 2.8.5. < is (-definable in the ring of reals R. This follows from

x<ye T(z#O0Ay=x+7).

Example 2.8.6. 1f L is the language of a ring without subtraction and R is a ring,
then the subtraction z = x —y is @-definable in the language L:

I=X—y&rx=y+z.

Example 2.8.7. Let F be a field and R = F[Xj,---,X,] the ring of polynomials
over F. We regard I as the set of all polynomials of degree 0. Then F is an 0-
definable subset of the ring R. It is defined by

xeFex=0Viyx-y=1).

Example 2.8.8. It was proved by Lagrange that every positive integer is a sum of
squares of four integers. From this it follows that < is @-definable in the ring Z:

x<y< Iz133z3Tzu(z #0Ay = x—l—z% + - —i—Zi).
In particular, the set of all natural numbers is an @-definable subset of Z.

It is known that if K is an algebraically closed field of characteristic 0, then the
ring R = K[Xj,--- ,X,] of polynomials over K satisfies Fermat’s last theorem, i.e., if
n > 2, then the equation x" +y" = z" has no nontrivial solution in R, i.e., if (x,y,z)
is a solution, then x,y,z € K. (See [10], p. 194.) This implies the following:

Example 2.8.9. 1If K is an algebraically closed field of characteristic zero, then K is
an 0-definable subset of the field of rational functions K(Xj,---,X,). For instance,
it is defined by the formula

feKe3gah(f=hr =1+g%.
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Example 2.8.10. Let K be a field. A subset X of K" is defined by an atomic formula
if and only if it is the set of all zeros (roots) of a polynomial over K.

We need a well-known result of Hilbert now. (See [10].) Let K be a field, and let
P C K[Xi,---,X,]. Define

V(P)={aeK": f(a)=0forall f € P}.

Sets of the form V(P) are called Zariski closed sets or affine algebraic varieties in
K". Note that if P C Q C K[X|,---,X,], then V(Q) C V(P).

Theorem 2.8.11 (Weak Hilbert Basis Theorem). If K is a field and V C K" is
Zariski closed, then there is a finite P C K[Xy,- -, X,] such that V. =V (P).

It follows that Zariski closed sets V C K" are precisely the sets defined by finite
conjunctions of atomic formulas, i.e., by finitely many polynomial equations.

Exercise 2.8.12. Readers familiar with topology should show that Zariski closed
subsets of K" are the family of all closed subsets of a topology on K". This topology
is called the Zariski topology.

Example 2.8.13. Let K be a field, and let M, (K) denote the set of all m x n
matrices over K. We identify M,,,(K) with K™ in a canonical way. We shall
follow the usual convention and write M,(K) in place of M,,(K). Show the
following:

1. The determinant function A — |A|, A € M,,(K) (i.e., its graph) is 0-definable.

2. The set of all n X n nonsingular matrices GL,(K) is @-definable. In fact, it is
defined by the negation of a polynomial equation.

3. Show that the matrix multiplication M, (K) X M,«x(K) = M« (K) is 0-
definable.

A family A of subsets of a set X is called an algebra of sets on X if it contains
X and is closed under complementations and finite unions. Sets belonging to the
algebra of subsets of K" generated by affine algebraic varieties V C K" are called
constructible sets.

Exercise 2.8.14. A subset C C K" is constructible if and only if it is defined by an
open formula.

Example 2.8.15. Let D C R" be definable. Then its closure

(ai—bi)* <€)}

M=

D={aecR":Ve(e >0— 3be D(
i=1

is definable.
If @[y, iz], ¢ € R, defines D, then the formula

Vx(x >0 = Fy(@[y,ic] A X (5 —y7) <x))

defines the closure of D.
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Proposition 2.8.16. Let D C M" be A-definable and f : M — M an automorphism
of M such that f(a) = a for all a € A. Then D = (D). In particular, f fixes all
A-definable points.

Proof. Let @[X, iz], with a; in A, define D. For every any b € M", we have

beD & M E @lig,ig]
< MEoliyg)ira)l
M= ol o
< f(b) €

The second equivalence holds because f is an automorphism of M. The first and
last equivalences hold because @[x, iz| defines D. Our proof is complete. a

It is well known that for every finite sequence @ of complex numbers there
is a real number r and a complex number s (not in R) such that there is a field
isomorphism f : C — C fixing each @ and mapping r to s. Thus we get the following
interesting result.

Proposition 2.8.17. The set of all real numbers R is not a definable subset of the
field of complex numbers C.

Later we shall prove that the set of all rational numbers Q is not a definable
subset of the field of real numbers. In a remarkable result (see [4] for an excellent
account of this) using deep results on diophantine equations, Julia Robinson proved
the following theorem.

Theorem 2.8.18 (J. Robinson). The set of all integers is an O-definable subset of
the ring of rational numbers Q.

The importance of these results for decision problems will be explained now.

Let M be a structure of L and N C M a substructure. Suppose @[x, iz| defines N.
For any formula y we define its relativization to N, denoted by w", by induction on
the rank of v as follows: if v is atomic, then y" is y. Further,

w)" =y (yvm)Y =y vt
and
Fw)" =3y(ely,ia Ay").
We may think of y" as the relativization of y to N.
Proposition 2.8.19. Let N be a definable substructure of M. Then for every formula
ylxo, - ,xn—1] and every b € N,

N = wlis] & M = yVig).
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Proof. We prove the result by induction on . The result is clearly true for atomic
v and is true for =y (y Vv 1) if it is true for y (resp. for y and n).

Now suppose the result is true for y[x,xo,---,x,_ 1] and every ¢ € N"*! and
Nlxo,-- - ,%,_1] = Ixy. Take any b € N".

Suppose M = 1" [iz]. Then there is a b € M such that M |= @[ij, iz] as well as
M = y"lip, ip). Since @ defines N, b € N. By the induction hypothesis, N = yliy, iz).
Thus, N = nlig].

Now assume that b € N and N |= nliz]. Thus, there is a b € N such that
N = ylip,iz). By the induction hypothesis, M |= y"[i,,iz]. Since ¢ defines N,
M |= @lip, iz]. This proves that M |= y[iz]. O

Remark 2.8.20. Suppose M is such that there is an algorithm to decide if a statement
of Ly is true in M or not. Such a structure is called decidable. Otherwise it is called
undecidable. (The concept of an algorithm will be defined later in the book.) The
last result tells us that if N C M is definable and M decidable, then N is decidable.
Equivalently, if N is undecidable, so is M. It was proved by Tarski that R as an
ordered field and C are decidable. It was proved by Gdodel that N is undecidable in
the language of the ordered ring. Julia Robinson’s result implies that the ordered
field of rationals is undecidable. These things will be dealt with in more detail later.

Suppose M is a structure of L and fy; : M" — M definable, defined by, say,
©[y,X,iz]. Let L’ be the expansion of L obtained by introducing an n-ary function
symbol f. We regard M as a structure of L’ by interpreting f by fis. For any formula
v of L, let y/ be the formula of L obtained from y by replacing each subformula
of y of the form n[--- f7---] by the formula Ju(u = ff AN|[---u---]), where u is
a variable not occurring in y, and then by replacing each subformula of the form
t = f(5) by ¢[t,5,ig]. If necessary, new variables should be used so that the essential
nature of the formula ¢ is not changed. Then

Proposition 2.8.21.
MEyeMEy.

Its entirely trivial proof is left as an exercise. This result implies that if a set is
definable by a formula of L/, it is definable by a formula of L. A similar result is true
for definable relations on M.

Let L and L' be first-order languages, M an L-structure, and N an L'-structure.
We say that N is interpretable in M if there are a structure N’ C M* (for some k)
of L with N" and interpretations of all nonlogical symbols of L in N’ definable by
formulas of L so that N and N’ are isomorphic.

Example 2.8.22. 1f K is a field, then the group GL,(K) is interpretable in the
field K.

Let GL;F (R) denote the set of all n x n-real matrices with determinant positive,
O(n) the set of all orthonormal n x n-real matrices, and SO(n) the subgroup of O(n)
of matrices of determinant 1. Similarly, let U (n) denote the set of all unitary matrices
over C and SU (n) the subgroup of U (n) of determinant 1.
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Let K be a field. A linear algebraic group over K is a subgroup G of GL,(K) such
that G and the graph of the matrix multiplication on G are affine algebraic varieties.
In general, an algebraic group over K is a group G that is an affine algebraic variety
over K, and the group operation - : G x G — G (more precisely, its graph) is an affine
algebraic variety, i.e., definable by polynomial equations.

Example 2.8.23. The groups GL,} (R), O(n), and SO(n) are interpretable in the field
of reals. Moreover, O(n) and SO(n) are linear algebraic groups over R. The groups
U(n) and SU(n) are algebraic over C and interpretable in the field of complex
numbers C.



Chapter 3
Propositional Logic

We now turn our attention to the fundamental notion of a logical deduction or a
proof. Note that in 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, then we infer that A V 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 —A VA
is true in all structures. Statements true in all structures of a language are called
tautologies. So all tautologies should be theorems. Are there a convenient 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? Indeed there is.

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

3.1 Syntax of Propositional Logic

Thus, the language of a propositional logic L consists of

(1) Variables: a nonempty set of symbols, and
(i) Logical connectives: — and V.

Throughout this chapter, unless otherwise stated, L will denote the language of a
propositional logic.

Let F be the smallest set of expressions in L that contains all variables, the
expression —A whenever A € F, and 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
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for the proposition “R is an equivalence relation.” Let the set of all variables of L be
{A,B,C,E}. Then E +» (AANBAC) 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 “the 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 the
humidity is high, then it will rain this afternoon or this evening.”

Exercise 3.1.3. Express the following statements as formulas of a propositional
logic:

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

The rank of a formula is defined as in Chap. 1. As in the case of a first-
order language, we shall often write AV B for VAB. We shall maintain the same
convention in using parentheses. Also, logical connectives A, —, and <> are defined
similarly. We shall use letters A, B, C, P, Q, R, and S, with or without subscripts, for
formulas 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) A€S.
(ii) B € S whenever =B € S.
(iii) B,C € S whenever BVC € S.

The following example is an important one for us.

Example 3.1.4. Let L be a first-order language and L’ a 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 this section, we use the intended 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 andonly if v(A) =F

and
v(AVB) =T if and only if v(A)=T orv(B) =T.
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If v(A) = T, then 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.

Remark 3.2.1. The truth value v(A) of a formula A depends only on the finitely
many variables occurring in A.

Exercise 3.2.2. Let F denote the set of all formulas of a language L and v : F —
{T,F}. Then there is a truth valuation that generates v as above if and only if for
every A, B € F the following holds:

v(=A) =T if andonly if v(A) =F

and
v(AVB) =T if and only if v(A) =T orv(B) =T.

Henceforth, a function v : F — {T,F} satisfying these two conditions will also be
referred to as a truth valuation.

Exercise 3.2.3. Let A, B,C be all the variables of L. For each truth valuation v of L,
compute the truth values of the following formulas:

1. A—-B—C.
2. B—-A—C.
3.A—C—B.
4. (-FAVB) = -(AA-B).

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, then we say
that A is satisfiable.

Exercise 3.2.4. Show that {A,—(AV B)}, {—A,~B,AV B} are not satisfiable.

Exercise 3.2.5. Let A and B be formulas and v a truth valuation of L. Prove the
following statements:

(a) v(AAB)=T ifandonly if v(A)=v(B)=T.
(b) v(A—B) =T ifandonlyif v(A)=F orv(B)=T.
(¢) V(A B) =T ifandonlyif v(A)=v(B).

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

(i) We say that A is a tautological consequence of A, and we write A = A if A is
true in every model v of A.
(i1) If Ais atautological consequence of the empty set of formulas, then 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.
1. If A <> B is a tautology [i.e., v(A) = v(B) for all truth valuations v], then we
say that A and B are fautologically equivalent and write A = B.

Exercise 3.2.6. (a) Show that A - B — C and B —+ A — C are tautologically
equivalent.
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(b) Show that A — B — C and A — C — B are not tautologically equivalent.

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

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

(Hint: Consider a language with variables A, B, and C.)

Exercise 3.2.7. Let F be the set of all formulas of L. Set

the set of =-equivalence classes of formulas. For any formula A, let [A] denote the
=-equivalence class containing A. Thus, [A] is the set of all formulas tautologically
equivalent to A. For formulas A and B, define

0=[AN—A4],
1 =[AV-4],
[A]" = [-4],

[AlV[B] = [AV B,

and
[A]A[B] =[AAB].

Show that these are well defined and that these make B a Boolean algebra [8, p. 78].

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

Proposition 3.2.8. Let A, Ay, Ay, ..., A, be formulas. Then the following statements
are equivalent:

(a) A is a tautological consequence of A1,As, ..., Ay.
(b) Ay = Ay — -+ — A, — Alis a tautology.

Exercise 3.2.9. Prove the following statements:

(a) A=-A.

(b) =(AVB) =-AA-B.

(¢) ~(AAB)=-AV-B.

(d) AN(BVC)=(AAB)V(ANC).
(e) AV(BAC)=(AVB)AN(AVC).

By a literal of L we shall mean either a variable or the negation of a variable of L.
A formula is said to be in conjunctive normal form (CNF) if it is a conjunction of
disjunctions of literals, i.e., it is of the form

Ny .
i:]vj:1A1j7
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where each A;; is a literal. Similarly, a formula is said to be in disjunctive normal
form (DNF) if it is a disjunction of conjunctions of literals, i.e., it is of the form

k ny
Viet Njzi Aijs

where each A;; is a literal.

Exercise 3.2.10. Show that for every formula A there is a formula B in CNF and a
formula C in DNF that are tautologically equivalent to A.

(Hint: Use induction on the length of A.)

Proposition 3.2.11. Let A — A* be a map from the set of formulas of L to itself
such that for all formulas A and B,

(-A)* = —A* and (AV B)* = A*V B".

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

Proof. Let v be a truth valuation. For every variable A, define

By Exercise 3.2.2, V' is a truth valuation. Since B is a tautological consequence of
Al,..., Ay, it follows that v(B*) =T if v(A]) = ... =v(A;) =T. O

3.3 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 g € A. An element p of P is called a maximal
element of P if for any g € P, p < g implies that p = g. 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 PP is a subset C of IP such that for every p,g € C, p < gor g < p,i.e., the
restriction of < to C is a linear order.

Lemma 3.3.1 (Zorn’s lemma). Let (P, <) be a nonempty partially ordered 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 ZF'C.
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We call A finitely satisfiable if every finite subset of A is satisfiable.
Clearly if A is satisfiable, then it is finitely satisfiable. The compactness theorem
tells us that the converse is also true. We proceed now to prove this important result.

Lemma 3.3.3. Let A be a finitely satisfiable set of formulas and A a formula 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 8. 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. O

Theorem 3.3.4 (Compactness theorem for propositional logic). A ser 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 must show that A is satisfiable. Let P denote the set of all finitely
satisfiable collections of formulas containing .A. Since A € P, P # 0. Equip P with
the partial order C (contained in). Let C be a chain in P. Clearly, UC is finitely
satisfiable. Thus, it is an upper bound of C in P. Thus, by Zorn’s lemma, there
is a maximal finitely satisfiable family M of formulas containing .A. Since M is
maximal, by Lemma 3.3.3, for every formula A, either A € M or -A € M.
Define v: F — {T,F} by

WA) =T <A M. ()
We claim that for formulas A and B of our language,
v(-A)=T < v(A)=F

and
V(AVB)=T < v(A) orv(B) =T.

Suppose v(—A) = T. Then —A € M. Since M is finitely satisfiable, A ¢ M.
Hence, v(A) = F. Now assume that v(A) = F. Then A ¢ M by the definition of v.
Hence, ~A € M, implying v(-A) =T.

Now assume that v(AVB) =T and v(A) =v(B) = F. Then AV B, —A, and —B all
belong to M, contradicting the finite satisfiability of M. For the converse, assume
that v(A) =T and v(AV B) = F. Then A, ~(A V B) € M, contradicting the finitely
satisfiability of M.

Thus, v is a truth valuation such that v(A) = T for every A € A. O

Exercise 3.3.5. Assume that L is countable. Give a proof of the compactness
theorem using induction on the natural numbers and not using Zorn’s lemma.
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(Hint: Since L is countable, the set of all its formulas is countable. Let
{Ap,A1,Az,...} be an enumeration of all its formulas. We define a sequence of
natural numbers ng, 11,15, . .. as follows: let ng be the first natural number i such that
A; & Aand AU{A;} is finitely satisfiable. Suppose n;, 0 < i < k, have been defined
in such a way that AU{A,,,...,A,, } is finitely satisfiable. Set B=AU{A,, : 0 <
i < k}. Let ngy; be the least natural number i such that A; ¢ B and BU{A;} is
finitely satisfiable, if such an i exists. Otherwise, set n;; = n;. 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 and Hausdorff.
For each finite B C A, set

Fg={veX:v(A) =T forall A € B}.

Let S denote the finite set of variables that occur in B. Note that whenever v(A) =
T forall A€ Band V|S=v|S,V/(A) =T for all A € B. Hence, Fg is closed in X.
They are nonempty by hypothesis. By hypothesis again, the family

{Fp: B C Afinite}

has the finite intersection property. Since X is compact, this implies that
N{Fp : 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 the

compactness theorem. This implies that A is not a tautological consequence of .A.
O

A graph is an ordered pair G = (V,E), where V is a nonempty set and E a set of
unordered pairs {x,y}, x # y, of elements of V. Elements of V are called the vertices
and those of E the edges of G. A subgraph of G is a graph G' = (V' E’), where
V' CVand E' C E. A subgraph G’ = (V',E’) is called an induced subgraph if

E'={{xy}€E:x,yeV'}
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For any natural number k > 1, we say that G is k-colorable if there isamap c: V —
{1,2,...,k} such that

{xy} €E= clx) #cly).

Exercise 3.3.8. Let G be a graph. Show that the following statements are equiva-
lent:

1. The graph G is k-colorable.
2. Each finite subgraph of G is k-colorable.
3. Each finite induced subgraph of G is k-colorable.

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

{Ag:xeV,1<i<k}.

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

AqV..VAy, x€V,

ﬁ(Ax,'/\ij), xeV1<i<j<k,
and
ﬁ(Ax,‘/\Ay,'), {x,y}€E,1<i<k.

Note that “@ is satisfiable” means that G is k-colorable. Also, note that “® is finitely
satisfiable” is equivalent to each of the statements 2 and 3.]

3.4 Proof in Propositional Logic

In this section we define a proof in propositional logic. To define a proof syntacti-
cally, we fix some tautologies and call them logical axioms. Further, we fix some
rules of inference.

There is only one scheme of logical axioms, called propositional axioms. These
are formulas of the form —A V A.

Rules of inference of propositional logic are as follows:

(a) Expansion rule: Infer BV A from A.

(b) Contraction rule: Infer A from A V A.

(c) Associative rule: Infer (AV B)V C from AV (BVC).
(d) Cut rule: Infer BV C from AV B and =A V C.

Exercise 3.4.1. Show that the conclusion of any rule of inference is a tautological
consequence of its hypotheses.
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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,As,...,A, such that each A; is either a logical axiom or a nonlogical axiom or
can be inferred from formulas A, j < i, using one of the rules of inference. In this
case we call the preceding sequence a proof of A, in A. If A has a proof in A, then
we say that A is a theorem of A and write A+ A. We call A inconsistent if there is a
formula A such that A+ 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.

Lemma 3.4.2. [f there is a sequence A1,A3,...,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 Ay, is a theorem of A.

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

Lemma 3.4.3. Let A be a set of formulas of L and A a formula of L. Suppose A+ 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. a

Theorem 3.4.4 (Soundness theorem for propositional logic). If A is a set of
formulas of L and A a formula, then

AFA= AEA.

Proof. LetAj,A,,...,A, be aproof of A. Thus, let v be a model of .A. By induction
oni, 1 <i<n,weshow that v(A;) = T, which will complete the proof. Note that A,
must be a tautology or belong to A. Thus, v(A;) =T.Letl <i<nandv(A;) =T
for all j < i. If A; is a tautology or belongs to A, then v(A;) = T. Otherwise, by
Exercise 3.4.1, A; is a tautological consequence of {A; : j < i}. Hence v(A;) =T.
O

3.5 Metatheorems in Propositional Logic

In this section we prove some 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. They are needed to show that
AFA & A E 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 thatt= AV B. Then - BV A.
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Proof. Consider the sequence
AVB, ~AVA, BVA.

The first element of this sequence 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 3.4.2, - BV A. ad

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

Proof. Let A be inconsistent. Thus, there is a formula A such that both A and —A
are theorems of 4. Now take any formula B. By the expansion rule, - BV A and
FBV-A.By Lemma3.5.1, AV B and - —-A V B. By the cut rule, - BV B. By the
contraction rule, - B. This proves the only if part of the result. The if part of the
result is trivial. a

Lemma 3.5.3 (Modus ponens). Let A and B be formulas of L such that - A and
FA — 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 3.4.2. O

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

Corollary 3.5.4 (Detachment rule). Let B, Aj,A;,...,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 ——A V —A is a logical axiom, - =—A V —A. Then - -AV ——A by
Lemma 3.5.1. By hypothesis, - AV B. Hence, - BV ——A by the cut rule. Thus,
F—-—AV B by Lemma 3.5.1. ad

Lemma 3.5.6. Let Ay,...,A, be formulas of L (n > 2) and 1 <i < j < n. Suppose
FA,’\/AJ‘. Then
FA V---VA,.

Proof. We shall prove the result by induction on n. Clearly we can assume that
n>3.
If i > 2, then
FAV---VA,
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by the induction hypothesis. Hence,
FAVAyV---VA,

by the expansion rule.
Now leti =1 and j > 3. Then

FAVA3V---VA,
by the induction hypothesis. Thus,
F(A3V---VA,) VA
by Lemma 3.5.1. Hence,
FAV((A3V---VA,)VA))
by the expansion rule. Then
F(AyV (A3V---VA,)) VA
by the associative rule. Hence,
FAIV---VA,

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

F(A3V---VA,) V(A1 VAy)
by the expansion rule. By the associative rule,
H ((A3 \VARR \/A,,) \/Al) VA,.

By Lemma 3.5.1,
FAV ((A3V---VA,) VA)]).

By the associative rule,
F (Az\/“-\/An)\/Al.

By Lemma 3.5.1 again,
FAV---VA,.
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Lemma 3.5.7. Letm>1,n>1,and 1 <iy,ip,... i < n. Suppose
|—A,‘l\/A,'2\/---\/A,‘m.

Then
FAI VAV ---VA,.

Proof. We shall prove the result by induction on m. In the rest of the proof, A will
designate the formulaA; Vv ---VA,.

Case 1: m = 1. Set i = i;. By the hypothesis, - A;. By the expansion rule,
F (A[+1 VAR \/An) VA;.
By Lemma 3.5.1,
FA VA1 V---VA,.

Applying the expansion rule repeatedly, we obtain
FAV---VA,.

Case 2: m = 2. Suppose i; = ir. Then |- A;, by the hypothesis and the contraction
rule. The result now follows from Case 1.

Suppose iy < ij. Then, by the hypothesis and Lemma 3.5.1, - A;, V A;,. Hence,
without loss of generality, we assume that i; < i. 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

im*

Applying the induction hypothesis to A;, VA;,,A;;,--- ,A;, (thereby reducing m
by 1) and A; VA;,,Ay,---,A,, by the induction hypothesis,

H (A,'l \/Aiz) VA.
By Lemma 3.5.1,

FAV (Ai1 \/A,’z).
By the associative law,

H (A \/Ail ) \/A,’z.
By the induction hypothesis,

F(AVA;)VA.

By Lemma 3.5.1,
FAV(AVA;).
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By the associative law,
F(AVA)VA;.

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

FA.

Lemma 3.5.8. If- ~AV C and if - -BV/ C, then - ~(AV B)V/ C.
Proof. Since =(AV B)V (A V B) is a propositional axiom, by Lemma 3.5.7,

FAVBV—(AVB).
Since - =A V C, by the cut rule,
F(BV—-(AVB))VC.

By Lemma 3.5.1,
FCVBV—(AVB).

Hence, by Lemma 3.5.7,
FBVCV—(AVB).

Since - =BV C, by the cut rule,
F(CVv-(AVB))VC.

By Lemma 3.5.1,
FCVCV-(AVB).

Hence

F-(AVB)VC

by Lemma 3.5.7. a
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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
FASEA.

By Theorem 3.4.4, we only need to prove that every tautology is a theorem. Note
that if A is a tautology, then so is A V A. By the contraction rule, our result will be
proved if we show that every tautology of the form AV A is a theorem. We shall
prove a bit more.

Proposition 3.6.2. Letn > 2, andlet AV ---V A, be a tautology. Thent-A;V---V
Ay

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

Thus, 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 =(BV C).

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

Case 1. Ay is of the form BV C; then BVCV A,V --- VA, is a tautology. Hence,
it is a theorem by the induction hypothesis. The result in this case follows by the
associative rule.
Case 2. Ay is of the form ——B; from the hypothesis it follows that BVA, V- -- VA,
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 —(BV C); assuming the hypothesis, it is easy to check
that -BVA,V---VA, and -CV Ay V ---V A, are tautologies. Thus, by the
induction hypothesis, they are theorems. The result in this case follows from
Lemma 3.5.8.

O

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,..., Ay, then - B.

Proof. By Lemma 3.2.8, 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
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Theorem 3.6.4 (Completeness theorem for propositional logic). Ler A be a set
of formulas of L. Then

AFAe AEA.

Proof. Assume that A F A. Then there is a finite set of formulas {By,...,B,} such
that

{By,...,B,} FA.
By the soundness theorem,
{B1,...,B,} EA.
Hence,
AEA.

Conversely, assume that A = A. Then, by the compactness theorem (Proposi-
tion 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.

(¢) Supposet A <> B. Then t- A if and only if + B.

(d) HA — Bifandonly if - -B — —A.

(e) FAABifandonly if+ A and + B.

() IfFA— Bandt+ B — C, thenk-A — C.

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

Remark 3.6.6. We have already seen that the compactness theorem is used to prove
the completeness theorem. Further, the completeness theorem gives a trivial proof
of the compactness theorem. To see this, let A be a set of formulas of L, and let A
be a formula of L. Then

AEA= AFA
= BFA forsome finite BC A
= B EA 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.

Thus the compactness and the completeness theorems are equivalent.



Chapter 4
Completeness Theorem for First-Order Logic

In Chap. 1, we described what a first-order language is and what its terms and
formulas are. We fixed a first-order language L. In Chap. 2, we described the
semantics of first-order languages. In Chap. 3, we considered a simpler form of
logic — propositional logic, defined what a proof is in that logic, and proved
its completeness theorem. In this chapter we shall define proof in a first-order
theory and prove the corresponding completeness theorem. The result for countable
theories was first proved by Godel in 1930. The result in its complete generality was
first observed by Malcev in 1936. The proof given below is due to Leo Henkin.

4.1 Proof in First-Order Logic

Let L be a first-order language. The logical axioms of L are as follows:

(a) Propositional axioms: formulas of the form —A V A.
(b) Identity axioms: formulas of the form x = x, where x is a fixed variable.
(c) Equality axioms: formulas of the form

V=2 === Y1 Y= f21 2

or formulas of the form
Yi=Z21 == Yn=Zn > PY1" " Yn —7 P21 """ Zn,

with the x; and y; being distinct and fixed variables.
(d) Substitution axioms: formulas of the form A,[f] — 3xA, where A is a formula
and ¢ a term substitutable for x in A.

The rules of inference in the language L are as follows:
(a) Expansion rule: Infer BV A from A.
(b) Contraction rule: Infer A from AV A.

S.M. Srivastava, A Course on Mathematical Logic, Universitext, 57
DOI 10.1007/978-1-4614-5746-6_4,
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(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) d-Introduction rule: If x is not free in B, then infer 4xA — B from A — B.

The routine proof of the following result is left as an exercise.

Proposition 4.1.1. 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. Thus, a proofin 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 T or can be
inferred from {A; : j < i} by arule of inference. We shall write 7' - A or simply - A
(when T is understood) to say that A is a theorem of 7.

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 3.4.4). Recall that a formula in a theory is valid if
it is true in all models of the theory.

Theorem 4.1.2 (Validity theorem). Every theorem of T is valid in T.

The famous completeness theorem of Godel is the converse of this theorem.

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 7”. If L(T") is an extension of L(T') and
if every nonlogical axiom of T is a nonlogical axiom of 7', then T is called a part
of T'; moreover, if the number of nonlogical axioms of T is finite, then 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 T 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. An extension 7’ 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
axiom of T is a theorem of T’. The simple extension of the theory T obtained by
adding I" as new nonlogical axioms is designated by T[I'].

Exercise 4.1.3. Let T’ be an extension of 7. Show that every theorem of 7 is a
theorem of T’. Moreover, if T’ is a conservative extension of T, then every formula
of T that is a theorem of 7" is a theorem of T'.

4.2 Metatheorems in First-Order Logic

As in the case of propositional logic, we need to prove some metatheorem in first-
order theory to prove the completeness theorem.

Throughout this section, we fix a first-order theory T'; by theorem we shall mean
a theorem of 7', and - A will mean that A is a theorem of 7.
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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 3xB. 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 {7, F}. We extend v to the set of all
formulas of L as before. Further, we define the notions 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 .o/ of formulas of Lif v(A) =T
for every truth valuation v of L in which all formulas of .o are true.

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

Proposition 4.2.1 (Detachment rule). Suppose
FAy,....,FA,
and
FA — -2 A, | A, —A.
Then
FA.
Theorem 4.2.2 (Post tautology theorem). Suppose

TFA,,...,T+A,

and

Ar,... Ap=A.

Then
THA.

Theorem 4.2.3. Every 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.
Formulas A and B are called equivalent in T if

THA&B.

We write A =7 B if A and B are equivalent in 7. Note that if A and B are
tautologically equivalent, then A =7 B.

Exercise 4.2.4. Let T be a first-order theory. Let & be the smallest set of formulas
that contains all literals and is closed under disjunctions and conjunctions. Show
that every open formula is equivalent in T to a formula in & in CNF as well as to a
formula in DNF.
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Exercise 4.2.5. Show that =7 is an equivalence relation on the set of all
formulas of 7.

In the rest of this section, we shall prove some metatheorems involving terms,
quantifiers, etc.

Lemma 4.2.6.
FA— dvy---Jv,A.

Proof. Applying the substitution axiom repeatedly, we get
FA—3dv,A,

Fv,A— dv, 1v,A,

Fdvy. v, A — Fvp - AL

Since A — Jv; ... Iv,A is a tautological consequence of the preceding formulas, the
result follows from the tautology theorem. O
Lemma 4.2.7.

F (V- WvA) — A
Proof. By 4.2.6,

F-A— 3y --- v, A
The result now follows from the tautology lemma.

Proposition 4.2.8 (V-introduction rule). If+-A — B and x is not free in A, then
FA — VxB.

