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Preface

This work contains a one year (three terms or two semesters) first course
in number theory at the advanced undergraduate to intermediate graduate
level. No prior knowledge of number theory is assumed. We do require
knowledge and familiarity with the notions of basic linear algebra (matrices,
determinants), calculus (integrals), and proof-writing. But beyond that, this
text aims to be completely self-contained. Part I covers what students might
learn in an advanced undergraduate first course on number theory. Part II
discusses the basics of the different branches of number theory (algebraic,
analytic, and ergodic or probabilistic) and is pitched at a slightly higher
level. Part III discusses some more advanced topics.

Too often, in our opinion, it seems that introductory texts skimp on ei-
ther the algebraic aspects or the geometric aspects of number theory (some-
times both). We have tried to cover all areas of introductory number the-
ory. In contrast, algebraic texts are often very hard to read for the non-
algebraically inclined students due to the barrage of definitions one needs
to digest to get to the “meat”. Our approach is pragmatic: we want to un-
derstand a broad outline of number theory, so how do we do that most effi-
ciently? For example, when dealing with continued fractions, a geometrical
approach greatly clarifies the subject by making it easy to visualize results,
and so we adopt that approach. In the study of algebraic integers, we skip or
summarize many of the commonly used definitions. For instance, we do not
dwell very long on the fact that the integers form a ring. We merely note
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2 Preface

that the crucial part is the distinction between ring (where multiplication
does not have an inverse) and field (where it does). This — together with
some other observations — is sufficient to arrive in very few pages at accu-
rate definitions of, say, Euclidean domains. Our approach, then, is to try to
uncover number theory by any means, regardless of whether the subject at
hand is traditionally seen as part of algebra, analysis, or geometry.

Each chapter consists of some basic material followed by exercises.
The exercises are of two types. Some are simple computational routines, to
get the students used to the notions described in the text. Others develop
the theory a little further. All exercises, including the ones of the latter type,
should be easily doable for graduate students. Nonetheless, my recommen-
dation is to have the students work out all the exercises in groups to lessen
even more the chance of getting stuck. Nothing discourages self-study more
than being stuck in some exercise. If students tend to get stuck in some par-
ticular exercise, I hope I will be notified, so I can add more hints in the next
edition.

You can’t really learn mathematics without doing it. But on the other
hand, you can’t possible invent everything from scratch either. So a good
way to design a course, is to give the lay of the land in each chapter, and let
students figure out some of the details and corollaries through exercises at
the end of the chapter. I wrote these notes aiming for a division of roughly
equal parts between blackboard type lecturing and interactive practice for
the student of about half-half. This has the additional advantage that the
basic and most important material is concise and contained in few pages,
and therefore can be consulted with great ease to find important results.

A word on alternate uses of this work. Because of the crossdisciplinary
(within mathematics) approach taken, parts of the book can easily be used
in other courses. For example, a graduate course on dynamical systems or
ergodic theory could contain an 8 week segment consisting of Chapters 6,
9, 10, and 14. Chapters 4, 2, 11, 12, and 13 could easily constitute a short
analytic number theory course. Chapters 5, 7, and 8 could start off a course
in algebraic number theory.

This work can be used at the intermediate undergraduate level, where
students still need to train how to write proofs. In that case, I recommend
a modest program consisting roughly of the following content. Start with
Chapters 1 and 2, followed by Sections 3.1 through 3.4 and 3.6, 4.1 and
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4.2, and finally Chapter 5. If this is the course taken, then the instructor
would probably want to gather some extra material on how to write proofs,
starting with mathematical induction. Care should be taken that some of the
exercises may be a little too advanced for the students at this level.

We advise the reader that underlined words and clauses are indexed.

J. J. P. Veerman
Portland, Oregon
September, 2022.
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Introduction to Number
Theory






Chapter 1

A Quick Tour of Number
Theory

Overview. We give definitions of the following concepts of congruence and
divisor in the integers, of rational and irrational number, and of countable
versus uncountable sets. We also discuss some of the elementary properties
of these notions.

Before we start, a general comment about the structure of this book
may be helpful. Each chapter consists of a “bare bones” outline of a piece
of the theory followed by a number of exercises. These exercises are meant
to achieve two goals. The first is to get the student used to the mechanical or
computational aspects of the theory. For example, the division algorithm in
Chapter 2 comes back numerous times in slightly different guises. In Chap-
ter 3, we use solve equations of the type ax+ by = ¢ for given a, b, and ¢, and
in Chapter 6, we take that even further to study continued fractions. To rec-
ognize and understand the use of the algorithm in these different contexts,
it is therefore crucial that the student sufficient practice with elementary ex-
amples. Thus, even if the algorithm is “more or less” clear or familiar, a
wise student will carefully do all the computational problems in order for
it to become “thoroughly” familiar. The second goal of the exercises is to
extend the bare bones theory, and fill in some details covered in most text-
books. For instance, in this Chapter we explain what rational and irrational
numbers are. However, the proof that the number e is irrational is left to the

3
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exercises. In summary, as a rule the student should spend at least as much
time on the exercises as on the theory.

The natural numbers starting with 1 are denoted by N, and the collec-
tion of all integers (positive, negative, and 0) by Z. Elements of Z are also
called integers .

1.1. Divisors and Congruences

Definition 1.1. Given two numbers a and b. A multiple b of a is a number
that satisfies b = ac. A divisor a of b is an integer that satisfies ac = b where
c is an integer. We write a | b. This reads as a divides b or a is a divisor of
b.

Definition 1.2. Let a and b non-zero. The greatest common divisor of two
integers a and b is the maximum of the numbers that are divisors of both
a and b. It is denoted by gcd(a,b). The least common multiple of a and b
is the least of the positive numbers that are multiples of both a and b. It is
denoted by lcm (a,b).

Note that for any a and b in Z, ged(a,b) > 1, as 1 is a divisor of every
integer. Similarly Icm (a,b) < |ab|.

Definition 1.3. A number p > 1 is prime' in N if its only divisors in N are
a and 1 (the so-called trivial divisors). A number a > 1 is composite or
reducible if it has more than 2 divisors in N. (The number 1 is neither.)

@000 0000
00000 -0 -0
90200000 -0

Figure 1. Eratosthenes’ sieve up to n = 30. All multiples of a less than
V31 are cancelled. The remainder are the primes less than n = 31.

1In a more general context — see Chapter 8 — these are called irreducible numbers, while the term
prime is reserved for numbers satistying Corollary 2.9.
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An equivalent definition of prime is a natural number with precisely two
(distinct) divisors. Eratosthenes’ sieve is a simple and ancient method to
generate a list of primes for all numbers less than, say, 225. First, list all
integers from 2 to 225. Start by circling the number 2 and crossing out all
its remaining multiples: 4, 6, 8, etcetera. At each step, circle the smallest
unmarked number and cross out all its remaining multiples in the list. It
turns out that we need to sieve out only multiples of v/225 = 15 and less
(see exercise 2.5). This method is illustrated if Figure 1. When done, the
primes are those numbers that are circled or unmarked in the list.

It will turn out that it is more natural to work in Z where all elements
have an additive inverse. We therefore introduce extend the definition of
primes to Z and introduce units.

Definition 1.4. A (multiplicative) unit in 7. is a number a such that there is
b € Z with the property that ab = 1. The only units in Z are 1 and —1. All
other numbers are non-units. A number n # 0 in Z is called composite or
reducible if it can be written as a product of two non-units. If n is not 0, not
a unit, and not composite, it is a prime or irreducible .

Remark 1.5. A concise way to characterize a unit is saying that it is an
invertible element.

Definition 1.6. Let a and b in 7. Then a and b are relatively prime if
gcd(a,b) = 1.

Definition 1.7. Let a and b in 7Z and m € N. Then a is congruent to b
modulo m if a+my = b for some 'y € Z or m | (b—a). We write

a=,b or a=b modm or a€b+mi.

Definition 1.8. The residue of a modulo m is the (unique) integer r in
{0,---m—1} such that a =y, r. It is denoted by Res,, (a).

These notions are cornerstones of much of number theory as we will
see. But they are also very common in all kinds of applications. For in-
stance, our expressions for the time on the clock are nothing but counting
modulo 12 or 24. To figure out how many hours elapse between 4pm and
3am next morning is a simple exercise in working with modular arithmetic,
that is: computations involving congruences.
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1.2. Rational and Irrational Numbers

We start with a few results we need in the remainder of this subsection.

Theorem 1.9 (well-ordering principle). Any non-empty set S in NU {0}
or in N has a smallest element.

Proof. Suppose this is false. Pick s; € S. Then there is another natural
number s; in S such that s, <51 — 1. After a finite number of steps, we pass
zero, implying that S has elements less than O in it. This is a contradiction
and so the supposition is false. |

Note that any non-empty set S of integers with a lower bound can be
transformed by addition of a integer b € Ny into a non-empty S+ b in Np.
Then S + b has a smallest element, and therefore so does S. Furthermore, a
non-empty set S of integers with a upper bound can also be transformed into
a non-empty —S + b in Ny. Here, —S stands for the collection of elements
of S multiplied by —1. Thus we have the following corollary of the well-
ordering principle.

Corollary 1.10. Let be a non-empty set S in Z with a lower (upper) bound.
Then S has a smallest (largest) element.

Definition 1.11. i) An element x € R is called rational if it a root of a degree
1 polynomial with integer coefficients, that is: gx— p = 0 where p and g # 0
are integers.

ii) Otherwise it is called an irrational number.

Remark 1.12. Note that the integers themselves are also considered to be
rational numbers: they satisfy part (i) above with the leading coefficient, g,
equal to 1.

The set of integers is denoted by Z, and the rational numbers are de-
noted by Q. The usual way of expressing a rational number is that it can
be written as 2. The advantage of expressing a rational number as the solu-
tion of a degree 1 polynomial, however, is that it naturally paves the way to
Definitions 1.16 and 1.17.

Theorem 1.13. Any interval in R contains an element of Q. We say that Q
is dense in R.
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The crux of the following proof is that we take an interval and scale it
up until we know there is an integer in it, and then scale it back down.

Proof. Let I = (a,b) with b > a any interval in R. From Corollary 1.10 we
see that there is an n such that n > ﬁ. Indeed, if that weren’t the case, then
N would be bounded from above, and thus it would have a largest element
no. But if ng € N, then so is ngp+ 1. This gives a contradiction and so the
above inequality must hold.

It follows that nb —na > 1. Thus the interval (na,nb) contains an in-
teger, say, p. So we have that na < p < nb. The theorem follows upon
dividing by n. |

Theorem 1.14. /2 is irrational.

Proof. Suppose v/2 can be expressed as the quotient of integers . We may
assume that ged(r,s) = 1 (otherwise just divide out the common factor).
After squaring, we get

257 =12
The right-hand side is even, therefore the left-hand side is even. But the
square of an odd number is odd, so r is even. But then 72 is a multiple of 4.
Thus s must be even. This contradicts the assumption that gcd(r,s) =1. W

It is pretty clear who the rational numbers are. But who or where are
the others? We just saw that \/E is irrational. It is not hard to see that the
sum of any rational number plus /2 is also irrational. Or that any rational
non-zero multiple of \@ is irrational. The same holds for \/5 V3, \@
etcetera. We look at this in exercise 1.7. From there, is it not hard to see
that the irrational numbers are also dense (exercise 1.7). In exercise 1.13,
we prove that the number e is irrational. The proof that 7 is irrational is
a little harder and can be found in [30][section 11.17]. In Chapter 2, we
will use the fundamental theorem of arithmetic, Theorem 2.11, to construct
other irrational numbers. In conclusion, whereas rationality is seen at face
value, irrationality of a number may take some effort to prove, even though
they are much more numerous as we will see in Section 1.4.

If you think about it, we cannot express the exact numerical value of an
irrational number! The only way to do that would be in a decimal (or any
other base) expansion. But if such an expansion were finite, of course, the
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number would be rational! Thus the question of how well we can approxi-
mate irrational numbers by rational ones arises (see exercise 1.16). Here is
an important general result which we will have occasion to prove in Chapter
6.

Theorem 1.15. Let p € R be irrational. Then there are infinitely many
Z € Q such that )p—g‘ < q%.

1.3. Algebraic and Transcendental Numbers

The set of polynomials with coefficients in Z, Q, R, or C is denoted by Z|[x],
Q[x], R[x], and CJx], respectively.

Definition 1.16. An element x € C is called an algebraic integer if it satis-
fies p(x) = 0, where p is a non-zero polynomial in Z[x] with leading coeffi-
cient 1.

Definition 1.17. An element x € C is called an algebraic number if it sat-
isfies p(x) = 0, where p is a non-zero polynomial in Z[x|. Otherwise it is
called a transcendental number.

The transcendental numbers are even harder to pin down than the gen-
eral irrational numbers. We do know that e and 7 are transcendental, but the
proofs are considerably more difficult (see [32]). We’ll see below that the
transcendental numbers are far more abundant than the rationals or the alge-
braic numbers. In spite of this, they are harder to analyze and, in fact, even
hard to find. This paradoxical situation where the most prevalent numbers
are hardest to find, is actually pretty common in number theory.

The most accessible tool to construct transcendental numbers is Liou-
ville’s Theorem. The setting is the following. Given an algebraic number
y, it is the root of a polynomial with integer coefficients f(x) = Z?:o ax',
where we always assume that the coefficient a4 of the highest power is
non-zero. That highest power is called the degree of the polynomial and is
denoted by deg(f) . Note that we can always find a polynomial of higher
degree that has y as a root. Namely, multiply f by any other polynomial g.

Definition 1.18. We say that f(x) = Y%, a;x' in Z[x] is a minimal polynomial
in Z[x] for p if f is a non-zero polynomial in Z|[x] of minimal degree, say d,
such that f(p) = 0. We say that the degree of p is d.
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Theorem 1.19 (Liouville’s Theorem). Letr f be a minimal polynomial of
degree d > 2 for r € R. Then

p

Je(r)>0 suchthatVBEQ: r—‘>.
q q

Proof. Clearly, if ’r— 5‘ > 1, the inequality is satisfied. So assume that

‘r — %’ < 1. Now let f be a minimal polynomial for r (see Figure 2), and
set

_ /
K= e VOL

We know that f (p/q) is not zero, because otherwise f would have a factor
(x—p/q). In that case, the quotient g of f and (x — p/q) would not neces-
sarily have integer coefficients, but some integral multiple mg of g would.
However, mg would be of lower degree, thus contradicting the minimality
of f. This gives us that ¢ f(p/q) is an integer, because

d p d i d—i
qf()‘z Y aip'q’
q i=0

because it is a non-zero integer. Thus |f(p/q)| > ¢ ¢. Finally, we use the
mean value theorem which tells us that for K as above, there is a r between
r and % such that

>1,

F(2)-ro)| - ga
K> |11 =|—% >4
. T p_
q |2—r
since f(r) = 0. This gives us the desired inequality. [ |

Definition 1.20. A real number p is called a Liouville number if for all
n €N, there is a rational number 5 such that

1
Pt
q q
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T~
L

r-1 r t p/q r+1

Figure 2. f is a minimal polynomial for the irrational number r. By
minimality f’(p/q) is not zero. On the interval (r — 1,r), the absolute
value of the derivative of f attains its maximum at .

It follows directly from Liouville’s theorem that such numbers must
be transcendental. Liouville numbers can be constructed fairly easily. The

p= i 107%
k=1

is an example. If we set 5 equalto Y7 107%, then ¢ = 10", Then

‘p—p’: Yy 10*, (1.1)
U Ay —

number

It is easy to show that this is less than ¢=" (exercise 1.15).
It is worth noting that there is an optimal version of Liouville’s Theo-

rem. We record it here without proof.

Theorem 1.21 (Roth’s Theorem). Let p € R be algebraic. Then for all
>0

P p|_ clp,e)
dc(p,e >0suchthatV€Q:‘ ’> ,
(p ) q p q q2+g

where c(p, €) depends only on p and €.

This result is all the more remarkable if we consider it in the context of
Theorem 1.15.

1.4. Countable and Uncountable Sets

Definition 1.22. i) A set S is finite if there is a bijection f : {1,--- ,;n} — §
for some n > 0.
ii) A set S is countably infinite if there is a bijection f : N — S.
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iii) A set S is countable if it is finite or if it is countably infinite. iv) An
infinite set for which there is no bijection as in (ii) is called uncountable.

Proposition 1.23. Every infinite set S contains a countable subset.

Proof. Choose an element s; from S. Now S — {s1} is not empty because S
is not finite. So, choose s, from S — {s;}. Then S — {s1,s2} is not empty be-
cause S is not finite. In this way, we can remove s,,41 from S — {sy,52,-- s, }
for all n. The set {s1,s2,--- } is countable and is contained in S. n

So countable sets are the smallest infinite sets in the sense that there are
no infinite sets that contain no countable set. But there certainly are larger
sets, as we will see next.

Theorem 1.24. The set R is uncountable.

Proof. The proof is one of mathematics’ most famous arguments: Cantor’s
diagonal argument [19]. The argument is developed in two steps .

Let T be the set of semi-infinite sequences formed by the digits 0 and
2. An element 7 € T has the form 7 = f15pt3--- where t; € {0,2}. The
first step of the proof is to prove that 7 is uncountable. So suppose it is
countable. Then a bijection ¢ between N and T allows us to uniquely define
the sequence #(n), the unique sequence associated to n. Furthermore, they
form an exhaustive list of the elements of 7. For example,

1(1) 0,0,0,0,0,0,0,0,0,0,0- - -
1(2) = 2,0,2,0,2,0,2,0,2,2,2---
t(3) = 0,0,0,2,2,2,2,2,2,2,2--
t(4) = 2,2,2,2,2,2,0,0,0,0,0--
1(5) = 0,0,0,2,0,0,2,0,0,2,0--
1(6)

2,0,0,0,0,2,0,0,0,2,2---

Construct t* as follows: for every n, its nth digit differs from the nth digit
of #(n). In the above example, * = 2,2,2,0,2,0,---. But now we have
a contradiction, because the element ¢* cannot occur in the list. In other
words, there is no surjection from N to T. Hence there is no bijection
between N and 7.



12 1. A Quick Tour of Number Theory

The second step is to show that there is a subset K of R such that there
is no surjection (and thus no bijection) from N to K. Let t be a sequence
with digits #;. Define f : T — R as follows

fo)y=Y 37",
i=

If 5 and ¢ are two distinct sequences in T, then for some k they share the
first k — 1 digits but 7, = 2 and s, = 0. So

fO)—f(s)=2-3"%4+ Y (-s)37">2.3% -2 ) 377=3"*,
i=k+1 i=k+1
Thus f is injective. Therefore f is a bijection between T and the subset
K = f(T) of R. If there is a surjection g from N to K = f(T'), then,

Nk T,

And so f~!gis a surjection from N to 7. By the first step, this is impossible.
Therefore, there is no surjection g from N to K, much less from NtoR. W

The crucial part here is the diagonal step, where an element is con-
structed that cannot be in the list. This really means the set T is strictly
larger than N. The rest of the proof seems an afterthought, and perhaps
needlessly complicated. You might think that it is much more straightfor-
ward to just use the digits 0 and 1 and the representation of the real numbers
on the base 2, as opposed to the digits 0 and 2 and the base 3. But if you
do that, you run into a problem that has to be dealt with. The sequence ¢*
might end with an infinite all-ones subsequence such as t* = 1,1,1,1,---.
This corresponds to the real number x = 1.0... which might be in the list.
To circumvent that problem leads to slightly more complicated proofs (see
exercise 1.9).

Meanwhile, this gives us a very nice corollary which we will have
occasion to use in later chapters. For b an integer greater than 1, denote
by {0,1,2,---b— 1} the set of sequences ajazas--- where each a; is in
{0,1,2,---b—1}. Such sequences are often called words.

Corollary 1.25. (i) The set of infinite sequences in {0,1,2,---b— 1} is
uncountable. (ii) The set of finite sequences (but without bound) in {0, 1,2, - -
1N is countable.

bh—
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Proof. The proof of (i) is the same as the proof that 7 is uncountable in the
proof of Theorem 1.24. The proof of (ii) consists of writing first all » words
of length 1, then all »*> words of length 2, and so forth. Every finite string
will occur in the list. |

Theorem 1.26. (i) The set Z? is countable. (ii) Q is countable.

Proof. (i) The proof relies on Figure 3. In it, a directed path ¥ is traced
out that passes through all points of Z>. Imagine that you start at (0,0) and
travel along y with unit speed. Keep a counter ¢ € N that marks the point
(0,0) with a “1”. Up the value of the counter by 1 whenever you hit a point
of Z?. This establishes a bijection between N and Z2.

Figure 3. A directed path y passing through all points of Z2.

(i) Again travel along 7y with unit speed. Keep a counter ¢ € N that
marks the point (0,1) with a “1”. Up the value of the counter by 1. Con-
tinue to travel along the path until you hit the next point (p,q) that is not
a multiple of any previous and such ¢ is not zero. Mark that point with
the value of the counter. Q contains N and so is infinite. Identifying each
marked point (p,q) with the rational number s establishes the countability
of Q. |

Notice that this argument really tells us that the product (Z x Z)of a
countable set (Z) and another countable set is still countable. The same
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holds for any finite product of countable set. Since an uncountable set is
strictly larger than a countable, intuitively this means that an uncountable
set must be a lot larger than a countable set. In fact, an extension of the
above argument shows that the set of algebraic numbers numbers is count-
able (see exercises 1.8 and 1.24). And thus, in a sense, it forms small subset
of all reals. All the more remarkable, that almost all reals that we know
anything about are algebraic numbers, a situation we referred to at the end
of Section 1.4.

It is useful and important to have a more general definition of when two
sets “have the same number of elements”.

Definition 1.27. Two sets A and B are said to have the same cardinality
if there is a bijection f : A — B. It is written as |A| = |B|. If there is an
injection f : A — B, then |A| < |B|.

Definition 1.28. An equivalence relation on a set A is a (sub)set R of or-
dered pairs in A X A that satisfy three requirements.

- (a,a) € R (reflexivity).

-If (a,b) €R, then (b,a) € R (symmetry).

-If (a,b) € Rand (b,c) € R, then If (a,c) € R (transitivity).

Usually (a,b) € R is abbreviated to a ~ b. The mathematical symbol “=
is an equivalence.

”»

It is easy to show that having the same cardinality is an equivalence
relation on sets (exercise 1.22). Note that the cardinality of a finite set is
just the number of elements it contains. An excellent introduction to the
cardinality of infinite sets in the context of naive set theory can be found in
[36].

1.5. Exercises

Exercise 1.1. Apply Eratosthenes’ Sieve to get all prime numbers between
1 and 200. (Hint: you should get 25 primes less than 100, and 21 between
100 and 200.)

Exercise 1.2. Factor the following into prime numbers (write as a product
of primes): 393, 16000, 5041, 1111, 1763, 720.

Exercise 1.3. Find pairs of primes that differ by 2. These are called rwin
primes. Do you think there there infinitely many such pairs? See Figure 4.
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800 9000 ,/
700 . 8000} /
600 7000} /
500 . 60004
50001
it
323 - 4000
3000}
200 20004
100 1000}
5 10 15 20 25 30 35 20 40 60 80 100120140160180200

Figure 4. Lowest member of nth twin prime pair less than 1000 (left)
and less than 10000 (right), horizontal axis is n.

Conjecture 1.29 (Twin Prime Conjecture). There are infinitely many twin
2

prime pairs-.
Exercise 1.4. Show that all even integers greater than 3 but smaller than
21 can be written as the sum of two primes. Is this always true?

Conjecture 1.30 (Goldbach Conjecture). Every even number greater than
two is a sum of two (positive) primes>.

Exercise 1.5. Comment on the types of numbers (rational, irrational, tran-
scendental) we use in daily life.

a) What numbers do we use to pay our bills?

b) What numbers do we use in computer simulations of complex pro-
cesses?

¢) What numbers do we use to measure physical things?

d) Give examples of the usage of the “other” numbers.

Exercise 1.6. Let a and b be rationals and x and y irrationals.
a) Show that ax is irrational if and only if a # 0.

b) Show that b + x is irrational.

c¢) Show that ax + b is irrational if and only if a # 0.

d) Conclude that av/2 + b is irrational if and only if a # 0.

Exercise 1.7. a) Show that v/3, /5, et cetera (square roots of primes) are
irrational. (Hint: use Corollary 2.9.)

b) Show that for p prime, the numbers {a,/p+b : a,b € Z} are dense in
the reals.

2till unsolved in 2022.
3Still unsolved in 2022.
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Lemma 1.31. The countable union of countable sets is countable.

Exercise 1.8. a) Use an pictorial argument similar to that of Figure 3 to
show that N x N (the set of lattice points (n,m) with n and m in N) is

countable.
b) Suppose A; are countable sets where i € / and I countable. Show that
there is a bijection {1,---,n} - TorN — I.

¢) Define A} = Ay, A} = A)\A], Ay = A3\{A| UA,}, et cetera. Show that
there is a bijection f; : {1,--- ,n;} — A; or f; : N — A; for each i.

c) Show there is a bijection F : N x N — | J;c; A; given by F (n,m) = f,(m).
(Hint: place the elements of A} on (1,1), (1,2), (1,3), ...; the elements of
Ay on (2,1), (2,2), (2,3), ... and so on. Now use the argument in item (a).)
d) Conclude that Lemma 1.31 holds.

Exercise 1.9. What is wrong in the following attempt to prove that [0, 1] is
uncountable?

Assume that [0, 1] is countable, that is: there is a bijection f between [0, 1]
and N. Let r(n) be the unique number in [0, 1] assigned to n. Thus the
infinite array (r(1),r(2),---) forms an exhaustive list of the numbers in
[0,1], as follows:

/(1) = 0.00000000000---
r(2) = 0.10101010111---
/(3) = 0.00011111111-
r(4) = 0.11111100000- -
#(5) = 0.00010010010---
r(6)

= 0.10000100011---

(Written as number on the base 2.) Construct r* as the string whose nth
digit differs from that of r(n). Thus in this example:

r*=0.111010-- - |

which is different from all the other listed binary numbers in [0, 1].
(Hint: what if r* ends with an infinite all ones subsequence?)

Exercise 1.10. The set f(T) in the proof of Theorem 1.24 is called the
middle third Cantor set. Find its construction. What does it look like?
(Hint: locate the set of numbers whose first digit (base 3) is a 1, then the
set of numbers whose second digit is a 1.)
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Exercise 1.11. The integers exhibit many, many other intriguing patterns.
Given the following function:

n even: fn)=15%
nodd:  f(n)= 3"2'1

a) (Periodic orbit) Show that f sends 1 to 2 and 2 to 1.

b) (Periodic orbit attracts) Show that if you start with any positive integer
less than 18 and apply f repeatedly, eventually you fall on the orbit in (a).
See Figure 5.

c¢) Replace “41” by “—1” and show that now 1 is a fixed point.

d) Show that the system is (c) has another periodic orbit.

Conjecture 1.32 (Collatz conjecture or 3n + 1 problem). The orbit of

every positive integer under the map f defined in exercise 1.11 ends in 2 <
14

(B@) (2D
20500~
2’?_)13@

17

T
@40

Figure 5. The orbits of n under f of exercise 1.11 forn € {1,---,10}.

Exercise 1.12. This exercise prepares for Mersenne and Fermat primes,

see Definition 5.13.

a) Use ):?;01 2ib — 2;;:11 to show that if 27 — 1 is prime, then p must be

prime.

b) Use Z;:Ol (—2b)i = ((_;)7)::11 to show that if 27 + 1 is prime, then p has
no odd factor. (Hint: assume a is odd.)

4'Still unsolved in 2022. For an interesting survey, see M. Chamberland, A 3x+ I survey: Number
theory and dynamical systems in [24]
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Exercise 1.13. In what follows, we assume that e — 1 = }.;° | ll,
rational and show that this leads to a contradiction.

a) Show that the above assumption implies that

4 g1 = !

q: q:
Y = +) — =p(g—1)!.
i—1 i! i—1 (g+1i)!

(Hint: multiply both sides of by q!.)

b) Show that };° | (qu':)' <Xz m. (Hint: write out a few terms of the
sum on the left.)

¢) Show that the sum on the left hand side in (b) cannot have an integer
value.

d) Show that the other two terms in (a) have an integer value.

e) Conclude there is a contradiction unless the assumption that e is rational
is false.

p
-1
q S

Exercise 1.14. Show that Liouville’s theorem (Theorem 1.19) also holds
for rational for rational numbers p = £ as long as g #E

Exercise 1.15. a) Show that for all positive integers p and n, we have
p(n+1Dn! < (n+p)!.
b) Use (a) to show that

i 10* < i Lo-p(ntDat _ o~ (ntDat (1 _]Of(n+1)n!>7
k=n+1 p=1

c) Show that b) implies the affirmation after equation (1.1).

Exercise 1.16. a) Use a calculator to write down the decimal expansion of
v/2 in 10 decimal places.

b) How close to v/2 is the decimal approximation 1414/1000?

¢) Compute 1393/985 is 10 decimal places. How close is it to /2?2 (Hint:
compare with Theorem 1.15.)

Exercise 1.17. Show that the inequality of Roth’s theorem does not hold
for all numbers. (Hint: Let p be a Liouville number.)

Definition 1.33. Let A be a set. Its power set P(A) is the set whose elements

are the subsets of A. This always includes the empty set denoted by 0.

In the next two exercises, the aim is to show something that is obvious for
finite sets, namely:

Theorem 1.34. The cardinality of a power set is always (strictly) greater
than that of the set itself.
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Exercise 1.18. a) Given a set A, show that there is an injection f: A —
P(A). (Hint: for every element a € A there is a set {a}.)
b) Conclude that |A| < |P(A)|. (Hint: see Definition 1.27.)

Exercise 1.19. Let A be an arbitrary set. Assume that that there is a surjec-
tion S: A — P(A) and define

R={acAlagS(a)}. (1.2)
a) Show that there is a ¢ € A such that S(¢) = R.
b) Show that if ¢ € R, then g &€ R. (Hint: equation (1.2).)
¢) Show that if ¢ € R, then g € R. (Hint: equation (1.2).)
d) Use (b) and (c) and exercise 1.18, to establish that |A| < |P(A)|. (Hint:
see Definition 1.27.)

In the next two exercises we show that the cardinality of R equals that of
P(N). This implies that that |R| > |N|, which also follows from Theorem
1.24.

Exercise 1.20. Let T be the set of sequences defined in the proof of Theo-

rem 1.24. To a sequence ¢ € T, associate a set S(¢) in P(N) as follows:
ieSifr(i)=2 and ¢S ift(i)=0.

a) Show that there is a bijection S : T — P(N).

b) Use the bijection f in the proof of Theorem 1.24 to show there is a bi-

jection K — P(N).

c) Show that (a) and (b) imply that |P(N)| = |K| = |T|. (Hint: see Defini-

tion 1.27.)

d) Find an injection K — R and conclude that |P(N)| < |R].

Exercise 1.21. a) Show that there is a bijection R — (0, 1).

b) Show that there is an injection (0,1) — T'. (Hint: use usual binary (base
2) expansion of reals.)

¢) Use (a), (b), and exercise 1.20 (a), to show that |R| < |P(N)|.

d) Use (c) and exercise 1.20 (d) to show that |[R| = |P(N)|.

Exercise 1.22. Show that having the same cardinality (see Definition 1.27)
is an equivalence relation on sets.

Exercise 1.23. a) Fix some n > 0. Show that having the same remainder
modulo # is an equivalence relation on Z. (Hint: for example, -8, 4, and
16 have remainder 4 modulo 12.)

b) Show that addition respects this equivalence relation. (Hint: Ifa+b =c,
a~d,andb~Db, thend +b' = withc~c.)

¢) The same question for multiplication.
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Exercise 1.24. a) Show that the set of algebraic numbers is countable.
(Hint: use Lemma 1.31.)
b) Conclude that the transcendental numbers form an uncountable set.

Exercise 1.25. Base 60 number systems have a long history and are still
used (think of the number of minute in an hour). Suppose you do not have
a good theory of fractions. Why is base 60 convenient? (Hint: what is the
least common multiple of the numbers 1 through 6?)

Exercise 1.26. a) Show that rectangular grid of n by m squares can be
divided into squares of size d by d where d is a common divisor of n and
m.

b) Show that in (a) the largest d equals gcd(n, m), see Figure 6.

12

30

Figure 6. A rectangle of 30 by 12 squares can be subdivided into
squares non larger than 6 by 6.

Exercise 1.27. Suppose two meshing gear wheels have n and m teeth, re-
spectively. Each wheel has one marked tooth.

a) Show that the positions of the wheels after ¢ teeth are traversed is in-
dicated by the projection of the point (¢,¢) on both in a rectangular coor-
dinate system with n by m units. See Figure 7. (Hint: each small square
corresponds to the turn through one tooth on both wheels. Show that the
first time the marked teeth return exactly to their original position occurs
when the first wheel has made lem (n,m)/n = m/ ged(n,m) complete turns
and the second Icm (n,m)/n = n/ ged(n,m).
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12

12

12

12

12

30 30

Figure 7. Two meshing gear wheels have 30, resp. 12 teeth. Each tiny
square represents the turning of one tooth in each wheel. After precisely
5 turns of the first wheel and 2 of the second, both are back in the exact
same position.






Chapter 2

The Fundamental Theorem
of Arithmetic

Overview. We derive the Fundamental Theorem of Arithmetic. The most
important part of that theorem says every integer can be uniquely written
as a product of primes up to re-ordering of the factors, and up to factors -1.
We discuss two of its most important consequences, namely the fact that the
number of primes is infinite and the fact that non-integer roots are irrational.

On the way to proving the Fundamental Theorem of Arithmetic, we
need Bézout’s Lemma and Euclid’s Lemma. The proofs of these well-
known lemma’s may appear abstract and devoid of intuition. To have some
intuition, the student may assume the Fundamental Theorem of Arithmetic
and derive from it each of these lemma’s (see Exercise 2.9) and things will
seem much more intuitive. The reason we do not do it that way in this book
is of course that indirectly we use both results to establish the Fundamental
Theorem of Arithmetic.

The principal difference between Z and N is that in Z addition has an
inverse (subtraction). This makes Z a into a ring, a type of object we will
encounter in Chapter 5. It will thus save us a lot of work and is not much
more difficult to work in Z instead of in N.
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2.1. Bézout’s Lemma

Definition 2.1. The floor of a real number 0 is defined as follows: |0 ] is
the greatest integer less than than or equal to 0. The fractional part {0} of
the number 0 is defined as  — | 0 |. Similarly, the ceiling of 0, [0], gives
the smallest integer greater than or equal to 6.

By the well-ordering principle, Corollary 1.10, the number |6] and [6]
exist for any 8 € R. Given a number £ € R, we denote its absolute value by

-

Lemma 2.2. Given ri and ry with ry > 0, then there are q> and r3 with
|r3| < |r2| such that ry = raga + r3.

Proof. Noting that % is a rational number, we can choose the integer g, =
o
L7%] so that

r
— =qyte,
r
where e € [0, 1) (see Figure 8). The integer g; is called the quotient. Multi-
plying by r, gives the result. |
L,
e
i | | | | |
0 q

Figure 8. The division algorithm: for any two integers r; and r;, we
can find an integer g and a real e € [0, 1) so that r| /r; = g» +e.

Note that in this proof, in fact, r3 € {0,---r, — 1} and is unique. Thus
among other things, this lemma implies that every integer has a unique
residue (see Definition 1.8). More generally, we just require |r3| < |r2],
and there is more than one choice for ¢,. This is typical in the more general
context of rings (Chapter 8).

If |r1| < |r2|, then we can choose g» = 0. In this case, € = % and we
learn nothing new. But if |r;| > ||, then ¢2 # 0 and we have written r| as
a multiple of r, plus a remainder 73.
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Definition 2.3. Given ry and r, with r, > 0, the computation of q> and r3 in
Lemma 2.2 is called the division algorithm. Note that r3 = Res,, (r1) (see
Definition 1.8).

Remark 2.4. Lemma 2.2 is also called Euclid’s division lemma. This is
not to be confused with the Euclidean algorithm of Definition 3.3.

Lemma 2.5. (Bézout’s Lemma) Let a and b be such that gcd(a,b) = d.
Then ax 4 by = c¢ has integer solutions for x and y if and only if c is a
multiple of d.

Proof. Let S and v(S) be the sets:

S = {ax+by:x,y€Z,ax+by+#0}
v(iS) = {|s|:seS}CNU{0} '

Then v(S) # 0 (it contains |a| and |b|) and is bounded from below. Thus by
the well-ordering principle of N, it has a smallest element #. Then there is
an element d € S that has that norm: |d| = n.

For that d, we use the division algorithm to establish that there are g

and r > 0 such that

a=dgq+r and |r| <|d]. (2.1)
Now substitute d = ax+ by. A short computation shows that r can be rewrit-
ten as:

r=a(l —gx)+b(—qy) .
Suppose 7 # 0. Then this shows that » € S. But we also know from (2.1)
that |7| is smaller than |d|. This is a contradiction because of the way d
is defined. But r = 0 implies that d is a divisor of a. The same argument
shows that d is also a divisor of . Thus d is a common divisor of both a
and b.

Now let e be any divisor of both a and b. Then e | (ax + by), and so
e|d. Butif e | d, then |e| must be smaller than or equal to |d|. Therefore, d
is the greatest common divisor of both a and b.

By multiplying x and y by f, we achieve that for any multiple fd of d
that

afx+bfy=fd.
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On the other hand, let d be as defined above and suppose that x, y, and ¢ are
such that

ax+by=c.
Since d divides a and b, we must have that d | ¢, and thus ¢ must be a
multiple of d. |

2.2. Corollaries of Bézout’s Lemma

Lemma 2.6. (Euclid’s Lemma) Let a and b be such that gcd(a,b) = 1 and
albc. Thena | c.

Proof. By Bézout, there are x and y such that ax+ by = 1. Multiply by c to
get:

acx+bcy=c.
Since a | be, the left-hand side is divisible by a, and so is the right-hand
side. |

Euclid’s lemma is so often used, that it will pay off to have a few of the
standard consequences for future reference.

Theorem 2.7 (Cancellation Theorem). Let gcd(a,b) = 1 and b positive.
Then ax =, ay if and only if x = y.

Proof. The statement is trivially true if b = 1, because all integers are equal
modulo 1.

If ax =p, ay, then a(x —y) =5, 0. The latter is equivalent to b | a(x —y).
The conclusion follows from Euclid’s Lemma. Vice versa, if x =5 y, then
(x—y) is a multiple of b and so a(x — y) is a multiple of b. [ |

Used as we are to cancellations in calculations in R, it is easy to un-
derestimate the importance of this result. As an example, consider solving
21x =35 21y. It is tempting to say that this implies that x =35 y. But in fact,
gcd(21,35) = 7 and the solution set is x =s y, as is easily checked. This
example is in fact a special case of the following corollary.

Corollary 2.8. Let gcd(a,b) = d and b positive. Then ax =, ay if and only
fx=pqy
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Proof. Divide by d to get 5x =, 9y and apply the cancellation theorem.
d
[

For the following results, recall the definition of primes in Z (Definition
1.4).

Corollary 2.9. Foranyn > 1, p is prime and p | [1}_, ai, if and only if there
is j < nsuchthat p | aj.

Proof. If p | a;, then p | [T'_, a;. We prove the other direction by induction
on n, the number of terms in the product. Let S(n) be the statement of the
corollary. S(1) says: If p is prime and p | a1, then p | a;, which is trivially
true.

For the induction step, suppose that for any k > 1, S(k) is valid and let

p | I1] a;. Then
k
p \ ((HW) ak+1> .
i=1

Applying Euclid’s Lemma, it follows that

k
pI[Ja or ifnot, then p|a;.
i=1

In the former case S(k + 1) holds because S(k) does. In the latter, we see
that S(k+ 1) also holds. [ |

Corollary 2.10. If p and q; are prime and p | [1}-, qi, then there is j <n
such that p = q;.

Proof. Corollary 2.9 says that if p and all ¢; are primes, then there is j <n
such that p | ¢;. Since g; is prime, its only divisors are 1 and itself. Since
p # 1 (by the definition of prime), p = g;. |

2.3. The Fundamental Theorem of Arithmetic

The last corollary of the previous section enables us to prove the most im-
portant result of this chapter.

Theorem 2.11 (The Fundamental Theorem of Arithmetic). Every non-
zero integer n € Z
i) is a product of powers of primes (up to multiplication by units) and



28 2. The Fundamental Theorem of Arithmetic

ii) that product is unique (up to the order of multiplication and up to multi-
plication by the units).

Remark 2.12. The theorem is also called the unique factorization theorem.
Its statement means that up to re-ordering of the p; and factors £1, every
integer n can be uniquely expressed as

,
{;
n==1 H i
i=1
where the p; are distinct primes.

Proof. First we prove (i). Define S to be the set of integers n that are not
products of primes times a unit, and the set v(S) their absolute values. If
the set S is non-empty, then by the well-ordering principle (Theorem 1.9),
v(S) has a smallest element. Let a be one of the elements in S that minimize
v(S).

If a is prime, then it can be factored into primes, namely a = a, which
contradicts the assumption. Thus a is a composite number, a = bc and both
b and ¢ are non-units. Thus |b| and |c| are strictly smaller than |a|. By
assumption, both b and ¢ are products of primes. Then, of course, so is
a = bc. But this contradicts the assumptions on a.

Next, we prove (ii). Let S be the set of integers that have more than
one factorization and v(S) the set of their absolute values. If the set S is
non-empty, then, again by the well-ordering principle, v(S) has a smallest
element. Let a be one of the elements in S that minimize v(S).

Thus we have
r S
/ /
a=u[]pi=u]]ri,
i=1 i=1

where at least some of the p; and p} do not match up. Here, u and u’ are
units. Clearly, p; divides a. By Corollary 2.10, p; equals one of the p}, say,

a

p)y. Since primes are not units, ‘E is strictly less than |a|. Therefore, by

hypothesis, ﬁ is uniquely factorizable. But then the primes in

a ! ! g /
7:qui:MHpi7
1 i=2 i=2

p
all match up (up to units). |
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Remark 2.13. Itis interesting to note that the proof of this theorem depends
on two distinct characterizations of primes. In part (i), we use Definition
1.4, which essentially says that primes are numbers that cannot be factored
into smaller numbers (the literal meaning of “irreducible”). But for part (ii),
we essentially use the fact that if a prime p divides ab, then it divides a or
b (or both). Now (through Corollary 2.10) we know both characterizations
hold in Z, but it will turn out that they are not equivalent in general (see
Proposition 8.3).

If the reader investigates the arguments carefully, it will become clear
that underneath it all lurks the division algorithm in Z. To wit, we use
Corollary 2.10 which Corollary 2.9 which uses Euclid’s lemma which uses
Bézout which finally uses the division algorithm. It is precisely this division
algorithm that is not available in all rings, and which plays an important role
in algebraic number theory, see Chapter 8).

Remark 2.14. The student might reflect on this and conclude that one can-
not write 1 as a product of primes. So how come that in Theorem 2.11 we
do not make an exception for the number 1 (or -1 for that matter). The
answer is this: 1 is a unit times “the empty product” of primes, and this is
unique. This piece of apparent sophistry actually turns out to be useful as
we will see in Chapter 8 (corollary 8.14).

2.4. Corollaries of the Fundamental Theorem of
Arithmetic

The unique factorization theorem is intuitive and easy to use. It is very
effective in proving a great number of results. Some of these results can be
proved with a little more effort without using the theorem (see exercise 2.6
for an example). We start with two somewhat technical results that we need
for later reference.

Lemma 2.15. We have

n
Vie{l,---n} : ged(a;,b) =1 <<= ged(JJai,b)=1.
i1

Proof. The easiest way to see this uses prime power factorization. If
gcd([T, ai,b) = d > 1, then d contains a factor p > 1 that is a prime.
Since p divides []; a;, at least one of the ¢; must contain (by Corollary



30 2. The Fundamental Theorem of Arithmetic

2.9) a factor p. Since p also divides b, this contradicts the assumption that
gcd(a;,b) = 1.

Vice versa, if ged(a;,b) = d > 1 for some i, then also [T7_ ; is divisible
by d. |

Corollary 2.16. For all a and b in Z not both equal to 0, we have that
gcd(a,b) - lem (a,b) = ab up to units.

Proof. Given two numbers @ and b, let P = {p; ?:1 be the list of all prime
numbers occurring in the unique factorization of a or b. We then have:

N S
a:unpf" and b:u’pr",
i=1 i=1
where u and ' are units and k; and ¢; in NU{0}. Now define:
m; =min(k;,¢;) and M; = max(k;,¢;) ,

and let the numbers m and M be given by
N S
m=[]p" and Mznpﬁu".
i=1 i=1

Since m; + M; = k; + ¢;, it is clear that the multiplication m - M yields ab.

Now all we need to do, is showing that m equals gcd(a,b) and that M
equals Icm (a,b). Clearly m divides both a and b. On the other hand, any
integer greater than m has a unique factorization that either contains a prime
not in the list P and therefore divides neither a nor b, or, if not, at least one
of the primes in P in its factorization has a power greater than m;. In the last
case m is not a divisor of at least one of a and b. The proof that M equals
lcm (a,b) is similar. |

A question one might ask is: how many primes are there? In other
words, how long can the list of primes in a factorization be? Euclid provided
the answer around 300BC.

Theorem 2.17 (Infinitude of Primes). There are infinitely many primes.

Proof. Suppose the list P of all primes is finite, so that P = {p;}"_,. Define
the integer d as the product of all primes (to the power 1):

n
d:Hpi.
i=1
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If d+ 1 is a prime, we have a contradiction. So d + 1 must be divisible by a
prime p; in P. But then we have

pild and p;jld+1. (22)
But since (d +1)(1) +d(—1) = 1, Bézout’s lemma implies that gcd(d,d +
1) = 1, which contradicts equation (2.2). |

One the best known consequences of the fundamental theorem of arith-
metic is probably the theorem that follows below. A special case, namely
V/2 is irrational (see Theorem 1.14), was known to Pythagoras in the 6th
century BC.

1
Theorem 2.18. Letn > 0 and k > 1 be integers. Then nk is either an integer
or irrational.

I . .
Proof. Assume n* is rational. That is: suppose that there are integers a and
b such that 4
1
nk = E — n- bk = Clk .

Divide out any common divisors of a and b, so that gcd(a,b) = 1. Then by
the fundamental theorem of arithmetic, b =[]{_, pi" and a =[], pf" (a
and b share no prime factors) and so

o [T = TT 44"
i=1

i=s+1
The primes p; on the left and right side are distinct. This is only possible if
. pfmi equals 1. But then 7 is the k-th power of an integer. |

2.5. The Riemann Hypothesis

Analytic continuation will be discussed in more detail in Chapter 11. For
now, we note that it is akin to replacing e* where x is real by e* where z is
complex. A better example is the series }.7 z/. This series diverges for
|z| > 1. But as an analytic function, it can be replaced by (1 —z)~! on all of
C except at the pole z = 1 where it diverges.

Analytic continuations are meaningful because they are unique. The
reason this is true is roughly as follows (for details, see Theorem 11.22).
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Analytic functions are functions that are differentiable, that is to say, wher-
ever the derivative is non-zero, the derivative equals a scaling times a rota-
tion. Equivalently, they are locally given by a convergent power series. If f
and g are two analytic continuations to a region U of a function 4 given on
aregion V C U, then the difference f — g is zero on V. One can then show
that the power series of f — g must be zero on the entire region U. Hence,
analytic continuations f and g are unique.

Definition 2.19. The Riemann zeta function {(z) is a complex function de-
fined on {z € C|Rez > 1} by

¢@) = iln—z.

On other values of z € C it is defined by the analytic continuation of this
function (except at 7 = 1 where it has a simple pole).

In analytic number theory, it is common to denote the argument of the
zeta function by s, while in other branches of complex analysis z is the go-to
complex variable. We will stick to the latter. Note that

n %= e—lnn Rez—ilnnImz ’

and so [n~%| = n~ReZ, Therefore for Rez > 1 the series is absolutely con-
vergent. More about this in Chapter 11. At this point, the student should
remember — or look up in [3] — the fact that absolutely convergent series
can be re-arranged arbitrarily without changing the sum. This leads to the
following proposition.

Proposition 2.20 (Euler’s Product Formula). For Rez > 1 we have

£(2) ; Ma-—ro".

p prime

There are two common proofs of this formula. It is worth presenting both.

proof 1. The first proof uses the Fundamental Theorem of Arithmetic. First,
we use the geometric series

(1 _pfz)fl — Z psz
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to rewrite the right-hand side of the Euler product. This gives

H (1 _p%)fl _ <Z p]k12> (Z p2k22> (Z p;k31>
p prime k1=0 ko=0 k3=0

Re-arranging terms yields

ky ky k =
.= Y (pllpzzp;...) .
ky sk k3, =0
By the Fundamental Theorem of Arithmetic, the expression ( p]l‘1 p];z pé‘} “e )

runs through all positive integers exactly once. Thus upon re-arranging
again we obtain }"_ | n” % n

proof 2. The second proof, the one that Euler used, employs a sieve method.
This time, we start with the left-hand side of the Euler product. If we mul-
tiply by 27%, we get back precisely the terms with n even. So
(1-279) () =1+37"45+-..=) n"
2tn
Subsequently we multiply this expression by (1 —37%). This has the effect
of removing the terms that remain where n is a multiple of 3. It follows that
eventually
(1=p) (=P )@=} n~
pitn,-petn

The argument used in Eratosthenes’ sieve (Section 1.1) now serves to show
that in the right-hand side of the last equation all terms other than 1 disap-
pear as ¢ tends to infinity. Therefore, the left-hand side tends to 1, which
implies the proposition. |

The most important theorem concerning primes is probably the follow-
ing. We will give a proof in Chapter 12.

Theorem 2.21 (Prime Number Theorem). Let m(x) denote the prime
counting function, that is: the number of primes less than or equal to x
with x > 2. Then

. m(x) . 7(x)
1) 1 =1 d 2) lim—/—"—=
) Faatd (x/Inx) an ) o J> Inzdt ’

where In is the natural logarithm.
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Figure 9. On the left, the function [; Intdt in blue, 7(x) in red, and
x/Inx in green. On the right, we have 5 Intdt —x/Inx in blue, 7(x) —
x/Inx in red. Note the different scales.

