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Chapter 1

Introduction

1.1 The Nature of Mathematical Logic

Mathematical logic originated as an attempt to codify and formalize
1. The language of mathematics.
2. The basic assumptions of mathematics.
3. The permissible rules of proof.

One successful result of such a program is that we can study mathematical language and reasoning using
mathematics. For example, we will eventually give a precise mathematical definition of a formal proof, and to
avoid confusion with your current intuitive understand of what a proof is, we’ll call these objects deductions.
You should think of this as analogous to giving a precise mathematical definition of continuity to replace the
fuzzy “a graph that can be drawn without lifting your pencil”. Once we’ve codified the notion in this way,
we’ll have turned deductions into mathematical objects and this allows use to prove mathematical theorems
about deductions using normal mathematical reasoning. Thus, we’ve opened up the possibility of proving
that there is no deduction of a certain statement.

Some newcomers to the subject find the whole enterprise perplexing. For instance, if you come to the
subject with the belief that the role of mathematical logic is to serve as a foundation to make mathematics
more precise and secure, then the above description probably seems a little circular and this will almost
certainly lead to a great deal of confusion. You may ask yourself:

Okay, we've just given a decent definition of a deduction. However, instead of proving things
about deductions following this formal definition, we’re proving things about deductions using
the usual informal proof style that I've grown accustomed to in other math courses. Why should
I trust these informal proofs about deductions? How can we formally prove things (using deduc-
tions) about deductions? Isn’t that circular? Is that why we’re only giving informal proofs? I
thought that I’d come away from this subject feeling better about the philosophical foundations
of mathematics, but we’ve just added a new layer to mathematics and we have both informal
proofs and deductions, making the whole thing even more dubious.

To others who begin a study of the subject, there is no problem. After all, mathematics is the most
reliable method we have to establish truth, and there was never any serious question as to its validity. Such
a person may react to the above thoughts as follows:
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We gave a mathematical definition of a deduction, so what’s wrong with using mathematics to
prove things about deductions? There’s obviously a “real world” of true mathematics, and we're
just working in that world to build a certain model of mathematical reasoning which is susceptible
to mathematical analysis. It’s quite cool, really, that we can subject mathematical proofs to a
mathematical study by building this internal model. All of this philosophical speculation and
worry about secure foundations is tiresome and in the end probably meaningless. Let’s get on
with the subject!

Should we be so dismissive of the first philosophically inclined student? The answer, or course, depends
on your own philosophical views, but I’ll try to give my own views as a mathematician specializing in logic
with a definite interest in foundational questions. It is my firm belief that you should put all philosophical
questions out of your mind during a first reading of the material (and perhaps forever, if you're so inclined),
and come to the subject with a point of view which accepts an independent mathematical reality susceptible
to the mathematical analysis you’ve grown accustomed to. In your mind, you should keep a careful distinction
between normal “real” mathematical reasoning and the formal precise model of mathematical reasoning we
are developing. Some people like to give this distinction a name by calling the normal mathematical realm
we’re working in the metatheory.

To those who are interested, we’ll eventually be able to give reasonable answers to the first student and
provide other respectable philosophical accounts of the nature of mathematics, but this should wait until
we’ve developed the necessary framework. Once we’ve done so, we can give examples of formal theories,
such as first-order set theory, which are able to support the entire enterprise of mathematics including
mathematical logic. This is of great philosophical interest, because this makes it possible to carry out
(nearly) all of mathematics inside this formal theory.

The ideas and techniques that were developed with philosophical goals in mind have now found application
in other branches of mathematics and in computer science. The subject, like all mature areas of mathematics,
has also developed its own very interesting internal questions which are often (for better or worse) divorced
from its roots. Most of the subject developed after the 1930’s has been concerned with these internal and
tangential questions, along with applications to other areas, and now foundational work is just one small
(but still important) part of mathematical logic. Thus, if you have no interest in the more philosophical
aspects of the subject, there remains an impressive, beautiful, and mathematically applicable theory which
is worth your attention.

1.2 The Language of Mathematics

Our first and probably most important task in providing a mathematical model of mathematics is to deal with
the language of mathematics. In this section, we sketch the basic ideas and motivation for the development
of a language, but we will leave precise detailed definitions until later.

The first important point is that we should not use English (or any other natural language) because
it’s constantly changing, often ambiguous, and allows the construction of statements that are certainly not
mathematical and arguably express very subjective sentiments. Once we’ve thrown out natural language,
our only choice is to invent our own formal language. This seems quite daunting. How could we possibly
write down one formal language which encapsulates geometry, algebra, analysis, and every other field of
mathematics, not to mention those we haven’t developed yet, without using natural language? Our approach
to this problem will be to avoid (consciously) doing it all at once.

Instead of starting from the bottom and trying to define primitive mathematical statements which can’t
be broken down further, let’s first think about how to build new mathematical statements from old ones. The
simplest way to do this is take already established mathematical statements and put them together using
and, or, not, and implies. To keep a careful distinction between English and our language, we’ll introduce
symbols for each of these, and we’ll call these symbols connectives.
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1. A will denote and.
2. V will denote or.
3. — will denote not.
4. — will denote implies.

In order to ignore the nagging question of what constitutes a primitive statement, our first attempt will be to
simply take an arbitrary set whose elements we think of as the primitive statements and put them together
in all possible ways using the connectives.

For example, suppose we start with the set P = {A,B,C}. We think of A, B, and C as our primitive
statements, and we may or may not care what they might express. We now want to put together the elements
of P using the connectives, perhaps repeatedly, but to avoid ambiguity we should be careful. Should the
“meaning” of AA BV Cbe “A holds, and either B holds or C holds”, corresponding to A A (B Vv C), or should
it be “Either both A and B holds, or C holds”, corresponding to (A A B) V C? We need some way to avoid
this ambiguity. Probably the most natural way to achieve this is to insert parentheses to make it clear how to
group terms (although we’ll see another natural way later). We now describe the formulas of our language,
denoted by Formp. First, we put every element of P in Formp, and then we generate other formulas using
the following rules.

1. If v and ¢ are in Formp, then (¢ A1) is in Formp..

[\

. If ¢ and 1 are in Formp, then (¢ V ¢) is in Formp.
3. If v is in Formp, then (—¢) is in Formp.
4. If ¢ and ¢ are in Formp, then (p — ) is in Formp.

Thus, the following is an element of Formp:
(=(BV((-A) = Q) VA)

This simple setup, called propositional logic, is a drastic simplification of the language of mathematics,
but there are already many interesting questions and theorems that arise from a careful study. We’ll spend
some time on it in Chapter 3.

Of course, mathematical language is much more rich and varied than what we can get using propositional
logic. One important way to make more complicated and interesting mathematical statements is to make
use of the quantifiers for all and there exists which we’ll denote using the symbols V and 3. In order to do
so, we will need wvariables to act as something to quantify over. We’ll denote variables by letters like x, y, z,
etc. Once we've come this far, however, we’ll have have to refine our naive notion of primitive statements
above because it’s unclear how to interpret a statement like ¥xB without knowledge of the role of x “inside”
B.

Let’s think a little about our primitive statements. As we mentioned above, it seems daunting to come
up with primitive statements for all areas of mathematics at once, so let’s think of the areas in isolation.
For instance, take group theory. A group is a set G equipped with a binary operation - (that is, - takes in
two elements z,y € G and produces a new element of G denoted by x - y) and an element e such satisfying

1. Associativity: For all z,y,z € G, we have (x-y)-z=z- (y- 2).
2. Identity: For all z € G, we have - e =x = ¢ - x.

3. Inverses: For all x € G, there exists y € G such that x -y =e =y - x.
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Although it is customary and certainly easier on the eyes to put - between two elements of the group, let’s
instead use the standard function notation in order to make the mathematical notation uniform across fields.
In this setting, a group is a set G equipped with a function f: G x G — G and an element e satisfying

1. For all z,y,z € G, we have f(f(x,y),2) = f(x, f(y,2)).
2. For all z € G, we have f(z,e) =z = f(e,x).
3. For all z € G, there exists y € G such that f(x,y) =e = f(y, z).

In order to allow our language to make statement about groups, we introduce a function symbol which we
denote by f to represent the group operation, and a constant symbol which we denote by e to represent the
group identity. Now the group operation is supposed to take in two elements of the group, so if x and y are
variables, then we should allow the formation of f(x,y) which should denote an element of the group (once
we’ve assigned elements of the group to x and y). Also, we should allow the constant symbol to be used
in this way, allowing us to form things like f(x,e). Once we’ve formed these, we should be allowed to use
them like variables in more complicated expressions such as f(f(x,e),y). Each of these expressions formed
by putting together, perhaps repeatedly, variables and the constant symbol e using the function symbol f is
called a term. Intuitively, a term will name a certain element of the group once we’ve assigned elements to
the variables.

With a way to name group elements in hand, we’re now in position to say what out primitive statements
are. The most basic thing that we can say about two group elements is whether or not they are equal, so
we introduce a new equality symbol, which we will denote by the customary =. Given two terms t; and ts,
we call the expression (t; = t2) an atomic formula. These are our primitive statements.

With atomic formulas in hand, we can use the old connectives and the new quantifiers to make new
statements. This puts us in a position to define formulas. First off, all atomic formulas are formulas. Given
formulas we already know, we can put them together using the above connectives. Also, if ¢ is a formula
and x is a variable then each of the following are formulas:

1. Vxp
2. dxep

Perhaps without realizing it, we’ve described quite a powerful language which can make many nontrivial
statements. For instance, we can write formulas in this language which express the axioms for a group:

1. WxWyVz(f(f(x,y),z) = f(x,f(y, z)))
2. ¥x((f(x,e) = x) A (f(e,x) = x))
3. Vy((f(x,y) =€) A (fy,x) = e))
We can also write a statement saying that the group is abelian:
XYy (f(x,y) = f(y,x))

or that the center is nontrivial:
Ix(~(x =e) AVy(f(x,y) = f(y,x)))

Perhaps unfortunately, we can write syntactically correct formulas which express things nobody would ever
utter, such as:
VxJyIx(—(e =€)

What if you want to do an area different from group theory? Commutative ring theory doesn’t pose
much of a problem, so long as we’re allowed to alter the number of function symbols and constant symbols.
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We can simply have two function symbols a and m which take two arguments (a to represent addition and
m to represent multiplication) and two constant symbols 0 and 1 (0 to represent the additive identity and 1
to represent the multiplicative identity). Writing the axioms for commutative rings in this language is fairly
straightforward.

To take something fairly different, what about the theory of partially ordered sets? Recall that a partially
ordered set is a set P equipped with a subset < of P x P, where we write < y to mean than (z,y) is an
element of this subset, satisfying

1. Reflexive: For all z € P, we have z < x.
2. Antisymmetric: If z,y € P are such that x < y and y < z, then z = y.
3. Transitivity: If ,y, z € P are such that x <y and y < z, then z < 2.

Similar to how we handled the group operation, we’ll use notation which puts the ordering in front of the
two arguments. This may seem odd at this point, given how we’re putting equality in the middle, but we’ll
see that this provides a unifying notation for other similar objects. We thus introduce a relation symbol R,
and we keep the equality symbol =, but we no longer have a need for constant symbols or function symbols.

In this setting without constant or function symbols, the only terms that we have (i.e. the only names for
elements of the partially ordered set) are the variables. However, our atomic formulas are more interesting
because now there are two basic things we can say about elements of the partial ordering: whether they are
equal and whether they are related by the ordering. Thus, our atomic formulas are things of the form ¢; = ¢,
and R(t1,t2) where t; and ty are terms. From these atomic formulas, we build up all our formulas as above.

Similar to the situation for groups, we can know write formulas expressing the axioms of partial orderings:

1. WxR(x,x)
2. Wxy((R(x,y) AR(y,x)) = (x=1y))
3. WxWyVz((R(x,y) A R(y,z)) — R(x,z))
We can also write a statement saying that the partial ordering is a linear ordering:
VXYy(R(x,y) V R(y,x))

or that there exists a maximal element:
Iy (—R(x,y))

The general idea is that by leaving flexibility in the types and number of constant symbols, relation
symbols, and function symbols, we’ll be able to handle many areas of mathematics. We call this setup
first-order logic. An analysis of first-order logic will consume the vast majority of our time.

Now we don’t claim that first-order logic allows us to do and express everything in mathematics, nor do
we claim that each of the setups above allow us to do and express everything of importance in that particular
field. For example, take the group theory setting above. We can express that every nonidentity element has
order two with:

Wx(f(x,x) = e)
but it’s unclear how to say that every element of the group has finite order. The natural guess is:
Yx3In(x" = e)

but this poses a problem for two reasons. The first is that our variables are supposed to quantify over
elements of the group in question, not the natural numbers. The second is that we put no construction in
our language to allow us to write something like x". For each fixed n, we can express it (for example, for
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n = 3, we can write f(f(x,x),x) and for n = 4, we can write f(f(f(x, x), x), x)), but it’s not clear how to write
it in a general way that would even allow quantification over the natural numbers.

Another example is trying to express that a group is simple (i.e. has no nontrivial normal subgroups).
The natural instinct is to quantify over all subsets of the group H, and say that if it so happens that H
is a normal subgroup, then H is either trivial or everything. However, we have no way to quantify over
subsets. It’s certainly possible to allow such constructions, and this gives second-order logic. If you allow
quantifications over sets of subsets (for example one way of expressing that a ring is Noetherian is to say
that every nonempty set of ideals has a minimal element), you get third-order logic, etc.

Newcomers to the field often find it strange that we focus primarily on first-order logic. There are many
reasons to give special attention to first-order logic that will be developed throughout our study, but for
now you should think of it as providing a simple example of a language which is capable of expressing many
important aspects of various branches of mathematics.

1.3 Syntax and Semantics

Notice that in the above discussion, we introduced symbols to denote certain concepts (such as using A in
place of “and”, V in place of “for all”, and a function symbol f in place of the group operation f). Building
and maintaining a careful distinction between formal symbols and how to interpret them is a fundamental
aspect of mathematical logic.

The basic structure of the formal statements that we write down using the symbols, connectives, and
quantifiers is known as the syntaz of the logic that we're developing. This corresponds to the grammar
of the language in question with no thought given to meaning. Imagine an English instructor who cared
nothing for the content of your writings, but only that the it was grammatically correct. That is exactly
what the syntax of a logic is all about. Syntax is combinatorial in nature and is based on rules which provide
admissible ways to manipulate symbols devoid of meaning.

The manner in which we are permitted (or forced) to interpret the symbols, connectives, and quantifiers is
known as the semantics of the the logic that we’re developing. In a logic, some symbols are to be interpreted
in only one way. For instance, in the above examples, we interpret the symbol A to mean and. In the
propositional logic setting, this doesn’t settle how to interpret a formula because we haven’t said how to
interpret the elements of P. We have some flexibility here, but once we assert that we should interpret
certain elements of P as true and the others as false, our formulas express statements that are either true
or false.

The first-order logic setting is more complicated. Since we have quantifiers, the first thing that must be
done in order to interpret a formula is to fix a set X which will act as the set of objects over which the
quantifiers will range. Once this is done, we can interpret any function symbol f taking k arguments as any
actual function f: X*¥ — X, any relation R symbol taking k arguments as a subset of X*, and any constant
symbol c as an element of X. Once we’ve fixed what we're talking about by provided such interpretations,
we can view them as expressing something meaningful. For example, if we’ve fixed a group G interpreted f
as the group operation and e as the identity, the formula

Wxy (f(x,y) = f(y,x))

is either true or false, according to whether G is abelian or not.

Always keep the distinction between syntax and semantics clear in your mind. The basic theorems of the
subject involve the interplay between syntax and semantics. For example, in the logics we discuss, we will
have two types of implication between formulas. Let I" be a set of formulas and let ¢ be a formula. One way
of saying that the formulas in I" imply ¢ is semantic: whenever we provide an interpretation which makes all
of the formulas of I true, it happens that ¢ is also true. For instance, if we’re working in propositional logic
and we have I' = {{((AAB) VC)} and ¢ = (A V C), then I' implies ¢ in this sense because no matter how we
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assign true/false values to A, B, and C that make the formulas in I" true, it happens that ¢ will also be true.
Another approach that we’ll develop is syntactic. We’ll define deductions which are “formal proofs” built
from certain permissible syntactic manipulations, and I' will imply ¢ in this sense if there is a witnessing
deduction. The Soundness Theorem and the Completeness Theorem for first-order logic (and propositional
logic) says that the semantic version and syntactic version are the same. This result amazingly allows one
to mimic mathematical reasoning with syntactic manipulations.

1.4 The Point of It All

One important aspect, often mistaken as the only aspect, of mathematical logic is that it allows us to study
mathematical reasoning. A prime example of this is given by the last sentence of the previous section.
The Completeness Theorem says that we can capture the idea of one mathematical statement following
from other mathematical statements with nothing more than syntactic rules on symbols. This is certainly
computationally, philosophically, and foundationally interesting, but it’s much more than that. A simple
consequence of this result is the Compactness Theorem, which says something very deep about mathematical
reasoning and has many interesting applications in mathematics.

Although we’ve developed the above logics with modest goals of handling certain fields of mathematics,
it’s a wonderful and surprising fact that we can embed (nearly) all of mathematics in an elegant and natural
first-order system: first-order set theory. This opens the door to the possibility of proving that certain
mathematical statements are independent of our usual axioms. That is, that there are formulas ¢ such that
there is no deduction from the usual axioms of either ¢ or (—¢). Furthermore, the field of set theory has
blossomed into an intricate field with its own deep and interesting questions.

Other very interesting and fundamental subjects arise when we ignore the foundational aspects and
deductions altogether, and simply look at what we’ve accomplished by establishing a precise language to
describe an area of mathematics. With a language in hand, we now have a way to say that certain objects
are definable in that language. For instance, take the language of commutative rings mentioned above. If we
fix a particular commutative ring, then the formula

Fy(m(x,y) =1)

has a free variable x and “defines” the set of units in the ring. With this point of view, we’ve opened up
the possibility of proving lower bounds on the complexity of any definition of a certain object, or even of
proving that no such definition exists in the language.

Another, closely related, way to take our definitions of precise languages and run with it is the subject
of model theory. In group theory, you state some axioms and work from there in order to study all possible
realizations of the axioms, i.e. groups. However, as we saw above, the group axioms arise in one possible
language with one possible set of axioms. Instead, we can study all possible languages and all possible sets
of axioms and see what we can prove in general and how the realizations compare to each other. In this
sense, model theory is a kind of abstract abstract algebra.

Finally, although it’s probably far from clear how it fits in at this point, computability theory is intimately
related to the above subjects. To see the first glimmer of a connection, notice that computer programming
languages are also formal languages with a precise grammar and a clear distinction between syntax and
semantics. As we’ll see in time, however, the connection is much deeper.

1.5 Some Basic Terminology and Notation

Definition 1.5.1. We let N={0,1,2,...} and we let Nt = N\{0}.

Definition 1.5.2. For each n € N, we let [n] ={m € N: m < n}.
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We will often find a need to work with finite sequences, so we establish notation here.

Definition 1.5.3. Let X be a set. Given n € N, we call a function o: [n] — X a finite sequence from X
of length n. We denote the set of all finite sequences from X of length n by X™. We use A to denote the
unique sequence of length 0, so X° = {\}.

Definition 1.5.4. Let X be a set. We let X* =], oy X", i.e. X* is the set of all finite sequences from X.

We denote finite sequences by simply listing the elements in order. For instance, if X = {a, b}, the
sequence aababbba is an element of X*. Sometimes for clarity, we’ll insert commas and instead write
a,a,b,a,b,b,b,a.

Definition 1.5.5. If 0,7 € X*, we say that o is an initial segment of 7, and write 0 C 7, if c =7 | [n] for
some n. We say that o is a proper initial segment of 7, and write c C 7, if c C 7 and o # T.

Definition 1.5.6. Ifo,7 € X*, we denote the concatenation of o and T by o1 or o * T.
Definition 1.5.7. Ifo,7 € X*, we say that o is a substring of 7 if there exists 0, p € X* such that o = 01p.

Definition 1.5.8. A set A is countably infinite if there exists a bijection g: N — A. A set A is countable
if it is either finite or countably infinite.

Definition 1.5.9. Given a set A, we let P(A) be the set of all subsets of A, and we call P(A) the power set
of A.
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Induction and Recursion

The natural numbers are perhaps the only structure that you’ve had the pleasure of working with when doing
proofs by induction or definitions by recursion, but there are many more arenas in which variants of induction
and recursion apply. In fact, more delicate and exotic proofs by induction and definitions by recursion are
two central tools in mathematical logic. Once we get to set theory, we’ll see how to do transfinite induction
and recursion, and this tool is invaluable in set theory and model theory. In this section, we develop the
more modest tools of induction and recursion along structures which are generated by one-step processes,
like the natural numbers.

2.1 Induction and Recursion on N

We begin by compiling the basic facts about induction and recursion on the natural numbers. We don’t
seek to “prove” that proofs by induction or definitions by recursion on N are valid methods because these
are “obvious” from the normal mathematical perspective which we are adopting. Besides, in order to do so,
we would first have to fix a context in which we are defining N, which we will do much later in the context
of axiomatic set theory. Although you’re no doubt familiar with the intuitive content of the results here,
our goal here is simply to carefully codify these facts in more precise ways to ease the transition to more
complicated types of induction and recursion.

Definition 2.1.1. We define S: N — N by letting S(n) =n+ 1 for alln € N.

Induction is often stated in the form “If we know something holds of 0, and we know that it holds of S(n)
whenever it holds of n, then we know that it holds for all n € N”. We state it in the following more precise
set-theoretic fashion (avoiding explicit mention of “somethings” or “properties”) because we can always form
the set X = {n € N : something holds of n}.

Theorem 2.1.2 (Induction on N - Step Form). Suppose that X C N is such that 0 € X and S(n) € X
whenever n € X. We then have X = N,

Definitions by recursion is usually referred to by saying that “When defining f(S(n)), you are allowed to
refer to the value of f(n)”. For instance, let f: N — N be the factorial function f(n) = n!. One usually sees
this defined in the following manner:

We aim to codify this idea a little more abstractly and rigorously in order to avoid the self-reference of f in
the definition and allowable rules so that we can generalize it to other situations.

15
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Suppose that X is a set and we're trying to define f: N — X recursively. What do you need? Well, you
need to know f(0), and you need to have a method telling you how to define f(S(n)) from knowledge of n
and the value of f(n). If we want to avoid the self-referential reference to f in invoking the value of f(n),
what we need is a method which tells us what to do next regardless of the actual particular value of f(n).
That is, it needs to tell you what to do on any possible value, not just the one the ends up happening to be
f(n). Formally, this “method” can be given by a function g: N x X — X which tells you what to do at the
next step. Intuitively, this function acts as an iterator. That is, it says if the the last thing you were working
on was input n and it so happened that you set f(n) to equal x € A, then you should define f(S(n)) to be
the value g(n, ).

With all this setup, we now state the theorem which says that no matter what value you want to assign
to f(0), and no matter what iterating function g: N x X — X you give, there exists a unique function
f: N — X obeying the rules.

Theorem 2.1.3 (Recursion on N - Step Form). Let X be a set, let y € X, and let g: N x X — X. There
ezists a unique function f: N — X such that

1. f(0) =y.
2. f(S(n)) =g(n, f(n)) for alln € N.

In the case of the factorial function, we have X = N, y = 1, and g: NxN — N defined by g(n,x) = S(n)-z.
The above theorem implies that there is a unique function f: N — N such that

1 f(0)=y=1.
2. f(S(n)) =gn, f(n)) =5S(n)- f(n) for all n € N.

Notice how we’ve avoiding a self-reference in the definition. Our definition of g is given nonrecursively, and
then the theorem states the existence and uniqueness of a function which behaves properly.

There is another version of induction on N, sometimes called “strong induction”, which appeals to the
ordering of the natural numbers rather than the stepping of the successor function.

Theorem 2.1.4 (Induction on N - Order Form). Suppose that X C N is such that n € X whenever m € X
for allm < n. We then have X = N.

Notice that there is no need to deal with the “base case” of n = 0, because this is handled vacuously due
to the fact that there is no m < 0.

Theorem 2.1.5 (Recursion on N - Order Form). Let X be a set and let g: X* — X. There exists a unique
function f: N — X such that

for all n € N.

2.2 Generation

There are many situations throughout mathematics when we want to look at what a certain subset “gen-
erates”. For instance, you have a subset of a group (vector space, ring), and you want to consider the
subgroup (subspace, ideal) that they generate. Another example is you have a subset of a graph, and you
want to consider the set of vertices in the graph reachable from the subset. In the introduction, we talked
about generating all formulas from primitive formulas using certain connections. This situation will arise so
frequently in what follows that it’s a good idea to unify them all in a common framework.
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Definition 2.2.1. Let A be a set and let k € NT. A function h: A¥ — A is called a k-ary function on A.
We call k the arity of h. A l-ary function is sometimes called unary and a 2-ary function is sometimes
called binary.

Definition 2.2.2. Suppose that A is a set, B C A and H is a collection of functions such that each h € H is
a k-ary function on A for some k € Nt. We call (A, B,’H) a simple generating system. In such a situation,
for each k € NT, we denote the set of k-ary functions in H by Hj,.

Ezxamples.

1. Let G be a group and let B C G. We want the subgroup of G that B generates. The operations in
question here are the group operation and inversion, so we let H = {hy, ho} where
(a) hi: G2 — G is given by hy(x,y) = 2 -y for all 2,y € G.
(b) ha: G — G is given by ha(z) = 27! for all z € G.

(G, B,’H) is a simple generating system.

2. Let V be a vector space over R and let B C V. We want the subspace of V' that B generates. The
operations in question consist of vector addition and scalar multiplication, so we let H = {g} U {hq :
a € R} where

(a) g: V2 — V is given by g(v,w) = v + w for all v,w € V.
(b) For each a € R, hy: V — V is given by ha(v) =a-v forallv e V.

(V, B, H) is a simple generating system.
O

There are certain cases when the natural functions to put into H are not total or are “multi-valued”. For
instance, in the first example below, we’ll talk about the subfield generated by a certain subset of a field,
and we’ll want to include multiplicative inverses for all nonzero elements. When putting a corresponding
function in H, there is no obvious way to define it on 0. Also, if generating the vertices reachable from a
subset of a graph, we may want to throw many vertices in because a vertex can be linked to many others.

Definition 2.2.3. Let A be a set and let k € N*. A function h: A¥ — P(A) is called a set-valued k-ary
function on A. We call k the arity of h. A 1-ary set-valued function is sometimes called unary and a 2-ary
set-valued function is sometimes called binary.

Definition 2.2.4. Suppose that A is a set, B C A and H is a collection of functions such that each h € 'H
is a set-valued k-ary function on A for some k € NT. We call (A, B,H) a generating system. In such a
situation, for each k € NT, we denote the set of multi-valued k-ary functions in H by Hy.

Ezxamples.

1. Let K be a field and let B C K. We want the subfield of K that B generates. The operations in
question here are addition, multiplication, and both additive and multiplicative inverses. We thus let
H= {hl, hQ, h3, h4} where

(a) hi: K? — P(K) is given by hi(a,b) = {a + b} for all a,b € K.
(b) ha: K% — P(K) is given by ha(a,b) = {a - b} for all a,b € K.
(¢) hs: K — P(K) is given by hs(a) = {—a} for all a € K.
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(d) ha: K — P(K) is given by

1 i
h4(a):{éa J iiZig

(K, B, H) is a generating system.

2. Let G be a graph with vertex set V and edge set F, and let B C V. We want to consider the subset
of V reachable from B using edges from E. Thus, we want to say that if we've generated v € V,
and w € V is connected to v via some edge, then we should generate w. We thus let H = {h} where
h: V — V is defined as follows:

h(v) ={u eV :(v,u) € E}

(V,B,’H) is a generating system.
O

Notice that if we have a simple generating system (A, B,H), then we can associate to it the generating
system (A, B,’H') where H' = {h' : h € H} where if h: A¥ — A is an element of H, then h': A¥ — P(A) is
defined by letting h'(a1, as,...,ar) = {h(a1,as,...,ar)}.

Given a generating system (A, B, H), we want to define the set of elements of A generated from B using
the functions in H. There are many natural ways of doing this. We discuss three different ways which divide
into approaches “from above” and approaches “from below”. Each of these descriptions can be slightly
simplified for simple generating systems, but it’s not much harder to handle the more general case.

2.2.1 From Above

Our first approach is a “top-down” approach.

Definition 2.2.5. Let (A, B, H) be a generating system, and let J C A. We say that J is inductive if
1. BCJ.
2. Ifk e NT, h € Hy, and ay,as,...,ar € J, then h(ay,as,...,a;) C J.

Given a generating system (A, B, H), we certainly have a candidate for an inductive set, namely A itself.
However, this set may be too big. For instance, consider the generating system A = R, B = {7}, and
H = {h} where h: R — R is the function h(xz) = 2z. In this situation, each of the sets R, Z, N, and
{n € N: n is a multiple of 7} is inductive, but they’re not what we want. The idea is to consider the smallest
inductive subset of A containing B. Of course, we need to prove that such a set exists.

Proposition 2.2.6. Let (A, B,H) be a generating system. There exists a unique inductive set I such that
I C J for every inductive set J.

Proof. We first prove existence. Let I be the intersection of all inductive sets, i.e. I = {a € A:a € J for
every inductive set J}. By definition, we have I C J for every inductive set J, so we need only show that
I is inductive. Since B C J for every inductive set J (by definition of inductive), it follows that B C 1.
Suppose that £ € N*, h € H, and a1,as,...,a; € I. For any inductive set J, we have a1,as,...,a; € J,
hence h(aj,as,...,ar) C J because J is inductive. Therefore, h(ai,as,...,ax) C J for every inductive set
J, hence h(ai,as,...,a) C I. It follows that I is inductive.

To see uniqueness suppose that both I; and Iy are inductive sets such that I; C J and Iy C J for every
inductive set J. We then have I C I, and I, C Iy, hence I; = I. O

Definition 2.2.7. Let (A, B, H) be a generating system. We denote the unique set of the previous proposition
by I(A, B,H), or simply by I when the context is clear.
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2.2.2 From Below: Building by Levels

The second idea is to make a system of levels, at each new level adding elements of A which are reachable
from elements already accumulated by applying an element of H.

Definition 2.2.8. Let (A, B,H) be a generating system. We define a sequence V,,(A, B,H), or simply V,,,
recursively as follows.

Ww=218B
Vo1 = VaU{c € A: There exists k € Nt h € Hy, and ay,as,...,ax €V, such that ¢ € h(a1,as,...,a)}
Let V(AJB/H) =V = | V.

neN

The following remarks are immediate from our definition.
Remark 2.2.9. Let (A, B,H) be a generating system.
1. If m <mn, then V,, CV,.

2. For all ¢ € V, either ¢ € B or there exists k € NT, h € Hy, and ay,a9,...,a, € V with ¢ €
h(al,ag,...,ak).

2.2.3 From Below: Witnessing Sequences

The third method is to consider those elements of A which you are forced to put in because you see a
witnessing construction.

Definition 2.2.10. Let (A, B,H) be a generating system. A witnessing sequence is an element o € A*\{\}
such that for all j < |o|, either

1. o(j) e B
2. There exists k € N, h € Hy, and i1,1z,...,ix < j such that o(j) € h(o(i1),0(i2),...,0(ik))-
If o is a witnessing sequence, we call it a witnessing sequence for o(|jo| — 1).
Definition 2.2.11. Let (A, B,H) be a generating system. Set
W(A,B,H) =W ={a € A: there exists a witnessing sequence for a}.

It sometimes useful to look only at those elements reachable which are witnessed by sequences of a bounded
length, so for each n € N, set

W, ={a € A: there exists a witnessing sequence for a of length n}.

The first simple observation is that if we truncate a witnessing sequence, what remains is a witnessing
sequence.

Remark 2.2.12. If o is a witnessing sequence and |o| = n, then for all m € NT with m < n we have that
o | [m] is a witnessing sequence.

Another straightforward observation is that if we concatenate two witnessing sequences, the result is a
witnessing sequence.

Proposition 2.2.13. If 0 and T are witnessing sequences, then so is oT.

Finally, since we can always insert “dummy” elements from B (assuming it’s nonempty because otherwise
the result is trivial), we have the following observation.

Proposition 2.2.14. Let (A, B, H) be a generating system. If m <n, then W, C W,,.
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2.2.4 Equivalence of the Definitions
Theorem 2.2.15. Let (A, B,H) be a generating system. We then have

I(A,B,H)=V(A,B,H) =W(A,B,H)

Proof. Let I =I1(A,B,H), V =V(A,B,H), and W = W(A, B, H).

We first show that V is inductive, hence I C V. Notice first that B = V; C V. Suppose now that & € NT,
h € Hy and ay,aq,...,a; € V. For each i, fix n; such that a; € V,,,. Let m = max{ni,ns,...,ng}. We then
have a; € V,,, for all 4, hence h(ay,aq,...,ar) C Vi1 C V. It follows that V' is inductive.

We next show that W is inductive, hence I C W. Notice first that for every b € B, the sequence b is
a witnessing sequence, so b € W; C W. Suppose now that k£ € NT, h € Hy, and ai,as,...,a € W. Let
¢ € h(ay,as,...,ar). For each i, fix a witnessing sequence o; for a;. The sequence o105 - - - okc is a witnessing
sequence for ¢. Therefore. h(ay,as,...,a;) C W. It follows that W is inductive.

We next show that V,, C I by induction on n, and hence V C I. Notice first that Vj = B C I. Suppose
now that n € Nand V,, C I. Fix k € NT, h € Hy, and aq,a9,...,ar € V,. Since V,, C I, we have
ai,as,...,ax € I, hence h(ay,as,...,ax) C I because I is inductive. It follows that V,, 11 C I. By induction,
V, C I for every n € N, hence V C I.

We next show that W,, C I by induction on n € N*, and hence W C I. Notice first that W; = B C I.
Suppose now that n € NT and W,, C I. Let o be an witnessing sequence of length n + 1. We then have that
that o | [m + 1] is a witnessing sequence of length m + 1 for all m < n, hence o(m) € W,,, C W,, C I for

all m < n. Now either o(n) € B or there exists i1, ia,...,ix < n such that o(n) = h(o(i1),o(i2),...,o(i)).
In either case, o(n) € I because I is inductive. It follows that W,,1+1 C I. By induction, W,, C I for every
n € Nt hence W C I. O

Definition 2.2.16. Let (A, B,H) be a generating system. We denote the common value of I,V,W by
G(A,B,H) or simply G.

