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CHAPTER
ONE

INTRODUCTION

1.1 Mathematical Proof

Although there is written evidence of mathematical activity in Egypt as early as 3000 BC, many scholars locate the birth of
mathematics proper in ancient Greece around the sixth century BC, when deductive proof was first introduced. Aristotle
credited Thales of Miletus with recognizing the importance of not just what we know but how we know it, and finding
grounds for knowledge in the deductive method. Around 300 BC, Euclid codified a deductive approach to geometry in his
treatise, the Elements. Through the centuries, Euclid’s axiomatic style was held as a paradigm of rigorous argumentation,
not just in mathematics, but in philosophy and the sciences as well.

Here is an example of an ordinary proof, in contemporary mathematical language. It establishes a fact that was known to
the Pythagoreans.

Theorem. /2 is irrational, which is to say, it cannot be expressed as a fraction a/b, where @ and b are integers.

Proof. Suppose /2 = a/b for some pair of integers a and b. By removing any common factors, we can assume a/b is

in lowest terms, so that ¢ and b have no factor in common. Then we have a = +/2b, and squaring both sides, we have
2 2

a® = 2b°.

The last equation implies that a? is even, and since the square of an odd number is odd, a itself must be even as well. We
therefore have a = 2c for some integer c. Substituting this into the equation a? = 2b2, we have 4c¢?> = 2b?, and hence
2¢%2 = b2. This means that b2 is even, and so b is even as well.

The fact that a and b are both even contradicts the fact that @ and b have no common factor. So the original assumption
that v/2 = a/b is false.

In the next example, we focus on the natural numbers,
N={0,1,2,...}.

A natural number n greater than or equal to 2 is said to be composite if it can be written as a product n = m - k where
neither m nor & is equal to 1, and prime otherwise. Notice that if n = m - k witnesses the fact that n is composite, then
m and k are both smaller than n. Notice also that, by convention, O and 1 are considered neither prime nor composite.

Theorem. Every natural number greater than or equal to 2 can be written as a product of primes.

Proof. We proceed by induction on n. Let n be any natural number greater than 2. If n is prime, we are done; we can
consider n itself as a product with one term. Otherwise, n is composite, and we can write n = m - k where m and k are
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smaller than n and greater than 1. By the inductive hypothesis, each of m and k can be written as a product of primes,
saym=mpj -pa-...-pyand k =¢q; - g2 - ... q,. But then we have

n=m-k=pi-p2-...-Pu-q-q2" " qu,

a product of primes, as required.

Later, we will see that more is true: every natural number greater than 2 can be written as a product of primes in a unique
way, a fact known as the fundamental theorem of arithmetic.

The first goal of this course is to teach you to write clear, readable mathematical proofs. We will do this by considering a
number of examples, but also by taking a reflective point of view: we will carefully study the components of mathematical
language and the structure of mathematical proofs, in order to gain a better understanding of how they work.

1.2 Symbolic Logic

Toward understanding how proofs work, it will be helpful to study a subject known as “symbolic logic,” which provides
an idealized model of mathematical language and proof. In the Prior Analytics, the ancient Greek philosopher set out to
analyze patterns of reasoning, and developed the theory of the syllogism. Here is one instance of a syllogism:

Every man is an animal.
Every animal is mortal.

Therefore every man is mortal.

Aristotle observed that the correctness of this inference has nothing to do with the truth or falsity of the individual
statements, but, rather, the general pattern:

Every A is B.
Every B is C.

Therefore every A is C.

We can substitute various properties for A, B, and C; try substituting the properties of being a fish, being a unicorn, being
a swimming creature, being a mythical creature, etc. The various statements that result may come out true or false, but all
the instantiations will have the following crucial feature: if the two hypotheses come out true, then the conclusion comes
out true as well. We express this by saying that the inference is valid.

Although the patterns of language addressed by Aristotle’s theory of reasoning are limited, we have him to thank for a
crucial insight: we can classify valid patterns of inference by their logical form, while abstracting away specific content.
It is this fundamental observation that underlies the entire field of symbolic logic.

In the seventeenth century, Leibniz proposed the design of a characteristica universalis, a universal symbolic language in
which one would express any assertion in a precise way, and a calculus ratiocinatur, a “calculus of thought” which would
express the precise rules of reasoning. Leibniz himself took some steps to develop such a language and calculus, but much
greater strides were made in the nineteenth century, through the work of Boole, Frege, Peirce, Schroeder, and others.
Early in the twentieth century, these efforts blossomed into the field of mathematical logic.

2 Chapter 1. Introduction
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If you consider the examples of proofs in the last section, you will notice that some terms and rules of inference are
specific to the subject matter at hand, having to do with numbers and the properties of being prime, composite, even, odd,
and so on. But there are other terms and rules of inference that are not domain specific, such as those related to the words
“every,” “some,” “and,” and “if ... then.” The goal of symbolic logic is to identify these core elements of reasoning and
argumentation and explain how they work, as well as to explain how more domain-specific notions are introduced and
used.

To that end, we will introduce symbols for key logical notions, including the following:
« A — B, “f Athen B”
e ANB,“Aand B”
e AVB,“Aor B”
e —A, “not A”
e Vx A, “for every x, A”
e Jx A, “for some z, A”

We will then provide a formal proof system that will let us establish, deductively, that certain entailments between such
statements are valid.

The proof system we will use is a version of natural deduction, a type of proof system introduced by Gerhard Gentzen
in the 1930s to model informal styles of argument. In this system, the fundamental unit of judgment is the assertion that
a statement, A, follows from a finite set of hypotheses, I". This is written as I' = A. If I" and A are two finite sets of
hypotheses, we will write I'; A for the union of these two sets, that is, the set consisting of all the hypotheses in each.
With these conventions, the rule for the conjunction symbol can be expressed as follows:

I'rA4 AFB
A - ANB

This should be interpreted as saying: assuming A follows from the hypotheses I', and B follows from the hypotheses A,
A N B follows from the hypotheses in both I" and A.

We will see that one can write such proofs more compactly leaving the hypotheses implicit, so that the rule above is
expressed as follows:

A B
ANB

In this format, a snippet of the first proof in the previous section might be rendered as follows:

Vz (—even(z) — —even(z?))

—even(b) —even(b) — —even(b?))
—even(b?) even(b?)
L
even(b)

The complexity of such proofs can quickly grow out of hand, and complete proofs of even elementary mathematical facts
can become quite long. Such systems are not designed for writing serious mathematics. Rather, they provide idealized
models of mathematical inference, and insofar as they capture something of the structure of an informal proof, they enable
us to study the properties of mathematical reasoning.

The second goal of this course is to help you understand natural deduction, as an example of a formal deductive system.

1.2. Symbolic Logic 3



Logic and Proof, Release 3.18.4

1.3 Interactive Theorem Proving

Early work in mathematical logic aimed to show that ordinary mathematical arguments could be modeled in symbolic
calculi, at least in principle. As noted above, complexity issues limit the range of what can be accomplished in practice;
even elementary mathematical arguments require long derivations that are hard to write and hard to read, and do little to
promote understanding of the underlying mathematics.

Since the end of the twentieth century, however, the advent of computational proof assistants has begun to make complete
formalization feasible. Working interactively with theorem proving software, users can construct formal derivations of
complex theorems that can be stored and checked by computer. Automated methods can be used to fill in small gaps by
hand, verify long calculations axiomatically, or fill in long chains of inferences deterministically. The reach of automation
is currently fairly limited, however. The strategy used in interactive theorem proving is to ask users to provide just enough
information for the system to be able to construct and check a formal derivation. This typically involves writing proofs in
a sort of “programming language” that is designed with that purpose in mind. For example, here is a short proof in the
Lean theorem prover:

section
variables (P Q : Prop)

theorem my_theorem : P A Q — Q A P :=
assume h : P A Q,

have P, from and.left h,

have Q, from and.right h,

show Q AN P, from and.intro <Q> <P>

end

If you are reading the present text in online form, you will find a button above the formal “proof script” that says “try
it!” Pressing the button opens the proof in an editor window and runs a version of Lean inside your browser to process
the proof, turn it into an axiomatic derivation, and verify its correctness. You can experiment by varying the text in the
editor; any errors will be noted in the window to the right.

Proofs in Lean can access a library of prior mathematical results, all verified down to axiomatic foundations. A goal of
the field of interactive theorem proving is to reach the point where any contemporary theorem can be verified in this way.
For example, here is a formal proof that the square root of two is irrational, following the model of the informal proof
presented above:

import data.nat.prime

open nat

theorem sqrt_two_irrational {a b : N} (co : gcd a b = 1)
ar2 # 2 * br2 =

assume h : a2 = 2 * b"2,

have 2 | a2,

by simp [h],
have 2 | a,

from prime.dvd_of_dvd_pow prime_two this,
exists.elim this $
assume (c : nat) (aeq : a =2 * ¢),
have 2 * (2 * ¢"2) = 2 * b"2,

by simp [eq.symm h, aeq];

simp [pow_succ', mul_comm, mul_assoc, mul_left_comm],

have 2 * ¢c"2 = b"2,

from mul_left_cancel' dec_trivial this,
have 2 | b2,

by simp [eqg.symm this],

(continues on next page)

4 Chapter 1. Introduction
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(continued from previous page)

have 2 | Db,

from prime.dvd_of_dvd_pow prime_two this,
have 2 | gcd a b,

from dvd_gcd <2 | a» <2 | b>,
have 2 | (1 : N),

by simp * at *,
show false, from absurd <2 | 1> dec_trivial

The third goal of this course is to teach you to write elementary proofs in Lean. The facts that we will ask you to prove in
Lean will be more elementary than the informal proofs we will ask you to write, but our intent is that formal proofs will
model and clarify the informal proof strategies we will teach you.

1.4 The Semantic Point of View

As we have presented the subject here, the goal of symbolic logic is to specify a language and rules of inference that
enable us to get at the truth in a reliable way. The idea is that the symbols we choose denote objects and concepts that
have a fixed meaning, and the rules of inference we adopt enable us to draw true conclusions from true hypotheses.

One can adopt another view of logic, however, as a system where some symbols have a fixed meaning, such as the symbols
for “and,” “or,” and “not,” and others have a meaning that is taken to vary. For example, the expression P A (Q V R),
read “P and either () or R,” may be true or false depending on the basic assertions that P, (), and R stand for. More
precisely, the truth of the compound expression depends only on whether the component symbols denote expressions that
are true or false. For example, if P, (), and R stand for “seven is prime,” “seven is even,” and “seven is odd,” respectively,
then the expression is true. If we replace “seven” by “six,” the statement is false. More generally, the expression comes
out true whenever P is true and at least one of () and R is true, and false otherwise.

From this perspective, logic is not so much a language for asserting truth, but a language for describing possible states
of affairs. In other words, logic provides a specification language, with expressions that can be true or false depending
on how we interpret the symbols that are allowed to vary. For example, if we fix the meaning of the basic predicates,
the statement “there is a red block between two blue blocks” may be true or false of a given “world” of blocks, and we
can take the expression to describe the set of worlds in which it is true. Such a view of logic is important in computer
science, where we use logical expressions to select entries from a database matching certain criteria, to specify properties
of hardware and software systems, or to assert constraints that we would like a constraint solver to satisfy.

There are important connections between the syntactic / deductive point of view on the one hand, and the semantic /
model-theoretic point of view on the other. We will explore some of these along the way. For example, we will see
that it is possible to view the “valid” assertions as those that are true under all possible interpretations of the non-fixed
symbols, and the “valid” inferences as those that maintain truth in all possible states and affairs. From this point of view,
a deductive system should only allow us to derive valid assertions and entailments, a property known as soundness. If a
deductive system is strong enough to allow us to verify all valid assertions and entailments, it is said to be complete.

The fourth goal of this course is to convey the semantic view of logic, and to lead you to understand how logical expressions
can be used to specify states of affairs.

1.4. The Semantic Point of View 5
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1.5 Goals Summarized

To summarize, these are the goals of this course:
* You should learn to write clear, “literate,” mathematical proofs.
* You should become comfortable with symbolic logic and the formal modeling of deductive proof.
* You should learn how to use an interactive proof assistant.

* You should understand how to use logic as a precise language for making claims about systems of objects and the
relationships between them, and specifying certain states of affairs.

Let us take a moment to consider the relationship between some of these goals. It is important not to confuse the first three.
We are dealing with three kinds of mathematical language: ordinary mathematical language, the symbolic representations
of mathematical logic, and computational implementations in interactive proof assistants. These are very different things!

Symbolic logic is not meant to replace ordinary mathematical language, and you should not use symbols like A and V in
ordinary mathematical proofs any more than you would use them in place of the words “and” and “or” in letters home
to your parents. Natural languages provide nuances of expression that can convey levels of meaning and understanding
that go beyond pattern matching to verify correctness. At the same time, modeling mathematical language with symbolic
expressions provides a level of precision that makes it possible to turn mathematical language itself into an object of study.
Each has its place, and we hope to get you to appreciate the value of each without confusing the two.

The proof languages used by interactive theorem provers lie somewhere between the two extremes. On the one hand, they
have to be specified with enough precision for a computer to process them and act appropriately; on the other hand, they
aim to capture some of the higher-level nuances and features of informal language in a way that enables us to write more
complex arguments and proofs. Rooted in symbolic logic and designed with ordinary mathematical language in mind,
they aim to bridge the gap between the two.

This book also aims to show you how mathematics is built up from fundamental concepts. Logic provides the rules of the
game, and then we work our way up from properties of sets, relations, functions, and the natural numbers to elementary
number theory, combinatorics, and properties of the real numbers. The last chapter rounds out the story with a discussion
of axiomatic foundations.

1.6 About this Textbook

Both this online textbook and the Lean theorem prover are new and ongoing projects. You can learn more about Lean
from its project page, the Leann community pages, and the online textbook, Theorem Proving in Lean.

We are grateful for feedback and corrections from a number of people, including Bruno Cuconato, William DeMeo,
Tobias Grosser, Lyle Kopnicky, Alexandre Rademaker, Matt Rice, and Jason Siefken.

6 Chapter 1. Introduction
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CHAPTER
TWO

PROPOSITIONAL LOGIC

2.1 A Puzzle

The following puzzle, titled “Malice and Alice,” is from George J. Summers’ Logical Deduction Puzzles.

Alice, Alice’s husband, their son, their daughter, and Alice’s brother were involved in a murder. One of the five killed
one of the other four. The following facts refer to the five people mentioned:

1. A man and a woman were together in a bar at the time of the murder.
The victim and the killer were together on a beach at the time of the murder.
One of Alice’s two children was alone at the time of the murder.

Alice and her husband were not together at the time of the murder.

A

The victim’s twin was not the killer.
6. The killer was younger than the victim.

Which one of the five was the victim?

Take some time to try to work out a solution. (You should assume that the victim’s twin is one of the five people men-
tioned.) Summers’ book offers the following hint: “First find the locations of two pairs of people at the time of the
murder, and then determine who the killer and the victim were so that no condition is contradicted.”

2.2 A Solution

If you have worked on the puzzle, you may have noticed a few things. First, it is helpful to draw a diagram, and to be
systematic about searching for an answer. The number of characters, locations, and attributes is finite, so that there are
only finitely many possible “states of affairs” that need to be considered. The numbers are also small enough so that
systematic search through all the possibilities, though tedious, will eventually get you to the right answer. This is a special
feature of logic puzzles like this; you would not expect to show, for example, that every even number greater than two can
be written as a sum of primes by running through all the possibilities.

Another thing that you may have noticed is that the question seems to presuppose that there is a unique answer to the
question, which is to say, over all the states of affairs that meet the list of conditions, there is only one person who can
possibly be the killer. A priori, without that assumption, there is a difference between finding some person who could
have been the victim and showing that that person had to be the victim. In other words, there is a difference between
exhibiting some state of affairs that meets the criteria and demonstrating conclusively that no other solution is possible.
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The published solution in the book not only produces a state of affairs that meets the criterion, but at the same time proves
that this is the only one that does so. It is quoted below, in full.

From (1), (2), and (3), the roles of the five people were as follows: Man and Woman in the bar, Killer and Victim on the
beach, and Child alone.

Then, from (4), either Alice’s husband was in the bar and Alice was on the beach, or Alice was in the bar and Alice’s
husband was on the beach.

If Alice’s husband was in the bar, the woman he was with was his daughter, the child who was alone was his son, and
Alice and her brother were on the beach. Then either Alice or her brother was the victim; so the other was the killer.
But, from (5), the victim had a twin, and this twin was innocent. Since Alice and her brother could only be twins to each
other, this situation is impossible. Therefore Alice’s husband was not in the bar.

So Alice was in the bar. If Alice was in the bar, she was with her brother or her son.

If Alice was with her brother, her husband was on the beach with one of the two children. From (5), the victim could not
be her husband, because none of the others could be his twin; so the killer was her husband and the victim was the child
he was with. But this situation is impossible, because it contradicts (6). Therefore, Alice was not with her brother in the
bar.

So Alice was with her son in the bar. Then the child who was alone was her daughter. Therefore, Alice’s husband was
with Alice’s brother on the beach. From previous reasoning, the victim could not be Alice’s husband. But the victim
could be Alice’s brother because Alice could be his twin.

So Alice’s brother was the victim and Alice’s husband was the killer.

This argument relies on some “extralogical” elements, for example, that a father cannot be younger than his child, and
that a parent and his or her child cannot be twins. But the argument also involves a number of common logical terms
and associated patterns of inference. In the next section, we will focus on some of the key logical terms occurring in the
argument above, words like “and,” “or,” “not,” and “if ... then.”

Our goal is to give an account of the patterns of inference that govern the use of those terms. To that end, using the
methods of symbolic logic, we will introduce variables A, B, C, ... to stand for fundamental statements, or propositions,
and symbols A, V, -, and — to stand for “and,” “or,” “not,” and “if ... then ... ,” respectively. Doing so will let us focus
on the way that compound statements are built up from basic ones using the logical terms, while abstracting away from
the specific content. We will also adopt a stylized notation for representing inferences as rules: the inscription
A B
C

indicates that statement C' is a logical consequence of A and B.

2.3 Rules of Inference

2.3.1 Implication

The first pattern of inference we will discuss, involving the “if ... then ...” construct, can be hard to discern. Its use is
largely implicit in the solution above. The inference in the fourth paragraph, spelled out in greater detail, runs as follows:

If Alice was in the bar, Alice was with her brother or her son.
Alice was in the bar.

Alice was with her brother or son.

8 Chapter 2. Propositional Logic
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This rule is sometimes known as modus ponens, or “implication elimination,” since it tells us how to use an implication
in an argument. As a rule, it is expressed as follows:
A— B A
B
Read this as saying that if you have a proof of A — B, possibly from some hypotheses, and a proof of A, possibly from
hypotheses, then combining these yields a proof of B, from the hypotheses in both subproofs.

—E

The rule for deriving an “if ... then” statement is more subtle. Consider the beginning of the third paragraph, which
argues that if Alice’s husband was in the bar, then Alice or her brother was the victim. Abstracting away some of the
details, the argument has the following form:

Suppose Alice’s husband was in the bar.
Then ...

Then ...

Then Alice or her brother was the victim.

Thus, if Alice’s husband was in the bar, then Alice or her brother was the victim.

This is a form of hypothetical reasoning. On the supposition that A holds, we argue that B holds as well. If we are
successful, we have shown that A implies B, without supposing A. In other words, the temporary assumption that A
holds is “canceled” by making it explicit in the conclusion.

—1

A
_ B
A— B

The hypothesis is given the label 1; when the introduction rule is applied, the label 1 indicates the relevant hypothesis.
The line over the hypothesis indicates that the assumption has been “canceled” by the introduction rule.

1 —I

2.3.2 Conjunction

As was the case for implication, other logical connectives are generally characterized by their introduction and elimination
rules. An introduction rule shows how to establish a claim involving the connective, while an elimination rule shows how
to use such a statement that contains the connective to derive others.

Let us consider, for example, the case of conjunction, that is, the word “and.” Informally, we establish a conjunction by
establishing each conjunct. For example, informally we might argue:

Alice’s brother was the victim.
Alice’s husband was the killer.

Therefore Alice’s brother was the victim and Alice’s husband was the killer.

The inference seems almost too obvious to state explicitly, since the word “and” simply combines the two assertions into
one. Informal proofs often downplay the distinction. In symbolic logic, the rule reads as follows:

2.3. Rules of Inference 9



Logic and Proof, Release 3.18.4

A B
AANB

The two elimination rules allow us to extract the two components:

AN

Alice’s husband was in the bar and Alice was on the beach.

So Alice’s husband was in the bar.

Alice’s husband was in the bar and Alice was on the beach.

So Alice was on the beach.

In symbols, these patterns are rendered as follows:

ANE .y AND

NE;

Here the [ and 7 stand for “left” and “right”.

2.3.3 Negation and Falsity

In logical terms, showing “not A” amounts to showing that A leads to a contradiction. For example:

Suppose Alice’s husband was in the bar.

This situation is impossible.

Therefore Alice’s husband was not in the bar.

This is another form of hypothetical reasoning, similar to that used in establishing an “if ... then” statement: we tem-
porarily assume A, show that leads to a contradiction, and conclude that “not A” holds. In symbols, the rule reads as
follows:

—1

A

L
1 -l
—-A
The elimination rule is dual to these. It expresses that if we have both “A” and “not A,” then we have a contradiction. This
pattern is illustrated in the informal argument below, which is implicit in the fourth paragraph of the solution to “Malice
and Alice.”

The killer was Alice’s husband and the victim was the child he was with.
So the killer was not younger than his victim.

But according to (6), the killer was younger than his victim.

10 Chapter 2. Propositional Logic
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This situation is impossible.

In symbolic logic, the rule of inference is expressed as follows:
-A A
L

Notice also that in the symbolic framework, we have introduced a new symbol, L. It corresponds to natural language
phrases like “this is a contradiction” or “this is impossible.”

-E

What are the rules governing L ? In the proof system we will introduce in the next chapter, there is no introduction rule;
“false” is false, and there should be no way to prove it, other than extract it from contradictory hypotheses. On the other
hand, the system provides a rule that allows us to conclude anything from a contradiction:

L 5

A

The elimination rule also has the fancy Latin name, ex falso sequitur quodlibet, which means “anything you want follows
from falsity.”

This elimination rule is harder to motivate from a natural language perspective, but, nonetheless, it is needed to capture
common patterns of inference. One way to understand it is this. Consider the following statement:

For every natural number n, if n is prime and greater than 2, then n is odd.

We would like to say that this is a true statement. But if it is true, then it is true of any particular number n. Taking
n = 2, we have the statement:

If 2 is prime and greater than 2, then 2 is odd.

In this conditional statement, both the antecedent and succedent are false. The fact that we are committed to saying that
this statement is true shows that we should be able to prove, one way or another, that the statement 2 is odd follows from
the false statement that 2 is prime and greater than 2. The ex falso neatly encapsulates this sort of inference.

Notice that if we define = A to be A — L, then the rules for negation introduction and elimination are nothing more than
implication introduction and elimination, respectively. We can think of — A expressed colorfully by saying “if A is true,
then pigs have wings,” where “pigs have wings” stands for L.

” G«

Having introduced a symbol for “false,” it is only fair to introduce a symbol for “true.” In contrast to “false,” “true” has

no elimination rule, only an introduction rule:

Put simply, “true” is true.

2.3.4 Disjunction

The introduction rules for disjunction, otherwise known as “or,” are straightforward. For example, the claim that condition
(3) is met in the proposed solution can be justified as follows:

Alice’s daughter was alone at the time of the murder.

2.3. Rules of Inference 11
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Therefore, either Alice’s daughter was alone at the time of the murder, or Alice’s son was alone at the time of the murder.

In symbolic terms, the two introduction rules are as follows:

LVII i
AV B AV B

Here, again, the [ and r stand for “left” and “right”.

VI

The disjunction elimination rule is trickier, but it represents a natural form of case-based hypothetical reasoning. The
instances that occur in the solution to “Malice and Alice” are all special cases of this rule, so it will be helpful to make
up a new example to illustrate the general phenomenon. Suppose, in the argument above, we had established that either
Alice’s brother or her son was in the bar, and we wanted to argue for the conclusion that her husband was on the beach.
One option is to argue by cases: first, consider the case that her brother was in the bar, and argue for the conclusion on
the basis of that assumption; then consider the case that her son was in the bar, and argue for the same conclusion, this
time on the basis of the second assumption. Since the two cases are exhaustive, if we know that the conclusion holds in
each case, we know that it holds outright. The pattern looks something like this:

Either Alice’s brother was in the bar, or Alice’s son was in the bar.
Suppose, in the first case, that her brother was in the bar. Then ... Therefore, her husband was on the beach.

On the other hand, suppose her son was in the bar. In that case, ... Therefore, in this case also, her husband was on the
beach.

Either way, we have established that her husband was on the beach.

In symbols, this pattern is expressed as follows:

AV B C C

What makes this pattern confusing is that it requires two instances of nested hypothetical reasoning: in the first block of
parentheses, we temporarily assume A, and in the second block, we temporarily assume B. When the dust settles, we
have established C' outright.

There is another pattern of reasoning that is commonly used with “or,” as in the following example:

Either Alice’s husband was in the bar, or Alice was in the bar.
Alice’s husband was not in the bar.

So Alice was in the bar.

In symbols, we would render this rule as follows:
AV B —-A
B

We will see in the next chapter that it is possible to derive this rule from the others. As a result, we will not take this to
be a fundamental rule of inference in our system.

12 Chapter 2. Propositional Logic
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2.3.5 If and only if

In mathematical arguments, it is common to say of two statements, A and B, that “A holds if and only if B holds.” This
assertion is sometimes abbreviated “A iff B,” and means simply that A implies B and B implies A. It is not essential
that we introduce a new symbol into our logical language to model this connective, since the statement can be expressed,
as we just did, in terms of “implies” and “and.” But notice that the length of the expression doubles because A and B are
each repeated. The logical abbreviation is therefore convenient, as well as natural.

The conditions of “Malice and Alice” imply that Alice is in the bar if and only if Alice’s husband is on the beach. Such a
statement is established by arguing for each implication in turn:

I claim that Alice is in the bar if and only if Alice’s husband is on the beach.
To see this, first suppose that Alice is in the bar.

Then ...

Hence Alice’s husband is on the beach.

Conversely, suppose Alice’s husband is on the beach.

Then ...

Hence Alice is in the bar.

Notice that with this example, we have varied the form of presentation, stating the conclusion first, rather than at the
end of the argument. This kind of “signposting” is common in informal arguments, in that is helps guide the reader’s
expectations and foreshadow where the argument is going. The fact that formal systems of deduction do not generally
model such nuances marks a difference between formal and informal arguments, a topic we will return to below.

The introduction is modeled in natural deduction as follows:
— 1 —1

A B

B A
A< B
The elimination rules for iff are unexciting. In informal language, here is the “left” rule:

1 +I1

Alice is in the bar if and only if Alice’s husband is on the beach.
Alice is in the bar.

Hence, Alice’s husband is on the beach.

The “right” rule simply runs in the opposite direction.

Alice is in the bar if and only if Alice’s husband is on the beach.
Alice’s husband is on the beach.

Hence, Alice is in the bar.

Rendered in natural deduction, the rules are as follows:
A+ B A A< B B

+—E; _——— E,

B ' A

2.3. Rules of Inference 13
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2.3.6 Proof by Contradiction

We saw an example of an informal argument that implicitly uses the introduction rule for negation:

Suppose Alice’s husband was in the bar.

This situation is impossible.

Therefore Alice’s husband was not in the bar.

Consider the following argument:

Suppose Alice’s husband was not on the beach.

This situation is impossible.

Therefore Alice’s husband was on the beach.

At first glance, you might think this argument follows the same pattern as the one before. But a closer look should reveal a
difference: in the first argument, a negation is introduced into the conclusion, whereas in the second, it is eliminated from
the hypothesis. Using negation introduction to close the second argument would yield the conclusion “It is not the case
that Alice’s husband was not on the beach.” The rule of inference that replaces the conclusion with the positive statement
that Alice’s husband was on the beach is called a proof by contradiction. (It also has a fancy name, reductio ad absurdum,
“reduction to an absurdity.”)

It may be hard to see the difference between the two rules, because we commonly take the statement “Alice’s husband
was not not on the beach” to be a roundabout and borderline ungrammatical way of saying that Alice’s husband was on
the beach. Indeed, the rule is equivalent to adding an axiom that says that for every statement A, “not not A” is equivalent
to A.

There is a style of doing mathematics known as “constructive mathematics” that denies the equivalence of “not not A”
and A. Constructive arguments tend to have much better computational interpretations; a proof that something is true
should provide explicit evidence that the statement is true, rather than evidence that it can’t possibly be false. We will
discuss constructive reasoning in a later chapter. Nonetheless, proof by contradiction is used extensively in contemporary
mathematics, and so, in the meanwhile, we will use proof by contradiction freely as one of our basic rules.

In natural deduction, proof by contradiction is expressed by the following pattern:

.

L RAA,1
A

The assumption —A is canceled at the final inference.

14 Chapter 2. Propositional Logic
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2.4 The Language of Propositional Logic

The language of propositional logic starts with symbols A, B, C, ... which are intended to range over basic assertions,
or propositions, which can be true or false. Compound expressions are built up using parentheses and the logical symbols
introduced in the last section. For example,

(AN (=B)) = ~(CV D))

is an example of a propositional formula.

When writing expressions in symbolic logic, we will adopt an order of operations which allows us to drop superfluous
parentheses. When parsing an expression:

» Negation binds most tightly.

¢ Then, conjunctions and disjunctions bind from right to left.

¢ Finally, implications and bi-implications bind from right to left.
So, for example, the expression =A V B — C' A D is understood as ((—A) V B) — (C' A D).
For example, suppose we assign the following variables:

e A: Alice’s husband was in the bar

* B: Alice was on the beach

e (' Alice was in the bar

e D: Alice’s husband was on the beach

Then the statement “either Alice’s husband was in the bar and Alice was on the beach, or Alice was in the bar and Alice’s
husband was on the beach” would be rendered as

(AANB)V (CAD,).

Sometimes the appropriate translation is not so straightforward, however. Because natural language is more flexible and
nuanced, a degree of abstraction and regimentation is needed to carry out the translation. Sometimes different translations
are arguably reasonable. In happy situations, alternative translations will be logically equivalent, in the sense that one can
derive each from the other using purely logical rules. In less happy situations, the translations will not be equivalent, in
which case the original statement is simply ambiguous, from a logical point of view. In cases like that, choosing a symbolic
representation helps clarify the intended meaning.

Consider, for example, a statement like “Alice was with her son on the beach, but her husband was alone.” We might
choose variables as follows:

* A: Alice was on the beach
e B: Alice’s son was on the beach
e (' Alice’s husband was alone

In that case, we might represent the statement in symbols as A A B A C. Using the word “with” may seem to connote
more than the fact that Alice and her son were both on the beach; for example, it seems to connote that they aware of
each others’ presence, interacting, etc. Similarly, although we have translated the word “but” and “and,” the word “but”
also convey information; in this case, it seems to emphasize a contrast, while in other situations, it can be used to assert
a fact that is contrary to expectations. In both cases, then, the logical rendering models certain features of the original
sentence while abstracting others.

2.4. The Language of Propositional Logic 15
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2.5 Exercises

1. Here is another (gruesome) logic puzzle by George J. Summers, called “Murder in the Family.”

Murder occurred one evening in the home of a father and mother and their son and daughter. One
member of the family murdered another member, the third member witnessed the crime, and the fourth
member was an accessory after the fact.

1.

The accessory and the witness were of opposite sex.

. The oldest member and the witness were of opposite sex.
. The youngest member and the victim were of opposite sex.

2
3
4.
5
6

The accessory was older than the victim.

. The father was the oldest member.

. The murderer was not the youngest member.

Which of the four—father, mother, son, or daughter—was the murderer?

Solve this puzzle, and write a clear argument to establish that your answer is correct.

2. Using the mnemonic F' (Father), M (Mother), D (Daughter), S (Son), M« (Murderer), V' (Victim), W (Witness),
A (Accessory), O (Oldest), Y (Youngest), we can define propositional variables like /"M (Father is the Murderer),
DV (Daughter is the Victim), F'O (Father is Oldest), V'Y (Victim is Youngest), etc. Notice that only the son or
daughter can be the youngest, and only the mother or father can be the oldest.

With these conventions, the first clue can be represented as

(FAV SA) = (MW v DW)) A (MAV DA) = (FW vV SW)),

in other words, if the father or son was the accessory, then the mother or daughter was the witness, and vice-versa.
Represent the other five clues in a similar manner.

Representing the fourth clue is tricky. Try to write down a formula that describes all the possibilities that are not
ruled out by the information.

3. Consider the following three hypotheses:

 Alan likes kangaroos, and either Betty likes frogs or Carl likes hamsters.

« If Betty likes frogs, then Alan doesn’t like kangaroos.

e If Carl likes hamsters, then Betty likes frogs.

Write a clear argument to show that these three hypotheses are contradictory.

16
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CHAPTER
THREE

NATURAL DEDUCTION FOR PROPOSITIONAL LOGIC

Reflecting on the arguments in the previous chapter, we see that, intuitively speaking, some inferences are valid and some
are not. For example, if, in a chain of reasoning, we had established “A and B,” it would seem perfectly reasonable to
conclude B. If we had established A, B, and “If A and B then C,” it would be reasonable to conclude C. On the other
hand, if we had established “A or B,” we would not be justified in concluding B without further information.

The task of symbolic logic is to develop a precise mathematical theory that explains which inferences are valid and why.
There are two general approaches to spelling out the notion of validity. In this chapter, we will consider the deductive
approach: an inference is valid if it can be justified by fundamental rules of reasoning that reflect the meaning of the
logical terms involved. In Chapter 6 we will consider the “semantic” approach: an inference is valid if it is an instance of
a pattern that always yields a true conclusion from true hypotheses.

3.1 Derivations in Natural Deduction

We have seen that the language of propositional logic allows us to build up expressions from propositional variables
A, B, C, ... using propositional connectives like —, A, Vv, and =. We will now consider a formal deductive system that
we can use to prove propositional formulas. There are a number of such systems on offer; the one will use is called natural
deduction, designed by Gerhard Gentzen in the 1930s.

In natural deduction, every proof is a proof from hypotheses. In other words, in any proof, there is a finite set of hypotheses
{B, C,...} and a conclusion A, and what the proof shows is that A follows from B, C, .. ..

Like formulas, proofs are built by putting together smaller proofs, according to the rules. For instance, the way to read
the and-introduction rule
A B
AANB
is as follows: if you have a proof P; of A from some hypotheses, and you have a proof P, of B from some hypotheses,
then you can put them together using this rule to obtain a proof of A A B, which uses all the hypotheses in P; together
with all the hypotheses in P,. For example, this is a proof of (A A B) A (A A C) from three hypotheses, A, B, and C":

A B A C
ANB ANC
(ANBYA(ANC)

In some presentations of natural deduction, a proof is written as a sequence of lines in which each line can refer to any
previous lines for justification. But here we will adopt a rigid two-dimensional diagrammatic format in which the premises
of each inference appear immediately above the conclusion. This makes it easy to look over a proof and check that it is
correct: each inference should be the result of instantiating the letters in one of the rules with particular formulas.

One thing that makes natural deduction confusing is that when you put together proofs in this way, hypotheses can be
eliminated, or, as we will say, canceled. For example, we can apply the implies-introduction rule to the last proof, and
obtain the following proof of B — (A A B) A (A A C') from only two hypotheses, A and C:

17
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A B A _C
AANB ANC
(AANB)AN(ANC)
B— (AANB)A(ANC)
Here, we have used the label 1 to indicate the place where the hypothesis B was canceled. Any label will do, though we
will tend to use numbers for that purpose.

We can continue to cancel the hypothesis A:
—_—2 —1 —2

A B A c
ANB ANC
(ANB)A(AAC)

B— (AANB)AN(ANC)

A5 (B—= (AAB AANC))

The result is a proof using only the hypothesis C'. We can continue to cancel that hypothesis as well:

2 —1 — 2 —F 3

A B A C
ANB ANC
(AAB)A(AAC)

B— (AANB)A(ANC)
A5 (B—= (AAB AANC))
Co (A B AABAAAD)) &

The resulting proof uses no hypothesis at all. In other words, it establishes the conclusion outright.

Notice that in the second step, we canceled two “copies” of the hypothesis A. In natural deduction, we can choose which
hypotheses to cancel; we could have canceled either one, and left the other hypothesis open. In fact, we can also carry
out the implication-introduction rule and cancel zero hypotheses. For example, the following is a short proof of A — B
from the hypothesis B:

_ B
A— B
In this proof, zero copies of A are canceled.

Also notice that although we are using letters like A, B, and C' as propositional variables, in the proofs above we can
replace them by any propositional formula. For example, we can replace A by the formula (D V E) everywhere, and
still have correct proofs. In some presentations of logic, different letters are used for propositional variables and arbitrary
propositional formulas, but we will continue to blur the distinction. You can think of A, B, and C as standing for
propositional variables or formulas, as you prefer. If you think of them as propositional variables, just keep in mind that
in any rule or proof, you can replace every variable by a different formula, and still have a valid rule or proof.

Finally, notice also that in these examples, we have assumed a special rule as the starting point for building proofs. It is
called the assumption rule, and it looks like this:

A

What it means is that at any point we are free to simply assume a formula, A. The single formula A constitutes a one-line
proof, and the way to read this proof is as follows: assuming A, we have proved A.

The remaining rules of inference were given in the last chapter, and we summarize them here.

Implication:
A
A— B A
: = _E
B B
A3 !
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Conjunction:

A B . AANB . A\B

AANB A B
Negation:
—1

A

—A A L

1 -l

-

Disjunction:

A B
AvVEB

Truth and falsity:

LLE ?TI

A

Bi-implication:

A< B
Reductio ad absurdum (proof by contradiction):

.

L

—— 1 RAA
A

3.2 Examples

Let us consider some more examples of natural deduction proofs. In each case, you should think about what the formulas
say and which rule of inference is invoked at each step. Also pay close attention to which hypotheses are canceled at each
stage. If you look at any node of the tree, what has been established at that point is that the claim follows from all the
hypotheses above it that haven’t been canceled yet.

The following is a proof of A — C from A — Band B — C"

71 A— B

B B—C
_Cc
A—C

1

Intuitively, the formula
(A-B)A(B—=C)—= (A—=0C)

“internalizes” the conclusion of the previous proof. The A symbol is used to combine hypotheses, and the — symbol is
used to express that the right-hand side is a consequence of the left. Here is a proof of that formula:

3.2. Examples 19
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ASBABCO) ,
4! A— B (A= B)A(B—C)
B B—C
_Cc
A—C )
(A= B)AN(B—=C)—= (A= C)
The next proof shows that if a conclusion, C', follows from A and B, then it follows from their conjunction.
1

1

, ANB
A— (B—C) A ANE ©
B—C B
S G
AANB — C

A>Bo0O) = (ANBSC)

The conclusion of the next proof can be interpreted as saying that if it is not the case that one of A or B is true, then they
are both false. It illustrates the use of the rules for negation.

, A , _ B
-(AV B) AV B -(AV B) AV B
1 1
. B °
-AA-B

“(AVB) = -AA-B

Finally, the next two examples illustrate the use of the ex falso rule. The first is a derivation of an arbitrary formula B
from —A and A:

-A A
L
B
The second shows that B follows from A and —A V B:
A A
L .
-AV B B B L
B

In some proof systems, these rules are taken to be part of the system. But we do not need to that with our system: these
two examples show that the rules can be derived from our other rules.

3.3 Forward and Backward Reasoning

Natural deduction is supposed to represent an idealized model of the patterns of reasoning and argumentation we use,
for example, when working with logic puzzles as in the last chapter. There are obvious differences: we describe natural
deduction proofs with symbols and two-dimensional diagrams, whereas our informal arguments are written with words
and paragraphs. It is worthwhile to reflect on what is captured by the model. Natural deduction is supposed to clarify the
form and structure of our logical arguments, describe the appropriate means of justifying a conclusion, and explain the
sense in which the rules we use are valid.

Constructing natural deduction proofs can be confusing, but it is helpful to think about why it is confusing. We could, for
example, decide that natural deduction is not a good model for logical reasoning. Or we might come to the conclusion
that the features of natural deduction that make it confusing tell us something interesting about ordinary arguments.

In the “official” description, natural deduction proofs are constructed by putting smaller proofs together to obtain bigger
ones. To prove A A B — B A A, we start with the hypothesis A A B. Then we construct, separately, the following two
proofs:
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ANB ANB
B A

Then we use these two proofs to construct the following one:
AANB AANB

B A
BANA

Finally, we apply the implies-introduction rule to this proof to cancel the hypothesis and obtain the desired conclusion:

ANB - AAB

B A
BAA
AANB— BAA

The process is similar to what happens in an informal argument, where we start with some hypotheses, and work forward
towards a conclusion.

Suppose Susan is tall and John is happy.
Then, in particular, John is happy.

Also, Susan is tall.

So John is happy and Susan is tall.

Therefore we have shown that if Susan is tall and John is happy, then John is happy and Susan is tall.

However, when we read natural deduction proofs, we often read them backward. First, we look at the bottom to see what
is being proved. Then we consider the rule that is used to prove it, and see what premises the rule demands. Then we
look to see how those claims are proved, and so on. Similarly, when we construct a natural deduction proof, we typically
work backward as well: we start with the claim we are trying to prove, put that at the bottom, and look for rules to apply.

At times that process breaks down. Suppose we are left with a goal that is a single propositional variable, A. There are
no introduction rules that can be applied, so, unless A is a hypothesis, it has to come from an elimination rule. But that
underspecifies the problem: perhaps the A comes from applying the and-elimination rule to A A B, or from applying
the or-elimination rule to C' and C' — A. At that point, we look to the hypotheses, and start working forward. If, for
example, our hypotheses are C'and C' — A A B, we would then work forward to obtain A A B and A.

There is thus a general heuristic for proving theorems in natural deduction:

1. Start by working backward from the conclusion, using the introduction rules. For example, if you are trying to
prove a statement of the form A — B, add A to your list of hypotheses and try to derive B. If you are trying
to prove a statement of the form A A B, use the and-introduction rule to reduce your task to proving A, and then
proving B.

2. When you have run out things to do in the first step, use elimination rules to work forward. If you have hypotheses
A — B and A, apply modus ponens to derive B. If you have a hypothesis A VV B, use or-elimination to split on
cases, considering A in one case and B in the other.

In Chapter 5 we will add one more element to this list: if all else fails, try a proof by contradiction.

The tension between forward and backward reasoning is found in informal arguments as well, in mathematics and else-
where. When we prove a theorem, we typically reason forward, using assumptions, hypotheses, definitions, and back-
ground knowledge. But we also keep the goal in mind, and that helps us make sense of the forward steps.

When we turn to interactive theorem proving, we will see that Lean has mechanisms to support both forward and backward
reasoning. These form a bridge between informal styles of argumentation and the natural deduction model, and thereby
provide a clearer picture of what is going on.
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Another confusing feature of natural deduction proofs is that every hypothesis has a scope, which is to say, there are
only certain points in the proof where an assumption is available for use. Of course, this is also a feature of informal
mathematical arguments. Suppose a paragraph begins “Let x be any number less than 100,” argues that x has at most
five prime factors, and concludes “thus we have shown that every number less than 100 has at most five factors.” The
reference “z”, and the assumption that it is less than 100, is only active within the scope of the paragraph. If the next
paragraph begins with the phrase “Now suppose x is any number greater than 100,” then, of course, the assumption that
x is less than 100 no longer applies.

In natural deduction, a hypothesis is available from the point where it is assumed until the point where it is canceled.
We will see that interactive theorem proving languages also have mechanisms to determine the scope of references and
hypotheses, and that these, too, shed light on scoping issues in informal mathematics.

3.4 Reasoning by Cases

The rule for eliminating a disjunction is confusing, but we can make sense of it with an example. Consider the following
informal argument:

George is either at home or on campus.
If he is at home, he is studying.
If he is on campus, he is with his friends.

Therefore, George is either studying or with his friends.

Let A be the statement that George is at home, let B be the statement that George is on campus, let C' be the statement
that George is studying, and let D be the statement the George is with his friends. Then the argument above has the
following pattern: from AV B, A — C, and B — D, conclude C' V D. In natural deduction, we cannot get away with
drawing this conclusion in a single step, but it does not take too much work to flesh it out into a proper proof. Informally,
we have to argue as follows.

Georges is either at home or on campus.

Case 1: Suppose he is at home. We know that if he is at home, then he is studying. So, in this case, he is
studying. Therefore, in this case, he is either studying or with his friends.

Case 2: Suppose he is on campus. We know that if he is on campus, then he is with his friends. So, in this
case, he is with his friends. Therefore, in this case, he is either studying or with his friends.

Either way, George is either studying or with his friends.

The natural deduction proof looks as follows:

AsC A BsD B '

_¢ _D
AVB CvD CvD .
CvD

You should think about how the structure of this proof reflects the informal case-based argument above it.

For another example, here is a proof of AA (BVC) = (AAB)V (AAC):
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—_2 —_ 2
AN(BVC) AN(BVC)
o A B! A el
AN(BVC) ANB ANC
BvC (AANB)V(ANC) (AANB)V(AANC)

(ANB)V(AAC)
(ANBVO) = (AAB)V(AAC))

3.5 Some Logical Identities

Two propositional formulas, A and B, are said to be logically equivalent if A <+ B is provable. Logical equivalences
are similar to identities like x + y = y + « that occur in algebra. In particular, one can show that if two formulas are
equivalent, then one can substitute one for the other in any formula, and the results will also be equivalent. (Some proof
systems take this to be a basic rule, and interactive theorem provers can accommodate it, but we will not take it to be a
fundamental rule of natural deduction.)

For reference, the following list contains some commonly used propositional equivalences, along with some noteworthy
formulas. Think about why, intuitively, these formulas should be true.

1. Commutativity of A: ANB <+ BAA
Commutativity of V: AV B+ BV A
Associativity of A: (AAB)AC < AN(BAC)
Associativity of V (AV B)VC < AV (BV C)
Distributivity of A over V: AA (BV C) < (AAB)V (AAC)
Distributivity of V over A: AV (BAC) < (AVB)A(AVC)
(A= (B—=C))+< (ANB—=C).
(A=-B)—»(B=0C)=(A—=0))
(AVB) - ()< (A= C)AN(B—=0)
—-(AVB) <+ -AA-B

. (AANB) + —-AV-B

. (AN-A)

. (A= B)< AAN-B

-A— (A— B)

. (mAVB)+ (A— B)

LAVLI e A

CANL &L

. Av-A

. (A -4A)

(A— B) + (=B — -A)

.(A=-CVD)—= (A—=C)V(A— D))
((A—=B)— A) = A)

e A A G o

[ NS T NS R N R e e e T e e e Y
N — S vV 0w N L A W~ O
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All of these can be derived in natural deduction using the fundamental rules listed in Section 3.1. But some of them
require the use of the reductio ad absurdum rule, or proof by contradiction, which we have not yet discussed in detail.
We will discuss the use of this rule, and other patterns of classical logic, in the Chapter 5.

3.6 Exercises

When constructing proofs in natural deduction, use only the list of rules given in Section 3.1.

1.

T o

10.
11.
12.
13.

14.
15.
16.

Give a natural deduction proof of A A B from hypothesis B A A.

Give a natural deduction proof of (Q — R) — R from hypothesis Q.

Give a natural deduction proof of =(A A B) — (A — —B).

Give a natural deduction proof of @ A S from hypotheses (P A Q) A Rand S A T.
Give a natural deduction proof of (A — C) A (B — =C) — —(A A B).

Give a natural deduction proof of (A A B) = ((A — C) — ~(B — —(C)).

Take another look at Exercise 3 in the last chapter. Using propositional variables A, B, and C for “Alan likes
kangaroos,” “Betty likes frogs” and “Carl likes hamsters,” respectively, express the three hypotheses as symbolic
formulas, and then derive a contradiction from them in natural deduction.

Give a natural deduction proof of AV B — BV A.

Give a natural deduction proof of “A A =B — —(AV B)

Give a natural deduction proof of —=(A A B) from —A V =B. (You do not need to use proof by contradiction.)
Give a natural deduction proof of =(A + —A).

Give a natural deduction proof of (—A <+ —B) from hypothesis A <> B.

Give a natural deduction proof of P — R from hypothesis (P V Q) — R. How does this differ from a proof of
(PVQ)— R)— (P— R)?

Give a natural deduction proof of C' — (A V B) A C from hypothesis A V B.
Give a natural deduction proof of W VY — X V Z from hypotheses W — X and Y — Z.
Give a natural deduction proof of (AV (B A A)) — A.

24
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CHAPTER
FOUR

PROPOSITIONAL LOGIC IN LEAN

In this chapter, you will learn how to write proofs in Lean. We will start with a purely mechanical translation that will
enable you to represent any natural deduction proof in Lean. We will see, however, that such a style of writing proofs is
not very intuitive, nor does it yield very readable proofs. It also does not scale well.

We will then consider some mechanisms that Lean offers that support a more forward-directed style of argumentation.
Since these proofs look more like informal proofs but can be directly translated to natural deduction, they will help us
understand the relationship between the two.

4.1 Expressions for Propositions and Proofs

At its core, Lean is what is known as a type checker. This means that we can write expressions and ask the system to check
that they are well formed, and also ask the system to tell us what type of object they denote. Try this:

variables A B C : Prop
#icheck A AN = B — C

1

In the online version of this text, you can press the “try it
hover over the markers on the text to read the messages.

button to copy the example to an editor window, and then

In the example, we declare three variables ranging over propositions, and ask Lean to check the expression 2 A — B
— C. The output of the #check commandisA A = B — C : Prop, whichassertsthatA A - B — Cisof
type Prop. In Lean, every well-formed expression has a type.

The logical connectives are rendered in unicode. The following chart shows you how you can type these symbols in the
editor, and also provides ascii equivalents, for the purists among you.

Unicode | Ascii | Lean input

true

false
- not \not, \neg
A N \and
V \ \or
— -> \to, \r, \imp
> <> \1iff,\1lr
N forall | \all
3 exists | \ex
A fun \lam, \fun
=+ ~= \ne
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So far, we have only talked about the first seven items on the list. We will discuss the quantifiers, lambda, and equality
later. Try typing some expressions and checking them on your own. You should try changing one of the variables in the
example above to D, or inserting a nonsense symbol into the expression, and take a look at the error message that Lean
returns.

In addition to declaring variables, if P is any expression of type Prop, we can declare the hypothesis that P is true:

variables A B : Prop
variable h : A A = B

#icheck h

Formally, what is going on is that any proposition can be viewed as a type, namely, the type of proofs of that proposition.
A hypothesis, or premise, is just a variable of that type. Building proofs is then a matter of writing down expressions of
the correct type. For example, if P is any expression of type A A B, then and.left P isan expression of type A, and
and.right P isan expression of type B. In other words, if P is a proof of A A B, and and.left P isaname for
the proof you get by applying the left elimination rule for and:

P

AANB
A

Similarly, and.right P is the proof of B you get by applying the right elimination rule. So, continuing the example
above, we can write

variables A B : Prop
variable h : A A = B

#icheck and.left h
#icheck and.right h

The two expressions represent, respectively, these two proofs:
Ar-B " Ar-B "
A -B
Notice that in this way of representing natural deduction proofs, there are no “free floating” hypotheses. Every hypothesis
has a label. In Lean, we will typically use expressions like h, h1, h2, ... to label hypotheses, but you can use any identifier
you want.

If h1 is a proof of A and h2 is a proof of B, then and.intro hl h2isaproof of A A B. So we can continue the
example above:

variables A B : Prop
variable h : A A = B

#icheck and.intro (and.right h) (and.left h)

This corresponds to the following proof:
h

h
-B A
-BANA
What about implication? The elimination rule is easy: if P is a proof of A — B and P is a proof of A then P; P,
is a proof of B. Notice that we do not even need to name the rule: you just write P; followed by Po, as though you are
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applying the first to the second. If P; and P5 are compound expressions, put parentheses around them to make it clear
where each one begins and ends.

variables A B C D : Prop
variable hl B — C)
variable h2
variable h3
variable h4

—
— A

W oo

#check h2 h3
#check hl (h2 h3)
#check (hl (h2 h3)) hi4

Lean adopts the convention that applications associate to the left, so that an expression h1 h2 h3 isinterpreted as (h1l
h2) h3. Implications associate to the right, so that A — B — Cisinterpretedas2 — (B — C). This may seem
funny, but it is a convenient way to represent implications that take multiple hypotheses, since an expression A — B —
C — D — E means that E follows from A, B, C, and D. So the example above could be written as follows:

variables A B C D : Prop

variable hl : A - B — C
variable h2 : D — A
variable h3 : D

variable h4 : B

#icheck h2 h3
#check hl (h2 h3)
#check hl (h2 h3) h4

Notice that parentheses are still needed in the expression h1 (h2 h3).

The implication introduction rule is the tricky one, because it can cancel a hypothesis. In terms of Lean expressions, the
rule translates as follows. Suppose A and B have type P rop, and, assuming h is the premise that A holds, P is proof of B,
possibly involving h. Then the expression assume h : A, Pisaproof of A — B. For example, we can construct
aproof of A — A A A as follows:

variable A : Prop

#check (assume h : A, and.intro h h)

Notice that we no longer have to declare A as a premise. The word assume makes the premise local to the expression
in parentheses, and after the assumption is made, we can refer to h. Given the assumptionh : A, and.intro h h
is a proof of A A A, and so the expression assume h : A, and.intro h hisaproofof A — A A A.In
this case, we could leave out the parentheses because the expression is unambiguous:

variable A : Prop

#check assume h : A, and.intro h h

Above, we proved = B A A from the premise 2 A — B. We can instead obtain a proof of A A = B — — B A
A as follows:

variables A B : Prop
#icheck (assume h : A A = B, and.intro (and.right h) (and.left h))

All we did was move the premise into a local assume.

