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DiscussioN. How would we do this from first principles? We need
to show that for every a € R, for every ¢ > 0, we can always find a

0 > 0 such that for any r € R
lz—al <6 = |2*—d’|<e. (5.19)

(Why don’t we need to add the hypothesis 0 < |x — a|?) The easiest
way to do this is to write down a formula that, given a and €, produces
a 0 satistying (5.19).

As 2% —a? = (x — a)(x + a), if |z — a] is less than some number §
(still unspecified), then |22 — a?| is less than §|x + a|. So we want
Oz +al <e. (5.20)
We can’t choose 0 = ¢/|z + a|, because 0 cannot depend on z. But if
|z —a| < 0, then
[z +al < x|+l
< lal+6+|a] = 2|a|+9,

SO
22— a2| < 8(2lal+6) <e. (5.21)
We must choose § so that the last inequality holds. By the quadratic
formula,
5(2lal+6) < e <« 6 < ]aP+e—lal.
So choose § = \/[al? + & — |a| and (5.19) holds. O

REMARK. A formally correct proof could have been reduced to:

PROOF. Let a € R and ¢ > 0. Then letting § = \/[a]? + ¢ — |a| we
have |[xr —a| <§ = [2? —ad®| <e. QE.D.

However, while a diligent reader could verify that this proof is cor-
rect, pulling § out of a hat like this doesn’t give the reader the insight
that our much longer proof does. Remember, a proof has more than
one function: not only must it convince the reader that the claimed
result is true, but it should also help the reader understand why the
result is true. A good proof should be describable in a few English
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sentences, so that a knowledgeable listener can then go write down a

more detailed proof fairly easily.

REMARK. One does not need to choose the largest value of § so
?
that the inequality < in (5.21) holds — any positive ¢ that satisfies

the inequality will work. This allows one to simplify the algebra. For

example, let ; be such that
|z —al <0, = |r+a| <2la]+ 1.

(Such a d; exists from the continuity of the simpler function z — x).

Then let
. £
o = min (5 1)

and (5.20) holds.

One could imagine repeating proofs like the above to show that a3,
x?, and so on are continuous, but we want to take big steps. Can we
show all polynomials are continuous?

First observe that because limits behave well with respect to alge-
braic operations (Theorem 5.9), and continuity is defined in terms of
limits, then algebraic combinations of continuous functions are contin-

uous.

PROPOSITION 5.22. Suppose f : X — R and g : X — R are real
functions that are continuous at a € X. Let ¢ and d be scalars®. Then

cf +dg and fg are both continuous at a, and so is f/g if g(a) # 0.
PROOF. Exercise. O

Constant functions are continuous (Lemma 5.15), and the function
f(x) =z is continuous (Exercise 5.16). So one can prove by induction
on the degree of polynomial, using Proposition 5.22, that that all poly-
nomials are continuous (Exercise 5.27). Once you have proved that all
polynomials are continuous, you may prove that rational functions are
continuous wherever the denominator doesn’t vanish.

This result is used so frequently that we will state it formally.

2A scalar is just a fancy word for a number.
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PROPOSITION 5.23. Fvery polynomial is continuous on R. FEvery

rational function is continuous wherever the denominator is non-zero.

What about the exponential function

Each partial sum is a polynomial, and hence continuous; so if we knew
that the limit of a sequence of continuous functions were continuous,
we would be done. This turns out, however, to be a subtle problem,

which we address in the next Section.

5.3. Sequences of Functions

An infinite sequence of numbers (a,) tends to a limit L if a, ap-
proaches L as n tends to infinity. Try to write down a formal definition

of this before reading further.

DiscussioN. Hint. We have already seen how to encode the state-
ment “approaches L”. The difficulty is to encode “as n tends to infin-

ity”. How might you do this?

DEFINITION. lim a,, converge, diverge The sequence (a,) tends
n—oo
to the limit L as n tends to infinity, written
lim a, = L,
n—oo
if for every ¢ > 0 there exists NV € N such that
(VneN)n>N = |a,—L] < e

We say that the sequence (a,) converges to L. If a sequence does not

converge, we say it diverges.

ExAMPLE 5.24. Prove that the sequence
(sin?(n)/n | n € N)

converges.
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DiscuUssION. It is generally easiest to prove that a sequence con-
verges if we have an idea of its limit. To prove convergence of sequences
without a candidate for the limit usually involves using the least up-
per bound property of R (which is covered in Chapter 8). It certainly
seems that the terms in the sequence are getting closer to 0, so we try

to show this rigorously.

We observe that
(vn € N) |sin®(n) | < 1.
Hence
(Vn € N) |sin*(n)/n|<|1/n].
Let ¢ > 0 and N € N be such that 1/N < e. Then for any n > N,
| sin®(n)/n—0|<1/n<e.
Therefore
sin?(n)

lim = 0.

n—00 n

EXAMPLE 5.25. For any n € N, let a,, = (—1)". Show that the

sequence (a,) diverges.

DiscussiON. Since the sequence alternates between —1 and 1, it
is intuitively clear that the sequence does not tend to any particular

number. We wish to show that a statement in the form
(3L € R)(Ve > 0)(IN € N)(Vn > N)(...)

is false. So we must show that the negation of the statement is true.
That is
(VL € R)(3e > 0)(YN e N)(In > N) —(...).

For any L € R, if we pick ¢ < 1 we will not be able to capture both —1
and 1 in the e-neighborhoods of L. This will prove that the sequence

diverges.

Let L € R and € < 1. We show that for any N € N, thereis n > N
such that
[(-D)"—L[ze



5.3. SEQUENCES OF FUNCTIONS 141

Let N € Nt. We argue by cases.
Suppose L < 0. Then

() —L|>1>e.
Suppose L > 0. Then
| (~D)V) L >1>e.

Therefore the sequence (a,) diverges.

EXAMPLE 5.26. Foralln € N, let a, = Y ,_, (%)2 L What is the

limit of the sequence (a,)?

DiscussioN. The terms of the sequence may be familiar to you as
Riemann sums associated with the area under the parabola f(z) = x*
between x = 0 and x = 1. We will use a combinatorial result we

proved by induction in the last chapter.

By Proposition 4.6,
== (k\’1 , 1 )
() 5 = () 2
— lm (%) (n)(n+1)(2n+ 1)

= 1/3.

Verification of the last equality is left to the reader as an exercise.
In the next section we are particularly interested in infinite sums.

DEFINITION. Infinite sum, partial sum, ) ;° ja, Let (a) | k € N)

be a sequence of numbers. The n'* partial sum of the sequence is

n

Spn — E Qg .

k=0
The infinite sum of the sequence is

o0

E ap . = lim s,.
n—oo

k=0

The infinite sum is the limit of the sequence of partial sums, (s,).
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EXAMPLE 5.27. Show that

=1
k=0

Let s,, be the n'* partial sum. We need to show that

lim s, = 2.
n—oo

Let ¢ > 0 and N € N be such that 2% < . We show that if n > N,
then
| sp —2|<e.
Since the series Y -, 2% is geometric, we know that
1 —2- (D) .

Sy = W = 2-2""

So if n > N, then
|sp—2|= 27" < e

In analysis, one is often concerned with a sequence of functions
fn. For example, f, might be the n*"-order Taylor polynomial of some
function f, and one wants to know whether this sequence f,, converges
to f; or the sequence f,, may represent functions whose graphs have a
fixed boundary curve in R? and have decreasing areas, and one wants to
know if the sequence converges to the graph of a function with minimal
area for that boundary. This sort of problem is so important that
mathematicians study different ways in which a sequence of functions

might converge. The most obvious way is pointwise:

DEFINITION. Pointwise convergence A sequence of functions f,
on a set X converges pointwise to the function f if, for all x in X, the

sequence of numbers (f,(z)) converges to f(x).

In order for the definition to make sense, we require that

X C () Dom(f,).

neN
If a € X, the pointwise convergence of a sequence of functions, (f,), at

the point a is dependent on the convergence of the sequence of numbers,
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(fn(a)). If you do not understand convergence of a sequence of numbers

you cannot understand convergence of a sequence of functions.

ExAMPLE 5.28. Consider the functions f,(x) = ™. On the open
interval (—1, 1), these functions converge pointwise to 0. At the point
1, the functions converge to 1; at the point —1, the functions do not
converge, because the values oscillate between +1 and —1. Outside of

the set (—1, 1] the sequence of functions diverges.

The preceding example illustrates the main problem with point-
wise convergence: the sequence of continuous functions z” on the set
[0, 1] converges, but the function to which it converges is not contin-
uous. Even Cauchy made this mistake: he stated as a theorem in his
1821 book Cours d’analyse that if a sequence of continuous functions

3

converges pointwise, then its limit is continuous®. To get around this

problem, we introduce the notion of uniform convergence.

DEFINITION. Uniform convergence The sequence of real functions
fn defined on a set X C R is said to converge uniformly to the function
f on X if, for every € > 0, there exists N € N such that, for every z in
X, whenever n > N then |f,(x) — f(z)| < e. In logical notation:

(Ve>0) AN eN) (Vze X) (Vn>N) |fulz) - f(z)] <e.

Note the big difference between pointwise and uniform convergence:
in pointwise convergence N can depend on z; in uniform convergence
it cannot. The importance of uniform convergence stems from the

following theorem.

THEOREM 5.29. Let f,, be a sequence of continuous functions on X

that converges uniformly to f on X. Then f is continuous on X.

DiscussioN. We must show |f(x) — f(a)| is small when x is close
to a. We know that |f,(x) — f(x)| is small for all x; so we refine the
3See the book [4] by Imre Lakatos for an interesting historical discussion of

Cauchy’s mistake and the discovery of uniform convergence, by Seidel and Stokes
independently in 1847.
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trick from p. 133, and add and subtract the same thing twice, writing

f@)=fla) = [f(x) = fulx)]  + [fulz) = fula)] =+ [fula) = fla)].
Then we try to make each of the three grouped pairs small, so their

sum is small. This is sometimes called an ¢ /3 argument, because if we

make each term smaller than €/3, then their sum is smaller than .

PRrROOF. Fix some point a € X, and let ¢ > 0. We must find § > 0
so that
lt—al<d = |f(z)— f(a)|] <e. (5.30)
To do this, we split f(z) — f(a) into three parts:

f(@)=fla) = [f(x) = ful@)]  + [ful2) = fula)]  + [fula) = f(a)].

Choose N so that n > N implies | f,(x) — f(z)| < /3 for all z. Choose

d > 0 so that |fx(z) — fv(a)| < /3 whenever |z — a| < . Then by

the triangle inequality, for |z — a| < §, we have

[f(z) = fla)] < [f(x) = In(@)| + | fn(2) = fn(a)] + [fx(a) = f(a)l
PP

= 373 -

O

QUESTION. Where did we use the hypothesis that the convergence

was uniform?

We can use theorem 5.29, for example, to prove that the exponential
function is continuous. We consider the exponential function as its

Taylor series
k

> T
Gx = ZF
k=0

. o gk .
Recall that the expression )~ %7 is a shorthand for
n

: at

lim —.
n—o00 k!

k=0

For any real number a, >.° % is an infinite sum which converges if

its corresponding sequence of partial sums converges. By the ratio test,
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the exponential series converges for all real a. (For a formal proof of
the ratio test, see Theorem 8.9).

PROPOSITION 5.31. The exponential function is continuous on R.

PROOF. Let
n x‘k
pal(x) = ZE
k=0

be the n*P-order Taylor polynomial. We know each p, is continuous,
by Proposition 5.23. If we knew that p,(z) converged uniformly to
e”, we would be done by Theorem 5.29.

It is not true that p, converges uniformly on R (why?). However,
the sequence does converge uniformly on every interval [—R, R|, and
this is good enough to conclude that e” is continuous on R (why?).

To see this latter assertion, fix R > 0 and € > 0. We must find N
so that, for all n > N and all x € [—R, R], we have |e* — p,(z)| < e.

Notice that

xn+1 In+2

[e” —pa(2)] = n+1) + (n+2)! + ...

For each n, the right-hand side is maximized on [—R, R] by its value at
R (why?); and as n increases, this remainder decreases monotonically
(because you lose more and more positive terms). As we know the

R

exponential series for e® converges, choose an N so that e® — py(R)

is less than €. Then for all z in [-R, R| and all n > N, we have
|e® — pu(x)| < e, as desired. O

The sine and cosine functions can be defined in terms of their Taylor

series t0o0:
i p2n+l
sin(z) = (- —
— (2n 4+ 1)!
o0 . xQn
cos(z) = Y (=1) O
n=0 '

They can be proved to be continuous by similar arguments.
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REMARK. Notice that in our definitions of limits and continuity, we
are using the absolute value just to measure distances. In other words,
we are saying that f is continuous at a if, for all € > 0, we can find
0 > 0, such that whenever the distance from x to a is less than J, then
the distance from f(z) to f(a) is less than €. This definition makes
perfectly good sense whenever one has a way of measuring distances on
the domain and codomain. For example, if the function maps R™ to R",
one can measure distances in the usual Euclidean way. In even greater
generality, mathematicians use something called metrics to measure
distances, and once one has metrics, one can discuss the continuity of

functions in a similar way to our discussion for real functions.

The mathematics of this chapter — a close look at the behavior of
real functions — is called Analysis. This comprises one of the three
major disciplines of pure mathematics; the other two are Geometry

and Algebra. A good introduction to analysis is Walter Rudin’s book

[7].
5.4. Exercises

EXERCISE 5.1. Prove that the definitions of limit on pages 129 and

130 are the same.

EXERCISE 5.2. Prove Lemma 5.14, and the related assertion that
e = ld < [e+d].

EXERCISE 5.3. For n € Nt a; € R (1 < i < n), prove that

n n
Sal<d fal.
=1 =1

EXERCISE 5.4. Prove Lemma 5.15.

EXERCISE 5.5. Prove part (v) of Theorem 5.9.

EXERCISE 5.6. Give an example of two functions f and g that don’t
have limits at a point a but such that f 4 g does. For the same pair of

functions, can f — g also have a limit at a?
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EXERCISE 5.7. Assume that f is a real function and lim,_,, f(x) =
L. Prove that if X C Dom(f), then

lim f(z) = L.

Xsx—a

EXERCISE 5.8. Use Archimedes’s method (the method of Riemann

1
1

/ 2de = -,
0 3

(You will need to know a formula for Y _,_, k* - see Proposition 4.6).

sums) to prove that

EXERCISE 5.9. Use Archimedes’s method to prove that

1
1

/ 2de = =,
0 4

EXERCISE 5.10. Prove that the Heaviside function has both left
and right-hand limits at 0.

(See Exercise 4.16).

EXERCISE 5.11. Prove that a function has a limit at a point if and
only if it has both left and right limits at that point and their values

coincide.
EXERCISE 5.12. Prove that Theorem 5.9 applies to restricted limits.

EXERCISE 5.13. The point a is a limit point of the set X if, for
every 0 > 0, there exists a point z in X \ {a} with |z —a| < J. Let f
be a real-valued function on X C R. Prove that if a is a limit point of
X, then if f has a restricted limit at a it is unique. Prove that if a is
not a limit point of X, then every real number is a restricted limit of
f at a.

EXERCISE 5.14. Prove that lim,_,osin(z)/x = 1.
EXERCISE 5.15. Prove Proposition 5.22.

EXERCISE 5.16. Prove that the function f(z) = x is continuous

everywhere on R.
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EXERCISE 5.17. A formula for the Fibonacci numbers is given in

Exercise 4.12. Evaluate lim,, o F,11/F,.

EXERCISE 5.18. How large must n be to ensure that F,.i/F), is
within 107" of the limit in Exercise 5.17? Within 1072? Within 107%?

EXERCISE 5.19. Define the function ¥ : R — R by
_J0 2¢Q
v = {7 TES
Prove that v is discontinuous everywhere.

EXERCISE 5.20. Define the function ¢ : R — R by

0 x¢Q
Pp(x) =41 2  ze€Q\{0}, z="2, ged(m,n) =1, n >0
1 rz=0.

Prove that ¢ is continuous at every irrational number and discontinuous

at every rational number.

EXERCISE 5.21. Prove that a real-valued function f on an open

interval [ is continuous at any point where its derivative exists, i.e.

i 1@) = (@)

Tr—a TrT—Qa
exists. What is the converse of this assertion? Prove that the converse

where

1s not true.

EXERCISE 5.22. Prove that if the function f has the limit L from
the right at a, then the sequence f(a+ %) has limit L as n — co. Show

that the converse is false in general.

EXERCISE 5.23. Let f and g be real functions. Let a € R and
suppose that

limg(z) = Iy
r—ra

and
lim f(x) = L.
r—L1

Prove that
lim fog = Ls.

rT—a
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If ¢ is continuous at a and f is continuous at g(a), is f o g continuous

at a?

EXERCISE 5.24. Let f be a real function, a € R and lim,_,, f(z) =

L. If {(a,) converges to a, prove that (f(a,)) converges to L.

EXERCISE 5.25. Complete Example 5.26. That is, prove that

lim (&) (n)(n+1)(2n+1) _ 13

n—soo 6

EXERCISE 5.26. Evaluate

n
k\ 1
li -] —.
m > (n) .
k=0
Can you give a geometrical interpretation of this limit?

EXERCISE 5.27. Use induction to prove that every polynomial is

continuous at every real number.

EXERCISE 5.28. Let —1 < x < 1. Prove that the geometric series

. . 00 k 1
with ratio x, )~ 2", converges to —.

EXERCISE 5.29. Let the Fibonacci numbers F;,, be defined as in
Exercise 4.12. Consider the power series F(x) = Y 2| F,a™. Prove

that the power series satisfies
F(r) = 2*F(x) + 2F(z) + 2. (5.32)

Solve (5.32) for F(x), decompose it by partial fractions, and use Ex-
ercise 5.28 to derive Formula 4.20. This technique to find a formula
for F,, by studying the function F' is often fruitful. The function F' is

called the generating function for the sequence.

EXERCISE 5.30. Suppose one defines a sequence with the same re-
currence relation as the Fibonacci numbers, F,,o = F,1 + F},, but
with different starting values for F; and F5. Find the generating func-
tion for the new sequence, and hence calculate a formula for the general

term. Is lim,, o F,11/F), always the same?

EXERCISE 5.31. Prove that sine and cosine are continuous functions
on all of R.






CHAPTER 6

Cardinality

In this chapter we use functions to explore the idea of the size of
a set. The results we derive are deep and very interesting, especially
when we consider the simplicity of the tools we are using. Of course,
we shall have to use these tools somewhat cleverly.

Set theory comes in different flavors. The most difficult is axiomatic
set theory. Many interesting results have been derived in formal ax-
iomatic set theory, but the topic is advanced and not suitable for an
introduction to higher mathematics. Instead, we shall study what is
called naive set theory. The use of the word “naive” is not pejorative,
but is meant to differentiate this approach from axiomatic set theory.
Most mathematicians have studied naive set theory, but relatively few

have worked extensively with set axioms.

6.1. Cardinality

We wish to compare the size of sets. The fundamental tool for our
investigation is the bijection. In the case of finite sets, which can be
exhaustively listed, this is easy. Given any two finite sets, X and Y, we
could list the elements and count them. Provided that our lists have no
redundancies, the larger set is the one with the higher count. The act
of listing the elements in a set, where this is possible, is also defining a
bijection from a natural number (interpreted as a set) to the set being
counted. The idea of using functions to compare the size of sets can
be generalized to arbitrary sets.

When it comes to comparing the size of infinite sets there are com-
peting intuitions. On the one hand we have an intuition that if one set
is a proper subset of another set, it should be smaller. On the other

151
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hand if two sets are infinite, how can one be larger than the other?
Using bijections, injections and surjections to define the relative size of

sets allows us to see our way through this paradox.

DEFINITION.  Equinumerous, cardinality Let X and Y be sets.
We say that X and Y have the same cardinality if there is a bijection
f X — Y. We can express that two sets have the same cardinality
by

| X[=1Y].

If | X | =|Y |, then we say that X and Y are equinumerous.
CLAIM. Equinumerosity is an equivalence relation.

(Prove this: Exercise 6.2).
Although we used the ideas of finite and infinite before now, we

shall define the ideas in terms of bijections.

DEFINITION. Finite, infinite Let X be a set. X is finite if there
exists some n € N and a bijection f : "n' »— X. In the case that
X = 0, we say that X is bijective with 07 via the empty function.
If X is not finite, we say that X is infinite.

So a set is finite if it is bijective with a set "n' for some n € N.
It is probably no surprise that a set cannot be bijective with different

natural numbers.
ProPOSITION 6.1. Let m,n € N. Then
([Tm[=]"n"] ) <= (m =n).

DiscussioN. We prove the non-trivial direction of this bicondi-
tional by induction on one of the integers in the statement.
PROOF. «

Let m = n. Then it is obvious that

|l_m—||:|l_n—l|'
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=

We argue by induction on m.