The nice thing about having multiple equivalent definitions for the same concept is that we can use the
most convenient one when proving a theorem. For example, using (2) of Remark 2.2.9, we get the following
corollary.

Corollary 2.2.17. Let (A, B,’H) be a generating system. For all ¢ € G, either ¢ € B or there exists k € NT,
h € Hy, and ay,as,...,a; € G with ¢ € h(ay,as,...,a).

2.3 Step Induction

Here’s a simple example of using the I definition to prove that we can argue by induction.

Proposition 2.3.1 (Step Induction). Let (A, B,H) be a generating system. Suppose that X C A satisfies
1. BCX.
2. h(ai,az,...,ar) C X whenever k € NT, h € Hy, and ay,as,...,a; € X.

We then have that G C X. Thus, if X C G, we have X = G.

Proof. Our assumption simply asserts that X is inductive, hence G =1 C X. O

The next example illustrates how we can sometimes identify G explicitly. Notice that we use 2 different
types of induction in the argument. One direction uses induction on N and the other uses induction on G
as just described.
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Example 2.3.2. Consider the following simple generating system. Let A = R, B = {7}, and H = {h}
where h: R — R is the function h(x) = 2x. Determine G explicitly.

Proof. Intuitively, we want the set {7,14, 28,56, ...}, which we can write more formally as {7-2" : n € N}.
Let X ={7-2":n e N}

We first show that X C G by showing that 7-2" € G for all n € N by induction (on N). We have
7-20=7.1=7¢ G because B C GG as G is inductive. Suppose that n € N is such that 7-2" € G. Since
G is inductive, it follows that h(7-2") = 2-7.2" = 7.2""! € G. Therefore, 7-2" € G for all n € N by
induction, hence X C G.

We now show that G C X by induction (on G). Notice that B C X because 7=7-1=7-20 € X.
Suppose now that € X and fix n € N with 2 = 7-2". We then have h(z) = 2-2 = 7-2""! € X. Therefore
G C X by induction.

It follows that X = G. O

In many cases, it’s very hard to give a simple explicit description of the set G. This is where induction
really shines, because it allows us to prove something about all elements of G despite the fact that we have
a hard time getting a handle on what exactly the elements of G look like. Here’s an example.

Example 2.3.3. Consider the following simple generating system. Let A =7, B = {6,183}, and H = {h}
where h: A% — A is given by h(k,m,n) =k -m +n. Every element of G is divisible by 3.

Proof. Let X = {n € Z : n is divisible by 3}. We prove by induction that G C X. We first handle the bases
case. Notice that 6 =32 and 183 =3-61,s0 B C X.

We now do the inductive step. Suppose that k,m,n € X, and fix ¢1, 5,03 € Z with k = 3¢, m = 3{s,
and n = 3/3. We then have

h(k,m,n)=k-m+n
= (301) - (3€2) + 303
= 9010y + 303
= 3(30103 + {3)

hence h(k,m,n) € X.
It follows by induction that G C X, i.e. that every element of G is divisible by 3. O

2.4 Step Recursion

In this section, we restrict attention to simple generating systems for simplicity (and also because all examples
that we’ll need which support definition by recursion will be simple). Naively, one might expect that a
straightforward analogue of Step Form of Recursion on N will carry over to recursion on generated sets. The
hope would be the following.

Hope 2.4.1. Suppose that (A, B,H) is a simple generating system and X is a set. Suppose also that
t: B — X and that for every h € Hy., we have a function gy, : (A x X)¥ — X. There exists a unique function
f: G — X such that

1. f(b) = u(b) for allb € B.
2. f(h(a17a27 e ’ak)) = gh(alaf(al)aa%f(aﬂ)a .. '7ak7f(ak)) fO?” all ai,a2,...,0 € G.

Unfortunately, this hope is too good to be true. Intuitively, we may generate an element a of A in many
very different ways, and our different iterating functions conflict on what values we should assign to a. Here’s
a simple example to see what can go wrong.
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Example 2.4.2. Consider the following simple generating system. Let A = {1,2}, B = {1}, and H = {h}
where h: A — A is given by h(1) = 2 and h(2) = 1. Let X = N. Define 1: B — N by letting (1) = 1 and
define gn: A X N — N by letting gn(a,n) =n+ 1. There is no function f: G — N such that

1. f(b) = u(b) for allb € B.

2. f(h(a)) = gn(a, f(a)) for ala € @G.

Proof. Notice first that G = {1,2}. Suppose that f: G — N satisfies (1) and (2) above. Since f satisfies (1),
we must have f(1) =¢(1) = 1. By (2), we then have that

f2)=fh(1) =g, fA)=fL) +1=1+1=2.

By (2) again, it follows that

f) =F((2) = gn(2, f(2) = f() +2=1+2=3,
contradicting the fact that f(1) = 1. O

To get around this problem, we want a definition of a “nice” simple generating system. Intuitively, we
want to say something like “every element of G is generated in a unique way”. The following definition is a
relatively straightforward way to formulate this.

Definition 2.4.3. A simple generating system (A, B,H) is free if
1. ran(h | G*) N B = ) whenever h € Hj,.
2. h | G* is injective for every h € Hy.
3. ran(hy | GF) Nran(hy | GY) = O whenever hy € Hy and hy € Hy with hy # ho.

Here’s a simple example which will play a role for us in Section 2.5. We’ll see more subtle and important
examples when we come to Propositional Logic and First-Order Logic.

Example 2.4.4. Let X be a set. Consider the following simple generating system. Let A = X*, let B= X,
and let H = {h, : © € X} where hy: X* — X* is the function h, (o) = xo. We then have that G = X*\{\}
and that (A, B, H) is free.

Proof. First notice that X*\{\} is inductive because A ¢ B and h,(c) # X for all 0 € X*. Next, a simple
induction on n shows that X" C G for all n € NT. It follows that G = X*\{\}.

We now show that (A4, B,H) is free. First notice that for any x € X, we have that ran(h, | G)NX =0
because every elemnts of ran(h, [ G) has length at least 2 (because \ ¢ G).

Now for any « € X, we have that h, | G is injective because if h, () = h;(7), then zo = 27, and hence
o=T.

Finally, notice that if z,y € X with  # y, we have that ran(h, | G) Nran(h, | G) = 0 because every
elements of ran(h, [ G) begins with « while every element of ran(h, | G) begins with y. O

On to the theorem which says that if a simple generating system is free, then we can perform recursive
definitions on it.

Theorem 2.4.5. Suppose that the simple generating system (A, B,H) is free and X is a set. Suppose also
that v: B — X and that for every h € Hy, we have a function gn: (A x X)* — X. There exists a unique
function f: G — X such that

1. f(b) = v(b) for all b € B.
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2. f(h(ay,as,...,ax)) = gnlay, f(ar),as, f(as),...,ax, f(ar)) for all h € Hy and all a1, as,...,a; € G.

Proof. We first prove the existence of an f by using a fairly slick argument. The basic idea is to build a new
simple generating system whose elements are pairs (a,x) where a € A and x € X. Intuitively, we want to
generate the pair (a,x) if something (either ¢ or one the g functions) tells us that we’d better set f(a) =
if we want to satisfy the above the conditions. We then go on to prove (by induction on G) that for every
a € A, there exists a unique € X such that (a,z) is in our new generating system. Thus, there are no
conflicts, so we can use this to define our function.

Now for the details. Let A’ = A x X, B' = {(b,0(b)) : b€ B} C A’, and H' = {g}, : h € H} where for
each h € Hj, the function g} : (A x X)¥ — A x X is given by

gnlar, w1, a2, T2, ... ag, o) = (h(a,az,...,ax), gn(a1, z1, as, o, . . ., ak, Tk)).
Let G' = G(A', B’,’H'). A simple induction (on G’) shows that if (a,2) € G’, then a € G. Let
Z ={a € G: there exists a unique x € X such that (a,z) € G'}

We prove by induction (on G) that Z = G.

Base Case: Notice that for each b € B, we have (b,t(b)) € B’ C G’, hence there exists z € X such
that (b,z) € G'. Fix b € B and suppose that y € X is such that (b,y) € G’ and y # ¢(b). We then have
(b,y) ¢ B’, hence by Corollary 2.2.17 there exists h € Hy, and (a1, 1), (a2, x2), ..., (ak, rr) € G’ such that

(b7 y) = g;z(a17$17a27x27 .. -;aknxk)

= (h(a1,az2,...,ar),g9n(a1,T1,a2, 29, ..., a5, Tk)).

Since a1, as,...,a; € G, this contradicts the fact that ran(h [ G¥) N B = (). Therefore, for every b € B,
there exists a unique = € X, namely ¢(b), such that (b,z) € G'. Thus, B C Z.

Inductive Step: Fix h € Hj, and suppose that aq,as,...,a;r € Z. For each 4, let x; be the unique element
of X with (a;, z;) € G'. Notice that

(h(a1)a27 .. '7ak’)’gh(a17x17a27x27 .. 'aakv‘rk)) = g%(a1?x17a27x27 e 7ak5‘rk) S G/

hence there exists + € X such that (h(ay,as,...,ax),z) € G'. Suppose now that y € X is such that
(h(ay,az,...,ax),y) € G'. We have (h(ay,az,...,ax),y) ¢ B’ because ran(h | G¥) N B = (), so there exists
h € Hy together with (c1, 21), (¢2,22), ..., (¢, 2z¢) € G’ such that

(h(a,az,...,ax),y) = (h(ci,ca, .. -,06)79;3(01,21,02,22, ey Cay 2p))

Since ¢y, ¢a,...,c0 € G, it follows that h = h because ran(h | G*) N ran(ﬁ I GY = 0 if h # h, and
hence k = ¢. Also, since h | G* is injective, it follows that a; = ¢; for all i. We therefore have y =
gn(a1,x1,a9,xa,...,a5,x;). Therefore, there exists a unique z € X, namely gn(a1,21,a2, X2, ..., %, Tk),
such that (h(ay,as,...,ax),z) € G'. It now follows by induction that Z = G.

Define f: G — X by letting f(a) be the unique x € X such that (a,z) € G'. We need to check that f
satisfies the needed conditions. As stated above, for each b € B, we have (b, 1(b)) € G', so f(b) = ¢(b). Thus,
f satisfies condition (1). Suppose now that h € Hy, and all a1, a9, ...,ar € G. We have (a;, f(a;)) € G’ for
all 7, hence

(h(a1,az,...,ar),gn(a, f(ar),as, f(az),...,ax, flag))) € G’

by the above comments. It follows that f(h(a1,as,...,ax)) = gn(a1, f(a1),as, f(az2),...,ak, f(ax)). Thus,
f also satisfies condition (2).

Finally, we need show that f is unique. Suppose that f1, fo: G — X satisfy the conditions (1) and (2).
Let Y = {a € G : fi(a) = fa(a)} We show that Y = G by induction on G. First notice that for any b € B
we have

f1(b) = u(b) = f2(b)
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hence b € Y. It follows that B C Y. Suppose now that h € Hy and a1,as,...,a; € Y. Since a; € Y for each
i, we have f1(a;) = fa(a;) for each i, and hence

fi(h(ar,az, ... ax)) = gn(ar, fi(ar),az, fi(az),. .. ax, fi(ax))
= gn(a1, f2(a1), az, f2(az), ..., ak, f2(ax))
= fg(h(al,ag, ey ak))

Thus, h(ay,as,...,ax) € Y. It follows by induction that Y = G, i.e. fi(a) = fa(a) for all a € G. O

2.5 An Illustrative Example

We now embark on a careful formulation and proof of the statement: If f: A2 — A is associative, i.e.
fla, f(b,c)) = f(f(a,b),c) for all a,b,c € A, then any “grouping” of terms which preserves the ordering of
the elements inside the grouping gives the same value. In particular, if we are working in a group A, then
we can write things like acabba without parentheses because any allowable insertion of parentheses gives the
same value.

Throughout this section, let A be a set not containing the symbols [, ], or . Let Syma = AU {[,], x}.

Definition 2.5.1. Define a binary function h: (Sym*)% — Sym? by letting h(o, ) be the sequence [0 T].
Let ValidExzpa = G(Sym*, A, {h}) (viewed as a simple generating system,).

For example, suppose that A = {a,b,c}. Typical elements of G(Sym?*, A,{h}) are ¢, [b* [a % ¢]] and
[c % [[c % b] xa]. The idea now is that if we have a particular function f: A> — A, we can intrepret x as
application of the function, and then this should give us a way to “make sense of”, that is evaluate, any
element of ValidExp4.

2.5.1 Proving Freeness
Proposition 2.5.2. The simple generating system (Sym*, A,{h}) is free.

Definition 2.5.3. Define K: Sym’ — Z as follows. We first define w: Syma — Z by letting w(a) =0 for
all a € A, letting w([) = —1, and letting w(]) = 1. We then define K: Sym* — Z by letting K(A\) =0 and
letting K (o) = >2; |, w(o (i) for all o € Sym\{A}.

Remark 2.5.4. If o,7 € Sym%, then K(o1) = K(0) + K(7).

Proposition 2.5.5. If p € ValidExpa, then K(p) = 0.

Proof. The proof is by induction on ¢. In other words, we let X = {¢ € ValidExpa : K(¢) = 0}, and we
prove by induction that X = ValidExpa. Notice that for every a € A, we have that K(a) = 0. Suppose
that o, 1 € ValidExp4 are such that K(¢) =0 = K(¢). We then have that
K(lpxv]) = K() + K(p) + +K(x) + K(¥) + K(])
=-14+0+0+0+1
=0.
The result follows by induction. O

Proposition 2.5.6. If p € ValidExps and o C ¢ with o # X, then K(o) < —1.
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Proof. In other words, we let X = {¢ € ValidExp4 : whenever 0 C ¢ and o # A, we have that K (o) < —1},
and we prove by induction that X = ValidExpa.

For every a € A, this is trivial because there is no o # A with o C a.

Suppose that ¢,1 € ValidExpa and the result holds for ¢ and . We prove the result for [ * 1]
Suppose that o C [p*x¢] and 0 # \. If o is [, then K(0) = —1. If 0 is [7 where 7 # X and 7 C ¢, then

K(o)=-1+K(7)
<-1-1 (by induction)
< -1

If o is [¢ or [px, then

=—1+40 (by Proposition 2.5.5)

If o is [px 7, where 7 # X and T C ¢, then

K(o)=—-1+K(p)+ K(1)
=-140+K(r) (by Proposition 2.5.5)
<-14+0-1 (by induction)
<1

Otherwise, o is [p * 1, and

K(o) = -1+ K(p) + K(¥)
=-140+0 (by Proposition 2.5.5)
=—-1.
Thus, the result holds for [p * v]. O
Corollary 2.5.7. If p,¢ € ValidExpa, then ¢ ¢ 1.

Proof. This follows by combining Proposition 2.5.5 and Proposition 2.5.6, along with noting that \ ¢
ValidExp4 (which follows by a trivial induction). O

Theorem 2.5.8. The generating system (Sym’, A,{h}) is free.

Proof. First notice that ran(h | (ValidExpa)?) N A = () because all elements of ran(h) begin with [.
Suppose that @1, 2,191,192 € ValidExzpa and h(p1,v1) = h(pa, 1e). We then have [p1 x 1] = [pa * 2],

hence @1 x 1 = g * y. Since 1 C wo and s C 1 are both impossible by Corollary 2.5.7, it follows that
1 = @9. Therefore, xip; = x1bo, and so 1y = 1by. It follows that h | (ValidExpa)? is injective. O
2.5.2 The Result

Since we have established freeness, we can define functions recursively. The first such function we define is
the “evaluation” function.

Definition 2.5.9. We define a function Evy: ValidExpa — A recursively by letting
e Evs(a) =a for alla € A.
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o Evi([p*1)) = f(BEvs(p), Bvp(¥)) for all o, € ValidExpa.

Formally, we use freeness to justify this definition as follows. Let ¢: A — A be the identity map, and let
gn: (Sym* x A)? — A be the function defined by letting g5 ((,a), (1,b)) = f(a,b). By freeness, there is a
unique function Fvy: ValidExpa — A such that

1. Evg(a) = t(a) for all a € A.
2. Evg(h(e,¥)) = gn((p, Evg(9)), (¢, Bvg(¢))) for all ¢,¢ € ValidExpa.

which, unravelling definitions, is exactly what we wrote above.
We now define the function which elimanates all mention of parentheses and x. Thus, it produces the
sequence of elements of A occuring in the given sequence in order.

Definition 2.5.10. Define a function D: ValidExps — A* recursively by letting
e D(a)=a foralla € A.

e D([p*xv]) = D(p)* D)) for all ¢,1 € ValidExpa.

With these definitions in hand, we can now precisely state our theorem.

Theorem 2.5.11. Suppose that f: A? — A is associative, i.e. f(a, f(b,c)) = f(f(a,b),c) for all a,b,c € A.
For all p,v € ValidExpa with D(p) = D(v¥), we have Evy(p) = Ev ().

In order to prove our theorem, we’ll make use of the following function. Intuitively, it takes a sequence
such as cabc and “associates to the right” to produce [c * [a % [b* c]]]. Thus, it provides a canonical way to
put together the elements of the sequence into something we can evaluate.

To make the recursive definition precise, consider the simple generating system (A*, A, {h, : a € A})
where hg: A* — A* is defined by he(0) = ao. Asshown in Example 2.4.4, we know that (A*, A,{h, : a € A})
is free and we have that G = A*\{\}.

Definition 2.5.12. We define R: A*\{\} — Sym? recursively by letting R(a) = a for all a € A, and letting
R(ao) = [ax R(0)] for alla € A and all 0 € A*\{\}.

In order to prove our theorem, we will show that Evs(¢) = Ev(R(D(p))) for all ¢ € ValidExpa,
i.e. that we can take any ¢ € ValidExp4, rip it apart so that we see the elements of A in order, and then
associate to the right, without affecting the result of the evaluation. We first need the following lemma.

Lemma 2.5.13. Evy([R(0) * R(7)]) = Evs(R(oT)) for all 0,7 € A*\{\}.

Proof. Fix 7 € A*\{\}. We prove the result for this fixed 7 by induction on A*\{\}. That is, we let
X = {o € A"\{\} : Bvs([R(0) * R(7)]) = Evs(R(o7))} and prove by induction on (A*, A,{h, : a € A})
that X = A*\{A}. Suppose first that a € A. We then have

Ev¢([R(a) * R(T)]) = Evg(lax R(1)]) (by definition of R)
= Evs(R(ar)) (by definition of R)
so a € X. Suppose now that o € X and that a € A. We show that ac € X. We have
Ev;([R(ac) * R(7)]) = Evs([[a x R(0)] * R(T)]) (by definition of R)

= [(Bvs(lax R(0)]), Bvs(R()))
= [(f(a, Evs(R(9))), Evs (R(T)))
= f(a, f(Evs(R(0)), Evs(R(T)))) since f is associative)

(by definition of Evy)
(
(
= f(a,Evs([R(0) * R(T)])) (by definition of Evy)
(
(
(

by definition of Evy using Evy(a) = a)

= f(a, Bvs(R(oT))) since o € X)
= EBvs(lax R(o7)])
= Evy(R(aoT))

by definition of Evy using Evy(a) = a)
by definition of R)
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so ac € X. The result follows by induction. O
Lemma 2.5.14. Evs(p) = Evs(R(D(yp))) for all ¢ € ValidExp4.

Proof. By induction on ValidExpa. If a € A, this is trivial because R(D(a)) = R(a) = a. Suppose that
o, € ValidExp 4 and the result holds for ¢ and .

Evg([px9]) = f(Evp(p), Bvg(¥)) (by definition of Evy)
= f(Evp(R(D(9))), Evy(R(D(¥)))) (by induction)
= Evp([R(D(¢)) x R(D(¥))]) (by definition of Evy)
= Evg(R(D(p) * D())) (by Lemma 2.5.13)
= Evp(R(D([¢ x¢]))) (by definition of D)

O

Proof of Theorem 2.5.11. Suppose that o, € ValidExp4 are such that D(p) = D(1). We then have that

Evy(o) = Evs(R(D(0))) (by Lemma 2.5.14)
= Evs(R(D(1))) (since D(o) = D(1))
= Bvg(T) (by Lemma 2.5.14)

2.5.3 An Alternate Syntax - Polish Notation

Throughout this section, let A be a set not containing the symbol *. Let Syma = AU {*}.

Definition 2.5.15. Define a binary function h: (Sym*)? — Sym? by letting h(o,T) be the sequence xoT.
Let PolishExpa = G(Sym’y, A, {h}) (viewed as a simple generating system,).

Proposition 2.5.16. The simple generating system (Sym?, A, {h}) is free.

Definition 2.5.17. Define K: Sym’ — Z as follows. We first define w: Syma — Z by letting w(a) = 1
for all a € A and letting w(x) = —1. We then define K: Sym* — Z by letting K(X\) = 0 and letting

K(o) =)o wlo(i)) for all o € Symj\{A}.
Remark 2.5.18. If 0,7 € Sym%, then K(o1) = K(o) + K(7).
Proposition 2.5.19. If ¢ € PolishExpa, then K(p) =

Proof. The proof is by induction on ¢. Notice that for every a € A, we have that K(a) = 1. Suppose that
, ¢ € PolishExpa are such that K(¢) =1 = K(1). We then have that

K(xpy) = K(x) + K(p) + K(¢)
= K(p)
=1.

The result follows by induction. O

Proposition 2.5.20. If ¢ € PolishExps and o C ¢, then K(o) <0.
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Proof. The proof is by induction on ¢. For every a € A, this is trivial because the only 0 C A is ¢ = A, and
we have K () = 0.

Suppose that ¢, 1) € PolishExpa and the result holds for ¢ and 1. We prove the result for xpi. Suppose
that 0 C xpyp. If 0 = A, then K(o) = 0. If o is %7 for some 7 C ¢, then

K(o) = K(*x)+ K(7)
<-1+40 (by induction)
< -1

Otherwise, o is xp7 for some 7 C 1, in which case

K(o)=K(x)+ K(p) + K(1)

=—-14+0+K(1) (by Proposition 2.5.19)
<-140+40 (by induction)
<1
Thus, the result holds for xp. O

Corollary 2.5.21. If p,v¢ € PolishExpa, then o ¢ 1.
Proof. This follows by combining Proposition 2.5.19 and Proposition 2.5.20. O
Theorem 2.5.22. The generating system (Sym’, A, H) is free.

Proof. First notice that ran(h | (PolishExpa)?) N A = () because all elements of ran(h) begin with *.
Suppose that 1, 2,91, 12 € PolishExp 4 and that h(p1,11) = h(ps,1¥2). We then have xp11)1 = xpat)a,

hence @191 = po1hs. Since w1 C o and s C pp are both impossible by Corollary 2.5.21, it follows that

©1 = pa. Therefore, 11 = 1po. It follows that h | (PolishExp4)? is injective. O



Chapter 3

Propositional Logic

3.1 The Syntax of Propositional Logic

3.1.1 Standard Syntax

Definition 3.1.1. Let P be a nonempty set not containing the symbols (,),—~,A,V, and —. Let Symp =
PU{(,),—,A,V,—}. Define a unary function h—, and binary functions ha, hy, and h—. on Sym? as follows.

h-(o) = (-0)
ha(o,7) = (o AT)
hy(o,7) = (o V1)
h_(o,7)=(0c —7)

Definition 3.1.2. Fiz P. Let Formp = G(Sym’p, P, H) where H = {h-,hn,hy,h_}.

Definition 3.1.3. Define K: Sym}, — Z as follows. We first define w: Symp — Z by letting w(A) = 0
for all A € P, letting w(<O) = 0 for all & € {—, A, V, =}, letting w(() = —1, and letting w()) = 1. We then
define K : Sym}p — Z by letting K(A) = 0 and letting K(0) =3_, |, w(o(i)) for all o € Symp\{A}.
Remark 3.1.4. Ifo,7 € Sym}, then K(o7) = K(0) + K (7).

Proposition 3.1.5. If p € Formp, then K(p) = 0.

Proof. A simple induction as above. O
Proposition 3.1.6. If p € Formp and o C ¢ with 0 # A, then K(o) < —1.

Proof. A simple induction as above. O

Corollary 3.1.7. If p,¢ € Formp, then ¢ ¢ 1.

Proof. This follows by combining Proposition 3.1.5 and Proposition 3.1.6, along with noting that A ¢ Formp
(which follows by a simple induction). O

Theorem 3.1.8. The generating system (Sym’, P,’H) is free.

29
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Proof. First notice that ran(h—, | Formp) N P = () because all elements of ran(h-) begin with (. Similarly,
for any © € {A,V, —}, we have ran(ho | Form%) N P = () since all elements of ran(he) begin with (.

Suppose that ¢, € Formp and h-(¢) = h-(v). We then have (—p) = (—)), hence ¢ = 1. Therefore,
h- | Formp is injective. Fix & € {A,V,—}. Suppose that @1, p2,1%1,19 € Formp and that he(¢1,%1) =
ho(pa,12). We then have (p10101) = (p2012), hence 1001 = padhy. Since 1 C w2 and po C ¢ are
both impossible by Corollary 3.1.7, it follows that ¢1 = @s2. Therefore, Cihp = Othg, and so Y1 = . It
follows that he [ F orm?; is injective.

Let & € {A,V,—}. Suppose that ¢, 11,92 € Formp and h-(¢) = ho(11,12). We then have (—p) =
(101 O19), hence —p = 1)1 O1hg, contradicting the fact that no element of Formp begins with — (by a simple
induction). Therefore, ran(h— | Formp) Nran(he | Form%) = 0.

Suppose now that ©1,05 € {A,V,—} with &1 # Og. Suppose that o1, @9, 91,12 € Formp and
hoy(01,%1) = hoy(p2,12). We then have (p1C1901) = (p221)2), hence p1C1101 = paOatha. Since 1 C o
and @2 C 1 are both impossible by Corollary 3.1.7, it follows that @1 = ¢s. Therefore, &1 = ©s, a
contradiction. It follows that ran(he, | Form%) Nran(he, | Form?) = 0. O

3.1.2 Polish Notation

Definition 3.1.9. Let P be a set not containing the symbols =, A\,V, and —. Let Symp = PU{—~,\,V,—}.
Define a unary function h-, and binary functions ha, hy, and h—_, on Sym}p as follows.

h-(o) =—o
ha(o,7) = Aot
hy(o,7) = Vot
h_(o,7)= —oT

Definition 3.1.10. Fiz P. Let Formp = G(Sym’, P,’H) where H = {h—, ha, hyv,h_}.

Definition 3.1.11. Define K : Sym} — Z as follows. We first define w: Symp — Z by letting w(A) = 1 for
all A € P, letting w(—) = 0, and letting w(<O) = —1 for all & € {—,A,V,—}. We then define K : Sym} — Z
by letting K(X) = 0 and letting K (o) =3, |, w(o(i)) for all 0 € Symp\{A}.

Remark 3.1.12. If 0,7 € Sym}, then K(o1) = K(o) + K(7).
Proposition 3.1.13. If p € Formp, then K(p) = 1.

Proof. The proof is by induction on . Notice that for every A € P, we have that K(A) = 1. Suppose that
¢ € Formp is such that K(p) = 1. We then have that

K(—¢) = 0+ K(p)

= K(p)
—1.

Suppose now that ¢,1 € Formp are such that K(p) =1 = K(¢), and ¢ € {A,V,—}. We then have that

K(Opy) = -1+ K(p) + K(¢)
= —141+1
=1
The result follows by induction. O
Proposition 3.1.14. If o € Formp and o C ¢, then K(o) <0.
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Proof. The proof is by induction on ¢. For every A € P, this is trivial because the only ¢ C A is 0 = A, and
we have K () = 0.

Suppose that ¢ € Formp and the result holds for . We prove the result for ~¢. Suppose that o C —p.
If 0 = A, then K(o) = 0. Otherwise, o is =7 for some 7 C ¢, in which case

K(o) =0+ K(7)
<0+0 (by induction)
<0.

Thus, the result holds for —¢.
Suppose that ¢,1 € Formp and the result holds for ¢ and ¥. Let & € {A,V,—}. We prove the result
for Opp. Suppose that o C Oy, If 0 = A, then K(o) = 0. If ¢ is O7 for some 7 C ¢, then

K(o)=-1+K(7)
-140 (by induction)

<
< -1

Otherwise, o is $wT for some 7 C 9, in which case

K(o)=-14+K(p)+ K(7)

=—-14+0+K(7) (by Proposition 3.1.13)
<-14+0+40 (by induction)
< -1
Thus, the result holds for G O

Corollary 3.1.15. If p,9 € Formp, then ¢ ¢ 9.
Proof. This follows by combining Proposition 3.1.13 and Proposition 3.1.14. O
Theorem 3.1.16. The generating system (Sym¥, P,H) is free.

Proof. First notice that ran(h— | Formp) N P = () because all elements of ran(h-) begin with —. Similarly,
for any © € {A,V, —}, we have ran(ho | Form%) N P = () since all elements of ran(he) begin with <.

Suppose that ¢, € Formp and h-(¢) = h-(¢). We then have ~¢ = —), hence ¢ = 1. Therefore,
h- | Formp is injective. Fix & € {A,V,—}. Suppose that @1, 2,191,192 € Formp and that he(¢1,%1) =
ho(pa,12). We then have G111 = Opathg, hence w111 = paths. Since @1 C w2 and @y C @1 are both
impossible by Corollary 3.1.15, it follows that 1 = ¢o. Therefore, 11 = 1b5. It follows that he | Form? is
injective.

For any & € {A,V, —}, we have ran(h—, | Formp)Nran(he | Form%) = () because all elements of ran(h-,)
begin with — and all elements of ran(he) begin with . Similarly, if &1, 0o € {A,V, =} with &1 #£ Og, we
have ran(he, | Form3) Nran(he, | Form3) = () because all elements of ran(ho,) begin with ©; and all
elements of ran(he,) begin with <s. O

3.1.3 Official Syntax and Our Abuses of It

Since we should probably fix an official syntax, let’s agree to use Polish notation because it’s simpler in
many aspects and it will be natural to generalize when we talk about the possibility of other connectives
and when we discuss first-order logic. However, as with many official definitions in mathematics, we’ll ignore
and abuse this convention constantly in the interest of readability. For example, we’ll often write things in
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standard syntax or in more abbreviated forms. For example, we’ll write A A B instead of AAB (or (A A B)
in the original syntax) . We’ll also write something like

AL ANASA -~ NAL_1 ANA,

or n
A
i=1

instead of (A1 A (Ax A (- (An—1 AA,)--+))) in standard syntax or AA; A Az -+ A Ay_1A, in Polish notation
(which can be precisely defined in a similar manner as R in Section 2.5). In general, when we string together
multiple applications of an operation (such as A) occur in order, we always associate to the right.

When it comes to mixing symbols, let’s agree to the following conventions about “binding” in a similar
fashion to how we think of - as more binding than + (so that 3-5+42 is read as (3-5)+2). We think of — as the
most binding, so we read =A A B as ((=A) A B). After that, we consider A and V as the next most binding,
and — has the least binding. We’ll insert parentheses when we wish to override this binding. For example,
AA-B— CvDisreally (AA(-B)) — (CVv D)) while AA (=B — CV D) is really (AA ((-B) — (CV D))).

3.1.4 Recursive Definitions

Since we’ve shown that our generating system is free, we can define functions recursively. It is possible
to avoid using recursion on Formp to define some of functions. In such cases, you may wonder why we
bother. Since our only powerful way to prove things about the set Formp is by induction, and definitions
of functions by recursion are well-suited to induction, it’s simply the easiest way ahead.

Definition 3.1.17. If X is a set, we denote by P(X) the set of all subsets of X. Thus P(X)={Z:Z C X}.
We call P(X) the power set of X.

Definition 3.1.18. We define a function OccurProp: Formp — P(P) recursively as follows.
e OccurProp(A) = {A} for all A € P.
e OccurProp(—y) = OccurProp(p).
e OccurProp(<Cey) = Occur Prop(¢) U Occur Prop(y) for each & € {A,V, —}.

If you want to be precise in the previous definition, we’re defining functions ¢: P — P(P), gn_: Symp x
P(P) — P(P) and gy, : (Symp x P(P))?> — P(P) for each & € {A,V, —} as follows.

o ((A)={A} for all A e P.
o gy (0,72)=1"Z.
o gn, (01,721,092, 7Z5) = Z1 U Zy for each O € {A,V,—}.

and we’re using our result on freeness to assure that there is a unique function OccurProp: Formp — P(P)
which satisfy the associated requirements. Of course, this method is more precise, but it’s hardly more
intuitive to use. It’s a good exercise to make sure that you can translate a few more informal recursive
definitions in this way, but once you understand how it works you can safely keep the formalism in the back
of your mind.

Here’s a somewhat trivial example of using induction to prove a result based on a recursive definition.

Proposition 3.1.19. Suppose that @ € P. We then have that Formg C Formp.

Proof. A trivial induction on ¢ € Formg. O
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Proposition 3.1.20. Firx P. For any ¢ € Formp, we have ¢ € FormoccurProp(y)-

Proof. The proof is by induction on ¢ € Formp. Suppose first that A € P. Since OccurProp(A) = {A} and
A € Forma, we have A € Formoceur Prop(A)-
Suppose that ¢ € Formp and that the result holds for ¢, i.e. we have ¢ € Formoceurprop(p)- Since
Occur Prop(—y) = Occur Prop(p), it follows that ¢ € Formoceur prop(—p)- Hence, =@ € Formoceur Prop(—y)-
Suppose that p,9 € Formp, that & € {A,V,—}, and that the result holds for ¢ and 1), i.e. we have
© € FormoccurProp(p) and ¥ € Formoceur prop(y)- Since

OccurProp(p) C Occur Prop(<Ceyp) and Occur Prop() € Occur Prop(<Oet))

it follows from Proposition 3.1.19 that ¢, € Formoccur Prop(oey)- Lherefore, Coi € Formoceur Prop(opy)-

On to some more important recursive definitions.
Definition 3.1.21. We define a function Depth: Formp — N recursively as follows.
e Depth(A) =0 for all A € P.
e Depth(—p) = Depth(p) + 1.
o Depth(Cpyp) = max{Depth(p), Depth(y))} + 1 for each & € {A,V,—}.
Example 3.1.22. Depth(v A ABV CD) = 2.
Definition 3.1.23. We define a function Subform: Formp — P(Formp) recursively as follows.
o Subform(A) = {A} for all A€ P.
o Subform(—p) = {-¢} U Subform(yp).
o Subform(Cpy) = {Cpy} U Subform(p) U Subform(v) for each & € {A,V, —}.
Example 3.1.24. Subform(A—-AB) = {A-AB,-A,A,B}.