(By the way, the assume command is just alternative syntax for the lambda symbol, so we could also have written this:
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variables A B : Prop
#icheck (A h : A A = B, and.intro (and.right h) (and.left h))

You will learn more about the lambda symbol later.)

4.2 More commands

Let us introduce a new Lean command, example. This command tells Lean that you are about to prove a theorem, or,
more generally, write down an expression of the given type. It should then be followed by the proof or expression itself.

variables A B : Prop

example : A A - B —- = B A A :=
assume h : A A = B,
and.intro (and.right h) (and.left h)

When given this command, Lean checks the expression after the : = and makes sure it has the right type. If so, it accepts
the expression as a valid proof. If not, it raises an error.

Because the example command provides information as to the type of the expression that follows (in this case, the
proposition being proved), it sometimes enables us to omit other information. For example, we can leave off the type of
the assumption:

variables A B : Prop

example : A A - B —- = B A A :=
assume h,
and.intro (and.right h) (and.left h)

Because Lean knows we are trying to prove an implication with premise A A — B, it can infer that when we write
assume h, the identifier h labels the assumption 2 A — B.

We can also go in the other direction, and provide the system with more information, with the word show. If A is a
proposition and P is a proof, the expression “show A, from P” means the same thing as P alone, but it signals the
intention that P is a proof of A. When Lean checks this expression, it confirms that P really is a proof of A, before parsing
the expression surrounding it. So, in our example, we could also write:

variables A B : Prop

example : A A - B —- = B A A :=
assume h : A A — B,
show = B A A, from and.intro (and.right h) (and.left h)

We could even annotate the smaller expressions and.right hand and.left h, as follows:

variables A B : Prop

example : AN - B - - B A A :=

assume h : A A - B,

show = B A A, from and.intro
(show — B, from and.right h)
(show A, from and.left h)

This is a good place to mention that Lean generally ignores whitespace, like indentation and returns. We could have
written the entire example on a single line. In general, we will adopt conventions for indentation and line breaks that show
the structure of proofs and make them easier to read.
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Although in the examples above the show commands were not necessary, there are a number of good reasons to use this
style. First, and perhaps most importantly, it makes the proofs easier for us humans to read. Second, it makes the proofs
easier to write: if you make a mistake in a proof, it is easier for Lean to figure out where you went wrong and provide a
meaningful error message if you make your intentions clear. Finally, proving information in the show clause often makes
it possible for you to omit information in other places, since Lean can infer that information from your stated intentions.

There are notational variants. Rather than declare variables and premises beforehand, you can also present them as
“arguments” to the example, followed by a colon:

example (A B : Prop) : AAN - B —- = B A A :=
assume h : A A — B,
show - B A A, from and.intro (and.right h) (and.left h)

There are two more tricks that can help you write proofs in Lean. The first is using sorry, which is a magical term
in Lean which provides a proof of anything at all. It is also known as “cheating.” But cheating can help you construct
legitimate proofs incrementally: if Lean accepts a proof with sorry’s, the parts of the proof you have written so far have
passed Lean’s checks for correctness. All you need to do is replace each sorry with a real proof to complete the task.

variables A B : Prop

example : A AN - B —- = B A A
assume h, sorry

example : A A - B - = B A A :=
assume h, and.intro sorry sorry

example : A A - B - = B A A :=
assume h, and.intro (and.right h) sorry

example : A A - B - = B A A :=
assume h, and.intro (and.right h) (and.left h)

The second trick is the use of placeholders, represented by the underscore symbol. When you write an underscore in an
expression, you are asking the system to try to fill in the value for you. This falls short of calling full-blown automation to
prove a theorem; rather, you are asking Lean to infer the value from the context. If you use an underscore where a proof
should be, Lean typically will not fill in the proof, but it will give you an error message that tells you what is missing. This
will help you write proof terms incrementally, in a backward-driven fashion. In the example above, try replacing each
sorry by an underscore, _, and take a look at the resulting error messages. In each case, the error tells you what needs
to be filled in, and the variables and hypotheses that are available to you at that stage.

One more tip: if you want to delimit the scope of variables or premises introduced with the variables command, put
them in a block that begins with the word section and ends with the word end. We will use this mechanism below.
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4.3 Building Natural Deduction Proofs

In this section, we describe a mechanical translation from natural deduction proofs, by giving a translation for each natural
deduction rule. We have already seen some of the correspondences, but we repeat them all here, for completeness.

4.3.1 Implication

We have already explained that implication introduction is implemented with assume, and implication elimination is
written as application.

variables A B : Prop

example : A — B :=
assume h : A,
show B, from sorry

section
variable hl : A — B
variable h2 : A

example : B := hl h2
end

Since every example begins by declaring the necessary propositional variables, we will henceforth suppress that declaration
in the text.

4.3.2 Conjunction

We have already seen that and-introduction is implemented with and . int ro, and the elimination rules are and . left
and and.right.

section
variables (hl : A) (h2 : B)

example : A A B := and.intro hl h2
end

section
variable h : A A B

example : A := and.left h
example : B := and.right h
end
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4.3.3 Disjunction

The or-introduction rules are given by or.inl and or. inr.

section
variable h : A

example : A V B := or.inl h
end

section
variable h : B

example : A V B := or.inr h
end

The elimination rule is the tricky one. To prove C from A V B, you need three arguments: a proof h of A V B, a proof
of C from A, and a proof of C from B. Using line breaks and indentation to highlight the structure as a proof by cases, we
can write it with the following form:

section
variable h : A V B
variables (ha : A — C) (hb : B — C)
example C
or.elim h
(assume hl : A,
show C, from ha hl)
(assume hl : B,
show C, from hb hl)

end

Notice that we can reuse the label h1 in each branch, since, conceptually, the two branches are disjoint.

4.3.4 Negation

Internally, negation — A is defined by A — false, which you can think of as saying that A implies something
impossible. The rules for negation are therefore similar to the rules for implication. To prove = A, assume A and derive
a contradiction.

section
example : - A :=
assume h : A,
show false, from sorry
end

If you have proved a negation — A, you can get a contradiction by applying it to a proof of A.

section
variable hl : — A
variable h2 : A

example : false := hl h2
end

4.3. Building Natural Deduction Proofs 31



Logic and Proof, Release 3.18.4

4.3.5 Truth and falsity

The ex falso rule is called false.elim:

section

variable h : false

example : A := false.elim h
end

There isn’t much to say about t rue beyond the fact that it is trivially true:

example : true := trivial

4.3.6 Bi-implication

The introduction rule for “if and only if”is 1£f. intro.

example : A < B :=
iff.intro
(assume h : A,
show B, from sorry)
(assume h : B,
show A, from sorry)

As usual, we have chosen indentation to make the structure clear. Notice that the same label, h, can be used on both
branches, with a different meaning in each, because the scope of an assume is limited to the expression in which it
appears.

The elimination rules are iff.elim_left and iff.elim_right:

section
variable hl : A < B
variable h2 : A

example : B := iff.elim left hl h2
end

section
variable hl : A < B
variable h2 : B

example : A := iff.elim_right hl h2
end

Lean recognizes the abbreviation 1 £f.mp for iff.elim_left, where “mp” stands for “modus ponens”. Similarly,
you can use 1 ff . mpr, for “modus ponens reverse”, instead of 1ff.elim_right.
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4.3.7 Reductio ad absurdum (proof by contradiction)

Finally, there is the rule for proof by contradiction, which we will discuss in greater detail in Chapter 5. It is included for
completeness here.

The rule is called by_contradiction. It has one argument, which is a proof of false from — A. To use the rule,
you have to ask Lean to allow classical reasoning, by writing open classical. You can do this at the beginning of
the file, or any time before using it. If you say open classical in a section, it will remain in scope for that section.

section
open classical

example : A :=
by_contradiction
(assume h : — A,
show false, from sorry)
end

4.3.8 Examples

In the last chapter, we constructed the following proof of A — C from A — B and B — C:

A' A-B
B B—C

C
A—C

1
We can model this in Lean as follows:

variables A B C : Prop

variable hl : A
B

B
variable h2 C

_)
%
example : A — C :=

assume h : A,
show C, from h2 (hl h)

Notice that the hypotheses in the natural deduction proof that are not canceled are declared as variables in the Lean
version.

We also constructed the following proof:

ANB

A5 BoO) - A T
B—C B
¢
ANB — C

(A-(B—C))—-(ANB—C)

Here is how it is written in Lean:

example (A B C : Prop) : (A - (B =+ C)) - (AANB — C) :=
assume hl : A —- (B — C),

assume h2 : A A B,

show C, from hl (and.left h2) (and.right h2)
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This works because and.left h2 isa proof of A, and and.right h2 isa proof of B.
Finally, we constructed the following proof of AA (BV C) — (AAB)V (AAC):

ANBVCO) " ANBVCO) "
S, A B ' A <!
AN(BVCO) ANB ANC
BV C (ANB)V(AAC) (AAB)V (AAC)

(ANB)V(AAC)
(ANBVO) = (AAB)V(AAD))

Here is a version in Lean:

example (A B C : Prop) : AN (BV C) — (AANB) V (ANC) :=
assume hl : A AN (B V C),
or.elim (and.right hl)
(assume h2 : B,
show (A AN B) V (A AN C),
from or.inl (and.intro (and.left hl) h2))
(assume h2 : C,
show (A A B) V (A A C),
from or.inr (and.intro (and.left hl) h2))

In fact, bearing in mind that a s sume is alternative syntax for the symbol A, and that Lean can often infer the type of an
assumption, we can make the proof remarkably brief:

example (A B C : Prop) : AN (BV C) — (AANB) V (ANC) :=
A hl, or.elim (and.right h1l)

(A h2, or.inl (and.intro (and.left hl) h2))

(A h2, or.inr (and.intro (and.left hl) h2))

The proof is cryptic, though. Using such a style makes proofs hard to write, read, understand, maintain, and debug. In
the next section we will describe a remarkably simple device that makes it much easier to understand what is going on.

4.4 Forward Reasoning

Lean supports forward reasoning by allowing you to write proofs using the have command.

variables A B C : Prop

variable hl : A — B
variable h2 : B — C

example : A — C :=
assume h : A,

have h3 : B, from hl h,
show C, from h2 h3

Writing a proof with have h : A, from P, ... h ... hasthesame effectas writing ... P ....This
have command checks that P is a proof of A, and then give you the label h to use in place of P. Thus the last line of the
previous proof can be thought of as abbreviating show C, from h2 (hl h), since h3 abbreviates h1 h. Such
abbreviations can make a big difference, especially when the proof P is very long.

There are a number of advantages to using have. For one thing, it makes the proof more readable: the example above
states B explicitly as an auxiliary goal. It can also save repetition: h3 can be used repeatedly after it is introduced, without
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duplicating the proof. Finally, it makes it easier to construct and debug the proof: stating B as an auxiliary goal makes it
easier for Lean to deliver an informative error message when the goal is not properly met.

In the last section, we considered the following proof:

example (A B C : Prop) : (A - (B =+ C)) - (AANB — C) :=
assume hl : A —- (B — C),

assume h2 : A A B,

show C, from hl (and.left h2) (and.right h2)

Using have, it can be written more perspicuously as follows:

example (A B C : Prop) : (A =+ (B =+ C)) - (AANB — C) :=
assume hl : A —- (B — C),

assume h2 : A A B,

have h3 : A, from and.left h2,

have h4 : B, from and.right h2,

show C, from hl h3 hi4

We can be even more verbose, and add another line:

example (A B C : Prop) : (A —- (B - C)) — (A ANB — C) :=
assume hl : A — (B — C),

assume h2 : A A B,

have h3 : A, from and.left h2,

have h4 : B, from and.right h2,

have h5 : B —+ C, from hl h3,

show C, from h5 hi4

Adding more information doesn’t always make a proof more readable; when the individual expressions are small and easy
enough to understand, spelling them out in detail can introduce clutter. As you learn to use Lean, you will have to develop
your own style, and use your judgment to decide which steps to make explicit.

Here is how some of the basic inferences look, when expanded with have. In the and-introduction rule, it is a matter
showing each conjunct first, and then putting them together:

example (A B : Prop) : A A B —- B A A :=
assume hl : A A B,

have h2 : A, from and.left hil,

have h3 : B, from and.right hl,

show B A A, from and.intro h3 h2

Compare that with this version, which instead states first that we will use the and . intro rule, and then makes the two
resulting goals explicit:

example (A B : Prop) : AAB = B A A :=
assume hl : A A B,
show B A A, from
and.intro
(show B, from and.right hl)
(show A, from and.left hl)

Once again, at issue is only readability. Lean does just fine with the following short version:

example (A B : Prop) : AANB — B AN A :=
A h, and.intro (and.right h) (and.left h)

When using the or-elimination rule, it is often clearest to state the relevant disjunction explicitly:
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example (A B C : Prop) : C :=
have h : A V B, from sorry,
show C, from or.elim h
(assume hl : A,
show C, from sorry)
(assume h2 : B,
show C, from sorry)

Here is a have-structured presentation of an example from the previous section:

example (A B C : Prop) : A AN (BV C) — (AANB) V (AANC) :=
assume hl : A AN (B V C),
have h2 : A, from and.left hil,
have h3 : B V C, from and.right hl,
show (A AN B) V (A AN C), from
or.elim h3
(assume h4 : B,
have h5 : A A B, from and.intro h2 hi4,
show (A AN B) V (A AN C), from or.inl h5)
(assume h4 : C,
have h5 : A AN C, from and.intro h2 hi4,
show (A AN B) V (A AN C), from or.inr h5)

4.5 Definitions and Theorems

Lean allows us to name definitions and theorems for later use. For example, here is a definition of a new “connective”:

def triple_and (A B C : Prop) : Prop :=
A AN (B AC)

As with the example command, it does not matter whether the arguments 2, B, and C are declared beforehand with the
variables command, or with the definition itself. We can then apply the definition to any expressions:

variables D E F G : Prop

#check triple_and (D V E) (= F — G) (- D)

Later, we will see more interesting examples of definitions, like the following function from natural numbers to natural
numbers, which doubles its input:

def double (n : N) : N :=n + n

What is more interesting right now is that Lean also allows us to name theorems, and use them later, as rules of inference.
For example, consider the following theorem:

theorem and_commute (A B : Prop) : A AN B — B A A :=
assume h, and.intro (and.right h) (and.left h)

Once we have defined it, we can use it freely:

variables C D E : Prop
variable hl : C A = D
variable h2 : = D AN C — E

example : E := h2 (and_commute C (= D) hl)
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It is annoying in this example that we have to give the arguments C and = D explicitly, because they are implicit in h1.
In fact, Lean allows us to tell this to Lean in the definition of and_commute:

theorem and_commute {A B : Prop} : A A B - B A A :=
assume h, and.intro (and.right h) (and.left h)

Here the squiggly braces indicate that the arguments A and B are implicit, which is to say, Lean should infer them from
the context when the theorem is used. We can then write the following instead:

variables C D E : Prop
variable hl : C A = D
variable h2 : = D A C — E

example : E := h2 (and_commute hl)

Indeed, Lean’s library has a theorem, and__comm, defined in exactly this way.

By the way, we could avoid the assume step in the proof of and_ comm by making the hypothesis into an argument:

theorem and_commute {A B : Prop} (h : A A B) : B A A :=
and.intro (and.right h) (and.left h)

The two definitions yield the same result.

Definitions and theorems are important in mathematics; they allow us to build up complex theories from fundamental
principles. Lean also accepts the word 1emma instead of theorem.

What is interesting is that in interactive theorem proving, we can even define familiar patterns of inference. For example,
all of the following inferences were mentioned in the last chapter:

namespace hidden
variables {A B : Prop}

theorem or_resolve_left (hl : A V B) (h2 : = A) : B :=
or.elim hl
(assume h3 : A, show B, from false.elim (h2 h3))
(assume h3 : B, show B, from h3)

theorem or_resolve_right (hl : A V B) (h2 : = B) : A :=
or.elim hl

(assume h3 : A, show A, from h3)

(assume h3 : B, show A, from false.elim (h2 h3))

theorem absurd (hl : — A) (h2 : A) : B
false.elim (hl h2)

end hidden

In fact, Lean’s library defines or . resolve_left,or.resolve_right,and absurd. We used the namespace
command to avoid naming conflicts, which would have raised an error.

When we ask you to prove basic facts from propositional logic in Lean, as with propositional logic, our goal is to have
you learn how to use Lean’s primitives. As a result, for those exercises, you should not use facts from the library. As we
move towards real mathematics, however, you can use facts from the library more freely.
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4.6 Additional Syntax

In this section, we describe some extra syntactic features of Lean, for power users. The syntactic gadgets are often
convenient, and sometimes make proofs look prettier.

For one thing, you can use subscripted numbers with a backslash. For example, you can write h; by typing h\ 1. The
labels are irrelevant to Lean, so the difference is only cosmetic.

Another feature is that you can omit the label in an assume statement, providing an “anonymous” hypothesis. You can
then refer back to the last anonymous assumption using the keyword this:

example : A - AV B :=
assume : A,
show A V B, from or.inl this

Alternatively, you can refer back to unlabeled assumptions by putting them in French quotes:

example : A - B —- A A B :=
assume : A,

assume : B,

show A A B, from and.intro <A> <B>

You can also use the word have without giving a label, and refer back to them using the same conventions. Here is an
example that uses these features:

theorem my_theorem {A B C : Prop}
AN (BV C) — (AANB) V (ANC) :=
assume h : A A (B V C),
have A, from and.left h,
have B V C, from and.right h,
show (A AN B) V (A AN C), from
or.elim «<B V C>»
(assume : B,
have A A B, from and.intro <A> <B>,
show (A AN B) V (A AN C), from or.inl this)
(assume : C,
have A A C, from and.intro <A> <C>,
show (A AN B) V (A AN C), from or.inr this)

Another trick is that you can write h. left and h. right instead of and.left hand and.right h whenever h
is a conjunction, and you can write (h1, h2) (using \< and \>) instead of and.intro hl h2 whenever Lean can
figure out that a conjunction is what you are trying to prove. With these conventions, you can write the following:

example (A B : Prop) : AANB — B A A :=
assume h : A A B,
show B A A, from (h.right, h.left)

This is nothing more than shorthand for the following:

example (A B : Prop) : AAB = B A A :=
assume h : A A B,
show B A A, from and.intro (and.right h) (and.left h)

Even more concisely, you can write this:

example (A B : Prop) : AANB — B AN A :=
assume h, (h.right, h.left)
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You can even take apart a conjunction with an assume, so that this works:

example (A B : Prop) : A A B —- B A A :=
assume (hi, ha), (h2, hi)

Similarly, if h is a biconditional, you can write h .mp and h.mpr insteadof iff.mp hand iff.mpr h,and you can
write (h1, h2)insteadof iff.intro hl h2. Asaresult, Lean understands these proofs:

example (A B : Prop) : B A (A < B) — A :=
assume (hB, hAB),
hAB.mpr hB

example (A B : Prop) : A A B < B A A :=
(assume (hi, h2), (h2, hi), assume (hi, h2), (h2, hi))

Finally, you can add comments to your proofs in two ways. First, any text after a double-dash —— until the end of a line is
ignored by the Lean processor. Second, any text between /- and -/ denotes a block comment, and is also ignored. You
can nest block comments.

/= This is a block comment.
It can fill multiple lines. -/

example (A : Prop) : A — A :=
assume : A, —— assume the antecedent
show A, from this —- use it to establish the conclusion

4.7 Exercises

Prove the following in Lean:

variables A B C D : Prop

example : A AN (A —- B) — B :=
sorry

example : A — — (= A A B) :=
sorry

example : = (A A B) - (A — — B) :=

sorry

example (h; : AV B) (hg : A —- C) (hg : B =+ D) : CV D :=
sorry

example (h : = A A = B) : = (A V B) :=

sorry

example : — (A < — A) :=
sorry
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CHAPTER
FIVE

CLASSICAL REASONING

If we take all the rules of propositional logic we have seen so far and exclude reductio ad absurdum, or proof by contra-
diction, we have what is known as intuitionistic logic. In intuitionistic logic, it is possible to view proofs in computational
terms: a proof of A A B is a proof of A paired with a proof of B, a proof of A — B is a procedure which transforms
evidence for A into evidence for B, and a proof of A V B is a proof of one or the other, tagged so that we know which is
the case. The ex falso rule makes sense only because we expect that there is no proof of falsity; it is like the empty data

type.

Proof by contradiction does not fit in well with this world view: from a proof of a contradiction from — A, we are supposed
to magically produce a proof of A. We will see that with proof by contradiction, we can prove the following law, known
as the law of the excluded middle: YA, AV —~A. From a computational perspective, this says that for every A we can
decide whether or not A is true.

Classical reasoning does introduce a number of principles into logic, however, that can be used to simplify reasoning. In
this chapter, we will consider these principles, and see how they follow from the basic rules.

5.1 Proof by Contradiction

Remember that in natural deduction, proof by contradiction is expressed by the following pattern:

.

E

The assumption —A is canceled at the final inference.

In Lean, the inference is named by_contradiction, and since it is a classical rule, we have to use the command
open classical before it is available. Once we do so, the pattern of inference is expressed as follows:

open classical
variable (A : Prop)

example : A :=
by_contradiction
(assume h : = A,
show false, from sorry)

One of the most important consequences of this rule is a classical principle that we mentioned above, namely, the law
of the excluded middle, which asserts that the following holds for all A: AV —A. In Lean we denote this law by em. In
mathematical arguments, one often splits a proof into two cases, assuming first A and then —A. Using the elimination
rule for disjunction, this is equivalent to using A VV = A, which is the excluded middle principle for this particular A.
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Here is a proof of em, in natural deduction, using proof by contradiction:

) A
~(AV —A) AV A
L
-, oAl
“(AV -A) AV A
T
AV A~

Here is the same proof rendered in Lean:

open classical
variable (A : Prop)

example : A V = A :=
by_contradiction
(assume hl : - (A V = A),
have h2 : - A, from
assume h3 : A,
have hd : A V - A, from or.inl h3,
show false, from hl hi4,
have h5 : A V = A, from or.inr h2,
show false, from hl hb5)

The principle is known as the law of the excluded middle because it says that a proposition A is either true or false; there
is no middle ground. As a result, the theorem is named em in the Lean library. For any proposition A, em A denotes a
proof of A vV — A, and you are free to use it any time classical is open:

open classical

example (A : Prop) : AV = A :=
or.elim (em A)
(assume : A, or.inl this)
(assume : — A, or.inr this)

Or even more simply:

open classical

example (A : Prop) : AV — A :=
em A

In fact, we can go in the other direction, and use the law of the excluded middle to justify proof by contradiction. You
are asked to do this in the exercises.

Proof by contradiction is also equivalent to the principle =——A < A. The implication from right to left holds intu-
itionistically; the other implication is classical, and is known as double-negation elimination. Here is a proof in natural
deduction:

—A > —A' —a' A&’
A ——A
—A A

And here is the corresponding proof in Lean:
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open classical

example (A : Prop) : = — A &< A :=
iff.intro
(assume hl : — — A,
show A, from by_contradiction
(assume h2 : — A,
show false, from hl h2))
(assume hl : A,
show = = A, from assume h2 : — A, h2 hl)

In the next section, we will derive a number of classical rules and equivalences. These are tricky to prove. In general, to
use classical reasoning in natural deduction, we need to extend the general heuristic presented in Section 3.3 as follows:

1. First, work backward from the conclusion, using the introduction rules.
2. When you have run out things to do in the first step, use elimination rules to work forward.
3. If all else fails, use a proof by contradiction.

Sometimes a proof by contradiction is necessary, but when it isn’t, it can be less informative than a direct proof. Suppose,
for example, we want to prove A A B A C — D. In a direct proof, we assume A, B, and C', and work towards D.
Along the way, we will derive other consequences of A, B, and C, and these may be useful in other contexts. If we use
proof by contradiction, on the other hand, we assume A, B, C, and =D, and try to prove L. In that case, we are working
in an inconsistent context; any auxiliary results we may obtain that way are subsumed by the fact that ultimately | is a
consequence of the hypotheses.

5.2 Some Classical Principles

We have already seen that A V = A and -—A < A are two important theorems of classical propositional logic. In this
section we will provide some more theorems, rules, and equivalences. Some will be proved here, but most will be left to
you in the exercises. In ordinary mathematics, these are generally used without comment. It is nice to know, however,
that they can all be justified using the basic rules of classical natural deduction.

If A — B is any implication, the assertion ~B — —A is known as the contrapositive. Every implication implies its
contrapositive, and the other direction is true classically:

-B>-A B

—A A
I
A—B

Here is another example. Intuitively, asserting “if A then B” is equivalent to saying that it cannot be the case that A is
true and B is false. Classical reasoning is needed to get us from the second statement to the first.

2

— 2 1

, A -B
—~(AA-B) AN—B
1
B,
A— B 3

-(AAN-B) = (A— B)

Here are the same proofs, rendered in Lean:

open classical

(continues on next page)
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(continued from previous page)

variables (A B : Prop)

example (h : = B - = A) : A - B :=
assume hl : A,
show B, from
by_contradiction
(assume h2 : - B,
have h3 : = A, from h h2,
show false, from h3 hl)

example (h : = (A A = B)) : A =5 B :=
assume : A,
show B, from
by_contradiction
(assume : — B,
have A A = B, from and.intro <A> this,
show false, from h this)

Notice that in the second example, we used an anonymous assume and an anonymous have. We used the brackets
\f< and \ £> to write < A », referring back to the first assumption. The first use of the word this refers back to the
assumption = B, while the second one refers back to the have.

Knowing that we can prove the law of the excluded middle, it is convenient to use it in classical proofs. Here is an example,
with a proof of (A — B) V (B — A):

B B
L

B A,
A—B B— A

BvVv-B (A— B)V (B — A) (A= B)V(B— A)
(A= B)VvV(B— A)

Here is the corresponding proof in Lean:

open classical
variables (A B : Prop)

example : (A — B) V (B — A) :=
or.elim (em B)
(assume h : B,
have A — B, from
assume : A,
show B, from h,
show (A — B) V (B — A),
from or.inl this)
(assume h : — B,
have B — A, from
assume : B,
have false, from h this,
show A, from false.elim this,
show (A — B) V (B — A),
from or.inr this)

Using classical reasoning, implication can be rewritten in terms of disjunction and negation:

(A— B) + AV B.
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The forward direction requires classical reasoning.
The following equivalences are known as De Morgan’s laws:
* °(AVB) <+ -AAN-B
* 2(AAB) < —-AV-B
The forward direction of the second of these requires classical reasoning.

Using these identities, we can always push negations down to propositional variables. For example, we have

(=AAB = C) ¢ ~(=(~AA B)V C)
é)ﬁ‘(ﬁAJ\B)/\ﬁC
<~ ~AANBA-C.

A formula built up from A, V, and — in which negations only occur at variables is said to be in negation normal form.

In fact, using distributivity laws, one can go on to ensure that all the disjunctions are on the outside, so that the formulas is
a big or of and’s of propositional variables and negated propositional variables. Such a formula is said to be in disjunctive
normal form. Alternatively, all the and’s can be brought to the outside. Such a formula is said to be in conjunctive normal
form. An exercise below, however, shows that putting formulas in disjunctive or conjunctive normal form can make them
much longer.

5.3 Exercises

1. Show how to derive the proof-by-contradiction rule from the law of the excluded middle, using the other rules of
natural deduction. In other words, assume you have a proof of | from —A. Using A V —A as a hypothesis, but
without using the rule RAA, show how you can go on to derive A.

2. Give a natural deduction proof of —(A A B) from = A V —B. (You do not need to use proof by contradiction.)
3. Construct a natural deduction proof of = A V =B from =(A A B). You can do it as follows:
1. First, prove =B, and hence = A V =B, from ~(A A B) and A.
2. Use this to construct a proof of - A, and hence =A V =B, from (A A B) and =(—A V = B).
3. Use this to construct a proof of a contradiction from =(A A B) and —=(=A V =B).
4. Using proof by contradiction, this gives you a proof of =A V =B from —(A A B).
. Give a natural deduction proof of P from =P — (Q V R), =Q, and —R.
. Give a natural deduction proof of =A V B from A — B. You may use the law of the excluded middle.

. Give a natural deduction proof of A — ((A A B) V (A A =B)). You may use the law of the excluded middle.

~N O »n B

. Put (AV B) A (CV D) A (E V F) in disjunctive normal form, that is, write it as a big “or” of multiple “and”
expressions.

8. Prove—~ (A A B) — — A V - B by replacing the sorry’s below by proofs.

open classical
variables {A B C : Prop}

-— Prove - (AN B) — = AV - B by replacing the sorry's below
—-— by proofs.
(continues on next page)
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lemma stepl (hi : = (A A B)) (ha
have — B, from sorry,
show = A V = B, from or.inr this

lemma step2 (h; : = (A A B)) (ha
have — A, from
assume : A,

have = A V = B, from stepl hi <A>,

show false, from h: this,
show false, from sorry

theorem step3 (h : = (A A B))
by_contradiction
(assume h' : = (= AV = B),
show false, from step2 h h')

9. Also do these:

open classical

variables {A B C Prop}

example (h - B — = A) : A > B
sorry

example (h A — B) - AV B :=

sorry

- AV 2B =

(continued from previous page)
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CHAPTER
SIX

SEMANTICS OF PROPOSITIONAL LOGIC

Classically, we think of propositional variables as ranging over statements that can be true or false. And, intuitively, we
think of a proof system as telling us what propositional formulas have o be true, no matter what the variables stand for.
For example, the fact that we can prove C' from the hypotheses A, B, and A A B — C seems to tell us that whenever the
hypotheses are true, then C' has to be true as well.

Making sense of this involves stepping outside the system and giving an account of truth—more precisely, the conditions
under which a propositional formula is true. This is one of the things that symbolic logic was designed to do, and the task
belongs to the realm of semantics. Formulas and formal proofs are syntactic notions, which is to say, they are represented
by symbols and symbolic structures. Truth is a semantic notion, in that it ascribes a type of meaning to certain formulas.

Syntactically, we were able to ask and answer questions like the following:
* Given a set of hypotheses, I', and a formula, A, can we derive A from I'?
¢ What formulas can be derived from I'?
* What hypotheses are needed to derive A?
The questions we consider semantically are different:
* Given an assignment of truth values to the propositional variables occurring in a formula A, is A true or false?
* Is there any truth assignment that makes A true?
¢ Which are the truth assignments that make A true?

In this chapter, we will not provide a fully rigorous mathematical treatment of syntax and semantics. That subject matter is
appropriate to a more advanced and focused course on mathematical logic. But we will discuss semantic issues in enough
detail to give you a good sense of what it means to think semantically, as well as a sense of how to make pragmatic use
of semantic notions.

6.1 Truth Values and Assignments

The first notion we will need is that of a truth value. We have already seen two, namely, “true” and “false.” We will use
the symbols T and F to represent these in informal mathematics. These are the values that T and _L are intended to denote
in natural deduction, and t rue and false are intended to denote in Lean.

In this text, we will adopt a “classical” notion of truth, following our discussion in Section 5. This can be understood in
various ways, but, concretely, it comes down to this: we will assume that any proposition is either true or false (but, of
course, not both). This conception of truth is what underlies the law of the excluded middle, A V —A. Semantically, we
read this sentence as saying “either A is true, or —A is true.” Since, in our semantic interpretation, —A is true exactly
when A is false, the law of the excluded middle says that A is either true or false.

The next notion we will need is that of a truth assignment, which is simply a function that assigns a truth value to each
element of a set of propositional variables. In this section, we will distinguish between propositional variables and arbitrary
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formulas by using letters P, @, R, . .. for the former and A, B, C, ... for the latter. For example, the function v defined
by

s v(P):=T
« 0(@Q)=F
* v(R):=F
e v(S):=T

is a truth assignment for the set of variables { P, Q), R, S'}.

Intuitively, a truth assignment describes a possible “state of the world.” Going back to the Malice and Alice puzzle, let’s
suppose the following letters are shorthand for the statements:

e P := Alice’s brother was the victim
¢ ( := Alice was the killer
¢ R := Alice was in the bar

In the world described by the solution to the puzzle, the first and third statements are true, and the second is false. So our
truth assignment gives the value T to P and R, and the value F to Q).

Once we have a truth assignment v to a set of propositional variables, we can extend it to a valuation function v, which
assigns a value of true or false to every propositional formula that depends only on these variables. The function v is
defined recursively, which is to say, formulas are evaluated from the bottom up, so that value assigned to a compound
formula is determined by the values assigned to its components. Formally, the function is defined as follows:

)=
1=

=1

1]

-A) =Tif v(A)is F, and vice versa.
AN B)=Tif 5(A) and v(B) are both T, and F otherwise.
AV B) =Tif atleast one of v(A) and v(B) is T; otherwise F.

* 9(A — B) = T if either 5(B) is T or 5(A) is F, and F otherwise. (Equivalently, 7(A — B) = Fif 5(A)is T
and 9(B) is F, and T otherwise.)

.
1]

.
=1

o(T
(
(¢) = v(¥), where ¢ is any propositional variable.
(
(
(

.
=1

The rules for conjunction and disjunction are easy to understand. “A and B” is true exactly when A and B are both true;
“A or B” is true when at least one of A or B is true.

Understanding the rule for implication is trickier. People are often surprised to hear that any if-then statement with a
false hypothesis is supposed to be true. The statement “if I have two heads, then circles are squares” may sound like it
ought to be false, but by our reckoning, it comes out true. To make sense of this, think about the difference between the
two sentences:

* “If I have two heads, then circles are squares.”
e “If T had two heads, then circles would be squares.”

The second sentence is an example of a counterfactual implication. It asserts something about how the world might change,
if things were other than they actually are. Philosophers have studied counterfactuals for centuries, but mathematical logic
is concerned with the first sentence, a material implication. The material implication asserts something about the way the
world is right now, rather than the way it might have been. Since it is false that I have two heads, the statement “if I have
two heads, then circles are squares” is true.

Why do we evaluate material implication in this way? Once again, let us consider the true sentence “every natural number
that is prime and greater than two is odd.” We can interpret this sentence as saying that all of the (infinitely many)
sentences in this list are true:
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¢ If 0 is prime and greater than 2, then 0 is odd.
e If 1 is prime and greater than 2, then 1 is odd.
* If 2 is prime and greater than 2, then 2 is odd.

 If 3 is prime and greater than 2, then 3 is odd.

The first sentence on this list is a lot like our “two heads” example, since both the hypothesis and the conclusion are false.
But since it is an instance of a statement that is true in general, we are committed to assigning it the value T. The second
sentence is a different: the hypothesis is still false, but here the conclusion is true. Together, these tell us that whenever
the hypothesis is false, the conditional statement should be true. The fourth sentence has a true hypothesis and a true
conclusion. So from the second and fourth sentences, we see that whenever the conclusion is true, the conditional should
be true as well. Finally, it seems clear that the sentence “if 3 is prime and greater than 2, then 3 is even” should not be
true. This pattern, where the hypothesis is true and the conclusion is false, is the only one for which the conditional will
be false.

Let us motivate the semantics for material implication another way, using the deductive rules described in the last chapter.
Notice that, if B is true, we can prove A — B without any assumptions about A:

_ B
A— B

This follows from the proper reading of the implication introduction rule: given B, one can always infer A — B, and
then cancel an assumption A, if there is one. If A was never used in the proof, the conclusion is simply weaker than it
needs to be. This inference is validated in Lean:

variables A B : Prop
variable hB : B

example : A — B :=
assume hA : A,
show B, from hB

Similarly, if A is false, we can prove A — B without any assumptions about B:
A A
1

A— B !

In Lean:

variables A B : Prop
variable hnA : — A

example : A — B :=
assume hA : A,
show B, from false.elim (hnA hA)

Finally, if A is true and B is false, we can prove =(A — B):

ASB - A

Once again, in Lean:
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variables A B : Prop
variable hA : A
variable hnB : —B

example : = (A — B) :=
assume h : A — B,

have hB : B, from h hA,
show false, from hnB hB

Now that we have defined the truth of any formula relative to a truth assignment, we can answer our first semantic question:
given an assignment v of truth values to the propositional variables occurring in some formula ¢, how do we determine
whether or not ¢ is true? This amounts to evaluating v(¢y), and the recursive definition of ¢ gives a recipe: we evaluate
the expressions occurring in ¢ from the bottom up, starting with the propositional variables, and using the evaluation of
an expression’s components to evaluate the expression itself. For example, suppose our truth assignment v makes A and
B true and C false. To evaluate (B — C') V (A A B) under v, note that the expression B — C' comes out false and the
expression A A B comes out true. Since a disjunction “false or true” is true, the entire formula is true.

We can also go in the other direction: given a formula, we can attempt to find a truth assignment that will make it true (or
false). In fact, we can use Lean to evaluate formulas for us. In the example that follows, you can assign any set of values
to the proposition symbols A, B, C, D, and E. When you run Lean on this input, the output of the eval statement is the
value of the expression.

—-— Define your truth assignment here
def A := tt

def B := ff
def C := tt
def D := tt
def E := ff
def test (p : Prop) [decidable p] : string :=

if p then "true" else "false"

#eval test ((A A B) V = C)
#eval test (A — D)

#eval test (C — (D V —E))
#eval test (-(A A B A C A D))

Try varying the truth assignments, to see what happens. You can add your own formulas to the end of the input, and
evaluate them as well. Try to find truth assignments that make each of the formulas tested above evaluate to true. For an
extra challenge, try finding a single truth assignment that makes them all true at the same time.

6.2 Truth Tables

The second and third semantic questions we asked are a little trickier than the first. Given a formula A, is there any truth
assignment that makes A true? If so, which truth assignments make A true? Instead of considering one particular truth
assignment, these questions ask us to quantify over all possible truth assignments.

Of course, the number of possible truth assignments depends on the number of propositional letters we’re considering.
Since each letter has two possible values, n letters will produce 2™ possible truth assignments. This number grows very
quickly, so we’ll mostly look at smaller formulas here.

We'll use something called a fruth table to figure out when, if ever, a formula is true. On the left hand side of the truth
table, we’ll put all of the possible truth assignments for the present propositional letters. On the right hand side, we’ll put
the truth value of the entire formula under the corresponding assignment.

To begin with, truth tables can be used to concisely summarize the semantics of our logical connectives:
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A|B| ANB A|B| AvB A|B||A—>B
T| T T T | T T T| T T
T|F F T|F T T|F F
F|T F F|T T F|T T
F | F F F | F F F | F T

We will leave it to you to write the table for — A, as an easy exercise.

For compound formulas, the style is much the same. Sometimes it can be helpful to include intermediate columns with
the truth values of subformulas:

A|B|C||A—-B|B—-C| (A—-B)V(B—-C)
T | T|T T T T
T | T|F T F T
T|F|T F T T
T|F|F F T T
F|T|T T T T
F|T)|F T F T
F|F | T T T T
F|F | F T T T

By writing out the truth table for a formula, we can glance at the rows and see which truth assignments make the formula
true. If all the entries in the final column are T, as in the above example, the formula is said to be valid.

6.3 Soundness and Completeness

Suppose we have a fixed deduction system in mind, such as natural deduction. A propositional formula is said to be
provable if there is a formal proof of it in that system. A propositional formula is said to be a taurology, or valid, if it
is true under any truth assignment. Provability is a syntactic notion, in that it asserts the existence of a syntactic object,
namely, a proof. Validity is a semantic notion, in that it has to do with truth assignments and valuations. But, intuitively,
these notions should coincide: both express the idea that a formula A has to be true, or is necessarily true, and one would
expect a good proof system to enable us to derive the valid formulas.

The statement that every provable formula is valid is known as soundness. If A is any formula, logicians use the notation
F A to express the fact that A is provable and the notation F A to express that A is valid. (The first symbol is sometimes
called a “turnstile” and the second symbol is sometimes called a “double-turnstile.”) With this notation, soundness says
that for every propositional formula A, if = A, then F A. The converse, which says that every valid formula is provable,
is known as completeness. In symbolic terms, it says that for every formula A, if F A, then - A.

Because of the way we have chosen our inference rules and defined the notion of a valuation, this intuition that the two
notions should coincide holds true. In other words, the system of natural deduction we have presented for propositional
logic is sound and complete with respect to truth-table semantics.

These notions of soundness and completeness extend to provability from hypotheses. If I' is a set of propositional formulas
and A is a propositional formula, then A is said to be a logical consequence of T' if, given any truth assignment that makes
every formula in I true, A is true as well. In this extended setting, soundness says that if A is provable from I', then A
is a logical consequence of I'. Completeness runs the other way: if A is a logical consequence of T, it is provable from
I'. In symbolic terms, we write I' - A to express that A is provable from the formulas in I" (or that I proves A), and we
write I' F A to express that A is a logical consequence of I (or that I" entails A). With this notation, soundness says that
for every propositional formula A and set of propositional formulas I', if I' - A then I' F A, and completeness says that
forevery Aand I, if ' F A then I' - A.

Given a set of propositional formulas I" and a propositional formula A, the previous section gives us a recipe for deciding
whether I entails A: construct a truth tables for all the formulas in I" and A, and check whether every A comes out true
on every line of the table on which every formula of T is true. (It doesn’t matter what happens to A on the lines where
some formula in I is false.)
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Notice that with the rules of natural deduction, a formula A is provable from a set of hypotheses { By, Bs, ..., B, } if
and only if the formula B; A Bo A -+ - A B,, — A is provable outright, that is, from no hypotheses. So, at least for finite
sets of formulas I, the two statements of soundness and completeness are equivalent.

Proving soundness and completeness belongs to the realm of metatheory, since it requires us to reason about our methods
of reasoning. This is not a central focus of this book: we are more concerned with using logic and the notion of truth
than with establishing their properties. But the notions of soundness and completeness play an important role in helping
us understand the nature of the logical notions, and so we will try to provide some hints here as to why these properties
hold for propositional logic.

Proving soundness is easier than proving completeness. We wish to show that whenever A is provable from a set of
hypotheses, I, then A is a logical consequence of T'. In a later chapter, we will consider proofs by induction, which allows
us to establish a property holds of a general collection of objects by showing that it holds of some “simple” ones and is
preserved under the passage to objects that are more complex. In the case of natural deduction, it is enough to show
that soundness holds of the most basic proofs—using the assumption rule—and that it is preserved under each rule of
inference. The base case is easy: the assumption rule says that A is provable from hypothesis A, and clearly every truth
assignment that makes A true makes A true. The inductive steps are not much harder; they involve checking that the
rules we have chosen mesh with the semantic notions. For example, suppose the last rule is the and-introduction rule. In
that case, we have a proof of A from some hypotheses I', and a proof of B from some hypotheses A, and we combine
these to form a proof of A A B from the hypotheses in I' U A, that is, the hypotheses in both. Inductively, we can assume
that A is a logical consequence of I" and that B is a logical consequence of A. Let v be any truth assignment that makes
every formula in I' U A true. Then by the inductive hypothesis, we have that it makes A true, and B true as well. By the
definition of the valuation function, (A A B) = T, as required.

Proving completeness is harder. It suffices to show that if A is any tautology, then A is provable. One strategy is to show
that natural deduction can simulate the method of truth tables. For example, suppose A is build up from propositional
variables B and C. Then in natural deduction, we should be able to prove

(BAC)V (BA-C)V (~BAC)V (=B A-C),
with one disjunct for each line of the truth table. Then, we should be able to use each disjunct to “evaluate” each expression

occurring in A, proving it true or false in accordance with its valuation, until we have a proof of A itself.

A nicer way to proceed is to express the rules of natural deduction in a way that allows us to work backward from A in
search of a proof. In other words, first, we give a procedure for constructing a derivation of A by working backward from
A. Then we argue that if the procedure fails, then, at the point where it fails, we can find a truth assignment that makes
A false. As a result, if every truth assignment makes A true, the procedure returns a proof of A.

6.4 Exercises

1. Show that A — B, -AV B, and (A A —B) are logically equivalent, by writing out the truth table and showing
that they have the same values for all truth assignments.

2. Write out the truth table for (A — B) A (BAC — A).

3. Show that A — B and =B — —A are equivalent, by writing out the truth tables and showing that they have the
same values for all truth assignments.

4. Does the following entailment hold?
{A-BVvVC,-B—--C}=A—B

Justify your answer by writing out the truth table (sorry, it is long). Indicate clearly the rows where both hypotheses
come out true.

5. Are the following formulas derivable? Justify your answer with either a derivation or a counterexample.
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e« 7(mAVB)— A

(A —-B) = (A— B)

* (PANQ)— R) — (RV~—P)
(=P A-Q) = ~(Q v P)
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CHAPTER
SEVEN

FIRST ORDER LOGIC

Propositional logic provides a good start at describing the general principles of logical reasoning, but it does not go far
enough. Some of the limitations are apparent even in the “Malice and Alice” example from Chapter 2. Propositional logic
does not give us the means to express a general principle that tells us that if Alice is with her son on the beach, then her
son is with Alice; the general fact that no child is older than his or her parent; or the general fact that if someone is alone,
they are not with someone else. To express principles like these, we need a way to talk about objects and individuals,
as well as their properties and the relationships between them. These are exactly what is provided by a more expressive
logical framework known as first-order logic, which will be the topic of the next few chapters.

7.1 Functions, Predicates, and Relations

Consider some ordinary statements about the natural numbers:
¢ Every natural number is even or odd, but not both.
* A natural number is even if and only if it is divisible by two.
« If some natural number, z, is even, then so is x2.
* A natural number z is even if and only if x + 1 is odd.
* Any prime number that is greater than 2 is odd.

* For any three natural numbers z, y, and z, if z divides y and y divides z, then z divides z.

These statements are true, but we generally do not think of them as logically valid: they depend on assumptions about
the natural numbers, the meaning of the terms “even” and “odd,” and so on. But once we accept the first statement, for
example, it seems to be a logical consequence that the number of stairs in the White House is either even or odd, and, in
particular, if it is not even, it is odd. To make sense of inferences like these, we need a logical system that can deal with
objects, their properties, and relations between them.

Rather than fix a single language once and for all, first-order logic allows us to specify the symbols we wish to use for any
given domain of interest. In this section, we will use the following running example:

¢ The domain of interest is the natural numbers, N.

* There are objects, 0, 1, 2, 3, ....

¢ There are functions, addition and multiplication, as well as the square function, on this domain.
 There are predicates on this domain, “even,” “odd,” and “prime.”

* There are relations between elements of this domain, “equal,” “less than”, and “divides.”

For our logical language, we will choose symbols 1, 2, 3, add, mul, square, even, odd, prime, It, and so on, to denote these
things. We will also have variables z, y, and z ranging over the natural numbers. Note all of the following.
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* Functions can take different numbers of arguments: if = and y are natural numbers, it makes sense to write mul(z, y)
and square(x). So mul takes two arguments, and square takes only one.

* Predicates and relations can also be understood in these terms. The predicates even(z) and prime(x) take one
argument, while the binary relations divides(x, y) and If(x, y) take two arguments.

¢ Functions are different from predicates! A function takes one or more arguments, and returns a value. A predicate
takes one or more arguments, and is either true or false. We can think of predicates as returning propositions, rather
than values.

* Infact, we can think of the constant symbols 1, 2, 3, . . . as special sorts of function symbols that take zero arguments.
Analogously, we can consider the predicates that take zero arguments to be the constant logical values, T and L.

¢ In ordinary mathematics, we often use “infix” notation for binary functions and relations. For example, we usually
write 2z X y or x - y instead of mul(x,y), and we write x < y instead of I7(x,y). We will use these conventions
when writing proofs in natural deduction, and they are supported in Lean as well.

¢ We will treat the equality relation, = = y, as a special binary relation that is included in every first-order language.

First-order logic allows us to build complex expressions out of the basic ones. Starting with the variables and constants,
we can use the function symbols to build up compound expressions like these:

cr+y+=z
(1) xyxy
o square(x + y X z)
Such expressions are called “terms.” Intuitively, they name objects in the intended domain of discourse.
Now, using the predicates and relation symbols, we can make assertions about these expressions:
o even(z +y+2)
o prime((z+1) X y X y)
 square(x +y X z) = w
cr+y<z
Even more interestingly, we can use propositional connectives to build compound expressions like these:
o even(x +y+ z) Aprime((x + 1) X y X y)
o a(square(z +yxz)=w)Ve+y<z
ez <yAeven(r)Neven(y) > x+1<y

The second one, for example, asserts that either (x +y2)? is not equal to w, or = + ¥ is less than z. Remember, these are
expressions in symbolic logic; in ordinary mathematics, we would express the notions using words like “is even” and “if
and only if,” as we did above. We will use notation like this whenever we are in the realm of symbolic logic, for example,
when we write proofs in natural deduction. Expressions like these are called formulas. In contrast to terms, which name
things, formulas say things; in other words, they make assertions about objects in the domain of discourse.
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7.2 The Universal Quantifier

What makes first-order logic powerful is that it allows us to make general assertions using quantifiers. The universal
quantifier V followed by a variable = is meant to represent the phrase “for every x.” In other words, it asserts that every
value of x has the property that follows it. Using the universal quantifier, the examples with which we began the previous
section can be expressed as follows:

o Vx ((even(z) V odd(x)) N\ —(even(z) A odd(x)))
o Vx (even(z) <> 2| x)

o Vx (even(z) — even(z?))

* Vx (even(x) +> odd(x + 1))

o Va (prime(z) Ax > 2 — odd(x))

s VaVyVz (z|yAy|z—a|2)

It is common to combine multiple quantifiers of the same kind, and write, for example, Vz,y,z (z |y Ay | z = x | 2)
in the last expression.

Here are some notes on syntax:

* In symbolic logic, the universal quantifier is usually taken to bind tightly. For example, Vo P V () is interpreted as
(Vz P) Vv @, and we would write Vo (P V Q) to extend the scope.

¢ Be careful, however. In other contexts, especially in computer science, people often give quantifiers the widest
scope possible. This is the case with Lean. For example,V x, P V QisinterpretedasV x, (P V Q),and
we would write (V x, P) V Q tolimit the scope.

* When you put the quantifier Vz in front a formula that involves the variable z, all the occurrences of that variable
are bound by the quantifier. For example, the expression Vz (even(x) V odd(x)) is expresses that every number is
even or odd. Notice that the variable x does not appear anywhere in the informal statement. The statement is not
about z at all; rather x is a dummy variable, a placeholder that stands for the “thing” referred to within a phrase
that beings with the words “every thing.” We think of the expression Va (even(z) V odd(x)) as being the same as
the expression Vy (even(y) V odd(y)). Lean also treats these expressions as the same.

e InLean, theexpressionV x v z, x | y > y | z = x | zisinterpretedasV x y z, x | y = (y
| z — x | z),with parentheses associated to the right. The part of the expression after the universal quantifier
can therefore be interpreted as saying “given that x divides y and that y divides z, x divides z.” The expression
is logically equivalenttoV x vy z, x | v A v | z — x | z, but we will see that, in Lean, it is often
convenient to express facts like this as an iterated implication.

A variable that is not bound is called free. Notice that formulas in first-order logic say things about their free variables.
For example, in the interpretation we have in mind, the formula Vy (z < y) says that x is less than or equal to every
natural number. The formula Vz (x < z) says exactly the same thing; we can always rename a bound variable, as long as
we pick a name that does not clash with another name that is already in use. On the other hand, the formula Vy(w < y)
says that w is less than or equal to every natural number. This is an entirely different statement: it says something about
w, rather than x. So renaming a free variable changes the meaning of a formula.

Notice also that some formulas, like Vz,y (z < y V y < x), have no free variables at all. Such a formula is called a
sentence, because it makes an outright assertion, a statement that is either true or false about the intended interpretation.
In Chapter 10 we will make the notion of an “intended interpretation” precise, and explain what it means to be “true in an
interpretation.” For now, the idea that formulas say things about an object in an intended interpretation should motivate
the rules for reasoning with such expressions.

In Chapter 1 we proved that the square root of two is irrational. One way to construe the statement is as follows:

For every pair of integers, a and b, if b # 0, it is not the case that a? = 2b2.
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The advantage of this formulation is that we can restrict our attention to the integers, without having to consider the larger
domain of rationals. In symbolic logic, assuming our intended domain of discourse is the integers, we would express this
theorem using the universal quantifier:

Ya,bb# 0 — =(a® = 2b?).

Notice that we have kept the conventional mathematical notation b # 0 to say that b is not equal to 0, but we can think of
this as an abbreviation for —(b = 0). How do we prove such a theorem? Informally, we would use such a pattern:

Let a and b be arbitrary integers, suppose b # 0, and suppose a® = 2b%.

Contradiction.

What we are really doing is proving that the universal statement holds, by showing that it holds of “arbitrary” values a and
b. In natural deduction, the proof would look something like this:

1 2
b#0 a? =2 x b?

S
—(a? =2 x b?)
b#0— =(a? =2 xb?)
Vb (b#0— —(a® =2 x b?))
Va Vb (b # 0 — —(a®? = 2 x b?))
Notice that after the hypotheses are canceled, we have proved b # 0 — —(a? = 2 x b?) without making any assumptions

about a and b; at this stage in the proof, they are “arbitrary,” justifying the application of the universal quantifiers in the
next two rules.

This example motivates the following rule in natural deduction:

A(z)
Vo A(z)

provided z is not free in any uncanceled hypothesis. Here A(x) stands for any formula that (potentially) mentions x. Also
remember that if y is any “fresh” variable that does not occur in A, we are thinking of Va2 A(z) as being the same as
Yy Ay).

What about the elimination rule? Suppose we know that every number is even or odd. Then, in an ordinary proof, we
are free to assert “a is even or a is odd,” or “a? is even or a? is odd.” In terms of symbolic logic, this amounts to the
following inference: from Vz (even(z) V odd(x)), we can conclude even(t) V odd(t) for any term ¢. This motivates the
elimination rule for the universal quantifier:

Ve A(z)
A(t)

where t is an arbitrary term, subject to the restriction described at the end of the next section.