Base case:

Ifm = 0and |"™n7| =|"m™ | then clearly n = 0.
Induction step:

Let m € N and assume that
VMneN)[|™m7|=|"n"|]=[m = n]
We show that
VneN)[|"Tm+17|=|"n"|]=[m+1 = n.

Assume that

|"m+17=|"n"].
Let

f:fm+1"—"n

DiscussiOoN. A natural way to proceed with this argument is to

restrict the domain of f to "m' and use the induction hypothesis.
Unfortunately if f(m) # n — 1 then f|,~ is not a bijection from "m
to"n — 1" and the induction hypothesis will not directly apply. To
address this issue, we shall define a permutation g : "m—+1"— "m+1"

that rearranges the elements of "m+ 1" so that f o g will be a bijection

satisfying
(fog)(m) = n—1

We define g : "m + 17— "m + 17 as follows:

ftn—1) if r = m
g(z) = m if v = f'(n-1)
x otherwise.

Let h = fog. Then h is a bijection and

h(m) = (fog)(m) = n—1.
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[y
[y

FIGURE 6.2. Picture of the permutation g

Therefore
hlrpr i Tm™— Tn — 17
By the induction hypothesis
m = n—1.
Therefore
m+1 = n.
By the induction principle,
(VmeN)(YneN) (|™m?|=]"n"])=(m =

O

COROLLARY 6.3. If X is a finite set, there is exactly one n € N

such that "n is bijective with X .

DiscussioN. This is a standard uniqueness argument. We assume

that a set is bijective with natural numbers "n' and "m?, and we use

that the composition of bijections is a bijection to show that m = n.

This is not a proof by contradiction. Rather we are proving that any

two names for natural numbers that are bijective with X must name

the same natural number.
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ProoOF. X is finite, so there is n € N such that
| X =1]TnT].
Let m € N and
| X =1"m™].
Let f: X "7 and g : X »— "m™. Then ¢g-! : "m™ — X. The
composition of bijections is a bijection, so

My

fog ™t :mml— .

By Proposition 6.1,

0

DEFINITION. Finite cardinality If X is a finite set, we say that it
has finite cardinality. Let n € N be the unique natural number such

that "n'is bijective with X. Then we say that X has cardinality n, or
| X | = n.

Corollary 6.3 guarantees that the cardinality of a finite set is well-

defined.

6.2. Infinite Sets

Infinite sets are mysterious. Many classical paradoxes address his-
torical confusions about the idea of infinity. At the same time, math-
ematicians from the ancient Greeks on have found it impossible to
develop mathematical thinking without the use of infinity. Why is this
so? From a metaphysical point of view, the idea of infinity is probably
not necessary. From a physical point of view, there is no evidence for
infinity. That is, the universe, as we understand it, is finite. Even from
a theological point of view, infinity is to some extent the complement
of the finite — and correspondingly gives rise to its own paradoxes.

Infinity has troubled some mathematicians and philosophers, and a
few have tried to dispense with it. There aren’t many adherents to this

school. The idea of infinity is so useful that the mathematics student
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will have to develop some comfort with the idea — and its logical
consequences. At any rate, infinity clearly exists in the mathematical
universe, whether or not it exists in the natural world, and using infinity
has been crucial to developing a mathematical understanding of the
natural world. In this section we begin an investigation of infinite sets.

We shall use injections and surjections to build some analytical

machinery for comparing sets.

NOTATION. = Let X and Y be sets. We write X <Y if there is
an injection
f: X =Y.

This notation suggests that, under the conditions of the definition,
we think of X as being “no bigger than” than Y. This makes sense,
since we are able to associate to any element of X a distinct element
of Y. If f in the definition is a surjection, then f is also a bijection
and | X | = | Y |. Otherwise, f is a function that associates with each
element of the range of f (which is a proper subset of Y') a unique
element of X, and Y still has some elements unaccounted for by f. So
Y might be “bigger” than X, but it certainly won’t be “smaller”. You
might wish to consider this definition in the special case of finite sets
X and Y. You will observe that

XY < |X|<|Y].
In Exercise 6.3 you are asked to prove that < is transitive and reflexive.

REMARK. Are any two sets comparable with respect to <7 Rather
surprisingly, it requires a more advanced assumption, called the Axiom
of Choice (see Appendix B), in order to guarantee the comparability
of all pairs of sets. Virtually all mathematicians accept the Axiom of

Choice. We shall assume the Axiom of Choice in this text.

If X <Y and Y < X, we would hope that X and Y are the same
size. This is indeed true, though the proof is a little tricky. The result is
very useful, because it is often much easier to write down two injections

than one bijection.



6.2. INFINITE SETS 157

THEOREM 6.4. Schrioder-Bernstein Theorem Let X and Y be sets.
IFX =Y andY 2 X, then | X | =|Y |.

DiscussioN. The idea behind this proof is as follows. We show
that | X | = | Y | by constructing a bijection F' : X — Y. We are
given injections f : X — Y and g : Y — X. We build F' using the
injections f and g as guides. That is, we wish to define F' so that for
each v € X, either F(x) = f(z) or F(z) = g '(x). It is obvious
that this cannot be accomplished blindly. For instance, if v € X \ g[Y],
our hand is forced, and F(x) = f(x). Similarly, ify € Y\ f[X], our
only chance of achieving our objective is for F'(g(y)) = y. If we make
the wrong choice for F(x), we shall lose the use of f and g as guides.
We might consider F' undecided about x since f and g~ do not agree.
The solution is to use f and g to move back and forth between X and
Y until we find that our hand is forced.

PROOF. Let
f: X—=Y
and
g:Y =X

be injections. We may assume that X and Y are disjoint.

Discussion. If X and Y are not disjoint, we can replace X with
X x {0} and Y with Y x {1}. The existence of a bijection

g: X x{0} - Y x {1}
clearly implies the existence of a bijection from X toY .

If 2 € X wesay y € Y is the predecessor of z if g(y) = =x.
Analogously, if y € Y we say that z € X is the predecessor of y if
f(z) = y. It is possible for an element not to have a predecessor. For
example, if x € X \ g[Y], then = has no predecessor. However, if an
element does have a predecessor, that predecessor is unique (since f

and g are both injections).
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Given an element w, let m(w) be 0 if w does not have a predecessor.
Otherwise, let m(w) be the maximum number N > 1 such that there
is a finite sequence (z, | 0 < n < N) for some N > 1 satisfying

(1) w = zy
(2) For n < N, z, is the predecessor of 2,41,
if the maximum exists. If the maximum doesn’t exist (i.e. if one can

make arbitrarily long chains of predecessors), let m(w) = oc.
Now define

X, = {x€ X |m(zx)iseven}
X, = {zxeX|m(x)isodd}
X, = {zeX|m(zx) = o}
Y. = {ye€Y |m(y)iseven}
Y, = {yeY |m(y)isodd}
Vi = {yeY[mly) = oo}
The collection
{Xe, Xo, Xi}
is obviously a partition of X. Similarly,
{Yo, Y., Y3}

is a partition of Y.

We are now in a position to define a bijection between X and Y.

Let
flz) if zelX;
F(z) = flz) if zeX,
gl (z) if zeX,.

DiscussioN. We have some work left in this proof. We need to
verify that F' is a bijection from X toY. The idea behind the definition
of F' may not be obvious, so let’s investigate the motivation for the
definition. Suppose that f and g fail to be surjections (if either of the
functions is a surjection there would be nothing to prove, since it would
also be a bijection). Let v € X\ g|Y| andy € Y\ f[X]. Since x ¢ g[Y],
the only possible choice for F(x) is f(x). Similarly, y ¢ f[X], and the
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only possible value of F~'(y) is g(y). But this does not solve all of
our problems. The set X \ g[Y] is made up of those members of X
that have no predecessors, and Y \ f[X] is composed of the members
of Y with no predecessors. If we are to define F' by piecing together
f and g, we found that our hands were forced with these sets. Now
suppose that x € X has exactly one antecedent. Then g~'(z) has no

predecessor. As we observed earlier, we need to satisfy

F g (x) = glgH(x) = =

and therefore we must satisfy

F(z) = g '(2).

Similarly, if y € Y has exactly one antecedent, we must satisfy

Fl(y) = f(y).
If an element w of X UY has finitely many antecedents, F|aq,) will

be determined by the constraint imposed by the antecedent with no

predecessor.

We claim that
F: X —Y.

It is easily seen that F' is well-defined. Since X, C g[Y] and ¢ is an
injection, F|x, = g '|x, is well defined. That F is well defined on X,
and X is obvious. Furthermore

FIX] = flX] = Y,

FIX,] = ¢7'[X)] = Y.
and

FIX)] = fIXi] = Y,

DiscussioN. Although we had no choice in the definition of F' on
X, and X,, we could have defined F' so that F|x, = gt

X -
Therefore,

FIX] = FIX,UX,UX)] = fIXJUg [X,|Uf[X] = Y,UY.UY; =Y.
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So F'is a surjection. We show that F'is an injection. Let z,z € X,
and suppose F(z) = F(z). If v € X,, then F(z) € Y, and z € X..

Hence
F(r) = f(z) = f(z) = F(2).
Since f is an injection, so is f|x,. Therefore z = z.
If z € X, then F(z) € Y. and z € X,. So

F(z) = g7'(z) = g7'(x) = F(2).

The function g is an injection, therefore g~'|x, is an injection and so
r = z.
Finally, if x € X;, then F(x) € X; and z € X;. So

F(r) = f(z) = f(z) = F(2).
Since f is an injection, z = =z.

Therefore F' is an injection. Hence,
F:X—Y

and
| X [=]Y].

THEOREM 6.5. N is an infinite set.

DiscussioN. We show that any function with domain "n", forn €

N, fails to be a surjection. Therefore N is not finite.

PROOF. Assume n € N, and
f:™m— N.

Let

Clearly a ¢ f["n, so f is not a surjection. Consequently, there is no
n € N which can be mapped surjectively onto N. Therefore N is not
finite. 0
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Not only is N an infinite set, it is in some sense the “smallest”

infinite set.
THEOREM 6.6. If X is infinite, then N < X.

Discussion. We shall define an injection f : N — X inductively,

building it up one step at a time.

PrROOF. As X is infinite, it is non-empty, so must contain some
element zg. Define f(0) = .
Now, suppose that xy = f(0),x; = f(1),...,z, = f(n) have all

been chosen, so that

f|{0,1,...,n} - f|'—n-|—11 . Tk
is injective. As X is infinite, the function f|r,. ;- that we have defined
cannot be surjective. So there exists some z,41 in X \ {zo,...,2,}.

Define f(n+1) = x,,1. Continuing in this way, we attain an injection
f defined on all of N. O

REMARK. The astute reader may have noticed that in the previous

proof, we end up making an infinite number of choices of elements of
X.

DEFINITION. Cardinality, Xy We use the expression X (read “aleph
nought”?) for the size of N. That is

N0:|N|

The size of a set is called the cardinality of the set. Any set which is
bijective with N has cardinality Ny. A finite set has cardinality equal

to the unique natural number with which it is bijective.

DEFINITION. Countable A set that is finite or has cardinality N,

is called a countable set.

We are not formally developing the idea of cardinality. This would
require working with ordinals, which would distract us from more im-

mediate mathematical interests. However we shall use the language

IN is the first letter of the Hebrew alphabet.
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and conventions of cardinals where it is intuitive and does not interfere

with our program.

6.3. Uncountable Sets

In this section we prove one of the most remarkable results of mod-
ern mathematics. There are sets which are not countable. When this
result was first communicated in 1878 by Georg Cantor, it astonished
the mathematical world. It follows from this result that, in a most
meaningful sense, there are different sizes of infinity. Suppose X is not
a countable set. By Theorem 6.6, N < X. By the Schroder-Bernstein
Theorem, if X < N, then | N| =| X |, and X would be countable. So
if X is not countable, X A N, and N < X. That is,

DEFINITION. Uncountable A set that is not countable is called

uncountable.
Of course, we have yet to show that there are any uncountable sets.

NOTATION. < Let X and Y be sets. Then X <Y provided that
XY

and
| X |AIY ]

We write | X |<|Y | if X Y, and | X |<|Y | if X <Y.

DEFINITION. Power set, P(X) Let X be a set. Then

PX) = {Y|Y CX}.

P(X) is called the power set of X. It is the set of all subsets of X.

The next theorem, due to G. Cantor, is one of the most remark-
able results of mathematics. It not only proves the existence of an
uncountable set, it implies that the power set necessarily generates

sets of larger cardinality and thereby provides a means of constructing

infinitely many different infinite cardinalities.
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THEOREM 6.7. Let X be a set. Then
| X [<| P(X) .

DiscussioN. To prove this result we need to show that a bijection
between a set and its power set is impossible. How does one show the
impossibility of such a function? We can assume that such a bijection
exists and derive a contradiction. Alternatively, we can show that any
function from a set to its power set necessarily fails to be a surjection
— which is nearly the same thing, and more elegant. We need to show
that any function from a set to its power set “misses” some elements of
the power set. We shall use a technique known as a diagonal argument
to construct an element of the power set that is not in the range of
the function. The domain, X, acts like an index to keep track of the
elements of the range of the function (this is another use for functions).
We construct an element Y € P(X) not in the range of the function
by adding x € X to Y iff x is not in the element of P(X) indexed by
x (that is, x is not in the image of x under the function). It is easy to
show that this subset Y of X is not in the range of the function, and

the function therefore fails to be a surjection onto P(X).
PROOF. We observe that the function g : X — P(X) defined by

g(x) = {z}

is an injection. In the case the X = (), g is the empty function —
that is, the function whose graph is the (). (You should check that the
empty function is an injection.) Therefore

| X [<]P(X) ]
Let

f:X = PX).
We define

Yi={zeX|x¢ f(x)}

Di1ScussSION. Recall that for every x € X, f(z) is a subset of X.

Thus it makes sense to consider whether x is an element of f(x). The
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self-referential flavor of this argument makes it challenging on the first

reading!

Clearly,

Y C X.

Is Y € f[X]? Suppose it were, so Y = f(xq) for some xy in X. But
then, xo would be in Y iff 2y were not in f(xo) = Y. This is impossible,

contradicting the assumption that Y is in f[X]. O

You might try to repair f by modifying it to include in its range the
diagonal set we constructed. Applying the diagonal argument again
will identify a new element missing from the range of the modified
function. In fact most elements of the codomain are missing from the
range of the function, although this is not immediately obvious from
the proof.

You still might be confused by why this is called a diagonal argu-
ment. This will be obvious when we apply the technique to infinite
binary sequences.

If X is finite the theorem is obvious. Indeed, if there is n € N such
that | X | = n, then | P(X) | = 2". Theorem 6.7 implies that any set,
including an infinite set, is strictly smaller than its power set. In fact,
by iterating the applications of the power set function to N, it is easily
seen that there are infinitely many infinite sets of distinct cardinality

in the sequence of sets
(N, P(N), P(P(N)), ...

(What is the cardinality of the union over this sequence? What is the
cardinality of the power set of that union?)

We shall prove that two more sets are uncountable. Both of these
are sets of mathematical interest. We shall show first that infinite
binary sequences are uncountable. Infinite binary sequences are func-

tions from N to "27. As we shall see, there is a very close relationship
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between infinite binary sequences and the power set of N. More gen-
erally, the collection of all functions from one set to another can be of

mathematical interest. We introduce a notation for such collections.

NOTATION. YX Let X andY be sets. The set of all functions with

domain X and codomain'Y is written Y.

Do not confuse this with exponentiation. However if X and Y are
finite,

[ Y¥[ =y K.
The set of all functions from some set X into "2 is in bijective corre-
spondence with P(X):

PROPOSITION 6.8. Let X be a set, and define F : 727X — P(X)

by: for x € T27X,

F(x) = x7'(1).
That is F(x) = {v € X | x(x) = 1}. Then F: 2™ — P(X) is a
bijection.

PROOF. The proof is left as an exercise. O

The existence of this bijection allows us to easily prove the following

theorem.

THEOREM 6.9. The set of infinite binary sequences is bijective with

P(N) and is therefore uncountable.

PrRoOOF. By Proposition 6.8

|72 = | P(N)|.
By Theorem 6.7,
|N|<|P(N)|.
Therefore "2 is uncountable. O

NOTATION. 2% We use 2% for the cardinality of "2,
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It is worth illustrating by an application to infinite binary sequences
why the technique used to prove Theorem 6.7 is called a diagonal argu-
ment (sometimes called the second diagonal argument, to distinguish
from the “first diagonal argument” in Section 6.4). Let f : N — T2,
We prove that f is not a surjection by direct application of the diagonal
argument in the proof of Theorem 6.7. We enumerate all the elements

in the range of f; each one is a sequence of 0’s and 1’s.

f(O) = Ggp Qg1 Qo2 Go3 ... Qoj
f(l) = a1 a1 Qa2 a3 ... Qa5
f<2) = Gz Qa21 Q2 G23 ... Q3
f<3) = Qzp a31 Q32 A33 ... Qazj

We now create a sequence by altering the diagonal elements of this

infinite array. Let s be the sequence of diagonal elements

<1—6L00,].—CL11,...71—au‘,...>.
S

80

f(O) = <1'a’00> Ay, Ay, Qs Ay
sl
f(l) = ay <1'a’11> a, Az e Ay
S,
f(2) = Ay Qy <1'a22> Ays  eee Ay,
S3
f(3) - Qs as, as, <1'a'33> e Oy
5

f(?’) = Qy a; Qj ;g <]‘_an>

FIGURE 6.10. The second diagonal argument

The sequence s is an element of 2™ and differs from every element
in the range of f: indeed, s differs from f(i) in at least the i*" slot.

Hence,

s ¢ fIN],
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and so f is not a surjection. We leave it as an exercise to show that s
is the diagonal set Y constructed in the proof of Theorem 6.7, where
X = N. More precisely, s is the image of Y under the natural bijection
from P(N) to "2™ of Proposition 6.8. O

We consider another set of mathematical interest, the set of all infi-
nite decimal sequences. This set has a close relationship with the closed
interval [0, 1]. Understanding this relationship requires a deeper, more
formal understanding of the real numbers than most students have
been exposed to in calculus, and we postpone the detailed discussion
of this relationship until Section 8.9. With some modifications, the
following theorem will prove that [0, 1] is uncountable, and therefore R

is uncountable (see Section 8.9).

THEOREM 6.11. The set of infinite decimal expansions is uncount-
able. In fact,
| 7107 | = 2%,

DiscussioN. The identity function on the infinite binary sequences
into the infinite decimal sequences is clearly an injection. We shall
construct an injection from the infinite decimal sequences to infinite
binary sequences. The theorem will follow from the Schréder-Bernstein

Theorem.

PROOF. It is obvious that
|2 <m0 (6.12)
(Why?) We shall define an injection
f:r1o™ - ra
Let z € "10™. So
z = (rj|jeN)
where x; is the j” member of the sequence x and
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We want to define a binary sequence s(z) that “encodes” x. There
are many ways to do it. One is to look at blocks of 10 bits (short for
“binary digits”), and, in the j** such block, have nine of the bits 0, and
put a 1 in the :U}h slot. Formally, given an infinite decimal sequence z,

we define a binary sequence
f@) = (wilieN)
so that y; = 1 if there is 7 € N such that
v = 105 + ;.
Otherwise y; = 0. We thereby define a function
f:T10T =2

We show that f is an injection. Let x and y be distinct elements of
10", Then there is some j € N such that

T 7 Yj-

Then

105 + z; # 105 + y;.
Let i = 105 + z;. Then f(z) and f(y) differ in the i"* component.
That is,

(f(x))i = 1#0 = (f(y)):-

Therefore f is an injection and

ERUREIRVA (6.13)
By the Schroder-Bernstein Theorem, (6.12) and (6.13) yield

| 7107 | = 2%,

We prove in Section 8.9 that
[[0,1] [ =[T107™ ],

essentially by identifying a real number with its decimal expansion. If
we assume this result, we can easily prove that the real numbers are

uncountable.
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COROLLARY 6.14. R is uncountable.

6.4. Countable Sets

The uncountable sets we have identified so far have a certain struc-
tural characteristic in common. We have shown that the set of all
functions from a fixed infinite domain to a fixed codomain of at least
two elements is uncountable. Cantor’s theorem that the power set of
an infinite countable set is uncountable can be interpreted this way as
well. If X is a set, then P(X) can be understood as "27% the set of
all functions from X to "27. In the case of finite sets, X and Y, the
set of all functions from X to Y, Y, has cardinality | Y |X!. That is,
the cardinality of

{f C X xY | fis a function}

is an exponential function of | X |. Of course, exponential functions
grow relatively fast. For finite sets, the cardinality of the union of
disjoint sets is the sum of the cardinalities of the sets. The cardinality
of the direct product of two finite sets is the product of the cardinalities.
What happens to the union or the direct product of countable infinite
sets? Can the set operations of union and direct product generate
uncountable sets from countable sets? We answer the questions for
unions (addition) first.

The following proposition will simplify some of the technical details

in the arguments which follow.