Definition 3.1.25. Let 0,y € Formp. We define a function Substi: Formp — Formp recursively as
follows.

0 ify=A
A otherwise

. Subst?y(A) = {

o Subst? (—p) = b p iy = f‘%ﬁ
~Subst? (¢)  otherwise

0 if v =<y

Subst? (Op) =
o Subst? ( oY) {OSubStg(tp)SUbStz(%//) otherwise

for each & € {A,V,—}.

Example 3.1.26. Subst’AB(— v—~CA-C) = — v A ABA A AB.
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3.2 Truth Assignments and Semantic Implication

Definition 3.2.1. A function v: P — {0,1} is called a truth assignment on P.

Definition 3.2.2. Letv: P — {0,1} be a truth assignment. We denote by the unique functionv: Formp —
{0,1} such that

e T(A) =v(A) for all A € P.

0 ifv(p)=1
0 ifv(p)=0 andv(xh) =0
. _JO ifv(p) =0 ando(yh) =1
M) =30 io(e) =1 and () =0
1 ifv(e)=1andv(®p) =1
0 ifv(p)=0 andv(yh) =0
. _ 1 ifv(p) =0 andv(yp) =1
Ve =01 (o) = 1 and o(w) = 0
1 ifv(e)=1andv(®) =1
1 fo(p)=0andv(yb) =0
. 5 _ 1 ifv(p)=0andv(®p) =1
=30 (o) = 1 and 5(w) =0
1 ifo(p)=1andv(®p) =1

Before moving on, we should a couple of things about what happens when we shrink/enlarge the set P.
Intuitively, if ¢ € Formg and @ C P, then we can extend the truth assigment from @ to P arbitrarily
without affecting the value of U(y). Here is the precise statement.

Proposition 3.2.3. Suppose that Q@ C P and that v: P — {0,1} is a truth assignment on P. We then have
that () = (v | Q)(p) for all p € Formg.

Proof. A trivial induction on ¢ € Formg. O

Proposition 3.2.4. Suppose ¢ € Formp. Whenever vi and ve are truth assignments on P such that
v1(A) = va(A) for all A € OccurProp(p), we have T1(p) = Ua(p).

Proof. Let Q = OccurProp(y). We then have that ¢ € Formg by Proposition 3.1.20. Sincev; | Q = va [ Q,
we have

O

With a method of assigning true/false values to formulas in hand (once we’ve assigned them to P), we're
now in position to use our semantic definitions to given a precise meaning to “The set of formulas I' implies
the formula ¢”.

Definition 3.2.5. Let P be given Let I' C Formp and let ¢ € Formp. We write I' Ep ¢, or simply I' E ¢
if P is clear, to mean that whenever v is a truth assignment on P such that T(y) = 1 for all v € T, we have
o(p) =1. We pronounce I' E ¢ as ‘T semantically implies ¢”.
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We also have a semantic way to say that a set of formulas is not contradictory.

Definition 3.2.6. T is satisfiable if there exists a truth assignment v: P — {0,1} such that v(y) =1 for all
v € I'. Otherwise, we say that I" is unsatisfiable.

Example 3.2.7. Let P = {A,B,C}. We have {AVB,-(AA(=C))} EBVC.

Proof. Let v: P — {0,1} be a truth assignment such that (A vV B) = 1 and 5(=(A A (=C))) = 1. We need to
show that (B v C) = 1. Suppose not. We would then have that 7(B) = 0 and 5(C) = 0. Since 7(AV B) =1,
this implies that T(A) = 1. Therefore, T(A A (—C)) = 1, so T(~(A A (=C))) = 0, a contradiction. O

Example 3.2.8. Let P be given. For any ¢, € Formp, we have {¢ — ¥, p} E ¢

Proof. Let v: P — {0,1} be a truth assignment and suppose that T(p — ) =1 and () = 1. i 7(¢)) = 0,
it would follows that v(¢ — %) = 0, a contradiction. Thus, T(¢)) = 1. O

Notation 3.2.9.
1. IfT =0, we write F ¢ instead of O = .
2. If T' = {v}, we write v F ¢ instead of {7} F .
Definition 3.2.10.
1. Let ¢ € Formp. We say that ¢ is a tautology if F ¢.
2. If o F Y and Y E ¢, we say that ¢ and v are semantically equivalent.

Remark 3.2.11. Notice that ¢ and v are semantically equivalent if and only if for all truth assigments
v: P —{0,1}, we have v(p) = v(¢)).

Example 3.2.12. ¢V —¢ is a tautology for any ¢ € Formp.

Proof. Fix ¢ € Formp. Let v: P — {0,1} be a truth assignment. If 7(¢) = 1, then v(¢ V ~¢) = 1.
Otherwise, we have () = 0, in which case T(—¢) = 1, and hence (¢ V ) = 1. Therefore, T(p V —p) =1
for all truth assignments v: P — {0, 1}, hence ¢ V —gp is a tautology. O

Example 3.2.13. ¢ is semantically equivalent to =—p for any p € Formp.

Proof. Fix ¢ € Formp. We need to show that for any truth assignment v: P — {0,1}, we have 7(p) = 1 if
and only if T(——¢) = 1. We have

Example 3.2.14. ¢ — ¢ and —~¢ V ¥ are semantically equivalent for any p,v € Formp.

Proof. Fix ¢, € Formp. We need to show that for any truth assignment v: P — {0,1}, we have 7(p —
1) =1 if and only if 5(—¢ V ¢)) = 1. Let v: P — {0,1} be a truth assignment. We have
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Definition 3.2.15. Define OccurProp: P(Formp) — P(P) by letting
OccurProp(T") = {A € P : A € OccurProp(y) for some v € T'}.

Proposition 3.2.16. Suppose that Q C P, that I' C Formg, and that ¢ € Formg. We then have that
I'Ep ¢ if and only if ' Fg .

Proof. First notice that I' C Formp and ¢ € Formp by Proposition 3.1.19 and Proposition 3.1.20.

Suppose first that I' Fg . Let v: P — {0,1} be a truth assignment such that 5(y) = 1 for all y € T".
We then have that (v [ @Q)(y) =1 for all v € T', hence (v | Q)(¢) = 1 because I' Fg ¢. Therefore, T(p) = 1.
It follows that I' Ep ¢.

Suppose then that I' Fp ¢. Let v: @ — {0,1} be a truth assignment such that () = 1 for all v € T".
Define a truth assignment w: P — {0, 1} by letting w(A) = v(A) for all A € @ and letting w(A) = 0 for all
A € P\Q. Since w | Q = v, we have w(y) =v(y) =1 for all v € T". Since I' Fp ¢, it follows that wW(p) = 1,
hence T(p) = 1. Therefore, I' Fg . O

Suppose that I is finite, and we want to determine whether or not I" E . By the previous proposition,
instead of examining all truth assignments v: P — {0,1} on P, we need only consider truth assignments
v: OccurProp(I' U {¢}) — {0,1}. Now OccurProp(I' U {¢}) is a finite set, so there are only finitely many
possibilities. Thus, one way of determining whether I E ¢ is simply to check all of them. If |Occur Prop(I'U
{¢})| = n, then there are 2" different truth assignments. We can systematically arrange them in a table
like below, where we ensure we put the the elements of OccurProp(I' U {¢}) in the first columns, and put
all elements of I' U {¢} in later columns. We also ensure that if 1 is in a column, then all subformulas of v
appear in an earlier column. This allows us to fill in the table one column at a time. This simple-minded
exhaustive technique is called the method of truth tables.

Example 3.2.17. Show that {(AVB)AC,A — (-O)} F (-C) — B.

Proof.
[A[B]CJAVB|(AVB)AC[-C[A—= (O | (O —B]]
0foJ]o 0 0 1 1 0
001 0 0 0 1 1
010 1 0 1 1 1
011 1 1 0 1 1
1/0]0 1 0 1 1 0
101 1 1 0 0 1
110 1 0 1 1 1
1101 1 1 0 0 1

Notice that every row in which both of the (AV B) A C column and the A — (—=C) column have a 1, namely
just the row beginning with 011, we have that the entry under the (—=C) — B column is a 1. Therefore,
{(AVB)AC,A — (-CO)} E (-C) — B. O

Example 3.2.18. Show that —(A A B) is semantically equivalent to =A Vv —B.

Proof.
]A\BHA/\B\ﬂ(A/\B)\ﬂA\—'B\—'A\/ﬂB‘
010 0 1 1 1 1
0|1 0 1 1 0 1
110 0 1 0 1 1
111 1 0 0 0 0
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Notice that the rows in which the —=(A A B) column has a 1 are exactly the same as the rows in which the
—AV =B column has a 1. Therefore, =(A A B) is semantically equivalent to —A VvV —B. O

3.3 Boolean Functions and Connectives
It’s natural to wonder if our choice of connectives is the “right” one. For example, why didn’t we introduce a

new connective <, allowing ourselves to form the formulas ¢ < ¢ (or <> @ in Polish notation) and extend
our definition of ¥ so that

1 ifo(p)=0and v(¢p) =0

- _Jo ifv(p)=0and v(¢p) =1
(=) =30 ifo(p) = 1 and 5(8) = 0
1 ifo(p)=1and v(yp) =1

The idea is that there’s no real need to introduce this connective because for any ¢, € Formp we would
have that ¢ < 1 is semantically equivalent to (¢ — ¥) A (¥ — ¢).

Perhaps we could be more exotic and introduce a new connective (] with takes three formulas allowing
us to form the formulas Oy@ (here’s an instance when Polish notation becomes important), and extend
our definition of v so that

H(Opuh) = {1 if at lea.ust two of T(p) = 1,9(¢)) = 1,7(0) =1
0 otherwise

It’s not hard (and a good exercise) to show that for any ¢, 1,0 € Formp, there exists a € Formp such that
Cpf is semantically equivalent to o. We want a general theorem which says that no matter how exotic a
connective one invents, it’s always possible to find an element of Formp which is semantically equivalent,
and thus our choice of connectives is sufficient to express everything we’d ever want.

Rather than deal with arbitrary connectives, the real issue here is whether we can express any possible
function taking k true/false values to true/false values.

Definition 3.3.1. Let k € NT. A function f: {0,1}¥ — {0,1} is called a boolean function of arity .

Definition 3.3.2. Suppose that P = {Ag,A1,...,Ax—_1}. Given ¢ € Formp, we define a boolean function
B,:{0,1}* — {0,1} as follows. Given o € {0,1}*, define a truth assignment v: P — {0,1} by letting
v(Ai) = o(i) for all i, and set B,(0) =7(yp).

Theorem 3.3.3. Fizk € Nt and let P = {Ag,Aq1,...,A_1}. For any boolean function f: {0,1}* — {0,1}
of arity k, there exists ¢ € Formp such that f = B,.

In fact, we’ll prove a stronger theorem below which says that we may assume that our formula ¢ is in a
particularly simple form.
Let’s look at an example before we do the proof. Suppose that f: {0,1}3 — {0, 1} is given by

[l Rl B B Bl K ==) N =] Nan)
[l Rl Bl K=l Rl R K= R ==)

=l Rl i Kl e Neas)
ol Rl K=l R =] E==l Nl el N
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Suppose we wanted to come up with a formula ¢ such that f = B,. One option is to use a lot of thought
to come up with an elegant solution. Another is simply to think as follows. Since f(000) = 1, perhaps we
should put

=Ag N =A1L A A,

into the formula somewhere. Similarly, since f(010) = 1, perhaps we should put
=Ag A A1 A —A,

into the formula somewhere. If we do the same to the other lines which have value 1, we can put all of these
pieces together in a manner which makes them all play nice by connecting them with V. Thus, our formula
is

(ﬁAo A AL A ﬁAz) V (mAg A AL A ARV (Ao ANALA—Ay) Y (Ao ANALA A2>

We now give the general proof.
Definition 3.3.4. A literal is a element of P U {=A: A € P}. We denote the set of literals by Litp.
Definition 3.3.5.

o Let Conjp = G(Symp, Litp,{ha}). We call the elements of Conjp conjunctive formulas.

o Let Disjp = G(Sym?b, Litp,{hyv}). We call the elements of Disjp disjunctive formulas.
Definition 3.3.6.

e Let DNFp = G(Sym},Conjp,{hv}). We say that an element of DNFp is in disjunctive normal
form.

o Let CNFp = G(Sym%p, Disjp,{hn}). We say that an element of CNFp is in conjunctive normal
form.

Theorem 3.3.7. Fizr k € NT, and let P = {Ao,A1,...,Ac_1}. For any boolean function f: {0,1}* — {0,1}
of arity k, there exists ¢ € DN Fp such that f = B,.

Proof. Let T = {0 € {0,1}F : f(o) = 1}. If T = (), we may let © be Ag A (=Ag). Suppose then that T' # 0.
For each 0 € T, let

k—1
Ve =\ 0
=0

where

o _ IA if o(i) =1
Cl-A ifo(i)=0

For each o € T, notice that ¢, € Conjp because 6; € Litp for all 7. Finally, let

‘p:\/d)o

oeT

and notice that ¢ € DN Fp. O

Since DN Fp formulas suffice, we don’t even need — if all we want to do is have the ability to express
all boolean functions. In fact we can also get rid of one of A or V as well (think about why).
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3.4 Syntactic Implication

3.4.1 Motivation

We now seek to define a different notion of implication which is based on syntactic manipulations instead
of a detour through truth assignments and other semantic notions. We will do this by setting up a “proof
system” which gives rules on how to transform certain implications to other implications. There are many
many ways to do this. Some approaches pride themselves on being minimalistic by using a minimal number
of axioms and rules, often at the expense of making the system unnatural to actually work with. We’ll take
a different approach and set down our rules and axioms based on the types of steps in a proof that are used
naturally throughout mathematics.

We begin with a somewhat informal description of what we plan to do. The objects that will manipulate
are pairs, where the first component is a set of formulas and the second is a formula. Given I' C Formp
and ¢ € Formp, we write I' - ¢ to intuitively mean that there is a proof of ¢ from the assumptions I'. We
begin with the most basic proofs. If ¢ € T, i.e. if ¢ is one of your assumptions, then you’re permitted to
assert that I' - .

Basic Proofs: T'F g if p € T'.

Rules for A: We have two rules for A-elimination and one for A-introduction.

T'Fony oAy 'y TFY

EL E 1
'k (AEL) 'k (AER) F'Fpny (AD)
Rules for V: We have two rules for introducing V.
'k 'k
- 1L - 1
INIERCAVEY, (VIL) 'V (VIR)
Rules for —: - s U (o) - o
$Y = Uy
- E _ I
fuigire 0 ooy 0
Rules for proofs by cases:
ru FO TU o ry F ru{-«y}+
e} WO e Wike Tufwire Lo
TrU{pVvey}t-o ke
Rule for proof by contradiction:
Lufcplby Tulsebbw (o

'k

3.4.2 Official Definitions
Definition 3.4.1. Let Linep = P(Formp) X Formp.
Definition 3.4.2. Let Assumep = {(T',¢) € Linep : ¢ € T'}.

We need to define functions corresponding to various rules. For example, we define hogr: Linep —
P(Linep) by letting

{T,¢)} if @ = At where ¢,¢ € Formp
0 otherwise

hpapr(T, o) = {
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hapr is similar, and we define har: (Linep)? — P(Linep) by

{T1, 1 Ap2)} if Ty =Ty
1] otherwise

har((T1, ¢1), (2, 02)) = {

For the VIL rule, we have the function hyyy: Linep — P(Linep) by

hyr (T, @) ={(T,o V) : ¢ € Formp}

Similarly, we define functions hyg.
We let ‘H be the collection of all of these functions.

Definition 3.4.3. A deduction is a witnessing sequence in (Linep, Assumep, H).

Definition 3.4.4. Let ' C Formp and let ¢ € Formp. We write I' Fp @, or simply I' = ¢ if P is clear, to
mean that

(T, ) € G(Linep, Assumep,H).
We pronounce I' = as ‘T' syntactically implies p”.
Notation 3.4.5.
1. If T =0, we write & ¢ instead of ) I .
2. If T' = {v}, we write v b ¢ instead of {7y} ¢.
Definition 3.4.6. I is inconsistent if there exists 8 € Formp such that ' - 0 and T' - —0. Otherwise, we

say that I' is consistent.

3.4.3 Examples Of Deductions
Proposition 3.4.7. AAB+AVB.

Proof.
{AAB}-AAB (Assumep) (1)
{AAB}FA (AELon1l) (2)
{AAB}-AVB (VIon2) (3)
O
Proposition 3.4.8. ——p - ¢ for all p € Formp.
Proof.
{=p, e} F - (Assumep) (1)
{==p, ~p} == (Assumep)  (2)
{mwtte (Contr on 1 and 2)  (3)
O

Proposition 3.4.9. - ¢V —p for all ¢ € Formp.
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Proof.
{etto (Assumep) (1)
{ekFevoe (VILon1) (2)
{—p} F e (Assumep)  (3)
{~etFeV-p (VIRon 3) (4)
DEoV-p (wPCon2and4) (5)
O
Proposition 3.4.10. {—p, oV ¢} F 4 for all ¢,1) € Formp.
Proof.
{=e. 0,0} (Assumep) (1)
{ﬂ@v ©s _'w} + - (Assumep) (2)
{0} -9 (Contr on 1 and 2)  (3)
{~o, v} v (Assumep)  (4)
{~p, oVt Y (VPC on3and4) (5)
O

3.4.4 Theorems about +
Proposition 3.4.11. IfT'+ ¢ and T DT, then TV F ¢.

Proof. The proof is by induction. We let X = {(I', ) € G: TV I ¢ for all TV D I'} and we show by induction
on G that X = G. We begin by noting that if ¢ € T, then for every IV D T', we have ¢ € I and hence
I" F ¢. Therefore, (T',p) € X for all (T', ) € Assumep.

We first handle the AEL rule. Suppose that (I', o A1) € X. We need to show that (T, ¢) € X. Suppose
that TV O I'. We then have that I'" F ¢ A ¢ by induction (i.e. since (I, A ¢)) € X), hence I” F ¢ by the
AEL rule. Therefore, (T, p) € X. The other A rules and the V rules are similar.

We now handle — E rule. Suppose that (I, — ¢) € X. We need to show that (I' U {¢}, ). Suppose
that TV D T'U {(}. We then have that I' D T', hence I'" I ¢ — ¢ by induction, and so I U {¢} F ¢ by the
— F rule. However, IV U {¢} =TI because ¢ € I”, so I - 1. Therefore, (I' U {p},9) € X.

We now handle — T rule. Suppose that (I' U {¢}, %) € X. We need to show that (I, — ). Suppose
that TV D T'. We then have that TV U {¢} 2 T'U {p}, hence I'" U {p} F ¢ by induction, and so I F ¢ — 1
by the — I rule. Therefore, (T, — 9) € X.

Let’s go for the VPC rule. Suppose that (I' U {¢},0) € X and (I' U {¢},0) € X. We need to show
that (T U{p VvV ¢},0) € X. Suppose that I D T"U {p V ¢}. We then have that I' U {p} D I' U {p} and
VU {y} DT U{}, hence IV U {p} F 0 and TV U {3y} F 6 by induction, and so I" U {p V ¢} F § by the -PC
rule. However, IV U {¢ V 9} =T" because ¢ V1) € I, so I I 6. Therefore, (T'U{p V 9},0) € X.

Let’s next attack the ~PC rule. Suppose that (I'U{¢},¢) € X and (TU{-9},») € X. We need to show
that (T, ) € X. Suppose that I D I'. We then have that IV U{¢} DT U {¢} and IV U {—} D T U {9},
hence IV U {9} F ¢ and TV U {—} I ¢ by induction, and so I F ¢ by the =PC rule. Therefore, (T, ¢) € X.

We finish off with the Contr rule. Suppose that (I'U{—¢},v) € X and (T'U{-p}, ") € X. We need to
show that (', ¢) € X. Suppose that IV D I'. We then have that IV U {—¢} D T'U {—¢p}, hence I" U {—¢} I ¢
and IV U {—¢} F =9 by induction, and so I F ¢ by the Contr rule. Therefore, (T, ¢) € X.

The result follows by induction. O
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Proposition 3.4.12. IfT is inconsistent, then I' = ¢ for all ¢ € Formp.

Proof. Fix 0 such that I' - 6 and ' - =0, and fix ¢ € Formp. We have that TU{-¢} I 6 and TU{=p} - -6
by Proposition 3.4.11. Therefore, I' - ¢ by using the Contr rule. O

Proposition 3.4.13.
1. If T'U{p} is inconsistent, then T' F —gp.
2. If T U {—p} is inconsistent, then T'F .
Proof.

1. Since I' U {¢} is inconsistent, we know that I' U {¢} F —=¢ by Proposition 3.4.12. Since we also have
that T U {—¢} F = by Assumep, it follows that I' - = by the =PC rule.

2. Since T' U {—¢} is inconsistent, we know that I U {—¢} F ¢ by Proposition 3.4.12. Since we also have
that T'U {p} F ¢ by Assumep, it follows that I F ¢ by the =PC rule.

O

Corollary 3.4.14. If T' C Formp is consistent and ¢ € Formp, then either T' U {¢} is consistent or
T'U{—p} is consistent.

Proof. If both I' U {¢} and I" U {—¢p} are inconsistent, then both I' - =y and I' F ¢ by Proposition 3.4.13,
so I is inconsistent. O

Proposition 3.4.15.
1. IfTF o and T U{p} F 4, then T 9.
2. IfTFyp and 'k @ — 9, then T' = 4.
Proof.

1. Since T' I ¢, it follows from Proposition 3.4.11 that T' U {—¢} F . Since we also have I' U {—¢} - —p
by Assumep, we may conclude that I' U {—p} is inconsistent. Therefore, by Proposition 3.4.12, we
have that T'U {—¢} F 4. Now we also have I' U {¢} | ¢ by assumption, so the =PC rule gives that
T k.

2. Since I' + ¢ — 1, we can conclude that I'U {¢} F ¢ by rule — E. The result follows from part 1.

Proposition 3.4.16. ' F ¢ if and only if there is a finite I'g C T" such that Ty F .

Proof. The proof is by induction. We let X = {(T',¢) € G : there exists a finite Iy C T" such that T'y F ¢}
and we show by induction on G that X = G. We begin by noting that if ¢ € T, then we have {(} is a finite
subset of I and {¢} F . Therefore, (T, ) € X for all (T, p) € Assumep.

We first handle the AEL rule. Suppose that (I', o A ¢) € X. We need to show that (I',p) € X. By
induction (i.e. since (I', o A 9) € X), we may fix a finite I'y C I" such that I'o - ¢ A 1. We then have that
Iy F ¢ by the AEL rule. Therefore, (I', ) € X. The other AER rule and the V rules are similar.

We now handle the AI rule. Suppose that (I, ¢) € X and (T',¢) € X. We need to show that (I', p AY) €
X. By induction, we may fix a finite I'g C I" such that I'g - ¢ and we may fix a finite I'y C I" such that
T’y F 9. We then have that TgUT'; F ¢ and T'o UT'; F ¥ by Proposition 3.4.11, hence I'¢ UT'; F ¢ A9 by the
AI rule. Therefore, (I, o A1) € X because 'y UT'; is a finite subset of T
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We now handle — E rule. Suppose that (I, — ¢) € X. We need to show that (I' U {¢},¢) € X. By
induction, we may fix a finite I'y C I" such that I'g - ¢ — 1. We then have that T'o U {¢} F ¢ by the — E
rule. Therefore, (T'U {¢}, ) € X because I'g U {¢} is a finite subset of T' U {¢}.

We now handle — I rule. Suppose that (I' U {¢},¥) € X. We need to show that (I', — ¢) € X. By
induction, we may fix a finite 'y C I' U {¢} such that 'y - ¢. Let I'{ = I'p — {¢}. We then have that
Iy C Ty U {¢}, hence I'y U {¢} F ¢ by Proposition 3.4.11, and so I'y F ¢ — ¢ by the — I rule. Therefore,
(T, — ¥) € X because I') is a finite subset of T'.

The other rules are exercises. The result follows by induction. O

Corollary 3.4.17. If every finite subset of I' is consistent, then I is consistent.

Proof. Suppose that I' is inconsistent, and fix § € Formp such that I' F 6 and T' = —0. By Proposition
3.4.16, there exists finite sets ' C I and I'; C T such that 'y F 8 and T’y = —6. Using Proposition 3.4.11,
it follows that T UT'y F 8 and T'o UT'y - =0, so I'g UT'; is a finite inconsistent subset of T". O

3.5 Soundness and Completeness

3.5.1 The Soundness Theorem
Theorem 3.5.1 (Soundness Theorem).

1. If TF @, then T E ¢.

2. FEvery satisfiable set of formulas is consistent.
Proof.

1. The proof is by induction. We let X = {(I',¢) € G : T £ ¢} and we show by induction on G that
X = G. We begin by noting that if ¢ € T', then T" F ¢ because if v: P — {0,1} is such that 5(y) =1
for all v € T, then T(¢) = 1 simply because ¢ € I'. Therefore, (I', p) € X for all X € Assumep.

We first handle the AEL rule. Suppose that I' E o A . We need to show that I' F . However, this is
straightforward because if v: P — {0, 1} is such that 7(y) = 1 for all v € T, then T(p A1) = 1 because
I'E o A1), hence T(p) = 1. Therefore, I' E ¢. The other A rules and the V rules are similar.

We now handle — E rule. Suppose that I' E ¢ — 1. We need to show that ' U {¢} F ¢. Let
v: P — {0,1} be such that T(y) = 1 for all vy € T U{¢}. Since T E ¢ — 1, we have t(p — ¢) = 1.
Since T(p) = 1, it follows that ©(¢) = 1. Therefore, I' U {¢} E 1. The — I rule is similar.

Let’s next attack the =PC rule. Suppose that T U {¢} F ¢ and T' U {—} E ¢. We need to show that
I'E ¢. Let v: P — {0,1} be such that 5(y) = 1 for all v € T. If 5(¢)) = 1, then T(p) = 1 because
T'U{y} E . Otherwise, we have (1)) = 0, hence T(—¢)) = 1, and thus () = 1 because T'U{-9} F ¢.
Therefore, I' F ¢. The VPC rule is similar.

We finish off with the Contr rule. Suppose that I' U {—¢} F ¢ and T' U {—¢} F —1). We need to show
that I' F ¢. Let v: P — {0,1} be such that v(y) = 1 for all v € I'. Suppose that 7(p) = 0. We then
have T(—¢) = 1, and so both 5(1)) = 1 and B(—%)) = 1 because T U {—¢} E ¢ and T'U {—¢} E —¢). This
is a contradiction, so we may conclude that 7(¢) = 1. Therefore, T' E ¢.

The result follows by induction.

2. Let T be a satisfiable set of formulas. Fix a truth assignment v: P — {0,1} such that () = 1 for
all v € I'. Suppose that I' is inconsistent, and fix § € Formp such that I' - 8 and T" - 6. We then
have I'E 6 and T E =0 by part 1, hence 7(f) = 1 and ©(—6) = 1, a contradiction. It follows that T" is
consistent.

O
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3.5.2 The Completeness Theorem

Our first task is to show that every consistent set of formulas is satisfiable. From here, the Completeness
Theorem follows easily, as we’ll see below.

Definition 3.5.2. T' is complete if for all ¢ € Formp, either p €' or mp € T.

Proposition 3.5.3. Suppose that P is countable. If I" is consistent, then there exists a set A D T" which is
consistent and complete.

Proof. Since P is countable, it follows that Formp is countable. List Formp as 11, %2, %3, .... We define a
sequence of sets I'g,I'1, ', ... recursively as follows. Let I'g = I'. Suppose that n € N and we have defined
I',,. Let

Lo T,U{y,}t if T, U{y,} is consistent
T, U {-Yn} otherwise

Using induction and Corollary 3.4.14, it follows that I',, is consistent for all n € N. Let A = J, oy 'n-

We first argue that A is consistent. For any finite subset Ay of A, there exists an n € N such that
Ag C Ty, and so Ay is consistent because every I',, is consistent. Therefore, A is consistent by Proposition
3.4.17. We end by arguing that A is complete. Fix ¢ € Formp, and fix n € NT such that ¢ = v,,. By
construction, we either have ¢ € I';, C A or = € ', C A. Therefore, A is complete. O

Definition 3.5.4. A is maximal consistent if A is consistent and there is no A’ D A which is consistent.
Proposition 3.5.5. A is maximal consistent if and only if A is consistent and complete.

Proof. Suppose that A is maximal consistent. We certainly have that A is consistent. Fix ¢ € Formp. By
Corollary 3.4.14, either AU {p} is consistent or AU {—¢p} is consistent. If AU {p} is consistent, then ¢ € A
because A is maximal consistent. Similarly, If A U {—¢} is consistent, then —¢ € A because A is maximal
consistent. Therefore, either ¢ € A or =p € A.

Suppose that A is consistent and complete. Suppose that A’ D A and fix ¢ € A’ — A. Since A is
complete and ¢ ¢ A, we have - € A. Therefore, A’ ¢ and A’ F —p, so A’ is inconsistent. It follows that
A is maximal consistent. O

Proposition 3.5.6. IfI" is consistent, then there exists a set A D T which is consistent and complete.

Proof. Let S ={® C Formp : ' C ® and ® is consistent}, and order S be C. Notice that S is nonempty
because I' € S. Suppose that C C S is a chain in S. Let ¥ = |JC = {¢) € Formp : ¢ € ® for some ¢ € C}.
We need to argue that ¥ is consistent. Suppose that ¥y is a finite subset of U, say ¥y = {1, 92, ..., ¥, }.
For each 1, fix ®; € C with i; € ®,;. Since C is a chain, there exists j such that ®; 2 ®; for all i. Now
®; €CC S, s0 P; is consistent, and hence Wy is consistent. Therefore, ¥ is consistent by Proposition 3.4.17.
It follows that ¥ € S and using the fact that ® C ¥ for all & € C, we may conclude that C has an upper
bound.

Therefore, by Zorn’s Lemma, S has a maximal element A. Notice that A is maximal consistent, hence
A is complete and consistent by Proposition 3.5.5. O

Lemma 3.5.7. Suppose that A is consistent and complete. If A& ¢, then ¢ € A.

Proof. Suppose that A - ¢. Since A is complete, we have that either ¢ € A or = € A. Now if —p € A,
then A —¢, hence A is inconsistent contradicting our assumption. It follows that ¢ € A. O

Lemma 3.5.8. Suppose that A is consistent and complete. We have

1. ~p € A if and only if p ¢ A.
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2. o N € Aif and only if o € A and ¢p € A.
3. oV e A if and only if either o € A orp € A.
4. @ — 1 € A if and only if either p ¢ A or ) € A.

Proof.

1. If = € A, then ¢ ¢ A because otherwise A F ¢ and so A would be inconsistent.
Conversely, if ¢ ¢ A, then —¢p € A because A is complete.

2. Suppose first that ¢ Ay € A. We then have that A - ¢ A1, hence A F ¢ by the AEL rule and A o
by the AER rule. Therefore, ¢ € A and ¢ € A by Lemma 3.5.7.
Conversely, suppose that ¢ € A and ) € A. We then have A+ ¢ and A F 1), hence A - ¢ A 1) by the
AI rule. Therefore, ¢ A1 € A by Lemma 3.5.7.

3. Suppose first that ¢ V1) € A. Suppose that ¢ ¢ A. Since A is complete, we have that =p € A. From
Proposition 3.4.10, we know that {—¢, ¢ V ¥} F ¢, hence A F ¢ by Proposition 3.4.11. Therefore,
1 € A by Lemma 3.5.7. It follows that either ¢ € A or ¢ € A.

Conversely, suppose that either ¢ € A or ¢ € A.

Case 1: Suppose that ¢ € A. We have A F ¢, hence A - ¢V ¢ by the VIL rule. Therefore, p V1) € A
by Lemma 3.5.7.

Case 2: Suppose that ¢ € A. We have A I 1, hence A - ¢V by the VIR rule. Therefore, pV1) € A
by Lemma 3.5.7.

4. Suppose first that ¢ — 1 € A. Suppose that ¢ € A. We then have that A - ¢ and A F ¢ — ¥,
hence A I ¢ by Proposition 3.4.15. Therefore, ¢ € A by Lemma 3.5.7. It follows that either ¢ ¢ A or
P e A.

Conversely, suppose that either ¢ ¢ A or ¢ € A.

Case 1: Suppose that p ¢ A. We have ~¢p € A because A is complete, hence A U {p} is inconsistent
(as AU{p} F ¢ and AU {=p} F —p). It follows that A U {¢} F 9 by Proposition 3.4.12, hence
At ¢ — 9 by the — I rule. Therefore, ¢ — 1) € A by Lemma 3.5.7.

Case 2: Suppose that ¢ € A. We have ¢ € AU {¢}, hence AU {p} F ¢, and so A + ¢ — 9 by the
— I rule. Therefore, ¢ — 1) € A by Lemma 3.5.7.

O
Proposition 3.5.9. If A is consistent and complete, then A is satisfiable.

Proof. Suppose that A is complete and consistent. Define v: P — {0,1} by

o(A) = 1 TfAeA
0 ifA¢A

We prove by induction on ¢ that ¢ € A if and only if T(¢) = 1. For any A € P, we have
AcAesvA)=1<T7A)=1

by our definition of v.
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Suppose that the result holds for ¢. We have

wEeEASpEA (by Lemma 3.5.8)
<T(p)=0 (by induction)
S T(p) =1

Suppose that the result holds for ¢ and . We have
pANpeAspeAandyp e A (by Lemma 3.5.8)
< T(p)=1and v(¢p) =1 (by induction)
S o(pAYp) =1

and
pVyeAspeAoryp e A (by Lemma 3.5.8)
S U(p)=1lorv(y) =1 (by induction)
SU(pVyY) =1
and finally
povEASpdAoryp e (by Lemma 3.5.8)
< U(p) =0o0rv(y) =1 (by induction)

S —y)=1

Therefore, by induction, we have ¢ € A if and only if 7(p) = 1. In particular, we have () = 1 for all
@ € A, hence A is satisfiable. O

Theorem 3.5.10 (Completeness Theorem). (Suppose that P is countable.)
1. Fvery consistent set of formulas is satisfiable.
2. IfT E g, then ' .