The first estimate is the one we will prove directly in Chapter 12. It
turns out the second is equivalent to it (exercise 12.10). However, it is
this one that gives the better estimate of 7(x). In Figure 9 on the left, we
plotted, for x € [2,1000], from top to bottom the functions [5 Intdt in blue,
7(x) in red, and x/Inx. In the right-hand figure, we augment the domain to
x € [2,10°]. and plot the difference of these functions with x/Inx. It now
becomes clear that [; Inzdr is indeed a much better approximation of 7(x).
From this figure one may be tempted to conclude that [5 Inzdt — 7(x) is
always greater than or equal to zero. This, however, is false. It is known
that there are infinitely many n for which 7(n) > [;' Intdt. The first such
n is called the Skewes number. Not much is known about this numberl,
except that it is less than 10°!7.

Perhaps the most important open problem in all of mathematics is the
following. It concerns the analytic continuation of {(z) given above.

Conjecture 2.22 (Riemann Hypothesis). All non-real zeros of {(z) lie on

the line Rez = %

In his only paper on number theory [60], Riemann realized that the
hypothesis enabled him to describe detailed properties of the distribution

11n 2020.
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of primes in terms of of the location of the non-real zero of {(z). This
completely unexpected connection between so disparate fields — analytic
functions and primes in N — spoke to the imagination and led to an enor-
mous interest in the subject2 In further research, it has been shown that the
hypothesis is also related to other areas of mathematics, such as, for exam-
ple, the spacings between eigenvalues of random Hermitian matrices [52],
and even physics [12,15].

2.6. Exercises

Exercise 2.1. Apply the division algorithm to the following number pairs.
(Hint: replace negative numbers by positive ones.)

a) 110, 7.

b) 51, —30.

c) —138, 24.

d) 272, 119.

e) 2378, 1769.

) 270, 175560.

Exercise 2.2. In this exercise we will exhibit the division algorithm applied
to polynomials x 4 1 and 3x> 4+ 2x -+ 1 with coefficients in Q, R, or C.

a) Apply long division to divide 3021 by 11. (Hint: 3021 =11-275—4.)
b) Apply the exact same algorithm to divide 3x> +2x+ 1 by x+ 1. In this
algorithm, x* behaves as 10 in (a). (Hint: at every step, cancel the highest
power of x.)

¢) Verify that you obtain 3x> +2x 41 = (x+ 1)(3x2 —3x+5) — 4.

d) Show that in general, if p; and p; are polynomials such that the degree
of pp is greater or equal to the degree of p,, then

P1=q2p2+p3,
where the degree of ps is less than the degree of p,. (Hint: perform long
division as in (b). Stop when the degree of the remainder is less than that
of p2.)
e) Why does this division not work for polynomials with coefficients in Z?
(Hint: replace x+1 by 2x+1.)

Exercise 2.3. a)Fora, binZ, let ged(a,b) = 1. Show thatifa|cand b | c,
then ab | c. (Hint: observe that a | by and use Euclid’s lemma.)

b) Show that ax =, ¢ has a solution if and only gcd(a,m) | c. (Hint: note
that ax 4+ my = c for some y and use Bézout.)

2This area of research, complex analysis methods to investigate properties of primes, is now called
analytic number theory. We take this up in Chapters 11 and 12.
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Exercise 2.4. a) Compute by long division that 3021 = 11-274+7.
b) Conclude from exercise 2.2 that 3021 = 11(300—30+5) — 4. (Hint: let
x=10.)
¢) Conclude from exercise 2.2 (b) that
3.16°4+2-16+1=17(3-16> —3-16+5) —
(Hint: let x = 16.)

Exercise 2.5. a) Use unique factorization to show that any composite num-
ber n must have a prime factor less than or equal to \/n.

b) Use that fact to prove: If we apply Eratosthenes’ sieve to {2,3,---n}, it
is sufficient to sieve out numbers less than or equal to /n.

Exercise 2.6. We give an elementary® proof of Corollary 2.16.
a) Show that a - ﬁ is a multiple of a.

b) Show that gcd( B
¢) Conclude that ab

ged(ab)
or equal to Icm (a b)

-b is a multiple of b.

) is a multiple of both @ and b and thus greater than

d) Show that a/ <lcm(a ;,>) = lcmlga,b) is an integer. Thus #{;_b) is a

divisor of a.

e) Similarly, show that % is a divisor of b.
f) Conclude that 5 ( 5 < gcd(a,b).

h) Finish the proof.

9The word elementary has a complicated meaning, namely a proof that does not use some
at first glance unrelated results. In this case, we mean a proof that does not use unique factor-
ization. It does not imply that the proof is easier. Indeed, the proof in the main text seems much
easier once unique factorization is understood.

Exercise 2.7. 1tis possible to extend the definition of ged and lcm to more
than two integers (not all of which are zero). For example ged(24,27,54) =
3.

a) Compute ged(6,10,15) and lem (6,10, 15).

b) Give an example of a triple whose gcd is one, but every pair of which
has a gcd greater than one.

c) Show that there is no triple {a,b,c} whose lcm equals abc, but every
pair of which has lcm less than the product of that pair. (Hint: consider
lem(a,b)-c.)

Exercise 2.8. a) Give the prime factorization of the following numbers:
12,392, 1043, 31, 128, 2160, 487.

b) Give the prime factorization of the following numbers: 12-392, 1043 -
31, 128-2160.

¢) Give the prime factorization of: 1,250000, 633,720, and the product of
the last three numbers.
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Exercise 2.9. Use the Fundamental Theorem of Arithmetic to prove:
a) Bézout’s Lemma.
b) Euclid’s Lemma.

Exercise 2.10. For positive integers m and n, suppose that m* = n. Show
that = § with gcd(a,b) = 1 if and only if

s s ‘
m=T]p% and n=T[p% with Vi: aki=bt;.
i=1 i=1

Exercise 2.11. Let E be the set of even numbers. Let a, ¢ in E, then c is
divisible by a if there is a b € E so that ab = c¢. Define a prime p in E as a
number in E such that there are no a and b in E with ab = p.

a) List the first 30 primes in E.

b) Does Euclid’s lemma hold in £? Explain.

¢) Factor 60 into primes (in E) in two different ways.

Exercise 2.12. See exercise 2.11. Show that any number in E is a product
of primes in E. (Hint: follow the proof of Theorem 2.11, part (i).)

Exercise 2.13. See exercise 2.11 which shows that unique factorization
does not hold in E = {2,4,6,---}. The proof of unique factorization uses
Euclid’s lemma. In turn, Euclid’s lemma was a corollary of Bézout’s
lemma, which depends on the division algorithm. Where exactly does the
chain break down in this case?

Exercise 2.14. Let L = {py,p2,---} be the list of all (infinitely many)
primes, ordered according ascending magnitude. Show that p, | <
[T2, pi- (Hint: consider d =[[}_, p; and let p,, be the smallest prime
divisor of d — 1. See the proof of Theorem 2.17.)
A much stronger version of exercise 2.14 is the so-called Bertrand’s Pos-
tulate. That theorem says that for every n > 1, there is a prime in {n+
1,---,2n}. It was proved by Chebyshev. Subsequently the proof was sim-
plified by Ramanujan and Erdés [1].
Exercise 2.15. Let p and g be primes greater than 3.
a) Show that Resjs (p) = r with r € {1,5,7,11}. (The same holds for g.)

b) Show that 24 | p? —q%. (Hint: use (a) to show that p* = 24x+r* and
check all cases.)
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Exercise 2.16. A square full integer is an integer n that has a prime factor
and each prime factor occurs with a power at least 2. A square free integer
is an integer n such that each prime factor occurs with a power at most 1.
a) If n is square full, show that there are positive integers a and b such that
n=d’b’

b) Show that every integer greater than one is the product of a square free
number and a square full number.

Exercise 2.17. Let L= {py,p2,---} be the list of all primes, ordered ac-
cording ascending magnitude. The numbers E, = 1+ [, p; are called
Euclid numbers.

a) Check the primality of E; through Eg.

b) Show that E,, =4 3. (Hint: E, — 1 is twice an odd number.)

¢) Show that for n > 3 the decimal representation of £, ends in a 1. (Hint:
look at the factors of E,,.)

Exercise 2.18. Twin primes are a pair of primes of the form p and p + 2.
a) Show that the product of two twin primes plus one is a square.

b) Show that p > 3, the sum of twin primes is divisible by 12. (Hint: see
exercise 2.15)

Exercise 2.19. Show that there arbitrarily large gaps between successive
primes. More precisely, show that every integer in {n!+2,n!+3,---n!+n}
is composite for any n > 2.

The usual statement for the fundamental theorem of arithmetic includes
only natural numbers n € N (i.e. not Z) and the common proof uses in-
duction on n. We review that proof in the next two problems.

Exercise 2.20. a) Prove that 2 can be written as a product of primes.

b) Let k > 2. Suppose all numbers in {1,2,---k} can be written as a product
of primes (or 1). Show that k+ 1 is either prime or composite.

¢) Ifin (b), k+ 1 is prime, then all numbers in {1,2,---k+ 1} can be written
as a product of primes (or 1).

d) If in (b), k+ 1 is composite, then there is a divisor d € {2,---k} such
thatk+1=dd'.

e) Show that the hypothesis in (b) implies also in this case, all numbers in
{1,2,---k+ 1} can be written as a product of primes (or 1).

f) Use the above to formulate the inductive proof that all elements of N can
be written as a product of primes.
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Exercise 2.21. The set-up of the proof is the same as in exercise 2.20. Use
induction on n. We assume the result of that exercise.

a) Show that n = 2 has a unique factorization.

b) Suppose that if for k > 2, {2, -k} can be uniquely factored. Then there
are primes p; and g;, not necessarily distinct, such that

5 r
k+1=]]pi=]]a-
=1 =l

c) Show that then p; divides [];_, ¢; and so, Corollary 2.10 implies that
there is a j < r such that p; = g;.
d) Relabel the ¢;’s, so that p; = g1 and divide n by p; = ¢;. Show that

s r
a i:Ilpl gql
e) Show that the hypothesis in (b) implies that the remaining p; equal the
remaining g;. (Hint: q% <k.)

f) Use the above to formulate the inductive proof that all elements of N can
be uniquely factored as a product of primes.

Here is a different characterization of gcd and lcm. We prove it as a corol-
lary of the prime factorization theorem.

Corollary 2.23. (1) A common divisor d > 0 of a and b equals gcd(a,b) if
and only if every common divisor of a and b is a divisor of d.

(2) Also, a common multiple d > 0 of a and b equals lcm (a,b) if and only
if every common multiple of a and b is a multiple of d.

Exercise 2.22. Use the characterization of ged(a,b) and lcm (a,b) given
in the proof of Corollary 2.16 to prove Corollary 2.23.
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Exercise 2.23. We develop the proof of Theorem 2.17 as it was given by
Euler. We start by assuming that there is a finite list L of k primes. We will
show in the following steps how that assumption leads to a contradiction.
We order the list according to ascending order of magnitude of the primes.
So L={pi1,p2, -, pr} where p; =2, pp =3, p3 =5, and so forth, up to
the last prime py.

a) Show that [T¥_, pf’_"l is finite, say M.

b) Show that for » > 0,

k k k —r—1 k [ r
Di 1 1—p; —j
I I = I I — > | I — = I I p; .
s pi—l o pt-prt T 1-p! =1 (j—() '

¢) Use the fundamental theorem of arithmetic to show that there is an
o(r) > 0 such that

k r 1 a(r) 1
[I{L5)=L ¢tk
i=1 \j=0 P; (=1
where R is a non-negative remainder.
d) Show that for all K there is an r such that ¢t(r) > K.
e) Thus for any K, there is an r such that
k r K
1 1
mEs) £t
! 4 J 14
i=1 \j=0P; (=1
f) Conclude with a contradiction between a) and e). (Hint: the harmonic
series Y, % diverges or see exercise 2.24 c).)

Exercise 2.24. In this exercise we consider the Riemann zeta function for
real values of z greater than 1.

a) Show that for all x > —1, we have In(1 +x) <ux.

b) Use Proposition 2.20 and a) to show that

ng(z)= Y, 1n(1+1p;;>§ Y P-_ < Yy 16_2172'

_ —_p—z =
p prime p prime p p prime

¢) Use the following argument to show that lim ; {(z) = oo
Z nl > Z nt >/ X “dx.
n=1 n=1 1

(Hint: for the last inequality, see Figure 10.)

d) Show that b) and c) imply that }', pime p~° diverges as z \ 1.

e) Use (d) to show that — in some sense — primes are more frequent than
squares in the natural numbers. (Hint: Y, n=2 converges.)
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Figure 10. Proof that Y7, f(n) is greater than [ f(x)dx if f is posi-
tive and (strictly) decreasing.

Exercise 2.25. a) Let p be a fixed prime. Show that the probability that
two independently chosen integers in {1,--- ,n} are divisible by p tends to
1/ p? as n — oo, Equivalently, the probability that they are not divisible by
ptendsto 1 —1/p?.

b) Make the necessary assumptions, and show that the probability that two
two independently chosen integers in {1,---,n} are not divisible by any
prime tends to [T, prime (1—p~2). (Hint: you need to assume that the
probabilities in (a) are independent and so they can be multiplied.)

¢) Show that from (b) and Euler’s product formula, it follows that for 2
random (positive) integers a and b to have gcd(a,b) = 1 has probability
1/£(2) = 0.61.

d) Show that for d > 1 and integers {a;,as,---a,} that probability equals
1/8(d). (Hint: the reasoning is the same as in (a), (b), and (c).)

e) Show that for real d > 1:

o 1
1<§(d)<1+/ x*ddx:1+3
1

For the middle inequality, see Figure 11.
f) Show that for large d, the probability that gcd(ay,as, - -az) = 1 tends to
1.

Exercise 2.26. This exercise in based on exercise 2.25.

a) In the {—4,---,4}?\(0,0) grid in Z2, find out which proportion of the
lattice points is visible from the origin, see Figure 12.

b) Use exercise 2.25 (c) to show that in a large grid, this proportion tends
to 1/£(2).

¢) Use exercise 2.25 (d) to show that as the dimension increases to infin-
ity, the proportion of the lattice points Z¢ that are visible from the origin,
increases to 1.
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Figure 11. Proof that};> , f(n) (shaded in blue and green) minus f(1)
(shaded in blue) is less than [{” f(x)dx if f is positive and (strictly)
decreasing to 0.

.

Figure 12. The origin is marked by “x”. The red dots are visible from
x; between any blue dot and x there is a red dot. The picture shows
exactly one quarter of {—4,---,4}%\(0,0) C Z?.

2

Exercise 2.27. We note here that {(2) = %-.
a) Show that the irrationality of 7 implies that {(2) is irrational.

b) Show that (a) and Proposition 2.20 yield another proof of the infinity of
primes.



Chapter 3

Linear Diophantine
Equations

Overview. A Diophantine equation is a polynomial equation in two or
more unknowns and for which we seek to know what integer solutions it
has. We determine the integer solutions of the simplest linear Diophantine
equation ax + by = c. The central element this reasoning is the Euclidean
algorithm. That algorithm has much wider applications. We discuss a few
of those.

3.1. The Euclidean Algorithm

Lemma 3.1. In the division algorithm of Lemma 2.2, we have gcd(ry,rp) =
ng(l’z, r3).

Proof. On the one hand, we have r; = ¢, + 13, and so any common divisor
of rp and r3 must also be a divisor of r; (and of r;). Vice versa, since
r1 — r2q2 = r3, we have that any common divisor of r; and , must also be
a divisor of r3 (and of ). |

Thus by calculating r3, the residue of 7| modulo r,, we have simplified
the computation of ged(ry,r2). This is because 73 is strictly smaller (in ab-
solute value) than both r; and r,. In turn, the computation of ged(r,,r3) can
be simplified similarly, and so the process can be repeated. Since the r; form

43
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a monotone decreasing sequence in N, this process must end when r,,;1 =0
after a finite number of steps. We then have ged(ri,r2) = ged(r,,0) = 1.

Corollary 3.2. Given ry > ry > 0, apply the division algorithm until r, >
ruy1 = 0. Then ged(ry,rp) = ged(r,,0) = ry. Since r; is decreasing, the
algorithm always ends.

Definition 3.3. The repeated application of the division algorithm to com-
pute ged(ry, ) is called the Euclidean algorithm.

We now give a framework to reduce the messiness of these repeated
computations. Suppose we want to compute gcd(188,158). We do the
following computations:

188 = 158-1+30
158 = 30-5+8
30 = 8:3+6 )
8§ = 6142
6 = 2:3+0

We see that gcd(188,158) = 2. The numbers that multiply the r; are the
quotients of the division algorithm (see the proof of Lemma 2.2). If we call
them g;, the computation looks as follows:

= rqr+r3

rp = r3q3+ra

S - 3.1)
n—3 = Tn-2qn-—2+Tn—1
m—2 = "n—1qn—1+",
-1 = Tngn+0

where we use the convention that r,,;; = 0 while r,, # 0. Observe that with
that convention, (3.1) consists of n — 1 steps. A much more concise form
(in part based on a suggestion of Katahdin [37]) to render this computation
is as follows.

I g | g1 | | @ | g2 |

0 | 'n ‘ I'n—1 ‘ | r3 | rn | n |

(3.2)

Thus, each step riyj | r; | is similar to the usual long division, except that
its quotient g;+ is placed above r;;1 (and not above r;), while its remainder
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riyo is placed all the way to the left of of r;; ;. The example we worked out
before, now looks like this:

(3.3)

33 s |
0 | 2] 6 | 8 | 30 | 158 | 188 |

There is a beautiful visualization of this process outlined in exercise 3.2.

3.2. A Particular Solution of ax+ by =c

Another interesting way to encode the computations done in equations (3.1)
and (3.2), is via matrices.

Fi-l g 1 ri
Tl = . (3.4)
ti L 0) \riq1
Denote the matrix in this equation by Q;. Its determinant equals —1, and so
it is invertible. In fact,

0= g 1 and Q;l: 0 !

1 0 1 —gq;
These matrices Q; are very interesting. We will use them again to study
the theory of continued fractions in Chapter 6. For now, as we will see in
Theorem 3.4, they give us an explicit algorithm to find a solution to the
equation ryx+ rpy = rged(ry, r2). Note that from Bézout’s lemma (Lemma
2.5), we already know this has a solution. But the next result gives us a
simple way to actually calculate a solution. In what follows X;; means the
(i, j) entry of the matrix X.

Theorem 3.4. Give r| and r,, a solution for x andy of rix+ryy =rged(ry,r)
is given by

x:r( ;—11"'Q2_1)2.1 and y:r( ;—11"'Q2_1)2,2'
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Proof. Let r;, g;, and Q; be defined as above, and set r,,+; = 0. From equa-
tion (3.4), we have

Ti 1 [ it Tn—1 ] [N
=0 == r =rQ, 1
Tit+1 T I'n rn
Observe that r,,+1 = 0 and so ged(ry,r) = r, and
Fn=1) _ [*n-1 Yn-1 n
I'n Xn Yn rn
The theorem follows immediately by setting x = x,, and y = y,,. |

In practice, rather than multiplying all these matrices, it may be more
convenient to solve equation (3.1) or (3.2) “backward”, as the expression
goes. This can be done as follows. Start with

ged(ri,m) =1y =Tn—2—Fa—1 qn—1 ,

which follows from equation (3.1). The line above it in that same equation
gives 1,1 = -3 — 'h—2qn—2. Use this to eliminate r,_ in favor of r,_»
and r,—3. So,

ged(ri,m) = o = -2 — (rn=3 = "h—2qn—2) Gn—1
= rn72(1+anlQn72)+rn73(_anl)-

This computation can be done still more efficiently by employing the
notation of equation (3.2) again.

[ + | - | + |
| @ | g1 | gno | Gn-3 | Gn—4 |
0 | "'n | "n—1 | rn—2 | "'n—3 | "'n—4 |
| 1 | | | |
| 0 | —gqu | 1 | | |
| | | Gn1qn—2 | —qn—-1 | |
| | | | _91173(1 +Qn71qn72) | 1+gn-1gn—2 |

The algorithm proceeds as follows. Number the columns from right to left,
so that r; (in row 1) and ¢; (in row 2) are in the ith column. (The signs in
row “0” serve only to keep track of the signs of the coefficients in row 3
and below.) In the first two rows, the algorithm proceeds from right to left.
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From r;_; and r; determine ¢; and r;y| by ri_1 = riq; + ri+1. The division
guarantees that these exist, but they may not be unique (see exercise 7.17).
In rows 3 and below, the algorithm proceeds from left to right. Each column
has at most two non-zero entries. Start with column n + 1 which has only
zeroes and column n which has one 1. The bottom non-zero entry of column
i equals the sum of column i+ 1 times g; times (-1). The top non-zero entry
of column 7 equals the sum of the entries in column i+ 2. Finally, we obtain
that r, = rpx 4 r1y, where x is the sum of the entries in the 2nd column
(rows 3 and below) and y, the sum of the entries (row 3 and below) of the
Ist column.

Applying this to the example gives

|+ 1 =1+ 1 = 1 + | =

| 3|t 3] s |t | 0
0] 2] 6 | 8 | 30 | 158 | 188

1 3.5)
-1 1
3 -1
~20 4
21 —21

Adding the last two lines gives that 2 = 158(25) + 188(—21).

3.3. Solution of the Homogeneous equation ax + by = 0

Proposition 3.5. The general solution of the homogeneous equation rix +
ry = 0 is given by
)
x=k——— and y=-—k
ng(l’] s r2)

r
gcd(rl ,i’z) ’
where k € 7.

Proof. On the one hand, by substitution the expressions for x and y into the
homogeneous equation, one checks they are indeed solutions. On the other
hand, x and y must satisfy

r r

2
gcd(r1, 1) gcd(ry, ) Y
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The integers 3 (for i in {1,2}) have greatest common divisor equal

ng(:i1=r2
to 1. Thus Euclid’s lemma applies and therefore m

while —22— is a divisor of x. [ |
gcd(ry,rp)

is a divisor of y

A different proof of this lemma goes as follows. The set of all solu-
Lo L . )
tion in R? of r{x+ ryy = 0 is given by the line £ := < ¢ (teR
—r

r . . . . . .
orthogonal to . To obtain all its lattice points (i.e., points that are also
)
in Z?), both tr, and —tr; must be integers. The smallest positive number
for which this is possible, is r = ——
ged(ry,r2)

3.4. The General Solution of ax+ by =c¢

Definition 3.6. Let ry and ry be given. The equation rix+ryy =0 is
called homogeneous'. The equation rix+ ryy = ¢ when ¢ # 0 is called
inhomogeneous. An arbitrary solution of the inhomogeneous equation is
called a particular solution. By general solution, we mean the set of all

possible solutions of the full (homogeneous or inhomogeneous) equation.

It is useful to have some geometric intuition relevant to the equation
ri X
rix+rny=c. In R2, we set 7 = , X = , etcetera. The standard
r y
inner product is written as (-, -). The set of points in R? satisfying the above
inhomogeneous equation thus lie on the line m C R? given by (7,¥) = c.
This line is orthogonal to the vector 7 and its distance to the origin (mea-
sured along the vector 7) equals le

13.

The situation is illustrated in Figure

It is a standard result from linear algebra that the problem of finding
all solutions of a inhomogeneous equation comes down to to finding one

IThe word “homogeneous” in daily usage receives the emphasis often on its second syllable (“ho-
MODGE-uhnus”). However, in mathematics, its emphasis is always on the third syllable (“ho-mo-GEE-
nee-us”). A probable reason for the daily variation of the pronunciation appears to be conflation with the
word “homogenous” (having the same genetic structure). For details, see wiktionary.
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solution of the inhomogeneous equation, and finding the general solution
of the homogeneous equation.

Lemma 3.7. Ler (x(9,y)) be a particular solution of rix+ ryy = c. The
general solution of the inhomogeneous equation is given by (x(o) +21,y0 +
22) where (21,22) is the general solution of the homogeneous equation rix+
ry=0.

(rl, r2)

S

@) -

Figure 13. The general solution of the inhomogeneous equation

(F.X)=cinR?.
x0)
Proof. Let be that particular solution. Let m be the line given by
y©
(¥,X) = c. Translate m over the vector ( to get the line . Then an
-y

. . . . . 2 .
integer point on the line m’ is a solution of the homogeneous equation
22

: (¥ . . . .
if and only if on m is also an integer point (see Figure 13). W
YO 4z
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Bézout’s Lemma says that rjx + rpy = ¢ has a solution if and only if
gcd(ry,r2) | c. Theorem 3.4 gives a particular solution of that equation (via
the Euclidean algorithm). Putting those results and Proposition 3.5 together,
gives our final result.

Corollary 3.8. Given ri, rp, and c, the general solution of the equation
rix+ryy = ¢, where ged(ri,12) | ¢, is the sum of a particular solution of
Theorem 3.4 and the general homogeneous solution of rix+ryy =0 of
Proposition 3.5.

3.5. Recursive Solution of x and y in the Diophantine
Equation

Theorem 3.4 has two interesting corollaries. The first is in fact stated in
the proof of that theorem, and the second requires a very short proof. We
will make extensive use of these two results in Chapter 6 when we discuss
continued fractions.

Corollary 3.9. Given ry, ry, and the successive quotients q through g,
as in equation (3.1). Then for i € {3, ,n}, the solution for (x;,y;) in
ri = r1x; + roy; is given by:

Ti r

:Qi_l"‘Qz_l

Fit1 r
Corollary 3.10. Given r, r, and the successive quotients q, through q, as
in equation (3.1). Then x; and y; of Corollary 3.9 can be solved as follows:
X i 0 1 Xi-1 Yi-1 XLy I

= with =
Xit1  Yitl 1 —q Xi Vi X2 » 0 1

Proof. The initial condition follows, because

ri-14r-0
r-0+rm-1

n
2
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Notice that, by definition,
T riXi +r2yi Xi Vi r

i1 F1Xit1 + 12Yit1 Xit1  Yi+l 1§

From Corollary 3.9, we now have that

T ri—1 Xi Yi Xi—1 Yi-1
—1 —1
Fit+1 ri Xit+1  Yit+l Xi Yi
From this, one deduces the equations for x;;1 and y;;1. |

We remark that the recursion in Corollary 3.10 can also be expressed
as
Xipl = —giXi+Xi-1
Yi+l = —qiyitYi-1

3.6. The Chinese Remainder Theorem

We now present an important generalization of these ideas. First we need a
small update of Definition 1.2.

Definition 3.11. Let {bi};‘:l be non-zero integers. Their greatest common
divisor, gcd(by,- -+ ,by), is the maximum of the numbers that are divisors of
every b;; their least common multiple, lcm (by,--- by), is the least of the
positive numbers that are multiples of of every b;.

Surprisingly, for this more general definition, the generalization of Corol-
lary 2.16 is false. For an example, see exercise 2.7. However, other impor-
tant properties do generalize.

Lemma 3.12. Let {b;}*_, be non-zero integers.
(i) If m is a common divisor of the b;, then m | gcd(by,- - by).
(ii) If M is a common multiple of the b;, then lcm (by,---by) | M.

Proof. The proof follows from unique factorization and is similar to that of
Corollary 2.16. Suppose b; =[], pfij, where k;; > 0. Set

m;=mink;; and M; =maxk;;,
j J
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Then
N
ged(by,---by) = Hp;"" and lem(by,---by) = Hp?/li )
i=1 i=1
Any common divisor of the b; must be equal to []}_; pff with ¢; < m; and

similar for common multiples. |

Theorem 3.13 (Chinese Remainder Theorem). Let n = Hfle b;, where b;
are positive integers such that gcd (bj,b;) = 1 for i # j. The set of solutions

of
ViE{l,'--,k} L Z=p G

is given by

| =

k
Z=n Z
j=1

. n
XjCj where x; satisfies Exi =p; 1.
J 1

N

Proof. Note that gcd(n/b;,b;) = 1. So by Bézout, there are x; and y; (for
i€{l,---,k}) so that

n n
Eixi+biyi=1 < Exizhil.
For these x;, we have
ko p
Z ;x./‘ =b; 1.
j=1Yi

Thus z = ZI;: 1 biix jcj 1s a particular solution. By Lemma 3.12, the homo-
geneous equation has solution z =, 0. The proof is completed by observing
that the general solution is the sum of a particular solution plus the solutions
to the homogeneous equation. |

3.7. Polynomials

In this section, we illustrate that the division and Euclidean algorithms have
much wider applications than just the integers, see also exercises 2.2 and
2.4.

Definition 3.14. A polynomial f in Q[x] of positive degree is irreducible
over Q if it cannot be written as a product of two polynomials in Q|[x] with
positive degree. Recall (Definition 1.18) that f is minimal polynomial in
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Qx] for p if f is a non-zero polynomial in Q|x| of minimal degree such that
flp)=0.

Definition 3.15. Let f and g in Q|x|. The greatest common divisor of f and
g or ged(f,g), is a polynomial in R[x] with maximal degree that is a factor
of both f and g. The least common multiple of f and g, or lem(f,g), is a
polynomial in Q[x] with minimal degree that has both f and g as factors.

Remark 3.16. If p is minimal for p, it must be irreducible, because if not,
one of its factors with smaller degree would also have p as a root.

We mention without proof (but see exercise 2.2) that in Q[x] the divi-
sion algorithm holds: given r; and r;, then there are g, and r3 such that

ri =ryq>+r3 suchthat degree(r;) < degree(ry).

Remark 3.17. To make this valid without exceptions, we adopt the con-
vention that the degree of a non-zero constant equals 0, while the degree of
0 equals —oo. For example, if r; = r, = 1, the inequality for r3 still holds.
The student is likely already familiar with these facts.

It is important to understand that for this to work, division of coeffi-
cients is essential. For example, with coefficients in Z, we cannot express
2x? 41 as a multiple of 3x+ 1 plus a remainder of smaller degree. However,
in Q[x] we can divide coefficients and thus follow the reasoning of Section
2.1 and show the following. See also exercise 3.22).

The gcd of two polynomials can be computed in the same two ways
we have seen before, and the proofs are the same. One is done by factor-
ing both polynomials and multiplying together the common factors to the
lowest power as in the proof of Corollary 2.23. Note though that factoring
polynomials is hard. The other is applying the Euclidean Algorithm as in
equation (3.1). An example is given in exercise 3.22. The relation between
lcm and gcd of two polynomials is the same as in the proof of Corollary
2.23.

3.8. Exercises

Exercise 3.1. Let £ be the line in R? given by y = px, where p € R.

a) Show that £ intersects Z if and only if p is rational.

b) Given a rational p > 0, find the intersection of ¢ with Z2. (Hint: set
p = 7+ and use Proposition 3.5.)
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Exercise 3.2. This problem was taken (and reformulated) from [30].

a) Tile a 188 by 158 rectangle by squares using what is called a
greedy algorithm . The first square is 158 by 158. The remaining rec-
tangle is 158 by 30. Now the optimal choice is five 30 by 30 squares.
What remains is an 30 by 8 rectangle, and so on. Explain how this is a
visualization of equation (3.3). See Figure 14.

b) Consider equation (3.1) or (3.2) and use a) to show that

n
2
rirp =Y qiri .
i=2
(Hint: assume thatry >ry >0, 1, #0, and r, 1 =0.)

9By “greedy” we mean that at every step, you choose the biggest square possible and as
many of them as possible. In general a greedy algorithm always makes a locally optimal choice.

158 30

30

30

30
158

30

30

61118
6888

Figure 14. A ‘greedy’ (or locally best) algorithm to tile the the 188 x
158 rectangle by squares. The 3 smallest — and barely visible —
squares are 2 x 2. Note how the squares spiral inward as they get
smaller. See exercise 3.13.

Exercise 3.3. In (3.1), assume that | > r, > 0. What happens if you start
the Euclidean algorithm with 7, = r| -0+ r3 instead of ry =rp - g +13?
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Exercise 3.4. Apply the Euclidean algorithm to find the greatest common
divisor of the following number pairs. (Hint: replace negative numbers by
positive ones. For the division algorithm applied to these pairs (ry,r7), see
exercise 2.1)

a) 110, 7.

b) 51, —30.

c) —138, 24.

d) 272, 119.

e) 2378, 1769.

) 270, 175560.

Exercise 3.5. Determine if the following Diophantine equations admit a
solution for x and y. If yes, find a (particular) solution. (Hint: Use one of
the algorithms in Section 3.2.)

al) 110x+7y =13.

a2) 110x+7y =5.

bl) 51x—30y =6.

b2) 51x—30y =7.

cl) —138x+24y=71.

c2) —138x+24y =6.

dl) 272x+ 119y = 54.

d2) 272x+ 119y = 17.

el) 2378x+ 1769y = 300.

e2) 2378x+4 1769y = 57.

1) 270x + 175560y = 170.

2) 270x + 175560y = 150.

Exercise 3.6. Find all solutions for x and y of the following (homogeneous)
Diophantine equations. (Hint: Use one of the algorithms in Section 3.2.)
a) 110x+7y=0.

b) 51x—30y = 0.

c) —138x+24y = 0.

d) 272x+ 119y = 0.

e) 2378x+ 1769y = 0.

f) 270x + 175560y = 0.

Exercise 3.7. Find the general solution for x and y in all problems of exer-
cise 3.5 that admit a solution. (Hint: use Corollary 3.8.)

Exercise 3.8. Use Corollary 3.10 to express x; and y; in the successive
remainders r; in each of the items in exercise 3.4. (Hint: you need to know
the q; for each item in exercise 3.4.)
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ry

Exercise 3.9. Consider the line £ in R3 defined by £(&) = | r, | £, where

r3
& € R and the r; are integers.
a) Show that /(&) € 73\ {0} if and only if & = m and 1 € Z.
b) Show that this implies that if any of the r; is irrational, then ¢ has no

non-zero points in common with Z3.

Definition 3.18. The sequence {F;}7, of Fibonacci numbers F; is defined
as follows

=0, F=1, Vi>12Fi+1=Fi+Fi71.

Exercise 3.10. Denote the golden mean , or 1+2\/§ ~ 1.618, by g.

a) Show that g2 = g+ 1 and thus for n € Z: g"t! = g" +g" 1.

b) Show that F3 > g! and F», > g°.

¢) Use induction to show that F;,,» > g" forn > 0.

d) Use the fact that 5 log, (#) ~ 1.045, to show that F;.,» > 10k for
k>0.

Exercise 3.11. Consider the equations in (3.1) and assume that r,; o =0
and r,, 1 > 0.

a) Show that r, | > F» = 1 and r, > F3 = 2. (Hint: r(i) is strictly increas-
ing.)

b) Show that r; > F, 5.

¢) Suppose r; and rp in N and max{ry,rn} < F,1>. Show that the Eu-
clidean Algorithm to calculate ged(r,r;) takes at most n — 1 iterates of
the division algorithm.

Exercise 3.12. Use exercises 3.10 and 3.11 to show that the Euclidean
Algorithm to calculate ged(ry,rp) takes at most 5k — 1 iterates where
k is the number of decimal places of max{r,r;}. (This is known as
Lamé’s theorem.)
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Exercise 3.13. Apply the greedy algorithm of exercise 3.2 (a) to the rec-
tangle whose sides have length 1 and g (see exercise 3.10 (a)). At step O,
we start with the 1 x 1 square.

a) Use exercise 3.10 (a) to show at that step i, you get one g~/ x g™/ square
(see Figure 15).

b) Use exercise 3.2 (b) to show that g = Y% g_2i.

c) Use this construction, but now with a F;, | X F, Fibonacci rectangle, to
show that F, 1 F,, = Y7 Ff. For F;, see Definition 3.18.

d) Show that in polar coordinates (r,0) the red spiral connecting the cor-
ners of the squares in Figure 15 is given by r = nge/ T for some C.(Note:
this is called the golden spiral.)

/9

1g®

Figure 15. The greedy algorithm of exercise 3.2 (a) applied to the
golden mean rectangle. The spiral connecting the corners of the square
is known as the golden spiral. (In actual fact we used a 55 by 34 rectan-
gle as an approximation. An approximation to a true spiral was created
by fitting circular segments to the corners.)

Exercise 3.14. a) Write the numbers 287, 513, and 999 in base 2, 3, and 7,
using the division algorithm. Do not use a calculating device. (Hint: start
with base 10. For example:

287 = 28-10+7
28 = 2.10+8
2 = 0-10+2

Hence the number in base 10 is 2- 10> +8-10' +17-10°.)
b) Show that to write n in base b takes about log, n divisions.
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Exercise 3.15. Use Theorem 3.13 to solve:

1
2
= 3
5

2 NS RS BENEAN]

Exercise 3.16. The Fibonacci numbers F, are defined in Definition 3.18.
a) Use the method of equation (3.1) to show that ged(Fy, Fj+1) = 1.
b) Determine the ¢g; in (a).

n
. O anl Fn
¢) Use recursion to show that =
1 1 F}’l Fl’Hrl
d) Show that (c) implies that Fy, 1 F,— — Fn2 = (=1)". (Hint: in (c) take
the determinant.)

Exercise 3.17. Use Theorem 3.13 to solve:

Z =F, F,q

Z  TFhu Fy.
where F;, are the Fibonacci numbers of Definition 3.18. (Hint: you need to
use exercise 3.16 (a) and (d).)
Exercise 3.18. (The Chinese remainder theorem generalized.) Suppose
{bi}1_, are positive integers. We want to know all z that satisfy

z=p ¢ forie{l,---n}.
a) Set B = lem (by,b,---b,) and show that the homogeneous problem is
solved by
z=p0.
b) Show that if there is a particular solution then
Yi£j:c =gcd(bibj) Cj -

c¢) Formulate the general solution when the condition in (b) holds.

Exercise 3.19. Use exercise 3.18 to solve:

z =¢15
z =106
Z =15 10.

See also exercise 2.7.
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Exercise 3.20. There is a reformulation of the Euclidean algorithm that
will be very useful in Chapter 6.
a) Rewrite the example in Section 3.1 as follows.

30 _ 18
158 158
8 158
0~ 30 °
6 30
5§~ g °
2 8
6 ~ o |

Note that the right hand side is a fraction minus its integer part.
b) Now rewrite this again as

L
158~ 158/188

8 1
30 30/158

6 1

8 8/30_3
2 Ly
6 6/8

Exercise 3.21. a) Apply the Euclidean algorithm to (rj,ry) =
(14142,10000). (Hint:  you should get (qa2,---,q10) =
(1,2,2,2,2,2,1,1,29).)

b) Show that fori € {2,---,8}:

Fit1 _ 1 _\‘ 1 J
rio rict/ri Lric/ri]’

where |x| is the greatest integer less than or equal to x. (Hint: see also
exercise 3.20.)
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Exercise 3.22. For this exercise, read Section 3.7 carefully. All polynomi-
als are in Q[x] (that is: with coefficients in Q). Let p;(x) =x’ — x> +1,
pa(x) =x34x%, and e(x) =2 —x.

a) Use the Euclidean Algorithm to determine ged(p1, p2). Hint: We list the
steps of the Euclidean algorithm:

xX'=x24+1) = PB4+ -+ -x+1) + (=24241)
(F4a2) = (=2241) (—3x—3) +o(xty)
(—224+1) = (fx+4%) (—4x+4) + (=1
(Getd) = (1) (=D + (0

b) Explain why there are polynomials g, and 4, such that

P1(x)gp(x) + p2(x)hp(x) = e(x).
c¢) Use “backward solving” to find a particular solution of the equation in

(b).

d) Find the general (homogeneous) solution of

P1(x)go(x) + p2(x)ho(x) = 0.
e) Use (c) and (d) to give the general solution of the inhomogeneous equa-
tion (the one in (b)).

Exercise 3.23. All polynomials are in Q[x]. Let p(x) be a polynomial and
P (x) its derivative.

a) Show that if p(x) has a multiple root A of order k > 1, then p’(x) has
that same root of order k — 1. (Hint: Differentiate p(x) = h(x)(x — A)X.)
b) Use exercise 3.22, to give an algorithm to find a polynomial g(x) that
has the same roots as p(x), but all roots are simple (i.e. no multiple roots).
(Hint: you need to divide p by gcd(p, p').)

Exercise 3.24. Assume that every polynomial f of degree d > 1 has at
least 1 root, prove the fundamental theorem of algebra. (Hint: let p be a
root and use the division algorithm to write f(x) = (x — p)q(x) + r where
r has degree 0.)

In Proposition 11.20, we will prove that every polynomial with complex
coefficients has at least one zero in C. Together with the result of exercise
3.24, this establishes the following important theorem.

Theorem 3.19 (Fundamental Theorem of Algebra). A polynomial in C|x]
(the set of polynomials with complex coefficients) of degree d > 1 has ex-
actly d roots, counting multiplicity.

Exercise 3.25. Let f and p be polynomials in Q[x] with root p and suppose
that p is minimal (Definition 1.18). Show that p | f. (Hint: use the division
algorithm and 2.4 to write f(x) = p(x)q(x) + r(x) where r has degree less
than g.)



Chapter 4

Number Theoretic
Functions

Overview. We study number theoretic functions. These are functions de-
fined on the positive integers with values in C. In the context of number
theory, the value typically depends on the arithmetic nature of its argument
(i.e. whether it is a prime, and so forth), rather than just on the size of its
argument. An example is T(n) which equals the number of positive divisors
of n.

4.1. Multiplicative Functions

Definition 4.1. Number theoretic functions, arithmetic functions, or
sequences are functions defined on the positive integers (i.e. N) with values

in C.

Note that outside number theory, the term sequence is the one that is
most commonly used. We will use these terms interchangeably.

Definition 4.2. A multiplicative function is a sequence such that gcd(a,b) =
1 implies f(ab) = f(a)f(b). A completely multiplicative function is one
where the condition that gcd(a,b) = 1 is not needed.

Note that completely multiplicative implies multiplicative (but not vice versa).
The reason this definition is interesting, is that it allows us to evaluate the

61
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value of a multiplicative function f on any integer as long as we can com-
pute f(p*) for any prime p. Indeed, using the fundamental theorem of
arithmetic,

r r
. fl‘ gi
if ”:HP,' then f(”):Hf(Pi)a
i=1 i=1
as follows immediately from Definition 4.2.

Proposition 4.3. Let f be a multiplicative function on the integers. Then

F(n) =Y f(d)

dln
is also multiplicative.

Proof. Letn=T];_, pfi . The summation Y., f(d) can be written out using
the previous lemma and the fact that f is multiplicative:

F(n) = X o Xb o f(pi") - f(p)

4 i
= Ilio (Zai:O £ )) :
Exercise 4.3 provides a visual explanation for the second equality.

Now let a and b two integers greater than 1 and such that gcd(a,b) = 1
and ab = n. Then by the unique factorization theorem a and b can be written

as:
r N
4 2
a= H D; and b= H D;
i=1 i=r+1
Applying the previous computation to a and b yields that f(a) f(b) = f(n).

Perhaps the simplest multiplicative functions are the ones where f(n) =
n* for some fixed k. Indeed, f(n)f(m) = n*m* = f(nm). In fact, this is a
completely multiplicative function. Thus Proposition 4.3 implies that the
functions oy defined below are multiplicative.

Definition 4.4. Let k € R. The multiplicative function oy : N — R gives the
sum of the k-th power of the positive divisors of n. Equivalently:

Gk(n) = de .

din
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Note that the multiplicativity of o} follows directly from Proposition 4.3.
Special cases are when k = 1 and kK = 0. In the first case, the function
is simply the sum of the positive divisors and the subscript ‘1’ is usually
dropped. When k = 0, the function is usually called 7, and the function’s
value is the number of positive divisors of its argument.

Theorem 4.5. Let n =[]_, pfi where the p; are primes. Then for k # 0
r k(€i+1)
Pi -1
ok(n) = — >
,-g < pi—1 )
while for k =0

Proof. By Proposition 4.3, oy (n) is multiplicative, so it is sufficient to com-
pute for some prime p:

[ k(1) _
4 ik p
o(p) =) pr="——.
i=0 pr-1
Thus oy (n) is indeed a product of these terms. [ |

However, there are other interesting multiplicative functions beside the
powers of the divisors. The Mobius function defined below is one of these,
as we will see.

Definition 4.6. The Mobius function U : N — Z. is given by:
1 if n=1

u(n) = 0 if 3p>1prime with p?|n
(=1)" if n=p;---p, and p; are distinct primes

Definition 4.7. We say that n is square free if there is no prime p such that
p*ln.
Lemma 4.8. The Mobius function W is multiplicative.

Proof. By unique factorization, we are allowed to assume that

r S
n=ab  where a:pri and b= [] ph
i=1 i=r+1
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If a equals 1, then p(ab) = u(a)u(b) = 1u(b), and similar if b = 1. If either
a or b is not square free, then neither is n = ab, and so in that case, we again
have u(ab) = pu(a)u(b) = 0. If both a and b are square free, then r (in the
definition of u) is strictly additive and so (—1)" is strictly multiplicative,
hence multiplicative. |

4.2. Additive Functions

Also important are the additive functions to which we will return in Chapter
12.

Definition 4.9. An additive function is a sequence such that ged(a,b) = 1
implies f(ab) = f(a)+ f(b). A completely addititive function is one where
the condition that gcd(a,b) = 1 is not needed.

Here are some examples.

Definition 4.10. Ler (n) denote the number of distinct prime divisors of n
and let Q(n) denote the total number of prime divisors of n. These functions
are called the prime omega functions.

Soifn =TI}, pfi, then
N
on)=s and Q(n)= Z l;.
i=1

The additivity of  and the complete additivity of Q should be clear. By
way of example, since 72 = 2° - 32, 0(72) = 2 while Q(72) = 5.

4.3. Mobius inversion

Lemma 4.11. Define €(n) = Y4, 1(d). Then €(1) = 1 and for all n > 1,
g(n)=0.

Proof. Lemma 4.8 says that u is multiplicative. Therefore, by Proposition
4.3, € is also multiplicative. It follows that £([]/_, pf" ) can be calculated
by evaluating a product of terms like &(p’) where p is prime. For example,

when p is prime, we have
e(p) = pu()+u(p)=14+(-1)=0 and
e(p?) = p()+u(p)+u(p®)=1-1+0=0.
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Thus one sees that £(p) is zero unless £ = 0. [ |

Lemma 4.12. Forn € N, define
Sy = {(a,p))eN?:3d >0 suchthat d|n and ab=d} and

T,

{(a,b)eN2 :b|n and a| %} .
Then S, =1T,.
Proof. Suppose (a,b) isin S,. Then ab | n and so

ab=d

} = b|n and a|ﬁ.
d|n b

And so (a,b) is in T,,. Vice versa, if (a,b) is in T, then by setting d = ab,
we get
bln
n¢ = d|n and ab=d.
a | Z
And so (a,b) is in S,. |

Theorem 4.13. (Mobius inversion) Let F : N — C be any number theoretic
function and | the Mobius function. Then the following equation holds

F(n) = Z“,f(d)
din
if and only if f : N — C satisfies
d
) =Yu@r (2= ¥ u@re).
{(a,b):ab=d}

ald

Proof. <—: We show that substituting f gives F'. Define H as
d
H =L@ = Lur ().
din din ald a

Then we need to prove that H(n) = F(n). This proceeds in three steps. For
the first step we write ab = d, so that now

H(n) EZ‘:f(d) =) Y w@F®). 4.1)
d|n

d|n ab=d
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For the second step we apply Lemma 4.12 to the set over which the sum-
mation takes place. This gives:

Hm) =Y Y u@r®) =Y (L@ | Fo). @2
bln al} bln \a|}
Finally, Lemma 4.11 implies that the term in parentheses equals € (% ). This
equals 0, except when b = n when it equals 1. The result follows.

=—>: By the previous part, we already know one solution for f if we
are given that F'(n) = Y4, f(d). So suppose there are two solutions f and
g. We have:

F(n)=) f(d)=) s(d).

dln din
We show by induction on n that f(n) = g(n).
Clearly F(1) = f(1) = g(1). Now suppose that for i € {1,---k}, we
have f(i) = g(i). Then

F(k+l):< Z f(d)>+f(k+l)=< Z g(d)>+g(k+l).

d|(k+1), d<k d|(k+1), d<k

The desired equality for £+ 1 follows from the induction hypothesis. W

Remark 4.14. It is important that multiplicativity plays no role in this ar-
gument.

4.4. Euler’s Phi or Totient Function

Definition 4.15. Euler’s phi function, also called the totient function is de-
fined as follows: @©(n) equals the number of integers in {1,---n} that are

relative prime to n (see Figure 16).

Lemma 4.16 (Gauss’ Theorem). Forn € N: n=Y,, ¢(d).

Proof. Define S(d,n) as the set of integers m between 1 and n such that
gcd(m,n) =d:

S(d,n)={meN:m<n and gcd(m,n) =d} .
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Figure 16. The totient function ¢ (n) versus n. Its subtle structure is
clearly visible, see also exercise 4.7.

Since every for natural number m < n has a unique gcd(m,n) which is a
divisor of n, we get

nzz |S(d,n)]| .

din
Because the definition of §,, can be rewritten as

S(d,n) = {meN :m<n and gcd<%7g) = 1} 7
the cardinality |[S(d,n)| of S(d,n) is given by ¢ (%) Thus we obtain:

n=Y |S(dn) :%(P<d) '

din
As d runs through all divisors of » in the last sum, so does %. Therefore the
last sum is equal to } 4, ¢(d), which proves the lemma. [ |

Theorem 4.17. Let []/_, pf’ be the prime power factorization of n. Then
o) =nl_; (1-14).
Proof. ' Apply Mébius inversion to Lemma 4.16:

<p(d):Zu(a)§:dZ@. 43)

ald ald

1There is a conceptually simpler — but in its details much more challenging — proof if you are familiar
with the inclusion-exclusion principle. We review that proof in exercise 4.13.
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The functions y and a — }1 are multiplicative. It is easy to see that the
product of two multiplicative functions is also multiplicative. Therefore ¢
is also multiplicative (Proposition 4.3). Thus for n as given,

o(n) =@ (ﬁpf") “TIe (1) - (4.4)
i=1 i=1

So it is sufficient to evaluate the function ¢ on prime powers. Noting that
the divisors of the prime power p’ are {1, p,---p’}, we get from equation

4.3)
£ J
o oy M) 1
o(p)=p —=p (1— :
,g() P’ P
Substituting this into equation (4.4) completes the proof. |

From this proof we obtain the following corollary.

Corollary 4.18. Euler’s phi function is multiplicative.

4.5. Dirichlet and Lambert Series

We will take a quick look at some interesting series without worrying too
much about their convergence, because we are ultimately interested in the
analytic continuations that underlie these series. For that, it is sufficient that
there is convergence in any open non-empty region of the complex plane.

Definition 4.19. Let f, g, and F be arithmetic functions (see Definition
4.1). Define the Dirichlet convolution of f and g, denoted by f x g, as

(fxg)(n) =Y, fla)g(b).

ab=n

This convolution is a very handy tool. Similar to the usual convolution
of sequences, one can think of it as a sort of multiplication. It pays off to
first define a few standard number theoretic functions.