PROPOSITION 6.15. Let X and Y be sets. Then there is a surjection
fX =Y if|Y|<|X]

DiscussioN. We shall use the level sets of the surjection f to define
the injection from Y to X. This uses the machinery of equivalence

relations developed in Chapter 2 with the Axiom of Choice.

PROOF. (=)
Let X, Y and f be as in the statement of the proposition. Let

FX/f>Y
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be the canonical bijection associated with f that was defined in Sec-
tion 2.3. We ask whether there is an injection g : X/f — X where
g([z]) € [z]. Recall that X/f is the collection of level subsets of X,
with respect to f, and is a partition of X. Why not simply choose
an element from each equivalence class and define ¢ to be the function
from X/f to X defined by these choices?

Di1scussiON. The Axiom of Choice is the assertion that such “choice”

functions exist.

The function ¢ is clearly an injection, so
gof 1Y 5 X
is an injection. Therefore if there is a surjection f : X — Y, then
Y [<[X |
(<)

The proof of this implication is left as an exercise. 0

THEOREM 6.16. Cantor’s Theorem Let {X, | n € N} be a family
of sets such that X, is countable for alln € N, and X = |J,cn Xn-
Then

| X <N,

DiscussioN. This Theorem, also due to G. Cantor, is the key re-
sult for proving that sets are countable. It is proved by a technique also
called a diagonal argument (sometimes called the first diagonal argu-
ment). We use the index set N to construct an infinite array, and use
that array to illustrate an enumeration of the union. This enumeration

is a surjection from N to X.

Proor. For n € N, X, is countable and by Proposition 6.15 there

is a surjection

fn:N—= X,.
Use the functions f,, to construct an infinite array. The 0" column will
contain all the elements of Xy, in the order fy(0), fo(1), fo(2),.... (It

does not matter if the same element is listed multiple times). The next
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column has the elements of X; in the order f1(0), f1(1), f1(2), etc. We
define a function g : N — X by traversing this array along the north-
east to southwest diagonals, viz. ¢(0) = fy(0),9(1) = £1(0),9(2) =
fo(1),9(3) = f2(0),9(4) = f1(1),9(5) = fo(2),9(6) = f3(0), and so on.

B R
i)

FIGURE 6.17. The first diagonal argument

Then g is a surjection, because every element of | J X, occurs in the

array, and is therefore in the range of g. By Proposition 6.15,
[ X] < R
O

COROLLARY 6.18. Let A be a countable set and {X, | a« € A} be a
family of countable sets indexed by A. Then

.

a€cA

< Np.

PROOF. Since A is countable, there is a surjection
f:N— A

Therefore

U&:U&W

acA neN
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By Cantor’s Theorem 6.16,

< Ny.

Jx.

a€cA

COROLLARY 6.19. Z is countable.

DiscussioN. Without too much effort, we could define a bijection
from N to Z. Instead we shall prove the existence of the bijection

without explicitly defining a bijection.

PRrOOF. Let f: N — Z be such that
fn) = —n.
Then f[N] is countable. By Cantor’s Theorem
Z = NU f[N]
is countable. O

We turn our attention to direct products.

THEOREM 6.20. If n € N, and Xy, Xo,..., X, are countable sets,
then
Xy x Xgx---X,

1s countable.

Proor. We assume that all of the factors, Xi,..., X, are non-
empty. We argue by induction on the number of factors.

Base case: n = 2.

X1XX2 = UX1X{$}
€ X2
For each = € X,

| Xy [ = Xy x{a} [
By Corollary 6.18, X; x X5 is countable.

Induction step:
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Assume that for any collection of n countable sets X1, ... X, the prod-
uct X7 x --- x X, is countable. Let Xi,..., X, 11 be countable non-

empty sets. Then
Xl Xoee XXn+1 = (Xl Xoee XXn) XXn+1.

By the induction hypothesis, X; x---x X, is countable, and by the base
case the direct product of two countable sets is countable. Therefore,
X7 X --- x X4 is countable. ]

COROLLARY 6.21. Q is countable.

PROOF. Let f:7Z x Z — Q be defined by

Cfafp if b#0
fla,b) = { 0 otherwise.

Then f is a surjection, and by Proposition 6.15, Q is countable. [

We have evaluated the nested sequence of sets,
NCZCQER

These are important mathematical sets and, with the exception of R,
they are countable. We investigate the cardinality of one more set
between Q and R.

DEFINITION. Algebraic real number, K A real number « is alge-
braic if there is a polynomial p (not identically 0) with integer coeffi-
cients such that p(a) = 0. We shall denote the set of all algebraic
numbers by K.

Any rational number a/b € Q is algebraic, since a/b is a root of the
polynomial
p(z) = bxr —a.
Moreover, in Example 3.23, we showed that v/2 is irrational, and it is

clearly algebraic, since it is a root of 22 — 2. Therefore we have
NCZCQEKCR.

Finally we prove that K # R by showing that K is countable.
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THEOREM 6.22. K s countable.

DiscussioN. This result is proved by showing that the algebraic
real numbers can be constructed by a countable procedure. That is,
K may be built by adding to Q countably many elements at a time
countably many times. Cantor’s Theorem implies that any set so con-

structed will be countable.

PROOF. Let n € N and define f: [[}'_ ,Z — Z[z] by

f(a07"-7an) = Z aixi-

i=0
By Corollary 6.19, Z is countable. By Theorem 6.20, [ _ ,Z is count-
able. The range of f is the set of polynomials with integer coefficients
with degree < n (or the polynomial identically equal to 0). By Proposi-
tion 6.15, the range of a function with a countable domain is countable
as well. Therefore the set of polynomials of degree < n is countable.

Let P, be the set of polynomials with integer coefficients of degree
< n. Then

Zlz] = U P,.

By Theorem 6.16, Z[z] is countable. By Theorem 4.10, if p(z) is a
polynomial with real coefficients of degree n, it has at most n real

roots. Let
Zy, = {a|pla) = 0}.
So Z, is finite for every polynomial p. Applying Cantor’s Theorem

K= |J 2

pEL[x]

(Theorem 6.16) again,

is countable. O
COROLLARY 6.23. K# R

Since K is countable and R is uncountable, K is a proper subset of
R.
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DEFINITION. Transcendental number A real number that is not

algebraic is called a transcendental number.

Corollary 6.23 states that there are transcendental numbers. This is
an existence claim in which no witness to the claim is produced. Rather
it is an example of a counting argument (on infinite sets). There are
too many real numbers for them all to be algebraic. By the end of the
nineteenth century it was proved that 7 and e are transcendental, but
these proofs are much more complicated than Cantor’s existence proof
above, which is, in essence, a very clever application of the pigeon-hole

principle.

COROLLARY 6.24. There are uncountably many transcendental num-

bers.

PRrOOF. Let T be the set of transcendental numbers. As
IR[=[TUK]| >R,
and K is countable, T" must be uncountable. Il

So we have shown that
NCZCQEKGR

However,

IN[=1Z]=|Q[=]KI|<|R].

6.5. Functions and Computability

In Section 1.3 we made the off-hand comment that most functions
are not defined by rules (by which we meant instructions for comput-
ing the function). We consider a rule to be an instruction (in some
language) of finite length. Functions that are unambiguously defined
by a rule of finite length are called computable, or recursive functions.
Naturally there is a complicated mathematical definition of recursive
functions, but we shall dispense with the formalities and say that a

function is recursive, or computable, if there is an instruction (of finite
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length) for finding the image of any element in the domain. How many
computable functions are there?

We shall restrict our investigation to functions from N to N. We
consider functions as graphs of functions. That is, every subset of
P(N x N) that satisfies the definition of a function is a function in NV.

Are all such functions computable? It is obvious that
2% < NN,

(Why?) In fact you can show that the sets are bijective. So there
are uncountably many functions in NN, How many instructions for
computing functions are there? An instruction is a finite string, or
sequence, of symbols. For instance, an instruction for the function

that squares natural numbers is
fla) = a*
This is a finite sequence of seven symbols. The instruction gives enough

information to compute the image of any natural number. There are

many other rules for computing this function. For instance the rule

flz) = z-x
obviously defines the same function, but the instruction is different — it
contains one more symbol. Consider the set of all possible instructions
for computing functions of natural numbers. How are the instructions
formulated? One produces a finite sequence of symbols that forms an
explicit guide for computing the image of any natural number.

Let X be the set of all symbols appearing in instructions for com-
puting functions of natural numbers. The set X will include letters,
digits, symbols for operations, symbols for relations and potentially
any other symbol that you might see in a book on mathematics. How
large is X7 If you require that every symbol appear in some actual
dictionary, it would clearly be finite. You will probably wish to allow
any natural number to appear in the instruction. However, although
there are infinitely many natural numbers, we need only ten symbols

to name them all. It seems that we can reasonably require that X is
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finite, but as it turns out, we can allow for X to be countably infinite
without changing our conclusion.

If there is any language with countably many symbols in which the
set of all instructions for computing functions could be written, then
we may assume that X is countable. If F' is an instruction or rule (and
hence a finite sequence of symbols from X)), then there is N € N such
that

FexV.
So it is easily seen that the set of all possible instructions for elements
of NV T, satisfies
r=Jx"
NeN

For N € N, X" is the direct product of N factors of X, and by Theorem
6.20,

| XNV <R,

The set (Jyen X N'is the countable union of countable sets, and by
Theorem 6.16 is countable. Therefore there are uncountably many

functions of natural numbers that are not defined by rules.

For a more thorough treatment of set theory, see the book [5] by

Yiannis Moschovakis.

6.6. Exercises
EXERCISE 6.1. Let f: X — Y and g : Y — Z. Prove that
gof: X —Z7
is a bijection.

EXERCISE 6.2. Prove that equinumerosity is an equivalence rela-

tion.

EXERCISE 6.3. Prove that the relation on sets < is reflexive and

transitive.
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EXERCISE 6.4. In the proof of the Schroder-Bernstein Theorem,

define a function
gl (z) if wzeX,
G(z) = flxz) if zeX,
g l(z) if X,
Prove that G: X — Y.

EXERCISE 6.5. Let n € N. Prove that
|[P(Tn7)] = 2™

EXERCISE 6.6. Let X = {0,1,2}. Write down some function f :
X — P(X). For this particular f, what is the set Y of Theorem 6.77

EXERCISE 6.7. Let X be a set and define a sequence of sets
(X, |neN) by
XO == X
and
X1 = P(X,).
Let Y = (J~_ ,X,. Prove
(VneN) | X, |<|Y].
EXERCISE 6.8. Let X and Y be finite sets. Prove that
| XY =X M
EXERCISE 6.9. Prove Proposition 6.8.

EXERCISE 6.10. Let f: N — "2™ and for 4,5 € N+t

aij = (f(2));-
(That is, a;; is the ™ term of the i sequence.) Let s be the “diagonal”
sequence
s = (1 —ap, | neNT).

We know that s ¢ f[N]. If I : 72 »— P(N) is the bijection in
Proposition 6.8, then F'o f : N — P(N). Prove that that F(s) is
the “diagonal” set of Theorem 6.7 (where X = N, and F o f is the
enumeration of subsets of N), and hence that F(s) ¢ (F o f)[N].
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EXERCISE 6.11. Prove that if X C Y and X is uncountable, then

Y is uncountable.

EXERCISE 6.12. Let X be an uncountable set, Y be a countable
set and f: X — Y. Prove that some element of Y has an uncountable

pre-image.
EXERCISE 6.13. Complete the proof of Proposition 6.15.
EXERCISE 6.14. Define an explicit bijection from N to Z.
EXERCISE 6.15. Prove that | K\ Q| = X,.

EXERCISE 6.16. Prove that
0
—
n=0
is irrational. (Hint: Argue by contradiction. Assume e = § and
multiply both sides by ¢!. Rearrange the equation to get an integer
equal to an infinite sum of rational numbers that converges to a number

in the open interval (0,1).)

Remark: This was also Exercise 3.32. Is it easier now?

EXERCISE 6.17. Suppose that a,b,c,d € R, a < b and ¢ < d. Prove

a) The open interval (a,b) is bijective with the open interval (¢, d).

)
b)

c¢) The open interval (0, 1) is bijective with the closed interval [0, 1].

The closed interval [a, b] is bijective with the closed interval [c, d].

d) The open interval (a,b) is bijective with the closed interval [c, d].
) [[0, ][ =R

EXERCISE 6.18. Construct explicit bijections for each of the pairs

of sets in Exercise 6.17.

EXERCISE 6.19. Let f(z) be a non-zero polynomial with integer
coefficients, and suppose a € R is transcendental. Prove that f(a) is

transcendental.
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EXERCISE 6.20. Let F': K — R be defined by: If z € K, F(x) is
the lowest degree of a polynomial with integer coefficients for which x

is a root. Is F' well-defined?

EXERCISE 6.21. Let a € R be a root of a polynomial with ratio-
nal coefficients. Prove that a is a root of a polynomial with integer

coefficients, and is therefore an algebraic number.

EXERCISE 6.22. For each of the following sets, state and prove
whether it is bijective with N, P(N) or is larger than P(N) (with respect
to the relation <):

a) The set of finite subsets of N

b) The set of all permutations of finite sets of natural numbers

c¢) The set of finite sequences of natural numbers

d) The set of finite sequences of integers

e) The set of finite sequences of algebraic numbers

f) The set of finite sequences of real numbers

g)

h)
i) Countable subsets of R.

h) NF

k) RE.

You may use the fact that | R | = 2%,

The set of infinite sequences of natural numbers

The set of infinite sequences of real numbers

EXERCISE 6.23. Prove that | RF | > | P(R) |.



CHAPTER 7
Divisibility

In this chapter we investigate divisibility. It may seem peculiar that
we would investigate a topic that you have studied since elementary
school, but don’t be fooled by the apparent simplicity of the subject.
The study of divisibility of integers is part of number theory. Geometry
and number theory are the oldest areas of mathematical study, and they

are still active fields of mathematical research.

7.1. Fundamental Theorem of Arithmetic

DEeFINITION. Divides, factor Let a,b € Z. We say that a divides

b, or a is a factor of b, if
(Jce€eZ)a-c = b

We write this as a | b. If @ does not divide b we write a 1 b.

Divisibility is the central idea of number theory. It is precisely be-
cause one integer need not be a factor of another integer, or a pair of
integers may fail to have non-trivial common factors, that divisibility
provides insight into the structure of integers. Put another way, con-
sider the definition of divisibility applied to rational numbers — you
will find that it does not provide any insight at all since a nonzero ra-
tional number is a factor of any other rational number. Furthermore,
many of the properties of integers with regard to divisibility generalize
to other interesting mathematical structures. You will see an example
of this in Section 7.5.

DEFINITION. Prime number Let p € N. We say that p is a prime

number if p > 1 and the only positive factors of p are p and 1.

181
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DEFINITION. Relatively prime Let a,b € Z. We say that a and b

are relatively prime if they have no common factor greater than 1.

DEFINITION. Integer combination Let a,b,c € Z. Then c is an

integer combination of a and b if

(Im,n €Z) ¢ = ma+ nb.

ProproOSITION 7.1. Let a,b € Z. If a and b are relatively prime,

then a — b and b are relatively prime.

Discussion. We shall prove the contrapositive by showing that

any common factor of a — b and b is also a factor of a.

PROOF. Let ¢ > 1 be a common factor of b and a — b. So
(AmeZ)b = em

and
(Ine€eZ)a—b = cn.
Then
clm+n) = a
and so ¢ | a. Therefore if a and b are relatively prime, then a — b and

b are relatively prime. O

PROPOSITION 7.2. Let a and b be integers. If a and b are relatively
prime, then

(Im,n € Z) ma+nb = 1.

DiscussioN. We shall argue for the case in which a and b are nat-
ural numbers. Given the proposition for all pairs of relatively prime
natural numbers, we may easily extend it to arbitrary pairs of rela-
tively prime integers by changing the sign of m or n in the integer
combination. This assumption allows us to argue by induction on the
sum of the integers. The base case for this argument by induction will
bea+b = 3. Ifa = 0 = b, then a and b are not relatively prime.

Ifa+b = 1, then a and b are relatively prime and the choice of m
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and n is obvious. If a = b = 1 then a and b are relatively prime and

again the choice of m and n is obvious.

Proor. We may assume that a > b > 0. We argue by induction
on a—+b.
Base case: a+b = 3.
Thena = 2and b = 1. So

a—b = 1.

Induction step:

Assume that the result holds for all pairs of relatively prime natural
numbers with sum less than a + b.

By Proposition 7.1, b and a — b are relatively prime. By the induction
hypothesis, there are 7,7 € Z such that

ila—0b)+jb = 1.

DiscussiON. Ifa—b = b, we are not in the case where we have two

distinct positive numbers. How do we handle this possibility?
Let m = ¢and n = j —i. Then
ma+nb = 1.

By the induction principle the result holds for all relatively prime pairs

of natural numbers. ]

DEFINITION. Greatest common divisor, ged(a,b) Let a,b € Z.
The greatest common divisor of a and b, written ged(a, b), is the largest

integer which divides both a and b.
So a and b are relatively prime iff ged(a,b) = 1.

PROPOSITION 7.3. Let a,b,c € Z, and assume that ged(a,b) = 1.
Ifa|cb, then a | c.

PrRoOOF. By Proposition 7.2 there are m,n € Z such that

ma+nb = 1.
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Therefore

cma +cnb = c.

Clearly a | enb (since a | ¢b) and a | ema. So
a | (cma + cnb),

and therefore a | c. O

PROPOSITION 7.4. Let a,b,c € Z. If ged(a,b) = 1,a|candb|ec,
then
ab | c.
PrROOF. Let m,n € Z be such that am = c and bn = c¢. Then
a | bn.

By Proposition 7.3, a | n. Hence there is k € Z such that

ak = n.
Therefore
akb = ¢
and
ab | c.

LEMMA 7.5. Assume
(1) p € N is prime
(2) N>1, and ay,...,ay € Z
(3) p | (IT, = 1 an)-

Then there is some n < N such that p | a,.

PRrROOF. Let p be a prime number. We argue by induction on N.
Base case: N = 1
The base case is obvious.
Induction step:
Let N > 1 and assume that the result holds for all products of fewer
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than N factors.
Let

and suppose that

Then
pla-ay.

If p | a, then by the induction hypothesis,
(In < N) p| an.

Assume that p is not a factor of a; since p is prime, ged(p,a) = 1. By

Proposition 7.3, p | ay. OJ

THEOREM 7.6. Fundamental Theorem of Arithmetic Let N be a
natural number greater than 1. Then N may be uniquely expressed as

the product of prime numbers (up to the order of the factors).

Discussion. We permit a “product” with only one factor. So any

prime number is its own unique prime factoring.

Proor. We argue by induction on the natural numbers greater
than 1.
Base case: (N = 2)
By the discussion preceding the proof, 2 is its own prime factoring.
Induction step:
Assume that the result holds for all natural numbers greater than 1
and less than N. If N is prime, the result follows. If N is not prime,
then there are a,b € N, a < N and b < N, such that

a-b = N.

By the induction hypothesis, a and b have unique prime factorings.

The product of the factorings will be a prime factoring of N. Is the
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factoring unique up to order? Suppose that

N = Hpi: HQj

i=1 ji=1

where p; is prime for 1 <7 < m, and g; is prime for 1 < j < n. Then

p1 | H -
j=1
By Lemma 7.5,
(37 <n)pi]g.

We may reorder the factors ¢i,...,q, so that p; | ¢;. Both p; and ¢;

are prime, so

p1 = q-
Therefore
H pi = H q; < N.
i=2 j=2
By the induction hypothesis, ps,...,p, is a unique prime factoring
of [["_ ,pi» som = n and go,...,q, is a reordering of pa, ..., ppm.

Therefore ¢ - - - g, is a reordering of p; - - - p,, and the prime factoring

of N is unique. O

REMARK. Why is the number 1 not defined to be a prime? After
all, it has no factors other than itself or 1! The reason is because
it is very useful to have uniqueness in the Fundamental Theorem of
Arithmetic. If 1 were considered prime, it could be included arbitrarily

often in the factoring of N.

7.2. The Division Algorithm

The Division Algorithm, Theorem 7.11, is the result that guaran-
tees that long division of natural numbers will terminate in a unique
quotient and remainder with the remainder strictly smaller than the
divisor. Long division is difficult and tedious for young students. Typ-

ically it is the most challenging computation that elementary school
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students are expected to master. You may have revisited the algo-
rithm again when you learned to divide polynomials. Here the Divi-
sion Algorithm says that the quotient and remainder are unique and
the remainder is either identically 0 or has degree strictly smaller than
the divisor. We frequently compare the arithmetic of integers and the
arithmetic of polynomials, and it is the Division Algorithm that makes
this comparison useful.

Let’s extend the link between integer combinations and greatest
common divisors. According to Lemma 7.2, a pair of integers are rela-
tively prime if there is an integer combination of the pair which equals

1. This result generalizes to greatest common divisors other than 1.

THEOREM 7.7. Let a,b € Z. The set of integer combinations of a
and b equals the set of integer multiples of ged(a, b).