Proof.

1. Suppose that I' is consistent. By Proposition 3.5.6, we may fix A D I which is consistent and complete.
Now A is satisfiable by Proposition 3.5.9, so we may fix v: P — {0, 1} such that 5(6) = 1 for all § € A.
Since I' C A, it follows that T(y) = 1 for all v € T, hence T' is satisfiable.

2. Suppose that I' E ¢. We then have that I' U {—p} is unsatisfiable, hence I" U {—¢} is inconsistent by
part 1. It follows from Proposition 3.4.13 that I' - ¢.

O

3.6 Compactness and Applications

3.6.1 The Compactness Theorem
Corollary 3.6.1 (Compactness Theorem).

1. If T'E ¢, then there exists a finite I'g C T" such that 'y E .
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2. If every finite subset of T' is satisfiable, then T is satisfiable.

Proof. We first prove 1. Suppose that I' F ¢. By the Completeness Theorem, we have I' - ¢. Using
Proposition 3.4.16, we may fix a finite I'g C T" such that 'y F . By the Soundness Theorem, we have
Fo E ®.

We now prove 2. If every finite subset of I' is satisfiable, then every finite subset of I" is consistent by the
Soundness Theorem, hence I is consistent by Corollary 3.4.17, and so I is satisfiable by the Completeness
Theorem. O

3.6.2 Combinatorial Applications

Definition 3.6.2. Let G = (V, E) be a graph, and let k € N*. A k-coloring of G is a function f:V — [k]
such that for all u,v € V which are linked by an edge in E, we have f(u) # f(v).

Proposition 3.6.3. Let G = (V, E) be a (possibly infinite) graph and let k € NT. If every finite subgraph
of G is k-colorable, then G is k-colorable.

Proof. Let P ={A,;:u €V and i€ [k]}. Let

k—1
D={\/ Auwi:u€V}IU{~(AuiAA,;):ucV andi,j € [k with i # j}
=0
U{=(Aui ANAy;) : v and w are linked by an edge in E and i € [k]}}

We use the Compactness Theorem to show that I' is satisfiable. Suppose that I'y C I is finite. Let
{u1,ug,...,u,} be all of the elements v € V such that A, ; occurs in some element of I'y for some i. Since
every finite subgraph of G is k-colorable, we may fix a k-coloring f: {u1,uz, ..., u,} — [k] such that whenever
ug and u,, are linked by an edge of E, we have f(us) # f(um). If we define a truth assignment v: P — {0,1}
by
o(Aus) = {1 ifw:?u and f(ug) =1
0 otherwise

we see that T(p) = 1 for all ¢ € T'y. Thus, Ty is satisfiable. Therefore, I' is satisfiable by the Compactness
Theorem.

Fix a truth assignment v: P — {0,1} such that 7(p) = 1 for all ¢ € T'. Notice that for each u € V,
there exists a unique ¢ such that v(A, ;) = 1 because of the first two sets in the definition of I'. If we define
f:V —={1,2,...,k} by letting f(u) be the unique ¢ such that v(A, ;) = 1, then for all u,w € V linked by
an edge in E we have that f(u) # f(w) (because of the third set in the definition of I'). Therefore, G is
k-colorable. O

Corollary 3.6.4. Every (possibly infinite) planar graph is 4-colorable.
Definition 3.6.5. A set T C {0,1}* is called a tree if whenever o € T and 7 C o, we have 7 € T.

Theorem 3.6.6 (Weak Konig’s Lemma). Suppose that T C {0,1}* is a tree which is infinite. There exists
an f: N — {0,1} such that f | [n] € T for alln € N.

Proof. Let P ={A, : 0 € T}. Foreach n € N, let T,, = {oc € T : |o| = n} and notice that T}, # () for all
n € N because T is infinite. Let

I={ \/ A, :neNYU{—-(A; NA;) 0,7 €T, and o0 # 7}
oeT,
U{(A, = A;):o,7€T,7TC0o}
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We use the Compactness Theorem to show that I' is satisfiable. Suppose that I'y C T is finite. Let

Y = {01,09,...,0%} be all of the elements o € {0,1}* such that A, occurs in some element of I'y. Let
n = max{|o1],|o2],...,|ok|}. Since T}, # 0, we may fix 7 € T;,. If we define a truth assignment v: P — {0,1}
by

i C
v(/—\g){l ifoCr

0 otherwise

we see that T(p) = 1 for all ¢ € T'y. Thus, Ty is satisfiable. Therefore, I' is satisfiable by the Compactness
Theorem.

Fix a truth assignment v: P — {0,1} such that v(p) = 1 for all ¢ € . Notice that for each n € N*,
there exists a unique o € T,, such that v(A,) = 1 because of the first two sets in the definition of I'. For
each n, denote the unique such o by p,, and notice that p,, C p, whenver m < n. Define f: N — {0,1} by
letting f(n) = pn+1(n). We then have that f [ [n] = p, € T for all n € N. O

3.6.3 An Algebraic Application

Definition 3.6.7. An ordered abelian group is an abelian group (A,+,0) together with a relation < on A?
such that

1. < is a linear ordering on A, i.e. we have

e Foralla € A, we have a < a.
e Foralla,be A, eithera<b orb<a.
e Ifa<bandb<a, thena=">.
o Ifa<bandb<c, then a <c.
2. Ifa<bandc<d, thena+c<b+d.

Example 3.6.8. (Z,+,0) with its usual order is an ordered abelian group.

Example 3.6.9. Define < on Z" using the lezicographic order. In other words, given distinct elements
d=(a1,as,...,a,) and b = (b1, ba,...,b,) in Z™, let i be least such that a; # b;, and set @ < b if a; <z b;,
and b < @ if b; <z a;. With this order, (Z",+,0) is an ordered abelian group.

Proposition 3.6.10. Suppose that (A,+,0) is an ordered abelian group, and define < be letting a < b if
a<banda+#b. We the have

1. For all a,b € A, exactly one of a < b, a =10, or b < a holds.
2. Ifa<bandb<c, then a < c.
3. If a <band b < c, then a < c.

Proof.

1. Let a,b € A. We first show that at least one happens. Suppose then that a # b. We either have a < b
or b <a. If a <b, we then have a < b, while if b < a, we then have b < a.

We now show that at most one occurs. Clearly, we can’t have both a < b and a = b, nor can we have
both @ = b and b < a. Suppose then that we have both a < b and b < a. We would then have both
a < band b < a, hence a = b, a contradiction.

2. Since a < b and b < ¢, we have a < ¢. If a = ¢, it would follow that a < b and b < a, hence a = b, a
contradiction.
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3. Since a < b and b < ¢, we have a < ¢. If a = ¢, it would follow that ¢ < b and b < ¢, hence b = ¢, a
contradiction.

O

Proposition 3.6.11. Suppose that (A,+,0) is an ordered abelian group.
1. Ifa<bandce€ A, thena+c<b+c.
2. Ifa<bandc<d, thena+c<b+d.
3. Ifa>0, then —a < 0.
4. If a <0, then —a > 0.
Proof.

1. Since a < b and ¢ < ¢, we have a+c¢ < b+c. If a+ ¢ = b+ ¢, then we would have a = b, a contradiction.
Therefore, a +c < b+ c.

2. We have a+c < b+ cand b+ c < b+ d, hence a + ¢ < b+ d by the previous proposition.

3. We have a # 0, hence —a # 0. Suppose that —a > 0. We would then have a + (—a) > 0, hence 0 > 0,
a contradiction.

4. Similar to 3.

O

Definition 3.6.12. An abelian group (A,+,0) is torsion-free if every nonzero element of A has infinite
order.

Proposition 3.6.13. FEvery ordered abelian group is torsion-free.

Proof. Let (A,+,0) be an ordered abelian group. Let a € A. If a > 0, then we have n-a > 0 for every
n € Nt by induction. If a < 0, then we have n - a < 0 for every n € NT by induction. O

Theorem 3.6.14. Fvery torsion-free abelian group can be ordered.

Proof. First notice that every finitely generated torsion-free abelian group is isomorphic to Z" for some n,
which we can order lexicographically from above. We can transer this ordering across the isomorphism to
order our finitely generated abelian group.

Suppose now that A is an arbitrary torsion-free abelian group. Let P be the set {Ly; : a,b € A} and let
I" be the union of the sets

o {Lyo:ae A}

{La,b V Lb,a ta,b e A}

{_‘(La,b A Lb,a) ra,be Aja # b}

{(Lap ALpe) = Lo a,bce A}

{(La,b A l—c,d) - La+c,b+d ta,b,c,d € A}
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We show that T is satisfiable. By Compactness, it suffices to show that any finite subset of I' is satisfiable.
Suppose that I'g C I' is finite, and let S the finite subset of A consisting of all elements of A which appear
as a subscript of a symbol occuring in I'g. Let B be the subgroup of A generated by S. We then have that
B is a finitely generated torsion-free abelian group, so from above we may fix an order < on it. If we define
a truth assignment v: P — {0,1} by

U(La,b) = {1 o= b
0 otherwise
we see that T(p) = 1 for all ¢ € Ty. Thus, Ty is satisfiable. Therefore, T" is satisfiable by the Compactness
Theorem.
Fix a truth assignment v: P — {0, 1} such that 5(y) = 1 for all v € . Define < on A? by letting a < b
if and only if v(L, ) = 1. We then have that < orders A. Therefore, A can be ordered. O



Chapter 4

First-Order Logic : Syntax and
Semantics

Now that we’ve succeeded in giving a decent analysis of propositional logic, together with proving a few
nontrivial theorems, it’s time to move on to a much more substantial and important logic: first-order logic.
As summarized in the introduction, the general idea is as follows. Many areas of mathematics deal with
mathematical structures consisting of special constants, relations, and functions, together with certain axioms
that these objects obey. We want our logic to be able to handle many different types of situations, so we
allow ourselves to vary the number and types of these symbols. Any such choice gives rise to a language,
and once we’ve fixed such a language, we can build up formulas which will express something meaningful
once we've decided on an interpretation of the symbols.

4.1 The Syntax of First-Order Logic

Since our logic will have quantifiers, the first thing that we need is a collection of variables.
Definition 4.1.1. Fiz a countably infinite set Var called variables.
Definition 4.1.2. A first-order language, or simply a language, consists of the following:
1. A set C of constant symbols.
2. A set F of function symbols together with a function Arityr: F — NT.
3. A set R of relation symbols together with a function Arityr: R — NT.
We also assume that C, R, F, Var, and {¥,3,=,—,A,V,—} are pairwise disjoint. For each k € Nt we let
Fi =A{f € F: Arityz(f) = k}

and we let
R ={ReR: Arityr(R) = k}
Definition 4.1.3. Let L be a language. We let Symey =CURUF U VarU{v,3,=,-,A,V,—}.
Now that we’ve described all of the symbols that are available once we’ve fixed a language, we need to
talk about how to build up formulas. Before doing this, however, we need a way to name objects. Intuitively,
our constant symbols and variables name objects once we’ve fixed an interpretation. From here, we can get

new objects by applying, perhaps repeatedly, interpretations of function symbols. This is starting to sound
like a recursive definition.

51
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Definition 4.1.4. Let L be a language. For each f € Fy, define hs: (Sym’z)’C — Sym7}. by letting
hi(o1,09,...,01) =fo109- - 0ok

Let
Termp = G(Symp,CUVar,{he : f € F})

Now that we have terms which intuitively name elements once we’ve fixed an interpretation, we need to
say what our atomic formulas are. The idea is that the most basic things we can say are whether or not two
objects are equal or whether or not a k-tuple is in the interpretation of some relation symbol R € Ry.

Definition 4.1.5. Let L be a language. We let
AtomicFormg = {Rtity---tp : k € NT R € Ry, and ty,to, ..., tp € Termp} U{=tity : t1,to € Termg}
From here, we can build up all formulas.

Definition 4.1.6. Let L be a language. Define a unary function h—, and binary functions ha, hy, and h_,
on Sym}. as follows.

)
ha(o,7) = Aot
hy(o,7) =Vor
h_(o,7)=— o1
Also, for each x € Var, define two unary functions hy x and hayx on Sym}. as follows
hy (o) = ¥xo
hax(o) = 3xo

Let
Formg = G(Sym7., AtomicFormg, {h-,hn, hy,h_} U{hyx, hax:x € Var})

As with propositional logic, we’d like to be able to define things recursively, so we need to check that our
generating systems are free. Notice that in the construction of formulas, we have two generating systems
around. We first generate all terms. With terms taken care of, we next describe the atomic formulas, and
from them we generate all formulas. Thus, we’ll need to prove that two generating systems are free. The
general idea is to make use of the insights gained by proving the corresponding result for Polish notation in
propositional logic.

Definition 4.1.7. Let L be a language. Define K: Sym} — Z as follows. We first define w: Symg — Z
as follows.

w(c) =1 forallceC
w(f)=1-k for all f € Fy,
wR)=1—k for all R € Ry,

w(x) =1 for allx € Var
w(=)=-1

w(Q) = -1 for all Q € {V,3}
w(=)=0

w(o) = -1 for all & € {A,V,—}

We then define K on all of Symy by letting K(X) = 0 and letting K(0) = 3_,_,, w(o(i)) for all o €
Symz\{A}.
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Remark 4.1.8. If 0,7 € Sym}, then K(o1) = K(0) + K(1).
Proposition 4.1.9. Ift € Termg, then K(t) = 1.

Proof. The proof is by induction on ¢. Notice first that K(c) =1 for all c € C and K(x) =1 for all x € Var.
Suppose that k € NT, f € Fy, and t1,ta,...,t; € Term, are such that K(t;) = 1 for all i. We then have
that

K(ftito - tr) = K(f) + K(t1) + K(t2) + -+ - + K(tx)
=1-k)+1+14+---+1 (by induction)
=1

The result follows by induction. O

Proposition 4.1.10. Ift € Term, and o C t, then K(o) <0.

Proof. The proof is by induction on t. For every c € C, this is trivial because the only 0 C cis ¢ = A and
we have K (A) = 0. Similarly, for every x € Var, the only o C x is ¢ = A and we have K(\) = 0.

Suppose that k € Nt, f € 7, and ¢y, t2,...,t, € Term, are such that the result holds for each ¢;. We
prove the result for ftits---t5. Suppose that o C ftyte---tg. If o = A, then K(o) = 0. Otherwise, there
exists ¢ < k and 7 C t; such that o = ftits---t;_17, in which case

Ko)=K({)+ K(t1) + K(to) + -+ K(t;—1) + K(7)

=(1-k+1414+--4+14+K(7) (by Proposition 4.1.9)
=(1—k)+i+K(r)
<(1—-k)+i+0 (by induction)
=1+ (i—k)
<0. (since i < k)
Thus, the result holds for ftits - - - t. O

Corollary 4.1.11. Ift,u € Termg, thent ¢ u.

Proof. This follows by combining Proposition 4.1.9 and Proposition 4.1.10. O

Theorem 4.1.12. The generating system (Symj,CUVar,{h¢ : f € F}) is free.

Proof. First notice that for all f € F, we have that ran(h¢ | (Term,)¥) N (CUVar) = () because all elements
of ran(hf) begin with f and we know that f ¢ C U Var.

Fix f € Fi. Suppose that t1,ta, ..., tk, w1, us, ..., u; € Terme and he(ty, ta, ..., tx) = he(ug, ug, ..., ug).
We then have ftqty-- -ty = fujus - - - ug, hence tity - -ty = uiusg---ug. Since t; C uy and u; C t; are both
impossible by Corollary 4.1.11, it follows that ¢y = w;. Thus, ¢t -t = ug---ug, and so to = us for the
same reason. Continuing in this fashion, we conclude that ¢; = w; for all 7. It follows that hs | (Termg)k is
injective.

Finally notice that for any f € F;, and any g € F, with f # g, we have that ran(hs | (Termg)¥) N
ran(hg | (Termc)®) = 0 because all elements of ran(h¢ | (Term,)¥) begin with f while all elements of
ran(hg | (Terme)*) begin with g. O

Proposition 4.1.13. If ¢ € Formg, then K(p) = 1.
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Proof. The proof is by induction on ¢. We first show that K(p) = 1 for all ¢ € AtomicFormg. Suppose
that ¢ is Rtyto -« -t where R € Ry, and tq,to,...,tx € Termy. We then have

K(Rt1t2~-~tk) = K(R) +K(t1) +K(t2)+"'+K(tk)
=(1-k+141+---4+1 (by Proposition 4.1.9)
=1
Suppose that ¢ is = t1to where t1,ts € Term,. We then have

K(=tity) = K(=) + K(t1) + K(t2)
=—1+4+1+1 (by Proposition 4.1.9)
=1

Thus, K(p) =1 for all ¢ € AtomicForm .
Suppose that ¢ € Form, is such that K(¢) = 1. We then have that

K(~p) = K(-) + K(p)
=0+1
—1.

For any Q € {V,3} and any x € Var we also have
K(Qxp) = K(Q) + K(x) + K(p)

=—1+1+41
=1.

Suppose now that ¢,9 € Form, are such that K(¢) =1 = K(¢), and ¢ € {A,V,—}. We then have that

K(Opy) = -1+ K(p) + K()
=—1+41+1
=1
The result follows by induction. O
Proposition 4.1.14. If p € Form, and o C ¢, then K(o) <0.

Proof. The proof is by induction on ¢. We first show that the results holds for all ¢ € AtomicForm .
Suppose that ¢ is Réito - -t where R € Ry, and t1,to,...,tx € Term. Suppose that o C Rtyto---tg. If
o = A, then K(o) = 0. Otherwise, there exists i < k and 7 C t; such that o is Rt;to---¢;_17, in which case

K(o) = K(R) + K(t1) + K(t2) +--- + K(t;—1) + K(7)

=1-k+14+14+---4+1+K(7) (by Proposition 4.1.9)
=1-k)+i+K(r)

<(1-k)+i+0 (by induction)
=143G—k)

<0. (since i < k)

Thus, the result holds for Rtqts - - -tx. The same argument works for = t1t5 where t1,ts € Term,, so the
result holds for all ¢ € AtomicForm .
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Suppose that the result holds for ¢ € Form,. Suppose that o C —p. If 0 = A, then K(o) = 0.
Otherwise, 0 = =7 for some 7 C ¢, in which case
K(o) = K(=) + K(7)
=0+ K(7)
<0. (by induction)

Suppose now that Q € {V,3}, that x € Var, and that o C Qxp. If ¢ = A, then K(o) = 0, and if 0 = Q,
then K(o) = —1. Otherwise, 0 = Qx7 for some 7 C ¢, in which case

K(o) = K(Q) + K(x) + K(7)
=—-1414+K(7)
=0 (by induction)

Suppose now that the result holds for ¢, ¢ € Form,, and & € {A,V,—}. Suppose that o C Oy, If o = A
then K (o) = 0. If o is O7 for some 7 C ¢, then

K(o)=K(O)+ K(7)
=—-14K(1)
< -1. (by induction)

Otherwise, o is CpT for some 7 C 1), in which case

K(o)=K()+ K(p)+ K(7)

=—-14+0+ K(7) (by Proposition 3.1.13)
< -1 (by induction)
Thus, the result holds for O, O

Corollary 4.1.15. If p,¢ € Formg, then ¢ ¢ 1.
Proof. This follows by combining Proposition 4.1.13 and Proposition 4.1.14. O

Theorem 4.1.16. The generating system (Sym3, AtomicFormg,{h-,hx,hy,h_.} U{hyx, hax : x € V}}) is
free.

Proof. Similar to the others. O

With these freeness results, we are now able to define functions recursively on Term, and Form,. Since
we use terms in our definition of atomic formulas, which are the basic formulas, we will often need to make
two recursive definitions (on terms first, then on formulas) in order to define a function on formulas. Here’s
an example.

Definition 4.1.17. Let L be a language.
1. We define a function OccurVar: Termy — P(Var) recursively as follows.

e OccurVar(c) =0 for allx € C.
e OccurVar(x) = {x} for allx € Var.

e OccurVar(ftite -+ ty) = OccurVar(t;) U OccurVar(te) U - - - U OccurVar(ty) for all f € Fy, and
ti,t2,...,tx € Termy.
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2. We define a function OccurVar: Formg; — P(Var) recursively as follows.

OccurVar(Rtity - - - tg) = OccurVar(t1) UOccurVar(ta) U---UOccurVar(ty) for all R € Ry and
ti,ta, ..., tx € Termg.

OccurVar(= tita) = OccurVar(t;) U OccurVar(ts) for all ti,ty € Termy.

OccurVar(—) = OccurVar(p) for all p € Form,.

OccurVar(Cp) = OccurVar(p) U OccurVar(v) for each & € {A,V,—} and ¢, € Formg.
OccurVar(Qxp) = OccurVar(p) U {x} for each Q € {V,3}, x € Var, and ¢ € Form,.

Definition 4.1.18. Let L be a language.

1. We define a function FreeVar: Formp — P(Var) recursively as follows.

FreeVar(Rtity - - t;) = OccurVar(ty) U OccurVar(te) U - - - U OccurVar(t) for all R € Ry and
ti,ta,...,tx € Termg.

FreeVar(=tita) = OccurVar(t1) U OccurVar(ta) for all ty,ty € Termg.
FreeVar(—y) = FreeVar(p) for all ¢ € Formg.
(
(

FreeVar(Opy) = FreeVar(p) U FreeVar(y) for each & € {A,V,—} and ¢,¢ € Form,.
FreeVar(Qxe) = FreeVar(p)\{x} for each Q € {¥,3}, x € Var, and ¢ € Form.

2. We define a function BoundVar: Formg — P(Var) recursively as follows.

BoundVar(Rtits---tg) =0 for all R € Ry and t1,ta,...,tx € Termg.
BoundVar(=tits) = 0 for all t1,ty € Termy.
(
(Cp

BoundVar(— ) BoundVar(yp) for all ¢ € Formg.
BoundVar = BoundVar(p) U BoundVar(y) for each & € {A,V,—} and ¢, € Formg.
BoundVar(wa) = BoundVar() U {x} for each Q € {V,3}, x € Var, and ¢ € Form.

Definition 4.1.19. Let L be a language and let ¢ € Form,. We say that ¢ is an L-sentence, or simply a
sentence, if FreeVar(p) = 0. We let Sent, be the set of sentences.

4.2 Structures: The Semantics of First-Order Logic

4.2.1 Structures: Definition and Satisfaction

Up until this point, all that we’ve dealt with are sequences of symbols without meaning. Sure, our motivation
was to capture meaningful situations with our languages and the way we’ve described formulas, but all we’ve
done so far is describe the grammar. If we want our formulas to actually express something, we need to set
up a context in which to interpret them. Since we have quantifiers, the first thing we’ll need is a nonempty
set M to serve as the domain of objects that the quantifiers range over. Once we’ve fixed that, we need
to interpret the symbols of language as actual elements of our set (in the case of constant symbols), actual
k-ary relations on M (in the case of R € Ry), and actual k-ary functions on M (in the case of f € Fy).

Definition 4.2.1. Let £ be a language. An L-structure, or simply a structure, is a set M = (M, gc, 97, gr)
where

1. M is a nonempty set called the universe of M.
2. gc: C— M.
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3. gr is a function on R such that gr(R) is a subset of M* for all R € Ry.
4. gr 1s a function on F such that gz (f) is a k-ary function on M for all f € Fy,.
We use the following notation.
1. For each c € C, we use c™ to denote ge(c).
2. For each R € Ry, we use RM to denote gr(R).
3. For each f € Fy., we use f™ to denote gr(f).
Example 4.2.2. Let £ = {R} where R is a binary relation symbol. Here are some examples of L-structures.
1. M =N and RM = {(m,n) € M? : m | n}.
2. M ={0,1}* and RM = {(o,7) € M?: 0 C 7}.
3. M =R? and RM = {((a1,b1), (az,b2)) € M? : a1 = as}.
4. M ={0,1,2,3,4} and R™ = {(0,2),(3,3), (4,1), (4,2), (4,3)}.

Example 4.2.3. Let L = {c,f} where c is a constant symbol and f is a binary function symbol. Here are
some examples of L-structures.

1. M =7,cM =3 and M is the addition function (m,n) — m —n.
2. M =R, M=nx and fM is the function (a,b) — sin(a - b).

3. For any group (G,e,-), we get an L-structure by letting M = G, M = e, and letting f™ be the group
operation.

At first, it may appear than an L-structure provides a means to make sense out of any formula. However,
this is not the case, as you can see by looking at the formula x = y where x,y € Var. Until we provide a way
to interpret the elements of Var, this formula is meaningless. This motivates the following definition.

Definition 4.2.4. Let M be an L-structure. A function s: Var — M 1is called a variable assignment on

M.

Recall in propositional logic that every truth assignment v: P — {0,1} gave rise to an extension
T: Formp — {0,1} telling us how to interpret every formula. In our case, every variable assignment
s: Var — M gives rise to an extension s: Term, — M telling us which element of M to assign to each
term.

Definition 4.2.5. Let M be an L-structure, and let s: Var — M be a variable assignment. By freeness,
there exists a unique 5: Termyg — M such that

e 5(x) = s(x) for allv e Var.
e 5(c) =cM forallceC.
o 5(ftita---ty) = FM(5(t1),3(t2), - ., 5(1))

We're now in position to define the intuitive statement “p holds in the L-structure M with variable
assignment s” recursively. We need the following definition.
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Definition 4.2.6. Let M be an L-structure, and let s: Var — M be a variable assignment. Given x € Var
and a € M, we let s[x = a] denote the variable assignment

s[x:»am—{“ Iy =x

s(y)  otherwise

Definition 4.2.7. Let M be an L-structure. We define a relation (M,s) E ¢ (pronounced “p holds in
(M, s)”, or “p is true in (M,s)”, or {(M,s) models ¢”) for all p € Form, and all variable assignments
s by induction on .

e Suppose first that ¢ is an atomic formula.

— If ¢ is Rtyty - - - ty,,, we have (M, s) E ¢ if and only if (5(t1),5(t2),...,3(tx)) € RM.
— If ¢ is = t1te, we have (M, s) E ¢ if and only if S(t1) = 5(t2).

o For any s, we have (M, s) E =g if and only if (M, s) ¥ .
() E @A if and only if (M, s) E ¢ and (M, s) E 9.
M, s)E @V if and only if either (M, s) E ¢ or (M,s) E 1.
M, s) E o — v if and only if either (M, s) ¥ ¢ or (M, s) E 1.
M, s) E Ixe if and only if there exists a € M such that (M, s[x = a]) E ¢.

e For any s, we have

(M
e For any s, we have (
e For any s, we have (

(

e For any s, we have
e For any s, we have (M, s) F Vxyp if and only if for all a € M, we have (M, s[x = a]) F ¢.

Comments. The above recursive definition takes a little explanation, because some recursive “calls” change
the variable assignment. Thus, we are not fixing an L-structurve M and a variable assignment s on M,
and then doing a recursive definition on ¢ € Form,. We can make the definition formal as follows. Fix an
L-structure M. Let VarAssignag be the set of all variable assignments on M. We then define a function
gm: Formp — VarAssign g recursively using the above rules as guides, and we write (M, s) E ¢ to mean
that s € gam (). O

Ezample. Let £ = {R,f} where R is a unary relation symbol and f is a unary function symbol. Let M be
the following L-structure. We have M = {0,1,2,3}, R™ = {1,3}, and f™: M — M is the function defined
by

fM0) =3 M) =1 f(2) =0 fM(3) =3

1. For every s: Var — M with s(x) = 2, we have (M, s) F =Rx because
(M, s) E—-Rx & (M, s) F Rx
s(x) ¢ RM
& 2¢ RM
which is true.
2. For every s, we have (M, s) E 3xRx. To see this, fix s: Var — M. We have
(M, s) E 3xRx < There exists a € M such that (M, s[x = a]) F Rx
& There exists a € M such that s[x = a(x) € RM
& There exists a € M such that s[x = a](x) € RM
& There exists a € M such that a € R

with is true since 1 € RM.
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3. For every s, we have (M, s) E Vx(Rx — (fx = x)). To see this, fix s: Var — M. We have

(M, s) E¥x(Rx — (f(x) = x)) & For all a € M, we have (M, s[x = a]) F (Rx — (fx = x))
< For all @ € M, we have either
(M, s[x = a]) ¥ Rx or (M, s[x = a]) F (fx = x)
< For all @ € M, we have either

sx = a](x) ¢ RM or sjx = a|(fz) = s[x = a](x)
& For all @ € M, we have either

s[x = a](x) ¢ R™ or fM(s[x = a](x)) = s[x = a](x)
< For all @ € M, we have either

s[x = a](x) ¢ R™ or fM(s[x = a](x)) = s[x = a](x)

& For all a € M, we have either a ¢ RM or fM(a) = a

U

which is true because 0 ¢ RM, fM(1) =1, 2 ¢ RM, and fM(3) = 3.
O

In the above examples, it’s clear that only the value of s on the free variables in ¢ affect whether or not
(M, s) E . The following precise statement of this fact follows by a straightforward induction.

Proposition 4.2.8. Let M be an L-structure. Suppose that t € Termy and s1,82: Var — M are two
variable assignments such that s1(x) = s2(x) for all x € OccurVar(t). We then have 51(t) = Sa(t).

Proposition 4.2.9. Let M be an L-structure. Suppose that ¢ € Formg and s1,s2: Var — M are two
variable assignments such that s1(x) = sa(x) for all x € FreeVar(yp). We then have

(M, s1) E @ if and only if (M, s3) E ¢
Notation 4.2.10. Let L be a language.

1. If x1,X2,...,%n € Var are distinct, and we refer to a formula o(x1,Xa,...,%,) € Formg we mean that
v € Formg and FreeVar(p) C {x1,X2,...,Xn}.

2. Suppose that M is an L-structure, p(x1,X2,...,%,) € Formg, and ay,as,...,a, € M. We write
(M, ay,az,...,a,) E ¢ to mean that (M, s) E ¢ for some (any) s: Var — M with s(x;) = a; for all .

3. As a special case of 2, we have the following. Suppose that M is an L-structure and o € Sent;. We
write M E o to mean that (M, s) E o for some (any) s: Var — M.

4.2.2 Elementary Classes of Structures

As we’ve seen, once you fix a language £, an L-structure can fix any set M at all, interpret the elements
of C as arbitrary elements of M, interpret the elements of Ry, as arbitrary subsets of M*, and interpret the
elements Fj as arbitrary k-ary functions on M. However, since we have a precise languague in hand, we
now carve out classes of structures which satisfy certain sentences of our language.

Definition 4.2.11. Let £ be a language, and let 2 C Sent,. We let Mod(X) be the class of all L-structures
M such that M E o for all o € 3. If 0 € Sent., we write Mod(c) instead of Mod(X).

Definition 4.2.12. Let L be a language and let K be a class of L-structures.
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1. K is an elementary class if there exists o € Sentz such that K = Mod(o).
2. K is a weak elementary class if there exists ¥ C Sent, such that K = Mod(Y).
By taking conjunctions, we have the following simple proposition.

Proposition 4.2.13. Let L be a language and let IC be a class of L-structures. K is an elementary class if
and only if there exists a finite X C Sente such that K = Mod(X).

Ezamples. Let £ = {R} where R is a binary relation symbol.

1. The class of partially ordered sets is an elementary class as we saw in the introduction. We may let
be the following collection of sentences:

(a) WxRxx
(b) ¥x¥y((Rxy ARyx) — (x =y))
(c) ¥x¥yVz((Rxy A Ryz) — Rxz)

2. The class of equivalence relations is an elementary class. We may let ¥ be the following collection of
sentences:

(a) WxRxx
(b) ¥xV¥y(Rxy — Ryx)
(c) ¥x¥yVz((Rxy A Ryz) — Rxz)
3. The class of graphs is an elementary class. We may let ¥ be the following collection of sentences:
(a) Wx(—=Rxx)
(b) ¥x¥y(Rxy — Ryx)
O

Ezample. Let £ be any language whatsoever, and let n € N*. The class of L-structures of cardinality at
least n is an elementary class as witnessed by the formula:

IxyIxg - - - Ixn( /\ (xi # %))
1<i<j<n

Furthermore, the class of L-structures of cardinality equal to n is an elementary class. Letting o, be the
above formula for n, we can see this by considering o,, A (—0p+1). O]

Ezamples. Let £ ={0,1,+,-} where 0,1 are constant symbols and +, - are binary function symbols.
1. The class of fields is an elementary class. We may let ¥ be the following collection of sentences:
(a) VxWyVz(x+ (y +2) = (x +v) + 2)
(b) ¥x((x+0=x) A (04 x=x))
(¢) YIy((x+y=0)A(y+x=0))
(d) Wy(x+y=y+x)
(e) VxVyvz(x- (y-z) = (x"y)-2)
()
(2)

(x-1=x)A(1-x=x))

Vx
Vx(x #0 = Jy((x-y=1) A(y-x=0)))
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(h) Wxvy(x-y =y x)
(1) ¥x¥yVz(x- (y+2) = (x-y) + (x-2))

2. For each prime p > 0, the class of fields of characteristic p is an elementary class. Fix a prime p > 0,
and let X, be the above sentences togheter with the sentence 1+ 1+ .-+ 1 =0 (where there are p
1’s in the sum).

3. The class of fields of characteristic 0 is a weak elementary class. Let ¥ be the above sentences together
with {7, : n € N*} where for each n € N*, we have 7, = (1 + 1+ --- + 1 = 0) (where there are n 1’s
in the sum).

O

Ezample. Let F be a field, and let Lp = {0,+} U {h, : @ € F'} where 0 is a constant symbol, + is binary
function symbol, and each h, is a unary function symbol. The class of vector spaces over F' is a weak
elementary class. We may let 3 be the following collection of sentences:

1. IxWyVz(x + (y +2) = (x+Yy) + 2)

2. Wx((x+0=x) A (0+x=x))

3. WAy((x+y=0)A(y+x=0))

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

5. WxVy(h, (x+y) =h,(x) +h,(y)) for each a € F.
6. Wx(h,, 5(x) = (h,(x) + hs(x))) for each a € F.

7. ¥x(h,.5(x) = (h,(h;(x))) for each o, 8 € F.