Proof. By the hypothesis and the tautology theorem, we have

F-B — —A.
Then
F3x—B — -A
by the 3-introduction rule. Thus,
FA— —-dx-B.
Hence,
FA— VxB

by the definition of V. ad
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Proposition 4.2.9. IfF A, then - VxA.

Proof. Since I- A, by the expansion rule,
F—VxA — A.
Then, by the V-introduction rule (Proposition 4.2.8),
F —=VxA — VxA.

The result follows by the tautology theorem. O

By repeatedly using this lemma and the tautology theorem, we obtain the
following proposition.

Proposition 4.2.10 (Generalization rule). IfF A, then - Vx; ---Vx,A.

Proposition 4.2.11 (Closure theorem). Let B be the closure of A. Then = A if and
only if - B.

Proof. If A is a theorem, then B is a theorem by the generalization rule. By
Lemma4.2.7, B — A. Thus, if - B, then - A by the detachment rule. O

Exercise 4.2.12. Let L(T') be an extension of L(T). Show that the following
statements are equivalent.

(i) The theory T’ is a conservative extension of 7.
(ii) A sentence of T is a theorem of 7" if and only if it is a theorem of T

Proposition 4.2.13 (Substitution rule). [f B is an instance of A and if F A,
then - B.

Proof. We first prove the result in a simple case. Suppose ¢ is substitutable for v in
A and B is A, [t]. By the substitution axiom,

F—-A,[t] — Fv-A.
Thus, by the tautology theorem,
FVYvA — B.
By hypothesis and the generalization rule,
F WvA.

Hence
B

by the detachment rule.
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Now let B be the formula A,, . ,,[t1,...,t:]. Let wi,...,w, be variables, each
different from vy, ..., v,, not occurring in A or B. By repeated application of the first
part,

F Avl [Wl] y

FA"l-,Vz [WlaWZ]v

FAvl,...,vy, [Wl e ,Wn]-

Let C designate the formula Avl,-,,,vn[wh...,w,,]. Then B is the formula
Cyy,...wn[t15- - -, 14]. By repeated application of the first part, we see that

l_CWI [tl]v

l_ CW|7W2 [thtz]u

O

Using Lemmas 4.2.6 and 4.2.7 and the substitution rule (Proposition 4.2.13), we
get the following result.

Proposition 4.2.14 (Substitution theorem).

(a) FAy, vt te] = Fvr---AvA
(b) FVVl"'VVnA _>Av1 ..... vn[tla"'vtn]'

Proposition 4.2.15.
F(AV3xB) — Ix(AVB).

Proof. By the tautology theorem,
FB—+AVB.
By the substitution axiom,
F(AVB)— 3x(AVB).
By the F-introduction rule,
F3xB — 3x(A — B). (1)

By the tautology theorem,
FA— (AVB).
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By the substitution axiom and tautology theorem, we have

FA— 3x(AVB).
Thus, by the tautology theorem,

FA— (A VB). 2)
Applying the tautology theorem to (1) and (2) we obtain the result. O

Sometimes a term ¢ is not substitutable for a variable v in a formula A. Our next
result shows how to circumvent this.

Proposition 4.2.16 (Variant theorem).
FIvC < IwC,[w], (H

where w is not free in C and is substitutable for v in C.

Proof. By the substitution axiom,
FCy[w] — IvC.
Thus, by the 3-introduction rule,
F IwC,[w] — IvC. (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— IwCy[w)]. (3)
By the F-introduction rule,
F C — InC,[w). (€))
Since the formula in Eq. (1) is a tautological consequence of those in Egs. (2)
and (4), Eq. (1) follows from the tautology theorem. O
Proposition 4.2.17.

F Iw(3vC — Cy[w)),

where w is not free in C and is substitutable for v in C.

Proof. By Proposition 4.2.15,
F (IvC — IwCy[w]) — Iw(IC — Cy[w]).

The result now follows from the variant theorem and the cut rule. O
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Proposition 4.2.18 (Symmetry theorem). For any two terms t and s,
Ft=s<s=t.
Proof. Letv and w be distinct variables. By the equality axiom and substitution rule,
Fv=w—ov=v—ov=v—ow=w
By the identity axiom and the tautology theorem,
Fv=w—ow=w.
Substituting ¢ for v and s for w, by the substitution rule,
Ft=s—s=t.

Similarly,
Fs=t—t=s.
The result now follows from the tautology theorem. O

Proposition 4.2.19 (Equality theorem).

(a) Let a term s be obtained from t by replacing subterms ty,...,t, by s1,...,Sp,
respectively. If
E1 =i,
1 <i<n, then
Ft=s.

(b) Let a formula B be obtained from A by replacing some occurrences of terms
t1,...,tn in A not immediately following 3 or ¥ by s1,...,s,, respectively. If

Ft=si,

1 <i<n, then
FA <« B.

Proof. (a) We shall prove the result by induction on the rank of 7.

If # is #; for some i, then s is the term s; and there is nothing to be proved. This, in
particular, shows that the result is true for 7 of rank 0.

Let ¢ be a term of the form fajy - --ax. Then, the ¢; are subterms of the a;. Let a’j
be the term obtained from a; by replacing appropriate occurrences of terms 1,... ,t,
by s1,...,sy, respectively. Then, by the induction hypothesis,

!

Faj:aj,
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1 < j < k. We have the equality axiom

XL=Y1 = DX =Y XX = [y e

Thus, 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; - - - a;. Then the #; are subterms of
the a;. Let a; be the term obtained from a; by replacing appropriate occurrences of
terms 7,...,1, by s1,...,8,, respectively. Then B is the formula pd/ - - - a;. By (a),

Faj :a/j,
1 < j < k. We have the equality axiom
Fxi=y1— - =X =Yk = pX1- Xk = py1- Vi

By the substitution rule and the tautology theorem,

/ /
Fpai---ar — pa)---a.

Since, by the symmetry theorem,
F a} =aj,
by the tautology theorem,
Fpd)---ap — pay - ar.

Hence,
Fpay--ap < pdy---a,

by the tautology theorem.

Let A be a formula of the form JvC. Then, by the hypothesis in (b), B is the
formula JvD, where D is obtained from C by replacing appropriate occurrences of
terms f1,...,t, by s1,...,s,, respectively. By the induction hypothesis,

FC<+ D.

The result follows from the distribution rule and the tautology theorem. The cases
where A is of the form =C or CV D are dealt with similarly. a

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 7. We now show that this is a correct method of proving A — B
inT.
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Recall that we designated the simple extension of a theory T obtained by adding
aset I' of formulas as new axioms by T[I']. If ' = {Ay,...,A,}, then we shall write
T[Ay,...,Ay] instead of T(T").

Proposition 4.2.20. Let A be a closed formula. Then

THA—B
if and only if
TIA]FB
Proof. Suppose
THA—B.
Then
T[A|lFA— B.
Also,
TIAJFA
Thus,
TIA]+-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 i, we shall prove that
THA—=A;

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

THA;.

Hence,
THA— A

by the expansion rule. If A; is A, then
THFA—=A

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

THA—=A;.
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If A; is inferred from {A; : j < i} using a rule of inference other than the 3-
introduction rule, then A; is a tautological consequence of {A;: j < i}. But then
A — A; is a tautological consequence of {A — A; : j < i}. By the induction
hypothesis,

THA —)Aj

for every j < i. Hence,
THA—=A;

by the tautology theorem.

Now assume that A; is inferred from some A, j < i, by the J-introduction rule.
Thus, A; is a formula of the form B — C and A; is of the form JvB — 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 3-introduction rule,
TH3vB—+A—C;
by the tautology theorem,
THA— 3vB—C,

ie.,

THA—=A;.

Corollary 4.2.21 (Deduction theorem). I[fAi,...,A, are closed, then

T/Ay,...,Ay))JFB&TFHA — - — A, — B.

Exercise 4.2.22. For any consistent theory 7" that has a model with more than one
point, show that

Tx=ylFVaVy(x=y)
but
THx=y—=VxVy(x=y).
Thus, the deduction theorem is not true if the A are not closed.
Proposition 4.2.23 (Theorem on constants). Let T' be obtained from T by adding

new constants but no new nonlogical axioms and with A[X] a formula of T. Then for
all new constants € = (cq, -+ ,Cn—1),

T'+Ale] & T +A[x.

In particular, T' is a conservative extension of T.
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Proof. Suppose T = A[x]. Then T’ - A[x]. Thus, by the substitution rule, 7’ - A[c].
For the converse, assume that 7’ = A[¢]. Fix a proof of Afc] in T’, and
let yo,---,y,—1 be variables not occurring in this fixed proof. We replace each
occurrences of cy,---,c,—1 in the proof by yg,---,y,_1, respectively. It is easy to
check that the new sequence of formulas is a proof in 7 and whose last formula is
B = Ax[y|. By the substitution rule, A[X] = By[X] is a theorem of 7. O

Proposition 4.2.24. Lett, t|,...,t, and sy,...,s, be terms. Then

Fty=s1— - —)l‘nzsn—)l‘[l‘l,...,tn] :t[sl,...,sn].
Proof. Replace each variable occurring in a # or in an s; by a new constant.
Designate the extension of 7 thus obtained by 7”. Let #; become 7/, s; become s/,
and ¢ become ¢’. By the theorem on constants, it suffices to prove that

! !/ / !/ !/ 174/ !/ rJt !/

T'Hti=s\— - —=t,=s, 20,0, =1[s],....8,]
By the deduction theorem, this will follow from
v / ! / 114/ / /
T'[ty=s),..,t,=s, B[, ... .6 =1[s],....8,]

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

Proposition 4.2.25. Lett),... tyandsy,...,s, be terms and A a formula of L. Then
Fti=s1— - —th =5, — (A[ll,...,ln]<—>A[S1,...,S,,]).

Exercise 4.2.26. Let a variable v not occur in the term ¢ and let A be a formula of L
such that ¢ is substitutable for v in A. Then

FA,[t] & (v=1tAA).

4.3 Consistency and Completeness

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
the consistency of theories 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 [9].
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Lemma 4.3.1. 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. Thus, assume that A is such that - A
as well as - —A. Take any formula B. By the expansion axiom and Lemma 3.5.1,
FAVBand - —AV B. Thus, by the cut rule, - BV B. Hence, |- B by the contraction
rule. O

Since a proof is finite, it uses only a finite number of axioms. This immediately
gives us the following important result.

Theorem 4.3.2. A theory is consistent if and only if each of its finitely axiomatized
parts is consistent.

Lemma 4.3.3. If T has a model, then T is consistent.

Proof. Suppose T has a model M and it is inconsistent. Take a closed formula A.
Then, both A and —A are theorems of 7. Hence, by the validity theorem, both are
valid in M. This is a contradiction. ad

Exercise 4.3.4. Let T’ be an extension of 7. If T’ is consistent, show that T is also
consistent. Assume, moreover, that 7’ is a conservative extension of 7. Show that
the converse is also true, i.e., if T is consistent, so is 7”.

The following result is also useful.

Proposition 4.3.5. 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 7' [-B] | B.
Hence, T[—B] is inconsistent.

Now assume that 7'[—B] is inconsistent. Then 7'[—-B] F B. Thus, by the deduction
theorem, T - —-B — B. Hence, by the tautology theorem, 7 - B. Thus, T - A by the
closure theorem. O

Exercise 4.3.6 (Reduction theorem). Let I" be a set of formulas of 7. Then
TrrEA

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

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 will be decidable.

Exercise 4.3.7. Show that the formula v = 0 of N is undecidable in N.

A theory T is called complete if it is consistent and if every closed formula is
decidable in T'.
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Remark 4.3.8. The importance of giving a complete set of axioms in the foregoing
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 precisely 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 mechanically 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 axiomatized
theory. In an epoch-making discovery, Godel showed that for most theories this
is impossible. After introducing the notion of an algorithm, we shall briefly study
axiomatized theories in Chap. 6.

Exercise 4.3.9. Let T be a complete theory and A and B closed formulas of 7.
Show that

() TFAVB& (THAor T+ B),
(b) TFAAB< (THAand T+ B).

The following theorem is due to Adolf Lindenbaum.

Theorem 4.3.10 (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 7' such that T'[I"]
is consistent. Since T is consistent, P # 0. (0 € P.) Partially order IP by inclusion C.
Let C be a chain in P and I" = UC. Since every proof is finite, I" € P. Thus, 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 7’ 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 7’ - —A. If not, then by
Proposition 4.3.5, T'[A] is consistent, contradicting the maximality of A. a

What follows are two equivalent formulations of the completeness theorem.

Theorem 4.3.11 (Completeness theorem, first form). If formula A of T is valid
inT, then it is a theorem of T.

Theorem 4.3.12 (Completeness theorem, second form). Every consistent theory
has a model.

We now show that the two forms are equivalent.

Proof. Assume the first form. Let T be consistent, and let B be a closed formula that
is not a theorem of 7. Thus, by the first form, it is not valid in 7. This in particular
gives us a model of 7.

Now assume the second form. Assume that 7 |= A. If possible, suppose T / A.
By the closure theorem, without loss of generality we assume that A is closed. By
Proposition 4.3.5, T[—A] is consistent. By the second form, it has a model. Any such
model is a model of T in which A is false, i.e., T }~= A. O
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4.4 Proof of the Completeness Theorem

In this section we prove the completeness theorem in its second form.

Since we have only syntactical objects at hand, a model of 7" must be built out of
these. Since syntactical objects that designate individuals of a model are variable-
free terms of the language of 7', it seems quite natural to start with these. However,
T may have no constants. If the language of T has constant symbols, then there is
indeed a canonical structure of the language.

Assume that L = L(T') has at least one constant symbol. Let N denote the set of
all variable-free terms L. For variable-free terms a and b, define

a~b if THa=>h.

Lemma 4.4.1. 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) Itis symmetric by the symmetry theorem and the tautology theorem.
(iii) By the equality axiom and the substitution rule,

Fs=t—t=u—s=u.

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 structure.

We now define the interpretations of the nonlogical symbols of 7 in M in a
natural way:

em = [c]
forlla] -, [an]) = [fan -]
and
pM([al], ceey [an]) if and On]y if T+ pay---ay.

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

The structure M of L is called its canonical structure. By induction on the length
of expressions, the following result is quite routine to prove.

Lemma 4.4.2. For every variable-free term a, ay = [a].
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Proof. If a is a constant symbol, then the assertion follows by the definition.
Suppose the assertion is true for ay,---,a,, f is a n-ary function symbol, and
a= fay---ay. Then

ay = fM([al]M7 T [an]M) = fM([al]u ) [an]) = [Cl]
O
This implies the following lemma.
Lemma 4.4.3. For every atomic sentence A,
THFAS MEA.
Proof. Let Abe pay ---a; and p a k-ary relation symbol (including =). Then
THA< pu(lah, - lal) = pu((a)m, - lalu) & M = pay - a.

O

When is the canonical structure of L a model of 7?7 We give a sufficient condition
first. A theory T is called a Henkin theory if for every closed formula of the form
3xA there is a constant symbol, say ¢, of L such that

T+ 3xA — Aic].

Theorem 4.4.4. If T is a complete Henkin theory, then the canonical structure of
T is a model of T.

Proof. By the closure theorem, the result will be proved if we show that for every
closed formula A of Ly,

THFASMEA. (*)

The proof of (x) proceeds by induction on the rank of A.

By Lemma 4.4.3, (%) holds for all atomic A.

Suppose B is the closed formula —A and that (x) holds for A. Let T - B. Since T is
consistent, 7' I/ A. By the induction hypothesis, M = A. But then M |= B. Conversely,
suppose T I/ B. Since T is complete, T - A. By the induction hypothesis, M = A. So
M £ B.

Now suppose A = BV C and (x) holds for B and C. If M = A, then M |= B or
M = C. By the induction hypothesis, T - B or T + C. Then T | A by the tautology
theorem. On the other hand, assume that 7 - A. Then either T+ B or T + C. If not,
by completeness of 7, T - =B and T  —C. By the last case, M = B and M }~= C.
This contradicts M = A.

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

T+ 3xA — Ailc].
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By the detachment rule,
T+ Ayc].

By the induction hypothesis, M |= A,[c]. Hence, M |= B.

Conversely, suppose M |= B. Then there is an m € M such that M |= A, [i,,], with
i, the name for m in the language Lys. Let m = [a] for some variable-free term a.
By Lemma 4.4.2, ay = (im)u = m, i.e., M |=a = iy,. Hence, M |= A.[a]. By the
induction hypothesis,

T+ Alal.

Since A [a] — TxA is a substitution axiom, by the detachment rule,

T+ B.
O

An extension of T that is Henkin is called a Henkin extension of T. Clearly, the
completeness theorem will be proved if we show that every consistent theory admits
a complete Henkin extension, say 7”. Then the restriction of the canonical structure
of L(T") to L(T) will be a model of T. We proceed to prove this result now.

Lemma 4.4.5. Let T be a theory and 3xB a closed formula of T. Let T' be obtained
from T by adding a new constant ¢ and a new axiom 3xB — By|c|. Then T' is a
conservative extension of T.

Proof. Let A be a formula of L(T) and T’ - A. By the deduction theorem,
T" + (3xB — By[c]) — A,

where T” is the theory obtained by introducing the constant symbol ¢ and no new
axiom. Let y be a variable distinct from x and not occurring in A and B. By the
theorem on constants,

T+ (IxB — By[y]) — A.

But y does not occur in A. Thus, by the J-introduction rule,
T+ 3y(IxB — By[c]) — A.

The result now follows from Proposition 4.2.17 and the cut rule. O

Theorem 4.4.6. Every theory T has a conservative Henkin extension T.. In
particular, if T is consistent, then so is Te.

Proof. Set Ty =T . Suppose T, is defined. For each closed formula of the form D =
AxB, introduce a new constant symbol cp to T, and a new axiom D’ = 3xB — By[cp].
Let 7,1 designate the theory thus obtained.
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We claim that 7,4 is a conservative extension of 7,. To show this, let A be a
formula of 7, and T,,, | — A. If T’ denotes the theory obtained from 7,, by adding
these new constants and no new axiom, then by the deduction theorem, there exist
new axioms D/, --- D) such that

T'-D} — - — D} — A.
Using Lemma 4.4.5 repeatedly, we see that
T, A.

Now take 7. to be the union of all these theories 7;,. The rest of the proof is easy. O
Theorem 4.4.7. Every consistent theory T admits a complete Henkin extension T'.

Proof. By the last theorem T has a conservative Henkin extension T... Since T is
consistent, so is 7... By Lindenbaum’s theorem, 7. has a complete, simple extension
T’. Since T’ is a simple extension of a Henkin theory, it is Henkin. Thus, we have
proved our result. O

The completeness theorem is now proved.

The completeness theorem is a very important result in mathematical logic. It
shows that our definition of proof is a correct one. In addition, 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. Further, arguments no longer depend
on logical axioms and rules of inference.

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

Theorem 4.4.8. Let x be an infinite cardinal and T a consistent K-theory. Then
there is a model M of T such that |M| < K. In particular, every countable consistent
theory has a countable model.

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

Exercise 4.4.9. Let L(7T") 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 4.4.10. Show that two theories are equivalent if and only if they have the
same models.

Since validity and provability have been shown to be equivalent, the next few
results can be proved routinely.

Exercise 4.4.11 (Equivalence Theorem). Let A be a formula of 7, and let A’ be
obtained from A by simultaneously replacing some subformulas By, - - ,B; of A by
B),--- By, respectively,and T+ B; <> B, , 1 <i < k. Show that T A <+ A’
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Exercise 4.4.12. Show that a formula of 7 of the form —(fx;---x, = y) is
equivalent in 7 to a formula of the form

F(=(y=2)Afxixn=2),
with y,z,x1,...,X, distinct.
Exercise 4.4.13. (a) Show that
F—3vA & Vv—-A.

(b) Show that
F —-VvA +< Jv—-A.

(c) If vis not free in B, show that

F3vAV B« Iv(AVB),

FYvA VB + Yv(AVB),
FBV3IvA + Iv(BVA),

and
F BV YA < Yv(BVA).
Exercise 4.4.14. Show the following:

(a) FI(AVB) <« IvAV IvB.
(b) FVv(AAB) < VWA AVVB.
(¢) FI(AAB)— IvA ATvB.
(d) FYWAVYWB — Yv(AVB).

Exercise 4.4.15. Give examples A and B of formulas of N such that the formulas
Yv(AV B) — YvA VVvB

and
IAANTvB — Iv(AAB)

are not theorems of N.

Exercise 4.4.16. Let v and w be distinct variables. Show the following:

(a) FdvdwA < dwvA.
(b) FYWwWwA < VwYvA.
(c) FIWVwA — VwvA.

Exercise 4.4.17. Give a formula of N of the form
YvawA — IwVvA

that is not a theorem.
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A formula A is said to be in prenex form if it is in the form

Qv+ OuwiB,

where each Q; is either 3 or V, and B is open. Then Qv ---Q,v, 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.

Exercise 4.4.18. Show that every formula is equivalent in 7' to a formula in prenex
form whose matrix is of the form

k n;
/\i:1 \/j:1 Bij7

where each B;; is a literal.

Exercise 4.4.19. Let T be a consistent theory. Call formulas A and B equivalent in
T if T - A < B and write A =7 B. Show that =7 is an equivalence relation on the
set .% of formulas of 7. Set

L(T)=F)=r=1{A]:Ac 7},
which is the set of all =r-equivalence classes [A] of formulas A of T. Now define

0=[AN-A],1=[AV 4],
[A]' = [,
[A]+[B] = [AV B],

and
[A]-[B] = [AAB].

Show that these are well defined and that they make .Z(A) a Boolean algebra called
the Lindenbaum algebra of T.

4.5 Interpretations in a Theory

In this section we define an interpretation of a theory T in another theory 7’.
Semantically, this would mean that given any model of 7’ one can define a
model of 7. 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.
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Let L and L' be first-order languages. An interpretation I of L in L’ consists of
the following items:

(a) A unary predicate symbol U; 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 #;, of L' obtained from ¢ by replacing each nonlogical symbol u of
L by uy is called the interpretation of t by I.

An interpretation of L in a theory T is an interpretation / of L in L(T") such that

T+ Ui(cr) (1)
for each constant symbol ¢ of L,
T' - 3xUx, (2)
and
T’FUle—>~~~—>U1xn—>U1f[x1...xn 3)

for each n-ary function symbol f of L.

The first condition requires that 7’ prove that the universe U; contains each cy;
the second requires that 77 prove that Uy is nonempty; the third requires that in the
theory 77, f; must be an n-ary function whose restriction to U; takes values in Uj.
An interpretation / 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
T' - AT will mean that A is true in the structure U;. Let A; be the formula of L(7”)
obtained from A by replacing each nonlogical symbol u occurring in A by u; and also
replacing each subformula of A of the type 3xB by 3x(U;x A By). 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 u;. If A is =B or BV C,
then A; is —Bj or B; V Cy, respectively. If A is 3xB, then A; is Ix(Upx A By).

Finally, if xo, ..., x,—1 are all the variables that are free in A (and hence in A;) in
alphabetical order, then A' is the formula

Upxg — -+ = Uixp—) — Ap.

Note that if A is closed, then A’ is the formula A;.
An interpretation of a theory T in a theory T’ is an interpretation / of L(T) in
L(T') such that for every nonlogical axiom A of T, T’ - A.

Theorem 4.5.1. If T has an interpretationin T' and if T' is consistent, then so is T.
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Proof. Let I be an interpretation of 7 in T’ with universe U;. Since T is consistent,
by the completeness theorem, it has a model M.
Set

N = (Up)m.

By (1) and the validity theorem, N is a nonempty set. For any relation symbol p of
T, let py be the restriction of (p;)y to N. Now take an n-ary function symbol f of
T. By (2) and the validity theorem, N is closed under (f7)y. We define fy as the
restriction of (f7)a to N. Thus, N is a structure for L(T).
Now let A be a nonlogical axiom of 7. Then T’ - A!. Hence, by the validity
theorem, M |= A, Now it is quite easy to check that N |= A. So N is a model of T
O

An interpretation [ of T in T’ is called faithful if for every formula ¢ of T,
T'- o' =Tk o.

Exercise 4.5.2. Suppose T has a faithful interpretation in an extension by defini-
tions of 77 and T" is consistent. Show that T is consistent.

4.6 Extension by Definitions

In a theory we begin with a minimal possible number of undefined concepts
(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 of 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 @[vy,...,vs], with v; being 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

VL Vn < Q. ey

Formula (1) is called the defining axiom of p.

Example 4.6.1. In ZF, if we add a binary relation symbol C and a new axiom
xCy+eVz(zex—z€y),

then we get an extension by definition of ZF in which C (subset) is a defined
concept.
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Proposition 4.6.2. Let @[v1,...,vy] be a formula of T, and let T' be obtained from
T by adding a new n-ary relation symbol p, with

pVi- Ve 5 Q

as its defining axiom. Then T’ is a conservative extension of T.

Proof. LetA be aformula of T thatis a theorem of 7”. By the completeness theorem,
the proof will be complete if we show that A is valid in 7. Let M be a model of T'.
Interpret p in M as follows: for ay,...,a, € M,

plai,....an) M= @y v lia)s- - la,)-
Thus, we get a model M’ of T’. By the validity theorem,
M EA.

But this implies that

ME=A.
': O

Now we consider a similar method of adding a function symbol to a theory. Let
v0,---,vu—1 and w,w' be distinct variables, and let @[v,...,v,_1,w] be a formula of
T. Further, assume that

THEIwe (i)

and
TH(PAQW]) —w=w. (i)
Informally speaking, conditions (i) and (ii) say that for all vg,...,v,_1, there is a

unique w “satisfying” ¢. We form 7’ from 7 by adding a new n-ary function symbol
f and a new nonlogical axiom

w=fvo- V1 < Q. (iif)
Formula (iii) is called the defining axiom of f.
Example 4.6.3. In ZF (after adding C), consider the following formula ¢|[x,y]:
Vz(z €y <> 2 Cx).

Using the power set, comprehension, and extensionality axioms, one shows that the
formula ¢ satisfies (i) and (if) for T = ZF (in fact the extension of ZF obtained by
adding C). Thus, one may add a new unary function symbol & (traditionally called
a power set) and a new nonlogical axiom

y=2(x) < ¢.



80 4 Completeness Theorem for First-Order Logic

Remark 4.6.4. Note that if n = 0, then this method adds a new constant symbol
to 7. As an example, we can add a constant symbol O (called an empty set) in an
extension by definition of ZF. This can be seen as follows. Let A[y] be the formula

Vx—(x € y).

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

y=0A.

Proposition 4.6.5. Let T' be obtained from T by adding a new n-ary function
symbol f with
w=fvo vy & Q

as its defining axiom. Then T' is a conservative extension of T.

Proof. Let A be aformula 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 7. Let M be a model of T.
Interpret f in M as follows: for b,ay,...,a,—1 € M,

b :fM(a()7' .. 7an71) =M ): (Pw,vo,...,v,,,l [ibuiaoa' .. 7ian,|]'

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 7”.
By the validity theorem,
M E=A.

But this implies that
M = A.

O

We say that 7" 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 4.6.6. If T’ has an interpretation in an extension by definitions of T, then
T’ is a conservative extension of T. In particular; T is consistent if and only if T’ is
consistent.

Remark 4.6.7. This is a very important result. It gives a method to prove relative
consistency results.

We state some interesting results without proof.

Theorem 4.6.8. Peano arithmetic PA has an interpretation in an extension by
definitions of ZF [9].
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Theorem 4.6.9. Each Peano arithmetic PA and ZF — Infinity has a faithful inter-
pretation in an extension by the definitions of the other. In particular, PA is consistent
if and only if ZF — Infinity is consistent. [9, Exercise 30, p.149].

4.7 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 4.7.1. For any formula A of N and any n € N,
NEA k] = = Ak 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 axiom (8) of N,

NFEv<kp < v<k,Vv=k,.
By the equality theorem,
NEv=k,— (A< Ak)).

Hence, by the induction hypothesis and the tautology theorem,

NEA ko] = - = Avlkn—1] = Avlkn] = v < kny1 — A.

O
Proposition 4.7.2. Let N+ —A,[k;| for alli <nand N+ A, [ky]. Then
NEAAYW(w <v— —A[W]) & v=k,.
Proof. Let B denote the formula
ANYwW(w <v— A, w]).
By the equality theorem,
NEv=k,— (B Byk)). (1)

By Proposition 4.7.1, we have

NF _'(AV[W])W[kO] — = _‘(AV[W])W[/C,,,I] —w< kn — —|AV[W]. (2)
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Hence, by the hypothesis of our proposition, the detachment rule, and the general-

ization rule,
NEYw(w <k, — —A,[w]).

Since N F A, [k,], by (1) and (3) and the tautology theorem,

NFv=k, — B.
By the substitution theorem, we have

NEVw(w <v— A, W) = (ky <v— —Aylk]).
But N - A, [k,]. Hence, by the tautology theorem,
NEB— =k, <v).

Since N F —A,[k;], i < n, by Proposition 4.7.1 and the detachment rule,

NEv <k, — —A.

Hence,
NEB— —(v<ky).
By axiom (9) of N,
NEv<k,Vv=k,Vk, <v.

Hence, by (4)—(7) and the tautology theorem, we get

NEB<+v=k,.

Example 4.7.3. Peano arithmetic PA is an extension of N.
This will follow if we show that axiom (9)

x<yVx=yVy<x

of theory N is a theorem of PA. We show this in three steps.
Step I: PAF0O=yV0 <y.

3

“)

(&)

(6)

(N

Let A be the formula 0 =y V0 < y. Then PA - A[0]. By axiom (8) of N (which

is also an axiom of PA),
PAFA < 0<Sy.
Also,
PAF 0 < Sy —A)[Sy].
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Hence,
PAFA — Ay[Sy].

Thus, by the induction axiom of PA,
PAFA.

Step 2: PAFx <y — Sx < Sy.
Let B be the formula x < y — Sx < Sy. By axiom (7) of N,

PAF B,[0].
By axiom (8) of NV,
PAF By[Sy] <+ (x <yVx=y) = (Sx < SyVSx=S8y)).
Thus, by the equality axiom,
PAF (x <yVx=y)—= (Sx <SyVSx=Sy).

Hence,
PA+B— By[Sy].

By the induction axiom of PA, PA - B.
Step 3: Let C denote the formulax < yVx=yVy < x. Since PAF A (Step 1),

PA+ C,[0].
Since PA I B (Step 2), by axiom (8) of N,
PAFx<y— (Sx<yVSx=y)

and
PAE (y<xVy=x)—=y<Sx
Hence,
PAF C — Cy[Sx].

Thus, by the induction axiom of P,
PAEC.

Thus PA is a finite extension of N.

83
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Exercise 4.7.4. Let ¢ be a formula of PA, with x, y distinct, such that y variables
does not occur in ¢. Show the following:

(a) PAEVx(Vy(y <x—= @c[y]) = @) = Vxo.
(b) PAF Txp — Ix(@ AVy(y <x = —¢.y])).