PROOF. Let ¢ = ged(a,b) and
M = {kc|keZ}.
Since c is a divisor of a and b, there are i, j € Z such that
a = 1ic
and
b = je
Let
I = {ma+nb|m,ne€Z}.

We show first that I C M.
If m,n € Z, then

ma+nb = mic+njc = (mi+nj)c.
Hence every integer combination of a and b is a multiple of ¢ and
I C M.

Now we show that M C I. Let k¢ € M and

r = ged(i, 7).
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Then there are m,n € Z such that
rme = ic = a (7.14)
and
rnec = jc = b. (7.15)
So rc | a and rc | b. Hence
ged(a,b) > re > c.

However ged(a,b) = ¢, and thus r = 1. Therefore ¢ and j are
relatively prime.
By Proposition 7.2, there is an integer combination of i and j that

equals 1. Let u,v € Z be such that

ut+vyj = 1.
Then

c(ui +vj) = ¢
and

ke = ke(ui+wvj) = k(ua+ vb)
by equations 7.14 and 7.15. Hence
ke € 1,

and as k was arbitrary,

O

COROLLARY 7.8. Let a,b € Z. Then ged(a,b) is the smallest posi-

tive integer combination of a and b.

Theorem 7.7 tells us that the integer combinations of a and b are
precisely the integer multiples of ged(a,b) (which happens to be the
smallest positive integer combination of @ and b). We think of ged(a, b)
as “generating” through multiplication the set of integer combinations

of a and b.
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PROPOSITION 7.9. Let a,b,k € Z. Then
ged(a,b) = ged(a — kb, b).
PROOF. If c € Z, ¢| a and ¢ | b, then ¢ | a — kb. Therefore
ged(a, b) < ged(a — kb, b). (7.10)
Likewise, if ¢ | a — kb and ¢ | b, then ¢ | a, so we get the reverse
inequality of (7.10), so the two sides are equal. O
THEOREM 7.11. Diuvision Algorithm Let a,b € Z, b # 0. Then
there are unique q,r € Z such that
a = gb+r
where 0 <1 <| b |.

DiscussioN. In the Division Algorithm a is called the dividend, b

the divisor, q the quotient, and r the remainder.

PrROOF. Let a,b € Z and b # 0. Define I C N by
I = {a—kb|keZ}NnN.
I has a smallest element, a — ¢b, for some ¢q € Z.
Claim: 0 <a—qgb< |b]|.
Proof of Claim. We argue by cases.
Case 1: b> 0
If a — gb > b then
a—(¢g+1)b>0.
Hence
a—(¢g+1)bel.

However a — ¢b is minimal in /, so this is impossible. Therefore
a—qgb<|b].

Case 2: b< 0
If a—qgb>|b]|, then

a—qgb>a—(g—1)b>0.
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As in the first case

a—(g—1bel.
This is impossible since by assumption a—g¢b is minimal in /. Therefore
a—qgb<|b].
<
Thus if
r:= a—qb,
we have a = ¢gb+r and 0 < r <| b |. It remains to show that the
quotient and remainder are unique. Suppose
a = mb+r = nb+s
where 0 < 7, s < |bl. If r = sthen mb = nband m = n. So we

assume that r # s. Without loss of generality we assume that r < s.
Then,
0<s—7r = (m—n)b<|b].

Som—n = 0andr = s, a contradiction. U

Of course, ¢ and r could be found by long division — that is, one

may subtract multiples of b until the remainder is less than | b |.

7.3. Euclidean Algorithm

How do we find ged(a, b), for a,b € N? One might invoke the Funda-
mental Theorem of Arithmetic and compare the prime decompositions
of a and b. Suppose

N
a= 1]y

n =1

N
b= 11 o
n =1

where 7,8, € Nfor 1 <n < N. If ¢, = min(r,,s,) for 1 <n <N,
then

and

N
ged(a,0) = [ pir-
n =1
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However finding the prime decomposition of an integer can be quite
difficult. We shall define an operation on pairs of integers that after
a reasonable number of applications will yield the greatest common
divisor of the integers.

Ifa,be N, a>b>0, define £ : N> - N2 by

E(a,b) = (b,1)

where r is the unique remainder (when dividing a by b) whose existence

was proved in the Division Algorithm. That is, if
a = gb+r
with 0 < r < b, then define
E(a,b) : = (b,r).
Ifb = 0, then let
E(a,0) = (a,0).

Let (a,b) € N?, a > b > 0. We define a sequence of elements in N?|
(Ei(a,b) | i € N), by recursion:

Ey(a,b) = (a,b)
and if n >0
E,(a,b) = E(E,_1(a,b)).

So long as F,(a,b) has non-zero components, the sequence of second
components is strictly decreasing, so it is clear that the sequence must
eventually become fixed on an ordered pair (see Exercise 4.11). By the
Division Algorithm, this will occur when the second component equals
0. Let k£ be the smallest integer such that

Ey(a,b) = Epti(a,b).
Then we say that (E,(a,b) | n € N) stabilizes at step k. For n > k,
E,(a,b) = E,i1(a,b) = Ei(a,b).

If (E,(a,b)) stabilizes at step k, it is obvious that k£ < b. Typically, the

sequence stabilizes much faster than this.
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THEOREM 7.12. Let a,b € N, a > b > 0. The non-zero component

on which the sequence
(E,(a,b)ln € N)
stabilizes is ged(a, b).

PROOF. Let a be fixed, we argue by induction on the smaller of the

integers, b.

Base case: b = 1

Then for any a > 1,

E(a,1) = (1,0)

and the sequence (E,(a, 1)) stabilizes at step 1 with non-zero compo-
nent 1.

Induction step:

Let b > 1. Assume the result holds for all ¢ < b — that is, for any
(a,c) € R?, where ¢ < b < a, the non-zero component of the ordered
pair at which the sequence (E,(a,c)) stabilizes is ged(a,c). We show
that the non-zero component of the ordered pair at which the sequence
(En(a,b)) stabilizes is ged(a, b). If @ > b > 0 then

E(CL, b) = <b7 a— qb)
where 0 < a — gb < b. By the induction hypothesis, the non-zero
component of the ordered pair at which the sequence (E, (b,a — ¢b) |
n € N) stabilizes is ged(b, a — ¢b). By Proposition 7.9
ged(a,b) = ged(b,a — gb).
So the non-zero component of the ordered pair at which the sequence
(En(a,b) | n €N)
stabilizes is ged(a,b). By the induction principle, the result holds for

all ordered pairs (a,b) € N? where a > b > 0. O

An algorithm is a set of executable computational instructions. The
Euclidean algorithm is the following set of instructions:

Given a pair of natural numbers, a > b > 0, compute the sequence
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(En(a,b) | n € N) until the sequence stabilizes. The non-zero compo-

nent of the ordered pair on which the sequence stabilizes is ged(a, b).

EXAMPLE 7.13. Let a = 29712375 and b = 119119. Find the
ged(a, b). We use the Euclidean Algorithm. So

Eo(a,b) = (a,b)

Ei(a,b) = E(a,b) = (b,51744)
Es(a,b) = BE(b,51744) = (51744, 4851)
By(a,b) = E(51744,4851) = (4851, 1078)
Eu(a,b) = E(4851,1078) = (1078,539)

Es(a,b) = F(1078,539) = (539,0).

Therefore ged(a,b) = 539. If you employ the Fundamental Theorem

of Arithmetic, with some work you can determine that

29,712,375 = (3%)(5%)(7*)(11)
and

119,119 = (7%)(11)(13)(17).
So ged(a,b) = (7%)(11) = 539.

7.4. Fermat’s Little Theorem

NOTATION. 7 Letn € N, n > 2. Then
Zy = T, \{[0]}.

LEMMA 7.14. Let a,n € Z, n > 2, be such that ged(a,n) = 1.
Define ¢, : Z; — 7, by

¢a((b]) = [ab].

Then ¢, is a permutation of 7.
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PrROOF. We show that [al,[2a],...,[(n — 1)a] are distinct elements
of Z;. Let 0 <7 < j < n and suppose that ta = ja mod n. Then

n|ja—ia
and

n|(j—1a.
We assume that ged(n,a) = 1, so by Proposition 7.3, n|(j — 7).
However 0 < 7 —i < n,so j—i¢ = 0and ¢ = j. Hence, if
0<1<g<n,

[ia] # [jal.

It follows that ¢, is an injection from Z} to Z;. Any injection from a

finite set to itself is a surjection, so ¢, is a permutation of Z; . 0

DEFINITION. Order, o,(a) Let p be a prime number and a € Z
not a multiple of p. The order of a in Z, is the least k € N* such that

a®* =1 mod p. We write the order of a in Z, as o,(a).

If a is a multiple of p, then the order of a in Z, is undefined, since
a = 0 mod p, and for all k € N*,

a*=0 mod p.

The following proposition shows in particular that if a is not a multiple
of p, then the order is well-defined (i.e. that there is some k with a* =

mod p).

PROPOSITION 7.15. Let a € Z, and p be a prime number such that
pfa. Then oy(a) < p.

PROOF. Let p be a prime number and a € Z be such that a is not
a multiple of p. By Lemma 7.5, as p 1 a, then p t a”, and therefore
[a"] € Z; for any n € N. Since | Z; | = p — 1, the finite sequence
(@] |1<n<p)

must have a repetition. Let 1 < n < k < p be such that

a" =d* mod p.
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Then
pla"—a™
Hence
pla(a"F " —1).
However p 1 a™ and thus by Proposition 7.3,

pla™"—1.

Thus

"™ =1 mod p.

Therefore
op(a) <k—n<p.
U

PROPOSITION 7.16. Let a € Z and p be a prime number such that a
is not a multiple of p. Then the remainder classes [1], [a], [a?], ..., [a%(®~1]

in Z, are distinct.
PROOF. Exercise. O

NOTATION. S,(n) Fiz a prime p for the remainder of this section.
Let a be an integer such that p 1 a. Then for any positive natural number
n, we let S,(n) denote the set of equivalence classes {[n - a¥] | k € N}
in Zy,. (Although S,(n) depends on the choice of p, we suppress this in

the notation and assume that p is understood).

LEMMA 7.17. Let a € Z be such that p { a. If n € NT is not a
multiple of p, then

PrOOF. By Proposition 7.15, o,(a) < p. Let k = o,(a). By
Proposition 7.16 the remainder classes [1],[a],[a?],...,[a*"!] are dis-
tinct. Let ¢, be defined as in Lemma 7.14. Then ¢,, is a permutation
of Z%. Therefore the remainder classes [n],[na?],...,[na*"'] are dis-
tinct. But

na®* =n mod p,
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SO

(Why?) Therefore

O

LEMMA 7.18. Let a € Z be such that pt a. Then for any m,n € N*
which are not multiples of p, the sets Sq(m) and S,(n) are either equal

or disjoint.

PROOF. Suppose S,(m)NS,(n) # 0. Let m,n € N, ged(m,p) = 1,
ged(n,p) = 1 and
[ma'] € Sy(n).
Then there is 7 € N such that
[ma’] = [nd].

We may assume that i < j, since there are infinitely many j € Nt that

satisfy the equation. Then
[m] = [na’™"].
So
[m] € Sa(n).
Therefore if S,(m) and S,(n) are not disjoint, we have
Su(m) € Su(n).

By symmetry, we also have

and so either

or
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THEOREM 7.19. Fermat’s Little Theorem If a € Z and p is a prime

number such that p t a, then

a'=1 mod p.

PRrROOF. Let & = opy(a). We show that & | (p —1). Let n € N,

where n is not a multiple of p. By Lemma 7.17
| Sa(n) | = k.

By Lemma 7.18, the sets

{Sa(n) [n € NT, ptn}
partition Zy into sets of cardinality k. Therefore k divides | Z; |. Since
| Zy | = p—1, we have

k| (p—1).

It follows that there is j € N such that

a?'=(@) =1=1 mod p.

D

COROLLARY 7.20. Ifa € Z and p is a prime number such that p t a,
then

a’ =a mod p.

Fermat’s Little Theorem is an important result in the theoretical
study of prime numbers, and determining primality. How might the
theorem be used? Consider the problem of deciding whether a partic-
ular natural number n is prime. In order to determine whether n is
prime, you may invoke the Fundamental Theorem of Arithmetic, and
begin checking all the prime numbers up to y/n to determine whether
any are non-trivial factors of n. We needn’t check primes greater than
V/n since the existence of such a factor entails the existence of a factor
less then y/n, and by the Fundamental Theorem of Arithmetic, a prime
factor less than y/n. This may require checking many candidates — in
addition to requiring that you know all of the prime numbers smaller

than /n, or are willing to check factors that are not prime. For large n
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this is a formidable challenge. Alternatively, you can seek a € Z such
that [a"] # [a] in Z, in order to determine that n is not prime.

For instance, is 12,871 prime? We assume that you have access to
a computer (doing these computations by hand can be tedious). One
approach is to check for factors among the prime numbers less than
/12,871, that is the thirty prime numbers less than 114. Alternatively,

for a € Z, we can check whether
a'?¥ =4 mod 12,871.
If the answer is no, then 12,871 is not prime. We shall try a = 2:
21287 = 5732 mod 12, 871.

Therefore 12,871 is not prime. If you were to check primes sequentially,
you would have to check 18 primes before finding that 61 is the smallest
prime that divides 12,871.

If a'?8™ = ¢ mod 12,871 for a given choice of a, then we can draw
no conclusion. In fact there are non-prime numbers, n, such that for
any choice of a,

n —

a a mod n.

Numbers that satisfy the conclusion of Theorem 7.19, but are not prime
are called Carmichael numbers. So Fermat’s Little Theorem can be
used to show that a number is not prime, but not to prove that a

number is prime.

7.5. Divisibility and Polynomials

We apply some of the ideas on divisibility introduced in earlier
sections of this chapter to polynomials with real coefficients, R[x]. This
requires us to treat polynomials algebraically. We begin by formally

defining operations on Rlz]. Let f,g € Rlx],

flz) = Z anx"

n =20
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and

g(x) = Z b x™.

m =0
So f is a polynomial of degree at most IV and g is a polynomial of degree

at most M. In order to simplify our expressions, we subscribe to the
convention that for the polynomials f and ¢, a,, = 0 for all n > N,
and b,, = 0 for all m > M. That is, we may consider a polynomial as

a power series in which all but finitely many of the coefficients equal 0.

REMARK. If a polynomial is identically equal to a non-zero con-
stant, we say that the polynomial has degree zero. If the polynomial
is identically zero, we do not define its degree. This is a notational

convenience: a polynomial of degree 0 is a non-zero constant.

We define addition and multiplication in R[z] by

max(M,N)
flz)+g(x): = Z (a; + b;)x"
and N : .
)= 3 (o)

You should confirm that 0 € R[z| is the additive identity in R[z],
and 1 € R[z| is the multiplicative identity in R[z]. You should also

verify that addition and multiplication in R|[x] are

(1) associative
(2) commutative

(3) distributive (i.e. multiplication distributes over addition).

We shall prove that a version of the Division Algorithm holds for
polynomials. Indeed, it is the reason that long division of polynomials

is essentially similar to division of integers.

THEOREM 7.21. Division Algorithm If f,g € R[z], and g # 0, then

there are unique polynomials q and r such that
f=aqg+r

and either r = 0 or the degree of r is less than the degree of g.
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Discussion. We argue first for the existence of a quotient and
remainder satisfying the statement of the theorem. We let g be an
arbitrary real polynomial and argue by induction on the degree of f
— for this particular divisor g. The induction principle will yield the
result for the divisor g and any dividend. Since g is an arbitrary real
polynomial, the existence of a quotient and remainder is guaranteed

for any divisor and dividend. Uniqueness is proved directly.

PROOF. Let g € R[z]. If g is a constant, then ¢(z) = (1/g(z))(f(x))
and r = 0 satisfy the statement of the theorem. Furthermore, any
remainder must be the zero polynomial, since it is impossible to have
degree smaller than the degree of g. Hence, q(x) = (1/g(z))(f(x)) is
the unique quotient which satisfies the Division Algorithm.

Let g be a polynomial of degree greater than 0. We prove the result
for all possible f (for this particular g) by induction on the degree of
f. Let M be the degree of g and N be the degree of f.

Base case: N < M

Then ¢ = 0 and r = f satisfy the conclusion of the theorem.
Induction step: Let N > M and assume that the result holds for all
polynomials of degree less than N. We show that it holds for f € R[z]
of degree N. We assume that

flz) = Z anx"

where a,, € R (for 0 <n < N) and ay # 0. Let

g(z) = Z byx™

m =0

where b,, € R (for 0 < m < M) and by # 0. Let
h(z) = (a—N) g,

bu
Then the degree of f —h - g is less than N or f — h - g is identically 0.

So there is s € R[z] such that

f =h-g+s
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where s = 0 or the degree of s is less than N. If s = 0, then let
g = handr = 0.

Otherwise, by the induction hypothesis, there is some polynomial
¢ such that

s =q-g+r
where r = 0 or the degree of r is less than M. Thus
f =hg+s = hg+qg+r = (h+q)g+r.
If we let ¢ = h+ ¢ then

f=a9+r
So, by the principle of induction, for any f € R[z], there are ¢ and r
such that

f =q-g+r
Since g was an arbitrary polynomial of degree greater than 0, the result
holds for all f and g.

We prove that ¢ and r are unique. Let

f=a9+r =qy+7
where the remainders, r and 7, have degree less than the degree of ¢

or are the 0 polynomial. Then
g9+r—(gg+7) =

(G—qg+(r—7) = 0.
Let @ = g—qgand R = r — 7. Assume that Q # 0. Then the
degree of @) - g is no less than the degree of g. However the remainders
r and 7 have degree less than the degree of g, or are the 0 polynomial.
Thus the degree of R is strictly less than the degree of g, or R = 0.

The sum of two polynomials of different degree cannot be identically 0.
Hence it is impossible that @ # 0. If @ = 0 then R = 0. Therefore

9 = 49

and
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and the quotient and remainder are unique. U

COROLLARY 7.22. If f € Rlz| and z¢ € R, then there is q € R[z]
such that

f(x) = (z—20) - q(x) + f(x0).

PROOF. Apply the Division Algorithm with g(z) = z — 2p. Then
the remainder r is of degree 0, or identically zero, so is constant, and

evaluating
flz) = (z—z0)q(z) +r(z)

at x = xg gives r(x) = f(zo). Therefore

f(@) = (z = x0)q(x) + f (o).
U

We use these results to prove an algebraic property of polynomials.

DEFINITION. Ideal If I C R[z] and I # (), then we call I an ideal

of R[z] provided the following conditions are satisfied:

(1) If f,ge I then f+ g€ 1.
(2) If feIandge R[z]then f-ge€ .

An ideal of R[z] is a set that is closed under addition of elements
in the ideal, and multiplication by all elements of R[z|, whether or not
they are in the ideal. If you look closely at the definition of integer
combination (Section 7.1), you will observe that the set of integer com-
binations of a pair of integers is closed under addition of elements in
the set and multiplication by arbitrary integers. Of course this analogy
between the integers and the polynomials is not accidental. If you gen-
eralize the idea of an integer combination to polynomials, you would
say that the polynomial combinations of a pair of polynomials is an
ideal of R[z|. For the integers we were able to prove that the set of
integer combinations of a pair of integers is precisely the integer mul-
tiples of the greatest common divisor of the integers. Can we prove an

analogous result for polynomials?
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DEFINITION. Principal ideal An ideal I in R[z]| is principal if there
is f € R[z] such that

I = A{f-glgeR[z]}.

In the definition of principal ideal, f is called a generator of I. The-
orem 7.7 can be restated to say that the set of integer combinations of
a pair of integers is the principal ideal (in Z) generated by the greatest

common divisor of the pair.
THEOREM 7.23. FEvery ideal of R|x] is principal.

PROOF. Let I be an ideal of R[z]. Let f be a polynomial of lowest
degree in 1. We prove that f generates I. Let h € I. It is sufficient to
show that h is a multiple of f. By Theorem 7.21, there are ¢, € R[z],
r = 0 or the degree of r less than the degree of f, such that

h = qf +r.

Since [ is an ideal and f € I,

qf €1
and
h—qf = rel.
By assumption f is of minimal degree in I, so r = 0. Therefore
h = qf
and f generates I. O

This program seems to be moving us towards a result for polyno-
mials that is analogous to the Fundamental Theorem of Arithmetic. A
polynomial is irreducible if it cannot be written as the product of poly-
nomials of lower degree. We shall prove in Theorem 9.48 that every
polynomial in R|[x] factors uniquely into the product of irreducible poly-
nomials (up to the order of factors and multiplication by constants),

and moreover that all irreducible polynomials are of degree at most 2.
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Studying algebraic properties of polynomials is the most important
motivating principle in Algebra. Good texts on Algebra include John
Fraleigh’s [2] and Israel Herstein’s [3].