O

At this point, it’s often clear how to show that a certain class of structures is a (weak) elementary class:
simply exhibit the correct sentences. However, it may seem very difficult to show that a class is not a (weak)
elementary class. For example, is the class of fields of characteristic 0 an elementary class? Is the class of
finite groups a weak elementary class? There are no obvious ways to answer these questions affirmatively.
We’ll develop some tools later which will allow us to resolve these questions.

Another interesting case is that of Dedekind-complete ordered fields. Now the ordered field axioms are
easily written down in the first-order language £ = {0,1,<,+,-}. In contrast, the Dedekind-completeness
axiom, which says that every nonempty subset which is bounded above has a least upper bound, can not
be directly translated in the language £ because it involves quantifying over subsets instead of elements.
However, we are unable to immediately conclude that this isn’t due to a lack of cleverness on our part.
Perhaps there is an alternative approach which captures Dedekind-complete ordered fields in a first-order
way (by finding a clever equivalent first-order expression of Dedekind-completeness). More formally, the
precise question is whether the complete ordered fields are a (weak) elementary class in the language L.
We’ll be able to answer this question later.
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4.2.3 Definability in Structures

Another wonderful side-effect of developing a formal language is the ability to talk about what objects we
can define using that language.

Definition 4.2.14. Let M be an L-structure. Suppose that k € Nt and X C MF. We say that X is
definable in M if there exists p(x1,X2,...,%xk) € Formg such that

X ={(ay,as,...,a;) € M* : (M, a1,as,...,a;) F ¢}
Ezamples. Let £L = {0,1,+,-} where 0 and 1 are constant symbols and 4+ and - are binary function symbols.
1. The set X = {(m,n) € N2 : m < n} is definable in (N, 0, 1,+,-) as witnessed by the formula

Jz(z#O0A (x+z=Yy))

2. The set X = {n € N: n is prime} is definable in (N, 0,1, +,-) as witnessed by the formula

Sx=1)AWVz(x=y-z— (y=1Vz=1))
3. The set X = {r € R:r > 0} is definable in (R,0,1,+,-) as witnessed by the formula

Jy(y -y =x)

Ezxample.

1. Let £ = {<} where < is a binary relation symbol. For every n € N, the set {n} is definable in (N, <).
To see this, first define ¢,,(x) to be the formula

n
Iyidya-- Iy N\ i #y) A Ay <)
1<i<j<n i=1
Now notice that {0} is definable as witnessed by the formula
—y(y <x)
and for each n € NT, the set {n} is definable as witnessed by the formula

©n(X) A "@ni1(x)

2. Let £ = {e,f} where e is a constant symbol and f is a binary function symbol. Let (G, e, ) be a group
interpreted as an L-stucture. The center of G is definable in (G, e, -) as witnessed by the formula

Yy (f(x,y) = f(y,x))
O

Sometimes, there isn’t an obvious way to show that a set is definable, but some cleverness really pays off.

Ezamples. Let L = {0,1,+,-} where 0 and 1 are constant symbols and 4+ and - are binary function symbols.
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1. The set N is definable in (Z,0,1,+, -) as witnessed by the formula:

Jy13y2Ty3ya(x =y1-y1+vy2-y2 +y3-y3+Va-ya)
because by Lagrange’s Theorem, every natural number is the sum of four squares.

2. The set X = {(k,m,n) € N3 : k™ = n} is definable in (N,0,1,+,-), as is the set {(m,n) € N? : m is
the n'® digit in the decimal expansion of 7}. These are nontrivial result we’ll prove later.

3. The set Z is definable in (Q,0,1,+,-). This is a deep result of Julia Robinson.

4. Let (R,0,1,4,-) be a commutative ring. The Jacobson radical of R is definable in (R,0,1,+,-) as
witnessed by the formula
Vydz((x-y)-z=z+1)

O

As for elementary classes, it’s clear how to attempt to show that something is definable (although as
we’ve seen this may require a great deal of cleverness). However, it’s not at all obvious how one could show
that a set is not definable. We’ll develop a few tools to do this in time.

4.2.4 Substitution

In time, we will see the need to “substitute” terms for variables. Roughly, you would think that if Vxp was
true in some structure, then when you take any term and substitute it in for x in the formula ¢, the resulting
formula would be true. We need a way to relate truth before substituting with truth after substituting. The
hope would be the following, where we use the notation ¢! to intuitively mean that you substitute ¢ for x:

Hope 4.2.15. Let M be an L-structure, let s: Var — M, let t € Termg, and let x € Var. For all
@ € Formy, we have

(M, s) E @ if and only if (M, s[x = 3(t)]) E ¢

In order to make this precise, we first need to define substitition. Even with the “correct” definition of
substitution, however, the above statement is not true. Let’s first define substitution for terms and show
that it behaves well.

Definition 4.2.16. Let x € Var and let t € Termy. We define a function Substl: Termy — Termg
denoted by ul as follows.

1. ¢t =c forallceC.

2. y)t(:{t ify =x

y  otherwise

for ally € Var.
3. (fuug ... ug)l = flug)L(ug)l -+ (ug)l for all f € F and all uy,us, ..., ux € Termg.
Here’s the key lemma that relates how to interpret a term before and after substitition.

Lemma 4.2.17. Let M be an L-structure, let s: Var — M, let t € Termg, and let x € Var. For all
u € Termg, we have

5(uy) = slx = 3(t)](w)
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Proof. The proof is by induction on Term,. For any c € C, we have

5(c;) = 5(c)

o
V) V)
X x
V] V]
— —
~| "=
= =
—
e] e]
N— N—

Suppose that u = x. We then have

s[x =
s[x =

Suppose that © =y € Var and that y # x. We then have

5(yy) =y
S

x=5(0)](y)
shx=5(0)](y)

Finally, suppose that f € F;, and that the result holds for uy, us,...,ur € Term,. We then have

L s[x = 5(1)](uz), ..., s[x = 35(t)](ux)) (by induction)

= sx = 5(t)] (Furus - - - uy)
O

With subsitution in terms defined, we now move to define substitution in formals. The key fact about
this definition is that we only replace x by the term ¢ for the free occurances of x because we certainly don’t
want to change Vxp into Vi, nor do we want to mess with an x inside the scope of such a quantifier. We
thus make the following recursive definition.

Definition 4.2.18. We now define FreeSubst x: Form; — Formg, again denoted ¢!, as follows.
1. (Ruyug - -up)l = R(ug)t (uz)t - -+ (ug)! for all R € Ry, and all ui,us,...,ux € Termg.
2. (= ujuz)t = “= (u1)L(uz)t” for all uy,us € Termy.
3. ()t = =(ph) for all p € Form,.

4. (Cp)t = Oyl for all v, € Formy and all & € {A\,V,—}.

. (Qye)y, = {Qy(@i) otherwise

v

for all p € Formg,y € Var, and Q € {3,V}.
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With the definition in hand, let’s analyze the above hope. Suppose that £ = ), and consider the formula
©(y) € Formg given by
S (x = )

For any L-structure M and any s: Var — M, we have (M, s) F ¢ if and only if |[M| > 2. Now notice that
the formula ¢ is
Ix—(x = x)

so for any L-structure M and any s: Var — M, we have (M,s) 7 ¢}. Therefore, the above hope fails
whenever M is an L-stucture with |M| > 2. The problem is that the term we substituted (in this case x)
had a variable which became “captured” by a quantifier, and thus the “meaning” of the formula became
transformed. We thus defined a function which indicates with this does not happen.

Definition 4.2.19. Let t € Termg and let x € Var. We define a function ValidSubst:: Form, — {0,1}
as follows.

1. ValidSubstl(p) =1 for all p € AtomicForm.

2. ValidSubstt(—p) = ValidSubst(p) for all ¢ € Form.

1 if ValidSubsti(e) = 1 and ValidSubstl(y) = 1

3. ValidSubstl(Op) = .
0 otherwise

for all ;b € Formg and all & € {A,V,—}.

1 ifx ¢ FreeVar(Qyy)
4. ValidSubstl(Qye) = < 1 ify ¢ OccurVar(t) and ValidSubstl(¢) = 1
0 otherwise

for all p € Formg, x,y € Var, and Q € {V,3}.

Theorem 4.2.20 (Substitution Theorem). Let M be an L-structure, let s: Var — M, let t € Termg, and
let x € Var. For all p € Form, with ValidSubst(p) = 1, we have

(M, 5) E ¢t if and only if (M, s[x = 3(t)]) F ¢

Proof. The proof is by induction on ¢. We first handle the case when ¢ € AtomicForm,. Suppose that
R € Ry and that uy,ug,...,u; € Termg. We then have

(M, 5) F (Ruruz - up), & (M, s) F R(ur)g(uz)y - (up);
& (3((u)5),3((u2)}), -+ ,5((ug)y)) € RM
& (sx = 3(8)](u1), s[x = 5(0)](uz), - - - , s[x = 5(t)](uz)) € RM
< (M, s[x = 35(t)]) E Rujug - - - ug
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Suppose that the results holds for ¢ and that ValidSubstt(—¢) = 1. We then have that ValidSubstt(p) = 1,
and hence

(M, 5) F (mg)y & (M, 5) F ()
(M, ) ¢
& M, six=30)) HFe (by induction)
< (M, sx=35(t)]) F -

The connectives A,V, and — are similarly uninteresting.
Suppose that the result holds for ¢ and that ValidSubstl(Jyp) = 1. First, if x ¢ FreeVar(Jyp), we have

(M, 5) F (Fyp), & (M, s) F Jyp
< (M, s[x=3(t)]) E Jyp
Suppose then that x € FreeVar(3yyp), so in particular x # y. Since ValidSubstt(Iyp) = 1, we have that

y & OccurVar(t), and also that ValidSubst!(p) = 1. Now using the fact that y ¢ OccurVar(t), it follows
that sly = a](t) = 3(¢) for every a € M. Therefore,

(M, s) E (Fyp)y & (M, s) E Iy(e)

& There exists a € M such that (M, sly = a]) F ¢

& There exists a € M such that (M, (sly = a])[x = sly = a](t)]) F ¢ (by induction)
< There exists a € M such that (M, (sly = a])[x = 35(t)]) F ¢

< There exists a € M such that (M, (s[x = 3(¢)))y = a]) F ¢

< (M, s[x=3(t)]) E Jyp
Suppose that the result holds for ¢ and that ValidSubst!(Vyp) = 1. First, if x ¢ FreeVar(Jyyp), we have

(M, 5) F (W) & (M, s) F Vyp
& (M, s[x = 35(t)]) E Vyp
Suppose then that x € FreeVar(Vyy), so in particular x #y. Since ValidSubstl(Vyp) = 1, we have that

y & OccurVar(t) and also that ValidSubsti(p) = 1. Now using the fact that y ¢ OccurVar(t), it follows
that sy = a](t) = 5(¢) for every a € M. Therefore,

(M, 5) E (Vyp)l & (M, s) E Vy(el)

& For all a € M, we have (M, sly = a]) F ¢!

& For all a € M, we have (M, (sy = a])[x = s[y = a](t)]) F ¢
< For all a € M, we have (M, (sly = a])[x = 3(t)]) E ¢

< For all a € M, we have (M, (s[x =35(t)])ly = a]) F ¢

& (M, s[x = 35(t)]) E Yy

4.3 Relationships Between Structures

4.3.1 Homomorphisms and Embeddings
Definition 4.3.1. Let £ be a language, and let M and N be L-structures.
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1. A function h: M — N is called a homomorphism if

(a) For all c € C, we have h(cM) = N
(b) For oll R € Ry, and all ay,as,...,a; € M, we have

(a1,as, ..., a;) € RM if and only if (h(a1), h(ag), ..., h(ag)) € RV
(c) For all f € Fi, and all aq,az,...,a;r € M, we have
WM (a1, as, ..., ar)) = ¥ (h(a1), h(az), ..., h(a))
2. A function h: M — N is called an embedding if it is an injective homomorphism.

3. A function h: M — N is called an isomorphism if it is a bijective homomorphism.

Notation 4.3.2. Let M and N be L-structures. If M and N are isomorphic, i.e. if there exists an
isomorphism h: M — N, then we write M = N.

Definition 4.3.3. Let M be an L-structure. An isomorphism h: M — M is called an automorphism.

Theorem 4.3.4. Let L be a language, and let M and N be L-structures. Suppose that h: M — N is a
homomorphism, and suppose that s: Var — M is a variable assignment.

1. For any t € Term,, we have h(3(t)) = ho s(t).

2. For every quantifier-free o € Form, not containing the equality symbol, we have

(M, s) E ¢ if and only if (N, hos)E e

3. If h is an embedding, then for every quantifier-free ¢ € Form,, we have

(M, s) E ¢ if and only if (N, hos)E ¢
4. If h is an isomorphism, then for every ¢ € Form,, we have
(M, s) E v if and only if (N ,hos)E ¢

Proof.

1. We prove this by induction on ¢. First, for any c € C, we have

h(s(c)) = h(c™)

=c (since h is a homomorphism)

Now for x € Var, we have
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Suppose now that f € Fy, that t1,to,...,tx € Termy, and the result holds for each ¢;. We then have

h(s(ftitz - 1)) = h(FY(3(t1), 5(t2), ..., 5(tk)))
= fM(h(3(t1)), h(3(t2)), . .., h(3(tr))) (since h is a homomorphism)
=N (hos(ty),hos(ty),..., hos(ty)) (by induction)

=ho S(ftltg e tk)
The result follows by induction

2. Suppose that h is an embedding. We prove the result by induction on ¢. Suppose first that R € Ry
and that t1,%s,...,tx € Term,. We then have
(M, s) E Rtity -ty & (3(t1),3(t2), ..., 3(tg)) € RM
& (h(3(t)), M(35(t2)), ..., h(3(t))) € RV (since h is a homomorphism)
& (hos(ty), hos(tg) hos(tk)) eRY  (by part 1)
& (N,hos)ERtty--

Suppose that the result holds for ¢. We prove it for =p. We have

(M,S) Fop < (M,S) 7o
< (N,hos)Hp (by induction)
& (N, hos)E—p

Suppose that the result holds for ¢ and 1. We have

M,s)Eponp e (M,s)FEpand (M,s) Ey
& (N,hos)Egand (N,hos)E g (by induction)
& (N,hos)Ep A

and similarly for V and —. The result follows by induction.

3. In light of the proof of 2, we need only show that if ¢ is = t1¢to where t1,t2 € Termg, then (M, s) F ¢
if and only if (M, h o s) E ¢. For any t1,t2 € Term,, we have

(M, s) E = t1ta & 35(t1) = 5(t2)
h(3(t1)) = h(3(t2)) (since h is injective)
& hos(ty) =hos(ta) (by part 1)
& (N, hos)E =tity

4. Suppose that the result holds for ¢ and x € Var. We have

(M, s) F Ixp < There exists a € M such that (M, s[x = a]) F ¢
& There exists a € M such that (N, ho (s[x = a])) F ¢
< There exists a € M such that (N, (ho s)[z = h(a)] F ¢
& There exists b € N such that (N, (hos)[z = b]) F ¢ (since h is bijective)
& (N, hos)E Ixp



4.3. RELATIONSHIPS BETWEEN STRUCTURES 69

and also

(M, s) EVxp < For all a € M, we have (M, s[x = a]) E ¢
& For all a € M, we have (N, ho (s[x=a])) F ¢
< For all a € M, we have (N, (ho s)[x = h(a)] E ¢
< For all b € N, we have (N, (hos)[z = b])E e (since h is bijective)
& (N,hos)EVxp

O

Definition 4.3.5. Let L be a language, and let M and N be L-structures. We write M = N, and say that
M and N are elementarily equivalent, if for all o € Sent., we have M E o if and only if N E o.

Corollary 4.3.6. Let £ be a language, and let M and N be L-structures. If M =N, then M =N.

4.3.2 An Application To Definability

Proposition 4.3.7. Suppose that M is an L-structure and k € N*. Suppose also that X C M* is definable
in M and that h: M — M is an automorphism. For every ai,as,...,ar € M, we have

(a1,a9,...,a;) € X if and only if (h(a1),h(az),...,h(ax)) € X
Proof. Fix o(x1,x2,...,2x) € Form, such that
X ={(a1,az2,...,a;) € MF . (M, ay,as,...,a;) F ¢}
By part 4 of Theorem 4.3.4, we know that for every aj,as,...,ar € M, we have
(M, a1,az,...,a;) F ¢ if and only if (M, h(a1), h(az),...,h(ar)) F ¢
Therefore, for every ay,as,...,ar € M, we have

(a1,a2,...,a;) € X if and only if (h(a1),h(az),...,h(ar)) € X

O
Corollary 4.3.8. Suppose that M is an L-structure and k € N*. Suppose also that X C MP* is and that
h: M — M is an automorphism. If there exists ay,as,...,ar € M such that exactly one of the following
holds:
o (aj,as,...,ar) € X

i (h(a1)7 h(a2)a teey h(ak)) eX
then X is not definiable in M.

Ezample. Let £ = {R} where R is a binary relation symbol, and let M be the L-structure where M = Z
and RM = {(a,b) € Z? : a < b}. We show that a set X C M is definable in M if and only if either X = () or
X = Z. First notice that 0 is definable as witnessed by —(x = x) and Z as witnessed by x = x. Suppose now
that X C Z is such that X # () and X # Z. Fix a,b € Z such that a € X and b ¢ X. Define h: M — M
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by letting h(c) = ¢+ (b — a) for all ¢ € M. Notice that h is automorphism of M because it is bijective (the
map g(c) = ¢ — (b—a) is clearly an inverse) and a homomorphism because if ¢1, ¢y € Z, then have have

(c1,c2) € RM e e <o
et (b—a)<ca+(b—a)
< h(c1) < h(eg)
& (h(c1), hlcp)) € RM
Notice also that h(a) = a+ (b—a) = b, s0 a € X but h(a) ¢ X. It follows from the proposition that X is
not definable in M. O

4.3.3 Substructures

Definition 4.3.9. Let L be a language and let M and A be L-structures. We say that A is a substructure
of M, and we write A C M if

1. ACM.

2. cA=cM forallceC.

3. RA=RMnN A* for all R € Ry,.
4. fA =M A* for all f € Fy.

Remark 4.3.10. Let £ be a language and let M and A be L-structures with A C M. We then have that
A C M if and only if the identity map t: A — M is a homomorphism.

Remark 4.3.11. Suppose that M is an L-structure and that A C M. A is the universe of a substructure
of M if and only if {cM :c€C} C A and (a1, as,...,a) € A for all f € F and all ay,as,...,a; € A.

Proposition 4.3.12. Let M be an L-structure and let B C M. Suppose either that B # () or C # 0. If we
let A=G(M,BU{cM:ceC},{fM:fecF}), then A is the universe of a substructure of M. Moreover, if
N C M with BC N, then AC N.

Proposition 4.3.13. Let L be a language.

1. A ¥y-formula is an element of G(Sym?y, QuantFreeFormg,{h3x : x € Var}).

2. A II-formula is an element of G(Sym}, QuantFreeFormg, {hvx:x € Var}).
Proposition 4.3.14. Suppose that A C M.

1. For any ¢ € QuantFreeFormg and any s: Var — A, we have

(A, 5) E ¢ if and only if (M, s) E ¢
2. For any X1-formula ¢ € Form, and any s: Var — A, we have
If (A, s) E @, then (M, s) E ¢
3. For any Il1-formula ¢ € Form, and any s: Var — A, we have

If (M, s) E @, then (A,s) E ¢
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Proof.
1. This follows from Remark 4.3.10 and Theorem 4.3.4.

2. We prove this by induction. If ¢ is quantifier-free, this follows from part 1. Suppose that we know the
result for ¢, and suppose that (A, s) F Ixp. Fix a € A such that (A, s[x = a]) F ¢. By induction, we
know that (M, s[x = a]) F ¢, hence (M, s) F Ixep.

3. We prove this by induction. If ¢ is quantifier-free, this follows from part 1. Suppose that we know the
result for ¢, and suppose that (M, s) E Vxgp. For every a € A, we then have (M, s[x = a]) E ¢, and
hence (A, s[x = a]) E ¢ by induction. It follows that (A, s) F Vxep.

O

4.3.4 Elementary Substructures

Definition 4.3.15. Let L be a language and let M and A be L-structures. We say that A is an elementary
substructure of M if A C M and for all p € Formg and all s: Var — A, we have

(A, s) E v if and only if (M,s) E ¢
We write A < M to mean that A is an elementary substructure of M.

Ezample. Let £ = {f} where f is a unary function symbol. Let M be the L-structure with M = N and
fM(n) = n + 1. Let A be L-structure with A = NT and f4(n) = n + 1. We then have that A C M.
Furthermore, we have M = A, hence for all o € Sent, we have

AFE o if and only if M E o

However, notice that A A M because if ¢(x) is the formula —3y(fy = x), we then have that (4,1) F ¢ but
(M, 1) F . O

Theorem 4.3.16 (Tarski-Vaught Test). Suppose that A C M. The following are equivalent.
1. A<SM.
2. Whenever ¢ € Formg, x € Var, and s: Var — A satisfy (M, s) E Ixp, there exists a € A such that

(M, s[x=a])Ep

Proof. We first prove that 1 implies 2. Suppose then that A < M. Let ¢ € Form, and s: Var — A be
such that (M, s) F 3xp. Using the fact that A < M, it follows that (A,s) F 3xp. Fix a € A such that
(A, s|[x = a]) E ¢. Using again the fact that A < M, we have (M, s[x = a]) F ¢.

We now prove that 2 implies 1. We prove by induction on ¢ € Form, that for all s: Var — A, we have
(A, s) E o if and only if (M, s) E . That is, we let

X ={p € Formg : For all s: Var — A we have (A, s) F ¢ if and only if (M, s) F ¢}

and prove that X = Form, by induction. First notice that ¢ € X for all quantifier-free ¢ because A C M.
Suppose now that ¢ € X. For any s: Var — A, we have

(As)E-p e (As)Fe

< (M,s)Hp (since p € X)
< (M, s) E e
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Therefore, ~¢p € X.
Suppose now that ¢,1 € X. For any s: Var — A, we have

(A, s) Epony < (As)Epand (A s)Ey
< (M, s) Fpand (M,s) E (since p, 9 € X)
& M s)EpAdy

Therefore, p A1) € X. Similarly, we have ¢ V¢ € X and p — ¥ € X.
Suppose now that ¢ € X and x € Var. For any s: Var — A, we have

(A, s) E 3xp < There exists a € A such that (A, s[x = a]) F ¢
< There exists a € A such that (M, s[x=a]) F ¢ (since ¢ € X)
& (M, s) E Ixp (by our assumption 2)

Therefore, Ixp € X.
Suppose now that ¢ € X and x € Var. We then have that = € X from above, hence Ix—p € X from
above, hence —3x—p € X again from above. Thus, for any s: Var — A, we have

(A, 5) EVxp & (A, s) E=Ix—p
& (M, s) E=3x—p (since ~Ix—p € X)
< (M, s) EVxp

Therefore, Vxp € X. O

Theorem 4.3.17 (Countable Lowenheim-Skolem-Tarski Theorem). Suppose that L is countable, that M is
an L-structure, and that X C M is countable. There exists a countable A <X M such that X C A.

Proof. Fix an element d € M (this will be used as a “dummy” element of M to ensure that we always have
something to go to when all else fails).

For each ¢ € Form, and x € Var such that FreeVar(p) = {x}, we define an element n,, € M as
follows. If M E 3xp, fix an arbitrary m € M such that (M, m) F ¢, and let n,x = m. Otherwise, let
Nepx = d.

Now for each ¢ € Form, and x € Var such that {x} C FreeVar(y), we define a function. Suppose that
FreeVar(¢) = {y1,y2,.--,¥k,x}. We define a function h,y: M*¥ — M as follows. Let by, ba,...,by €
M. If (M,by,ba,...,br) F Ixp, fix an arbitrary @ € M such that (M,by,ba,... bk,a) E ¢, and let
hex(bi,b2,...,by) = a. Otherwise, let hy, «(b1,b2,...,bx) =d.

We now let

B=XU{d}Uu{cM:ceClU{nyx:x€Var,o € Formg, and FreeVar(p) = {x}}

and we let
A=GM,B,{fM:f € Fr}U{hyx: ¢ € Formp,x € Var})

We then have that A is the universe of a substructure A of M. Notice that X C A and that by a problem
on Homework 1, we have that A is countable. Thus, we need only show that A < M, which we do by the
Tarski-Vaught test. Suppose that ¢ € Form,, x € Var, and s: Var — A are such that (M, s) E Ixep.

Suppose first that x ¢ FreeVar(p). Since (M, s) E Ixp, we may fix m € M such that (M, s[x = m]) E .
Now using the fact that x ¢ FreeVar(yp), it follows that (M, s[x = d]) F ¢.

Suppose now that FreeVar(y) = {x}, and let a = n,x € A. Since M F Ixyp, hence (M,a) F ¢ by
definition of n, . It follows that there exists a € A such that (M, s[x = a]) F .

Finally, suppose that FreeVar(e) = {y1,y2,..., Yk, x}. For each ¢ with 1 <14 <k, let b; = s(y;), and let
a = hgyx(bi,ba,...,by) € A. Since (M, by, b,...,b,) F Ixp, hence (M, by, b, ..., by, a) F ¢ by definition of
hyx. It follows that there exists a € A such that (M, s[x = a]) F ¢. O
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Corollary 4.3.18. Suppose that L is countable and that M is an L-structure. There exists a countable
L-structure N such that N = M.

Proof. Let N be a countable elementary substructure of M. For any o € Sent,, we then have that N F o
if and only if M F o, so N = M. O

This is our first indication that first-order logic is not powerful enough to distinguish certain aspects of
cardinality, and we’ll see more examples of this phenomenon after the Compactness Theorem (for first-order
logic) and once we talk about infinite cardinalities and extend the Lowenheim-Skolem-Tarski result.

This restriction already has some interesting consequences. For example, you may be familiar with the
result that (R,0,1,<,+,-) is the unique (up to isomorphism) Dedekind-complete ordered field.

Corollary 4.3.19. The Dedekind-complete ordered fields are not a weak elementary class in the language
L£L={0,1,<,4+,}.

Proof. Let K be the class of all Dedekind-complete ordered fields. Suppose that 3 C Sent, is such that
K = Mod(X). By the Countable Lowenheim-Skolem-Tarski Theorem, there exists a countable A/ such that
N =(R,0,1,<,+,-). Since (R,0,1,<,+,-) € K, we have (R,0,1,<,+,-) Eo for all 0 € ¥, so N E ¢ for all
o € X, and hence N € K. However, this is a contradiction because all Dedekind-complete ordered fields are
isomorphic to (R, 0,1, <,+,-), hence are uncountable. O

Definition 4.3.20. Let £ be a language and let M and N be L-structures. Suppose that h: N — M. We
say that h is an elementary embedding if h is an embedding and for all p € Form, and all s: Var — N,
we have

(N, 8) E @ if and only if (M,hos)FE ¢

4.4 Changing the Language

4.4.1 Expansions and Restrictions

Definition 4.4.1. Let £L C L' be languages, let M be an L-structure, and let M’ be an L'-structure. We
say that M is the restriction of M’ to L, and that M’ is an expansion of M to L', if

e M =M.

o M=cM forallcecC.
e RM =RM for allR € R.
o M =M foralifeF.

Proposition 4.4.2. Let L C L' be languages, let M’ be an L' -structure, and let M be the restriction of M’
to L. For all ¢ € Formg and all s: Var — M, we have (M, s) E ¢ if and only if (M, s) E ¢.

Proof. By induction. O

4.4.2 Adding Constants to Name Elements

Definition 4.4.3. Let L be a language and let M be an L-structure. For each a € M, introduce a new
constant ¢, (not appearing in the original language L and all distinct). Let Ly = LU {c, 1 a € M} and let
Mezp be the Laq-structure which is the expansion of M in which cfl\/t”p =a foralla € M. We call Mgy
the expansion of M obtained by adding names for elements of M.
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Definition 4.4.4. Let M be an L-structure, and let s: Var — M be a variable assignment. Define a
function Names: Termy — Termg,, by plugging in names for free variables according to s. Define a
function Nameg: Formp — Sent.,, again by plugging in names for free variables according to s.

Proposition 4.4.5. Let M be an L-structure, and let s: Var — M be a variable assignment. For every
@ € Formg, we have
(M, s) E ¢ if and only if Megp F Names(p)

Definition 4.4.6. Let M be an L-structure.
o We let AtomicDiag(M) = {o € Sent,,, N AtomicFormg,, : Megp E 0}
o We let Diag(M) = {o € Sentr,, : Megp E 0}
Proposition 4.4.7. Let L be a language and let M and N be the L-structures. The following are equivalent:
e There exists an embedding h from M to N.
e There exists an expansion of N to an L aq-structure which is a model of AtomicDiag(M).
Proposition 4.4.8. Let L be a language and let M and N be the L-structures. The following are equivalent:
e There exists an elementary embedding h from M to N.

o There exists an expansion of N to an Laq-structure which is a model of Diag(M).



Chapter 5

Semantic and Syntactic Implication

5.1 Semantic Implication and Theories

5.1.1 Definitions

Definition 5.1.1. Let £ be a language and let T C Formg. A model of T is a pair (M, s) where
o M is an L-structure.
e s: Var — M 1is a variable assignment.
o (M,s)E~ forallyeT.

Definition 5.1.2. Let L be a language. Let I' C Form, and let ¢ € Formg. We write I' E ¢ to mean that
whenever (M, s) is a model of T, we have that (M, s) E p. We pronounce I' E ¢ as T’ semantically implies

®.

Definition 5.1.3. Let L be a language and let T C Form,. We say that T is satisfiable if there exists a
model of T'.

Definition 5.1.4. Let L be a language. A set X C Sent, is an L-theory if
e X is a satisfiable.
o For every T € Senty with X E 7, we have T € X.

There are two standard ways to get theories. One is to take a stucture, and consider all of the sentences
that are true in that structure.

Definition 5.1.5. Let M be an L-structure. We let Th(M) = {o € Senty : M E g}. We call Th(M) the
theory of M.

Proposition 5.1.6. Let L be a language and let M be an L-structure. Th(M) is an L-theory.

Proof. First notice that Th(M) is satisfiable because M is a model of Th(M) (since M F ¢ for all o €
Th(M) by definition. Suppose now that 7 € Sent. is such that Th(M) E 7. Since M is a model of Th(M),
it follows that M E 7, and hence T € Th(M). O

Another standard way to get a theory is to take an arbitrary satisfiable set of sentences, and close it off
under semantic implication.

75
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Definition 5.1.7. Let L be a language and let ¥ C Senty. We let Cn(X) = {1 € Sent, : L E 7}. We call
Cn(X) the set of consequences of X.

Proposition 5.1.8. Let £ be a language and let ¥ C Sent be satisfiable. We then have that Cn(X) is an
L-theory.

Proof. We first show that C'n(X) is satisfiable. Since X is satsfiable, we may fix a model M of ¥. Let
7 € Cn(X). We then have that ¥ F 7, so using the fact that M is a model of ¥ we conclude that M E 7.
Therefore, M is a model of Cn(X), hence Cn(X) is satisfiable.

Suppose now that 7 € Sent, and that Cn(X) F 7. We need to show that 7 € Cn(X), i.e. that ¥ F 7.
Let M be a model of ¥. Since X F ¢ for all o € Cn(Y), it follows that M E o for all 0 € Cn(X). Thus, M
is a model of Cn(X). Since Cn(X) E 7, it follows that M F 7. Thus, ¥ F 7, and so 7 € Cn(X). O

Definition 5.1.9. An L-theory X is complete if for all T € Sent,, either T € ¥ or -1 € X.
Proposition 5.1.10. Let £ be a language and let M be an L-theory. Th(M) is a complete L-theory.

Proof. We've already seen that Th(M) is a theory. Suppose now that o € Sent,. If M E o, we then have
that o € Th(M). Otherwise, we have M o, so by definition M E —o, and hence o € Th(M). O

Ezample. Let £ = {f,e} where f is a binary function symbol and e is a constant symbol. Consider the
following sentences.

Y1 = VXVyvz(f(f(X7 Y)’ Z) = f(xv f(xv Y)))
w2 = Vx(f(x,e) = x A f(e,x) = x)
w3 = ¥xJy(f(x,y) = e Af(y,x) =e)

The theory T = Cn({p1,¢2,3}) is the theory of groups. T is not complete because it neither contains
Vxy(f(x,y) = f(y,x)) nor its negation because there are both abelian groups and nonabelian groups. O

Definition 5.1.11. Let £ = {R} where R is a binary relation symbol. Consider the following sentences

p1 = ¥x—Rxx
2 = VxVyVz((Rxy A Ryz) — Rxz)
3 = ¥xVy—(Rxy A Ryx)
ps = VXVy(x =y V Rxy V Ryx)
and let LO = Cn({y1, p2, ¢3,¢a}). LO is called the theory of (strict) linear orderings. LO is not complete

because it neither contains Vx(x =y V x < y) nor its negation because there are linear ordering with greatest
elements and linear orderings without greatest elements.

Definition 5.1.12. Let £ = {R} where R is a binary relation symbol. Consider the following sentences

Y1 = Vx—Rxx

w2 = VxVyVz((Rxy A Ryz) — Rxz)
3 = VxVy—(Rxy A Ryx)

g = ¥xXVy(x =y V Rxy V Ryx)

5 = VxVy(Rxy — Jz(Rxz A Rzy))
we = Vx3JyRxy

w7 = Vx3yRyx

and let DLO = Cn({¢1, p2, ©3, ¥4, 5,06, p7}). DLO is called the theory of dense (strict) linear orderings
without endpoints. DLO is complete as we’ll see below.
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Theorem 5.1.13 (Countable Lowenheim-Skolem Theorem). Suppose that L is countable and that T' C
Formy is satisfiable. There exists a countable model (M, s) of T.

Proof. Since T is satisfiable, we may fix a model (A,s) of I'. Let X = ran(s) C N and notice that X
is countable. By the Countable Lowenheim-Skolem-Tarski Theorem, there exists a countable elementary
substructure M < N such that X C M. Notice that s is also a variable assigment on M. Now for any
v € T, we have that (N, s) F v because (N, s) is a model of T, hence (M, s) E v because M < N. It follows
that (M, s) is a model of T". O

5.1.2 Finite Models of Theories

Given a theory T and an n € NT, we want to count the number of models of T' of cardinality n up to
isomorphism. There are some technical set-theoretic difficulties here which will be elaborated upon later,
but the key fact that limits the number of isomorphism classes is the following result.