In a sense, this feels like the elimination rule for implication; we might read the hypothesis as saying “if z is any thing,
then x is even or odd.” The conclusion is obtained by applying it to the fact that n is a thing. Note that, in general, we
could replace n by any erm in the language, like n(m +5) + 2. Similarly, the introduction rule feels like the introduction
rule for implication. If we want to show that everything has a certain property, we temporarily let  denote an arbitrary
thing, and then show that it has the relevant property.
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7.3 The Existential Quantifier

Dual to the universal quantifier is the existential quantifier, 3, which is used to express assertions such as “some number
is even,” or, “between any two even numbers there is an odd number.”

The following statements about the natural numbers assert the existence of some natural number:

¢ There exists an odd composite number. (Remember that a natural number is composite if it is greater than 1 and
not prime.)

 Every natural number greater than one has a prime divisor.
* For every n, if n has a prime divisor smaller than n, then n is composite.
These statements can be expressed in first-order logic using the existential quantifier as follows:
* 3n (odd(n) N composite(n))
* Vn (n>1— 3p (prime(p) Ap | n))
* ¥n ((3p (p | n A prime(p) A p < n)) — composite(n))

After we write Jn, the variable n is bound in the formula, just as for the universal quantifier. So the formulas
In composite(n) and Im composite(m) are considered the same.

How do we prove such existential statements? Suppose we want to prove that there exists an odd composite number. To
do this, we just present a candidate, and show that the candidate satisfies the required properties. For example, we could
choose 15, and then show that 15 is odd and that 15 is composite. Of course, there’s nothing special about 15, and we
could have proven it also using a different number, like 9 or 35. The choice of candidate does not matter, as long as it has
the required property.

In a natural deduction proof this would look like this:

0dd(15) A composite(15)
In(odd(n) A composite(n))

This illustrates the introduction rule for the existential quantifier:
A(t)
Iz A(x)
where ¢ is any term, subject to the restriction described below. So to prove an existential formula, we just have to give

one particular term for which we can prove that formula. Such term is called a witness for the formula.

What about the elimination rule? Suppose that we know that n is some natural number and we know that there exists a
prime p such that p < n and p | n. How can we use this to prove that 7 is composite? We can reason as follows:

Let p be any prime such that p < nand p | n.

Therefore, n is composite.

First, we assume that there is some p which satisfies the properties p is prime, p < n and p | n, and then we reason about
that p. As with case-based reasoning using “or,” the assumption is only temporary: if we can show that n is composite
from that assumption, that we have essentially shown that n is composite assuming the existence of such a p. Notice
that in this pattern of reasoning, p should be “arbitrary.” In other words, we should not have assumed anything about p
beforehand, we should not make any additional assumptions about p along the way, and the conclusion should not mention
p. Only then does it makes sense to say that the conclusion follows from the “mere” existence of a p with the assumed
properties.

In natural deduction, the elimination rule is expressed as follows:
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A(y)

JxA(x) B
B

1

Here we require that y is not free in B, and that the only uncanceled hypotheses where y occurs freely are the hypotheses
A(y) that are canceled when you apply this rule. Formally, this is what it means to say that y is “arbitrary.” As was the
case for or elimination and implication introduction, you can use the hypothesis A(y) multiple times in the proof of B,
and cancel all of them at once. Intuitively, the rule says that you can prove B from the assumption 3z A(x) by assuming
A(y) for a fresh variable y, and concluding, in any number of steps, that B follows. You should compare this rule to the
rule for or elimination, which is somewhat analogous.

There is a restriction on the term ¢ that appears in the elimination rule for the universal quantifier and the introduction rule
for the existential quantifier, namely, that no variable that appears in ¢ becomes bound when you plug it in for . To see
what can go wrong if you violate this restriction, consider the sentence Va 3y y > x. If we interpret this as a statement
about the natural numbers, it says that for every number x, there is a bigger number y. This is a true statement, and so it
should hold whatever we substitute for x. But what happens if we substitute y 4+ 1?7 We get the statement Jy y > y + 1,
which is false. The problem is that before the substitution the variable y in y + 1 refers to an arbitrary number, but after
the substitution, it refers to the number that is asserted to exist by the existential quantifier, and that is not what we want.

Violating the restriction in the introduction rule for the existential quantifier causes similar problems. For example, it
allows us to derive 3z Vy y = x, which says that there is exactly one number, from the hypothesis Vy y = y. The good
news is that if you rely on your intuition, you are unlikely to make mistakes like these. But it is an important fact that the
rules of natural deduction can be given a precise specification that rules out these invalid inferences.

7.4 Relativization and Sorts

In first-order logic as we have presented it, there is one intended “universe” of objects of discourse, and the universal and
existential quantifiers range over that universe. For example, we could design a language to talk about people living in a
certain town, with a relation loves(z, y) to express that x loves y. In such a language, we might express the statement that
“everyone loves someone” by writing Va Jy loves(x, y).

You should keep in mind that, at this stage, loves is just a symbol. We have designed the language with a certain in-
terpretation in mind, but one could also interpret the language as making statements about the natural numbers, where
loves(x,y) means that x is less than or equal to y. In that interpretation, the sentence

Va,y, z (loves(x,y) A loves(y, z) — loves(x, z))

is true, though in the original interpretation it makes an implausible claim about the nature of love triangles. In Chapter
10, we will spell out the notion that the deductive rules of first-order logic enable us to determine the statements that are
true in all interpretations, just as the rules of propositional logic enable us to determine the statements that are true under
all truth assignments.

Returning to the original example, suppose we want to represent the statement that, in our town, all the women are strong
and all the men are good looking. We could do that with the following two sentences:

» Vx (woman(x) — strong(z))
* Vx (man(z) — good-looking(x))

These are instances of relativization. The universal quantifier ranges over all the people in the town, but this device gives
us a way of using implication to restrict the scope of our statements to men and women, respectively. The trick also comes
into play when we render “every prime number greater than two is odd”:

Vo (prime(x) A x > 2 — odd(x)).
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We could also read this more literally as saying “for every number z, if x is prime and z is greater than to 2, then x is
odd,” but it is natural to read it as a restricted quantifier.

It is also possible to relativize the existential quantifier to say things like “some woman is strong” and “some man is
good-looking.” These are expressed as follows:

o 3z (woman(x) A strong(x))
o 3z (man(z) A good-looking(x))

Notice that although we used implication to relativize the universal quantifier, here we need to use conjunction instead of
implication. The expression 3z (woman(x) — strong(x)) says that there is something with the property that if it is a
woman, then it is strong. Classically this is equivalent to saying that there is something which is either not a woman or is
strong, which is a funny thing to say.

Now, suppose we are studying geometry, and we want to express the fact that given any two distinct points p and ¢ and
any two lines L and M, if L and M both pass through p and g, then they have to be the same. (In other words, there is at
most one line between two distinct points.) One option is to design a first-order logic where the intended universe is big
enough to include both points and lines, and use relativization:

Vp, q, L, M (point(p) A point(q) A line(L) A line(M)
Aq # p ANon(p, L) Aon(q, L) ANon(p, M) Aon(q, M) — L = M).

But dealing with such predicates is tedious, and there is a mild extension of first-order logic, called many-sorted first-
order logic, which builds in some of the bookkeeping. In many-sorted logic, one can have different sorts of objects—such
as points and lines—and a separate stock of variables and quantifiers ranging over each. Moreover, the specification
of function symbols and predicate symbols indicates what sorts of arguments they expect, and, in the case of function
symbols, what sort of argument they return. For example, we might choose to have a sort with variables p, q, 7, ...
ranging over points, a sort with variables L, M, N, ... ranging over lines, and a relation on(p, L) relating the two. Then
the assertion above is rendered more simply as follows:

Vp,q, L, M (p # q ANon(p,L) ANon(q, L) Non(p, M) Non(q, M) — L = M).

7.5 Equality

In symbolic logic, we use the expression s = ¢ to express the fact that s and ¢ are “equal” or “identical.” The equality
symbol is meant to model what we mean when we say, for example, “Alice’s brother is the victim,” or “2 + 2 =4.” We are
asserting that two different descriptions refer to the same object. Because the notion of identity can be applied to virtually
any domain of objects, it is viewed as falling under the province of logic.

Talk of “equality” or “identity” raises messy philosophical questions, however. Am I the same person I was three days
ago? Are the two copies of Huckleberry Finn sitting on my shelf the same book, or two different books? Using symbolic
logic to model identity presupposes that we have in mind a certain way of carving up and interpreting the world. We
assume that our terms refer to distinct entities, and writing s = ¢ asserts that the two expressions refer to the same thing.
Axiomatically, we assume that equality satisfies the following three properties:

* reflexivity: t = t, for any term ¢
e symmetry: if s =t,thent = s
o fransitivity: if r = sand s = t, thenr = ¢

These properties are not enough to characterize equality, however. If two expressions denote the same thing, then we
should be able to substitute one for any other in any expression. It is convenient to adopt the following convention: if r is
any term, we may write () to indicate that the variable 2 may occur in 7. Then, if s is another term, we can thereafter
write 7(s) to denote the result of replacing s for « in r. The substitution rule for terms thus reads as follows: if s = ¢,
then r(s) = r(t).
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We already adopted a similar convention for formulas: if we introduce a formula as A(z), then A(¢) denotes the result
of substituting ¢ for = in A. With this in mind, we can write the rules for equality as follows:

s=1t T=S s=1t
t=t t=3s r==t
s=t s=t P(s)
r(s) =r(t) P(t)

Here, the first substitution rule governs terms and the second substitution rule governs formulas. In the next chapter, you
will learn how to use them.

Using equality, we can define even more quantifiers.
» We can express “there are at least two elements x such that A(z) holds” as 3z Jy (z # y A A(z) A A(y)).

» We can express “there are at most two elements = such that A(x) holds” as Va Vy Vz (A(z) A A(y) A A(z) —
x =yVy=zVaz = z). This states that if we have three elements a for which A(a) holds, then two of them
must be equal.

* We can express “there are exactly two elements x such that A(x) holds” as the conjunction of the above two
statements.

As an exercise, write out in first order logic the statements that there are at least, at most, and exactly three elements x
such that A(z) holds.

In logic, the expression 3l A(x) is used to express the fact that there is a unique x satisfying A(x), which is to say, there
is exactly one such x. As above, this can be expressed as follows:

Jz A(z) Ay Yy (A(y) NAY) =y =y).

The first conjunct says that there is at least one object satisfying A, and the second conjunct says that there is at most one.
The same thing can be expressed more concisely as follows:

Jz (A(z) AVy (Aly) — y = 2)).

You should think about why this second expression works. In the next chapter we will see that, using the rules of natural
deduction, we can prove that these two expressions are equivalent.

7.6 Exercises

1. A perfect number is a number that is equal to the sum of its proper divisors, that is, the numbers that divide it, other
than itself. For example, 6 is perfect, because 6 = 1 4 2 + 3.

Using a language with variables ranging over the natural numbers and suitable functions and predicates, write down
first-order sentences asserting the following. Use a predicate perfect to express that a number is perfect.

a. 28 is perfect.
b. There are no perfect numbers between 100 and 200.

c. There are (at least) two perfect numbers between 200 and 10,000. (Express this by saying that there are
perfect numbers x and y between 200 and 10,000, with the property that = # y.)

d. Every perfect number is even.

e. For every number, there is a perfect number that is larger than it. (This is one way to express the statement
that there are infinitely many perfect numbers.)

Here, the phrase “between a and b” is meant to include a and b.

By the way, we do not know whether the last two statements are true. They are open questions.
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2. Using a language with variables ranging over people, and predicates frusts(x,y), politician(z), crazy(x),
knows(x, y), related-to(x, y), and rich(x), write down first-order sentences asserting the following:

a. Nobody trusts a politician.

b. Anyone who trusts a politician is crazy.

c. Everyone knows someone who is related to a politician.

d. Everyone who is rich is either a politician or knows a politician.

In each case, some interpretation may be involved. Notice that writing down a logical expression is one way of
helping to clarify the meaning.
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CHAPTER
EIGHT

NATURAL DEDUCTION FOR FIRST ORDER LOGIC

8.1 Rules of Inference

In the last chapter, we discussed the language of first-order logic, and the rules that govern their use. We summarize them
here:
The universal quantifier:
A(x) Vo A(z)
vy Aly) At)

In the introduction rule,  should not be free in any uncanceled hypothesis. In the elimination rule, ¢ can be any term that
does not clash with any of the bound variables in A.

VE

The existential quantifier:

Aly)
A(t)

JrA(x) !

JzA(z) B
B

In the introduction rule, ¢ can be any term that does not clash with any of the bound variables in A. In the elimination
rule, y should not be free in B or any uncanceled hypothesis.

1 JE

Equality:
—— refl s=1 symm r=s s=1 trans
t=t t=s r=t
s=t s=t P(s)
— = b
ris)=r@® " o

Strictly speaking, only refl and the second substitution rule are necessary. The others can be derived from them.

8.2 The Universal Quantifier

The following example of a proof in natural deduction shows that if, for every x, A(z) holds, and for every x, B(z) holds,
then for every z, they both hold:
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Vo A(x) - B(z) ?
Aly) B(y)
Aly) A B(y)

vy (A(y) A B(y))
Vz B(x) — Yy (A(y) A B(y))
Vo A(x) — (Vz B(z) — Vy (A(y) A B(y)))

Notice that neither of the assumptions 1 or 2 mention y, so that y is really “arbitrary” at the point where the universal
quantifiers are introduced.

Here is another example:

Vo A(z) '
Aly)
Aly) vV B(y)
Vo (A(z) V B(x))
Vo A(z) — Vo (A(x) V B(z))

As an exercise, try proving the following:
Vz (A(z) = B(z)) — (Vo A(z) — Yo B(z)).
Here is a more challenging exercise. Suppose I tell you that, in a town, there is a (male) barber that shaves all and only

the men who do not shave themselves. You can show that this is a contradiction, arguing informally, as follows:

By the assumption, the barber shaves himself if and only if he does not shave himself. Call this statement
().

Suppose the barber shaves himself. By (*), this implies that he does not shave himself, a contradiction. So,
the barber does not shave himself.

But using (*) again, this implies that the barber shaves himself, which contradicts the fact we just showed,
namely, that the barber does not shave himself.

Try to turn this into a formal argument in natural deduction.

Let us return to the example of the natural numbers, to see how deductive notions play out there. Suppose we have defined
even and odd in such a way that we can prove:

* Vn (—even(n) — odd(n))
* Vn (odd(n) — —even(n))

Then we can go on to derive Vn (even(n) V odd(n)) as follows:

Vn (—even(n) — odd(n))

1

) —even(n) — odd(n) —even(n)
even(n) odd(n)
even(n) V —even(n) even(n) V odd(n) even(n) V odd(n)

even(n) V odd(n)
Vn (even(n) V odd(n))

We can also prove and Vn —(even(n) A odd(n)):
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even(n) A odd(n) H "
odd(n) — —even(n) odd(n) even(n) A odd(n)
—even(n) even(n)
1
—(even(n) A odd(n))
Vn —(even(n) A odd(n))

As we move from modeling basic rules of inference to modeling actual mathematical proofs, we will tend to shift focus
from natural deduction to formal proofs in Lean. Natural deduction has its uses: as a model of logical reasoning, it
provides us with a convenient means to study metatheoretic properties such as soundness and completeness. For working
within the system, however, proof languages like Lean’s tend to scale better, and produce more readable proofs.

8.3 The Existential Quantifier

Remember that the intuition behind the elimination rule for the existential quantifier is that if we know 3z A(z), we can
temporarily reason about an arbitrary element y satisfying A(y) in order to prove a conclusion that doesn’t depend on .
Here is an example of how it can be used. The next proof says that if we know there is something satisfying both A and
B, then we know, in particular, that there is something satisfying A.

Aly) AB(y)

) Ay)
Jz(A(x) A B(x)) JzA(x) ,
JrA(x)
Jx(A(z) A B(x)) — JxA(x)

The following proof shows that if there is something satisfying either A or B, then either there is something satisfying A,
or there is something satisfying B.

A) By
, Jz A(z) Jz B(x)
) A(y) vV B(y) dx A(x) vV Iz B(z) Jz A(x) vV 3z B(x) ,
Jdz (A(x) V B(x)) Jz A(xz) v 3z B(x) ,

Jz A(z) V 3z B(x)
Jz (A(x) V B(z)) — 3z A(z) V 3z B(x))

The following example is more involved:

Vo (A(x) > -B(z)) = A(@) AB() i
A(z) —» —B(x) A(x) A(z) A B(x)
) -B(x) B(x)
Jz (A(z) A B(z)) 1

“3z (A(z) A B(2))
Vo (A(z) = —B(x)) — =3z (A(x) A B(z))

In this proof, the existential elimination rule (the line labeled 3) is used to cancel two hypotheses at the same time. Note
that when this rule is applied, the hypothesis Vz (A(x) — —B(x)) has not yet been canceled. So we have to make sure
that this formula doesn’t contain the variable x freely. But this is o.k., since this hypothesis contains = only as a bound
variable.

Another example is that if = does not occur in P, then 3z P is equivalent to P:
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2P P. P
P Jo P |
Jx P+ P

This is short but tricky, so let us go through it carefully. On the left, we assume Jx P to conclude P. We assume P, and
now we can immediately cancel this assumption by existential elimination, since x does not occur in P, so it doesn’t occur
freely in any assumption or in the conclusion. On the right we use existential introduction to conclude 3z P from P.

8.4 Equality

Recall the natural deduction rules for equality:

s=1 r—==: s=1t
t=t t=s r=t
s=t s=t P(s)
r(s) =r(t) P(t)

Keep in mind that we have implicitly fixed some first-order language, and r, s, and ¢ are any terms in that language.
Recall also that we have adopted the practice of using functional notation with terms. For example, if we think of r(x)
as the term (z + y) x (z + 0) in the language of arithmetic, then r(0) is the term (0 4+ y) x (z + 0) and 7(u + v) is
((u+v) +y) x (2 + 0). So one example of the first inference on the second line is this:
u+v=0
(utv) +y) x(2+0) = (0+y) x (2+0)
The second axiom on that line is similar, except now P(x) stands for any formula, as in the following inference:

ut+v=0 r+ (u+v)<y
r+0<y

Notice that we have written the reflexivity axiom, ¢ = ¢, as a rule with no premises. If you use it in a proof, it does not
count as a hypothesis; it is built into the logic.

In fact, we can think of the first inference on the second line as a special case of the second one. Consider, for example,
the formula ((u+v) +vy) X (z+0) = (z+y) X (z+0). If we plug u+ v in for x, we get an instance of reflexivity. If we
plug in 0, we get the conclusion of the first example above. The following is therefore a derivation of the first inference,
using only reflexivity and the second substitution rule above:

ut+v=0 (ut+v)+y) x(240)=((ut+v)+y) x(2+0)
((u+v)+y) x(z4+0)=(0+y) x(z+0)

Roughly speaking, we are replacing the second instance of u + v in an instance of reflexivity with 0 to get the conclusion
we want.

Equality rules let us carry out calculations in symbolic logic. This typically amounts to using the equality rules we have
already discussed, together with a list of general identities. For example, the following identities hold for any real numbers
x, Yy, and z:

e commutativity of addition: z +y =y +

* associativity of addition: (z +y) + 2z =z + (y + 2)
 additive identity: t + 0 =042 =2

* additive inverse: —z +z =2+ —x =0

e multiplicative identity: z- 1 =1-z ==z

e commutativity of multiplication: x -y =y - x

* associativity of multiplication: (z-y) -z =x - (y - 2)
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o distributivity: z - (y+2)=z-y+x-2, (x4y)-z=z-24+y-z

You should imagine that there are implicit universal quantifiers in front of each statement, asserting that the statement
holds for any values of z, y, and z. Note that z, y, and z can, in particular, be integers or rational numbers as well.
Calculations involving real numbers, rational numbers, or integers generally involve identities like this.

The strategy is to use the elimination rule for the universal quantifier to instantiate general identities, use symmetry, if
necessary, to orient an equation in the right direction, and then using the substitution rule for equality to change something
in a previous result. For example, here is a natural deduction proof of a simple identity, Vx, y, z ((z+y)+2z = (z+2)+y),
using only commutativity and associativity of addition. We have taken the liberty of using a brief name to denote the
relevant identities, and combining multiple instances of the universal quantifier introduction and elimination rules into a
single step.

comm assoc

o y+tz=z+y (z+2)+y=a+(z+y)
assoc tt(yt2)—at(zty) o+Gty=—(@++y
(z+y)+z=2+(y+2) r+y+z)=(+2)+y

(z+y)+z=(+2)+y
Vo,y,2 (z+y) + 2= (z+2)+y)

There is generally nothing interesting to be learned from carrying out such calculations in natural deduction, but you
should try one or two examples to get the hang of it, and then take pleasure in knowing that it is possible.

8.5 Counterexamples and Relativized Quantifiers

Consider the statement:
Every prime number is odd.

In first-order logic, we could formulate this as Vp (prime(p) — odd(p)). This statement is false, because there is a prime
number that is even, namely the number 2. This is called a counterexample to the statement.

More generally, given a formula Vo A(x), a counterexample is a value ¢ such that =A(t) holds. Such a counterexample
shows that the original formula is false, because we have the following equivalence: —Vz A(z) +» 3z —~A(x). So if we
find a value ¢ such that —A(t) holds, then by the existential introduction rule we can conclude that 32 —A(x), and then
by the above equivalence we have —Vx A(x). Here is a proof of the equivalence:

— 5

AW
—(3Jz -A(x)) Jz -A(x) )
1. s Vo A(x)
- _Al) . AW Aly)
-V A(z) Vo A(z) Jx —~A(x) 1 ,
-+ L
Tz —~A(z) ~Vz A(x)

-V A(z) < Jr -A(z) '

One remark about the proof: at the step marked by 4 we cannot use the existential introduction rule, because at that point
our only assumption is =Vz A(z), and from that assumption we cannot prove —A(¢) for a particular term ¢. So we use a
proof by contradiction there.

As an exercise, prove the “dual” equivalence yourself: =3z A(x) <> Vo = A(x). This can be done without using proof
by contradiction.

In Chapter 7 we saw examples of how to use relativization to restrict the scope of a universal quantifier. Suppose we want
to say “every prime number is greater than 1”. In first order logic this can be written as Vn(prime(n) — n > 1). The
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reason is that the original statement is equivalent to the statement “for every natural number, if it is prime, then it is greater
than 1”. Similarly, suppose we want to say “there exists a prime number greater than 100.” This is equivalent to saying
“there exists a natural number which is prime and greater than 100,” which can be expressed as In (prime(n) An > 100).

As an exercise you can prove the above results about negations of quantifiers also for relativized quantifiers. Specifically,

prove the following statements:
o ~Jz (A(z) A B(x)) < Vz (A(x) — —B(x))
o -z (A(z) = B(x)) +» Jz(A(z) A —B(x))

For reference, here is a list of valid sentences involving quantifiers:

e Vo A+ Aif zis not free in A
e dJx A+ Aif zisnotfreein A
o Yz (Ax

(Ve Alx) -

~A(x)
+ =3z —A(x)
o —dz A(z) > Vo —A(x)
o Wz A(z) > Jx ~A(z)

) &

) < B)

x)) < (A — Vz B(z)) if = is not free in A
) < )

(3x A(z) — B) if x is not free in B

if x is not free in B

(A(z) — 3 aB) if x is not free in B

All of these can be derived in natural deduction. The last two allow us to push negations inwards, so we can continue to
put first-order formulas in negation normal form. Other rules allow us to bring quantifiers to the front of any formula,
though, in general, there will be multiple ways of doing this. For example, the formula

Vo A(z) — Jy Vz B(y, 2)

is equivalent to both

Jz,y Vz (A(x) = B(y, 2))

and

Jy Vz 3z (A(z) = B(y, 2)).

A formula with all the quantifiers in front is said to be in prenex form.
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8.6 Exercises

10.

11.
12.
13.

. Give a natural deduction proof of

Vz (A(z) — B(z)) — (Vz A(z) — Ya B(z)).

Give a natural deduction proof of Vx B(z) from hypotheses Vx (A(x) vV B(x)) and Yy —A(y).

From hypotheses Vz (even(x) V odd(z)) and Vx (odd(xz) — even(s(x))) give a natural deduction proof
YV (even(z) V even(s(x))). (It might help to think of s(x) as the function defined by s(z) = =z + 1.)

Give a natural deduction proof of 3z A(z) V 3z B(xz) — Iz (A(z) V B(x)).

Give a natural deduction proof of 3z (A(z) A C(x)) from the assumptions 3z (A(x) A B(z)) and Vz (A(z) A
B(x) — C(x)).

Prove some of the other equivalences in the last section.
Consider some of the various ways of expressing “nobody trusts a politician” in first-order logic:
» Vx (politician(x) — Yy (—trusts(y, x)))
o VY, y (politician(x) — —trusts(y, x))
o —3a,y (politician(x) A trusts(y, z))
o Va,y (trusts(y, x) — —politician(x))

They are all logically equivalent. Show this for the second and the fourth, by giving natural deduction proofs of
each from the other. (As a shortcut, in the V introduction and elimination rules, you can introduce / eliminate both
variables in one step.)

Formalize the following statements, and give a natural deduction proof in which the first three statements appear
as (uncancelled) hypotheses, and the last line is the conclusion:

¢ Every young and healthy person likes baseball.
* Every active person is healthy.
¢ Someone is young and active.
¢ Therefore, someone likes baseball.
Use Y (z) for “is young,” H (z) for “is healthy,” A(x) for “is active,” and B(z) for “likes baseball.”
Give a natural deduction proof of Vz,y, z (x = z = (y = 2 = x = y)) using the equality rules in Section 8.4.

Give a natural deduction proof of Vx,y (x = y — y = x) using only these two hypotheses (and none of the new
equality rules):

° Vz (z =1)
s Vu,v,w (u=w— (v=w—u="0v))

(Hint: Choose instantiations of u, v, and w carefully. You can instantiate all the universal quantifiers in one step,
as on the last homework assignment.)

Give a natural deduction proof of =3z (A(z) A B(x)) <> Va (A(z) — —B(x))

Give a natural deduction proof of =Vz (A(x) — B(x)) < 3z (A(z) A —~B(z))

Remember that both the following express 3!z A(x), that is, the statement that there is a unique x satisfying A(x):
¢ Jz (A(z) AVy (Aly) =y = )
« Jz Alx) NVy VY (AlY) NAWY) =y =)

8.6.

Exercises 7
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Do the following:
* Give a natural deduction proof of the second, assuming the first as a hypothesis.
* Give a natural deduction proof of the first, asssuming the second as a hypothesis.

(Warning: these are long.)
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CHAPTER
NINE

FIRST ORDER LOGIC IN LEAN

9.1 Functions, Predicates, and Relations

In the last chapter, we discussed the language of first-order logic. We will see in the course of this book that Lean’s
built-in logic is much more expressive; but it includes first-order logic, which is to say, anything that can be expressed
(and proved) in first-order logic can be expressed (and proved) in Lean.

Lean is based on a foundational framework called fype theory, in which every variable is assumed to range elements of
some type. You can think of a type as being a “universe,” or a “domain of discourse,” in the sense of first-order logic.

For example, suppose we want to work with a first-order language with one constant symbol, one unary function symbol,
one binary function symbol, one unary relation symbol, and one binary relation symbol. We can declare a new type U (for
“universe”) and the relevant symbols as follows:

constant U : Type

constant ¢ : U

constant £ : U — U
constant g : U - U — U
constant P : U — Prop
constant R : U — U — Prop

We can then use them as follows:

variables x y : U

#check c

#icheck f c
#icheck g x y
#icheck g x (f c)

#icheck P (g x (f ¢))
#icheck R x vy

The #check command tells us that the first four expressions have type U, and that the last two have type Prop. Roughly,
this means that the first four expressions correspond to terms of first-order logic, and that the last two correspond to
formulas.

Note all the following:

* A unary function is represented as an object of type U — U and a binary function is represented as an object of
type U — U — U, using the same notation as for implication between propositions.

* We write, for example, £ x to denote the result of applying £ to x, and g x vy to denote the result of applying
g to x and y, again just as we did when using modus ponens for first-order logic. Parentheses are needed in the
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expression g x (f c) toensure that £ c is parsed as a single argument.

* A unary predicate is presented as an object of type U — Prop and a binary predicate is represented as an object
of typeU — U — Prop. You can think of a binary relation R as being a function that assumes two arguments
in the universe, U, and returns a proposition.

e We write P x to denote the assertion that P holds of x, and R x y to denote that R holds of x and y.

You may reasonably wonder what difference there is between a constant and a variable in Lean. The following declarations
also work:

variable U : Type

variable c U

variable f U — U
variable g Uu—U—1U
variable P U — Prop
variable R U —- U — Prop

variables x y : U

#check c

#icheck f c
#icheck g x
#icheck g x

#icheck P (g x (f c))
#check R x y

Although the examples function in much the same way, the constant and variable commands do very different
things. The constant command declares a new object, axiomatically, and adds it to the list of objects Lean knows
about. In contrast, when it is first executed, the variable command does not create anything. Rather, it tells Lean
that whenever we enter an expression using the corresponding identifier, it should create a temporary variable of the
corresponding type.

Many types are already declared in Lean’s standard library. For example, there is a type written nat or N, that denotes
the natural numbers:

#check nat
#icheck N

You can enter the unicode N with \nat or \N. The two expressions mean the same thing.

Using this built-in type, we can model the language of arithmetic, as described in the last chapter, as follows:

namespace hidden

constant mul
constant add
constant square
constant even : N — Prop
constant odd : N — Prop

constant prime : N — Prop
constant divides : N - N — Prop
constant 1t : N - N — Prop
constant zero : N

constant one : N

N N
N N

¢ZZ

— —
— —
N N

end hidden
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We have used the name space command to avoid conflicts with identifiers that are already declared in the Lean library.
(Outside the namespace, the constant mul we just declared is named hidden.mul.) We can again use the #check
command to try them out:

namespace hidden

constant mul : N - N - N
constant add : N - N - N
constant square : N — N
constant even : N — Prop
constant odd : N — Prop

constant prime : N — Prop
constant divides : N — N — Prop
constant 1t : N - N — Prop
constant zero : N

constant one : N

variables w x y z : N
#icheck mul x y
#icheck add x y
#check square x

#icheck even x

end hidden

We can even declare infix notation of binary operations and relations:

local infix + := add

local infix * := mul

local infix < := 1t

(Getting notation for numerals 1, 2, 3, ... is trickier.) With all this in place, the examples above can be rendered as

follows:

#icheck even (x + y + z) A prime ((x + one) * y * y)
#icheck — (square (x + vy * z) = w) V x +y < z
#icheck x < y A even x A even y — x + one < y

In fact, all of the functions, predicates, and relations discussed here, except for the “square” function, are defined in the
Lean library. They become available to us when we put the commands import data.nat.prime and open nat
at the top of a file in Lean.

import data.nat.prime
open nat

constant square : N - N
variables w x y z : N

#icheck even (x + y + z) A prime ((x + 1) * y * y)
#icheck — (square (x + y * z) =w) V x +y < z
#icheck x < y A even x A eveny — x + 1 <y

Here, we declare the constants square and prime axiomatically, but refer to the other operations and predicates in the
Lean library. In this book, we will often proceed in this way, telling you explicitly what facts from the library you should
use for exercises.

Again, note the following aspects of syntax:
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¢ In contrast to ordinary mathematical notation, in Lean, functions are applied without parentheses or commas. For
example, we write square x and add x vy instead of square(z) and add(z,y).

* The same holds for predicates and relations: we write even x and 1t x vy instead of even(x) and It(x,y), as
one might do in symbolic logic.

e The notation add : N — N — Nindicates that addition assumes two arguments, both natural numbers, and
returns a natural number.

e Similarly, the notation divides : N — N — Prop indicates that divides is a binary relation, which
assumes two natural numbers as arguments and forms a proposition. In other words, divides x vy expresses
the assertion that x divides y.

Lean can help us distinguish between terms and formulas. If we #check the expression x + y + 1 in Lean, we are
told it has type N, which is to say, it denotes a natural number. If we #check the expression even (x + y + 1),
we are told that it has type Prop, which is to say, it expresses a proposition.

In Chapter 7 we considered many-sorted logic, where one can have multiple universes. For example, we might want to use
first-order logic for geometry, with quantifiers ranging over points and lines. In Lean, we can model this as by introducing
a new type for each sort:

variables Point Line : Type
variable lies_on : Point — Line — Prop

We can then express that two distinct points determine a line as follows:
#icheck V (p g : Point) (L M : Line),

p # q — lies_on p L — lies_on g L — lies_on p M —
lies_.ongqM — L =M

Notice that we have followed the convention of using iterated implication rather than conjunction in the antecedent. In
fact, Lean is smart enough to infer what sorts of objects p, g, L, and M are from the fact that they are used with the relation
lies_on, so we could have written, more simply, this:

#icheck Vp gL M, p # g — lies_on p L — lies_on g L —
lies_on p M — lies_.on gM — L =M

9.2 Using the Universal Quantifier

In Lean, you can enter the universal quantifier by writing \a11. The motivating examples from Section 7.1 are rendered
as follows:

import data.nat.prime

open nat

#icheck V x, (even x V odd x) A — (even x A odd x)
#check V x, even x <> 2 | x

#check V x, even x — even (x"2)

#icheck V x, even x < odd (x + 1)

#check V x, prime x A x > 2 — odd x

#check Vx vy z, x|y >y |z — x|z

Remember that Lean expects a comma after the universal quantifier, and gives it the widest scope possible. For example,
V x, P V QisinterpretedasV x, (P V Q),and we would write (V x, P) V Q to limit the scope. If you
prefer, you can use the plain ascii expression forall instead of the unicode V.

In Lean, then, the pattern for proving a universal statement is rendered as follows:
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variable U : Type
variable P : U — Prop

example : V x, P x :=
assume x,
show P x, from sorry

Read assume x as “fix an arbitrary value x of U.” Since we are allowed to rename bound variables at will, we can
equivalently write either of the following:

variable U : Type
variable P : U — Prop

example : V vy, Py :=
assume x,
show P x, from sorry

example : V x, P x :=
assume vy,
show P y, from sorry

This constitutes the introduction rule for the universal quantifier. It is very similar to the introduction rule for implication:
instead of using a s sume to temporarily introduce an assumption, we use a s sume to temporarily introduce a new object,
y. (In fact, assume and assume are both alternate syntax for a single internal construct in Lean, which can also be
denoted by \.)

The elimination rule is, similarly, implemented as follows:

variable U : Type
variable P : U — Prop
variable h V x, P x
variable a U

example : P a :=
show P a, from h a

Observe the notation: P a is obtained by “applying” the hypothesis h to a. Once again, note the similarity to the
elimination rule for implication.

Here is an example of how it is used:

variable U : Type
variables A B : U — Prop

example (hl1 : V x, A x - B x) (h2 : V x, A x) :Vx, Bx :=
assume vy,

have h3 : A y, from h2 vy,

have h4 : A y - B y, from hl vy,

show B y, from h4 h3

Here is an even shorter version of the same proof, where we avoid using have:

example (h1 : V x, A x - B x) (h2 : V x, A x) :Vx, Bx :=
assume vy,
show B y, from hl y (h2 vy)

You should talk through the steps, here. Applying h1 to y yields a proof of 2 y — B vy, which we then apply to h2
y, which is a proof of A y. The result is the proof of B y that we are after.
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In the last chapter, we considered the following proof in natural deduction:

Vo A(z) I B(z)
Aly) B(y)
A(y) AB(y)

Vy (Aly) A B(y))
Vo B(z) — Yy (A(y) A B(y))
Vz A(z) — (Vx B(z) — Yy (A(y) A B(y)))

Here is the same proof rendered in Lean:

variable U : Type
variables A B : U — Prop

example : (V x, A x) — (V x, Bx) = (Vx, Ax ABx) :=
assume hA : V x, A x,

assume hB : V x, B x,

assume vy,

have Ay : A y, from hA vy,

have By : B y, from hB vy,

show A y AN B y, from and.intro Ay By

Here is an alternative version, using the “anonymous” versions of have:

variable U : Type
variables A B : U — Prop

example : (V x, A x) — (V x, Bx) = (Vx, A x ABx) :=
assume hA : V x, A Xx,

assume hB : V x, B x,

assume vy,

have A y, from hA vy,

have B y, from hB vy,

show A y AN B y, from and.intro <A y»> <B y>»

The exercises below ask you to prove the barber paradox, which was discussed in the last chapter. You can do that using
only propositional reasoning and the rules for the universal quantifier that we have just discussed.

9.3 Using the Existential Quantifier

In Lean, you can type the existential quantifier, 3, by writing \ ex. If you prefer you can use the ascii equivalent, exists.
The introduction rule is exi st s . int ro and requires two arguments: a term, and a proof that term satisfies the required

property.

variable U : Type
variable P : U — Prop

example (y : U) (h : Py) : dx, Px :=
exists.intro vy h

The elimination rule for the existential quantifier is given by exists.elim. It follows the form of the natural deduction
rule: if we know dx, P x and we are trying to prove Q, it suffices to introduce a new variable, vy, and prove Q under the
assumption that Py holds.
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variable U : Type
variable P : U — Prop
variable Q : Prop

example (hl : 3 x, P x) (h2 : V x, Px — Q) : Q :=
exists.elim hl
(assume (y : U) (h : P vy),
have h3 : P vy — Q, from h2 vy,
show Q, from h3 h)

As usual, we can leave off the information as to the data type of y and the hypothesis h after the assume, since Lean
can figure them out from the context. Deleting the show and replacing h3 by its proof, h2 v, yields a short (though
virtually unreadable) proof of the conclusion.

example (hl1 : d x, P x) (h2 : Vx, Px — Q) : Q :=
exists.elim hl (assume y h, h2 y h)

The following example uses both the introduction and the elimination rules for the existential quantifier.

variable U : Type
variables A B : U — Prop

example : (3 x, A x AN B x) — 3 x, A X :=
assume hl : J x, A x A B x,
exists.elim hl
(assume y (h2 : Ay AN B vy),
have h3 : A y, from and.left h2,
show 3 x, A x, from exists.intro y h3)

Notice the parentheses in the hypothesis; if we left them out, everything after the first 3 x would be included in the scope
of that quantifier. From the hypothesis, we obtain a y that satisfies 2 y A B vy, and hence A v in particular. So v is
enough to witness the conclusion.

It is sometimes annoying to enclose the proof after an exists.elim in parenthesis, as we did here with the assume

show block. To avoid that, we can use a bit of syntax from the programming world, and use a dollar sign instead.
In Lean, an expression £ $ t means the same thing as £ (t), with the advantage that we do not have to remember to
close the parenthesis. With this gadget, we can write the proof above as follows:

variable U : Type
variables A B : U — Prop

example : (3 x, A x AN B x) — 3 x, AXxX :=
assume hl : d x, A x A B x,

exists.elim hl $

assume y (h2 : Ay AN Bvy),

have h3 : A y, from and.left h2,

show 7 x, A x, from exists.intro y h3

The following example is more involved:

example : (Jd x, A x VB x) — (dx, Ax) V (dx, Bx) :=
assume hl : J x, A x V B x,
exists.elim hl $
assume y (h2 : Ay V B y),
or.elim h2
(assume h3 : A vy,
have h4 : 4 x, A x, from exists.intro y h3,

(continues on next page)
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show (d x, A x) V (d x, B x), from or.inl h4)
(assume h3 : B vy,

have h4 : 4 x, B x, from exists.intro y h3,

show (d x, A x) V (d x, B x), from or.inr h4)

Note again the placement of parentheses in the statement.

In the last chapter, we considered the following natural deduction proof:

(continued from previous page)

Ve (A(@) » =B(z)) =A@ AB()
A(x) — —B(x) A(x) A(z) A B(x)
, —B(z) (z)
Jz (A(x) A B(z)) L

L
-3z (A(z) A B(x))
Vo (A(x) = —=B(x)) — -3z (A(x) A B(x))

1

Here is a proof of the same implication in Lean:

variable U : Type
variables A B : U — Prop

example : (V x, A x - 7 B x) - - 3dx, A x ABx :=
assume hl : V x, A x - - B x,
assume h2 : d x, A x A B x,

exists.elim h2 $

assume x (h3 : A x AN B x),

have h4 : A x, from and.left h3,
have h5 : B x, from and.right h3,
have h6 : = B x, from hl x hi4,
show false, from h6 hb5

Here, we use exists.elim to introduce a value x satisfying A x A B x. The name is arbitrary; we could just as

well have used z:

example : (V x, A x - 7 B x) - - 3dx, A xABx :=
assume hl : V x, A x - = B x,
assume h2 : d x, A x A B x,

exists.elim h2 $

assume z (h3 : A z AN B z),

have h4 : A z, from and.left h3,
have h5 : B z, from and.right h3,
have h6 : = B z, from hl z h4,
show false, from h6 hb5

Here is another example of the exists-elimination rule:

variable U : Type
variable u : U
variable P : Prop

example : (Jx : U, P) < P :=
iff.intro
(assume hl : dx, P,

exists.elim hl $

(continues on next page)
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(continued from previous page)
assume x (h2 : P),
h2)
(assume hl : P,
exists.intro u hil)

This is subtle: the proof does not go through if we do not declare a variable u of type U, even though u does not appear
in the statement of the theorem. This highlights a difference between first-order logic and the logic implemented in Lean.
In natural deduction, we can prove Vo P(x) — Ja P(x), which shows that our proof system implicitly assumes that the
universe has at least one object. In contrast, the statement (V x : U, P x) — 3 x : U, P xisnotprovablein
Lean. In other words, in Lean, it is possible for a type to be empty, and so the proof above requires an explicit assumption
that there is an element u in U.

9.4 Equality and calculational proofs
In Lean, reflexivity, symmetry, and transitivity are called eq.refl, eq.symm, and eq. trans, and the second sub-
stitution rule is called eq. subst. Their uses are illustrated below.

variable A : Type

variables x y z : A
variable P : A — Prop

example : x = X :=
show x = x, from eq.refl x

example : y = x :=
have h : x = y, from sorry,
show y = x, from eq.symm h

example X =z :=

have hl : x = y, from sorry,
have h2 : y = z, from sorry,
show x = z, from eg.trans hl h2

example : P y :=
have hl x = vy, from sorry,
have h2 : P x, from sorry,
show P y, from eqg.subst hl h2

The rule eq. refl above assumes x as an argument, because there is no hypothesis to infer it from. All the other rules
assume their premises as arguments. Here is an example of equational reasoning:

variables (A : Type) (x y z : A)

example : vy = X -y =2 — X =2 :=

assume hl y = X,

assume h2 y = z,

have h3 : x = vy, from eg.symm hl,
show x = z, from eg.trans h3 h2

This proof can be written more concisely:

example : y = X -y =2 — X =2 :=
assume hl h2, eqg.trans (eq.symm hl) h2
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Because calculations are so important in mathematics, however, Lean provides more efficient ways of carrying them out.
One method is to use the rewrite tactic. Typing begin and end anywhere a proof is expected puts Lean into tactic
mode, which provides an alternative way of writing a proof’: rather than writing it directly, you provide Lean with a list of
instructions that show Lean how to construct a proof of the statement in question. The statement to be proved is called the
goal, and many instructions make progress by transforming the goal into something that is easier to prove. The rewrite
command, which carries out a substitution on the goal, is a good example. The previous example can be proved as follows:

example : y = X -y =2 — X = 2 :=
assume hl y = X,
assume h2 : y = z,
show x = z,
begin
rewrite <hl,
apply h2
end

If you put the cursor after the word begin, Lean will tell you that the goal at that point is to prove x = z. The first
command changes the goal x = z toy = z; the left-facing arrow before h1 (which you can enter as \ <-) tells Lean
to use the equation in the reverse direction. If you put the cursor after the comma, Lean shows you the new goal, y =
z. The apply command uses h2 to complete the proof.

An alternative is to rewrite the goal using h1 and h2, which reduces the goal to x = x. When that happens, rewrite
automatically applies reflexivity. Rewriting is such a common operation in Lean that we can use the shorthand rw in place
of the full rewrite.

example : y = X -y =2 — X =z :=
assume hl
assume h2

y = X,
y = 2z,
show x = z,
begin
rw <hl,
rw h2
end

In fact, a sequence of rewrites can be combined, using square brackets:

example : y = X -y =2 — X = 2 :=
assume hl y = X,
assume h2 : y = z,
show x = z,
begin
rw [<hl, h2]
end

And when you reduce a proof to a single tactic, you can use by instead of begin ... end.

example : vy = X -y =2 — X =2z :=
assume hl : y = x,

assume h2 : y = z,

show x = z, by rw [<hl, h2]

If you put the cursor after the <h1, Lean shows you the goal at that point.

We will see in the coming chapters that in ordinary mathematical proofs, one commonly carries out calculations in a
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format like this:
t1 = tg
o =1
o=y
o =15,

Lean has a mechanism to model such calculational proofs. Whenever a proof of an equation is expected, you can provide
a proof using the identifier calc, following by a chain of equalities and justification, in the following form:

calc
el = e2 : justification 1
= e3 : justification 2
= e4 : justification 3
= e5 : justification 4
The chain can go on as long as needed, and in this example the result is a proof of e1 = e5. Each justification is the

name of the assumption or theorem that is used. For example, the previous proof could be written as follows:

example : vy = X -y =2 — X =2 :=
assume hl y = X,
assume h2 : y = z,
calc
X =y : eg.symm hl
=z : h2

As usual, the syntax is finicky; notice that there are no commas in the calc expression, and the colons and dots need to
be entered exactly in that form. All that varies are the expressionsel, e2, e3, ... and the justifications themselves.

The calc environment is most powerful when used in conjunction with rewrite, since we can then rewrite expressions
with facts from the library. For example, Lean’s library has a number of basic identities for the integers, such as these:

import data.int.basic
variables x y z : int

example : x + 0 = x :=
add_zero x

example : 0 + x = x :=
zero_add x

example : (x +vy) + z =x + (y + 2z) :=
add_assoc x y z

example : x + vy =y + x =
add_comm x vy

example : (x * y) * z = x * (y * z)
mul_assoc x y z

example : x * y =y * x =
mul_comm X y

example : x * (y + z) = x * y + x * z :=
left_distrib x y z

(continues on next page)
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(continued from previous page)

example : (x +vy) * z =x* 2z +y * z :=
right_distrib x y z

You can also write the type of integers as Z, entered with either \Z or \int We have imported the file data.int.
basic to make all the basic properties of the integers available to us. (In later snippets, we will suppress this line in the
online and pdf versions of the textbook, to avoid clutter.) Notice that, for example, add_comm is the theorem V x v,
X + y = y + x.Sotoinstantiateittos + t = t + s,youwrite add_comm s t. Using these axioms, here is
the calculation above rendered in Lean, as a theorem about the integers:

example (x y z : int) : (x +y) + z = (x + z) + y :=
calc
(x +vy) +z=x+ (y + z) : add_assoc x y z
= x + (z +vy) : eqg.subst (add_comm y z) rfl
(

x + z) + vy : eqg.symm (add_assoc x z V)

Using rewrite is more efficient, though at times we have to provide information to specify where the rules are used:

example (x y z : int) : (x +y) + z = (x + z) + y :=
calc
(x +y) +2z=x+ (y + 2z) : by rw add_assoc
=x + (z +vy) : by rw [add_comm y z]
(

X + z) + vy : by rw add_assoc

In that case, we can use a single rewrite:

example (x y z : int) : (x +y) + 2z = (x + z2) +y :=
by rw [add_assoc, add_comm y z, add_assoc]
If you #check the proof before the sequence of rewrites is sufficient, the error message will display the remaining

goal.

Here is another example:

variables a b d ¢ : int

example : (a + b) * (¢c +d) =a *c+b*c+a*d+Db*d:=
calc
(a + b) * (¢c+d) = (a+Db) *c+ (a+b) *d:by rw left_distrib
= (a*c+b*c) + (a+ b)) *d : by rw right_distrib
= (a*c+b*c) + (a*d+ b *d : by rw right_distrib
=a *c+b*c+a*d+ Db *d : by rw <add_assoc

Once again, we can get by with a shorter proof:

example : (a + b) * (¢ +d) =a *c+b*c+a*d+Db*d:=
by rw [left_distrib, right_distrib, right_distrib, <add_assoc]
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9.5 Exercises

1. Fill in the sorry.

section
variable A : Type
variable f : A — A
variable P : A — Prop
variable h : V x, P x — P (f x)

—— Show the following:
example : Vy, Py — P (f (f y)) :=
sorry

end

2. Fillin the sorry.

section
variable U : Type
variables A B : U — Prop

example : (V x, A x A B x) —» V x, A X :=
sorry
end

3. Fillin the sorry.

section
variable U : Type
variables A B C : U — Prop

variable hl : V x, A x V B x
variable h2 : V x, A x — C x
variable h3 : V x, B x — C x

example : V x, C x :=

sorry
end

4. Fill in the sorry’s below, to prove the barber paradox.
open classical —-— not needed, but you can use it

—— This 1is an exercise from Chapter 4. Use it as an axiom here.
axiom not_iff not_self (P : Prop) : — (P < — P)

example (Q : Prop) : = (Q < — Q) :=
not_iff not_self Q

section
variable Person : Type
variable shaves : Person — Person — Prop

variable barber : Person
variable h : V x, shaves barber x <+ — shaves x x

—-— Show the following:
example : false :=

(continues on next page)
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(continued from previous page)

sorry
end

5. Fill in the sorry.

section
variable U : Type
variables A B : U — Prop

example : (d x, A x) - 3 %x, A x VBZX :=
sorry
end

6. Fill in the sorry.

section
variable U : Type
variables A B : U — Prop

variable hl : V x, A x — B x
variable h2 : 3 x, A x

example : 3 x, B x :=
sorry
end

7. Fill in the sorry.

variable U : Type
variables A B C : U — Prop

example (hl : 3 x, A x A B x) (h2 : V x, B x — C x)
dx, A x NC x :=
sorry

8. Complete these proofs.

variable U : Type
variables A B C : U — Prop

example : (- 3 x, A x) —» V x, 7 A X :=
sorry
example : (V x, = A x) — = 3 x, A X :=
sorry

9. Fill in the sorry.

variable U : Type
variables R : U - U — Prop

example : (d x, Vy, Rxy) —Vy, 3%, Rxy :=
sorry

10. The following exercise shows that in the presence of reflexivity, the rules for symmetry and transitivity are equivalent
to a single rule.
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theorem foo {A : Type} {abc : A} : a=b = c=Db — a=c¢c :=
sorry

—-— notice that you can now use foo as a rule. The curly braces mean that
-— you do not have to give A, a, b, or c

section
variable A : Type
variables a b ¢ : A

example (hl : a =b) (h2 : ¢ =Db) : a =c :=
foo hl h2
end

section
variable {A : Type}
variables {a b c : A}

-— replace the sorry with a proof, using foo and rfl, without using eqg.symm.
theorem my_symm (h : b =a) : a =Db :=
sorry

—-— now use foo and my_symm to prove transitivity
theorem my_trans (hl : a =b) (h2 : b =c¢) : a=c¢c :=
sorry

end

11. Replace each sorry below by the correct axiom from the list.

import data.int.basic
—-— these are the axioms for a commutative ring

#check (Radd_assoc
#check (@add_comm
#icheck Qadd_zero
#check (Qzero_add
#icheck @mul_assoc
#icheck @mul_comm
#check (@mul_one
#icheck (@one_mul
#icheck Qleft_distrib
#icheck @right_distrib
#icheck Qadd_left_neg
#icheck (add_right_neg
#icheck (@sub_eq_add_neg

variables x y z : int
theorem t1 : x — x = 0 :=
calc
X - x =X + -x : by rw sub_eq_add_neg
=0 : by rw add_right_neg
theorem t2 (h : x + y =x + z) 'y =12z :=
calc
y =0 + vy : by rw zero_add

(continues on next page)
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(-x + x) + vy by rw add_left_neg
= -x + (x + V) by rw add_assoc
= -x + (x + 2) by rw h
= (-x + xX) + z by rw add_assoc
=0 + z by rw add_left_neg
= z by rw zero_add
theorem t3 (h X +y =2z +Yy) X =z :=
calc
b4 =x + 0 : sorry
=x + (y + -y) : sorry
= (x +vy) + -y sorry
= (z +vy) + -y by rw h
=z + (y + -y) sorry
=z + 0 sorry
=z sorry
theorem t4 (h x + vy = 0) X = -y :=
calc
X =x + 0 : by rw add_zero
=x + (y + -vy) by rw add_right_neg
= (x +vy) + -y by rw add_assoc
=0 + -y by rw h
= -y by rw zero_add
theorem t5 x * 0 =0 :=
have hil x *0+x*0=x*0+ 0, from
calc
x *0+x *0=x* (0+0) sorry
=x * 0 sorry
.. =x 0+ 0 sorry,
show x * 0 = 0, from t2 _ _ _ hil
theorem t6 : x * (~y) = —(x * y) :=
have hl : x * (-y) + x * vy 0, from
calc
X * (-y) +x *y=x*% (-y +7y) sorry
=x * 0 sorry
=0 by rw t5 x,
show x * (~-y) = —-(x * y), from t4 _ hi
theorem t7 X + x =2 X =
calc
X +x=1*x+ 1 * x by rw one_mul
= (1 + 1) * x sorry
=2 * x rfl

(continued from previous page)
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CHAPTER
TEN

SEMANTICS OF FIRST ORDER LOGIC

In Chapter 6, we emphasized a distinction between the syntax and the semantics of propositional logic. Syntactic questions
have to do with the formal structure of formulas and the conditions under which different types of formulas can be derived.
Semantic questions, on the other hand, concern the fruth of a formula relative to some truth assignment.

As you might expect, we can make a similar distinction in the setting of first order logic. The previous two chapters
have focused on syntax, but some semantic ideas have slipped in. Recall the running example with domain of interest N,
constant symbols 0, 1, 2, 3, function symbols add and mul, and predicate symbols even, prime, equals, le, etc. We know
that the sentence Vy le(0, y) is true in this example, if e is interpreted as the less-than-or-equal-to relation on the natural
numbers. But if we consider the domain Z instead of N, that same formula becomes false. The sentence Vy I#(0, y) is also
false if we consider the domain N, but (somewhat perversely) interpret the predicate /#(x, y) as the relation “x is greater
than y” on the natural numbers.