7.6. Exercises

EXERCISE 7.1. Let n € N. Prove that if n is not prime then n has
a prime factor p < y/n.

EXERCISE 7.2. Are 15,462,227 and 15,462, 229 relatively prime?

EXERCISE 7.3. If n € N, under what conditions are n and n + 2

relatively prime?

EXERCISE 7.4. Prove that every natural number may be written as

the product of a power of 2 and an odd number.
EXERCISE 7.5. Find ged(8243235,453169).
EXERCISE 7.6. Find ged (15570555, 10872579).

EXERCISE 7.7. Let a and b be integers and m = ged(a,b). Prove

that = and % are relatively prime integers.

EXERCISE 7.8. Let a and b be positive integers with prime decom-
position given by

N
a =[] v

n =1

N
b= [ »r
n =1

where p,, 7., S, € N and p, is prime for 1 < n < N. Prove that if
t, = min(r,,s,) for 1 <n < N, then

and

N
ged(a,0) = [ pir-
n =1

EXERCISE 7.9. In the statement of Lemma 7.14, suppose that ged(a, n) #

1. Prove that the function ¢, is not a permutation of Z; .
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EXERCISE 7.10. Prove Proposition 7.16.
EXERCISE 7.11. Is 4757 prime?

EXERCISE 7.12. Define an ideal of Z in the natural way: A set
I C 7 is an ideal of Z if for any m,n € I and ¢ € Z,
I)m+nel
and
2) mece I
If a,b € Z, prove that the set of integer combinations of a and b are an
ideal of Z.

EXERCISE 7.13. Prove that every ideal of Z is principal. (Hint: find
the generator of the ideal.)

EXERCISE 7.14. Let p be prime and Z,[x] be the set of polynomials
with coefficients in Z,. What can you say about the roots of the poly-
nomial 27! —[1] in Z,? (We say that [a] € Z, is a root of a polynomial
f € Zyla] it f([a]) = [0].)

EXERCISE 7.15. Prove that 0 is the additive identity in R[z] and
1 is the multiplicative identity in R[z]. Use the formal definitions of

addition and multiplication in R[z].

EXERCISE 7.16. Prove that the degree of the product of polyno-
mials is equal to the sum of the degrees of the polynomials. Use the

formal definition of multiplication in R[z].

EXERCISE 7.17. Let p € R[z]. Prove that p has an additive inverse
in R[z]. Prove that p has a multiplicative inverse iff p has degree 0.

Use the formal definitions of addition and multiplication in R[z].

EXERCISE 7.18. Prove that addition and multiplication in R[z| are
associative and commutative, and that the distributive property holds.

Use the formal definitions of addition and multiplication in R|x].

EXERCISE 7.19. For 0 < n < N, leta, e R. If f = Zivzo Q"
and g(x) = x — 1, find the unique quotient and remainder where f is

the dividend and g is the divisor.
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EXERCISE 7.20. Let f,g,q € Rlz|, g # 0. Suppose that f is the
dividend, g the divisor and ¢ the quotient. Prove that the sum of the
degree of g and the degree of ¢ equals the degree of f.

EXERCISE 7.21. Is there a version of the Euclidean Algorithm for
R[x]?



CHAPTER 8

The Real Numbers

What are the real numbers and why don’t the rational numbers
suffice for our mathematical needs? Ultimately the real numbers must
satisfy certain axiomatic properties which we find desirable for inter-
preting the natural world while satisfying the mathematician’s desire
for a formal foundation for mathematical reasoning.

Of course the real numbers must contain the rational numbers. We
also require that the real numbers satisfy rather obvious algebraic prop-
erties which hold for the rational numbers, such as commutativity of
addition or the distributive property. These axioms allow us to use
algebra to solve problems. Additionally we must satisfy geometric
properties like the triangle inequality which permit the interpretation
of positive real numbers as distances. We need our number system
to contain numbers that arise from the algebraic and geometrical in-
terpretation of numbers. Unfortunately the rational numbers do not
suffice for this limited objective. For instance, v/2, which you know
by Example 3.23 to be irrational, arises geometrically as the length of
the diagonal of the unit square, and as the solution to the algebraic
equation 22 = 2.

The development of the limit gave rise to new questions about the
real numbers. In particular, when are we assured that a sequence of
numbers is convergent in our number system? The proof of conver-
gence claims often use another property of the real numbers, the least
upper bound property. Many of the powerful conclusions of calculus
are consequences of this property. Loosely speaking, the least upper
bound property implies that the real number line doesn’t have any

“holes”. Put another way, if all the elements of one non-empty set of

207
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real numbers are less than all elements of another non-empty set of
real numbers, then there is a real number greater than or equal to all
the elements of the first set, and less than or equal to all the elements
of the second set. This property is called order-completeness, and is
formally defined in Section 8.10. Order-completeness, and its desirable
consequences, do not hold for the rational numbers.

How do we prove the existence of a set with order and operations
that satisfies all these needs simultaneously” Omne cannot simply as-
sume that such a structure exists. It is possible that the properties
specified are logically inconsistent. We might attempt to construct the
set. What are the rules for the construction of a mathematical ob-
ject? This question prompted mathematicians of the late nineteenth
and early twentieth century to develop the rules for such a construction
— the axioms of set theory.

For this reason we build the real numbers with a set-theoretic con-
struction. That is, we shall construct the natural numbers, integers,
rational numbers and irrational numbers in turn, using basic sets, func-
tions and relations. In so doing we shall construct a set with order and
operations that contains the rational numbers (or a structure that be-
haves precisely like we expect the rational numbers to behave), satisfies
the algebraic and order axioms, has the properties we need for calculus
and is constructed with the tools that you developed in Chapters 1 and
2.

8.1. The Natural Numbers

When we introduced the natural numbers in Chapter 1 we were
explicit that we were not defining the set. Instead we proceeded under
the assumption that you are familiar with the natural numbers by
virtue of your previous mathematical experience. Now we define the
natural numbers in the universe of sets, constructing them out of the

empty set.
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DEFINITION. Successor function Let Y be a set. The successor

function, S, is defined by
S(Y):=YU{Y}

DEFINITION. Inductive set Let S be the successor function and X
be any collection of sets satisfying the following conditions:
1) 0eX
(2) [YeX]|=[5(Y)eX].

Then X is called an inductive set.

DEFINITION. Natural numbers Let X be any inductive set. The
set, of natural numbers is the intersection of all subsets of X that are

inductive sets.

Are the natural numbers well-defined? That is, does the definition
depend on the choice of the set X7 If F is a family of sets, all of which
are inductive, it is easily proved that the intersection over F is also
inductive. If we are given sets X and Y that are inductive, will the
sets give rise to the same set of “natural numbers”? Again it is easily
seen that the answer is yes since X NY is a subset of both X and Y,
and is inductive. The “natural numbers” defined in terms of X and
Y will be the “natural numbers” defined in terms of X NY — they
constitute the “smallest” inductive set. In order to define the natural
numbers in the universe of sets, it must be granted that there exists
an inductive set. It is an axiom of set theory that there is such a set,
called the axiom of infinity (see Appendix B for a discussion of the
axioms of set theory).

What does this set have to do with the natural numbers as we

understand and use them in mathematics? Consider the function, i,

defined by

and
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So

0) =0

() = {0}

2) = {0,{0}}

(3) {0,{0},{0,{0} } }.

Then ¢ gives a bijection between the natural numbers, as we under-

stand them intuitively, and the minimal inductive set which we defined

above.

Let us define "n' formally as the set one obtains by applying the

successor function S to the empty set n times. So
0=20
and for n > 0 the set
T = {0,{0},...}
has exactly n elements, and we shall identify it with the set
{0,1,...,n—1}

that we earlier chose as the canonical set with n elements.
The set

N:={"n"|neN}

(8.1)

is inductive, and therefore contains the natural numbers. Finally the

reader may confirm that N has no proper subset that is inductive.

To summarize the construction so far, the axiom of infinity guar-

antees that there is a set that is inductive. Pick such a set, X. The

intersection of all subsets of X that are inductive is N, which we can

identify with the natural numbers (conceived intuitively) by the bijec-

tion ¢ In order to continue the construction, we consider N and N to

be the same set. We need N to have the operations 4+ and - as well as

the relation <.
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We shall define addition in N with basic set operations and cardi-
nality. If m,n € N, then we define addition by

m4n:=(Tm?x{T0HU(nTx {17} ].

Recall that the cardinality of a finite set is the unique natural number
that is bijective with the set — hence the complicated expression on
the right hand side of the definition is a natural number. It is easy
to confirm that addition defined in this manner agrees with the usual
operation in N. Why would we bother to define an operation you
have understood for many years? We have defined addition of natural
numbers as a set operation.

Multiplication is somewhat easier to define. If m,n € N, then
m-n = |"TmTx™nT|.

(Of course, by "m™ x "n™ we mean the Cartesian product of the sets

"m™ and "n.) Finally if m,n € N
m <n] <= ["'m?C™n7.

You should confirm that the operations and the relation agree with the
usual +, - and < on the natural numbers.

Having completed this construction it is reasonable to ask whether
N is truly the set of natural numbers. It is certainly justifiable for
you to conclude that no clarity about the number 2 is provided by
identifying it with the set {0,{0} }. What we gain is a reduction of
numbers to sets that will carry us through the construction of all real

numbers, including numbers that are not easy to construct.

8.2. The Integers

We construct the integers out of the natural numbers. The alge-
braic purpose of the integers is to include additive inverses for natural
numbers. Of course this naturally gives rise to the operation of sub-
traction.

Let Z = N x N. Define an equivalence relation, ~ on Z by

(my,ny) ~ (mg,ng) <= mi+ny = my+ny.
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Then the integers are
Z:=7/~.

We think of the ordered pair (m,n) € Z as being a representative of
the integer m — n. We say that an integer is positive if m > n and
negative if m < n. It should be clear that the set of non-negative

integers (that is N) is
{ltm,m)] | m =n} = {[(m,0)] | m € N}.
Let Z be the (intuitive) integers and let i : Z — Z be defined by
([{m,m)]) = m—n.

Then i is a bijection. As we did with the natural numbers, we shall
construct operations and order on Z that agree with the usual oper-
ations and an order on Z. Of course, we could use 7 and the usual
definitions in Z to define operations and relations on Z, but that would
miss the spirit of the construction, and would neglect the desire for
set-theoretic definitions. Analogous to the construction of the previous

section, we define Z as Z. Let z1,x9 € Z where ;1 = [(mq,n1)] and
xe = [(mg,ny)]. Addition is defined by
1+ 29 = [(ml + Mo, Ny + n2>]

The additive inverse of [(m,n)] is [(n,m)] (i.e. the sum of these integers
is [(0,0)] — the additive identity in Z).
Multiplication is defined by

Ty -2y = [(M1 Mo+ Ny - ng, Ny - Mo + My - Na)l.
The linear ordering on 7Z is defined by
T1 < Ty <= mq+ng < ng+ me.

Addition and multiplication have been defined for the natural num-
bers, and the operations and linear ordering on Z are defined with re-
spect to operations and the linear ordering that were previously defined
for N. Note that all our definitions were given in terms of representa-

tives of equivalence classes. To show that 4, - and < are well-defined,
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we must show that the definitions are independent of the choice of

representative — see Exercise 8.6.

8.3. The Rational Numbers

Rational numbers are ratios of integers, or nearly so. Of course,
different numerators and denominators can give rise to the same ratio-
nal number — indeed a good deal of elementary school arithmetic is
devoted to determining when two distinct expressions for rational num-
bers are equal. We built the integers from the natural numbers with
equivalence classes of “differences” of natural numbers. We construct
the rational numbers from the integers analogously, with equivalence
classes of “quotients” of integers. Algebraically this gives rise to divi-
sion.

Let @ = Z x Nt. We define an equivalence relation ~ on Q. If
(a,b), {c,d)y € Q, then

(a,b) ~ (¢,d) <= a-d = b-c

We define the rational numbers, Q, as the equivalence classes of ) with

respect to the equivalence relation ~. That is,

Q:=Q/~.

We associate the equivalence classes of Q with the intuitive rational
numbers via the bijection 7: Q — Q defined by

(2) = loal
for (p,q) € Q.

We define the operations and linear ordering on QQ in terms of the

operations and linear ordering in Z. Define addition by
[(a,0)] + [{c,d)] : = [{ad + b, bd)]

and multiplication by

[{a, )] - [{e;d)] - = [a-c,b-d)].
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We define the linear ordering on Q by
[(a,b)] < [{c,d)] iff a-d<b-c

Through the construction of the rational numbers, we have used
set operations to build mathematical structures with which you are
already familiar. Consequently you are able to check that the con-
struction behaves as you expect. For instance, one can easily prove
that the operations we have constructed agree with the usual opera-
tions of addition and multiplication on the rational numbers. Similarly
one can easily check that the relation we have constructed on QQ agrees
with the usual linear ordering of the rational numbers. Constructing

the real numbers is more complicated.

8.4. The Real Numbers

We complete our construction of the real numbers (we have the
irrational numbers remaining) with the objective of proving the order-
completeness of the real numbers, and deriving some important conse-
quences of completeness. Many of the most powerful and interesting
results of calculus depend on this property of the real numbers. If you
have been asked to accept some of these theorems on faith, now it is
time to reward your trust.

There are a couple of different ways to construct the real numbers
from the rational numbers. One approach is to define real numbers
as convergent sequences of rational numbers. The other common ap-
proach is to characterize real numbers as subsets of rational numbers

that satisfy certain conditions.

DEFINITION. Dedekind cut A Dedekind cut L is a nonempty

proper subset of QQ that has no maximal element and satisfies

Va,beQ)lae L N b<a] = [be Ll

Let L be a Dedekind cut. Then there is some rational number
a € L, and therefore all rational numbers less then a are in L. Let
R = Q\ L. Since L # Q, there is ¢ € R and every rational number
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greater than ¢ is in R. It is clear that {L, R} is a partition of Q and
that every element of L is less than every element of R. So Dedekind
cuts “split” the rational numbers. We shall associate each Dedekind

cut with a real number located at the split on the real number line.

REMARK. To help our mental picture of what is going on, we think
of L as all rational numbers to the left of some fixed real number «, i.e.
as (—oo,)NQ, and R as the rational numbers to the right, [, 00)NQ.
Of course we don’t yet know what exactly we mean by “the real number
«”, but this is the idea to keep in mind. Note that R will have a least

element iff « is rational.

To understand how Dedekind cuts relate to numbers we construct
an injection from the rational numbers to the Dedekind cuts. Let D
be the set of Dedekind cuts. We define an injection ¢: Q — D by

ila) = {beQ|b<a}.

The function ¢ is a well-defined injection that informs us of how Q fits
into D.

We shall define order and operations on D so that they agree with
the usual linear ordering and operations on Q that are inherited in [@Q].
That is, we shall define the linear order, addition and multiplication
on D so that for a,b € Q,

o <b] <= [i(a) < (D) (1)
i(a+b) = i(a)+ib) (2)
i(a-b) = i(a)-i(b) (3).

If we can do this, we can think of D as an extension of Q. How do
we do it?
For L, K € D, we define the relation < in D by

[L < K] < [LCK)]

You should confirm that < is a linear ordering of D and that the relation
< on i[Q] satisfies (1). If L € D and L < i(0) we say that L is negative.
If L > i(0), we say that L is positive.
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With a similar objective in mind we define addition and multiplica-
tion on D. That is, we want the operations to satisfy certain properties
of addition and multiplication and we want the operations defined on
i]Q] to agree with the operations on Q.

If L, K € D, then

L+K = {a+blacLandbe K}.
Verify that L + K is a Dedekind cut, and that (2) holds.
Multiplication takes a bit more effort to define. (Why can’t we let
L-K={abla € L, b € K}7) If L or K is i(0), then
L-K = i0).

If L, K € D are both positive, then

L-K ={a-blacl,beK,a>0andb>0}U{ceQ|c<0}.
Verify that L - K is a Dedekind cut, and that (3) holds for a,b > 0.

How do we define multiplication by “negative” Dedekind cuts?
Let’s start with defining multiplication by —1. Let L € D and R =
Q\ L. We define —L by

—L:={ceQ|(FreR) —c>r}.

Now we can define multiplication on arbitrary elements of D to satisfy

the properties we desire. If L, K € D and both are negative, then
L-K:= (-L-—K).
If exactly one of L and K is negative, then

L-K:= —(—L-K).

DEFINITION. Real numbers, R The real numbers are the Dedekind
cuts, with addition, multiplication and < defined as above. We denote
the real numbers by R when we do not need to think of them explicitly
as Dedekind cuts.

We have defined the real numbers as sets of rational numbers. Since
the rational numbers were defined using basic ideas about sets, func-

tions and relations, so are the real numbers. The properties of the real
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numbers that we discussed at the beginning of this section are satisfied

by the Dedekind cuts. For every rational number a, we identify a with

the Dedekind cut i(a).

THEOREM 8.2. The real numbers as defined above satisfy:
(i) Addition and multiplication are both commutative and associative.
(ii)) WLeD) L+0=L, L-1=1L.
(iii) (VL € D) L+ (—L)=0.
(iv) WLeD\{0})(3KeD)L-K=1.
(v) VL,K,J € D) L-(K+J)=L-K+L-J.

PRroor. Exercise. O

8.5. The Least Upper Bound Property

DEFINITION. Upper bound Let X C D. We say that X is bounded
above if there is M € D such that

(Ve e X) z < M.

In this event we say that M is an upper bound for X.

DEFINITION. Least upper bound Let X C D be bounded above.
Suppose M is an upper bound for X such that for any upper bound N
for X, M < N. Then the number M is called the least upper bound
for X.

Lower bound and greatest lower bound are defined analogously.

THEOREM 8.3. Least Upper Bound Property If X is a non-empty
subset of D and is bounded above, then X has a least upper bound. If

it 1s bounded below, then it has a greatest lower bound.

PROOF. Let X C D be bounded above. Let
M= |JLCcQ

Lex
The set M is bounded above (why?), and hence M # Q. Any element

of M is an element of some L € X, and consequently cannot be a
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maximal element of L. Therefore M has no largest element. If a € M,
c € Q and ¢ < a then ¢ € M. Therefore M is a Dedekind cut. For any
L € X, L C M and hence

L <M.

That is, M is an upper bound for X.

Let K < M. Then there is a € M \ K. So a is in some Ly in X.
Therefore Ly is not contained in K and K is not an upper bound for
X. It follows that M is the least upper bound for X.

We leave the argument for the existence of a greatest lower bound
to the reader. O

The least upper bound property is the essential property of real
numbers that permits the main theorems of calculus. It is the reason we
use this large set, rather than, say, the algebraic numbers. It uniquely
characterizes the real numbers as an extension of the rational numbers
— see Theorem 8.23 for a precise statement.

Now that we have proved this key property, we shall use R to denote
the set of real numbers, identifying a real number o with the Dedekind
cut (—oo,a) N Q. We shall no longer need to concern ourselves with

Dedekind cuts per se.

8.6. Real Sequences

Recall that a sequence is a function with domain N (or N¥). A real
sequence is a real-valued sequence (that is, the range of the sequence

is a subset of the real numbers).

DEFINITION. Subsequence Let (a, | n € N) be a sequence and

f € NY be a strictly increasing sequence of natural numbers. Then
<af(n) ’ nc N>
is a subsequence of (a, | n € N).
EXAMPLE 8.4. Let s be the sequence

2n|neN) = (0,2,4,6,8,...).
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Then the sequence t given by
(6n |neN) = (0,6,12,18,...)

is a subsequence of s. In this example, f(n) = 3n is the function that
demonstrates that ¢ is a subsequence of s. Another subsequence of s is

the sequence

(2713 | n € N).

Recall that a sequence (a,,) is called non-decreasing if a,+1 > a,, for
all n. It is called non-increasing if the inequality is reversed. Every-
thing that is true for a non-decreasing sequence is true, with inequalities
reversed, for non-increasing sequences (why?), so rather than state ev-
erything twice, we can use the word monotonic to mean a sequence

that is either non-increasing (everywhere) or non-decreasing.

LEMMA 8.5. Every non-decreasing real sequence (a, | n € N) that is
bounded above converges to its least upper bound. Fvery non-increasing

real sequence that is bounded below converges to its greatest lower bound.

Proor. We shall only prove the first assertion. Let M be the least
upper bound of {(a,). Let € > 0. Since M is the least upper bound,
there is N € N such that,

O0<M—ayn <e.
Since the sequence is non-decreasing,
(Vn>N)0< M —a, <e.

Therefore M is the limit of the sequence, as desired. O

THEOREM 8.6. Bolzano-Weierstrass Theorem Let [b, c] be a closed
bounded interval of real numbers and s = (a, | n € N) be a sequence

of real numbers such that
(Vn € N) a, € [b,].