Definition 4.20. We use the following notation for certain standard se-
quences. The sequence €(n) is 1 if n =1 and otherwise returns 0, 1(n)

always returns 1, and I(n) returns n (so I1(n) = n).
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The function € acts as the identity of the convolution. Indeed,

(exg)(n) =Y €(a) g(n).

ab=n

Note that I(n) is the identity as a function, but should not be confused with
the identity of the convolution (€). In other words, I(n) =nbut I f # f.

We can now do some very cool? things of which we can unfortunately
give but a few examples. As a first example, the Mobius inversion of Theo-
rem 4.13

n)=) fld) < fd)= )  u@F(®)),

din {(a,b):ab=d}
can be more succinctly translated as follows:
F=1xf <= f=uxF. 4.5)

This leads to the next example. The first of the following equalities holds
by Lemma 4.16, the second follows from Mobius inversion (4.5).

I=1%x¢ <<= o@=uxl. (4.6)

And the best of these examples is gotten by substituting the identity € for F
in equation (4.5):

E=1xf <— f=uxe=yu. @7

Thus u is the convolution inverse of the sequence (1,1,1---). This imme-
diately leads to an unexpected® expression for 1/{(z) of equation (4.8).

Definition 4.21. Let f(n) is an arithmetic function (or sequence). A Dirichlet
series is a series of the form F(z) =Y, f( Yn~%. Similarly, a Lambert series
is a series of the form F(x) = Y5, f(n) 12~ T

The prime example of a Dirichlet series is — of course — the Riemann
zeta function of Definition 2.19, {(z) =Y 1(n)n?

Lemma 4.22. For the product of two Dirichlet series we have

(Zl f(n)nz> (Zl g(nn ) 2 (f8)(n

2A very unusual word in mathematics textbooks.
3The fact that this follows so easily, justifies the use of the word referred to in the previous footnote
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Proof. This follows easily from re-arranging the terms in the product:

y [ty (2 f(a)g(b)>
a,b>1 n=1 \ab=n

We collected the terms with ab = n. |
Can we find f(n) such that 7 =Y f(n)(n)n~*? Yes! Because Lemma
4.22 translates 1 = §(z) - ﬁ as
e=1xf.
And equation (4.7) gives that f = u, or
1 K(n)
— = . (4.8)
¢(2) n>1 nt

Recall from Chapter 2 that one of the chief concerns of number theory
is the location of the non-real zeros of {. At stake is Conjecture 2.22 which
states that all its non-real zeros are on the line Rez = 1/2. The original
definition of the zeta function is as a series that is absolutely convergent
for Rez > 1 only. Equation (4.8) converges in that same region, and so
establishes that at least in Rez > 1 there are no zeroes. A (weak) partial
result in the direction of the Riemann Hypothesis!

It is also important to establish that the analytic continuation of { is
valid for all z # 1. The next result serves as a first indication that {(z) can
indeed be continued for values Rez < 1.

Corollary 4.23. Let { be the Riemann zeta function and oy as in Definition
4.4, then

(k@)=Y %

Proof.

Lemma 4.24. A Lambert series can re-summed as follows:

Y /)i = L e
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Proof. First use that

This gives that
b o oo
X
PIIOFE D I WIOres
b=1 b=1a=1

Now set n = ab and collect terms. Noting that (1x f)(b) = ¥, f(b) yields
the result. u

Corollary 4.25. The following equality holds
X"t x

,g’l () T—x (1—x)2"
Proof. We have
Z‘I o(n) 1inxn = Z’I(l*(p)(n)x" = le(n)xn'

The first equality follows from Lemma 4.24 and the second from Lemma
4.16. The last sum can be computed as x % (1—x)~! which gives the desired
expression. |

t/2

Figure 17. A one parameter family f; of maps from the circle to itself.
For every ¢ € [0, 1] the map f; is constructed by truncating the map x —
2x mod 1 as indicated in this figure.

The last result is of importance in the study of dynamical systems. In
figure 17, the map f; is constructed by truncating the map x — 2x mod 1



72 4. Number Theoretic Functions

for ¢ € [0,1]. Corollary 4.25 can be used to show that the set of ¢ for which
f; does not have a periodic orbit has measure (“length”) zero [71,72], even
though that set is uncountable.

4.6. Exercises

Exercise 4.1. Decide which functions are not multiplicative, multiplica-
tive, or completely multiplicative (see Definition 4.2).

a) f(n) =1.
b) f(n) =2.
C)f(n):Z?zll
d) f(n) =TI, i
e) f(n)=n
f) f(n) =n*

Exercise 4.2. a) Let h(n) = 0 when n is even, and 1 when n is odd. Show
that & is multiplicative.
b) Now let H(n) = Y4, /(d). Show without using Proposition 4.3 that H is

multiplicative. (Hint: write a = 2% i pf’ by unique factorization, where

the p; are odd primes. Compute the number of odd divisors. Similarly for
b.)
¢) What does Proposition 4.3 say?

Exercise 4.3. In Figure 18 a large volume in R3 with coordinates X, y, and
z is chopped up into smaller rectangular boxes of dimensions x; by y; by
Zx as indicated. See the proof of Proposition 4.3.

a) Show that the volume of the big box equals Y| 2?2:] Yl XiY 2k
(Hint: add the volumes of the small boxes.)

b) Show that the volume of the big box equals

(X, x) (Zr;z:] y j> (Y72, 2). (Hint:  compute the dimensions of
the big box.)

Exercise 4.4. a) Compute the numbers o (n) = o (n) of Definition 4.4 for
n € {1,---,30} without using Theorem 4.5.

b) What is the only value n for which o(n) = n?

¢) Show that 6(p) = p+ 1 whenever p is prime.

d) Use (c) and multiplicativity of ¢ to check the list obtained in (a).

e) For what values of n in the list of (a) is n | 6(n)? (Hint: 6 and 28.)
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2 P : el

Figure 18. Two ways of computing the volume of a big box: add the
volumes of the small boxes, or compute the dimensions of the big box.

Exercise 4.5. a) Compute the numbers 6y (n) = T(n) of Definition 4.4 for
n e {1,---,30} without using Theorem 4.5.

b) What is the only value n for which t(n) = 1?

¢) Show that 7(p) = 2 whenever p is prime.

d) Use (c) and multiplicativity of 7 to check the list obtained in (a).

Exercise 4.6. a) Compute the numbers @(n) of Definition 4.15 for n €
{1,--+,30} without using Theorem 4.17.

b) What is ¢(p) when p is a prime?

¢) How many positive numbers less than pn are not divisible by p?

d) Use (c) and multiplicativity of ¢ to check the list obtained in (a).

Exercise 4.7. Consider Figure 19 and prove the following statements.

a) lim;_0o @(pi)/pi = 1. (Hint: use Theorem 4.17.)

b) lim;_e @(2p;)/2p; = 1/2, where p; are the odd primes.

c)Ifn; = H’f Di» then lim; e @ (n;) /n; = 0. (Hint: use Theorem 4.17 and
Proposition 2.20 plus the fact that Y.n~" diverges. Note that the n; form
a useful basis for number systems if you want to minimize division, see
exercise 1.25)

Exercise 4.8. a) Compute the numbers pt(n) of Definition 4.6 for n €
{1,---,30}.

b) What is u(p) when p is a prime?

¢) Use (c) and multiplicativity of u to check the list obtained in (a).

Exercise 4.9. Let t(n) be the number of distinct positive divisors of n.
Answer the following question without using Theorem 4.5.

a) Show that 7 is multiplicative.

b) If p is prime, show that 7(p~) = k+ 1.

¢) Use the unique factorization theorem, to find an expression for 7(n) for
neN.
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Figure 19. The fraction of numbers in {1,---,n} relatively prime to n,

or @(n)/n, versus n.

Exercise 4.10. Two positive integers a and b are called amicable if 6(a) =
o6(b) = a+ b. The smallest pair of amicable numbers is is formed by 220
and 284.

a) Use Theorem 4.5 to show that 220 and 284 are amicable.

b) The same for 1184 and 1210.

Exercise 4.11. A positive integer n is called perfect if o(n) = 2n.

a) Show that n is perfect if and only if the sum of its positive divisors less
than n equals n.

b) Show that if p and 27 — 1 are primes, then n = 271 (27 — 1) is perfect.
(Hint: use Theorem 4.5 and exercise 4.4(c).)

c) Use exercise 1.12 to show that if 2” — 1 is prime, then p is prime, and
thus n = 2P~ 1(27 — 1) is perfect.

d) Check that this is consistent with the list in exercise 4.4.
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Exercise 4.12. Draw the following directed graph G: the set of vertices
V represent 0 and the natural numbers between 1 and 50. For a,b €V, a
directed edge ab exists if 0(a) —a = b. Finally, add a loop at the vertex
representing 0. Notice that every vertex has 1 outgoing edge, but may have
more than 1 incoming edge.

a) Find the cycles of length 1 (loops). The non-zero of these represent per-
fect numbers.

b) Find the cycles of length 2 (if any). A pair of numbers a and b that form
a cycle of length 2 are called amicable numbers. Thus for such a pair?
o(b)—b=aand 6(a)—a=>b.

¢) Find any longer cycles. Numbers represented by vertices in longer cy-
cles are called sociable numbers.

d) Find numbers whose path ends in a cycle of length 1. These are called
aspiring numbers.

e) Find numbers (if any) that have no incoming edge. These are called un-
touchable numbers.

f) Determine the paths starting at 2193 and at 562. (Hint: both end in a
cycle (or loop).)

9As of 2017, about 10° amicable number pairs have been discovered.

A path through this graph is called an aliquot sequence. The so-called
Catalan-Dickson conjecture says that every aliquot sequence ends in some
finite cycle (or loop). However, even for a relatively small number such as
276, it is unknown (in 2017) whether its aliquot sequence ends in a cycle.
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Exercise 4.13. In this exercise, we give a different proof of Theorem 4.17.
It uses the principle of inclusion-exclusion [61]. We state it here for com-
pleteness. Let S be a finite set with subsets A1, A, and so on through A,.
Then, if we denote the cardinality of a set A by |A|,

)
1S—J A =18 = [S1]+[S2] =+ (= 1), 4.9)
i=1

where |Sy| is the sum of the sizes of all intersections of £ members of
{Ay,-A}.

Now, in the following we keep to these conventions. Using prime factor-
ization, write

n=TI, i,
A;={z€S|p;divides z} .
S={1,2---n} and R={1,2---r},
Iy CR suchthat |I)|=2¢.

a) Show that ¢(n) = ’S— U—, Ai|. (Hint: any number that is not co-prime

with n is a multiple of at least one of the p;.)

b) Show that [A;| = .

¢) Show that |N;ez, Ai| = n [Tiey, pl (Hint: use Lemma 3.12.)

d) Show that [Sy| = n ¥,crITics, pi

e) Show that the principle of inclusion-exclusion implies that ’S -
Al =n+n Y (=1 T crTTies, % .

f) Show that n+n ¥_, (=)' Lycrllies, 3 = n T (1 - 5.) . Notice

that this implies Theorem 4.17. (Hint: write out the product TT/_; (1 — %).)

Exercise 4.14. Let F(n) =n = Y4}, f(n). Use the Mobius inversion for-
mula (or f(n) =Yg, H(d)F (%)) to find f(n). (Hint: substitute the Mobius
function of Definition 4.6 and use multiplicativity where needed.)

Exercise 4.15. a) Compute the sets S,, and 7;, of Lemma 4.12 explicitly for
n=4andn=12.
b) Perform the resummation done in equations 4.1 and 4.2 explicitly for
n=4andn=12.



4.6. Exercises

77

Exercise 4.16. Recall the definition of Dirichlet convolution f * g of the
arithmetic functions f and g (Definition 4.19).

a) Show that the set A of arithmetic functions with addition forms an
Abelian group (see Definition 5.19).

b) Show that Dirichlet convolution is associative®, that is:

(f*g)xh=fx(gxh).
¢) Show that Dirichlet convolution is distributive over addition, that is:

fr(g+h)=frg+fxh.
d) The binary operation Dirichlet convolution has an identity & (Definition
4.20), defined by
fxe=¢exf=f.
Show that the function € of Lemma 4.11 is the identity of the convolution.
e) Show that Dirichlet convolution is commutative, that is:

freg=gxf.
(Note: In this exercise we proved that the set of arithmetic functions with

addition and convolution is a commutative ring, see Definitions 5.20 and
5.26. This ring is sometimes called the Dirichlet ring .)

4 Associativity is a property whose importance is sometimes hush-hushed a bit. We chose
to elaborate it, see exercise 5.23

Exercise 4.17. Use exercise 4.16 to prove the following:

a) Show that the Dirichlet convolution of two multiplicative functions is
multiplicative.

b) Show that the sum of two multiplicative functions is not necessarily
multiplicative. (Hint: € +€.)

Exercise 4.18. See Definition 4.10. Define f(n) = t(n®) and g(n) =29,
a) Compute w(n), f(n), and g(n) for n equals 10" and 6!.

b) For p prime, show that ©(p*) = ¥4+ 2°(@) = 2k + 1. (Hint: use The-
orem4.5.)

c¢) Show that f is multiplicative. (Hint: use that T is multiplicative.)

d) Use (d) to show that g is multiplicative.

e) Show that
t(n?) =Y 29
d|n
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Exercise 4.19. Let S(n) denote the number of square free divisors of n
with S(1) = 1 and w(n) the number of distinct prime divisors of n. See
also Definition 4.10.

a) Show that S(n) = Yy, |u(d)|. (Hint: use Definition 4.6.)

b) Show that S(n) = 20(n)  (Hint: let W be the set of prime divisors of
n. Then every square free divisor corresponds to a subset — product — of
those primes. How many subsets of primes are there in W ?)

¢) Conclude that
Y lu(d)| =200
din

Exercise 4.20. Define the Liouville A-function by A(1) =1 and A(n) =
(—1)80),
a) Compute A(10") and A(6!).
b) Show that A is multiplicative. (Hint: Q(n) is completely additive.)
c) Use Proposition 4.3 to show that F(n) = ¥4, A(d) is multiplicative.
d) For p prime, show that
k

Y Ad)=) (-1)

d|pk i=0
which equals 1 if k is even and O if k is odd.
e) Use (c) and (d) to conclude that

2

Fmy =Y a@={ Tnr=m.

an else

Exercise 4.21. Let f be a multiplicative function.
Define g(n) =Yg/, 1(d)f(d), where u is the Mobius function.
a) Show that f(1) = 1.
b) Show that fu (their product) is multiplicative.
c) Use Proposition 4.3 to show that g(n) is multiplicative.
d) Show that if p is prime, then ¢(p*) = (1) — f(p) = 1— f(p).
e) Use (c) and (d) to show that
gn) =) wd)fd)= T @—flp).

dln p prime, p|n

Exercise 4.22. Use exercise 4.21 (e) and the definition of @ in exercise
4.18 and A in exercise 4.20 to show that

Y u(d)A(d) =22 .
din
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Exercise 4.23. a) Show thatforalln € N, u(n)u(n+1)u(n+2)u(n+3) =
0. (Hint: divisibility by 4.)
b) Show that for any integer n > 3, Y7, p(k!) = 1. (Hint: use (a).)

Exercise 4.24. a) Use Euler’s product formula and the sequence pt of Def-
inition 4.6 to show that

1 _ i —iz
tg - L (=p= I (L uehr ™).

2 p prime p prime \i>0
b) Without using equation (4.7), prove that the expression in (a) equals
Yo>1 u(n)n~. (Hint: since W is multiplicative, you can write a proof
re-arranging terms as in the first proof of Euler’s product formula.)

Exercise 4.25. a) Use equation (4.8) to show that
(e1) _y 0 g ul0)
¢@2) 1@ oz b .
b) Show that I« u = ¢.
¢) Use Lemma 4.22, (a), and (b) to show that

Sem1) _y o)

C(Z) n>1

Exercise 4.26. a) Use Corollary 4.23 to show that
oil@) v w(b)
Se-p=Y XLy B
a1 Yop>

b) Show that
L(z—k)= Y (opxp)(n)n=,

n>1
where * means the Dirichlet convolution (Definition 4.19).

Exercise 4.27. Show that {(z) has no zeroes and no poles in the region
R(z) > 1. (Hint: use that {(z) converges for R(z) > 1 and (4.8).)






Chapter 5

Modular Arithmetic and
Primes

Overview. We return to the study of primes in N. This is related to the
study of modular arithmetic (the properties of addition and multiplication
in Zy), because a € N is a prime if and only if there are no non-trivial divi-
sors or, expressed differently, there is no 0 < b < a so that a =5, 0. Modular
arithmetic concerns itself with computations involving addition and mul-
tiplication in Z modulo b, denoted by Z, i.e. calculations with residues
modulo b (see Definition 1.8). One common way of looking at this is to
consider integers x and y that differ by a multiple of b as equivalent (see
exercise 5.1). We write x ~ y. One then proves that the usual addition and
multiplication is well-defined for these equivalence classes. This is done in
exercise 5.2.

5.1. Euler’s Theorem and Primitive Roots

The order of an element g is the smallest positive integer k such that g x g *
---x g, repeated k times and usually written as g, equals e. One can show
that the elements {e,g,g°,---,g" "'} also form a group (Definition 5.19).
More details can be found in [28], [54], or [34]. In the case at hand, Z;, we
have a structure with two operations, namely addition with identity element
0 and multiplication with identity element 1. We could therefore define
the order of an element in Z;, with respect to addition and with respect to

81
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multiplication. As an example, we consider the element 3 in Z7 (see Figure
20):

3+34+3+343+343=0 and 3-3-3-3-3.3=;1.
The first gives 7 as the additive order of 3, and the second gives 6 for the

multiplicative order. For our current purposes, however, it is sufficient to
work only with the multiplicative version.

& e

® ® ® ® ®

ool @/Qg/)@
\@ ® @ ®

Figure 20. Left, the orbits in Z7 under addition of 3; middle, the orbits
under multiplication by 3; and right, the orbit under multiplication by 2.
Observe that the multiplicative graphs are not connected and have less

symmetries.

Definition 5.1. The (multiplicative) order of a modulo b, written as Ord; (a),
is the smallest positive number k such that a* =, 1. (If there is no such k,

the order is .)

Recall that ¢ denotes Euler’s phi or totient function (Definition 4.15).

Definition 5.2. i) A complete set of residues modulo b is a set of b integers
in Z that has exactly one integer in each congruence class (modulo b).

ii) A reduced set of residues modulo b is the subset of (i) of elements that
are relatively prime to b (gcd(a,b) = 1).

As an example, the set {0,1,2,--- 11} is a complete set of residues
modulo 12, while {1,5,7,11} is a reduced set of residues modulo 12.

Lemma 5.3. Suppose gcd(a,b) = 1. If the numbers {x;} form a complete
set of residues modulo b (reduced set of residues modulo b), then {ax;} is a
complete set of residues modulo b (reduced set of residues modulo b).
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Proof. Let {x;} be a complete set of residues modulo b. Then the b numbers
{ax;} form complete set of residues unless two of them are congruent. But
that is impossible by Theorem 2.7.

Let {x;} be a reduced set of residues modulo b. Then, as above, no two
of the @(b) numbers {ax;} are congruent modulo b. Furthermore, Lemma
2.15 implies that if gcd(a,b) = 1 and ged(x;,b) = 1, then ged(ax;,b) = 1.
Thus the set {ax;} is a reduced set of residues modulo b. [ |

Theorem 5.4 (Euler). Let a,b > 1 and ged(a,b) = 1. Then a®®) = 1.

Proof. Let {x; ;p:(ll’) be a reduced set of residues modulo ». Then by Lemma

5.3, {axi};p:(f) is areduced set of residues modulo 5. Because multiplication
is commutative, we get

o(b) o(b) o(b)

H Xi =b H axi =p a®®) H Xi

i=1 i=1 i=1

Since ged(xj,a) = 1, Lemma 2.15 implies that ged (H;P,(lf) xi,a) = 1. The

cancelation theorem applied to the equality between the first and third terms
proves the result. |

Euler’s theorem says that @(b) is a multiple of Ord;; (a). But it does
not say what multiple. In fact, in practice, that question is difficult to decide.
It is of theoretical importance to decide when the two are equal.

Definition 5.5. Let a and b positive integers with ged(a,b) = 1. If Ord; (a) =
©(b), then a is called a primitive root modulo b.

For example, the smallest integer k for which 3 =7 1 is 6 (see Figure
20). Since @(7) = 6, we see that 3 is a primitive root of 7. Since multi-
plication is well-defined in Z7, it follows that (3 +7k)® =7 3% =7 1. Thus
{--+—4,3,10,--- } are all primitive roots of 7. The only other non-congruent
primitive root of 7 is 5. Not all numbers have primitive roots. For instance,
8 has none.

The importance of the notion of primitive root is perhaps more easily

remembered via the next lemma.

Lemma 5.6. a is a primitive root modulo b if and only if the orbit
{a" mod b};p:(ll’) contains all reduced residues modulo b.
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Proof. If a is a primitive root, then all values of {a' mod b}?:(i') must be

distinct, because if @’ = a’ for some i > jin {1,---,@(b)}, then @'~/ = 1,
contradicting that a is a primitive root.

We prove the contrapositive! of the other direction. If @’ =; 1 for some
positive i less than @(b), then a'*! =}, a and the numbers start repeating so
that {a’ mod b}lfp:“f) cannot contain all reduced residues modulo b. n

The salient fact about prime roots is that we know exactly when they
occur. An accessible proof of Theorem 5.7 (i) can be found in [18]chapter
8 and part (ii) in [4]chapter 10.

Theorem 5.7. i) An integer n has a primitive root if and only if n equals 1,
2, 4, p~, or 2p¥, where p is an odd prime and k > 1.

ii) If n has a primitive root g, then it has @ (@(n)) primitive roots given by
g' for every i such that gcd(i, o(n)) = 1.

The primitive root also has interesting connections with day-to-day
arithmetic, namely the expression of rational numbers in any base. We use
base 10 as an example.

Proposition 5.8. Ler a and n greater than 0 and ged(a,n) = ged(10,n) = 1.
The expansion of a/n in base 10 is non-terminating and eventually periodic
with period p, where (i) p = Ord, (10) and (ii) p | ¢(n).

Proof. The proof proceeds in steps, each of which uses the division algo-
rithm. Start by reducing a modulo » and call the result ry.

a=nqgo+ro,
where rg € {0,---n—1}. Lemma 3.1 implies that gcd(a,n) = ged(r,n) = 1.
So in particular, ry # 0. The integer part of a/n is go. The next step is:

10
rl:{ ro} or 10ry=nq;+ry,
n n

where again r; € {0,---n—1}.

Note that 0 < 10rp < 10n and so ¢; € {0,---9}. We now record the first
digit “after the decimal point” of the decimal expansion: ¢;. By Lemma 3.1,

IThe contrapositive of (P = Q) is (7Q =7P) (or: not Q implies not P) and holds if and only if the
former holds.
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we have gcd(10rp,n) = ged(ry,n). In turn, this implies via Lemma 2.15 that
gcd(ro,n) = ged(ry,n). And again, we see that r; # 0.

The process now repeats itself.

10
1’2::{ rl} or 10(10ro—nq|) =nga+r,
n n N

r
and we record the second digit after the decimal dot, g» € {0,---9}. By the
same reasoning, gcd(r2,n) = 1 and so r # 0. One continues and proves by
induction that ged(r;,n) = 1. In particular, r; # 0, so the expansion does not
terminate.

Since the remainders r; are in {1, ---n— 1}, the sequence must be even-
tually periodic with (least positive) period p. At that point, we have

10575 =, 10% 7.

By Theorem 2.7, we can cancel the common factors 10% and ry, and we
obtain that 10”7 =, 1. Since p is the least such (positive) number, we have
proved (i). Item (ii) follows directly from Euler’s Theorem. |

Of course, this proposition easily generalizes to computations in any
other base b. As an en example, we mention that if gcd(a,n) =1 and b is a
primitive root of n, then the expansion of a/b has period ¢ (n).

The next result follows by setting y = x + k@ (b) in ¢” and applying
Euler’s theorem. It has important applications in cryptography.

Corollary 5.9. Let a and b be coprime with b > 1.

X =)y = da =p a@.

5.2. Fermat’s Little Theorem and Primality Testing

Euler’s theorem has many other important consequences. It implies what
is known as Fermat’s little theorem, although it was not proved by Fermat
himself, since, as he writes in the letter in which he stated the result, he
feared ““its being too long” [18][Section 5.2]. Not an isolated case, it would
appear!

Corollary 5.10 (Fermat’s little theorem). If p is prime and gcd(a, p) =1,
then a’~! =p L.
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This follows from Euler’s Theorem by noticing that for a prime p,
¢(p) = p— 1. There is an equivalent formulation which allows p to be
a divisor of a. Namely, if p is prime, then a” =, a. Notice that if p | a, then
both sides are congruent to 0.

Primes are of great theoretical and practical value (think of encryption,
for example). Algorithms for primality testing are therefore very useful.
The simplest test to find out if some large number # is prime, consists of
course of applying some version of Eratosthenes’ sieve to the positive inte-
gers less than or equal to /n. To carry this out, we will have to perform on
the order of y/n divisions.

Another possibility is to use the converse of Fermat’s little theorem
(Corollary 5.10). If n and p are distinct primes, we know that p"~! =, 1.
The Fermat primality test for n consists of testing, for example, whether
2n=1 — 1. If that fails, we know that # is not prime. However, the converse
of Fermat’s little theorem is not true! So even if 271 =, 1, it could be that
n is not prime; we will discuss this possibility at the end of this section. As
it turns out, primality testing via Fermat’s little theorem can be done much
faster than the naive method, provided one uses fast modular exponentiation
algorithms. We briefly illustrate this technique by computing 113*° modulo
341.

Start by expanding 340 in base 2 as done in exercise 3.14, where it was
shown that this takes on the order of log, 340 (long) divisions.

340 = 170-2+0
170 = 85-240
8 = 42.2+41
42 = 21240
21 = 10-2+1
10 = 5240
5 = 2241
2 = 1240
1 = 0.2+1

And so
340 = 101010100 inbase 2.

Next, compute a table of powers 112i modulo 341, as done below. This
can be done using very few computations. For instance, once 113 =341 143
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has been established, the next up is found by computing 143% modulo 341,
which gives 330, and so on. So this takes about log, 340 multiplications.

1Y =3 11
112 =44 121
1% =3 319
113 =34 143
116 =34 330
1132 =34 121
1| 1% =3, 319
0118 =3, 143
1| 1176 =3 330

The first column in the table thus obtained now tells us which coefficients
in the second we need to compute the result.

11340 =34, 330-319-330-319 =34; 132.

S |= O = OO

Again, this takes no more than log, 340 multiplications. Thus altogether, for
a number n and a computation in base b, this takes on the order of 2log, n
multiplications plus log, n divisions”. For large numbers, this is much more
efficient than the /n of the naive method.

As mentioned, the drawback is that we can get false positives. While
there are partial converses to Fermat’s little theorem, they do not yield com-
putationally efficient improvements (see exercise 5.20).

Definition 5.11. The number n € N is called a pseudoprime to the base b
if gcd(b,n) = 1 and b"~' =, 1 but nonetheless n is composite. (When the
base is 2, the clause to the base 2 is often dropped.)

Some numbers pass all tests to every base and are still composite.
These are called Carmichael numbers. The smallest Carmichael number
is 561. It has been proved [57] that there are infinitely many of them.

Definition 5.12. The number n € N is called a Carmichael number if it is
composite and it is a pseudoprime to every base.

2Divisions take more computations than multiplications. We do not pursue this here.
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The smallest pseudoprime is 341, because 2340 —;/, 1 while 341 =
11-31. In this case, one can still show that 341 is not a prime by using a
different base: 3340 =34; 56. Thus by Fermat’s little theorem, 341 cannot
be prime.

The reason that the method sketched here is still useful is that pseu-
doprimes are very much rarer than primes. The numbers below 2.5 - 10!°
contain on the order of 10° primes. At the same time, this set contains only
21853 pseudoprimes to the base 2. There are only 1770 integers below
2.5-1010 that are pseudoprime to the bases 2, 3, 5, and 7. Thus if a number
passes these four tests, it is overwhelmingly likely that it is a prime.

5.3. Fermat and Mersenne Primes

Through the ages, back to early antiquity, people have been fascinated by
numbers, such as 6, that are the sum of their positive divisors other than
itself, to wit: 6=14+2+3. Mersenne and Fermat primes, primes of the form
2k 41, have also attracted centuries of attention. Note that if p is a prime
other than 2, then p* + 1 is divisible by 2 and therefore not a prime.

Definition 5.13. (i) The Mersenne numbers are My = 2¥ — 1. Mersenne
prime is a Mersenne number that is also prime.

(ii) The Fermat numbers are F, = 22 + 1. A Fermat prime is a Fermat
number that is also prime.
(iii) The number n € N is called a perfect, if o(n) = 2n.

Lemma 5.14. (i) If ab =k, then (2" —1) | (2¥—1).
(ii) If ab = k and a is odd, then (2° +1) | (2K+1).

Proof. We only prove (ii); (i) can be proved similarly. So suppose that a is
odd, then

=y 1= 2% =y (F1) =y 1 = 2P+ 1=,, 0
which proves the statement. Notice that this includes the case where b = 1.
In that case, we have 3 | (24 4+ 1) (whenever a odd). [ |

A proof using geometric series can be found in exercise 1.12. This

lemma immediately implies the following.

Corollary 5.15. i) If 25 — 1 is prime, then k is prime.
ii) If 2 4 1 is prime, then k =2".
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So candidates for Mersenne primes are the numbers 2” — 1 where p is
prime. This works for p € {2,3,5,7}, but 2!! — 1 = 2047 is the monkey-
wrench. It is equal to 23 - 89 and thus is composite. After that, the Mersenne
primes become increasingly sparse. For example, 8 of the first 11 Mersenne
numbers are prime (M;;, M3, My9 are not prime). However, among the
first approximately 2.3 million Mersenne numbers, only 45 give Mersenne
primes. As of this writing (2021), it is not known whether there are infin-
itely many Mersenne primes. In 2020, a very large Mersenne prime was
discovered: 282789933 _ 1 Mersenne primes are used in pseudo-random
number generators.

Turning to primes of the form 2% + 1, the only candidates are F, = 22 +
1. Fermat himself noted that F; is prime for 0 < r <4}, and he conjectured
that all these numbers were primes. Again, Fermat did not quite get it right!
It turns out that the 5-th Fermat number, 232 + 1, is divisible by 641 (see
exercise 5.11). In fact, as of this writing in 2017, there are no other known
Fermat primes among the first 297 Fermat numbers! Fermat primes are also
used in pseudorandom number generators.

Lemma 5.16. If 2K — 1 is prime, then k > 1 and 28~ (2% — 1) is perfect.

Proof. If 2 — 1 is prime, then it must be at least 2, and so k > 1. Let
n =212k —1). Since o is multiplicative and 2¥ — 1 is prime, we can
compute (using Theorem 4.5):

k=1
o(n)=c(2*NHo@2k-1)= (Z 21‘) k= (2k—1)2k=2n
i=0
which proves the lemma. |

Theorem 5.17 (Euler’s Theorem). Suppose n > 0 is even. Then n is of the
form 2k=1(2K — 1) where 2K — 1 is prime if and only if n is perfect.

Proof. One direction follows from the previous lemma. Thus we only need
to prove that if an even number n is perfect, then it is of the form stipulated.

Since n is even, we may assume n = g2~ where k > 2 and g is odd.
Using multiplicativity of ¢ and the fact that ¢ (n) = 2n:

o(n)=o0o(q)(2*—1)=2n=¢q2".
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Thus
2K ~1)o(g)—2¢g=0. (5.1)
Since 2F — (28 — 1) = 1, we know by Bézout that ged((2F —1),2¥) = 1. Thus
Proposition 3.5 implies that the general solution of the above equation is:
g=02"—1)r and o(q) =2, (5.2)
where ¢ > 0, because we know that g > 0.
Assume first that 7 > 1. The form of ¢, namely ¢ = (2€ — 1)z, allows us
to identify at least four distinct divisors of g. This gives that
olg) > 1+t+ 2 =)+ —1)r=2k+1).
This contradicts equation (5.2), and sot = 1.
Now use equation (5.2) again (with # = 1) to get that n = q2k’1 =
(2% — 1)2¥! has the required form. Furthermore, the same equation says
that 6(g) = o(2X — 1) = 2% which proves that 2F — 1 is prime. [ |

It is unknown at the date of this writing (2021) whether any odd perfect
numbers exist.

5.4. A Divisive Issue: Rings and Fields

® 324
—2 & (P
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Figure 21. Left: the relation « is an additive inverse mod 6 of b. Right:
the relation a is an multiplicative inverse mod 6 of b.

The next result is a game changer! It tells us that there is a unique
element a~! such that aa~! =, 1 if and only if a is in the reduced set of
residues (modulo b). Thus division is only well-defined in the reduced set
of residues modulo b. So, for example, the reduced set of residues modulo
15 equals {1,2,4,7,8,11,13,14}. In this group, we can multiply and divide
all we want. For example, the inverse of 8 in Z;s is 2 because 8§-2 =5 1.
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In fact, this set forms a nice Abelian group (defined below) under multipli-
cation. Another illustration is given in Figure 21 for Zg. On the left, we see
that every element has an additive inverse. So, for example 4 42 =¢ 0, and
so 4 and 2 are additive inverses. Notice that the relation is symmetric, so
the edges in the graph have no arrows on them. However, on the right, we
see that only 5 and 1 have a multiplicative inverse. So 5% =¢ 1 and similar
for 1. Since 7 is a prime, all elements of Z; except 0 have multiplicative
inverses modulo 7 (see Figure 22).

© S
—O® @VC@
O——® @ ®

Figure 22. Left: the relation a is an additive inverse mod 7 of b. Right:
the relation « is an multiplicative inverse mod 7 of b.

®

Proposition 5.18. Let R be a reduced set of residues modulo b. Then
i) for every a € R, there is a unique ' in R such that d'a =p ad’ = 1,
ii) for every a ¢ R, there exists no x € Zy, such that ax = 1,

iii) let R = {x; ?®) then also R = {x;! 9(b)

i=1" i i=1"

Proof. Statement (i): Since gcd(a,b) = 1, the existence of a solution fol-
lows immediately from Bézout’s Lemma. Namely a’ solves for x in ax +
by = 1. This solution must be in R, because a, in turn, is the solution of
a'x+by =1 and thus Bézout’s Lemma implies that gcd(a’,b) = 1. Suppose
we have two solutions ax =;, 1 and ay =; 1, then uniqueness follows from
applying the cancelation Theorem 2.7 to the difference of these equations.

Statement (ii): By hypothesis, gcd(a,b) > 1. We have that ax = 1 is
equivalent to ax + by = 1, which contradicts Bézout’s lemma.

Statement (iii): This is similar to Lemma 5.3. By (1), we know that all
inverses are in R. So if the statement is false, there must be two elements
of R with the same inverse: ax =, cx. This is impossible by cancellation
(Theorem 2.7). |
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What this means is that in structures like Z; addition and multiplication
have a complicated relationship. Under addition, they form a group.

Definition 5.19. A group is defined as a set G with an operation * satisfy-
ing: o

i) G is closed under the operation, or all a, b in G, axb € G.

ii) The operation is associative or (a*b)xc = ax* (bxc).

iii) R has an identity element e and for all a in G, axe = exa = a.

iv) Each a € G has an inverse a— such that axa ' =a 'xa=e.
The group is called Abelian group if the operation is commutative or axb =

bxa).

It is important to realize that not all groups are commutative. The small-
est non-commutative group is the group of symmetries of an equilateral tri-
angle, S3, with the composition as the group operation (see Figure 23). This
group is isomorphic to the group of permutations of the symbols {1,2,3}.
Thus the refection in the line through 1 in the triangle corresponds to swap-
ping 2 and 3, while one possible rotation corresponds to 1 — 2,2 — 3, and
3 — 1. The figure that the order in which we carry out the operations affects
the outcome.

Figure 23. The group of symmetries of an equilateral triangle, S, is
not commutative. The group operation is composition. In the top row,
we perform first a rotation given by 1 — 2,2 — 3, and 3 — 1 and then
a refection in the dotted line through 1. In the bottom row, the reverse.

The additive group Zj, is generated by the element 1, because repeated
addition of 1 gives the entire group. This also makes it clear that we can
not leave any elements out and still obtain an additive group. But under
multiplication, the story is more complicated. There is no multiplicative
inverse of 0. But even if we exclude 0, then according to Proposition 5.18,
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we only get a multiplicative group if b is prime. Indeed, in general we only
get a multiplicative group if we further restrict to the reduced set of residues
modulo b. Let us illustrate the point by showing the tables for multiplication
in Zs and Zg. In the latter case, the only multiplicative group consists of the
elements 1 and 5.

Ze(x) |0 1]2]3]4]5
Zs(x) | 0|1|2]3]4 5()

0o lJolololololo
0 Jololololo

1 Jol1|2]34]s
1 Joli[2]3]4

2 lol2l4alo]2]4
2 Jol2lal1]3

3 Jlol3l0]3]0]3
3 Jol3l1]4a]2

4 Jolalololal2
4 Jolalsl2]1

5 Jols|al3|2]1

The optimistic reader might be inclined to think that maybe not all is
lost, as long as things work for the most important number system, Z itself.
Alas, a moment’s thought reveals that multiplication in Z, like multiplica-
tion in Z; for b non-prime, does not have an inverse. Thus our hand is
forced, and we define a structure where addition has all the nice properties
— in particular, it has an inverse — and where we are a bit more prudent in
assigning the characteristics of multiplication.

Definition 5.20. A ring is defined as a set R which is closed under two op-
erations, usually called addition and multiplication, and has the following
properties:

i) R with addition is an Abelian group (with additive identity 0).

ii) Multiplication in R is associative (see exercise 5.23).

iii) Multiplication is distributive over addition (that is: a(b+ c) = ab+ bc
and (b+c)a = ba+ca).

iv) R has a (multiplicative) identity denoted by 1 and 0 # 1.

A commutative ring is a ring in which multiplication is commutative.

Remark 5.21. Note that N is not a ring, because addition is not invertible.
We will from here on out consider the primes as a subset of Z.

Remark 5.22. We will assume rings to be commutative and drop the ad-
jective “commutative” for brevity, unless needed for clarity.

Remark 5.23. The requirement that O # 1 only excludes the O ring (R =

{Oh).
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Remark 5.24. An important example of an “almost ring” are the multiples
nZ in Z for n > 1. Indeed, that set satisfies all the requirements of a ring
except that it does not have a multiplicative identity. This is sometimes
called a rng.

Definition 5.25. A unit in a ring is an element that has a multiplicative
inverse in the ring. This is also called an invertible element.

On the other hand, other important sets, such as Q, R, or C, do have
a well-defined multiplicative inverse (again excepting 0) much like Z,, for
p prime. Thus we also need to define a structure where multiplication is
treated on more equal footing with addition — it has an inverse.

Definition 5.26. A field is a commutative ring for which multiplication by
a non-zero number has an inverse. Equivalently, considered as a ring, all
non-zero elements are units.

But in generally, the words division and multiplicative inverse have to
be used carefully in a ring.

Definition 5.27. Let a, b, and x in a ring. We say that b is a divisor of a
and write b | a if there is a solution x of bx = a.

The sets Z, Q, and Z, are all examples of rings, but of these only Q and
Z,, with p prime are fields, because all elements are invertible as we saw in
Proposition 5.18. The field of the integers modulo a prime p will be from
now be denoted by F,,, where p is understood to be a prime.

Rings and fields occur in all kinds of other situations and applications.
We already looked at one interesting example of a ring, namely the arith-
metic functions with addition and convolution as operations (exercise 4.16).
Here are some other examples of rings that are not fields. Real numbers of
the form a + bv/3 where a and b in Z, complex numbers of the form a + ib
or those of the form a + ib\@ where a and b in Z. Other examples are the
n by n matrices (n > 2). We have already seen the polynomials with ra-
tional coefficients exercise 3.22. They also form a ring. All of these rings
have different properties. For instance, the ring of n by n matrices is not
commutative. We will see later that not all rings (that are not fields) have
primes.

It is useful to reflect a moment on how the absence of division influ-
ences how we think about such sets. It is precisely that curious absence that
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brings us to the study of primes, integers that have no non-trivial divisors at
all. The situation in fields like Z, (for prime p) or R is very different! Here
multiplication does have an inverse, and thus given a and b not equal to 0,
we can always write a as a non-trivial product as follows:

a=, (ab)b".

Here is another interesting observation. If we extend the integers to the
rationals Q, we obtain a field. Thus the problem of where the primes are
goes away: in Q (or R) we can always divide (except by 0), and there are
no primes. Of course, since, even in mathematics, nothing is perfect, in the
rationals we have other problems. If we allow the integers to be arbitrarily
divided by other integers, we obtain the field of the rational numbers. 1t
was a source of surprise and mystery to the ancients, that within the rational
numbers we still cannot solve for x in x*> = 2, although we can get arbi-
trarily good approximations. Those ‘gaps’ in the rational numbers, are the
irrational numbers. We are then left with the thorny question of whether
the reals containing both the rational and the irrational numbers still have
gaps. How can we approximate irrational numbers using rational numbers?
How can we calculate with the reals? Well, among other things you have to
learn how to take limits, which is a whole other can of worms.

5.5. Wilson’s Theorem

We end this chapter with one important application of division in Z,.

Lemma 5.28. Let p be prime. Then a* =p lifand only if a =, £1. Equiv-
alently, a € Z,, is its own multiplicative inverse if and only if a =, £1.
Proof. We have
ad=,1 = d—1=p(a+1)(a—1)=,0 < p|(a+1)(a—1).
Because p is prime, Corollary 2.9 says that the last statement holds if and
only if either p |a+1 (and so a =p—Dorp |a—1 (and so a =,+D. N
Perhaps surprisingly, this last lemma is false if p is not prime. For

example, 42 =5 1, but 4 #;5 £1.

Theorem 5.29 (Wilson’s theorem). If p prime in Z, then (p—1)! =, —1.
If b is composite, then (b—1)! #£, +1.
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Proof. This is true for p is 2 and 3. If p > 3, then Proposition 5.18 (3) and
Lemma 5.28 imply that every factor a; in the product (p — 1)! other than -1
or 1 has a unique inverse a; different from itself. The factors a; run through
all factors 2 through p — 2 exactly once. Thus in the product, we can pair
each a; different from +1 with an inverse a; distinct from itself. This gives

(p—1)!=p (+1) (=D ]Jaai=p -1.

The second part is easier. If b is composite, there are least residues a
and d greater than 1 so that ad =, 0. Now either we can choose a and d
distinct and then (b — 1)! contains the product ad, and thus it equals zero
mod b. Or else this is impossible and there exists a such that a> =, 0. But
then still ged((b—1)!,b) is a multiple of a. Then, by Bézout, (b —1)! mod
b cannot be equal to +1. |

Wilson’s theorem could be used to test primality of a number n. How-
ever, this takes n multiplications, which in practice is more expensive than
trying to divide n by all numbers less than /n. Note, however, that if you
want to compute a list of all primes between 1 and N, Wilson’s theorem
can be used much more efficiently. After computing (k— 1)! mod k to de-
termine whether k is prime, it takes only 1 multiplication and 1 division to
determine whether k+ 1 is prime.

5.6. Exercises

Exercise 5.1. a) Let m > 0. Show that a =, b is an equivalence relation

on Z. (Use Definitions 1.7 and 1.28.)

b) Describe the equivalence classes of Z modulo 6. (Which numbers in Z

are equivalent to 0? Which are equivalent to 1? Et cetera.)

c) Show that the equivalence classes are identified by their residue, that is:

a ~ b if and only if Res,, (a) = Resy, (b).
Note: If we pick one element of each equivalence class, such an element
is called a representative of that class. The smallest non-negative represen-
tative of a residue class in Z,,, is called the least residue (see Definition
1.8). The collection consisting of the smallest non-negative representative
of each residue class is called a complete set of least residues.
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Exercise 5.2. This exercise relies on exercise 5.1. Denote the set of equiva-
lence classes of Z modulo m by Z,, (see Definition 1.7). Prove that addition
and multiplication are well-defined in Z,,, using the following steps.

a) If a =, d and b =, D', then Res,, (a)+ Res,;, (b) = Res;, (d') +
Res,, (b'). (Hint: show that a+b = c if and only if a+b =, c. In other
words: the sum modulo m only depend on Resy, (a) and Resy, (b) and not
on which representative in the class (see exercise 5.1) you started with.)
b) Do the same for multiplication.

Exercise 5.3. Letn= Z{.‘Zl a;10" where ¢; € {0,1,2,---,9}.

a) Show that 10 =3 1 for all k > 0. (Hint: use exercise 5.2.)

b) Show that n =3 YX_, a;.

c) Show that this implies that n is divisible by 3 if and only the sum of its
digits is divisible by 3.

Exercise 5.4. Let n =YX | a;10" where a; € {0,1,2,---,9}. Follow the
strategy in exercise 5.3 to prove the following facts.

a) Show that »n is divisible by 5 if and only if ag is. (Hint: Show that
n=sap.)

b) Show that n is divisible by 2 if and only if ay is.

c¢) Show that n is divisible by 9 if and only if Zf.‘zl a; is.

d) Show that n is divisible by 11 if and only if Zf‘:l (—1)ia; is.

e) Find the criterion for divisibility by 4.

f) Find the criterion for divisibility by 7. (Hint: this is a more complicated
criterion!)

Exercise 5.5. a) Determine the period of the decimal expansion of the
following numbers: 100/13, 13/77, and 1/17 through long division.

b) Use Proposition 5.8 to determine the period.

¢) Check that this period equals a divisor of ¢(n).

d) The same questions for expansions in base 2 instead of base 10.

Exercise 5.6. a) Compute 2"~! mod n for n odd in {3---40}.
b) Are there any pseudo-primes in the list?

Exercise 5.7. Assume that n is a pseudoprime to the base 2.

a) Show that 2" —2 =, 0.

b) Show from (a) that n | M,, — 1. (See Definition 5.13.)

¢) Use Lemma 5.14 to show that (b) implies that M, | M=
d) Conclude from (c) that if # is a pseudoprime in base 2, so is M,,.
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Exercise 5.8. a) List (n—1)! modnforne {2,---,16}.

b) Where does the proof of the first part of Wilson’s theorem fail in the
case of n =167

¢) Does Wilson’s theorem hold for p =27 Explain!

d) Characterize the set of n > 2 for which (n —1)! mod n is not in {0, —1}.

Exercise 5.9. a) Compute 77> mod 13, using modular exponentiation.
b) Similarly for 484'87 mod 1189.

¢) Find 100! + 102! mod 101. (Hint: Wilson.)

d) Show that 1381! =138, 0. (Hint: Wilson.)

Exercise 5.10. a)Foriin {1,2,---11} and j in {2,3,---11}, make a table
of Ord; (i), i varying horizontally. After the jth column, write ().

b) List the primitive roots i modulo j for i and j as in (a). (Hint: the
smallest primitive roots modulo j are: {1,2,3,2,5,3,0,2,3,2}.)

Exercise 5.11. 'We show that the 5-th Fermat number, 232 + 1, is a com-
posite number.

a) Show that 2% =¢4; —5*.(Hint: add 2* and 5*.)

b) Show that 275 =¢4; —1.

¢) Show that 232 + 1 = (27)*2% + 1 =¢4; 0.

d) Conclude that F5 is divisible by 641.

Exercise 5.12. a) Compute ¢@(100). (Hint: use Theorem 4.17.)
b) Show that 179121 =4, 79121,

¢) Show that 79121 =, 79'. (Hint: use Theorem 5.4)

d) What are the last 2 digits of 1791217

The following 5 exercises on basic cryptography are based on [70].

First some language. The original readable message is called the plain text.

Encoding the message is called encryption. And the encoded message is

often called the encrypted message or code. To revert the process, that

is: to turn the encrypted message back into plain text, you often need a
key. Below we will encode the letters by O through 25 (in alphabetical
order). We encrypt by using a multiplicative cipher. This means that we
will encrypt our text by multiplying each number by the cipher modulo 26,
and then return the corresponding letter. For example, if we use the cipher
3 to encrypt the plain text bob, we obtain the encrypted text as follows
1.14.1 -+ 3.42.3 — 3.16.3.
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Exercise 5.13. a) Use the multiplicative cipher 3 to decode DHIM.

b) Show that an easy way to decode is multiplying by 9 (modulo 26). The
corresponding algorithm at the number level is called division by 3 modulo
26.

¢) Suppose instead that our multiplicative cipher was 4. Encode bob again.
d) Can we invert this encryption by using multiplication modulo 26? Ex-
plain why.

Exercise 5.14. Suppose we have an alphabet of ¢ letters and we encrypt
using the multiplicative cipher p € {0, -g— 1}. Use modular arithmetic to
show that the encryption can be inverted if and only ged(p,q) = 1. (Hint:
Assume the encryption of ji and jo are equal. Then look up and use the
Unique Factorization theorem in Chapter 2.)

Exercise 5.15. Assume the setting of exercise 5.14. Assume p and g are
such that the encryption is invertible. What is the decryption algorithm?
Prove it. (Hint Find r € {0,---q— 1} such that rp =4 1. Then multiply the
encryption by r.)

Exercise 5.16. Work out the last two problems if we encrypt using an affine
cipher (a, p) . That is, the encryption on the alphabet {0, ---g— 1} is done
as follows:

i—a+pi modg
Work out when this can be inverted, and what the algorithm for the inverse
is.

Exercise 5.17. Decryptthe code V/ ir Tbg n Frperg.

Theorem 5.30 (Binomial Theorem). If n is a positive integer; then
LS AN n n!
n 2 L n—i w
(a-+b) = (i)ab here <1) iN(n—i)!"

Exercise 5.18. a) If p is prime, show that (¥) mod p equals 0 if 1 <i <
p—1landequals 1ifi=0ori=p.

b) Evaluate (f) mod 4 and (?) mod 6. So where in (a) did you use the
fact that p is prime?

¢) Use (a) and the binomial theorem to show that if p is prime, then we
have (a+b)P =, a’ +bP.
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Exercise 5.19. Let p be prime.

a) Show that 17 =, 1.

b) Use exercise 5.18 (c) to show that for k > 0, if k¥ =, k, then (k+1)? =,
k+1.

¢) Conclude from (b) that for for all n € N, n” =, n. (Hint: use induction.)
d) Prove that for for all n € Z, n? =, n. (Hint: (—n)P =, (—=1)"n? and
assume p odd. Prove separately for p =2.)

e) Use (d) to prove Fermat’s little theorem. (Hint: use cancellation.)

There are partial converses to Fermat’s little theorem. But if our aim is
testing for primality, these do not yield computationally efficient improve-
ments. We give the simplest of these results here.