Exercise 4.7.5. Let ¢ be a formula of PA in which no variable besides vy, ...,v, and
w is free, with vy,...,v,,w distinct. Suppose PA - 3w¢. Let w' be a new variable
and y the formula

PAYW (W <w— =@, [w]).
Show the following:

(2) PAF Jwy.
(b) PAF y Ay W' = w=w"



Chapter 5
Model Theory

This chapter is devoted to model theory. Model theory is a general study of
mathematical structures such as groups, rings, fields, and several other mathematical
structures. Model theory is used to prove substantial results in conventional math-
ematics such as number theory, algebra, and algebraic geometry. Also, questions
from logic pertaining to conventional mathematical structures throw up a good
challenge to logic. This interplay between mathematics and logic has grown into
very fascinating mathematics and is a very active area of research today. Chapter 2
should be considered as a part of model theory where, for example, embeddings,
isomorphisms, homogeneous structures, and definability have been introduced and
some important results are proved.

5.1 Applications of the Completeness Theorem

In this section, we give some applications of the completeness theorem for first-
order theories.

Proposition 5.1.1. Let T be a consistent theory. Then the following statements are
equivalent:

(1) The theory T is complete.

(2) Any two models M and N of T are elementarily equivalent.

(3) For any model M of T, T is equivalent to Th(M), i.e., they have the same
models.

Proof. We first show that (1) implies (2). Let ¢ be a sentence in 7. If T I ¢, then
ME@aswellasN = @. If T/ @, thenby (1), T+ —¢. But then N j£ ¢ and M }~= ¢.
Thus (1) implies (2).

Now assume (2). Any model of Th(M) is clearly a model of 7. 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
amodel of Th(M). Thus, T and Th(M) are equivalent.

S.M. Srivastava, A Course on Mathematical Logic, Universitext, 85
DOI 10.1007/978-1-4614-5746-6_5,
© Springer Science+Business Media New York 2013
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We now prove that (3) implies (1). Let ¢ be a closed formula. Exactly one of ¢,
—@ is in Th(M). Hence, by (3), exactly one of them is a theorem of 7. O

Let L be a language and .# a class of structures for L. We say that .# is finitely
axiomatizable if there is a finite set T of sentences of Lsuchthat M =T <M € /.

Proposition 5.1.2. 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 Ay,...,A, be sentences of L that are valid in 7. Thus, by the complete-
ness theorem, these are theorems of 7. Since a proof of A;, 1 <i < n, contains only
finitely many axioms P,, of the form

Vx(x # 0 — mx #0),

there is a natural number k such that each A; has a proof in 7" without using axioms
P, for i > k. Now take a prime p > k and consider the abelian group Z/pZ of integers
modulo p. Since P5,---, P, as well as Ay,--- ,A, are true in it and it is not torsion-
free, the result follows. O

The same is true of the theories of divisible abelian groups DAG, of ordered
divisible abelian groups ODAG, and of algebraically closed fields ACF.

Proposition 5.1.3. (i) The class of all divisible abelian groups is not finitely
axiomatizable.
(ii) The class of all ordered divisible abelian groups is not finitely axiomatizable.
(iii) The class of all algebraically closed fields is not finitely axiomatizable.
(iv) 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.
(v) The class of all algebraically closed fields of characteristic p, with p a prime
or p =0, is not finitely axiomatizable.

Proof. For n > 0, let P, denote the formula
Yo V3 (VaVi g + v,,,le;} + o vy Hvo=0).

LetAy,--- Ay be finitely many theorems of the theory of algebraically closed fields.
By arguing as above, we see that there is a field that is not algebraically closed but in
which all A; are true. This proves (iii). We leave the rest of the proof as an exercise
for the reader. ad

5.2 Compactness Theorem

In this section we prove a very important theorem in model theory — the compactness
theorem — and give some of its applications.
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Using the fact that a proof is finite, the completeness theorem immediately gives
us the following theorem.

Theorem 5.2.1 (Compactness theorem). A theory T has a model if and only if
each finite T' C T has a model.

Proof.
T has a model < T is consistent
& each finite 7/ C T is consistent
& each finite 7/ C T has a model. 0

Remark 5.2.2. The compactness theorem for first-order theories was first proved for
countable theories by Godel in 1930. In its full generality, it was proved by Malcev.
Malcev was also the first to see the power of this theorem.

Let L be a first-order language and @ a set of formulas of L. Let xo,xp,...
be all the variables (finitely or countably many), with x; distinct, that has a free
occurrence in a ¢ € @. We say that @ is satisfiable if there is a structure M for L
and ag,ay, ... € M such that for all @[xg, -+ ,x,—1] € @, M |= @[iz]. We say that @
is finitely satisfiable if every finite @' C @ is satisfiable.

Proposition 5.2.3. Every finitely satisfiable @ is satisfiable.

Proof. Introduce in L a new constant ¢; corresponding to each x; that has a free
occurrence in @ and call the resulting language L'. Now consider

o = {p[c]: p[F] € D).

Note that @ is satisfiable if and only if @' has a model. By the compactness theorem,
it is sufficient to prove that each finite part of @ has a model. This follows because
D is finitely satisfiable. O

Proposition 5.2.4. Ifatheory T has arbitrarily large finite models, it 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 ¢, as a new constant symbol, and
for each m < n let the formula ¢, # ¢, be an axiom.

Since T has arbitrarily large finite models, each finite 7" C T’ has a model.
Hence, by the compactness theorem, 7’ has a model. Clearly, any model of T’ is
infinite and a model of 7. O

Remark 5.2.5. This also shows that there is no theory 7 whose models are precisely
finite sets.

The compactness theorem gives nonstandard models of number theory, real
numbers, etc.
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Proposition 5.2.6. Let L be a language with constants 0, 1, binary function symbols
+ and -, and a binary relation symbol <. Let N denote the standard model of natural
numbers. There is a structure M for L elementarily equivalent to the standard model
N and having an element b such that for every natural number n, n < b.

Proof. Introduce a new constant symbol ¢ to Ly. For each natural number m, let A,,
be the formula m < c. Now consider the theory

N' = Diagy,/(N)U{A,, : m € N}.

Since every finite set of natural numbers has an upper bound in N, it is a model of
each finite part of N’. Hence, by the compactness theorem, N’ has a model M. This
model has the required properties with b = cyy. a

Proposition 5.2.7. There is a non-Archimedean ordered field *R elementarily
equivalent to the ordered field R.

Proof. Let T denote the theory of ordered fields with a language, say L. Add a new
constant symbol ¢ to Lg. For natural numbers #, let A, be the formula nl < ¢, and
consider

T' =T UDiag,(R)U{A, :n € N}.

Since the real line R is a model of each finite 7" C T, by the compactness theorem,
T’ has a model. Any model *R of T’ does the job. O

Exercise 5.2.8. Show that the class of all Archimedean ordered fields is not
elementary.

A linearly ordered set (M, <) is called well ordered if 0 # A C M implies that
there exists an x € A such that x <y for all y € A, i.e., A has a least element x. For
instance the set N with the usual order is a well-ordered set.

Exercise 5.2.9. Show that a linearly ordered set (M, <) is well ordered if and only
if there is no infinite sequence {a,} in M such that a,; | < a, for all n.

Proposition 5.2.10. The class of all well-ordered sets is not elementary.

Proof. Let L be a language with a binary predicate symbol < alone. If possible, let
T be a theory with language L whose models are precisely well-ordered sets. For
each n € N, introduce a new constant symbol ¢, to L and an axiom c¢,+| < ¢,. Let
T’ denote the new theory. The well-ordered set N is a model of each finite 7" C T’.
So T’ has a model M that is a model of T but is not well ordered. O

5.3 Upward Lowenheim—Skolem Theorem

Theorem 5.3.1 (Tarski). Let x be an infinite cardinal. Assume that T has an
infinite model M. Then T has a model of cardinality at least K.
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Proof. Fix aset {cq : @ < x} of cardinality k of distinct symbols not appearing in
L. Let L be the extension of L obtained by adding each ¢, as a constant symbol. Set
I' = {co # cp : o < B < x}, and consider the theory 7" = T'[I'] with language L'.
We claim that 77 is finitely satisfiable. To see this, fix a finite subset I'"” of I".
Let ¢ ..., Cq be all the new constants that appear in a formula in I'’. Since M is
infinite, there exist distinct elements by, ...,b; of M. Interpret co, by b;, 1 <i < k.
Thus we get a model of T'[I"’]. Hence, by the compactness theorem, T’ has a model.
Now note that any model of 7" is of cardinality at least k¥ and a model of T'. a

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

Theorem 5.3.2 (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 7 as in the proof of Theorem 5.3.1. Note
that 77 is a consistent k-theory. By Theorem 4.4.8, T’ has a model N of cardinality
at most k. Since any model of T’ is of cardinality at least k, [N| = k. Thus, we get
amodel of T of cardinality k. a

Theorem 5.3.3 (Upward Lowenheim—Skolem theorem). Ler k¥ be an infinite
cardinal and L a x-language. Then every infinite structure N of L of cardinality
at most K has an elementary extension M of cardinality K.

Proof. Note that the elementary diagram Diag,;(N) of N is a consistent x-theory.
Further, N is an infinite model of Diag.;(N). Hence, by Theorem 5.3.2, Diag,;(N)
has a model M of cardinality k. By Proposition 2.4.9, M is an elementary extension
of N. ad

Exercise 5.3.4. Show that there are models of N of arbitrarily large infinite
cardinality elementarily equivalent to N.

Let x be an infinite cardinal. A consistent k-theory T is called k-categorical if
any two models of T of cardinality k are isomorphic.
Our interest in this concept stems from the following result of Robert Vaught.

Theorem 5.3.5 (Vaught). Let K be an infinite cardinal and T a consistent K-theory
all of whose models are infinite. If T is K-categorical, then T is complete.

Proof. Suppose a sentence ¢ is not decidable in 7. By Proposition 4.3.5, the
theories 7} = T[] and T, = T[] are consistent. Since T has no finite models,
both 77 and 7> have infinite models. Thus, by Theorem 5.3.2, 7} and 7, have models
M, and M,, respectively, of cardinality k. Hence, by the hypothesis of the theorem,
they are isomorphic. But ¢ is valid in M; and not in M, contradicting that T is
K-categorical. Hence, T is complete. O
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5.4 Ultraproduct of Models

It is natural to ask whether the compactness theorem can be proved directly without
using the completeness theorem, i.e., can we build a model of 7' from the models
of its finite parts? Indeed we can. In this section, we present such a proof. This also
gives us an important technique for building models.

Let I be a nonempty set. A filter on I is a family .% of subsets of I satisfying the
following conditions:

1.0¢g % and I € F.
2. AABeE ¥ =>ANBe 7.
3.IfA€e FandBDA,Be 7.

It is clear that if .% is a filter, then it satisfies the finite intersection property, i.e.,
for every finite #' € %, N F' #0.

Exercise 5.4.1. Let 4 be a family of subsets of / with the finite intersection
property. Then

F ={ACI:3B,,---B, € B(N;jBj CA)}
is a filter on /.

Indeed, the filter .% described above is the smallest filter containing %, which
we shall refer to as the filter generated by %.

Let L be a first-order language and .% a filter on a nonempty set I. Suppose for
each i € I we are given a structure M; of L. Set

M= ><,'€1M,'.
For o, B € M, define
a~Beficl:ai)=B>)}e Z.

Since I € .#, ~ is reflexive. Clearly, it is symmetric. Since .7 is closed under finite
intersections, ~ is transitive. Thus, ~ is an equivalence relation on x;M;.
We set

M(F) =M/ ~={]a] : o € M}.

Thus, M (%) is the set of all ~-equivalence classes [, o € M.
We now interpret the nonlogical symbols of L as follows:

1. If ¢ is a constant symbol, ¢yy(z) = [e], where a(i) = cu, i € 1.
2. If p is an n-ary relation symbol, then

puz)(loal--lon]) & i€l pu(en (i), 0u(i))} € 7.

3. If f is an n-ary function symbol, then we define

[B] = fu(z([oul,--- [ow]) & {ie 1: B(i) = fi(0n (i), 00 (i)} € 7.
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We need to show that py(#) and fy#) are well defined. Suppose o; ~ fB;, 1 <
Jj < n. Since .% is closed under finite intersections, there is an X € .% such that
oj(i) = B;(i) forall 1 < j <nand all i € X. This implies the well-definedness of

Pm(7 and /i M(F)
From the deﬁmtlon it follows that for every atomic formula ¢[x] and every €M,

M(F )'Z(P[ [org) s 'lanl]@{ZEI M):(p[loco loc _1( ]}eﬁ

We would like this equivalence to hold for every formula. We now proceed to
present an important sufficient condition.
Given a filter .% on I, consider

P={%":7" > .7 and ¥ afilter on}.

Since .# € P, P # 0. P is a partially ordered set, partially ordered by the inclusion C.
If {%#,:a €A} is achain in P, then U, %, is a filter on I containing each .%,.
Thus, by Exercise 5.4.1 and Zorn’s lemma, we now have the following proposition.

Proposition 5.4.2. Every family % of subsets of I with the finite intersection
property is contained in a maximal filter on I.

Maximal filters are also called ultrafilters. If %/ is an ultrafilter on I, then the
structure M (%) is called the ultraproduct of M;. If each M; = M, then it is denoted
by M% and is called an ultrapower of M.

Proposition 5.4.3. Let .7 be a filter on I. The following conditions are equiva-
lent.

(@) F is an ultrafilter.
(b) If B C I is such that BNA # 0 for every A € F, then B € F.
(c) ForeveryBCI,Be % orI\Be .

Proof. Assume (a). If B satisfies the hypothesis of (b), then .% U {B} satisfies the
finite intersection property. Hence, by Exercise 5.4.1, there is a filter &' > .% U{B}.
Now the maximality of .% implies that B € .Z.

Now assume (b). Let B C I be a subset of I such that neither B nor '\ B belongs
to .Z. By (b), there exist Aj,A € .% such that BNA; =0 and (I\ B) NA; = 0. This
implies that ® = A} N A, € .Z, which is not the case. Thus, (b) implies (c).

Now assume (c). Suppose there is a filter .#’ on I containing .% properly. Take
B € .Z', which does not belong to .%. By (c), I\ B € .Z. Thus, both B,I\ B €
F', which is not possible because .Z is a filter. This contradiction shows that (c)
implies (a). O
Proposition 5.4.4. Let % be an ultrafilter on a nonempty set I and A,B C I are
such that AUB € %/ . Then either A€ % orBe .

Proof. Suppose AUB € %, A & %, and B ¢ % . By Proposition 5.4.3, I\ A, T\
B € % . Since % is closed under finite intersections, it follows that @ € %/. This
contradiction proves the result. a
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Exercise 5.4.5. If %/ is an ultrafilter on I, show that N % contains at most one
point.

A filter .% is called free if N.% = 0.
Exercise 5.4.6. Show that a free filter does not contain a finite set.

Theorem 5.4.7. Let % be an ultrafilter on I, @[x]| a formula of L, and [op),- -,
[oti—1) € M( ). Then

M(%) & @ligy), slje, ) S {TETMi = Qligyiys sie, 1))} EX- (%)

Proof. For atomic ¢, (x) follows from the definition. Suppose ¢ satisfies (x) and y
is the formula —¢. Take [o], - ,[05;,—1] € M. Then

M%) E Vi) sijo, ] © M%) Qlijag)s e, )]
S {iel:MiE Qlig i), ig, i)} €%
s{iel:M = l//[iaﬂ(i),~~~ aian,l(i)]} cU.
The second equivalence holds because ¢ satisfies (x), whereas, by Proposi-
tion 5.4.3, the third equivalence holds because % is an ultrafilter. Using Proposi-
tion 5.4.4, similarly we show that if ¢ and y satisfy (x), then so does ¢ V y.

Now assume that (x) holds for y[xo,x,---,x,], n >0, and all (g, -+, ) €
M"+1 Consider ¢ = Jxoy. Take any o, --- , o, € M such that

M%) = @lijo)s s ijon)]-
Then there exists [otg] € M (% ) such that

M(%) ': W[i[oco] y e ai[ocn]]-
By our hypothesis,

{i el:M; ': l[/[la{)@, 7ian(i)]} EU.

This clearly implies that

{iel: M= Qlig i) iam) €.

To prove the converse, assume that the set

U={i€l: M= lig ), ig,)} €.
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Thus, for each i € U there exists an 0 (i) € M; such that

M; ): l//[iaﬂ(i)a"' 7ian(i)]}-

Take any extension o of i — 04(i), i € U, to I. Then by our assumption,

M(%) & Wiy sijon))-
Thus,
M%) = @lijay]s > o) )-

The result is thus seen by induction on the rank of ¢. O

Exercise 5.4.8. Let % be an ultrafilter on  with "% = {j}. Suppose {M; : i € I}
is a family of structures of a language L. Show that M (%) is isomorphic to M;.

Exercise 5.4.9. Let M be a structure for a language L and %/ an ultrafilter on /.
Define the inclusion map j: M — M% by

Jx) =led,x e M,

where ¢, : I — M is the constant map ¢, (i) = x, i € I. Show that j is an elementary
embedding.

Using the ultraproduct of models we now present another proof of the com-
pactness theorem. Thus, assume that 7 is a finitely satisfiable set of sentences of
a language L. For each finite i C T, let M; be a model of i. Set I = {i: i C T finite}.
For each sentence ¢, set

By={icl:peci}.

Let ¢1,---, @, € T. {@1,---, @} € "By, Thus, the family {By, : ¢ € T} has
the finite intersection property. Hence, by Proposition 5.4.2, it is contained in an
ultrafilter % .

We claim that M(% ) = T. Let ¢ € T. Then for every i € By, M; |= ¢. Hence, by
Theorem 5.4.7, M(% ) = ¢. This completes the proof of the compactness theorem.

5.5 Some Applications in Algebra

We have already observed the following (Exercise 2.5.2 and Proposition 2.5.5).

Example 5.5.1. 1. The theory DLO of order-dense linearly ordered sets with no
first and no last element is X(-categorical. Also, all its models are infinite.

2. The theory of divisible torsion-free abelian groups DAG is k-categorical for all
uncountable k. Further, all its models are infinite.
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Let K be a field of characteristic 0. Then the smallest subfield of K is isomorphic
to the field Q of rational numbers. Similarly, if K is a field of characteristic p, with p
a prime, then the field F}, = Z/pZ is isomorphic to the smallest subfield of K. Given
afield K, a field x such that there is an embedding ¢t : K — K with the property that
for every field k’ and every embedding 8 : k¥’ — K, there is a unique embedding
Y: k¥ — K’ such that B o y = « is called a prime field of K. Any two prime fields of
a field are easily seen to be isomorphic. Thus, prime fields of a field are unique up
to isomorphism.

Let K be a field and x its prime field. A subset B C K is called polynomially
independent if whenever

— iU___ in _
zaixo Xn _Ov

neN,i= (ip,--+ ,in), with g, - - ,i, nonnegative integers, a; € K, xo, - - - X, € B, each
a; = 0. It should be noted that an algebraically closed field may not have a nonempty
polynomially independent subset. For instance, the algebraic closure Fj, 18 of F,,
with p a prime, has no polynomially independent subset.

We recall a standard result from algebra.

Proposition 5.5.2. Let p be a prime and F, denote the field of integers modulo p.
Then

!
F;g = Up>1Fpn,

where Fyn denotes the field with p" many elements. (See [10].) In particular, every
subfield of F,) s generated by finitely many elements is finite.

A maximal polynomially independent subset of K is called a transcendence basis
of K. By Zorn’s lemma it is easily seen that every field K has a transcendence basis.
Further, any two transcendence bases are of the same cardinality, which we call the
transcendence degree of K. If B is a nonempty transcendence basis of K and x its
prime field, then every x € K has a unique representation

= —iO... in
a—ZaixO X,

where n € N, i = (ig, - ,in), i0, " ,in are nonnegative integers, a; € Kk, and
X0, Xy €B.

If K has no nonempty polynomially independent subset, then its transcendence
degree is 0. We have the following result. Its easy proof is omitted.

Proposition 5.5.3. If K is countable, algebraically closed, of characteristic p # 0,
and of transcendence degree 0, then it is isomorphic to F, 8 \where F,, denotes the
field of integers modulo p.

Now assume that K; and K, are two algebraically closed fields of the same
characteristic with By and B, respectively their transcendence bases of the same
positive cardinality with By # 0 # B,. Then every bijection & : B — B, can be
extended uniquely to an isomorphism 3 : K; — Kj. (See [10], p. 355.) Thus, we
have the following proposition.
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Proposition 5.5.4. Two algebraically closed fields of the same characteristic and
same transcendence degree are isomorphic.

A simple cardinality argument now easily gives us the following result.

Proposition 5.5.5. The theory ACF (p), with p = 0 or a prime, is K-categorical for
every uncountable K. Further, every model of ACF (p) is infinite.

The following result follows from Vaught’s theorem 5.3.5.

Proposition 5.5.6. The theories DLO, DAG, and ACF (p), with p = 0 or a prime,
are complete.

By Proposition 5.1.1 we now have the following result.

Corollary 5.5.7. 1. The model Q |= DLO is elementarily equivalent to every model
M = DLO.

2. The model Q |= DAG is elementarily equivalent to every model M |= DAG.

3. The model C |= ACF(0) is elementarily equivalent to every model M |= ACF (0).

4. The model F,flg = ACF (p), p a prime, is elementarily equivalent to every model
M = ACF (p).

Theorem 5.5.8. Let ¢ be a sentence of the language of the theory of fields. The
following statements are equivalent:

(i) @ is true in the field C of complex numbers.
(ii) @ is true in all algebraically closed fields of characteristic 0.
(iii) @ is true in some algebraically closed field of characteristic 0.
(iv) There is an m such that for all prime p > m, @ is true in some algebraically
closed field of characteristic p.
(v) There is an m such that for all prime p > m, @ is true in all algebraically
closed fields of characteristic p.

Proof. By Proposition 5.1.1, (i) implies (if) and also (iii) implies (ii). Now
assume (ii). Then by the completeness theorem, ¢ is a 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.

Statement (iv) implies (v) because each ACF (p) is complete. We now show that
(v) implies (ii). Let ACF(0) [~ @, i.e., @ is not a theorem of ACF(0). Since ACF(0)
is complete, it follows that —¢ is a theorem and so valid in ACF(0). Since (ii)
implies (v) (Proposition 5.1.3), it follows that there is an m’ such that for all primes
p >m', =@ is valid in all algebraic closed fields of characteristic p. Thus, (v) is
false. ad

We close this section by giving an application in algebra.

Proposition 5.5.9. Let p > 1 be prime and

[t X))y  fu(X0 o Xn) € (FS2) X0 X
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If the map
F= (s fu) (B — (F6)"
is injective, then it is surjective.

Proof. Suppose f is not surjective. Let {ay,...,a;} be the set of all coefficients of
fi,-.osfn. Lethy,....b, € F,flg be such that (by,...,b,) is not in the range of f. Let
K be the subfield of F,flg generated by {ay,...,ay,by,...,b,}. By Proposition 5.5.2,
K is finite. But now we have an injective map f : K" — K" that is not surjective.
This is impossible since K" is a finite set. a

Theorem 5.5.10 (Ax). Let K be an algebraically closed field and
fl (Xl, e ,Xn),... ,fn(Xl,...,Xn) S K[Xl,... ,Xn].

If the map
=01, fu) K= K"
is 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 fields saying that if fi, ..., 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 Fj I by
Proposition 5.5.9. Thus, ¢ is valid in K by Corollary 5.5.7.

Now let K be of characteristic 0. In this case the result follows from Proposi-
tion 5.5.9 and Theorem 5.5.8. O

5.6 Extensions of Partial Elementary Maps

In this section we make some general observations on types. The importance of
these will become clear as we go along.

Let M be a structure of a language L. An n-type p(xo,---Xx,—1] = p[X] = p is
a set of formulas @[] of L such that p U Thy, is satisfiable, i.e., there is a model
N |=Thy and an @ € N such that N = @[iz] for every ¢ € p. As we saw earlier, the
compactness theorem implies the following proposition.

Proposition 5.6.1. A set of formulas p with free variables among X is an n-type if
and only if pUThyy is finitely satisfiable.

Example 5.6.2. Consider (N,0, 1, <) as a structure of the language with 0, 1, and <
as nonlogical symbols and

pi]={x>n:neN},
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where n is the term 14----+ 1. Clearly, N models every finite subset of p U Thy.
——

n—times
Hence p is a 1-type.

Example 5.6.3. Leta € M". Thentp™(a) = {@[x] : M |= ¢liz]} is an n-type.

Let p be an n-type. We say that an @ € M" realizes p in M if M |= ¢liz] for
every ¢ € p. If no such @ exists in M", then we say that M omits p. In the preceding
example, N omits p.

Proposition 5.6.4. Let M be a structure of L and p an n-type. Then there is an
elementary extension N of M that realizes p.

Proof. Consider I' = pUDiag, (M) and A C I finite. Let

@[x] A wlig]

denote the conjunction of a finite set of formulas in A, where @ € M and M = y[iz].
In particular, 3xy[x] € Thy. Since p is an n-type, there is a structure Ny and ¢ € N
such that

No |= olic] ASxy(x].

Thus, I' is finitely satisfiable. Hence, by the compactness theorem, it is satisfiable.
Thus, we get N |= Diag.;(M) (implying that N is an elementary extension of M) and
ac¢ € N such that N |= ¢lig] for all ¢ € p. O

Remark 5.6.5. If L and M are countable, then N can be chosen to be countable.

We call an n-type p a complete n-type if for every formula ¢[x] either ¢ or —¢
belongs to p. The set of all complete n-types will be denoted by S¥ (). Note that
for every @ € M, tp (@) is a complete n-type. Not only this, if N is an elementary
extension of M, @ € N, then ¢p™ (@) consisting of all formulas @[x] of L with N =
@liz] is a complete n-type.

Exercise 5.6.6. Let p[x] and g[x] be complete n-types and @[x] and w[x] formulas
of L. Show the following:

1. Exactly one of ¢ and —¢ belongs to p.

2. If pC q,then p=gq.

3. ¢ ANy € pif and only if both ¢ and y belong to p.

4. ¢V y € pif and only if at least one of ¢ and y belong to p.

We will now characterize when for two a,b € M, tpM(@) =tpM(b), i.e., whena
and b satisfy the same properties. We need a few auxiliary results.

Proposition 5.6.7. Let M, N be structures for L, A C M, f:A — N a partial
elementary map, and a € M. Then there is an elementary extension N' of N and
a partial elementary map g : AU{a} — N’ that extends f.
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Proof. Suppose @ € A and @[x,*] is such that M |= @[iq,iz]}. Then M |= Ix@lx, iz].
Since f is partial elementary, N |= Jx@[x,if(5)]|. From this it is entirely routine to
show that every finite subset of

Diag/(N) U{@[x,if@)]:a € ANM |= @lia,ia] }

is satisfiable in N. Hence, by the compactness theorem, it is satisfiable. Therefore,
there is an elementary extension N’ of N and a b € N’ such that N' |= @[y, i )]
whenever M |= @li,, iz]. We extend f to AU {a} by setting f(a) = b. This works.

O

Remark 5.6.8. If L, A, and N are countable, then N’ can be chosen to be countable.
Using transfinite induction, we also have the following result.

Proposition 5.6.9. Let M and Ny be structures of Land A C M, and let fy: A — Ny
be partial elementary. Then there exists an elementary extension Ne, of Ny such that
Jfo can be extended to an elementary embedding f.. : M — Ne.

Proof. Fix an enumeration {ay : o < |[M|} of M. We shall proceed by induction and
for each o0 < |[M| will get a structure Ny, of L and amap fo, : AU{ag: B < a} — Ny
satisfying the following conditions.

1. Each f is partial elementary.
2. Ny is an elementary extension of Ny, No = Upg . ¢Np if o limit ordinal.
3. fo+1 extends fy and fo =Ugo fpg if o limit.

Our hypothesis is just the initial case. Suppose fu, N satisfying the desired
properties have been defined. If ay € domain(fy), then we set Nyi1 = Ny and
fo+1 = fa- Otherwise, by Proposition 5.6.7, there is an elementary extension Ny |
of Ny and a partial elementary map

fot1 :AU{aﬁ B < OC} — Not1
extending f. Now take Neo = Uy |3 Noc and foo = Ug for- a

Remark 5.6.10. Since every consistent countable, theory has a countable model, if
L, M, and N are countable, then we can choose N.. countable.

Theorem 5.6.11. Let M be a countable structure of a countable language L and
a,b € M". Then tp™(a) = tp™(b) if and only if there is a countable elementary
extension N of M and an automorphism o : N — N such that a.(a) = b.

Proof. The if part of the result follows because ¢ is an automorphism such that
o/(@) = b. Thus, we need to prove the only if part only.

Assume that @,b € M" are such that tp™(a) = tp™(b). Using Remark 5.6.10,
for each k we shall define countable structures M, N, and elementary embeddings
oy : My — N satisfying the following conditions:

1. My is an elementary extension of M.
2. op(a) =b.
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3. For each k, Ny is an elementary extension of My and M;, is an elementary
extension of N.
4. For each k, oy extends 0.

Since tpM (@) = tpM (b), the map b — @ is partial elementary. By Remark 5.6.10,
there is a countable elementary extension My of M and an elementary embedding
Bo : M — My such that By(b) = a. Since By is elementary, it is one-to-one. Now
consider Ag = range(fy) C My and 3, ' Ag = M. Clearly, it is partial elementary.
Regard M as an elementary substructure of My and f3; . Ag — M. By the same
argument, there is a countable elementary extension Ny of M and an elementary
extension o : Mo — Ny of By I

Now set Ay = ag(Mo) C Ny and By = (o). Then B; : A| — Ny is partial
elementary. As before, there is a countable elementary extension M; of Ny and an
elementary embedding B{ : No — M; of B;. Now consider By = range(}) C M;
and ﬁ(/)*l : By — Ny. As before, there is an elementary extension N; of M and an
elementary embedding o) : M| — N; extending [3(’)’1.

Proceeding by induction, we similarly define the My, Ny, and oy satisfying the
foregoing conditions. Now take N = UM} = UN and o = U, 0. This works. O

The same argument also gives us the following result.

Theorem 5.6.12. Let M be a structure of a language L and a,b € M". Then
tpM(@) = tpM(b) if and only if there is an_elementary extension N of M and an
automorphism o, : N — N such that o.(a) = b.

5.7 Elimination of Quantifiers

In Chap. 2, we introduced the notion of definability. But it is very useful to know
when definable sets are defined by open formulas. This question has led to many
interesting and deep applications in mathematics. This section is devoted to this
topic.

Let M be a structure of a language L. We say that M admits elimination of
quantifiers if for every formula @[x] of L there is an open formula y[x] such that

M = vx(9F < y[x).

Let T be a theory with language L with a constant symbol c. If L has no constant
symbol, then by the theorem on constants, without any loss of generality, we can
introduce a constant symbol c. We say that 7 admits elimination of quantifiers if for
every formula @[x] of L there is an open formula y[x] such that

T +x(o[x] < y[x]).