This indicates that the truth or falsity or a first order sentence can depend on how we interpret the quantifiers and basic
relations of the language. But some formulas are true under any interpretation: for instance, Yy (le(0,y) — le(0,y))
is true under all the interpretations considered in the last paragraph, and, indeed, under any interpretation we choose. A
sentence like this is said to be valid; this is the analogue of a tautology in propositional logic, which is true under every
possible truth assignment.

We can broaden the analogy: a “model” in first order logic is the analogue of a truth assignment in propositional logic. In
the propositional case, choosing a truth assignment allowed us to assign truth values to all formulas of the language; now,
choosing a model will allow us to assign truth values to all sentences of a first order language. The aim of the next section
is to make this notion more precise.

10.1 Interpretations

The symbols of the language in our running example—O0, 1, add, prime, and so on—have very suggestive names. When
we interpret sentences of this language over the domain N, for example, it is clear for which elements of the domain prime
“should” be true, and for which it “should” be false. But let us consider a first order language that has only two unary
predicate symbols fancy and tall. If we take our domain to be N, is the sentence Vx (fancy(xz) — rall(x)) true or false?

The answer, of course, is that we don’t have enough information to say. There’s no obvious meaning to the predicates
fancy or tall, at least not when we apply them to natural numbers. To make sense of the sentence, we need to know which
numbers are fancy and which ones are tall. Perhaps multiples of 10 are fancy, and even numbers are tall; in this case, the
formula is true, since every multiple of 10 is even. Perhaps prime numbers are fancy and odd numbers are tall; then the
formula is false, since 2 is fancy but not tall.

We call each of these descriptions an interpretation of the predicate symbols fancy and fall in the domain N. Formally,
an interpretation of a unary predicate P in a domain D is the set of elements of D for which P is true. For an example,
the standard interpretation of prime in N that we used above was just the set of prime natural numbers.

We can interpret constant, function, and relation symbols in a similar way. An interpretation of constant symbol c in
domain D is an element of D. An interpretation of a function symbol f with arity n is a function that maps n elements
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of D to another element of D. An interpretation of a relation symbol R with arity n is the set of n tuples of elements of
D for which R is true.

It is important to emphasize the difference between a syntactic predicate symbol (or function symbol, or constant symbol)
and the semantic predicate (or function, or object) to which it is interpreted. The former is a symbol, relates to other
symbols, and has no meaning on its own until we specify an interpretation. Strictly speaking, it makes no sense to write
prime(3), where prime is a predicate symbol and 3 is a natural number, since the argument to prime is supposed to be a
syntactic term. Sometimes we may obscure this distinction, as above when we specified a language with constant symbols
0, 1, and 2. But there is still a fundamental distinction between the objects of the domain and the symbols we use to
represent them.

Sometimes, when we interpret a language in a particular domain, it is useful to implicitly introduce new constant symbols
into the language to denote elements of this domain. Specifically, for each element a of the domain, we introduce a
constant symbol @, which is interpreted as a. Then the expression prime(3) does make sense. Interpreting the predicate
symbol prime in the natural way, this expression will evaluate to true. We think of 3 as a linguistic “name” that represents
the natural number 3, in the same way that the phrase “Aristotle” is a name that represents the ancient Greek philosopher.

10.2 Truth in a Model

Fix a first-order language. Suppose we have chosen a domain D in which to interpret the language, along with an in-
terpretation in D of each of the symbols of that language. We will call this structure—the domain D, paired with the
interpretation—a model for the language. A model for a first-order language is directly analogous to a truth assignment
for propositional logic, because it provides all the information we need to determine the truth value of each sentence in
the language.

The procedure for evaluating the truth of a sentence based on a model works the way you think it should, but the formal
description is subtle. Recall the difference between terms and assertions that we made earlier in Chapter 4. Terms, like a,
x 4y, or f(c), are meant to represent objects. A term does not have a truth value, since (for example) it makes no sense
to ask whether 3 is true or false. Assertions, like P(a), R(z, f(y)), or a + b > a A prime(c), apply predicate or relation
symbols to terms to produce statements that could be true or false.

The interpretation of a term in a model is an element of the domain of that model. The model directly specifies how to
interpret constant symbols. To interpret a term f(t) created by applying a function symbol to another term, we interpret
the term ¢, and then apply the interpretation of f to this term. (This process makes sense, since the interpretation of f is a
function on the domain.) This generalizes to functions of higher arity in the obvious way. We will not yet interpret terms
that include free variables like = and y, since these terms do not pick out unique elements of the domain. (The variable
x could potentially refer to any object.)

For example, suppose we have a language with two constant symbols, a and b, a unary function symbol f, and a binary
function symbol g. Let M be the model with domain N, where « and b are interpreted as 3 and 5, respectively, f(x)
is interpreted as the function which maps any natural number n to n2, and g is the addition function. Then the term
g(f(a),b) denotes the natural number 3% + 5 = 14.

Similarly, the interpretation of an assertion is a value T or F. For the sake of brevity, we will introduce new notation here:
if A is an assertion and M is a model of the language of A, we write M = A to mean that A evaluates to T in M, and
M [~ A to mean that A evaluates to F. (You can read the symbol |= as “models” or “satisfies” or “validates.”)

To interpret a predicate or relation applied to some terms, we first interpret the terms as objects in the domain, and then see
if the interpretation of the relation symbol is true of those objects. To continue with the example, suppose our language
also has a relation symbol R, and we extend M to interpret R as the greater-than-or-equal-to relation. Then we have
M = R(a,b), since 3 is not greater than 5, but M = R(g(f(a),b),b), since 14 is greater than 5.

Interpreting expressions using the logical connectives A, V, —, and — works exactly as it did in the propositional setting.
M = A A B exactly when M = A and M = B, and so on.

We still need to explain how to interpret existential and universal expressions. We saw that 3z A intuitively meant that
there was some element of the domain that would make A true, when we “replaced” the variable = with that element. To
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make this a bit more precise, we say that M = Jx A exactly when there is an element a in the domain of M such that,
when we interpret z as a, then M = A. To continue the example above, we have M = 3z (R(x, b)), since when we
interpret x as 6 we have M = R(x,b).

More concisely, we can say that M |= 3z A when there is an a in the domain of M such that M |= Ala/z]. The
notation A[a/x] indicates that every occurrence of x in A has been replaced by the symbol .

Finally, remember, V2 A means that A is true for all possible values of 2. We make this precise by saying that M |= Va A
exactly when for every element a in the domain of M, interpreting « as a gives that M |= A. Alternatively, we can say that
M = Vx A when for every a in the domain of M, we have M |= A[a/x]. In our example above, M (= Va (R(z, b)),
since when we interpret x as 2 we do not have M |= R(z,b).

These rules allow us to determine the truth value of any sentence in a model. (Remember, a sentence is a formula with no
free variables.) There are some subtleties: for instance, we’ve implicitly assumed that our formula doesn’t quantify over
the same variable twice, as in Va2 3z A. But for the most part, the interpretation process tells us to “read” a formula as
talking directly about objects in the domain.

10.3 Examples

Take a simple language with no constant symbols, one relation symbol <, and one binary function symbol +. Our model
M will have domain N, and the symbols will be interpreted as the standard less-than-or-equal-to relation and addition
function.

Think about the following questions before you read the answers below. Remember, our domain is N, not Z or any other
number system.

1. Is it true that M |= 3z (z < )? What about M |=Vz (x < x)?

2. Similarly, what about M =3z (z + 2z < 2)? M EVz (v 4+ x < z)?

3. Do the sentences 3z Vy (z < y) and Vz Jy (x < y) mean the same thing? Are they true or false?

4. Can you think of a formula A in this language, with one free variable x, such that M |= Vx A but M (= Ja A?

These questions indicate a subtle, and often tricky, interplay between the universal and existential quantifiers. Once you've
thought about them a bit, read the answers:

1. Both of these statements are true. For the former, we can (for example) interpret = as the natural number 0. Then,
M | z < z, so the existential is true. For the latter, pick an arbitrary natural number 7; it is still the case that
when we interpret = as n, we have M =z < z.

2. The first statement is true, since we can interpret x as 0. The second statement, though, is false. When we interpret
x as 1 (or, in fact, as any natural number besides 0), we see that M (= = + = < z.

3. These sentences do not mean the same thing, although in the specified model, both are true. The first expresses
that some natural number is less than or equal to every natural number. This is true: O is less than or equal to every
natural number. The second sentence says that for every natural number, there is another natural number at least
as big. Again, this is true: every natural number a is less than or equal to a. If we took our domain to be Z instead
of N, the first sentence would be false, while the second would still be true.

4. The situation described here is impossible in our model. If M = Vz A, then M = A[0/z], which implies that
M = 3z A. The only time this situation can happen is when the domain of our model is empty.

Now consider a different language with constant symbol 2, predicate symbols prime and odd, and binary relation <,
interpreted in the natural way over domain N. The sentence Vz (2 < x A prime(z) — odd(z)) expresses the fact that
every prime number bigger than 2 is odd. It is an example of relativization, discussed in Section 7.4. We can now see
semantically how relativization works. This sentence is true in our model if, for every natural number n, interpreting x as
n makes the sentence true. If we interpret x as 0, 1, or 2, or as any non-prime number, the hypothesis of the implication
is false, and thus 2 < x A prime(x) — odd(z) is true. Otherwise, if we interpret x as a prime number bigger than 2,
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both the hypothesis and conclusion of the implication are true, and 2 < x A prime(x) — odd(x) is again true. Thus
the universal statement holds. It was an example like this that partially motivated our semantics for implication back in
Chapter 3; any other choice would make relativization impossible.

For the next example, we will consider models that are given by a rectangular grid of “dots.” Each dot has a color (red,
blue, or green) and a size (small or large). We use the letter R to represent a large red dot and r to represent a small red
dot, and similarly for G, g, B, b.

The logical language we use to describe our dot world has predicates red, green, blue, small and large, which are interpreted
in the obvious ways. The relation adj(x,y) is true if the dots referred to by 2 and y are touching, not on a diagonal.
The relations same-color(x, y), same-size(x, y), same-row(zx,y), and same-column(x, y) are also self-explanatory. The
relation left-of (z, y) is true if the dot referred to by x is left of the dot referred to by y, regardless of what rows the dots
are in. The interpretations of right-of, above, and below are similar.

Consider the following sentences:
1. Va (green(x) V blue(x))
z,y (adj(x,y) A green(x) A green(y))
Iz ((3z right-of (z, z)) N (Vy (left-of (z,y) — blue(y) V small(y))))
Va (large(x) — Jy (small(y) A adj(z,y)))
YV (green(x) — Jy (same-row(z,y) A blue(y)))
Y,y (same-row(x,y) A same-column(x,y) = x = y)
Jx Yy (adj(x,y) — —same-size(x,y))
Yz Jy (adj(x, y) A same-color(x,y))
Jy Ve (adj(x,y) A same-color(z,y))

© Y ® N ok WD

—_

3z (blue(x) A Ty (green(y) A above(x,y)))

We can evaluate them in this particular model:

R r |g|b
R|b|G|b
B|B|B|b

There they have the following truth values:
1. false

true

true

false

true

true

false

true

© ® 2ok w N

false

._.
e

true
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For each sentence, see if you can find a model that makes the sentence true, and another that makes it false. For an extra
challenge, try to make all of the sentences true simultaneously. Notice that you can use any number of rows and any
number of columns.

10.4 Validity and Logical Consequence

We have seen that whether a formula is true or false often depends on the model we choose. Some formulas, though,
are true in every possible model. An example we saw earlier was Vy (le(0,y) — le(0,y)). Why is this sentence
valid? Suppose M is an arbitrary model of the language, and suppose a is an arbitrary element of the domain of M.
Either M | le(0,a) or M = —le(0,a). In either case, the propositional semantics of implication guarantee that
M Ele(0,a) — le(0,a). We often write = A to mean that A is valid.

In the propositional setting, there is an easy method to figure out if a formula is a tautology or not. Writing the truth table
and checking for any rows ending with F is algorithmic, and we know from the beginning exactly how large the truth
table will be. Unfortunately, we cannot do the same for first-order formulas. Any language has infinitely many models,
so a “first-order” truth table would be infinitely long. To make matters worse, even checking whether a formula is true in
a single model can be a non-algorithmic task. To decide whether a universal statement like Vo P(z) is true in a model
with an infinite domain, we might have to check whether P is true of infinitely many elements.

This is not to say that we can never figure out if a first-order sentence is a tautology. For example, we have argued that
Yy (t(0,y) — (0, y)) was one. It is just a more difficult question than for propositional logic.

As was the case with propositional logic, we can extend the notion of validity to a notion of logical consequence. Fix a
first-order language, L. Suppose I is a set of sentences in L, and A is a sentence of L. We will say that A is a logical
consequence of T if every model of T" is a model of A. This is one way of spelling out that A is a “necessary consequence”
of A: under any interpretation, if the hypotheses in I' come out true, A is true as well.

10.5 Soundness and Completeness

In propositional logic, we saw a close connection between the provable formulas and the tautologies—specifically, a
formula is provable if and only if it is a tautology. More generally, we say that a formula A is a logical consequence
of a set of hypotheses, I, if and only if there is a natural deduction proof of A from I'. It turns out that the analogous
statements hold for first order logic.

The “soundness” direction—the fact that if A is provable from I" then A is true in any model of I'—holds for reasons that
are similar to the reasons it holds in the propositional case. Specifically, the proof proceeds by showing that each rule of
natural deduction preserves the truth in a model.

The completeness theorem for first order logic was first proved by Kurt Godel in his 1929 dissertation. Another, simpler
proof was later provided by Leon Henkin.

Theorem. If a formula A is a logical consequence of a set of sentences I, then A is provable from I'.

Compared to the version for propositional logic, the first order completeness theorem is harder to prove. We will not
go into too much detail here, but will indicate some of the main ideas. A set of sentences is said to be consistent if you
cannot prove a contradiction from those hypotheses. Most of the work in Henkin’s proof is done by the following “model
existence” theorem:

Theorem. Every consistent set of sentences has a model.
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From this theorem, it is easy to deduce the completeness theorem. Suppose there is no proof of A from I'. Then the set
T'U {—A} is consistent. (If we could prove L from I" U {—A}, then by the reductio ad absurdum rule we could prove A
from I'.) By the model existence theorem, that means that there is a model M of I' U {—A}. But this is a model of T’

that is not a model of A, which means that A is not a logical consequence of T'.

The proof of the model existence theorem is intricate. Somehow, from a consistent set of sentences, one has to build a
model. The strategy is to build the model out of syntactic entities, in other words, to use terms in an expanded language

as the elements of the domain.

The moral here is much the same as it was for propositional logic. Because we have developed our syntactic rules with
a certain semantics in mind, the two exhibit different sides of the same coin: the provable sentences are exactly the ones
that are true in all models, and the sentences that are provable from a set of hypotheses are exactly the ones that are true

in all models of those hypotheses.

We therefore have another way to answer the question posed in the previous section. To show that a sentence is valid,
there is no need to check its truth in every possible model. Rather, it suffices to produce a proof.

10.6 Exercises

1. In a first-order language with a binary relation, R(z, y), consider the following sentences:

For each of the following structures, determine whether of each of those sentences is true or false.

Jz Vy R(z,y)
Jy Vz R(z,y)

Yo,y (R(z,y) Ao #y — 32 (R(z,2) AR(z,9) Ao # 2 ANy # 2))

the structure (N, <), that is, the interpretation in the natural numbers where R is <

the structure (Z, <)

the structure (Q, <)

the structure (N, |), that is, the interpretation in the natural numbers where R is the “divides” relation

the structure (P(N), C), that is, the interpretation where variables range over sets of natural numbers, where

R is interpreted as the subset relation.

2. Create a 4 x 4 “dots” world that makes all of the following sentences true:

L]

Va (green(x) V blue(x))
Jz,y (adj(x,y) A green(z) N green(y))
dx (32 right-of (z, x) AN Vy (left-of (z,y) — blue(y) V small(y)))
Va (large(z) — Jy (small(y) A adj(z,y)))
Va (green(x) — Jy (same-row(z,y) A blue(y)))
Y,y (same-row(x,y) A same-column(x,y) — x = y)
Jz Yy (adj(x,y) — —same-size(z,y))
Vo Jy (adj(z,y) A same-color(x,y))
Ely Va (adj(z,y) — same-color(x,y))
x (blue(z) A Iy (green(y) A above(z,y)))
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3. Fix a first-order language L, and let A and B be any two sentences in L. Remember that = A means that A is
valid. Unpacking the definitions, show thatif F A A B, then F A and F B.

4. Give a concrete example to show that = A VV B does not necessarily imply F A or E B. In other words, pick a
language L and choose particular sentences A and B such that A V B is valid but neither A nor B is valid.

5. Consider the three formulas Vz R(x,z), Vo Vy (R(z,y) — R(y,x)), and Vo Yy Vz (R(z,y) A R(y, z) —
R(z,z)). These sentences say that R is reflexive, symmetric, and trainsitive. For each pair of sentences, find
a model that makes those two sentences true and the third false. This shows that these sentences are logically
independent: no one is entailed by the others.

6. Show that if a set of formulas {1, ..., %, } is semantically inconsistent, then it entails every formula ¢. Does the
converse also hold?

7. Give a formula 1) such that the set { P(c), =P (D), 1} is consistent, and so is the set { P(c), ~P(D), - }.
8. For each the following formulas, show whether the formula is valid, satisfiable, or unsatisfiable.

e JzVy R(y,z) A R(z,y)

* (Jz Vy R(z,y)) = (3= Jy R(z,y))

e (Fz P(x)) A (3z —P(x))
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CHAPTER
ELEVEN

SETS

We have come to a turning point in this textbook. We will henceforth abandon natural deduction, for the most part, and
focus on ordinary mathematical proofs. We will continue to think about how informal mathematics can be represented
in symbolic terms, and how the rules of natural deduction play out in the informal setting. But the emphasis will be on
writing ordinary mathematical arguments, not designing proof trees. Lean will continue to serve as a bridge between the
informal and formal realms.

In this chapter, we consider a notion that has come to play a fundamental role in mathematical reasoning, namely, that of
a “set.”

11.1 Elementary Set Theory

In a publication in the journal Mathematische Annalen in 1895, the German mathematician Georg Cantor presented the
following characterization of the notion of a set (or Menge, in his terminology):

By a set we mean any collection M of determinate, distinct objects (called the elements of M) of our intuition
or thought into a whole.

Since then, the notion of a set has been used to unify a wide range of abstractions and constructions. Axiomatic set theory,
which we will discuss in a later chapter, provides a foundation for mathematics in which everything can be viewed as a
set.

On a broad construal, any collection can be a set; for example, we can consider the set whose elements are Ringo Star,
the number 7, and the set whose only member is the Empire State Building. With such a broad notion of set we have to
be careful: Russell’s paradox has us consider the set S of all sets that are not elements of themselves, which leads to a
contradiction when we ask whether .S is an element of itself. (Try it!) The axioms of set theory tell us which sets exist,
and have been carefully designed to avoid paradoxical sets like that of the Russell paradox.

In practice, mathematicians are not so freewheeling in their use of sets. Typically, one fixes a domain such as the natural
numbers, and consider subsets of that domain. In other words, we consider sets of numbers, sets of points, sets of lines,
and so on, rather than arbitrary “sets.” In this text, we will adopt this convention: when we talk about sets, we are always
implicitly talking about sets of elements of some domain.

Given a set A of objects in some domain and an object x, we write € A to say that z is an element of A. Cantor’s
characterization suggests that whenever we have some property, P, of a domain, we can form the set of elements that
have that property. This is denoted using “set-builder notation” as {x | P(z)}. For example, we can consider all the
following sets of natural numbers:

e {n | niseven}
* {n | nis prime}
e {n | nis prime and greater than 2}

* {n | n can be written as a sum of squares}
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* {n|nisequalto 1,2, or3}

This last set is written more simply {1, 2, 3}. If the domain is not clear from the context, we can specify it by writing it
explicitly, for example, in the expression {n € N | n is even}.

Using set-builder notation, we can define a number of common sets and operations. The empty set, (), is the set with no
elements:

0 = {z | false}.
Dually, we can define the universal set, U, to be the set consisting of every element of the domain:
U = {z | true}.
Given two sets A and B, we define their union to be the set of elements in either one:
AUB={z |z € Aorx € B}.
And we define their intersection to be the set of elements of both:
ANB={z|xz € Aand x € B}.
We define the complement of a set of A to be the set of elements that are not in A:
A={x|x¢ A}
We define the set difference of two sets A and B to be the set of elements in A but not B:
A\B={z|xz€ Aandz ¢ B}.

Two sets are said to be equal if they have exactly the same elements. If A and B are sets, A is said to be a subset of B,
written A C B, if every element of A is an element of B. Notice that A is equal to B if and only if A is a subset of B
and B is a subset of A.

Notice also that everything we have said about sets so far is readily representable in symbolic logic. We can render the
defining properties of the basic sets and constructors as follows:

s Vz(zeh« 1)
ceEUT)

Va (

Ve(r€ AUB<2x€ AV eB)

e Vx(r€eANB+xe€ ANz € B)
Ve (z €Az ¢ A)

e Vx(zreA\B<xe ANz ¢ B)

The assertion that A is a subset of B can be written Vz (z € A — x € B), and the assertion that A is equal to B can be
written Vz (z € A <> x € B). These are all universal statements, that is, statements with universal quantifiers in front,
followed by basic assertions and propositional connectives. What this means is that reasoning about sets formally often
amounts to using nothing more than the rules for the universal quantifier together with the rules for propositional logic.

Logicians sometimes describe ordinary mathematical proofs as informal, in contrast to the formal proofs in natural de-
duction. When writing informal proofs, the focus is on readability. Here is an example.

Theorem. Let A, B, and C denote sets of elements of some domain. Then AN (BUC) =(ANB)U(ANCQC).

98 Chapter 11. Sets



Logic and Proof, Release 3.18.4

Proof. Let x be arbitrary, and suppose « is in AN (B UC). Then z is in A, and either z is in B or « is in C. In the first
case, x is in A and B, and hence in A N B. In the second case, x is in A and C, and hence A N C. Either way, we have
thatzisin (AN B)U (ANC).

Conversely, suppose x is in (AN B) U (AN C'). There are now two cases.
First, suppose « is in AN B. Then z is in both A and B. Since x isin B, itisalsoin BUC, andso z isin AN (BUC).

The second case is similar: suppose x is in AN C. Then z is in both A and C, and so also in B U C. Hence, in this case
also, z is in A N (B U (), as required.

Notice that this proof does not look anything like a proof in symbolic logic. For one thing, ordinary proofs tend to favor
words over symbols. Of course, mathematics uses symbols all the time, but not in place of words like “and” and “not”;
you will rarely, if ever, see the symbols A and — in a mathematics textbook, unless it is a textbook specifically about logic.

Similarly, the structure of an informal proof is conveyed with ordinary paragraphs and punctuation. Don’t rely on pictorial
diagrams, line breaks, and indentation to convey the structure of a proof. Rather, you should rely on literary devices like
signposting and foreshadowing. It is often helpful to present an outline of a proof or the key ideas before delving into the
details, and the introductory sentence of a paragraph can help guide a reader’s expectations, just as it does in an expository
essay.

Nonetheless, you should be able to see elements of natural deduction implicitly in the proof above. In formal terms, the
theorem is equivalent to the assertion

Vo (z € AN(BUC) ¢ 2 € (ANB)U(ANC)),

and the proof proceeds accordingly. The phrase “let x be arbitrary” is code for the V introduction rule, and the form of
the rest of the proof is a <> introduction. Saying that x is in A N (B U C) is implicitly an “and,” and the argument uses
A elimination to get x € A and z € B U C'. Saying x € B U C is implicitly an “or,” and the proof then splits on cases,
depending on whether x € Borz € C.

Modulo the unfolding of definition of intersection and union in terms of “and” and “or,” the “only if” direction of the
previous proof could be represented in natural deduction like this:

ye AN(BUC) ye AN(BUCQC)
ye A yeB ' yeA yel '
ye AN(BUCQC) yeANB ye AnC
ye BUC ye(ANB)U(ANC) ye(ANB)U(ANCQC)

ye(ANB)U(ANCOC)

In the next chapter, we will see that this logical structure is made manifest in Lean. But writing long proofs in natural
deduction is not the most effective to communicate the mathematical ideas. So our goal here is to teach you to think in
terms of natural deduction rules, but express the steps in ordinary English.

Here is another example.

Theorem. (A\ B)\C = A\ (BUC).

Proof. Let = be arbitrary, and suppose x isin (A \ B) \ C. Then z is in A\ B but not C, and hence it is in A but not in
B or C. This means that z is in A but not BU C,andsoin A\ (BUC).

Conversely, suppose z isin A\ (BUC'). Then z is in A, but not in BUC'. In particular, « is in neither B nor C, because
otherwise it would be in BU C'. So z isin A\ B, and hence in (A \ B) \ C.
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Perhaps the biggest difference between informal proofs and formal proofs is the level of detail. Informal proofs will often
skip over details that are taken to be “straightforward” or “obvious,” devoting more effort to spelling out inferences that
are novel or unexpected.

Writing a good proof is like writing a good essay. To convince your readers that the conclusion is correct, you have to
get them to understand the argument, without overwhelming them with unnecessary details. It helps to have a specific
audience in mind. Try speaking the argument aloud to friends, roommates, and family members; if their eyes glaze over,
it is unreasonable to expect anonymous readers to do better.

One of the best ways to learn to write good proofs is to read good proofs, and pay attention to the style of writing. Pick
an example of a textbook that you find especially clear and engaging, and think about what makes it so.

Natural deduction and formal verification can help you understand the components that make a proof correct, but you will
have to develop an intuitive feel for what makes a proof easy and enjoyable to read.

11.2 Calculations with Sets

Calculation is a central to mathematics, and mathematical proofs often involve carrying out a sequence of calculations.
Indeed, a calculation can be viewed as a proof in and of itself that two expressions describe the same entity.

In high school algebra, students are often asked to prove identities like the following:

Proposition. @ +(n+1)= % for every natural number 7.

In some places, students are asked to write proofs like this:

Proof.

1 1 2
nn k1) gy (it Dt 2)
2 2
n4+n 2n+2 n2+3n+2

+ =7
2 2 2
n4+n+2n+2  n®+3n+2
2 o 2
n2+3n+27n2+3n+2
2 B 2 '

Mathematicians generally cringe when they see this. Don 't do it! It looks like an instance of forward reasoning, where we
start with a complex identity and end up proving x = x. Of course, what is really meant is that each line follows from
the next. There is a way of expressing this, with the phrase “it suffices to show.” The following presentation comes closer
to mathematical vernacular:

Proof. We want to show

(n+1)(n+2)

nntl) |y D0+
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To do that, it suffices to show

n2+n+2n+2 _n2+3n+2
2 2 2 '
For that, it suffices to show
n24+n+2n+2 _n2+3n+2
2 N 2 '

But this last equation is clearly true.

The narrative doesn’t flow well, however. Sometimes there are good reasons to work backward in a proof, but in this case
it is easy to present the proof in a more forward-directed manner. Here is one example:

Proof. Calculating on the left-hand side, we have

2

n(n;—l) +<n+1):n ;n+2n2—&—2
_n2+n+2n+2
N 2
_n2+3n—|—2
-

On the right-hand side, we also have

(n+1)(n+2) n*+3n+2
2 B 2 '

So w +(n+1)= ”%F#, as required.

Mathematicians often use the abbreviations “LHS” and “RHS” for “left-hand side” and “right-hand side,” respectively, in
situations like this. In fact, here we can easily write the proof as a single forward-directed calculation:

Proof.

2
n(n+1)+(n+1):n ;n+2n2+2
n?+n+2n+2

2
n? +3n+2
2
(n+1)(n+2)
2

Such a proof is clear, compact, and easy to read. The main challenge to the reader is to figure out what justifies each
subsequent step. Mathematicians sometimes annotate such a calculation with additional information, or add a few words
of explanation in the text before and/or after. But the ideal situation is to carry out the calculation in small enough steps
so that each step is straightforward, and needs no explanation. (And, once again, what counts as “straightforward” will
vary depending on who is reading the proof.)

We have said that two sets are equal if they have the same elements. In the previous section, we proved that two sets are
equal by reasoning about the elements of each, but we can often be more efficient. Assuming A, B, and C' are subsets of
some domain U/, the following identities hold:
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s ANB=BNA
s (AUB)UC=AU(BUC)
c (ANB)NC=ANn(BNC)

A

« AU(BNC) = (A

« AN(AUB) =4
(

This allows us to prove further identities by calculating. Here is an example.

Theorem. Let A and B be subsets of some domain /. Then (AN B)U B = AU B.
Proof.
(ANB)UB = (AUB)N(BUB)
=(AUuB)NU
=AUB.

Here is another example.

Theorem. Let A and B be subsets of some domain /. Then (A\ B)U (B\ A) = (AU B)\ (AN B).

Proof.

(A\B)U(B\A)=(ANB)U(BnNA)
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Classically, you may have noticed that propositions, under logical equivalence, satisfy identities similar to sets. That is no
coincidence; both are instances of boolean algebras. Here are the identities above translated to the language of a boolean
algebra:

e AV-A=T
e AN-A=1
e mA=A

e AVA=A
s ANA=A
e AV1li=A
s ANL =1
s AVT =T
s ANT=A

« AVB=BVA

c ANB=BAA

« (AVB)VC=AV(BVCO)

« (AAB)AC=AA(BAC)

* 7(AANB)=-AV-B

« «(AVB)=-AA-B

« AN(BVC)=(AANB)V(ANC)
s AV(BANC)=(AVB)A(AV(O)
s AN(AVB)=A

« AV(AAB)= A

Translated to the language of boolean algebras, the first theorem above is as follows:

Theorem. Let A and B be elements of a boolean algebra. Then (A A —B) V B = B.
Proof.
(AN-B)VB=(AVB)A(-BVB)
=(AVB)AT
=(AV B).
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11.3 Indexed Families of Sets

If I is a set, we will sometimes wish to consider a family (A;);cs of sets indexed by elements of . For example, we
might be interested in a sequence

Ag, A1, A, ...

of sets indexed by the natural numbers. The concept is best illustrated by some examples.

« For each natural number n, we can define the set A,, to be the set of people alive today that are of age n. For each
age we have the corresponding set. Someone of age 20 is an element of the set Ao, while a newborn baby is an
element of Ag. The set Ao is empty. This family (A,,),en is a is a family of sets indexed by the natural numbers.

* For every real number r we can define B, to be the set of positive real numbers larger than r, so B, = {x € R |
x > rand z > 0}. Then (B, ),cr is a family of sets indexed by the real numbers.

* For every natural number n we can define C,, = {k € N | k is a divisor of n} as the set of divisors of n.
Given a family (A;);cr of sets indexed by I, we can form its union:
UA,- ={x |z € A;forsomei € I}.
il
We can also form the intersection of a family of sets:
ﬂAi ={x|x € A;foreveryi € I}.
iel
So an element x is in J,; A; if and only if  is in A; for some i in I, and  is in (), ; A; if and only if x is in A; for
every ¢ in I. These operations are represented in symbolic logic by the existential and the universal quantifiers. We have:
Vo (z €U, Ai > JFiel (vedy))
s Ve (ze(e i Viel (xely))

Returning to the examples above, we can compute the union and intersection of each family. For the first example,
U,en An is the set of all living people, and (1), .y A = 0. Also, |, B = R, the set of all positive real numbers,
and (), cg B, = 0. For the last example, we have J,,.y Crn = Nand (), .y Cp = {1}, since 1 is a divisor of every
natural number.

neN

Suppose that I contains just two elements, say I = {c¢,d}. Let (A;);cs be a family of sets indexed by I. Because I has
two elements, this family consists of just the two sets A. and A4. Then the union and intersection of this family are just
the union and intersection of the two sets:

Jai=4.04,
el
()4 = AN Ag.
el

This means that the union and intersection of two sets are just a special case of the union and intersection of a family of
sets.

We also have equalities for unions and intersections of families of sets. Here are a few of them:
* ANUj;er Bi = Ui (AN B;)
* AUNer Bi =N (AU By)
* Nier Ai = Ui, Ai
‘ m = ﬂie[ A;
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* Uier UjeJ Aij = UjeJ Uier 4ij
* Micr Njes Aig = Njes Nier 4ij

In the last two lines, A; ; is indexed by two sets I and .J. This means that for every < € I and j € J we have a set A; ;.
For the first four equalities, try to figure out what the rule means if the index set I contains two elements.

Let’s prove the first identity. Notice how the logical forms of the assertions x € AN J,.; B; and z € |J;.;(A N B;)

dictate the structure of the proof.

icl

Theorem. Let A be any subset of some domain U, and let (B;);c; be a family of subsets of U indexed by I. Then
AﬂUBi = U(AﬂBi)-
iel iel
Proof. Suppose x isin AN
Uies (AN By).

Conversely, suppose x is in |
itisin Y

icr Bi- Then z is in A and z is in B; for some j € I. So x is in A N Bj, and hence in

iej(AﬂBi)~ Then, for some j in I, x is in AN B;. Hence z is in A, and since x is in B},

;c1 Bi- Hence xisin AN J,c; B, as required.

11.4 Cartesian Product and Power Set

The ordered pair of two objects a and b is denoted (a,b). We say that a is the first component and b is the second
component of the pair. Two pairs are only equal if the first component are equal and the second components are equal.
In symbols, (a,b) = (¢,d) if and only if @ = cand b = d.

Given two sets A and B, we define the cartesian product A x B of these two sets as the set of all pairs where the first
component is an element in A and the second component is an element in B. In set-builder notation this means

Ax B={(a,b) |a € Aand b € B}.

Note that if A and B are subsets of a particular domain U, the set A x B need not be a subset of the same domain.
However, it will be a subset of U/ x U.

Some axiomatic foundations take the notion of a pair to be primitive. In axiomatic set theory, it is common to define an
ordered pair to be a particular set, namely

(a,b) = {{a}, {a, b}}.

Notice that if a = b, this set has only one element:

(a;a) = {{a},{a,a}} = {{a}, {a}} = {{a}}.

The following theorem shows that this definition is reasonable.

Theorem. Using the definition of ordered pairs above, we have (a,b) = (¢, d) if and only if a = cand b = d.
Proof. If @ = cand b = d then clearly (a,b) = (¢, d). For the other direction, suppose that (a, b) = (¢, d), which means

{{a},{a,0}} = {{c} {c, d}} .

L R
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Suppose first that @ = b. Then L = {{a}}. This means that {c} = {a} and {c, d} = {a}, from which we conclude that
c=aandd=a="0.

Now suppose that a # b. If {¢} = {a,b} then we conclude that a and b are both equal to ¢, contradicting a # b. Since
{c} € L, {c} must be equal to {a}, which means that a = ¢. We know that {a, b} € R, and since we know {a, b} # {c},
we conclude {a, b} = {¢,d}. This means that b € {c, d}, since b # a = ¢, we conclude that b = d.

Hence in both cases we conclude that a = ¢ and b = d, proving the theorem.

Using ordered pairs we can define the ordered triple (a, b, ¢) to be (a, (b, ¢)). Then we can prove that (a, b, c) = (d, e, f)
if and only if « = d, b = e and ¢ = f, which you are asked to do in the exercises. We can also define ordered n-tuples,
which are sequence of n objects, in a similar way.

Given a set A we can define the power set P(A) to be the set of all subsets of A. In set-builder notation we can write this
as

P(A) = {B| B C A}.

If A is a subset of U, P(A) may not be a subset of I, but it is always a subset of P ().

11.5 Exercises

1. Prove the following theorem: Let A, B, and C' be sets of elements of some domain. Then AU (BN C) =
(AU B) N (AUC). (Henceforth, if we don’t specify natural deduction or Lean, “prove” and “show” mean give
an ordinary mathematical proof, using ordinary mathematical language rather than symbolic logic.)

2. Prove the following theorem: Let A and B be sets of elements of some domain. Then A\ B = AU B.

3. Two sets A and B are said to be disjoint if they have no element in common. Show that if A and B are disjoint,
C C A,and D C B, then C and D are disjoint.

4. Let A and B be sets. Show (A \ B) U (B\ A) = (AU B) \ (AN B), by showing that both sides have the same
elements.

5. Let A, B, and C be subsets of some domain /. Give a calculational proof of the identity A\ (BUC) = (A\ B)\C,
using the identities above. Also use the fact that, in general, C' \ D = C' N D.

6. Similarly, give a calculational proof of (A\ B) U (AN B) = A.
7. Give calculational proofs of the following:
« AA\B=A\(ANB)
« AA\B=(AUB)\B
s (ANB)\C=(A\C)NB
8. Prove that if (A4; ;)icr, jes is a family indexed by two sets I and .J, then
UM, c MUA.
i€l jeJ jeJicl
Also, find a family (4;, j )ic 1,je.7 where the reverse inclusion does not hold.

9. Prove using calculational reasoning that

(UAZ)ﬂ UBj :U(AmBj).

iel jeJ el
jeJ
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The notation {Jer (4; N Bj) means ¢y U 7(4i N By).
JjeJ

10. Using the definition (a, b, ¢) = (a, (b, ¢)), show that (a,b,c) = (d,e, f) ifandonlyif a = d,b=cand ¢ = f.
11. Provethat A x (BUC) =(Ax B)U(AxC)

12. Prove that (AN B) x (CN D) = (A x C)N (B x D). Find an expression for (A U B) x (C' U D) consisting of
unions of cartesian products, and prove that your expression is correct.

13. Prove that that A C B if and only if P(A) C P(B).
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CHAPTER
TWELVE

SETS IN LEAN

In the last chapter, we noted that although in axiomatic set theory one considers sets of disparate objects, it is more
common in mathematics to consider subsets of some fixed domain, /. This is the way sets are handled in Lean. For any
data type U, Lean gives us a new data type, set U, consisting of the sets of elements of U. Thus, for example, we can
reason about sets of natural numbers, or sets of integers, or sets of pairs of natural numbers.

12.1 Basics

GivenA : set Uand x : U, wecan write x € A to state that x is a member of the set A. The character € can be
typed using \ in.

import data.set
open set

variable {U : Type}
variables A B C : set U
variable x : U

#check x € A
#icheck A U B
#icheck B \ C
#check C N A
#icheck C[2
#icheck ) C A
#icheck B C univ

You can type the symbols C, @), U, N, \ as \subeqg \empty, \un, \1i, and \\, respectively. We have made the
type variable U implicit, because it can typically be inferred from context. The universal set is denoted univ, and
set complementation is denoted with the superscripted letter “c,” which you can enter as \~c or \compl. Basic set-
theoretic notions like these are defined in Lean’s core library, but additional theorems and notation are available in an
auxiliary library that we have loaded with the command import data.set, which has to appear at the beginning of
a file. The command open set lets us refer to a theorem named set .mem_union as mem_union.

The following pattern can be used to show that A is a subset of B:

example : A C B :=
assume x,

assume h : x € A,

show x € B, from sorry

And the following pattern can be used to show that A and B are equal:
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example : A = B :=
eq_of_subset_of_subset
(assume x,
assume h : x € A,
show x € B, from sorry)
(assume x,
assume h : x € B,
show x € A, from sorry)

Alternatively, we can use the following pattern:

example : A = B :=
ext (assume x, iff.intro
(assume h : x € A,
show x € B, from sorry)
(assume h : x € B,
show x € A, from sorry))

Here, ext is short for “extensionality.” In symbolic terms, it is the following fact:
Ve(re A<>rxe€eB)— A=B.

This reduces proving A = B to proving Va (z € A <+ x € B), which we can do using V and <> introduction.

Moreover, Lean supports the following nifty feature: the defining rules for union, intersection and other operations on
sets are considered to hold “definitionally.” This means that the expressions x € A N Bandx € A A x € Bmean
the same thing to Lean. This is the same for the other constructions on sets; for example x € A \ Bandx € A A
- (x € B) mean the same thing to Lean. You can also write x ¢ Bfor = (x € B), where ¢ is written using
\notin. For the other set constructions, the defining equivalences in the last chapter hold definitionally. The following
example illustrates these features.

example : V x, x € A - x €B - x € ANB :=
assume x,

assume X € A,
assume : x € B,
show x € A N B, from and.intro <x € A> <X € B>

example : A C A U B :=

assume x,

assume : x € A,

show x € A U B, from or.inl this

example : ) C A :=

assume x,
assume : x € 0,
show x € A, from false.elim <x € (0 : set U)>»

Remember from Section 4.5 that we can use as sume without a label, and refer back to hypotheses using French quotes,
entered with \ £< and \ £>. We have used this feature in the previous example. Without that feature, we could have
written the examples above as follows:

example : V x, x € A > x €EB - x € ANB :=
assume x,

assume hl : x € A,

assume h2 : x € B,

show x € A N B, from and.intro hl h2

(continues on next page)
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(continued from previous page)
example : A C A U B :=
assume x,
assume h : x € A,
show x € A U B, from or.inl h

example : ) C A :=

assume x,

assume h : x € (0 : set U),
show x € A, from false.elim h

Below, and in the chapters that follow, we will begin to use assume and have command without labels, but you should
feel free to adopt whatever style you prefer.

Notice also that in the last example, we had to annotate the empty set by writing () : set U) to tell Lean which
empty set we mean. Lean can often infer information like this from the context (for example, from the fact that we are
trying to show x € A, where A has type set U), but in this case, it needs a bit more help.

Alternatively, we can use theorems in the Lean library that are designed specifically for use with sets:

example : V x, x € A > x EB - x €EANB :=
assume x,

assume X € A,
assume : x € B,
show x € A N B, from mem_inter «<x € A> <x € B>

example : A C A U B :=

assume x,

assume h : x € A,

show x € A U B, from mem_union_left B h

example : ) C A :=

assume x,

assume : x € 0,

show x € A, from absurd this (not_mem_empty x)

Remember that absurd can be used to prove any fact from two contradictory hypotheses h1 : Pand h2 : =
P. Here the not_mem_empty x isthe fact x ¢ (). You can see the statements of the theorems using the #check
command in Lean:

#check (@mem_inter

#check (Q@mem_of mem_inter_ left
#icheck @mem_of_mem_inter_right
#check (@mem_union_left

#icheck @mem_union_right

#icheck @mem_or_mem_of_mem_union
#icheck @not_mem_empty

Here, the @ symbol in Lean prevents it from trying to fill in implicit arguments automatically, forcing it to display the full
statement of the theorem.

The fact that Lean can identify sets with their logical definitions makes it easy to prove inclusions between sets:

example : A \ B C A :=

assume x,

assume : x € A \ B,

show x € A, from and.left this

(continues on next page)
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example : A \ B C B[ :=

assume x,

assume : x € A \ B,

have x ¢ B, from and.right this,
show x € B[J, from this

Once again, we can use the theorems designed specifically for sets:

example : A \ B C A :=

assume x,

assume : x € A \ B,

show x € A, from mem_of_mem_diff this

example : A \ B C B[ :=

assume x,

assume : x € A \ B,

have x ¢ B, from not_mem_of _mem diff this,
show x € B[, from this

The fact that Lean has to unfold definitions means that it can be confused at times. For example, in the proof below, if
you replace the last line by sorry, Lean has trouble figuring out that you want it to unfold the subset symbol:

variable {U : Type}
variables A B : set U

example : A N B C BN A :=

assume x,

assume h : x € A N B,

have hl : x € A, from and.left h,
have h2 : x € B, from and.right h,
and.intro h2 hil

One workaround is to use the show command; in general, providing Lean with such additional information is often
helpful. Another workaround is to give the theorem a name, which prompts Lean to use a slightly different method of
processing the proof, fixing the problem as a lucky side effect.

example : A N B C B N A :=

assume x,

assume h : x € A N B,

have hl : x € A, from and.left h,
have h2 : x € B, from and.right h,
show x € B N A, from sorry

theorem my_example : A N B C B N A :=
assume x,

assume h : x € A N B,

have hl : x € A, from and.left h,
have h2 : x € B, from and.right h,
sorry
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12.2 Some ldentities

Here is the proof of the first identity that we proved informally in the previous chapter:

example : AN (BUC) = (ANB) U ((RANC) :=
eq_of_subset_of_subset
(assume x,
assume h : x € AN (B UC),
have x € A, from and.left h,
have x € B U C, from and.right h,
or.elim («x € B U C»)
(assume : x € B,
have x € A N B, from and.intro <x € A> <x € B>,
show x € (AN B) U (ANC), from or.inl this)
(assume : x € C,
have x € A N C, from and.intro <x € A> <x € C»,
show x € (A N B) U (AN C), from or.inr this))
(assume x,
assume : x € (AN B) U (AnNZC),
or.elim this
(assume h : x € A N B,
have x € A, from and.left h,
have x € B, from and.right h,
have x € B U C, from or.inl this,
show x € AN (B U C), from and.intro <x € A> this)
(assume h : x € A N C,

have x € A, from and.left h,

have x € C, from and.right h,

have x € B U C, from or.inr this,

show x € AN (B U C), from and.intro «<x € A> this))

Notice that it is considerably longer than the informal proof in the last chapter, because we have spelled out every last
detail. Unfortunately, this does not necessarily make it more readable. Keep in mind that you can always write long proofs
incrementally, using sorry. You can also break up long proofs into smaller pieces:

theorem inter_union_subset : AN (BUC) € (ANB) U (ANZC) :=
assume x,
assume h : x € AN (B U C),
have x € A, from and.left h,
have x € B U C, from and.right h,
or.elim («x € B U C»)
(assume : x € B,
have x € A N B, from and.intro «x € A> <X € By,
show x € (AN B) U (ANC), from or.inl this)
(assume : x € C,
have x € A N C, from and.intro <x € A> <x € C»,
show x € (AN B) U (AN C), from or.inr this)

theorem inter_union_inter_subset
(ANB) UBANC CAN((BUC :=
assume x,
assume : x € (AN B) U (ANC),
or.elim this
(assume h : x € A N B,
have x € A, from and.left h,
have x € B, from and.right h,
have x € B U C, from or.inl this,

(continues on next page)
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show x € AN (B U C), from and.intro <x € A> this)
(assume h : x € A N C,

have x € A, from and.left h,

have x € C, from and.right h,

have x € B U C, from or.inr this,

show x € AN (B U C), from and.intro <x € A> this)
example : AN (BUC) = (ANB) U ((RANC) :=

eq_of_subset_of_subset
(inter_union_subset A B C)
(inter_union_inter_subset A B C)

Notice that the two theorems depend on the variables A, B, and C, which have to be supplied as arguments when they are
applied. They also depend on the underlying type, U, but because the variable U was marked implicit, Lean figures it out
from the context.

In the last chapter, we showed (A N B) U B = B. Here is the corresponding proof in Lean:

example : (A N BF) UB =AUDB :=
calc
(AN BE) UB= (AUB) N (B UB) : by rw union_distrib_right
= (A U B) N univ : by rw compl_union_self
=AUB by rw inter_univ

Translated to propositions, the theorem above states that for every pair of elements A and B in a Boolean algebra,
(AAN-B)V B = B. Lean allows us to do calculations on propositions as though they are elements of a Boolean algebra,
with equality replaced by <.

variables A B : Prop

example : (A A - B) VB <+ AV B :=
calc
(AN - B) VB <« (AV B) A (- BVB) : by rw and_or_distrib_right
<~ (A V B) A true : by rw not_or_self
<~ (A V B) : by rw and_true

12.3 Indexed Families

Remember that if (A;);c; is a family of sets indexed by I, then [, ; A; denotes the intersection of all the sets A;, and
(U1 Ai denotes their union. In Lean, we can specify that A is a family of sets by writingA : I — set Uwhere I
is a Type. In other words, a family of sets is really a function which for each element i of type I returnsasetA i. We
can then define the union and intersection as follows:

variables {I U : Type}

def Union (A : I — set U) : set U := { x | 41 I, x € A1}
def Inter (A : I — set U) : set U := { x | V i I, x € A1}
section

variables (x : U) (A : I — set U)

example (h : x € Union A) : 3 i, x € A1 :=nh

example (h : x € Inter A) : Vi, x € A i := h

end
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The examples show that Lean can unfold the definitions so that x € Inter AcanbetreatedasV i, x € A iand
x € Union Acanbetreatedasd i, x € A 1i. To refresh your memory as to how to work with the universal and
existential quantifiers in Lean, see Chapters 9. We can then define notation for the indexed union and intersection:

notation \LJ‘ binders °, r: (scoped f, Union f) :=r
notation ‘ff binders °, = r:(scoped f, Inter f) :=r

variables (A : I — set U) (x : U)

example (h : x € Ji, A1) : 3 i, x € A i :=h
example (h : x € (i, A1) : Vi, x € A i h

You can type (] and | with \ T and \Un, respectively. As with quantifiers, the notation | J i, A iand() i, A 1
bind the variable i in the expression, and the scope extends as widely as possible. For example, if you write (| 1, A i
U B, Lean assumes that the ith element of the sequence is 2 1 U B. If you want to restrict the scope more narrowly,
use parentheses.

The good news is that Lean’s library does define indexed union and intersection, with this notation, and the definitions are
made available with import data.set. The bad news is that it uses a different definition, so that x € Inter A
and x € Union A are not definitionally equaltoV i, x € A iand3d i, x € A 1i,asabove. The good news
is that Lean at least knows that they are equivalent:

import data.set
open set

variables {I U : Type}
variables {A B : I — set U}

theorem exists_of _mem_ _Union {x : U} (h : x € U i, A i)
d4i, x € A1 :=
by simp * at *

theorem mem_Union_of_exists {x : U} (h : 31, x € A i)
xe€ J1i, A i :=
by simp * at *

theorem forall_of _mem_Inter {x : U} (h : x € () i, A i)
Vi x €A i :=
by simp * at *

theorem mem_Inter of forall {x : U} (h : V i, x € A 1)
x €)1, A i :=
by simp * at *

The command simp * at * calls upon Lean’s automation to carry out the proofs. Here is an example of how these
can be used:

example : ([ i, AiNBi) = ((1i, 2 i) N () i, B i) :=

ext $

assume x : U,

iff.intro

(assume h : x € () i, A i N B i,
have hil Vi, x € AiNB i, from forall_of_mem_Inter h,
have h2 V i, x € A i, from assume i, and.left (hl i),
have h3 V i, x € B i, from assume i, and.right (hl i),

have hd4 : x € ﬂ i, A i, from mem_Inter_of_forall h2,
have h5 : x € () i, B i, from mem_Inter_of_forall h3,

and.intro h4 hb)
(continues on next page)
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(assume h : x € (i, A i) N () i, B i),

have hl : V i, x € A i,

from forall_of mem_Inter (and.left h),
have h2 : Vi, x € B 1,

from forall_ of_mem_Inter (and.right h),
have h3 : Vi, x € A i N B 1,

from assume i, and.intro (hl i) (h2 i),
show x € ﬂ i, A i N B i, from mem_Inter_of_forall h3)

Even better, we can prove introduction and elimination rules for intersection and union:

import data.set
open set

variables {I U : Type}
variables {A : I — set U}

theorem Inter.intro {x : U} (h : Vi, x € A i) : x € (i, A i :=
by simp; assumption

Q[elab_simple]
theorem Inter.elim {x : U} (h : x € (i, A i) (L : I) : x € A i :=
by simp at h; apply h

theorem Union.intro {x : U} (1 : I) (h : x € A 1)
x € J1i, A i :=
by {simp, existsi i, exact h}

theorem Union.elim {b : Prop} {x : U}
(h1 : x e i, Ai) (he : V (i : I), x €Ai = b)) :b:=
by {simp at hj, cases h; with i h, exact hs i h}

Don’t worry about what the proofs mean. What is important is how they can be used, which is what the following patterns
illustrate:

example (x : U) : x € (1, 21 :=
Inter.intro $

assume i,

show x € A i, from sorry

example (x : U) (i : I) (h : x € ()11, A1) : x € A i :=
Inter.elim h i

example (x : U) (i : I) (h : x €A i) : xe€ Ji, A i :=
Union.intro i h

example (C : Prop) (x : U) (h : x € |J i, A i) : C :=
Union.elim h $

assume i,

assume h : x € A i,

show C, from sorry

Remember that the dollar sign saves us the trouble of having to put parentheses around the rest of the proof. Notice that
with Inter.intro and Inter.elim, proofs using indexed intersections looks just like proofs using the universal
quantifier. Similarly, Union. introand Union.elimmirror the introduction and elimination rules for the existential
quantifier. The following example provides one direction of an equivalence proved above:
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variables {I U : Type}
variables (A : I — set U) (B : I — set U) (C : set U)

example : ([ i, AiNBi) € (Ni, 2 1) N (N i, B i) :=
assume x : U,
assume h : x € ()i, A i N B i,
have hl : x € (i, A i, from
Inter.intro $
assume i : I,
have h2 : x € A i N B i, from Inter.elim h i,
show x € A i, from and.left h2,
have h2 : x € (] 1, B i, from
Inter.intro $
assume i : I,
have h2 : x € A i N B i, from Inter.elim h i,
show x € B i, from and.right h2,
show x € ((1 i, Ai) N () i, B i), from and.intro hl h2

You are asked to prove the other direction in the exercises below. Here is an example that shows how to use the introduction
and elimination rules for indexed union:

variables {I U : Type}
variables (A : I — set U) (B : I — set U) (C : set U)

example : (|J i, cnai) Ccn (Yi, A1) :=
assume x,

assume h : x € J i, ¢ N A i,

Union.elim h $

assume i,

assume hl x € CNA i,

have h2 : x € C, from and.left hl,

have h3 : x € A i, from and.right hil,

have h4 : x € U i, A i, from Union.intro i h3,

show x € ¢ N |J i, A i, from and.intro h2 h4

Once again, we ask you to prove the other direction in the exercises below.