Then (a, | n € N) has a convergent subsequence with limit in [b, c|.
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DiscussioNn. We consider a nested sequence of intervals, all of
which contain infinitely many elements of the range of the sequence
s, with the radius of the intervals approaching 0. We construct a sub-
sequence of s by sequentially selecting elements in the intersection of
the range of s and the successive intervals. We then show that the

subsequence we construct is convergent.

PrOOF. We prove the theorem for the closed unit interval [0, 1].
It is straightforward to generalize this argument to arbitrary closed
bounded intervals.

If the range of the sequence is a finite set, then at least one element
of the range, a,, must have an infinite pre-image. The pre-image of a,,
gives a subsequence that converges to a,. Therefore we assume that
the range of the sequence is infinite. Let S be the range of the sequence
(an).

We define a nested sequence of closed intervals, I,, = ([b,,c,] | n €
N) satisfying

(1) Iy = [0,1]

(2) ForallneN, I, C I,
1

)
( ) Cn — = on
(4) For all n € N, I, NS is infinite.
Let Iy = [0,1]. Assume that we have I, satisfying the conditions
above. At least one of the intervals [by,b, + ) and (b, + 3, Cn)
must contain infinitely many elements of S. Let I,,11 = [bn, b, + 2,1%]
if the intersection of this set with S is infinite; otherwise let I,,.; =
(b, + #, ¢yn]. Then I, satisfies the conditions above.
The sequence of left end-points of the intervals I,,, (b, | n € N) is
non-decreasing. The sequence of right endpoints of the intervals I,,,

(¢n | » € N) is non-increasing. Furthermore, for any m,n € N,
b < cp-

The set {b, | n € N} is bounded above, so by the Least Upper Bound
Property the set has a least upper bound, . Similarly the set {¢, |
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n € N} has a greatest lower bound 7. By Lemma 8.5

limb, = §
n—oo
lime, = 7.
n—oo

By the triangle inequality, for any n € N,

All three terms on the right hand side of the inequality tend to 0 as n

approaches infinity, so for any ¢ > 0,

| B—7]<e.

Hence § = 7.
We now want to define a subsequence that converges to 3, by choos-
ing a point in each interval [,, in turn. Formally we do this by defining

f € NN recursively by
f(0) =0
and f(n + 1) is the least k£ € N such that
(k> f(n)] Alax € L]

This is well-defined since SN 1,4 is infinite. Then the sequence (a () |
n € N) converges to 5. To see this, let € > 0. For any n € N such that

1
o <&,
1
| B—apm | <cn—"0, = on <€
Therefore (afn) | n € N) is a convergent subsequence converging to
g O

DEFINITION. Cauchy sequence Let (a, | n € N) be a sequence.

The sequence (a,) is a Cauchy sequence if
(Ve >0)(3IN eN)(Ym,n eN) [m,n>N| =[] an—a, | <l

THEOREM 8.7. A real sequence converges iff it is a Cauchy se-

quence.
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PROOF. =

Let {a, | n € N) be a sequence of real numbers that converges to a € R.

Let ¢ > 0 and N € N be such that

(Vn > N) \a—an|<§.

Then for any m,n > N,

e €
]an—am\g\an—a|+]a—aml<§+§ = e

Therefore (a, | n € N) is a Cauchy sequence.
P
Let (a, | n € N) be a Cauchy sequence. Then

AN eN)(YVm,n>N) |ap, —a, | <1

Every term in the sequence after the N** term is in the e-neighborhood

of ay. So
(Vn>N) a, € [ay — 1,ay + 1].

The sequence {(a, | n > N) satisfies the hypotheses of the Bolzano-
Weierstrass Theorem, and thus has a convergent subsequence.

Let (afm) | n € N) be a convergent subsequence of (a, | n € N)
converging to a € R. Let € > 0. Since (a,) is Cauchy, there is N; such

that

(VYm,n > Ny) |am—an|<§.

Furthermore, there is Ny € N such that

£
(Vn>No) |apm —al < 3

Let Ng Z N17f<N2). Then N3 Z N2 and
(V0> No) [an—a| < |an—age |+ | age —a| <.

Therefore the sequence (a,, | n € N) converges to a. O

Cauchy sequences get at the essence of the order-completeness of
the real numbers. A Cauchy sequence of rational numbers need not
converge to a rational number. For instance, let a be any irrational

number, and let a,, be the decimal approximation of a to the n'* digit.
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The sequence (a,) is a Cauchy sequence of rational numbers that con-
verges to an irrational number. However if a Cauchy sequence fails to
converge in a set of numbers, it is reasonable to say that there is a gap

in the set of numbers. The real numbers are defined so that these gaps
are filled.

8.7. Ratio Test

One of the uses of the order-completeness of the real numbers is
proving that an infinite sequence converges, without having to know
much about the number to which it converges. In Chapter 5 we al-
lude to the ratio test in claiming that the Taylor polynomial for the
exponential function evaluated at a real number a, >~ , ‘}c—];, converges.
How do we prove that an infinite sum converges? If we have an idea of
its limit, we might show that the sequence of partial sums approaches
this value. This is how we prove that the geometric sum with ratio
less than 1 converges. Many important mathematical functions are de-
fined by infinite sums, and the limit of the sum defines the value of the
function. In this case we need to show that the sum converges using

properties of the real numbers.

DEFINITION. Absolute convergence Let (a,) be an infinite se-

quence. If the infinite sum

o0
>l
k=0

converges then the infinite sum > ay is said to converge absolutely.

LEMMA 8.8. If an infinite sum converges absolutely, then it con-

verges.

PROOF. Assume )~ aj converges absolutely. We show that the
sequence of partial sums of this series, (s, | n € N), is a Cauchy

sequence. For n € N, let

by =|an|.
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Then )., by converges. Let (t, | n € N) be the sequence of partial
sums of » ;2 by. By Theorem 8.7, (t,) is a Cauchy sequence. Let
e > 0. Then there is N € N such that for any n > m > N,

|t — tm |< e

By a generalization of the triangle inequality (see Exercise 8.24)

n

> a

k=m+1

<Y by =t —tm|<e

k=m+1

|5n_5m|:

Hence (s,) is a Cauchy sequence and converges. Therefore >/~ ay

converges. Ol

THEOREM 8.9. Ratio test Suppose {(a) is an infinite sequence of
real numbers and that there is N € N and a positive real number r < 1

such that for alln > N,
Ap+41
ap,

r.

Then Y -, ai, converges.

PROOF. Let > /7, aj be an infinite sum with terms satisfying the
hypothesis. Forn € N, let b, = | a,, |. By assumption, there is N € N

and a positive real number r < 1 such that for all n > N,

but1 <r.

b, =
We may assume without loss of generality that N = 0, since the
series » ;- by converges iff Y. \ by converges, and if necessary we
may ignore finitely many terms of the infinite sum. We claim that for
all n € N,

bn < bo?“n.
If n = 0 the claim is obvious. Assume the claim holds at n. By
assumption,
bn+1
<r.
b, —
Therefore

bpi1 < rb, < rbgr" < bor™ L.
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By Exercise 5.28, the geometric sum with radius —1 < r < 1 con-

verges to ﬁ Therefore, for any n € N,

Sy = kZbk < Zbork = by (Zrk> < 1%)70.
=0 k=0 k=0

The sequence of partial sums, (s,), is a monotonic bounded sequence

and by Lemma 8.5, converges. Therefore )" ,° ; a; converges absolutely.

By Lemma 8.8 the sum converges. U

8.8. Real Functions

If you reread your calculus text, you will observe that many of
the theorems of calculus are ultimately dependent on the Intermediate

Value Theorem.

THEOREM 8.10. Intermediate Value Theorem Let f be a continu-
ous real function on a closed bounded interval [a,b]. If f(a) < L < f(b)
or f(b) < L < f(a) then

(3 ce(ab) f(c) = L.

PROOF. Let f be a continuous real function on a closed bounded
interval [a,b], and f(a) < L < f(b). We prove the special case L = 0.
Given the result for L = 0, the theorem follows from application of
the special case to the function f(z) — L.

Let

X =Azelab] | (Vy € la,2]) f(y) <0}

Then X # () and X is bounded above by b. By the Least Upper
Bound Property, X has a least upper bound, m < b. The function f
is continuous, and hence lim,_,,, f(z) = f(m). If f(m) = 0, the
theorem is proved.

(i) Assume that f(m) > 0. Let 0 < e < f(m). For any = € [a,m),
f(z) <0 and

| f(x) = f(m) | = f(m) >e.
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Consequently for any ¢ > 0, there is z in the punctured d-neighborhood
of m such that
| f(2) = flm) | = e
This contradicts the assumption that lim,_,,, f(x) = f(m). Therefore
f(m) <0.
(ii) Assume that f(m) < 0. Let 0 < e < | f(m) |. For any 6 > 0,
there is x € (m, m 4+ 0) such that f(z) > 0. Otherwise

la,m +¢) C X,

contradicting the assumption that m is the least upper bound for X.
So for any 6 > 0 there is x in the punctured d-neighborhood of m such
that

| f@) = fm) [ = | f(m)|>e
This contradicts the assumption that f is continuous at m. Therefore
f(m) = 0. O

THEOREM 8.11. FExtreme Value Theorem If f is a continuous real
function on a closed bounded interval [a, b, then f achieves a maximum

and a minimum on [a,b].

PRrROOF. We show first that the range of f|js is bounded above
and below. By way of contradiction suppose that the range of f is not
bounded above. For n € N, let a,, € [a,b] be such that f(a,) > n. By
the Bolzano-Weierstrass Theorem, the sequence (a,) has a convergent
subsequence, (ag(,)), converging to some number ¢ € [a,b]. By the
continuity of f, if ¢ € (a,b) then

fle) = lim f(z) = lim f(agm)).
(See Exercise 8.25.) If ¢ is an endpoint of [a,b], we make the corre-
sponding claim for the appropriate one-sided limit. However, for any
n €N,
[(ag) > g(n) > n.
Hence, lim,_, f(agm)) does not exist. Therefore the range of f is

bounded above. Similarly, the range of f is bounded below. By the
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Least Upper Bound Property, the range of f has a least upper bound,
M, and a greatest lower bound, L.

Since M is a least upper bound for the range of f, for any ¢ > 0,
there is « € [a, b] such that

| flz) = M| <e.

For n € N*, let a, € [a,b] be such that

1
n) — M| < —.
[ flan) =M | <~
The sequence (a,,) has a convergent subsequence by the Bolzano-Weierstrass
Theorem. Let (c,) be a convergent subsequence of (a,) with limit

c € la,b]. Since (c,) is a subsequence of (a,,), for any n € NT,

| fe) = M| <

Hence

lim f(c,) = M.

n—oo

By the continuity of f, if ¢ € (a,b) then

lim f(z) = f(¢) = lim f(c,) = M.

Tr—cC n—o0

If ¢ is an endpoint of [a, b] we have the analogous claim for the appro-
priate one-sided limit. Therefore f achieves a maximum value on [a, b].

By an analogous argument, f achieves a minimum value on [a,b]. O

By the Extreme Value Theorem, a continuous function achieves
extreme values on a closed bounded interval. It is easy to construct
examples for which the theorem fails for open intervals. The extreme
value theorem has in common with the least upper bound property
that it guarantees the existence of a number satisfying a desirable con-
dition without providing additional information about the number it-
self. Quite often it is enough to know abstractly that a function attains
its extremum without having to further distinguish the object. What

more can we conclude about the extreme values of a function?
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THEOREM 8.12. Let f be a real function defined on an interval
(a,b). If c € (a,b) is such that f(c) is an extreme value of f on (a,b)
and f is differentiable at ¢, then f'(c) = 0.

PROOF. Let f and ¢ satisfy the hypotheses of the theorem. Sup-

pose that f(c) is the maximum value achieved by f on (a,b). For any

x € (a,c), f(z) < f(c) and

Q- 1) -
c—x
Therefore
lim M > 0.
r—c— C—X
Similarly,
lim M <0.
z—ct cC—x
However f is differentiable at ¢, so
0< tim L9=T@ iy o gy =@
T—c~ cC—X z—ct cC—Z

A similar argument proves the claim for f(c¢) a minimum value of

f on (a,b). O

COROLLARY 8.13. Let f be a continuous real function on a closed
bounded interval |a,b]. Then f achieves a mazimum and minimum on
[a,b] and if ¢ € [a,b] is a number at which f achieves an extreme value,
then one of the following must be true of c:

(i) f'(c) = 0
(i) f is not differentiable at ¢
(7i) ¢ is an endpoint of [a,b].

THEOREM 8.14. Mean Value Theorem Let f be a continuous real
function on a closed bounded interval [a,b] and differentiable on (a,b).
Then there is ¢ € (a,b) such that

£(b) - fla)

fle) = H
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ProoFr. We first prove a special case of the Mean Value Theorem,
known as Rolle’s Theorem. Assume that f(a) = f(b). We prove that
there is « € (a, b) such that f'(x) = 0.

If f is constant then f'(z) = 0 for all x € (a,b). Assume that f
is non-constant and that there is = € (a,b) such that f(z) > f(a). By
the Extreme Value Theorem f achieves a maximum value M on [a, b].
Thus,

M > fla) = F(b).
Let ¢ € (a,b) be such that f(c) = M. By Theorem 8.12, f’(¢) = 0.
If there is « € (a,b) such that f(z) < f(a), the proof is similar.

To prove the Mean Value Theorem in general, we reduce it to Rolle’s

Theorem. We subtract from f(z) the line segment formed by (a, f(a))
and (b, f(b)). Let

_f(b) — f(a)

b—a
The function g(z) satisfies the hypotheses of Rolle’s Theorem. So there
is ¢ € (a,b) such that ¢’(¢) = 0. Since

(x —a).

J(@) = 1) - O
we have
00 = 1o~ U@
and
o - 101w

g

The Mean Value Theorem has many practical consequences, one of

which we state here.

COROLLARY 8.15. Let f be a differentiable function on (a,b). If
f'(x) > 0 (resp. f'(x) < 0) on (a,b) then f is increasing (resp. de-

creasing) on (a,b).
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8.9. Cardinality of the Real Numbers

We finished Chapter 6 with the unproved claim that the real num-
bers are uncountable. Now that we have a formal definition of the
real numbers, we are ready to complete our investigation of the cardi-
nality of R. By Theorem 6.11 the set of infinite decimal sequences is
uncountable, with cardinality 2%. We went on to claim that this had
consequences for the cardinality of R. We consider the related question

of the cardinality of the closed unit interval [0, 1].
ProprosITION 8.16. | [0,1] | = | R |.

PROOF. Define f : [0,00) — (1/2,1] by

1

flz) = o +1/2.

Then f is an injection. Let R™ be the negative real numbers, and define
g:R™—[0,1/2) by
1

Then ¢ is an injection. Let i : R — [0, 1] be the union of the functions

f and g. Then h is clearly an injection. The identity function on [0, 1]

is an injection into R. By the Schroder-Bernstein Theorem,
0,1 =R].
O
We investigate the relationship between infinite decimal expansions
(which are related to infinite decimal sequences) and the real numbers.

We restrict our attention to infinite decimal expansions of numbers in

the unit interval [0, 1].

DEFINITION. Infinite decimal expansion For all n € N*, let a,, €
"10". Then

A1 ... Qp ...

is an infinite decimal expansion.
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Let s be an infinite decimal expansion .ajas.... For n € N, let
n
Sp = .Q1...0Q, = Zaklofk.
k=1

We want to associate infinite decimal expansions with real numbers
(understood as Dedekind cuts). We interpret infinite decimal expan-
sions as Cauchy sequences of rational numbers.

Let D be the set of infinite decimal expansions, and let f: D — R
be defined by

flay...) = nango Sp.-
The sequence (s,) is a Cauchy sequence so it converges to a real num-
ber. Let
L:={zeQ|(FneN)z<s,}.
The set L is a Dedekind cut and f(s) = L. That is

lim s, = L.
n—oo

L is the least upper bound of the set {s,, | n € N}. We can associate
with every infinite decimal expansion a real number in the unit interval,
and can thereby define a function f : D — [0,1]. Is f a surjection?
That is, can every real number in the unit interval be realized as an
infinite decimal expansion? Let = € [0,1]. We define an increasing
sequence of rational numbers converging to . For n € N7, let s, be
the largest decimal expansion to n decimal places that is no greater

than z. If n < m, then s, is a truncation of s,,. Let

s = lim s,.
n— oo
Then f(s) = . Therefore f is a surjection onto [0, 1].

It would be ideal if f were an injection, for it would follow that
Dedekind cuts are just the infinite decimal expansions. However this

is not true. Suppose that
S = .a1...0p0p417 - - -
where a, # 9 and for all K > n, ap = 9. If

t = .ay...a,-1(a, +1)000...
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then
f(s) = f(b).
If neither s nor ¢ are infinite decimal expansions that terminate in
repeating 9’s, and s < t, then there is some n such that s < ¢,. So

the rational number (s, +t,)/2 is in the Dedekind cut f(¢) and not in
f(s), so f(s) # f(t). Therefore we have proved the following theorem.

THEOREM 8.17. Let Dq be the set of infinite decimal expansions for
numbers in the unit interval. Let f : Dy — [0, 1] be defined by

_ _ &
flajay...) = nl1_>ngo.a1...an = ;aklo )

Then f is a surjection. Moreover, two distinct decimal expansions are
wdentified by f iff one of them s of the form .aay...a,9999... with
a, #9 and the other is .ayas . .. (a, + 1)000.. ..

COROLLARY 8.18. | [0,1] | = 2%,

ProOF. By Lemma 8.17, Proposition 6.15 and Theorem 6.11,
[[0,1]] <[ Do|=T10™| = 2%.
Let g : 72" — Dy be defined by
g((an)) = .aras...

and h : Dy — [0,1] be defined as in the argument for Theorem 8.17.

Then hog: ™2™ — [0,1] is an injection, and so
2% <[ [01]].
By the Schroder-Bernstein Theorem,

[[0,1] | = 2%.

COROLLARY 8.19. |R| = 2%,
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8.10. Order-Completeness

We give an argument for the uncountability of R depending only

on its abstract order properties.

DEFINITION. Order-complete Let (X, <) be a linearly ordered set.
It is called order-complete if, whenever A and B are non-empty subsets
of X with the property that

(Va e A)(Vbe B) a<hb,
then there exists ¢ in X such that
Vae A)(Vbe B) a<c<b. (8.20)

Note that any order-complete set must have the least upper bound
property — if A is any non-empty bounded set, let B be the set of all
upper bounds for A, and then ¢ from (8.20) is the (unique) least upper
bound for A.

DEFINITION. Dense Let (X, <) be a linearly ordered set, and Y C
X. We say Y is dense in X if

Va<be X)FyeY)a<y<hb.

DEFINITION. Extension Let (X, <x) and (Y, <y) be linearly or-
dered sets. We say (Y, <y) is an extension of (X, <y) if X C Y and,

for all x1, x5 in X,

1 <x x it x <y @

THEOREM 8.21. Let (X, <) be an extension of (Q,<). If (X, <) is

order-complete and Q is dense in X, then X is uncountable.

PROOF. Suppose that X is a countable order-complete extension
of Q and that Q is dense in X.

Let the sequence (a,, | n € N) be a bijection from N to X. Observe
that the sequence imposes an ordering on X. Let < be defined on X
by

(Vm,n e€N) a,, <a, < m<n.
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That is, for any z,y € X, x < y if x appears in the sequence (a,)
before y. Then < is a well-ordering of X.

Given Y C X and yy € Y, we say that yg is the <-minimal element
of Y if

VzeY)y <.

So every subset of X has a <-minimal element.
We shall define two subsequences of (a,,), called (as)) and (agwm)),
so that for any n € N

(1) f(n+1)>g(n)
(2) g(n) > f(n)

(3) @f(n+1) is the <-minimal element of the set

{y e X | Afn) <Y < ag(n)}

(4) ag(n+1) is the =-minimal element of the set

{y € X | apiiny <y < agm}-

We define the subsequences by recursion using the sequence (a,) to
carefully control the construction. This argument is called a back-
and-forth argument. Given finite sequences of length N satisfying the
properties enumerated above, we define ayyy1) subject to constraints
imposed by ayn) and agy). We then define ayv41) subject to con-
straints imposed by afv41) and agvy. We then define ay(ni2), agnv+2),
and so on.

Let f(0) = 0. So ayoy = ao. Let g(0) be the smallest integer n
such that ag < a,. Note that this is equivalent to defining ¢(0) so that
g0y is the <-minimal element of X greater than ay. Assume we have
defined finite subsequences (asm) | n < N), (agm) | n < N) satisfying
the order properties listed above. We shall define ayv11) and agn41)
satisfying the ordering properties listed above. The set X contains the
rational numbers and since Q is dense in X, there is an element of X,
x, such that

Afp(N+1) < T < g(N+1)-
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Let agv41) be the <-minimal element of X such that
Af(N) < Af(N+1) < Gg(N)-

Since < is a well-ordering of X, f(N+1) is well-defined. We let ag(n1)

be the <-minimal element of X such that

Af(N+1) < Ag(N+1) < Qg(N)-
By our previous discussion, g(N + 1) is well-defined. Observe that for
any m,n € N,
Af(m) < dg(n)-
Therefore the increasing sequence (afq) | n € N) is bounded above,
and by Lemma 8.5, the sequence converges to its least upper bound, a.
For any n € N,
Afrn) < a < Qg(n)-
So a is not a term of either subsequence. We show that a is not a term

in the sequence (a,). Suppose by way of contradiction that a = a,
for some n € N. Since f(0) = 0, n # 0. Let

Y = (fINJUg[N])n"n™.