Lemma 5.31. Suppose a and n in N such that a"~' =, 1 and that for all
primes that divide n — 1 we have an=/p #u 1. Then n is a prime.

Exercise 5.20. In this exercise, we prove Lemma 5.31. For this purpose,
abbreviate Ord, (a) by o and assume the condition of the lemma.

a) Show that n — 1 = oj for some j € N.

b) Show that if j > 1 in (a), there is a prime p dividing j such that

an=b/p =p a°li/p) =, 1.
¢) Show that j =1 and so 0 = Ord,’ (a) =n—1.
d) Show that (c) implies the lemma. (Hint: use Euler.)

e) Use the lemma to show that 997 is prime. (Hint: 996 has prime divisors
2, 3, and 83.)

Theorem 3.13 and exercise 3.18 show how to solve linear congruences gen-
erally. Quadratic congruences are much more complicated. As an example,
we look at the equation x> = p =1 in the following exercise.

Exercise 5.21. a) Show that Fermat’s little theorem gives a solution of
P—1= p 0 whenever p is an odd prime. (Hint: consider X' 2)

b) Use Lemma 5.28 to show that x% =p £1.

¢) Show that Wilson’s theorem implies that for odd primes p

(= K”T_l) !r =, —1.

(Hint: the left-hand side gives all reduced residues modulo p.)
d) Use (c) to show that if p =4 1 (examples are 13, 17, 29, etc), then

[(%l) !] satisfies the quadratic congruence x* + 1 =, 0.

e) Show that if p =4 3 (examples are 7, 11, 19, etc), then the quadratic
congruence x% + 1 =p 0 has no solutions. (Hint: we have x* =p 1 and by
Euler x?(P) =p 1, derive a contradiction if p =4 3.)
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Exercise 5.22. Given b > 2, let R C Z;, be the reduced set of residues and
let S C Z,, be the set of solutions in Z;, of x2 =, 1 (or self inverses).
a) Show that S C R. (Hint:Bézout.)
b) Show that
Hx:b Hx (=p 1if Sis empty).
XER xes
¢) Show that if S contains a, then it contains —a.
d) Show that if a =;, —a, then a and —a are not in §.
e) Show that

Hx:b (=)™ some m.
XER

[Tx=s (-0

XER
g) Compute [],cx x in a few cases (b = 6, 8), and verify that (f) holds.

()= G-
Exercise 5.23. Many common operations in R are not associative.

a) Compute 234, 4-3-2,4/3/2. (Hint: depending on how you place the
parentheses, you get different answers.) In the last two cases, the problem
disappears if we recast the computation in terms of the (associative) oper-
ators + and x: compute 4+ (—3) + (—2) and 4 x % x 1.

b) Show that the number of monotone lattice paths from (0,0) to (a,b)
a+b)
a

f) Show that

Definition 5.32. The nth Catalan number C, equals ﬁ (2n” ) =

where a,b > 0 equals ( . (Hint: place a+ b edges of which a are hori-
zontal and b are vertical in any order.)

¢) For notational ease, indicate the non-associative operation by *. Show
that the number of ways *?ill a; can be interpreted equals the number of
“good paths”, that is: monotone lattice paths in R? from (0,0) to (1,n)
that do not go above the diagonal. (Hint: write the expression so that it has
n opening parentheses “(” in it; there are n operations to be performed;
reading from left to right, each ( corresponds to a “right” move, each * to
an “up” move.)

d) Show that there is a bijection from the set of “bad paths”, that is: mono-
tone lattice paths in R? from (0,0) to (n,n) that touch the line £: y =x+1,
to the set of monotone paths in R? from (0,0) to (n— 1,n+1). (Hint: re-
flect the bad path in ¢ as indicated in Figure 24 and show this is invertible.)
e) Use (c) and (d) to show that the number of good paths equals the num-
ber of monotone paths from (0,0) to (n,n) minus the number of monotone
paths from (0,0) to (n—1,n+1).

f) Use (e) to show that the number of interpretations in (c) equals C, of
Definition 5.32.
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(n,n)

o0 —

Figure 24. The part to the right of the intersection with £:y =x+1
(dashed) of a bad path (in red) is reflected. The reflected part in in-
dicated in green. The path becomes a monotone path from (0,0) to
(n—1,n+1).

Exercise 5.24. Show that the following sets with the usual additive and
multiplicative operations are not fields:

a) The numbers a 4 b+/3 where a and b in Z.

b) The numbers of the form a + ib\/6 where a and b in Z.

C) Z6.

d) The 2 by 2 real matrices.

e) The polynomials with rational coefficients.

f) The Gaussian integers, i.e. the numbers a + bi where a and b in Z.
(Hint: in each case, exhibit at least one element that does not have a mul-
tiplicative inverse.)

Exercise 5.25. We revisit the Dirichlet ring of exercise 4.16.
a) Show that given an arithmetic function f, we have that if f(1) # 0

gxf=¢ = g(]):ﬁ =1

g(”):ﬁll)Zd\n,d<nf(%)g(d) ifn>1
(Note: g is called the Dirichlet inverse of f.)
b) Show that f is a unit if and only if f(1) # 0.
¢) Compute the first 12 terms of the Dirichlet inverse
of the Fibonacci sequence (Definition 3.18). (Hint:
(1,-1,-2,-2,-5,-4,—13,—-16,—30,—45,—89,—122).)
d) Show g(n) = —f(n) if n is prime.
e) What is the Dirichlet inverse of the (non-zero) constant function? (Hint:
Equation (4.7).)
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Chapter 6

Continued Fractions

Overview. The algorithm for continued fractions is really a reformulation
of the Euclidean algorithm. However, the reformulated algorithm has had
such a spectacular impact on mathematics that it deserves its own name and
a separate treatment. One of the best introductions to this subject is the
classic [39]. A generalization of these ideas can be found in [11].

6.1. The Gauss Map

Definition 6.1. The Gauss map (see Figure 25) is the transformation T :
[0,1] — [0,1) defined by

-4 [4]- (1)  ro-o

where we have used the notation of Definition 2.1.

Lemma 6.2. Set q; = VTTJ as in equation (3.1). Then the sequence {r;}

defined by the Euclidean algorithm of Definition 3.3 satisfies:

ri 1 ri
’H:—qi:T( l) and
ri ri/ric1 Ti-1

ri 1
=—F
ri1 ql+ i+1
ri

105
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0 13 1/2 1

Figure 25. Four branches of the Gauss map.

Proof. From equation (3.1) or (3.4), we recall that that {r;} is a decreasing
sequence and that r;_; = riq; + riy1 Upon dividing by r;, we get

ri-] Tit1 ri—1
=qi+ where ¢; = . ,
i

T i
The first equation of the lemma is obtained by subtracting g; from both
sides, and the second equation is obtained by taking the reciprocal of both

sides of the above equation. |

In the exercises 3.20 and 3.21, we indicated by example how the Gauss map
is related to the Euclidean algorithm. In particular, the lemma implies that

rir_ 1 { ! J 6.1)

i orfria Lrifria
6.2. Continued Fractions

The beauty of the relation in Lemma 6.2 is that, having sacrificed the value
of ged(r,r2) — whose value we therefore may as well set at 1, we have
a procedure that applies to rational numbers! There is no reason why this
recursive procedure should be restricted to rational numbers. Indeed, very
interesting things happen when we extend the procedure to also allow irra-
tional starting values.

Definition 6.3. Here is a modified version of the Euclidean algorthm. In the

, 1
second equation of Lemma 6.2, write @; = r’rf‘ and a; = LD J (orequivalently,
i .
(]

a=Lifw € (ZJ%], %]) Extend o to allow for all values in [0,1).
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It is important to note that, in effect, we have set a; equal to g;y;. This
very unfortunate bit of redefining is done so that the g; mesh well with
the Euclidean algorithm (see equation (3.2)) while making sure that the
sequence of the a; in Definition 6.4 below starts with a;.

At any rate, with these conventions, the equations of Lemma 6.2 be-
come (see also (6.1)):

1
Wi = E—aizT(a),') , ai=|1/w;| and
' . 6.2)
W= ——
a; + i1

The way one thinks of this is as follows. The first equation defines a
dynamical system'. Namely, given an initial value @; € [0,1), the repeated
application of T gives a string of positive integers {ay,az,---}. The string
ends if and only if after n steps @, = %, and so w,+1 = 0. We show in
Theorem 6.5 that this happens if and only if ®; is rational. The ¢th branch
of T, depicted in Figure 25, has I; = (@%1, %] as its domain. It is easy to see
that a; = £ precisely if w; € I,.

If, on the other hand, the {a;} are given, then we can use the second
equation to formally* derive a possibly infinite quotient that characterizes
;. For, in that case, we have

W = 6.3)

al-ﬁ-%

ar+ az+--

The expression stops after n steps, if @, = 0. Else the expression contin-
ues forever, and we can only hope that converges to a limit. We now give
some definitions.

Definition 6.4. Let o; € [0,1]. The expression

1 def
0 = ————7— = [a,a,a3,-] .
a) +

1
Dt oy

N dynamical system is basically a rule that describes short term changes. Usually the purpose of
studying such a system is to derive long term behavior, such as, in this case, deciding whether the sequence
{a;} is finite, periodic, or neither.

Here, “formally” means that we have an expression for @;, but (1) we don’t yet know if the actual
computation of that expression converges to that number, and on the other hand (2) we “secretly” do know
that it converges, or we would not bother with it.
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is called the continued fraction expansion of @;. The finite truncations

[=9
S

Pn 1 det
CT = ﬁ = a2, an]
n

a4
are called the continued fraction convergents (or continued fraction approximants)
of wy. The coefficients a; are called the continued fraction coefficients .

Let us illustrate this definition with a few examples of continued frac-
tion expansions:

T—3=1[7,151,292,1,1,1,2,---],
e—2=[1,2,1,1,4,1,1,6,1,1,8,---] ,
95\/5_1: [2723272727“']7

V5-1

2
For example, © — 3 the sequence of continued fraction convergents starts
out as: 1, A5 16 4687 4703 .. The number g is also well-known. It
is usually called the golden mean. Its continued fraction convergents are
formed by the Fibonacci numbers defined in Definition 3.18 and given by
{1,1,2,3,5,8,13,21,--- }. Namely, the convergents are 1, 5, %, =, 3 and

1°2°3°5 8
so forth.

:[lvlvlalalv'“]‘

We have defined continued fraction expansion only for numbers in @
in [0,1). This can be easily be remedied by adding a “zeroth” digit ay —
signifying the floor of @ — to it. Thus the expansion of & would then
become [3;7,15,1,292,1,---]. We do not pursue this further.

Theorem 6.5. The continued fraction expansion of @ € [0, 1) is finite if and
only if @ is rational.

Proof. If o is rational, then by Lemma 6.2 and Corollary 3.2, the algorithm
ends. On the other hand, if the expansion is finite, namely [a;,az,- - ,ay),
then, from equation (6.3), we see that o is rational. [ |

Theorem 6.6. For the continued fraction convergents, we have

Pn = apPn—1 +pn72 with qo = 1 5 Po = 0
qn Anqn—1+qn-2 g-1=0 , p1=1

)
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or, in matrix notation,

-1 -1
qdn Pn —A, qdn Pn Ay A
qdn—-1 DPn—1 qn-2 DPn—-2
where
a; 1 1 1
A= and A =
1 0 1 —a;

Remark. We encountered A; in Chapter 3 where it was called Q;;. We
changed the name so we have convenient subscript that agrees with the
standard notation. Note that the variables g; are not the same as the ¢; of
Chapter 3.

Proof. From Definition 6.4, we have that g; = a; and p; = 1 and thus

q1 1 ar 1

q0 Do 1 0

We proceed by induction. Suppose that the recursion holds for all n < k,
then

Pk = P11t Pk-2 6.4)
Gk = kGk—1tqk-2
The definition of the convergents gives:
1 1
Dk _ 1 and Pkl _ :
G+ Gt @+
T G
Pitl 4 i Pk i 1
Thus G 1S obtained from o by replacing a; by a; + a or
Pk+1 = |ax+ ak1+] Dk—1+ Pk—2
k1 = |at ak1+1 9k—1+qk—2
Using equation (6.4) gives
R
Gl = Gt g

Aj+-1
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The quotient Z’;—L‘ does not change if if we multiply only the right-hand side
of these equations by a.; to insure that both p;.; and g, are integers.
This gives the result. |

Corollary 6.7. We have

(i) Gnp1Pn— GnPns1 = (—1)"!

(ll) & _ DPn+1 _ (_1)n+1
4n qn+1 qnqn+1

Proof. The left-hand side of the expression in (i) equals the determinant of

rct P , which, by Theorem 6.6, must equal the determinant of
4n Pn

Ap41---A2A1. Finally, each A; has determinant -1. To get the second equa-

tion, divide the first by g, +1¢n- |

Corollary 6.8. We have
() pa>2'7 and g,22"7

(i) ged(pn.gn) =1

Proof. i) Iterating the recursion in Theorem 6.6 twice, we conclude that

Pt = (@n@n-1+1)pp1+anpn—2 > 2pp-1+ pu-2,
while p; =1 and p, > 2. The same holds for g,,.
ii) By Corollary 6.7 (i) and Bézout. |

Theorem 6.9. For irrational ®, the limit lim,_,. ‘Z—Z exists and equals @.
In fact, |@ _pn/Qn‘ < 1/(qnq;1+1)-

Remark 6.10. The way the convergents approxmate o is illustrated in Fig-
ure 26.



6.2. Continued Fractions 111

Proof. If we replace n by n— 1 in the equality of Corollary 6.7(ii), we get
another equality. Adding it to the original equality gives:

B —_1)" -1 n+1
R N G VA
qn—1 qn+1 qn—-19n qnqn+1
Pust Pt _ (—1>"+‘( L )
qn+1 qn—1 qn qn—1 qn+1

By Theorem 6.6, the ¢; are positive and strictly increasing, and so the right-
hand side of the last equality is positive if n is even, and negative if n is odd.
Thus the sequence {%}” even 18 increasing while the sequence {Z—:}n odd 18
decreasing.

In addition, by substituting 2k for n in Corollary 6.7(ii), we see that
the decreasing sequence (n odd) is bounded from below by the increas-
ing sequence, and vice versa. Since a bounded monotone sequence of real
numbers has a limit?, the decreasing sequence has a limit @_. Similarly, the
increasing sequence must have a limit wy. Now we use Corollary 6.7(ii)
again to see that for all n, the difference between the two cannot exceed

L_ Sow;, =0_=o.

dn—149n
Clearly, w lies between p—;’ and S"—L‘, and so the final estimate of the
theorem follows from Corollary 6.7(ii). |
| | I | |
[ [ I [ [
Rn-492n-2 Por/ Gz X Bn{%sn. Pen{9 201

Figure 26. This figure illustrates how the convergents p, /g, approach
their limit x.

Corollary 6.11. Suppose  is irrational. For every n > 0, we have % <

o< zi’l—ﬁ. If  is rational, the same happens, until we obtain equality of ®
n

and the last convergent.

3This is the monotone convergence theorem, see for example [53]
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6.3. Computing with Continued Fractions

Suppose we have a positive real @y and want to know its continued fraction
coefficients a;. By the remark just before Theorem 6.5, we start by setting

ap=|op] and @ =awh—ap.
After that, we use Lemma 6.2, and get
1 1
a; = \‘J and W1 =——4a;.
; ;
For example, we want to compute the a; for

1+v6
5
If you do this numerically, bear in mind that to compute all the @; you need
to know the number with infinite precision. This is akin to computing, say,
the binary representation of @, : if we want infinitely many binary digits, we
need to know all its decimal digits. To circumvent this issue, we keep the
exact form of @;. This involves some careful manipulations with the square
root. Here are the details. Since @, € (1/2,1), we have a; = 1. Thus

5 [ _4-V6
1+6 14+6°
To get rid of the square root in the denominator, we multiply both sides by

the “conjugate” 1 — /6 of the denominator. Note that (14 /6)(—14 /6)
gives —1 +6 = 5. So we obtain

4—v6 —1+6 (1 1}
W = . = 24V6~045¢(=,=| = ar=2.
1+v6 —1+v6 372 ’

Subsequently, we repeat the same steps to get

1 —2+6 11
@:W—Z:n-:f%O.ZZSE (5,4} = a3=4.
This is beginning to look desperate, but rescue is on the way:

B 2
246
Now everything repeats, and thus we know the complete representation of
m; in terms of its continued fraction coefficients:

1 —
S (RN E PR PRSI x|

) = ~ 0.6898979---. 6.5)

()

o 4=-24+V6=aw,.

()]
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The reverse problem is also interesting. Suppose we just know the con-

tinued fraction coefficients {a; 7, of ®;. We can compute the continued
fraction convergents by using Theorem 6.6

a; 1
I P A A where A= |
dn—-1 Pn—1 10
Theorem 6.9 assures us that the limit of the convergents {%};"’:1 indeed
equals @) = [a;,az,---]. If also ap > 0, add a¢ to @; in order to obtain @y.
So in our example ; = [1,2,4], this is easy enough to do:
i: 0|12 4
ai | -|1|2]1 42| 4
pi 01129 ]20]| 89
g+ |1|1|3]13|29|129

But, because the g; are eventually periodic, we can also opt for a more
explicit representation of ;. The periodic tail can be easily analyzed. In-
deed, let

1 1

x:72 1 — xziz 1
+4+ﬁ +4+x

After some manipulation, this simplifies to a quadratic equation for x with
one root in [0, 1).

Pdx—2=0 = x=-2+6.
Select the root in [0, 1) as answer. Now we compute @; as follows.

1 11 1446
L l+x —1+6 5 7

(]

2+

which agrees with our earlier choice of w; in equation (6.5).

6.4. The Geometric Theory of Continued Fractions

We now give a brief description of the geometric theory of continued frac-
tions. This description allows us to prove one of the most remarkable char-
acteristics of the continued fraction convergents (Theorem 6.14). Another
geometric description can be found in exercise 6.11.
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| €o 1w

Figure 27. Successive approximations to the line y = wx. In green, the
vectors e;. In blue, a;je; | for i =1 and 2. Note that a; = a, = 2 in this
figure. Note thata; = [1/w].

The theory consists of constructing successive line segments that ap-
proximate the line y = @;x in the Cartesian plane. The construction is in-
ductive. Here is the first step.

Start with

0 1
e_1 = and ey = . (6.6)
1 0
Although at first sight a little odd, it is the convention that e_; is the basis
vector along the y-axis and eq the one along the x-axis. To get the first new
approximation, define

ay
el =ajeyg+e_1 = s 6.7)
1

where we choose a; to be the largest integer so that ¢; and e_; lie on the
same side of y = w;x (see Figure 27). From the figure, it is easy to see that

ai
in particular ¢; = and a; = |1/ |, the same as in Definition 6.3.
1

This way, we can construct ¢, as segments whose slopes are p,/¢,. In that
sense, e, cam be considered the approximants of @;.
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There is another way of seeing this. Note that @; lies between the
slopes of ey and e;. Now define the two by two matrix A; as the ma-
trix corresponding to the coordinate change 7} such that 77(e_;) = ¢o and
Ti(ep) = e1. Thus from equations (6.6) and (6.7), one concludes that the
matrix A; satisfies

X2 X2 1
Ay =Xx1€0+x2e1 and =A1 (xleo—l—xgel) .
X1 X1

The first equation implies that, indeed, A; is the matrix we defined earlier

(in Theorem 6.6). The second equation says that Afl is the coordinate
transform that gives the coordinates of a point in terms of the new basis eg

X
and e;. The new coordinates of the line become
w1 x

o X w1 x 1
A = .
w1 x X—aymwx 0 —a

|
-

)

upon reparametrizing t = @wyx. Thus the slope of that line in the new co-
ordinates, @x, is the one given by equation (6.2). Since a; was chosen the
greatest integer so that the new slope is non-negative, we obtain that @, is
contained in [0,1).
Since @, > 0, the construction now repeats itself, so that we get
€nt+1 = Apt1€p + en—1,

as long as @, > 0. By construction, @, always lies between g—” and Z”—ﬁ.
n n

We obtain the same relations for the components of e, as those in Theorem
6.6, and so
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Consider the parallelogram p(e,,e,—1) spanned by e, and e,_;. The
. . . . P
oriented area of p(ep,e,—1) is exactly the determinant of the matrix "
qdn—1 Pn—1

One now obtains Corollary 6.7 again®.

6.5. Closest Returns

Consideration of the line wx in the plane gives us another insight, see Figure
28. The successive intersections with the vertical unit edges are in fact the
iterates of the rotation Ry, : x — x+ @ mod 1 on the circle starting with
initial condition 0. A natural question that arises is: when do these iterates
return close to their starting point?

Considering Theorem 6.9, we see that Ry (0) = wg,, — p,, is very small.
In this section, we prove something much better (Theorem 6.14), namely
that these iterates are the closest returns.

Definition 6.12 (Closest Returns). R{, is a closest return if R%,(0) is closer
to 0 (on the circle) than R%,(0) for any 0 <n < g.

Figure 28. The line y = wx and (in red) successive iterates of the rota-
tion R. Closest returns in this figure are ¢ in {2,3,5,8}.

4Geomelrically, the proof of that corollary is most easily expressed in the language of exterior or
wedge products. These follow the rules of determinant computations. Thus the relevant induction step is
the following computation.

en Nent = (anen—1 +en2) Nen_1 = —ep_1 Ay .
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Lemma 6.13. Define d, = 0q, — p,. Then the sequence {d,} is alter-
nating and its absolute value decreases monotonically. In fact, |dy41| <

1
gy (Bt

Figure 29. The geometry of successive closest returns. In this figure,
ay+1 = 3. Note that |dy—1| > 4dp4 1.

Proof. The sequence {® — %} alternates in sign by construction (see Fig-
ure 26). Therefore, so does {d, }. Recall that a,,;1 is the largest integer such
that

OGn+1 — Puy1 = O(ant1gn+qn—1) — (@nt1Pn+ Pu—1)

= (wCInfl - pnfl) +an41 (a)‘Zn - pn) )
has the same sign as wq,_; — p,—1. This says that
dn+l = dnfl +an+1dn .

Together with the fact that the d,, alternate, this implies that d,, is decreasing.
So from Figure 29, one concludes that (1 + apt1)|dnt1| < |dn—1]. |

Theorem 6.14 (The closest return property). % is a continued fraction
convergent of @ if and only if g =1 or

jog — p| < |og" — |
for all ¢ such that 0 < g’ < q and for all p'.

Proof. Note that if a; > 1, then ¢ = 1 is not a continued fraction denomi-
nator, but it still (trivially) satisfies the above inequality.

We will first show by induction that the parallelogram p(e,1,e,) spanned
by e,+1 and e, contains no integer lattice points except on its four vertices.
Clearly, this is the case for p(e_1,ep). Suppose p(e,,e,—1) has the same
property. The next parallelogram p(e,1,e,) is contained in a union of
an+1 + 1 integer translates of the previous and careful inspection of Figure
30 shows that it inherits this property.
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Figure 30. Drawing of the shaded parallelogram P, the line y = wx,
and a few successive approximants. The green arrows correspond to
en—1, ey, and e, 1. Here, a, is taken to be 3.

Next we show, again by induction, that the R%" are closest returns, and
that there are no others. It is trivial that R} is a closest return, because by
definition, aj® < 1 and (a; + 1)@, > 1 (see (6.2)). Now suppose that up to
q = qy, the only closest returns are e;, i < n. We have to prove that the next
closest return is e,11. By Lemma 6.13, d,,+| < d,. Now we only need to
prove that there are no closest returns for ¢ in {g, +1,¢,+2, - ,qny1 —1}.

To that purpose we consider Figure 30. Consider the shaded parallel-
ogram P bounded by the vertical lines x = 0, x = g,,11, and two lines with
slope w, one through e, and one through e, | — e,,. From the first paragraph
it follows that the only lattice points in P are the origin and the endpoints
of e,, and e, 11 — e, e,+1. Since the segment c is parallel to and larger than
en, we also have that b > a. Thus the distance of e, — ¢, to @x is greater
than the distance of e,, and wx. And so there is a band of width d,, around
y = ox in P that contain no points in Z> except the origin, e,, and e,,,;. M

Corollary 6.15. ] ’q’—” is a continued fraction convergent of @, then
n

|©gn — pa| < |og — P
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for all ¢’ such that 0 < g’ < gny1 and all p', with equality only if ¢ = q,
and p' = p,.

Proof. This follows from the statement of the previous theorem and the fact
that there is no closest return for ¢’ (strictly) between g, and g, 1. |

6.6. Another Interpretation of the Convergents

Given a number x; € [0, 1), we easily see that the first convergent 1/a; maps
to zero under the Gauss map 7, that is: T(p1/q1) = 0. Furthermore, since

1 1

= )
—L— a+tx
@+ T

X1 =
a +

and x; € [0,1), we can conclude that x; lies in the domain (a11+1 , i] of
the a;-branch of T, see Figure 25. More precisely, if by : I; — [0, 1) is the
branch of T such that x € [}, then the end point of /; that maps to zero under

T is the first convergent. It is this statement we wish to generalize.

1

0 13 12 23 1

Figure 31. A few branches of the twice iterated Gauss map T2. The
points of 772({0}) (the complete inverse image of 0 under 72) are
marked in red. The reader should compare this plot to Figure 25.

To get an idea what iterates of T look like, let’s have a look at T? in
Figure 31. T has a countable collection of branches with negative slope,
each one mapping onto [0, 1]. Thus 7 has countably many branches (with
positive slope) for every single branch 5 : I — [0,1] of T. In turn, each of
the branches of T2 also maps onto [0, 1]. And so forth.
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Proposition 6.16. Given x € (0,1). Let by : I, — [0, 1] be the branch of T*
such that x € Iy, then the kth convergent py./qy of x is the (unique) end point
of I, that maps to zero under T*.

Proof. From the expression given in Definition 6.4 for f;—;’ =lay,az, - ,anl,
we see that 7'([a1,a2,- -+ ,a4]) = a2, ,ay)|. Continuing by induction, we
find

T"([a1,a2,- -+ ,an)) = T" ([a2, -+ an]) = -+~ = T([as]) = 0.

So the nth convergent is indeed an nth pre-image of 0 under 7.

Similarly, (6.2) implies that

X = [al7a27'”] = [a13027“' 7an7an+l;"'] = [alyab“' a(an+xn+l)] .
Since x,41 € [0, 1), this is a single branch whose domain contains x. |
By way of example, we look briefly at the golden mean g = [1,1,---] =~

0.61803 - - - in this context. The first convergentis 1/1 = 1. We immediately
remark something perhaps a little unexpected: while this convergent is pre-
image of O that belongs to the same branch as g, it is not that element of
T-1(0) that is closest to 0 under T, The next convergent of g is 1/2. The
same thing happens: again, the element of 7~2(0) closest to g is in fact 2/3.

This characterization of convergents is in fact very familiar. Indeed in
the usual decimal expansion, based on the map 7 : [0,1) — [0, 1) given by
T (x) = {10x}, the third convergent of the golden mean mentioned above is
p3/q3 = [6,1,8], more commonly written as 0.618. Note that T3(p3/q3) =
0 and that g lies in the domain of the 618 branch of 7.

Another interesting observation is that the fact that all slopes of T are
negative, means that the signs of the slopes of T* equal (—1). So, for
odd k the convergents (the zeroes of the branches) are on the right of the
interval of definition of the branch they belong to, and for the k even they
are on the left side. This is convenient, because it implies that x is always

‘sandwiched’ between two successive convergents.

6.7. Exercises

Exercise 6.1. Give the continued fraction expansion of % %, %, % for

n>1, "n;zl for n > 1 by following the steps in Section 6.3.
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Exercise 6.2. a) Find the continued fraction expansion of the fixed points
(i.e. solutions of T (x) = x for T in Definition 6.1) of the Gauss map.

b) Use the continued fractions in (a) to find quadratic equations for the
fixed points in (a).

c) Derive the same equations from T (x) = x.

d) Give the positive solutions of the quadratic equations in (b) and (c).

Exercise 6.3. Compute the continued fraction expansion for y/n for n be-
tween 1 and 15.

Exercise 6.4. Given the following continued fraction expansions, deduce
a quadratic equation for x. (Hint: see Section 6.3.)
a)x=[8]=18,8,8,8,8,---].

b)x=[3,6] = [3,6,6,6,6,---].

o) x=[1,2,3]=[1,2,3,1,2,3,---].
d)x=14,51,2,3]=1[4,5,1,2,3,1,2,3,---].

Exercise 6.5. In exercise 6.4:

a) solve the quadratic equations (leaving roots intact).
b) give approximate decimal expressions for x.

c) give the first 4 continued fraction convergents.

Exercise 6.6. Derive a quadratic equation for the number with continued
fraction expansion: [7l, [m, 7|, [@,m|, [a,b, 7).

Exercise 6.7. From the expressions given in Section 6.2, use Theorem 6.6
to compute the first 6 convergents of 7 —3, e —2, 8, and g.

Exercise 6.8. a) In exercise 6.7, numerically check how close the nth con-
vergent of @ is to the actual value of .

b) Compare your answer to (a) with the decimal expansion approximation
using i digits.

¢) In exercise 6.7, check that the increasing/decreasing patterns of the ap-
proximants satisfies the one described in the proof of Theorem 6.9.

Exercise 6.9. What does the matrix in Theorem 6.6 correspond to in terms
of the Euclidean algorithm of Chapter 3?

Exercise 6.10. Use Lemma 6.13 to show that
1 n 1
Qnit oy 1 Faipr

_ Pan+t1
92n+1

(0]
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Figure 32. Black: thread from origin with golden mean slope; red:
pulling the thread down from the origin; green: pulling the thread up
from the origin.

Exercise 6.11. (Adapted from [5]) Consider the line ¢ given by y = wx
with @ € (0,1) an irrational number. Visualize a thread lying on the line ¢
fastened at infinity on one end and at the origin at the other. An infinitely
thin pin is placed at every lattice point in the positive quadrant. Since
the slope of the thread is irrational, the thread touches none of the pins
(except the one at the origin). Now remove the pin at the origin and pull
the free end of the thread downward towards eq (as defined in the text).
The thread will touch the pin at ¢y and certain other pins with slopes less
than w. Mark the nth of those pins as f3, for n € N. Denote the points of
the positive quadrant now lying on or below the thread by A. Next, pull the
thread up towards e_;. Mark the pins the thread touches, starting with e_
as fo,—1 for n € N. Denote the points of the positive quadrant now lying
or or above the thread by B. See Figure 32.

a) Show that A U B contain all the lattice points of the positive quadrant.
b) Show that for all n € N, f;, = (gn, pn) Where (gy, pn) are as defined in
the text.

¢) Compute the slopes of the upper boundary of the region A. The same
for the lower boundary of the region B.

d) Show that A and B are convex sets.

Rflny X R/d,

Figure 33. The placement of x between its convergents p,/q, and py+1/qn+1-
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Exercise 6.12. Assume x is irrational.
a) Use Corollary 6.7(ii) and Corollary 6.11 to show that

1
]x bl L
dn qndn+1
b) Use Lemma 6.13 to show that
x— Pl o ‘xf& :
dn+1 4n
¢) Use (a), (b), and Figure 33 to show that
_Pn 1
2qngn+1 dn qnqn+1
(Hint: note that x is closer to % than to %.)

Exercise 6.13. Use exercise 6.12 to generate bounds for the errors com-
puted in exercise 6.8. Compare your answers.

Exercise 6.14. Use exercise 6.12 (a) to prove Theorem 1.15.

Exercise 6.15. a) Let x € [0, 1) have periodic coefficients a;. Show that x

satisfies x = % where a, b, ¢, and d are integers. (Hint: see Section 6.3.)

b) Show that x in (a) is an algebraic number of degree 2 (See Definition
1.17).

c) Show that if x € [0, 1) has eventually periodic coefficients g;, then x is
an algebraic number of degree 2.

This is one direction of the following Theorem.

Theorem 6.17. The continued fraction coefficients {a;} of a number x are
eventually periodic if and only if x is an algebraic number of degree 2.

It is not known (in 2022) whether the continued fraction coefficients of
algebraic numbers of degree 3 exhibit a recognizable pattern.
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Exercise 6.16. A natural question that arises is whether you can formulate
continued fractions for polynomials in Q[x] or R[x] (suggested to us by

[20]). We try this for the rational function f(x) = 24 Referring to

X —x241"
exercise 3.22 and the definition of ¢; in the remark after Definition 6.3, we
see that
a = (- +x2-x+1)
ay = (—3x—1%)
a3 = (—4x+4)
and a4 = (- %x — %)

a) Compute the continued fraction convergents Z—: forne{l1,---4} of f(x).
(Hint: perform the computations as given in Theorem 6.6.)

b) In (a), you obtained the polynomials of exercise 3.22 up to a factor -
1. Why? (Hint: The gcd we computed in that exercise is actually -1. As
stated in that exercise, we neglect constants when using the algorithm for
polynomials. At any rate, in the quotient, the constant cancels.)

¢) Is there a theorem like the one in exercise 6.14?

d) Solve for y: y = [x]. (Hint: check exercise 6.6)

e) Any ideas for other non-rational functions? (Hint: check the web for
Padé approximants.)

Exercise 6.17. What is the mistake in the following reasoning?

We “prove” that countable = uncountable. First we show that a countably
infinite product of countably infinite sets is countable.

n=II_, pf’ and there are infinitely many primes. Thus we can encode the
natural numbers as infinite sequences (¢1,¢5,¢3,---) of natural numbers.
That gives a bijection of infinite product of N’s to N. Therefore an infinite
product of N is countable.

On the other hand, an infinite number of natural numbers [¢],¢>, - - -] can be
used to give the real numbers in (0, 1) in terms of their continued fraction
expansion. This gives of bijection on to the interval. Therefore the infinite
product of N is uncountable.

Exercise 6.18. Consider Figure 34. The first plot contains the points
{(n,n)}3% in standard polar coordinates, the first coordinate denoting the
radius and the second, the angle with the positive x-axis in radians. The
next plots are the same, but now for n ranging from 1 to 180, 330, and
2000, respectively.

a) Determine the first 4 continued fraction convergents of 27.

b) Use (a) to explain why we appear to see 6, 19, 25, and 44 spiral arms.
¢) Why does the curvature of the individual spiral arms appear to (a) alter-
nate in sign and (b) decrease?
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Figure 34. Plots of the points (n,n) in polar coordinates, for n ranging
from 1 to 50, 180, 330, and 3000, respectively.

Exercise 6.19. The exercise depends on exercise 6.18. Suppose we restrict
the points plotted in that exercise to primes (in N) only. Consider the last
plot (with 44 spiral arms) of Figure 34.

a) Show that each spiral arm corresponds to a residue class i modulo 44.
b) Show that if gcd(i,44) > 1, that arm contain no primes (except possibly
i itself), see the left plot of Figure 35.

¢) Use Theorem 6.18 below to show that the primes tend (as max p — o)
to be equally distributed over the co-prime arms.

d) Use Theorem 4.17 to determine the number of co-prime arms. Confirm
this in the left plot of Figure 35.

e) Explain the new phenomenon occurring in the right plot of Figure 35.
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Figure 35. Plots of the prime points (p, p) (p prime) in polar coordi-

nates with p ranging between 2 and 3000, and between 2 and 30000,
respectively.

The following result will be proved in Chapter 13.

Theorem 6.18 (Prime Number Theorem for Arithmetic Progressions).
For given n, denote by r any of its reduced residues. Let m(x;n,r) stand for
the number of primes p less than or equal to x such that Res,(p) = r. Then
T(x;n, 1
lim 80 _ 1
10

Exercise 6.20. a) Visualize the continued fraction expansion of another

irrational number p € (0, 1) by plotting a polar plot of the numbers (n, %”n)
for various ranges of n as in exercise 6.18.

b) Visualize Theorem 6.18 as in exercise 6.19 (e).

Call 15 is a closest approximation of @ if
p I
o —=] < [o—-=
q
for all ¢’ such that 0 < ¢’ < g and for all p’. In the following two exercises,

we show that it is nor true that p/q is a closest approximation if and only if
it is a continued fraction. See Theorem 6.14.
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Exercise 6.21. Set w =e—2 =~ (.71828.

a) Compute a; through a4 numerically.

b) From (a), compute the convergents p;/q; fori € {1,2,3}.

c) Show that 1/2 (which is not a convergent) is a closest approximant. d)
Show that 1/2 is not a closest return in the sense of Theorem 6.14.

Exercise 6.22. Set @ = [3] = — (=3 +/13) ~ 0.302775638.
a) Check that @ = and that

po_0 pi_1 pp_3 p3s_10 py_ 33

9 1 q 37 q 107 g3 337 g4 109
b) For a € {1,2} and i € {1,2,3}, (numerically) check which ones of the
numbers % approximate @ better than %’_’.
c¢) Use (b) to show that the continued fraction convergents are not the only

closest approximants.

Exercise 6.23. Let x> —bx —c =0, where b and c are positive integers.
a) Show that x = /¢ + bx gives the unique positive solution.
b) Use (a) to show that formally

x= \/C—Q—b\/c—ﬁ—b\/m-

¢) Set f(x) := v/c+ bx. Show that the sequence x; = /¢, x; = \/c+ b4/,
et cetera, corresponds to x; = f(0), x, = f(£(0)), and so on.

d) Show that these repeated images of 0 under f converge to the positive
solution of (a) by studying figure 36.

\Nw.&u:

-1 X

Figure 36. Left, the functions f(x) = +/2+3x and x. The fixed point

x* is the solution of f(x) = x is the value sought in exercise 6.23. Show
= f(x)

xXf—x

that for positive x,

and that that implies that x,, — x*.



128 6. Continued Fractions

Exercise 6.24. Let x> —bx—c =0, where b and c are positive integers. See
exercise 6.23.
a) Show that x = b+ ¢/x for x > 0, gives the unique positive solution.
b) Use (a) to show that formally

c
bty
(Note: this is an example of what is known as a generalized continued
fraction . In turn, these can be generalized to arbitrary (finite) dimension
(11].)
¢) Set f(x):=b+c/x. Show that the sequence x; = b, x, = b+ c/b,
x3=b+ ﬁ et cetera, corresponds to x; = b, xp, = f(b), x3 = f(f(D)),

x=b+

and so on.
d) Show that these repeated images of O under f converge to the positive
solution of (a) by studying

Figure 37. The functions f(x) = 1+ 3/x (red), f(f(x) (green),
and x (black). Since f(f(x)) is increasing slowly, the sequence
{0,£(0), f(£(0)),---} must converge to the fixed point.



Chapter 7

Fields, Rings, and Ideals

Overview. The characteristics of Z are so familiar to us, that it is hard to
break through that familiarity to understand what makes things like unique
factorization tick. Algebraic number theory and with it large swaths of
algebra were developed to deal with more general number systems in or-
der to overcome this problem. So in this chapter, we initially move away
from numbers a little to study concepts of abstract algebra. This disci-
pline of mathematics seems to start with a daunting barrage of definitions
or nomenclature". Here, we look at some of these and relate them as much
as possible to their origins in number theory. An excellent introduction to
abstract algebra is [54], while [34] is a standard among the more advanced
texts.

7.1. Rings of Polynomials

Since one of our aims is to study factorization properties in certain sets of
algebraic integers — which are defined through polynomials — we need
to start by studying sets of polynomials. Broadly speaking, there are two
important cases. The coefficients of the polynomials belong either to a ring
such as Z or — an important special case — they belong to a field such as
Q. In what follows we denote a ring by R and a field by F.

LErom Latin nomen or ‘name’ and calare or “to call’. So — taken quite literally — name-calling.

129
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Definition 7.1. A ring R[x] of polynomials is the set of polynomials with co-

efficients in a (commutative) ring R without zero divisors® (unless otherwise
mentioned).

Without the extra requirements, the resulting ring would have very
strange properties indeed. For example, if R consists of the integers modulo
6, then, indeed, very strange factorizations can happen:

(2x—3)(3x+2) =6 66> — 5x — 6 =¢ x.

So, in particular, the degree of the product is not equal to the sum of the de-
grees of the factors. Dropping commutativity would lead to another strange
problem. Given f € R[x], we may want to evaluate f at ¢ € R by substituting
the value c for x. Suppose for example that R is the non-commutative ring
of 2 by 2 matrices. Set for some a € R,

f(x) = (x—a)(x+a)=x*—d°.

But if we substitute another 2 by 2 matrix ¢ for x such that the matrices
a and ¢ do not commute, then the above equality does not hold anymore.
However, if R satisfies the two requirements, one can prove that the result-
ing polynomial ring has no zero divisors, evaluations are safe, and that the
degree of a product is additive (see [34][sections 8.5 and 8.6] for details).

Definition 7.2. Recall (Definition 1.18) that f is minimal polynomial in
R[x] for p if f is a non-zero polynomial in R|[x] of minimal degree such that
f(p) =0. A polynomial f in R[x] of positive degree is irreducible over R
if it cannot be written as a product of two polynomials in R[x] with positive
degree. A polynomial f in R[x] is prime over R if if whenever f divides gh
(g and h in R[x]), it must divide g or h.

Definition 7.3. Let f and g in R[x]. The greatest common divisor of f and
g or ged(f,g), is a polynomial in R[x] with maximal degree that is a factor
of both f and g. The least common multiple of f and g, or lem(f,g), is a
polynomial in R[x] with minimal degree that has both f and g as factors.

Remark 7.4. If p is minimal for p, it must be irreducible, because if not,
one of its factors with smaller degree would also have p as a root.

2This means that if for a, b in R, we have that ab = 0, then a = 0 or b = 0, see Definition 8.4.
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It turns out that in the special case where the coefficients of the poly-
nomials are taken from a field F, the result is a ring F[x] that is very rem-
iniscent of the trusty old ring Z. The underlying reason for this similarity
is that in F[x], the division algorithm works (see exercise 7.1): given r; and
2, then there are g, and r3 such that?

ri =rq2+r3 suchthat deg(r;) < deg(ry).

Recall that the ged of two polynomials in F[x] can be computed by factor-
ing both polynomials and multiplying together the common factors to the
lowest power as in the proof of Corollary 2.23. Since factoring polynomials
is hard, it is often easier to just use the Euclidean algorithm. An example is
given in exercise 3.22. The relation between lcm and ged of two polynomi-
als is the same as in the proof of Corollary 2.23. The minimal polynomials
of F[x] are “like” the primes in Z. We will see later that this implies unique
factorization, and that primes and irreducibles are the same*. We give a few
properties that will be immediately useful’

Proposition 7.5. Given p € C and p € F|x] so that p(p) =0 and p' # 0.
i) p is minimal for p if and only if p is irreducible.
it) If p is minimal, it has no repeated roots.

Proof. If p is minimal, see Remark 7.4. On the other hand, if f is irre-
ducible and p is minimal for p, then the division algorithm tells us that
there are polynomials g and » such that

f=pg+r,
where r has degree strictly less than p. Since p(p) = f(p) = 0, we have
r(p) = 0. But since p is minimal, we must have r(x) = 0. Thus p | f. But
f is irreducible, so ¢ must be a constant and f is also minimal. This proves
®.
To prove (ii), suppose that p has a repeated root a. Since p € F|x], we
have that also p’ (its derivative) in F [x]. But if

p(x) = (x—a)?r(x) then p'(x)=2(x—0)r(x)+ (x—a)?r (x).

3Since remark 3.17, we adopt the convention that the degree of a non-zero constant equals 0, while the
degree of 0 equals —co.

4In fact, the fact that the division algorithm works, makes this ring a Euclidean domain (Definition
8.11).

SButin Corollary 8.13 we will get much more: irreducibles equal primes and unique factorization.
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The latter is non-zero and of lower degree and still has a root ¢. This
contradicts the minimality of p. |

An even simpler argument gives the following result.

Lemma 7.6. Given p € C and p minimal for p in F|x]. If f € Flx] has a
root p, then p | f.

Proof. We use again the division algorithm to establish that

f=pqg+r,
where r has degree less than p. Since f(p) = p(p) =0, also r(p) must

be zero, contradicting the minimality of p unless r(x) = 0. The lemma
follows. [

Theorem 7.7. Given a(x) and b(x) in Flx], there are g and h in F[x] satis-
Jying

a(x) g(x) +b(x) h(x) = c(x)
if and only if ¢ is a multiple of ged(a, D).

Proof. We paraphrase the proof of Lemma 2.5 with “degree” replacing “ab-
solute value”. Let S and v(S) be the sets:

§ = {ax)g(x)+bx)h(x) : a(x)g(x) +b(x)h(x) # 0}
v(S) = {deg(s):s€S} CNU{—,0}.

Again v(S) is non-empty, and so by well-ordering, it must have a smallest
element, say &, the degree of a polynomial d(x). If § = 0, then d(x) is
a constant y € F. After dividing by ¥, we see that gcd(a,b) = 1 since no
common factor can have degree less than 0.

If § > 0, we use the division algorithm exactly as in the proof of Lemma
2.5 and conclude that d(x) is a divisor (or factor) of both a(x) and b(x).

Suppose e is a factor of both a and b. Since d(x) = a(x)g(x) +b(x)h(x),
we see that e must also be a factor of d. And thus d is the greatest common
divisor.

The proof is finished by repeating the last paragraph of the proof of
Lemma 2.5 to show that a(x) g(x) + b(x) h(x) = c(x) has a solution if and
only if ¢ is a multiple of d. |
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Next, we present a result that holds for more general rings of the form
R[x] (though not for all). For simplicity, however, we give the result for Z[x].
It says that if we can factor a polynomial in Z[x] as a product of polynomials
with rational coefficients, then, in fact, those coefficients are integers.

Lemma 7.8 (Gauss’ Lemma). Let Ay € Z, and b;,c; € Q. If
m+n m . n .
Z Agx[ = b,‘xl Z ijj s
=0 i=0 j=0

Proof. LetA:=gcd({A¢}) and seta, = A,/A. In addition, we fix integers B
and C such that Bb; and Cc; are integers and gcd({Bb;}) = gcd({Cc;}) = 1.
We then get

then b;,c; € 7.

m+n m n
Z ABCagx[ = ( Bb,-x’) (Z chxj> .
(=0 i=0 j=0

We now show that ABC = +£1 and so all three are 1. Given any prime p in
Z, let r be the minimum of the index i such that p t Bb;, and s the minimum
of the index j such that p { Cc;. From the way the coefficient ABCa, is

computed, see Figure 38, it immediately follows that p f ABCa,.s. Since

we can find such r and s for every prime p, the result follows. |
n
l

S

s-1
; .
0

012 r-1r r+s m

Figure 38. ABCa, is the sum of the Bb;Cc; along the green line in
the i — j diagram. The red lines indicate where p t Bb; and p { Ccj. So
all contributions except Bb,Cc; are divisible by p. Thus pt ABCays.

A similar argument gives another useful result.
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Lemma 7.9 (Eisenstein’s Criterion). Lera(x) = Zﬁ-{:o a;x' be a polynomial
in Z|x] of degree d > 2. If there is a prime p such that

plaiifi<d and ptag; and p*fa,

then a is irreducible over Q.

Proof. Suppose a is reducible over QQ, then by Lemma 7.8, it is reducible
over Z. So let a(x) = b(x)c(x) where b has degree m > 0 and ¢ has degree
n>0and d = m+n. Since a; = by,c, and ag = bycy, the requirements on
the a; give, without loss of generality,

ptby, and ptc, and ptby.
There is a smallest integer s < n < d such that p { ¢;. We compute a;:
min{s,m}
as = Z b,'Csf,' .
i=0
All terms on both sides are divisible by p except bycs, which is impossible.
|

We end this section with a note on some notation that can be confusing.
We can “adjoin” x to a ring R in two ways. If we use square brackets [-], we
take R[x] to be the minimal (smallest) ring that contains both R and x. On
the other hand, parentheses (-) are used to indicate the minimal (smallest)
field that contains both R and x. On the other hand, A little reflection leads
to the following definition.

R[x] = {f(x): fisapolynomial over R} ,

f(x) . 7.1
R(x) := { : f,g are polynomials over R} .

8(x)

Here, x can be a place holder or an actual number. In the former case, R(x)
denotes the rational functions in x, and R|[x] are the polynomials.

The ring of power series (not just polynomials of finite degree) is in-
dicated by R[[x]] . For a field F, the field of quotients or fractions F[[x]] is
written as F'((x)). This field consists of the quotients of power series. Con-
sider f(x) = Y2, aix’ and g(x) = ¥ bix’. Then if by # 0, the quotient
f/g can be formally reduced to a power series:

fx)

’ ap ay  aopb
=0+ + +oii= =4+ = —— 4 7.2
20 co+cix—+cox by < b b(z) >x (7.2)
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If bp = 0 and b; # 0, then employing the same method (exercise 7.2) we get

f) _1fao (ar _ah2)
o )y 7

Continuing this way, we see that the F((x)) is the set of formal Laurent
series (which is how it is usually defined):

F((x)){ic,-xi :n€Z and ciGF}.

For a ring R, the notation R((x)) is best avoided because it is ambiguous:
in this case the field of quotients is not the same as the set of Laurent series
over R.

7.2. Ideals

Definition 7.10. A non-empty subset I of a ring R is called an ideal® if
i)Foralliand jin I, i+ jis in I (closed under addition and negatives).
ii) Forall x in R and i in I, xi and’ ix are in I (it “absorbs” products).

The smallest ideal containing the elements i and j will be indicated® by
(i ).

A principal ideal is an ideal that is generated by a single element, that is:
it is of the form Ri. An ideal I is a maximal ideal if there is no other ideal L
sothat] C L CR.

To guide our considerations, we look at Z first. In Z it is clear that
for any j € Z, the corresponding ideal (j) is given by the set jZ of integer
multiples of j. The relation 3 | 15 can now be replaced by (3) D (15).

Addition of ideals is defined as in the following example
(6)+(15):={n+m:ne(6),me (15)} = (gcd(6,15)).

Notice that the last equality is not trivial. It in fact encodes Bézout’s lemma
(Lemma 2.5). In turn, this says that (6) + (15) is the smallest ideal contain-
ing both (6) and (15). We also say that (6) + (15) is the ideal generated by

6Usually “fraktur” letters (a, b, ¢ ...) are used for ideals. On a blackboard or whiteboard, these are
hard to distinguish from normal letters. So instead we will use capital letters to indicate ideals.

7One of the two is sufficient if R is commutative.

8In most texts parentheses () are used. We want to avoid ambiguity with the notation for an n tuple

(i)
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6 and 15. This is more conveniently written as (6, 15). More generally, for
ideals A and B, we have that

A+B:={a+b:acA beB}. (7.4)

This example also illustrates the fact that (6) 4 (15) is a principal ideal.
In fact, in Z, it is easy to see that every ideal [ is principal. One can use
BzZout to show that [ is generated by its least positive element. Another
non-trivial example of a principal ideal is the set of polynomials ¢ satisfying
q(p) = 0 in the ring of polynomials over a field F. Indeed, we need to
refer to Lemma 7.6 to establish that this is the case (work out the details in
exercise 7.8).