Example 5.7.1. Let @ be a sentence decidable in T; then T+ ¢ <> c=cif T - ¢,
else TH @<+ c#ec.
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Proposition 5.7.2. Assume that for every open formula @[x,y|, there is an open
Sformula y[3] such that

T =Y5((3xelx,y]) < w[]).

Then T admits elimination of quantifiers.

Proof. By induction on the rank of formulas, we prove that for every formula ¢[x]
of L there is an open formula y[x] such that

T +Vx(o[x] < wx]). (*)

(*) is clearly true for open ¢. It is easy to prove that if () is true for ¢ and y,
then it is true for —¢ and ¢ V y. (Use either closure and tautology theorems or the
completeness theorem.)

To complete the proof, assume that (x) holds for ¢[x,¥] and y[y] is the formula
Ax@lx,¥]. Get an open formula 1 [x,¥] such that

T - Vavy(olx,3] < nfx,y)).

This implies that
T = 9y((Exelx,3]) < 3xnlx,y)).
By our hypothesis, there is an open formula y[y] such that

T =Yy((3xnx,y]) < ).

Now it is clear that
T =y ((Fxe[x,3]) < yiy]).
Our proof is complete. a

Theorem 5.7.3. Let T be a theory with a constant symbol ¢ and @[] a formula of
T. The following are equivalent:

(1) There is an open formula W[X] such that
T+ Vx(p[x] < wix]). (%)

(2) For any two models M,N |= T, for any common substructure A of M, N, and
foranya €A,

M |= ¢lig) < N = ¢lia].
Proof. We prove that (1) implies (2). Take M, N, A, and @ as in (2). By (1), there is
an open formula y[x] such that 7 - Vx(¢(X) <> w(x)). Thus,

M < ¢(iz) & M = ylig]
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and
N < ¢(ia) < N |= ylia).

But because A is a common substructure of M and N, since a € A and y is open,

M y(ia) & A E ylia) & N E lia).
Hence,

M = ¢(ia) = N = ¢(ia)-

We now proceed to prove that (2) implies (1). Thus, assume that @ [%] satisfies (2).
When a closed formula ¢ satisfies (2), ¢ is either true in all models or in none. Now
note that T - @ <> ¢ = ¢ if T I ¢. Otherwise, T - —¢ when T F ¢ <> ¢ # c. The
same argument works when @[x] is not closed but decidable in 7.

It remains to prove the result if both T[@[x]] and T[—¢@[x]] are satisfiable.
Introduce new constants ¢ to the language and consider
r={yle]: T+ ¢[x] — y[x], y open}.
We first see that it is sufficient to prove that
T[I'TF olel. (%)

Then by the deduction theorem (Corollary 4.2.21), there exist y[c],- -+, y,[c] € I’
such that
T = NZyvile] = o[e].
By the theorem on constants, it follows that
T EVx(o[x] < ALy yilx])

and AP, y;[x] is open.
We prove (x) by contradiction. Thus, assume that

T[TV olel.
Let
M = T[IU{~¢[d}.
Let A be the substructure of M generated by ¢j7. Now consider
A =T UDiag(A) U{o[c]}.

We claim that A has a model. If not, there exists y;[c],---, W,[c] € Diag(A) such
that

T = AL yile] — —olc).
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By the theorem on constants,

T = N2y yilx] — —ofx]

Set y[x] = ~ A, y;[x]. Note that y is open. By the tautology theorem,

T+ o] — y[x]

Thus, y[c] € I" and A |= yIc], contradicting that y;[c],--- , y,[c] € Diag(A).
Now take a model N = A. By Proposition 2.4.7, A is a substructure of N. But
M = —o[c] and N |= ¢l[c]. This contradicts (2) and proves (x). O

Since every open formula is equivalent to an open formula in disjunctive normal
form (DNF) (Exercise 4.2.4), using Proposition 5.7.2 and Theorem 5.7.3, one easily
sees the following very useful result.

Corollary 5.7.4. Let T be a theory with a constant. The following are equivalent:

(1) T admits elimination of quantifiers.

(2) For every conjunction of literals @|[x,y), for any two models M,N |= T, for every
common substructure A of M, N, and for every a € A, if there is a b € M such
that M |= @lip, i), then there is a ¢ € N such that N |= @lic, iz).

Example 5.7.5. The theory DLO admits elimination of quantifiers.

Proof. Let @lx,¥] be a conjunction of literals. For instance, suppose
Py =y < <y <x<yi <o <y

Suppose M,N |= DLO, A is a common substructure of M,N, @ € A and there is a
b € M satisfying

a<--<ai1<b<a<--<ay.

This, in particular, implies that
ar < - < a1 <a;p<---<ap.
Since N |= DLO, there is a ¢ € N such that
ap < - <agi1<c<a;<---<ay.

Cases where @[x,x] is “x < y; < .-+ <y,” or “y; < -+ <y, < x” are dealt with
similarly because N has no first and no last elements. a

Example 5.7.6. The theory DAG of torsion-free divisible abelian groups admits
elimination of quantifiers.

Proof. We take G1,G, = DAG, a common subgroup H C Gy, G,. Let ¢[x,7] be a
conjunction of literals. Suppose @ € H. Replacing H by its divisible hull considered
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as a common subgroup of both G| and G,, we further assume that H too is divisible.
Now ¢|[x,7], being a conjunction of literals, can be assumed to be of the form

3

i "p
Ao X (mijyj+nix=0) AN D (v +m,x 7 0)). ()
Jj=1 q=1

Assume that there is a b € G such that
G1 [= @i, ia).
We need to show that there is a ¢ € G, such that
G = @lic, ial.

Since H is a substructure of Gy, it is sufficient to show that there is such a ¢ in H.
If any n; # 0, as H is divisible,

m; .
2 nijdj
— €

n;

b=—

and we are done. Thus, assume that all n; = 0. Then b disappears from the equalities
appearing in (x). Since H is infinite, we can certainly find a ¢ € H satisfying all
inequalities in (). ad

Example 5.7.7. The theory ODAG of ordered divisible abelian groups admits
elimination of quantifiers.

Proof. As in the previous case, we take ordered divisible abelian groups, a common
subgroup H, a conjunction of literals ¢[x,y], and an @ € H. Assume that there is
a b € G such that G| |= @lip,iz]. Again, as in the last example, it is sufficient to
show that if H' is the ordered divisible hull of H, then there is a ¢ € H' such that
H' = ¢lic,iz]. To show this, note that we can assume that ¢@[x,y] is of the form

m; ’p
k-1 -1
Ni—o Z (nijyj+nix=0) A A,,:o( 2 ”;jyj < ”;x)'
j=1 j=1

Observe that H' is order-dense. Arguing as in the last example, we get a required
ceEH. 0

Example 5.7.8. The theory ACF of algebraically closed fields admits elimination
of quantifiers.

Proof. Note that a substructure of a field is an integral domain. Also, recall that if
D is an integral domain, then its quotient field embeds into every field in which D is
embedded. Therefore, as in the last two cases, we only need to show that whenever
F C K are algebraically closed fields, ¢[x,¥] a conjunction of literals, and @ € F, if
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there is a b € K such that K |= @[y, iz], then there is a ¢ € F such that F |= @[i., iz].
Now note that we can take @[x,a] in the form

Ao (P(x) = 0) AN ZG(Q(x) #0),

and P;[X] and Q;[X] are polynomials over the smallest subfield of F generated by a.
If k > 1, then b € F because it is algebraically closed. Otherwise, since [F is infinite,
it certainly has a ¢ that is not a root of any Q;[X|, which works for us. O

The similarity to the last three proofs suggests that there is a more general result
showing the elimination of quantifiers. This is indeed the case. For a theory 7, let
Ty denote the set of all universal formulas Vx¢|[x], with @ open, that are theorems
of T. Having introduced subtraction in the language of groups and fields, note the
following:

Example 5.7.9. 1. If T is the theory DAG, then models of Ty are precisely torsion-
free abelian groups.

2. If T is the theory ODAG, then models of Ty are precisely ordered abelian groups.

3. If T is the theory of fields, models of Ty are precisely integral domains.

Exercise 5.7.10. Show that every algebraically closed field is homogeneous.

Let T be a theory. We say that T has algebraically prime models if for every
model M |= Ty there is a model N |= T and an embedding o : M — N such that for
every model N |= T and for every embedding 8 : M — N’, there is an embedding
Y:N — N’ such that yo ot = f3.

The following result is easily seen by the arguments contained in the last three
proofs.

Theorem 5.7.11. Let T be a theory such that

(a) The theory T has algebraically prime models,
(b) Forany two models M,N |=T with M a substructure of N, for every conjunction
of literals @[x,y] and for every a € M,
N = 3xolx,a) = M |= 3xolx,a).

Then T admits elimination of quantifiers.

5.8 Applications of Elimination of Quantifiers

A theory T is called model-complete if M,N |=T and M is a substructure of N imply
that M is an elementary substructure of N.

Theorem 5.8.1. If T admits elimination of quantifiers, then it is model-complete.
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Proof. Let M,N |= T and M be a substructure of N. We need to show that the
inclusion map i : M < N is an elementary embedding. Take a formula ¢[x] and
an a € M. By elimination of quantifiers, there is an open formula y[x] such that

T HVx(ex] ¢ wix]).
Thus,
M = ¢lia] & M |= ylial,
N = ¢lia] & N = ylid,

and since M is a substructure of NV,

M = ylia) < N = ylia]-

The result follows now. O
Corollary 5.8.2. The theories DLO, DAG, ODAG, and ACF are model-complete.

Remark 5.8.3. We now see that there does exist a proper elementary extension of
a structure in some cases. This, in particular, shows that an elementary embedding
need not be surjective.

Exercise 5.8.4. Let T be model-complete and admit algebraically prime models.
Show that 7" admits elimination of quantifiers.

Model completeness also gives another method of proving the completeness of
theories.

Theorem 5.8.5. Let T be model-complete and have a model that embeds into all
other models. Then T is complete.

Proof. Let M |=T embed into every model of 7. Since T is model-complete, M has
an elementary embedding into all models of 7', implying that every model of T is
elementarily equivalent to M. By Proposition 5.1.1, it follows that T is complete.

O

Exercise 5.8.6. Let T be the theory of nontrivial, dense linearly ordered sets. Show
that there are nonisomorphic models of 7' that embed into all models of T'.

Exercise 5.8.7. If T is a countable, consistent theory and M |= T embeds into all
models of T, then show that M is countable.

We have seen that the theories DLO, DAG, ODAG, and ACF (p), with p =0 or
a prime, all satisfy the hypothesis of the last theorem. Thus, Theorem 5.8.5, apart
from proving that DLO, DAG, and ACF(p), with p = 0 or a prime, are complete,
also proves the following theorem.

Theorem 5.8.8. The theory ODAG of ordered divisible abelian groups is complete.
Since (Q,+, <) is a model of ODAG, we get the following corollary.
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Corollary 5.8.9. The model (Q,+, <) of ODAG of rational numbers is elementarily
equivalent to all models of ODAG.

Elimination of quantifiers also gives us interesting facts about definable subsets
of models.

Theorem 5.8.10. Let T admit elimination of quantifiers and M = T. Then D C M"
is definable if and only if D is defined by an open formula.

Exercise 2.8.14 now gives us the following theorem.

Theorem 5.8.11. Let K be an algebraically closed field. Then every definable D C
K" is constructible.

Theorem 5.8.12. Let G be a divisible abelian group. Then D C G" is definable if
and only if it belongs to the smallest algebra of subsets of G"* containing hyperplanes
of the form

{g€G": Y pigi+ Y qih; =0},

7. € Z and h € G. In particular, D C G is definable if and only if either D or its
complement is finite, i.e., cofinite.

Here is an important definition. A structure M for a language L is called strongly
minimal if every definable subset of M is either finite or cofinite.

Example 5.8.13. The field of real numbers R is not strongly minimal. The set
{xeR:IyecREx=»")}

is definable and is neither finite nor coinfinite.

A theory T is called strongly minimal if every definable subset D of every model
M of T is either finite or cofinite. Thus, the theory of divisible torsion-free abelian
groups is strongly minimal.

Theorem 5.8.14. The theory ACF of algebraically closed fields is strongly minimal.

Proof. Let K be an algebraically closed field. Since ACF admits elimination of
quantifiers, every definable subset of K is constructible and belongs to the algebra
generated by sets

fxreK: f(x) = 0},
f1X] € K[X]. The result now follows because polynomials have only finitely many
roots. O

Corollary 5.8.15. Any field that is not strongly minimal is not algebraically closed.

Let L be a language having a binary relation symbol <. Since ODAG admits
elimination of quantifiers, if G is an ordered divisible abelian group, then a subset
D C G" is definable if and only if it is defined by an open formula. Thus, D C G" is
definable if and only if it belongs to the algebra generated by sets of the form
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{g eG": ng,‘-l—zrl’ljhj = 0}
i J

and
{g cG": Znigi+2mjhj < 0},
i J

where & € G and 71,7 € Z. In particular, this gives us the following interesting result.

Theorem 5.8.16. If G is an ordered divisible abelian group, then D C G is definable
if and only if D is a union of a finite set and finitely many intervals.

Corollary 5.8.17. The sets of all natural numbers N and of all rational numbers Q
are not definable subsets of the ordered field of real numbers R.

Here is another important definition in model theory. A linearly ordered structure
(D,<,...) is called o-minimal if its definable subsets are precisely sets that are a
union of a finite set and finitely many intervals.

5.9 Real Closed Fields

We now turn our attention to the important field of reals IR. We shall be a bit sketchy
and refer the reader to [2] for more details.

Since the field R of reals is not strongly minimal, it does not admit elimination of
quantifiers. Note that —1 cannot be expressed as a sum of finitely many squares of
real numbers, and for every real r, either r or —r is a square. Also, every odd-degree
polynomial in one variable over R has a real root. We can take these as axioms,
but since the field R is not strongly minimal, it will still not admit elimination of
quantifiers. In fact, to achieve this useful property, we must introduce some new
symbols.

Now note that R has a natural ordering that makes it an ordered field. It turns out
that this is of fundamental importance. We call an ordered field K real closed if

1. Vady(x = y* Vx+y? = 0), i.e., for every x € K, either x or —x has a square
root and
2. every polynomial in one variable over K of odd degree has a root in K.

Example 5.9.1. Besides R, the field of real algebraic numbers, denoted by R, is
areal closed field.

Note that if x € K is a square, then it must be > 0, and if x > 0, then there is a
unique y > 0 such that x = y?>. We then write /x for y.

Remark 5.9.2. 1f K is a real closed field, then it has a unique ordering because its
nonnegative elements are given by

Kt ={xecK:IyeKy#0rx=y)}.
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This also shows that the ordering of K is definable in the language of rings. However,
it may not be definable by an open formula. If K = R and < is defined by an open
formula, then R* should be either finite or cofinite, which it is not. Also note that
every definable subset of K is definable in the language of rings.

Fix a real closed field K, and for ¥,y € K" define

Note that p(%,¥) > 0 and p(%,7) = p(3,%).
Exercise 5.9.3. ForZX, Yy, z, show the following:
L p(EF) =0 =7
2. p(x,2) < p(xY) +p(3.2).
(Hint: Observe that the Cauchy—Schwarz inequality holds.)
This enables us to treat K" as a metric space inducing a topology on K”, which
we shall call the usual topology. (See [17].)

We call a field real if —1 is not a sum of squares. Note that every ordered field is
real.

Remark 5.9.4. A field F is real if and only if for all @ € F, ¥,;a? = 0 implies each
a; = 0.

Proposition 5.9.5. Let F be a real field. Then the field of rational functions
F(Xy,---,Xy) is real.

Proof. Our result will be proved if we show that for polynomials fi(X),- -, fi(X)
over F, 3; f7 = 0 implies that each f; = 0. We prove this by induction on 7. In the
case n = 1, let f;(X) = ¥ a;; X’ with ¥; f? = 0. Since F is real, note that the leading
coefficients of those f; whose degree is the highest among those of fi,---, f; are
zero. Thus, each f; must be 0. For an inductive step, note that

]F[Xlu"' 7Xﬂ] = ]F[Xla ,anl][Xn]. O

Lemma 5.9.6. Let F be a real field and a # 0 in F. Then F[\/a] is real if and only
if —a is not a sum of squares in F.

Proof. 1f F[\/a] is real and —a is a sum of squares, then a + Y, bi2 = (. This implies
that a = 0. This proves the only if part. Now assume that F[,/a] is not real. Then we
get X,y € IF such that § # 0 and ¥;(x; + y;v/a)? = 0. This, in particular, implies that
Zixiz +a2iyi2 = 0. Hence
(Zi7) (Ziv7)

(Ziyi)?

contradicting that —a is not a sum of squares. a
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Now, by Zorn’s lemma, we get the following result.

Theorem 5.9.7. Every real field K has a real algebraic extension F such that in F
for every a € I, either a is a square or —a is a sum of squares.

Proof. Set
P = {F : T real algebraic extension of K}.

Then K € P, showing that IP is nonempty. We partially order P by inclusion C. Note
that if {IF} is a chain in IP, then Uy F, is an upper bound of the chain in P. Thus, by
Zorn’s lemma, [P has a maximal element, say F. By Lemma 5.9.6, this works. O

Now assume that [F is a real field such that for every a € I either a is a square
or —a is a sum of squares. Since F is real, this immediately implies that for every
a # 0, exactly one of a and —a is a sum of squares. We define

x<y<:>E|Z6F(Z7E0/\y:x—|—22,»2),x,yEF.

Exercise 5.9.8. Show that < is a linear order on [F, making it an ordered field.

Thus, if K is a real field with no proper real algebraic extension, then the
preceding ordering will be called the canonical order of K. The foregoing result, in
particular, gives us the following result of Artin and Schreier.

Theorem 5.9.9. Let F be a real field and a € F not a sum of squares. Then there is
an order < on IF making IF an ordered field and a < 0.

Corollary 5.9.10. A field is orderable if and only if it is real.
The following result is also due to Artin and Schreier.

Proposition 5.9.11 (Weierstrass Nullstellensatz). Let K be a real field with no
proper real algebraic extension, with < its canonical order, and let f[X] € K[X]
and a < b € K be such that f(a)- f(b) <O0. Then there isa c € Kwitha <c<b
and f(c) =0.

Proof. First we observe that it is sufficient to show that f has a root in K. Thus, let
co,- - ,cn—1 be all the roots of f less than a. Then

f) = (x=co)- (x=cn1) - 8(%),

where g is a polynomial having no root less than a. Note that g(a) - g(b) < 0. We now
work similarly with the roots dy,--- ,d,,—| of f greater than b. They are precisely
the roots of g greater than b. Thus, we write

g(x) = (x—do) -+ (x—dpu-1) -h(x),

with A& having no roots either less than a or greater than b. Still we have h(a) -
h(b)<0. Any root of & is a root of f between a and b.
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Suppose our result is not true. Thus, there is a polynomial f € K[X] and a < b
such that f(a) - f(b) < 0, but f has no root in K. We choose one such f of least
degree. It is easily seen that f is irreducible. Then F = K[X]/(f(X)) is a proper
algebraic extension of K, and so not real. Set o = [X] € F. We then get nonzero
polynomials g;(X) € K[X], 1 <i <k, such that ¥, ¢7(a) = 0. Hence, 3,;g7(X) =
f(X)-h(X) for some h. We choose such an £ of the least degree. Note that we can
arrange things so that the degree of each g; is less than the degree of f. This implies
that the degree of £ is less than the degree of f. Since f(a)-h(a), f(b)-h(b) > 0, and
f(a)- f(b) <0, either h(a) =0 or h(b) = 0 or h changes signs between a and b. Since
f was one such polynomial of least degree with no root, 4 has a root r in K. Since K
is real, r is a root of each g;. Hence, there exist polynomials /;(X) € K[X] such that
gi(X) = (X —r)-hi(X), 1 <i<k. Since f hasno rootin KK, this implies that (X — r)?
divides 2(X). Let h(X) = (X —r)?- fi(X). Now we get 3;h?(X) = f(X) - f1i(X),
contradicting that & has the least possible degree satisfying such an identity. O

Artin and Schreier proved the following crucial result.

Theorem 5.9.12. Let K be a real field. Then the following statements are equiva-
lent.

(a) K has no proper real algebraic extension.
(b) K is real closed.
(¢) The ring K[i] = K[X]/(X? + 1) is algebraically closed.

Proof. Suppose K has no proper real algebraic extension. Let < denote the
canonical order of K and a > 0 be in K. Consider the polynomial

fX)=X*—a

in K[X]. Then f(0) < 0 and f(1 +a) > 0. Thus, by the Weierstrass Nullstellensatz,
there is a ¢ € K such that f(c¢) = 0. Thus every positive element of K has a square
root in K.

Now take a monic polynomial f(X) € K[X] of odd degree. Then, arguing as in
the case of R, we can find a < b such that f(a) <0 < f(b). Hence, f has a root in
K by the Weierstrass Nullstellensatz. Thus, (a) implies (b).

We now show that (b) implies (c¢). We first note that it is sufficient to prove that
every f € K[X] has a root in K[i]. To see this, take any g € K[i][X]. Let g denote
the polynomial obtained from g by replacing all its coefficients by their conjugates.
Then g -g € K[X]. Hence, by our assumption, it has a root, say ¢, in K[i]. Thus, o
is a root of either g or g. If o is not a root of g, then the conjugate @ of « is a root
of g.

Thus, fix f € K[X]. Let d = 2"(2n+ 1) be the degree of f. By induction on m,
we show that f has a root in K[i]. If m = 0, then the degree of f is odd. Thus, by
(b), it has a root in K < KJi|]. Now assume that the assertion is true for m — 1.
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Let ry,---,ry4 be all the roots of f in an algebraic closure K of K. For any k € Z,
consider the polynomial

8k(X) = I<pegeaX —rp—rg—krp-1q) EK[X]-

This is invariant under all transpositions of ry,---,r; and so is symmetric in
ry,---,rq. Since all the elementary symmetric polynomials in rq,---,ry are coef-
ficients of f, they belong to K. It is well known that all symmetric polynomial
in ry,---,rg are functions of elementary symmetric polynomials. Hence, each g,
is a polynomial over K. The degree of each g, equals @ = 2"~ 1y with n’
odd. By the induction hypothesis, each g; has a root in K[i]. Therefore, there exist
1< p<q<dandk#k such that

rpt+rgtkry-rgrp+rkry-rg € Kli.

This implies that there exist 1 < p < g <d such that r, +ry,r, -, € K[i]. Now it is
elementary to check that r,,r, € K[i]. We have shown that (b) implies (c).

To show that (c) implies (a), first note that by (c), K[i] is the only nontrivial
algebraic extension of K. Further, K[i] is clearly not real. Hence, K has no proper
real algebraic extension. O

Exercise 5.9.13. Let K be a field such that K[i] is algebraically closed. Show that
K is real. Conclude that in Theorem 5.9.12 we need not assume that K is real.

Corollary 5.9.14. Let F and K be real closed fields with ' a subfield of K. Then
every root in K of a polynomial f(X) over F lies in .

Proof. Let x € K be a root of a polynomial f(X) € F[X]. Note that the subfield
generated by I and x is a real algebraic extension of IF. But [F has no proper real
algebraic extension. Hence, x € . a

Remark 5.9.15. Let I be a real closed field and a # 0 be in [F. Then a is a square if
and only if —a is not a sum of squares.

A real algebraic extension of K with no proper real algebraic extension will be
called a real closure of K.

Remark 5.9.16. Consider the real field F = Q(X) of rational functions over Q.
Clearly, F[v/X] and F[/—X] are real fields. Their real closures are not isomorphic.

However, there is a uniqueness result for ordered fields.

Proposition 5.9.17. Let (K,0,1,4,-,<) be an ordered field, 0 < x € K, which is
not a square in K; then there is an order on the extension field K[/x] extending the
order < on K.

Proof. For a+ by/x, ¢ +d+/x in K[y/x], define

a+byx<c+dvx
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if any one of the following conditions is satisfied:
(i) c=d=0anda <b.
(ii) b=danda <c.

(iii) b < d and either a < c or ((Z:fl;z <X

_ )2
(iv) b>dandc <aandx < ézigz

It is entirely routine to check that this works. a

Theorem 5.9.18. Let (K, <) be an ordered field. Then there is a real closure of K
whose canonical order is compatible with <. If K| and K, are real closed algebraic
extensions of K, then there is a unique order-preserving isomorphism o : K| — Kj
Sixing K.

Proof. Consider
P = {(F,<’) : F an ordered algebraic extension of K A <’ |K =<},

partially ordered by the inclusion C. By Zorn’s lemma, it has a maximal element,
say (K',<’). By Proposition 5.9.17, every positive element of K’ has a square root
in K'. Note that K’ does not have a proper real algebraic extension because then its
canonical ordering would extend < since every positive element of K has a square
root in K'. Clearly, K’ satisfies the desired properties. We omit the proof of the
uniqueness. O

If K is an ordered field, then a real closed algebraic extension of K preserving <
is called the real closure of K. Note that R, is the real closure of Q.

Example 5.9.19. The R, order isomorphically embeds into all real closed fields.
Example 5.9.20. The models of RCFy are precisely ordered integral domains.

Proof. 1t is clear that every model of RCFy is an ordered integral domain. On the
other hand, given an ordered integral domain D, let I be its ordered hull as defined
in Proposition 2.5.13. By Theorem 5.9.18, it is order-isomorphically embedded in
its real closure, say K. Since K = RCF, D |= RCF. O

The arguments contained in Example 5.9.20 give us the following proposition.

Proposition 5.9.21. The theory RCF of real closed fields has algebraically prime
models.

Proposition 5.9.22. The theory RCF of real closed fields admit elimination of
quantifiers.

Proof. As in the cases of, say, ODAG and ACF etc., we only need to show that if
@[x,¥] is a conjunction of literals, F C K |= RCF, and @ € F, then

K |= 3xo[x, i) = F = 3xox, iz).
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We can assume that ¢[x,] is of the form
Nz (PilxY) = 0) ANTL1(g(x,Y) > 0),

with p; and g being terms.
Choose a b € K such that
K ': (p[ibv iﬁ] .

Now if any of the equality terms is present, by Corollary 5.9.14, b € .

Thus, assume no p; is present. We will now use Corollary 5.9.14. Note that the
roots of ¢, if any, belong to FF. If a ¢; has no root in the field and since ¢;(b) > 0,
by Proposition 5.9.11, gj(c¢) > 0 for all ¢ € F. By considering finitely many roots of
all g; (all of which belong to IF), by Proposition 5.9.22, we find a nonempty open
interval I in K with end points in F such that b € I and g;(x) > 0 for all x € 1.
Using the order denseness of IF, we have a b € I that lies in /. This b witnesses

F = olip, ia). 0

Corollary 5.9.23. The theory RCF of real closed fields is model-complete and is
o-minimal.

Theorem 5.9.24. The theory RCF of real closed fields is complete.

Proposition 5.9.25. Every model of RCF is elementarily equivalent to R as well as
to Ralg.

Let M be a model of a theory T and A C M. We say that M is prime over A or
that M is a prime model extension of A if for every model N of T and every partial
elementary map 4 : A — N there is an elementary embedding g : M — N such that
h=glA.

Example 5.9.26. Consider the theory ACF of algebraically closed fields. Let D be
an integral domain and [F the algebraic closure of the fraction field of D. We know
that given any K |= ACF and a partial elementary map / : D — K (an embedding,
in particular), there is an embedding g : F — K such that 2 = g|D. Since ACF has
elimination of quantifiers, g is elementary.

Example 5.9.27. Consider the theory RCF of real closed fields. Let D be an ordered
integral domain and F the real closure of the ordered fraction field of D. We know
that given any K |= RCF and an elementary map /2 : D — K, there is an embedding g :
F — K such that h = g|D. Since RCF has elimination of quantifiers, g is elementary.

Example 5.9.28. Consider the theory DLO of dense linearly ordered sets with no
end points. Let (A, <) be a linearly ordered set. We define a dense linearly ordered
set A* as follows: if A has a least element, say x, then add a copy of Q with the
usual order to the left of x, if A has a greatest element, say y, then add a copy of
Q with the usual order to the right of y, and if x < y are two elements of A with
no element in between, then add a copy of Q with the usual order between x and y.
There is a canonical inclusion map f : A < A*. Now given any B = DLO and a
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partial elementary map i : A — B, it is easy to define an embedding g : A* — B such
that 4 = go f. Since DLO admits elimination of quantifiers, g is elementary.

Later in this chapter we shall address the following interesting question: When
does a structure A of a theory 7 admit a prime model extension?

5.10 Some Applications in Algebra and Geometry

In this section, we give some applications in algebra and geometry, showing some
of the ways in which logic can be used to prove deep results in mathematics.

Theorem 5.10.1 (Chevalley). Let K be an algebraically closed field and D C K"
be constructible. If fi,--- , fm € K[X1, -+ ,X,] are polynomials over K, then X =
f(D) C K™ is constructible, where f = (f1, -, fin)-

Proof. Note that
yEX & T(EFT DAY= f(X)).

Since D is definable, we now easily see that X is defined by a formula whose
parameters are the coefficients of f and those used to define D. Thus, X is
constructible by Theorem 5.8.11. O

Our next result is a basic result in algebraic geometry proved by David Hilbert.
We shall assume some results from commutative algebra and refer the reader to [10].

We fix a commutative ring R with identity 1. An ideal I in R is a subring / C R
such that if x € I, then so does x -y for every y € R. The ideal [ is called proper if
1 € I. This is the same as saying that [ is a proper subset of the ring.

Given an ideal [ in R, for x,y € R, define

x~py&ex—yel.

Then ~; is an equivalence relation on R satisfying the following statements:

1. If x ~;yand X' ~; Y, then x4+ ~; y+Y.
2. Ifx~;yand X' ~;y, thenx-x' ~;y-y.

Set
R/I =R/ ~j={[x] :x € R},

where [x] is the ~j-equivalence class containing x € R. Let ¢ : R — R/I denote the
quotient map. For x,y € R, define

0=[0]and 1= [1],

b + b = [+,
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and
bl - ] = byl
These are well defined and make R/I a commutative ring with identity and ¢ : R —

R/I a homomorphism with kernel 1.
An ideal I in R is called a prime ideal if x-y € I impliesx € [ory € I.

Example 5.10.2. I C Z is an ideal in the ring of integers Z if and only if there is a
positive integer m such that I = mZ, and it is a prime ideal if and only if m is prime.

The following result is quite easy to prove.

Proposition 5.10.3. An idealI in R is a prime ideal if and only if R/I is an integral
domain.

An ideal / in R is called a radical ideal if for every x € R, whenever x"* €
for some n € N, x € I. Note that every prime ideal is a radical ideal and so is an
intersection of prime ideals.

Now fix a field K and consider the ring K[X]| = K[X),---,X,] of polynomials
over K in n variables.

We refer the reader to [10] for a proof of the following result.

Theorem 5.10.4 (Prime Decomposition Theorem). If1 is a radical ideal in K[X],
then there exist prime ideals Py, --- , P, such that I = ﬂf»‘zlPi.