Proposition 5.1.14. Let L be a language and let n € Nt. For every L-structure M with |M| = n, there
exists an L-stucture N with N = [n] such that M = N

Proof. Let M be an L-structure with |M| = n. Fix a bijection h: M — [n]. Let A be the L-structure where
e N =|n].
o N =h(cM) forall c e C.
o RN = {(b1,by,...,by) € N¥: (= (by),h 1 (by), ..., h~1(by)) € RV} for all R € Ry.

o V is the function from N* to N defined by fV (by, by, ..., by) = h(FM(R=1(by), h=(b2), ..., h = (bk)))
for all f € FF.

We then have that h is an isomorphism from M to N. O

Proposition 5.1.15. If L is finite and n € N, then there are only finitely many L-structures with universe
[n].
Definition 5.1.16. Let £ be a finite language and let T be an L-theory. For each n € NT, let I(T,n) be the

number of models of T of cardinality n up to isomorphism. Formally, we consider the set of all L-structures
with universe [n], and count the number of equivalence classes under the equivalence relation of isomorphism.

Example 5.1.17. If T is the theory of groups, then I(T,n) is a very interesting function that you study
in algebra courses. For example, you show that I(T,p) = 1 for all primes p, that I1(T,6) = 2, and that
I(T,8) =5.

Example 5.1.18. Let L =0 and let T = Cn(0). We have I(T,n) =1 for alln € N*.

Proof. First notice that for every n € Nt the L-structure M with universe [n] is a model of T of cardinality
n, so I(T,n) > 1. Now notice that if M and N are models of T of cardinality n, then any bijection
h: M — N is an isomorphism (because £ = 0), so I(T,n) < 1. It follows that I(T,n) =1 for alln € N. O

Example 5.1.19. I(LO,n) =1 for alln € NT.

Proof. First notice that for every n € N, the £-strucutre M where M = [n] and RM = {(k,¢) € [n]? : k < (}
is a model of LO of cardinality n, so I(LO,n) > 1. Next notice that any two linear orderings of cardinality
n are isomorphic. Intuitively, this works as follows. Notice (by induction on the number of elements) that
every finite linear ordering has a least element. Let M and N be two linear orderings of cardinality n.
Each must have a least element, so map the least element of M to that of A/. Remove these elements, then
map the least element remaining in M to the least element remaining in N, and continue. This gives an
isomorphism. Formally, you can turn this into a proof by induction on n. O
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Example 5.1.20. Let £ = {f} where f is a unary function symbol, and let T = Cn({Vx(fix =x)}). We have
I(T,n)=[%] +1 for alln € N*.

Proof. Let’s first analyze the finite models of T'. Suppose that M is a model of T" of cardinality n. For every
a € M, we then have fM(f™(a)) = a. There are now two cases. Either f™(a) = a, or f™(a) = b # a in
which case fM(b) = a. Let

o Fizyg={ae M: fM(a) = a}.
e Movey ={a € M : fM(a) # a}.

From above, we then have that |Movexq| is even and that |Fizaq| + |Moveps| = n. Now the idea is that
two models M and N of T of cardinality n are isomorphic if and only if they have the same number of fixed
points, because then we can match up the fixed points and then match up the “pairings” left over to get an
isomorphism. Here’s a more formal argument.

We know show that if M and A are models of T of cardinality n, then M = N if and only if |Fiz | =
|Fizpr|. Clearly, if M = N, then |Fizy| = |Fizpr|. Suppose conversely that |Fizag| = |Fizp|. We then
must have |Movep| = [Moveps|. Let Xpq C Movep be a set of cardinality W such that fM(z) #vy
for all 2,y € X (that is, we pick out one member from each pairing given by f™), and let X be such
a set for A/. Define a function h: M — N. Fix a bijection from a: Fizyq — Fizpn and a bijection
B: Xpm — Xy Define h by letting h(a) = a(a) for all a € Fiz g, letting h(z) = B(x) for all © € Xy, and
letting h(y) = fN(B(fM(y))) for all y € Moven\X. We then have that h is an isomophism from M to N.

Now we need only count how many possible values there are for |Fiz r¢|. Let n € NT. Suppose first that n
is even. Since |Movep | must be even, it follows that |Fiz | must be even. Thus, |Fixzaq € {0,2,4,...,n},
so there are § + 1 many possibilities, and it’s easy to construct models in which each of these possibilities
occurs. Suppose now that n is odd. Since |Moven | must be even, it follows that |Fiz | must be odd.
Thus, |Fizam]| € {1,3,5,...,n}, so there are %‘1 + 1 many possibilities, and it’s easy to construct models in
which each of these possibilities occurs. Thus, in either case, we have I(T,n) = |§] + 1. O

Example 5.1.21. I(DLO,n) =0 for alln € N*.
Proof. As mentioned in the LO example, every finite linear ordering has a least element. O
Definition 5.1.22. Suppose that L is a finite language and o € Sent,. Let
Spec(o) = {n € NT : I(Cn(o),n) > 0}
Proposition 5.1.23. There exists a finite language £ and a o € Sent, such that Spec(o) = {2n:n € Nt}

Proof. We’'ll give two separate arguments. First, let £ = {e,f} be the language of group theory. Let o be
the conjunction of the group axioms with the sentence Ix(—(x = e) A fxx = e) expressing that there is an
element of order 2. Now for every n € NT, the group Z/(2n)Z is a model of ¢ of cardinality 2n because 7 is
an element of order 2. Thus, {2n : n € NT} C Spec(c). Suppose now that k € Spec(o), and fix a model M
of o of order k. We then have that M is a group with an element of order 2, so by Lagrange’s Theorem it
follows that 2 | k, so k € {2n : n € NT}. Tt follows that Spec(o) = {2n:n € NT}.

For a second example, let £ = {R} where R is a binary relation symbol. Let o be the conjunction of the
following sentences:

o VxRxx.
e VxVy(Rxy — Ryx).
o VxVyVz((Rxy A Ryz) — Rxz).



5.2. SYNTACTIC IMPLICATION 79
e VxIy(—(y =x) ARxy AVz(Rxz — (z=xVz=Yy))).

Notice that a model of ¢ is simply an equivalence relation in which every equivalence class has exactly 2
elements. It is now straightforward to show that Spec(o) = {2n:n € NT}. O

Proposition 5.1.24. There exists a finite language £ and a o € Sent, such that Spec(o) = {2" : n € Nt}

Proof. Again, let’s give two separate arguments. First, let £ = {e,f} be the language of group theory. Let
o be the conjunction of the group axioms with the sentences Ix—(x = e) and Vx(fxx = e) expressing that
the group is nontrivial and that there every nonidentity element has order 2. Now for every n € N7, the
group (Z/27Z)™ is a model of o of cardinality 2”. Thus, {2" : n € NT} C Spec(s). Suppose now that
k € Spec(o), and fix a model M of o of order k. We then have that & > 1 and that M is a group such that
every nonidentity element has order 2. Now for any prime p # 2, it is not the case that p divides k because
otherwise M would have to have an element of order p by Cauchy’s Theorem. Thus, the only prime that
divides k is 2, and so k € {2n : n € NT}. It follows that Spec(c) = {2" : n € NT}.

For a second example, let £ = {0,1,+,-} be the language where 0,1 are constant symbols and +,-
are binary function symbols. Let ¢ be the conjunction of the field axioms together with 14 1 = 0. Thus,
the models of o are exactly the fields of characteristic 2. By results in algebra, there is a finite field of
characteristic 2 of order k if and only if k is a power of 2. O

5.1.3 Countable Models of Theories

Theorem 5.1.25. Suppose that M and N are two countably infinite models of DLO. We then have that
M=N.

Proof. Back-and-forth construction. See Damir’s carefully written proof. O

Corollary 5.1.26 (Countable Los-Vaught Test). Let £ be a countable language. Suppose that T is an L-
theory such that all models of T are infinite, and suppose also that every two countably infinite models of T
are isomorphic. We then have that T is complete.

Proof. Suppose that T is not complete and fix o € Sent, such that o ¢ T and —o ¢ T. We then have that
T U{c} and T U {—-c} are both satisfiable by infinite models (because all models of T are infinite), so by
the Countable Lowenheim-Skolem Theorem we may fix countably infinite models My of T U {c} and M,
of T U{—o}. We then have that M; and M are countably infinite models of 7" which are not isomorphic
(because they are not elementarily equivalent), a contradiction. O

Corollary 5.1.27. DLO is complete.
Proposition 5.1.28. Suppose that T is a complete L-theory. If M and N are models of T, then M = N.

Proof. Let o € Sent,. If 0 € T, we then have that both M E o and N E . Suppose that o ¢ T. Since T is
complete, we then have that —c € T, hence M E —¢ and N E —o. It follows that both M F o and N ¥ 0.
Therefore, for all o € Sent,, we have that M & ¢ if and only if N F o, so M = N. O

Corollary 5.1.29. In the language L = {R} where R is a binary relation symbol, we have (Q, <) = (R, <).

5.2 Syntactic Implication

5.2.1 Definitions
Basic Proofs:

eI'Fypifpel (Assumer)
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eI'Ft=tforallt e Termy (EqRefl)

Proof Rules:
W (AEL) W (AER) g - AF; Y ()
% (VIL) % (VIR)
RS en  fne
JHETTIR HEIS Culee UMY (g,

PU{-p}F TU{-p}F—
ke

(Contr)

Equality Rules:

'kl Thrt=u

if ValidSubstl(p) = 1 = ValidSubst®(p) (= Sub)

T'F oy
Existential Rules: Ch o
Px . . t _
TF s if ValidSubst,(p) =1 (3I)
TU{pf} -
IHM ify ¢ FreeVar(I' U {3xp,}) and ValidSubst)(¢) =1 (IP)
Universal Rules: ey
Xe . . t _
T o if ValidSubst(p) =1 (VE)
T'F ey .
S § F r 4 =1 1
TF Vg ify ¢ FreeVar(I'U {Vxp}) and ValidSubst}(p) (V1)
Superset Rule:
T'Fe ..,
- ¥ »)
F o if TV 2T (Super)

Definition 5.2.1. A deduction is a witnessing sequence in (P(Formg) X Formg, Assumes U EqRefl, H).
Definition 5.2.2. Let ' C Formp and let ¢ € Formp. We write I' - ¢ to mean that
(T, ) € (P(Formyg) x Form., Assumes U EqRefl, H)
We pronounce I' - ¢ as ‘T" syntactically implies ¢”.
Notation 5.2.3.
1. IfT =0, we write - ¢ instead of O - .
2. If T' = {v}, we write v F ¢ instead of {y} F ¢.

Definition 5.2.4. I is inconsistent if there exists 8 € Formp such that ' - 60 and I' - —=0. Otherwise, we
say that I' is consistent.
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5.2.2 Some Fundamental Deductions

Proposition 5.2.5. For any t,u € Termg, we havet = ut u =t.

Proof. Fix t,u € Term.

{t=u}bt=t (EqRefl) (1)
{t=ulbt=u (Assumer)  (2)
{t=u}tFu=t (=Subon1and 2withx=t) (3)
O
Proposition 5.2.6. For any t,u,w € Term, we have {t = u,u = w}+t =w.
Proof. Fix t,u,w € Termg.
{t=u,u=w}kt=u (Assumer) (1)
{t=u,u=w}ru=w (Assumer)  (2)
{t=uv,u=wikt=w (=Subon1and2witht=x) (3)
O
Proposition 5.2.7. For any R € Ry and any t1,ts, ...t € Termg, we have
{Rtltz---tk7t1 =Ui,to = U2,..., Lk = uk} F Rujusg - - - uyg

Proof. Fix R € Ry, and #1,ta,...,t;y € Termy. Fix x ¢ Ule(OccurVaT(ti) U OccurVar(u;)). Let T' =
{Rtite - tg,t1 = ui,ta = ua,...,tx = ux}. We have

It Riytg - tg (Assumes) (1)
Pkt =u (Assumer)  (2)
I' - Rujtots - -ty (= Sub on 1 and 2 with Rxtats---tx)  (3)
Dhty=us (Assumes)  (4)
I'+ Rujugts -« -ty (= Sub on 3 and 4 with Rujxts - - tx (5)
Tkt =ug (Assumer)  (2k)
I'F Rujug -+ -ug (= Sub on 2k — 1 and 2k with Rujus---x)  (2k+1)
L]
Proposition 5.2.8. For any f € F, and any t1,ta, ..., tx € Term,, we have
{tl = UQ,tQ :u27...7tk :uk} Fftltg"'tk :fu1u2~~-uk

Proof. Fix f € Fy, and tq,ta,...,t, € Termg. Fix x ¢ Ule(OccurVar(ti) U OccurVar(u;)). Let T' = {t; =
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Uy, ty = ug,...,ty = ug}. We have
'k ftltg H tk = ftllfg e tk (EqRefl) (1)
Tt =wu (Assumes)  (2)
T ftyty -ty = furty - -ty (= Subon 1 and 2 with ftyty -t = fxta - tx)  (3)
Tk ity=us (Assumer)  (4)
Fl_ftltg"-tk :fu1u2~-~tk (: Sub on 1 and 2 with ftltg"-tk :fU1X~--tk) (3)
Ik tp =ug (Assumes)  (2k)

I'Fftity -ty = fugug -+ - uy, (= Sub on 2k — 1 and 2k with ftyto -t = fujus---x)  (2k+1)

Similar to the previous proposition, but start with the line ) & ft o - - -t = ft1to - - -t using the EqRefl
rule. O

Proposition 5.2.9. Ixp - ~Vx—gp.
Proof. Fix 'y # x with y ¢ OccurVar(p).

{@k, =X, AVx—p} VX (Assumer) (1)
{3k, =X, VX } X (Assumez)  (2)
{@}, =Vx—p} F Vx—p (Contr on 1 and 2)  (3)
{@Y, = =Vx=p} F =(¢3) (VE on 3)  (4)
{ks mVxp} o) (Assumeg)  (5)
{or} F —vx—e (Contr on 4 and 5)  (6)
{3xp} F =¥x—p (3P on 6) (7)
O
Proposition 5.2.10. —3x—p - Vxgp.
Proof. Fixy # x with y ¢ OccurVar(p).
{=3Ix=p, 7%} F I (Assumes) (1)
{=3x, ~l} E (—p) (Assumer)  (2)
{=3x—, ~pf} F Ixe (3 on2) (3)
{=Ix=p} Y (Contr on 1 and 3)  (4)
{—3x—p} F ¥xp (VI ond) (5)
O

5.2.3 Theorems About +
Proposition 5.2.11. If T is inconsistent, then I' = ¢ for all ¢ € Formp.

Proof. Fix 0 such that T' - 0 and T' - =0, and fix ¢ € Form,. We have that TU{—p} F 8 and TU{=p} - -0
by the Super rule. Therefore, I' - ¢ by using the Contr rule. O

Proposition 5.2.12.
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1. If T U {p} is inconsistent, then T F —.
2. If TU{—p} is inconsistent, then T'F .
Proof.

1. Since I' U {p} is inconsistent, we know that I' U {¢} F —¢ by Proposition 5.2.11. Since we also have
that T'U {—¢} F - by Assume, it follows that " - —¢ by the —~PC rule.

2. Since T' U {—¢} is inconsistent, we know that I' U {—¢} F ¢ by Proposition 5.2.11. Since we also have
that T'U {¢} F ¢ by Assume, it follows that T' F ¢ by the =PC rule.

O

Corollary 5.2.13. If ' C Formy is consistent and ¢ € Formg, then either T' U {p} is consistent or
T'U{—p} is consistent.

Proof. If both T'U {¢} and T' U {—p} are inconsistent, then both I" - = and I" F ¢ by Proposition 5.2.12,
so I' is inconsistent. O

Proposition 5.2.14.
1. IfTF o and TU{p} F 4, then T 9.
2. IfTFp and T o — 9, then T' - .
Proof.

1. Since T'F ¢, it follows from the Super rule that T'U {—¢} F ¢. Since we also have I U {—p} F —¢ by
Assume, we may conclude that I' U {—} is inconsistent. Therefore, by Proposition 5.2.11, we have
that T'U {—¢} F . Now we also have I' U {¢} I 1) by assumption, so the =PC rule gives that T' b ).

2. Since I' + ¢ — 1, we can conclude that I' U {¢} F ¢ by rule — E. The result follows from part 1.
O

Proposition 5.2.15. Let G¢ip = G(Pyin(Formg) x Formg, Assumes U EqRefl,’H), i.e. we insist that the
set ' is finite but otherwise have exactly the same proof rules. Let I' &y ¢ denote that (T', @) € Gyin

1. IfI'Fpin @, then I'F .
2. If ' o, then there exists a finite I'o C I' such that o Fyip @
In particular, if T F @, then there ezists a finite I'g C T such that Ty F ¢.

Proof. 1 is a completely straightforward induction because the starting points are the same and we have the
exact same rules. The proof of 2 goes in much the same way as the corresponding result for propositional
logic. O

Corollary 5.2.16. If every finite subset of I is consistent, then I is consistent.

Proof. Suppose that I" is inconsistent, and fix 8 € Form, such that I' - 8 and T - =0. By Proposition
5.2.15, there exists finite sets ' C I" and I'y C I' such that I'g - 6 and I'; - —6. Using the Super rule, it
follows that '¢cUT'; 6 and T'g UT'; - =60, so I'g UT'; is a finite inconsistent subset of T'. O
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Chapter 6

Soundness, Completeness, and
Compactness

6.1

Soundness

Theorem 6.1.1 (Soundness Theorem).

1. If T+, then T F ¢.

2. Every satisfiable set of formulas is consistent.

Proof.

1. The proof is by induction. We let X = {(T',¢) € G : T E ¢} and we show by induction on G that
X = G. We begin by noting that if ¢ € I, then I' F ¢ because if (M, s) is a model of T', then (M, s)
is a model of « simply because ¢ € I'. Therefore, (I', p) € X for all (I', ¢) € Assume,. Also, for any
I' C Form, and any t € Term,, we have I' E t = ¢ because for any any model (M, s) of I' we have
5(t) =3(t), hence (M, s) Et=t.

We now handle the inductive steps. All of the old rules go through in a similar manner as before, and
the Super rule is trivial.

e We first handle the = Sub rule. Suppose that T' F ¢!, that ' F ¢ = u, and that ValidSubstL(p) =
1 = ValidSubst?(p). We need to show that I' F ¢¥. Fix a model (M,s) of I'. Since ' F L, we
have that (M, s) E L. Also, since I' F t = u, we htave that (M, s) E t = u, and hence 3(t) = 5(u).
Now using the fact that ValidSubsti(p) = 1 = ValidSubst(p) = 1, we have

(M, s) E ¢l = (M,s[x=3(t)]) F¢ (by the Substitution Theorem)
= (M,slx=3u)]) Ee
= (M,s) E oy (by the Substitution Theorem)

e We now handle the 37 rule. Suppose that I' £ ¢! where ValidSubst;«(¢) = 1. We need to
show that I' E 3x¢. Fix a model (M,s) of I'. Since I' E ¢!, it follows that (M, s) E ¢!. Since
ValidSubstl(p) = 1, we have
(M, 5) F ol = (M, s[x=3(t)]) Fp (by the Substitution Theorem)

= There exists a € M such that (M, s[x = a]) F ¢
= (M, s) E Ixp
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e Let’s next attack the 3P rule. Suppose that T U {¢¥} E ¢, that y ¢ FreeVar(I' U {3xp,¥}), and
that ValidSubsty(p) = 1. We need to show that T'U{Ixp} E 1. Fix a model (M, s) of TU{Ixp}.
Since (M, s) E Ixp, we may fix a € M such that (M, s[x = a]) F ¢. We first divide into two
cases to show that (M, sly = a]) F .

Case 1: Suppose that y = x. We then have ¢¥ = ¢} = ¢ and s[x = a] = sly = a], hence
(M, sly = a]) F ¢ because (M, s[x = a]) F .
Case 2: Suppose that y # x. We then have

M, slx=a]) Fo= (M, (sly=a])x=a]) Fp (since y ¢ FreeVar(p) and y # x)
= M, (sly = a])x = sly = a](y)) F ¢
= (M, sly = a]) E ¢ (by the Substitution Theorem)

Thus, (M, sly = a]) F ¢¥ in either case. Now since (M, s) F vy forally € T and y ¢ FreeVar(T),
we have (M, sy = a]) F ~ for all v € T'. Thus, (M, sly = a]) F ¢ because I' U {¢¥%} F 9. Finally,
since y ¢ FreeVar(y), it follows that (M, s) E 1.

e We next do the VE rule. Suppose that ' F Vxp and that ¢ € Termy is such that ValidSubstl(p) =
1. We need to show that I' E ¢!. Fix a model (M, s) of I'. Since I' E Vzp, it follows that that
(M, s) E Vap. Since ValidSubsti(p) = 1, we have

(M, s) E Vxp = For all a € M, we have (M, s[x = a]) F ¢
= (M, slx=3()]) F e
= (M, s) E ¢t (by the Substitution Theorem)

e We finally end with the VI rule. Suppose that I' E ¥, that y ¢ FreeVar(I' U {Vxp}), and that
ValidSubsty(¢) = 1. We need to show that I" F ¥xy. Fix a model (M, s) of T.

Case 1: Suppose that y = x. Since y = x, we have ¢¥ = ¢¥ = ¢. Fix a € M. Since (M, s) E v
for all vy € ' and x =y ¢ FreeVar(I'), we may conclude that (M, s[x = a]) F « for all v € T.
Therefore, (M, s[x = a]) F ¢, i.e. (M, s[x = a]) F ¢, because I' F ). Now a € M was arbitrary,
s0 (M, s[x = a]) F ¢ for every a € M, hence (M, s) E ¥xop.

Case 2: Suppose that y # x. Fix M. Since (M,s) F vy for all vy € ' and y ¢ FreeVar(l'), we
may conclude that (M, sly = a] E v for all v € T'. Therefore, (M, sly = a]) F ¢ because I" F ¢Y.
Since ValidSubst(y) = 1, we have

(M, sly=a]) E ¢l = (M, (sly = a])x= sy = a](y)]) E ¢ (by the Substitution Theorem)
= (M, (sly = a)[x=a]) F o
= M,slx=a]) F o (since y ¢ FreeVar(p) and y # x)

Now a € M was arbitrary, so (M, s[x = a]) F ¢ for every a € M, hence (M, s) F Vxep.
The result follows by induction.
2. Let T be a satisfiable set of formulas. Fix a model (M, s) of I". Suppose that I is inconsistent, and fix
0 € Formg such that I' - 6 and I' - 0. We then have I' E 6 and I E -6 by part 1, hence (M, s) = 0

and (M, s) E (—0), a contradiction. It follows that T" is consistent.

O



6.2. PRIME FORMULAS
6.2 Prime Formulas

Definition 6.2.1. A formula ¢ € Formg is prime if one the following holds.
1. ¢ € AtomicForm.
2. ¢ = 3Axy) for some x € Var and some ¢ € Formy.
3. @ =Vxy for some x € Var and some ¢ € Formy.

We denote the set of prime formulas by PrimeForm,.

Definition 6.2.2. Let £ be a language. Let P(L) = {A, : ¢ € PrimeFormg}.
o We define a function h: Formg — Formp(r) recursively as follows.

1. h(p) = A, for all p € AtomicFormg.

2. h(—p) = =h(p) for all p € Form,.

3. h(Opy) = Oh(e)h(y) for all p,vp € Formg and all & € {A,V,—}.
4. h(Qxp) = Aqxy for all ¢ € Formg, x € Var, and Q € {V,3}.

For ¢ € Formg, we write p* for h(¢). For T C Form., we write I'# for {y# : 4 € T'}.
e We also define a function g: Formp(cy — Formg recursively as follows.

1. g(A,) = ¢ for all ¢ € PrimeFormg.
2. g(—a) = —g(a) for all a € Formp,.
3. g(CaB) = Cg(a)g(B) for all o, B € Formp, and all & € {A,V,—}.

For a € Formp(ry, we write o* for g(a). For I' C Formp(ry, we write I for {y*:~v €T}.

Proposition 6.2.3.

1. For all ¢ € Form,, we have (o#)* = .

2. For all o € Formp(r), we have (a*)# = a.
Proof. A trivial induction.
Proposition 6.2.4. Let L be a language, let I' C Formp(z), and let o € Formpc).

1. If T Fpy ¢ (in the propositional language P(L)), then T'* = ©* (in the first-order language L).

2. If T Fpy @ (in the propositional language P(L)), then I = ©* (in the first-order language L).
Proof.

1. This follows by induction because all propositional rules are included as first-order logic rules.

87

2. T Fpiey o, then I' Fp(z) ¢ by the Completeness Theorem for propositional logic, hence I'* 2 ¢* by

part 1.

O

Corollary 6.2.5. Let £ be a language, let T C Formg, and let ¢ € Formy. If I'# Fp(o) ©* (in the

propositional language P(L)), then I' bz ¢ (in the first-order language L).
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Proof. Suppose that T'# Fpr) ©*. By Proposition 6.2.4, it follows that (I'#)* Fpr) (”)*, hence I' ¢ ¢
by Proposition 6.2.3 O

Example 6.2.6. Let L be a languague and let @, € Formg We have =(p — ) Fz o A ()
Proof. We show that (=(p — ©))# Epzy (¢ A (—¢))#. Notice that

L (=(e = ) = (% — 97¥)

2. (¢ A (=))* = o A=(PF).

Suppose that v: P(L) — {0,1} is a truth assignment such that 5(=(¢# — %)) = 1. We then have v(¢# —
¥#) = 0, hence B(p*) = 1 and D()#) = 0. We therefore have 7(—(1)#)) = 1 and hence D(p# A ~(¢#)) = 1.
It follows that (—(¢ — ¥))# Ep(z) (o A (—1p))#. O

Corollary 6.2.7. Let L be a language, let T C Formy, and let ¢, € Forme. IfT Fz ¢ and o# Fro) #,
then I' Fr 9.

Proof. Since p# Fp) ¥, we have that ¢ . 1 by Corollary 6.2.5. It follows from the Super rule that
TU{p} k., . Using Proposition 5.2.14 (since I' -z ¢ and TU{¢} k. 9), we may conclude that T'F, . O

6.3 Completeness

6.3.1 Motivating the Proof

We first give an overview of the key ideas in our proof of completeness. Let £ be a language, and suppose
that I' C £ is consistent.

Definition 6.3.1. Suppose that L is a language and that A C Form,. We say that A is complete if for all
@ € Formg, either ¢ € A or —p € A.

As we saw in propositional logic, it will aid use greatly to extend I" to a set A D I" which is both consistent
and complete, so let’s assume that we can do that (we will prove it exactly the same way below). We need
to construct an L-structure M and a variable assignment s: Var — M such that (M, s) E § for all § € A.
Now all that we have is the syntactic information that A provides, so it seems that the only way to proceed
is to define our M from these syntactic objects. Since terms intuitively name elements, it is natural to try
to define the universe M to simply be Term,. We would then define the structure as follows

1. M =cforall ceC.
2. RM = {(t1,t2,...,tr) € MF : Rtyty.. .t € A} for all R € Ry.
3. fM(ty,to, ... ty) = ftito-- -ty for all f € Fy, and all ¢y,to,...,t, € M.

and let s: Var — M be the variable assignment defined by s(x) = x for all x € Var.

However, there are two problems with this approach, one of which is minor and the other is quite serious.
First, let’s think about the minor problem. Suppose that £ = {f,e} where f is a binary function symbol
and e is a constant symbol, and that T' is the set of group axioms. Suppose that A D T' is consistent and
complete. We then have fee = e € A because I' - fee = e. However, the two terms fee and e are syntactically
different objects, so if we were to let M be Term, this would cause a problem because fee and e are distinct
despite the fact that A says they must be equal. Of course, when you have distinct objects which you want
to consider equivalent, you should define an equivalence relation. Thus, we should define ~ on Term, by
letting ¢t ~ u if t = uw € A. We would then need to check that ~ is an equivalence relation and that the
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definition of the structure above is independent of our choice of representatives for the classes. This is all
fairly straightfoward, and will be carried out below.

On to the more serious obstactle. Suppose that £ = {P} where P is a unary relation symbol. Let
F={-Px:xeVartU{-(x=y):xy € Var with x # y} U {3xPx} and notice that T is consistent because
it is satisfiable. Suppose that A D T is consistent and complete. In the model M constructed, we have
M = Termg = Var (notice that the equivalence relation defined above will be trivial in this case). Thus,
since (M, s) E =Px for all x € Var, it follows that (M, s) ¥ 3xPx. Hence, M is not a model of A.

The problem in the above example is that there was an existential statement in A, but whenever you
plugged a term in for the quantied variable, the resulting formula was not in A. Since we are building our
model from the terms, this is a serious problem. However, if A had the following, then this problem would
not arise.

Definition 6.3.2. Let L be a language and let T' C Form,. We say that T' contains witnesses if for all
@ € Formg and all x € Var, there exists c € C such that (Ixp) — 5 € T

Our goal then is to show that if I" is consistent, then there exists a A D I' which is consistent, complete,
and contains witnesses. On the face of it, this is not true, as the above example shows (because there are
no constant symbols). However, if we allow ourselves to expand our language with new constant symbols,
we can repeatedly add witnessing statements by using these fresh constant symbols as our witnesses.

6.3.2 The Proof

We can also define substitution of variables for constants in the obvious recursive fashion. Ignore the following
lemma until you see why we need it later.

Lemma 6.3.3. Let p € Formyg, lett € Termg, letc € C, and let x,z € Var. Suppose thatz ¢ OccurVar(yp).

z

-
o (©h)z equals (7)<

o If ValidSubsti(y) = 1, then ValidSubsts (p?) = 1.

Lemma 6.3.4. Let L be a language, and let L' be L together with a new constant symbol c. Suppose that

Loz o
'y bz
Ly bFpropo

Fn Fﬁ/ ©Pn
is an L'-deduction. For any z € Var with z ¢ OccurVar(J;_,(T'; U{¢;})), we have that

(Fo)é ke (po)e
(T'1)e
(T2)e

z

Fr (1)t
Fe (p2)c

1s an L-deduction.
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Proof. We prove by induction on 4 that

is an L-deduction.

If ¢ €I, then ¢Z € 2.

Suppose that line ¢ is I' - ¢ = ¢ where ¢ € Termyg.. Since (¢t = t)? equals ¢Z = tZ, we can place I'Z |- ¢Z = ¢Z
on line ¢ by the EqRefl rule.

Suppose that I' F 2/ ¢ A1) was a previous line and we inferred I' k27 ¢. Inductively, we have T'Z k2 (¢ A 9))Z
on the corresponding line. Since (¢ A )z = ¢Z A9YZ, we may use the AEL rule to put I'Z . ¢Z on the
corresponding line. The other propositional rules are similarly uninteresting.

Suppose that T' 2/ % and T' 2/ t = u were previous lines, that ValidSubstt(p) = 1 = ValidSubst¥(p),
and we inferred T' 2/ ¢¥. Inductively, we have I'Z b, (p%)Z and T'Z b, (t = u)? on the corresponding lines.
Now (¢!)Z equals (gpﬁ)fg by the previous lemma, and (¢t = u)? equals tZ = wZ. Thus, we have I'Z . (gog)f;
and ' -, t2 = uZ on the corresponding lines. Using the fact that ValidSubstl(p) = 1 = ValidSubst®(p),
we can use the previous lemma to conclude that that ValidSubstiz(goﬁ) =1= ValidSubstffi(goz). Hence, we

Y on the corresponding line. We now need only note that (¢?)

may use that = Sub rule to put I'2 k. (¢?) ¥
equals (p¥)Z by the previous lemma.

Suppose that T' kg ¢! where ValidSubsti(p) = 1 was a previous line and we inferred T' g Ixep.
Inductively, we have T'Z . (¢!)? on the corresponding line. Now (¢%)? equals (@é)ff and ValidSubstf;(goﬁ) =1

by the previous lemma. Hence, we may use the 3I rule to put I'Z . Ix(¢Z) on the corresponding line. We
now need only note that Ix(¢?) equals (Ixp)Z.

The other rules are similarly awful. O

Corollary 6.3.5 (Generalization on Constants). Let £ be a language, and let L' be L together with a new
constant symbol c. Suppose that I' C Formg and ¢ € Formye. If U e oS, then T g Vxo.

Proof. Since I' 7/ ¢, we may use Proposition 5.2.15 to fix an £’-deduction

Loz o
'y bz
Ly Y2

Fn Fﬁ/ ©n

such that each I'; C Formy is finite and I';, C T'. Fix y € Var such that

n

y ¢ OccurVar(U (T; U{ei})

=0
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From Lemma 6.3.4, we have that

(L)l Fz (po)d
(T ke (p1)f
(T2)l bz (p2)i

(Tn)e e (on)e

is an L-deduction. Since I, C T' C Formg, we have (I'y)Y = Ty, Now (¢n)Y = (%)Y = ¢¥. We therefore
have I'y, 2 @Y. We may then use the VI rule to conclude that I'), -, Vxp. Finally, I' k2 Vx¢ by the Super
rule. O]

Corollary 6.3.6. Let L be a language, let I' C Formg, and let o € Form,.
1. Let L' be L together with a new constant symbol. If T Fr/ @, then T . .
2. Let L' be L together with finitely many new constant symbols. If T/ @, then T b, .
3. Let L' be L together with (perhaps infinitely many) new constant symbols. If T Frr p, then T F1 .
Proof.
1. Since I' 4/ ¢, we may use Proposition 5.2.15 to fix an £’-deduction
Loz o

' Fzron
Iy bproo

Fn |_C’ Pn

such that each I'; C Formg is finite, I';, C T, and ¢,, = ¢. Fix y € Var such that

n

y ¢ OccurVar(U(Fi) U{ei}))

i=0
From Lemma 6.3.4, we have that
(To) Fe (o)t

() ke (p1)f
(T2)l ke (p2)i

(Cn)e e (on)e

is an £-deduction. Since I',, CT' C Form, and ¢ € Formg, it follows that (I',)¥ = T', and (¢n)Y = ¢.
Thus, ', -, ¢ and so ' . ¢ by the Super rule.