Next, we look at multiplication of ideals . If ideals are to behave like
numbers, then the product of two ideals should also be an ideal. At first
glance, one would think the collection of products of one element in (6) and
one in (15) would do the trick. This is indeed the case in Z (exercise 7.4).
However, in general this construct is not closed under addition (exercise
7.5). Thus we define AB as the smallest ideal containing the products of
one element in A and one in B, or

k
AB = { a;b; - a,'EA,b,'GB,kEN} . (7.5)
i=1

The relation between ring and ideal is very similar to the one between
group and normal subgroup (Definition 7.30). In fact, since a ring R is an
Abelian group with respect to addition, any ideal in R is a normal subgroup.
There is one interesting difference: a normal subgroup is also a group. In
contrast an ideal (like the even numbers) may not have a multiplicative iden-
tity and so it is not a ring (see Remark 5.24). The remainder of this section
spells out the relation between rings and their ideals.

Definition 7.11. Given two rings I and J, a ring homomorphism is a map
f I — J that preserves addition and multipchation and their respective
identities 0 and 1. The kernel of a ring homomorphism is the pre-image of
the additive identity 0. A ring isomorphism is a ring homomorphism that is
a bijection. The word “‘ring” is often omitted.

Proposition 7.12. i) The quotient R/K of a ring R by an ideal K is a ring.
ii) The kernel K of a ring homomorphism f : R — H is an ideal.
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Proof. K is an ideal and thus a normal subgroup of the Abelian additive
group R. Thus R/K is a group under addition (exercise 7.6). We have to
show that multiplication is well-defined and is associative, distributive, and
has an identity (Definition 5.20).

Multiplication in R/K is well-defined if for all a, @, b, and b’ in R such
that a —a’ and b — b’ are in K, we have

(a+K)(b+K)—(d+K)(b'+K)CK.
The left hand side can be expanded as
ab—d'b'+(a—d)K+K(b—-bV)+K-K=
(a—d)b+d(b—b)+(a—d)K+K(b—-b)+K-K.

The absorption property of the product does the rest.

Associativity and distributivity now follow easily. For example, since
[ab]c = a[bc] in R and multiplication is well-defined, we must have

[(a+K)(b+K)](c+K)=(a+K)[(b+K)(c+K)].
Similarly for distributivity. Again, by absorption, (a+K)(14+K) C (a+K)
and so 1 + K is the multiplicative identity. This proves (i).
The proof of (ii) is rather trivial. Just use Definitions 7.10 and 7.11.

Choose x and y in the kernel of f and conclude that f(x+y) = 0 and that
for any r € G, f(rx) also equals 0. [ |

Theorem 7.13 (Fundamental Homomorphism Theorem). If f : R — H is
a surjective ring homomorphism with kernel K, then H is (ring) isomorphic
to R/K.

Proof. Define the map ¢ : R/K — H by
@K +x) = f(x).
We need to prove that (a) ¢ is a bijection, that (b) it preserves addition and
that (c) it preserves multiplication.
To prove (a), note that ¢ is onto because f is. So next suppose that
¢(K+x)=@(K+y). Because f preserves addition, we get f(x—y) =0and

therefore x —y € K. Injectivity follows: because K +x = (K+ (x—y))+y
and K+ K=K, wegetK+x=K+y.
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The proofs of (b) and (c) are almost identical. We prove only (c).

(K +x)9(K+y) = f(x)f(y) = f(xy) = (K +xy).
But by the absorbing property of ideals, (K +x)(K +y) = K + xy. [ |

The idea that quotients of certain structures are isomorphic to structures
they map onto, is important not only in algebra (groups, modules) but also
in topology and analysis (quotient spaces). For instance, R /Z with the right
topology is homeomorphic to the standard (unit) circle. See Figure 39

_

Figure 39. Intuitively we wrap R around a circle of length 1, so that
points that differ by an integer land on the same point.

Theorem 7.13 has the surprising consequence, for example, that there
are no non-trivial (ring) homomorphisms C — R (see exercise 7.7).

Corollary 7.14. A ring homomorphism f : F — R where F is a field is
either trivial (zero) or injective.

Proof. If f is not injective, it has a non-trivial kernel, which by Theorem
7.13, is an ideal / in the field F. So I contains a a non-zero element i. Now
pick any x € F. Then by Definition 7.10 (i), xi ' -i = x isin I. Thus I = F,
and hence f(F) = 0. |

In many common cases, the conclusion if the fundamental homomor-
phism theorem is intuitively obvious. For example, we did not need it to
prove that Z /57 is isomorphic to Zs. However, in Theorem 7.16 below the
conclusion is not self-evident and we make essential use of it.

7.3. Fields and Extensions

As a first example, let us consider the field Q and adjoin the number 7 (or
any other transcendental number). We denote the smallest field containing
both by Q(x). The pair of fields (Q(7),Q) in this example is called a field
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extension. Q(7) is the extension field of Q. By equation (7.1), it consists
of all quotients of polynomials. Since 7 is transcendental, there exists no
polynomial p with rational coefficients so that p(w) = 0. Thus none of
these expressions simplify. Therefore this set is isomorphic to Q(x). An
extension of this nature is also called a transcendental extension .

In order to get something both new and manageable, we should adjoin
a number o to the field QQ that requires us to take only finitely many powers
of o into account. This is done by taking o to be an algebraic number. Such
as extension is called finite or algebraic .

A simple example tells the whole story. Let us take o = v/2 and study
Q(v/2). Clearly, a** = 2a, so any polynomial over Q in ¢ can be rewrit-
ten as a + bv/2 with ¢ and b in Q. Any quotient of polynomials in o can
therefore be written as

a+bv2  (a+bV2)(c—dv2) ac—2bd  (bc—ad)V?2

c+dV2  (c—dV2)(c—dv2) 242 224>
Since 2 is square free, the denominator is not zero and hence every element
in the field Q(1/2) can be written as e + f/2 with e and f in Q. This holds
is general as the next result shows.

Proposition 7.15. Let F(p) a finite extension of a field F. Suppose p is a
minimal polynomial for p and has degree d. Then, as sets,

-1
F(p):{Zaip’ : aiEF}.

i=0

Proof. Clearly, {1,p,---,p? !} are independent over F (otherwise the min-
imal polynomial would have degree less than d) and since a field is closed
under addition, subtraction, and multiplication, and so F'(p) must contain
all expressions Y4~ a;p’.

We only need to check that F(p) is closed under (multiplicative) inver-
sion. So choose b; € F such that f(x) := Y bix' is not 0. The minimal
polynomial p for p is irreducible (Proposition 7.5); it can have only trivial
factors in common with f. Thus by Theorem 7.7, there are polynomials s
and ¢ such that

() + pr(x) = 1.
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Using the minimal polynomial, s can be reduced to have degree less than d.
Substitute p for x in this equation to obtain (since p(p) =0 and f(p) # 0)

s(p)=1/f(p).

Thus F(p) is indeed closed under (multiplicative) inversion. [ |

All we are doing in this last proof, really, is taking an arbitrary quo-
tient f/g of polynomials f and g in p and reducing it using the minimal
polynomial. That insight leads to a sharper result.

Theorem 7.16. Let F(p) a finite extension of a field F. Suppose p is a
minimal polynomial for p. Then F(p) is ring isomorphic to F|[x]/{p(x)).

Proof. Define a map o), : F[x] — F(p) as follows. Given a polynomial f,

op(f)=f(p)-

Clearly, o, is a ring homomorphism, because

Op(f-8)=0p(f)op(g) and op(f+g)=o0p(f)+0p(g)-

Since
d—1

d—1
Gp(z aix') = Z aip',
i=0 i=0
Proposition 7.15 shows that o, is onto. By Proposition 7.12, the kernel of
Op is an ideal, and by Lemma 7.6 it is the ideal (p(x)) generated by p(x).

Thus by the fundamental homomorphism theorem, F(p) is isomorphic to
Flxl/(p(x)). u

Remark 7.17. The map oy, is called an evaluation map .

This is all very well, but what if we adjoin another algebraic element, 3,
to Q(o)? What does Q(«t, ) look like? Are the results we just proved still
useful? The answer, miraculously, is yes. And the reason is the primitive
element theorem below (Theorem 7.19).

Let us look at an example again. Adjoin B = /3 to the previous exam-
ple Q(a) = Q(v/2), and consider Q(c, B). Since the squares of a and f3
are integers, it is clear that every element of Q(+/2,1/3) can be written as

a+bV2+cV3+dvV6 where a,b,c,d€Q.
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What is not immediately obvious is that 1, V2, /3, and V6 are linearly
independent over the rationals, but let us assume that for now (see Lemma
7.33 in the exercises).

Remark 7.18. We obtain a 4 dimensional vector space over Q with a basis
formed by the vectors {1,v/2,1/3,/6}.

Now we make the “inspired guess”” that in this example Q(c + ) is iden-

tical to Q(a, B)! To verify that, set y = /2 ++/3. Clearly, y € Q(a, 8) and
$0

Q(y) € Q(a,B).
A simple computation indeed yields
Y=5+2V6, P=11vV2+9V3, 7y =49+20V6. (7.6)
And so 73 —9y generates v/2, ¥> — 11y generates v/3, while y> — 5 generates
/6. Thus
Q(e, ) CQ(7).

We have established that Q(y) = Q(ct, ). That we can do this in general,
is the content of the primitive element theorem.

Theorem 7.19 (Primitive Element Theorem). Every finite extension of an
infinite field is a simple extension.

Remark 7.20. Any single element that generates the finite extension is
called a primitive element.

Proof. Let F be an infinite field and K := F(«,f3,7,---,0) a finite (alge-
braic) extension. Suppose we can find a single generator ¢ for @ and 3. We
can then repeat the argument to find a generator 6 for ¢ and 7, and so forth.
Thus it is sufficient to prove this result for F (o, 3).

Let p and ¢ be minimal polynomials in F[x] for & and f3, respectively.
The roots of p are {e;}”, with oy = o and those of g are {B;}}_, with
B1 = B. Now define forc # 0 in F

(x) i= plar+c —cx).

9“Inspired guess” is pretentious way of saying that I do not want to say where I got this (but see the
proof of Theorem 7.19).
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This polynomial has several intriguing properties. First, it is a member of
the field F(a + ¢f)[x], for it has coefficients in F(a + ¢f3). Furthermore,
its roots are given by

o — 0y

+B;.

For i = 1, we of course get B = B; as a root. But now, since F is infinite,
we fix a value of ¢* of ¢ such that none of the other roots equals f3; for i > 1.

Since both ¢ € F[x] C F(a+c¢*B)[x] and r € F(a + ¢*B)[x] and both
have f3 as a root, Lemma 7.6 implies that the minimal polynomial d for 8 in
F(a+ c*B)[x] must be a divisor of both ¢ and r. But these two share only
one root, and therefore d € F (o + ¢*)[x] has degree one:

ogt+cf—cx=0 <— x=

s(x)=a1x+ap=a;(x—p).

Clearly, the a; are in F(a + c*f3), but then so does 8 = ap/a), and the same
holds for a = (a+c*B) — ¢*B. Thus a + ¢* 3 generates F (o, 3). [ |

Thus a primitive element generates the whole field extension through ad-
dition and multiplication (and their inverses). In contrast, a primitive root
(Definition 5.5) is an element of I, (the elements of Z, with addition and
multiplication as operations) whose powers generate IF .

As mentioned in our last example, Q() is in fact a vector space over
Q. From (7.6), it is clear that ¥* — 10y?> + 1 = 0. Therefore Q(y) has four
basis vectors, like Q(a, 8), namely {1,7,7%,7°} span the space Q(y). The
scalars are elements of Q. As such, it is somewhat confusingly denoted by
Q(y)/Q in the literature, though this is not to be interpreted as a quotient.
The dimension of the vector space is denoted by [Q(7) : Q] and is also
commonly called the degree of the extension. Notice that

[Q(e, B) : Q] = [Q(ax, B) : Q(a)] - [Q(a) : Q).
This holds much more generally (see [68] or [35]).

7.4. The Algebraic Integers

We look at the ring of all algebraic integers and show that it unsuitable for
the study factorization into primes or irreducibles for it has neither primes
nor irreducibles.
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Theorem 7.21. The set </ of algebraic integers forms a ring with no zero
divisors.

We can take advantage of the fact that algebraic integers are complex
numbers, which in turn form a commutative field (and thus a ring) without
zero divisors. Many of the properties mentioned in Definition 5.20 as well
as the absence of zero divisors are thus automatically satisfied. To make a
long story short, we only need to prove that <7 is closed under additive in-
version, under addition, and under multiplication. The first is easy. Suppose
that 6 € o7 is aroot of x4 +ay_1x¢~ 1 + - +ag, where the a; are in Z. Then,
of course, —0 is a root of the same polynomial with the odd a; replaced by
—a;. The remaining two criteria have a very interesting constructive proof.
To understand it, we need to define the Kronecker product.

Definition 7.22. Given two matrices A and B, their Kronecker product A ®
B is given by

A B ApB A;sB
ARB:= | AyB A»nB

Lemma 7.23. Suppose that A and B be square matrices of dimension a and
b, respectively and denote by I, and I, the identity matrices of the appropri-
ate dimension. If A has eigenpair'® (ot,x) and B, (B,y). Then

i) A® B has eigenpair (o3, x®Yy), and

ii) A® I, +1, ® B has eigenpair (¢ + B,x®Yy) .

Proof. We have that
AulB ApB ApB -\ [x1y Anx1By+ApxoBy+---

Anb ApB - | | xy | = | AsixiBy +ApxoBy+--- |,

which equals Ax ® By or ax ® By. Using Definition 7.22 again, it is easy to
check that this in turn equals af8x ®y. This proves item (i).

10'[‘his means that Ax = ox.
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By (i), A ® I, has eigenpair (@,x®y), and I, ® B has eigenpair (f,x®
y). Adding the two gives item (ii). [ |

As an example, consider the matrices
0 2 0 3
A= and B=
1 0 1 0

with eigenvalues ++/3 and ++/2. We obtain:

00 0 6 03 20
0 0 2 0 0 2
ARB= and AL, +1,®B = ,
03 00 1 0 0 3
1 000 0110

with eigenvalues +1/6 (of multiplicity 2) and £1/3 + v/2, respectively. The
characteristic polynomials are (x*> —6)? and x* — 10x? + 1, respectively. The

polynomial was obtained earlier from equation (7.6).

Proof of Theorem 7.21. We only need to prove that 7 is closed under ad-
dition and under multiplication. So let o and 8 be in «/. Then « is a root
of a monic'! polynomial p, (x) of degree a and the same for 8 and pp(x) of
degree b. Suppose pa (x) =x*+ Y%~ a;x’. The so-called companion matrix
, that is: the a X a matrix whose characteristic polynomial equals pj, is

o o0 o0 --- —ay

1 0 0 - —ay
A=|o 1 0 -- —ay ,

o -+ 0 1 =—a4

and similarly a matrix B can be defined for pp. Now form the matrices
mentioned in Lemma 7.23 (i) and (ii). Then o3 and o + 8 are roots of
these polynomials or of factors of these polynomials. Since a factor (over

1 1A monic polynomial is a polynomial whose leading term has coefficient 1.
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Z) of a monic polynomial is monic, we see that both aff and o + 3 are
algebraic integers. |

While, like Z, the algebraic integers </ form a ring, that ring does not
“look” like Z at all! We will take this up later when we prove that .o/
is dense in the complex numbers and has no irreducibles and no primes
(Theorem 8.6). So to study factorization, we must look at more restricted
collections of algebraic integers.

Examples of more restricted rings of integers are Z(7y), the ring con-
sisting of numbers of the form Zﬁtol ¢;¥* with ¢; € Z, where 7y is algebraic
of degree d. To see that Z() is a ring is trivial, since we do not have to
worry about multiplicative inverses, which was the only complication in
Proposition 7.15.

We end this section with a slightly confusing definition and a warning
in the form of a Lemma.

Definition 7.24. Consider the field Q(y). The integers of Q(y) are those
elements in Q(y) that are algebraic integers.

This is not necessarily the same as the set Z(y)! As an example we will
prove the lemma below in exercise 7.20.

Lemma 7.25. Let j be square free. The integers of Q(+/f) are precisely the
elements of the ring Z(% (1+/7)) if j =4 1, and Z(:/7) else.

7.5. Rings of Quadratic Numbers and Modules

Let j be a non-zero square free integer j € Z (see exercise 2.16) not equal to
0 or 1. Then +/j is a algebraic integer of degree 2. If j is negative, we can
think of Z[/j] and Q[\/j] as subsets of the complex plane. If j is positive,
then they are subset of the real line. In both cases Z[\/j] and Q[+//] are
countable (see Theorem 1.26). All elements of Z[./;] are algebraic integers
of degree 2, because they are roots of

(x—a—b\/j)(x—a+b\/j)=x*—2ax+d® —b*j=0, (7.7)

and that degree 2 polynomial cannot be factored over the integers.
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We can look at Z[+/]] as having two basis vectors

1 0
=1 and =\/3.

0 1

The elements of Z[/j] are precisely the linear combinations a-1+b-+/j.
Just like a the vector space of remark 7.18! The only difference is that the
“scalars” now belong to a ring and not a field. The resulting construction is
called a module.

Definition 7.26. A module M (or left module ) is a set with the same struc-
ture as a finite-dimensional vector space, except that its scalars form a com-
mutative ring R (and not a field as in a vector space). Scalars multiply the
elements of M from the left. (If in a non-Abelian ring, scalars multiply from
the right, the result is called a right module.)

Next, we interpret multiplication by & = a+ b+/j in Z[+/j] when \/j
is an algebraic integer of degree 2. Clearly, it is linear, because

a(c+dy/j)=cal +da /j.

1
Therefore, o can be seen as a matrix. Identify 1 with and /j with
0

. Then the equations (a+b+/j)1 =a+b+/j and (a+b\/j)\/j=bj+
1

a+/j can be rewritten as

1 a 0 bj
A = and A =
0 b 1 a

Thus we can use elementary linear algebra to see that
A= . (7.8)
b a

What is interesting here, is that the determinant of A

detA = a®> — b%j (7.9)
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is clearly an integer and cannot be zero, because if jb2 —a? =0, because Jj
is square free. The beauty of this is that this allows us to study factorization
in complicated rings like Z[+//] using the tools of a simpler ring, namely
Z. All we have to do is to phrase factorization in Z[+/j] in terms of the
determinant of A. In number theory, this is known as the norm of a.

Definition 7.27. The field norm, or simply norm'?, of an element o of
Z[\/j] or Q[\/]] is the determinant of the matrix that represents multiplica-
tion by a. It will be denoted by N(a). The trace of that matrix will be call
the trace of o and is denoted by T (a.).

A fundamental result about determinants from linear algebra (detAB =
detAdetB) gives a handy rule.

Corollary 7.28. The norm of a ring of quadratic integers is a completely
multiplicative function: N(aff) = N(o)N(B). (See Definition 4.2.)

Remark 7.29. Suppose a = a+ b/ in Z[+//]. From equation (7.9), we
also get N(a) = oot where @ = a — b/j. @ is called the conjugate of o.
Note that if j is negative, the conjugate & corresponds to the usual complex
conjugate of o and so the norm N (o) corresponds to the usual absolute
value squared |a|>.

All this can be seamlessly generalized to Z[B] where 8 is some alge-
braic number of degree d > 2. We then get a d-dimensional module.

127This is another case of assigning a name that gives rise to confusion: the “norm” as defined here can
be negative! Nonetheless, this seems to be the most common name for this notion, and so we’ll adhere to it.
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7.6. Exercises

Exercise 7.1. The reader might want to review exercises 3.22 to 3.25 first.
Let f and g in F[x]. We will show that there are polynomials ¢ and r in
F[x] such that

f=gq+r and deg(r) <deg(g). (7.10)
a) Show that this holds if deg(g) > deg(f). '
b) Now let n = deg(f) > deg(g) = m and f(x) = Y ;,aix’ and g(x) =
Yo bix'. Define
a —F
filx) = fx)— b*"xn "g(x),
m

where f; has degree j. Show that j <n— 1. (Hint: by assumption, a, and
by, are not zero.)

¢) Show that the computation in (b) can be repeated with f replaced by f;
as long as j > m. (Hint: we are just formalizing long division here.)

d) Show that r(x) = fi(x), where f; is the first of the f; to have degree less
than m.

e) Show that the leading term of g(x) in (7.10) is Z—”;x”_m.

Exercise 7.2. We perform long division to divide f(x) = ap 4 a;x+axx> +
.-+ by g(x) = bg + bix+box> 4 ---. In contrast to exercise 7.1, now con-
sider the constant term as the leading term, the next leading term is the one
linear in x, and so on.

a) Assume bg # 0, then f — Z—g g cancels the constant term. So the first term
of the quotient equals Z—g. Find the next two terms. (Hint: see equation
7.2.)

b) Assume by = 0 and by # 0. Divide f by xg(x) = by +byx+ --- using
the method in (a). Find the first three terms of the quotient. (Hint: see
equation 7.3.)

Exercise 7.3. 'We prove that Z(i) = Q[i].

a) Show that Z[i] is the set {a+bi : a,b € Z}. (Hint: i* € 7..)
b) Show that Z(i) equals {(a +bi)/(c+di) : a,b,c,d € Z}.
¢) From (b), rewrite Z(i) as {r+si : r,s € Q}.

d) Show that R[i] = C.

Exercise 7.4. a) Given two ideals (a) and (b) in Z. Show that

(a)-(b)z{inimiab:n;,mieZ,keN}.

i=1

b) Use (a) to prove that in Z
{a)-(b) = (ab).



7.6. Exercises 149

Exercise 7.5. Consider the ideals / = (2,x) and J = (3,x) in Z[x].
a) Show that

I=g1(x)24+g(x)x and J=hi(x)3+hy(x)x,
where g; and h; are arbitrary elements of Z[x].
b) Show that 3x and —2x can be written as (g1 (x)2 + g2(x)x)(h1 (x)3 +
hy (x)x).
c) Use (b) to show that x must be in the ideal 1J.
d) Show that x cannot be written as (g1 (x)2 + g2 (x)x) (A1 (x)3 + ha(x)x).
e) Use (d) to show that IJ is not equal to the “naive” definition of the
product of ideals, {ab : a € 1,b € J}.

Definition 7.30. Let G be a group and N a group contained in G. Then N is
a normal subgroup of G if for every n € N and every x € G, also x 'nx € N.
In other words, if n € N, then every conjugate x~'nx of n is also in N.

Exercise 7.6. a) Show that for a not necessarily Abelian additive group G
with a subgroup I, we have

(a+D)+ b+ =(a+b—b+1)+(b+I)=(a+b)+(—b+I1+b)+1I.

b) Show that (a) implies that addition of cosets is well-defined if / is nor-
mal.

c) Let I be a normal subgroup of a group R, then R/I is a group. Where in
the proof do you need normality. (Hint: check the items in Definition 5.20
(1))

d) Let & : R — H be a homomorphism of groups. Show that ker# is a nor-
mal subgroup. (Hint: write h(x 'nx) = h(x~")h(n)h(x). What is h(n)?)

We have proved the fundamental homomorphism for groups. This is really
a slightly weaker version of Theorem 7.13. So we will record it here as a
corollary.

Corollary 7.31 (Fundamental Homomorphism Theorem for Groups).
If f : R — H is a surjective group homomorphism with kernel K, then H is
group isomorphic to R/K and K is a normal subgroup.

Exercise 7.7. Show that there is no non-trivial (ring) homomorphism C —
R. (Hint: use Corollary 7.14 to show that the kernel of f is {0}. Use
2 = —1 10 see f(i) is undefined.)

Exercise 7.8. Let p be an algebraic number with minimal polynomial p.
a) Show that the set of polynomials ¢ in Q[x] such that g(p) = 0 form an
ideal. (Hint: use only Definition 7.10.)

b) Show that this is a principal ideal. (Hint: Lemma 7.6.)
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Exercise 7.9. a) Solve the polynomial ¥* — 1092 + 1 = 0 using the standard
quadratic formula and then taking a square root again. Show that

y=+\/5+2V6.

b) Show that the root with the two ‘+’ signs equals v/2+ /3 .

Exercise 7.10. a) Show that f% + %\@ is an algebraic integer. (Hint:

compute (x+ % - é 3)(x+ % + %ﬁ))

b) Use a computation similar to (a) to show that —% + % 3 satisfies x2 +
x— % =0.

c¢) Show that (b) implies that —% + % 3 is not a algebraic integer. (Hint:
what if that number also satisfied x* + bx + ¢ = 0 with b and ¢ in Z.?)

Exercise 7.11. Consider primes p and ¢ (in Z). Use Lemma 7.23 to find
minimal polynomials for \/p,/q and \/p+./q.

Exercise 7.12. Let p be algebraic integer with minimal polynomial p(x) =
x4 —0—):,10.1;01 cixt (¢c; € 7).

a) Use Lemma 7.23 to show that for all a and b in Z, a+ bp is also an
algebraic integer of degree at most d. (Hint: Let C be the companion
matrix for the minimal polynomial for p; the lemma leads to considering
the characteristic polynomial of al + bC.)

b) Show that g(a+ bp) = 0 if ¢ is the polynomial given by

d—1 . .
g(x) = (x—a)? + )y e (x—a)'.
i=0
c) Show that if b # 0, then if g(x) can be factored over the integers by
f(x)g(x), then p(x) can be factored by b9 f(bx +a)g(bx + a).
d) Conclude that ¢ is the minimal polynomial for a + bp (b # 0).

Theorem 7.21 and the next two exercises imply the following. Theorem 8.6

provides more information.

Proposition 7.32. The set o/ forms a integral domain but not a field and

o/ is dense in C.
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Exercise 7.13. a) Show that the algebraic numbers are closed under mul-
tiplicative inversion. (Hint: let d be the degree of the polynomial p and
consider the polynomial q(x) := x*p(x~1).)

b) Show that if the degree d polynomial p € Z[x] is irreducible, then
so is gq(x) == ¥p(x71). Hint: q(x) = f(x)g(x) implies p(x~') =
e

c) Use (b) to prove the following. An algebraic integer ¢ is a unit (is in-
vertible) if and only if & has minimal polynomial p(x) = x¢ + Z?;OI aixt
with ag = +1. (Hint: in a minimal polynomial, ay cannot be zero.)

d) Conclude that the algebraic integers do not form a field.

Exercise 7.14. a) For any real o > 1, and any n € N, we can choose k =
|a"|. Show that
ki <a<(k+1)n.
b) Use (a) to show that
1 1 1
(k+1)7 —ki <a(20-1).
c) Show that the algebraic integers are dense in {x € R : x > 1}. (Hint:
K/ is an algebraic integer.)

d) Extend the conclusion in (c) to all of R by using exercise 7.12 (a).
e) Use (d) and Lemma 7.23 to prove that </ is dense in C.

Exercise 7.15. a) Use the method of Section 7.3 to find the minimal poly-
nomial in Z[x] for v2+ /3 ++/5. (Hint: x8 —40x° 4+ 352x* — 960x> +
576.)

Exercise 7.16. Suppose p € < is not a unit and has minimal (monic) poly-
nomial p in Z[x].

a) Show that g(x) = p(x*) has root ,/p.

b) Show that any factor in Z[x] of g is monic.

¢) Show that ,/p is not a unit. (Hint: if it is, then its square must be too.)
d) Conclude that p is not irreducible.
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Exercise 7.17. We apply the Euclidean algorithm in Z[v/—1] to 17 + 15i
and 7+ 5i. Compare with the computations in Section 3.2 and exercise
3.22.

a) Check all computations in the following diagram.

! + ! - [+ | = |
| 242 | -2—i | 3 | 0 |

0 | —=14i | =4 | 745 | 17+15i |
o | | |
} { ‘ —6 3i ’ —2—i

b) Check all computations in the following diagram.

|+ | - |+ | - | + |
| 1420 | 1—i | 1—i | 2 | 0 |
0 | 1+4i | =143 | 345 | 745 | 17415 |
[ | \ | |
—14i 1
—2i —1+4i
—2+4i 1—2i

¢) From the diagram in (a), compute values for x and y in Z[v/—1] such
that

—1+i=(7T+5)x+ 17+ 150)y.
(Hint: follow instructions in Section 3.2.)
d) From the diagram in (b), compute values for x and y in Z[v/—1] such
that

1+i=(7+5)x+ (17+150)y.

e) Compute ged(17 + 15,7 + 5i) (up to invertible elements).
f) Compute lem (17 + 15i,7 + 5i) (up to invertible elements). (Hint: see
Corollary 2.16.)

Exercise 7.18. Find a greatest common divisor and a least common multi-
ple for each of the following pairs of Gaussian integers. (Hint: see exercise
7.17.)

a) 74 5iand 3 — 5i.

b) 8 +38i and 9 + 59i.

¢) =94 19i and 52 + 68i.
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Exercise 7.19. a) Show that the arithmetic functions (Definition 4.1) with
the operations addition and Dirichlet convolution (Definition 4.19 form a
commutative ring. (Hint: see exercise 4.16).

b) Show that the same does not hold for the multiplicative (Definition 4.1)
arithmetic functions. (Hint: see exercise 4.17).

c) Show that the functions f : R — R together with the operations addition
and multiplication form a commutative ring.

d) Is the ring in (c) a domain?

e) Show that the square integrable functions f : [0,e0) — [0,00) together
with the operations addition and convolution form almost a commutative
ring. (Hint: only the multiplicative identity is missing.)

f) Look up Titchmarsh’s convolution theorem and show that it implies that
the ring in (e) (with the “Dirac delta function” added) is a domain.

Exercise 7.20. a) Show that all elements of Q[y/]], j € Z, are algebraic
numbers. (Hint: see equation (7.7).)
b) Now let j be square free and show that if a+b+/ is an integer of Q[+//],
then

2a€7Z and &> -bjel.
¢) Show (b) implies that if a € Z, then b € Z. (Hint: set b = % where

ged(p,q) = 1.)
d) Show that (b) implies that if a € Z + %, then 4b2 jEeAZ+1.

e) Show that in (d) we obtain that b € Z + % and j =4 1. (Hint: setb= g
where ged(p,q) = 1 and conclude that ¢ = 2. Then show that p* j =2n+1
implies that j =4 1.)

f) Use (c) and (e) to show that if j =4 1, the integers of Q[,//] are given by

I:{a—i-b\/;:a,beZ}U{a-ﬁ-%-ﬁ-(b—b—%)ﬁ:a,beZ}.

g) Use (f) to prove Lemma 7.25.

In the remainder of these exercises, we use the following notation. We let
{my,--- ,my,} denote a collection of distinct, square free (non-zero) integers
in Z. In the interest of brevity of notation, we write €1q; + - -- + €,g, as
(€-q)(y) in exercise 7.21 and €1a1/my + -+ + &an/my as (€-a/m),) in
exercise 7.22. (If m < 0, take the root in the upper half plane of C.) We also
set S, = {—1,4+1}", n > 0. Our ultimate aim is proving Proposition 7.34.
Along the way, though, we will find some interesting gems. Our approach
is inspired by [16]; more general results can be found in [64].
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Exercise 7.21. Define the following polynomial of degree 2" in x with
parameters q; through g, :

Px) =[] (JH‘(S'Q)(n)) ;
€S,
a) Show that for n > 1, P,(x) is equal to
P,(x) = Z Kejy oo, x[q{l -'~q#
Cjissin
where the k’s are integers.
b) Show from the definition of P, that replacing g; by —g; leaves P, invari-
ant.
¢) Show that (b) implies that the powers j; are even.

Exercise 7.22. a) Define the polynomial of degree 2"
Pu(x) == H (x—i— (8~a\/ﬁ)(n)) ,
£E€S,
and show that for n > 1, P,(x) satisfies

By(x) = Pnfl(x+an\/m ) 'Pnfl(xfan\/m )-
b) Use exercise 7.21 (c) to show that P, € ZI[x].
c) Use that B, € Z[x] to show that

n—1

P (xtapy/my) = Zbi(xianM)i

i=0
= £vmy Oy () +E;1(x),
where O, and E,,_; are in Z[x].
d) Show that E,_; (x) is not the zero polynomial. (Hint: x*".). Then show
that if O, (x) is zero, we obtain a contradiction as follows.

P (x+an\/n7) =P (x—a,,\/nT,,)

implies that the roots of those two polynomials are equal. But

U {(5"1\/@(”71>+an\/”7n}: U {(3'“\/@(,171)_“"\/"7"}'

€S, EES, -1

The following lemma (proved in Exercise 7.23) is interesting in its own
right, but, as we will see, it also has important applications.

Lemma 7.33. Let {my,--- ,my} be a collection of distinct, square free in-
tegers in Z.. Then for a; € Z, Zle ai/m; =0 if and only if a; = 0 for all i.
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Exercise 7.23. This exercise relies heavily on exercise 7.22. Given /¢ dis-
tinct square free integers in Z, {mj,my,--- ,my}. Assume the lemma is
false. Thus let r > 1 be the smallest integer such that upon re-ordering the
m;, the first r terms are linearly dependent over Z:

.
Y aiy/mi=0 and Via#0. (7.11)
i=1

Define the polynomials P;, O}, and E; as in exercise 7.22.

a) Show that r > 2. (Hint: this is trivial if one of the m; is negative and
one is positive; if they have the same sign, square the relation ay\/m| =
—az\/ms.)

b) Show that (7.11) implies that O,_{(0) = E,_1(0) = 0. (Hint: show that
0 is a root of P,, so one of its factors P._y(x % a\/m,) has a root 0.)

¢) Show that (b) implies that there is an € € S,_; so that

g-ay/m), .\ +a/m = 0 and
(r=1)
(E-a\/r%)(ril)—ar\/nTr = 0.

d) Show that this proves Lemma 7.33. (Hint: adding the equalities in (c)
contradicts minimality of r.)

The next exercise is another one of the promised ‘gems’. We find the mini-
mal polynomial for }}' ; \/p; where the p; are distinct primes in N.
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Exercise 7.24. Let {p1,---,pn} be a collection of positive primes in Z,
and for € € S, set

Ye = (5'\@)(”)

Furthermore, denote by {m;}?" the 2" distinct” values of [T, p?’ for
§; € {0,1} including 1 = [T p°.
a) Show that

on

Yo=Y bumiv/mi.
i=1
where by ; € Z and 1); = %1 is determined exclusively by € and m;. (Hint:if

mj = papspy, say, then 1; = €€5&9.)
b) Let P =YX | a;x' in Z[x]. Show that

o
P(Ye) =Y comi/mi.
i=1

where by ; € Z and 7); as in (a).
¢) Use Lemma 7.33 to show that (b) implies:
Je € S, suchthat P(y:) =0 = Ve €S, suchthat P(y:) =0.
d) Define the polynomial of degree 2"
Pax) = [T (x4 (e vP)y)
£€s,

Show that P, defined in (b) is the minimal polynomial for any of the 7.
(Hint: by (c) the minimal polynomial must have degree at least 2", and by
exercise 7.22 (c), Py € Z[x].)

“Here we use positivity of the primes, because, for instance, (—2) - (—3) = 2-3. However,
if the collection of primes contains no pair {—p, p}, this difficulty goes away.

Now we come to the main result of these exercises.

Proposition 7.34. Let {p,--- , p,} denote any collection of distinct primes
in N.

i) Let Yy := Ye=1 = Xi_y /Pi- Then Q(/P1,+/P2;-++ ,\/Pn) = Q1)

ii) Denote Fy, = Q(\/p1,\/P2,"* 1\/Pn)- The degree [F, : F,_1] equals 2
and so [F, : Q] =2".

iit) Items (i) and (ii) also hold for {&|p1,--- ,€,pn} Where € € S,,.

The first part of this proposition actually says that 7, is a primitive element
(see Theorem 7.19) for F,. Part (ii) says that the fields F, form an infinite
tower of fields (see definition 7.35), each having degree 2 with respect to
the previous field.
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Definition 7.35. A fower of fields is a (finite or infinite) sequence of succes-
sive field extensions Fy CF, C---CF, C---.

Exercise 7.25. a) Show that [F, : Q] < 2". (Hint: see preamble of exercise
7.24.)
b) Show that [F, : Q] = 2". (Hint: use Lemma 7.33.)

The next exercise proves part (i) of Proposition 7.34. Note that by definition
of %, Q(1,) C F,. So all we need to show is the reverse inclusion.

Exercise 71.26. Define P, as in exercise 7.24 (d) and ¥, as in item (i) of the

proposition.

a) Proceed as in exercise 7.22, but with a;,/m; replaced by ,/p;, to show

that

P, (xj: \/ITH) :Enfl(x) + \/ITnonfl(x)y

where O, and E,_; are non-zero polynomials in Z[x].

b) Use (a) and exercise 7.24 (d) to show that O, (%,) # 0.

¢) Show that P,_{ (% — v/pn) = 0. (Hint: from the definition of Py.)

d) Show that

E, (Yn) + \/ITnOnfl (Yn) = 0>

and thus Q(7;,) contains /p,.

f) Use that fact that the order of the primes is arbitrary to show that Q(7,)

contains ,/p; forany i € {1,--- ,n}.
Finally, we carefully checking the proofs and making sure that adjoining
negative primes does not cause any problems. See for example the footnote
to exercise 7.24. Note that in this case, we generally get a tower in C, not
in R.

Exercise 71.27. Check the proofs in exercises 7.22 through 7.26 to make

sure that adjoining negative p; does not cause problems.






Chapter 8

Factorization in Rings

Overview. We now get back to factorization. It is instructive to go back to
the discussion of the proof of unique factorization in Z (Section 2.3) at this
point. Our familiarity with Z may hide underlying structures from us. To
circumvent this familiarity, we study factorization in rings. Perhaps unex-
pectedly, at this level of generality, pretty much anything can happen, as we
show in the first section below. We then add various ingredients to rings in
an effort to end up with an abstract structure that guarantees unique factor-
ization. Unless mentioned otherwise, we restrict to commutative rings.

8.1. So, How Bad Does It Get?

Recall that even in Z, we have unique factorization up to factor -1 (see
remark 2.12). So the best we can reasonably hope for in a general ring is
to have unique factorization up to multiplication by units (Definition 5.25)
and up to re-ordering. In this section, we dash those hopes. Let us start by
revising our basic notions to this more general context.

Definition 8.1. Given a ring R and an element r that is not zero or a unit.
Then r is reducible if it is a product of two non-units (or non-invertible
elements). If r is not equal to a product of two non-invertible elements it is
called irreducible (or not reducible). If whenever r | ab, then v |a or r | b
(or both), then it is called a prime.

159
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The important observation here is that the two characteristics of primes
in Z that mentioned in remark 2.13 have been separated, because they do
not coincide in general rings: irreducibles and primes become two different
things'.

Next we must realize that in general rings, we cannot necessarily order
divisors according to their absolute value as we do in Z (see Definition 1.2).
Instead, in the new definition we order divisors according to the partial order
given by the division relation.

Definition 8.2. Let R be a integral domain and a and B non-zero el-
ements. A greatest common divisor g = ged(a, ) is a common divisor
of both a. and B such that for any common divisor Y we have y | g. A
least common multiple ¢ = lem (a, B) is a common multiple of both o and
B such that for any common multiple 'y we have { | v.

So given a general ring, pick an arbitrary element, what different iden-
tities can it have? Well, it can be irreducible, reducible, a unit, or 0. These
categories are mutually exclusive. In addition, every non-zero, non-unit el-
ement can also be prime or non-prime. But the primes and irreducibles are
not necessarily the same. The next result gives a sample of the truly bizarre
behaviors of factorizations in general (commutative) rings.

Proposition 8.3. i) In a ring that is also a field, there are no primes or
irreducibles.

ii) The set of algebraic integers <7 form a proper ring (i.e. not a field) that
has no irreducibles and no primes.

iti) In the ring Ze¢, the element 2 is prime, but not irreducible.

iv) In the ring 7.[\/—5), the element 3 is irreducible, but not prime.

v) In Z[/=3|, the gcd of 4 and 2+ 2+/—3 does not exist.

vi) In Zg[x], 2x(1+3h(x))" divides 4x* for any polynomial h and any n > 0.

Proof. (i) Recall that in a field, every non-zero element is a unit, and so
there are no primes or irreducibles.

(ii) Pick any non-zero, non-unit p € .2/ According to exercise 7.13 (c),
p has minimal polynomial

d
p(x):Za,-x’ with  a;=1 and a9 # —1,0,+1.
i=0

L And the meaning of “prime” has changed to confuse non-algebraists. But we’re not falling for it!
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Seta =b = /p. Then a is a root of g(x) = p(x?) by exercise 7.13 (b).
Now g € Z[x] is monic and any polynomial factor of g must also be monic.
Therefore is in /. Since p = ab, p is reducible. Clearly, we also have
p | ab. But if p divides a (or b), then a/p is in 7. Since < is closed under
multiplication, its square, which equals p~!' would then also be in .. This
contradicts our initial choice of p. Hence p cannot divide a or b, and so p
is not prime.

(iii) Suppose 2 | ab in Zg. Then in Z, 2 divides ab+ 6m. But that means
that ab is even and thus a (or b) has a factor 2. But then in Zg, 2 divides a
(or b). Therefore 2 is prime in Zg. On the other hand, 2 -4 =¢ 2. Since both
2 and 4 are non-invertible, 2 is reducible.

(iv) Suppose the number 3 equals the product xy, where x and y in
Z[v/=35]. Clearly, x and y cannot both be real, because 3 is prime and irre-
ducible in Z. If both are non-real, then b # 0 and each has absolute value
at least v/5, and |xy| > 5, a contradiction. If one of them is non-real, then
so is their product, another contradiction. Therefore, one of x or y must be
a unit. This proves that 3 is irreducible in Z[y/—5]. But on the other hand,

2+iV35)2-iV5)=9 = 3|2+iV5)(2-iV5).
But since (21;7\6) & 7Z|/—5], 3 does not divide either of these factors.
(v) Since
4=2:2= (14+V=3)(1-V3),

both 2 and (1 ++/—3) are divisors of 4. They are also divisors of (2+
2+/—3). however, it is a simple check to see that 2 and (14 +/—3) do not
divide each other. In other words, there is no mximal common divisor in
this case.

(vi) Using the binomial theorem, we see that modulo 6
n
2x-2x- (14 3h(x))" =¢ 4x* Z (n) 3ih(x)" =¢ 4x%,
i=0 \!
because 4 - 31 =¢ 0 for i > 0. []

8.2. Integral Domains

In order to “tame” factorizations, the first thing to do is to require the ab-
sence of zero divisors.
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Definition 8.4. An integral domain or domain is a commutative ring R with
no zero divisors (i.e. ifa # 0 and b # 0, then ab # 0).

Thus, in an integral domain, if we have ab = 0, then we can conclude
that either @ = 0 or b = 0 or both. This applies to the situation where we
have a(x —y) = 0. If a # 0, we must have x = y. This immediately implies
(see Theorem 2.7) the following.

Theorem 8.5 (Cancellation Theorem). In an integral domain, if a # 0,
then ax = ay if and only if x =y. (See also Theorem 2.7.)

Polynomials whose coefficients form an integral domain are themselves
an integral domain (see Section 3.7 and Definition 7.1). Other examples are
the fields IF,, of the integers modulo a prime p. In this context, Lagrange’s
theorem (Theorem8.32) is interesting: it says that an degree n polynomial
over a field has at most n roots. So,

x2+5x+6:110 - (x+2)(x—|—3) =110.

And this implies that x =11 —2 =y 9 orx =11 —3 =1 8. If we work modulo
12, factoring does not solve the problem. For example, x> + 5x + 6 modulo
12 has roots {1,6,9,10}.

A (non-Abelian) ring that does have zero divisors are the 2 by 2 matri-

0 1
ces with coefficients in Z. In fact, if N = ,then N2 = 0.
0 0
Note that C does not have zero divisors. Therefore, the same holds for
any subset of C, such as the set .7 of all algebraic integers. Propositions
7.32 and 8.3 (ii) imply the following remarkable facts.

Theorem 8.6. The set <7 forms a integral domain but not a field and
i) o is dense in C, ii) </ has no irreducibles, iii) </ has no primes.

It might seem that we have not done much to tame the factorization
process. However, the following result indicates that we on the right track.

Theorem 8.7. Any prime p in an integral domain R is irreducible.

Proof. Suppose that the prime p satisfies p = ab. We need to show that a
or b is a unit. Certainly p # 0 divides ab, and so, from Definition 8.1, p | a
or p | b. Assume the former. So there is a ¢ such that pc = abc = a. We then
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get The cancellation theorem gives, of course, that bc = 1, and so b has an
inverse and therefore is a unit. Similar if we assume p | b. |

Like any ring in C, Z[y/—5] is an integral domain. So Proposition 8.3
(iv) shows that the converse is false. However, here is an interesting lemma
that implies (once again) that IF, is a field (see Proposition 5.18). The proof
is essentially the same as that of Lemma 5.3.

Lemma 8.8. A finite integral domain is a field.

Proof. Fix some a # 0 in the integral domain R. Consider the (finitely
many) elements {ax}ycg. Either all these elements are all distinct, or two
are the same. But if ax = ay, the cancellation theorem gives a contradiction.
If they are all distinct, then there is an x such that ax = 1 € R. Thus a has a
multiplicative inverse. |

Theorem 8.9. Let R be an integral domain in which every element has a
factorization into irreducibles. Every irreducible is a prime if and only if
factorization into irreducibles is always unique.

Proof. First, suppose that every irreducible is a prime and assume that the
following are two factorizations of x € R into irreducibles.

x:up] ...pkzulql ...qé'
Now if p; is a prime, upon relabeling the g;, it must divide g;. Since ¢ is
irreducible, we must have p; = ¢; up to units. Doing finitely many steps,
one proves that the factorization is unique.

Next, suppose that g is irreducible and that there are non-zero a and
b such that g | ab. This implies gc = ab. We factor both sides of this last
equation into irreducibles.
uq(pr--pe) =u'(q1+-q0)(qesr Gm)-
By unique factorization, ¢ must equal to ¢ (upon relabeling and up to units)

and thus it divides a or b. [ |

Definition 8.10. An integral domain R is a unique factorization domain® if

every element admits a unique factorization into irreducibles. This is often
abbreviated to UFD.

2The word “domain” serves as a reminder that R must be an integral domain.
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By Theorems 8.7 and 8.9, in a UFD, “prime” and “irreducible” are syn-
onymous. In a UFD, the notions of greatest common divisor and least com-
mon multiple are well-defined. The reason these notions are well-defined
can be found in the proof of Corollary 2.16. To repeat that argument, sup-
pose that

S S
Ot:quf’ and ﬁ:u/pri,
i=1 i=1
where u and ' are units and k; and ¢; in NU{0}. Now define:
m; =min(k;,¢;) and M; = max(k;, ;) .

Then, of course, we have
N s
ged(a,B) =[Tp" and lem(a,B)=[]nr"
i=1 i=1

The p; are unique up to a unit. And so are the gcd and lcm, since the product
of units is a unit.

We still need to be slightly cautious. For instance, in Z[i], which is a
UFD, the units are &1 and +i. The gcd of 2i and —4 is 2 up to units, that
is: £2 or £2i.

8.3. Euclidean Domains

The next step in the taming process, is to make sure there is a division
algorithm.

Definition 8.11. A Euclidean function on a ring R is a function E : R\{0} —
NU{0} that satisfies:

i) For all py and p; in R, there are K and p3 in R such that py = Kps + p3
and E(p3) < E(p2) and

ii) For all o and 7y in R\{0}, we have E(ay) > E(a) .

A Euclidean ring or Euclidean domain is an integral domain R for which
there is a Euclidean function.

In a Euclidean domain, we can perform the division algorithm of Lemma
2.2%. All statements and proofs in Chapter 2 from Bézout’s Lemma (Lemma
2.5) on, up to and including Corollary 2.16, hold with minor modifications.
For example, we need to use E(n) instead of the norm of n. Theorem 2.7

3The name “Euclidean domain” derives from the alternative name of that algorithm, see remark 2.4.
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needs the reformulation given by Theorem 8.5. Corollary 2.8 would need
to be reformulated (which we omit). Among other things, the unique fac-
torization, and the Euclidean algorithm of Chapter 3, which in turn led us
to continued fractions, follow from these. So the consequences of having
a Euclidean function are indeed staggering! Exercise 8.12 investigates the
relation between the two chapters.

In Euclidean domains the notions of prime and irreducible are again
happily reunited.

Proposition 8.12. Let R be a Euclidean domain. If p € R is irreducible,
then p is prime.

Proof. Suppose p is irreducible and p | ab and let g be a ged(a, p). Then
there are / and k such that p = gh and a = gk. Since p is irreducible, either
g or his a unit. Suppose first that 4 is a unit. Then a = ghh~'k = ph~'k and
so p | a. If, on the other hand, g is a unit, then g divides 1 (the multiplicative
identity). Of course, 1 is a common divisor of a and p, and thus we also
have ged(a, p) = 1. Euclid’s lemma (Lemma 2.6) gives that p | b. [ |

Corollary 8.13. Let R be a Euclidean domain. Then

i) p € R is prime if and only if p is irreducible.

ii) Every element admits a unique factorization into powers of primes up to
re-ordering and products of units.

Proof. Item (i) follows from the previous proposition together with Theo-
rem 8.7. Theorem 8.9 implies item(ii). |

Polynomial rings over a field, such as Q[x] or R[x], are a great examples
of Euclidean domains. We already saw in Section 7.1, that the degree is a
Euclidean function in these rings.

We finally come to the reason to introduce empty products in Remark
2.14.

Corollary 8.14. A field F is a Euclidean domain and therefore has unique
factorization. Namely, every non-zero x € F is a unit times the empty

product of primes. In particular, there are no primes and no irreducible
numbers in F.
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Proof. We take x and y in F and write x = yg+0, where g = y~'x. So every

remainder maps to zero®. |

Thus the results in Chapter 2 starting with Theorem 2.17 (the infinitude
of primes) do not generalize to all Euclidean domains. The problem in the
proof of Theorem 2.17 is that it crucially depends on adding “1” to some
number in order to get a “bigger” number. The rest of that Chapter depends
on the embedding of the integers in the real numbers (or even C).

The last result, together with Definitions 8.11, 8.4, and 5.20, immedi-
ately implies the following.

Corollary 8.15. We have the following inclusions:

fields C Eucl. domains C UFDs C domains C comm. rings C rings.