Corollary 5.10.5. IfI # J are radical ideals in K[X| and f € I\ J, then there is a
prime ideal P D J such that f ¢ P.

For X C K", set

F(X)={feK[X]: f(¥) =0 Vx € X}.

Then .# (X) is a radical ideal in K[X], and if X C Y C K", then .#(Y) C .#(X).
For § C K[X], recall

V()= {F€K": f(X) =0 Vf € S}.

The following statements are quite easy to prove.

X ¥ (A (X)) forall X C K.
.Sc A (Y (S)) forall S C KIX].
. ForSc T CcK[X], ¥(T) C ¥(S).
LV (S)=V(L(V(S))) forall S C K[X].

To see the last identity, if possible, suppose there exists anx € ¥ (S)\ ¥ (£ (¥ (S))).
Then there exists an f € S C . (¥#(S)) such that f(X) # 0. This is a contradiction.
We need one more result of Hilbert from commutative algebra to give a model-

theoretic proof of the aforementioned theorem of Hilbert.

RIS S
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Theorem 5.10.6 (Hilbert’s Basis Theorem). Every ideal in the polynomial ring
K[X], with K a field, is finitely generated.

Theorem 5.10.7 (Hilbert’s Nullstellensatz). Let K be an algebraically closed
field and I a radical ideal in K[X]. Then

=77 (1)).

Proof. We clearly have I C (¥ (I)). If possible, suppose there is an f €
J (¥ (I))\I. By Corollary 5.10.5, there is a prime ideal P D I not containing f.

Since P is a prime ideal in K[X], K[X]/P is an integral domain.
Let IF be the algebraic closure of the quotient field of K[X]/P. By Hilbert’s basis
theorem, we fix a basis g1, -+ ,gx € I generating /. Note that each X; can be regarded

as an element of K[X]. Because f ¢ P and g1,--- ,gx € I, we have

F = Aigil[Xi], - [Xal) = OAf([X1], -+ [Xa]) #0.

In particular,
F = 35(AL18i(F) = OA f(3) #0).

By model completeness,
K | F(A18i(5) = 0AS() #0).

This gives an @ € K such that for all 1 <i <k, g;(@) =0 and f(a) # 0. But if
gi(@=0forall 1 <i<k,asgy, - ,g generate I, a € ¥ (I). Since f € £ (¥ (1)),
f(a) = 0. This contradiction proves the result. O

We now give some applications to real closed fields. The first result is a
counterpart of Chevalley’s theorem for real closed fields.

Fix a real closed field F. Call a set X C F" semialgebraic if it belongs to the
smallest algebra on F” generated by sets of the form

{xeF":0< f(x)},
f(X) € F[X]. A map f:F" — ™" is called semialgebraic if its graph is semialge-
braic.

Exercise 5.10.8. A set X C " is semialgebraic if and only if it is defined by an
open formula.

Since RCF admits elimination of quantifiers, we have the following theorem.

Theorem 5.10.9. If F is a real closed field, then X C F" is semialgebraic if and
only if it is definable.

Theorem 5.10.10 (Tarski-Seidenberg). If F is a real closed field, with X C F"
and f : F" — F™ semialgebraic, then f(X) C F™ is semialgebraic.
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We have already seen that if I is a real closed field, then there is a “metric” p on
F" inducing a topology on F” called the usual topology.

Proposition 5.10.11. If T is a real closed field and X C F" semialgebraic, then so
is its closure X in the usual topology.

Proof. Note that
yEX & Vz(z>0— TEEXAp(H,X) < z2).

This shows that X is definable. By elimination of quantifiers, it follows that X is
semialgebraic. a

Exercise 5.10.12. Let IF be a real closed field. Define

| = x ifx>0,
—x otherwise.

Show that x — |x| is semialgebraic.

Exercise 5.10.13. Show that the Cauchy—Schwarz inequality holds in all real
closed fields.

Exercise 5.10.14. Let F be areal closed field and f : F" — F™ a semialgebraic map.
Show that there is a sentence ¢ such that

F = ¢ < f is continuous.

Exercise 5.10.15. Let IF be areal closed field, and let both C C F” and f : F" — F”
be semialgebraic. Show that there is a sentence y such that F |= v if and only if “C
is closed and bounded and f continuous implies that f(C) is closed and bounded.”

It is well known that y is true in the field R. Since any two models of RCF are
elementarily equivalent, we now get the following proposition.

Proposition 5.10.16. If IF is a real closed field, C C F" is closed, bounded, and
semialgebraic, and f : F" — F" is continuous and semialgebraic, then f(C) C F™
is semialgebraic and closed and bounded.

We now present a model-theoretic solution, due to Abraham Robinson, of
Hilbert’s 17th problem. The problem was first solved by Emil Artin.

Theorem 5.10.17. Let F be a real closed field and f € F(X) = F(Xy, - ,X,) a
rational function over F in n variables such that for nox € F", f(x) < 0. Then f is
a sum of squares of rational functions over F.

Proof. Suppose f is not a sum of squares. By Proposition 5.9.5, the field of rational
functions F(X) is real. By Theorem 5.9.9, there is a linear order < on the field F(X)
of rational functions over IF, making it an ordered field, where f < 0.
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Let K be the real closure of F(X) with order compatible with <. Then

K E 3x(f(x) <0).
(Take x; = X; € K.) By model completeness,

FE3Ix(f(x) <0).
But there is noa € IF such that f(@) < 0. Thus, f must be a sum of squares of rational
functions over F. O

Exercise 5.10.18. Let K be a real closed field and f(X) € K[X] a polynomial such
that for no x € K, f(x) < 0. Show that f is a sum of squares of polynomials over K.

(Hint: Prove it for R.)

Remark 5.10.19. If Kis areal closed field, n > 1, and f € K[X,--- ,X,] is such that
forno x € K" f(X) < 0, then f need not be a sum of squares of polynomials over K.
The Motzkin polynomial

X244+ X4Y? +1-3X%r? € R[X,Y]

never takes a value less than 0 but is not a sum of squares of polynomials. We invite
the reader to verify this.

The next three results are well known for the field of real numbers R. Thus, by
the elementary equivalence of real closed fields, they hold for all real closed fields.

Theorem 5.10.20 (Rolle’s Theorem). Let F |= RCF, f(X) € F[X], and a < b in
F be such that f(a) =0 = f(b). Let f'(X) denote the formal derivative of f. Then
there is a ¢ € F such that a < ¢ < b and f'(c) = 0.

Theorem 5.10.21 (Mean value Theorem). LetF = RCF, f(X) € F[X], anda <b
in IF. Then there is a ¢ € F such that a < ¢ < b and

f(b)=fla)+(b—a) f(c).
Theorem 5.10.22. LetF |= RCF, f(X) € F[X], and a < b in F be such that for all
a<c<b, f'(c)>0.Then f(a) < f(D).

The reader should see a very fine expository note of Swan [18] on these
applications to algebraically and real closed fields. We have relied heavily on Swan’s
article in our presentation. For real algebraic geometry, we strongly recommend [2].

5.11 Isolated and Omitting Types

Let p[x], or simply p when ¥ is understood, be a set of formulas in variables
Xo,---,X,—1 such that T U p is satisfiable. We call such a p an n-type in T and a
complete n-type if for every formula @[x] either @ or —¢ is in p. The set of all
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complete n-types in 7 will be denoted by S, (7). Note the difference between the
definitions of types given now and earlier.

Remark 5.11.1. Tf T is complete and M |= T, then S,(T) = S¥(0), because in this
case Thy, is precisely the set of all theorems of 7'.

By Lindenbaum’s theorem, we have the following result.
Proposition 5.11.2. Every n-type p in T is contained in a complete n-type in T.

Exercise 5.11.3. Let p € S,,(T). Show that @ A y € p if and only if both ¢ and y
belong to p and ¢ V v € p if and only if at least one of ¢ and y belongs to p.

Let [@] denote the set of all complete n-types containing ¢. The following
identities are easy to check:

[@A=p] =0,[Q V-] =S,(T),

[pAv]=[olN[y][eVy]=p]Uly],

and

(=] = S.(T)\ [].

Note that the sets [@] form the base of a topology on S,(7') with respect to which it
is zero-dimensional.

Lemma 5.11.4. Let I' = {@[x] : ¢[X] a formula} be a set of formulas such that
{[@] : @ € T'} has the finite intersection property. Then there is an n-type p D T,

i.e., Nper[p] # 0.

Proof. By Lindenbaum’s theorem, it is sufficient to show that T'[I"] is satisfiable. By
the compactness theorem, it is sufficient to show that T'[I"] is finitely satisfiable. This
is implied by our assumption that {[@] : ¢ € I"} has the finite intersection property.

O

Remark 5.11.5. Thus S,(T) is a compact, zero-dimensional, Hausdorff space. It
is Hausdorff because if p # ¢q € S,(T), then there is a formula ¢[x] € p such that
—@[x] € g. Hence, p € [¢], ¢ € [-¢], and, of course, [¢] N [-¢] = 0. If T is countable,
then S,,(T') is compact, Hausdorff, and second countable. Thus, S,(7) is compact
and metrizable if 7 is countable.

We say that a formula @[X] isolates p if T U{¢} is satisfiable, i.e., T U{3x¢@} has
a model, and

Vi € p & THYx(o[] = wix]).

In particular, ¢ € p. Note that p is an isolated type if and only if p is an isolated point
of S,(T). Indeed, if @ isolates p, then {p} = [@]. Further following the terminology
from topology, we say that isolated types are dense in S,(T) if every nonempty [¢]
contains an isolated type.
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Remark 5.11.6. Since isolated points are open, if every p € S,(7T) is isolated, then
by the compactness of S,,(T), S,(T) is finite.

Similarly, if M is a structure of a first-order language L and p € S¥(0), we say
that a formula @[x] of L isolates p if

vl € p & M= Vx(olx] = yix)).

In particular, ¢ € p.

Example 5.11.7. Since DLO is complete, S,(DLO) = S%(0). Let p(%) € S,(DLO).
Then there exists a countable elementary extension Q' of Q in which p is realized.
Since Q and Q' are isomorphic, it follows that p is realized in Q, say by 7. Let 7
be a permutation of n = {0,1,---,n— 1} such that (o) <+ < Ip(p1)- It is easy
to check that the formula xg < - -+ < x,,—1 isolates p. Thus, every type in S,(DLO) is
isolated. Hence, S,,(DLO) is finite for each n.

Proposition 5.11.8. Let M be a model of T and (a@,b) € M be such that t p™ (@, b)
is isolated. Then tp™ (@) is isolated.

Proof. Let ¢[,y] isolate tp¥ (a,b). Since
M = Vxvy(o[x,5] — ¢[x.5]),

¢ € tpM[a,b]. Therefore, M |= ¢|iz, iz].

Now consider y[x] = 3y¢. Thus, M = y/[iz]. Suppose M = Vx(y[x] — n[x]). In
particular, M |= n[ig], i.e., n[%] € tp™ (@). Trivially, tp™ (@) C tp™ (@,b). Therefore,
[ € 1pM(@,b).

Conversely, suppose M |= n[iz]. We are required to show that

M = Vx(ylx] — nx]).

Suppose not. Then there exists a ¢ € M such that M |= ylic| A —nlic]. Since M |=
ylic], there is a d € M such that M = @iz, 7). Since ¢ isolates tp™ (a,b),

M |=Vx9y(e[x,5] = n[x).

In particular, M |= nli¢]. This contradiction proves our result. O

Proposition 5.11.9. Let T be a complete theory. Then every isolated type is realized
in every model of T.

Proof. Let p be an n-type isolated by, say, ¢[x] and M |= T. We claim that M |= 3x¢.
If not, M = —3x¢. Since T is complete, it follows that 7 = —3x¢. But this implies
that T U {@} is not satisfiable.

Thus, take @ € M such that M |= ¢[iz]. Since ¢ isolates p, it follows that M |=
yig] for all y € p. O
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Interestingly, the converse is true for countable theories 7. The argument
contained in the proof below is quite important and can be adopted in many model
construction.

Theorem 5.11.10 (Omitting Types Theorem). Let T be a countable, consistent
theory and p a nonisolated n-type in T. Then there is a countable model M of T that
omits p.

Proof. We add countably many distinct new constant symbols {c; } to the language
of T and call the new language L (and the new theory T itself). Let {y;,} be an
enumeration of all closed formulas of L and {a;} an enumeration of all n-tuples of
new constants .

We shall get a complete Henkin simple extension 7* of 7' and a countable model
M of T* such that

(a) Every element of M is the interpretation of some cy;
(b) For every k, there is a formula y[x] € p such that M [~ y[i,,|.

It will then follow that M is a countable model of T that omits p.
To construct such a T* we shall first define a sequence of closed formulas {@, }
of L such that

(¢) For every k, T[] is consistent;

(d) Fork<lL, Tt @ — @

(e) For every k, if yy is an existential sentence Jvn[v] such that T[] - g, then
T[@ak+1] F Mv[cm] for some m;

(f) For every k, there is a y € p such that T [y 0] F —yag].

Take ¢y to be any sentence consistent with 7. Suppose ¢, has been defined such
that T [¢,y] is consistent.

If y; is not an existential sentence, or if T[] I/ i, then we take @or 1 = @
Otherwise, Wy is a closed existential formula, say Jvn[v], and T[@] - wk. Since
only a finite number of the new constants ¢; appear in ¢,; and y;, take a constant
symbol ¢, that does not occur in @y and Y. Set Qa1 = Qo A Ny[cim].

We need to show that T[@y.1] is consistent, i.e., that T[{ @y, Ny[cm]}] has a
model. To see this take a model N of T[@y]. Then N |= y. Thus, thereisa b € N
such that N = 1,[ip]. Now interpret ¢, by b in N. We definitely have T [@y1]
e

Let ay = (ci;,- - ,ci,). Replace each occurrence of Cij in @241 by a new variable
xj and each ¢, & {c,-j :1 < j <n} occurring in ¢y | by a new variable y,, to get ¢’
and set ¢”[x] = 3y¢’. Because p is not isolated, there is a w[x] € p such that

T i Vx(¢" — ). (%)

Set @op12 = Qop 1 A ﬁl//[ﬁlk]. We must show that T'[@o ;2] is consistent. By (), there
isamodel N of T and a b € N such that
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N = ¢"[ig] A —wliz).

Interpreting c¢;; by bj, 1 < j < n, we see that N = @u.2. This completes our
construction.

Let T’ be the theory T[{ @ : k > 0}]. Then 7’ is a countable consistent Henkin
theory such that for every k there exists a y € p such that 7' - —y[a]. By
Lindenbaum’s theorem, 7’ has a complete simple extension 7*. Clearly, T* is
countable.

Let M be the canonical model of 7*. We claim that every element in M is an
interpretation of some c;. To see this, take a variable-free term ¢ = fr;---#; and
consider ¥ = Jx(x = ¢). By substitution, axiom 7’ ¢ =t — y. Hence, T’ - .
Thus, ¥ must have occurred at some stage (e) in our construction, giving us a ¢;
such that T* - ¢; =1. O

Remark 5.11.11. Let T be theory whose language has uncountably many constant
symbols and no other non-logical symbols. Let CUD be the set of all constant
symbols, where C is uncountable, D is countably infinite and CN D = 0. The axioms
of T are formulas ¢ # ¢/, where c and ¢’ are distinct constant symbols belonging to C.

Let p(x) = {x#d :d € D}. Clearly, p(x) is a I-type in T. Let ¢[x] be a formula
consistent with 7. Since only finitely many constants occur in ¢, there isad € D
such that @[x] A (x = d) is consistent with 7. Thus, p is not isolated. As every model
of T is uncountable, p(x) is realized in every model of T'.

Theorem 5.11.12. Let T be a countable, consistent theory and {p,,} a sequence of
nonisolated n-types in T. Then there is a countable model of T that omits each p.

This is proved by imitating the last proof with the following change. For each k of
the form 29(2r+ 1) — 1 we ensure that there is a y € p, such that T'[@y12] - ~y/[a,].
This clearly can be done. The model M thus built will still be countable such that
for each ¢ and each r, there is a y € p, such that M }~= yla,].

Proposition 5.11.13. Let T be a countable, consistent, Ry-categorical theory. Then
every type in S, (T), n > 1, is isolated and, thus, finite.

Proof. If possible, suppose there exists a p € S,(T) that is not isolated. By

Theorem 5.11.10, T has a countable model M that omits p. On the other hand, there

is a countable model N of T that realizes p. But then M and N are not isomorphic.
O

5.12 Relative Types

Let T be a complete theory with a countable language L, M amodel of T, and A C M.
Let L4 denote the language obtained from L by introducing a constant symbol i, for
each a € A. We canonically treat M as a structure for L4 by interpreting each i, by a,
a € A. A set of formulas p = p[x] of L, with free variables among X = (xg, -+ ,X;—1)



5.12 Relative Types 123

is called an n-type over A if pUThy (M) is satisfiable, where Ths (M) denotes the
set of all closed L4-formulas true in M. By the compactness theorem, p is an n-type
over A if and only if each finite subset of p UThs (M) is satisfiable.

An n-type p over A is called complete if for every formula @[] of L, either ¢ or
=@ is in p. By Lindenbaum’s theorem, each n-type over A is contained in a complete
n-type over A.

Example 5.12.1. Fora € M", we set
1pM(@/A) = {@[x] : @ aformulaof Ly A M = ¢liz]}.

Then tpM(@/A) is a complete n-type over A.

We shall denote the set of all complete n-types over A by S¥ (A). For any formula
o[x], we set

[p]={peS)(A):pep}

We have the following identities:
=] =53 (A)\ [9],

(o Ayl =[] N[y],
and
(o Vy]=lp]Uly].

As before, it is easy to see that [¢] form a base of a topology on S¥(A), which
makes it a compact, Hausdorff, totally disconnected space. Further, if L and A are
countable, then it is second countable and, thus, a compact, totally disconnected,
metrizable space.

Example 5.12.2. Consider the linearly ordered set Q of rationals and @,b € Q".
Then 1pQ(@/N) = tpQ(b/N) if and only if there is an automorphism o of Q fixing
N [i.e., f(i) =i for all i € N] such that o(a) = b.

To see this, suppose 1p@(a/N) = tp@(h/N). Consider the map on NU {a; : i <
n} fixing N and mapping a; to b;, i < n. By our hypothesis, this map is an order-
preserving injection. It is easy to prove that it can be extended to an order-preserving
bijection Q — Q. The converse is quite routine to prove.

Lemma 5.12.3. Let p C g € S¥(A). Then p=gq.

Proof. If possible, suppose there exists a ¢ € ¢\ p. But then - € p C g. This
contradicts that ¢ is a type. a

For p € SM(A) and f : A — N partial elementary, N a structure of L, we define

f(p) ={¢R.is@]: ¢x il € p}.
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Lemma 5.12.4. Let p € SM(A) and f : A — N be partial elementary. Then f(p) €
Sy (f(A)).

Proof. We know that there exists an elementary extension M’ of M in which p
is realized. Thus, if @[X,iz] € p, then M' |= 3x@[X,iz]. As M is an elementary
substructure of M’, M |= 3x¢|x,iz]. Since f : A — N is partial elementary, N =
3XQ[X,i¢(z)]. Thus, there is a b € N such that N |= @[i, ia]. Now it is easy to see that
f(p)UThy(f(A)) is finitely satisfiable and, thus, satisfiable. Since p is complete, it
is clear that f(p) is complete. O

It should be noted that many of the results that we proved for types over 0 hold,
with essentially the same proof, for relative types also. In particular, we have the
following proposition.

Proposition 5.12.5. Let A C M, and let p be an n-type over A. Then there is an
elementary extension N of M in which p is realized.

Exercise 5.12.6. Prove the last result. Also show that if L and A are of cardinality
< K, then we can choose N so that |N| < k.

Let BC A C M, and let p[x] be an n-type over A. We define the restriction p|B of
p to B as the set of all Lg-formulas that belong to p.

Proposition 5.12.7. Let B C A C M. Then the map p — p|B from SM(A) to S¥(B)
is surjective.

Proof. Given a g € SM(B), we need to show that there is a p € S¥(A) such that
q = p|B. By Proposition 5.12.5, there is an elementary extension N of M and an
@ € N" realizing q. Then g = p|B, where p = tp" (a/A). O

As before, we call a p[x] € SM(A) isolated by a formula @[%) of Ly if for every
formula y[x] of Ly,

yix] € p o M= x(o] = yix]).

Lemma 5.12.8. Let ¢[x] isolate p, and let q[X] be a complete n-type containing @.
Then p =q.

Proof. Using our hypothesis, it is easy to check that p C q. O

Exercise 5.12.9. Let M and N be structures for a language L, A C M, f:A— N
be partial elementary, and p[x] be a complete n-type over A isolated by, say, ¢[%, iz],
a € A. Show that f(p) € SY(f(A)) is isolated by Q[X,iy()].

Exercise 5.12.10. Let A C B C M, M be a structure of L, @,b € M. Show the
following.

1. Suppose @[] is a formula of L, that isolates tp™(a/B). Then ¢ isolates
(pM(@/A). )

2. If 1pM(a,b/A) is isolated, then so is tp" (a/b,A). ~

3. tpM(a,b/A) is isolated if and only if tp™ (b/A) and t pM (@/b,A) are isolated.
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Lemma 5.12.11. Let K be an infinite cardinal, L a x-language, M a structure for
L, A C M of cardinality at most K, and |[@[x]]| > x. Then there is a formula y[x] of
Ly such that |[@ A y]| > x as well as |[@ A—y]| > k.

Proof. Suppose not. Set
p=A{v:lloAv]|>«}.

Note that ¢ € p. Since [@] = [@ A y]U [ U—y], for each v, either y or =y belongs
to p. Thus, by our assumption, for every y exactly one of y, =y belongs to p.

We claim that p U Ths(M) is finitely satisfiable. If not, then there exists
Wi, W in p such that {A* g} UThy(M) is not satisfiable. In particular,
A y; & p. Hence, VE_,—y; € p. But this implies that |[¢ A —y;]| > & for some
1 <i <k, a contradiction.

Thus, p is a complete n-type, and for every v & p, |[@ A y]| < k. Now note that

(o] ={p}UUygplo AVl

Since L and A are of cardinality at most x, |[@]| < k. This contradiction proves our
result. O

We now proceed to present an important dichotomy theorem involving types. The
construction given below is also quite useful. We need to fix some notation. 2<N will
denote the set of all finite sequences of Os and 1s including the empty sequence e.
For s,t € 2N and £ = 0,1, |s| will denote the length of s, s < 7 will mean that ¢
extends s, and s € will denote the concatenation of s and €.

Theorem 5.12.12. Let T be a countable complete theory, M =T, and x > Rj.
Suppose there exists A C M of cardinality x such that |S¥(A)| > k. Then there
exists a countable Ay C A such that |SM(Ag)| = 2%0.

Proof. Since |A| = k and T is countable, there are only k-many formulas of L,.
Thus, there is a formula @, of L4 such that |[¢.]| > k.

We will now use Lemma 5.12.11 and for each s € 2<N we will define a formula
¢ of L4 satisfying the following conditions:

1. Ifs<t,then T - ¢ — ¢.
2. |[gs]| > x.
3. If s # ¢t and |s| = |¢], then T[@s] = —¢;.

Suppose @y is defined so that |[@s]| > k. By Lemma 5.12.11, there is a formula
v such that |[@s A y]| and |[@s A —y]| are greater than k. Set @50 = @s Ay and
@5 1 = @5 A Y. Our construction is complete. We invite the reader to prove that ¢
have the foregoing properties.

For each o € 2V, by Lemma 5.11.4, Nn[@ajn] # 0. Choose and fix a py €
Nn[QPajn]- Suppose o # B € 2N Obtain an n such that o|n # B|n. Then Pofn €

Pa\ Pp-
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Let Ag be the set of all parameters from A that appear in ¢;. Clearly, Ay is
countable and all the p, are complete n-types over Ag. In particular, [S¥ (Ag)| = 2%,
O

The set S¥(A) obtained previously is homeomorphic to the Cantor set. We now
obtain several results.

Theorem 5.12.13. Let T be a countable, complete theory, with M =T and A C M
countable. Then exactly one of the following holds:

L [$)1(A)] < Ro.

2. |SM(A)] = 2%,

Remark 5.12.14. Our construction shows that if S¥(A) is uncountable, then it

contains a homeomorph of the Cantor set.

We say that isolated types are dense in S¥(A) if for every formula ¢ of L4 such
that {@} UThy(A) is satisfiable, there is an isolated type p containing ¢@. This is
the same as saying that isolated points of S¥ (A) are dense in the topology of S¥(A)
generated by {[¢] : ¢ a formula of L, }.

Lemma 5.12.15. Let ¢[x] be consistent with Thy(M) and there is no isolated type
p in [@]. Then there exists a formula Y[X] such that

[ Ay #0F# [pA-y].

Proof. Suppose for every v, [@ A W] # 0 implies [@ A —y] = 0. Set

p={y:MEVx(p—y)}.

Then p is an n-type over A. Also, p is complete. Suppose not. Then there is a formula
y[x] of Ly such that

M EVX(Q — w) & M = V(9 — —y).

This implies that both {¢ A w} UTha(M) and {¢ A -y} UThy (M) are satisfiable.
Hence,

[ AY]#0# oAy,

a contradiction.
Clearly, p is isolated by ¢ and ¢ € p. This contradiction proves the result. a

In the preceding theorem, since [@] contains no isolated type, none of [ A y] or
[@ A =] contains an isolated type.

Theorem 5.12.16. Let T be a countable, complete theory, M =T and A C M.
Suppose isolated types are not dense in SM(A). Then there exists a countable Ay C A
such that |SM(Ag)| = 2%0. Further, if isolated types are dense in S¥ (A), the SM(A)
must be countable.
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Proof. Let @, be an L, formula such that [@,] # @ and contains no isolated type. We
now use Lemma 5.12.15 and follow the same method to get our result. O

Remark 5.12.17. Suppose A C M is countable and |SY(A)| < 2%0. Then isolated
types are dense in S¥(A).

In the remaining part of this chapter we show the importance of types in model
theory.

5.13 Prime and Atomic Models

A model M of a theory T is called a prime model of T if for every model N of T
there is an elementary embedding o : M — N. By model completeness, we get the
following examples.

Example 5.13.1. 1. The field of algebraic numbers is a prime model of ACF(0).
To see this, note that the field of algebraic numbers is a submodel of every
algebraically closed field of characteristic zero. Since ACF (0) admits elimination
of quantifiers, it follows that the field of algebraic numbers is an elementary
substructure of every algebraically closed field of characteristic zero.

2. The algebraic closure of the field F), of integers modulo p is a prime model of
ACF (p), with p a prime.

3. The field of real algebraic numbers is a prime model of RCF.

Exercise 5.13.2. Give examples of prime models of the theories DLO, DAG, and
ODAG.

Also note that any two prime models of the preceding theories are isomorphic.

Exercise 5.13.3. Show that every prime model of a countable, consistent theory is
countable.

Proposition 5.13.4. A theory T with prime models must be complete.

Proof. Let M be a prime model of a theory T, N =T, and ¢ a sentence. Suppose
M = ¢. Since M is elementarily embedded in N, N = ¢. By the completeness
theorem, T F ¢. Similarly, if M = —¢, then T F —¢. Thus, T is complete. O

A model M of T is called a minimal model if it has no proper elementary
submodel. Prime models of ACF, RCF, DAG, and ODAG are minimal. On the
other hand, consider M = DLO. Then M has Q as an elementary submodel. Further,
@\ {0} is also an elementary submodel. This shows that DLO has no minimal model
and that a prime model need not be minimal.

Proposition 5.13.5. The standard model N of the theory N is a prime model of
Th(N) and an initial segment of every model M |= Th(N).
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Proof. Let M |= Th(N). Using that M is a model of the theory N, it is easy to check
that N is an initial segment of M: let « € M \ N. By induction on n € N, we show
that M = n < i,. This is the same as showing that M |= i, < i, for all n € N.

Leti: N < M be the inclusion map. We claim that i is an elementary embedding.
To see this, take a formula @[iz] of Ly, 7 = (ng,--- ,n;_1) € N¥. Now consider the
sentence @[ng, -+ ,ng_1) of Ly. Since Th(N) is complete, M and N, being models

of Th(N), are elementarily equivalent. In particular,

N ol & M = ¢[n].
This is the same as
N= olia] & M = @lix].
Our result is proved. O

Are prime models of a complete theory isomorphic? For a countable theory, yes.
We proceed to show this now.
We call a model M of a theory T atomic if for every @ € M, tp™ (a) is isolated.

Example 5.13.6. Let M be a structure for a language L. When considered as a
structure for Ly, M is atomic. Indeed, if @ € M", then the formula A (x; = iy)
isolates tpM(a/M).

Example 5.13.7. The standard model N of aritllmetic is atomic. Indeed, if ke N”,
then the formula A7_, (x; = $%i0) isolates p™ (k).
Exercise 5.13.8. Show that the ordered field of real algebraic numbers is atomic.

Exercise 5.13.9. Show that the field of all algebraic numbers is atomic.

Example 5.13.10. Consider the ordered field of all real numbers R. Fora < b € R,
there exists an m € Z and a positive integer n such that n-a < m < n-b. But then
n-x <mé tp®(a), butnot in p™ (b). Since there are only countably many formulas,
there are only countably many isolated types. It follows that the ordered field of real
numbers is not atomic.

Exercise 5.13.11. Let M = DLO and a,b € M",n > 1. Show the following:

1. tpM(@) = tp™(b) if and only if there is a permutation 7 of n such that a ) <
e < Ar(n—1) as well as bn’(O) << bn’(nfl)'
2. Show that M is atomic.

Proposition 5.13.12. Every countable atomic model M of T is homogeneous.

Proof. Let@,b € M" such that the map @ — b is partial elementary. Take an a # a;,
i < n. Since M is atomic, there is a formula @[xo, - - ,x,] that isolates tp (@,a). In
particular, M |= @[iz, i ], implying M |= 3x¢@[iz, x]. Since @ — b is partial elementary,
M = Fxoliz,x]. Hence, there is a b € M such that

M = @li, ip]- (%)-



5.13 Prime and Atomic Models 129

We extend @ — b to {ap, - ,a,_1,a} by sending a to b. Since ¢ isolates tp™ (@,a),
it follows that

tp(@,a) =1p"(b,b).

[This will imply that (@,a) — (b,b) is partial elementary.] To see this, let y[%,x] €
tpM(@,a). Then

T FVxvx(o[x,x] — y[x,x]).

By (), M |= yliz, i), i.e, y € tpM(b,b). The reverse inclusion is proved similarly.
Our proof is complete. O

Theorem 5.13.13. Let T be a countable complete theory. Then a model M of T is
prime if and only if M is countable and atomic.

Proof. Let M be a prime model of 7. By Exercise 5.13.3, M is countable.