Sometimes we want to work with families (A4; ;);cr, je.s indexed by two variables. This is also easy to manage in Lean:
if wedeclareA : I — J — set U,thengiveni : Iandj : J,wehavethatA i j : set U.(You
should interpret the expression I — J — set UasI — (J — set U),sothatA ihastyped — set U,
andthen A i j hastype set U.) Here is an example of a proof involving a such a doubly-indexed family:

section
variables {I J U : Type}
variables (A : I — J — set U)

example : (Ui, (N3, 21 3) € (N3, Ui, A2 i 3) :=
assume x,
assume h : x € Ui, N3, A2 1 3,
Union.elim h $
assume i,
assume hl : x € () 3, A i 3,
show x € ()3, Ui, 2 1 j, from
Inter.intro $
assume 7,
have h2 : x € A i j, from Inter.elim hl j,
Union.intro i h2
end

12.3. Indexed Families 117



Logic and Proof, Release 3.18.4

12.4 Power Sets

We can also define the power set in Lean:

variable {U : Type}

def powerset (A : set U) : set (set U) := {B : set U | B C A}
example (A B : set U) (h : B € powerset A) : B C A :=
h

As the example shows, B € powerset A is then definitionally the same as B C A.

In fact, powerset is defined in Lean in exactly this way, and is available to you when you import data.set and
open set. Here is an example of how it is used:

#check powerset A
example : A € powerset (A U B) :=
assume x,

assume : xX € A,
show x € A U B, from or.inl «<x € A>

In essence, the example proves A C A U B. In the exercises below, we ask you to prove, formally, that for every A B
set U, we have powerset A C powerset B

12.5 Exercises

1. Fill in the sorry’s.

example : V x, x € ANC - x €AUB :=
sorry

example : V x, x € (A U B[ — x € A} :=
sorry

2. Fillin the sorry.

import data.set
open set

section
variable {U : Type}

/- defining "disjoint" -/
def disj (A B : set U) : Prop :=V {x[}, x € A - x € B — false

example (A B : set U) (h : V x, = (x € A AN x € B))

disj A B :=
assume x,
assume hl : x € A,
assume h2 : x € B,

have h3 : x € A N x € B, from and.intro hl h2,
show false, from h x h3

(continues on next page)
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—-— notice that we do not have to mention x when applying

—— h dis
example (A B
(h2 : x
false :=
hl h2 h3

—— the same
example (A B
x € B =

h hil

example (A B
(h3 : D
disj C D
sorry
end

j A B
set U) (hl disj A B) (x u)
€ A) (h3 x € B)
is true of C
set U) (x U) (h : A C B) (hl X € A)
C D set U) (h1l disj A B) (h2 c Cn)

€ B)

3. Prove the following facts about indexed unions and intersections, using the theorems Inter.intro, Inter.

elim, Union.

variables {1I
variables (A

example
sorry

example : C
sorry

intro,and Union.elim listed above.

U : Type}

I — set U) (B I — set U) (C

N Ui, 21) C Ui, cnai:=

set U)

(Ni, 2 1) Nn (Y i, B1i) € (N i, 21N Bi

4. Prove the following fact about power sets. You can use the theorems subset .trans and subset.refl

variable
variables A B C

—-— For this exercise these two facts are useful

example

{U : Type}

set U

(h1 : ACB) (h2 : BCC) : ACC :=

subset.trans hl h2

example

subset.refl

example
sSOorry

example
sSOorry

A CA :=
A

(h : A C B) powerset A C powerset B

(h powerset A C powerset B) : A C B

12.5. Exercises
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CHAPTER
THIRTEEN

RELATIONS

In Chapter 7 we discussed the notion of a relation symbol in first-order logic, and in Chapter 10 we saw how to interpret
such a symbol in a model. In mathematics, we are generally interested in different sorts of relationships between math-
ematical objects, and so the notion of a relation is ubiquitous. In this chapter, we will consider some common kinds of
relations.

In some axiomatic foundations, the notion of a relation is taken to be primitive, but in axiomatic set theory, a relation is
taken to be a set of tuples of the corresponding arity. For example, we can take a binary relation on A to be a subset of
A x A, where R(a, b) means that (a, b) € R. The foundational definition is generally irrelevant to everyday mathematical
practice; what is important is simply that we can write expressions like R(a, b), and that they are true or false, depending
on the values of a and b. In mathematics, we often use infix notation, writing a R b instead of R(a,b).

13.1 Order Relations

We will start with a class of important binary relations in mathematics, namely, partial orders.

Definition. A binary relation < on a domain A is a partial order if it has the following three properties:
* reflexivity: a < a, for every a in A
e transitivity: if a < band b < ¢, then a < ¢, for every a, b, and cin A

o antisymmetry: if a < band b < a then a = b, for every ¢ and b in A

Notice the compact way of introducing the symbol < in the statement of the definition, and the fact that < is written as
an infix symbol. Notice also that even though the relation is written with the symbol <, it is the only symbol occurring in
the definition; mathematical practice favors natural language to describe its properties.

You now know enough, however, to recognize the universal quantifiers that are present in the three clauses. In symbolic
logic, we would write them as follows:

* Va (a<a)
* Va,b,c (a<bAb<c—a<c)
e Va,b(a<bAb<a—>a=Dh)
Here the variables a, b, and ¢ implicitly range over the domain A.
The use of the symbol < is meant to be suggestive, and, indeed, the following are all examples of partial orders:
¢ < on the natural numbers

e < on the integers
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¢ < on the rational numbers
¢ < on the real numbers

But keep in mind that < is only a symbol; it can have unexpected interpretations as well. For example, the > relation on
any of these domains is also a partial order, and can interpret the < symbol just as well.

These are not fully representative of the class of partial orders, in that they all have an additional property:

Definition. A partial order < on a domain A is a total order (also called a linear order) if it also has the following property:

* forevery a and bin A, eithera < borb < a

You can check these these are two examples of partial orders that are not total orders:
* the divides relation, = | y, on the integers
« the subset relation, = C v, on sets of elements of some domain A

On the integers, we also have the strict order relation, <, which is not a partial order, since it is not reflexive. It is, rather,
an instance of a strict partial order:

Definition. A binary relation < on a domain A is a strict partial order if it satisfies the following:
e irreflexivity: a £ a for every a in A
* transitivity: a < band b < ¢ implies a < ¢, for every a, b, and cin A
A strict partial order is a strict total order (or strict linear order) if, in addition, we have the following property:

e trichotomy: a < b, a = b, or a > b for every a and b in A

Here, b £ a means, of course, that it is not the case that a < b, and a > b is alternative notation for b < a. To distinguish
an ordinary partial order from a strict one, an ordinary partial order is sometimes called a weak partial order.

Proposition. A strict partial order < on A is asymmetric: for every a and b, a < b implies b &£ a.

Proof. Suppose a < band b < a. Then, by transitivity, a < a, contradicting irreflexivity.

On the integers, there are precise relationships between < and <: z < yifandonlyif x < yorx =y, and z < y if and
only if x < y and  # y. This illustrates a more general phenomenon.

Theorem. Suppose < is a partial order on a domain A. Define a < b to mean that a < b and a # b. Then < is a strict
partial order. Moreover, if < is total, so is <.

Theorem. Suppose < is a strict partial order on a domain A. Define @ < b to mean a < b or a = b. Then < is a partial
order. Moreover, if < is total, so is <.

We will prove the first here, and leave the second as an exercise. This proof is a nice illustration of how universal
quantification, equality, and propositional reasoning are combined in a mathematical argument.
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Proof. Suppose < is a partial order on A, and < be defined as in the statement of the theorem. Irreflexivity is immediate,
since a < a implies a # a, which is a contradiction.

To show transitivity, suppose a < band b < ¢. Then we have a < b,b < ¢, a # b, and b # c. By the transitivity of <, we
have a < c¢. To show a < ¢, we only have to show a # c. So suppose a = c. then, from the hypotheses, we have ¢ < b
and b < c. From the definition of <, we have ¢ < b, b < ¢, and ¢ # b. But the first two imply ¢ = b, a contradiction. So
a # ¢, as required.

To establish the last claim in the theorem, suppose < is total, and let @ and b be any elements of A. We need to show that
a < b,a="b,ora>b. If a =0, we are done, so we can assume a # b. Since < is total, we have a < bor b < a. Since
a # b, in the first case we have a < b, and in the second case, we have a > b.

13.2 More on Orderings

Let < be a partial order on a domain, A, and let < be the associated strict order, as defined in the last section. It is possible
to show that if we go in the other direction, and define <’ to be the partial order associated to <, then < and <’ are the
same, which is to say, for every a and b in A, a < bif and only if a <’ b. So we can think of every partial order as really
being a pair, consisting of a weak partial order and an associated strict one. In other words, we can assume that x < y
holds if and only if < y and x # y, and we can assume = < y holds if and only if z < y or z = y.

We will henceforth adopt this convention. Given a partial order < and the associated strict order <, we leave it to you to
show that if x < y and y < z, then z < z, and, similarly, if x <y andy < 2, then z < z.

Consider the natural numbers with the less-than-or-equal relation. It has a least element, 0. We can express the fact that
0 is the least element in at least two ways:

* 0 is less than or equal to every natural number.
* There is no natural number that is less than 0.
In symbolic logic, we could formalize these statements as follows:
o Vz (0 <x)
o Vz (x £0)
Using the existential quantifier, we could render the second statement more faithfully as follows:
e ~Jz (x <0)
Notice that this more faithful statement is equivalent to the original, using deMorgan’s laws for quantifiers.

Are the two statements above equivalent? Say an element y is minimum for a partial order if it is less than or equal to any
other element, that is, if it takes the place of 0 in the first statement. Say that an element y is minimal for a partial order
if no element is less than it, that is, if it takes the place of 0 in the second statement. Two facts are immediate.

Theorem. Any minimum element is minimal.

Proof. Suppose x is minimum for <. We need to show that x is minimal, that is, for every y, it is not the case that
y < x. Suppose y < z. Since x is minimum, we have z < y. From y < x and z < y, we have y < y, contradicting the
irreflexivity of <.

Theorem. If a partial order < has a minimum element, it is unique.

Proof. Suppose x1 and z5 are both minimum. Then x1 < x5 and x5 < x1. By antisymmetry, z; = .
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Notice that we have interpreted the second theorem as the statement that if z; and x5 are both minimum, then z; = 5.
Indeed, this is exactly what we mean when we say that something is “unique.” When a partial order has a minimum
element z, uniqueness is what justifies calling = the minimum element. Such an z is also called the least element or the
smallest element, and the terms are generally interchangeable.

The converse to the first theorem — that is, the statement that every minimal element is minimum — is false. As an example,
consider the nonempty subsets of the set {1, 2} with the subset relation. In other words, consider the collection of sets
{1}, {2}, and {1, 2}, where {1} C {1, 2}, {2} C {1, 2}, and, of course, every element is a subset of itself. Then you can
check that {1} and {2} are each minimal, but neither is minimum. (One can also exhibit such a partial order by drawing
a diagram, with dots labeled a, b, ¢, etc., and upwards edges between elements to indicate that one is less than or equal to
the other.)

Notice that the statement “a minimal element of a partial order is not necessarily minimum” makes an “existential”
assertion: it says that there is a partial order <, and an element z of the domain, such that z is minimal but not minimum.
For a fixed partial order <, we can express the assertion that such an x exists as follows:

Jz (Vy (y £ ) A =Vy (z < y)).

The assertion that there exists a domain A, and a partial order < on that domain A, is more dramatic: it is a “higher order”
existential assertion. But symbolic logic provides us with the means to make assertions like these as well, as we will see
later on.

We can consider other properties of orders. An order is said to be dense if between any two distinct elements, there is
another element. More precisely, an order is dense if, whenever © < y, there is an element z satisfying x < zand z < y.
For example, the rational numbers are dense with the usual < ordering, but not the integers. Saying that an order is dense
is another example of an implicit use of existential quantification.

13.3 Equivalence Relations and Equality

In ordinary mathematical language, an equivalence relation is defined as follows.

Definition. A binary relation = on some domain A is said to be an equivalence relation if it is reflexive, symmetric, and
transitive. In other words, = is an equivalent relation if it satisfies these three properties:

* reflexivity: a = a, for every a in A
o symmetry: if a = b, then b = a, for every a and b in A

* transitivity: if a = band b = ¢, then a = ¢, for every a, b, and cin A

We leave it to you to think about how you could write these statements in first-order logic. (Note the similarity to the
rules for a partial order.) We will also leave you with an exercise: by a careful choice of how to instantiate the quantifiers,
you can actually prove the three properties above from the following two:

* Va (a =a)
* Va,b,c (a=bAc=b—a=c)
Try to verify this using natural deduction or Lean.

These three properties alone are not strong enough to characterize equality. You should check that the following informal
examples are all instances of equivalence relations:

* the relation on days on the calendar, given by “x and y fall on the same day of the week”

* the relation on people currently alive on the planet, given by “x and y have the same age”
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* the relation on people currently alive on the planet, given by “x and y have the same birthday”
* the relation on cities in the United States, given by “z and y are in the same state”

Here are two common mathematical examples:
* the relation on lines in a plane, given by “x and y are parallel”

* for any fixed natural number m > 0, the relation on natural numbers, given by “x is congruent to y modulo m”
(see Chapter 19)

Here, we say that x is congruent to y modulo m if they leave the same remainder when divided by m. Soon, you will be
able to prove rigorously that this is equivalent to saying that x — y is divisible by m.

Consider the equivalence relation on citizens of the United States, given by “x and y have the same age.” There are some
properties that respect that equivalence. For example, suppose I tell you that John and Susan have the same age, and |
also tell you that John is old enough to vote. Then you can rightly infer that Susan is old enough to vote. On the other
hand, if I tell you nothing more than the facts that John and Susan have the same age and John lives in South Dakota, you
cannot infer that Susan lives in South Dakota. This little example illustrates what is special about the equality relation: if
two things are equal, then they have exactly the same properties.

Let A be a set and let = be an equivalence relation on A. There is an important mathematical construction known
as forming the quotient of A under the equivalence relation. For every element a in A, let [a] be the set of elements
{c¢ | ¢ = a}, that is, the set of elements of A that are equivalent to a. We call [a] the equivalence class of A. The set
A/=, the quotient of A by =, is defined to be the set {[a] : @ € A}, that is, the set of all the equivalence classes of
elements in A. The exercises below as you to show that if [a] and [b] are elements of such a quotient, then [a] = [b] if and
only if a = b.

The motivation is as follows. Equivalence tries to capture a weak notion of equality: if two elements of A are equivalent,
they are not necessarily the same, but they are similar in some way. Equivalence classes collect similar objects together,
essentially glomming them into new objects. Thus A/= is a version of the set A where similar elements have been
compressed into a single element. For example, given the equivalence relation = of congruence modulo 5 on the integers,
N/=is the set {[0], [1], [2], [3], [4]}, where, for example, [0] is the set of all multiples of 5.

13.4 Exercises

1. Suppose < is a strict partial order on a domain A, and define @ < b to mean that a < bor a = b.
* Show that < is a partial order.
e Show that if < is moreover a strict total order, then < is a total order.
(Above we proved the analogous theorem going in the other direction.)

2. Suppose < is a strict partial order on a domain A. (In other words, it is transitive and asymmetric.) Suppose that
< is defined so that a < b if and only if @ < b or a = b. We saw in class that < is a partial order on a domain A,
i.e.~it is reflexive, transitive, and antisymmetric.

Prove that for every a and b in A, we have a < biff a < b and a # b, using the facts above.

3. An ordered graph is a collection of vertices (points), along with a collection of arrows between vertices. For
each pair of vertices, there is at most one arrow between them: in other words, every pair of vertices is either
unconnected, or one vertex is “directed” toward the other. Note that it is possible to have an arrow from a vertex
to itself.

Define a relation < on the set of vertices, such that for two vertices a and b, ¢ < b means that there is an arrow
from a pointing to b.

On an arbitrary graph, is < a partial order, a strict partial order, a total order, a strict total order, or none of the
above? If possible, give examples of graphs where < fails to have these properties.
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4. Let = be an equivalence relation on a set A. For every element a in A, let [a] be the equivalence class of a: that is,

the set of elements {c | ¢ = a}. Show that for every a and b, [a] = [b] if and only if a = b.
(Hints and notes:
¢ Remember that since you are proving an “if and only if” statement, there are two directions to prove.
* Since that [a] and [b] are sets, [a] = [b] means that for every element ¢, ¢ is in [a] if and only if ¢ is in [b].

* By definition, an element c is in [a] if and only if ¢ = a. In particular, a is in [a].)

. Let the relation ~ on the natural numbers N be defined as follows: if n is even, then n ~ n + 1, and if n is odd,

then n ~ n — 1. Furthermore, for every n, n ~ n. Show that ~ is an equivalence relation. What is the equivalence
class of the number 5? Describe the set of equivalence classes {[n] | n € N}.

Show that the relation on lines in the plane, given by “l; and [5 are parallel,” is an equivalence relation. What is the
equivalence class of the x-axis? Describe the set of equivalence classes {[I] | [ is a line in the plane}.

. A binary relation < on a domain A is said to be a preorder it is is reflexive and transitive. This is weaker than saying

it is a partial order; we have removed the requirement that the relation is asymmetric. An example is the ordering
on people currently alive on the planet defined by setting x < y if and only if x ‘s birth date is earlier than y s.
Asymmetry fails, because different people can be born on the same day. But, prove that the following theorem
holds:

Theorem. Let < be a preorder on a domain A. Define the relation =, where = y holds if and only if z < y and
y < x. Then = is an equivalence relation on A.
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CHAPTER
FOURTEEN

RELATIONS IN LEAN

In the last chapter, we noted that set theorists think of a binary relation R on a set A as a set of ordered pairs, so that
R(a,b) really means (a,b) € R. An alternative is to think of R as a function which, when applied to a and b, returns the
proposition that R(a, b) holds. This is the viewpoint adopted by Lean: a binary relation on a type A is a function & — A
— Prop. Remember that the arrows associate to the right, soA — A — PropreallymeansA — (A — Prop).
So,givena : A,R aisa predicate (the property of being related to A), and givena b : A,R a b isa proposition.

14.1 Order Relations

With first-order logic, we can say what it means for a relation to be reflexive, symmetric, transitive, antisymmetric, and
SO on:

namespace hidden
variable {A : Type}

def reflexive (R : A —- A — Prop) : Prop :=
V x, R x x

def symmetric (R : A - A — Prop) : Prop :=
Vxy, Rxy — Ryx

def transitive (R : A - A — Prop) : Prop :=
Vxyz, Rxy —>Ryz—Rxz

def anti_symmetric (R : A —+ A — Prop) : Prop :=
Vxy, Rxy >Ry =x — x =y

end hidden

We can then use the notions freely. Notice that Lean will unfold the definitions when necessary, for example, treating
reflexive RasV x, R x x.

variable R : A - A — Prop

example (h : reflexive R) (x : A) : R x x := h x
example (h : symmetric R) (xy : A) (hl : Rxy) : Ry x :=
h x y hl

example (h : transitive R) (x y z : A) (hl : Rxvy) (h2 : Ry z)
R x z =

(continues on next page)
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(continued from previous page)

h x y z hl h2

example (h : anti_symmetric R) (x y : A) (hl : R x vy)
(h2 : Ry x)
X =y =
h x y hl h2

In the command variable {A : Type}, we put curly braces around A to indicate that it is an implicit argument,
which is to say, you do not have to write it explicitly; Lean can infer it from the argument R. That is why we can write
reflexive Rratherthan reflexive A R:Lean knows that R is a binary relation on A, so it can infer that we mean
reflexivity for binary relations on A.

Givenh : transitive R,hl : R x y,andh2 : R y z,itisannoying to have towritteh x y z hl
h2 toprove R x z. After all, Lean should be able to infer that we are talking about transitivity at x, y, and z, from the
factthat hl1 isR x yandh2isR y z. Indeed, we can replace that information by underscores:

variable R : A —- A — Prop

example (h : transitive R) (x y z : A) (hl : R x V)
(h2 : Ry z)
R xz :=
h _ _ _ hl h2

But typing underscores is annoying, too. The best solution is to declare the arguments x y z to a transitivity hypothesis
to be implicit as well:

variable {A : Type}
variable R : A - A — Prop

example (h : transitive R) (x y z : A) (hl : Rxvy) (h2 : Ry z)
Rxz =
h hl h2

In fact, the notions reflexive, symmetric, transitive, and anti_symmetric are defined in Lean’s core
library in exactly this way, so we are free to use them without defining them. That is why we put our temporary definitions
of in a namespace hidden; that means that the full name of our version of reflexive is hidden.reflexive,
which, therefore, doesn’t conflict with the one defined in the library.

In Section 13.1 we showed that a strict partial order—that is, a binary relation that is transitive and irreflexive—is also
asymmetric. Here is a proof of that fact in Lean.

variable A : Type
variable R : A - A — Prop

example (hl : irreflexive R) (h2 : transitive R)
Vxy, Rxy = " Ryx :=
assume x y,

assume h3 : R x vy,

assume h4d : R vy Xx,

have h5 : R x x, from h2 h3 hi4,
have h6 : = R x x, from hl x,

show false, from h6 hb5

In mathematics, it is common to use infix notation and a symbol like < to denote a partial order. Lean supports this
practice:
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section
parameter A : Type
parameter R : A - A — Prop

local infix < := R
example (hl : irreflexive R) (h2 : transitive R)

Vxy, x <y — "y < x :=
assume x y,

assume h3 x <y,

assume h4 : y < x,

have h5 : x < x, from h2 h3 hi4,
have h6 : = x < x, from hl x,

show false, from h6 hb5

end

The parameter and parameters commands are similar to the variable and variables commands, except
that parameters are fixed within a section. In other words, if you prove a theorem about R in the section above, you cannot
apply that theorem to another relation, S, without closing the section. Since the parameter R is fixed, Lean allows us to
define notation for R to be used locally in the section.

In the example below, having fixed a partial order, R, we define the corresponding strict partial order and prove that it is,
indeed, a strict order.

section

parameters {A : Type} (R : A - A — Prop)

parameter (reflR : reflexive R)

parameter (transR : transitive R)

parameter (antisymmR : V {a b : A}, Rab - Rb a — a =Db)

local infix < := R

definition R' (a b : A) : Prop := a < b A a#b
local infix < := R'

theorem irreflR (a : A) : — a < a :=

assume : a < a,

have a # a, from and.right this,
have a = a, from rfl,

show false, from <a # a> <a = a>

theorem transR {a b ¢ : A} (h1 : a < b) (he : b <c¢c) : a<oc :=
have a < b, from and.left h;,
have a # b, from and.right hy,
have b < ¢, from and.left ho,
have b # ¢, from and.right hg,
have a < ¢, from transR <a < b»> <b < c»,
have a # c, from
assume : a = cC,
have ¢ < b, from eg.subst <a = c> <a < by,
have b = ¢, from antisymmR <b < c¢c»> <c < b>,

show false, from <b # c»> <b = c>,
show a < ¢, from and.intro <a < c»> <a # c>
end

Notice that we have used suggestive names ref 1R, transR, antisymmR instead of h1, h2, h3 to help remember
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which hypothesis is which. The proof also uses anonymous have and assume, referring back to them with the French
quotes, \ £< anf \ £>. Remember also that eq.subst <a = c¢> <a < Db isa proof of the fact that amounts for
substituting ¢ for a in a < b. You can also use the equivalent notation<a = c> » <a < b>, where the triangle
is written \t.

In Section Section 13.1, we also noted that you can define a (weak) partial order from a strict one. We ask you to do this
formally in the exercises below.

Here is one more example. Suppose R is a binary relation on a type A, and we define S x y to mean thatbothR x y
and R y x holds. Below we show that the resulting relation is reflexive and symmetric.

section
parameter A : Type
parameter R : A — A — Prop

variable hl : transitive R
variable h2 : reflexive R
def S (xy : A) :=Rxy ANRyZx

example : reflexive S :=

assume x,

have R x x, from h2 x,

show S x x, from and.intro this this

example : symmetric S :=

assume x vy,

assume h : S x vy,

have hl : R x y, from h.left,
have h2 : Ry x, from h.right,
show S y x, from (h.right, h.left)

end

In the exercises below, we ask you to show that S is transitive as well.

In the first example, we use the anonymous as sume and have, and then refer back to the have with the keyword this.
In the second example, we abbreviate and.left hand and.right hash.left and h.right, respectively. We
also abbreviate and.intro h.right h.left with an anonymous constructor, writing (h.right, h.left).
Lean figures out that we are trying to prove a conjunction, and figures out that and . intro is the relevant introduction
principle. You can type the corner brackets with \ < and \ >, respectively.

14.2 Orderings on Numbers

Conveniently, Lean has the normal orderings on the natural numbers, integers, and so on defined already.

open nat
variables n m : N

#icheck 0 < n
#ficheck n < n + 1

example : 0 < n := nat.zero_le n
example : n < n + 1 := 1lt_succ_self n
example (h : n + 1 <m) : n<m+ 1 :=

(continues on next page)

130 Chapter 14. Relations in Lean



Logic and Proof, Release 3.18.4

(continued from previous page)
have hl : n < n + 1, from 1lt_succ_self n,
have h2 : n < m, from 1lt_of_1lt_of_le hl h,
have h3 : m < m + 1, from lt_succ_self m,
show n < m + 1, from 1lt_trans h2 h3

There are many theorems in Lean that are useful for proving facts about inequality relations. We list some common ones
here.

variables (A : Type) [partial_order A]
variables a b c : A

#icheck (le_trans : a <b - b < c — a < c¢)
#check (lt_trans : a < b — b < c — a < ¢)
#check (lt_of_lt_of_le a<b—>Db<c—ac<ec)
#check (1lt_of_ le_of_ 1t a<b —=>Db<c—ac<ocqc
#icheck (le_of_1lt : a < b — a < b)

Here the declaration at the top says that A has the structure of a partial order. There are also properties that are specific
to some domains, like the natural numbers:

variable n : N
#check (nat.zero_le : Vn : N, 0

<
#icheck (nat.lt_succ_self : Vn : N, n <n + 1)
#icheck (nat.le_succ : Vn : N, n <

14.3 Equivalence Relations

In Section 13.3 we saw that an equivalence relation is a binary relation on some domain A that is reflexive, symmetric, and
transitive. We will see such relations in Lean in a moment, but first let’s define another kind of relation called a preorder,
which is a binary relation that is reflexive and transitive.

namespace hidden
variable {A : Type}

def preorder (R : A - A — Prop) : Prop :=
reflexive R A transitive R

end hidden

Lean’s library provides a different formulation of preorders, so, in order to use the same name, we have to put it in the
hidden namespace. Lean’s library defines other properties of relations, such as these:

namespace hidden

variables {A : Type} (R : A - A — Prop)

def equivalence := reflexive R A symmetric R A transitive R
def total := Vxy, Rxy VRY X
def irreflexive :=V x, = R x x

(continues on next page)
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(continued from previous page)

def anti_symmetric := V {x y[}, Rxy = Ry x — x =y

end hidden

You can ask Lean to print their definitions:

#print equivalence
#print total

#print irreflexive
#print anti_symmetric

Building on our previous definition of a preorder, we can describe a partial order as an antisymmetric preorder, and show
that an equivalence relation as a symmetric preorder.

namespace hidden
variable {A : Type}

def preorder (R : A - A — Prop) : Prop :=
reflexive R A transitive R

def partial_order (R : A — A — Prop) : Prop :=
preorder R A anti_symmetric R

example (R : A —+ A — Prop):
equivalence R <> preorder R A symmetric R :=
iff.intro
(assume hl : equivalence R,
have h2 : reflexive R, from and.left hil,
have h3 : symmetric R, from and.left (and.right hl),
have h4 : transitive R, from and.right (and.right hil),
show preorder R A symmetric R,
from and.intro (and.intro h2 h4) h3)
(assume hl : preorder R A symmetric R,
have h2 : preorder R, from and.left hil,
show equivalence R,
from and.intro (and.left h2)
(and.intro (and.right hl) (and.right h2)))

end hidden
In Section 13.3 we claimed that there is yet another way to define an equivalence relation, namely, as a binary relation
satisfying the following two properties:

* Va (a =a)

* Ya,b,c(a=bAc=b—a=c)

Let’s prove this in Lean. Remember that the parameters and local infix commands serve to fix a relation
R and introduce the notation ~ to denote it. (You can type ~ as \~~.) In the assumptions reflexive (=) and
symmetric (=), the notation (/) denotes R.

section
parameters {A : Type} (R : A - A — Prop)
local infix =~ := R

(continues on next page)
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variable (hl reflexive (&))

variable (h2 V {abc}, ax~bANcxDb — a
example : symmetric (=) :=

assume a b (h a ~ b),

have b ~ b AN a = b, from and.intro (hl b) h,
show b ~ a, from h2 this

example transitive (&) :=

assume a b c¢ (h3 a ~ b) (h4 b ~ c),

have ¢ =~ b, from h2 (and.intro (hl c¢) h4),
have a =~ b AN ¢ = b, from and.intro h3 this,
show a ~ ¢, from h2 this

end

14.4 Exercises

R

(continued from previous page)

1. Replace the sorry commands in the following proofs to show that we can create a partial order R' out of a strict

partial order R.

section

parameters {A Type} {R A — A — Prop}

parameter (irreflR irreflexive R)

parameter (transR transitive R)

local infix < := R

def R' (a b A) : Prop := R abVa=»>D

local infix < := R'

theorem reflR' (a A) a < a := sorry

theorem transR' {a b c A} (hil a < b)
a < c :=

sorry

theorem antisymmR' {a b A} (hl a < b)
a=>b :=

sorry

end

2. Replace the sorry by a proof.
section
parameters {A Type} {R A — A — Prop}
parameter (reflR reflexive R)
parameter (transR transitive R)
def S (a b A) Prop := Ra b ARDa
example transitive S :=
sorry

(continues on next page)
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end

(continued from previous page)

3. Only one of the following two theorems is provable. Figure out which one is true, and replace the sorry command
with a complete proof.
section
parameters {A : Type} {a b c : A} {R : A - A — Prop}
parameter (Rab : R a b)
parameter (Rbc : R b c¢)
parameter (nRac : — R a c)
—-— Prove one of the following two theorems:
theorem R_is_strict_partial_order
irreflexive R A transitive R :=
sorry
theorem R_is_not_strict_partial_order
—(irreflexive R A transitive R) :=
sorry
end
4. Complete the following proof.
open nat
example : 1 < 4 :=
sorry
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FIFTEEN

FUNCTIONS

In the late nineteenth century, developments in a number of branches of mathematics pushed towards a uniform treatment
of sets, functions, and relations. We have already considered sets and relations. In this chapter, we consider functions and
their properties.

A function, f, is ordinary understood as a mapping from a domain X to another domain Y. In set-theoretic foundations,
X and Y are arbitrary sets. We have seen that in a type-based system like Lean, it is natural to distinguish between types
and subsets of a type. In other words, we can consider a type X of elements, and a set A of elements of that type. Thus,
in the type-theoretic formulation, it is natural to consider functions between types X and Y, and consider their behavior
with respect to subsets of X and Y.

In everyday mathematics, however, set-theoretic language is common, and most mathematicians think of a function as a
map between sets. When discussing functions from a mathematical standpoint, therefore, we will also adopt this language,
and later switch to the type-theoretic representation when we talk about formalization in Lean.

15.1 The Function Concept

If X and Y are any sets, we write f : X — Y to express the fact that f is a function from X to Y. This means that
f assigns a value f(z) in Y to every element x of X. The set X is called the domain of f, and the set Y is called the
codomain. (Some authors use the word “range” for the codomain, but today it is more common to use the word “range”
for what we call the image of A below. We will avoid the ambiguity by avoiding the word range altogether.)

The simplest way to define a function is to give its value at every = with an explicit expression. For example, we can write
any of the following:

* Let f : N — N be the function defined by f(n) = n + 1.

* Let g : R — R be the function defined by g(z) = 22.
e Let h : N — N be the function defined by h(n) = n?.
e Letk : N — {0, 1} be the function defined by

0 if niseven
k(n) = { 1 if nis odd.

The ability to define functions using an explicit expression raises the foundational question as to what counts as legitimate
“expression.” For the moment, let us set that question aside, and simply note that modern mathematics is comfortable
with all kinds of exotic definitions. For example, we can define a function f : R — {0, 1} by

Fz) = 0 if «x is rational
“ 1 1 ifxisirrational.
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This is at odds with a view of functions as objects that are computable in some sense. It is not at all clear what it means
to be presented with a real number as input, let alone whether it is possible to determine, algorithmically, whether such a
number is rational or not. We will return to such issues in a later chapter.

Notice that the choice of the variables x and n in the definitions above are arbitrary. They are bound variables in that the
functions being defined do not depend on x or n. The values remain the same under renaming, just as the truth values
of “for every x, P(z)” and “for every y, P(y)” are the same. Given an expression e(x) that depends on the variable x,
logicians often use the notation Az e(z) to denote the function that maps x to e(x). This is called “lambda notation,” for
the obvious reason, and it is often quite handy. Instead of saying “let f be the function defined by f(z) = x + 1,” we can
say “let f = A x(« + 1).” This is not common mathematical notation, and it is best to avoid it unless you are talking to
logicians or computer scientists. We will see, however, that lambda notation is built in to Lean.

For any set X, we can define a function i x (x) by the equation ix () = x. This function is called the identity function.
More interestingly, let f : X — Y and g : Y — Z. We can define a new function & : X — Z by k(z) = g(f(x)).
The function k is called the composition of f and g or f composed with g and it is written g o f. The order is somewhat
confusing; you just have to keep in mind that to evaluate the expression g(f(x)) you first evaluate f on input x, and then
evaluate g.

We think of two functions f,g : X — Y as being equal, or the same function, when for they have the same values on
every input; in other words, for every = in X, f(z) = g(x). For example, if f,g : R — R are defined by f(z) =z + 1
and g(x) = 1+ x, then f = g. Notice that the statement that two functions are equal is a universal statement (that is, for
the form “for every z, ...”).

Proposition. Forevery f : X — Y, foix = fandiy o f = f.
Proof. Let x be any element of X. Then (f oix)(z) = f(ix(x)) = f(z), and (iy o f)(z) =iy (f(x)) = .

Suppose f : X — Y and g : Y — X satisfy g o f = ix. Remember that this means that g(f(x)) = « for every « in
X. In that case, g is said to be a left inverse to f, and f is said to be a right inverse to g. Here are some examples:

 Define f,g : R — Rby f(z) = 2+ 1 and g(z) = « — 1. Then g is both a left and a right inverse to f, and
vice-versa.

+ Write RZ° to denote the nonnegative reals. Define f : R — RZ? by f(x) = 22, and define g : RZ® — R by
g(z) = /. Then f(g(x)) = (y/z)? = z for every z in the domain of g, so f is a left inverse to g, and g is a
right inverse to f. On the other hand, g(f(x)) = V22 = |z|, which is not the same as 2 when z is negative. So g
is not a left inverse to f, and f is not a right inverse to g.

The following fact is not at all obvious, even though the proof is short:

Proposition. Suppose f : X — Y has a left inverse, h, and a right inverse, k. Then h = k.

Proof. Let y be any element in Y. The idea is to compute h( f(k(y)) in two different ways. Since h is a left inverse to f,
we have h(f(k(y))) = k(y). On the other hand, since k is a right inverse to f, f(k(y)) = y, and so h(f(k(y)) = h(y).
So k(y) = h(y)-

If g is both a right and left inverse to f, we say that g is simply the inverse of f. A function f may have more than one
left or right inverse (we leave it to you to cook up examples), but it can have at most one inverse.

Proposition. Suppose g1, g2 : Y — X are both inverses to f. Then g; = go.

Proof. This follows from the previous proposition, since (say) g; is a left inverse to f, and g is a right inverse.
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When f has an inverse, g, this justifies calling g the inverse to f, and writing f ~* to denote g. Notice that if f~! is an
inverse to f, then f is an inverse to f~!. So if f has an inverse, then so does f~*, and (f~!)~! = f. For any set A,
clearly we have z';(l =1ix.

Proposition. Suppose f : X - Yandg:Y - Z. If h: Y — X isaleftinverse to f and k : Z — Y is a left inverse
to g, then h o k is a left inverse to g o f.

Proof. For every x in X,

(hok)o(go f)(x) = h(k(g(f(x))) = h(f(z)) = .

Corollary. The previous proposition holds with “left” replaced by “right.”
Proof. Switch the role of f with h and g with & in the previous proposition.

Corollary. If f : X — Y and g : Y — Z both have inverses, then (f o g) ! =gt o f~1

15.2 Injective, Surjective, and Bijective Functions

A function f : X — Y is said to be injective, or an injection, or one-one, if given any x1 and x in A, if f(z1) = f(z2),
then 1 = zo. Notice that the conclusion is equivalent to its contrapositive: if 1 # o, then f(z1) # f(x2). So f is
injective if it maps distinct element of X to distinct elements of Y.

A function f : X — Y is said to be surjective, or a surjection, or onto, if for every element y of Y, there is an = in X
such that f(x) = y. In other words, f is surjective if every element in the codomain is the value of f at some element in
the domain.

A function f : X — Y is said to be bijective, or a bijection, or a one-to-one correspondence, if it is both injective
and surjective. Intuitively, if there is a bijection between X and Y, then X and Y have the same size, since f makes
each element of X correspond to exactly one element of Y and vice-versa. For example, it makes sense to interpret the
statement that there were four Beatles as the statement that there is a bijection between the set {1,2, 3,4} and the set
{John, Paul, George, Ringo}. If we claimed that there were five Beatles, as evidenced by the function f which assigns 1
to John, 2 to Paul, 3 to George, 4 to Ringo, and 5 to John, you should object that we double-counted John—that is, f is
not injective. If we claimed there were only three Beatles, as evidenced by the function f which assigns 1 to John, 2 to
Paul, and 3 to George, you should object that we left out poor Ringo—that is, f is not surjective.

The next two propositions show that these notions can be cast in terms of the existence of inverses.

Proposition. Let f : X — Y.
« If f has a left inverse, then f is injective.
« If f has a right inverse, then f is surjective.
 If f has an inverse, then it is f bijective.

Proof. For the first claim, suppose f has a left inverse g, and suppose f(z1) = f(z2). Then g(f(x1)) = g(f(x2)), and
SO T1 = Tg.

For the second claim, suppose f has a right inverse h. Let y be any element of Y, and let z = g(y). Then f(z) =

fla(y)) =y.
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The third claim follows from the first two.

The following proposition is more interesting, because it requires us to define new functions, given hypotheses on f.

Proposition. Let f : X — Y.
¢ If X is nonempty and f is injective, then f has a left inverse.
« If f is surjective, then f has a right inverse.
« If f if bijective, then it has an inverse.

Proof. For the first claim, let & be any element of X, and suppose f is injective. Define g : Y — X by setting g(y)
equal to any x such that f(x) = y, if there is one, and & otherwise. Now, suppose g(f(x)) = 2’. By the definition of g,
2’ has to have the property that f(z) = f(«’). Since f is injective, z = z’, so g(f(z)) = .

For the second claim, because f is surjective, we know that for every y in Y there is any « such that f(z) = y. Define
h : B — A by again setting h(y) equal to any such z. (In contrast to the previous paragraph, here we know that such an
2 exists, but it might not be unique.) Then, by the definition of &, we have f(h(y)) = y.

Notice that the definition of g in the first part of the proof requires the function to “decide” whether there is an z in X
such that f(x) = y. There is nothing mathematically dubious about this definition, but in many situations, this cannot
be done algorithmically; in other words, g might not be computable from the data. More interestingly, the definition of
h in the second part of the proof requires the function to “choose” a suitable value of = from among potentially many
candidates. We will see in Section 23.3 that this is a version of the axiom of choice. In the early twentieth century, the
use of the axiom of choice in mathematics was hotly debated, but today it is commonplace.

Using these equivalences and the results in the previous section, we can prove the following:

Proposition. Let f : X — Bandg:Y — Z.
 If f and g are injective, then sois g o f.
o If f and g are surjective, then sois g o f.

Proof. If f and g are injective, then they have left inverses h and &, respectively, in which case & o k is a left inverse to
g o f. The second statement is proved similarly.

We can prove these two statements, however, without mentioning inverses at all. We leave that to you as an exercise.
Notice that the expression f(n) = 2n can be used to define infinitely many functions with domain N, such as:

e afunction f : N - N

e afunction f : N — R

* afunction f : N — {n | niseven}

Only the third one is surjective. Thus a specification of the function’s codomain as well as the domain is essential to
making sense of whether a function is surjective.
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15.3 Functions and Subsets of the Domain

Suppose f is a function from X to Y. We may wish to reason about the behavior of f on some subset A of X. For
example, we can say that f is injective on A if for every 1 and x5 in A, if f(x1) = f(x2), then 1 = x2.

If f is a function from X to Y and A is a subset of X, we write f[A] to denote the image of f on A, defined by
flA] ={y €Y |y = f(z) for some 2 in A}.

In words, f[A] is the set of elements of Y that are “hit” by elements of A under the mapping f. Notice that there is an
implicit existential quantifier here, so that reasoning about images invariably involves the corresponding rules.

Proposition. Suppose f : X — Y, and A is a subset of X. Then for any « in A, f(z) is in f[A].

Proof. By definition, f(z) is in f[A] if and only if there is some 2’ in A such that f(z’) = f(z). But that holds for
' = .

Proposition. Suppose f: X - Y andg:Y — Z. Let A be a subset of X. Then

(g0 NIA] = g[f[A]].

Proof. Suppose z isin (g o f)[A]. Then for some x € A, z = (go f)(x) = g(f(z)). By the previous proposition, f(z)
isin f[A]. Again by the previous proposition, g(f(x)) is in g[f[A]].

Conversely, suppose z is in g[f[A]]. Then there is a y in f[A] such that f(y) = z, and since y is in f[D], there is an z
in A such that f(z) = y. But then (g o f)(z) = g(f(x)) = g(y) = 2,50 zisin (g o f)[A].

Notice that if f is a function from X to Y, then f is surjective if and only if f[X] = Y. So the previous proposition is a
generalization of the fact that the composition of surjective functions is surjective.

Suppose f is a function from X to Y, and A is a subset of X. We can view f as a function from A to Y, by simply
ignoring the behavior of f on elements outside of A. Properly speaking, this is another function, denoted f | A and
called “the restriction of f to A.” In other words, given f : X — Y and A C X, f | A: A — Y is the function defined
by (f | A)(z) = z for every x in A. Notice that now “f is injective on A” means simply that the restriction of f to A is
njective.

There is another important operation on functions, known as the preimage. If f : X — Y and B C Y/, then the preimage
of B under f, denoted f~1[B], is defined by

fUBl={z e X | f(z) € B},

that is, the set of elements of X that get mapped into B. Notice that this makes sense even if f does not have an inverse;
for a given y in B, there may be no z’s with the property f(x) € B, or there may be many. If f has an inverse, f~!,
then for every y in B there is exactly one € X with the property f(z) € B, in which case, f~![B] means the same
thing whether you interpret it as the image of B under f ! or the preimage of B under f.

Proposition. Suppose f : X — Y andg:Y — Z. Let C be a subset of Z. Then

(go /)7HCI =g~ [C]]-
Proof. For any y in C, y is in (g o f)~1[C] if and only if g(f(y)) is in C. This, in turn, happens if and only if f(y) is
in g~ ![C], which in turn happens if and only if y isin f~![g~![C]].

Here we give a long list of facts properties of images and preimages. Here, f denotes an arbitrary function from X to Y,
A, Ay, Ay, ... denote arbitrary subsets of X, and B, By, Bs, ... denote arbitrary subsets of Y.
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A C f7f[A]], and if f is injective, A = f~1[f[A]].

« fIf~Y[B]] C B, and if f is surjective, B = f[f~![B]].

o If Ay C Ay, then f[A1] C f[As].

e If By C B, then f~1[By] C f~1[Bs].

* [l[ALU Ay = [Aﬂ U flAz].

« [THB1UBy] = fTHBi]U fH[By].

o f[A1NAs] C f[Al] N f[As], and if f is injective, f[A; N As] = f[A1] N f[As2].
s [FUBIN By = f7HBi N fH[Bs].

o fTAN flA2] € fA1\ Ao].

s [TUBIN T B2] € f7HB1\ Bal.

« fIAInB = f[An f~'[B]].
 fIAJUB 2 fl[AU f1[B]l.
AN fB] C fHfIAIN B).
AU fTHB] C fflAU B

Proving identities like this is typically a matter of unfolding definitions and using basic logical inferences. Here is an
example.

Proposition. Let X and Y besets, f : X — Y, AC X,and B C Y. Then f[A]N B = f[An f~[B]].

Proof. Suppose y € f[A] N B. Then y € B, and for some = € A, f(x) = y. But this means that x is in f~![B], and
sox € AN f~1B]. Since f(x) = y, we have y € f[AN f~1[B]], as needed.

Conversely, suppose y € f[AN f~1[B]]. Then for some z € AN f~1[B], we have f(z) = y. For this z, have z € A
and f(x) € B. Since f(x) =y, we have y € B, and since © € A, we also have y € f[A], as required.

15.4 Functions and Relations

A binary relation R(z,y) on A and B is functional if for every x in A there exists a unique y in B such that R(z,y).
If R is a functional relation, we can define a function fr : X — B by setting fr(x) to be equal to the unique y in B
such that R(z,y). Conversely, it is not hard to see that if f : X — B is any function, the relation Ry (z,y) defined by
f(z) = y is a functional relation. The relation R¢(x,y) is known as the graph of f.

It is not hard to check that functions and relations travel in pairs: if f is the function associated with a functional relation
R, then R is the functional relation associated the function f, and vice-versa. In set-theoretic foundations, a function is
often defined to be a functional relation. Conversely, we have seen that in type-theoretic foundations like the one adopted
by Lean, relations are often defined to be certain types of functions. We will discuss these matters later on, and in the
meanwhile only remark that in everyday mathematical practice, the foundational details are not so important; what is
important is simply that every function has a graph, and that any functional relation can be used to define a corresponding
function.

So far, we have been focusing on functions that take a single argument. We can also consider functions f(x,y) or
g(x,y, z) that take multiple arguments. For example, the addition function f(z,y) = x + y on the integers takes two
integers and returns an integer. Remember, we can consider binary functions, ternary functions, and so on, and the number
of arguments to a function is called its “arity.” One easy way to make sense of functions with multiple arguments is to
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think of them as unary functions from a cartesian product. We can think of a function f which takes two arguments, one
in A and one in B, and returns an argument in C' as a unary function from A x B to C, whereby f(a,b) abbreviates
f((a,b)). We have seen that in dependent type theory (and in Lean) it is more convenient to think of such a function f
as a function which takes an element of A and returns a function from B — C, so that f(a,b) abbreviates (f(a))(b).
Such a function f maps A to B — C, where B — C' is the set of functions from B to C.

We will return to these different ways of modeling functions of higher arity later on, when we consider set-theoretic and
type-theoretic foundations. One again, we remark that in ordinary mathematics, the foundational details do not matter
much. The two choices above are inter-translatable, and sanction the same principles for reasoning about functions
informally.

In mathematics, we often also consider the notion of a partial function from X to Y, which is really a function from some
subset of X to Y. The fact that f is a partial function from X to Y is sometimes written f : X — Y, which should be
interpreted as saying that f : A — Y for some subset A of Y. Intuitively, we think of f as a function from X — Y
which is simply “undefined” at some of its inputs; for example, we can think of f : R -» R defined by f(z) = 1/,
which is undefined at x = 0, so that in reality f : R\ {0} — R. The set A is sometimes called the domain of f, in which
case, there is no good name for X; others continue to call X the domain, and refer to A as the domain of definition. To
indicate that a function f is defined at z, that is, that z is in the domain of definition of f, we sometimes write f(x) J. If
f and g are two partial functions from X to Y, we write f(x) ~ g(x) to mean that either f and g are both defined at x
and have the same value, or are both undefined at z. Notions of injectivity, surjectivity, and composition are extended to
partial functions, generally as you would expect them to be.

In terms of relations, a partial function f corresponds to a relation R¢(x,y) such that for every x there is at most one
y such that Ry(x,y) holds. Mathematicians also sometimes consider multifunctions from X to Y, which correspond to
relations R (x,y) such that for every x in X, there is at least one y such that R (x, y) holds. There may be many such
y; you can think of these as functions which have more than one output value. If you think about it for a moment, you
will see that a partial multifunction is essentially nothing more than an arbitrary relation.

15.5 Exercises

1. Let f be any function from X to Y, and let g be any function from Y to Z.
e Show that if g o f is injective, then f is injective.
 Give an example of functions f and g as above, such that that g o f is injective, but g is not injective.
¢ Show that if g o f is injective and f is surjective, then g is injective.
2. Let f and g be as in the last problem. Suppose g o f is surjective.
¢ Is f necessarily surjective? Either prove that it is, or give a counterexample.
¢ Is g necessarily surjective? Either prove that it is, or give a counterexample.
3. A function f from R to R is said to be strictly increasing if whenever ©1 < xa, f(z1) < f(x2).
e Show that if f : R — R is strictly increasing, then it is injective (and hence it has a left inverse).
e Show that if f : R — R is strictly increasing, and g is a right inverse to f, then g is strictly increasing.
4. Let f : X — Y be any function, and let A and B be subsets of X. Show that f[A U B] = f[A] U f[B].
5. Let f : X — Y be any function, and let A and B be any subsets of X. Show f[A]\ f[B] C f[A\ BJ.

6. Define notions of composition and inverse for binary relations that generalize the notions for functions.
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CHAPTER
SIXTEEN

FUNCTIONS IN LEAN

16.1 Functions and Symbolic Logic

Let us now consider functions in formal terms. Even though we have avoided the use of quantifiers and logical symbols
in the definitions in the last chapter, by now you should be seeing them lurking beneath the surface. That fact that two
functions f, g : X — Y are equal if and only if they take the same values at every input can be expressed as follows:

Ve e X (f(z) =g(x)) & f=g.

This principle is a known as function extensionality, analogous to the principle of extensionality for sets, discussed in
Section 12.1. Recall that the notation Vo € X P(x) abbreviates Va (z € X — P(x)), and 3z € X P(x) abbreviates
Jz (z € X A P(x)), thereby relativizing the quantifiers to X.

We can avoid set-theoretic notation if we assume we are working in a logical formalism with basic types for X and Y, so
that we can specify that x ranges over X. In that case, we will write instead

Ve X (f(z) =g(z) < f=g)

to indicate that the quantification is over X. Henceforth, we will assume that all our variables range over some type,
though we will sometimes omit the types in the quantifiers when they can be inferred from context.

The function f is injective if it satisfies
Vo, oz 0 X (f(21) = f(22) = 21 = 22),
and f is surjective if
Vy:Y Jz: X f(z)=y.
Iff:X—=Yandg:Y — X, gisaleft inverse to f if
o X g(f(x) = 2.

Notice that this is a universal statement, and it is equivalent to the statement that f is a right inverse to g.

Remember that in logic it is common to use lambda notation to define functions. We can denote the identity function by
Az x, or perhaps Az : X x to emphasize that the domain of the functionis X. If f: X — Yandg:Y — Z, we can
define the composition go f by go f = Az : X g(f(x)).

Also remember that if P(x) is any predicate, then in first-order logic we can assert that there exists a unique x satisfying
P(z), written 3!z P(x), with the conjunction of the following two statements:

e Jx P(x)
b Va:l,xg (P(Il) A P(.Z‘Q) — T = IQ)
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Equivalently, we can write
I(P(z) AVZ' (P(2') = 2’ = x)).
Assuming 3la P(x), the following two statements are equivalent:
* Jz (P(z) AQ(x))
* Vo (P(r) = Q(z))
and both can be taken to assert that “the x satisfying P also satisfies ).”

A binary relation R on X and Y is functional if it satisfies
vV 3y R(z,y).
In that case, a logician might use iota notation,
f(x) =y R(z,y)
to define f(x) to be equal to the unique y satisfying R(z,y). If R satisfies the weaker property
Va Jy R(x,y),

a logician might use the Hilbert epsilon to define a function

f(z) = ey R(x,y)

to “choose” a value of y satisfying R(z, y). As we have noted above, this is an implicit use of the axiom of choice.

16.2 Second- and Higher-Order Logic

In contrast to first-order logic, where we start with a fixed stock of function and relation symbols, the topics we have
been considering in the last few chapters encourage us to consider a more expressive language with variables ranging over
functions and relations as well. For example, saying that a function f : X — Y has a left-inverse implicitly involves a
quantifying over functions,

Jg Vx g(f(r)) = 2.

The theorem that asserts that if any function f from X to Y is injective then it has a left-inverse can be expressed as
follows:

Vxl,:z:g (f(il?1) = f(itg) — T = Ig) — E|g Va g(f(l‘)) =x.

Similarly, saying that two sets X and Y have a one-to-one correspondence asserts the existence of a function f : X — Y
as well as an inverse to f. For another example, in Section 15.4 we asserted that every functional relation gives rise to a
corresponding function, and vice-versa.

What makes these statements interesting is that they involve quantification, both existential and universal, over functions
and relations. This takes us outside the realm of first-order logic. One option is to develop a theory in the language
of first-order logic in which the universe contains functions and relations as objects; we will see later that this is what
axiomatic set theory does. An alternative is to extend first-order logic to involve new kinds of quantifiers and variables,
to range over functions and relations. This is what higher-order logic does.

There are various ways to go about this. In view of the relationship between functions and relations described earlier, one
can take relations as basic, and define functions in terms of them, or vice-versa. The following formulation of higher-order
logic, due to the logician Alonzo Church, follows the latter approach. It is sometimes known as simple type theory.

Start with some basic types, X, Y, Z, ... and a special type, Prop, of propositions. Add the following two rules to build
new types:
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e If U and V are types,sois U x V.
e If U and V are types, sois U — V.

The first intended to denote the type of ordered pairs (u,v), where w is in U and v is in V. The second is intended to
denote the type of functions from U to V. Simple type theory now adds the following means of forming expressions:

* If wis of type U and v is of type V, (u, v) is of type U x V.

o If pis of type U x V, then (p); is of type U and (p)s if of type V. (These are intended to denote the first and
second element of the pair p.)

e If 2 is a variable of type U, and v is any expression of type V', then Az v is of type U — V.
o If fisof type U — V and w is of type U, f(u) is of type V.