8.4. Example and Counter-Example

As an example we consider the elements of the set Z[/—1]. These are
usually called the Gaussian integers (see Figure 40). From equations 7.8
and 7.9, we can infer that o = a + bi can be represented in matrix form as:

a —b ] 5 o

o= with  N(a)=a"+0b".

b a
It is easy to check that multiplication of these matrices is commutative —
after all, multiplication of the underlying complex numbers is commutative.

Proposition 8.16. The Gaussian integers form a Euclidean domain with
the norm as Euclidean function.

Proof. For j a square free integer, N(¢) is the square of the absolute value
of «, and so it is a positive integer. So the second requirement of Definition
8.11 follows immediately from Corollary 7.28. It remains to prove that the
first requirement is satisfied.

Given any p; and p; in Zli], we can certainly choose x and p3 so that
p1=Kp2+p3.

“This is one of reasons we added 0 to the image of E in Definition 8.11
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Im

Re

Figure 40. The Gaussian integers are the lattice points in the complex
plane; both real and imaginary parts are integers. For an arbitrary point
z € C — marked by x in the figure, a nearby integer is k; + ik, where
ki is the closest integer to Re (z) and k, the closest integer to Im(z). In
this case that is 2+ 3i.

(For example, k¥ = 0 and p3 = p;.) Dividing by p; gives
pipy ' =Kk+pap;y (8.1)

We choose k to be the closest® Gaussian integer to P10, ! (indicated by
“x” in Figure 40). Recalling that in this case, the norm corresponds to the
usual absolute value squared, we immediately see from the figure that we
can choose k so that N(p3p; ') < 1/2. And thus with that choice, using

Corollary 7.28,

—_—

N(p3) =N(p3p; )N(p2) < SN(p2) (82)

which proves the first requirement. |

The computation that leads from equation (8.1) to equation (8.2) can
also be done explicitly. Let py = a+bi and p; = c+di. It is an easy
computation to see that
_y ac+bd . —ad+bc

b =gttt are
We want to express this as a Gaussian integer Kk = k| + ik, plus a remainder
pgp{l = €1 +i& whose norm is less than 1. We choose k; to be the integer

closest (or one of the integers closest) to ‘;;ifl‘zl, and ky, the integer closest

to ’L‘éi;'z" With those choices, the remainders
ac+bd —ad + bc
&g =———k and &=-——-5—k
Terae Ty 7

SIf there is more than one closest Gaussian integer, pick any one of them.
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are each not greater than % in absolute value. Thus
p3 = (e1+i&)(c+id),

with norm (&7 + €5)(c? +d?) by Corollary 7.28. Since the & are no greater
than 1, (8.2) follows.

The computation in the foregoing proof will be important, and so it is
useful to summarize it even more succinctly.

Definition 8.17. A fundamental domain of Z[i] is a simply connected region
in C such that it contains exactly one representative of every set 7+ Z][i].
Usually one takes the unit square as a fundamental domain for Z]i).

Remark 8.18. For j negative and square free, N is a Euclidean function on
Z[\/j] if and only if in a fundamental domain, the distance to the nearest
algebraic integer is strictly less than 1.

Note that in Z, to get a small remainder we simply choose the floor
of p1p, ! for the equivalent of k (see the proof of Lemma 2.2). But in the
above proof — working the Gaussian integers — it is clear that in general
there is no obvious natural choice for k = kj + ik, that makes N(¢€) less than
1. In exercise 8.3, we look in some more detail at the possible choices for
ki and k. So the Euclidean algorithm applied to, say, 17 + 15i and 7 + 5i
may lead to different computations. We gave an example of this in exercise
7.17.

Proposition 8.19. The ring Z[\/—6] does not have the unique factorization
(into irreducibles) property. Therefore this ring is not a Euclidean domain.

Proof. Z[v/—6] (see Figure 41) is an integral domain, because it is a sub-
ring of C. We show that Z[v/—6] does not have unique factorization in two
steps. The first step is to observe that

10=2-5=(2+iV6)(2—iV6).
We are done if we show that 2, 5, and 2 & iv/6 are irreducible. Assume
2 = oy, both non-units. Taking the norm® (always using Corollary 7.28),

we get
4=N(a)N(y).

6This part of this proof illustrates how to use the norm to reduce the question whether a number in a
Euclidean domain R is irreducible to the same question in Z.
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Re

Figure 41. A depiction of Z[/—6] in the complex plane; real parts are
integers and imaginary parts are multiples of v/6.

Thus each of the norms equals 2. But 2 = a® -+ 6b? has no integer solutions,
hence 2 is irreducible. The exact same argument applied to 5 gives that

25=N(a)N(y) .

Each of the norms now must equal 5. But again 5 = 4 + 6b” has no integer
solutions. If we apply the argument to 2 4 i/6, we obtain

10=N(a)N(y) .

Thus either o must have norm 2 and 8 must have norm 5, or vice versa.
But the previous arguments show that both are impossible. |

8.5. Ideal Numbers

In this section, we explain how ideals arise from the study of factorization
into primes in rings of algebraic integers. We base this description loosely
on the historical record as described in chapter 21 of the excellent book
[69]. For the definition and basic properties of ideals, we refer to Section
7.2. We start by reformulating gcd and lcm in the language of ideals.

Definition 8.20. Let A and B ideals. The greatest common divisor of A and
B is the smallest ideal that contains both of these. It is denoted by gcd(A, B).
The least common multiple of A and B is the largest ideal that is contained
in both A and B. It is denoted by lcm (A, B).

Recall that an ideal () in Z is maximal if and only if j is prime. For if j
is not prime, the ideal generated by a divisor of j contains (j). On the other
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hand, consider the ideal (p, j). The fact that it is generated by ged(p, j) is
non-trivial: it follows from Bézout (Lemma 2.5).

Now let us see how this pans out in some examples of ideals in rings
of algebraic integers. Start by considering the ring Z[/—3] of algebraic
integers (see equation (7.7)) displayed in the left of Figure 42. We start
by showing that this ring does not have the unique factorization property.
Knowing that

4=2-2=(1+iV3)(1-iV3), (8.3)
the proof of that statement is almost verbatim that of Proposition 8.19 (see
exercise 8.21. This exercise goes on to show that 4 admits no factorization
at all into primes!).

What is interesting here is that the numbers 2 and (14 i\/3) belong to
the same maximal ideal.

Lemma 8.21. [ = (2,14 i\/3) is a maximal ideal in R = Z.[\/=3)].

Proof. [ is depicted in red in the left of Figure 42. It clearly contains both 2
and 1+iv3. It clearly forms a lattice and so is closed under addition. Next
we check the absorption property of the ideal. Denote the two generators
by x and y for brevity. For any elements «, 8, and 7y of R, we must have

o(Bx+7yy) =0x+eyel.
It is an easy but tedious exercise to check that for any integers a, b, ¢, and d
(a+ibV3) -2+ (c+idV3)-(1+iV3) = (a—b—2d) -2+ (c+d+2b)- (14+iV3).
And so all these elements lie in the lattice 1.

If we add I any element not in I, then the resulting set contains the
differences 1 and iv/3 (see Figure 42). Taking the closure under addition, it
immediately follows that we obtain all of Z[v/—3|. Thus / is maximal. W

The upshot is that we are tempted (or, rather, Kummer was [69]) to
think of the set I as the set of multiples of some hidden or “ideal””’ prime
Q. Then both 2 and (1 +i+/3) are multiples of this “ideal” number Q (up
to units at least). This way, lo and behold, unique factorization into irre-
ducibles or primes is restored!

7Hence the name “ideal”.
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Figure 42. Left, the elements of the ring Z[v/—3]. Right, the ring
Z[4(1++/=3)]. The units of each ring are indicated in green and the
ideals (2,1++/—3) on the left and (2) on the left are indicated in red.
Fundamental domains (Definition 8.17) are shaded in blue.

There is more than a grain of truth in this. Recall that the ring R’ =
Z[5(1+ l\@)] is the ring of integers in Q(v/—3) (Lemma 7.25). This ring,
depicted on the right of Figure 42, contains the units (drawn in green) #
Clearly, 2 and 1+ iv/3 are now the same up to a unit. Therefore, this time
around 2 generates I. In other words, R’ contains R, and has the same set
I as an ideal, only now it is a principal ideal. Indeed, in R’, equation (8.3)
does not represent distinct factorizations of 4, precisely because in this ring,

2 and 1+ iv/3 differ by a unit.

Finally, we finish this section by checking that indeed the norm is not a
Euclidean function for Z[/—3], while itis for Z[% (1 +i\/3)]. Thus this ring
is a Euclidean domain and so, by Corollary 8.13, primes and irreducibles
are the same, and factorization is unique. This ring is an important example
and has its own name; its elements are called the Eisenstein integers .

Proposition 8.22. i) The norm in Z[v/—3] is not a Euclidean function.
ii) The norm in Z[}(1++/=3)] is a Euclidean function.

Proof. According to Remark 8.18, the norm — which in these two cases
is positive — is a Euclidean function if and only if it is less than 1 in a
fundamental domain. In both cases, the norm of a number is simply the
square of the usual absolute value of that number. The fundamental domains
are shaded in Figure 42.

Proof of (i). The fundamental domain D is given by a rectangle of
height |#| = v/3 and width 1 (see Figure 43). The diagonals in D have
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length /1 43 =2 and so we have that the distance to the nearest algebraic
integer is between 0 and 1. It equals 1 at the intersection of the diagonals.
Thus N fails to be a Euclidean function.

Proof of (ii). The fundamental domain consists of two isosceles trian-
gles, one of which is depicted on the right of Figure 43. Its height d is %\@
and its base has length 1. We are looking for the point that maximizes the
distance to the nearest point of the triangle. That point lies at height y on
the bisector of the top-angle and its its distance d — y to the three points of
the triangle is the same. Thus we compute

o, ) 4d®> — 1 4d* +1
—= =(d— = =— = d—-y=—-"-.
»ty=(d-y) y 2 y ¥,
This evaluatestod —y = ? which is less than 1. |
h & # 1+h
4
"// "\\
O // \\\ 1

Figure 43. Left, the fundamental domain of Z[/—3]. Here, h = i\/3.
Right, one of the 2 isosceles triangles that constitute the fundamental
domain of Z[1(1++/=3)]. Its height d equals $+/3. The point that
maximizes the distance to the closest of the 3 corner points lies on the
bisector of the top angle at height y.

It is surprising that in the first part of the proof, the criterion of Eu-
clidean fails at only 1 point in the fundamental domain. An analyst might
suspect that somehow we can get around the exception because it has mea-
sure zero. Note, however, that (8.3) shows that Z[\/Z] does not have have
unique factorization and thus there is no Euclidean function (Proposition
8.13).
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8.6. Principal Ideal Domains

Definition 8.23. A principal ideal domain is an integral domain in which
every ideal is a principal ideal. This is usually abbreviated to PID.

We now complete the containments given in Corollary 8.15.

Theorem 8.24. We have the following inclusions:
fields C ED’s C PID’s C UFD’s C domains C comm. rings C rings.

Proof. In view of Corollary 8.15, we only need to prove (i) that a Euclidean
domain is a PID, (ii) that a PID is a UFD, and (iii) that the three categories
are not equal. We leave (iii) for the next section.

i) In a Euclidean domain, the trivial ideal {0} is of course a principal
ideal (as it has only one element). Let E be the Euclidean function in D.
Fix a non-trivial ideal 7 and pick x € I that minimizes E on I\{0}. Pick any
other y € I. Then by the division algorithm

y=xq+r and E(r)<E(x).

But since y —xg € I, r is in I, and so E(r) must be zero by the minimality
of x. Hence x generates y.

ii) Suppose x is an element of a principal ideal domain D that cannot
be written as a a product of irreducibles. Then, clearly, there are non-zero
non-units x; and y; so that xy) = x1y;. But by definition of xj, at least one
of x; and y; cannot be written as a product of irreducibles. Suppose that is
x1. Now x; divides xp, and we get {xo) C (x1). We can apply the same ar-
guments to x1, and so on. Thus we get what is called an (infinite) ascending
chain of ideals:

(x0) S (x1) -~ C (o)
We define / = U7, (x;). It is easy to see that [ is an ideal (Definition 7.10).
But because D is a PID, I must have a single generator p. The element p
must reside in (x,) for some n. Since p generates (x,) it must in fact be
equal to x,. Thus the ascending chain must end, contradicting the hypothe-
sis on xg, which implies that every element in D can be written as a product
of irreducibles.

It is then sufficient by Theorem 8.9 to show that every irreducible p is
also prime. Let element a not in (p) and consider the ideal (p,a). Because
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D is a PID, there is a ¢ that generates this ideal: (g) = (p,a). But then we
must have

{9) =D,
because if not, p has a non-trivial divisor ¢g. In particular, we get that there
are x and y so that

l=px+ay = VbeD:b=pxb+ayb
But this implies that if p | ab and p t a, then we must have p | b. Thus p is

prime. |

Common PID’s are Z and F[x], but these are also Euclidean domains.

8.7. ED, PID, and UFD are Different

PID’s that are not Euclidean domains are a not so easy to come by. Here we
show, following [74], that Z [ /=12 V2_19] is an example of this. Recall that by

Lemma 7.25, Z[ 1212 {19] is the set of integers of Q[v/—19].

Lemma 8.25. [n 7[*/=1 {19] the units are 1, while 2 and 3 are irreducible.

Proof. For brevity, we set § = 1219 V2_19 and denote R = Z[6]. The norm of
a+ b0 satisfies (see, for example, remark 7.29)

b\ 192 5
N(a+b6)= a+§ +T=a +ab+5b ENU{O}

We have that the norm of units must be +1, so

a—i—é 2_’_&};2_1
2 4

Clearly, the only solutions are a = +1 and b = 0.
By the multiplicative property of the norm, if 2 is reducible we have
2=xy = N(@2)=4=NX)N(y).
N(x) and N(y) are natural numbers and not equal to 0 or £1. The only

solution is N(x) = N(y) = 2 which is easily seen to be impossible. Hence 2
is irreducible. The same reasoning works for 3. |

Proposition 8.26. Z[ 1= 3‘19] is not a Euclidean domain.
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Proof. We start by assuming that R is a Euclidean domain (ED) and derive
a contradiction. So let E denote the Euclidean function® of Definition 8.11
and let m be an element of R that minimizes E over the set of non-zero,
non-unit elements. In a ED, we are allowed to use the division algorithm,
SO
2=mg+r with E(r)<E(m).

From the inequality and the assumption on m, we see that r must be zero or
a unit. So by Lemma 8.25, r € {0,£1}. Now if r=1, thenmg=2—-r=1
and so m is invertible, contradicting the assumption on m.

If r equals 0 or —1, we need to do one more step. In this case, mgq
equals 2 or 3. By Lemma 8.25 these numbers are irreducible, and thus
g must be a unit (since m is not), whence m € {£+2,+3}. We apply the
division algorithm to 0:

0=mq +r with E(¥)<E(m).

So 0 — /' is divisible by m where r’ € {0,%1}, that is to say: by 2 or 3. But
it is easy to see that any of these numbers divided by 2 or 3 are notinR. W

Theorem 8.27. The set R of the integers of Q[v/—19] is a PID but not a
Euclidean domain.

BM
\{_3‘/2

i i+1/2 i+1

3%
—\Fs}m

Figure 44. Points in the area red shaded are a distance less than from
an integer in Z. The blue area maps into the red under x — 2x —v/19/4
indicated by the arrow. We note that v/19/4 ~ 1.09 and v/3/2 ~ 0.87.

8Some unknown function, not necessarily the norm.
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Proof. Of course, the second part is settled by the previous result. So here
we just prove that R is a PID. So consider any non-zero ideal / in R and pick
a b in I which minimizes the norm N(b) on the non-zero elements of /. Now
assume I is not principal, then certainly bR will not equal /. In this case,
we choose any a € I\DR and investigate what happens. By the absorption
property, we have that

Vp,geR : ap—bgel.
We will show, however, that
Ip,q€R : ap—bg#0 and N(ap—bq) <N(b), (8.4)

which contradicts our choice of b, and therefore disproves the assumption
that / is not principal. By the multiplicativity of norms, (8.4) will be proved
if N(ap/b—q) < 1. By remark 7.29 then, (8.4) is equivalent to

dp,qeR : ap—bg#0 and ’gp—q‘<1. (8.5)

Clearly, we can choose ¢ so that the real part of ap/b — g is not zero. Then
add a multiple of iv/19/2 to q so that the imaginary part of ap/b — q is in
(—+/19/4,/19/4]. Note that ap/b — g # 0. If in fact the imaginary part is
in (—v/3/2,4/3/2) (shaded red in Figure 44), then by subtracting an integer
(in Z) from g we are done. If, however, the imaginary part of ap /b — g lands
in [v/3/2,4/19/4], then we multiply both p and ¢ by 2 and subtract iv/19/2.
One can check (see exercise 8.24) that the complex map g : z — 2z —i/19/4
maps the top blue shaded area in Figure 44 into the area shaded in red. The
argument for the lower blue area is identical. |

Theorem 8.28. The set Z[x] is a UFD but not a PID.

Proof. We start by showing that I = (2,x) is not a principal ideal in Z|x].
Let p € I. Then p(x) = 2f(x) +xg(x) and so p(0) = 2n for some n € Z. If
p generates the ideal /, then we must also have

2=px)a(x) and x=p(x)b(x).
The first equality implies that p has degree 0 and p(x) = 2n, while the
second then yields that x = 2nb(x) which is impossible. So I is not principal.

Given f € Z[x|. It is not surprising that any factorization of f in Z|x]
is also a factorization in Q[x]. However, the reverse is also true by Gauss’
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lemma (Lemma 7.8). Now f as an element of Q[x] has a unique factoriza-
tion by Corollary 8.13 and the fact that the degree is a Euclidean function
in Q[x]. Thus the same holds in Z[x]. [ |

Many results about factorization of rings of quadratic integers are known.
We mention a few without proof.

Proposition 8.29. [32] For d square free, the norm in Q(\/E ) is a Euclidean
functions if and only if d is an element of
(~11,-7,-3,-2,-1,2,3,5,6,7,11,13,17,19,21,29,33,37,41,57,73} .

There are exist quadratic fields, such as Q[\/@] that are Euclidean but
whose norm is not a Euclidean function [21].

Furthermore (Baker-Heegner-Stark Theorem , see [66)), for negative square
free d, the integers of Q(\/H ) form a PID and not a Euclidean domain if and
only if

d e {-163,—67,—43,—19}.
Is has been conjectured that for positive (square free) d, there are infinitely
many values for which the integers of Q(\/d) have unique factorization.
For d square free, if the integers on(\/Zl) are a UFD, then they are also a
PID.

8.8. Exercises

Exercise 8.1. Use Definition 8.1 (see also Proposition 5.18) to find the
units, irreducibles (see Proposition 8.3 (iii), and primes in:

a) Zg,

b) Z7, and

C) Zg.

(Hint: the multiplicative inverses and multiplication tables of Z¢ and Zq
are given in Figures 21 and 22 and the tables after Definition 5.19. For Zg,
the information is in Figure 45.)
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332@ 012 3456 7

Q ofo o oo 0000

@ Zgi 10 1 2 3 4 5 6 7

Z mod 8: Q 2|0 2 4 6 0 2 4 6
3lo 36 14 7 2 5

}gj C@ 40 4 0404024

() 5/]0 5 2 74 1 6 3

@ZXZ 6|lo 6 4 2 06 4 2

710 76 5 4 3 21

Figure 45. Left: the relation a is a multiplicative inverse mod 8 of b.
Right: the multiplication table of Zg.

Exercise 8.2. Let R be an integral domain. Consider the set
Rx{R\{0}} ={(a,b) : a,b e R,b#0}.
Define an equivalence relation ~ as follows.
(a,b) ~ (c,d) if ad=bc.

Frac(R) is the collection of equivalence classes with addition and multipli-
cation:

(a,b)+ (c,d) = (ad +bc,bd) and (a,b)-(c,d) = (ac,bd).
It is not hard (but tedious) to show [28][Chapter 8] that ~ is indeed an
equivalence and that Frac(R) is the minimal field containing R. Frac(R) is
called the field of fractions or field of quotients of R.
a) Show that addition and multiplication are well-defined in Frac(R).
b) What is the field of fractions of Z?
c) The identity is not used in the definition of Frac(R). What is the “field
of fractions” of the “rng” (see remark 5.24) mZ where m > 1 in N?
d) Why is it necessary to require that R has no zero divisors?
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Exercise 8.3. We apply the Euclidean algorithm in Z[y/—1] as in Section
8.4. For the notation, see the proof of Proposition 8.16. Suppose py !
falls in the unit square depicted in Figure 46. We have drawn four quarter
circles of radius 1 in the unit square, denoted by a, b, ¢, and d.

a) Show that we cannot always choose k = k| + ik, where k) is the floor
of the real part of K +py~! and K, the floor of the imaginary part. (Hint:
Consider the region “northeast” of the quarter circle a.)

b) Compute the coordinates of the points A, B, C, and D indicated in the
figure. (Hint: Because of the symmetries of the figure, the x coordinate of
A equals 1/2. et cetera.)

¢) Show that if py~! falls in the interior of the convex shape FACE, then
there are four possible choices for k so that N(p) < N(7).

d) Estimate the area of the convex shape FACE. (Hint: It is contained in a
square with sides of length BD and it contains a square with sides of length
AC.)

e) Is it possible that there is only one value for x so that N(p) < N(7)?

Figure 46. Possible values of py~! in the proof of Proposition 8.16.

In the following proposition and in exercises 8.4, 8.5, and 8.6, we study
the primes in Z[v/—1] — called Gaussian primes. Recall that the Gaussian
integers from a Euclidean domain (Proposition 8.16), and so we have unique
factorization and primes and irreducibles are the same (Corollary 8.13). We
use the following notation. C (for “cross”) denotes the set Z U iZ minus
the origin. Recall that the units in Z[/—1] are {£1,=+i} and those in Z
are {1}. The notation & means a prime in Z[/—1], whereas p means a
positive prime in Z.
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Proposition 8.30 (Gaussian Primes). A number 1t € Z[\/—1] is prime if:
i) w € C and |n| equals a prime p in Z with p =4 3,

ii) ® ¢ C and |x|* equals a prime p in Z with p =2 or p =4 1.

iti) Furthermore, if T is reducible then (i) and (ii) cannot hold. (So “if” can
be replaced by “if and only if”.)

For an illustration of the Gaussian primes, see Figure 47.
Exercise 8.4. a) Show that

_ k;
N(m)=rz=]]pri"
i

b) Show that N(7) equals p or p* (up to units). (Hint: & must divide one
of the primes, say p, in (a).)

¢) Use (b) to show that if 7 € C, then N(x) = p? and so || = p.

d) Use unique factorization in Z[v/—1] to show that if 7 ¢ C, then N () =
p. (Hint: canp-p=m-T?)

Exercise 8.5. a) Use exercise 5.21 (c) to show that if p =4 1 and p prime
in Z, then there is m such that p | m? + 1.

b) Show that if p =4 1, then p is not a prime in Z[v/—1]. (Hint: use that
p| (m+1i)(m—1i).) Also show that 2 is not a prime in Z[/—1].

¢) Show that a® + b* #4 3. (Hint: compute modulo 4.)

d) Show that if a prime p in Z does not have residue 1 or 3 modulo 4, then
p=2.

e) Use exercise 8.4 (c) and (b) of this exercise to prove Proposition 8.30
@).

f) Then use exercise 8.4 (d) and (c) and (d) of this exercise to prove part

(ii).

Exercise 8.6. a) Show that for a reducible y in Z[/—1], N(¥) is not prime
in Z. (Hint: use Corollary 7.28.)

b) Use (a) to show that a reducible y cannot satisfy Proposition 8.30 (ii).
¢) Assume ¥ in C and ¥ = af3 up to units. Show that if @ and § are in C,
then || is not prime in Z.

d) Assume ¥ in N and Y = af8 up to units and that @ and f are not in C.
Show that if Y = p, then |¢t| = |B|, and therefore are conjugates (Hint: use
Corollary 7.28.). Show that this implies that N(y) has the form a2 + b2.

e) Show that (c) and (d) and exercise 8.5 (c) imply that y cannot satisfy
Proposition 8.30 (i).

f) Extend the reasoning in (d) and (e) to all of C.
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Figure 47. The Gaussian primes described in Proposition 8.30. There
are approximately 950 within a radius 40 of the origin (left figure) and
about 3300 within a radius 80 (right figure).

Exercise 8.7. Again, we consider numbers in the ring R = Z[v/—1].

a) Show that if 5" — 1 is prime in Z[v/—1], then b — 1 is a unit.

b) Use (a) to show that b must be 2 or 1 +£1.

c¢) Use Proposition 8.30 (i) to show that if b = 2, we obtain the usual
Mersenne primes (Definition 5.13) as primes in Z[v/—1].

d) Show that if 7 is not prime, then b" — 1 is not prime. (Hint: as in exer-
cise 1.12 (i).)

e) Show that

N(1£i)"—1)=2" —21+3 cos%Jrl.

(Hint: (1+i) = 21/2eF7/% and 9 4 ¢719 = 2cos @.)
f) Show that (1 £i)" — 1 is prime if and only if its norm is prime and n is
odd. (Hint: use (d) to show that n must be odd, and then Proposition 8.30.)

The primes in exercise 8.7 are a generalization of the Mersenne primes of
Definition 5.13. These primes in Z[/—1] of the form (1 4i)" — 1 are called
Gaussian Mersenne primes . A similar construction works also in the Eisen-

stein integers Z[1(1++/=3)]; the resulting primes are called Eisenstein
Mersenne primes . For more details, see [14].
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Exercise 8.8. Given the ring R = Z[v/=5].

a) Show that 2 is irreducible. (Hint: suppose 2 = By, where 3 and y are
non-units. Use Corollary 7.28 to see that N(B) = N(y) = 2. Solve for the
coefficients of B and .)

b) Show that 3 is irreducible. (Hint: as (a).)

¢) Use (a) and (b) to show that 1 +iv/5 are irreducible.

d) Show that Z[v/—5] is a not Euclidean domain. (Hint: Show it does not
have unique factorization.)

Exercise 8.9. Given the ring R = Z[v/2].
a) Show that R has no zero divisors. (Hint: If a8 = 0, then one of the
norms must be zero by Corollary 7.28. Solve for the coefficients.)
b) Suppose

p1=kp2+p3,
where p; =a+bv2, pr =c+dvV2, K =k + k2, and p3 = £ + &V2.
Show that b dtb
ac— —a c
c2 —2d> * c2—2d? V2.
ac—2bd
2-2d?

Show that the remainder has norm with absolute value less than

pip;y ! =

¢) Choose k; to be the integer closest to and k; the one closest to

—ad+bc
2-2d?* -
1. (Hint: recall that the norm is a* — 2b%!)

d) Show that the ring Z[v/2] is a Euclidean domain (Hint: use Corollary

7.28.)

Exercise 8.10. a) Show that in Z[v/—=3], (24 iV/5) is irreducible but not
prime. (Hint: follow the proof of Proposition 8.3 (iv), except now start with
3.3 =9 to prove non-primality.)

b) Show that in Zg, 3 is prime but not irreducible. (Hint: follow the proof
of Proposition 8.3 (iii).)

¢) Find other counterexamples.

Exercise 8.11. a) Solve 3x =, 6x where bis 11, 12, 13, 14, 15.

b) If b is such that Z,, is an integral domain, solve by factoring. c¢) Use a
result in Chapter 5 to show that Z;, is an integral domain and hence a field
if and only if p is prime.

d) Give a direct proof that a field is an integral domain. (Hint: if a and b
are non-zero elements of F, then abb~la= ! = 1.)
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Exercise 8.12. a) Prove Lemmas 2.5 and 2.6 for a Euclidean domain.

b) Theorem 8.5 follows immediately from the absence of zero divisors
(Definition 8.4). In Chapter 2, we take the absence of zero divisors in Z for
granted. Why do we need Euclid’s Lemma (Lemma 2.6) — whose proof
uses that division algorithm — to prove Theorem 2.7? (Hint: does the
cancellation take place in 7.7)

In the next exercise, we prove:

Lemma 8.31. Let d € 7 be square free. o € Z[\/d) is a unit if and only if
N(a) ==+1.

Exercise 8.13. a) Show that if o is a unit, N(a ') = ﬁ
b) Use (a) to show that the norm of a unit must be +1.
c) Vice versa, show that if N(a) = £1, then « is invertible. (Hint: a
matrix with determinant £1 is invertible. Show that the inverse matrix
corresponds to an element of Z[+/d).)

Exercise 8.14. Consider Z[v/—6] and define a+ = 2+ /—6.

a) Show thata_a, =10=2-5.

b) Show that a-, 2, and 5 are irreducible in Z[/—6]. (Hint: if a; = af3
is reducible, then N(ay) = N(a)N(B). By Lemma 8.31, we may assume
N(a) = 2. Solve that equation. And so forth.)

c¢) Show that a4, 2, and 5 are not primes. (Hint: for a+, use (a)).

d) Show that unique factorization does not hold. (Hint: see (a)).

e) Show that Euclid’s lemma 2.6 does not hold here. (Hint: use Definition
8.2)

Exercise 8.15. a) Which ones of the sets in exercise 5.24 are integral do-
mains?
b) Euclidean domains?

Exercise 8.16. a) Show that +1 and +14+/2) are units of Z[v/2]. (Hint:
see Lemma 8.31.)

b) Show if « is a unit, then for all n € Z, o is a unit.

c) Show that Z[+/2] has infinitely many units.

d) Find solutions of the quadratic equation a? — 2b* = £1. (Note: an
equation of the form a* — db* = 0 where d is square free, is called Pell’s
equation .)

One can show that the set of units of Z[v/2] is {£(1++/2)" : n € Z}.
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Exercise 8.17. Given the ring R = Z[/10].

a) Show that there is no & € R with N(a) = 42. (Hint: write & = a+b+/10
and try to solve for the coefficients of & in Ziq.)

b) Show that there is no a € R with N(ot) = +5. (Hint: write o0 = a+
bV10. Then in Zs, show that a =5 0. It follows that 25k* — 10b* = =+5.
Divide by 5 and solve in Zs.)

¢) Use (a) and (b) to show that 2 and 5 are irreducible. (Hint: assume that
2 = af, show that then N(o) = £2, et cetera.)

d) Use (a) and (b) to show that v/10 is irreducible.

e) Show that Z[v/10] is a not Euclidean domain. (Hint: Show that 10 does
not have unique factorization.)

Exercise 8.18. Given a field F, we form the ring F [x] of polynomials. For
this exercise, read Section 3.7 again.

a) Use exercise 7.1 to show that the ring F[x] is a Euclidean domain with
the degree d (of the polynomial) as a Euclidean function.

b) What goes wrong in (a) if F = Z? (Hint: give a counter-example.)

c) What are the “primes” in F[x]. (Hint: see Proposition 7.5 and Corollary
8.13.)

d) p1(x) = x>+ 1 is reducible over C, R, or Q? What about p;(x) = x> —2?
e) Show that the degree in R[x] is an additive function if R is a domain.

Exercise 8.19. Given a field F.

a) Show that for any o € F and p in F|[x], there are ¢ and r in F[x] such
that p(x) = (x — o)g(x) + r(x), where r(x) is a constant. (Hint: the degree
is a Euclidean function.)

b) Show that in (a), p(a) = 0 if and only if r = 0. (Hint: Substitute x = a..)
c) Use (b) to show that if p, € F[x] of degree n has a root, then p,(x) =
Pu—1(x)(x— o) where p,,_ has degree n— 1.

d) Use (c) to show that a degree n polynomial in F [x] has at most n roots.
(Compare with exercises 3.22 and 7.17)

We state the last result of exercise 8.19. It has important applications.

Theorem 8.32 (Lagrange’s Theorem). If f is a degree n polynomial with
coefficients in a field F, then f(x) = 0 has at most n solutions.

Exercise 8.20. Define the product of ideals A and B as the smallest ideal
containing { a;b; :a; €A, b; € B}.

a) Show that AB must contain {Z{-‘Zl aib; :aij€A,bj e Bk e N}.

b) Show that the set in (a) is an ideal.

¢) Suppose A is generated by {x;} and B by {y;}. Show that AB is the ideal
generated by {a;y;}.

d) Use (c) to show that for I and J as in exercise 7.5, IJ = (6,x). (Hint: x*
is in (x), and so forth.)
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Exercise 8.21. a) Show that 2 and 1+ iy/3 are irreducible in Z[/=3].
(Hint: follow the proof of Proposition 8.19.)

b) Use (a) to show that up to units, there are two factorizations in Z[\/TS]
of 4 (see equation (8.3)).

¢) Use equation (8.3) to show that 4 is not prime.

d) Show that 2 and (14 i\/—3) are not prime. (Hint: see Proposition 8.3.)
e) Conclude that 4 does not admit any factorization into primes in Z[/—3].
f) Show that 2 and (1 iv/=3) are prime in Z[4 (1 ++/=3)].

Exercise 8.22. a) Modify the first part of the proof of Proposition 8.22 to
show that the norm is a Euclidean function for Z[/—1] and Z[v/—2] but
not for Z[v/—n] for n > 3.

b) Modify the second part of the proof of Proposition 8.22 to show that
the distance to the nearest lattice point of Z[1(1++/7)] is less than 1 if
je{-11,--- —1}. (Hint: the height y of the equidistant point in triangle
on the left of Figure 43 must be such that d —y < 1 where d = %\ﬂﬂ.)

c) Show that with Lemma 7.25, this implies that the norm is a Euclidean
function for the integers of Q[\/] where j € {—11,-7,-3,-2,—1}.

Exercise 8.23. Use Definition 7.10 to show that / in part (ii) of the proof
of Theorem 8.24 is an ideal.

Exercise 8.24. Consider the map g : C — C, defined in the proof of part
(ii) of Theorem 8.27. a) Show that g ( @) —0.

b) Show that —¥* < ¢ (%?) <o0.
¢) Show that (a) and (b) imply that g maps the blue region in Figure 44 into
the red region.

Exercise 8.25. Consider the ring Zl[x].

a) Show that the ideal I := (3,5x) is not principal. (Hint: see proof of
Theorem 8.28.)

b) Show by direct computation that / does not generate Z[x]. (Hint: solve
1=3f(x)+5xg(x).)

¢) Show that (b) also follows directly from (a). (Hint: 1 generates all of
Zlx} 21)

d) Find ged(3,5x) and Iem (3, 5x).

e) Show that Bézout does not hold in this ring.






Chapter 9

Ergodic Theory

Overview. This time we venture seemingly very distant from number the-
ory. The reason is that we wish to investigate what properties “typical” real
numbers have. By “typical” we mean “almost all”’; and to define “almost
all”, we have to delve fairly deeply into measure theory, one of the back-
bones of abstract analysis. In this chapter, we will point to the technical
problems that need to be addressed, and then quickly state the most impor-
tant result (the Birkhoff ergodic theorem). In Chapter 10 we will then move
to the implications for number theory. The proof of the Birkhoff ergodic
theorem will be postponed to Chapter 14.

The ergodic theorem (there are various versions) is arguably one of the
most important theorems in mathematics. In essence, it offers a means to re-
place the study of long-term behavior of complex systems by much simpler
statistical reasoning, allowing quantitative predictions for the long term be-
havior of such a system. Considerations of this nature gave arose out of, and
contributed to, an important branch of theoretical physics, namely statistical
physics [31,49]. It is also widely applied in number theory, probability the-
ory, functional analysis, and other fields of study. The discussion whether
or not ‘physical’ systems tend to be ergodic has had a profound impact on
science, in particular physics [31,49]. The use of probabilistic methods to
study number theory is often referred to as probabilistic number theory.

187
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9.1. The Trouble with Measure Theory

In analysis we can distinguish short intervals from long ones by looking at
their “length” even though both have the same cardinality (see Definition
1.27). The notion of length works perfectly well for simple sets such as
intervals. But if we want to consider more general sets — such as Cantor
sets — it is definitely very useful to have a more general notion of length,
which we denote by measure. However, there is a difficulty in formulating
a rigorous mathematical theory of measure for arbitrary sets. The source
of the difficulty is that there are, in a sense, too many sets. Recall that the
real line is uncountable (see Theorem 1.24). The collection of subsets of
the line is in fact the same as the power set (Definition 1.33) P(R) of the
the real line. And thus the cardinality of the collection of subsets is strictly
larger than that of the real numbers (Theorem 1.34), making it a truly very
big set.

A reasonable theory of measure for arbitrary subsets of R should have
some basic properties that are consistent with with intuitive notions of “length”.
If we denote the measure of a set A by t(A), then we would like p to have
the following properties.

D u:PR)—[0,00].

2) For any interval I: () equals the length of 1.

3) u is translation invariant.

4) For a countable collection of disjoint sets A;: p(U7,A;) = Y2 1(A).

The problem is that no such function exists. Among all the possible sets, we
can construct an — admittedly pretty weird — set for which the last three
properties cannot simultaneously hold.

To explain this more easily, let us replace R by the circle S = R/Z.
Now define an equivalence relation (Definition 1.28) in S as follows: a ~ b
if a — b is rational. Each element of S clearly belongs to some equivalence
class (it is equivalent to itself), and cannot belong to two distinct equiva-
lence classes, because if a ~ b and a ~ ¢, then also the difference between
b and c is rational, and hence they belong to the same class. Note that each
equivalence class is countable, and so (see exercise 1.8) there are uncount-
ably many equivalence classes.
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For every one of these equivalence classes, we pick exactly one rep-
resentative. The union of these representatives forms a set V. A set con-
structed this way is known as a Vitali set . Now by requirement (1), any
set, no matter how exotic its construction, should have a measure that is a
real number. We choose V as our set and let its “measure” be equal to some
€ € [0,00]. Let » : N — Q be a bijection between N and the rationals in S.
Consider the union of the translates

Uity (V+ri).

By definition of V, this union covers the entire circle without any overlaps.
So by requirement (2) above, the measure of the union is 1. By requirement
(3), each of the translates of V must have the same measure, €. Since the
translates of V are disjoint, requirement (4) implies that

1=) g,

™

i=1

which is clearly impossible!

The construction of the set V just outlined is admittedly a little vague. It
is not clear at all zow exactly we could choose an individual representative,
much less how we could achieve that feat for each of the uncountably many
equivalence classes. If we wanted to draw a picture of the set V, we’d get
nowhere!. Does this construction V really exist as an honest set? It turns
out that one needs to invoke the axiom of choice? to make sure that V exists.

The consensus in current mathematics (2020) is to accept the axiom
of choice (though the consensus is not unanimous [44]). One consequence
of that is that if we want to define a measure, then at least one of those
four requirements above needs to be dropped or weakened. The measure
theoretic answer to this quandary is to restrict the collection sets for which
we can determine a measure. This means, that of the properties (1) through
(4), we restrict property (1) to hold only for certain sets. These are called the
Lebesgue measurable sets . More generally, not all measures are “length-
like”, and so we may drop the second requirement. In that case, we speak
of measurable sets .

11 tried.

2The axiom of choice states that for any set A, there exists a function f : P(A) — A that assigns to each
non-empty subset of A assigns an element of that subset. For more details, see [36].
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9.2. Measure and Integration

To surmount the difficulty sketched in the previous section so that we can
define measure and integration unambiguously turns to be technically very
involved. This section serves just to give an idea of that complication and
its resolution. The interested student should consult the literature, such as
the excellent introduction [8]. In chapter 14, we provide some more details.

Recall that a set O C R is an open set usually® means that for all x € O
there is a positive € so that (x — €,x+ €) is also contained in O. Closed
sets are defined as sets whose complement is an open set. Vice versa, the
complement of a closed set is open.

Definition 9.1. Consider the smallest collection of sets closed under com-
plementation, countable intersection, and countable union that contains the
open sets. These are called the Borel sets.

This is simply a way of saying that the Borel sets are the open sets plus
all sets that can be obtained from these by complementations, countable
intersections, and countable unions.

Definition 9.2. The outer measure of a set S is
Hour(S) =inf Y 0(L) .
k

where the infimum is over the countable covers of S by disjoint open inter-
vals I.

It turns out that the outer measure is a measure on the Borel sets. This
takes some effort to prove and we refer to the literature ([8] and [40] for
a slightly different formulation of essentially those same ideas). To give
an idea, one ingredient is that every open sets in R is a countable union of
disjoint open intervals* (see exercise 9.4), so the outer measure of an open
sets can be calculated easily. After establishing that the outer measure is
a measure on the Borel sets, the theory then proceeds by augmenting the
Borel sets by arbitrary sets of outer measure zero.

3This is called the standard topology on R. It is possible to have different conventions for what the
open sets in R are.

4Open sets in R? are countable disjoint unions of open rectangles, and so forth in R", n > 2.
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Definition 9.3. A set S is called Lebesgue measurable if it contains a Borel
set Bwhose outer measure equals 1y, (S). That outer measure is the Lebesgue
measure of S. (Thus the measure of an interval equals its length.)

More informally, Lebesgue measurable sets are Borel sets modulo sets
of outer measure zero. One can work out that the collection of Lebesgue
measurable sets is also closed under complementation, countable intersec-
tion, and countable union. As a consequence of these facts, we have the
following result.

Proposition 9.4. i) A set S C R is Lebesgue measurable if and only if there
exist closed sets C; C S such that

Mour (S\U7Z; Ci) =0.
ii) A set S C R is Lebesgue measurable if and only if there exist open sets

0, D S such that
,uom(ﬂjozl 0,\S> == O

Proof. For the first part of this proof, see also exercise 9.1. Observe that
every closed set C; C § is the complement of an open set O; O S and vice
versa. So if U’_, C; contains nearly all of S, then its complement N;2 | O;
very little more than the complement S¢ of S and vice versa. Since comple-
mentation preserves the Lebesgue measurable sets (by definition 9.3), (i)
and (ii) are equivalent.

A countable union of closed sets is Borel. Since the outer measure is a
measure on Borel sets, (i) says that S is a Borel set plus something of outer
measure zero. This implies Definition 9.3.

Vice versa, Definition 9.3 says that a Lebesgue measurable set consists
of a Borel set contained in a countable collection of disjoint open intervals
I; (by Definition 9.2) plus possibly a set Z of outer measure zero. The latter
set can be covered by a collection of intervals of arbitrarily small outer
measure. |

Finally, we can define a measure more generally — i.e. not “length-
like” or Lebesgue — as follows and show that it satisfies the above charac-
teristics, if one limits the definition to measurable sets.
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Definition 9.5. A measure | is a non-negative function from a collection’
of U-measurable sets to [0,0] such that (L(0) = 0 and for every countable
sequence of disjoint (measurable) sets S;:

Ul IS Z‘U

A couple of remarks are in order. The first is the observation that the
measurable sets for some arbitrary measure are not constructed in this the-
ory (except for the Lebesgue measure). Rather, they are part of the def-
inition of measure. Which sets are measurable? The sets on which u is
defined.

We remark further that this definition implies that in general sub-additivity
holds:

Uz 1A;) Z 9.1)
=1

The reason is that the measure of the union equals the sum of the measures
of the disjoint “new” parts A} of A;, i.e. A; minus the intersection of A; with
the A; where j < i. Since A] U (A;\A}) = A; and this is a disjoint union, we
have ,u( ') < u(A;). Hence the sub-additivity.

Thus a Lebesgue measure U is a sub-additive function from the (Lebesgue)
measurable sets to the positive reals (including infinity) and the measurable
sets are constructed so that properties (2), (3), and (4) in Section 9.1 hold,
while a more general measure does not have to satisfy (2) and (3). We
summarize this as follows.

Corollary 9.6. The Lebesgue measure |1 on R or R/Z satisfies the follow-
ing properties

1) 1 : measurable sets — [0,00] and (1(0) = 0.

2) For any interval I: u(I) equals the length of I.

3) U is translation invariant.

4) For a countable collection of disjoint sets A;: (U5 A;) = X721 n(A;).
More generally, a (non Lebesgue) measure satisfies (1) and (3).

‘We need some more technical terms.

SThe collection of measurable sets must be closed under complementation and countable unions and
intersections
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Definition 9.7. If we have a space X and a collection X of measurable sets,
then the pair (X,X) is called a measurable space. A function T : X — X
is called measurable if the inverse image under T of any measurable set
is measurable. A triple (X,X, 1) is called a measure space. A probability
measure is a measure that assigns a measure 1 to the entire space.

The Lebesgue integral of a measurable function f : X — R with respect
to the measure p is written as

I:'/fdu.

Assume f(x) is non-negative. To approximate the Lebesgue integral /, one

A P
(W T\I\

Figure 48. A comparison between approximating the Lebesgue inte-
gral (left) and the Riemann integral (right).

partitions the range of f into small pieces [y;,yi+1]. For each such layer, the
contribution is the measure of the inverse image f~! ({y : y > y;11}) times
Yi+1 —Yi- Sets of measure zero are neglected. Summing all contributions,
one obtains an approximation of the Lebesgue integral (see Figures 48 and
86). The Lebesgue integral itself is defined as the limit (if it exists) of
these. The Lebesgue integral of a not necessarily non-negative function f
is computed by splitting up f into its non-negative part f* and its negative
part £, so that f = f+ + f~. The integral of f is then defined as

1= / frdu— / (=f7)ap.
We’ll see in Section 14.2 that the domains of f* and f~ are measurable
so that this operation is well-defined. A function f is called integrable , or
u-integrable for clarity, if [ |f|du exists and is finite. It turns out that the
Lebesgue integral generalizes the Riemann integral6 we know from calculus
(see exercise 9.6).

6Recall that the Riemann integral is approximated by partitioning the domain of f, see Figure 48.
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This level of technical sophistication means that the fundamental the-
orems in measure theory require a substantial mastery of the formalism.
Since pursuing all the technicalities would take a considerable effort and
would lead us well and far away from number theory, we have suppressed
some details in this chapter.

9.3. The Birkhoff Ergodic Theorem

The context here is that we have a measurable transformation 7 from a mea-
sure space (X,X, 1) to itself. The situation is quite general. The measure
U is not necessarily the Lebesgue measure, but we will assume that it is a
probability measure, that is: [y du = u(X) = 1.

F

x Y

Figure 49. The pushforward of a measure .

Definition 9.8. Let F : X — Y be a measurable transformation and U a
measure on X. The pushforward F. L of the measure L is a measure on'Y
defined as

(Fop)(B) == (F'(B)),

for every measurable set BinY (see Figure 49).

Definition 9.9. Let T : X — X be measurable. We say that T preserves the
(probability) measure U, or, equivalently, that | is an invariant measure , if
T.\t = 1. That is to say, if for every measurable set B, u (T~ (B)) = u(B).

Theorem 9.10 (Birkhoff or Pointwise Ergodic Theorem). Let T : X — X
be a transformation that preserves the probability measure 1. If f : X — R
is an integrable function, the limit of the time average

n—1

HICESLEDWIGE)
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is defined on a set of full measure. It is an integrable function and satisfies
(wherever defined)

[in@an= [ rdu.

The proof of this theorem requires a more substantial technical mastery of
analysis and we will postpone it to Chapter 14.

Definition 9.11. Ler T be transformation T of a measure space (X, X, 1)
to itself. A set S € X is called (weakly) invariant if T~'(S) = S except
possibly for a set of measure zero. We will use the term strictly invariant if
T-1(S)=S.

If no misunderstanding is likely, we may drop the word “weakly”.

Definition 9.12. A transformation T of a measure space X to itself is called
ergodic (with respect to | ) if it preserves the measure L and if every (weakly)
T-invariant set has measure 0 or 1.

This is a slight departure from most texts. Usually, ergodicity means
that only strictly invariant sets have measure O or 1. It turns out that these
notions are equivalent (see exercise 14.18). This slight change allows us to
give some interesting examples of ergodicity in Section 9.4.

Corollary 9.13. A measure preserving transformation T : X — X is ergodic
with respect to a probability measure | if and only if for every integrable
function
) 1 n—1 ;
}ﬂzgﬂﬂm—AﬂWW
for all x except possibly on a set of measure 0.

The proof of this corollary will also be given in Chapter 14. Somewhat
confusingly, this last result is often also called the Birkhoff ergodic theo-
rem. We will also adhere to that usage, just so that we can avoid saying
“the corollary to the Birkhoff ergodic theorem” on many occasions. This
corollary really says that a transformation is ergodic if and only if time av-
erages equal spatial averages. This is a very important result because, as
we will see, spatial averages are often much easier to compute. This has
major implications in physics.



196 9. Ergodic Theory

One needs to be careful, because it can happen that a transformation is
ergodic with respect to two (or more) different measures.

Definition 9.14. Two probability measures L and v are mutually singular
if there is a measurable set S with u(S) = 1 and v(S) = 0, and vice versa.

Corollary 9.15. If T is ergodic with respect to two distinct probability mea-
sures L and v, then those measures are mutually singular.

Proof. If y and v are distinct measures, we can choose f such that

a=[ sau# [ fav=cs.

By Corollary 9.13, the time average (f)(x) must be ¢; for u almost every x
and so the x for which the average is ¢, has yt measure 0. The reverse also
holds. |

One can furthermore prove that the set of invariant probability mea-
sures is non empty and every invariant measure is a convex combination
of ergodic measures [48][chapter 8]. This says that, in a sense, ergodic
measures are the building blocks of chaotic dynamics. If we find ergodic
behavior with respect to some measure U, then we understand the statisti-
cal behavior for almost all points with respect to . There may be other
complicated behavior but this is “negligible” if you measure it with u.

9.4. Examples of Ergodic Measures

In this section, we consider the piecewise linear map 7" with derivative
equal to 2, depicted in Figure 50. To fix our thoughts, we set A = [0, 1]
and B = [1,2]. In this section, we will exhibit uncountably many invari-
ant probability measures u with respect to which T is ergodic. Note that
any two such measures must be mutually singular (Definition 9.14). This
situation is by no means exceptional.

We start with the measure & that assigns (full) measure 1 to the point
0 and measure 0 to any (measurable) set not containing 0. As we can see in
Figure 50, for any set S

0esS «— 0eT ().
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>

Figure 50. This map has many ergodic measures

Thus 8&(S) = 8 (T~1(S)), that is: & is (weakly’) T-invariant. Since any
T-invariant set either contains the point 0 or not, such a set trivially has
measure either zero or one. By Definition 9.12, T is ergodic with respect
to 8. Let us check the conclusion of Corollary 9.13. For some very small
€>0, set

0 ifxel0,¢)
a ifxelg,?2]

flx) =

Take some arbitrary x. Under iteration by 7', it will most likely randomly
bounce around either in the interval [0, 1] or in the other interval, [1,2]. If
xo € (0,1), then f(T(xq)) will nearly always be o, and if xo € [1,2], it
will always be . Either way, the time-average is close to . However, the
integral [y f(x)d&) gives £(0) = 0! What is going on? See this footnote®.