Take any @ € M. If possible, suppose ¢ p¥ (@) is nonisolated. By Theorem 5.11.10,
there is a model N of T omitting #p™ (a). Since M is prime, there is an elementary
embedding o : M — N. However, as o : M — N is elementary, o (@) realizes t p (a).
This contradiction proves the only if part of the result.

To prove the converse, let M be a countable atomic model of T and N |= T Fix an
enumeration {a; } of M. Since M is atomic, for each (ag, - - - ,a), there is a formula
O[x0,- -+ ,xz] that isolates tpM (ag, - - - ,ax). By induction, for each k, we shall define
a partial elementary map oy : {a; : i <k} — N such that o extends oy for each k.
It will follow that o = Ugog : M — N is elementary.

Since T is complete, M and N are elementarily equivalent. Thus, the empty
function from M to N is indeed elementary. Suppose oy : {a; : i < k} — N has
been defined and is partial elementary.

Since M = @lia,, - i), M = 3Ix@liag, - sia, ,,X]. Since oy is partial ele-
mentary, we get N = @ [ig (a0)>" " »ioy (a_,)>X]- This gives us a b € N such that
N E Oliog(ag) " siog(a_y)»io]- We let ogy 1 2 {a; i <k} — N to be the extension
of oy with oy (ax) = b. We need to show that 0y is partial elementary. Because
@y isolates tpM (ap,--- ,ax), as we argued earlier,

tpM(a(), T 7ak) = tpN(Otk+1 (Cl()), wrry Oyl (ak))v

showing that oy | is partial elementary. a

Theorem 5.13.14. Let T be a countable complete theory and M and N prime
models of T. Then M and N are isomorphic.

Proof. By Theorem 5.13.13, M and N are countable and atomic. Therefore,
each realized type in M and N is isolated, implying that they realize the same
complete types. By Proposition 5.13.12, M and N are homogeneous. Hence, by
Proposition 2.6.6, M and N are isomorphic. a

Proposition 5.13.15. Let T be a complete theory. If T has an atomic model,
isolated types are dense in S, (T).
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Proof. Fix an atomic M = T. Suppose [@[X]] # 0. Then there is a model N =T
such that N |= 3x¢. Since T is complete, M = 3x@. Thus, there exists @ € M such
that M |= ¢|iz]. Thus, tp¥ (@) € [¢]. Since M is atomic, tp¥ (a) is isolated, and our
result is proved. O

Interestingly, the converse of this result is true if, moreover, 7 is countable.

Theorem 5.13.16. Let T be a countable complete theory such that for everyn > 1,
isolated types are dense in Sy(T). Then T has an atomic model.

Proof. We add an infinite sequence of distinct symbols to 7 and still call the theory
T. Enumerate all the constant symbols, say {c,}. Let { @, } be an enumeration of all
the sentences.

By induction on n, we shall now define a sequence of sentences {y;} such
that T[{y;}] is a complete Henkin theory whose canonical structure is a countable
atomic model of T'.

We take ¥y = Jx(x = x). Suppose n = 3m and vy, - - - ¥, have been defined.

If Ty, A @] is satisfiable, then we take Wy, 11 = Wy A @, else set Wy, = Wy A
=@ Note that Ty, 1] is consistent.

Let @, be a closed existential formula, say Ix@[x]. If T[4 1] I/ @, then take
Wnt2 = Wyt 1. Otherwise, we take the first new constant symbol ¢; not occurring in
T [Wy11] and set Yy, 2 = Wi 1 A@y[ic,|. Arguing as in the proof of the omitting-types
theorem, we see that T[] is consistent.

Finally, let k be the first integer such that the constants occurring in y, 5 are
among ¢y, - ,¢x. By choosing a variant of ¥, if necessary, let y[xg,---,x;] be
such that y,.» = y[c]. Thus, [y] # 0. Let p € [y] be an isolated (k+ 1)-type,
isolated by, say, 1[x]. We set W, 13 = W12 A 1. Clearly, Ty, 3] is satisfiable.

It is fairly routine to check that T'[{ v, }] is a complete Henkin theory. Let M be its
canonical model. We claim that M is an atomic model of 7. Take @ € M. Let k be the
least integer such that all a@; occur among (co)um, - - -, (cx)mr and there exists an m =
3j 4+ 2 such that all the constants occurring in y,, occur among cy, - - ,Cx. By our
construction, ¢ pM[cy;] is isolated. Hence, tp (a) is isolated by Proposition 5.11.8.

O

Corollary 5.13.17. Let T be a countable, complete theory such that for some n > 1,
IS,(T)| < 2%0. Then T has a prime model.

Proof. Let M |= T. Since T is complete, S,(T) = S¥(0). By our hypothesis and
Theorem 5.12.16, isolated points are dense in S, (7). By Theorem 5.13.16, T has an
atomic model. The result now follows from Theorem 5.13.13. O

5.14 Saturated Models

Let x be an infinite cardinal and M = T. We say that M is k-saturated if for every
A C M of cardinality less than x, every type over A is realized in M. Since every type
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is contained in a complete type, |[M| is k-saturated if and only if all complete types
over A, |A| < k, are realized in M. We call M |= T saturated if it is |M|-saturated.

Theorem 5.14.1. Let M and N be models of T with Nx-saturated, A C M of
cardinality less than x, f : A — N partial elementary, and a € M \ A. Then there
is a partial elementary map g : AU{a} — N that extends f.

Proof. Take any a@ € A" and a formula ¢[x,X] of L such that M |= @[ig, iz]. Then
M |= 3x@|x, ig]. Since f is partial elementary, N |= 3x@l[x, is(5)]. From this it easily
follows that

p=A{obxis@] :ae M AM = lia,ia]}

is finitely satisfiable in N, i.e., p is a 1-type over f(A), which is, of course, of
cardinality less than k. Since N is k-saturated, there is a b € N that realizes it. This
implies that tp™ (a,a) = tp" (b, f(a)). Thus, g = fU{(a,b)} is partial elementary.
This proves our result. a

Corollary 5.14.2. Every k-saturated model of T is K-homogeneous.

Example 5.14.3. Let Q and R have the usual order and M = QQ X R in lexicographic
order. Thus,

(na)<(s,b)=r<sV (r=s Aa<b).

Then M |= DLO. Now take A = {0} x Q C M and f : A — M defined by
f00,r)=(r,0), reqQ.

Then f: A — M is an embedding. Since DLO admits elimination of quantifiers, f is
elementary. Take b = (1,0) € M. Then a < b for every a € A. But f(A) is unbounded
above. Hence, f cannot be extended as an order-preserving injection from AU{b} —
M. This shows that M is not homogeneous. Hence, M is not saturated.

It is worth noting that we only used that 1-types are realized. Here is a result
explaining this.

Proposition 5.14.4. Let M |= T be such that for every A C M of cardinality less
than x, Kk > Ry, every l-type over A is realized in M. Then M is x-saturated.

Proof. By induction on n, we show that every complete n-type over A C M, |A| < K,
is realized in M. For n = 1 this is our hypothesis. Now let n > 1 and take a complete
n-type p(X) over A C M of cardinality less than x, and consider

qg=1{[xo, -, x,—2] : ¢ € p}.

Clearly, g is an (n — 1)-type over A. Suppose there exists an @ € M"~! that realizes
q. Now consider the 1-type

r={ylig,x,—1] : Y[x] € p}
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over AU{a;:i <n—1}. Since x is infinite, |[AU{a; : i <n—1}| < k. Hence, by our
hypothesis, there exists an a,,_| that realizes r. Plainly, (ag, - -+ ,a,_1) realizes p. O

Proposition 5.14.5. Let T be a complete theory, M = T x-saturated, ¥ > R, and
N |= T with |N| < k. Then N can be elementarily embedded in M.

Proof. Fix an enumeration {x,, : o < x} of the elements of N. For ¢ < K, set Ay =
{Xﬁ : ﬁ < OC}.

Set fo to be the empty function. Proceeding by induction and using Theo-
rem 5.14.1, for each o < k, we get a partial elementary map fy : Aq, — M such
that fy extends fg whenever B < o and f, = Ug 4 fp if @ is a limit ordinal.

Plainly, f = Ug<xfo : N — M is an elementary embedding. a

The converse of this result is true for countable theories.

Proposition 5.14.6. Let T be a countable complete theory and K an infinite
cardinal. Suppose M is a K-homogeneous model of T such that every model N of T
of cardinality < x is elementarily embedded in M. Then M is K-saturated.

Proof. Take any A C M of cardinality less than k and a p € S¥(A). By Proposi-
tion 5.14.4, it is sufficient to prove that p is realized in M. By Proposition 5.12.5,
get an elementary extension N of M that realizes p, say, by a. We can choose N so
that |N| < k. By our hypothesis, there is an elementary map f : N — M. Plainly,
f(a) € M realizes p. O

Remark 5.14.7. In the final result, if Kk is uncountable, then it is sufficient to assume
that every model of cardinality less than x is elementarily embedded in M. This is
because by the downward Lowenheim—Skolem theorem, we can have |[N| < k.

Exercise 5.14.8. Show that Q = DLO is saturated.

Exercise 5.14.9. Show that every uncountable, algebraically closed field is satu-
rated.

Exercise 5.14.10. Let [F be a countable, algebraically closed field of characteristic
0 and transcendence degree X . Show that [F is saturated.

Proposition 5.14.11. Let T be a countable complete theory and M = T. The
following conditions are equivalent.

(1) M is Ro-saturated.
(2) The model M is R o-homogeneous and realize every complete type in T.

Proof. That (1) implies (2) follows from Proposition 5.14.2 and the definition of
saturated models.

We now prove that (2) implies (1). Let M = T satisfy condition (2). Take any
a € M" and a complete m-type p[x] over a. Consider

q={¢x3]: ¢[xia € p}.
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Itis easily seen that g € S,,1,(T). By our hypothesis, there exists a (b,¢) € M™ x M"
that realizes it. In particular, t p™ (@) =t p™ (¢), i.e., @ — ¢ is partial elementary. Since
M is assumed to be X(-homogeneous, we get a d € M™ such that (b,¢) — (d,a) is
partial elementary, i.e., tp¥((d,a)) = tp™((b,¢)). This implies that d realizes p,
proving our result. O

Here is an important consequence of this result on saturated models.
Proposition 5.14.12. Any two countable saturated models of T are isomorphic.

Proof. Let M and N be countable saturated models of 7. By Proposition 5.14.11, M
and N are homogeneous and realize the same complete types in 7. The result now
follows from Proposition 2.6.6. a

Using Theorem 5.14.1, we can generalize this result for all K > Xy.

Theorem 5.14.13. Let M and N be saturated models of T. Then M and N are
isomorphic if and only if M| = |N/|.

Proof. We need to prove the if part only. Fix enumerations M = {aq : o < K} and
N = {bg : o < x}. Consider p[x] = tp(ap). Since N is saturated, there is a b € N
that realizes it. We let aj, = ap and bj, € N to be the first element in the preceding
enumeration of B such that tp" (af)) = tp™ (b})). Then af, — bj, is partial elementary.

Suppose for 0 < a < k, {ay € M : B < o}, and {bjy € N : B < o} have been
defined such that for every B < e, (@, : ¥y < B) — (b, : y < B) is partial elementary.
If o is a limit ordinal, then (a;3 B<a)— (b;3 : B < ) is partial elementary.

Suppose o is an odd successor ordinal, say 8 + 1. Let b/, be the first element in
the enumeration of N different from bg,, Y < a. By our assumption, (b’y y< B)—
(a’y .y < B) is partial elementary. Since M is k-saturated, by Theorem 5.14.1, there
is an a € M such that (b}, : ¥ < &) — ((d} : ¥ < @), a) is partial elementary. We let
da,, denote first such a in the enumeration of M.

If o is an even successor ordinal order, we take a’a as the first element in
the enumeration of M different from ag,, Y < a. Since N is Kk-saturated, by
Theorem 5.14.1, there is a b € B such that (a1 ¥ < &) — ((b),y < @), b) is partial
elementary. We let b, be the first such element in the foregoing enumeration of B.

Thus, we have defined enumerations M = {a, : ¢ < x} and N = {b], : o0 < K}
such that for every o < K, (a% f<a)— (1923 : B < o) is partial elementary. It
follows that (ai3 B<K)— (b;3 : B < k) is an isomorphism from M to N. |

Here is a useful variant of Proposition 5.14.11.

Proposition 5.14.14. Let M and N be elementarily equivalent models of a theory T
with Nx-homogeneous, K an infinite cardinal. Suppose for everya € M" there exists
b € N" such that tp™ (@) = tp" (b). Then for every A C M with |A| < K, there is a
partial elementary map fo :A — N.
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Proof. First assume that A is finite, say A = {ag,-- ,a, }. By our hypothesis, there
exist bg,---,b, € B such that tpM(a) = tp"(b). Plainly, a; — b;, i < n, is an
elementary map from A into N.

We complete the proof by induction on |A|. Let A < x and the result be true for
A C M of cardinality less than A. Take any A = {ay : ¢ < A} C M of cardinality A.
By induction on o < A, we define elementary maps f : {ag : B < &} — N such
that fo extends fg whenever B < a. This will then complete the proof by taking
f=Yarfa

Suppose & < A and fg, B < o, have been defined. If o is a limit ordinal, we
define fo = Ugqf5. Now suppose o = B+ 1 to be a successor ordinal. By our
assumption, there is a partial elementary map f : {a,: y< B} — N.Let B= f({ay:
Y < B}), and let C be the range of Jp- Note that every partial elementary map is
injective. Thus, we have a partial elementary map g = fg o f ~1:B— C. Since N is
K-homogeneous, there is a partial elementary map & : BU{f(ag)} — N. Suppose
b=h(f(ag)). Then fo = fgU{(ap,b)} is partial elementary. O

Corollary 5.14.15. If a model M of T is x-homogeneous and realizes all types in
Su(T), n > 1, then M is x-saturated.

Proof. Let N =T be of cardinality < k. By Proposition 5.14.6, it is sufficient to
show that there is an elementary embedding o : N — M. But this follows from
Proposition 5.14.14. O

Using the back-and-forth method, we now prove the following theorem.

Theorem 5.14.16. Let T be a countable complete theory and M,N =T homoge-
neous. Then M and N are isomorphic if and only if |M| = |N| and they realize the
same types.

Proof. We need to prove the if part only. Let [M| = |N| = k, and let them realize
the same types. Fix enumerations M = {ay : ¢ < k} and N = {by : @ < k}. Set fj
to be the empty function.

By induction, we define partial elementary maps fy, o < K, as follows: assume
fo have been defined. Let a be the first element in the preceding enumeration of M
that does not belong to the domain of fy. By Proposition 5.14.14, there is a partial
elementary map, say g = fo, U{(a,b)}, into N. Now let b be the first element of N
not in the range of g. By Proposition 5.14.14 again, there is a partial elementary
map, say h = g~ 'U{(b,a)}, into M. We take f, . = h~'. In the limit case, we take
Jo=Ugfp-

Plainly, f = Ug<x fo 1s an isomorphism from M onto N. a

Theorem 5.14.17. A countable complete theory T has a countable saturated model
if and only if S,,(T) is countable for eachn > 1.

Proof. If T has countable saturated M, each p € S,(T) is tp™ (@) for some a € M".
Thus, S,(T) is countable for each n > 1.
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For the converse, fix an enumeration {py} of U,S,(T). Let My be a countable
model of 7. By induction, we define a sequence of countable models M, of T
satisfying the following conditions:

1. M;; is an elementary extension of M;.
2. pjisrealized in M.

This can be done by repeatedly applying Remark 5.6.5. It is easy to see that
M = U,M, is a countable saturated model of T'. O

Proposition 5.14.18. If a countable complete theory T has a countable saturated
model, it has a prime model.

Proof. Since T has a countable saturated model M, it has only countably many
complete types. The result now follows from Corollary 5.13.17. a

Proposition 5.14.19. If a countable complete theory T has fewer than 2X0-many
nonisomorphic countable models, then T has a countable saturated model.

Proof. Suppose for some n > 1, T has uncountably many complete n-types. Then by
Theorem 5.12.13, |S,(T)| = 2%¥0. Now a countable model can realize only countably
many complete types and isomorphic models realize the same types. It follows that
T has at least 2¥0-many nonisomorphic, countable models. The proof is complete.
O

We now proceed to prove a result on the existence of saturated models. Assume
that T is a countable, consistent theory.

Lemma 5.14.20. Given any model M =T and ¥ > R, there is an elementary
extension N of M of cardinality < |M|* that realizes every complete 1-type p €
SM(A) over subsets A of M of cardinality < k.

Proof. An easy cardinality argument implies that there are at most |M|*-many
complete 1-types over subsets A of cardinality < k. Thus, let {py : o < |M|*} be
an enumeration of all complete 1-types over subsets of M of cardinality < x.

By induction on o < |M|*, we define models Ny, |= T satisfying the following
conditions:

No=M.

. [Ne| < [M|¥.

. Ny = Uﬁ<aNﬁ if o limit.

. Ng+1 is an elementary extension of Ny, realizing pg.

-b-wl\.):—

Now take N = Uy |y No.- O
By iterating this lemma, we now have the following theorem.

Theorem 5.14.21. Under the hypothesis of the last lemma, there is a K" -saturated,
elementary extension N of M of cardinality < |M|¥.
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Proof. By iterating the last lemma, we have Ny, =T, o < k', satisfying

1. No=M;

2. Nog = Ug <N if o limit ordinal;

3. Ng+1 is an elementary extension of Ny, such that for every A C Ny, of cardinality
at most K, every p € Sllv" (A) is realized in Ng.41;

4. |Ng| < |M|¥.

Now take N = Uy +Ny. Then N is an elementary extension of M with |N| <
|M|¥. That N is k*-saturated can be seen from the fact that every A C N of
cardinality < k must be contained in some Ny,. a

Corollary 5.14.22. Assume the generalized continuum hypothesis: Yk > Ro(2* =
k). Suppose T is a countable, consistent theory. Then for every k > R, T has a
saturated model of size k™.

(Start with a countable M |=T'.)
Here is an application to elimination of quantifiers.

Theorem 5.14.23. Let T be a theory with a constant symbol. Then T admits
elimination of quantifiers if and only if, when M \= T, with A a substructure of
M, N =T |M|"-saturated, and f : A — N an embedding, f admits an elementary
extension g : M — N of f.

Proof. We prove the if part first. Suppose M, N |= T, with A a common substructure
of M,N, ¢[x,¥] open, @ € A, and M |= Ix@|x, iz]. By Theorem 5.7.3, it is sufficient
to prove that N = 3x@|[x, iz].

By Theorem 5.14.21, there is an |M|"-saturated elementary extension N’ of N.
Thus, by our hypothesis, there is an elementary embedding g : M — N’ that extends
the inclusion map A < N C N'. Hence, N' |= 3x@|[x, iz]. Since N is an elementary
substructure of N', N = 3xo|x, iz].

Conversely, suppose T admits elimination of quantifiers, M |= T and where A
is a substructure of M, N =T |M|"-saturated and f : A — N is an embedding.
By elimination of quantifiers, f is partial elementary. Since N is | M| -saturated, as
before, there is an elementary extension g : M — N of f. a

5.15 Stable Theories

We now introduce a very important class of theories — stable theories.

Let T be a countable complete theory and k an infinite cardinal. We call T k-
stable if, when M |= T, A C M of cardinality k, |[S¥(A)| = k. If k¥ = Ry, then
Kk-stable theories are traditionally called w-stable. A structure M of a countable
language L is called k-stable if Thy, is K-stable.

By Theorem 5.12.12, we have the following theorem.

Theorem 5.15.1. Every w-stable theory is k-stable for every Kk > Ry.



5.15 Stable Theories 137

Theorem 5.15.2. Let T be a countable, complete, ®-stable theory, with M |=T and
A C M. Then the isolated types are dense in S (A).

Proof. 1f isolated types are not dense in S¥(A), then, by Theorem 5.12.16, there is a
countable Ay C A such that [S¥(Ag)| = 2%0. This contradicts that T is @-stable. O

Example 5.15.3. Consider R = RCF. We saw earlier that for a # b € R, 1p™ (a/0) #
tp®(b/0). Thus, |ST(0)| = 2%0. This implies that RCF is not w-stable.

Example 5.15.4. Consider the theory DLO. Thus, let (M, <) |=DLO and 0 # ACM.

Letp € 511” (A). Since p is a complete 1-type, for each a € A, exactly one of the
formulas x < a, x = a, a < x belongs to p.

If for some a € A, x = a is in p, then, by completeness, p = {@[x] : M |= ¢[i4]}.
Thus, in this case, p is isolated by x = a and also realized by a. Note that these are
all the p € S¥(A) realized in A.

Thus, assume that p € S (A) is not realized by any a € A. Set

Ly={acA:a<xep}&U,={bcA:x<bep}.

Then L,NU, =0, L,UU, =A, a < b whenevera € L, and b € Uy, if a € L, and
d <ainA,d €L, whereasifbe U, and b <V, thend’ € U,. Thus, each p € SII"’(A)
determines a cut (L,,U,) in A.

Conversely, suppose (L,U) isacutin A. Then {a <x:acL}U{x<b:be U}
is finitely satisfiable in M. Thus, there is a complete 1-type containing all these
formulas. Now let p, g be complete 1-types over A such that

P,q € Ngerla < x]NNpey [x < b).

This implies that p and g contain the same atomic formulas @ [x] € L,. By induction
on the rank of atomic formulas and the completeness of p and g, it follows that p
and ¢ contain the same open formulas @[x] € Ls. Since DLO admits elimination of
quantifiers, it follows that p = g. Thus, there is a natural one-to-one correspondence
between S; (M(A) and cuts in A.

This immediately implies that |S(1@(Q)| =2%0_ In particular, DLO is not ®-stable.

Example 5.15.5. In fact, DLO is not x-stable for any infinite k. To see this, start
with an M |= DLO of cardinality x. For instance, if D is a linearly ordered set of
cardinality x, then M = D x QQ with lexicographic ordering is one such model. Now
consider the set M of all proper, nonempty subsets L of M such that L has no greatest
element and whenever x € L and y < x, y € L. We order M by inclusion. Then
M |=DLO and x — {y € M : y < x} embeds M into M as a dense subset. It is also
easy to see that every nonempty, upper bounded subset of M has a least upper bound.
Imitating the proof of Proposition 2.7.6, we see that [M| > |M|. It is now easily seen
that [S¥ (M)| > |M|, and our claim is proved.
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Example 5.15.6. Now fix an algebraically closed field K and A C K. Let k denote
the prime field of K, with A the subfield generated by A and n > 1.

We claim that p — p|A is a bijection from SX(A) — SX(A). By Proposi-
tion 5.12.7, this map is a surjection. Take p # g € S (A). Then there is a formula
@[x,iz] of Ly such that ¢ € p and —¢ € g. Since ACF admits elimination of
quantifiers, without any loss of generality, we assume that ¢ is open. Now note
that there exist by,---,b, € A, and for each q;, an f; € x(Xj,---X;;) such that
a; = fi(b1,---by). Replacing @ by b, we now get a formula y'[x] of L4 such that
y' € pand ~y €gq.

For a complete n-type p in S<(A), define

I, ={fIX] € AIX]: f(x) =0 € p}.

It is quite routine to check that I, is an ideal on A[X]. Now suppose f,g € A[X] and
f-g€l, ie, (f -g)(X) =0 € p. This is the same as

f(x)=0vg(x)=0¢cp.

Since p is complete, either f(X) =0 € p or g(¥) =0 € p. It follows that f € I,, or
g €1y, ie., I, is a prime ideal.

Let R be a commutative ring with identity. The set of all prime ideals of R is
called the Spec of R and is denoted by Spec(R).

Example 5.15.7. Interestingly, every prime ideal J of A[X] induces a complete n-
type p over A such that J = I, and this correspondence between SX(A) and the
Spec(A[X]) is a bijection.
It is known that given J, there is a prime ideal / on K[X] such that
J=INA[X].
(See [10].) Thus K[X]/I is an integral domain. Let F denote the algebraic closure
of its quotient field. By model completeness, [F is an elementary extension of K. Set

E}

a; = [X;] € F. Note that, for f € K[X]
fl@) =0 fel
Thus, if p = tp¥(@/A), I, =J.
The elimination of quantifiers for ACF helps us to prove that this correspondence

is one-to-one. Let p,q € S<(A) and I, = 1,. Any open formula of L is equivalent
to a disjunction of formulas of the form

N (i) = 0) A N1 (8(%) #0),
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fi»g;j € A[X]. Since I, = I, it follows that both p and ¢ contain the same open
formulas of L. Since ACF has elimination of quantifiers, it follows that p and ¢
contain the same formulas and so are equal.

This, together with the weak Hilbert basis theorem, immediately tells us the
following.

Theorem 5.15.8. The theory ACF is k-stable for every Kk > K.

Proof. LetK |= ACF, with A C K of cardinality x and A the subfield of K generated
by A. Then |A| = k. By the weak Hilbert basis theorem, each prime ideal of
A[X] is finitely generated. Thus, |Spec(A[X])| = k. Therefore, [SK(A)| = |SK(A)| =
|Spec(A[X])| = . O

For stable theories, one can prove a sharper result than Corollary 5.14.22 on the
existence of saturated models.

Theorem 5.15.9. Let T be a countable, complete, K-stable theory, with Kk > X
regular and M |= T of cardinality K. Then there is a saturated elementary extension
N of M of cardinality x. In particular, if T is w-stable, then T has a saturated model
of cardinality K for every regular cardinal x.

Proof. The proof is exactly the same as the proof of Theorem 5.14.21. Under our
hypothesis, since |S¥(A)| = K for |A| = Kk, we can get each Ny of cardinality k.
Since x is regular, any A C N of cardinality less than x must be contained in some
Ny, implying that N is k-saturated. a

We close this section by giving an application on the existence of prime model
extensions.

Theorem 5.15.10. Let T be a countable, complete, ®-stable theory, with M =T
and A C M. Then there exists an elementary substructure N of M containing A and
prime over A.

Proof. For ordinals o we define A, C M satisfying

(a) Ag=A;

(b) Fora < B,Aq CAp;

(c) If or is a limit ordinal and A, is defined, Aq = UgAp;

(d) If Ay is such that there is an isolated complete 1-type of A, realized in M\ Ag,
then Ay 1 = Aq U {aq} where ay € M\ Ay, realizing an isolated complete 1-
type over Ag.

We stop building A, when we cannot further enlarge it by (d) and set N = A at
the first such stage.

We first show that N is closed under f¥, f an n-ary function symbol of L. Let
@€ N=Asanda= f"(a). Then

M):ia:f(iﬁ)'
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Thus, there is a complete 1-type containing x = f(iz), say y. Since T is @-stable,
by Theorem 5.15.2, there is an isolated type containing y and realized by, say, b.
This b is unique, equals a, and so a € N. Thus, we think of N as a substructure of M
canonically.

We now show that N is an elementary substructure of M. To prove this, we take
an open formula @[x] of Ly and assume that there is an a € M such that M |= @[i,].
We need to show that there is an @ € N such that M = ¢[i,]. We see that there is a
complete 1-type over N containing @|x]. Thus, it contains an isolated type realized
by a. Then we must have picked up one such a € N.

It remains to see that N is prime over A. To show this, fix a model N’ =T and
a partial elementary map f : A — N’. We need to define an embedding f.. : N — N’
such that f..|A = f. For each ordinal or < &, we shall define a partial elementary
map fo : Ag — N’ such that fy = f, and whenever o < B < 8, fo C fg. Suppose
fﬁ :A[; — N’ have been defined for all B < o. If o is limit ordinal, then we take
Ja =Upg<afp- Clearly, fo : Ag — N’ is partial elementary.

Now consider the case where ¢ is a successor ordinal, say o« = 3 + 1. Note
that tp"(ag/Ag) is isolated by, say, ¢[x,iz], @ € Ag. Then fg(1p"(ag/Ap)) €
sy ( Jp(Ap) is isolated by @[x,if)]. Since N |= 3x@[x,iz] and fp partial elementary,
N' = 3xo[x, if, (@]- This gives us a b € N’ such that N' |= b, if, (@]- Now it is easy
to see that fg U (ag,b) is partial elementary.

Set f.. = f5: N — N'. Clearly, f.. is partial elementary. O



Chapter 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 language of N is true in N? Many important mathematical
problems are of this type. For instance, the famous Hilbert’s tenth problem sought
an algorithm to decide whether an arbitrary polynomial equation

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

with integer coefficients (also known as a Diophantine equation) had a solution in
rational numbers. Problems of this form are called decision problems. A related
question is: is there a set of sentences of the language of N that are true in N and
is a complete theory? There is, of course, a trivial answer to the last question:
the set of all sentences true in N is one such. Thus, in Hilbert’s question is an
underlying assumption, namely, there should be an algorithm to decide if a sentence
is a chosen axiom or not. These questions of Hilbert had a tremendous impact on
mathematical thought and culture. Godel answered the first and last questions in the
negative, and his answer is rated among the most surprising discoveries of twentieth-
century mathematics. The second question was also answered in the negative by
Matiyasevich.

The possibility of the 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, Godel, and Turing. 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 Godel. He introduced a class
of functions f : N¥ — N/, now called recursive functions. These are all the
functions that can be computed mechanically. The definition given by Godel 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 to show
whether a particular function is recursive.

S.M. Srivastava, A Course on Mathematical Logic, Universitext, 141
DOI 10.1007/978-1-4614-5746-6_6,
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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 (ny, ... ,ng_1) will usually be denoted by ni. 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 Nf as a k-ary relation.
Thus, for P,Q ¢ N¥,

~P=pP°=N'\P, PVQ=PUQ, PAQ=PNQ

and
P—Q=PUQ, PQ0=(P—0)N(Q—P).

If Q € N¥! then we have the following equivalence:
ImQ(m,n) < (mQ)(7),

where 71 Q denotes the projection of Q to the last N¥ coordinate space.
The characteristic function 4 of A C X is defined by

OifxeA,
1 otherwise.

xa(x) = {

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

0 if Vm—P(m,n),

P n) =
pmP(m,) { first m such that P(m,7) holds otherwise,

where 7 = (no,...,nx_2). In particular, if & is 1, then this defines the following
natural number:

0 if Vm—P(m),
first m such that P(m) holds otherwise.

pn() = {

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

WS"P(m,n) <> uk[P(k,n)Vk=mj,

I<"P(m,n) <> Fk[k < m A P(k,n)],
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and
V<"P(m,7) < Vklk < m — P(k,7)].

The bounded quantifiers 3= and V= are similarly defined.
In what follows, we give examples of some simple functions.

Successor function: S(n) =n+1;

Constant functions: For any k > 1 and any p > 0,
Cf,(nl,...,nk) =p;

Projection functions: Forany k> 1and 1 <i <Kk,

n{‘(nl,...,nk) = n;.

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

Now we fix some constructive schemes for defining a function f from given
functions.

Composition: Given h(ny,...,ny) and g;(l1,...,I;), | <i<m, define

f(ll,...,lk) :h(gl(ll,...,lk),...,gm(ll,...,lk)).