In addition, simple type theory provides all the means we have in first-order logic—boolean connectives, quantifiers, and
equality—to build propositions.

A function f(x,y) which takes elements of X and Y to a type Z is viewed as an object of type X x Y — Z. Similarly,
a binary relation R(z,y) on X and Y is viewed as an object of type X X Y — Prop. What makes higher-order logic
“higher order” is that we can iterate the function type operation indefinitely. For example, if N is the type of natural
numbers, N — N denotes the type of functions from the natural numbers to the natural numbers, and (N — N) — N
denotes the type of functions F'(f) which take a function as argument, and return a natural number.

We have not specified the syntax and rules of higher-order logic very carefully. This is done in a number of more advanced
logic textbooks. The fragment of higher-order logic which allows only functions and relations on the basic types (without
iterating these constructions) is known as second-order logic.

These notions should seem familiar; we have been using these constructions, with similar notation, in Lean. Indeed, Lean’s
logic is an even more elaborate and expressive system of logic, which fully subsumes all the notions of higher-order logic
we have discussed here.

16.3 Functions in Lean

The fact that the notions we have been discussing have such a straightforward logical form means that it is easy to define
them in Lean. The main difference between the formal representation in Lean and the informal representation above is
that, in Lean, we distinguish between a type X and a subset A : set X of that type.

In Lean’s library, composition and identity are defined as follows:

variables {X Y Z : Type}

def comp (f : Y =+ Z) (g : X = Y) : X = Z :=
Ax, £ (g x)

infixr =~ o ° := comp

def id (x : X) : X :=

X

Ordinarily, we use funext (for “function extensionality”) to prove that two functions are equal.

example (f g : X - Y) (h : Vx, £fx=gx) : f=g :=
funext h

But Lean can prove some basic identities by simply unfolding definitions and simplifying expressions, using reflexivity.
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lemma left_id (f : X — YY) : id o £ = £ := rfl
lemma right_id (f : X — YY) : £ o id = £ := rfl

theorem comp.assoc (f : Z — W) (g : ¥ =+ Z) (h : X = Y)

(f og) oh=fo (goh) := rfl
theorem comp.left_id (f : X = Y) : id o £ = £ := rfl
theorem comp.right_id (£ : X — Y) : £ o id = £ := rfl

We can define what it means for f to be injective, surjective, or bijective:

def injective (f : X — Y) : Prop :=
A4 {|X1 XQ‘}, f x1 = £ Xo =& X1 = Xo
def surjective (f : X — Y) : Prop :=

Vy, dx, £fx=1y

def bijective (f : X — Y) := injective f A surjective £

Marking the variables x; and x9 implicit in the definition of injective means that we do not have to write them as
often. Specifically, given h : injective f,andh; : £ x; = £ xo,wewriteh hjratherthanh x; x2 hj
to show x1; = xo.

We can then prove that the identity function is bijective:

theorem injective_id : injective (@id X) :=
assume xj X2,

assume H : id x; = id xa2,

show x1 = x5, from H

theorem surjective_id : surjective (Q@id X) :=
assume vy,
show 7 x, id x = y, from exists.intro y rfl

theorem bijective_id : bijective (@id X) :=
and.intro injective_id surjective_id

More interestingly, we can prove that the composition of injective functions is injective, and so on.

theorem injective_comp {g : Y — Z} {f : X — Y}
(Hg : injective g) (Hf : injective f)
injective (g o f) :=
assume xi1 X2,

assume : (g o f) x1 = (g o f) xo,
have f x; = f x2, from Hg this,
show x; = xo, from Hf this

theorem surjective_comp {g : ¥ — Z} {f : X — Y}
(hg : surjective g) (hf : surjective f)
surjective (g o f) :=
assume z,

exists.elim (hg z) S
assume y (hy : gy = z),
exists.elim (hf y) S
assume x (hx : £ x =vy),

(continues on next page)
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have g (f x)
show 3 %, g

Zy
(f %)

from eqg.subst (eqg.symm hx) hy,

= z, from exists.intro x this
Y — 2z} {f
bijective f)

theorem bijective_comp {g X — Y}
(hg bijective g) (hf
bijective (g o f)
have ginj injective g, from hg.left,
have gsurj surjective g, from hg.right,
have finj injective f, from hf.left,
have fsurj surjective £, from hf.right,
and.intro (injective_comp ginj finj)
(surjective_comp gsurj fsurj)

The notions of left and right inverse are defined in the expected way.

-— g 1s a left inverse to f

def left_inverse (g Y — X) (f X — Y) Prop :=
V x, g (f x) = x

-— g 1s a right inverse to f

def right_inverse (g Y — X) (f X = Y) Prop

left_inverse f g

In particular, composing with a left or right inverse yields the identity.

def id_of_left_inverse {g Y — X} {f X — Y}
left_inverse g £ - g o £ = id :=

assume H, funext H

def id_of_right_inverse {g Y — X} {f X — Y}
right_inverse g £ -+ £ o g = id :=

assume H, funext H

Notice that we need to use funext to show the equality of functions.

(continued from previous page)

The following shows that if a function has a left inverse, then it is injective, and if it has a right inverse, then it is surjective.

theorem injective_of_left_inverse {g Y — X} {f
left_inverse g £ — injective f :=
assume h, assume x; X2, assume feq,
calc x1 = g (f x1) by rw h
= g (f x2) by rw feq
= X9 by rw h
theorem surjective_of_right_inverse {g Y — X} {f

right_inverse g £ — surjective £
assume h, assume vy,

let x : X := gy in
have f x = y, from calc
fx = (f (gy)) rfl
.. =y by rw [h v],
show 7 x, £ x = y, from exists.intro x this

X — Y}

X — Y}

16.3. Functions in Lean
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16.4 Defining the Inverse Classically

All the theorems listed in the previous section are found in the Lean library, and are available to you when you open the
function namespace with open function:

open function

#check comp
#check left_inverse
#icheck has_right_inverse

Defining inverse functions, however, requires classical reasoning, which we get by opening the classical namespace:

open classical

section
variables A B : Type
variable P : A — Prop
variable R : A — B — Prop

example : (Vx, 3y, Rxy) -3 f :A =B, Vx, Rx (fx) :=
axiom_of_ choice

example (h : 3 x, P x) : P (some h) :=

some_spec h
end
The axiom of choice tells us that if, for every x : X, thereisay : Y satisfyingR x vy, then there is a function
f : X — Y which, for every x chooses such a y. In Lean, this “axiom” is proved using a classical construction, the

some function (sometimes called “the indefinite description operator”) which, given that there is some x satisfying P x,
returns such an x. With these constructions, the inverse function is defined as follows:

open classical function
local attribute [instance] prop_decidable

variables {X Y : Type}

noncomputable def inverse (f : X — Y) (default : X) : Y — X :=
Ay, if h : 4 x, £ x = y then some h else default

Lean requires us to acknowledge that the definition is not computational, since, first, it may not be algorithmically possible
to decide whether or not condition h holds, and even if it does, it may not be algorithmically possible to find a suitable
value of x.

Below, the proposition inverse_of_exists asserts that inverse meets its specification, and the subsequent the-
orem shows that if f is injective, then the inverse function really is a left inverse.

theorem inverse_of_exists (f : X — Y) (default : X) (y : Y)
(h : 4 x, £ x =1y)

f (inverse f default y) =y :=

have hl : inverse f default y = some h, from dif_pos h,

have h2 : f (some h) =y, from some_spec h,

eg.subst (eg.symm hl) h2

theorem is_left_inverse_of_injective (f : X — Y) (default : X)
(injf : injective f£)
left_inverse (inverse f default) f :=

(continues on next page)
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(continued from previous page)

let finv := (inverse f default) in

assume x,

have hl : J x', £ x' = £ x, from exists.intro x rfl,

have h2 : f (finv (f x)) = f x, from inverse_of_exists f default (f x) hl,
show finv (f x) = x, from injf h2

16.5 Functions and Sets in Lean

In Section 7.4 we saw how to represent relativized universal and existential quantifiers when formalizing phrases like
“every prime number greater than two is odd” and “some prime number is even.” In a similar way, we can relativize
statements to sets. In symbolic logic, the expression 3z € A P(z) abbreviates 3z (x € A A P(x)), and Vo € A P(x)
abbreviates Vz (z € A — P(x)).

Lean also defines notation for relativized quantifiers:

variables (X : Type) (A : set X) (P : X — Prop)

#icheck V x € A, P x
#icheck 4 x € A, P x

Here is an example of how to use the bounded universal quantifier:

example (h : Vx € A, P x) (x : X) (h1 : x € A) : P x := h x hil

Using bounded quantifiers, we can talk about the behavior of functions on particular sets:

import data.set
open set function

variables {X Y : Type}
variables (A : set X) (B : set Y)

def maps_to (f : X — Y) (A : set X) (B : set Y) :=
V {x}, x €A - f x €B

def inj_on (f : X — Y) (A : set X) :=
V {x1 X2}, X1 € A — X9 € A - f x1 = £ X9 — X1 = Xo

def surj_on (f : X — Y) (A : set X) (B : set Y) :=B C f '"'" A

The expression maps_to £ A B asserts that £ maps elements of the set A to the set B, and the expression inj_on
f A asserts that f is injective on A. The expression surj_on f A B asserts that, viewed as a function defined on
elements of A, the function £ is surjective onto the set B. Here are examples of how they can be used:

variables (f : X — Y) (A : set X) (B : set Y)
example (h : maps_to £ A B) (x : X) (hl : x € A) : £ x € B := h hl
example (h : inj_on £ A) (x1 x2 : X) (hl : x3 € A) (h2 : xo € A)

(h3 : £ x1 = f X2) @ X1 = X9 :=
h hl h2 h3

In the examples below, we’ll use the versions with implicit arguments. The expression surj_on f A B asserts that,
viewed as a function defined on elements of A, the function f is surjective onto the set B.
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With these notions in hand, we can prove that the composition of injective functions is injective. The proof is similar to

the one above, though now we have to be more careful to relativize claims to A and B:

theorem inj_on_comp (fAB
inj_on (g o f) A :=

maps_to £ A B) (hg inj_on g B) (hf:

assume x1 : X,

assume x1A x1l € A,

assume x2 : X,

assume x2A x2 € A,

have fx1B f x1 € B, from fAB x1A,

have fx2B f x2 € B, from fAB x2A,

assume hl : g (f x1) = g (f x2),

have h2 : f x1 = f x2, from hg fx1B fx2B hl,
show x1 = x2, from hf x1A x2A h2

We can similarly prove that the composition of surjective functions is surjective:

theorem surj_on_comp (hg
surj_on (g o f) A C :=
assume z,
assume zcC z € C,
exists.elim (hg zc) $
assume y (hl vy € BANgy=2),
exists.elim (hf (and.left hl)) $
assume x (h2 x € AN x=1y),
show dx, x € A AN g (f x) = z, from
exists.intro x
(and.intro
(and.left h2)
(calc
g (f x) =gy by rw and.right h2
=z : by rw and.right hl))

surj_on g B C) (hf: surj_on f A B)

The following shows that the image of a union is the union of images:

theorem image_union : £ '' (A1 U Ag) =f "' Aq U £ "' Ap :=
ext (assume y, iff.intro
(assume h y € image f (A1 U Ag2),
exists.elim h $
assume x hl,
have xAj1As x € A1 U Ay, from hl.left,
have fxy f x =y, from hl.right,
or.elim xAjAg
(assume xA;, or.inl (x, xA;, fxy))
(assume xAz, or.inr (x, xAz, £fxy)))
(assume h y € image f A1 U image f Ag,
or.elim h
(assume yifA; y € image f Aq,
exists.elim yifA; $
assume x hl,
have xA; x € A;, from hil.left,
have fxy : f x = vy, from hl.right,
(x, or.inl xA;, fxy))
(assume yifAs y € image f Ag,
exists.elim yifAs $
assume x hl,
have xAs X € Ag, from hl.left,
have fxy : f x = vy, from hl.right,

inj_on f A)

(continues on next page)
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(continued from previous page)

(x, (or.inr xAz), fxy))))

Note that the expression y € image f Ajexpandstod x, x € A; A £ x = y. We therefore need to provide
three pieces of information: a value of x, a proof that x € Aj, and a proof that £ x = y. On the eighth line of this
proof, after or.inl, we could justify the necessary information by writing exists.intro x (and.intro x2;
fxy) in parentheses. But in this case Lean’s “anonymous constructor” notation, that is, the corner brackets entered with
\< and \ >, allow us to use the more compact expression (x, xAj;, £xy).

16.6 Exercises

1. Fill in the sorry’s in the last three proofs below.

import data.set data.int.basic
open function int

def £ (x : Z) : Z x + 3
def g (x : Z) : Z := -x
def h (x : Z) : Z := 2 * x + 3

example : injective f :=
assume x1 x2,
assume hl : x1 + 3 = x2 + 3, —-— Lean knows this is the same as f x1 = f x2
show x1 = x2, from add_right_cancel hl
example : surjective f :=
assume vy,
have hl : £ (y - 3) = vy, from calc
£ (y - 3) (y — 3) + 3 : rfl
R : by rw sub_add_cancel,
show 7 x, £ x = y, from exists.intro (y - 3) hil
example (x y : Z) (h : 2 * x =2 *y) : x =y 1=
have hl : 2 # (0 : Z), from dec_trivial, —-— this tells Lean to figure it out.

—itself
show x = y, from mul_left_cancel' hl h

example (x : Z) : —(-x) = x := neg_neg x

example (A B : Type) (u : A — B) (v : B — A) (h : left_inverse u v)
V x, u (v X) = x :=

h

example (A B : Type) (u : A —- B) (v : B - A) (h : left_inverse u v)
right_inverse v u :=

h

—— fill in the sorry's in the following proofs

example : injective h :=
sorry

example : surjective g :=
sorry

(continues on next page)
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example (A B : Type) (u : A — B) (vl : B — A) (v2 : B — A)

(hl : left_inverse vl u) (h2 : right_inverse v2 u) : vl = v2 :=
funext
(assume x,
calc
vl x = vl (u (v2 x)) : sorry
= v2 x : sorry)

Fill in the sorry in the proof below.

import data.set
open function set

variables {X Y : Type}
variable f : X — Y
variables A B : set X

example : £ '' (AUB) =f '""AUIZf ' B :=
eq_of_subset_of_subset
(assume vy,
assume hl : y € £ ''" (A U B),

exists.elim hl $
assume x h,
have h2 : x € A U B, from h.left,
have h3 : f x = y, from h.right,
or.elim h2
(assume h4 : x € A,
have h5 : y € £ ''" A, from (x, h4, h3),
show y €¢ £ '" A U £ ''" B, from or.inl hb)
(assume h4 : x € B,
have h5 : y € £ ''" B, from (x, h4, h3),
show y € £ ''" AU £ ''" B, from or.inr h5))
(assume vy,
assume h2 : y € £ '' AU f '" B,
or.elim h2
(assume h3 : y € £ '' A,
exists.elim h3 $
assume x h,
have h4 : x € A, from h.left,
have h5 : £ x = y, from h.right,
have h6 : x € A U B, from or.inl h4,
show y €¢ £ ''" (A U
(assume h3 : y € £ '
exists.elim h3 $
assume x h,

), from (x, h6, h5))
' B,

have h4 x € B, from h.left,

have h5 : f x =y, from h.right,

have h6 x € A U B, from or.inr h4,
show y € £ '' (A U B), from (x, hé6, h5)))

-— remember, x € A B is the same as x € A N x € B
example (x : X) (hl : x € A) (h2 : x € B) : x € AN B :=
and.intro hl h2

example (x : X) (hl : x € AMNB) : x € A :=
and.left hil

(continues on next page)

152

Chapter 16. Functions in Lean



Logic and Proof, Release 3.18.4

(continued from previous page)

—— Fill in the proof below.
-— (It should take about 8 lines.)

example : £ '' (AN B) C f'""ANTEf '" B :=
assume vy,

assume hl : y
show y € £ "'

c £ ' (AN B),
AN f ' B, from sorry
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CHAPTER
SEVENTEEN

THE NATURAL NUMBERS AND INDUCTION

This chapter marks a transition from the abstract to the concrete. Viewing the mathematical universe in terms of sets,
relations, and functions gives us useful ways of thinking about mathematical objects and structures and the relationships
between them. At some point, however, we need to start thinking about particular mathematical objects and structures, and
the natural numbers are a good place to start. The nineteenth century mathematician Leopold Kronecker once proclaimed
“God created the whole numbers; everything else is the work of man.” By this he meant that the natural numbers (and the
integers, which we will also discuss below) are a fundamental component of the mathematical universe, and that many
other objects and structures of interest can be constructed from these.

In this chapter, we will consider the natural numbers and the basic principles that govern them. In Chapter 18 we will see
that even basic operations like addition and multiplication can be defined using means described here, and their properties
derived from these basic principles. Our presentation in this chapter will remain informal, however. In Chapter 19, we
will see how these principles play out in number theory, one of the oldest and most venerable branches of mathematics.

17.1 The Principle of Induction

The set of natural numbers is the set
N=1{0,1,2,3,...}.

In the past, opinions have differed as to whether the set of natural numbers should start with O or 1, but these days most
mathematicians take them to start with 0. Logicians often call the function s(n) = n + 1 the successor function, since it
maps each natural number, n, to the one that follows it. What makes the natural numbers special is that they are generated
by the number zero and the successor function, which is to say, the only way to construct a natural number is to start
with 0 and apply the successor function finitely many times. From a foundational standpoint, we are in danger of running
into a circularity here, because it is not clear how we can explain what it means to apply a function “finitely many times”
without talking about the natural numbers themselves. But the following principle, known as the principle of induction,
describes this essential property of the natural numbers in a non-circular way.

Principle of Induction. Let P be any property of natural numbers. Suppose P holds of zero, and whenever P holds of
a natural number n, then it holds of its successor, n + 1. Then P holds of every natural number.

This reflects the image of the natural numbers as being generated by zero and the successor operation: by covering the
zero and successor cases, we take care of all the natural numbers.

The principle of induction provides a recipe for proving that every natural number has a certain property: to show that
P holds of every natural number, show that it holds of 0, and show that whenever it holds of some number n, it holds of
n + 1. This form of proof is called a proof by induction. The first required task is called the base case, and the second
required task is called the induction step. The induction step requires temporarily fixing a natural number n, assuming
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that P holds of n, and then showing that P holds of n + 1. In this context, the assumption that P holds of n is called the
inductive hypothesis.

You can visualize proof by induction as a method of knocking down an infinite stream of dominoes, all at once. We set
the mechanism in place and knock down domino O (the base case), and every domino knocks down the next domino (the
induction step). So domino 0 knocks down domino 1; that knocks down domino 2, and so on.

Here is an example of a proof by induction.

Theorem. For every natural number n,
1+2+...+2"=2"F 1,

Proof. We prove this by induction on n. In the base case, when n = (0, we have 1 = 20+1 _ 1 ag required.

For the induction step, fix n, and assume the inductive hypothesis
1424 420 =271,
We need to show that this same claim holds with n replaced by n + 1. But this is just a calculation:

I+24.. . 4+2" = (1+2+...+27) + 2"
= 2"t 142t
=2.2""1 1
=2ont? 1,

In the notation of first-order logic, if we write P(n) to mean that P holds of n, we could express the principle of induction
as follows:

P(0) AVn (P(n) = P(n+1)) = Vn P(n).

But notice that the principle of induction says that the axiom holds for every property P, which means that we should
properly use a universal quantifier for that, too:

VP (P(0) AVn (P(n) = P(n+ 1)) — Vn P(n)).

Quantifying over properties takes us out of the realm of first-order logic; induction is therefore a second-order principle.

The pattern for a proof by induction is expressed even more naturally by the following natural deduction rule:

Vn P(n
You should think about how some of the proofs in this chapter could be represented formally using natural deduction.

For another example of a proof by induction, let us derive a formula that, given any finite set .S, determines the number
of subsets of S. For example, there are four subsets of the two-element set {1, 2}, namely (}, {1}, {2}, and {1, 2}. You
should convince yourself that there are eight subsets of the set {1,2,3}. The following theorem establishes the general
pattern.
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Theorem. For any finite set S, if S has n elements, then there are 2 subsets of S.

Proof. We use induction on n. In the base case, there is only one set with 0 elements, the empty set, and there is exactly
one subset of the empty set, as required.

In the inductive case, suppose S has n + 1 elements. Let a be any element of .S, and let S’ be the set containing the
remaining n elements. In order to count the subsets of .S, we divide them into two groups.

First, we consider the subsets of .S that don’t contain a. These are exactly the subsets of S’, and by the inductive hypothesis,
there are 2" of those.

Next we consider the subsets of S that do contain a. Each of these is obtained by choosing a subset of S’ and adding a.
Since there are 2" subsets of S’, there are 2" subsets of S that contain a.

Taken together, then, there are 2" + 2" = 27+l gubsets of .S, as required.

We have seen that there is a correspondence between properties of a domain and subsets of a domain. For every property
P of natural numbers, we can consider the set S of natural numbers with that property, and for every set of natural
numbers, we can consider the property of being in that set. For example, we can talk about the property of being even,
or talk about the set of even numbers. Under this correspondence, the principle of induction can be cast as follows:

Principle of Induction. Let S be any set of natural numbers that contains 0 and is closed under the successor operation.
Then S = N.

Here, saying that S'is “closed under the successor operation” means that whenever a number n is in .S, so is n + 1.

17.2 Variants of Induction

In this section, we will consider variations on the principle of induction that are often useful. It is important to recognize
that each of these can be justified using the principle of induction as stated in the last section, so they need not be taken
as fundamental.

The first one is no great shakes: instead of starting from 0, we can start from any natural number, m.

Principle of Induction from a Starting Point. Let P be any property of natural numbers, and let m be any natural
number. Suppose P holds of m, and whenever P holds of a natural number n greater than or equal to m, then it holds
of its successor, n + 1. Then P holds of every natural number greater than or equal to m.

Assuming the hypotheses of this last principle, if we let P’(n) be the property “P holds of m + n,” we can prove that
P’ holds of every n by the ordinary principle of induction. But this means that P holds of every number greater than or
equal to m.

Here is one example of a proof using this variant of induction.

Theorem. For every natural number n > 5, 2" > n2.

Proof. By induction on n. When n = 5, we have 2" = 32 > 25 = n2, as required.

17.2. Variants of Induction 157



Logic and Proof, Release 3.18.4

For the induction step, suppose n > 5 and 2" > n2. Since n is greater than or equal to 5, we have 2n + 1 < 3n < n2,
and so

(n+1)?=n*+2n+1
§n2+n2
< 2" 42"
=2ontl,

For another example, let us derive a formula for the sum total of the angles in a convex polygon. A polygon is said to
be convex if every line between two vertices stays inside the polygon. We will accept without proof the visually obvious
fact that one can subdivide any convex polygon with more than three sides into a triangle and a convex polygon with one
fewer side, namely, by closing off any two consecutive sides to form a triangle. We will also accept, without proof, the
basic geometric fact that the sum of the angles of any triangle is 180 degrees.

Theorem. For any n > 3, the sum of the angles of any convex n-gon is 180(n — 2).

Proof. In the base case, when n = 3, this reduces to the statement that the sum of the angles in any triangle is 180
degrees.

For the induction step, suppose n > 3, and let P be a convex (n + 1)-gon. Divide P into a triangle and an n-gon. By the
inductive hypotheses, the sum of the angles of the n-gon is 180(n — 2) degrees, and the sum of the angles of the triangle
is 180 degrees. The measures of these angles taken together make up the sum of the measures of the angles of P, for a
total of 180(n — 2) + 180 = 180(n — 1) degrees.

For our second example, we will consider the principle of complete induction, also sometimes known as fotal induction.

Principle of Complete Induction. Let P be any property that satisfies the following: for any natural number n, whenever
P holds of every number less than n, it also holds of n. Then P holds of every natural number.

Notice that there is no need to break out a special case for zero: for any property P, P holds of all the natural numbers
less than zero, for the trivial reason that there aren’t any! So, in particular, any such property automatically holds of zero.

Notice also that if such a property P holds of every number less than n, then it also holds of every number less than n + 1
(why?). So, for such a P, the ordinary principle of induction implies that for every natural number n, P holds of every
natural number less than n. But this is just a roundabout way of saying that P holds of every natural number. In other
words, we have justified the principle of complete induction using ordinary induction.

To use the principle of complete induction we merely have to let n be any natural number and show that P holds of n,
assuming that it holds of every smaller number. Compare this to the ordinary principle of induction, which requires us
to show P(n + 1) assuming only P(n). The following example of the use of this principle is taken verbatim from the
introduction to this book:

Theorem. Every natural number greater than or equal to 2 can be written as a product of primes.

Proof. We proceed by induction on n. Let n be any natural number greater than 2. If n is prime, we are done; we can
consider n itself as a product with one factor. Otherwise, n is composite, and we can write n = m - k where m and k are
smaller than n and greater than 1. By the inductive hypothesis, each of m and k can be written as a product of primes:

m=pi-p2:... Pu
k=q -q- ... Q.
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But then we have
n=m-k=pi-pr-...-Pu-q1 G2 ... qp.

We see that n is a product of primes, as required.

Finally, we will consider another formulation of induction, known as the least element principle.

The Least Element Principle. Suppose P is some property of natural numbers, and suppose P holds of some n. Then
there is a smallest value of n for which P holds.

In fact, using classical reasoning, this is equivalent to the principle of complete induction. To see this, consider the
contrapositive of the statement above: “if there is no smallest value for which P holds, then P doesn’t hold of any natural
number.” Let ()(n) be the property “P does not hold of n.” Saying that there is no smallest value for which P holds
means that, for every n, if P holds at n, then it holds of some number smaller than n; and this is equivalent to saying that,
for every n, if () doesn’t hold at n, then there is a smaller value for which () doesn’t hold. And that is equivalent to saying
that if @) holds for every number less than 7, it holds for n as well. Similarly, saying that P doesn’t hold of any natural
number is equivalent to saying that () holds of every natural number. In other words, replacing the least element principle
by its contrapositive, and replacing P by “not (),” we have the principle of complete induction. Since every statement is
equivalent to its contrapositive, and every predicate has its negated version, the two principles are the same.

It is not surprising, then, that the least element principle can be used in much the same way as the principle of complete
induction. Here, for example, is a formulation of the previous proof in these terms. Notice that it is phrased as a proof
by contradiction.

Theorem. Every natural number greater than equal to 2 can be written as a product of primes.

Proof. Suppose, to the contrary, some natural number greater than or equal to 2 cannot be written as a product of primes.
By the least element principle, there is a smallest such element; call it n. Then 7 is not prime, and since it is greater than
or equal to 2, it must be composite. Hence we can write n = m - k where m and k are smaller than n and greater than
1. By the assumption on n, each of m and k can be written as a product of primes:

m=pi1-pP2-... " Pu
k=q-q- .. q
But then we have
n=m-k=p1-p2-... Py GG G

We see that n is a product of primes, contradicting the fact that n cannot be written as a product of primes.

Here is another example:

Theorem. Every natural number is interesting.

Proof. Suppose, to the contrary, some natural number is uninteresting. Then there is a smallest one, n. In other words,
n is the smallest uninteresting number. But that is really interesting! Contradiction.
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17.3 Recursive Definitions

Suppose I tell you that I have a function f : N — N in mind, satisfying the following properties:

f(0) =1
fln+1)=2-f(n)

What can you infer about f? Try calculating a few values:

FO) = FO+1) =2- f(0) =2
J@)=fa+1)=2-f(1) =4
J3)=f2+1)=2-f(2) =8

It soon becomes apparent that for every n, f(n) = 2™.

What is more interesting is that the two conditions above specify all the values of f, which is to say, there is exactly one
function meeting the specification above. In fact, it does not matter that f takes values in the natural numbers; it could
take values in any other domain. All that is needed is a value of f(0) and a way to compute the value of f(n + 1) in
terms of n and f(n). This is what the principle of definition by recursion asserts:

Principle of Definition by Recursion. Let A be any set, and suppose a isin A, and g : N x A — A. Then there is a
unique function f satisfying the following two clauses:

The principle of recursive definition makes two claims at once: first, that there is a function f satisfying the clauses above,
and, second, that any two functions f; and f5 satisfying those clauses are equal, which is to say, they have the same values
for every input. In the example with which we began this section, A is just N and g(n, f(n)) =2 - f(n).

In some axiomatic frameworks, the principle of recursive definition can be justified using the principle of induction. In
others, the principle of induction can be viewed as a special case of the principle of recursive definition. For now, we will
simply take both to be fundamental properties of the natural numbers.

As another example of a recursive definition, consider the function g : N — N defined recursively by the following
clauses:

9(0) =1
gin+1)=(n+1)-g(n)
Try calculating the first few values. Unwrapping the definition, we see that g(n) =1-2-3-...-(n — 1) - n for every n;
indeed, definition by recursion is usually the proper way to make expressions using “...” precise. The value g(n) is read

“n factorial,” and written n!.

Indeed, summation notation
DO =fO) +F)+.. + fn—1)
i<n

and product notation

176G =r©) - @) fln—1)

<n
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can also be made precise using recursive definitions. For example, the function k(n) = >, f(i) can be defined
recursively as follows:

k(0)=0
k(n +1) = k(n) + f(n)
Induction and recursion are complementary principles, and typically the way to prove something about a recursively

defined function is to use the principle of induction. For example, the following theorem provides a formulas for the sum
1+2+...4+n,in terms of n.

Theorem. Foreveryn, >, ., i=mn(n+1)/2.
Proof. In the base case, when n = 0, both sides are equal to 0.

In the inductive step, we have

> z‘:(Z i>+(n+1)

i<n+2 i<n+1
nn+1)/24+n+1

n>+n  2n+2
2 2
n®+3n+2
2
(n+1)(n+2)
2

There are just as many variations on the principle of recursive definition as there are on the principle of induction. For
example, in analogy to the principle of complete induction, we can specify a value of f(n) in terms of the values that f
takes at all inputs smaller than n. When n > 2, for example, the following definition specifies the value of a function
fib(n) in terms of its two predecessors:

fib(0) = 0
fib(1) = 1
fib(n + 2) = fib(n + 1) + fib(n)

Calculating the values of fibon 0, 1,2, . .. we obtain
0,1,1,2,3,5,8,13,21, ...

Here, after the second number, each successive number is the sum of the two values preceding it. This is known as the
Fibonacci sequence, and the corresponding numbers are known as the Fibonacci numbers. An ordinary mathematical
presentation would write F;, instead of fib(n) and specify the sequence with the following equations:

Fp=0, Fi=1 Fyuo=Fa+F

But you can now recognize such a specification as an implicit appeal to the principle of definition by recursion. We ask
you to prove some facts about the Fibonacci sequence in the exercises below.
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17.4 Defining Arithmetic Operations

In fact, we can even use the principle of recursive definition to define the most basic operations on the natural numbers
and show that they have the properties we expect them to have. From a foundational standpoint, we can characterize the
natural numbers as a set, N, with a distinguished element 0 and a function, succ(m), which, for every natural number m,
returns its successor. These satisfy the following:

* 0 # succ(m) for any m in N.

* For every m and n in N, if m # n, then succ(m) # succ(n). In other words, succ is injective.

* If A is any subset of N with the property that 0 is in A and whenever n is in A then succ(n) is in A, then A = N.
The last clause can be reformulated as the principle of induction:

Suppose P(n) is any property of natural numbers, such that P holds of 0, and for every n, P(n) implies
P(succ(n)). Then every P holds of every natural number.

Remember that this principle can be used to justify the principle of definition by recursion:

Let A be any set, a be any element of A, and let g(n, m) be any function from N x A to A. Then there is a
unique function f : N — A satisfying the following two clauses:

- f(0)=a
e f(succ(n)) = g(n, f(n)) for every n in N
We can use the principle of recursive definition to define addition with the following two clauses:

m+0=m

m + succ(n) = succ(m + n)

Note that we are fixing m, and viewing this as a function of n. If we write 1 = succ(0), 2 = succ(1), and so on, it is
easy to prove n + 1 = succ(n) from the definition of addition.

We can proceed to define multiplication using the following two clauses:
m-0=0
m-succ(n) =m-n+m
We can also define a predecessor function by

pred(0) =0
pred(succ(n)) =n

We can define truncated subtraction by
m—0=m
m—(succ(n)) = pred(m—n)
With these definitions and the induction principle, one can prove all the following identities:
* n # 0 implies succ(pred(n)) = n
*0+n=n
* succ(m) +n = succ(m + n)
s m+n)+k=m+(n+k)
em+n=n+m

e m(n+ k) =mn+mk
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*0-n=0
*l-n=n
o (mn)k = m(nk)
s mn=nm

We will do the first five here, and leave the remaining ones as exercises.

Proposition. For every natural number n, if n # 0 then succ(pred(n)) = n.

Proof. By induction on n. We have ruled out the case where n is 0, so we only need to show that the claim holds for
succ(n). But in that case, we have succ(pred(succ(n)) = succ(n) by the second defining clause of the predecessor
function.

Proposition. For every n, 0 +n = n.

Proof. By induction on . We have 0 4+ 0 = 0 by the first defining clause for addition. And assuming 0 + n = n, we
have 0 + succ(n) = succ(0 + n) = n, using the second defining clause for addition.

Proposition. For every m and n, succ(m) + n = succ(m + n).

Proof. Fix m and use induction on n. Then n = 0, we have succ(m) + 0 = succ(m) = succ(m + 0), using the first
defining clause for addition. Assuming the claim holds for n, we have

succ(m) + succ(n) = succ(succ(m) + n)
= succ(succ(m + n))
= succ(m + succ(n))
using the inductive hypothesis and the second defining clause for addition.
Proposition. For every m, n, and k, (m 4+ n) + k =m + (n + k).
Proof. By induction on k. The case where k = 0 is easy, and in the induction step we have
(m + n) + succ(k) = succ((m +n) + k)
=succ(m + (n+ k))
= m + succ(n + k)
=m + (n 4+ succ(k)))
using the inductive hypothesis and the definition of addition.
Proposition. For every pair of natural numbers m and n, m +n =n + m.

Proof. By induction on n. The base case is easy using the second proposition above. In the inductive step, we have

succ(m + n)

m + succ(n)

succ(n + m)

=succ(n) +m

using the third proposition above.
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17.5 Arithmetic on the Natural Numbers

Continuing as in the last section, we can establish all the basic properties of the natural numbers that play a role in
day-to-day mathematics. We summarize the main ones here:

m+n =n-+m (commutativity of addition)
m+ (n+k)=(m+n)+k (associativity of addition)
n+0=mn (0is a neutral element for addition)
n-m=m-n (commutativity of multiplication)
m-(n-k)=(m-n)-k (associativity of multiplication)
n-1=mn (1isan neutral element for multiplication)
n-(m+k)=n-m+n-k (distributivity)

n-0=0 (0 isan absorbing element for multiplication)

In an ordinary mathematical argument or calculation, they can be used without explicit justification. We also have the
following properties:

en+1+#0
e ifn+k=m+kthenn=m
eifn-k=m-kand k #Othenn =m

We can define m < n, “m is less than or equal to n,” to mean that there exists a k such that m + k = n. If we do that, it
is not hard to show that the less-than-or-equal-to relation satisfies all the following properties, for every n, m, and k:

e n < n (reflexivity)

e if n < mand m < k then n < k (transitivity)

e if n < mand m < n then n = m (antisymmetry)

e for all n and m, either n < m or m < n is true (fotality)
eifn<mthenn+k<m+k
eifn+k<m-+kthenn<m

e if n < m then nk < mk

e ifm>nthenm=norm>n-+1

e 0<n

Remember from Chapter 13 that the first four items assert that < is a linear order. Note that when we write m > n, we
mean n < m.

As usual, then, we can define m < n to mean that m < n and m # n. In that case, we have that m < n holds if and
only if m < norm = n.

Proposition. For every m, m + 1 £ 0.
Proof. Otherwise, we would have (m + 1) + k = (m + k) + 1 = 0 for some k.

In particular, taking m = 0, we have 1 £ 0.

Proposition. We have m < n if and only if m + 1 < n.
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Proof. Suppose m < n. Then m < n and m # n. So there is a k such that m + k = n, and since m # n, we have
k # 0. Then k = u + 1 for some u, which means we have m + (v + 1) = m + 1 + u = n, so m < n, as required.

In the other direction, suppose m + 1 < n. Then m < n. We also have m # n, since if m = n, we would have
m + 1 <m+ 0and hence 1 < 0, a contradiction.

In a similar way, we can show that m < n if and only if m < n and m # n. In fact, we can demonstrate all of the
following from these properties and the properties of <:

e n < nis never true (irreflexivity)

e if n < mand m < k then n < k (transitivity)

e for all n and m, either n < m, n = m or m < n is true (trichotomy)
eifn<mthenn+k<m+k

e if k > 0and n < m then nk < mk
eifm>nthenm=n+lorm>n-+1

e forallm,n=00rn >0

The first three items mean that < is a strict linear order, and the properties above means that < is the associated linear
order, in the sense described in Section 13.1.

Proof. We will prove some of these properties using the previous characterization of the less-than relation.

The first property is straightforward: we know n < n + 1, and if we had n + 1 < n, we should have n = n + 1, a
contradiction.

For the second property, assume n < m and m < k. Thenn + 1 < m < m + 1 < k, which implies n < k.

For the third, we know that either n < m or m < n. If m = n, we are done, and otherwise we have either n < m or
m < n.

For the fourth, if n +1 < m,wehaven + 1+ k = (n + k) + 1 < m + k, as required.

For the fifth, suppose & > 0, which is to say, £ > 1. If n < m, thenn 4+ 1 < m, and so nk + 1 < nk + k < mk. But
this implies nk < mk, as required.

The rest of the remaining proofs are left as an exercise to the reader.

Here are some additional properties of < and <:
* n < mand m < n cannot both hold (asymmetry)
en+1>n
e if n <mandm < kthenn < k
e ifn<mandm < kthenn < k
e ifm>nthenm>n+1
e if m>nthenm-+1>n
cifn+k<m-+kthenn <m

e if nk < mkthenk >0andn <m
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These can be proved from the ones above. Moreover, the collection of principles we have just seen can be used to justify
basic facts about the natural numbers, which are again typically taken for granted in informal mathematical arguments.

Proposition. If m and n are natural numbers such that m +n = 0, then m =n = 0.
Proof. If m +n =0,thenm < 0,som =0andn=0+n=m+n = 0.
Proposition. If n is a natural number such that n < 3,thenn =0,n=1orn = 2.

Proof. In this proof we repeatedly use the property thatif m > nthenm =n+1lorm > n+1. Since24+1=3 > n,
we conclude that either 2+ 1 =n + 1or 2+ 1 > n + 1. In the first case we conclude n = 2, and we are done. In the
second case we conclude 2 > n, which implies that either 2 = n + 1, or 2 > n + 1. In the first case, we conclude n = 1,
and we are done. In the second case, we conclude 1 > n, and appeal one last time to the general principle presented
above to conclude that either 1 =n + 1 or 1 > n + 1. In the first case, we conclude n = 0, and we are once again done.
In the second case, we conclude that 0 > n. This leads to a contradiction, since now 0 > n > 0, hence 0 > 0, which
contradicts the irreflexivity of >.

17.6 The Integers

The natural numbers are designed for counting discrete quantities, but they suffer an annoying drawback: it is possible to
subtract n from m if n is less than or equal to m, but not if m is greater than n. The set of infegers, Z, extends the natural
numbers with negative values, to make it possible to carry out subtraction in full:

Z={.,-3,-2,-1,0123,...}

We will see in a later chapter that the integers can be extended to the rational numbers, the real numbers, and the complex
numbers, each of which serves useful purposes. For dealing with discrete quantities, however, the integers will get us
pretty far.

You can think of the integers as consisting of two copies of the natural numbers, a positive one and a negative one,
sharing a common zero. Conversely, once we have the integers, you can think of the natural numbers as consisting of
the nonnegative integers, that is, the integers that are greater than or equal to 0. Most mathematicians blur the distinction
between the two, though we will see that in Lean, for example, the natural numbers and the integers represent two different
data types.

Most of the properties of the natural numbers that were enumerated in the last section hold of the integers as well, but
not all. For example, it is no longer the case that n + 1 # 0 for every n, since the claim is false for n = —1. For another
example, it is not the case that every integer is either equal to 0 or greater than 0, since this fails to hold of the negative
integers.

The key property that the integers enjoy, which sets them apart from the natural numbers, is that for every integer n there
is a value —n with the property that n + (—n) = 0. The value —n is called the negation of n. We define subtraction
n —mtobe n + (—m). For any integer n, we also define the absolute value of n, written |n|, to be n if n > 0, and —n
otherwise.

We can no longer use proof by induction on the integers, because induction does not cover the negative numbers. But
we can use induction to show that a property holds of every nonnegative integer, for example. Moreover, we know that
every negative integer is the negation of a positive one. As a result, proofs involving the integers often break down into
two cases, where one case covers the nonnegative integers, and the other case covers the negative ones.
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17.7 Exercises

Eal

10.

11.

12.

13.
14.
15.

16.

17.

Write the principle of complete induction using the notation of symbolic logic. Also write the least element principle
this way, and use logical manipulations to show that the two are equivalent.

Show that for every n, 02 4+ 12 + 2% + .. .n? = ¢n(1 +n)(1 + 2n).
Show that for every n, 0% + 13 + ...+ n3 = In?(n + 1)

Show that for every n, >, -, m = o=l

Given the definition of the Fibonacci numbers in Section 17.3, prove Cassini’s identity: for every n, Fﬁ 11—
Fo42F, = (—1)". Hint: in the induction step, write Fﬁﬁ as Frpo(Frni1 + Fr).
Prove Zi<n F2i+1 = an.
Prove the following two identities:

* Fonpr =Fr + F;

¢ Fopro=F} - F}
Hint: use induction on n, and prove them both at once. In the induction step, expand F5, 13 = Font2 + Fopt1,
and similarly for Fb,,4. Proving the second equation is especially tricky. Use the inductive hypothesis and the
first identity to simplify the left-hand side, and repeatedly unfold the Fibonacci number with the highest index and

simplify the equation you need to prove. (When you have worked out a solution, write a clear equational proof,
calculating in the “forward” direction.)

Prove that every natural number can be written as a sum of distinct powers of 2. For this problem, 1 = 29 is

counted as power of 2.

Let V' be a non-empty set of integers such that the following two properties hold:
e Ifz,ycV,thenx —y e V.
e If x € V, then every multiple of x is an element of V.

Prove that there is some d € V, such that V' is equal to the set of multiples of d. Hint: use the least element
principle.

Give an informal but detailed proof that for every natural number n, 1 - n = n, using a proof by induction, the
definition of multiplication, and the theorems proved in Section 17.4.

Show that multiplication distributes over addition. In other words, prove that for natural numbers m, n, and k,
m(n + k) = mn + mk. You should use the definitions of addition and multiplication and facts proved in Section
17.4 (but nothing more).

Prove the multiplication is associative, in the same way. You can use any of the facts proved in Section 17.4 and
the previous exercise.

Prove that multiplication is commutative.

Prove (m™)F = m"*.

Following the example in Section 17.5, prove that if n is a natural number and n < 5, then n is one of the values
0,1,2,3, or 4.

Prove that if n and m are natural numbers and nm = 1, then n = m = 1, using only properties listed in Section
17.5.

This is tricky. First show that n and m are greater than 0, and hence greater than or equal to 1. Then show that if
either one of them is greater than 1, then nm > 1.

Prove any of the other claims in Section 17.5 that were stated without proof.
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18. Prove the following properties of negation and subtraction on the integers, using only the properties of negation
and subtraction given in Section 17.6.
e If n+m = 0thenm = —n.
e —0=0.
e If —-n = —mthenn =m.
e m+ (n—m)=n.
e —(n+m)=—-n—m.
e If m <nthenn—m > 0.
e If m < nthen —m > —n.
e n-(—m)=—nm.
e n(m — k) = nm — nk.
e Ifn<mthenn—k <m—k.
19. Suppose you have an infinite chessboard with a natural number written in each square. The value in each square is
the average of the values of the four neighboring squares. Prove that all the values on the chessboard are equal.
20. Prove that every natural number can be written as a sum of distinct non-consecutive Fibonacci numbers. For ex-
ample, 22 = 1+ 3 4+ 5 + 13 is not allowed, since 3 and 5 are consecutive Fibonacci numbers, but 22 = 1 + 21 is
allowed.
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CHAPTER
EIGHTEEN

THE NATURAL NUMBERS AND INDUCTION IN LEAN

18.1 Induction and Recursion in Lean

Internally, in Lean, the natural numbers are defined as a type generated inductively from an axiomatically declared zero
and succ operation:

inductive nat : Type
| zero : nat
| succ : nat — nat

If you click the button that copies this text into the editor in the online version of this textbook, you will see that we
wrap it with the phrases namespace hidden and end hidden. This puts the definition into a new “namespace,”
so that the identifiers that are defined are hidden.nat, hidden.nat.zero and hidden.nat . succ, to avoid
conflicting with the one that is in the Lean library. Below, we will do that in a number of places where our examples
duplicate objects defined in the library. The unicode symbol N, entered with \N or \nat, is a synonym for nat.

Declaring nat as an inductively defined type means that we can define functions by recursion, and prove theorems by
induction. For example, these are the first two recursive definitions presented in the last chapter:

open nat

def two_pow : N — N
| O =1
| (succ n) := 2 * two_pow n

| O =

def fact : N - N
1
| (succ n) := (

succ n) * fact n

Addition and numerals are defined in such a way that Lean recognizes succ nand n + 1 as essentially the same, so
we could instead write these definitions as follows:

def two_pow : N — N
| O =1
| (n + 1) := 2 * two_pow n

def fact : N =+ N
| O :=

| (n + 1) := (n + 1) * fact n

If we wanted to define the function m”n, we would do that by fixing m, and writing doing the recursion on the second
argument:
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def pow : N - N —- N

| m O =1

| m (n + 1) = m * pow m n

In fact, this is how the power function on the natural numbers, nat . pow, is defined in Lean’s library.

Lean is also smart enough to interpret more complicated forms of recursion, like this one:

def fib : N -+ N

| O := 0
| 1 =1
| (n + 2) := fib (n + 1) + fib n

In addition to defining functions by recursion, we can prove theorems by induction. In Lean, each clause of a recursive
definition results in a new identity. For example, the two clauses in the definition of pow above give rise to the following
two theorems:

import data.nat.pow

open nat
example (n : N) : pown 0 = 1 := rfl
example (mn : N) : powm (n+l) = m * pow m n := rfl

Lean defines the usual notation for exponentiation:

import data.nat.pow

open nat
example (n : N) : n*"0 = 1 := rfl
example (mn : N) : m"(n+l) = m * m*n := rfl

#check (@pow_zero
#check Qpow_succ

Notice that we could alternatively have used pow m n * n in the second clause of the definition of pow. Of course, we
can prove that the two definitions are equivalent using the commutativity of multiplication, but, using a proof by induction,
we can also prove it using only the associativity of multiplication, and the properties 1 * m = mandm * 1 = m.
This is useful, because the power function is also often used in situations where multiplication is not commutative, such
as with matrix multiplication. The theorem can be proved in Lean as follows:

import data.nat.pow

open nat

example (mn : N) : m"(succ n) = m™n * m :=

nat.rec_on n

(show m” (succ 0) = m"0 * m, from calc
m” (succ 0) = m * m*"0 : by rw pow_succ

=m * 1 : by rw pow_zero
=m : by rw mul_one
=1 *m : by rw one_mul

... =m0 *m : by rw pow_zero)
(assume n,

assume ih : m”(succ n) = m"n * m,
show m” (succ (succ n)) = m"(succ n) * m, from calc
m” (succ (succ n)) = m * m”(succ n) : by rw pow_succ
=m * (m™n * m) : by rw ih

(continues on next page)
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(continued from previous page)

= (m * m™n) * m : by rw mul_assoc
= m” (succ n) *m : by rw pow_succ)

This is a typical proof by induction in Lean. It begins with the phrase nat .rec_on n, and is followed by the base
case and the inductive hypothesis. (The phrase open nat allows us to write pow instead of nat . pow. This theorem
is called pow_succ' in the library.The proof can be shortened using rewrite:

import data.nat.pow

open nat
example (mn : N) : m"(succ n) = m™n * m :=
nat.rec_on n
(show m” (succ 0) = m"0 * m, by
rw [pow_succ, pow_zero, mul_one, one_mul])
(assume n,
assume ih : m”(succ n) = m"n * m,
show m” (succ (succ n)) = m”(succ n) * m,

by rw [pow_succ, pow_succ, mul_assoc, <ih, <pow_succ])

Remember that you can write a rewrite proof incrementally, checking the error messages to make sure things are
working so far, and to see how far Lean got.

As another example of a proof by induction, here is a proof of the identity m" (n + k) = m"n * m"k.

import data.nat.pow
open nat

example (m n k : N) : m*"(n + k) = m"n * mk :=
nat.rec_on k

(show m*(n + 0) = m"n * m"0, from calc

)
m*(n + 0) = m™n by rw add_zero
=m*n * 1 : by rw mul_one
.. = m’n * m*"0 : by rw pow_zero)
(assume k,
assume ih : m*(n + k) = m"n * m'k,
show m” (n + succ k) = m"n * m” (succ k), from calc
m” (n + succ k) = m”(succ (n + k)) : by rw nat.add_succ

=m*(n + k) * m : by rw pow_succ'
=m’n * m"k * m : by rw ih
= m*™n * (m*k * m) : by rw mul_assoc
= m"n * m” (succ k) : by rw pow_succ')

Notice the same pattern. This time, we do induction on k, and the base case and inductive step are routine. The theorem
is called pow_add in the library, and once again, with a bit of cleverness, we can shorten the proof with rewrite:

import data.nat.pow

open nat
example (mn k : N) : m"(n + k) = m"n * m*k :=
nat.rec_on k
(show m"(n + 0) = m™n * m"0,
by rw [add_zero, pow_zero, mul_one])
(assume k,
assume ih : m*(n + k) = m"n * m'k,
show m” (n + succ k) = m™n * m” (succ k),
by rw [nat.add_succ, pow_succ', ih, mul_assoc, pow_succ'])
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You should not hesitate to use calc, however, to make the proofs more explicit. Remember that you can also use calc
and rewrite together, using calc to structure the calculational proof, and using rewrite to fill in each justification
step.

18.2 Defining the Arithmetic Operations in Lean

In fact, addition and multiplication are defined in Lean essentially as described in Section 17.4. The defining equations
for addition hold by reflexivity, but they are also named add_zero and add_succ:

import data.nat.basic
open nat

variables m n : N

example : m + 0 = m add_zero m

example : m + succ n = succ (m + n) := add_succ m n

Similarly, we have the defining equations for the predecessor function and multiplication:

import data.nat.basic
open nat

#icheck (@pred_zero
#icheck (@pred_succ
#check Q@mul_zero
#icheck @mul_succ

Here are the five propositions proved in Section 17.4.

theorem succ_pred (n : N) : n # 0 — succ (pred n) = n :=
nat.rec_on n
(assume H : 0 # O,
show succ (pred 0) = 0, from absurd rfl H)

(assume n,
assume ih,
assume H : succ n # 0,
show succ (pred (succ n)) = succ n,
by rewrite pred_succ)

theorem zero_add (n : nat) : 0 + n = n
nat.rec_on n

(show 0 + 0 = 0, from rfl)

(assume n,

assume ih : 0 + n = n,

show 0 + succ n = succ n, from
calc

0 4+ succ n = succ (0 + n) : rfl

= succ n : by rw ih)

theorem succ_add (m n : nat) : succ m + n = succ (m + n) :=
nat.rec_on n
(show succ m + 0 = succ (m + 0), from rfl)
(assume n,
assume ih : succ m + n = succ (m + n),
show succ m + succ n = succ (m + succ n), from

(continues on next page)
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(continued from previous page)

calc
succ m + succ n = succ (succ m + n) : rfl
= succ (succ (m + n)) : by rw ih
= succ (m + succ n) : rfl)
theorem add_assoc (mn k : nat) : m + n + k =m + (n + k) :=

nat.rec_on k
(showm + n + 0 =m+ (n + 0), by rw [add_zero, add_zero])

(assume k,
assume ih : m + n + k =m + (n + k),
show m + n + succ k = m + (n + (succ k)), from calc
m + n + succ k = succ (m + n + k) : by rw add_succ
= succ (m + (n + k)) : by rw ih
= m + succ (n + k) : by rw <add_succ
=m + (n + succ k) : by rw <add_succ)
theorem add_comm (m n : nat) : m + n =n + m :=
nat.rec_on n
(showm + 0 = 0 + m, by rewrite [add_zero, zero_addl])

(assume n,
assume ih : m + n = n + m,

show m + succ n = succ n + m, from calc
m + succ n = succ (m + n) : by rw add_succ

= succ (n + m) : by rw ih
= succ n + m : by rw succ_add)

18.3 Exercises

1. Formalize as many of the identities from Section 17.4 as you can by replacing each sorry with a proof.

import data.nat.basic

open nat

-——1.a.

example : YV mn k : nat, m * (n + k) =m *n +m * k := sorry
-—1.b.

example : V n : nat, 0 * n = 0 := sorry

-——1.c.

example : V n : nat, 1 * n = n := sorry

-—1.d.

example : Vmnk : nat, (m * n) * k = m * (n * k) := sorry
-——1.e.

example : Vmn : nat, m * n=n * m := sorry

2. Formalize as many of the identities from Section 17.5 as you can by replacing each sorry with a proof.

import data.nat.basic
open nat

--2.a.
(continues on next page)
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example

-=2.b.
example

-=2.cC.
example

-=2.d.
example

-—2.e.
example

k : nat,

k : nat,

k : nat,

nat,

nat, O

IN

%

(continued from previous page)

<m—-n+k <m + k := sorry
+k <m+ %k -+ n<m:= sorry
<m—-n*k <m* k := sorry

n —-m=nVY m > nt+l

174
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CHAPTER
NINETEEN

ELEMENTARY NUMBER THEORY

In the last two chapters, we saw that the natural numbers are characterized by the fact that they support proof by induction
and definition by recursion. Moreover, with these components, we can actually define +, x, and < in a suitable axiomatic
foundation, and prove that they have the relevant properties. In Section 17.6 we also discussed the integers, which include
negative numbers and support the operation of subtraction.