Note that, in this example, the set {0} has pre-image {0} U{1/2}. The
second point (1/2) carries no measure. Thus {0} is invariant but nor strictly
invariant! Similarly, we can put a discrete measure on any g-periodic orbit
by giving each point of the orbit a measure 1/¢. With respect to that mea-
sure, the transformation will be ergodic, because the only invariant with
positive measure is the entire orbit. Again, the invariant set is not strictly
invariant (see exercise 14.19).

TBut not strictly!

8The set (0,2] has measure 0 with respect to d. Corollary 9.13 tells us to neglect such sets. Thus we
must take x = 0, and then the summation also gives 0.
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The next example is the uniform measure 14 in A = [0, 1]. Each mea-
surable subset of A has a measure equal to its Lebesgue measure. It is easy
to see that this is a probability measure (one that integrates to 1). From
Figure 50, we see that the inverse image of an interval J C A equals two
disjoint intervals of half its length. This shows that pi4 is invariant under 7.
We will show in Chapter 10 that each T-invariant set has L4 measure either
O or 1 (thatis: py is ergodic), but here is a partial result.

Proposition 9.16. Let T be the map x — 2x mod I on A = [0, 1] and suppose
U is the Lebesgue measure. If S C A is a T-invariant set with L(S) > 0, then
S must be dense in A.

Proof. Note that T restricted to the interval A = [0,1] is just the doubling
map. By the discussion above, the Lebesgue measure u is T-invariant.

The inverse image 7~ (S) is:
S+0 S+1
2 U
According to Proposition 9.4 (ii), we can cover S with an open set O of
measure less than @ (S) + € for any € > 0. Using exercise 9.4, we see that
we can cover S with disjoint open intervals of measure less than @ (S) + €.
Thus we can cover each of Sy and S; with open intervals of length no more
than half that. By Definition 9.3, t(Sp) and (S ) are at most %,LL(S). Since,
however, S is invariant and so u(Sp) + 1(S1) = u(S), we conclude that
1(So) = p(S1) = Lu(S).

Iterating this procedure, we get

SoUS| =

S+0 S+2 S+1 S+3

4 4 4 4
Each of these contains 272 of the measure of S. Similarly, the nth iterate
gives a collection of 2" regularly spaced copies of 27"S. Clearly, the union
of these over n is dense and each little copy must contain a set of positive
measure belonging to S. |

Tﬁz(S) =So0USp1 US10US; :=

Note that the complement of an invariant set is also invariant. Thus
result implies that if S C [0, 1] is an invariant set whose complement S¢ has
positive measure, then both are dense. This is equivalent to the following.

Corollary 9.17. Let T be the map x — 2x mod 1 on A = [0, 1] and suppose
W is the invariant Lebesgue measure. If T is not ergodic, then there must be
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an invariant S such that both it and its complement have positive measure
and are dense in A.

We will see in Chapter 10 that in fact this is not possible, and so T is
ergodic with respect to Uy.

For now note that both A and B are T-invariant sets and 4 (A) = 1
while ps (B) = 0. We check Corollary 9.13 again. Let f be

a ifxe[i 1)
0 else

fx) =

For arbitrary x in [0, 1], we expect T*(x) to hit the interval [0, %] half the time
on average. So the sum should give 5. Indeed, if we compute the integral
J fdua, that is what we obtain.

Now we turn to an at first sight very strange and counter-intuitive ex-
ample. In the unit interval, we consider the set of x with all possible bi-
nary expansions, but now we construct a measure V,, that assigns a measure
p €(0,1) to “0”, and 1 — p to “1”. In effect this amounts to assigning a
measure p to the interval [0, 1] and 1 — p to [§, 1]. The interesting case is of
course when p # % So that is what we will assume.

Continuing the construction of the measure v,, the set of sequences
starting with 00 get assigned a measure p?; the ones starting with 01, a
measure p(1 — p); 10, a measure (1 — p)p; and 11, a measure (1 — p)2. The
sum of these is 1. We now keep going ad infinitum, always keeping the sum
of the measures equal to 1, see Figure 51. So v,, is a probability measure.

The same reasoning as in Proposition 9.16 shows that an interval /
consisting of points whose binary expansion starts with a = aja; - - - a, has
pre-image Iy U I;, where Iy consists of the points whose expansion starts
with Oa and 7, those starting with 1a.

Vp(lo) +Vp(l1) = pvp(I) + (1 = p)v,(I) = vp(I),
and so the measure V), is T-invariant.

This gives us an uncountable set of T-invariant measures V,, (one for
each p € (0,1)). For each of these measures, we are in the same situation
as Corollary 9.17: if v, is not ergodic, there must be very strange invariant
sets. (And in fact, those measures are ergodic.
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p 1-p
2
| | | | |

I pp | p(1-p) ! (1-p)p I(1-|o)(1-|0)I

Figure 51. The first two stages of the construction of the singular mea-
sure Vp.

9.5. The Lebesgue Decomposition

The examples of invariant measures of Section 9.4 also help to illustrate the
following fact [40] which we mention without proof (but see [8]).

Theorem 9.18 (Lebesgue Decomposition). Let U be a given measure. An
arbitrary measure vV has a unique representation as the sum

V= V4 +Vg+ V.

where Vv, absolutely continuous with respect to the Lebesgue measure |,
V, is a discrete measure, and Vs is singular continuous.

We now define these notions somewhat informally. A measure Vv,
is absolutely continuous with respect to p if for all measurable sets A,
1(A) = 0 implies that v,.(A) = 0. It is usually written as V,. < . The
Radon-Nikodym theorem theorem then implies that v, has a non-negative,
integrable density with respect to . This means that if v,. < i, we can
write dv,. = p(x)du (see [40]). The density p is also called the Radon-
Nikodym derivative of v, (relative to 1) and it is often written as

dVee

du
We can use the density to change variables under the integral. For any
integrable f

[ r0avien) = [ xpx)an).
Thus p is the density of v,. (with respect to ut). Often, u is the Lebesgue
measure so that du(x) = dx. This is usually the case when we think of
common probability measures in statistics, such as the Beta distribution on
[0,1],
dv(x) =Cx* (1 —x)""dx.
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This is an example of a measure that is absolutely continuous with respect
to the Lebesgue measure. In this case, p is called the probability density,
and its integral is v(x) — v(0), the cumulative probability distribution. The
constant C is needed to normalize the integral [ dv = 1.

The discrete measure v, is concentrated on a finite or countable set of
u-measure zero. The measure & is an example of this.

Finally, the measure v,, for p # % is an example of a singular continu-
ous measure with respect to the Lebesgue measure . This is a measure that
is singular with respect to U, but, still, single element sets {x} that satisfy
p({x}) = 0 also have v,-measure zero.

Recall that Corollary 9.15 says that if p # ¢ are two numbers in [0, 1],
then the measures v, and v, are mutually singular, even though they are
clearly continuous with respect to one another by the above informal defi-
nition. Since this is maybe more than a little counter-intuitive, let us verify
that again.

Lemma 9.19. Let p, g distinct numbers in [0,1]. The measures v, and v,
are mutually singular.

Proof. As we saw in Section 9.4, the angle doubling transformation given
by T restricted to the interval [0, 1] is ergodic with respect to each of the two
measures. So let f(x) =1 on [0,4] and O elsewhere. Birkhoff’s theorem
implies that for x in a set of full v,-measure, we have

. lnfl . B B
nlEE’o; l_;)f(T (x)) —/Xf(x)dvp =p.

This means that v,-almost all x land in [0, }] a fraction p of the time on
average. Thus the set of points that land in [0, %] on average a fraction g of
the time has v, measure zero. But those have full v, measure. |
Note that the binary expansion of the v, typical (that is: in a subset having
full measure) x has on average a fraction of exactly p zeroes.
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9.6. Exercises

Exercise 9.1. Let S, A, be sets in a space X, and / any (possibly uncount-
able) index set. See Figure 52.

a) Show that (,c; An)¢ = Uper AS.

b) Show that (Uper An)¢ = Nyer AS-

c) Show that every closed set C C § is the complement of an open set
0 DS

d) Show that for O and S as in (c): S\O° = O\S°.

(Note: the first two statements are known as the De Morgan laws .)

Figure 52. The left figure illustrates that (NA;) = U;AS. The right
figure illustrates that for an open set O containing S¢, S\O° = O\S°
(shaded in red).

Exercise 9.2. Reformulate the counter example in Section 9.1 as a counter
example in R. (Hint: two numbers in [0, 1] are equivalent if their difference
is rational. Let V C [0, 1] be a set that contains exactly one representative
of each class. Let R be the set of rationals in [—1,1]. Then consider the
union U := U,cgrV +r. Show that [0,1] CU C [-1,2].)

Exercise 9.3. a) Show that the rational numbers in [0, 1] can be contained
in an open set of arbitrarily small measure. (Hint: for some A > 1, put
the number p/q in an open interval of length Co(q) ™' A =9, where @ is the
totient function.)

b) Use (a) to show that the rational numbers in R an be contained in an
open set of arbitrarily small measure. (Hint: in each unit interval, choose
an appropriate C as defined in (a).) c) Show there is a closed set in [0, 1]
of measure greater than 1 — € that contains only irrational numbers.

Exercise 9.4. Show that any open set O in R is a finite or countable union
of disjoint open intervals. (Hint: for every x € O there is an open interval
(a,b) C O that contains x. Now let oo = inf{a : (a,b) C O, x € (a,b)}
and similar for B. This way we obtain a partitioning of O into open inter-
vals. Each such interval must contain a rational number of which there are
countably many.)
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In the next exercise, we prove the following Lemma.

Lemma 9.20. i) Any set in a probability space X with outer measure zero
is Lebesgue measurable with Lebesgue measure zero.
ii) A countable union of measure 0 sets has measure 0.

Exercise 9.5. a) Show that the empty set has measure zero. (Hint: see
Definition 9.5.)

b) Prove part (i) of the lemma for a non empty set. (Hint: a non empty set
contains a point which is a Borel set; now apply Definition 9.3.)

¢) Prove part (ii) of the lemma. (Hint: use equation (9.1).)

Exercise 9.6. Let X = [0,1], E the set of irrational numbers in X, and t
the Lebesgue measure.

a) Show that [ du = 1. (Hint: approximate the Lebesgue integral as in
Section 9.1.)

b) Show that the Riemann integral [ dx is undefined. (Hint: look up the
exact definition of Riemann integral)

Exercise9.7. Construct the middle third Cantor set C C [0, 1] in the follow-
ing way (Figure 53). At stage 0, take out the open middle third interval of
the unit interval. At stage 1, take out the open middle third interval of the
two remaining intervals. At stage n, take out the open middle third interval
of each of the 2" remaining intervals. The set C consists of the points that
are not removed. See also exercise 1.10.

a) Show that C consists of all points x = ¥ ;3" where {q;}?*, are ar-
bitrary sequences in {0,2}.

b) Show that the Lebesgue measure of C is zero.

¢) Show that C is uncountable. (Hint: look at the proof of Theorem 1.24.)

0 19 2/9 1/3 2/3 719 8/9 1

Figure 53. The first two stages of the construction of the middle third
Cantor set. The shaded parts are taken out.

Exercise 9.8. Construct the set C C [0, 1] in the same way as in exercise
9.7, but now at stage n, take out (open intervals of) an arbitrary fraction
my € (0,1) from the middle of each of the remaining intervals.

a) Show that C is non-empty. (Hint: find a point that is never taken out.)
b) Let m; = 1 —e~* for some & € (0,1). Compute the Lebesgue measure
of C and its complement. (Hint: at every stage, consider the length of the
set that is left over. You should get that i(C) = e~ 1/(1-a)
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We remark that Cantor sets with positive measure such as those in exercise
9.8 are sometimes called fat Cantor sets.

Exercise 9.9. a) Show that the Borel sets contain the closed sets. (Hint: a
closed set is the complement of an open set.)

b) Show that the middle third Cantor set (see exercise 9.7) is a Borel set.
¢) Show that the Cantor sets of exercise 9.8 are Borel sets.

d) Show the sets in (c) are Lebesgue measurable.

Exercise 9.10. Construct the Cantor function ¢ : [0,1] — [0, 1], also called
Devil’s staircase as follows. See also exercise 9.7. See Figure 54.

Start with stage 0: ¢(0) =0 and ¢(1) = 1. At stage 1, set ¢(x) = % if
x€[4,3]. Atstage 2, setc(x) = L ifx € [§, 3] and c(x) = 2 if x € [, §].

Use a computer program to draw 5 or more stages. ¢(x) is the continuous
function that is the limit of this process.

3/4 1T
1/2 4~

1/4 4

T T T T T
0 1/9 29 13 2/3 7/9 89 1

Figure 54. An impression of the Cantor function of exercises 9.10 and
9.11. The first four stages are drawn in black, the red segments are affine

interpolations.
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Exercise 9.11. Recall the definition of the Cantor function, ¢: [0,1] — [0, 1]
(exercise 9.10).
a) Use exercise 9.7 (a) to show that for x in the Cantor set

_ 2—i _ i i
x—;aﬁ = c(x)—igi 22 .
b) Show that on any interval not intersecting the Cantor set ¢ is constant.
¢) Show that ¢ : [0, 1] — [0, 1] is onto.
d) Show that c¢ is non-decreasing.
e) Show that ¢(x), is continuous. (Hint: find a proof that a non-decreasing
function from an interval onto itself is continuous.)
Since c is increasing from 0 to 1, we can interpret it as a cumulative dis-
tribution function. The measure u of [a,b] C [0,1] equals ¢(b) — c(a). If
[a,b] is inside any of the flat parts, then its measure equals zero. Thus the
measure of the complement of the Cantor set is zero, and all measure is
concentrated on the Cantor set.

Exercise 9.12. Find the Lebesgue decomposition (Theorem 9.18) of ¢ in
exercise 9.11 interpreted as a measure. Explain!

Exercise 9.13. a) Show that the derivative ¢’ of the Cantor function ¢ of
exercise 9.10 equals 0 almost everywhere.

b) Show that Lebesgue integration gives ) ¢ (r)dt = 0. (Hint: ¢'(1) =0
on a set of full measure. Then use the informal definition of Lebesgue
integration in Section 9.2.)

¢) Conclude that in this case ¢(1) —¢(0) = f()l c(¢)dt is false.

The equation in item (c) of exercise 9.13 holds in the case where the func-
tion ¢ admits a derivative everywhere. The interested student should recall
the second fundamental theorem of calculus (e.g. [53] [Section 7.1]).

Exercise 9.14. Consider the map 7 : [0,1] — [0, 1] given by T'(x) = {10x},
the fractional part of 10x.

a) Show that the Lebesgue measure dx is invariant under 7'.

b) Prove Corollary 9.17 for this map.

c) Show that the frequency with 7" (x) visits the interval / = [0.358,0.359)
equals the frequency with which 358 occurs (if that average exists).

d) Assuming ergodicity of T, show that for Lebesgue almost every x, that
average equals 1073, (Hint: use the corollary to Birkhoff’s theorem with
f(x)=1o0nIand 0 elsewhere.)
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Exercise 9.15. a) Show that there exist x in whose decimal expansion the
word “358” occurs more often than in almost all other numbers (see exer-
cise 9.14 (d)).

b) Show that the frequency of occurrences of “358” in the decimal expan-
sion of a number x does not necessarily exist.

¢) What is the Lebesgue measure of of set of numbers referred to in (a) and
(b). (Hint: see exercise 9.14 (d).)

Exercise 9.16. In an interview, Yakov Sinai explained ergodicity as fol-
lows. Suppose you live in a city above a shoe store. One day you decide
you want to buy a perfect pair of shoes. Two strategies occur to you. You
visit the shoe store downstairs every day until you find the perfect pair. Or
you can rent a car to visit every shoe store in the city and find the best
pair that way. The system is ergodic if both strategies give the same result.
Explain Sinai’s reasoning.

Exercise 9.17. a) Fix an integer b > 1 and let w be any finite word in
{0,1,---b — 1} of length n. Show that for almost all x, the frequency
with which that word occurs in the expansion in base b equals b". (Hint:
assume ergodicity of x — {bx} and follow the reasoning in exercise 9.14.)
b) The measure of the set of x for which that frequency is not b~" is zero.

Definition 9.21. Let b > 2 an integer. A real number in [0,1] is called
normal in base b if its infinite expansion in the base b has the property
that all words of length n occur with frequency b™". A number is called
absolutely normal if the property holds for every integer b > 2.

Exercise 9.18. a) Use exercise 9.17, Corollary 1.25, and Lemma 9.20 to
show that the set of words not normal in base b has measure 0.
b) Show that the set of absolutely normal numbers has full measure.

Exercise 9.19. a) Show that the set of numbers that are not normal in base
b > 2 is uncountable. (Hint: words with a missing digit are a subset of
these; see exercise 9.7.)

b) Repeat (a), but now for base 2. (Hint: rewrite in base 4 with digits 00,
01, 10, and 11; follow (a).)

Exercise 9.20. a) Show that the set of absolutely normal numbers is dense.
(Hint: follows from exercise 9.18.)

b) Show that numbers with finite expansion in base b are non-normal in
base b.

c) For any b > 1, show that the set of non-normal numbers in base b is also
dense. (Hint: rational numbers.)
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Exercise 9.21. Show that a rational number is non-normal in any base.
(Hint: generalize proposition 5.8 to show that the expansion of a rational
number in base b is eventually periodic.)

Exercise 9.22. a) In base 2, construct a number C, whose expansion is the
list of all finite words. Start with the string s consisting of all length 1
words in ascending order, “0” and “1”. So 51 = 01. Then obtain s, consist-
ing of all length 2 words in ascending order. So s, = 00011011. And so
forth. The binary expansion of C, is: 0.s1525253 - - -. (Note: this number in
base 2 and its generalizations to base b are usually called Champernowne
numbers [17][Chapter 4].)

b) Challenge®: Show that the number C;, whose expansion in base b is the
list of all finite words constructed following the method in (a) is normal in
base b. (Hint: pick a word w of length n. Show that w occurs in 1 out of b"
times in every “level” k > n.)

¢) Numerically compute the first 6 continued fraction convergents for
Cio = 0.1234567890---. (Hint: the fourth continued fraction coefficient
equals 135678.)

“Though intuitively “obvious”, the details of this proof are very tricky! If you know a
simple proof, let me know.

Definition 9.22. A real sequence {x;};" , is equidistributed modulo 1 (with

=

respect to Lebesgue measure) if its fractional values {a;}7" | are such that
for each subinterval [a,b] of R/Z
o Haas, - ab0ab)

n—yoo n

=b—a.

In other words: the frequency of hitting a set is proportional to the Lebesgue
measure of that set.

Exercise 9.23. Show that x is normal in base b > 2 (b € N) if and only
if the sequence a, = {xb"} is equidistributed modulo 1, where {-} means
fractional part. (Hint: one direction is obvious; for the other direction, note
that for all epsilon > 0 and any interval [c,d], there are b-adic intervals I
and J such that I C [c,d] C J and |j\I| < €.)

As with so many issues in number theory, for any of the numbers we care
about — such as e, 7, V/2, et cetera — it is not known (in 2021) whether
they are normal in any base.
Exercise 9.24. a) Show that a rotation on R/Z preserves the Lebesgue
measure. (Hint: Corollary 9.6 (iii).)

b) Show that a rotation on R/Z by a rational number is not ergodic. (Hint:
start with the identity which is a rotation by 0.)






Chapter 10

Three Maps and the Real
Numbers

Overview. In this chapter, we consider the three maps from [0, 1) to itself
that are most important for our understanding of the statistical properties of
real numbers. They are: multiplication by an integer » modulo 1, rotation
by an irrational number, and the Gauss map that we discussed in Chapter 6.
In doing this, we review three standard techniques to establish ergodicity.
In this chapter we restrict all measures, transformations, and so on to live in
one dimension ([0, 1) or R/Z).

10.1. Invariant Measures

If we wish to prove that a measurable transformation 7 : X — X is ergodic,
we first need to find an invariant measure. Recall the notions of pushforward
of a measure (Definition 9.8) and invariant measure (Definition 9.9).

Lemma 10.1. Let T : X — X a measurable transformation and L a T-
invariant measure on X. Then for every |L-integrable function f, we have

[ @ aue) = [ 1) dut).

209
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Proof. Setting y = T'x, the definition of the pushforward gives

| F0dr0) = [ FT)dut).

On the other hand, since U is invariant, we also have

| f0are) = [ ro)au).
X X

Putting the two together gives the lemma. |

In most cases, and certainly in this text, we are interested in invari-
ant measures V that are absolutely continuous with respect to the Lebesgue
measure (see Section 9.3). Thus dv = p(x)dx. It is often easier to compute
with densities than it is with measures. We formulate the pushforward for
densities.

Lemma 10.2. The pushforward T,p by T : [0,1) — [0,1) of a density p is
given by

p(x
o)=Y LW
This is called the Perron-Frobenius operator.

Proof. The measure of the pushforward 7, p contained in the small interval
dy is p(y)dy. By Definition 9.8, it is equal to Y7, p(x)dx where dx is the
length of the interval T~!(dy) (see Figure 55). Now the length of T~!(dy)

dy

- -1
T o) T (dy)
Figure 55. The inverse image of a small interval dy is T~ (dy)
is of course equal to the length of ‘ divT’l (y)‘ dy. Since
d
dy

dy
T (x)|’

T-'(y)| dy=
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the result follows. |

Thus T preserves an absolute continuous (with respect to the Lebesgue
measure) measure with density p if and only if

p(y) =Y, pL) (10.1)

The first, and simplest, of the three transformations are the rotations. A
rotation 7 is invertible and T’(x) = 1. Therefore, if p(x) = 1, Lemma 10.2
also yields 1 for its pushforward T, p, and thus equation (10.1) is satisfied.
If instead T is defined as x — Tx modulo 1, where 7 is any integer other
than 1 or 0, the situation is different, but still not very complicated. We
will call these transformations angle multiplications for short. Now each y

has |7| inverse images {x;,---x;} and T (x;) = % So if p(x) = 1, Lemma
10.2 yields T.p(x) = 1 for the pushforward.

The situation is slightly more complicated for the Gauss map of Defi-
nition 6.1.

Proposition 10.3. i) Rotations and angle multiplying transformations on
R/Z preserve the Lebesgue measure.
ii) The Gauss map preserves the probability measure
oL odx
In2 1+x

Proof. We already proved item (i). For item (ii), notice that

1 * o1 1
v([0,x])=— | ——ds=—1n(1
O =53 Jy T = a0
so v([0,1]) = 1 and v is as probability measure. It is easy to check that that

the inverse image under T of [0,x] is the union of the intervals [#x, é] (see
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Figure 56), and so
v(TH([0.]) = v (Uzs [+ 5))

=z Zamt (14 3) —In (14 25) }

=z Lo {n (“51) —In(“55%) }

=z Tt {In (43%) —In (“55%)}

= ﬁln(l—i—x)

The last equality follows because the sum telescopes.

1

0

0 13 1/2 1

Figure 56. The interval [0,x) (shaded red) and its pre-image under the
Gauss map (shaded blue).

This computation shows that the measure on intervals of the form [0, x]
or (0,x) is invariant. Taking a difference, we see that the measure an any
interval (x,y) is invariant. Therefore, the same is true for any open set
(see 9.4). Thus it is true any Borel set (Definition 9.1). Since Lebesgue
measurable sets can be approximated by Borel sets (Proposition 9.4), the
result follows. |

At the end of this last proof, we needed to jump through some hoops
to get from the invariance of the measure of simple intervals to that of all
Borel sets. This can be avoided if we prove the invariance of the density
directly via equation (10.1). But to do that, you first need to know a tricky
sum, see exercise 10.5.
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With the invariant measures in hand, we can now turn to proving the
ergodicity of the three maps starring in this chapter.

10.2. The Lebesgue Density Theorem

Proposition 10.4. Given a measurable set E C [0,1] with u(E) > 0, then
for all € > 0 there is an interval I such that
K(ENT)
()
We will say that the density of E in I is greater than 1 — €.

>1—¢€

Proof. By Proposition 9.4, there are open sets O, containing £ such that
w(O,\E) = ,, where 6, tends to O as n tends to infinity. Using property
(4) of Corollary 9.6, we see that

1(On) = W(On\E) + U(E) = H(E) + 8, . (10.2)
According to exercise 9.4, for each n, there is a collection of disjoint open
intervals {1} such that
Oy =Uil,,.
Now fix an € > 0 and suppose that w(ENI) < (1 —¢)u(I) for all intervals.
In particular this holds for those intervals belonging to the collection of
intervals {1, ;}. So for any n, we have

H(ENOy,) = w(EN (Uily;)) = Z U(ENT;) < Z(l — &) (ln,i) -

The middle equality follows again from property (4) of Corollary 9.6. No-
tice that the left-hand side equals u(E), since O, contains E, and the right-
hand side equals (1 — €)1 (0,) by definition of the intervals I, ;. Together
with equation (10.2), this gives

H(E) < (1-&)u(0n) = (1—€)(1(E) + ).
If n tends to infinity, J, tends to 0, and thus p(E) must be 0. [ |
This is a weak version of a much better theorem. We do not actually

need the stronger version, but its statement is so much nicer, it is probably
best to remember it and not the proposition. A proof can be found in [62].
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Theorem 10.5 (Lebesgue Density Theorem). If E is a measurable set in
R" with u(E) > 0, then for almost all x € E
lim K(ENBe(x)) _
&2 u(Be(v))
where Be(x) :={y € R" : |y—x| < €}, the open & ball centered at x. That
is: this holds for all x in E, except possibly for a set of i measure 0.

)

10.3. Rotations and Multiplications on R/Z

In this section, we will invoke the Lebesgue density theorem, to prove the
ergodicity of multiplications by 7 € {+2,43,---} modulo 1 and transla-
tions by an irrational number @ modulo 1 on R/Z. In each case, however,
Proposition 10.4 is sufficient. We denote the Lebesgue measure by u.

Lemma 10.6. Every orbit of an irrational rotation R, is dense in R/Z.

Proof. We want to show that for all x and y, the interval [y — 8,y + &] con-
tains a point of the orbit starting at x. Denote by % the continued fraction
convergents of r (of Definition 6.4). By Lemma 6.13

}g?ox+an—pn :l}iigox+d,l =x.
Fix n large enough enough, so that the distance (on the circle) between x

and x + g,r — py is less than 8. Then the points x; := x + ig,,r modulo 1
advance (or recede) by less than 8. And thus at least one must land in the

stipulated interval (see Figure 57). |
0 X x+2qr X+r 1
E I 1
C LI | —
X+qr X+r+qr

Figure 57. ris irrational and £ is a convergent of r. Then x+gr modulo
1 is close to x. Thus adding gr modulo 1 amounts to a translation by a
small distance.

Theorem 10.7. Irrational rotations modulo 1 are ergodic with respect to
the Lebesgue measure.
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Proof. By Proposition 10.3, the Lebesgue measure is invariant.

Suppose the conclusion of the theorem is false. Then there is an invari-
ant set A such that both it and its complement A — which is also invariant
— have strictly positive measure. By Proposition 10.4, for every € there are
intervals / and J where A, respectively A¢, have density greater than 1 — €.
Suppose that the length £(I) of I is less than ¢(J). Then there is ann > 1 so
that

nl(I) <L(J) < (n+1)4(I).
By Lemma 10.6, there is i such that R, (I) falls in the first 1-fraction of J,
another one in the second, and so forth (see Figure 58). In all cases, this

0 —— — 1
[_ ] %
L J

Figure 58. /(I) is between % and § of £(J). So there are two disjoint
images of I under Ry, that fall in J.

means that at least half of J is covered by images of /. By invariance, the
images of / have A density greater than 1 — €. That means that A has density
atleast 1(1—¢€) in J, which is a contradiction. The case where £(I) = £(J)
is easy: split / into 2 equal intervals; at least one of these must have density
greater than 1 — €. |

In the proof of the next theorem, we employ the same strategy as in the
proof of Proposition 9.16 and Corollary 9.17. But this time, the Lebesgue
density theorem helps us to get a much stronger result. We wish to prove
that angle multiplications are ergodic. But it turns out that with the same
effort we can prove the result for a larger class of maps. An example of
such a map is given in Figure 59.

Definition 10.8. Ler {I;} be a finite or countable partition of 0, 1] of in-
tervals of positive length {; so that Y ; {; = 1. On each interval I;, define
fi:1; = [0,1] to be an affine map onto [0,1]. T =; f; is called a complete
affine interval map .

To make the exposition a little clearer, let us first define nth level in-
tervals. These are the domains Iy where 7" : Iy — [0, 1) is a bijection. For
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0

0 1

Figure 59. An example of the transformation 7 : [0,1) — [0,1) de-
scribed in Theorem 10.9.

example, the 1st level intervals of the Gauss map are (1/(a+1),1/a] fora €
N; the third level intervals for the angle doubling map are [k/8, (k+1)/8)
for kin {0,---7}.

Theorem 10.9. Complete, affine interval maps preserve the Lebesgue mea-
sure and are ergodic with respect to that measure.

Proof. By hypothesis we have |f/| = 1/¢; and so ¥, |f/|;' = L ti = 1
and so the Perron-Frobenius equation (10.1) immediately implies that the
Lebesgue measure is preserved.

Suppose that the set A is T-invariant and has positive i measure and
let J be an arbitrary interval. We will prove that

pANT) =p(a)-u(J) or  p(ANJ)=(1-pn(A)u(). (10.3)
This implies that A° has measure 0, otherwise a contradiction with the
Lebesgue density would result. And so p(A) = 1, and thus T is ergodic.

Letb: Iy — [0,1) be an arbitrary branch of T". Since b is affine b~ (A)
occupies the same proportion in I as A does in [0,1). See Figure 60 All of
the | f,-’ | are bounded away from 1, say, larger than d > 1. It follows that the
length of any nth level interval is at most d~". Thus we can approximate J
arbitrarily well with a collection of nth level intervals, provided 7 is large
enough. Since in each nth level interval, the inverse image of A occupies a
fraction of u(A) of that interval, we have

Tim (T (4)N7) = p(4) - (). (10.4)

But since A is invariant, this proves (10.3), and thus the theorem. [ |
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1

Figure 60. The pre-image in the nth level interval of A (in red) is the
blue interval. This branch of 7" is affine and so there is no distortion.
As a consequence, the proportions that A and its pre-image occupy are
the same.

For completeness, we record the result in the important special case of
angle multiplications.

Corollary 10.10. Multiplication by t € Z with |t| > 1 modulo 1 is ergodic.

The results in this section have interesting consequences. One of the
most important ones is the following.

Corollary 10.11. Suppose T : [0,1) — [0,1) is ergodic with respect to
Lebesgue measure, then T'(x) is equidistributed (see Definition 9.22) mod-
ulo 1 for almost every x.

Proof. Define f as f(x) = 1 if x is in the interval [a,b] and O elsewhere. By
Corollary 9.13 to f, for almost all x
1 n—1

lim = % f(T'(0) = [ fx)dr=b—a.

i=0
[

In particular, this applies to both rotations by irrational angles and an-
gle multiplications, as well as the maps defined in Theorem 10.9. In the
case where 7T is an irrational rotation, the sequences {f(T%(x))}, and
{f(T'(x))}3, differ only by a translation on the circle. So if one is equidis-
tributed, then the other must be too. So in this case, the result holds for all
X.
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The principal consequence of the ergodicity of angle multiplication is
the absolute normality (see Definition 9.21) of almost all numbers. This
was discussed at length in the exercises of Chapter 9.

10.4. The Return of the Gauss Map

Our next aim is to show that the Gauss map T of Definition 6.1 is ergodic.
Thanks to Proposition 10.3, we know the invariant measure. It might seem
that Theorem 10.9 proves the rest. It almost does! The only problem is
that the that the branches of the Gauss map are not affine. Here is what the
problem with that is.

We suppose again that A C [0,1) is an invariant set of positive i mea-
sure. Just as before, we are given an arbitrary interval J and we want to
prove that the density of A (A’s complement) cannot be very close to 1.
Then, by the Lebesgue density theorem, we can conclude that p(A€) = 0.
This proves that T is ergodic.

1

Figure 61. The pre-image in the nth level interval of A (in red) is the
blue interval. This branch of 7" is far from affine and so the distortion
is large. As a consequence, the proportions that A and its pre-image
occupy are very different.

We need to make sure of two things. The first is that the lengths of
the nth level intervals tend to zero, so that we can cover J efficiently with
them. This is relatively easy. The second task is more subtle. The inverse
image of A in any nth level interval have density bounded away from 0 to
prevent its complement A from having density close to 1 in Ip. What is
the problem? That branch is not affine. Especially for large n, it might
have a much bigger derivative in A NIy than it does in A° N[ (see Figure
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L(ANk)
u(l)
much smaller than (A), and could even tend to zero as n grows. The
solution to this dilemma lies in controlling that distortion. If we can prove
that for that particular branch B;Zigg;’ for x¢ and yg in Iy, is contained in,
say, the interval [1 /K, K], K > 0, independent of n, then the argument of the
proof of Theorem 10.9 gives that the densities of A on [0,1) and of A in Iy

cannot differ too much. This ensures that “47%0) ig bounded away from 0

) u(lo)
independently of n (the level).

is

61). This would distort the image under 7" in such a way that

The exposition in the remainder of this section and the next closely
follows [73].

Definition 10.12. Let Iy be an interval. The distortion D of T" on that
interval is defined as

Proposition 10.13. Let T be the Gauss map. The distortion of T" on any
nth level interval Iy is uniformly bounded in n.

aT" ()CQ)

IT"(yo)

Here, 0 stands for the derivative with respect to x.

D:= sup |In

x0.y0€lo

Proof. Denote the forward images of Iy by I}, I, et cetera. Similarly for xg
and yo. Set I, = [0, 1]. The chain rule gives

AT (x0) = T (x0) - T (x1) -+~ AT (xu_1).

Substitute this into the definition of the distortion to get

n—1
D<Y sup [In|oT(x;)|—In|dT (y;)|| .
i=0 Xi»Yi€li

(This is an inequality due to the fact that we take the supremum over all
x; and y; instead of just the initial points xo and yg in the definition.) By
the mean value theorem, there is z; € I; such that the right-hand side of this
expression equals

n—1 n—1
Y 19In|0T (zi)||- lyi—xi| < Y sup [d1n|0T (z))]| - [£i] -
i=0 i=0 zi€l;
Now we note that d In|dT| equals ’%Z—TT ’ Furthermore, the mean value the-

orem (once again) gives |I;| = I a‘IT’E‘)l for some u; € 1;. Substituting this into
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the last equation, we get
n—1
D < Z sup
i=0 Zi;ui€l;

9°T (z;)
9T (z;) T (u;)

i) (10.5)

We need to estimate the expression in the right-hand side. Recall that
we are analyzing a single branch of 7”. That implies that each interval [;
lies in one of the basic — or first level — intervals (a 1 i] depicted in
figure 25, where g; is the continued fraction coefficient associated with that

particular branch. Since dT = —x~2 and 9°T = fx_3, for that particular
branch, we have for x € (aii—l , a%}
9°T(z) 1 1
<2(a;i+1 and — | <.
’ T (zi) | — (ai+1) T (u;)| ~ a?

Next we estimate the length on nth level interval |I|. In figure 25, one can
see that the only place where |dT (x)| is small is when x is close to 1. These
points are then mapped by 7 to a neighborhood of zero where they pick up a
large derivative. It follows that the derivative of T2 is positive and bounded
by some d > 1 and thus the length of the intervals I, ; decays as Kd /2.

Putting this together, we see that (10.5) gives

1
D<n 261,"‘1 Kdl+1 n)/2

Since a; € N, this tells us that the expression in (10.5) is uniformly bounded
in 7. .

As explained in the introduction to this section, our main result follows
immediately.

Corollary 10.14. The Gauss map is ergodic with respect to dv = 1n2 Tix

10.5. Number Theoretic Implications

Finally, it is pay-back time! We have seen some rewards for our efforts
to understand ergodic theory in terms of understanding normality in the
exercises of Chapter 9 (Definition 9.21). But the biggest pay-off is in un-
derstanding some basic properties of the continued fraction expansion of
“typical” real numbers. That is what we do in this section.
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In this section, T denotes the the Gauss transformation and Vv its in-
variant measure (see Proposition 10.3) while u will denote the Lebesgue
measure. Note that a set has y measure zero if and only if it has v mea-
sure zero (exercise 10.1). For the continued fraction coefficients a, and the
continued fraction convergents , see Definition 6.4.

We start with a remarkable result that says that the arithmetic (usual)
mean of the continued fraction coefficients diverges (item (i)) for almost all
numbers, but their geometric mean is almost always converges (item (ii)).

Theorem 10.15. For almost all numbers x, the continued fraction coeffi-
cients a, = a,(x) satisfy:

i) Timy, or <“1+n+a) — o and

c e o —logya

ii) hm,Hw(al~...'an)1/":Ha=1 (lfﬁ) < oo,

This last constant is approximately equal to 2.86542 - - - is called Khinchin's
constant.

Proof. i) Define f; : [0,1] — N by

Forae{l,---k}: filx)=aifxe (;7,3]

fi(x) =0 elsewhere .

Denote the pointwise limit by f... We really want to use Corollary 9.13 to
show that the “time average”

. ai+..+ap\ . 1=l ;
Jim () = L)
is unbounded. But f. is not integrable and so cannot be used. However the
sum on the left hand side is bounded from below by the right-hand side if
we replace f.. by f; (which is integrable). Proposition 10.3 and Corollary
9.13 say that the time average of f; equals

1

1
In2 0 l—|—x anZ/l

The integral of 1/(1+x) is of course In(1 4 x) and so the above gives

SECC)GE) o

(10.6)
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This sum telescopes and the student should verify (see exercise 10.12) that

this gives
1 1

which diverges as k — oo and proves the first statement.

ii) This proof is very similar to that of (i), except that now we want to
compute the “time average”
. <lna1 +...+lnan>
lim (| ——— | .
n—oo n
The exponential of this will give us the result we need. So this time, we
define

1 1
F eN: w(¥)=Inaifxe | —,—|. 10.9
ora 8w(x) =Inaif x <a—|—1 a} (10.9)
This time around, g.. is V-integrable (as we will see below) and we get

1 lge(x) = Ina a+1 a+2
— dx = — |1 —1 . 10.1
2 1= Lo (M et (10.10)

a=1

(Note that }E—g =log, a.) Since we can write

a+1 a-+2 1

we finally get the result (as well as the assertion that g.. is V-integrable) by
taking the exponential of the sum in (10.10). See exercise 10.13. |

An example of a sequence {a, } ;_, that has a diverging running average

but whose running geometric average converges, is given by a, = 1, except

k
when n = 2% we set a,u = 2% . For n = 2%, we have

ai+...+ay S an _ 22k72k
n n ’
which clearly diverges as k — co. Meanwhile, the geometric average at that
point is (after taking the logarithm and noting that In1 = 0):
k
Ina +...+Ina, Yj ;2% 2kmn2

n 22k 22k
The latter converges to 0, which makes the geometric average 1.
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Theorem 10.16. For almost all numbers x, the convergents p,(x)/qn(x)

satisfy

o qe In 2

l) llmn_>oo % =1 m2 and

. 1 72
i) limy, o0 5, ln‘x— Z—: = —75.

Remark 10.17. The constant =~ 1.1866--- is called Lévy’s constant.

1212

Proof. Item (ii) follows very easily from (i), see exercise 10.17. So here
we will prove only (i).

To simplify notation in this proof, we will write x; := T*(xy) where T
is the Gauss map. For the nth approximant of xo € (0, 1), see Definition 6.4,

5 "((;:)) . From that same definition, we conclude

pu(xo) 1 _ qn—1(x1)

an(x0)  ar1(x0) + pa—1(x1)/qn-1(x1)  ar(x0)gn—1(x1) 4 pa-1(x1)
See also exercise 10.2 (a). By Corollary 6.8 (ii)), gcd(pn,gn) = 1, and so
using exercise 10.2 (b), we see that p,(xo) equals ¢,—1 (x] ). More generally,

we have by the same reasoning

Pu(Xj) = qn-1(xjs1)- (10.12)

This implies that

Pn(X0) pni(x1) pna(x)  pilear) 1

qn(x0) qn1(x1) gu2(x2)  qi(xa-1)  qu(x0)’
since p; = 1 by Theorem 6.6. Now we take the logarithm of the last equa-
tion. This yields

1 n—1 (s
~ -~ Ingu(xo) Z lnx,—f y (]nx,-—lnp” ’(x’)) . (10.13)

n ;=0 Gn—i(Xi)

Two more steps are required. The first is showing that the last average
on the right side of (10.13) tends to zero. This not difficult, because

Z In qn—i xl Xi _ nil In <1 + qn—i(xi)xi _pn—i(xi)> )
—0 Pn—i xl) i—0 pnfi(xi)
Corollary 6.7 or, more precisely, exercise 6.12 yields that

|gn—i(xi)Xi — pu—i(x;)] - 1 <2 (i
Pn—i(x;) Pn—i(Xi)gn—i+1(xi)
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where the last inequality follows from Corollary 6.8 (i). The fact that for
small x, In(1 + x) & x concludes the first step (see also exercise 10.10).

Since the second term on the right side of (10.13) tends to zero and
x; = T'(xg), we take a limit to get

r}glolo—flnqn(xo _,}ﬂ , Z 1nT (x0)
The second step is then to compute the right-hand side of this expression.
Naturally, the ergodicity of the Gauss map invites us to employ Birkhoff’s
theorem in the guise of Corollary 9.13 with f(x) set equal to In(x).

1 I Inx
— Y InTi( g
Z nT"(x) /0 (I+0m2

The integral is evaluated in exercise 10.16. |

10.6. Exercises

Exercise 10.1. a) Show that for a measurable set A: u(A) = 0 (Lebesgue
measure) if and only if v(A) = O (invariant measure of the Gauss map).
(Hint: using Lebesgue integrals, write V(A) = ﬁ Ja (14x)~dx)

b) Let v be absolutely continuous with respect to the Lebesgue measure [.
Show that if a set has full i measure then it has full v measure. (Hint: see
comments after Definition 9.14.)

Exercise 10.2. To reacquaint ourselves with continued fractions, consider
1 def

xg=—7— = [a,az,a3,] . (10.14)

a; +

“2+u3+

a) Show that |x; ') = 4 and that

T(xo)=x,' —a1 = ———— = [an,a3,--] .

b) Show that if ged(p,q) = 1, then ged(p + aq,q) = 1. (Hint: use Lemma
2.5)
¢) Prove equation (10.12).
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Exercise 10.3. a) Show that every probability density p on R/Z gives rise
to an invariant measure under the identity.

b) What are the absolutely continuous measures — i.e. with a density, see
Section 9.5 — that are invariant under rotation by 1/2? (Hint: consider
densities with period 1/2.)

¢) The same for rotation by p/q for p and g in N.

d) Show that the uniform density — with density p(x) = 1 — is invariant
under x — nx modulo 1 (where n € N).

Exercise 10.4. Let Ry be identity on R/Z.

a) Show that for any x, the delta measure 6, is an invariant measure for Ry,
and that Ry is ergodic with respect to that measure.

b) Show that for any of the invariant measures in exercise 10.3 (a), Ry is
not ergodic.

¢) Show that Ry is not ergodic with respect to any of the measures of exer-
cise 10.3 (¢).

Exercise 10.5. a) Show that }; m = y% for all y € R except
the negative integers. (Hint: use partial fractions, then note that the result-
ing sum telescopes.)

b) Show that the inverse images of y € [0,1) under the Gauss map T are
Uien{1/(y+1).

c) Let p(y) = ¢/(1+y) a density and compute p and |T’| at these inverse
images.

d) Use (a), (b), and (c) to prove directly via equation (10.1) that the Gauss
map preserves the measure of Proposition 10.3. Do not use the computa-
tion in the proof of that proposition.

Exercise 10.6. Show that p(x) = 1 is the only continuous invariant prob-
ability density of an irrational rotation R. (Hint: if p is invariant under R,
it must be invariant under R' for all positive i. Use equation (10.1) and
Lemma 10.6.)

Exercise 10.7. a) Show that p(x) = 1 is the only continuous invariant den-
sity for the angle doubling map. (Hint: as in exercise 10.6: use that inverse
images of a point are dense, see Proposition 9.16.)

b) Check that the same is true for the map x — Tx modulo 1 where T € Z
and |7] > 1.
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Exercise 10.8. The orbit of any irrational rotation is uniformly distributed.
So why do we encounter specifically the golden mean in phyllotaxis — the
placement of leaves? Research this and try to include illustrations. (Hint:
the wikipedia page on “golden ratio” is a good start. You can find even
more information in [43). The slightly tongue-in-cheek paper [33] shows
that the golden mean does indeed show up in the most unexpected places.
Words of caution on the ‘cult of the golden ratio’ can be found in [27].)

Exercises 10.9 and 10.10 discuss some very useful properties of the loga-
rithm for later reference. In fact, they are useful in a much wider context
than discussed here. For instance, exercise 10.9 comes up in any discus-
sion of entropy [22] or in deciding the stability of Lotka-Volterra dynamical
systems [67]. Exercise 10.10 is important for deciding the convergence of
products of the form [T(1 +x;).

Exercise 10.9. a) Show that

x>—-1 = In(l+x)<ux.
with equality iff x = 0. (Hint: draw the graphs of In(1+x) and x.)
b) Let p; and g; positive and }; p; =Y ;g; < o0. Use (a) to show that

=Y pilnpi < =Y pilng;.
i i

(Hint: —¥; pi(Ilnp; —Ing;) = ¥ pi In L. < ¥i(qi — pi) by (a).)
c) Let S, be the open n-dimensional simplex p; >0and }.!' | p; = 1. Use
(b) to show that

—Zpilnpi <lInn.
i

(Hint: set g;=1/nin (b).)

d) Show h: S, — R given by h(p) = —Y; piIn p; has a unique global max-
imum at p; = % (Hint: The constraint is C(p) :=Y.; pi = 1. Deduce that
at the maximum, the gradients of h and C with respect to p = (p1,-++ ,Pn)
must be parallel. If in doubt, look up Lagrange multiplier in, for example,
[531)

In the next exercise, we prove this lemma.

Lemma 10.18. Suppose that x, > —1 and lim,,_ex, = 0. Then ¥, In(1 4+
X,) converges absolutely if and only if ¥, x, converges absolutely. Also
Y, In(1+x,) diverges absolutely if and only if ¥, x,, diverges absolutely.
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In(1+x)—x

Exercise 10.10. a) Show thatlim,_,0 =

twice.)

b) From (a), conclude that if x, > —1 and lim,,_.gx; = 0, then 3b; > 0
such that for all n large enough |In(1 +x;,)| < by|x,|. (Hint: use the direct
comparison test.)

¢) From (a), conclude that if x, > —1 and lim,,_, x, = 0, then 3b, > 0 such
that for all n large enough |x,| < by [In(1 4 x,)].

d) Show that (b) and (c) imply Lemma 10.18.

= 7%. (Hint: use L’Hopital

The next four exercises provide some computational details of the proof of
Theorem 10.15.
Exercise 10.11. Compute the frequency with which the coefficient a, (x) =

a occurs in the continued fraction expansion of almost all x. (Hint: set
f(x)=1o0n (1/(14a),1/a]. Then use Birkhoff.)

Exercise 10.12. a) Show that the right-hand side of (10.6) gives (10.7).

b) Show that (10.7) gives (10.8). (Hint: write out the first few terms explic-
itly.)

¢) Use exercise 10.9 (a) to bound the second term of (10.8).

d) Conclude that (10.8) is unbounded. (Hint: (1+ l/k)k —e)

Exercise 10.13. a) Show the equality in (10.10) holds.
b) Show the equality in (10.11) holds.
¢) Show that (10.11) implies part (ii) of Theorem 10.15.

Exercise 10.14. a) Show that instead of (10.11), we also have
() S () mn ().
a a+1 a?+2a
b) Use exercise 10.9 (a) to show that

In 1+; <i
a’?+2a) ~ a®’

¢) Use (a) and (b) and equation (10.10) to show that

l o
L[l 1 g
In2 Jo 1+x In2 = a?

(Hint: indeed, this is equivalent to the fact that g is integrable. Can you
explain that?)

d) Show that (c) implies that Khinchin’s constant is bounded. (Hint: find
the maximum of Ina — 2+/a. Then use Figure 11.)

Exercise 10.15. Use exercise 10.14 (a) to show that Khinchin’s constant

- 1 log,a
equals [[;_; <1 + W) .
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02 04 06 08 A

-0.24

-0.34

Figure 62. Plot of the function In(x)In(1 + x)

Exercise 10.16. a) Show that lim,_,( In(x) In(14-x) = 0 (Figure 62). (Hint:
for the limit as x — O, first use exercise 10.10 (b) and then substitute
x=2e.)

b) Use (a) to show that ] := fol (1]’:;) dx=— 01 ln(lxﬂ) dx. (Hint: integra-

tion by parts.)
¢) Show that for |x| < 1, In(14+x)=Y7"

i=1 .
d) Substitute (c) into / and integrate te?m by term to get I =
Yooy (=1)"n 2,
e) The sum in (d) equals f’f—;. Show that that gives the result advertised in
Theorem 10.16. (Observation: we sure took the cowardly way out in this
last step; to really work out that last sum from first principles is elementary
but very laborious. The interested student should look this up on the web.)

(71)n{1xn

In exercise 10.16, note the curious fact that y~ | (—1)"n"* = 1—; while
2

from exercise 2.26 we have that {(2) =Y, n 2= %.

Exercise 10.17. a) Show that
1 1 1 1 1
lim M+l _ mngnp1 nt1 lim M+l _ oy e
n—e pn n—e n+1 n n—e p+1 n—e  n
b) Use (a), exercise 6.12, and Theorem 10.16 (i) to show that for almost all
x€[0,1]

L D i
qn 6In2 "’

¢) What do you in (b) get if x is rational? Is that a problem?

1
lim — In =
n—oo n
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Exercise 10.18. a) Use Corollary 6.7 to show that

In|x— Pn <lIng, 2
dn
b) Use Theorem 10.16 to show that
1 1
lim - In|x— 22| = lim - Ing; 2.
n—oo g qn n—oo n

Exercise 10.19. a) What the equivalent of Theorem 10.16 for decimal ex-
pansions of irrational numbers? (Note: I haven’t worked this out myself
yet.)

b) Use (a) to compare decimal approximation with continued fraction ap-
proximation.

Definition 10.19. Given a one dimensional smooth map T : [0,1] — [0,1],
the Lyapunov exponent A(x) at a point x is given by

A(x) := lim l In|oT"(x)],

n—oo 1
assuming that the limit exists. Here OT"(x) stands for “ (T")| evaluated
ar x.