Minimalization: Given a function g of (m+ 1) variables such that for every
(n1,...,ny) there is a k such that g(k,ny,...,n,) =0, we define f by

f(ny,...,ny) = uklg(k,ny,...,nm) =0].

A function f is called recursive if it can be defined by successive applications
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 composition and minimalization. A relation
R is called recursive if its characteristic function ) 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 converted in such a way that
they show whether a function f : N — N" is computable.

Remark 6.1.1. tis quite easy to see that the sets of recursive functions and recursive
predicates are countable. Thus, there are functions and predicates that are not
recursive. However, it is not easy to give examples of such functions and predicates.
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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, then so is the k-ary map g defined by

g(u) = f(r(w)).

Lemma 6.1.2. If P(7) is a k-ary recursive predicate, and if f;(u), 1 < j <k, are
recursive, then the predicate

0(m) < P(f1(@),..., fi(@))

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

Q(l(), . ,lnfl) — P(lﬂ(()),...,lﬂ(n,l)).

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

xo(@) = xp(f1(@),..... fi(@)).
O

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

Proposition 6.1.3. If P and Q are n-ary recursive predicates, then 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 oka, k> 1, is recursive.

Proof. The result follows from the following identity:

x-p(P) = x<(0, xp(P)) and xpvo(P) = xp(P) - X0(P),
where p = (p1,--.,Pn)- O

Lemma 6.1.4. If P(m,n) is a recursive predicate such that for every m, P(m,n)
holds for some m, then

f() = umP(m,n)
is recursive.

Proof. The result follows from the identity

f(a) = um[xp(m,n) = 0]

and the minimalization rule. O
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Lemma 6.1.5. Every constant function ckk>1, p >0, is recursive. In particular,
0 and each NF are recursive.

Proof. For each k, we prove the result by induction on p. Since
k (— k+1,  —
Co(71) = pmlmy ™ (m,71) = 0],
C’g is recursive. Assume that Cllj is recursive. Now,

k
CP

1= um[C;{, < mj.
The result follows by the induction hypothesis. O

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

Example 6.1.6. The successor function S(n) = n+ 1 is recursive. This follows from
the identity

S(n) = m} (n) +C (n).

Example 6.1.7. The binary predicates <, >, and > are recursive. This follows from
the following equivalences and the closure properties of recursive predicates already
proved:

m<nem<n+l,
m>n<n<m,
m>nsSm+1>n,
and
m=n.
Example 6.1.8. We define m-n as follows:

e — m—nifm>n,
0 otherwise.

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

Exercise 6.1.9. Show that the following functions are recursive:
1) |m—n.

(ii) min(m,n).

(iii) max(m,n).
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(iv)
a(n):{l%fn—o,
0ifn>0.

)
sg(n):{O#n—O,
1ifn>0.

Example 6.1.10. Let P(m,7) be a (k+ 1)-ary recursive predicate. Then
3"(71) = um(k = m-1V P(m,7)), 7 € NF,
is recursive. In particular, the predicates
Q(m,n) < 3<"P(m,n),

Q' (m,71) < 3="P(m,7),
R(m,n) < V<"P(m,n),
and
R'(m,7) < 3="P(m,7)
are recursive.
[Hint: Note that Q(m,n) < f(7) < m.]

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. LetA,...,A,, be pairwise disjoint recursive subsets of N¥ whose
union is N¥. Suppose f1,..., f,, are k-ary recursive functions. Define g : N¥ — N by

fl(ﬁ) if aeA,

gla) = :
ful@) if @€ Ay

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, who 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.
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(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.

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’ 4+ 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',1').

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 = »’. This in turn implies that m = m’ too. 0

We shall need the following two simple lemmas from number theory.

Lemma 6.1.15. Let my,...,my and ny,...,n; be sequences of numbers such that
ViV j[RP(mj,nj)|. Then there is a number x such that Vijm;|x] and ¥ j[RP(x,n;)).

Proof. Take x to be the product of all the m;. If a prime p divides x, then it divides
some m;. Hence, —p|n; for all j. The result follows. a
Lemma 6.1.16. Vm,nVjm|n — RP(1+ (j+m)n, 1+ jn)|.

Proof. Let p be a prime number such that p|1 + (j+m)n and 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 + jn). This contradiction proves our result. O

The following result is due to Godel.

Theorem 6.1.17. There is a 2-ary function B(n,i) satisfying the following
properties:

(a) B is recursive.
(b) B(0,i) =0 foralli.
(¢c) n#0— B(n,i) <nforalli.
(d) For every finite sequence i = (ng, . ..,nx_1) of positive length, there is an n such
that
Vi < k[B(n,i) = ny.

Proof. Define

B(n,i) = u="x3"y3I"z[n = OP(y,z) A (1 + (OP(x,i) + 1) - 2)|y],
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i.e., B(n,i) is the first natural number x < n for which there exist y,z < n
satisfying n = OP(y,z) and 1 + (OP(x,i) 4+ 1) - z|y. If such an x does not exist, then

B(n,i)=n—1.
Properties (a)—(c) of B follow from the definition. To prove (d), take a finite
sequence 71 = (ny,...,ng_1) of positive length. Let

u=max{OP(n;,i)+1:i <k},
and let z be the product of all nonzero numbers less than u. Then, by Lemma 6.1.16,
J<l<u=RP(1+ jz,1+I[z).
For i < k, set
m; =1+ (OP(n;,i)+ 1)z

Let {/;} be an enumeration of all numbers of the form 1+ vz, where 0 < v < u and
v# OP(n;,i)+ 1 for all i < k. Then, by Lemma 6.1.15, there is a number y such that

Vj < u[l+ jzly < 3i(j = OP(n;,i) +1)).

Set n = OP(y,z2).
It remains to show that 3 (n,i) = n; for all i. This will follow if we show that n;
is the smallest number x such that

1+ (OP(x,i) + 1)z]y.

Note that this will follow if for all x < n;, OP(x,i) < u 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 3 defined above is called Gddel’s B-function.
For each n > 0 and each finite sequence (ko, ..., k,_1), we define

(koy- . ky—1) = um[B(m,0) =nAB(m,1)=koA---AB(m,n) =k,1].

We shall call such a number a sequence number.
The empty sequence of natural numbers will be denoted by ( ), and its sequence
number equals O by definition.

Remark 6.1.18. The map (ko, -+ ,ky—1) — (ko,---ky—1) is recursive.

We now introduce some relations and functions of sequence numbers:

seq will denote the set of all sequence numbers, [4(n) = 3(n,0) (the length of
the sequence coded by n), (n); = (n,i+ 1) (the ith element of the sequence coded
by n), and concatenation

<mo,...,ml;1>*<n1,...,nk;1> = <H10,...,ml;1,n0,...,nk;1>.
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Proposition 6.1.19. The following functions and predicates are recursive: n =
lh(n), (n,i) = (n);, seq, and the concatenation (m,n) — m*n.

Proof. Since [h(n) = B(n,0) and (n); = B(n,i+ 1), and since f is recursive, the
functions /h(n) and (n); are recursive. That seq is recursive follows from the
following equivalence:

seq(n) < 3 "ug, . .., uy(n)— VO < i < Lh(n)[B(n,i+1) = uj].
Letm = <m0, . ,mlh(m),1> andn = <I’l0, . 7nlh(n)71>' Then
mxn = Hu[seq(u) Alh(u) = lh(m) + lh(n)
AV < Th(m)((u); = m;) AVj < Ih(n)((u)+; = n;j)].
Hence the concatenation function * is recursive. O

We introduce yet another operation on recursive functions.
Primitive recursion: Given an m-ary function g and an (m + 2)-ary function #,
we define an (m+ 1)-ary function f by

f(0,7) = g(n),
flk+1,7) = h(f(k,7),k,7).

The scheme of primitive recursion is a general form of definition of functions by
induction. It should be noted that m may be 0 and that a 0-ary function is nothing
but a constant. Thus, given a natural number p and a 2-ary function A, this procedure
defines a sequence {x;} by induction: set xo = p and x;; = h(x, k). Intuitively, it
should be obvious that if g and % are “computable,” then so is f.

Proposition 6.1.20. If g is an m-ary and h an (m+ 2)-ary recursive function, and
if f is defined by primitive recursion as above, then f is recursive.

Proof. The function f : N"*! — N is defined by
1(0,7) = g(n),
U+ 17) = h(f(k, ), k7).
We first define a function F : N1 — N as follows:

F(p,n) = pk(lh(k) = p+ 1/ (k)o = g(n)
AV < p((k)iJrl = h((k)lulvﬁ)]

By the closure properties of recursive functions and recursive predicates, F is
recursive. Now note that for all p > 0,

f(pvﬁ) = (F(pvﬁ))l"

The result can now easily be seen. O
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Exercise 6.1.21. Let & be the smallest set of functions that contains the successor
function §, constant functions C}, and the projection maps 7;' and that is closed
under composition, minimalization, and primitive recursion. Show that a function is
recursive if and only if it belongs to Z.

The previous exercise gives a more traditional definition of recursive functions.
Further, coding a sequence, sequence of sequences, etc. is achieved more easily with
this definition. However, our definition of recursive function is chosen to give the
best-known form of Godel’s incompleteness theorem.

Example 6.1.22. The exponentiation function m" inductively defined by

md =1,

n

mn+1 =m"-m

is recursive.
Exercise 6.1.23. The function n! is recursive.

Exercise 6.1.24. Show that the predecessor function p(n) defined below is
recursive:

Exercise 6.1.25. Show that the functions max {m,n} and min{m,n} and, for any
k> 1, max{ny,...,n;} and min{ny,...,n;} are recursive.

Exercise 6.1.26. Let 2 = pg, p1,p2,... be the increasing enumeration of all prime
numbers. Show that n — p,, is recursive.

Proposition 6.1.27. A function f : N* — N is recursive if and only if its graph gr(f)
is recursive, where for any n € Nk,

(7,m) € gr(f) < f(7) = m.

Proof. If f is recursive, then gr(f) is recursive because = is recursive and the set of
all recursive predicates is closed under recursive substitutions. Conversely, if gr(f)
is recursive, then f is recursive because of the following identity:

f(m) = um|(m,m) € gr(f)]-
O

Theorem 6.1.28 (Closure under complete recursion). Ler f(m,7) be recursive
and g(m,n) be defined by the equation

g(m,n) :f((g(O,ﬁ),...,g(m— 1,n)),n).

Then g is recursive.
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Proof. We first show that the function
(m7ﬁ) — h(m7ﬁ) = <g(07ﬁ)7 o 7g(m - 17ﬁ)>

is recursive. Since g(m,n) = (h(m+1,7))m41, this will complete the proof. We show
h is recursive by showing that its graph is recursive. For this note that

h(m,n) =k < seq(k) Nlh(k) =m
ANIAS m((k)l = f({(k)o," -, (k)i*1>7ﬁ))'
O

We prove the following result using the well-known diagonal argument of Cantor.
Godel uses it beautifully to prove the first incompleteness theorem.

Proposition 6.1.29. 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

Vm[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*={meN: (m,m)¢U}.

Since the predicate U¢ is recursive and since the set of all recursive predicates is
closed under recursive substitutions, A* is recursive. Thus, by the hypothesis, there
is an n* € N such that

VYmlm € A* & (n*,m) € U]. (%)

If n* € A*, then (n*,n*) € U by (x). But then n* ¢ A* by the definition of A*.
On the other hand, if n* & A*, then (n*,n*) € U by (x). But then n* € A* by the
definition of A*. We have arrived at a contradiction. a

For the next exercise, recall the definition of standard model and true
formulas of N.

Exercise 6.1.30. Recall that for any n € N, k,, denotes the term

——

n times

of N. Let @[xy,...,x,] be an open formula of N. Show that the predicate
{meNP: Ory.ip Knys- - ,k,,p] is true}

is recursive.
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6.2 Semirecursive Predicates

A nonempty subset of N¥ is called semirecursive or recursively enumerable (r.e.) 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 7 € N¥,

P(m) < dm[Q(m,7)].

Proposition 6.2.1. Every recursive predicate is semirecursive.

Proof. Let P be a k-ary recursive predicate. Define Q C N¥t! by
Q(m,n) < P(n).
Then Q 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, N,
projections, bounded universal quantifiers, and recursive substitutions.

Proof. Let P and Q be k-ary semirecursive predicates. Fix (k+ 1)-ary recursive
predicates P’ and Q' such that for all 77 € N¥,

P(7) < ImP'(m,7n) and Q(7) < ImQ' (m, 7).

Let f,, 1 <i <k, be [-ary recursive functions. For any 77 € N¥, i € N! note the
following:

(PVQ) @) < Im[(P'V Q') (m,n)],
P(fi(), ..., fiu(m)) < IrP'(r, fi(m),..., fi(M)),

and
(PAQ)(7) & 3m[P'((m)o,7i) 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 Q be defined by

Q(n) < JFmP(I,m,n).

Then
Q(n) < ImP((m)g, (m);,n).

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 Q be defined by

Q(m,n) < V=" pP(p,7).
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Let R C N x N¥*! be a recursive predicate such that
vpvn € N'[P(p,7) < FqR(q, p,7)].
Then

O(m,n) < 3q[seq(q) Alh(q) = m AV="pR((q)p,p,7)]-

This shows that the set of all semirecursive predicates is closed under the bounded
universal quantifier V<. The result is now easily seen. a

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. 1If P is recursive, then 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 Q and R such that for all 7 € N¥,

P(71) < 3ImQ(m,n) and —~P(71) < ImR(m,7).
Then S = Q VR is recursive. Note that
v € NFImS (m, 7).

We define
s(n) = umS(m,m).

The function s is recursive. Further,
P(n) < O(s(n),n).

This shows that P is recursive. O

Remark 6.2.5. Let P C N be semirecursive, and let there exist a (k + 1)-ary
recursive predicate Q such that for all 7,

P(n) < VYmQ(7,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(7) < Im—Q(71,m).
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Proposition 6.2.6. Let f : N* — N 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.

Proof. By Proposition 6.1.27 and Theorem 6.2.4, we only need to show that if gr(f)
is semirecursive, then —gr(f) is semirecursive. This follows from the following
equivalence:

fA) #£meUm#£IAF@) =1). -

A function f = (fl,...,fp) : N¥ — NP is called recursive if each fi, 1 <i<p,is
recursive.

Exercise 6.2.7. Let f : N — N?” be any function. Then the following statements
are equivalent:

(i) The function f is recursive.
(i) The graph of 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 objects are expressed
in terms of numbers. Its importance and beauty cannot be overemphasized. It
has the potential to convert 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 computation. 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 integer, 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(x;) =2i,i > 0; SN(—) =1; SN(V) =3; SN(3) =5; SN(=) =T7; if a is
the ith nonlogical symbol, then we set SN(a) =7 + 2i.

Note that a number 7 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
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is recursive. Since every finite set is recursive, the predicate
sn(n) < n is a symbol number

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. More precisely, if # is a symbol number, it is either even
or equals one of the finitely many odd numbers assigned to the symbols other than
the variables. Also, if n = 2i, then n is the symbol number of the variable x;.

Let funcy 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 finite and, hence, recursive.

Let 7 be a term and A a formula of 7. We now define the Gddel numbers [t] and
[A] of t and A, respectively, by induction on the rank of 7 and A.

If ¢ is a variable or a constant, then set

[1] = (SN(2))-

If f is an n-ary function and 7q,...,1, are terms whose Gddel numbers have been
defined, then we set

[ft1...t,] = (SN(F),[t1],-.-, [ta])-

We define
term(n) < n is the Godel number of a term.

Proposition 6.3.1. The predicate term is recursive.

Proof. Note that for any n,

term(n) < seq(n) A [({h(n) = 1 Afuncy((n)o)) V [lh(n) > LA
func((n)o) AV0 < i < Ih(n)(term((n);))]]-

Using closure under complete recursion (Exercise 6.1.28), it can now be seen that
term is recursive. We leave the details as an exercise for the reader. O

‘We recall that the terms

~———

n times

of N is denoted by k,, and that these terms are called numerals.
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Lemma 6.3.2. The map
num(n) = [k,|, neN,

is 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 pt; - - - t,,, then define
[A] = (SN(p), [0, [ ])-
Proposition 6.3.3. The predicate
aform(n) < n is the Godel number of an atomic formula
is recursive.
Proof. We have
aform(n) < seq(n) Alh(n) > 1 Apred((n)o) AV0 < i < lh(n)[term((n);)].

O

If A is —B, and if [B] has been defined, then

[A] = (SN(=), [B])-

If A is VBC, then

[A] = (SN(V),[B],[C]).
If A is dxB, then

[A] = (SN(3), [x],[B]).

Proposition 6.3.4. The predicate
form(n) < n is the Godel number of a formula

is recursive.

Proof. We define the following predicates:
Ai(n) & [seq(n) Alh(n) =2 A (n)g = SN(—) Aform((n)y)],

Az (n) < [seq(n) Alh(n) =3 A (n)g = SN(V) Aform((n);) Aform((n)2)],



6.3 Arithmetization of Theories 157

and
Asz(n) < [seq(n) Alh(n) =3 A (n)o = SN(3) Avble((n);) Aform((n),)].

By closure under complete recursion (Exercise 6.1.28), it is not hard to show that
these predicates are recursive. Now note that

form(n) < aform(n) VA (n)VAz(n) VAs(n).

It follows that the predicate form(n) is recursive. O

Now we systematically proceed and show that many metamathematical state-
ments (statements about the theory itself or statements about syntactical 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 1 is the
Godel number of a term t or a formula A, if m is the Godel number of a variable v,
and if n is the Godel number of a term s, then sub(l,m,n) is the Godel number of
ty[s] or Ay[s], respectively.

Proof. Define

nif vble(l), Al =m,
[ otherwise,

sub; (I,m,n) = {
suby (I,m,n) = ((1)o,suba((1)1,m,n),...,subz (1)) —1,m,n)),

((1)o,subs((1)1,m,n)) if seq(!) Alh(l) =2,
<(l)0,sub3((l)1,m,n),sub3((l)2,m,n)>
if seq(I) AIh(l) =3
A(l)o # SN(J),

b3 (L) = 3 1Yo, ()1, subs (1), m, ) if seq(l) Alh(l) = 3
A(l)o = SN(3)
A1 # m,
[ otherwise.
Now define
subj (I,m,n) if vble(l)V funcy(l),
sub(L,m,n) = suby (I,m,n) if pred((1)o) V func((1)o),

subs(I,m,n) if form(I) A —aform(l),
l otherwise.
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Then sub(/,m,n) is a recursive function with the desired properties. O

Exercise 6.3.6. Foreachn > 1, show that there is a recursive function sb : N x N* —
N such that when m = [E], with E a term or a formula of the theory N,

sb(m,bo, - bu1) = [Exgropy ks -+ ks, 1]

where xg, X1, ...,X,—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} : N x
N" — N such that when p = [A], with A a formula of the theory N,

S:’Ln(p5bm+17 s 7bm+n) = [Axmﬂ,...,mern [kbm+1 A 7kbm+n].| Y

where X1, ..., Xm, Xmi1,-- - ,Xm+n are the first (m+ n) variables in alphabetical order.

Proposition 6.3.8. There is a recursive predicate fr(m,n) such that if m is the Gédel
number of a term or a formula E and if n is the Godel number of a variable v, then

fr(m,n) < vis free in E.

Proof. Set
Xie(m,n) = 25 ((m)1, ) . e ((m)iomy - 1m).
Now take
0 if vble(m) Am =n,
Xk (m,n) if pred((m)o) V func((m)o),
xix((m)1,n) if (m)o = SN(-),
_ ) x((m)1,n) - xu((m)a,n),  if Lh(m) =3
Kie(m.m) = A(m)o = SN(V),
X ((m)2,m)), if Ih(m) =3
A(m)o =SN(I) A (m); # n,
1 otherwise.
Then yj; is a recursive function with the desired properties. a

Proposition 6.3.9. There is a recursive function substl(l,m,n) such that if [ is the
Godel number of a formula A, if m is the Godel number of a variable v, and if n is
the Godel number of a term t, then

substl(l,m,n) < t is substitutable for v in A.

The proof is left as an exercise.
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Exercise 6.3.10. Let / be an interpretation of a theory T’ in T. Show 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 its meaning A’ in I.

We shall now show that the set LAx7 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 Godel 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 LAxr C N consisting of Gddel numbers of
all logical axioms of T is recursive.

We call a theory T axiomatized if it is finite and if the set NAxr C N of Godel
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 7 is an axiom. This is a natural condition on the set of axioms for any
axiomatic system.

We define

Axr(n) < nis the Godel number of an axiom of 7.
The following result is obvious from Theorem 6.3.12 and the definition of axioma-
tized theories.

Proposition 6.3.13. If T is axiomatized, then AXt is recursive.

Example 6.3.14. The theory N has only finitely many nonlogical axioms. Thus, N
is axiomatized.

Exercise 6.3.15. (i) Show that the set of Godel numbers of formulas of N of
the form

A,[0] = Vv(A — A,[SV]) — A,

where A is a formula and v a variable, is recursive.
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(i1) Show that Peano arithmetic is axiomatized.

(iii)) Show that ZF and ZFC are axiomatized. (Note that the language of set theory
has only one binary relation symbol. You need only show that the sets of all
Godel numbers of comprehension axioms and those of replacement axioms are
recursive. Show this for replacement axioms also.)

Henceforth, 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 Godel 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(V),
A((m)1)1 = (n)1,
A((m)1)2 = ((n)2)1 A (m)2 = ((n)2)2,
cut(l,m,n) & m = (SN(V), (m);, (m),),
An = (SN(V),(SN(=), (m)1), (n)2),
AL = (SN(V),(m)a,(n)2),
and
intr(m,n) < n=(SN(V),(SN(=),((n)1)1), (n)2)

\Y

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.

IfAq,...,A, is a sequence of formulas of 7', then the number

<|_A1~|7"'7|—An-|>

will be called the Godel number of the sequence.
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Proposition 6.3.17. If T is axiomatized, then the set Pry of Godel numbers of all
proofs in T is recursive.

Proof. This follows from the following equivalence:
Prr(n) < seq(n) AVi < Ih(n)[Axr((n);)

V3j < i((contVassoc Vintr)((n);, (n),;))
V3j k< dleut((n)i, (n); (n)i)]-

NN

O

Proposition 6.3.18. If T is axiomatized, then the set Prfr C N x N of all pairs of
numbers (m,n), such that m is the Gédel number of a proof of a formula whose
Godel number is n, is recursive.

Proof. Note that for any m, n,
Prfr(m,n) < h(m) > 0 APrr(m) A (m) iy —1 = n.

O

Theorem 6.3.19. If T is axiomatized, then the set Thmr of Godel numbers of all
theorems of T is semirecursive.

Proof. This follows from the following equivalence:
Thmy (n) < Im[Prfr (m,n)).

O

But is the predicate Thmz recursive? Not always. However, in the next section
we shall prove that if, moreover, T is complete, then Thmy is recursive. Quite
interestingly, in the next chapter we shall show that Thmy, Thmpy, and Thmzr
are not recursive. This is the essence of Godel’s first incompleteness theorem.

Remark 6.3.20. Let F(Xi,...,X,) € Z[X,...,X,]. We can give a similar 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 T hmr 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 axiomatized 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 Godel
number of a formula A, then g(n) is the Gédel number of a closed formula B such
that

THA&STHB.

Proof. Consider the function f : N x N — N defined by
f(O,n) =n,
and for all m > 0,
flm+1,n) = (SN(=), (SN(3), (2m), (SN(=), f(m,n)))).

It is routine to check that f is recursive. Further, if n is the Godel number of a
formula A, then f(m+ 1,n) is the Godel number of Vx,, ... VxpA, where xo, ..., X,
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. g

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:

—Thmr(n) < —form(n) V Thmr ((SN(—), g(n))
< Im[—form(n) V Prfr (m, (SN(—),g(n)))].

Since Prf7 is recursive and g is recursive, it follows that “Thmy is semirecursive.

O

This is a very important theorem. It says that if 7' is axiomatized and Thmr 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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Exercise 6.4.4. Show that the theories DLO, DAG, ODAG, and RCF are
axiomatized and decidable.

We call a structure M of a finite language L decidable if T hyy is recursive. We
now have the following theorem.

Theorem 6.4.5. The rings R and C are decidable. Also, the ordered field R is
decidable.

Similarly, we see that the linearly ordered set Q, the group @Q, and the ordered
group Q are decidable.

Theorem 6.4.6. IfT is a decidable theory with elimination of quantifiers, then there
is an algorithm that, given any formula @[x|, outputs an open formula W[x) such that

THo <+ .

Proof. Let {y,} be a recursive enumeration of all open formulas of 7. Now given
any @[x], one scans through this recursive enumeration one by one and stops when
one gets an open formula y;, [x] such that 7+ Vx(¢ < ). O

Theorem 6.4.7. Let M be a structure for a finite language L and N C M a definable
substructure. If M is decidable, then so is N.

Proof. Let @[x,iz], a € M, define N. Recall that in Proposition 2.8.19, we associated
to each formula y a formula y" such that for every b € N",

N E yligl & M = y"ig).

Now note that ¥ — " is recursive. Fix an algorithm <7 that decides whether a
sentence of Ly, is true in M or not. Given any sentence Y of Ly, first compute l//N
and then run the algorithm .7 on w". This works. a

This result in turn says that if N is undecidable, then so is M.
A simple extension T’ of T is called a finite extension if at most finitely many
nonlogical axioms of T’ are not theorems of 7.

Theorem 6.4.8. 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 definitions of T'.
(c) 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 Godel number of a formula ¢ of T, then f(n) is the Godel number of a
formula ¢* of T’ such that
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THo<T o'

Assuming this is done, we complete the proof first. Suppose in some case (a)—(d),
Thmy is recursive. Then

Thmy (n) < formz (n) A Thmg (f(n)).

Hence, Thmy is recursive by the closure properties of the set of recursive predicates.
This contradicts that 7" is undecidable.

In case (a), we take f(n) = n. Since an extension by definitions of 7 is a
conservative extension of T' (Theorem 4.6.6), the result in case (b) follows from
case (a).

We now prove the result in case (c¢). Let By,...,B, be an enumeration of the
closures of all the nonlogical axioms of T’ that 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,
then we define

f(n) =(SN(V),p,n).
Otherwise, we define f(n) = 0. Since the set of Godel numbers of formulas is a re-
cursive set, it follows that f is recursive. By the reduction theorem (Exercise 4.3.6),

Thmy (n) < Thmg (f(n)).

To prove the result in case (d), fix a faithful interpretation 7 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 [ is a faithful interpretation,

Thmy (n) < formz (n) A Thmg (f(n)).



Chapter 7
Representability and Incompleteness Theorems

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 Sect. 7.3, we initiate the study of recursion
theory.

7.1 Representability

In this section, we present yet another beautiful concept, called representability,
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 vy,...,v,
represents P if for every sequence of numbers ny,...,n,,

(n1,....np) EP=NF Ay v, lhnys. . k]

and

(n1,..np) €P=NE-Ay Ly lkngs- oo k]

We say that P is representable if some formula A with distinct variables vy,...,v,
represents it.

Let f: N” — N be a map. We say that a formula A of N with distinct variables
V1,...,vp,w represents f if for every sequence of numbers ny,...,n,,

NFAVI """ Vp[knl""vkﬂp]HWka,

where m = f(ni1,...,n,). We say that f is representable if some formula A with
distinct variables vy, ..., v,,w represents it.

Theorem 7.1.1. Every representable predicate P C N" is recursive.
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Proof. Let a formula ¢ of N with variables x1,...,x, represent P. Then for every
(ai,...,a,) € N", we have

P(ai,...,an) = Nt @y . xlka;,- - ka,

and

=P(ai,....an) = N =0y lka,. . ka,]-

Since N is consistent, we now have

P(ay,...,an) < Thmn ([ @y, ., [kays- - - ka,]])

and
=P(ai,...,an) < Thmy([—@y, .., [kay, - ka,]])-

Since N is axiomatized, by Theorem 6.3.19, Thmy is semirecursive. Further, the
maps

(a17 e 7an) _> ((le,...,xn [kal g 7kan]-|
and

(alv oo van) — (ﬁ(lew-,xn [kal PR vkanﬂ
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 as follows.

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 repre-
sentable 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 x1, .. . ,x,, distinct
variables. Then there is a formula B of N such that B with x, ... ,x, represents P.

Proof. Let A with vy,...,v, represent P. Taking a variant of A, if necessary, by the
variant theorem, we can assume that x1,...,x, do not occur in A. Now take B to be

Avl,...,vp[xl,...,xp]. 0O

The following result is also proved similarly.

Lemma 7.1.4. Let f be a p-ary representable function on N and x1,...,xp,y
distinct variables. Then there is a formula B of N such that B with x1,...,Xp,y
represents f.
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Let f be a p-ary function. We say that a term ¢ of N with distinct variables
vi,...,Vp represents f if for every ny,...,np,

NEtyy vy lnyse e sky) = ks

where m = f(ny,...,np).

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 =t with
V1,...,Vp, W represents f.

Proof. Letm = f(ny,...,n,). We have
NEtyy vy lknyse o skn,] = ko
We are required to show that
NEw=ty v, Kngs- - kn,] > w=kn.

This essentially follows from the equality axiom, the substitution rule, and the
detachment rule. a

Proposition 7.1.6. A p-ary predicate P is representable if and only if xp is
representable.

Proof. Let A with distinct variables v,...,v, represent P. Let the variable w be
distinct from each of v;, and let B be the formula

(AANw=ko)V(-AAW=k).
Fix any (ni,...,np). Suppose (ni,...,n,) € P. Then
NEAvy oy lhnysee ki) (1)

By (1) and the tautology theorem,

If (ny,...,n,) € P,
N|7 _‘Avl,...,vp[knlv---7knp]- (2)

By (2) and the tautology theorem,
N+ BV])'“)V])[k”l IR uknp] < w=ki.

Conversely, assume that A with distinct variables vy,...,v,,w represents yp. Let B
be the formula A, [k,]. We claim that B with vy,...,v, represents P.
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Since —(Sx = 0) is an axiom of N,
N E=(ky = ko).

Fix any (ny,...,n,). Suppose (ni,...,n,) € P. Then

NEw=ko e Ay lkngs- o k-
By the substitution rule,

N ko =ko <> By, ...v,[knys- - kn,]-
Since N F ko = ko, we have

NEBy, yplkngs- s kny,).

Since N - —(k; = ko), the other case is similarly proved. O

Note that by the previous proposition, to prove the representability theorem, 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 x and y represents =
inN.

Proof. We need to show the following:
m=n=NFk,=k,

and
m#n= Nt —(ky, =ky).

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, then this
follows from the axiom (1) of N and the substitution rule. Let m > n > 0, and let the
second assertion hold for n — 1 and all m. Now note the following:

NEkpy=kn=kn1=ky

by axiom (2) of N, the closure theorem, and the substitution rule. By the induction
hypothesis, we have
Nt =(kp—1 =kn—1).