2. This is proved by induction on the number of new constant symbols, using part 1 for the base case
and the inductive step.
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3. Suppose that I' -,/ ¢, and use Proposition 5.2.15 to fix an £’-deduction

Loz o
'y e
Ly bprgo

Fn Fﬁ’ Pn

such that each T'; C Formy is finite, I, C T, and ¢, = ¢. Let {co,c1,...,cn} be all constants
appearing in |J;_,(T; U {¢;}) and let Lo = LU {cg,c1,...,¢pn}. We then have that

Lo Fry o
I'iFgy 1
Iy bgy 02

Fn l_ﬁo ©n

is an Lo-deduction, so I'y, F,, ¢. Using the Super rule, we conclude that I' ., ¢. Therefore, I' -2 ¢
by part 2.

O

Corollary 6.3.7. Let L be a language and let L be L together with (perhaps infinitely many) new constant
symbols. Let ' C Formy. T is L-consistent if and only if ' is L' -consistent.

Proof. Since any £-deduction is also a £'-deduction, if T is £L-inconsistent then it is £’-inconsistent . Suppose
that T is £'-inconsistent. We then have that T' ./ ¢ for all ¢ € Form, by Proposition 5.2.11, hence T' b, ¢
for all ¢ € Form, by Corollary 6.3.6. Therefore, I' is L-inconsistent. O

Lemma 6.3.8. Let L be a language, and let L' be L together with a new constant symbol c. Suppose that
' C Formy is L-consistent and that ¢ € Formg. We then have that T' U {(Ixp) — ¢} is L -consistent.

Proof. Suppose that T' U {(3xp) — ¢S} is L'-inconsistent. We then have that T' bz —((Ixp) — ¢S), hence
T Fz (3xp) A =(9E) by Corollary 6.2.7 (because (=((Ixp) — ¢9))* Epiery (3xp) A=(95))¥). Thus, T kg
Ixp by the AEL rule, so I' Fz =Vx—p (by Proposition 5.2.9 and Proposition 5.2.14), and hence I" k. —¥x—¢
by Corollary 6.3.6. We also have T' bz (—¢)S by the AER rule, so I' k. Vx—p by Generalization on
Constants. This contradicts the fact that I' is £-consistent. O

Lemma 6.3.9. Let L be a language and let T' C Formg be L-consistent. There exists a language L D L
and I'" C Formy: such that

1. T CTI.
2. T is L'-consistent.
3. For all ¢ € Form, and all x € Var, there exists ¢ € C such that (Ixp) — ¢S € TV

Proof. For each ¢ € Form, and each x € Var, let c, x be a new constant symbol (distinct from all symbols
in £). Let L' = LU{cyx: ¢ € Formg and x € Var}. Let

I"=TU{(3xp) = ¢x** : ¢ € Form, and x € Var}}
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Conditions 1 and 3 are clear, so we need only check that I'V is £'-consistent. By Corollary 5.2.16, it suffices
to check that all finite subsets of I are £’-consistent, and for this it suffices to show that

T'U{(3xap1) = (1), (Bxapa) = (02)%27%, -, (Fxatpn) = (n)x™ "}

is L’-consistent whenever @1, o, ..., 0, € Form, and x1,Xa, ...,%, € Var. Formally, one can prove this by
induction on n. A slightly informal argument is as as follows. Fix 1, @, ..., 0, € Formg and x1,Xz,...,X, €
Var. We have

e [' is L-consistent, so
o TU{(3x1p1) — (1)} is (£ U {cy, x })-consistent by Lemma 6.3.8, so

TU{(Bx1p1) = (1), (xapa) — (92)s2™2} is (£ U {Copyxys oy xo })-cOMSsistent by Lemma 6.3.8, so

T'U{(3xip1) = (1), (Bxaz) = (02)5272, .., (Fxapn) — (0n )™ } i

(LU {Cpy %15 Caas - - - » Cop xy })-CONSIStENT

Therefore,
TU{(3xap1) = (1), (Bxepa) = (92)x27%, -+, (Fxapn) = (n)x" ™"}
is L'-consistent by Corollary 6.3.7. O

Proposition 6.3.10. Let £ be a language and let T' C Form, be consistent. There exists a language L' D L
and I'" C Formy: such that

1. T CTI.
2. TV is L'-consistent.
3. TV contains witnesses.

Proof. Let Lo = L and 'y = I'. For each n € N, use the previous lemma to get £,,+; and I';,41 from £,, and
Iy Set L' =, ey £ and set T =, oy - O

Proposition 6.3.11. (Suppose that L is countable.) If T is consistent, then there exists a set A D T' which
18 consistent and complete.

Proof. Exactly the same proof as the propositional logic case, using Zorn’s Lemma in the uncountable
case. O

Proposition 6.3.12. Let £ be a language. If T C L is consistent, then there a language L' D L (which is
L together with new constant symbols) and A C Formg: such that

e I'CA.

o A is consistent.

A is complete.
e A contains witnesses.
Proof. O

Lemma 6.3.13. Suppose that A is consistent and complete. If A& ¢, then ¢ € A.
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Proof. Suppose that A - ¢. Since A is complete, we have that either ¢ € A or ~¢p € A. Now if —p € A,
then A F —yp, hence A is inconsistent contradicting our assumption. It follows that ¢ € A. O

Lemma 6.3.14. Suppose that A is consistent, complete, and contains witnesses. For every t € Termg,
there exists c € C such thatt =c € A.

Proof. Let t € Term,. Fix x € Var such that x ¢ OccurVar(t). Since A contains witnesses, we may fix
c € C such that (Ix(t = x)) — (t = c) € A (using the formula ¢ = x). Now 0 I (t = x)!, so we may use the

X

37 rule (because ValidSubstl(t = x) = 1) to conclude that () - Ix(¢t = x). From here we can use the Super
rule to conclude that A F 3x(t = x). We therefore have A F 3x(t = x) and A F (Ix(t = x)) — (¢ = ¢), hence
A F t = ¢ by Proposition 5.2.14. Using Lemma 6.3.13, we conclude that t =c € A. O

Lemma 6.3.15. Suppose that A is consistent, complete, and contains witnesses. We have
1. ~p € A if and only if p ¢ A.
2. o AN € Aif and only if o € A and ¢p € A.
3. oV e Aifand only if p € A orp € A.
4. o =Y e A ifand only if o ¢ A orp € A.
5. Ixep € A if and only if there exists c € C such that ¢S € A.
6. Vxp € A if and only if oS € A for all c € C.
Proof.

1. If = € A, then ¢ ¢ A because otherwise A F ¢ and so A would be inconsistent.
Conversely, if ¢ ¢ A, then = € A because A is complete.

2. Suppose first that p Ay € A. We then have that A - ¢ A, hence A - ¢ by the AEL rule and A + 1)
by the AER rule. Therefore, ¢ € A and ) € A by Lemma 6.3.13.

Conversely, suppose that ¢ € A and 1 € A. We then have A+ ¢ and A F 1, hence A - ¢ A ) by the
AI rule. Therefore, ¢ A € A by Lemma 6.3.13.

3. Suppose first that ¢ V1) € A. Suppose that ¢ ¢ A. Since A is complete, we have that =p € A. From
Proposition 3.4.10, we know that {—¢, ¢ V ¢} F ¢, hence A ¢ by the Super rule. Therefore, ¢ € A
by Lemma 6.3.13. It follows that either ¢ € A or ¢ € A.

Conversely, suppose that either ¢ € A or ¢ € A.

Case 1: Suppose that ¢ € A. We have A F ¢, hence A - ¢V ¢ by the VIL rule. Therefore, p Vi) € A
by Lemma 6.3.13.

Case 2: Suppose that ¢ € A. We have A I 1, hence A - ¢V by the VIR rule. Therefore, pV1) € A
by Lemma 6.3.13.

4. Suppose first that ¢ — ¥ € A. Suppose that ¢ € A. We then have that A F ¢ and A F ¢ — 1, hence
A + 9 by Proposition 5.2.14. Therefore, ¥ € A by Lemma 6.3.13. It follows that either ¢ ¢ A or
P e A.

Conversely, suppose that either ¢ ¢ A or ¢ € A.

Case 1: Suppose that ¢ ¢ A. We have = € A because A is complete, hence A U {¢} is inconsistent
(as AU{p} F ¢ and AU {—¢} F —¢). Tt follows that A U {¢} F 1 by Proposition 5.2.11, hence
A F ¢ — 9 by the — I rule. Therefore, ¢ — ¢ € A by Lemma 6.3.13.

Case 2: Suppose that ¢ € A. We have ¢ € AU {¢}, hence AU {p} F ¢, and so A + ¢ — 9 by the
— I rule. Therefore, ¢ — 1) € A by Lemma 6.3.13.
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5. Suppose first that Ixp € A. Since A contains witnesses, we may fix ¢ € C such that (Ixp) — S € A.
We therefore have A F Ixp and A F (Ixp) — ¢S, hence A F ¢S by Proposition 5.2.14. Using Lemma
6.3.13, we conclude that ¢§ € A.

Conversely, suppose that there exists ¢ € C such that ¢S € A. We then have A F ¢S, hence A F Ixp
using the 37 rule (notice that ValidSubst(p) = 1). Using Lemma 6.3.13, we conclude that Ixp € A.

6. Suppose first that Vxp € A. We then have A F Vxp, hence A F ¢S for all ¢ € C using the VE rule
(notice that ValidSubsti(p) = 1 for all ¢ € C). Using Lemma 6.3.13, we conclude that ¢S € A for all
ceC.

Conversely, suppose that ¢S € A for all c € C. Since A is consistent, this implies that there does not
exist ¢ € C with =(¢§) = (—¢)S € A. Therefore, Ix—¢p ¢ A by part 5, so ~Ix—p € A by part 1. It
follows from Proposition 5.2.10 that A - Vx¢. Using Lemma 6.3.13, we conclude that Vxp € A.

O

Proposition 6.3.16. If A is consistent, complete, and contains witnesses, then A is satisfiable.

Proof. Suppose that A is consistent, complete, and contains witnesses.

Define a relation ~ on Term, by letting ¢t ~ w if t = v € A. We first check that ~ is an equivalence
relation. Reflexivity follows from the EqRefl rule and Lemma 6.3.13. Symmetry and transitivity follow
from Proposition 5.2.5 and Proposition 5.2.6, together with the Super rule and Lemma 6.3.13).

We now define our L-structure M. We first let M = Term/ ~. For each t € Term,, we let [t] denote
the equivalence class of t. Notice that M = {[c] : ¢ € C} be Lemma 6.3.14. We now finish our description of
the L-structure M by saying how to interpret the constant, relation, and function symbols. We let

1. M=|c] forall c € C.
2. RM = {([tl], [tz], ey [tk]) € M*F . Rtits -t € A} for all R € Ry.
3. fM([t1], [tal, - - -, [te]) = [ftata - - - tg] for all f € Fy.

Notice that our definitions of R™ do not depend on our choice of representatives for the equivalence classes
by Proposition 5.2.7. Similarly, our definitions of f* do not depend on our choice of representatives for the
equivalences classes by Proposition 5.2.8. Finally, define s: Var — M by letting s(x) = [x] for all x € Var.

We first show that 5(t) = [t] for all t € Term, by induction. We have 3(c) = c™ = [c] for all ¢ € C and
5(x) = s(x) = [x] for all x € Vaar. Suppose that f € Fy, and t1,ta,...,t; € Term, are such that 3(¢;) = [t;]
for all i. We then have

S(ftity - --ty) = FM(5(t1),5(ta), . .., 5(t))
= M), [ta], - - [th]) (by induction)
= [ft1to - - t)]
Therefore, 3(t) = [t] for all t € Term,.

We now show that ¢ € A if and only if (M, s) E ¢ for all ¢ € Form, by induction. We first prove the
result for ¢ € AtomicForm,. Suppose that R € Ry and ty,ts,...,tx € Termy. We have

Rtity -ty € A < ([ti], [ta],. .., [tx]) € RM
& (3(t1),5(t), . ..,3(ty)) € RM
=4 (M,S) E Rtity- <otk
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Suppose now that t1,ty € Term,. We have

t1 =1ts € A& [tl] = [tQ]

Suppose that the result holds for ¢. We have

peAsSpd A (by Lemma 6.3.15)
& (M, s)FZ e (by induction)
< (M, s)Fp

Suppose that the result holds for ¢ and 1. We have
pANYpeEANASpeAandy € A
< (M, s) Epand (M,s) Ey
e M, s)Fony

and
pVyeAspeAoryp e A
< (M, s)Epor (M,s)Ey
& M s)FepVey
and finally

p—PpeAspdAorypeA
& (M, s)Fpor (M,s)Fy
& (M,s)Fp—1

Suppose that the result holds for ¢ and that x € Var. We have

Ixp € A & There exists ¢ € C such that ¢ € A
< There exists ¢ € C such that (M, s) F ¢
< There exists ¢ € C such that (M, s[x = 35(c)]) F ¢
< There exists ¢ € C such that (M, s[x = [c]]) E ¢
< There exists a € M such that (M, s[x = a]) F ¢
& (M, s) FE Ixp

and also

Vaxp € A & For all c € C, we have pg € A
< For all c € C, we have (M, s) F ¢
< For all c € C, we have (M, s[x = 35(c)]) F ¢
< For all ¢ € C, we have (M, s[x = [c]])
< For all a € M, we have (M, s[x = a]) F ¢
& (M, s) EVxe

(by Lemma 6.3.15)
(by induction)

(by Lemma 6.3.15)
(by induction)

(by Lemma 6.3.15)
(by induction)

(by Lemma 6.3.15)
(by induction)
(by the Substitution Theorem)

(by Lemma 6.3.15)
(by induction)
(by the Substitution Theorem)

Therefore, by induction, we have ¢ € A if and only if (M, s) F ¢. In particular, we have (M, s) E ¢ for all

@ € A, hence A is satisfiable.

O
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Theorem 6.3.17 (Completeness Theorem). (Suppose that L is countable.)
1. Every consistent set of formulas is satisfiable.
2. IfT E g, then ' .

Proof.

1. Suppose that I' is consistent. By Proposition 6.3.12, we may fix a language £’ D £ and A C Formy,
such that A D I' is consistent, complete, and contains witnesses. Now A is satisfiable by Proposition
6.3.16, so we may fix an L'-structure M’ together with s: Var — M’ such that (M’,s) E ¢ for all
© € A. We then have (M’ s) F v for all v € I'. Letting M be the restiction of M’ to L, we then have
(M, s) E v for all v € T'. Therefore, I" is satisfiable.

2. Suppose that I' E ¢. We then have that I' U {—¢} is unsatisfiable, hence I" U {—¢} is inconsistent by
part 1. It follows from Proposition 5.2.12 that I' I ¢.

O

We now give another proof of the Countable Lowenheim-Skolem Theorem which does not go through the
concept of elementary substructures.

Corollary 6.3.18 (Countable Lowenheim-Skolem Theorem). Suppose that L is countable and T' C Form,
is consistent. There exists a countable model of T'.

Proof. Notice that if £ is consistent, then the £’ formed in Lemma 6.3.9 is countable because Formg x Var
is countable. Thus, each £,, in the proof of Proposition 6.3.10 is countable, so the £’ formed in Proposition
6.3.10 is countable. It follows that Term,: is countable, and since the L£’-structure M we construct in the
proof of Proposition 6.3.16 is formed by taking the quotient from an equivalence relation on the countable

Termg/, we can conclude that M is countable. Therefore, the £-structure which is the restriction of M to
L from the proof of the Completeness Theorem is countable. O

6.4 Compactness
Corollary 6.4.1 (Compactness Theorem).
1. If T E ¢, then there exists a finite g C T' such that T'g E ¢.
2. If every finite subset of T' is satisfiable, then T is satisfiable.
Proof.

1. Suppose that I' £ ¢. By the Completeness Theorem, we have I' - . Using Proposition 5.2.15, we may
fix a finite I'g C I" such that I'g - ¢. By the Soundness Theorem, we have 'y F ¢.

2. If every finite subset of I" is satisfiable, then every finite subset of I' is consistent by the Soundness
Theorem, hence I' is consistent by Corollary 5.2.16, and so I is satisfiable by the Soundness Theorem.

O
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6.5 Applications of Compactness

The next proposition is another result which expresses that first-order logic is not powerful enough to
distinguish certain aspects of cardinality. Here the distinction is between large finite numbers and the
infinite.

Proposition 6.5.1. Let £ be a language. Suppose that I' C Form, is such that for all n € N, there exists
a model (M, s) of T such that |M| > n. We then have that there exists a model (M, s) of T' such that M s
infinite.

Proof. Let L' = LU {c : k € N} where the ¢, are new distinct constant symbols. Let
I"=TU{ck #cr: kL €Nand k # ¢}

We claim that every finite subset of I is satisfiable. Fix a finite I'j; C I, Fix N € N such that
Lo CTU{cy #co: k¢ <N and k # (}

By assumption, we may fix a model (M, s) of T" such that |M| > N. Let M’ be the £’ structure M together
with interpreting the constants cg,cq,...,cy as distinct elements of M and interpreting each ¢; for i > N
arbitrarily. We then have (M, s) is a model of I. Hence, every finite subset of I is satisfiable.

By the Compactness Theorem we may conclude that IV is satisfiable. Fix a model (M’ s) of TV. If we
let M be the restriction of M’ to L, then (M, s) is a model of T which is infinite. O

Corollary 6.5.2. The class of all finite groups is not a weak elementary class in the language L = {F,e}.

Proof. It ¥ C Sent, is such that Mod(X) includes all finite groups, then we may use the trivial fact that there
are arbitrarily large finite groups and Proposition 6.5.1 to conclude that it contains an infinite structure. [

Proposition 6.5.3. Let L be a language. Suppose that T' C Formy is such there exists a model (M, s) of
T with M infinite. We then have that there exists a model (M, s) of T such that M is uncountable.

Proof. Let L' = LU {c, : r € R} where the ¢, are new distinct constant symbols. Let
IM=TU{c, #c;:mt €eRand r #t}
We claim that every finite subset of I is satisfiable. Fix a finite I'yy C I, Fix a finite Z C R such that
o CTU{c, #c:mteZ}

By assumption, we may fix a model (M, s) of " such that M is infinite. Let M’ be the £’ structure M
together with interpreting the constants c, for r € Z as distinct elements of M and interpreting each c; for
t ¢ Z arbitrarily. We then have (M’, s) is a model of T. Hence, every finite subset of IV is satisfiable.

By the Compactness Theorem we may conclude that TV is satisfiable. Fix a model (M’,s) of V. If we
let M be the restriction of M’ to L, then (M, s) is a model of T which is uncountable. O

Proposition 6.5.4. The class K of all torsion groups is not a weak elementary class in the language

L ={f,e}.

Proof. Suppose that ¥ C Sent. is such that £ C Mod(X). Let £’ = LU{c} where c is new constant symbol.
For each n € NT, let 7, € Sent, be c™ # e (more formally, fcfc- - - fcc where there are n — 1 f’s). Let

Y =XU{m:neN}
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We claim that every finite subset of ¥’ has a model. Suppose that ¥y C Y’ is finite. Fix N € N such that
S0 CXU{m:n< N}

Notice that if we let M’ be the group Z/NZ and let M’ =1, then M’ is a model of ¥y. Thus, every finite
subset of ¥/ has a model, so ¥’ has a model by Compactness. If we restrict this model to £, we get an
element of Mod(X) which is not int IC because it has an element of infinite order. O

Proposition 6.5.5. The class K of all equivalence relations in which all equivalence classes are finite is not
a weak elementary class in the language L = {R}.

Proof. Suppose that ¥ C Sent is such that K C Mod(X). Let £’ = LU{c} where c is new constant symbol.
For each n € NT, let 7,, € Sent, be

AxyIxg - - - Ixp ( /\ (xi # x;) A /\ Rex;)
1<i<j<n i=1
and let
Y =XU{m:neN}

We claim that every finite subset of ¥’ has a model. Suppose that ¥y C ¥’ is finite. Fix N € N such that
Yo CXU{m:n<N}

Notice that if we let M’ = {0,1,2,..., N}, RM = (M")2, and M’ =0, then M’ is a model of y. Thus,
every finite subset of ¥/ has a model, so ¥’ has a model by Compactness. If we restrict this model to £, we
get an element of Mod(%) which is not int K because it has an infinite equivalence class. O

Proposition 6.5.6. Suppose that K is an elementary class, that ¥ C Sentr, and that K = Mod(X). There
exists a finite Xo C X such that K = Mod(Xo).

Proof. Since K is an elementary class, we may fix 7 € Sent, with L = Mod(7). We then have X F 7, so by
the Compactness Theorem we may fix a finite ¥y C X such that Xy F 7. Notice that £ = Mod(Xy). O

Corollary 6.5.7. The class K of all fields of characteristic 0 is a weak elementary class, but not an ele-
mentary class, in the language £ = {0,1,+,-}.

Proof. We already know that IC is a weak elementary class because if we let o be the conjunction of the
fields axioms and let 7, be 1+ 1+ ---+ 1 # 0 (where there are n 1’s) for each n € N*, then K = Mod(X)
where

Y={o}uU{m :neN"}

Suppose that K is an elementary class. By the previous proposition, we may fix a finite g C 3 such that
K = Mod(%y). Fix N € N such that
Yo C{o}U{m :n <N}

Now if fix a prime p > N we see that (F,,0,1,+,-) (the field with p elements) is a model of ¥y which is not
an element of K. This is a contradiction, so K is not an elementary class. O
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6.6 An Example: The Random Graph

Throughout this section, we work in the language £ = {R} where R is binary relation symbol. We think of
graphs as L-structures which are model of {¥x—Rxx, ¥xVy(Rxy — Ryx)}.

Definition 6.6.1. For each n € N, let G,, be the set of of all models of {¥x—Rxx, ¥x¥y(Rxy — Ryx)} with
universe [n].

Definition 6.6.2. For each A C G,,, we let
_ A

Pr,(A) = Gol

For each o € Sent,, we let

Pro(o) = H{M e g|ng l/\/l Eo}

We use the suggestive Pr because we think of constucting a graph randomly by flipping a fair coin for
each pair 4,j to determine whether or not there is an edge linking them. In this context, Pr,(A) is the
probability the graph so constucted on {1,2,...,n} is in A. Notice that given ¢,j and ¢, ;' distinct two
element subsets of {1,2,...,n}, the question of whether there is an edge linking 7,5 and the question of
whether there is an edge linking 7/, j’ are independent. We aim to prove the following.

Theorem 6.6.3. For all o € Sent, either lim Pry(c) =1 or lim Pr,(c) =0.

Definition 6.6.4. For each r,s € N with max{r,s} > 0, let 0,5 be the sentence

Wx1¥xg -+ - Vx, Vy1 Vya - - - Wy ( /\ (xi # x5) A /\ (vi #yj) A /\ /\(Xi i)

1<i<j<r 1<i<j<s i=1j=1
r S r S
~ 3N\ #x) A A #y) A A\ Rxzi A Ry)

i=1 j=1 i=1 j=1
Proposition 6.6.5. For all r,s € N with max{r,s} > 0, we have lim Pr,(o, ) =1.
Proof. Fixr, s € N. Suppose that n € Nwith n > r, s. Fix distinct a1, a9, ...,ar,b1,ba,...,bs € {1,2,...,n}.
For each c distinct from the a; and b;, let

A. ={M € G, : cis linked to each a; and to no b;}

For each such ¢, we have Pr,(A.) = 52, so Pr,(A;) = 1 — 52~ and hence the probability that no ¢ works

is
1

(1 o T )nf'rfs
Therefore,
n\/n—r 1 s
o< () ("2 Y- g
rT+s 1 n—r—s
<n"(1 - 5)
1 —r—Ss s 1 n
= (= o) (- )
1 —r—s r+s 2T+S_1 n
= =55)7 " " ()
1 ‘ ’I’LT+S

= (1 )T e
- r+s
2r+e (gog)"
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Thus, lim Pr,(-o, ) =0, and hence lim Pr,(o,s) = 1. O

Proposition 6.6.6. Let ¥ = {Vx—Rxx, VxVy(Rxy — Ryx)} U {c, s : ;s € NT and max{r,s} > 0} and let
RG = Cn(%).
Proposition 6.6.7. RG is satisfiable.

Proof. We build a countable model M of RG with M = N. Notice first that since Py;,,(N) (the set of all
finite subsets of N) is countable, so is the set Py;,,(N)?, Hence the set

{(A,B) € Prin(N)2: ANB =0 and AU B # 0}
is countable. Therefore, we may list it as
(A17 Bl)a (A27 B2)7 (A37 B3)7 R

and furthermore we may assume that max(A, U B,,) < n for all n € N. Let M be the L-structure where
M = Nand RM = {(k,n) : k € A,} U{(n,k) : kK € A,}. Suppose now that A, B C N are finite with
ANB=0and AUB # (). Fix n € N with A = A,,. We then have that (k,n) € RM™ for all k € A and
(¢,n) ¢ RM for all £ € B. Fix n € N with A = A, and B = B,,. We then have that (k,n) € R™ for all
k € A (because k € A,,) and (¢,n) ¢ RM for all £ € B (because ¢ ¢ A,, and n ¢ A, since £ < n). Therefore,
M E o0, for all r;s € N with maxr,s > 0. Thus, M is a model of RG. O

Theorem 6.6.8. All models of RG are infinite, and any two countable models of RG are isomorphic.

Proof. Suppose that M is model of RG which is finite. Let n = |M|. Since M E o, ¢, there exists b € M
such that (b,a) € RM for all @ € M. However, this is a contradiction because (a,a) ¢ RM for all a € M. Tt
follows that all models of RG are infinite.

Suppose now that M and A are two countable models of RG. From above, we know that M and N are
both countably infinite. List M as mg, m1, mo,... and list N as ng,nq,no,.... We build an isomorphism
via a back-and-forth construction as in the proof of the corresponding result for DLO. That is, we define
ok € Ppin(M x N) for k € N recursively such that

1. ox C oky1-
If (m,n) € oy, and (m’,n) € oy, then m =m’'.
If (m,n) € o, and (m,n’) € oy, then n =n’.

m; € dom(agi).

Al R o

n; € ran(ogt1).
6. If (m,n) € o and (m/,n’) € o, then (m,m’) € RM if and only if (n,n') € RV

Suppose that we are successful. Define h: M — N be letting h(m) be the unique n such that (m,n) €
Uken 0k, and notice that h is isomorphism.

We now define the oi. Let og = (mg,no). Suppose that k¥ € N and we’ve defined 0. Suppose first
that k is odd, say k = 2i + 1. If m; € dom(oy), let og+1 = 0. Suppose then that m; ¢ dom(oy). Let
A= {m € dom(ay,) : (m,m;) € RM} and let B = {m € dom(oy) : (m,m;) ¢ RM}. Since N is a model of RG
and AN B = (), we may fix n € N\ran(oy) such that (og(m),n) € RM for all m € A and (o (m),n) ¢ RM
for all m € B. Let 041 = o U {(mi,n)}.

Suppose now that & is even, say k = 2j. If n; € ran(oy), let 041 = ox. Suppose then that n; ¢ ran(oy).
Let A = {n € ran(oy) : (n,n;) € RV} and let B = {n € ran(oy) : (n,n;) ¢ RV}. Since M is a model of RG
and ANB = (), we may fix m € M\dom(a},) such that (o}, ' (n),m) € RM for all n € A and (o}, (n),m) ¢ RM
for all n € B. Let 011 = o, U{(m,n;)}. O
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Corollary 6.6.9. RG is a complete theory.
Proof. Apply the Countable Los-Vaught Test. O
Theorem 6.6.10. Let 7 € Sent,.

1. If T € RG, then lim Pry(r) = 1.

2. If T ¢ RG, then nlLH;o Pr, (1) =0.
Proof.
1. Suppose that 7 € RG. We then have ¥ E 7, so by Compactness we may fix NV € N such that
{¥x=Rxx, ¥x¥y(Rxy — Ryx)} U{ors:7,s < N} ET

We then have that if M € G, is such that M F =7, then

ME \/ —Ors

0<r,s<N,max{r,s}>0

Hence for every n € N we have

Pr,(—-1) < Z Pr,(—o, )
0<r,s<N,max{r,s}>0

Therefore, lim Pr,(—7) =0, and hence lim Pr,(7) = 1.

n—oo n—0oo

2. Suppose that 7 ¢ RG. Since RG is complete, it follows that -7 € RG. Thus, lim Pr,(-7) = 1 by

n—oo

part 1, and hence lim Pr,(7) =0.



Chapter 7

Quantifier Elimination

7.1 Motivation and Definition

Quantifiers make life hard, so it’s always nice when we can find a way to express a statement involving
quantifiers using an equivalent statement without quantifiers.

Ezxamples.
1. Let £={0,1,+, -} and let ©(a,b,c) (where a,b,c € Var) be the formula
Ix(ax? + bx +c = 0)

or more formally
Ix(a-x-x+b-x+c=0)

Let M be the L-structure (C,0, 1,4, ). Since C is algebraically closed, we have that
M,8)FEo—(a#0Vb#0Vc=0)
for all s: Var — C.
2. Let £L=1{0,1,4,-, <} and let ¢(a,b,c) (where a,b,c € Var) be the formula
Ix(ax® + bx 4+ c = 0)
Let M be the L-structure (R,0,1,+,-). Using the quadratic formula, we have
(M,s)Fpe ((a#£0Ab?—4ac>0)V(a=0Ab#0)V(a=0Ab=0Ac=0))
for all s: Var — R.
O

The above examples focused on one structure rather than a theory (which could have many models).
The next example uses a theory.

Ezample. Let £ = {0,1,+,-} and let T' be the theory of fields, i.e. T'= Cn(X) where ¥ is the set of field
axioms. Let ¢(a,b,c,d) (where a,b,c,d € Var) be the formula

IwIxIyFz(wa +xc =1 Awb+xd=0Aya+zc=0Ayb+zd=1)

Using determinants, we have
TE <+ ad# bc

103



104 CHAPTER 7. QUANTIFIER ELIMINATION

Definition 7.1.1. Let T be a theory. We say that T has quantifier elimination, or has QF, if for every
k> 1 and every o(x1,Xa,...,x;) € Formg, there exists a quantifier-free 1(xq1,Xa,...,xg) such that

TEp—Y

7.2 What Quantifier Elimination Provides

The first application of a using QF is to show that certain theories are complete. QF itself is not sufficient,
but a very mild additional assumption gives us what we want.

Proposition 7.2.1. Let T be a theory that has QE. If there exists an L-structure N' such that for every
model M of T there is an embedding h: N — M from N to M, then T is complete. (Notice, there is no
assumption that N is a model of T'.)

Proof. Fix an L-structure A such that for every model M of T' there is an embedding h: N — M from A to
M, and fix n € N. Let M; and M3 be two models of T'. For each i € {1,2}, fix an embedding h;: N — M;
from N to M;. For each 7, let A; = ran(h;), and notice that A; is the universe of a substructure A; of M.
Furthermore, notice that h; is an isomorphism from N to A,.

Let ¢ € Senty and let p(x) € Formg be the formula o A (x=x). Since T has QF, we may fix a
quantifier-free 1(x) € Form, such that T'F ¢ < 1. We then have

MiEo e (M, hi(n))Ep
< (M1, hi(n)) Ey
< (A1, ha(n) By (since ¢ is quantifier-free)
< (N n) E (since h; is an isomorphism from N to Aj)
& (Ag, ha(n)) E (since ho is an isomorphism from N to As)
& (Mg, ha(n)) E (since ¢ is quantifier-free)
& (Ma, ha(n)) F ¢

O

Proposition 7.2.2. Let T be a theory that has QE. Suppose that A and M are models of T and that
A C M. We then have that A < M.

Proof. Let ¢ € Form, and let s: Var — A be a variable assignment. Suppose first that ¢ ¢ Sent,. Since
T has QE, we may fix a quantifier-free 1(x) € Form, such that T E ¢ < 1. We then have

(M,s)Eps (M,s)Ey

< (A s)EY (since 9 is quantifier-free)
(A s)Fo
If o is a sentence, we may tack on a dummy x = x as in the previous proof. O

Proposition 7.2.3. Let T be a theory that has QE, let M be a model of T, and let k € NT. Let Z be the
set of all subsets of M* which are definable by atomic formuals. The set of definable subsets of M* equals
G(P(M*), Z,{h1,ha}) where hy: P(M*) — P(MF¥) is the complement function and hy: P(M*)? — P(MF)
is the union function.

Proof. O
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7.3 Quantifier Manipulation Rules

Definition 7.3.1. Let £ be a language, and let ¢, € Formg. We say that ¢ and ¢ are semantically
equivalent if o E 1 and ¢ E ¢.

We now list a bunch of simple rules for manipulating formulas while maintaing.
1. =(3xp) and Vx(—p) are s.e.
2. =(Vxp) and Ix(—yp) are s.e.

3. (Ixp) A and Ix(p A 1)) are s.e. if x ¢ FreeVar ().
4. (Vx@) A and Vx(p A 1)) are s.e. if x ¢ FreeVar ().
5. (Ixg) Vb and Ix(p V 1)) are s.e. if x ¢ FreeVar ().
6. (Vxp) Vo and Wx(p V 1)) are s.e. if x ¢ FreeVar ().
7. (Ixp) — ¥ and Vx(p — ) are s.e. if x ¢ FreeVar(i)).
8. (Vx@) — 1 and Ix(p — 1)) are s.e. if x ¢ FreeVar(i).

We'll need the following to change annoying variables.
1. Ixep and Jy(¢Y) are s.e. if y ¢ OccurVar(p).
2. ¥xp and Vy(¢Y) are s.e. if y ¢ OccurVar(p).
We'll also need to know that if ¢ and v are s.e., then
1. = and v are s.e.
2. Ixp and Ixy are s.e.
3. Vxg and Vxi) are s.e.
and also that if ¢ are @9 s.e., and 11 and 1o are s.e., then
1. ¢1 Ay and o Ao are s.e.
2. p1 V1 and @9 V g are s.e.
3. 1 — Y1 and @9 — 1o are s.e.

Definition 7.3.2. A quantifier-free formula ¢ is in disjunctive normal form if there exists 1; for 1 <i<n
such that

=11V V-V,

where for each i, there exists oy ; which is either an atomic formula or the negation of an atomic formula
for 1 < j < m; such that
Yy = a1 Ao N Ny,

Proposition 7.3.3. Suppose that o(x1,za,...,x) € Formg is quantifier-free. There exists a quantifier-free
formula 6(x1,x2,...,xx) in disjunctive normal form such that ¢ and 0 are s.e.