Then Y # () is finite, and has a maximal element.

If the maximal element of Y is f(0), then for every 1 < k < n, we
must have a; < ag. But then g(0) would be n, which contradicts the
fact that n is not in the range of g.

If the maximal element of Y is f(m+1) for some m, then g(m+1) >
n, and

f(m+1) <n<g(m+1).
However
Af(m+1) < An < Ag(m+1) < Ag(m)-
This is impossible since ag(m+1) is the <-minimal element of X in the
open interval (@ f(m41); Gg(m))-

If the maximal element of Y is g(m) for some m, then f(m+1) > n

and

glm) <n < f(m+1).
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However
Af(m) < Af(m+1) < @n < dg(m)-
This is impossible since af(;,41) is the <-minimal element of X in the

open interval (af(m), agm)). SO @ is not a term in the sequence (a,).

Therefore there is no bijection from N to X, and X is uncountable. [J

By Exercise 8.20, Q is dense in R. As the set of real numbers is

order-complete by the least upper bound theorem, we get:
COROLLARY 8.22. The set of real numbers is uncountable.

THEOREM 8.23. Let (X, <x) be an order-complete extension of Q
in which Q is dense, and such that X has no maximal or minimal
element. Then there is an order-preserving bijection from R onto X
that is the identity on Q.

PROOF. Let us define amap f : R — X. If ¢ € Q, define
fl@) =q. If « € R\ Q, define f(«) to be the least upper bound in X
of {g € Q| ¢ < a}. The function f is well-defined, because X has the
Least Upper Bound Property. It is injective, because if o # (3, there
are rational numbers between a and .

To show f is onto, suppose x € X. Define a € R to be the least
upper bound in R of {g € Q | ¢ <x z}. Then f(«a) = =.

Finally, f is order-preserving because if a < (3, then f(/) is defined
as the least upper bound of a superset of the set whose least upper

bound is f(«), and so f(a) <x f(5). O

REMARK. What happens if we drop the requirement that X have

no maximal or minimal element?

8.11. Exercises

EXERCISE 8.1. Let S be the successor function in Definition 8.1.
Prove that

S(0) #0.
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Prove that for any set X,
S(X)#X.

EXERCISE 8.2. Prove that no proper subset of N (see equation 8.1)

is inductive.

EXERCISE 8.3. Let F = {X, | @ € Y} be a family of inductive
sets indexed by Y. Prove that

N

aceY

is inductive.

EXERCISE 8.4. Prove that addition and multiplication in N (as
formally defined in Section 8.1) are associative, commutative and dis-

tributive.

EXERCISE 8.5. Prove that the relation < defined on N in Section

8.1 is a linear ordering of N.

EXERCISE 8.6. Prove that addition and multiplication in Z (as for-
mally defined in Section 8.2) are associative, commutative and distribu-

tive.

EXERCISE 8.7. Prove that the relation < defined on Z in Section

8.2 is a linear ordering of Z.

EXERCISE 8.8. Prove that < is a well ordering of N but not of Z

(using the formal definition of the relation).

EXERCISE 8.9. Prove that addition and multiplication in Z and

the relation < on 7Z extends the operations and relation on N. Let
I : N — Z be defined by

I(n) = [(n,0)].
Prove that I is an injection and that for all m,n € N,

I(m+mn) = I(m)+ I(n), (8.24)
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I(m-n) = I(m)-I(n) (8.25)
and

m<n = I(m)<I(n). (8.26)
Note that the operations on the left hand sides of equations 8.24 and
8.25 are defined in N and on the right hand side are defined in Z.
Similarly, the antecedent of statement 8.26 is defined in N and the

consequence is defined in Z.

EXERCISE 8.10. Prove that addition and multiplication Q (as for-
mally defined in Section 8.3) are associative, commutative and distribu-

tive.

EXERCISE 8.11. Prove that the relation < defined on QQ in Section

8.3 is a linear ordering of Q.

EXERCISE 8.12. Prove that addition and multiplication on @Q and

the relation < on QQ extends the operations and relation on Q. Let
I :7Z — Q be defined by

I{a) = [{a,1)].

Prove that [ is an injection and that for all a,b € Z,

I(a+b) = I(a)+ I1(D), (8.27)
I(a-b) = I(a)-I1(b) (8.28)

and
a<b = I(a) <I(b). (8.29)

Note that the operations on the left hand sides of equations 8.27 and
8.28 are defined in Z and on the right hand side are defined in Q.
Similarly, the antecedent of statement 8.29 is defined in Z and the

consequence is defined in Q.

EXERCISE 8.13. Prove that every non-zero element of Q has a mul-

tiplicative inverse in Q.
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EXERCISE 8.14. Prove statements (1), (2) and (3) in Section 8.4.
EXERCISE 8.15. Prove Theorem 8.2.

EXERCISE 8.16. Let X C R, Y C R and let every element of X be

less than every element of Y. Prove that there is a € R satisfying

VreX)VyeY)z<a<uy.

EXERCISE 8.17. Let X C R be bounded above. Prove that the

least upper bound of X is unique.

EXERCISE 8.18. Let X C R be bounded below. Prove that X has

a greatest lower bound.

EXERCISE 8.19. Only the special case of the Bolzano-Weierstrass
Theorem (Theorem 8.6) was proved (where [b, ¢] is the closed unit in-

terval, [0, 1]). Generalize the proof to arbitrary b, ¢ € R where b < c.

EXERCISE 8.20. Let X C R. We say that X is dense in R if given
any a,b € R with a < b, there is € X such that

a<x<hb.

a) Prove that Q is dense in R.
b) Prove that R\ Q is dense in R.

EXERCISE 8.21. Let (a,) be an injective sequence. What is the
cardinality of the set of all subsequences of (a,)? What can you say

about the set of subsequences of a non-injective sequence?

EXERCISE 8.22. Let s be an infinite decimal expansion, and for any
n € Nt let s, be the truncation of s to the n'* decimal place. Prove

that the sequence (s,,) is a Cauchy sequence.

EXERCISE 8.23. Let (a,) be a convergent sequence and (ays(,)) be

a subsequence of (a,). Prove that

S an = Jim oo



240 8. THE REAL NUMBERS

EXERCISE 8.24. Prove the following generalization of the triangle

inequality: if the series Y~ a, converges, then

) S
SIS TS
n=0 n=0

EXERCISE 8.25. Let f be a real function continuous at a, and let

(an) be a sequence converging to a. Prove that
lim  f(an) = f(a).
n—oo
EXERCISE 8.26. Give an example of a continuous function on an
open interval that achieves its extreme values on the interval. Give an

example of a continuous function defined on an open interval that does

not achieve its extreme values on the interval.

EXERCISE 8.27. Complete the proof of Theorem 8.12 — that is,

prove the result for f(c¢) a minimum value of f on (a,b).
EXERCISE 8.28. Prove Corollary 8.15.

EXERCISE 8.29. Prove that any continuous injective real function

on an interval is monotonic on that interval.

EXERCISE 8.30. Prove that there is no continuous bijection from
(0,1) to [0, 1].

EXERCISE 8.31. Prove that every polynomial in R[z] of odd degree

has at least one real root.

EXERCISE 8.32. Prove that if you have a square table, with legs
of equal length, and a continuous floor, you can always rotate the
table so that all 4 legs are simultaneously in contact with the floor.
(Hint: Apply the Intermediate value theorem to an appropriately cho-
sen function). This is one of the earliest applications of mathematics

to coffee-houses.

EXERCISE 8.33. The proof of Proposition 8.16 requires that non-
zero real numbers have reciprocals (and hence quotients of real numbers

are well-defined). Prove that non-zero real numbers have reciprocals.
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EXERCISE 8.34. Show that there are exactly 4 order-complete ex-

tensions of Q in which Q is dense.






CHAPTER 9

Complex Numbers

9.1. Cubics

How does one find the roots of a cubic polynomial? The Babylo-
nians knew the quadratic formula in the second millennium BC, but a
formula for the cubic was only found in the 16" century. The history of
the discovery is complicated, but most of the credit should go to Nicolo
Tartaglia. The solution was published in 1545 in Girolomo Cardano’s
very influential book Artis magnae sive de requlis algebraicis liber unus.
Formula 9.2 is known today as the Tartaglia-Cardano formula. For a
historical account, see e.g. [6].

Consider a cubic polynomial in R[z]
p(x) = azz’® + ax® + arx + ap. (9.1)

If we want to find the roots, there is no loss of generality in assuming
that az = 1, since the zeroes of p are the same as the zeroes of ip.
The second simplification is that we can assume as; = 0. Indeed,

make the change of variable
v =y—p,
for some 3 to be chosen later. Then
p(z) = 2°+ a2’ + ayx + ag
= (=8P +aly—B)+aly—p) +a

=y’ +az = 30ly° + [a1 — 2a28 + 387y + [ap — a1 8 + ax8* — 7]

= q(y).
243
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Choose 3 = ay/3. Then the coefficient of y? in q(y) vanishes. Suppose
you can find the roots of ¢, call them a;, oy, a3. Then the roots of the
original polynomial p are oy — 8, a0 — 3,3 — .

Therefore it is sufficient to find a formula for the roots of a cubic
in which the quadratic term vanishes. This is called a reduced cubic.
As there are now only two coefficients left, we shall drop the subscripts

and write our reduced cubic as
q(r) = 2°+azx +0. (9.2)

The key idea is to make another, more ingenious, substitution. Let

us introduce a new variable w, related to x by

c
= — 9.3
x w+ " (9.3)
where ¢ is a constant we shall choose later. Then
c\3 c
q(x) = <w+—> ~|—a<w~|——> +b
w w
1 1
= W+ [3c+aw+ [302+ac]—+c3—3+b. (9.4)
w w
Choose
a
c = —=,
3

so both the coefficient of w and 1/w in (9.4) vanish. Then finding x so
that ¢(x) = 0 is the same as finding w so that
3
w® + C—3 +b =0
w
— '+ b+ = 0. (9.5)

Equation (9.5) is of degree 6, which seems worse than the original cubic;
but so many terms vanish that it is actually a quadratic equation in

w3. Therefore it can solved by the quadratic formula:

5 —b+Vb% —4c3

. (9.6)
Knowing w, we can recover x by
c a
r=w+—- = w—--—.

w 3w



9.1. CUBICS 245

So we arrive at the Tartaglia-Cardano formula for the roots of the
reduced cubic (9.2):

—b4 /b2 + 22 v
27 a

- - . (9.7)

2 5 {—bi\/bQ—F%‘f} V8

2

How does the formula work in practice?

ExXAMPLE 9.8. Let p(z) = 2* — 3z +2. Then ¢ = 1, and (9.6) says
w3 = —1. Therefore w = —1, and so z = —2 is a root. Therefore, by

Lemma 4.13, (x 4 2) is a factor of p. Factoring, we get
2 —3r+2 = (z+2)(2* -2z +1).
The last term factors as (x — 1)?, so we conclude that the roots are

—2.1,1.

In Example 9.8, the formula worked, but only gave us one of the

roots. Consider the next example:

EXAMPLE 9.9. Let
p(z) = 2° -3z +1. (9.10)

Then ¢ =1, and

5 _ —1+v-3
—
involves the square root of a negative

w (9.11)

Now we have a worse problem: w?

number, and even if we make sense of that, we then have to extract a

cube root. Is this analagous to trying to solve the quadratic equation
qz) = 2*+z+1 = 07

The quadratic formula again gives the right-hand side of (9.11), and we
explain this by saying that in fact ¢ has no real roots. Indeed, graphing
shows that ¢ looks like Figure 9.12.
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q(z)

FIGURE 9.12. Plot of ¢(z) = 2>+ z + 1

But this cannot be the case for p. Indeed,

p(=2) = -1 <0
p(0) =1 >0
p(l) = -1 <0
p(2) =3 >0

Therefore, by the Intermediate Value Theorem 8.10, p must have a root
in each of the intervals (—2,0), (0,1) and (1,2). As p can have at most
3 roots by Theorem 4.10, it must therefore have exactly three roots. A

graph of p looks like Figure 9.13.

It turns out that one can find the roots of p in Example 9.9 by
correctly interpreting the Tartaglia-Cardano formula. We shall come
back to this example in Section 9.3, after we develop the necessary

ideas. The big idea is to introduce the notion of a complex number.

9.2. Complex Numbers

DEFINITION. Complex number A complex number is an expression

of the form a + b, where a and b are real numbers.
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p(z)

_5/ 3 . 2 =z

FIGURE 9.13. Plot of p(z) = 23 — 3z + 1

For the moment, you can think of the 7 in a+1b as a formal symbol,

or a place-holder. Later, we shall see that it has another interpretation.
NoOTATION. C We shall let C denote the set of all complex numbers:

C = {a+ib : a,b € R}.
As a set, one can identify C with R? in the obvious way. This allows

us to define addition; what is not so obvious is that there is also a good

definition for multiplication.

DEFINITION. Let a+14b and c+id be complex numbers. Then their
sum and product are defined by

(a+ib)+ (c+id) = (a+c)+i(b+d) (9.14)

(a+1ib) x (c+1id) = (ac—bd)+ i(ad + bc). (9.15)

The formula for the sum (9.14) is just what you would get if you
identified the complex number a + b with the vector (a,b) in R* and
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used vector addition. The product is more subtle. If you multiply out
the left-hand side of (9.15), you get

ac 4 i(ad + be) + i%bd.
One arrives at the right-hand side of (9.15) by defining
2= —1. (9.16)

So ¢ is the square root of —1; that is, it is an algebraic quantity we
introduce that is defined to have the property that its square is —1.

Obviously this precludes ¢ from being a real number.

In essence we have continued the program of defining number sys-
tems that we began in Chapter 8. Addition and multiplication of com-
plex numbers have been defined by algebraic operations on R xR. Since
algebraic operations on the real numbers were defined set-theoretically,
we have thereby defined algebraic operations on C by set operations.
Unlike the other numbers systems we have defined, we do not define
a linear ordering of C. It is not generally useful to think of complex
numbers on a number line. However it is very useful to think of com-
plex numbers as points in the plane R?, and to describe them in polar

coordinates.

As usual, the point with Cartesian coordinates (z,y) has polar co-

ordinates (r, ), where they are related by
ro= 2+ 2 tan(f) = y/x
x = rcosf y = rsind.
So the complex number z = x + iy can also be written as
z = r(cosf + isinb). (9.18)

The form (9.18) is so widely used that there is a special notation for it.
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S-axis

R-axis

FIGURE 9.17. Polar Coordinates
NotAaTION. Cis
Cis(f) := cosf +isinb.

DEFINITION. For the complex number z = x+iy = rCis(f), we
have the following:
R(z) x is called the real part of z, written R(2);
3(2) y is called the imaginary part of z, written (2);
|z| r is called the modulus of z, or absolute value of z, written |z|;
arg(z) 0 is called the argument of z, written arg(z).

Z The number x — 7y is called the conjugate of z, written Z.

REMARK. There is an important point to bear in mind about the
argument: it is only unique up to addition of multiples of 27. In other
words, if #y is an argument of the complex number z, then so are all
the numbers {0y + 2k7 : k € Z}.
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Addition is easiest in Cartesian coordinates: add the real and imag-
inary parts. Multiplication is easiest in polar coordinates: multiply the

moduli and add the arguments.

PROPOSITION 9.19. Let z; = r1Cis(01) and zo = roCis(6s). Then

2129 = 7’17"2018(91—{—92).

ProoOF. Multiplying out, we get

Z1R9 = T1T9 [COS 01 COS 92 — sin 6)1 sin 02

+ i (cos by sin By + cos by sin 0y)].

The result follows by the trigonometric identities for the cosine and

sine of the sum of two angles. O

A consequence of Proposition 9.19 is the following formula for rais-

ing a complex number to a power, called De Moivre’s theorem.

THEOREM 9.20. De Moivre’s Theorem Let z = rCis(0) be a non-

zero complex number, and let n € Z. Then
2" = r"Cis(n#). (9.21)

Proor. If n > 0, then (9.21) can be proved by induction from
Proposition 9.19. For n negative, it is enough to observe that by Propo-
sition 9.19

[rCis(0)] [r'Cis(—0)] = 1Cis(0) = 1.
O

We can now prove that every non-zero complex number has ezactly

n distinct n'™ roots.

THEOREM 9.22. Let z = rCis(f) be a non-zero complex number,
and let n be an integer greater than 1. Then there are exactly n complex
numbers w satisfying the equation w™ = z. They are

0 2k
{rl/”Cis (—+—7T> : k:O,l,...,n—l}. (9.23)

n n
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PROOF. Suppose w = pCis(¢) is an n'* root of 2. Then by De
Moivre’s theorem, p" = r and n¢ is an argument of z. As p must be
a positive real number, it is the unique positive n'" root of r. The

number n¢ can be any argument of z, so we have
ng = 0+2kn, k€ Z.

So ¢ can have the form
b | 2T

n n
for any integer k. However, different ¢’s will give rise to the same

complex number w if they differ by a multiple of 27. So there are

exactly n different w’s that are n'® roots of z. O

ExAMPLE 9.24. What does Theorem 9.22 tell us are the square

roots of —17 We let r = 1 and 6 = 7, and we get the square roots are
Cis(m/2) = i and Cis(—7n/2) = —i.

ExAMPLE 9.25. Find the cube roots of 1.
In the notation of Theorem 9.22, r = 1 and 8 = 0. Therefore the

cube roots are

1

w = Cis(2n/3) = —%—i—i?
1

w? = Cis(4n/3) = —§—i§.

The number w is called a primitive cube root of unity, because all the

cube roots are obtained as w, w?, w?.

h

DEFINITION. Primitive root of unity A primitive n*™® root of unity

is a number w such that {1,w,w?,...,w" 1} constitute all the n'" roots
of 1.

PROPOSITION 9.26. Let z be a complex number, and wy be some

n™ root of z. Let w be a primitive n'™ root of unity. Then all the n*®

roots of z are {wo, wwy, wiw, . .. ,w”_lwo}.
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9.3. Tartaglia-Cardano Revisited

Let us consider again Example 9.9. We wanted to find the cube

—-1++v-3
5 .

roots of

G+ =
If we take the + sign, we get

¢+ = Cis(2m/3),
and if we take the — sign, we get
(. = Cis(4n/3).

So ¢+ has 3 roots, namely
2r  2km
Ci — | : k=0,1,2
{ lS ( 9 —"_ 3 ) Y ) }7
and (_ has 3 roots, namely
A 2km
Ci — | : k=0,1,2
{ 1S < 9 + 3 ) Y ) }7
Knowing w, we want to find x, which for Example 9.9 is given by
w + 1/w. For any number w that can be written as Cis() (i.e. any

complex number of modulus 1), we have

1
w+— = cosf+isinb+ cos(—0) + isin(—0)

w
= 2cosf.

Therefore the roots of the polynomial given in (9.10) are

2m 8T 147 47 10 16
2 cos —,2cos —,2cos —,2cos —, 2 cos — u ,2cos -t (9.27)
9’ 9’ 9 9’ 9 9
Are these 6 different roots? Theorem 4.10 says that p can have at
most 3 different roots. As cos(0) = cos(2m — 6), we see our set (9.27)

may be written as

2m A
{2 cos — 9 , 2 cos — 9 2008—} (9.28)

It turns out that the Tartaglia-Cardano formula (9.7) does give all
three roots of the cubic, and moreover it does not matter whether one

chooses the 4+ or — sign, as long as one calculates all 3 cube roots of
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(9.6) for some choice of sign. We shall use C|z] to denote the set of

polynomials in z with coefficients from C.

THEOREM 9.29. Consider the polynomial
p(z) =2 +az+b (9.30)

in Clz], and assume a # 0. Let ¢ = —a/3, and let ¢ be

—b+ Vb? — 4c3
5 .

Let wq,ws, w3 be the three distinct cube roots of (. For each w;, define

¢ = (9.31)

2z by
c
wy
Then
p(z) = (z—21)(z — 22)(z — 23). (9.32)

REMARK. It will follow from the proof that it doesn’t matter which

square root of b? — 4¢® one chooses in (9.31).