Hence,

by the tautology theorem. O

Proposition 7.1.8. All initial functions are representable.
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Proof. (i) Letvy,...,v, be distinct variables, and let ¢ be the term v;. Fix natural
numbers py,..., p,. Clearly

Nty v lkpy s kp,] =kp,.

This shows that the projection maps IT", n > 1, 1 <i < n, are representable.
(i) Letx 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 &k + ky = kintn. (1)
We fix m and show (1) by induction on n. By axiom (3) of N, we have
N ky+0=ky.
Now assume that
N &k +ky = kintn. 2)

By axiom (4) of N and the substitution rule, we have
NFkp+kor1 = S(km+ky).
By the equality axiom and (2), we have
N S(kn+kn) =kprnir-

Thus,
Nk, +kn+l = km+n+l-

(iii) Similarly, using axioms (5) and (6) of N, we show that the term x -y with
distinct variables x and y represents -, the multiplication.

(iv) Finally, we show that the formula x < y with distinct variables x and y
represents <. This in turn will show that y. is representable, and the result
will be proved. We are required to show that for every natural number m and n,

m<n=NkFk,<k, 3)

and
—(m<n)= Nt —(ky <ky). 4)

For every n, we show that (3) and (4) hold for all m. We proceed by induction on 7.
For n = 0, we only need to prove (4) for all m; (4) follows from axiom (7) of N.
Now assume that for some n, (3) and (4) hold for all m. Suppose m < n+ 1. If
m < n, then
Nt ky < ky,

and hence
Ntk, < kn+1
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by axiom (8), the substitution rule, and the induction hypothesis. If m = n, then
Nkt ky, =k,

by Proposition 7.1.7. Then
N ky <kpti
by the same arguments.
Now suppose m > n+ 1. Then,
NE =(km < kn)

by the induction hypothesis and

by Proposition 7.1.7. Thus,
NHE ﬁ(km < kn+1)

using axiom (8) of N and the tautology theorem. a

Proposition 7.1.9. The set of all representable functions is closed under composi-
tion.

Proof. Let

where g, f1,...,fn are representable. We choose distinct variables, u,vi,..., v,
wi,...,wg and formulas B, Ay, ... A, such that B with vy,...,v,, and u represents
g, and A; with wy, ..., wy, and v; represents f;, 1 <i <m.

Now consider the formula C defined by
Fvy - Fv(AT A AAL AB).

We claim that C with wy,...,w; and u represents h. Fix (ny,...,n;). Let p; =
fi(ni,...,ng) and g = g(p1,...,pm)- Then g = h(ny,...,ng). For 1 <i<m, set
and

By our assumptions, we have

N}—A§<—>v,‘=kpi,
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1 <i < m. By the equivalence theorem, we have
NEC' < Fvy- T =kp, N+ Ay =kp, AB).
Let D denote the formula
vy Fvm(vi =kp, A+ Avy = kp,, AB).
By the repeated application of Proposition 4.2.26, we have

NE vy Fvm(va =kpy A Avip = kp,, ABy, [kp,]) <> D,

NFE BVl-,----,Vm [kpl yen 7kpm] AR Evm(Vm = kpm /\Bvlv---vvmfl [kpl [ 7kpm—l])'

NFC & By, v lkpyseo o kp,l-
Since B with vy, ..., v, and u represents g and ¢ = g(p1,...,pm), wWe have
NEBy, anlkpy .. kp,] <> u=ky
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 minimal-
ization.

Proof. Let f(m,7) be representable, where 7 = (no, ...,n,_1). Let A with v,v,...,
vp—1 and w represent f. Assume that

Vadm(f(m,n) = 0).

Let
g(n) = um(f(m,7) = 0).

We now show that g is representable.
Let u be a new variable, and let B be the formula

A[0] AVu(u <v— —A,,,[u,0]).

We claim that B with v, ...,v,_| and v represents g.



172 7 Representability and Incompleteness Theorems

Fix 1= (no,....mp 1) € NP Let m = g(n). Then f(i,7) = 1 # 0, i < m, and
f(m,m) =0. Set
A/ :Avo,...,vp,l[kn(),... k ]

s Kn,_ g
and
B = Byg,.v, Kngs - - - ,k,,pfl].
We have
NEAK] < w= ki,
i <m,and

N A [kn] > w=0.

Since [; # 0, we have
NE=(0=k,),

i < m. Thus, for all i < m, we have
N ﬂA’v’W [k;,0]

and
Nk A/v!w [k, 0].

Hence, by Proposition 4.7.2,
N+ (ALJO) AVu(u < v— ﬁA/w[u,O])) —v ="k,

i.e.,
NEB < v=k,.

Our claim is proved. a
We have completed the proof of the representability theorem.
Exercise 7.1.11. Show that every representable function f : N* — N is recursive.

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 [6]. 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 represents a certain class S of statements about numbers by formulas
of N. For instance, if

{n € N: nis 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
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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 some remarkable
discoveries of Godel.

7.2 First Incompleteness Theorem

Theorem 7.2.1 (First incompleteness theorem). Every axiomatized, consistent
extension of N is undecidable and so incomplete.

Proof. To arrive 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 Gédel number
of a formula B of T, then f(m,n) is the Gdel number of By[k,]. Then the binary
predicate U C N x N defined by

U(m,n) < Thmy(f(m,n))
is recursive. Thus, 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=NFAk]

and
ng€P= Nk -4,k

Since T is an extension of N, A is a formula of T, and for every n € N,
neP=TFkA,lk (@)

and
ng€P=TFHF Ak, (b)

Now let m be the Godel number of A.

Suppose m € P. Then, by (a), T b+ A, [ky], 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 F —A,[ky]. Since T is
consistent, this implies that T t/ A, [ky,]. 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. a
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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 axiomatized. Hence, by
Theorem 6.4.8, PA 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.

Corollary 7.2.4. The set of natural numbers is undecidable in the language of N,
as an ordered ring as well as a ring.

Proof. The first part is a direct consequence of the first incompleteness theorem.
Since S(n) = n+ 1 is clearly definable in the language of a ring and using Lagrange’s
theorem, we saw that < on N is definable in the language of a ring, and the remaining
part of the result also follows. a

We have mentioned that Julia Robinson showed that the ring of integers N is
a definable subset of the ring Q of rational numbers (Theorem 2.8.18). Thus, by
Theorems 7.2.4 and 6.4.7, we get the following theorem.

Theorem 7.2.5. The ring Q is undecidable.

However, since DLO and ODAG are complete, Q is decidable as an ordered space
as well as an ordered ring.

Remark 7.2.6 (Comparison with the liar’s paradox). In the foregoing proof we
produced a formula A[v] that says that a formula whose Gédel 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 7.2.7. Now we can state Hilbert’s problem precisely. Is there? an axioma-
tized 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 representability theorem
and the ideas contained in the proof of the first incompleteness theorem help us to
continue this study further.

A set of predicates (of not necessarily fixed parity) on N will be called a
pointclass. For brevity, we shall write 7 for (ny,...,n;). For P C N x N, we define
k-ary predicates 3°P and V®P by
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3°P(n) < ImP(m,n)

and
VOP(n) < VmP(m,n).

If I is a pointclass, then we define
-I'={-P:Perl},

3°r ={3°P:PcT},

and
VeI = {V°P:PeTl}.

Note that for any pointclass,
VOr =—-3%-r

and
3T = -v®-T.

In the sequel, these two identities and other such simple set-theoretic identities will
be used without mention.
We define arithmetical pointclasses X0, T1°, and A%, n > 1, by induction as
follows:
39 = the poinclass of all semirecursive sets,

Hr? = ﬁ27(1)7
27(1)+1 = Hwnr?v

and
Al =3nmP.

Theorem 7.3.1. The pointclass A? consists precisely of all recursive sets and
39 =39A0 and IT) =V A).

Proof. The first assertion is just a restatement of Kleene’s theorem (Theorem 6.2.4);
the second one follows from the definition of semirecursive sets and Kleene’s
theorem (Theorem 6.2.4), and the third one follows from the second one. a

Call a pointclass I" closed under recursive substitutions if when P(ny,...,n;) €
I', for all recursive functions f; : N/ N, 1 <i<k, the [-ary predicate Q defined by

Q(ml,...,ml)<:>P(f1(m1,...,ml),...,fk(ml,...,ml))
isinT.

Proposition 7.3.2. (1) Each arithmetical pointclass is closed under V, N\ (thus,
under finite unions and finite intersections), and recursive substitutions.
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(2) For eachn, 2,? is closed under 3%, H,(l) under ¥V, and A,? under —.
(3) Foreachn,
20 =39A% and 110 = v A?,

S0uId c AL, .

Proof. We shall prove (1) by induction on n. The closure properties listed in (1)
were already proved for Z? in Proposition 6.2.2. Then the result for H? follows
from its definition. The result for A? is now easily seen.

Assume that X0, IT0, and A? 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), then so does A =T"N—I".

Now let f; : N/ = N, 1 <i <k, be recursive functions. Let P(my,...,my) € H,?H.
We are required to show that the predicate Q defined by

o(l) < P(fi(l),.... fi(D))

isin IT), . Get P' € £ such that P =V®P’. Then

(1) < YmP' (m, fi(1),. .., fi(1)).

Since X! is closed under recursive substitutions, Q € IT° 1
Let P,Q € X0, ,. Get P',Q/ € II such that P = 3°P' and Q = 3°Q’. The
following identities are easy to check:

PVQ<3°(P'VvQ)

and
(PAQ)(I) & 3m(P'((m)o, 1) A Q' ((m)1,1).
By the induction hypothesis, it follows that Z,? 1 is closed under V and A. This in
turn implies that IT?, | 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,1) € I10. Then

Ip3qP(p,q,1) < ImP((m)o, (m)1,1)).

OH is closed under

Since IT? is closed under recursive substitutions, it follows that z
3% Hence, H,?H is closed under V®.

We prove (3) also by induction on . By Propositions 6.2.1 and 6.2.2, X9 = Ea’A?.
Thus, H{) = V“’A?. Further, since A? C I19, we conclude that Ea’A? - 3“’1’[?. Hence,
29 c £ by the definition of X3.

If P is X0 and Q(m,7) < P(7), by recursive substitutions, Q is X{ and P(i) <
VmQ(m,7), showing that P is I1). Thus, XY C ITY. This shows that =) C AY. Since
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Ag is closed under —, it follows that Hf) C Ag as well. This proves the result for
n = 1. (3) can be proved similarly for all n by induction. a

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

30 = 3oye...30y0 AD
—_——

n times

and
M0 =v°3°...y®3® A9,
n times
(ii) Let n be odd. Then
30 =30y@... 30 A9
n times
and
M0 =v°3°...y? AY,
n times

A predicate in
Up 20 = U,A? = U, I1°

is called an arithmetical set.

Exercise 7.3.5. Show that all the arithmetical pointclasses are closed under 3<, 3=,
V<, and V<.

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* € T" and if for every k-ary predicate P in I there is an m such
that for all 77 € N,

P(7i) < UX(m,7).

Strictly speaking, we should say that U* is universal for k-ary predicates in I".
We shall not do this; it should be understood from the exponent .
We now make some simple observations.

(a) Uk is universal for X0 if and only if —U* is universal for IT0.
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(b) Let UK be universal for IT°. Set

()

(d)

Uk _ EwUkJrl.

We claim that U* is universal for X° 1

Clearly, U* € 2,? 1- Now let P be a k-ary predicate in 28 1~ Then there is a
(k+ 1)-ary predicate Q in IT? such that

P=3%Q.
Since UFt! is universal for H,(,), there is a p such that for all g and for all m,
0(q,m) < U (p,q,m).

Our assertion follows.
Let U' be universal for 0. Define P by

P(m) < U (m,m).

Then P is X0. We claim that it is not A.
Since X¥ is closed under recursive substitutions, P € X0. We claim that P ¢
I10. Suppose not. Then —P € X0. Let m be such that for all k,

—P(k) = U (m,k).
But then
P(m) & Ul(m,m) < —P(m),

and we have arrived at a contradiction.
Arguing as in (c), we see that for any n, A,? does not contain any universal set
for X0 or IT9.

Theorem 7.3.6. For eachk > 1, there is a (k+1)-ary predicate U* that is universal
for 2?.

Proof. Let xp,x1,X2,x3,... be all the variables of the theory N in alphabetical order.
For each @ € N, set

num(a) = (num(ag),. .., num(a;_1)).

Define U* by

UX(m,a) < 3pThmy ((m,num(p),num(a))),

where sb is the recursive function defined in Exercise 6.3.6.

Since Thmy € X¥, U € X0. Now let P C N* be semirecursive. Then there is a

recursive set Q C N¥1 such that
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P < 3°0.

By the representability theorem, there is formula A of N such that A with xo,...,x;
represents Q. Let m = [A]. Since N is consistent, we see that for all @,

P(@) < UX(m,a).

The following theorem is also now easy to see.

Theorem 7.3.7. Let I' be any of the pointclasses 2,? or of H,?, n > 1. Then, for
every k > 1, there is a (k+ 1)-ary predicate U* € T that is universal for T.

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 X¥ and IT.

Hint: Suppose every A? setis X0. Let U' be a universal X0 set. Then it is a uni-
versal A? set too. But such a set cannot exist. (See the proof of Proposition 6.1.29.)

Proposition 7.3.9. Let I be any of X0 or of I19, n > 1. Then, for every k > 1, there
are (k+ 1)-ary predicates U(I)‘, U{‘ € I such that for every pair of sets Ag,A; C NF in
I, there is an m such that

(Va € N)(Ao(@) < U§(m,a) A A(a) < Uf(m,a)).
Proof. Define
Uik(mva) A Uk((m),',ﬁ),
i=0,1. Since I' is closed under recursive substitutions, each U} and Uf is in I".
Given Ag,A; C N¥in I, choose my,m; such that

Va(Ai(@) < U (m;,a)),

i=0,1. Take m = (mo,my). O

The pair U(’)‘ , U{‘ 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 uniformization property
if forevery k > 1 andevery Pe I', P C NK x N, there is a Q C Pin I such that

(Va € N*)(3mP(a,m) = 3'mQ(a,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 I1%, n > 1. We say that I" has the reduction property if
for every P, P, C N¥in I there exist Q) C P;,Q2 C P in I such that 0; N Q> = 0
and Qi UQ, =P UP.
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Proposition 7.3.10. IfI" has the uniformization property, then it has the reduction
property.
Proof. To see the result, given P, P, C NKin I', define

P= (P x{1})U (P, x{2}).
Then P € I'. Choose a uniformization Q C P of Pin I". Set
Ql(a) < Q(aa l)v

i=1,2. O

Let I' be any of X0 or of [19, 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

PPCONQONP=0.

Proposition 7.3.11. If I" has the reduction property, then —I" has the separation
property.
Proof. To see this, take P;,P» C N¥in —I" such that P, N P, = 0. Let

0i =N\ P,

i=1,2. Then Q1,0 € I' and Q; UQ, = N¥. Since I'" has the reduction property,
there exists R; C Q;in I', i = 1,2, such that Ry "R, =@ and R UR, = N*. Thus,
R € A. Set Q = NF\Ry. O

Exercise 7.3.12. Let I' = X0 or IT0, n > 1. Show that I" cannot satisfy both the
reduction property and the separation property.

Hint: Using Proposition 7.3.9, take a universal pair U 11 , Uz1 forT'.LetV;,Vo, €T’
reduce the pair Ul1 , Uz1 in the preceding sense. Let W D V|, WNV, =0, and W € A.
Show that W is universal for A.

Theorem 7.3.13 (Uniformization theorem). Every arithmetical pointclass X0 has
the uniformization property.

Proof. Let P C NF x Nbe in X. Choose R C N x N¥ x N in A? such that P = 3°R.
Define Q by

Ql(ﬁ,n) & R((l’l)(),a, (n)l) /\V<”kﬁR((k)(),5, (k)l)

and set
Q(a,m) < 3Injm = (n)o A Q' (a,n)].
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Corollary 7.3.14. Each arithmetical pointclass T10, n > 1, has the separation
property, and each Z,?, n > 1, has the reduction property.

We close this section by proving two basic results in recursion theory. We shall

establish some notation first. For @ = (ay,...,am, i1, --,dmin), We have

In(@) = (ay,...,am)
and
rn(a) = (Clm+1, e 7am+n)-
Theorem 7.3.15 (s/-Theorem). The sequence of universal sets U',U?,... for X!
defined in 7.3.6 satisfies
U™ (p,a) < U™ (s (p,ra(@)),ar,...,am),
where @ = (ay,...,am,am+1,- .. Amin) and the function s0' is as defined in Exer-
cise 6.3.7.

Proof. The result follows directly from the definitions of the U¥ and the function s
O

If P is a k-ary semirecursive predicate and m is such that for all 7 € N,
P(@) < U*(m,a),
then we say that m is a code of P.

As an application of the s/'-theorem we show the following proposition.

Proposition 7.3.16. There exist recursive functions \/*(m,n) and N*(m,n) such that
if m is a code of P C NF and n a code of Q C N, then V¥(m,n) and N*(m,n) are
codes of PV Q and P N\ Q, respectively.

Proof. First we define V¥(m,n). Let U* be as defined in Theorem 7.3.6. Now define
R(@,m,n) < UX(m,a) Vv U*(n,a).
Then there is a p such that
R(a,m,n) < U2(p,a,m,n).

Set
VE(m,n) = s5(p,m,n).
We define AK similarly. 0

We refer to the foregoing closure properties of 2? by saying that Z? is uniformly
closed under V and A (with respect to the universal sets U¥).
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Exercise 7.3.17. Show that Z? and IT ? are uniformly closed under 3<, V<, 3=, and
V<. Further, Z? is uniformly closed under 3 and H{) under V?. For instance, show
that for each k > 1, there is a recursive function 3k< : N — N such that if n codes
P(m,a), a (k+ 1)-ary predicate, 3;- (n) codes the predicate

O(p,a) < 3PP(p,a).

Theorem 7.3.18 (Kleene’s recursion theorem). Let P be a (k+ 1)-ary predicate
in 2?. Then there is an n* such that for all m,

P(n*,m) < Uk(n*,m).
Proof. Define a (k+ 1)-ary predicate Q by

Q(m, p) < P(s}(p,p).m).

Then Q € 2?. Thus, there is a g such that

Q(m, p) < U (g, m,p).

Take n* = sk (q,q). O

Kleene’s recursion theorem is very useful in showing that certain functions and
predicates are recursive.

Example 7.3.19. Let o be a unary recursive function and 3 and y 3-ary recursive
functions. Then the 2-ary function 6 defined by

6(0,n) = a(n),
o(m+ 17”) = ﬁ(6(m7Y(6(m7n)7m7n))7m7n))

is recursive.
To show this, by Proposition 6.1.27, it suffices to show that the graph of J is
semirecursive. To show this, we define a 4-ary semirecursive predicate G as follows:

G(l,m,n,k) & (m=0Nk= a(n))
VIpIgIrisim=p+1
AU(L,p,n,q)
Ar=1v(q,p,n)
AU3(L,p,r,s)
Nk =B(s,p,n)),

where U? is the universal set for X0-sets in N* defined earlier. Clearly, G is a 4-ary
semirecursive predicate. Hence, by Kleene’s recursion theorem,
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I mYnvk(G(I* ,m,n, k) < U(I* ,m,n,k)).

It is fairly routine to check that the 3-ary semirecursive predicate U3(I*,-,-,-) is a
graph of §.

Exercise 7.3.20. Letn>1,andletI” equal Z,? or H,? , and let the U* 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. 1t 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 predicates are in these classes.

7.4 Recursive Extensions of Peano Arithmetic

The arithmetization of theories due to Godel enables one to examine questions
about a theory, such as PA or ZF, within the theory itself. For instance, using the
representability theorem, we can now express the metasentence ‘“Peano arithmetic
is consistent” by a formula of PA itself, and we can examine whether this formula is
a theorem of PA. This involves formalizing proofs in metatheory inside the theory
itself. A key step in this direction is to show that every true closed existential formula
of PA is a theorem of PA. (Recall that a sentence ¢ of the language of 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 vy,...,v, and w is free, with vy,...,v,, w distinct. Suppose
P’k 3we. Let w' be a new variable and y the formula

PAYW (W <w— =, [w]).

By Exercise 4.7.5, we have the following:

(@) P'F 3wy.
(b) PPEyAy,W]—=w=w"

Thus, we can introduce to P’ a new n-ary function symbol f with the defining
axiom Y. We shall write

fyi--va=uwe

to express that f has been introduced as above with y as its defining axiom.

We say that P’ is a recursive extension 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 y described
previously with ¢ open.
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Example 7.4.1. Let 1 <i<n,andlet @[w,vy,...,v,] be the formula w = v;. Then
TV vy = UWQ
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 introduced 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 ) by

XRV1, ) = w((@(vi, ..., v) AW =0)V (=@(vi,...,vy) Aw=1)).

Now assume that yg has P’ of PA. Then the formula

XR(V17"'7V}’£) =0

introduces R. O

Example 7.4.4. The functions + (addition) and - (multiplication) are nonlogical
symbols of PA. By Example 7.4.1, each projection map 7}’ can be introduced. Since
< is a nonlogical symbol of PA, by Proposition 7.4.3, y. can be introduced. Thus,
all initial recursive functions can be introduced in a recursive extension of PA.

Example 7.4.5. Letn > 1 and p € N. We can introduce the n-ary constant function
C}, by taking the formula @[w,vy,- -+ ,v,] to be w = k.

Example 7.4.6. We can introduce — to PA by
x—y=pz(x+z=yvx<y)

using the foregoing method.

Proposition 7.4.7. The set of functions that can be introduced in a recursive
extension of PA is closed under composition.

Proof. Let fi,...,fr be n-ary functions and g a k-ary function that have been
introduced in a recursive extension P’ of PA. Further, assume that

fivieve = uwi@iwi,vi, .., 1<i<k,

and
W1 Wi = UWQIw, Wi, ..., Wi].
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Suppose
h(m17"'7mn) :g(fl(mlu"'umn)7"'7fk(m17"'7mﬂ))'

It is not difficult to prove that

PEaww=g(filvi...,vn), s Wiy svn))].

Hence, we can introduce £ as follows:

wp-vp=uwlw=g(filvi...;vn)se s fx (V15 svn))]-

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

Vmy -y 3lg (i, .. m, 1) = 0]

Define
h(my,...,my) = pl[g(my,...,my, 1) =0].
Suppose
V1 Vptl = UWO[W, Vi, ... V]
If

PH Evthl[ng VeVl = O]a

then we can introduce £ as follows:
hvi-- vy = Uvpr18V1-- Vv = 0.

A great many recursive functions and recursive predicates can be introduced 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 recursive predicates. One can easily see this
by looking at the explicit definitions of many recursive functions that we defined
earlier and the proofs of closure properties of the set of all recursive functions and
recursive predicates.

Exercise 7.4.9. 1. Let fi,..., fx be n-ary functions and P a k-ary predicate. Assume
that fi,...,fr and P can be introduced. Show that the n-ary predicate Q
defined by

O(my,...,my) < P(fi(my,...,mp),..., fr(my,...,my))

can be introduced.
2. Let P and Q be n-ary predicates that can be introduced. Show that the predicates
-P,PVQ,PNQ,P — Q,and P <> Q can be introduced.



186 7 Representability and Incompleteness Theorems

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
Godel’s B-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
NK. Suppose fi,..., f, are k-ary functions. Define g : N* — N by

fl(ﬁ) ifaeAy,

g(a) = :
fm(@) ifaeA,.

Show thatif Ay,...,A,, and fi,..., fi, 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 predicates
introduced. For instance, we shall use form for both the predicate form(n) and
the corresponding function symbol introduced, num for both the function num(n)
and the corresponding function symbol introduced, and Prfps for both the predicate
Prfps (m,n) and 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 .7 that contains all formulas of the form fv;---v, = v, pvi---vp,
and —pvy ---v, (f and p function and predicate symbols of P') and that satisfies

(a) A\ BeE . =AVB,ANB<E .7,
(b) If A € & and if x,y are distinct variables, then Vx(x <y — A) € F;
) fAc Z, WAc 7.

A formula of PA of the form ¢y, . [kn,;-- . kn,], n1,...,nm € N, will be called
a numerical instance of @.

Proposition 7.4.14. Let A be an R-formula of PA. Then every true numerical
instance of A is a theorem of PA.

Proof. That R-formulas of the formx =y, Sx =y, x+y=2z x-y=2z x <y and
negations of these formulas satisfy the conclusion of the proposition follows from
the representability of =, S, +, -, and < and the fact that PA is an extension of N.
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Now we show that the set ¢ of formulas that satisfy the conclusion of the
proposition satisfies the three closure properties (a)—(c). If A and B satisfy the
conclusion, then it is quite easy to check that AV B and A A B also satisfy the
conclusion. Thus, (a) holds for 4.

We now show that (c) holds for . Let A satisfy the conclusion of the proposition,
and let B be the formula 3xA. A numerical instance B’ of B is of the form 3xA’,
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 ¢. Let A satisfy the conclusion of the
proposition, and let B be the formula Vx(x <y — A). A numerical instance B’ of
B is of the form Vx(x < k, — A’), where A’ is obtained by substituting numerals
in A for all free variables other than x 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 4.7.1, the detachment rule, and the V-introduction rule,

PAFB. ad

Recall that a formula is called existential if it is in prenex form and all the
quantifiers in its prefix are 3.

Proposition 7.4.15. Let P’ be a recursive extension of PA. Then every existential
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@ Lett[xy,...,x,) be aterm of P/, and A the formula x = 7. The result holds
for A.
We proceed by induction on the length of 7. If ¢ is a variable, then A is an R-
formula. If ¢ is a constant, then t = x is an R-formula. This is equivalent to x = ¢
by the symmetry theorem. Now let r = ft; - - -t,,. Then, by Proposition 4.2.26,

Phx=16 Ty Tyn0n = A Ay =ty AX = fy1--30).

The result now follows from the induction hypothesis, the symmetry theorem,
and the definition of R-formulas.

Step 2:  Let A be a formula of the form pt; - --#,, p arelation symbol, and 71, - - - ,1,
terms. We have

P EAS Ty Ty =t A Ayn =ty APY1-+ ).

Since each formula y; = #; is equivalent to an R-formula, the result holds for A.
Similarly, we prove the result for formulas that are negations of atomic formulas.
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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 4.2.4.

O

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 fx;---x, =y or pxj---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; - - - x, and their negations by Proposition 7.4.15. Since
a formula of the form —(fx; ---x, =y) is equivalent in P” to a formula Jz(—(y =
Z) A fxy---xn = z), the result follows for such formulas by Proposition 7.4.15.

Let A be fx;---x, = y. Then A is equivalent to a formula of P’ of the form

BAVx(x<y—C),
where B and C are open. The result can be easily seen now by Proposition 7.4.15.
O

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.
Henceforth, 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.
Lett,t,...,t, beterms and xy, ..., x, be the first n variables in alphabetical order.
We define the terms S(t,11,...,,) by induction:

S(l‘,tl) = Sub(t,k"xl",tl),

S(l‘,ll,l‘z) = Sub(S(l‘,tl),k(xz] ,tz)

S(l‘,tl,...,tn) = Sub(S(t,l‘l,...,l‘,,,l),k[x”,tn).



7.5 Second Incompleteness Theorem 189

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 JyPrfp, (x,y) by Thmpy (x)
and

ﬁVx(formpA (x) — Thmpy ()C))

by Conpy.
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,

PrHA— ThmpA(S(k(Aw s Xy ,x,,)).
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 = x. We have

S(k[A] ,X) = (kSN(:),num(O),num(x)).
We must show that
P’ 0 = x — Thmps ((ksy(—),num(0), num(0))).
By the equality theorem, this will be proved if we show that
P’ = Thmpy ((kgy(—),num(0),num(0))).

But the formula
Thmps ((ksy(=),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 Sx =y, x+y=2z,x-y =z,
x <Y, etc.
We shall show only one inductive step and leave the others for the reader to prove.
Let A[xy,...,x,] be of the form IxB and the result holds for the formula B. Set

= S(km,xl,...,x,,).

Since S(kfa1,X1,---,X:) = (ksy(3),k[x],) is a true closed existential formula, by
Theorem 7.4.17,

P = S(kia1,x1, -5 %n) = (ksy(z)s Ko 1) (a)
By the induction hypothesis,

P' = B — Thmpy (sub(z, k), num(x))).
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By the distribution rule, we have
P' = A — IxThmpy (sub(z, kf,1,num(x))). (b)

Using the fact that every true existential sentence is a theorem, we can formalize the
proof of “if P’ - By[k,] for some n, then P’ - 3xB” inside P'. Thus, we get

Pt IxThmpy (sub(z, kp,),num(x))) — Thmp ((kgy(3), kpv,1))- (c)

Our assertion for A follows from (a), (b), and (c). 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). Conpy is not a theorem of PA.

Proof. Let Alx] denote the translation of the formula
—3yPrfpa (sub(x, k[, num(x)),y)

in PA. Let a = [A]. We need to show that

PA F/ Conpy. (D
Since P’ is an extension by definition of PA, it is sufficient to prove that

Pt/ Conpy. )
For this, it is enough to prove that

P'= Conpy — Ay k| 3)

because by the argument contained in the proof of the first incompleteness theorem,

Pt/ Aylks) and Ay [k,] is a tautological consequence of Conpy — Ax[k,] and Conpy.
Let B be an R-formula in PA that is equivalent in P’ to

TyPrfpy (sub(x,km ,num(x))),y)x[kq)-
Hence, by the equivalence theorem,
P -B o Akd. (4)
Let b= [B] and ¢ = [A,[k,]|. By the definition of consistency and Theorem 7.4.17,

we have
P+ Conpy — (—|ThmpA (kL) V —Thmpy (neg(kg))), (®)]
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where neg(k.) = (ksy(-),c)- Thus, by the tautology theorem, it is sufficient to show
that
P+ (ﬁThmpA (kc) V ~Thmpy (neg(kc))) — Ay [ka]. (6)

By the tautology theorem again, it is enough to show that
P'= —Thmpy (k.) — Ay[k] @)

and
P' —Thmpy (neg(kc)) — Ax[ka)- (8)

We prove (7) as follows.

Note that k. = sub(ks,k[,],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 P’ - —A,[k,] — Thmpy (k). This proves (7).

To prove (8), first note that by (4),

P =B — —A,[k,].

Hence,
Thmpa ((ksy(v),neg(kp),neg(ke)))

is a true closed existential formula. Hence, by Theorem 7.4.17,
Pt~ Thmpa (ky) — Thmps (neg(k.)). )
Finally, by Lemma 7.5.1, we have
P'= B — Thmpy (kp). (10)
Now note that =“Thmpy (neg(k.)) — Ax[k,) is a tautological consequence of

ThmpA (kb) — ThmpA (neg (kc)) R

B — Thmpy (kb),
and
=B+ Aylkq).
Hence, (8) follows from (9), (10), and (4) by the tautology theorem. O

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 ZF. Hence, we can express
Congzr and Congzpc as formulas of ZF. Again, using similar ideas, we can prove the
following result:

ZF |7[ ConZF.
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