The natural numbers and the integers are the central components of number theory, a branch of mathematics dating back
to the ancients. In this chapter, we will discuss some of the rudiments of this subject.

19.1 The Quotient-Remainder Theorem

A key property of the integers that we will use here is the quotient-remainder theorem:

Theorem. Let n and m be integers with m > 0. Then there are integers ¢ and r satisfyingn = mg+rand 0 < r < m.

Proof. First we prove this in the case where 7 is a natural number, in which case use complete induction on n. Let n be
any natural number. If n < m, then we can take ¢ = 0 and r = n, and we indeed have n = mqg + rand 0 < r < m.
Otherwise, we have n > m. In this case n — m is a natural number smaller than n. By induction hypothesis, we know
that we can find ¢’ and 7’ such that n — m = mq’ + ' and 0 < 7/ < m. Then we can choose ¢ = ¢’ + 1 and r = 7/,
and we obtain n = mq + r and 0 < r < m, as desired.

If n is negative, then —(n + 1) is a natural number, hence we can use the previous part for —(n + 1) to obtain ¢’ and »’
such that —(n + 1) = mq’ + " and 0 <’ < m. Nowlet ¢ = —(¢' + 1) and » = m — 7’ — 1. Then we can compute

mq+r=-m(¢ +1)+m—1r"—1
=—(mq +r')—-m+m-—1
-t -1
=n+1-1

=nNn.

Also, since 1’ > 0 we have r < m and since 1’ < m we have r > 0. This completes the proof.

Intuitively, q is the integer quotient when you divide n by m and r is the remainder. Remember that using the word “the”
presupposes that there are unique values meeting that description. That is, in fact, the case:

Proposition. If n and m are as above, n = mq + r and n = mq’ + r’ with both r and r’ less than m, then ¢ = ¢’ and
/
r=r'.
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Proof. By assumption, we have mq +r = mq’ + r’. It suffices to show that ¢ = ¢, because then mq = mgq’, and hence
/
r=r'.

Suppose g # ¢'. Then either ¢ < ¢’ or ¢ < q. Suppose without loss of generality that ¢ < ¢’. (The other case is
symmetric.) Then mq < mgq’, so we can subtract mgq from both sides of the equality mq + r = mq’ + 7’ to obtain

r=mq +1' —mg=m(qg—q)+r.
But since ¢’ < g, we have ¢ — ¢’ > 1, which means
m(qg—¢)+r" >m+r" >m,

which contradicts the fact that » < m.

19.2 Divisibility

We can define divisibility on the integers as follows.

Definition. Given two integers m and n, we say that m is a divisor of n, written m | n, if there exists some integer k
such that m - k = n. We also say that n is divisible by m or that m divides n. We write m t{ n to say that m is not a
divisor of n.

We can now prove the following:

Theorem. The relation | is reflexive and transitive. Also, if n | m and m | n, then m = +n. This means that restricted
to the natural numbers, this relation is a partial order.

Proof. Reflexivity is immediate, because n - 1 = n, hence n | n.

For transitivity, suppose m | n and n | 7. Then there are k, £ such that m - k = n and n - £ = r. Now we compute

m-(k-£)=(m-k)-¢
=n-L
=T
Suppose that n and m are integers such that n | m and m | n. Then there exist k& and £ such that n-k = mand m-£ = n.
We distinguish two cases. If n = 0, then we have m = n - k = 0 = n, so we are done. If n # 0, then we use the the
equations to getn - k- { = m - £ = n, and we can cancel n on both sides to get k- ¢ = 1. We conclude that k = ¢ = +£1,
hence we get m =n - k = £n.

Note that this means that if n and m are both natural numbers, then n = m, which means that | is antisymmetric, and
hence a partial order, on the natural numbers.

See Exercise 1 for some basic properties of divisibility. For example, we have that for every a, b, and ¢, if a | band a | ¢
then a | b+ ¢, and for every a, b, and ¢, if a | bthen a | be. Also, if a | band b # 0, then lal le 1bl. We will use properties
like these repeatedly.

An integer is even if it is divisible by 2, in other words, n is even if 2 | n. An integer is odd if it is not even. Of course,
odd numbers are of the form 2k + 1 for some &, and we can prove this now.

176 Chapter 19. Elementary Number Theory



Logic and Proof, Release 3.18.4

Theorem. If 7 is an odd integer, then n = 2k + 1 for some integer k.

Proof. By the quotient-remainder theorem, we can write n = 2k + r for some integers k and » with 0 < r < 2. The
last condition means that 7 = 0 or = 1. In the first case, we have n = 2k, hence 2 | n, contradicting that n is odd. So
we have » = 1, which means that n = 2k + 1.

Theorem. Every sequence of k consecutive numbers contains a number divisible by k.

Proof. Denote the largest element of the sequence by n. This means that the sequence isn — (k — 1),...,n — 1, n. By
the quotient-remainder theorem, we have n = gk + r for some integers g and r with 0 < r < k. From these inequalities
we conclude that n — 7 is in our sequence, and n — r = gk, hence divisible by k.

Definition. Given two integers m and n such that either m # 0 or n # 0, we define the greatest common divisor
ged(m, n) of m and n to be the largest integer d which is both a divisor of m and n, thatis, d | m and d | n.

This largest integer exists, because there is at least one common divisor, but only finitely many. There is at least one, since
1 is a common divisor of any two integers, and there are finitely many, since a nonzero number has only finitely many
divisors.

If n = m = 0, then we define gcd(0,0) = 0.

The greatest common divisor of two numbers is always a natural number, since 1 is always a common divisor of two
numbers. As an example, let us compute the greatest common divisor of 6 and 28. The positive divisors of 6 are
{1,2, 3,6} and the positive divisors of 28 are {1, 2,4, 7, 14, 28}. The largest number in both these sets is 2, which is the
greatest common divisor of 6 and 28.

However, computing the greatest common divisor of two numbers by listing all the divisors of both numbers is a lot of
work, so we will now consider a method to compute the greatest common divisor more efficiently.

Lemma. For all integers m, n and k we have gcd(m,n) = gcd(n, m — kn).
Proof. Let d = gcd(m,n) and r = m — kn. If m = n = 0, then d = 0 = ged(n, r), and we’re done.

In the other case we first show that the set of common divisors of m and n is the same as the set of the common divisors
of n and r. To see this, let d’ | m and d’ | n. Then also d’ | m — kn by Exercise 1. Hence d’ is a common divisor of n
and 7. On the other hand, if d’ is a divisor of n and r, then d’ | r + kn, hence d’ | m, hence d’ is a common divisor of
m and n.

Since the sets of common divisors are the same, the largest element in each set is also the same, hence ged(m,n) =
ged(n, m — kn).

Lemma. For all integers n we have ged(n, 0) = |n|.

Proof. Every number is a divisor of 0, hence the greatest common divisor of n and 0 is just the greatest divisor of n,
which is the absolute value of n.

These two lemmas give us a quick way to compute the greatest common divisor of two numbers. This is called the
Euclidean Algorithm. Suppose we want to compute ged(m, n).

e Weletrg = mandr; = n.
¢ Given r; and 7,41 We compute 7, as the remainder of of r; when divided by 7, 1.

* Once r; = 0, we stop, and ged(m, n) = |r;_1].
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This works, because by the lemmas above, we have gcd(rg, rg+1) = ged(rg41, Tk42), SINCE T2 = Tk — qri41 for
some ¢. Hence if r; = 0 we have

ged(m, n) = ged(ro,m1) = ged(ri—1,r;) = ged(ri—1,0) = |ri—1].

For example, suppose we want to compute the greatest common divisor of 1311 and 5757. We compute the following
remainders:
5757 =4 x 1311 4 513
1311 =2 x 513 4+ 285
513 =1 x 285 4 228
285 =1 x 228 + 57
228 =4 x 57 4 0.

Hence ged(1311,5757) = 57. This is much quicker than computing all the divisors of both 1311 and 5757.

Here is an important result about greatest common divisors. It is only called a “lemma” for historical reasons.

Theorem (Bézout’s Lemma). Let m and n be integers. Then there are integers a and b such that am + bn = ged(m, n).

Proof. We compute gcd(m, n) by the Euclidean Algorithm given above, and during the algorithm we get the intermediate
values rg, 71, . . ., where r; = 0. Now by induction on ¢ we prove that we can write r; = a;m + b;n for some integers
a; and b;. Indeed: 7 = 1-m+0-nandr; = 0-m + 1-n. Now if we assume that r; = a;m + b;n and
Tit1 = @j+1m + biy1m, we know that ;1o = r; — q - 41, Where ¢ is the quotient of r; when divided by 7;11. These
equations together give

Tive = (a; — qaiy1)m + (by — gbiyq)n.
This completes the induction. In particular, rx—1 = ax—1m + bg_1n, and since gcd(m,n) = +rip_; we can write
gcd(m,n) as am + bn for some a and b.

Alternative proof. We can assume m and n are positive, since gecd(m,n) = ged(|m|, |n|). Let d be the least positive
number of the form am + bn, that is, the smallest element of the set {am + bn | a,b € N}. We claim d = ged(m, n).

Let a and b be such that d = am + bn. Clearly, if ¢ | m and ¢ | n, then ¢ | d. So it suffices to show d | m and d | n.
We'll show that d | m, since the other case is symmetric. Write m = dq + r, with 0 < r < d. We need to show r = 0.

We have
r=m—dqg=m—qlam+bn) = (1 —aq)m + (—gb)n,

with » > 0 and r < d. Since d is the smallest positive number that can be written in that form, we have » = 0. Hence
m =dgq,sod | m.

Corollary. If ¢ is any common divisor of m and n, then ¢ | gcd(m, n).

Proof. By Bézout’s Lemma, there are a and b such that gcd(m, n) = am + bn. Since c¢ divides both m and n, ¢ divides
am + bn by Exercise 1 below, and hence also gcd(m, n).

Of special interest are pairs of integers which have no divisors in common, except 1 and —1.

Definition. Two integers m and n are coprime if ged(m,n) = 1.
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Proposition. Let m, n and k be integers such that m and & are coprime. If k& | mn then k | n.

Proof. By Bézout’s Lemma, there are a and b such that am + bk = 1. Multiplying by n gives amn + bkn = n Since k
divides mn, k divides the left-hand side of the equation, hence k | n.

19.3 Prime Numbers

In this section we consider properties of prime numbers.

Definition. An integer p > 2 is called prime if the only positive divisors of p are 1 and p. An integer n > 2 which is not
prime is called composite.

An equivalent definition of a prime number is a positive number with exactly 2 positive divisors.

Recall from Chapter 17 that every natural number greater than 1 can be written as the product of primes. In particular,
ever natural number greater than 1 is divisible by some prime number.

We now prove some other properties about prime numbers.

Theorem. There are infinitely many primes.

Proof. Suppose for the sake of contradiction that there are only finitely many primes p1, p2, ..., px. Letn = p; X ps X
-+ X pg. Since n is divisible by p; for all ¢ < k we know that n + 1 is not divisible by p; for any . However, we assumed
that these are all primes, contradicting the fact that every number is divisible by a prime number.

Lemma. If 7 is an integer and p is a prime number, then either n and p are coprime or p | n.

Proof. Let d = ged(n, p). Since d is a positive divisor of p, either d = 1 or d = p. In the first case, n and p are coprime
by definition, and in the second case we have p | n.

Proposition. If n and m are integers and p is a prime number such that p | nm then either p | n or p | m.

Proof. Suppose that p t n. By the previous lemma, this means that p and n are coprime. From this we can conclude that
p | m.

The last result in this section captures that the primes are the “building blocks” of the positive integers for multiplication:
all other integers can be written as a product of primes in an essentially unique way.

Theorem (Fundamental Theorem of Arithmetic). Let n > 0 be an integer. Then there are primes py, . . ., pi such that
n = pp X --- X pg. Moreover, these primes are unique up to reordering. That means that if there are prime numbers
qi,---,qesuchthat g1 x --- X go = n, then the ¢; are a reordering of the p;. To be completely precise, this means that

there is a bijection o : {1,...,k} — {1,...,k} such that ¢; = py;).
Remark. 1 can be written as the product of zero prime numbers. The empty product is defined to be 1.

Proof. We have already seen that every number can be written as the product of primes, so we only need to prove the
uniqueness up to reordering. Suppose this is not true, and by the least element principle, let n be the smallest positive
integers such that n can be written as the product of primes in two ways: n =p; X -+ X pp = q1 X *++ X Q.
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Since 1 can be written as product of primes only as an empty product, we have n > 1, hence k£ > 1. Since py, is prime,
we must have py, | ¢; for some j < ¢. By swapping ¢; and ¢y, we may assume that j = ¢. Since ¢y is also prime, we have

Pk = qe-

Now we have p; X - -+ X pp—1 = q1 X - -+ X gg—1. This product is smaller than n, but can be written as product of primes
in two different ways. But we assumed n was the smallest such number. Contradiction!

19.4 Modular Arithmetic

In the discussion of equivalence relations in Section 13.3 we considered the example of the relation of modular equivalence
on the integers. This is sometimes thought of as “clock arithmetic.” Suppose you have a 12-hour clock without a minute
hand, so it only has an hour hand which can point to the hours 12, 1,2, 3,4, 5,6, 7, 8,9, 10, 11 and then it wraps to 12
again. We can do arithmetic with this clock.

* If the hand currently points to 10, then 5 hours later it will point to 3.
* If the hand points to 7, then 23 hours before that, it pointed to 8.

« If the hand points to 9, and we work for a 8 hours, then when we are done the hand will point to 5. If we worked
twice as long, starting at 9, the hand will point to 1.

We want to write these statements using mathematical notation, so that we can reason about them more easily. We cannot
write 10+5 = 3 for the first expression, because that would be false, so instead we use the notation 10+5 = 3 (mod 12).
The notation (mod 12) indicates that we forget about multiples of 12, and we use the “congruence” symbol with three
horizontal lines to remind us that these values are not exactly equal, but only equal up to multiples of 12. The other two
lines can be formulated as 7 — 23 = 8 (mod 12) and 9+ 2 -8 =1 (mod 12).

Here are some more examples:
*6+7=1 (mod 12)
*6-7=42=6 (mod 12)
¢+ 7-5=35=-1 (mod 12)
The last example shows that we can use negative numbers as well.

We now give a precise definition.

Definition. For integers a, b and n we say that a and b are congruent modulo n if n | a — b. This is written a = b
(mod n). The number 7 is called the modulus.

Typically we only use this definition when the modulus 7 is positive.

Theorem. Congruence modulo n is an equivalence relation.
Proof. We have to show that congruence modulo n is reflexive, symmetric and transitive.
It is reflexive, because « — @ = 0,50 | @ — a, and hence a = a (mod n).

To show that it is symmetric, suppose that a = b (mod n). Then by definition, n | a — b. Son | (—1) - (a — b), which
means that n | b — a. This means by definition that b = a (mod n).

To show that it is transitive, suppose that = b (mod n) and b = ¢ (mod n). Then we have n | a —bandn | b — c.
Hence we have n | (a — b) + (b — ¢) which means thatn | @ — ¢. So a = ¢ (mod n).
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This theorem justifies the “chaining” notation we used above when we wrote 7 -5 = 35 = —1 (mod 12). Since
congruence modulo 12 is transitive, we can now actually conclude that 7 - 5 = —1 (mod 12).

Theorem. Suppose that a = b (mod n) and ¢ = d (mod n). Thena+c=b+d (mod n)anda-c=0b-d (mod n).
Moreover, if a = b (mod n) then a* = b* (mod n) for all natural numbers k.

Proof. We know that n | a — band n | ¢ — d. For the first statement, we can calculate that (a + ¢) — (b + d) =
(a —b) + (¢ — d), so we can conclude that n | (a + ¢) — (b+ d) hence that a + ¢ = b+ d (mod n).

For the second statement, we want to show thatn | a - ¢ —b-d. Wecanfactora-c—b-d=(a—b)-c+b-(c—d).
Now n divides both summands on the right, hence n divides a - ¢ — b - d, which means thata - ¢ = b - d (mod n).

The last statement follows by induction on k. If £ = 0, then 1 = 1 (mod n), and for the induction step, suppose that
a® = b* (mod n), then we have a*+1 = a - a* = b - b* = b*+1 (mod n).

This theorem is useful for carrying out computations modulo n. Here are some examples.

* Suppose we want to compute 77 - 123 modulo 12. We know that 77 = 5 (mod 12) and 123 = 3 (mod 12), so
77-123=5-3=15=3 (mod 12)

* Suppose we want to compute 99 - 998 modulo 10. We know that 99 = —1 (mod 10) and 998 = —2 (mod 10),
hence 99 - 998 = (—1) - (—2) =2 (mod 10).

* Suppose we want to know the last digit of 101'°%. Notice that the last digit of a number 7 is congruent to 7 modulo
10, so we can just compute 1011 = 1191 =1 (mod 10). So the last digit of 1011%% is 1.

Warning. You cannot do all computations you might expect with modular arithmetic:

* Modular arithmetic does not respect division. For example 12 = 16 (mod 4), but we cannot divide both sides of
the equation by 2, because 6 Z 8 (mod 4).

* Exponents also do not respect modular arithmetic. For example 8 = 3 (mod 5), but 28 # 23 (mod 5). To see
this: 28 = 256 = 1 (mod 5), but 22 = 8 = 3 (mod 5).

Recall the quotient-remainder theorem: if n > 0, then any integer a can be expressed as a = nq + r, where 0 < r < n.
In the language of modular arithmetic this means that ¢ = r (mod n). So if n > 0, then every integer is congruent to a
number between 0 and n — 1 (inclusive). So there “are only n different numbers” when working modulo 7. This can be
used to prove many statements about the natural numbers.

Proposition. For every integer k, k2 + 1 is not divisible by 3.

Proof. Translating this problem to modular arithmetic, we have to show that k%2 + 1 % 0 (mod 3) or in other words that
k? # 2 (mod 3) for all k. By the quotient-remainder theorem, we know that  is either congruent to 0, 1 or 2, modulo
3. In the first case, k> = 02 = 0 (mod 3). In the second case, k> = 12 = 1 (mod 3), and in the last case we have
k*=22=4=1 (mod 3). In all of those cases, k% # 2 (mod 3). So k? + 1 is never divisible by 3.

Proposition. For all integers a and b, a® + b* — 3 is not divisible by 4.

Proof. We first compute the squares modulo 4. We compute

0°=0 (mod 4)
12=1 (mod 4)
22=0 (mod 4)
32=1 (mod 4)
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Since every number is congruent to 0, 1, 2 or 3 modulo 4, we know that every square is congruent to 0 or 1 modulo 4.
This means that there are only four possibilities for a® 4+ % (mod 4). It can be congruent to 0 +0, 1 +0,0+ 1 or 1 + 1.
In all those cases, a® + b? #Z 3 (mod 4) Hence 4 1 a? + b% — 3, proving the proposition.

Recall that we warned you about dividing in modular arithmetic. This doesn’t always work, but often it does. For example,
suppose we want to solve 2n = 1 (mod 5). We cannot solve this by saying that n = % (mod 5), because we cannot
work with fractions in modular arithmetic. However, we can still solve it by multiplying both sides with 3. Then we get
6n =3 (mod 5), and since 6 = 1 (mod 5) we get n = 3 (mod 5). So instead of dividing by 2 we could multiply by 3

to get the answer. The reason this worked is because 2 x 3 =1 (mod 5).

Definition. Let n and a be integers. A multiplicative inverse of a modulo n is an integer b such that ab = 1 (mod n).

For example, 3 is a multiplicative inverse of 5 modulo 7, since 3 x 5 = 1 (mod 7). But 2 has no multiplicative inverse
modulo 6. Indeed, suppose that 2b = 1 (mod 6), then 6 | 2b — 1. However, 2b — 1 is odd, and cannot be divisible by an
even number. We can use multiplicative inverses to solve equations. If we want to solve axz = ¢ (mod n) for x and we
know that b is a multiplicative inverse of a, the solution is z = be (mod n) which we can see by multiplying both sides
by b.

Lemma Let n and a be integers. a has at most one multiplicative inverse modulo n. That is, if b and b" are both
multiplicative inverses of @ modulo n, then b = (mod n).

Proof. Suppose that ab = 1 = ab’ (mod n). Then we can compute bab’ in two ways: b = b(ab’) = (ba)t/ = b
(mod n).

Proposition. Let n and a be integers. a has a multiplicative inverse modulo n if and only if n and a are coprime.

Proof. Suppose b is a multiplicative inverse of @ modulo n. Then n | ab — 1. Let d = ged(a,n). Since d | n we have
d | ab — 1. But since d is a divisor of ab, we have d | ab — (ab — 1) = 1. Since d > 0 we have d = 1. Hence n and a
are coprime.

On the other hand, suppose that n and a are coprime. By Bézout’s Lemma we know that there are integers b and ¢ such
that cn + ba = ged(n,a) = 1. We can rewrite this to ab — 1 = (—c)n, hence n | ab — 1, which means by definition
ab =1 (mod n). This means that b is a multiplicative inverse of a modulo 7.

Note that if p is a prime number and a is a integer not divisible by p, then a and p are coprime, hence a has a multiplicative
inverse.

19.5 Properties of Squares

Mathematicians from ancient times have been interested in the question as to which integers can be written as a sum of
two squares. For example, we can write 2 = 11 + 11,5 = 22 + 12, 13 = 32 + 22. If we make a sufficiently long list of
these, an interesting pattern emerges: if two numbers can be written as a sum of two squares, then so can their product.
For example, 10 = 5 - 2, and we can write 10 = 32 + 12, Or 65 = 13 - 5, and we can write 65 = 82 4 12,

At first, one might wonder whether this is just a coincidence. The following provides a proof of the fact that it is not.

Theorem. Let = and y be any two integers. If « and y are both sums of two squares, then so is zy.
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Proof. Suppose # = a? + b?, and suppose y = ¢ + d?. I claim that
zy = (ac — bd)? + (ad + be)>.
To show this, notice that on the one hand we have
zy = (a® +b?)(? + d?) = a*c® + a®d® + b*c? + b*d>.
On the other hand, we have

(ac — bd)? + (ad + bc)? = (a*c? — 2abed + b*d?) + (a*d? + 2abed + b c?)
= a’c? + b2d? + a®d® + b2

Up to the order of summands, the two right-hand sides are the same.

Consider the prime numbers, 2,3,5,7,11,13,.... Which ones can be written as sums of two squares? We have 2 =
12412, 5=22412 and 13+ 32 + 22. Trying all possibilities shows that 3, 7, and 11 cannot be written as sums of two
squares. Notice that any odd prime is congruent to either 1 or 3 modulo 4. A lovely theorem by Fermat, which we will
not prove here, shows that an odd prime can be written as a sum of squares if and only if it is congruent to 1 modulo 4.

We will now prove that v/2 is not a fraction of two integers.

Theorem. There are no integers a and b such that 3 = V2.

Proof. Suppose that § = /2 for some integers a and b. By canceling common factors, we may assume that a and b are
2

coprime. By squaring both sides, we get 3z = 2, and multiplying both sides by b2 gives a? = 2b2. Since 2b? is even, we

know that a2 is even, and since odd squares are odd, we conclude that a is even. Hence we can write a = 2c¢ for some

integer c. This means that (2c)? = 2b%, hence 2¢? = b2. The same reasoning shows that b is even. But we assumed that

a and b are coprime, which contradicts the fact that they are both even.

Hence there are no integers a and b such that % =/2.

19.6 Exercises

1. Prove the following properties about divisibility (for any integers a, b and c):
eIfa|banda|cthena|b+canda|b—c.

If a | bthen a | be.

*al0;

e If0|athena =0.

e If a # 0 then the statements b | ¢ and ab | ac are equivalent.
o If a| band b # 0 then |a| < |b].

2. Prove thatif k # 0, k | m, and k | n, then ged(m/k,n/k) = gcd(m, n)/k. (Hint: it helps to show that whenever
a#0,a|bandb | c,thenb/a | c/a.)

3. Prove that for any integer n, n? leaves a remainder of 0 or 1 when you divide it by 4. Conclude that n? + 2 is never
divisible by 4.
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10.

Prove that if n is odd, n2 — 1 is divisible by 8.
Prove that if m and n are odd, then m? + n? is even but not divisible by 4.

Say that two integers “have the same parity” if they are both even or both odd. Prove that if m and n are any two
integers, then m + n and m — n have the same parity.

Write 11160 as a product of primes.

List all the divisors of 42 and 198, and find the greatest common divisor by looking at the largest number in both
lists. Also compute the greatest common divisor of the numbers by the Euclidean Algorithm.

Compute ged(15,55), ged(12345, 54321) and ged(—77,110)

Show by induction on 7 that for every pair of integers x and y, x — y divides " — y™. (Hint: in the induction step,
write 27Tt — ¢t as 2" (z — y) + 2"y — y" L)

11. Compute 2'2 (mod 13). Use this to compute 21212904 (mod 13).
12. Find the last digit of 99%°. Can you also find the last two digits of this number?
13. Prove that 5022 — 2259 is divisible by 7.
14. Check whether the following multiplicative inverses exist, and if so, find them.
* the multiplicative inverse of 5 modulo 7
* the multiplicative inverse of 17 modulo 21
* the multiplicative inverse of 4 modulo 14
* the multiplicative inverse of —2 modulo 9
15. Find all integers x such that 75z = 45 (mod 8).
16. Show that for every integer n the number n* is congruent to 0 or 1 modulo 5. Hint: to simplify the computation,
use that 4* = (—1)* (mod 5).
17. Prove that the equation n* + m* = k* + 3 has no solutions in the integers. (Hint: use the previous exercise.)
18. Suppose p is a prime number such that p { k. Show that if kn = km (mod p) then n = m (mod p).
19. Let n, m and c be given integers. Use Bézout’s Lemma to prove that the equation an + bm = c has a solution for
integers a and b if and only if ged(n, m) | c.
20. Suppose that a | n and a | m and let d = gcd(n,m). Prove that ged(Z, ™) = g. Conclude that for any two
integers n and m with greatest common divisor d the numbers % and 7 are coprime.
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CHAPTER
TWENTY

COMBINATORICS

Combinatorics is the art of counting without counting. It is a fundamental mathematical task to determine how many
things there are in a given collection, and when the collection is large, it can be tedious or infeasible to count the elements
individually. Moreover, when the collection is described in terms of a changing parameter (say, a natural number, n), we
would like a formula that tells us how the number of objects depends on that parameter. In this chapter we will set up a
foundation for achieving this goal, and learn some of the tricks of the trade.

20.1 Finite Sets and Cardinality

It will be helpful, for every natural number n, to have a canonical set of elements of size n. To that end, we will choose
the set

[n]={m|m<n}={0,1,...,n—1}.

We used the same notation, [r], to describe equivalence classes with respect to an equivalence relation, but hopefully our
intended meaning will always be clear from the context.

A set A of elements is said to be finite if there is a bijection from [n] to A for some n. In that case, we would like to say
that A has n elements, or that the set A has cardinality n, and write |A| = n. But to do so, we need to know that when
A is finite, there is a unique n with the property above.

Suppose there are bijections from both [m] and [n] to A. Composing the first bijection with the inverse of the second, we
get a bijection from [m] to [n]. It seems intuitively clear that this implies m = n, but our goal is to prove this from the
fundamental properties of sets, functions, and the natural numbers.

So suppose, for the sake of contradiction, m # n. Without loss of generality, we can assume m > n (why?). In particular,
there is an injective function f from [m] to [n]. Since m > n, m > n + 1, and so we can restrict f to get an injective
function from [n + 1] to [n]. The next theorem shows that this cannot happen.

Theorem. For any natural number 7, there is no injective function from [n + 1] to [n].

Proof. By induction on n. The theorem is clear when n = 0, because [1] = {0} and [0] = 0. If f were an injective
function from [1] to [0], we would have f(0) € @, which is impossible.

So suppose the claim is true for n, and suppose f is an injective function from [n + 2] to [n + 1]. We consider two cases.

In the first case, suppose n is not in the image of f. Then f maps [n + 2] to [n], and restricting the domain, we have an
injective function from [n + 1] to [n], contradicting the inductive hypothesis.

In the second case, there is some m < n + 2 such that f(m) = n. The idea is to alter f slightly to get an injective
function from [n + 1] to [n], again contradicting the inductive hypothesis. If m = n + 1, which is to say it is the last
element of [n + 2] that is mapped to the last element of [n + 1], we can just restrict f to [n + 1]. The fact that f was
injective implies that all the elements in [n + 1] are mapped to n.
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Otherwise, define f : [n 4+ 1] — [n] by

Lo fR ifigm
f(l)_{f(n+1) ifi =m.

In other words, we map m to the value that n + 1 was mapped to. Since f is injective, f(n + 1) # f(m), and so
f(n+1) < n, as required. It is not hard to check that f’ is injective, so we have the contradiction we were after.

This theorem is known as the “pigeonhole principle.” It implies that if n 4 1 pigeons inhabit n holes, then at least one
hole has more than one pigeon. The principle implies that for every finite set A, there is a unique n such that there is a
bijection from [n] to A, and we can define the cardinality of A to be that n.

We now introduce the notation ) _, _ , f(é) and [ ], 4 f(¢) for sums and products over finite sets. If A = {aq,...,an_1},
then ), , f(i) is defined to be f(ag) + --- + f(an—1), and similarly for products. Formally, what we are doing is
choosing a bijection g : [n] — A and defining >, , f(i) tobe >_,_ f(g(j)). It takes some work to show that this
makes sense, which is to say, the answer we get doesn’t depend on which bijection we choose. We will just take this fact
for granted here.

20.2 Counting Principles

Here is a basic counting principle.

Theorem. Let A and B be disjoint finite sets. Then |[A U B| = |A| + | B].
Proof. Suppose f : [m] — Aand g : [n] — B are bijections. Define  : [m +n] — AU B by

h(i)_{f(i) if i <m

g(i—m) ifm<i<m+n.
To see that h is surjective, note that every k in AU B can be written as either k = f (i) for some i € [m] or k = g(j) for
some j € [n]. In the first case, k = f(i) = h(i), and in the second case, k = g(j) = h(m + j).

It is not hard to show that 4 is also injective. Suppose k(i) = h(j). If h(4) is in A, then it is not in the range of g, and so
we must have h(i) = f(i) and h(j) = f(j). Then f (i) = f(4), the injectivity of f implies that i = j. If h(¢) is instead
in B, the argument it similar.

The proof only spells out our basic intuitions: if you want to list all of the elements of A U B, you can list all the elements
of A and then all the elements of B. And if A and B have no elements in common, then to count the elements of AU B,
you can count the elements of A and then continue counting the elements of B. Once you are comfortable translating the
intuitive argument into a precise mathematical proof (and mathematicians generally are), you can use the more intuitive
descriptions (and mathematicians generally do).

Here is another basic counting principle:

Theorem. Let A and B be finite sets. Then |A x B| = |A] - |B|.

Notice that this time we are counting the number of ordered pairs (a,b) with @ € A and b € B. The exercises ask you
to give a detailed proof of this theorem. There are at least two ways to go about it. The first is to start with bijections
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f:[m] = Aand g : [n] — B and describe an explicit bijection h : [m - n] — A x B. The second is to fix m, say, and
use induction on n and the previous counting principle. Notice that if U and V' are any sets and w is not in V', we have

Ux (VU{w})=UxV)U(U x {w}),
and the two sets in this union are disjoint.

Just as we have notions of union | J;; A; and intersection [, A; for indexed families of sets, it is useful to have a
notion of a product [ | el A;. We can think of an element a of this product as a function which, for each element i € I,
returns an element a;, € A;. For example, when I = {1,2, 3}, an element of [], eI A; is just a triple a1, as, ag with
a1 € Ay, as € Ag, and ag € As. This is essentially the same as A1 X Ay X Ag, up to the fiddly details as to whether we
represent a triple as a function or with iterated pairing (a1, (a2, as3)).

Theorem. Let I be a finite index set, and let (A;);c; be a family of finite sets. Then:
* If each pair of sets A;, A; are disjoint, then | ;o Ai| = D,/ |Ail.
° ‘Hie] Ail = Hie] | Ay

Proof. By induction on ||, using the previous counting principles.

We can already use these principles to carry out basic calculations.

Example. The dessert menu at a restaurant has four flavors of ice cream, two kinds of cake, and three kinds of pie. How
many dessert choices are there?

Solution. 4 + 2 4+ 3 = 9, the cardinality of the union of the three disjoint sets.

Example. The menu at a diner has 6 choices of appetizers, 7 choices of entrée, and 5 choices of dessert. How many
choices of three-course dinners are there?

Solution. A three-course dinner is a triple consisting of an appetizer, an entrée, and a dessert. There are therefore
6-7-5 =210 options.

A special case of the previous counting principles arises when all the sets have the same size. If I has cardinality k£ and
each A; has cardinality n, then the cardinality of |J,_; A; is k - n if the sets are pairwise disjoint, and the cardinality of

s nk
[Lic; Aiisn®.

el

Example. A deck of playing cards has four suits (diamonds, hearts, spades, and clubs) and 13 cards in each suit, for a
total of 4 - 13 = 52.

Example. A binary string of length 7 is a sequence of n many 0’s and 1’s. We can think of this as an element of
{0,1}" = H{O’ 1},
i<n

so there are 2" many binary strings of length n.

There is another counting principle that is almost too obvious to mention: if A is a finite set and there is a bijection
between A and B, then B is also finite, and |A| = | B].

Example. Consider the power set of [n], that is, the collection of all subsets of {0, 1,2, ...,n—1}. There is a one-to-one
correspondence between subsets and binary strings of length n, where element ¢ of the string is 1 if ¢ is in the set and 0
otherwise. As a result, we have |P([n])| = 2".
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20.3 Ordered Selections

Let S be a finite set, which we will think of as being a set of options, such as items on a menu or books that can be selected
from a shelf. We now turn to a family of problems in combinatorics that involves making repeated selections from that
set of options. In each case, there are finitely many selections, and the order counts: there is a first choice, a second one,
a third one, and so on.

In the first variant of the problem, you are allowed to repeat a choice. For example, if you are choosing 3 flavors from a list
of 31 ice cream flavors, you can choose “chocolate, vanilla, chocolate.” This is known as ordered selection with repetition.
If you are making k choices from among n options in S, such a selection is essentially a tuple (ag, a1, ..., ax—1), where
each a; is one of the n elements in S. In other words, the set of ways of making & selections from S with repetition is the
set S*, and we have seen in the last section that if .S has cardinality n, the set S k has cardinality nk,

Theorem. Let S be a set of n elements. Then the number of ways of making k selections from .S with repetition allowed
.
is n”.

9«

Example. How many three-letter strings (like “xyz,” “qqa,” ...) can be formed using the twenty-six letters of the alphabet?

Solution. We have to make three selections from a set of 26 elements, for a total of 263 = 17,576 possibilities.

Suppose instead we wish to make k ordered selections, but we are not allowed to repeat ourselves. This would arise, from
example, if a museum had 26 paintings in its storeroom, and has to select three of them to put on display, ordered from
left to right along a wall. There are 26 choices for the first position. Once we have made that choice, 25 remain for the
second position, and then 24 remain for the third. So it seems clear that there are 26 - 25 - 24 arrangements overall.

Let us try to frame the problem in mathematical terms. We can think of an ordered selection of & elements from a set S
without repetition as being an injective function f from [k] to S. The element f(0) is the first choice; f(1) is the second
choice, which has to be distinct from f(0); f(2) is the third choice, which has to be distinct from f(0) and f(1); and so
on.

Theorem. Let A and B be finite sets, with | A| = k and | B| = n, and k < n. The number of injective functions from A
toBisn-(n—1)-...-(n—k+1).

Proof. Using induction on &, we will show that for every A, B, and n > k, the claim holds. When k = 0 there is only
one injective function, namely the function with empty domain. Suppose A has cardinality k& + 1, let ag be any element
of A. Then any injective function from A to B can be obtained by choosing an element b for the image of ag, and then
choosing an injective function from A \ {ag} to B\ {bg}. There are n choices of by, and since |A \ {ap}| =n — 1 and
|B\ {bo}| = k — 1, thereare (n — 1) - ... (n — k + 1) choices of the injective function, by the inductive hypothesis.

Theorem. Let S be a finite set, with |S| = n. Then the number of ways of making k selections from S without repetition
allowedisn-(n—1)-...- (n—k+1).

Proof. This is just a restatement of the previous theorem, where A = [k] and B = S.

If A is a finite set, a bijection f from A to A is also called a permutation of A. The previous theorem shows that if
|A] = n then the number of permutations of A isn - (n — 1) - ... - 1. This quantity comes up so often that it has a
name, n factorial, and a special notation, n!. If we think of the elements of A listed in some order, a permutation of A is
essentially an ordered selection of n elements from A without repetition: we choose where to map the first element, then
the second element, and so on. It is a useful convention to take 0! to be equal to 1.

The more general case where we are choosing only k elements from a set A is called a k-permutation of A. The theorem
above says that the number of k-permutations of an n-element set is equal to n!/(n — k)!, because if you expand the
numerator and denominator into products and cancel, you get exactly the n- (n — 1) - ... (n — k + 1). This number is
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often denoted P(n, k) or P}', or some similar variant. So we have P(n, k) = n!/(n — k)!. Notice that the expression on
the right side of the equality provides an efficient way of writing the value of P(n, k), but an inefficient way of calculating
it.

20.4 Combinations and Binomial Coefficients

In the last section, we calculated the number of ways in which a museum could arrange three paintings along a wall, chosen
from among 26 paintings in its storeroom. By the final observation in the previous section, we can write this number as
26!/23!.

Suppose now we want to calculate the number of ways that a museum can choose three paintings from its storeroom to
put on display, where we do not care about the order. In other words, if a, b, and c are paintings, we do not want to
distinguish between choosing a then b then ¢ and choosing c then b then a. When we were arranging paintings along all
wall, it made sense to consider these two different arrangements, but if we only care about the set of elements we end up
with at the end, the order that we choose them does not matter.

The problem is that each set of three paintings will be counted multiple times. In fact, each one will be counted six times:
there are 3! = 6 permutations of the set {a, b, ¢}, for example. So to count the number of outcomes we simply need to

divide by 6. In other words, the number we want is 3,2—3'3,

There is nothing special about the numbers 26 and 3. The same formula holds for what we will call unordered selections
of k elements from a set of n elements, or k-combinations from an n-element set. Our goal is once again to describe the
situation in precise mathematical terms, at which point we will be able to state the formula as a theorem.

In fact, describing the situation in more mathematical terms is quite easy to do. If .S is a set of n elements, an unordered
selection of k elements from .S is just a subset of S that has cardinality .

Theorem. Let S be any set with cardinality n, and let £ < n. Then the number of subsets of S' of cardinality & is
!

k!(r?fk)!'

Proof. Let U be the set of unordered selections of k elements from S, let V' be the set of permutations of [k], and let W
be the set of ordered selections of k elements from S. There is a bijection between U x V' and W, as follows. Suppose
we assign to every k-element subset {ag, . ..,ar—_1} of S some way of listing the elements, as shown. Then given any
such set and any permutation f of [k], we get an ordered the ordered selection (a F(0)y Bf(1)s -y Qg k—1))- Any ordered
selection arises from such a subset and a suitable permutation, so the mapping is surjective. And a different set or a
different permutation results in a different ordered selection, so the mapping is injective.

By the counting principles, we have
P(n,k) = |W| = |U x V| = |U]- [V| = [U] - kL,

!
so we have |U| = P(n,k)/k! = T
Example. Someone is going on vacation and wants to choose three outfits from ten in their closet to pack in their suitcase.
How many choices do they have?

10! _ 10-9-8 _ 120.

Solution. 5= = 355

The number of unordered selections of k elements from a set of size n, or, equivalently, the number of k-combinations
from an n-element set, is typically denoted by (Z) , C(n, k), C7, or something similar. We will use the first notation,
because it is most common. Notice that (8) = 1 for every n; this makes sense, because there is exactly one subset of any
n-element set of cardinality 0.

Here is one important property of this function.
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Theorem. For every nand k < n, we have (}) = (,",).

Proof. This is an easy calculation:

n! n!

(n—K!(n—m-FK)  (n—k)Wk"

But it is also easy to see from the combinatorial interpretation: choosing k outfits from n to take on vacation is the same
task as choosing n — k outfits to leave home.

Here is another important property.

Theorem. For every n and k, if £ + 1 < n, then

n+1\ n n n

k+1) \k+1 k)
Proof. One way to understand this theorem is in terms of the combinatorial interpretation. Suppose you want to choose
k + 1 outfits out of n + 1. Set aside one outfit, say, the blue one. Then you have two choices: you can either choose

k + 1 outfits from the remaining ones, with ( possibilities; or you can take the blue one, and choose k outfits from
the remaining ones.

kil)

The theorem can also be proved by direct calculation. We can express the left-hand side of the equation as follows:

n+1) (n+1)!
<k;+1) (k+ DI ((n+1)— (E+1))!
(n+1)!
(k+Dl(n—k)

Similarly, we can simplify the right-hand side:

n n n! n!
(k+ 1) + (k) T Dl (kD) K(n k)
nl(n — k) (k+ 1)n!
(k+Dln—k—-1(n—Fk) (k+1)kl(n—k)!
nl(n — k) (k+1)n!
(k+Dln—k)!  (E+1)!(n—k)!
nln—k+k+1)
(k+ 1)l(n — k)
~ nl(n+1)
~(k+D)!(n—k)!
(n+1)!
(k+Dl(n— k)

Thus the left-hand side and the right-hand side are equal.

For every n, we know (i) = (7') = 1. The previous theorem then gives a recipe to compute all the binomial coefficients:

once we have determine (Z) for some n and every k < n, we can determine the values of ("Zl) forevery k <n+1

using the recipe above. The results can be displayed graphically in what is known as Pascal’s triangle:
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1
1 1
1 2 1
1 3 3 1
1 4 6 4 1

Specifically, if we start counting at 0, the kth element of the nth row is equal to (Z)

There is also a connection between () and the polynomials (a + b)™, namely, that the kth coefficient of (a + b)™ is
exactly (2) For example, we have

(a+b)* = a* +4a®b + 6a?b* + 4ab® + b*.

For that reason, the values (Z) are often called binomial coefficients, and the statement that

(a+b)m=>" (Z) ankpk

k<n
is known as the binomial theorem.

There are a couple of ways of seeing why this theorem holds. One is to expand the polynomial,

(@+b)" = (a+b)(a+b)---(a+D)
and notice that the coefficient of the term a”~*b¥ is equal to the number of ways of taking the summand b in exactly
positions, and a in the remaining n — k positions. Another way to prove the result is to use induction on n, and use the

identity (Z_'H) =( kj_l) + (})- The details are left as an exercise.

Finally, we have considered ordered selections with and without repetitions, and unordered selections without repetitions.
What about unordered selections with repetitions? In other words, given a set S with n elements, we would like to know
how many ways there are of making k choices, where we can choose elements of .S repeatedly, but we only care about
the number of times each element was chosen, and not the order. We have the following:

The number of unordered selections of & elements from an n-element set, with repetition, is ("+,’:_1).

A proof of this is outlined in the exercises.

20.5 The Inclusion-Exclusion Principle

Let A and B be any two subsets of some domain, U. Then A = A\ B U (AN B), and the two sets in the union are
disjoint, so we have |A| = |A\ B| + |A N B|. This means |A \ B| = |A| — |A N B|. Intuitively, this makes sense: we
can count the elements of A \ B by counting the elements in A, and then subtracting the number of elements that are in
both A and B.

Similarly, we have AU B = AU (B'\ A), and the two sets on the right-hand side of this equation are disjoint, so we have
|[AUB|=|A|+|B\ Al = |A| + |B| — |[AN B|.

If we draw a Venn diagram, this makes sense: to count the elements in A U B, we can add the number of elements in A
to the number of elements in B, but then we have to subtract the number of elements of both.
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What happen when there are three sets? To compute | AU BUC/|, we can start by adding the number of elements in each,
and then subtracting the number of elements of |[AN B|, |ANC|, and | BN C|, each of which have been double-counted.
But thinking about the Venn diagram should help us realize that then we have over-corrected: each element of AN BNC
was counted three times in the original sum, and the subtracted three times. So we need to add them back in:

[AUBUC| =|A|+|B|+|C|-|ANB|—|ANC|—|BNC|+|ANnBNC|.

This generalizes to any number of sets. To state the general result, suppose the sets are numbered Ay, ..., A,,—1. For
each nonempty subset I of {0,...,n — 1}, consider [);; A;. If ] is odd (that is, equal to 1, 3, 5, ...) we want to add
the cardinality of the intersection; if it is even we want to subtract it. This recipe is expressed compactly by the following
formula:

UAZ» .

<n

= Z (=11

0AIC[n]

N

icl

You are invited to try proving this as an exercise, if you are ambitious. The following example illustrates its use:

Example. Among a group of college Freshmen, 30 are taking Logic, 25 are taking History, and 20 are taking French.
Moreover, 11 are taking Logic and History, 10 are taking Logic and French, 7 are taking History and French, and 3 are
taking all three. How many students are taking at least one of the three classes?

Solution. Letting L, H, and F' denote the sets of students taking Logic, History, and French, respectively, we have

ILUHUF|=30+25+20—11—10—7+3 = 50.

20.6 Exercises

1. Suppose that, at a party, every two people either know each other or don’t. In other words, “x knows y” is symmetric.
Also, let us ignore the complex question of whether we always know ourselves by restricting attention to the relation
between distinct people; in other words, for this problem, take “z knows y” to be irreflexive as well.

Use the pigeonhole principle (and an additional insight) to show that there must be two people who know exactly
the same number of people.

2. Show that in any set of n + 1 integers, two of them are equivalent modulo 7.
3. Spell out in detail a proof of the second counting principle in Section 20.2.
4. An ice cream parlor has 31 flavors of ice cream.

a. Determine how many three-flavor ice-cream cones are possible, if we care about the order and repetitions
are allowed. (So choosing chocolate-chocolate-vanilla scoops, from bottom to top, is different from choosing
chocolate-vanilla-chocolate.)

b. Determine how many three flavor ice-cream cones are possible, if we care about the order, but repetitions are
not allowed.

c. Determine how many three flavor ice-cream cones are possible, if we don’t care about the order, but repetitions
are not allowed.

5. A club of 10 people has to elect a president, vice president, and secretary. How many possibilities are there:

a. if no person can hold more than one office?
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10.

11.

12.
13.

14.

b. if anyone can hold any number of those offices?
c. if anyone can hold up to two offices?

d. if the president cannot hold another office, but the vice president and secretary may or may not be the same
person?

How many 7 digit phone numbers are there, if any 7 digits can be used? How many are there if the first digit cannot
be 0?

. In a class of 20 kindergarten students, two are twins. How many ways are there of lining up the students, so that

the twins are standing together?

A woman has 8 murder mysteries sitting on her shelf, and wants to take three of them on a vacation. How many
ways can she do this?

In poker, a “full house” is a hand with three of one rank and two of another (for example, three kings and two
fives). Determine the number of full houses that can be formed from an ordinary deck of 52 cards.

n+1 _ n n n
E+1) \k+1 k)
Replacing k + 1 by k, whenever 1 < k < n, we have
n+1\ [n n n
k - \k k—1)

Use this to show, by induction on n, that for every k < n, that if .S is any set of n elements, (Z) is the number of
subsets of S with k elements.

We saw in Section 20.4 that

How many distinct arrangements are there of the letters in the word MISSISSIPPI?

(Hint: this is tricky. First, suppose all the S’s, I’s, and P’s were painted different colors. Then determine how many
distinct arrangements of the letters there would be. In the absence of distinguishing colors, determine how many
times each configuration appeared in the first count, and divide by that number.)

Prove the inclusion-exclusion principle.

Use the inclusion-exclusion principle to determine the number of integers less than 100 that are divisible by 2, 3,
or 5.

Show that the number of unordered selections of k elements from an n-element set is ("ﬂf*l).

Hint: consider [n]. We need to choose some number i of 0’s, some number i1 of 1’s, and so on, so that ig + i1 +
...+ 1i,—1 = k. Suppose we assign to each such tuple a the following binary sequence: we write down ¢y 0’s, then
a 1, then i; O’s, then a 1, then i3 0’s, and so on. The result is a binary sequence of length n 4+ k& — 1 with exactly k
I’s, and such binary sequence arises from a unique tuple in this way.
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CHAPTER
TWENTYONE

THE REAL NUMBERS

21.1 The Number Systems

We have already come across some of the fundamental number systems: the natural numbers, N, the integers, Z, and the
rationals, Q. In a sense, each subsequent element of the list was designed to remedy defects in the previous system. We
can subtract any integer from any other integer and end up with another integer, and we can divide any rational number
by a nonzero rational number and end up with a rational number.

The integers satisfy all of the following properties:
¢ Addition is associative and commutative.
 There is an additive identity, 0, and every element x has an additive inverse, —x.
» Multiplication is associative and commutative.
* There is a multiplicative identity, 1.
* Multiplication distributes over addition: for every x, y, and z, we have z(y + z) = zy + x=.
* The ordering < is a total order.
e For any elements z, y, and z,if x < ythenz + 2z <y + 2.
* For any elements x and y, if 0 < x and 0 < y then 0 < zy.

The first five clauses say that with x, 4, 0, and 1, the integers form a commutative ring, and the last three say that together
with <, the structure is an ordered ring. The natural numbers lack additive inverses, so they satisfy a slightly weaker set of
axioms that make them an ordered semiring. On the other hand, the rational numbers also form an ordered ring, satisfying
the following additional property:

+ Every nonzero element has a multiplicative inverse, 2.

This makes them an instance of an ordered field.

It is worth knowing that once we have the natural numbers, it is possible to construct the integers and rational numbers,
using set-theoretic constructions you have already seen. For example, we can take an integer to be a pair (i, n) of natural
numbers where i is either O or 1, with the intention that (0, n) represents the positive integer n, and (1,n) represents
the negative integer —(n + 1). (We use —(n + 1) instead of —n to avoid having two representations of 0.) With this
definition, the integers are simply {0, 1} x N. We can then go on to define the operations of addition and multiplication,
the additive inverse, and the order relation, and prove they have the desired properties.

This construction has the side effect that the natural numbers themselves are not integers; for example, we have to distin-
guish between the natural number 2 and the integer 2. This is the case in Lean. In ordinary mathematics, it is common
to think of the natural numbers as a subset of the integers. Once we construct the integers, however, we can throw away
the old version of the natural numbers, and afterwards identify the natural numbers as nonnegative integers.
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We can do the same for the rationals, defining them to be the set of pairs (a, b) in Z x N, where either a = 0 and b = 1,
or b > 0 and a and b have no common divisor (other than 1 and —1). The idea is that (a, b) represents a/b. With this
definition, the rationals are really a subset of Z x N, and we can then define all the operations accordingly.

In the next section, we will define a more sophisticated approach, one which will scale to a definition of the real numbers.
And in a later chapter, we will show how to construct the natural numbers from the axioms of set theory. This shows that
we can construct all the number systems from the bottom up.

But first, let us pause for a moment to consider why the real numbers are needed. We have seen that 2 has no rational
square root. This means, in a sense, that there is a “gap” in the rationals: the are rationals whose squares are arbitrarily
close to 2, but there is no rational x with the property that 2> = 2. But it seems intuitively clear that there should be
some number with that property: v/2 is the length of the diagonal of a square with side length 1. Similarly, 7, the area of
a circle with radius 1, is missing from the rationals. These are the kinds of defects that the real numbers are designed to
repair.

You may be used to thinking of real numbers as (potentially) infinite decimals: for example, v/2 = 1.41421356 . .. and
m = 3.14159265 . . .. A central goal of this chapter is to make the “...” precise. The idea is that we can take an infinite
decimal to represent a sequence of rational approximations. For example, we can approximate the square root of 2 with
the sequence 1,1.4,1.41,1.414, .. .. We would like to define v/2 to be the “limit” of that sequence, but we have seen that
the sequence does not have a limit in the rationals. So we have to construct new objects, the real numbers, to serve that
purpose.

In fact, we will define the real numbers, more or less, to be such sequences of rational approximations. But we will have
to deal with the fact that, for example, there are lots of ways of approximating the square root of two. For example, we
can just as well approach it from above, 2,1.5,1.42, ..., or by oscillating above and below. The next section will show
us how to “glue” all these sequences together and treat them as a single object.

21.2 Quotient Constructions

Let A be any set, and let = be any equivalence relation on A. Recall from Section 13.3 that we can assign to every element
a of A the equivalence class [a], where b € [a] means b = a. This assignment has the property that for every a and b,
a = b if and only if [a] = [b].

Given any set A and equivalence relation =, define A/= to be the set {[a] | a € A} of equivalence classes of A modulo
=. This set is called “A modulo =,” or the guotient of A by =. You can think of this as the set A where equivalent
elements are “glued together” to make a coarser set.

For example, if we consider the integers Z with = denoting equivalence modulo 5 (as in Section 19.4), then Z/= is just
{[0], 1], [2], [3], [4]}. We can define addition on Z/= by [a] + [b] = [a + b]. For this definition to make sense, it is
important to know that the right-hand side does not depend on which representatives of [a] and [b] we choose. In other
words, we need to know that whenever [a] = [a/] and [b] = [V/], then [a + b] = [a’ + b]. This, in turn, is equivalent to
saying that if a = a’ and b = V', then a + b = a’ + '. In other words, we require that the operation of addition respects
the equivalence relation, and we saw in Section 19.4 that this is in fact the case.

This general strategy for transferring a function defined on a set to a function defined on a quotient of that set is given by
the following theorem.

Theorem. Let A and B be any sets, let = be any equivalence relation defined on A, and let f : A — B. Suppose f
respects the equivalence relation, which is to say, for every a and @’ in A, if a = a’, then f(a) = f(a’). Then there is a
unique function f : A/= — B, defined by f([a]) = f(a) for every a in A.