ProOF. If p is given by (9.32), then
p(z) = 2° — (m1+2+23)7" + (122 + 2223+ 2321)2 — (212223). (9.33)

We must show that the coefficients in (9.33) match those in (9.30). By

Proposition 9.26, we can assume

wp = wWws, Wy — w2w3

where w = —% + z*/Tg is a primitive cube root of unity. In the following

calculations, we use the facts that w? = 1/w and 1 +w+w? = 0. (Why
are these true?) Notice that w3 # 0, as that would force ¢ = 0.
The coefficient of 2?2 in (9.33) is

1
(1 +zmtz) = —wilwtwr+l) — w—(w2+w—|—1)
3
= 0.
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The coeflicient of z is

1
2129 + 2923 + 2321 = <ww3 + cw? — w2w3 + cw
w3

2 1
+ | wwsg + cw—
w3
1 2
+ | ws +c— wws + cw
w3

§

+

o
(- &7 5]~
S—— —— e

= wi(l+w+w) + 3c(w+w?) + %(1+w+w
3
= —3c
= a.
The constant term in (9.33) is
(o) (e ) (0 )
—212923 = — |wwsg+ cw— wws + cw— w3 + —
w3 w3 w3
3 2 ¢ 2 c’
= —w; — cavs(l+w +w) — +—(w+1+w’) — e
ws 3
3
c
= —(——
¢

—b+ Vb —4c 2c3
2 - —b+ /b2 — 4¢3
—b? + 2612 — 4c3 — (b? — 4c3) — 4¢P
2(—=b+ Vb2 — 4c3)
b(—b + V% — 4c?)

—b+ Vb? —4¢c3
= b

Therefore all the coefficients of (9.30) and (9.32) match, so they are

the same polynomial. O

The Tartaglia-Cardano formula therefore gives all three roots to a
reduced cubic polynomial p with complex coefficients (repeated roots
can occur). If the coefficients a and b are real, we know from the
Intermediate Value Theorem that at least one of the three roots of p

will be real (See Exercise 8.31). As Example 9.9 shows, however, it
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may still be necessary to take the cube root of a complex ¢ to obtain
the real roots of a real cubic. This realization was what led to the
acceptance of complex numbers as useful objects rather than a bizarre

fantasy.

9.4. Fundamental Theorem of Algebra

Algebra over the complex numbers is in many ways easier than
over the real numbers. The reason is that a polynomial of degree N
in C|z]| has ezxactly N zeroes, counting multiplicity. This is called the
Fundamental Theorem of Algebra. To prove it, we must establish some

preliminary results.

9.4.1. Some Analysis.

DEFINITION. We say that a sequence (z, = x, + iy,) of complex
numbers converges to the number z = x + iy iff (z,,) converges to z
and (y,) converges to y. We say the sequence is Cauchy iff both (z,)
and (y,) are Cauchy.

REMARK. This is the same as saying that (z,) converges to z iff

|z — z,| tends to zero, and that (z,) is Cauchy iff
(Ve>0) (AN) (Vm,n > N) |zpm — 2za] < e.

DEFINITION. Let G C C. We say a function f : G — C is continu-
ous on G if, whenever (z,) is a sequence in G that converges to some

value z, in G, then (f(z,)) converges to f(zs).
PROPOSITION 9.34. Polynomials are continuous functions on C.

PRrROOF. Repeat the proof of Proposition 5.23 with complex num-

bers instead of real numbers. O

DEFINITION. A closed rectangle is a set of the form {z € C|a <
R(z) < b, ¢ <F(z) < d} for some real numbers a < b and ¢ < d.
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We would like a version of the Extreme Value Theorem, but it is
not clear how the minimum and maximum values of a complex valued
function should be defined. However, our definition of continuity makes
sense even if the range of f is contained in R, and every complex
valued continuous function g has three naturally associated real-valued

continuous functions, viz. R(g), I(g) and |g|.

THEOREM 9.35. Let R be a closed rectangle in C, and f : R - R a

continuous function. Then f attains its maximum and its minimum.

PROOF. Let R = {2z € C|a < R(z) <b, ¢ < Y(2) < d}.
Let (z, = x, + iy,) be a sequence of points such that f(z,) tends to
either the least upper bound of the range of f, if this exists, or let
f(zn) > n for all n, if the range is not bounded above. By the Bolzano-
Weierstrass Theorem 8.6, there is some subsequence for which the real
parts converge to some number z,, in [a,b]. By Bolzano-Weierstrass
again, some subsequence of this subsequence has the property that the
imaginary parts also converge, to some point y, in [c, d]. So, replacing
the original sequence by this subsequence of the subsequence, we can
assume that z, converges to the point 2o, = T + W € R. By
continuity, f(ze) = lim, o f(2,). If the original sequence were
unbounded then f(z,) > n in the subsequence. This is impossible since
the sequence (f(z,)) converges to f(2). Therefore the subsequence is
bounded and f(z) must be the least upper bound of the range of f.
Therefore f(zo) is the maximum of f over R.

A similar argument shows that the minimum is also attained. O

REMARK. The previous theorem can be improved to show that a
continuous real-valued function on a closed bounded set in C attains
its extrema. A set F'is closed if whenever a sequence of points (z,)
converges to some complex number z,, then z, is in F. A set is

bounded if it is contained in some rectangle.

We need one more geometric fact.
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LEMMA 9.36. Triangle inequality Let z1,zo be complex numbers.

Then

|21 + 22| < |z1| + |22

FIGURE 9.18. Triangle inequality

PROOF. Write 2y = r1Cis(6;) and zo = 15Cis(6;). Then
|rlCis(91) + T’QCiS<92>|

IN

[(r1 cos 01 + 1o cos62)® + (r1sin by + rysin6)?] 2

(12 + 12 + 2ryra(cos 6y cos by + sin 6y sin 6,)]
[7”% + 75 + 2ry75 cos(6y — 92)} v
[ + 3+ 2r1m3]

T1+T2.
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COROLLARY 9.38. Let z1,...,2, € C. Then
o zal <l Lzl

9.4.2. The Proof of the Fundamental Theorem of Algebra.
First we observe that finding roots and finding factors are closely re-
lated.

LEMMA 9.39. Let p be a polynomial of degree N > 1 in C[z]. A

complex number, c, is a root of p iff

p(z) = (2= c)q(2),

where q is a polynomial of degree N — 1.

PROOF. Repeat the proof of Lemma 4.13 with real numbers re-

placed by complex numbers. ]

Now we prove D’Alembert’s lemma, which states that the modulus

of a polynomial cannot have a local minimum except at a root.

LEMMA 9.40. D’Alembert’s Lemma Let p € C[z] and o € C. If
p(a) # 0, then

(Ve>0) 3O [IC—al <e] A [p(O] < [p(e)]]. (9.41)

PrROOF. Fix «, not a root of p. Write p as

N
p(z) = > ar(z— o),
k=0
where neither ag nor ay are 0. Let
m = min{j € N*|a; #0}.
So
p(2) =ap+am(z — )"+ +ay(z — ). (9.42)
Let ag = roCis(6p) and a,, = r,,Cis(6,,). We will choose ¢ of the form

¢ = a+ pCis(¢)
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in such a way as to get some cancellation in the first two terms of

(9.42). So, let
d) o 90 + 7T — Gm
—
Then

ag + ap (¢ —a)™ = roCis(6y) — rmp™Cis(by).

It remains to show that, for p small enough, we can ignore all the higher

order terms. Note that if p < 1, we have
|@m1(¢ = @)™ 4+ an (¢ — )]
< (€= )™+ an (¢ — )]
= Jama|p™ ™+ + Jan|p”
< " Hamal + -+ layl ]
= Cpmt

Choose p so that r,,p™ < rg. Then

p(¢) = (ro — rmp™)Cis(0o) + ams1 (¢ — @)™ + -+ an(¢ — ),

S0
POl < 10— Tmp™ +Cp™
If p < rp,/C, the right-hand side of (9.43) is smaller than ry.
So we conclude that by taking

1 . 1 Tm To 1/m e
= —Imin — —_—
P 9 ; O ) " 3

¢ = pCis <M)
m

satisfies the conclusion of the lemma.

then

(9.43)

O

THEOREM 9.44. Fundamental Theorem of Algebra Let p € Clz]

be a polynomial of degree N > 1. Then p can be factored as

p(z) = c(z—a1)...(z —an)

(9.45)

for complex numbers c,aq,...,an. Moreover the factoring is unique

up to order.
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PROOF. (i) Show that p has at least one root.

Let p(z) = Sop , arz®, with ay # 0. Let S be the closed square
{z e C|] —L<R(2) <L, —L<I(z) <L}, where L is some (large)
number to be chosen later.

If |z| = R then

N-1 N-1
Z a2 < Z lax| RF.
k=0 k=0

Choose Lj so that if R > Lg, then

N-1 1
> laxR* < Slax|RY.
k=0

Then if L > Ly and z is outside S, we have

N-1
lanz| = |p(z) — Z apz®
k=0
N-1
< fp(2)] + apz"
k=0

1
< ) + Slaxlz®,

where the first inequality is the triangle inequality, and the second
because |z| > L. Choose L; such that

1
§’CLN|L{V > |ag].

Let L = max(Lg, Ly), and let S be the corresponding closed square.
The function [p| is continuous on S, so it attains its minimum at some

point, oy say, by Theorem 9.35. On the boundary of S, we know

1
p(2)] = §!aN|LN > |ao| = |p(0).

Therefore a; must be in the interior of S. By D’Alembert’s lemma, we
must have p(ag) = 0, or else there would be a nearby point (, also in

S, where |p(¢)| was smaller than |p(aq)|. So a4 is a root of p.

(ii) Now we apply Lemma 9.39 to conclude that we can factor p as

p(z) = (2 —ai)q(z)
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where ¢ is a polynomial of degree N —1. By a straightforward induction

argument, we can factor p into NN linear factors.

(iii) Uniqueness is obvious. The number ¢ is the coefficient ay. The
numbers a; are precisely the points at which the function p vanishes,
as it follows from Proposition 9.19 that the product of finitely many
complex numbers can be 0 if and only if one of the numbers is itself 0.
O

9.5. Application to Real Polynomials

If p is a polynomial in R[z], it follows from the Fundamental The-
orem of Algebra that it does have roots, but they may be complex. If

it has complex roots, they must occur in complex conjugate pairs.
THEOREM 9.46. Let p € R[z|. Let a be a root of p. Then so is .

PROOF. Let p(z) = 3.0 axz®. Then

SO

Let a = a 4 tb. Then
(r—a)(zx—a) = (r—(a+1ib))(z—(a—1ib))
= 22 —2ax+d*+V?
= (z—a)*+ b (9.47)

So applying the Fundamental Theorem of Algebra to the real polyno-
mial p, we first factor out the real roots, and for each pair of complex

conjugate roots we get a factor as in (9.47). Thus we get:

THEOREM 9.48. Let p € R[x] be a polynomial of degree N. Then

p can be factored into a product of linear factors (x — ¢i) and quadratic
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factors ((z — ag)* +b3):

p(r) = ¢ (H(ﬂf - Ck)) (H((fc —a;)" + b?))

k=1 j=1
for some (not necessarily distinct) real numbers c,c;j,a;,b;. We have
N14+2Ny = N, and the factoring is unique, up to ordering and replacing
any b; by —b;.

9.6. Further remarks

In Chapter 5 we defined cosine and sine in terms of power series. In
Section 9.2, we interpreted them geometrically and used trigonometric
identities. Showing that the power series and the trigonometric inter-
pretation are really describing the same function is part of a course in
Complex Analysis.

There are two main ingredients to a first course in Complex Analy-
sis. The first is to show that if a function f has a derivative everywhere
on some open disk, in the sense that

i 10 = )

2—20 20— 2
exists, then the function is automatically analytic, i.e. expressible by
a convergent power series. This is not true for real functions, and
explains much of the special nature of complex differentiable functions.

The second part of the course concerns evaluating contour integrals
of complex differentiable functions. This is useful not only in its own
right, but in applications to real analysis, such as inverting the Laplace
transform, or evaluating definite integrals.

A good introduction to Complex analysis is the book by Donald

Sarason [7].

9.7. Exercises

EXERCISE 9.1. What are the primitive fourth roots of unity?

EXERCISE 9.2. Show that if w is any n'" root of unity other than
1,then 1 +w+w?+-- -+ w1t =0.
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EXERCISE 9.3. How many primitive cube roots of unity are there?

h

How many primitive sixth roots? How many primitive n'" roots for a

general n?

EXERCISE 9.4. Redo Example 9.8 to get all three roots from the

Tartaglia-Cardano formula.

EXERCISE 9.5. Let p(z) = 2° 4+ 3z 4+ v/2. Show without using the
Cardano-Tartaglia formula that p has exactly one real root. Find it.

What are the complex roots?
EXERCISE 9.6. Fill in the proof of Proposition 9.34.

EXERCISE 9.7. Let g : G — C be a continuous function on G C C.
Show that (g), S(g) and |g| are continuous. Conversely, show that
the continuity of $(g) and J(g) imply the continuity of g.

EXERCISE 9.8. Show that every continuous real-valued function on

a closed, bounded subset of C attains its extrema.
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The Greek Alphabet

Lower-case Upper-case Name

EREX ST ITD 3 OMIT >3 « DI N mH 2 ®

DEeXeRNMIEOQNZE > ~0ONTDb T

alpha
beta
gamma,
delta
epsilon
zeta
eta
theta
iota
kappa
lambda
mu

nu

xi
omicron
pi

rho
sigma
tau
upsilon
phi

chi

psi
omega
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APPENDIX B

Axioms of Zermelo-Fraenkel with the Axiom of
Choice

Russell’s Paradox (Section 1.7) demonstrates that the General Com-
prehension Principle is false, as it gives rise to a contradiction. So how
do we decide whether a definable collection is a set? This question
engendered a program to axiomatize set theory with the objective of
producing uniform assumptions about sets that satisfied numerous con-

straints:

e The axioms are understandable and intuitively sound. We
must be able to recognize when a statement about sets is an
axiom.

e The axioms are sufficient to derive the standard theorems of
mathematics.

e The axioms are not redundant. That is, no axiom can be
derived from the remaining axioms.

e Every mathematical statement about sets is either provable or
refutable from the axioms.

e The axioms are logically consistent and hence do not give rise

to a contradiction.

As we will discuss later, no collection of axioms can simultaneously
achieve these objectives. First we give the axioms on which mathe-
maticians ultimately settled.

Axioms of Zermelo-Fraenkel (with the Axiom of Choice):

(1) Extensionality If sets X and Y have the same elements, then
X =Y.
(2) Pairing For any sets X and Y, there is aset Z = {X,Y}.
267
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(3) Union Let X be a set of sets. Then there is a set
{z|FY e X)zeY}.

(4) Power Set If X is a set then the collection of all subsets of
X is a set.

(5) Infinity There is an inductive set.

(6) Schema of Separation If P(z,y1,...,y,) is a formula with

n+ 1 variables, and X, Xy, ..., X,, are sets, then there is a set
{re X | Pz, Xy,...,X,}.

(7) Schema of Replacement If F' is a function on arbitrary
collections, X is a set and f = F|x, then the range of f is a
set.

(8) Regularity Let X be a set. Then there is no infinite sequence
of elements of X, (z;), such that for all n € N, 2,41 € x,,.

(9) Choice Let X be a set of non-empty sets. Then there is a
function f with domain X such that for all z € X, f(x) € .

The axioms of Zermelo-Fraenkel with the Axiom of Choice are re-
ferred to as ZFC. There are seven axioms and two axiom schemata.
The schemata give infinitely many axioms. The Extensionality Axiom
characterizes set identity. It says that a set is defined by its members.
The Axioms of Pairing, Union and Power Set guarantee that collec-
tions built from sets with these set operations will be sets. The Axiom
of Infinity implies that the natural numbers are a set. The Schema of
Separation says that any subset of a given set defined by a formula is a
set. It is a weakened version of the General Comprehension Principle.
The Schema of Replacement says that given a function, F', on arbitrary
collections (not necessarily sets) and a set X, the range of F'|x is a set.
The Axiom of Regularity is a technical axiom that implies that no set
may be a member of itself.

The Axiom of Choice is different than the other axioms in that it

does not claim that a definable object in the universe of sets is also
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a set. Rather, it implies the existence of a function without specify-
ing the function. If X is a set and f is the function with domain X
whose existence is guaranteed by the Axiom of Choice, then f is called
a choice function for X. The Axiom of Choice is logically equivalent
to axioms that are frequently used in arguments in many branches of
mathematics. For instance, the Axiom of Choice is equivalent to the
claim that every set may be well-ordered (the Well-ordering Principle).
The axiom gives rise to interesting paradoxes that caused some mathe-
maticians to question its validity. It was proved by Kurt Godel that if
the axioms of Zermelo-Fraenkel without Choice were logically consis-
tent, then the axioms of Zermelo-Fraenkel with Choice were logically
consistent. There were a few occasions in Chapter 6 when we invoked
the Axiom of Choice. There were occasions (e.g. Cantor’s Theorem)
in which the axiom is actually necessary, but discussing it would have
been unacceptably confusing. The axiom is considered necessary by
most mathematicians. For instance without it, or some logically equiv-
alent axiom, we cannot even conclude that any pair of sets can be
compared (i.e. for any sets X and Y, either X <Y or Y < X). The
Axiom of Choice is referred to as AC, and the Zermelo-Fraenkel axioms
without the Axiom of Choice is referred to as ZF.

Does ZFC' achieve the objectives of an axiomatization of set the-
ory? The axioms are generally intuitive with the possible exceptions of
AC and the Regularity Axiom. It is also known that if ZFC without
the Regularity Axiom is logically consistent, then ZF'C with the Reg-
ularity Axiom is logically consistent. Mathematicians assume ZFC
almost universally without giving it too much consideration. The ax-
ioms of ZF'C' have been sufficient for proving the theorems of standard
mathematics.

We say that a set is decidable (or recursive) if membership in the
set can be determined by rote computation. For instance, the set of
even integers is decidable — you can use the division algorithm to

check whether an integer is divisible by 2. ZFC' is a recursive set



270 B. AXIOMS OF ZERMELO-FRAENKEL WITH THE AXIOM OF CHOICE

of axioms. Indeed it is necessary that a set of axioms be recursive
to be of any practical use. It is a theorem of mathematics, Godel’s
First Incompleteness Theorem, that any decidable set of axioms in
which one can do arithmetic will be logically incomplete. That is,
there are statements in the language of the axioms that are neither
provable nor refutable from the axioms. It is not known, nor can it be
known by a mathematical proof (using ZF'C') whether ZF'C' is logically
consistent. The consistency of a decidable set of axioms in which one
can do arithmetic cannot be a logical consequence of those axioms.
This result is known as Godel’s Second Incompleteness Theorem, and
is one of the great results of the twentieth century mathematics.

For a good treatment of Set Theory at an undergraduate level, see
Y. Moschovakis’s book [5].
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Hints to get started on early exercises

Exercise 1.2. You could do this with a Venn diagram. However,
once there are more than three sets (see Exercise 1.13), this approach
will be difficult. An algebraic proof will generalize more easily, so try

to find one here. Argue for the two inclusions

(XUY) C X°NY*
X°NY® C (XUY)F

separately. In the first one, for example, assume that z € (X UY)°
and show that it must be in both X¢ and Y°.

Exercise 1.13. Part of the problem here is notation — what if you
have more sets than letters? Start with a finite number of sets contained
in U, and call them Xi,...,X,. What do you think the complement
of their union is? Prove it as you did when n = 2 in Exercise 1.2. (See
the advantage of having a proof in Exercise 1.2 that did not use Venn
diagrams? One of the reasons mathematicians like to have multiple
proofs of the same theorem is that each proof is likely to generalize in
a different way).

Can you make the same argument work if your sets are indexed by
some infinite index set?

Now do the same thing with the complement of the intersection.

Exercise 1.14. Again there is a notational problem, but while Y
and Z play the same role in Exercise 1.3, X plays a different role. So
271
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rewrite the equations as
XNYiUYy) = (XNnY)U(XNYy)
XU(YinY;) = (XUuY)n(XUYy),

and see if you can generalize these.

Exercise 1.35. (i) Again, this reduces to proving two containments.
If y is in the left-hand side, then there must be some z( in some U,,
such that f(z) = y. But then y is in f(U,,), so y is in the right-hand
side.

Conversely, if y is in the right-hand side, then it must be in f(U,,)
for some g € A. But then y is in f(UyeaU,), and so is in the
left-hand side.

Exercise 3.1 There are four possible assignments of truth values
0 and 1 to the two statements P and (). For each such assignment,
evaluate the truth values of the left-hand and right-hand sides of (3.3)

and show they are always the same.
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compound statement, 75
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propositional, 73
consequence, 73
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cosine function, 145

exponential function, 144
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member, 12
modulus, 249
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open formula, 80
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open variable, 84
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real part, 249



280

real polynomial, 110
real polynomials, 198
real valued function, 26
recursive set, 269
reflexive relation, 50
relation, 49
antisymmetric, 50
equivalence, 53
reflexive, 50
transitive, 50
relatively prime, 182
remainder, 189
remainder class, 61
residue class, 61
restricted domain, 36
restricted limit, 135
Riemann sum, 127
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