Proof. O
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Definition 7.3.4. A formula ¢ is called a prenex formula if it is an element of
G(Symp, QuantFreeFormg,{hyx, hax :x € Var})

Proposition 7.3.5. For every ¢ € Form,, there exists a prenex formula ¥ such that @ and v are seman-
tically equivalent.

Proposition 7.3.6. Let T be a theory. The following are equivalent
1. T has QF.

2. Forallk>1 and all o1, ..., 0um, B1,--.,0n € Form, with

(a) FreeVar(ay,...,am,B1,---,0n) C{y,X1,X2, ..., Xk }-
(b) y € FreeVar(a;) for alli andy € FreeVar(B;) for all j.

(¢) Each o; and B; is an atomic formula.

there exists a quantifier-free ¥(x1,Xa, ...,xg) € Formg such that
T'ZHy(/\Oéi/\ /\—\6])<—>d1
i=1 j=1
Proof. O

7.4 Examples of Theories With QE

Theorem 7.4.1. Let L = 0. For each n € NT, let o, be the sentence

IxqIxg - - - Ixy, /\ (% = %)

1<i<j<n
Let T = Cn({o,, : n € NT}). T has QE and is complete.
Proof. Suppose that aq,...,am, 01, .., 0, € Form, with
1. FreeVar(ay,...,am,B1,.--,0n) C{y,x1,X2,...,Xg}
2. y € FreeVar(a;) for all i and y € FreeVar(8;) for all j.
3. Each «a; and §; is an atomic formula.
We need to show that there exists a quantifier-free 1(xy,xa,...,xx) € Form, such that
m n
TEIy(N\aih )\ B) <
i=1 j=1
Now each o; and f; is s.e. with, and hence we may assume is, one of the following:
1. xg =y

2.y=y
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If some «; is x; =y, then
Thﬂy(/\ i\ B — /\ /\ —8;)%
If some §; is y =y, then
Tl=3y(/\ /\ =6;) < ~(x1 =x1)
i=1 j=1

Suppose then that each «; is y =y and each 3; is x, =y. We then have

Thﬂy(/\ai/\ /\—\Bj)<—>x1 = X1
=1 Jj=1

because all models of T" are infinite. Therefore, T" has QF.
Notice that T is complete because the structure M given by M = {0} trivially embeds into all models
of T. O

Theorem 7.4.2. RG has QF and is complete.

Proof. Suppose that aq,...,am,B1,..., 0, € Form, with
1. FreeVar(ay,...,am,B1,---,0n) C{y,x1,X2,...,Xg}
2. y € FreeVar(a;) for all i and y € FreeVar(8;) for all j.
3. Each «; and 8; is an atomic formula.

We need to show that there exists a quantifier-free 1(xy,xa,...,xx) € Form, such that
n

Now each o; and 3; is RG-equivalent with, and hence we may assume is, one of the following:

RG)ZHy

||>3

1. xp =y
2. Rxpy
3.y=y
4. Ryy

If some «; is x; =y, then

RG E Jy(

3

>3
<
==
]
&
!
>S
T>:
P
<X

1 j=1 i=1

If some «; is Ryy or some 3; is y =y, then

>s
>
=

RG F Fy( —0;) < ~(x1 =x1)

[

Il
-
<.
Il
-
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Suppose then that no o; is x =y, no «; is Ryy, and no §; isy =y. Let
A={le{1,2,...,k}: there exists i such that o; is Rxsy}

and let
B={le€{1,2,...,k}: there exists j such that 3; is Rxgy}
We then have that . .
RGIZEIy(/\ozi/\ /\—ﬂj) — /\ /\ (X = Xp)
i=1 j=1 a€AbEB

because in models of RG, given disjoint finite sets A and B of vertices, there are infinitely many vertices
linked to everything in A and not linked to everything in B. Therefore, RG has QFE.

Notice that RG is complete because the structure M given by M = {0} and R™ = () trivially embeds
into all models of RG. O

7.5 Algebraically Closed Fields

Definition 7.5.1. Let £L =1{0,1,4,-}. Let ¥ C Sent, be the field axioms together with the sentences
VagVas - - - Vap(a, # 0 — Ix(apx" + - - + a;x + ag = 0))

for each n € NT. Let ACF = Cn(%).

Theorem 7.5.2. ACF has QF.

Proof Sketch. The fundamental observation is that we can think of atomic formulas with free variables in
{y,X1,X2,...,Xx} as equations p(X,y) = 0 where p(X,y) € Z[X,y] is a polynomial.
Thus, we have to find quantifier-free equivalents to formulas of the form

=

WA @K y) = 0) A

i=1 j=1

(q;(X,y) #0)]

which, letting ¢(X,y) = H;'L=1 g;(X,y), is equivalent in ACF' to

WA Pi(%,y) = 0) Ag(X,y) # 0]

i=1

Suppose now that R is a ring and p1,po,...,pm,q € R[y] listed in decreasing order of degrees. Let the
leading term of p; be ay™ and let the leading term of p,, be by*. We then have that there is a simlutaneous
root of polynomials p1, pe, ..., pm, which is not a root of ¢ if and only if one of the following happens:

1. b= 0 and there is simlutaneous root of polynomials pi, ps, ..., Pm—1,Pm — by® which is not a root of ¢.

2. b # 0 and there is a simultaneous root of the polynomials bp; — ay™ *pym, P2, . . ., pm which is not a
root of q.

Repeating this, we may assume that we have a forumla of the form

Jyp(X,y) =0Aq(Xy) # 0]

If ¢ is not present, then we may use the fact that in an algebraically closed field, the polynomial a,y™ +
-+ + a1y + ap has a root if and only if some a; # 0 for i > 0, or ag = 0. If p is not present, then we use
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the fact that every algebraically closed field is infinite and also that every nonzero has finitely many roots to
conclude that the there is an element which is not a root of the polynomial a,y"™ + --- a1y + a¢ if and only
if some a; # 0.

Suppose then that both p and q are present. The key fact is to use here is that if p and ¢ are polynomials
over an algebraically closed field and the degree of p is at most n, then every root of p is a root of ¢ if and
only if p | ¢".

Thus, we have two polynomials p and ¢, and we want to find a quantifier formula equivlent to p | g. We
may now use the Euclidean algorithm to repeatedly reduce the problem. O

Corollary 7.5.3. ACF; is complete and ACF), is complete for all primes p.

Corollary 7.5.4. If F and K are algebraically closed fields such that F is a subfield of K, then (F,0,1,4,-) <
(K707 17+7 )

Corollary 7.5.5. (Q,0,1,+,-) < (C,0,1,+,").

Corollary 7.5.6. Suppose that F is an algebraically closed field. A subset X C F is definable in (F,0,1,+,-)
if and only if X is either finite or cofinite.

Proposition 7.5.7. Let o € Sents. The following are equivalent.
1. ACFyFo.
2. There exists m such that ACF, E o for all primes p > m.
3. ACF, E o for infinitely many primes p.

Proof. 1 imples 2 is Compactness. 2 implies 3 is trivial. 3 implies 1 using completeness of ACFy and the
ACF, for each prime p, together with 1 implies 2. O

Proposition 7.5.8. Let p be prime. Every finitely generated subfield of Fp s finite.

Proof. Let p be prime. For every n, let K, be the set of roots of zP" — z in Fp. By standard results
in algebra, we have that K, is a field of order p", and furthermore is the unique subfield of F, of order
p". If d | n, we then have that K; C K, because if a?’ = a, then o’ = (apd)pd = a" = a, so
ar”’ = (aPQ'd)pd = a?" = aq, etc. Let K = U,en Kn- Notice that K is a subfield of F,, because if a € K,
and b € K,,,, then a 4+ b,a -b € K,,.,. Furthermore, notice that K is algebraically closed because a finite

extension of a finite field is finite. Therefore, K = IF,,. O
Theorem 7.5.9. FEvery injective polynomial map from C™ to C™ is surjective.

Proof. Let 0,4 € Sent, be the sentence expressing that every injective polynomial map from F™ to F™
where each polynomial has degree at most d is surjective. We want to show that C F oy, 4 for all n,d. To do
this, it suffices to show that F, F o, 4 for all primes p and all n,d € N. Thus, it suffices to show that for all
primes p, every injective polynomial map from FZ to ﬁ; is surjective.

Fix a prime p and an n € N. Suppose that f: FZ — F; is an injective polynomial map. Let
(b1,ba,...,b,) € FZ. We need to show that there exists (aq,as,...,a,) € FZ with f(aq,as2,...,a,) =
(b1,ba,...,bn). Let fi, fo,..., fn € Fp[z1,22,...,2,] be such that f = (f1, f2,..., fa), and let C be the fi-
nite set of coefficients appearing in f1, fa, ..., fo. Let K be the subfield of F,, generated by CU{by,ba,...,b,}
and notice that K is a finite field. Now f | K™ maps K™ into K™ and is injective, so it’s surjective because
K™ is finite. Thus, there exists (a1, as,...,a,) € K™ C ?Z such that f(a1,as,...,a,) = (b1,b2,...,b,). O
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Chapter 8

Nonstandard Models of Arithmetic
and Analysis

8.1 Nonstandard Models of Arithmetic

Throughout this section, we work in the language £ = {0,1,<,+,-} where 0,1 are constant symbols, < is
a binary relation symbol, and +, - are binary function symbols. We also let 9t = (N, 0,1, <, +,-) where the
symbol 0 is interpreted as the “real” 0, the symbol + is interpreted as “real” addition, etc. Make sure that
you understand when + means the symbol in the language £ and when it mean the addition function on N.

A basic question is whether Th(DM) compeletely determines the model 9t. More precisely, we have the
following question.

Question 8.1.1. Are all models of Th(MN) isomorphic to N?

Using Proposition 6.5.3, we can immediately give a negative answer to this question because there is an
uncountable model of Th(91), and an uncountable model can’t be isomorphic to 9. What would such a
model look like? In order to answer this, let’s think a little about the kinds of sentences that are in Th(M).

Definition 8.1.2. For each n € N, we define a term n € Termy, as follows. Let 0 =0 and let 1 = 1. Now
define the n recursively by letting n+1 =n+ 1 for each n > 1. Notice here that the 1 and the + inn+1
mean the actual number 1 and the actual addition function, whereas the 1 and + in n+ 1 mean the symbols
1 and + in our language L. Thus, for example, 2 is the term 1+ 1 and 3 is the term (1 4+ 1) + 1.

Definition 8.1.3. Let M be an L-structure. We know that given any t € Termg containing no variables, t
corresponds to an element of M given by 3(t) for some (any) variable assignment s: Var — M. We denote
this value by tM.

Notice that n”* = n for all n € N be a simple induction. Here are some important examples of the kinds
of things in Th(M).

Ezamples of Sentences in Th(M).

1. 24+2=4and in general m+n=m+nand m-n=m-n.

2. WWy(x+y=y+x)

3. Wx(x#0— Jy(y+1=x))

111
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4. For each p(x) € Formg, the sentence

(@ NVx(p — @) — xp

O

Now any model M of Th(91) must satisfy all of these sentences. The basic sentences in 1 above roughly
tell us that M has a piece which looks just like 9. We make this precise as follows.

Proposition 8.1.4. For any model M of Th(N), the function h: N — M given by h(n) = n™ is an
embedding of M into M.

Proof. Notice that
h(07) = h(0) = oM = oM

and
R(1™) = h(1) = 1M = 1M

Now let m,n € N. We have

m<n&sSNEmMm<n
< m<ne€ThM)
SMEm<n
<:>m./\/l <MEM
& h(m) <M h(n)
Also, since m +n =m +n € Th(N) we have

h(m +n) = (m +n)™M
— M M M

h(m) +™ h(n)
and since m - n = m -n € Th(N) we have

h(m - n) = (m-n)™

\
—~

m-n
M M M

=m
= h(m) M h(n)
Finally, for any m,n € N with m # n, we have m # n € Th(9), so M E m # n, and hence h(m) # h(n). O
Proposition 8.1.5. Let M be a model of Th(MN). The following are equivalent.

1. M=

2. M ={nM:neN}.

Proof. If 2 holds, then the h of the Proposition 8.1.4 is surjective and hence an isomorphism. Suppose then
that 1 holds and fix an isomorphism h: N — M from 91 to M. We show that h(n) = n™ for all n € N by
induction. We have

h(0) = h(0™) = oM

and
h(1) = h(17) = 1M
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Suppose that n € N and h(n) = n™. We then have

h(n+1) = h(n) +™ h(1)
— M MM

(n+ 1M

Therefore, h(n) = n™ for all n € N, so M = {n™ : n € N} because h is surjective. O

Definition 8.1.6. A nonstandard model of arithmetic is a model M of Th(N) such that M % N.

We've already seen that there are nonstandard models of arithmetic by cardinality considerations, but
we can also build countable nonstandard models of arithmetic using the Compactness Theorem and the
Countable Lowenheim-Skolem Theorem.

Theorem 8.1.7. There exists a countable nonstandard model of arithmetic.
Proof. Let £' = £ U {c} where c is a new constant symbol. Consider the following set of £’-sentences.
Y =Th(M)U{c#n:neN}

Notice that every finite subset of ¥’ has a model (by taking 91 and interpreting c large enough), so ¥’
has a countable model M (notice that £’ is countable) by the Compactness Theorem and the Countable
Lowenheim-Skolem Theorem. Restricting this model to the original language £, we may use the Proposition
8.1.5 to conclude that M is a countable nonstandard model of arithmetic. O

8.2 The Structure of Nonstandard Models of Arithmetic

Throughout this section, let M be a nonstandard model of arithmetic. Anything we can express in the
first-order language of £ which is true of 9t is in Th(MM), and hence is true in M. For example, we have the
following.

Proposition 8.2.1.

o +M is associative on M.

o +M is commutative on M.

o <M is qa linear ordering on M.

e For all a € M with a # 0™, there exists b€ M with a +1 =b.
Proof. The sentences

o VxXVyWz(x+ (y+2) = (x+y) +x)

o WxVy(x+y=y+x)

e WXVy(x <yVy<xVx=y)

e Vx(x#0—3Jy(y+1=x))

are in Th(M). O
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Since we already know that 9t is naturally embedded in M, and it gets tiresome to write +*, -, and
<M we’ll abuse notation by using just 4, -, and < to denote these. Thus, these symbols now have three
different meanings. They are used as formal symbols in our language, as the normal functions and relations
in N, and as their interpretations in M. Make sure you know how each appearance of these symbols is being
used.

Definition 8.2.2. We let My;, = {@M :n € N} and we call My,,, the set of finite elements of M. We also
let My = M\Mjp, and we call My, ¢ the set of infinite elements of M.

The following definition justifies our choice of name.
Proposition 8.2.3. Let a € M;,ys. For any n € N, we have M < a.

Proof. For each n € N; the sentence

n—1
Yx(x <n — \/(x:g))
i=0
is in Th(M). Since a # n™ for all n € N, it follows that it’s not the case that a < n™ for all n € N. Since
< is a linear ordering on M, we may conclude that n™ < a for all n € N. O

Definition 8.2.4. Define a relation ~ on M by letting a ~ b if either
e a=b.
e a < b and there exists n € N such that a +n™ = b.
e b < a and there exists n € N such that b+ n™ = a.
In other words, a ~ b if a and b are “finitely” far apart.
Proposition 8.2.5. ~ is an equivalence relation on M.

Proof. ~ is clearly relexive and symmetric. Suppose that a,b,c¢ € M, that a ~ b, and that b ~ c. We handle
one case. Suppose that a < b and b < c. Fix m,n € N with a + m™ = b and b+ n™ = c¢. We then have

a+(m+n)™=a+m" + ™)
= (a + m™M) +nM
=b+nM
=c
so a ~ c¢. The other cases are similar. O
Definition 8.2.6. Let a,b € M. We write a < b to mean that a < b and a £ b.

We’d like to know that that relation < is well-defined on the equivalence classes of ~. The following
lemma is useful.

Lemma 8.2.7. Let a,b,c € M be such that a < b < ¢ and suppose that a ~ c¢. We then have a ~ b and
b~ ec.

Proof. 1f either a = b or b = ¢, this is trivial, so assume that a < b < ¢. Since a < ¢ and a ~ ¢, there exists
n € NT with a + n™ = ¢. Now the sentence

WXVZVw(x +w =z = Vy(x < yAy <z) —» Ju(u < wAXx+u=y)))

is in Th(M), so there exists d € M such that d < n™ and a +d = b. Since d < n™, there exists i € N with
d = ™. We then have a + i™ = b, hence a ~ b. The proof that b ~ c¢ is similar. O
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Proposition 8.2.8. Suppose that ag,by € M are such that ag < by. For any a,b € M with a ~ ag and

b ~ by, we have a < b.

115

Proof. We first show that a % b. If a ~ b, then using ag ~ a and by ~ b, together with the fact that ~ is an

equivalence relation, we can conclude that ag ~ by, a contradiction. Therefore, a ¢ b.

Thus, we need only show that a < b. Notice that ag < b because otherwise ag ~ by by Lemma 8.2.7.

Similarly, a < by because otherwise ag ~ bg by Lemma 8.2.7. Thus, if b < a, we have
agp <b<a<by.
80 b ~ ag by Lemma 8.2.7, hence ag ~ by, a contradiction. It follows that a < b.
This allows us to define an ordering on the equivalence classes.
Definition 8.2.9. Given a,b € M, we write [a] < [b] to mean that a < b.
The next proposition implies that there is no largest equivalence class under the ordering <.
Proposition 8.2.10. For any a € My, 5, we have a < a + a.

Proof. Let a € M;,s. For each n € N, the sentence

Yx(n < x = x+n < x+Xx)

is in Th(M). Using this when n = 0, we see that a = a +0M < a+a. Sincea € My ¢, we have nM < a and

hence a + n™ < a + a for all n € N. Therefore, a + n™ # a+a for all n € N, and so a 4 a + a.
Lemma 8.2.11. For all a € M, one of the following holds

1. There exists b € M such that a = 2™ - b.

2. There exists b€ M such that a = 2™ - b+ 1M.

Proof. The sentence
VxJy(x =2-yVx=2-y+1)

is in Th().

Proposition 8.2.12. For any a € My, there exists b € M;,y with b < a.

O

Proof. Suppose first that we have a b € M such that a = 2™ - b. We then have a = b + b (because
Vx(2-x = x+x) is in Th(M)). Notice that b ¢ My, because otherwise we would have a € My;,. Therefore,
b < b+ b= a using Proposition 8.2.10. Suppose instead that we have a b € M such that a = 2™ - b+ 1M,
We then have a = (b+b) + 1M because ¥x(2-x+ 1 = (x+x) + 1) is in Th(MN). Notice that b ¢ My, because
otherwise we would have a € My;,. Therefore, b < b+ b using Proposition 8.2.10,s0 b < (b+b)+1=a

since b+ b~ (b+b) + 1.

Proposition 8.2.13. For any a,b € M;,y with a < b, there exists ¢ € M;ny with a < ¢ < b.

Proof. Suppose first that we have a ¢ € M such that a + b = 2™ . ¢. We then have a + b = ¢ + ¢. Since

YxVYWz(x < yAx+y=z+2z) = (x<zAz<Yy))

is in Th(M) it follows that a < ¢ < b.

O

Suppose that a ~ ¢ and fix n € N with a + n™ = c¢. We then have that a +b=c+c=a+a + (2n)™,

so b= a+ (2n)™ contradicting the fact that a < b. Therefore a + c.
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Suppose that ¢ ~ b and fix n € N with ¢ + n™ = b. We then have that

a+(20)M+b=c+c+ (2n)M
= (c+2M) + (c+nM)
=b+b

so a + (2n)™ = b contradicting the fact that a ¢ b. Therefore, b £ c.
A similar argument handles the case when we have a ¢ € M such that a + b = oM e 1M, O]

This last proposition shows how nonstandard models can simplify quantifiers. It says that asking whether
a first-order statement holds for infinitely many n € N is equivalent to asking whether it holds for at least
one infinite element of a nonstandard model.

Proposition 8.2.14. Let p(x) € Formg. The following are equivalent.
1. There are infinitely many n € N such that (M, n) E ¢.
2. There exists a € Mins such that (M, a) E ¢.

Proof. Suppose first that there are infinitely many n € N such that (9, n) E ¢. In this case, the sentence
YyIx(y < xA )

is in Th(M), so it holds in M. Fixing any b € M, s, we may conclude that there exists ¢ € M with b < a
such that (M, a) F ¢. Since b < a and b € My, f, we may conclude that a € M, .

Conversely, suppose that there are only finitely many n € N such that (M, a) F ¢. Fix N € N such that
n < N for all n with (91, n) E ¢. We then have that the sentence

Wx(p = x < N)

is in Th(M), so it holds in M. Since there is no a € My, s with a < NM it follows that there is no a € Miny
such that M E ¢(a). O

8.3 Nonstandard Models of Analysis

With a basic understanding of nonstandard models of arithmetic, let’s think about nonstandard models of
other theories. One of the more amazing and useful such theories is the theory of the real numbers. The
idea is that we will have nonstandard models of the theory of the reals which contain in “infinite” and
“infinitesimal” elements. We can then transfer first-order statements back-and-forth, and do “calculus” in
this expanded stucture where the basic definitions (of say continuity) are simpler and more intuitive.

The first thing we need to decide on is what our language will be. Since we want to do calculus, we want
to have analogs of all of our favorite functions (such as sin) in the nonstandard models. Once we through
these in, it’s hard to know where to draw the line. In fact, there is no reason to draw a line at all. Simply
throw in relation symbols for every possible subset of R*, and throw in function symbols for every possible
function f: R¥ — R. Thus, throughout this section, we work in the language £ = {r : r € R}U{P : P C
RF} U {f: f: R¥ — R} where the P and f have the corresponding arities. We also let PR be the structure
with universe R and where we interpret all symbols in the natural way.

Proposition 8.3.1. For any model M of Th(R), the function h: R — M given by h(n) = r™ is an
embedding of R into M.
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Proof. Notice that

h(r™) = h(r) =
for every r € R. Now let P C R¥ and let ry,7o,...,7, € R. We have

(rhrg,...,rn)EB%©%#£QQ--~L}€
& Pryry--ri € Th(R)
SMEPTIry- 18
& (MM, M) e pM

= (h(T1), h(Tg), ey h(Tk)) = BM

Now let f: RF — R and let ry,rg,...,7% € R. Since f ry ro- - 1mx = f(r1,72,...,71) € Th(R) we have

h(fT(r1,ras e smk)) = h(F(r1,m2, o Tk))
= f(ri,72,. 5 7k)
= MMM M)
= fM(h(r1), h(r2), ..., h(rk))

Finally, for any ri,ro € R with 71 # rp, we have ry # 79 € Th(R), so M E 1 # rp, and hence h(r;) #
h(?"g). O

Proposition 8.3.2. Let M be a model of Th(R). The following are equivalent.
1. M =R
2. M ={rM:r eR}.

Proof. If 2 holds, then the h of the Proposition 8.3.1 is surjective and hence an isomorphism. Suppose
then that 1 holds and fix an isomorphism h: R — M from R to M. For any r € R, we must have
h(r) = h(r®) = rM. Therefore, M = {r™ : r € R} because h is surjective. O

Definition 8.3.3. A nonstandard model of analysis is a model M of Th(R) such that M % 9R.
Theorem 8.3.4. There exists a nonstandard model of analysis.

Proof. Let £ = £ U {c} where c is a new constant symbol. Consider the following set of £’-sentences.
Y =Th(R)U{c#r:reR}

Notice that every finite subset of ¥’ has a model (by taking %R and interpreting c distinct from each r
such that r appears in ¥'), so ¥’ has a model M by the Compactness Theorem. Restricting this model to
the original language £, we may use the Proposition 8.3.2 to conclude that M is a nonstandard model of
analysis. O

Definition 8.3.5. For the rest of this section, fix a nonstandard model of analysis and denote it by *R.
Instead of wrting f*% for each f: RF — R, we simply write *f. We use similar notation for each P C RF.
Also, since there is a natural embedding (the h above) from R into *R, we will identify R with it’s image
and hence think of R as a subset of *R. Finally, for operations like + and -, we will abuse notation and omit
the x’s.

Proposition 8.3.6. There exists z € *R such that z > 0 and z < € for all e € R with € > 0.
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Proof. Fix b € *R such that b # r for all r € R.
Case 1: Suppose that b > r for all r € R. Let f: R — R be the function

1
f(r)={T -

0 otherwise
Let z = *f(b). We then have have that z > 0 using the sentence
Vx(0 <x—0< fx)
Also, for any € € R with € > 0, we have that b > %, hence z < € using the sentence
Wx(fe<x— fx<g)

Case 2: Suppose that b < r for all r € R. We then have that b < —r for all » € R and hence r < —b for
all r € R. Thus, we may tak z = *f(—b) by the argument in Case 1.
Case 3: Suppose then that there exists 7 € R with r < b and there exists r € R with b < r. Let

X={reR:r<b}

Notice that X is downward closed (if 71,72 € R with o € X and 71 < rg, then r; € X), nonempty, bounded
above, Let s = sup X € R. Now b = s is impossible, so either s < b or b < s.

Subcase 1: Suppose that s < b. We claim that we may take z = b—s. Since s < b, we have z =b—s > 0.
Suppose that e € R and € > 0. We then have that s + e > s =sup X, so s + ¢ ¢ X and hence s +¢& > b.
Now s+ € # b because s +¢ € R, s0 s +¢ > b. It follows that z =b— s < ¢.

Subcase 2: Suppose that b < s. We claim that we may take z = s —b. Since b < s, we have z = s—b > 0.
Suppose that ¢ € R and € > 0. We then that s — e < s = sup X, so we may fix r € X with s —e < r. Since
X is downward closed, we have that s —e € X, so s —e < b. It follows that z =s—b < e. O

From now on, we’ll use the more natural notation ¢ for * f(b) whenever b # 0.
Definition 8.3.7.
1. Z={a€*R:a|] <e for alle € R with e > 0}. We call Z the set of infinitesimals.
2. F={ac€*R:|a| <r for somer € R withr > 0}. We call F the set of finite or limited elements.
3. I ="R\F. We call T the set of infinite or unlimited elements.
Proposition 8.3.8.
1. Z is a subring of *R.
2. F is a subring of *R.
3. Z is a prime ideal of F.
Proof.

1. First notice that Z # () because 0 € Z (or we can use Proposition 8.3.6). Suppose that a,b € Z. Let
€ € R with € > 0.
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We have that § € R and § > 0, hence |a| < § and |b| < §. It follows that

la—b] < |a+ (=)
< laf +1-10]

< laf + o]

3 9

<7 —
2+2

=¢
Therefore, a — b € Z. We also have that |a| < 1 and |b| < &, hence
|a- b = |a| - [b]
<l-e
=
Therefore, a-b € Z.

. Clearly, F # ). Suppose that a,b € F, and fix r1, 79 € R with 71,3 > 0 such that |a| < r; and [b] < 73.
We have

la—b| < |a+ (=)
<lal+[—b]
< la| + |b|
<ry+ro

soa—be F. We also have
la-b| = |a| - [b]
<Tr1-To
soa-beF.

. We first show that Z is an ideal of . Suppose that a € F and b € Z. Fix r € R with r > 0 and
la| < 7. Let € € R with ¢ > 0. We then have that £ € R and £ > 0, hence |a|] < £. Tt follows that

|a-b] = lal - [b]

< --r

™ <3 |m

Therefore, a-b € Z.

We now show that Z is a prime ideal of F. Suppose that a,b € F\Z. We have a - b € F by part 2.
Fix ¢, € R with €, > 0 such that |a| > ¢ and |b] > 6. We then have |a - b|] = |a| - |b] > ¢ -, hence
a-b¢ Z.

O

Definition 8.3.9. Let a,b € *R.

1. We write a =~ b to mean thata —b € Z.
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2. We write a ~ b to mean that a — b € F.

Proposition 8.3.10. = and ~ are equivalence relations on *R.

Definition 8.3.11. Let a € *R. The ~-equivalence class of a is called the halo of a. The ~-equivalence
class of a is called the galaxy of a.

Proposition 8.3.12. Let a1,by,as2,b2 € *R with a1 ~ by and as =~ bs.

1. a1+a2%b1+b2.

2. al—agﬁbl—bg.

3. Ifal,b1,a2,b2 € F, then a1 - as =~ by - bs.

4. If ay,b1,a2,by € F\Z, then Z—; ~ b

by *

Proof.

1. We have a; — b; € Z and ay — by € Z, hence

(a1 +az) — (b1 4+ b2) = (a1 — b1) + (a2 — ba)

is in Z by Proposition 8.3.8.

. We have a; — by € Z and ay — by € Z, hence

(a1 —ag) = (by — b2) = (ay — by) — (az — ba)
is in Z by Proposition 8.3.8.
We have a1 — b1 € Z and as — by € Z. Now
ay-az —by-by=ay-azs—ay-ba+ay-ba—0by-ba=ay-(az—by)+by- (a1 —by)
SO a1 - as — by - bo € Z by Proposition 8.3.8.
We have a1 — b1 € Z and as — by € Z. Now

a1 b1 a1~b27a2ob1 1
= = — . by — )
a9 b2 as - bg as - b2 ((11 2 @2 1)

and we know by part 3 that aj - by — as - by € Z. Since ag, by € F\Z, it follows that as - by € F\Z
by Proposition 8.3.8. Therefore, ﬁ € F (if £ > 0 is such that |ag - ba] > &, then \a21_b2| < 1), s0
o _ b ¢ Z by Proposition 8.3.8.

a bz

O

Proposition 8.3.13. For every a € F, there exists a unique r € R such that a = r.

Proof. Fix a € F. We first prove existence. Let

X={reR:r<a}

and notice that X is downward closed, nonempty, and bounded above because a € F. Now let s = sup X

and argue as in Case 3 of Proposition 8.3.6 that a = s.

Suppose now that r1,72 € R are such that a ~ r; and a ~ ro. We then have that r; ~ ry because =~ is
an equivalence relation. However, this is a contradiction because |11 — 72| > ‘”2;”‘ cR. O
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Definition 8.3.14. We define a map st: F — R by letting st(a) be the unique r € R such that a ~r. We
call st(a) the standard part or shadow of a.

Corollary 8.3.15. The function st: F — R is a ring homomorphism and ker(st) = Z.

Proposition 8.3.16. Suppose that A C R, that f: A — R, and that r,¢ € R. Suppose also that there ezists
d > 0 such that (r — 6,7 + §)\{r} C A. The following are equivalent.

1. lim f(x) =¢.
r—r
2. For all a =~ r with a # r, we have * f(a) = £.

Proof. Suppose first that lim f(z) = . Fix a € *A\{r} with a =~ r. Let ¢ € R with ¢ > 0. Since
lim f(z) = ¢, we may fix § € R with 6 > 0 such that |f(x) — ¢| < € whenever z € A and 0 < |z — 7| < 0.
Now the sentence

Wx(x € ANO <z —71| <) = |f(x) £ <¢g)

isin Th(R) = Th(*R). Now we have a € *A and 0 < |a—r| < J, hence |*f(a) —¥¢| < e. Since € was arbitrary,
it follows that * f(a) ~ /.

Suppose now that for all a &~ r with a # r, we have *f(a) = . Fix z € Z with z > 0. Let ¢ € R with
€ > 0. By assumption, whenever a € *A and 0 < |a — 7| < z, we have that * f(a) = ¢. Thus, the sentence

@ >0AVX(x € AND < [x—1| < d) — |f(x) = £ <¢g))
is in Th(*R) = Th(R). By fixing a witnessing ¢, we see that the limit condition holds for . O

Proposition 8.3.17. Suppose that A C R, that f,g: A — R, and that r,¢,m € R. Suppose also that there
exists 6 > 0 such that (r — 0,7 + §)\{r} C A, that im f(z) = ¢ and lim g(z) = m. We then have
r—r r—r

1. lim(f + g)(z) = L+ m.

r—r

2. lim(f —g)(x) =L+ m.

T—r

3. lim(f-g)(z) =£-m.

r—T

4. Ifm #0, then lim (£)(x) =

£
r—Tr m

Proof. Fix a ~ r with a # r. We then have *f(a) =~ ¢ and *g(a) ~ m. We have

L *(f+g)(a) =*f(a) + *g(a) ~ £ +m.

-
2. °(f —g)la) =" f(a) = "g(a) = £ —m.
3. *(f-9)a) ="f(a) - "g(a) = £-m.
4. *(g)(a) = ggzg ~ L (notice *g(a) ¢ Z because m # 0).

O

Corollary 8.3.18. Suppose that A C R, that f: A — R, and that r € R. Suppose also that there exists
d > 0 such that (r — 6,7 4+ 6) C A. The following are equivalent.

1. f is continuous at r.

2. For all a = r, we have * f(a) = f(r).
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Taking the standard definition of the derivative, we immediately get the following.

Corollary 8.3.19. Suppose that A C R, that f: A — R, and that r,¢ € R. Suppose also that there exists
d > 0 such that (r — 6,7 + ) C A. The following are equivalent.

1. f is differentiable at r with f'(r) = £.
F@-f0) o g

a—

2. For all a =~ r with a # r, we have
Proposition 8.3.20. If f is differentiable at r, then f is continuous at 7.

Proof. Fix a =~ r with a # r. Since f is differentiable at r, we have

a—7rTr

Now f'(r) € F, so w € F, and hence *f(a) — f(r) € Z because a — r € Z. It follows that
“fla) = f(r). O

Proposition 8.3.21. Suppose that f,g: R — R and r € R. Suppose also that g is differentiable at r and f
is differentiable at g(r). We then have that f o g is differentiable at v and (f o g)'(r) = f'(g(r)) - ¢'(r).

Proof. We know that for all a =~ r with a # r, we have

Also, for all b =~ g(r) with b # g(r), we have

b—g(r)

Now fix a ~ r with a # r. Since g is continuous at r, we have *g(a) ~ g(r). If *g(a) # g(r), then

“(fog)la) —(fog)r) “f(*gla)) — f(g(r))

) S~ o) "ela) — glr)
9(@) = 9r) =
~ f(g(r))-g'(r)

Suppose then that *g(a) = g(r). Since the first line above holds for every a ~ r with a # r, we must have
¢'(r) = 0 and hence ¢'(r) = 0 because ¢'(r) € R. Therefore,
“(fog)a) = (fog)(r) _ "f("g(a)) — f(g(r))

a—rTr a—rTr

= f'(g9(r)) - g'(r)