Proof. We have defined the value of f on an equivalence class = by writing = [a], and setting f(x) = f(a). In other
words, we say that f(z) = y if and only if there is an a such that z = [a], and f(a) = y. What is dubious about the
definition is that, a priori, it might depend on how we express « in that form; in other words, we need to show that there is
a unique y meeting this description. Specifically, we need to know that if z = [a] = [d/], then f(a) = f(a'). But since
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[a] = [a'] is equivalent to a = o/, this amounts to saying that f respects the equivalence relation, which is exactly what
we have assumed.

Mathematicians often “define” f by the equation f([a]) = f(a), and then express the proof above as a proof that “f is
well defined.” This is confusing. What they really mean is what the theorem says, namely, that there is a unique function
meeting that description.

To construct the integers, start with N x N. Think of the pair of natural numbers (m, n) as representing m — n, where the
subtraction takes place in the integers (which we haven’t constructed yet!). For example, both (2, 5) and (6, 9) represent
the integer —3. Intuitively, the pairs (m,n) and (m’, n’) will represent the same integer when m —n = m’ — n’, but we
cannot say this yet, because we have not yet defined the appropriate notion of subtraction. But the equation is equivalent
tom +n' = m’ + n, and this makes sense with addition on the natural numbers.

Definition. Define the relation = on N x N by (m,n) = (m/,n’) if and only if m + n’ = m’ + n.
Proposition. = is an equivalence relation.
Proof. For reflexivity, it is clear that (m,n) = (m,n), since m +n = m + n.

For symmetry, suppose (m,n) = (m',n’). This means m + n’ = m’ 4+ n. But the symmetry of equality implies
(m/,n") = (m,n), as required.

For transitivity, suppose (m,n) = (m’/,n’), and (m’,n’) = (m”,n’”"). Then we have m +n’ = m’ +nand m’ +n" =
n’ +m'. Adding these equations, we get

m4+n"+m' +n" =m' +n+n" +m’”.

Subtracting m’ + n’ from both sides, we get m +n”” = n + m/’, which is equivalent to (m,n) = (m’,n’"), as required.

We can now define the integers to be N x N/=. How should we define addition? If [(m,n)| represents m — n, and
[(u,v)] represents u — v, then [(m,n)] + [(u,v)] should represent (m + u) — (n + v). Thus, it makes sense to define
[(m,n)] + [(u,v)] tobe [(m + u) — (n + v)]. For this to work, we need to know that the operation which sends (m, n)
and (u,v) to (m + u, n + v) respects the equivalence relation.

Proposition. If (m,n) = (m’,n’) and (u,v) = (u/,v’), then (m + u,n+v) = (m' +u',n’ + ).

Proof. The first equivalence means m +n’ = m’ + n, and the second means v + v’ = «’ +v. Adding the two equations,
we get (m~4u)+(n'+v’) = (m'+u')+ (n+v), which is exactly the same as saying (m+u, n+v) = (m'+u’,n'+v’).

Every natural number n can be represented by the integer [(n, 0)], and, in particular, 0 is represented by [(0,0)]. More-
over, if [(m, n)] is any integer, we can define its negation to be [(n, m)], since [(m,n)] + [(n,m)] = [(m+n,n+m)] =
[(0,0)], since (m + n,n + m) = (0,0). In short, we have “invented” the negative numbers!

We could go on this way to define multiplication and the ordering on the integers, and prove that they have the desired
properties. We could also carry out a similar construction for the rational numbers. Here, we would start with the set
Z x 7>°, where Z>° denotes the strictly positive integers. The idea, of course, is that (a, b) represents (a/b). With that
in mind, it makes sense to define (a,b) = (¢, d) if ad = be. We could go on to define addition, multiplication, and the
ordering there, too. The details are tedious, however, and not very illuminating. So we turn, instead, to a construction of
the real numbers.
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21.3 Constructing the Real Numbers

The problem we face is that the sequence 1,1.4,1.41,1.414,1.4142, ... of rational numbers seems to approach a value
that would be the square root of 2, but there is no rational number that can play that role. The next definition captures the
notion that this sequence of numbers “seems to approach a value,” without referring to a value that it is approaching.

Definition. A sequence of rational numbers (g;);cn is Cauchy if for every rational number £ > 0, there is some natural
number N € N such that for all ¢, j > N, we have that |g; — ¢;| < €.

Roughly speaking, a Cauchy sequence is one where the elements become arbitrarily close, not just to their successors
but to all following elements. It is common in mathematics to use € to represent a quantity that is intended to denote
something small; you should read the phrase “for every ¢ > 0” as saying “no matter how small ¢ is.” So a sequence is
Cauchy if, for any € > 0, no matter how small, there is some point [V, beyond which the elements stay within a distance
of ¢ of one another.

Cauchy sequences can be used to describe these gaps in the rationals, but, as noted above, many Cauchy sequences can
be used to describe the same gap. At this stage, it is slightly misleading to say that they “approach the same point,” since
there is no rational point that they approach; a more precise statement is that the sequences eventually become arbitrarily
close.

Definition. Two Cauchy sequences p = (p;)ien and ¢ = (¢;)icn are equivalent if for every rational number & > 0, there
is some natural number N € N such that for all i > N, we have that |p; — ¢;| < €. We will write p = ¢ to express that
p is equivalent to q.

Proposition. = is an equivalence relation on Cauchy sequences.

Proof. Reflexivity and symmetry are easy, so let us prove transitivity. Suppose (p;) = (¢;) and (g;) = (r;). We want to
show that the sequence (p; ) is equivalent to (7;). So, given any & > 0, choose Ny large enough such that for every ¢ > N,
|pi — g:i| < £/2. Choose another number, N1, so that for every i > Ny, |¢; — ;| < £/2. Let N = max(Ny, N1). Then
for every ¢« > N, we have

lpi — il = (i — @) + (@i —73)| < |pi — @] + g —7ri| <e/2+4+¢/2=¢,

as required.

Notice that the proof uses the friangle inequality, which states for any rational numbers a and b, |a + b| < |a| + |b]. If
we define |a| to be the maximum of a and —a, the triangle inequality in fact holds for any ordered ring:

Theorem. Let a and b be elements of any ordered ring. Then |a + b| < |a| + |b].

Proof. By the definition of absolute value, it suffices to show that a + b < |a| + |b| and —(a + b) < |a| + |b|. The first
claim follows from the fact that @ < |a| and b < |b|. For the second claim, we similarly have —a < |a| and —b < |b], so
—(a+0b)=—a+—b<la|l + [b|.

In the theorem above, if weleta = z — yand b = y — z, we get |x — z| < |x — y| + |y — z|. The fact that |z — y|
represents the distance between x and y on the number line explains the name: for any three “points” z, y, and z, the
distance from « to z can’t be any greater than the distance from « to y plus the distance from y to z.
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We now let A be the set of Cauchy sequences of rationals, and define the real numbers, R, to be A/=. In other words,
the real numbers are the set of Cauchy sequence of rationals, modulo the equivalence relation we just defined.

Having the set R by itself is not enough: we also would like to know how to add, subtract, multiply, and divide real
numbers. As with the integers, we need to define operations on the underlying set, and then show that they respect the
equivalence relation. For example, we will say how to add Cauchy sequences of rationals, and then show that if p; = ps
and g1 = qo, then p; + q1 = p2 + g2. We can then lift this definition to R by defining [p] + [q] to be [p + q].

Luckily, it is easy to define addition, subtraction, and multiplication on Cauchy sequences. If p = (p;)ien and ¢ = (g;)ien
are Cauchy sequences, let p + ¢ = (p; + ¢i):ien, and similarly for subtraction and multiplication. It is trickier to show
that these sequences are Cauchy themselves, and to show that the operations have the appropriate algebraic properties.
We ask you to prove some of these properties in the exercises.

We can identify each rational number ¢ with the constant Cauchy sequence q, q, g, . . ., so the real numbers include all the
rationals. The next step is to abstract away the details of the particular construction we have chosen, so that henceforth
we can work with the real numbers abstractly, and no longer think of them as given by equivalence classes of Cauchy
sequences of rationals.

21.4 The Completeness of the Real Numbers

We constructed the real numbers to fill in the gaps in the rationals. How do we know that we have got them all? Perhaps we
need to construct even more numbers, using Cauchy sequences of reals? The next theorem tells us that, on the contrary,
there is no need to extend the reals any further in this way.

Definition. Let 7 be a real number. A sequence (7;);cn of real numbers converges to r if, for every € > 0, there is an N
such that for every i > N, |r; — r| < e.

Definition. A sequence (r;);cn converges if it converges to some 7.

Theorem. Every Cauchy sequence of real numbers converges.

The statement of the theorem is often expressed by saying that the real numbers are complete. Roughly, it says that
everywhere you look for a real number, you are bound to find one. Here is a similar principle.

Definition. An element v € R is said to be an upper bound to a subset S C R if everything in .S is less than or equal to
u. S is said to be bounded if there is an upper bound to S. An element w is said to be a least upper bound to S if it is an
upper bound to .S, and nothing smaller than w is an upper bound to S.

Theorem. Let S be a bounded, nonempty subset of R. Then .S has a least upper bound.

The rational numbers do not have this property: if we set S = {x € Q | 22 < 2}, then the rational number 2 is an upper
bound for .S, but S has no least upper bound in Q.

It is a fundamental theorem that the real numbers are characterized exactly by the property that they are a complete
ordered field, such that every real number 7 is less than or equal to some natural number N. Any two models that meet
these requirements must behave in exactly the same way, at least insofar as the constants 0 and 1, the operations + and *,
and the relation < are concerned. This fact is extremely powerful because it allows us to avoid thinking about the Cauchy
sequence construction in normal mathematics. Once we have shown that our construction meets these requirements, we
can take R to be “the” unique complete totally ordered field and ignore any implementation details. We are also free to
implement R in any way we choose, and as long as it meets this interface, and as long as they do not refer to the underlying
representations, any theorems we prove about the reals will hold equally well for all constructions.
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21.5 An Alternative Construction

Many sources use an alternative construction of the reals, taking them instead to be Dedekind cuts. A Dedekind cut is an
ordered pair (A, B) of sets of rational numbers with the following properties:

 Every rational number g is in either A or B.
e Eacha € A is less than every b € B.

* There is no greatest element of A.

e A and B are both nonempty.

The first two properties show why we call this pair a “cut.” The set A contains all of the rational numbers to the left of some
mark on the number line, and B all of the points to the right. The third property tells us something about what happens
exactly at that mark. But there are two possibilities: either B has a least element, or it doesn’t. Picturing the situation where
A has no greatest element and B has no least element may be tricky, but consider the example A = {z € Q | 22 < 2}
and B = {z € Q | 22 > 2}. There is no rational number ¢ such that q> = 2, but there are rational numbers on either
side that are arbitrarily close; thus neither A nor B contains an endpoint.

We can define R to be the set of Dedekind cuts. A Dedekind cut (A, B) corresponds to a rational number ¢ if ¢ is the
least element of B, and to an irrational number if B has no least element. It is straightforward to define addition on R:

(A1,B1) + (A2,B2) = ({a1 + a2 | a1 € A1,a2 € Ao}, {b1 + b2 | b1 € By, by € By}).

Some authors prefer this construction to the Cauchy sequence construction because it avoids taking the quotient of a
set, and thus removes the complication of showing that arithmetic operations respect equivalence. Others prefer Cauchy
sequences since they provide a clearer notion of approximation: if a real number r is given by a Cauchy sequence (g;);en,
then an arbitrarily close rational approximation of r is given by ¢, for a sufficiently large V.

For most mathematicians most of the time, though, the difference is immaterial. Both constructions create complete
linear ordered fields, and in a certain sense, they create the same complete linear ordered field. Strictly speaking, the set
of Cauchy reals is not equal to the set of Dedekind reals, since one consists of equivalence classes of rational Cauchy
sequences and one consists of pairs of sets of rationals. But there is a bijection between the two sets that preserves the
field properties. That is, there is a bijection f from the Cauchy reals to the Dedekind reals such that

. f(0)=0

« f(1)=

s fle+y) = flx)+ fly)
s flzy) = flz) fy)

* f(=2) = —f(x)

s fla™h) = fla)™!

* f@) < fly) = <y

We say that the two constructions are isomorphic, and that the function f is an isomorphism. Since we often only care
about the real numbers in regard to their status as a complete ordered field, and the two constructions are indistinguishable
as ordered fields, it makes no difference which construction is used.
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21.6 Exercises

1. Show that addition for the integers, as defined in Section 21.2, is commutative and associative.
2. Show from the construction of the integers in Section 21.2 that a 4+ 0 = a for every integer a.

3. Define subtraction for the integers by a — b = a + (—b), and show that @ — b 4+ b = a for every pair of integers a
and b.

4. Define multiplication for the integers, by first defining it on the underlying representation and then showing that the
operation respects the equivalence relation.

5. Show that every Cauchy sequence is bounded: that is, if (g;);en is Cauchy, there is some rational M such that
lg;] < M for all . Hint: try letting e = 1.

6. Letp = (p;i)ien and ¢ = (g;)ien be Cauchy sequences. Define p + ¢ = (p; + ¢;)ien and pg = (pigi)ien-

a. Show that p + ¢ is Cauchy. That is, for arbitrary € > 0, show that there exists an N such that forall i, 7 > N,
(i +¢i) — (s + q5)| <e.

b. Show that pq is Cauchy. In addition to the triangle inequality, you will find the previous exercise useful.
7. These two parts show that addition of Cauchy sequences respects equivalence.
a. Show that if p, p’, ¢ are Cauchy sequences and p = p/, thenp + ¢ = p’ + q.

b. Using the first part of this problem, show that if p, p’, q, ¢’ are Cauchy sequences, p = p’, and ¢ = ¢/, then
p+q=p +q. You can use the fact that addition on the real numbers is commutative.

8. Show that if (A;, By) and (As, Bs) are Dedekind cuts, then (Ay, By) + (As, Bs) is also a Dedekind cut.
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CHAPTER
TWENTYTWO

THE INFINITE

22.1 Equinumerosity

Remember that in Chapter 20 we defined, for each natural number n, the set [n] = {0,1,...,n — 1}. We then said that
a set A is finite if there is a bijection between A and [n] for some n. A set is said to be infinite if it is not finite.

If A and B are two finite sets, then they have the same cardinality if and only if there is a bijection between them. It turns
out that the same notion of “having the same cardinality” makes sense even if A and B are not finite.

Definition. Two sets A and B are said to be equinumerous, written A =~ B, if there is a bijection between them.
Equivalently, we say that A and B have the same cardinality.

At this stage, saying that A and B have the same cardinality may sound strange, because it is not clear that there is
any object, “the cardinality of A,” that they both “have.” It turns out that, in set-theoretic foundations, there are certain
objects—generalizations of the natural numbers—that one can use to measure the size of an infinite set. There are known
as the “cardinal numbers” or “cardinals.” But they are irrelevant to our purposes here. For the rest of this chapter, when
we say that A and B have the same cardinality, we mean neither more nor less than the fact that there is a bijection
between them.

The following theorem says, essentially, that equinumerosity is an equivalence relation. (The caveat is that so far we have
spoke only of relations between sets, and the collection of all sets is not itself a set.)

Proposition. Let A, B, and C be any sets.
s Ax A.
e If A~ B, then B ~ A.
e If A= Band B~ Cthen A~ C.

The proof is left as an exercise.
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22.2 Countably Infinite Sets

The set of natural numbers, N, is a prototypical example of an infinite set. To see that it is infinite, suppose, on the other
hand, that it is finite. This means that there is a bijection f between N and [n] for some natural number n. We can restrict
to the subset [n + 1] of N, and thereby obtain an injective map from [n + 1] to [n]. But this violates the pigeonhole
principle, proved in Chapter 20.

Definition. A set is said to be countably infinite if it is equinumerous with N. A set is said to be countable if it is finite or
countably infinite.

Since the identity map id(z) = x is a bijection on any set, every set is equinumerous with itself, and thus N itself is
countably infinite.

The term “countably infinite” is meant to be evocative. Suppose A is a countable set. By definition, there is a bijection
f N — A. So A has a “first” element f(0), a “second” element f(1), a “third” element f(2), and so on. Since f is a
bijection, for every element a of A, a is the nth element enumerated in this way, for a unique value of n. That is, each
element of A is “counted” at some finite stage.

With this definition in hand, it is natural to wonder which of our favorite sets are countable. Is the set of integers Z
countable? How about the set of rationals @, or the set of reals R? At this point, you should reflect on the logical form of
the statement “A is countable,” and think about what is required to show that a set A does or does not have this property.

Theorem. The set of integers, Z, is countable.

Proof. We need to show that there exists a bijection between N and Z. Define f : N — Z as follows:

n/2 if n is even
fny={" i
—(n+1)/2 ifnisodd.

We claim that f is a bijection. To see that it is injective, suppose f(m) = f(n). If f(m) (and hence also f(n)) is
nonnegative, then m and n are even, in which case m/2 = n/2 implies m = n. Otherwise, m and n are odd, and again
—(m+1)/2 = —(n+1)/2 implies m = n.

To see that f is surjective, suppose a is any integer. If a is nonnegative, then a = f(2a). If a is strictly negative, then
2a — 1 is also strictly negative, and hence —(2a — 1) is an odd natural number. In that case, it is not hard to check that

a = f(=(2a - 1)).

We will now build up an arsenal of theorems that we can use to show that various sets are countable.

Theorem. A set A is countable if and only if A is empty or there is a surjective function f : N — A.

Proof. For the forward direction, suppose A is countable. Then it is either finite or countably infinite. If A is countably
infinite, there is a bijection from N to A, and we are done. Suppose, then, that A is finite. If A is empty, we are done.
Otherwise, for some n, there is a bijection f : [n] — A, with n > 1. Define a function g : N — A as follows:

{f(i) ifi<n

9(0) = f(0) otherwise.

In other words, g enumerates the elements of A by using f first, and then repeating the element f(0). Clearly f is
surjective, as required.
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In the other direction, if A is finite, then it is countable, and we are done. So suppose A is not finite. Then it is not empty,
and so there is a surjective function f : N — A. We need to turn f into a bijective function. The problem is that f may
not be injective, which is to say, elements in A may be enumerated more than once. The solution is to define a function,
g, which eliminates all the duplicates. The idea is that g should enumerate the elements f(0), f(1), f(2),. .., but skip
over the ones that have already been enumerated.

To be precise, the function g is defined recursively as follows: g(0) = f(0), and for every 4, g(i + 1) = f(j), where j is
the least natural number such that f () is not among {¢(0), g(1), g(2), ..., g(¢)}. The assumption that A is infinite and
f is surjective guarantees that some such j always exists.

We only need to check that g is a bijection. By definition, for every i, g(¢ + 1) is different from ¢(0), ..., g(¢). This
implies that g is injective. But we can also show by induction that for every i, {g(0),...,g(i)} 2 {f(0),..., f(i)}.
Since f is surjective, g is too.

In a manner similar to the way we proved that the integers are countable, we can prove the following:

Theorem. If A and B are countably infinite, then so is A U B.

Proof. Suppose f : N — A and g : N — B are surjective. Then we can define a function & : N — AU B:

) f(n/2) if n is even
h(n) = {g((n ~1)/2) if nis odd.

It is not hard to show that h is surjective.

Intuitively, if A = {f(0), f(1), f(2),...} and B = {g(0),9(1),9(2),...}, then we can enumerate A U B as
{£(0),9(0), (1), 9(1), £(2),9(2), .. .}.

The next two theorems are also helpful. The first says that to show that a set B is countable, it is enough to “cover” it
with a surjective function from a countable set. The second says that to show that a set A is countable, then it is enough
to embed it in a countable set.

Theorem. If A is countable and f : A — B is surjective, then B is countable.
Proof. If A is countable, then there is a surjective function g : N — A, and f o ¢ is a surjective function from N — B.
Theorem. If B is countable and f : A — B is injective, then A is countable.

Proof. Assuming f : A — B is injective, it has a left inverse, g : B — A. Since g has a right inverse, f, we know that
g is surjective, and we can apply the previous theorem.

Corollary. If B is countable and A C B, then A is countable.

Proof. The function f : A — B defined by f(x) = x is injective.

Remember that N x N is the set of ordered pairs (¢, j) where 7 and j are natural numbers.

Theorem. N x N is countable.

Proof. Enumerate the elements as follows:

(0,0),(1,0),(0,1),(2,0),(1,1),(1,2),(3,0),(2,1),(1,2),(0,3),...
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If you think of the pairs as coordinates in the -y plane, the pairs are enumerated along diagonals: first the diagonal with
pairs whose elements sum to 0, then the diagonal with pairs whose elements sum to 1, and so on. This is often called a
“dovetailing” argument, because if you imagine drawing a line that weaves back and forth through the pairs enumerated
this ways, it will be analogous to the a carpenter’s practice of using a dovetail to join two pieces of wood. (And that term,
in turn, comes from the similarity to a dove’s tail.)

As far as proofs go, the informal description above and the associated diagram are perfectly compelling. It is possible to
describe a bijection between N x N explicitly, however, in algebraic terms. You are asked to do this in the exercises.

The previous theorem has a number of interesting consequences.

Theorem. If A and B are countable, then sois A X B.

Proof. If p is any element of N x N, write pg and p; to denote the two components. Let f : N — N x N be a
surjection, as guaranteed by the previous theorem. Suppose g : N — A and h : N — B be surjective. Then the function
k() = (g(f(@)o), h(f(i)1)) is a surjective function from N to A x B.

Theorem. The set of rational numbers, Q, is countable.
Proof. By the previous theorem, we know that Z x Z is countable. Define f : Z x Z — Q by
. i/j ifj#0
f)=1" .
0 otherwise.
Since every element of @ can be written as 7/ for some 4 and j in Z, f is surjective.
Theorem. Suppose that A is countable. For each n, the set A™ is countable.

Proof. Remember that we can identify the set of n-tuples of elements from A with A x ... x A, where there are n copies
of A in the product. The result follows using induction on n.

Theorem. Let (A;);cn be a family of sets indexed by the natural numbers, and suppose that each A; is countable. Then
\J; A; is countable.

Proof. Suppose for each i, f; is a surjective function from N to A;. Then the function g(i,j) = f;(j) is a surjective
function from N x N to [ J; 4;.

Theorem. Suppose that A is countable. Then the set of finite sequences of elements of A is countable.

Proof. The set of finite sequences of elements of A is equal to | J, A?, and we can apply the previous two theorems.

Notice that the set of all alphanumeric characters and punctuation (say, represented as the set of all ASCII characters) is
finite. Together with the last theorem, this implies that there are only countably many sentences in the English language
(and, indeed, any language in which sentences are represented by finite sequences of symbols, chosen from any countable
stock).

At this stage, it might seem as though everything is countable. In the next section, we will see that this is not the case:
the set of real numbers, R, is not countable, and if A is any set (finite or infinite), the powerset of A, P(A), is not
equinumerous with A.
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22.3 Cantor’s Theorem

A set A is uncountable if it is not countable. Our goal is to prove the following theorem, due to Georg Cantor.

Theorem. The set of real numbers is uncountable.

Proof. Remember that [0, 1] denotes the closed interval {r € R | 0 < r < 1}. It suffices to show that there is no
surjective function f : N — [0, 1], since if R were countable, [0, 1] would be countable too.

Recall that every real number ~ € [0, 1] has a decimal expansion of the form r = 0.rgr1797374 . . ., where each r; is a
digit in {0,1,...,9}. More formally, we can write r = ).~ & for each 7 € R with 0 < r < 1.

(Notice that 1 can be written 0.9999. ... In general every other rational number in [0, 1] will have two representations
of this form; for example, 0.5 = 0.5000... = 0.49999.... For concreteness, for these numbers we can choose the
representation that ends with zeros.)

As a result, we can write

o £(0) = 0.79r97r9r9re . ..

* f(1) = 0.rgriryrsri
* f(2) = 0rgriririrs
s f(3)=0.3r3r3rirs
* f(4) = 0rgriryrsry

(We use superscripts, 7%, to denote the digits of f(i). The superscripts do not mean the “ith power.”)
Our goal is to show that f is not surjective. To that end, define a new sequence of digits (7;);cn by

{7 if i £ 7
ri =

3 otherwise.

The define the real number r = 0.rgr17273 . . .. Then, for each 4, r differs from f(7) in the ith digit. But this means that
for every 4, f (i) # r. Since r is not in the range of f, we see that f is not surjective. Since f was arbitrary, there is no
surjective function from N to [0, 1].

(We chose the digits 3 and 7 only to avoid 0 and 9, to avoid the case where, for example, f(0) = 0.5000... and
r = 0.4999. . .. Since there are no zeros or nines in r, since the ith digit of  differs from f(¢), it really is a different real
number.)

This remarkable proof is known as a “diagonalization argument.” We are trying to construct a real number with a certain
property, namely, that it is not in the range of f. We make a table of digits, in which the rows represent infinitely many
constraints we have to satisfy (namely, that for each 7, f(¢) # r), and the columns represent opportunities to satisfy that
constraint (namely, by choosing the ith digit of r appropriately). Then we complete the construction by stepping along the
diagonal, using the ith opportunity to satisfy the 7th constraint. This technique is used often in logic and computability
theory.

The following provides another example of an uncountable set.

Theorem. The power set of the natural numbers, P(N), is uncountable.
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Proof. Let f : N — P(N) be any function. Once again, our goal is to show that f is not surjective. Let S be the set of
natural numbers, defined as follows:

S={neN[n¢ f(n)}

In words, for every natural number, n, n is in S if and only if it is not in f(n). Then clearly for every n, f(n) # S. So
f is not surjective.

We can also view this as a diagonalization argument: draw a table with rows and columns indexed by the natural numbers,
where the entry in the ith row and jth column is “yes” if j is an element of f(i), and “no” otherwise. The set S is
constructed by switching “yes” and “no” entries along the diagonal.

In fact, exactly the same argument yields the following:

Theorem. For every set A, there is no surjective function from A to P(A).

Proof. As above, if f is any function from A to P(A), the set S = {a € A | a ¢ f(a)} is not in the range of f.

This shows that there is an endless hierarchy of infinities. For example, in the sequence N, P(N), P(P(N)), .. ., there is
an injective function mapping each set into the next, but no surjective function. The union of all those sets is even larger
still, and then we can take the power set of that, and so on. Set theorists are still today investigating the structure within
this hierarchy.

22.4 An Alternative Definition of Finiteness

One thing that distinguishes the infinite from the finite is that an infinite set can have the same size as a proper subset of
itself. For example, the natural numbers, the set of even numbers, and the set of perfect squares are all equinumerous,
even though the latter two are strictly contained among the natural numbers.

In the nineteenth century, the mathematician Richard Dedekind used this curious property to define what it means to be
finite. We can show that his definition is equivalent to ours, but the proof requires the axiom of choice.

Definition. A setis A Dedekind infinite if A is equinumerous with a proper subset of itself, and Dedekind finite otherwise.
Theorem. A set is Dedekind infinite if and only it is infinite.

Proof. Suppose A is Dedekind infinite. We need to show it is not finite; suppose, to the contrary, it is bijective with [n]
for some n. Composing bijections, we have that [n] is bijective with a proper subset of itself. This means that there is an
injective function f from [n] to a proper subset of n. Modifying f, we can get an injective function from [n] into [n — 1],
contradicting the pigeonhole principle.

Suppose, on the other hand, that A is infinite. We need to show that there is an injective function f from A to a proper
subset of itself (because then f is a bijection between A and the range of f). Choose a sequence of distinct element
ag, a1, a2, ...of A. Let f map each a; to a;41, but leave every other element of A fixed. Then f is injective, but ag is
not in the range of f, as required.
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22.5 The Cantor-Bernstein Theorem

Saying that A and B are equinumerous means, intuitively, that A and B have the same size. There is also a natural way
of saying that A is not larger than B:

Definition. For two sets A and B, we say the cardinality of A is less than or equal to the cardinality of B, written A < B,
when there is an injection f : A — B.

As an exercise, we ask you to show that =< is a preorder, which is to say, it is reflexive and transitive. Here is a natural
question: does A < B and B =< A imply A ~ B? In other words, assuming there are injective functions f : A — B
and g : B — A, is there necessarily a bijection from A to B?

The answer is “yes,” but the proof is tricky. The result is known as the Cantor-Bernstein Theorem, and we state it without
proof.

Theorem. For any sets A and B, if A < Band B < A, then A ~ B.

22.6 Exercises

1. Show that equinumerosity is reflexive, symmetric, and transitive.
Show that the function f(z) = x/(1 — x) is a bijection between the interval [0, 1) and R=Y.

Show that the g(x) = x/(1 — |z|) gives a bijection between (—1,1) and R.

Sl

Define a function J : N x N — N by J(i,5) = % + 4. This goal of this problem is to show that .J is a
bijection from N x N to N.

a. Draw a picture indicating which pairs are sent to 0,1, 2, . . ..

b. Letn = i+ j. Show that J(, j) is equal the number of pairs (u, v) such that either u+v < n,oru+v =n
and u < ¢. (Use the factthat 1 +2+ ...+ n=n(n+1)/2)

c. Conclude that .J is surjective: to find ¢ and j such that J (4, j) = k, it suffices to find the largest n such that
nn+1)/2<k,leti=k—n(n+1)/2,andletj =n —i.

d. Conclude that J is injective: if J(i,j) = J(¢',j’),letn =i+ jandn’ =i’ 4+ j'. Argue that n = n/, and
soi=14andj = j'.

5. Let S be the set of functions from N to {0, 1}. Use a diagonal argument to show that S is uncountable. (Notice that
you can think of a function f : N — {0, 1} as an infinite sequence of 0’s and 1’s, given by f(0), f(1), f(2),....
So, given a function F'(n) which, for each natural number n, returns an infinite sequence of 0’s and 1’s, you need
to find a sequence that is not in the image of F'.)

6. If f and g are functions from N to N, say that g eventually dominates f if there is some n such that for every m > n,
g(m) > f(m). In other words, from some point on, g is bigger than f.

Show that if fy, f1, f2, ... is any sequence of functions from N to N, indexed by the natural numbers, then there
is a function ¢ that eventually dominates each f;. (Hint: construct g so that for each i, g(n) > f;(n) for every
n>1.)

7. Show that the relation < defined in Section 22.5 is reflexive and transitive.
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CHAPTER
TWENTYTHREE

AXIOMATIC FOUNDATIONS

In this final chapter, our story comes full circle. We started our journey with symbolic logic, using the propositional
connectives to model logical terms like “and,” “or,” “not,” and “implies.” To that we added the quantifiers and function
and relation symbols of first-order logic. From there, we moved to sets, functions, and relations, which are ubiquitous in
modern mathematics; the natural numbers and induction; and then topics such as number theory, combinatorics, the real
numbers, and the infinite. Here we return to symbolic logic, and see how it can be used to provide a formal foundation
for all of mathematics.

Specifically, we will consider an axiomatic framework known as Zermelo-Fraenkel set theory, which was introduced early
in the twentieth century. In the set-theoretic view of mathematics, every mathematical object is a set. The axioms assert
the existence of sets with various properties. From the collection of all sets, we carve out the usual inhabitants of the
mathematical universe, not just the various number systems we have considered, but also pairs, finite sequences, relations,
functions, and so on. This provides us with an idealized foundation for everything we have done since Chapter 11.

At the end of this chapter, we will briefly describe another axiomatic framework, dependent type theory, which is the one
used by Lean. We will see that it provides an alternative perspective on mathematical objects and constructions, but one
which is nonetheless inter-interpretable with the set-theoretic point of view.

23.1 Basic Axioms for Sets

The axioms of set theory are expressed in first-order logic, for a language with a single binary relation symbol, €. We
think of the entire mathematical universe as consisting of nothing but sets; if = and y are sets, we can express that x is an
element of y by writing x € y. The first axiom says that two sets are equal if and only if they have the same elements.

Extensionality: Vz,y (x =y <> Vz(z € 2 > 2z € y))
The next axiom tells us that there is at least one interesting set in the universe, namely, the set with no element.
Empty set: 3z Vyy ¢

Here, of course, = ¢ y abbreviates —(x € y). By the axiom of extensionality, the set asserted to exist by this axiom is
unique: in other words, if 21 and x5 each have no elements, then, vacuously, any element is in one if and only if it is
in the other, so 1 = x5. This justifies using the word he in the phrase the empty set. Given this fact, it should seem
harmless to introduce a new symbol, (), to denote the set matching that description. Indeed, one can show that this is case:
in a precise sense, such expansions to a first-order language can be viewed as nothing more than a convenient manner of
expression, and statements in the bigger language can be translated to the original language in a way that justifies all the
expected inferences. We will not go into the details here, and, rather, take this fact for granted. Using the new symbol,
the empty set axiom tells us the empty set satisfies the property Vy y ¢ 0.

The third axiom tells us that given two sets x and y, we can form a new set z whose elements are exactly x and y.

Pairing: Vz,y 3zVw (w €z w=2Vw=y)
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There is a stealth usage of this axiom lurking nearby. The axiom does not require that = and y are different, so, for
example, we can take them both to be the empty set. This tells us that the set {()}, whose only element is the empty set,
exists. More generally, the axiom tells us that for any x, we have the set {} whose only element is x, and for any z
and y, we have {x,y}, as described above. Once again, the axiom of extensionality tells us that the sets meeting these
descriptions are unique, so it is fair to use the corresponding notation. We are now off and running! We now have all of
the following sets, and more:

0. {0}, {03}, {0,{0}}, {{{0}}}, ...

Still, we can never form a set with more than two elements in this way. To that end, it would be reasonable to add an
axiom that asserts for every x and y, the set z Uy exists. But we can do better. Remember that if x is any set, | J = denotes
the union of all the sets in . In other words, for any set z, z is an element of |z if and only if z is in w for some set w
in z. The following axiom asserts that this set exists.

Union: Vo Iy Vz (z €y <> Jw (w € x A z € w))

Once again, this justifies the use of the | J notation. We get the ordinary binary union using this axiom together with
pairing, since we have z Uy = | J{z, y}.

At this stage, it will be useful to invoke some additional notation that was first introduced in our informal presentation of
sets. If A is any first-order formula in the language of set theory, Vz € y A abbreviates Va (zr € y — A)and Iz € y A
abbreviates 3z (x € y A A), relativizing the quantifiers as described in Section 7.4. The expression & C y abbreviates
Vz € x (z € y), as you would expect.

The next axiom asserts that for every set x, the power set, P(x) exists.
Power Set: Vx JyVz (z € y <> 2 C x)

We have begun to populate the universe with basic set constructions. It is the next axiom, however, that gives set theory
its remarkable flexibility. Properly speaking, it is not a single axiom, but a schema, an infinite family of axioms given by
a single template. The schema is meant to justify set-builder notation {w | ...} that was ubiquitous in Chapter 11. The
first question we need to address is what we are allowed to write in place of the ellipsis. In our informal presentation of
set theory, we said that one can define a set using any property, but that only prompts the question here as to what counts
as a “property.” Axiomatic set theory provides a simple but powerful answer: we can use any first-order formula in the
language of set theory.

Another concern centers around Russell’s paradox, as discussed in Section 11.1. Any theory that allows us to define the set
{w | w ¢ w} is inconsistent, since if we call this set z, we can show z € z if and only if z ¢ z, which is a contradiction.
Once again, set theory offers a simple and elegant solution: for any formula A(z) and set y, we can instead form the set
{w € y | A(w)}, consisting of the elements of y that satisfy A. In other words, we have to first use the other axioms of
set theory to form a set y that is big enough to include all the elements that we want to consider, and then use the formula
A to pick out the ones we want.

The axiom schema we want is called separation, because we use it to separate the elements we want from those in a bigger
collection.

Separation: V1, Za,...,Tn,y Jz2Vw (w € 2 > w € y AN Alw,x1,22,...,%p))

Here, A can be any formula, and the list of variables z1, ..., x, that are shown indicate that the formula A can have
some parameters, in which case the set we form depends on these values. For example, in ordinary mathematics, given a
number m we can form the set {n € N | prime(n) An > m}. In this example, the description involves m and n, and
the set so defined depends on m.

We could use the separation axiom to simplify the previous axioms. For example, as long as we know that any set x
exists, we can define the empty set as {y € = | L}. Similarly, in the pairing axiom, it is enough to assert that there is a
set that contains x and y as elements, because then we can use separation to carve out the set whose elements are exactly
x and y.
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These are only the first six axioms of set theory; we have four more to go. But these axioms alone provide a foundation
for reasoning about sets, relations, and functions, as we did in Chapter 11, Chapter 13, and Chapter 15. For example, we
have already defined the union operation, and we can define set intersection x Nyas{z € x Uy |z € x Az € y}. We
cannot define arbitrary set complements; for example, the exercises ask you to show that in set theory we can prove that
there is no set that contains all sets, and so the complement of the empty set does not exist. But given any two sets « and
y, we can define their difference = \ y as {z € | z ¢ y}. The exercises below ask you to show that we can also define
indexed unions and intersections, once we have developed the notion of a function.

We would like to define a binary relation between two sets x and y to be a subset of x X y, but we first have to define the
cartesian product X y. Remember that in Section 11.4 we defined the ordered pair (u, v) to be the set {{u}, {u,v}}.
As a result, we can use the separation axiom to define

xxy=4{ze...|uexTvey(z=(u,v))}

provided we can prove the existence of a set big enough to fill the “....” In the exercises below, we ask you to show that
the set P(P(x Uy)) contains all the relevant ordered pairs. A binary relation 7 on x and y is then just a subset of  x y,
where we interpret r(u, v) as (u,v) € r. We can think of ordered triples from the sets x, y, z as elements of z x (y x z)
and so on. This gives us ternary relations, four-place relations, and so on.

Now we can say that a function f : x — y is really a binary relation satisfying Vu € x v € y f(u,v), and we write
f(u) = v when v is the unique element satisfying f(u,v). A function f taking arguments from sets z, y, and z and
returning an element of w can be interpreted as a function f : z X y X z — w, and so on.

With sets, relations, and functions, we have the basic infrastructure we need to do mathematics. All we are missing at
this point are some interesting sets and structures to work with. For example, it would be nice to have a set of natural
numbers, N, with all the properties we expect it to have. So let us turn to that next.

23.2 The Axiom of Infinity

With the axioms we have so far, we can form lots of finite sets, starting with () and iterating pairing, union, powerset, and
separation constructions. This will give us sets like

0,40}, ({03}, {0, {03}, {{{0}}}, ...

But the axioms so far do not allow us to define sets that are more interesting than these. In particular, none of the axioms
gives us an infinite set. So we need a further axiom to tell us that such a set exists.

Remember that in Chapter 17 we characterized the natural numbers as a set with a distinguished element, 0, and an
injective operation succ, satisfying the principles of induction and recursive definition. In set theory, everything is a set,
so if we want to represent the natural numbers in that framework, we need to identify them with particular sets. There
is a natural choice for 0, namely, the empty set, (). For a successor operation, we will use the function succ defined by
succ(z) = x U {z}. The choice is a bit of a hack; the best justification for the definition is that it works. With this
definition, the first few natural numbers are as follows:

It is more perspicuous to write them as follows:
0=0, 1={0}, 2=4{0,1}, 3={0,1,2}, 4={0,1,2,3}, ...

In general, n + 1 is represented by the set {0, 1,...,n}, in which case, m € n is the same as m < n. This is just an
incidental property of our encoding, but it is a rather charming one.

Recall from Chapter 17 that we can characterize the set of natural numbers as follows:

* There is an element 0 € N and there is an injective function succ : N — N, with the additional property that
succ(z) # 0 for any = in N.
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» The set N satisfies the principle of induction: if x is a subset of N that contains 0 and is closed under succ (that is,
whenever z is in N, so is succ), then x = N,

We have already settled on the definitions of 0 and succ, but we don’t yet have any set that contains the first and is closed
under applying the second. The axiom of infinity asserts precisely that there exists such a set.

Infinity: 3z (0 € 2 AVy (y € x = y U {y} € x))

Say a set z is inductive if it satisfies the property after the existential quantifier, namely, that it contains the empty set and is
closed under our successor operation. Notice that the set of natural numbers, which we are still trying to define formally,
has this property. The axiom of infinity asserts the existence of some inductive set, but not necessarily the natural numbers
themselves; an inductive set can have other things in it as well. In a sense, the principle of induction says that the natural
numbers is the smallest inductive set. So we need a way to separate that set from the one asserted to exist by the axiom
of infinity.

Let = be any inductive set, as asserted to exist by the axiom of infinity. Let
y = ﬂ{z C x| z is inductive}.

Here z C x can also be written z € P(x), so the inside set exists by the separation axiom. According to this definition,
y is the intersection of every inductive subset of x, so an element w is in y if and only if w is in every inductive subset
of 2. We claim that y itself is inductive. First, we have () € y, since the empty set is an element of every inductive set.
Next, suppose w is in y. Then w is in every inductive subset of z. But since every inductive set is closed under successor,
succ(w) is in every inductive subset of . So succ(w) is in the intersection of all inductive subsets of z—which is y!

It quickly follows that y is a subset of every inductive set. To see this, suppose that z is inductive. You can check that
z N x is inductive, and thus y C z Nx C 2.

The more interesting point is that y also satisfies the principle of induction. To see this, suppose u C y contains the empty
set and is closed under succ. Then u is inductive, and since y is a subset of every inductive set, we have y C u. Since we
assumed u C y, we have u = y, which is what we want.

To summarize, then, we have proved the existence of a set that contains 0 and is closed under a successor operation and
satisfies the induction axiom. Moreover, there is only one such set: if y; and y- both have this property, then so does
41 N Y2, and by the induction principle, this intersection has to be equal to both y; and y», in which case y; and y5 are
equal. It then makes sense to call the unique set with these properties the natural numbers, and denote it by the symbol
N.

There is only one piece of the puzzle missing. It is clear from the definition that O is not the successor of any number, but
it is not clear that the successor function is injective. We can prove that by first noticing that the natural numbers, as we
have defined them, have a peculiar property: if z is a natural number, y is an element of z, and x is an element of y, then x
is an element of z. This says exactly that the € relation is transitive on natural numbers, which is not surprising, since we
have noted that € on the natural numbers, under our representation, coincides with <. To prove this claim formally, say
that a set z is transitive if it has the property just mentioned, namely, that every element of an element of z is an element
of z. This is equivalent to saying that for every y € z, we have y C z.

Lemma. Every natural number is transitive.

Proof. By induction on the natural numbers. Clearly, () is transitive. Suppose z is transitive, and suppose y € succ(z)
and z € y. Since succ(x) = x U {z}, wehavey € x ory € {z}. If y € x, then by the inductive hypothesis, we have
z € x, and hence z € succ(z). Otherwise, we have y € {z}, and so y = . In that case, again we have z € z, and hence
z € succ(z).

The next lemma shows that, on transitive sets, union acts like the predecessor operation.
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Lemma. If z is transitive, then | succ(z) = .

Proof. Suppose y is in |Jsucc(x) = |J(z U {x}). Then either y € z for some z € x, or y € x. In the first case, also
have y € z, since x is transitive.

Conversely, suppose y is in z. Then y is in | succ(x), since we have € succ(x).
Theorem. succ is injective on N.

Proof. Suppose = and y are in N, and succ(z) = succ(y). Then x and y are both transitive, and we have x = | succ(x) =
Usuce(y) = y.

With that, we are off and running. Although we will not present the details here, using the principle of induction we can
justify the principle of recursive definition. We can then go on to define the basic operations of arithmetic and derive their
properties, as done in Chapter 17. We can go on to define the integers, the rational numbers, and the real numbers, as
described in Chapter Chapter 21, and to develop subjects like number theory and combinatorics, as described in Chapters
Chapter 19 and Chapter 20. In fact, it seems that any reasonable branch of mathematics can be developed formally on
the basis of axiomatic set theory. There are pitfalls, for example, having to do with large collections: for example, just as
it is inconsistent to postulate the existence of a set of all sets, in the same way, there is no collection of all partial orders,
or all groups. So when interpreting some mathematical claims, care has to be taken in some cases to restrict to sufficiently
large collections of such objects. But this rarely amounts to more than careful bookkeeping, and it is a remarkable fact
that, for the most part, the axioms of set theory are flexible and powerful enough to justify most ordinary mathematical
constructions.

23.3 The Remaining Axioms

The seven axioms we have seen are quite powerful, and suffice to represent large portions of mathematics. We discuss
the remaining axioms of Zermelo-Fraenkel set theory here.

So far, none of the axioms we have seen rule out the possibility that a set x can be an element of itself, that is, that we
can have x € x. The following axiom precludes that.

Foundation Vo (Jyy €z —JyeaxVzex 2 ¢ y)))

The axiom says that if x is a nonempty set, there is an element y of = with the property that no element of y is again an
element of z. This implies we cannot have a descending chain of sets, each one an element of the one before:

1 D2T2DT3D ...

If we apply the axiom of foundation to the set {z1, 2, z3, . . .}, we find that some element ; does not contain any others,
which is only possible if the sequence has terminated with ;. In other words, the axiom implies (and is in fact equivalent
to) the statement that the elementhood relation is well founded, which explains the name.

The axioms listed in the previous section tell a story of how sets come to be: we start with the empty set, and keep applying
constructions like power set, union, and separation, to build more sets. Set theorists often imagine the hierarchy of sets
as forming a big V, with the empty set at the bottom and a set at any higher level comprising, as its elements, sets that
appear in levels below. In a precise sense (which we will not spell out here), the axiom of foundation says that every set
arises in such a way.

Now consider the following sequence of sets:
N, P(N), P(P(N), P(P(P(N))),

It is consistent with all the axioms we have seen so far that every set in the mathematical universe is an element of one of
these. That still gives us a lot of sets, but, since we have described that sequence, we can just as well imagine a set that
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contains all of them:
{N, P(N), P(P(N), P(P(P(N))), ...}.
The following axiom implies the existence of such a set.

Replacement: Va,y1,...,y, (Vz € x 3w A(z,w,y1,...,Yn) —
JuVw (w € u<+ Iz €x Az, w,y1,...,Yn)))

Like the axiom of separation, this axiom is really a schema, which is to say, a separate axiom for each formula A. Here,
too, the variables y1, y2, . . . , iy, are free variables that can occur in A. To understand the axiom, it is easiest to think of
them as parameters that are fixed in the background, and then ignore them. The axioms says that if, for every z in « there
is a unique w satisfying A(z,w), then there is a single set, u, that consists of the w values corresponding to every such
z. In other words, if you think of A as a function whose domain is x, the axiom asserts that the range of that function
exists. In the example above, « is the natural numbers, and A(z, w) says that w is the z-fold iterate of the power set of
the natural numbers.

The nine axioms we have listed so far comprise what is known as Zermelo-Fraenkel Set Theory. There is on additional
axiom, the axiom of choice, which is usually listed separately for historical reasons: it was once considered controversial,
and in the early days, mathematicians considered it important to keep track of whether the axiom was actually used in a
proof. There are many equivalent formulations, but this one is one of the most straightforward.

Choice: Vm(@%z—)ﬂf:x%UszEzf(y)Gy)

The axiom says that for any collection = of nonempty sets, there is a function f that selects an element from each one.
We used this axiom, informally, in Section 15.2 to show that every surjective function has a right inverse. In fact, this last
statement can be shown to be equivalent to the axiom of choice on the basis of the other axioms.

To summarize, then, the axioms of Zermelo-Fraenkel Set Theory with the axiom of choice are as follows:

1. Extensionality:

Ve,y(z=y < Vz(zex ¢ z€y))

2. Empty set:
JxVyy ¢
3. Pairing:
Ve,y zVw (w ez w=xVw=y)
4. Union:
VedyVz(zey+ Jw (wexAzew))
5. Power set:

Ve yVz(z €y 2Cy)
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6. Separation:

VE1, X9, T,y 2V (W € 2 > w € Yy AN Alw, 1, To, ..., Ty))

7. Infinity:

G (DexnVy (yex—yU{y}eua))

8. Foundation:

Ve (Jyyer—JycaVzexz¢y)))

9. Replacement:

VT, Y1, Yn (V2 € x w A(z,w,y1,. .., Yn) —
JuVw (w € u<+ Iz €x A(z,w,y1,...,Yn)))

10. Choice:

Vm(@géx%ﬂf:x%UxVyexf(y)Gy)

23.4 Type Theory

As a foundation for mathematics, Zermelo-Fraenkel set theory is appealing. The underlying logic, first-order logic, pro-
vides the basic logical framework for quantifiers and the logical connectives. On top of that, the theory describes a single,
intuitively natural concept, that of a set of elements. The axioms are plausible eminently reasonable. It is remarkable that
virtually all of modern mathematics can be reduced to such simple terms.

There are other foundations on offer, however. These tend to be largely inter-interpretable with set theory. After all,
set-theoretic language is now ubiquitous in everyday mathematics, so any reasonable foundation should be able to make
sense of such language. On the other hand, we have already noted that set theory is remarkably expressive and robust,
and so it should not be surprising that other foundational approaches can often be understood in set-theoretic terms.

This is, in particular, true of dependent type theory, which is the basis of the Lean theorem prover. The syntax of type
theory is more complicated than that of set theory. In set theory, there is only one kind of object; officially, everything
is a set. In contrast, in type theory, every well-formed expression in Lean has a fype, and there is a rich vocabulary of
defining types.

In fact, Lean is based on a version of an axiomatic framework known as the Calculus of Inductive Constructions, which
provides all of the following:

* A hierarchy of type universes, Type 0, Type 1, Type 2, ...and a special type Prop. The expression Type
abbreviates Type 0, and saying T : Type can be interpreted as saying that T is a datatype. The type Prop is
the type of propositions.
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* Dependent function types [l x : A, B x. Anelement £ of this type is a function which maps any element a
of type A to an element £ a of type B a. The fact that the type of the output depends on the type of the input
is what makes the function “dependent.” In the case where the output type does not depend on the input, we have
the simple function type A — B.

e Inductive types, like the natural numbers, specified by constructors, like zero and successor. Each such type comes
with principles of induction and recursion.

These constructions account for both the underlying logic of assertions (that is, the propositions) as well as the objects of
the universe, which are elements of the ordinary types.

It is straightforward to interpret type theory in set theory, since we can view each type as a set. The type universes
are simply large collections of sets, and dependent function types and inductive types can be explained in terms of set-
theoretic constructions. We can view Prop as the set { T, L} of truth values, just as we did when we described truth-table
semantics for propositional logic.

Given this last fact, why not just use set theory instead of type theory for interactive theorem proving? Some interactive
theorem provers do just that. But type theory has some advantages:

* The fact that the rules for forming expressions are so rigid makes it easier for the system to recognize typographical
errors and provide useful feedback. In type theory, if £ has type N — N it can be applied only to a natural
number, and a theorem prover can flag an error if the argument has the wrong type. In set theory, anything can be
applied to anything, whether or not doing so really makes sense.

¢ Again, because the rules for forming expressions are so rigid, the system can infer useful information from the
components of an expression, whereas set theory would require us to make such information explicit. For example,
with £ as above, a theorem prover can infer that a variable x in £ x should have type N, and that the resulting
expression again has type N. In set theory, € N has to be stated as an explicit hypothesis, and f(z) € N is then
a theorem.

* By encoding propositions as certain kinds of types, we can use the same language for defining mathematical objects
and writing mathematical proofs. For example, we can apply a function to an argument in the same way we apply
a theorem to some hypotheses.

» Expressions in a sufficiently pure part of dependent type theory have a computational interpretation, so, for ex-
ample, the logical framework tells us how to evaluate the factorial function, given its definition. In set theory, the
computational interpretation is specified independently, after the fact.

These facts hark back to the separation of concerns that we raised in Chapter 1: different axiomatic foundations provide
different idealized descriptions of mathematical activity, and can be designed to serve different purposes. If you want
a clean, simple theory that accounts for the vast majority of mathematical proof, set theory is hard to beat. If you are
looking for a foundation that makes computation central or takes the notion of a function rather than a set as basic, various
flavors of type theory have their charms. For interactive theorem proving, pragmatic issues regarding implementation and
usability come into play. What is important to recognize is that what all these idealized descriptions have in common is
that they are all designed to model important aspects of mathematical language and proof. Our goal here has been to help
you reflect on those features of mathematical language and proof that give mathematics its special character, and to help
you better understand how they work.
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23.5 Exercises

1. Use an argument similar Russell’s paradox to show that there is no “set of all sets,” that is, there is no set that
contains every other set as an element.

2. Suppose x is a nonempty set, say, containing an element y. Use the axiom of separation to show that the set (] x
exists. (Remember that something is an element of () z if it is an element of every element of x.)

3. Justify the claim in Section 23.1 that every element of x X y is an element of P(P(x U y)).

4. Given a set ¥ and a function A : x — y, use the axioms of set theory to prove the existence of | J,, A(i).
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APPENDIX: NATURAL DEDUCTION RULES

Implication:
—1

A

__B
A— B
Conjunction:

A B AANB AANB

ANt

ANB A B

Negation:
—1

A

L
1 -1
-A
Disjunction:

A B

AV B

Truth and falsity:

i 1E ? TI

A
Bi-implication:

2 B!

A+~ B A
B

: : <E
B A
A< B
Reductio ad absurdum (proof by contradiction):
1

1 «I

-A

%1 RAA

The universal quantifier:

A+~ B

B

+—E,
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A(x) Vo A(x)
vy Aly) A(t)
In the introduction rule,  should not be free in any uncanceled hypothesis. In the elimination rule, ¢ can be any term that
does not clash with any of the bound variables in A.

The existential quantifier:

Ay)
A(t)
JrA(x)

E)| :
JzA(z) B
B
In the introduction rule, ¢ can be any term that does not clash with any of the bound variables in A. In the elimination
rule, y should not be free in B or any uncanceled hypothesis.

1 3JE

Equality:
_ refl s=1 symm r=s s=1 trans
t=t t=s r=t
s=t s=t P(s)
— T ubst
r(s)=r(t) Po ™

Strictly speaking, only refl and the second substitution rule are necessary. The others can be derived from them.
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