Remark 10.20. Although we do not need it here, we remark that the gen-
eralization to higher dimension of this notion is not completely straightfor-
ward [6].

Exercise 10.20. Suppose that A (x) = Ag, a constant. What does Definition
10.19 tell you about how fast | 7"y — T"x| if y is very close to x?

Exercise 10.21. a) Let T be the Gauss map and u its invariant measure.
Show that the Lyapunov exponent at x satisfies

n—1 .
A(x) :nlgg% Zbln‘aT(Tf(x))‘ .
f=

(Hint: think chain rule.)
b) Show that Birkhoff’s theorem (Corollary 9.13) implies that for almost

allx € [0,1]
I 2lnx
Mx)_/o 2 (a0

c) Use the last part of the proof of Theorem 10.16 and exercise 10.16 to
show that for almost all x, the Lyapunov exponent equals 6’11% ~2.3731.
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Exercise 10.22. a) See exercise 10.21. Let T be the Gauss map and
x = [n,n,---]. Determine the Lyapunov exponent at x. (Hint: see also
exercise 6.2.)

b) Why does it not contradict Birkhoff’s theorem that these exponents dif-
ferent from the one computed in exercise 10.21?

Exercise 10.23. Let T be the map given in Theorem 10.9. We will assume
that T has n branches.

a) Show that for almost all points x, the Lyapunov exponent is given by
A(x) ==Y, ¢iIn¢;. (Hint: see also exercise 10.21.)

b) Show that A (x) > 0.

¢) Show that A (x) < Inn (Hint: exercise 10.9 (c).)

d) Show that A (x) = Inn if and only if the slopes of all branches have the
same absolute value. (Hint: exercise 10.9 (d).)

Exercise 10.24. a) Show that if k € N is such that log; k is rational, then
k= 10", r € N. (Hint: use prime factorization on k4 = 10P.)

b) From now on, suppose that log,ok is irrational. Show that T : x —
x+1logjgk modulo 1 is ergodic with respect to the Lebesgue measure.

c) Let f(x) =1 when x € [log;7,log;(8] and O elsewhere. Compute
limy e LY F(T ().

d) Explain how often, for almost every x, 1 through 9 occur in {kix};’lo as
first digits.

e) How often does any combination of any 2 successive digits, say 36,
occur as first digits?

Stock prices undergo multiplicative corrections, that is: each day their price
is multiplied by a factor like 0.99 or 1.01. On the basis of the previous prob-
lem, it seems reasonable that the distribution of their first digits satisfies the
logarithmic distribution of exercise 10.24. In fact, a much wider range of
real world data satisfies this distribution than this “multiplicative” explana-
tion would suggest. This phenomenon is called Benford’s law and appears
to be only partially understood [13].

Definition 10.21. A map T that preserves the measure | is called mixing if
lim u(77"(A)NB) = u(A)-u(B)

for any two measurable sets A and B.

We prove the following result in exercise 10.25

Proposition 10.22. [f T is mixing with an invariant probability measure,
then it is ergodic.
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Exercise 10.25. a) Prove Proposition 10.22. (Hint: let A be the invariant
set and choose B = A in Definition 10.21; get a quadratic equation for
1(A))

b) Show that ergodic does not imply mixing. (Hint: irrational rotation.)
¢) Show that the transformation 7 in Theorem 10.9 is mixing. (Hint: a
measurable set in [0,1) can be approximated by finitely many open inter-
vals, then see equation (10.4).)
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Topics in Number Theory






Chapter 11

The Cauchy Integral
Formula

Overview. Again, we need to venture very far, apparently, from number
theory to make progress. In the mid 19th century, the main insight in num-
ber theory came from Riemann, who realized that the distribution of the
primes was intimately connected to the properties of the (analytic continu-
ation of the) Riemann zeta function to the complex plane. In this chapter,
we develop the necessary complex analysis tools — essentially the Cauchy
integral formula — to study the convergence of a certain improper integral
(Theorem 11.18), which is the key to the proof of the prime number theo-
rem in the next chapter (Theorem 12.15). For more detailed introductions
to complex analysis, we refer to [3,26,45].

11.1. Analyticity versus Isolated Singularities

Definition 11.1. A set is open if it contains no points lying on its boundary
and connected if it is not the disjoint union of two non-empty open sets. A
domain or region is an open, connected set in C.

An excellent source for information on topological notions such as connect-
edness is [50].

235
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Definition 11.2. Let A be a domain. A function f : A — C is analytic at 7y
if
. +6)— f(z0)
'(z) := lim Flao+9) = flz0)
f (Z) 6—0 o
exists in a neighborhood of zo. The word holomorphic is synonymous with
analytic. If f is analytic on all of C, it is also called an entire function.

We will use the fact that this says that analyticity is an open condition.

Corollary 11.3. If f is analytic at zo, then it is analytic in an open neigh-
borhood of zp.

This creates, as it were, a loophole which will be crucial in the proof of
Theorem 11.18. Suppose we know f is analytic some closed set S. Then in
fact, f must be analytic in some open set containing S. Because if not, there
must be a sequence of points z; converging to z € S where f is not analytic.
Then at z, f would not be analytic! See Figure 63.

* {z}

Figure 63. If f is analytic on the closed set S, then f must be analytic
on some open set containing S.

Naturally, not all functions are analytic everywhere. What happens at
or near a point z where f is not analytic? We say that f is singular at such a
point zg. If there is a neighborhood! in which it is the only singularity, we
call it an isolated singularity. One can prove that every isolated singularity
is one of the ones defined below.

Definition 11.4. These are the types of isolated singularities at z.

i) f may have a removable singularity. In this case, f(zo) can be given a
value in such a way that f becomes analytic at zg. An example is %

LAn open neighborhood of zyp minus the point z itself is often called a punctured neighborhood of zg.
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ii) f may have a pole of order k € N . An example of this is a(z — Zo)_k +
ax—1(z— ZO)_("_U with a; # 0. A pole of order 1 is called a simple pole.
iii) f may have an essential singularity. This is a pole of “infinite order”.

An example is e/, (Expand as " and substitute u = (z — ZO)_I.)

One might be tempted to say that the example in item (ii) above consists
of two singularities, one of order k and one of order k— 1. However, we have
ax a1 (g Far-1)z—ag_120
(z—20)%  (z—20)c! B (z—z0)*
The numerator does not vanish at 7, and so we have one singularity of order
k. A pole of “infinite order” in item (iii) means that the expansion contains
infinitely many non-zero terms a;(z —z) % with k € N.

Remark 11.5. A subtle — but sometimes important — point that is the
observation that branch points like the origin for z — (z —z9)"/? or z —
In(z — z9) are not isolated singularities. The reason is that in any punctured
neighborhood of the origin these “functions” are not one-valued. In other
words, they are not functions, and therefore a fortiori they are not analytic
functions. Even if you redefine the function in this neighborhood so that
it describes a single branch of that function, then still there is a line of
discontinuities (the branch cut) with the branch point as its endpoint.

For completeness, we mention the only other types of singularities:
cluster points , these are limit points of other singularities; and natural
boundaries , entire sets where singularities are dense. An example of the
latter is the unit circle for the function Y77, z*. Needless to say, these
singularities are not isolated.

All singularities mentioned in this remark are non-isolated, and if z is
the locus of such a singularity, it is not possible to approximate its behavior
in terms of integral powers of (z—zg).

Definition 11.6. A function is meromorphic in a domain if it has only iso-
lated poles in the domain. It is meromorphic if this holds on all of C.

We need a criterion for uniform convergence.

Lemma 11.7 (Weierstrass M test). Let A C C and g, : A — C a sequence
of functions. Suppose that |g,(z)| < m, on A and that ¥, m, converges
(uniform absolute convergence ). Then for all zin A:
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i)Y |8n(2)| converges (absolute convergence), and
ii) For all € > 0, there is ng so that for all n > ng: |Z;+1 gi(z)| < € (uniform
convergence).

Proof. Item (i) follows immediately from the hypotheses. Item (ii) follows
from the fact that Yy, gi(z)| < Yoy i gi(2)| < Xy mi and the conver-
gence of Y, m, (so the partial sums of {m,,} form a Cauchy sequence). W

11.2. The Cauchy Integral Formula

First we set the scene with some notation. Let [a,b] be an interval in R of
positive length. A curve is a piecewise differentiable function ¥ : [a,b] — C.
Its orientation is the direction of increasing ¢ € [a,b]. A simple, closed curve
is a curve without self-intersections and whose endpoints are identical (or
¥(a) = y(b). It follows that the complement of y consists a well-defined
“inside” component and a “outside” component (see Figure 64). A line
integral evaluated along the curve 7 is denoted by fy. If the curve is simple
and closed, one often writes §, or simply §.

7 OO kD

Figure 64. Left, a curve. Then two simple, closed curves with opposite
orientation. The curve on the right is a union of two simple, closed

curves.

Proposition 11.8 (Cauchy’s Theorem). Letr ¥ be a simple, closed curve
and assume f is analytic on 'y and in its interior with at most finitely remov-
able singularities. Then we have §, f(z)dz =0

For students familiar with differential forms and Stokes’ theorem, we
give a very simple proof. Students unfamiliar with that material can skip the
first paragraph of the proof. A full proof without assuming Stokes is more
laborious and can be found in [3] and in [45]. A proof of Stokes’ theorem
can be found in [58] Chapter 5, Section 9.
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Proof. By assumption ybounds an ‘inside’ region D: Y= dD. First assume
f is analytic in D (including boundary). As usual, we write f = u+ iv and
z = x+1iy to relate the complex notation to calculus in R".

ffénf = / (dx+idy) + /gDiv(dx—i-idy)

u
aD

/udvaderi/ udy + vdx.
aD aD

By Stokes’ theorem, for any differential form @ on a region D with a
piecewise differentiable boundary as specified by the proposition, we have
J3p @ = [pdw, where d stands for the exterior derivative. Now

d(udx —vdy) = —(dyu+ dyv)dxdy and d(udy—+vdx) = (dxu—dyv)dxdy.

both of which are zero by the Cauchy-Riemann equations of Proposition
11.23 (exercises 11.11, 11.12, and 11.13). in the exercises. Hence,

§ paz=¢ a(raz=o
Jop JD
if f is analytic.

Since f has only finitely many singularities, they cannot accumulate.
Now suppose that f has an isolated singular point zy at which it is, however,
continuous. Let ¢ be a circular path of small radius € around zq so that the

e-disk around zp does not contain any other singular points or points of y
(see Figure 65). Let p be a path that connects ¥ to ¢. Now the curve I

gamma

Figure 65. In the interior of the curve obtained by concatenating ¥, p,
¢, and —p, f is analytic. Therefore fy fdz—¢. fdz=0. If f is also
bounded inside ¢, we also have ffv fdz=0.

obtained by concatenating ¥, p, ¢, and —p is a simple closed curve and thus
$rf = 0. The integrals along p and —p cancel one another. By continuity,
|f] is bounded by some M and so |§. f| is bounded by 2weM. We can



240 11. The Cauchy Integral Formula

choose € as small as we want, and so [§, f| must be 0. Therefore, §, f =

j;l“f_fcf:o u

It is also instructive to compare this with calculus on the real line. If
f:R — R is piecewise differentiable and continuous, then from calculus,
we know that

/ab fdx—=F(b)—Fl(a).

This does not depend on the path we choose to get from a to b. Let y; :
[0, 1] — [a, b] be different parametrizations of the segment [a, b]. Then

foor=([-])r=[ roomoa- [ roxomsoa-o

It is this statement that Cauchy’s theorem generalizes.

Theorem 11.9 (Cauchy’s Integral Formula). Let ¥ be a simple, closed
curve going around z once in counter-clockwise direction and suppose that
f is analytic on and inside 7y. Then

1 w)
f@)=5— (

= dw.
2mi Jyw—z

Proof. Define the function g
fw=r@ ., £z
gw)y=4 "~
f@)  w=z
The function g is continuous and therefore analytic (also at 7). So j?y g=0.
By linearity,
w ,
de = / gw)dw+ f(z) /
yWwW—2 Jy b4
The first integral in the right-hand side is zero by Cauchy’s theorem (Propo-
sition 11.8). Now let ¢ be the curve w = z+ re’” with ¢ € [0,27]. The same

construction as in the second part of the proof of Proposition 11.8 shows
that ¢, — §, = 0 (see Figure 65) and thus §, = §.. So

1 27 jrelt
/ dw :/ —dt =2mi.
yW—2 o re"

Substituting this into the earlier equation yields the statement. |

1
—dw.
w—2Zz
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Remark. The surprising aspect of this formula is that the value of an ana-
Iytic function at zg is determined by the values of that function on a simple,
closed curve that encircles zg.

11.3. Corollaries of the Cauchy Integral Formula

Cauchy integral formula can be used to show the remarkable result that a
function that is analytic at zg has derivatives of all orders at that point. These
derivatives are denoted by f () (z0). The simplest way of proving this is by
actually calculating an expression for these derivatives.

Lemma 11.10. Suppose that w — z # 0, then for |d| small enough w — z —
d # 0 and for some K we have

1 1 1 k(w—2z)F 1 +R(d)d

d |[(w—z—d)f (w—z)k] - [(w—z—d)k(w—z)k ’
with |R(d)| < K.

Proof. First set
! L (w=g)f = [w—2)—df
(w—z—d)¥ (w—2z)k (w—z—d)k(w—z)k ~
According to the binomial theorem (Theorem 5.30), there is a K such that
—[w—2)—d]* = =(w—2)" +k(w—2)""d + R(d)d".

with |R(d)| < K. Inserting this and canceling d in the left-hand side yields
the lemma. [

Theorem 11.11. Let 7y be a simple, closed curve going around 7 once in
counter-clockwise direction and suppose that f analytic on and inside y
(see Figure 66). Then for the kth derivative of f at z, or f®)(zg), we have

fP@E) 1?4 fw)
v (

k' 2mi Jy (w—2)kH

(k)
" G _ MUy)
" S
where M = max,cy(|f(w)
for the distance of 7 to .

), £(7) is the length of vy, and r is a lower bound
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Proof. Cauchy’s integral formula establishes the result for k = 0. The in-
duction step proceeds as follows. Suppose we are given

_ ~ (k—=1)! f(w)
£ () = 7§ e

2mi w—2z)k

Since z lies inside ¥, so does z+d if d is small enough (Figure 66). We use

Figure 66. The curve y goes around z exactly once in counter-
clockwise direction. If d is small enough, z+ d also lies inside 7.

. . . .. . (k=1) — fle=1)
the induction hypothesis to compute the next derivative as lim,_. A <Z+dd) G,

This equals

= IO | IO ]

k) ! :
- }113% 2mid .%yf(W)[(Wzd)k_(WZ)k} dW

_ i 1')! 7{ ) [k(w —z)k! +R(d)d] .
-0 2w Jy (w—z—d)k(w—2z)k

The first and second equalities above follow by linearity of integration. The

final equality uses Lemma 11.10. The limit can now be taken safely, be-

cause the denominator is never zero, and so everything is nice and continu-

ous.
k!
- K 7{ GO
27i Jy | (w—z)kt!
This establishes (i). Item (ii) follows immediately. |

This has the remarkable implication that an analytic function — defined
as having one derivative, Definition 11.2 — has derivatives of all orders. In
particular, we have the following result.
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Corollary 11.12. The derivative of an analytic function is again analytic.

Proposition 11.13 (Morera’s Theorem). If f is continuous and if always
§ fdz =0 in some region A, then f is analytic in A.

z+d

Figure 67. F(z) does not depend on the path. So F(z+d)—F(z) =
Je f=f(2)d

Proof. Pickapointz and set F(z) := [} f(w)dw. Because § f(w)dw =0,
F(z) does not depend on the path from zp to z and so is uniquely defined.
Thus F(z+d) — F(z) = [, f = f(z)d, where c is a short, linear path from z
to z+d (see Figure 67). Then F’(z) = f(z) and so f is the derivative of an
analytic function and therefore is itself analytic. |

Proposition 11.14. Let {g;} be a sequence of functions that are analytic in
a region A and suppose that Y7° | gi(z) converges uniformly on every closed
disk contained in A. Then

i) For any curve yin A: fylimn Y, gi=lim, fyer‘l:I gi

ii) lim, i | g; is analytic in A.

iii) & 1im, Y7, gi(z) =1lim, £ Y7 gi(2).

Proof. Write f, =Y, g; and call the limit f. Then for alln > N

/yfn—/yf —‘/yfn—f’é/yfn—fléef(?’)-

where /() is the length of y (a curve whose image is a compact set). The
fact that | f,(z) — f(z)| < € for all z € y is due to uniform convergence. This
proves (i).

Next, we prove (ii). Pick zo € A and let B = B,(zo) be an open disk
whose closure B is contained in A. By assumption, f, — f uniformly on B
and thus f is continuous on B (see exercise 11.17). Now let ¥ be any simple,
closed curve in B. Then by Cauchy’s theorem, fy fn = 0. Item (i) implies
that fy f = 0. Finally, Morera’s theorem implies that f is analytic at zg.
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For part (iii), we have to show that |f}(z) — f’(z)| tends to zero as n
tends to infinity. We use Theorem 11.11 to do that. Fix some small r and so
that y(t) := zo + re is contained in A. Then

/ fn(2) = f(2)
Z
e =)l < 57 f |22
By uniform convergence, for large n, | f,(z) — f(2)| is less than € on y while
|z— 20| = r and the length of y is 27r. [ |

|dz].

Lemma 11.15. If|z —zo| < |w

> (z—z20)f
kgb (w—zo)k+1

1
w—2z

k
Proof. Y7 [i:zz?)] is a geometric series that can be written as Y7o xX,

where |x| < 1. This equals ﬁ Substituting this in the right-hand side of
the lemma gives the result. |

Theorem 11.16 (Taylor’s Theorem). Suppose f is analytic in a region A
and let D be any open disk centered on zo whose closure is contained in A.
Then for all z € D we have

o r(n)
foy=Y L@

!
= n!
which converges on D. This is called the Taylor series of f at zp.

Proof. Let D be the disk bounded by the curve y given by w(t) = zg + re'.
Take z inside D (see Figure 68) so that |z —zo| < |w —zo|. By Theorem 11.9
and Lemma 11.15, we have

_ 1 f(w) (z—z0)F
f(z)_ﬁ}{( w—72) 27r17§, (w— zok“dw

Again because |z — 70| < |w — 20|, the sum converges uniformly, and so
Proposition 11.14 (i) implies that the sum and integral can be interchanged.
To the expression that then results, we apply Theorem 11.11 to get

f
27rl Z ?{f wZ ZOkH Z k'zo - O)k'

ZO
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Figure 68. The curve w goes around zp exactly once in counter-
clockwise direction. .

k
By Theorem 11.11 (ii), the last expression is bounded by MY =20l

r
Uniform convergence on compact sets contained in the open disk of radius r

follows from Lemma 11.7. The series is analytic by Proposition 11.14. W

Remark 11.17. Note that it follows that the Taylor series of an entire func-
tion (Definition 11.2) converges in all of C.

11.4. A Tauberian Theorem

There is no formal definition of what a Tauberian theorem is, but generally
it is something along the lines of the theorem below: we know that some
transform T'F (z) of f(¢) converges for Rez > 0, but we want to know that it
converges for z = 0. The price we pay is some extra information on f as in
the case below, where we stipulate a bound on |f(#)|. The reader is strongly
encouraged to first have a look at the examples in exercise 11.23.

Theorem 11.18. Let f: [0,00) — R be integrable on compact intervals in
[0,00) and bounded by |f| < F for some F > 0 and define

g(2):= /000 ft)e “dt.

If g(z) has an analytic continuation defined on Rez > 0, then [y f(t)dt
exists and equals g(0).

Remark 11.19. The function g in Theorem 11.18 is called the Laplace
transform of f.

Proof. First define

gr(z) = /OT ft)e “dr.
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Note that g/ exists (exercise 11.24) and so gr is entire. Pick any € > 0, we
will prove that for any € > 0, we can choose T such that

lim |g7(0) —5(0)] <. (1L1)

Since g7 (0) is finite, this implies that g(0) also exists. So, fix € > 0.

Figure 69. g is analytic in D := {Rez > —dr} N{|z| < R} (shaded).
The red curve is given by Cy (s) = Re® with s € (—%,Z). The green
curve is given by Cy(s) = Re® with s € (Z,3E). The blue L_ con-
sists of 2 small circular segments plus the segment connecting their left

endpoints at a distance 0 < d < dp to the left of the the imaginary axis.

For the definition of the region Dy and the curves C4, C_, and L_,
we refer to Figure 69. Because g is analytic on Rez > 0, Corollary 11.3
says that for any R, there is a dg so that g is analytic in the compact region
Dg. Since gr is analytic on all of C, the Cauchy integral formula (Theorem
11.9) tells us that?

(8(2) —gr(@) (145 ) &
g(O)_gT(O):%]iUL, i g”z( R) dz. (112

We will show that |g(0) — g7 (0)| < € by cleverly splitting up this integral.

First compute the full integral along C, where 7z = Re” = R(coss +
isins). We will abbreviate coss by c. For ¢ > 0, we first estimate the three
factors in the integrand of (11.2).

/: ft)e dt

—RcT

- F
lg(z) —gr(z)| = SF/ eRrg =" (113
T Rc

2. . . e
2The factor (14 ;TZ) in the integrand, introduced by Newman [51], may seem artificial and unnecessary
at this point, but is in fact essential, see exercise 11.25.
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Furthermore,
1 Z2 1 2is 1 —is is 2|C|
Z<1+Rz>’:R\1+e =l =200 iy
And finally
|EZT| _ eRTc-H'RTsins :eRTc. (11.5)

Since the length of C. is TR, we thus obtain from (11.2) that

1 1 Fe®T 2 F
—/ C  ZCLRT . gR=" (11.6)
27i Je,

< .
— 2 Rc R R
For the second step, analyticity of g7 and Theorem 11.9 imply that

L/ gT(Z)(1+1Zg22>eZTdZ_1/ gT(Z)(lJFIZTzz)eZT

27i z T omi o z

dz,
allowing us to evaluate the integral along C_. We have, now for ¢ <0,
T Feo—ReT
/ F(t)e ™ dr ¢
0

T
gr(2)| = gF/ ek gp =T
0
Substituting this into the integral over C_ and using (11.4) and (11.5) gives

Rjc|

2 T
1 gr(2) (1 +%> e 1 Fe kT o F
—/ d o< L P 2l rer e L E (9
2wi Je Z 2% Rlc|] R R

The third (most painful) step is the evaluation of the remaining integral,

G(z)e? dz,
L

(see again Figure 69) where G(z) := g(z)(1+ IZ.‘,—Z;) /(27iz). On the two (com-
pact) circular segments z = Re’ with Rez € [—dg,0], |G| is maximized by
the constant M}, (R, dg). The combined length of these segments is less than
4d. Thus the integral over these pieces contributes at most My, (R,dg)4d.
On the vertical segment, |G| is bounded by another constant, M, (R,d). This
may very well increase as d decreases, since, with decreasing d, the path
passes very close to the origin. We have that |eZT| = ¢79T and the path
length is less than 2R. So the contribution of the vertical segment is at most
M,(R,d)e~T 2R. Summarizing, this gives

G(z)e? dz| < 4dMy(R,dR) +2RM,(R,d) e T . (11.8)

L_
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Now we add up the contributions of equations (11.6), (11.7), and (11.8).

|
CLUL_

2z
There are now three parameters, R, d, and T, whose values have not been
fixed yet. We use these to “talk” the right hand side into being less than
€. Start by choosing R so that the first term is less than £/3. Then choose
d € [0,dg] so that 4d Mj,(R,dr) < €/3. Finally, we choose T so that the last
term is also less than €/3. [

2F
< o +4dMy(R, dg) + 2R M, (R, d) e T,

11.5. A Polynomial Must Have a Root

While we are on the topic of complex analysis, we take advantage of the
opportunity to fill a gap in our proof of the fundamental theorem of algebra
(Theorem 3.19).

Proposition 11.20. Every polynomial of degree d > 1 has a root in C.

Proof. Let p(z) = Y%, a;z' be a non-constant polynomial (with non-zero
leading coefficient a,). The proof consists of showing that |p(z)| has a
minimum and that that minimum equals zero.

We write 7 = re'? (polar coordinates) and immediately obtain
. . aj_ . a .
p(re'?) = agré e (1 gl e 20 rded"”> )
aq aq

The term in parentheses can be written as 1+ r~'A(r), where A(r) can be
bounded from above by a geometric series in 1/r. Thus for r greater than
some R, A(r) is bounded by Ay > 0. We then get for r > R

Ip(re’®)| = |ag|r* (1+A(r)r™") where |A(r)] < Ao.

Thus for R large enough, |p(2Re'?)| is larger than |p(Re'?)|. The closed
disk D of radius 2R is compact and p is continuous, so it follows that |p(z)]
must have a minimum in in the interior of that disk (see Figure 70).

Let zo be this minimum. Take 0 in the ball |§| < €, and € small so
that the €-disk around zg is in the interior of D (see Figure 70). Now expand
p(z0+90)= Z?:o ai(z0+8)'. The expansion must contain non-trivial terms,
because otherwise p would be constant. So for some 0 < k <d,

p(z0+8) = p(z0) + bi8* + by 8 4+ by 89,
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Figure 70. In the proof of Proposition 11.20, |p(z)| must have a mini-
mum z in the interior of the disk |z| < 2R and it cannot have a minimum
unless at zq unless it is zero.

where by # 0. Thus
p(z0+8) = p(z0) + bk 8" (1+8B(3))

where again for € small enough |B(8)| is bounded and so p(zo + 6) ~
p(z0) + by8*. By choosing the phase of 8 appropriately and |§| small
enough, one make sure that if |p(zo)| > 0, then [p(z0) +bx8*| < |p(z0)|. W

Lest one might think that every complex function must have a zero, we
warn the reader that ¢° has no zero (see also exercise 11.16).

Together with exercise 3.24, the last result establishes the fundamental
theorem of algebra (Theorem 3.19), which we repeat verbatim here.

Theorem 11.21 (Fundamental Theorem of Algebra). A polynomial in
C[x] (the set of polynomials with complex coefficients) of degree d > 1 has
exactly d roots, counting multiplicity.

11.6. Exercises

Exercise 11.1. Which of the following sets are regions or domains in C?
a) C\{0}.

b) C\N.

¢) C minus the negative real axis.

d) C minus the real axis.

e) The union of the closed unit disks with centers at 1 and -1.

f) The same as (d), but minus the boundary.

g) The same as (e), but now add the imaginary axis.
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In exercise 11.2 briefly discuss two “bad” (non-isolated) singularities. Around
such a singularity no power series expansions can be used to approximate
the functions. Pictures of the two singularities can be found in [26][Sections
2.4 and 3.1].
Exercise 11.2. OnD = {z : |z| < 1}, define
— 1
n!
7) = 7" and g(z) = ———~.
1@ =X " and ¢(0) = s
a) Let p and ¢ be co-prime integers and set z = re?™iP/4_ Show that
If@)| =g+ Y ™,
nzq
and that this diverges as r 1. (Note: the unit circle is a natural bound-
ary.)
b) Conclude that the singularities of f are dense on the unit circle.
¢) Show that g has a cluster point at the origin.

Exercise 11.3. a) Show thaton (0,1), ¥, x" is absolutely convergent but
not uniformly convergent.

b) Show that on (0,1), ¥=°_, ¢

% is uniformly convergent but not abso-
lutely convergent. (Hint: the sum is —xIn2.)

Exercise 11.4. a) Let z = x+ iy and show that for n € N, n=2 = p~*e~ 11,
b) From (a), show that }n*Z] =n""

¢) Use (b) to show that {(z) = ¥, n~* is uniformly convergent on com-
pact disks in Rez > 1. (Hint: use Lemma 11.7 and exercise 2.25 (e).)

Exercise 11.5. Let f analytic at zy and suppose furthermore that there is a
sequence {z, } converging to zq such that f(z,) = 0.

a) Show that f has all derivatives at zg. (Hint: Theorem 11.11.)

b) Show that if at least one of £ (z0) # 0, then for z close enough to z,
f(z) #0. (Hint: the first non-zero term in the Taylor expansion dominates
as in Section 11.5.)

¢) Use (a) and (b) to show that for all n > 0, ) (z9) = 0.

d) Use Taylor’s theorem to show that f is zero in an open disk containing
20.
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Exercise 11.6. Let A be a region (that is: an open, connected set) contain-
ing a sequence {z, } converging to zo. Let f and g be analytic functions on
A such that f(z,) = g(z,) for all n.

a) Show that 4 := f — g is analytic of A and satisfies 4(z,) = 0.

b) Use exercise 11.5 to show that # = 0 in an open disk containing zg.

¢) Write A as the disjoint union of

Ap:={z0 €A : h(z) =0 on an open neighborhood of zp} and A;:=A\Ap.
Show that A is open in A. (Hint: by definition of Ag.)

d) Show A is open in A. (Hint: consider z € Ay, if h(z) # 0, use continuity
of h; if h(z) =0, use exercise 11.5 that h is not zero in a neighborhood of
Z.)

e) Show that one of Ay or A| must be empty. (Hint: use Definition 11.1.)
) Conclude that the analytic continuations of f and g in A coincide. (Note
that this was remarked more informally in Section 2.5.)

The last result of exercise 11.6 will be relevant when we discuss the analytic
continuation of the zeta function. We isolate the result here.

Theorem 11.22 (Uniqueness of Analytic Continuation). Suppose f and
g are analytic in a region or domain A € C. Let Z be the set of points such
that f(z) — g(z) = 0 and suppose that Z has a limit point in A. Then the
analytic continuation of f and g coincide on A.

Exercise 11.7. For z € C, define

z v 7

L
a) Assume or prove® that the sum converges uniformly on every closed
disk. Conclude that €° is entire. (Hint: Proposition 11.14 (ii).)
b) Use exercise 11.6 to show that it is the unique analytic continuation of
the real function e*.
¢) Compare the expansion of ¢ with those of cosy and siny and conclude
that % = cosy+ isiny.
d) Use e91? = ¢4 ¢” 0 establish that

e = ¢"(cosy +isiny).

e) Use (a) and (d) to show that ¢° is entire but never equal to 0.

9The factorial always wins out.
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Exercise 11.8. a) Use exercise 11.7 (c) to show that (Figure 71) fory € R
1 . i . 1 . .
cosy:f(e”—i-e ”) and smy:—,(e’y—e ’y>4
2 2i
b) Use exercise 11.6 to show that

1/ . ) Ly,
cosz = 3 (e’z +e7’z) and sinz= — (e’~ —e ’Z>

2i
are the unique extensions of the sine and cosine functions to the complex
plane.
¢) Find a formula with only exponentials for tanz. (Hint: tanx = 35°.)

—exp(-it) .
Tisin®) T exp(i)

‘ exp(-it)

Figure 71. The complex plane with e, —e~" and e~# on the unit cir-

cle. cost is the average of ¢ and e~ and isint as the average of ¢/ and
—it
—e

Exercise 11.9. Use e'! (e_i’ + e”) =1+ %" to show that

a) 2cos?(r) = 1 +cos(2¢), and
b) 2sintcost = sin?2t.

e
[N

i phi

Figure 72. Moving around the origin once in the positive direction in-
creases ¢, and thus Inz, by 2z. Discontinuities can be avoided if we
agree never to cross the half line or branch cut L.
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Exercise 11.10. The complex logarithm Inz is the (local) inverse of ¢*. See
Figure 72.

a) Use “polar” coordinates, i.e. z = re'?, to show that Inz = Inr+ ip.

b) Fix r and increase ¢ from 0 to 27. Assuming that you do not encounter
discontinuities, show that Inz has increased by 27i while its real part re-
mained constant.

¢) Conclude that Inz is multivalued .

d) Let L be any half line from the origin to infinity. Show that Inz is analytic
of C minus L. L is called a branch cut .

For any function f : C — C, we can always write z = x+iy and f(z) =
u(x—+1iy)+iv(x+iy). In the next three exercises, we prove the following
result.

Proposition 11.23. f : C — C is analytic (see Definition 11.2) at zg if and
only if in a neighborhood of zo, f is differentiable’ as a function from R? to
itself and the Cauchy-Riemann equations hold:

ou=dyv and Jv=—du.

Exercise 11.11. a) Show that if f is analytic at zg, then in a neighborhood
of 20, f'(2) = limg_o L=/
to 0).

b) Compute the derivative in (a) for d real and é imaginary.

¢) Use (a) to show these two are equal.

d) Use (c) to prove that analyticity implies that # and v satisfy the Cauchy-
Riemann equations.

does not depend on & (as long as it tends

Exercise 11.12. Forreal a and b, let A = “ b and z = *
b a y
a) Show that multiplication by A of z in R? acts exactly like multiplication
by a+ib of x+iy in C.
b) Write the matrix A as Re'®. (Hint: R = v/a® + b2. What is 6?).
c¢) Use (b) to show that a non-zero derivative at a point zg of an analytic
function is a dilatation composed with a rotation.
d) Explain that if f’(zo) is non-zero, f “locally” preserves angles.

Definition 11.24. A map f from a region A C C to C is conformal at zy if
its derivative at zq exists and is non-zero.

3This means that the partial derivatives exist and are continuous.



254 11. The Cauchy Integral Formula

Exercise 11.13. Write z=x+iy and f(z) = u(x+iy) + iv(x+iy), where u
and v are real functions. In a neighborhood of (xq + iyg), suppose that the
matrix of (continuous) derivatives D f(x,y) satisfies Cauchy-Riemann.

a) Use exercise 11.12 to show that this implies that Df(x,y) acts like a
complex number.

b) Use (a) to imply that f is analytic.

Exercise 11.14. Write z=x+iy and f(z) = u(x+iy) +iv(x+iy), where u
and v are real functions.

a) Given that u(x + iy) = e Y cosx, compute v and f(z). (Hint: use the
Cauchy-Riemann equations to compute oxv and dyv. Integrate both to get
v. Finally, express u+iv as f(z).)

b) Given that v(x+iy) = —y3 +3x%y —y, compute « and f.

c) Given that f(z) = tanz, compute u and v. (Hint: use exercise 11.8 (c).)

An interesting result — though we will not prove it — is the following. A
weaker version of this is called the Casorati-Weierstrass Theorem and has
an easy proof [26][chapter 4] [45][chapter 3].

Theorem 11.25 (Picard Theorem). Let f have an isolated essential singu-
larity at zo. Then the image of any punctured neighborhood of zo contains
all values infinitely often with at most one exception.

The next results are important corollaries (proof in exercise 11.15).

Corollary 11.26 (Little Picard). Let f be entire and not constant. Then
the image of f contains all values with at most one exception.

Corollary 11.27 (Liouville’s theorem). A bounded entire function must be
constant.

Exercise 11.15. Assume f is entire and not constant.

a) Show that f has an expansion };” ; a,x" that converges in all of C. (Hint:
see Taylor’s theorem.)

b) Show that if f is a polynomial (only finitely many non-zero aj), then it
has a pole at infinity. (Hint: effect a coordinate change that moves « to 0,
i.e. set w=1/z. What does f look like in terms of the new coordinate?)

c) Show that in case (b), for all zg € C, f(z) —z9 has a zero. (Hint: the
fundamental theorem of algebra (Theorems 3.19 and 11.21).)

d) Show that if f is a not a polynomial, then it has an essential singularity
at infinity.

e) Show that (c) and (d) and the Picard Theorem imply little Picard.

f) Show that Little Picard implies Liouville’s theorem.

The function €* is a good illustration of little Picard (see exercise 11.7 (e)).
The next problem illustrates the Picard Theorem (Theorem 11.25).
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Exercise 11.16. a) Show that if z = x + iy, then
1 X

7 212 By
b) Show that

1 - y .. y
= ez = e h? —_5 - .
f(@)=e:=¢ <cos (x2 y2> +isin <x2 yz))

¢) Show that if y = 0 and x \, 0, then f(z) is real and tends to infinity.

d) Show that if y =0 and x /0, then f(z) is real and tends to zero.

e) Show that if you approach 0 in any other direction, f has arbitrarily large
oscillations. (Hint: fix t and set y = tx and let x \, 0.)

f) Show that f(z) # 0 for all z.

Exercise 11.17. Let {f,} be a sequence of continuous functions on a com-
pact set S'in R” or C. Suppose f;; — f uniformly on S and letx, y € S.

a) Show that there is an n such that | f,(x) — f(x)| < /3.

b) Given n as in (a), show that there is a § such that for all x with |y —x| < 6,
we have |f,,(y) — fu(x)| < €/3.

c) Show that (a) and (b) imply that |f(y) — f(x)| < €. (Hint: this is called
the “g/3 trick”.)

d) Show that (c) implies that f is continuous.

Exercise 11.18. We give an easy informal “proof” of Theorem 11.11 by
interchanging differentiation and integration without justification.
a) Let k a non-negative integer. Suppose that

k! f(2)
®) (59) = - % A R
S0 = o y @z
Change the order of integration and differentiation to show that
d k! [ d f) (k+1)! f(2)
W) = o § dz= ¢ dz.
dz’ ()= 2 ydzo (=201 T 2w Sy e—z) 2

b) Use (a) to give a proof by induction of Theorem 11.11.

Integrals and limits cannot always be exchanged, and the same holds for
derivatives. The following exercise provides examples (see Figure 73). For
uniformly converging analytic functions, the changes can be made (Propo-
sition 11.14).
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Exercise 11.19. On [0, 1], consider the functions

in(k

(@) =k*(1—x) and h(x) = M

a) Show that limy_,., gx(x) = 0.

b) Show that fol limy o gr(x)dx = 0 while limg e fol gr(x)dx =
: K2 —

limy o0 T2 = 1.

¢) Show that limy_,c, /1 (x) = 0.

d) Show that % limy_ye0 5. (x) = 0 while limy_,co %hk (x) = 0 does not exist
at x = 1/2 (for example).

Figure 73. The functions g and &y, of exercise 11.19 for k € {2,8,15,30}.

Exercise 11.20. Set oo = a+ ib where a and b real and greater than zero
andlet f(z) = (z—a) 1.

a) Show that f is analytic inside and on the contour C given in Figure 74.
b) Show ¢~ f =0.

c) Show that [, f tends to 0 as R tends to infinity. (Hint: |f| — O while the
path length remains finite.)

d) Show that [. f tends to mi as R tends to infinity. (Hint: set z(t) =
ib+Re with t € [0,7].)

e) Show that §, f tends to —27i as R tends to infinity. (Hint: set z(t) =
a+re” " witht €[0,27x).)

f) Conclude that limg e [ X f(z)dz = mi. (Hint: use (a).)
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r2

9 rl

b2 p bl

-R c a +R

Figure 74. The contour C is the concatenation of ¢ (celeste), b; (blue),
r1 (red), g (green), p (purple), —g, r2, and b. The path r is a semi-circle
of radius R. The path p is a small circle of radius r. See exercise 11.20.

Exercise 11.21. We check the outcome of exercise 11.20 by direct integra-
tion. We use the notation of that problem.

a) Show that
+R R x—a+ib
dv:/ ————dx.
./7R J@)dz Jr (x—a)?+b? *

b) Sustitute s = x — a and show that

+R +R—a g4 ip
dz = - ds.
[ s0= [, Fop

c) Show that the real part of this integral tends to zero as R — oo. (Hint: it
is odd plus something that tends to zero.)

d) Show that limg .. |8 & 5% ds = mi. (Hint: substitute bt = s and
use that the derivative of arctanx equals 1/(x> +1).)

Exercise 11.22. Let f(z) = ¥,>_x ax(z — 20)* with k > 0.
a) Compute

Res(f,z0) := Zim% f(z)dz

along the path ¥(r) = zo +€e', ¢ € [0,27] for small £ > 0. This is called
the residue of f at z.

b) Let I" be any piecewise smooth contour winding exactly once around zg
in the anti-clockwise direction. Show that

74} F(z)dz = 2miRes(f, z0)

(Hint: consider a contour that narrowly avoids the singularity such as the
contour C in Figure 74.)
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Exercise 11.23. a) Let f(¢) = 1. Show that its Laplace transform as defined
in Theorem 11.18 does not have an analytic continuation to the imaginary
axis.

b) In (a), show that the conclusion of Theorem 11.18 does not hold.

¢) Repeat (a) and (b), but now for f(r) = €'®".

Exercise 11.24. Consider g7 (z) as in the proof of Theorem 11.18.

a) Write out He := 1 (g7 (z+€) — gr(2)).

b) Use linearity of integration to show that limg_,o He = fOT —tf(t)e " dt.
c) Show that the integral in (b) exists.

d) Conclude that g7 is entire.

Exercise 11.25. a) Explain why it is crucial in the proof of Theorem 11.18
that g(z) is analytic on the imaginary axis.

b) Explain why the factor (1+ ;—22) is essential to the proof of Theorem
11.18.



Chapter 12

The Prime Number
Theorem

Overview. In 1850, it seemed that Chebyshev was awfully close to proving
the prime number theorem (Theorem 2.21). But to bridge that last brook,
a whole new approach to the problem was needed. That approach was the
connection with analytic functions in the complex domain pioneered by
Riemann in 1859 [60]. A very weak version of the Riemann hypothesis
(Conjecture 2.22), namely the absence of zeroes of {(z) in Rez > 1 turns
out to be an essential step. We look at this in Section 12.3 and in particular
Lemma 12.12. It would take another 37 years after Riemann’s monumental
contribution before the result was finally proved by De La Vallée Poussin
and Hadamard in 1896. The version we prove is a highly streamlined de-
rivative of that proof, the last stage of which was achieved by Newman in
1982 [51]. We made heavy use of Zagier’s rendition of this proof [75] and
of [63].

12.1. Preliminaries

Recall that 7(x) denotes the number of primes in the interval [2,x]. So
7(2) =1, m(3.2) =2, and so on. The reason that the variable x is real is that
it simplifies the formulas to come. The Riemann zeta function is denoted
by {(s), see Definition 2.19 and Proposition 2.20. In this chapter, we will
frequently encounter sums of the form }.,. For example see Definition 12.1

259
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below. Such sums will always be understood to be over all positive primes.
On the other hand, }' ,<, indicates a sum over all positive primes p less than
or equal to x. A similar convention holds for products [], and [],<,. The
letter z will always denote a complex variable.

We now define a couple of new functions.

Definition 12.1. The first Chebyshev function is defined as

0(x):= Z Inp.
p=x
The function ® : {z € C : Rez > 1} — C is defined as
In
o)=Y ~2.
p P

It is analytic in Rez > 1.

IN2+In3%In5 - theta(x)
In2kIn3 N !
\\f )
3 5 (x)
(] T T T T
2 X X+

Figure 75. The Riemann-Stieltjes integral (12.1) near x = 5 picks up
the value f(5)(0(xi+1) — 0(x;)).

In what follows, we will need to integrate expressions like
X
1(x) ::/ F(6)do(), (12.1)
1

where f is differentiable. If we partition the interval [1,x] by 1 = xp <
Xj -+ X, = x, then I(x) can be approximated as

1)~ 21 F(e)(Oxiar) — 6(x1),

where ¢; € (x;,x;11) and then the appropriate limit (assuming it exists) can
be taken. This is a Riemann-Stieltjes integral. It is very similar to the
Riemann integral from calculus, except that instead of the increments x; | —
x;, we look at increments of a function: 6(x;1) — 0(x;) (see [40]), see
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Figure 75. Now, 0(¢) is constant except at the values = p (a prime) where
it has a jump discontinuity of size In p. Thus, in this case, /(x) simplifies to

10)= [ a6 = ¥ £(p)in(p). (122)

On the other hand, we can find a different expression for I(x) by integration
by parts (sometimes called partial integration)

X X X
1= [ afwee — [ eware = rmewf; - [ rwewa.
(12.3)
The point of this operation is usually that now we have expressed the in-
tegral in (12.2) as fixed expression plus another integral which has better
convergence properties than the original integral. For instance if f(¢) = ¢,
then f’(¢) o< t %! and so the integral converges faster.

Lemma 12.2. We have for x > 2
0 X0
(x) = () —|—/2 ; ®

Inx (Int)2

Proof. First note that since 2 is the smallest prime, equation (12.2) gives

(x) :/2x do(r) .

_¢ Int

Apply integration by parts (12.3) to obtain

n(x):@—/; 0(r)d—

Inx —& E '

Using d ﬁ =— (1‘1‘1{’[ 7 to work out the last term yields the lemma with lower

limit 2 — € in the integral. But since 0(¢) = 0 for ¢ < 2, we may replace that
limit by 2. |

Lemma 12.3. For Rez > 1, we have
) 1 i
D ()
Z z—1 1 x

= B 0(eNet—1)e @ 4dr.
0
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Proof. Using (12.2), we can write ®(z) as [;” x *d6(x). Then apply (12.3)
(partial integration) to obtain

d(z) zx’ze(x)‘j—i—z /1oo x1o(x) dx.

o

We will see in equation (12.6) that for Rez > 1, the boundary term x~26 (x) |

vanishes. This gives
D(z > 0
Q) _ [0 g,
1

z x
Noting that 1/(z— 1) = ;" x*dx, the first equality follows. The second
equality follows by substitution of x by 7 where &’ = x. |

12.2. Chebyshev’s Theorem

We prove Theorem 12.7, an approximate version of the prime number theo-
rem (Theorem 2.21). Recall that | x| is the greatest integer less than or equal
to x (see Definition 2.1), whereas (Z) indicates the binomial factor ﬁib)!
(see Theorem 5.30).

We start with a remarkable lemma. Let a, b, and k > 0 be integers. We
introduce the notation a* || b to mean that * | b but not a**! | b. In words,
this is expressed by saying that a divides b exactly.

Lemma 12.4. Let p prime and suppose that p* I (;’1) withn > m > 0. Then
we have pk <n.

Proof. Let p prime and suppose that p* || (1-2---n). We want to find k.
Any multiple ap < n in the product 1-2---n contributes one factor p to

p¥. The number of multiples ap less than or equal to n equals {%J So

these contribute BJ to k. If ap is also a multiple of p? then it contributes

two factors to k. Thus we need to add another factor in the form of UI—ZJ .
Continuing like that, we find
Flnt = k=Y VJ (12.4)
=1 LP

As a consequence, we obtain for the binomial factor

L0 I 1 () o v e VR
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Consider the expression E = |x; +x2| — |x1] — |x2]. By substituting
x1 = a1+ o and xp = ap + @y, where g; are integers and @; € (0, 1), one
sees that E € {0,1}. Going back to the expression in equation (12.5), we
see that if p/ > n, then the contribution is always zero. Thus if n > m > 0,
the last positive contribution occurred for j = k such that p* < n. |

The crux of the proof of Chebyshev’s theorem is contained in two sim-
ple, yet very clever, lemmas.

Lemma 12.5. Forn > 2, we have % < (Ln’}zj) < on-l

Proof. We prove the right-hand side first. Since (}) =2' and forn >0

<2: ++12> (2 J(rnlj— (f;z; 2) (2nn> g 4(2;),

The result follows in the even case. The odd case is similar. For the left-
hand side, we note that (L n72 j) is the largest of the n+ 1 numbers (’:) and

) e () £ () =2

Lemma 12.6. i) For all n > 2, we have (Lnr/lzj) < ),

ii) For n > 2 a power of 2, we have ¢®"~0(n/2) < (nl/lz)'

Proof. For the first inequality, use unique factorization (Theorem 2.11) and
the definition of 7(n) to write

<Ln72J> :ﬁ)"?'

1
By Lemma 12.4, pfi < n. Thus H;t:(’{) pf" < n™™ | which yields the inequal-
ity.
For the second inequality, we start by noticing that n is even and so any

prime p in the interval (% , n] is a divisor of n! but not of the denominator of
(/o) Therefore any such p divides (,},). This implies that

1= ()

5<p<n
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Noting that p = ¢™? and inserting the definition of 8(x) (Definition 12.1)
yields the last inequality. |

Theorem 12.7 (Chebyshev’s Theorem). Forall a <1n2 and b > In4, there

is a large enough K such that

Vx>K : ;;(1):1))6 € [a,b].

Proof. Putting Lemmas 12.5 and 12.6 together gives
n

<

n+1 7~

Taking the logarithm of the first of these inequalities gives

<ln2 ln(”ﬂ)> ),

n Inn

7(n)

n 1
and ?W-0(3) < 52" (if n a power of 2).

which yields an estimate for a.

For n a power of 2, we get from the second inequality
0(n)—06 (g) < gan and 0 (g) -0 (g) < gan and
and so on. Thus 6(n) < nIn2. For x > 2, there is an n’ that is a power of 2
in the interval [x,2x). Thus 6(x) < 6(n’) < 2xIn2. Therefore,

0(x) < xIn4. (12.6)

Substituting this into Lemma 12.2 gives that
X
7(x) < 1n4i+1n4/ (Inf)~2d. (12.7)
Inx 2

L’Hopital’s rule implies that

x )
lim M _

lim 1. (12.8)

Thus the integral in (12.7) can be replaced by x(Inx) 2. The dominant term
of the right-hand side of that equation is the first one. Thus for any b > In4,

we have for x large enough that 7(x) < by . [ |

Remark 12.8. In fact, Chebyshev was able to prove the sharper result that
if limy e % exists, it has to be 1.

Equations (12.6) and (12.8) will also play an important role in the proof
of the (full) prime number theorem.
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12.3. Zeroes and Poles of the Zeta Function

The proof of the prime number theorem relies in part on a careful study of
the analytic extensions of some functions related to the zeta function. We
do that in this section and the next.

Remark 12.9. From Chapter 4, equation (4.8) (see also exercise 4.27), we
know that {(z) and 1/{(z) both converge for Rez > 1. Therefore neither
has zeroes or poles in that region.

Here we prove a stronger statement.

Lemma 12.10. For Rez > 1, we have that

In{(z) = —;ln (l—e‘zmp) :;Z

is analytic.

Proof. First, set w:= p~% = ¢ ?I"7_ Using that the Taylor series at 0
n
—In(1—w) = Z W—,
n>1 n

converges uniformly on |w| < 1 on compact subsets, we see from Proposi-
tion 11.14 (ii) that

“n(1-p) ==In(1-e ) =y €

n=1

—znlnp

1
= — (12.9)
n np"

is analytic on Rez > 0 (and thus also on Rez > 1).

Next, from Proposition 2.20, we conclude that In{(z) = =Y, In(1 — p7%).
By Lemma 10.18, this converges absolutely iff }., p~ converges abso-
lutely. But if we set z = x+ iy, then

Tl <=Ll

which converges absolutely by exercise 2.25 (e), and thus uniformly on
closed disks in Rez > 1. Therefore, by Proposition 11.14, =}, In (1-p79)
is analytic on Rez > 1. |
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We saw in see exercise 2.24 (c) that {(z) diverges as z \, 17. Here
is a more precise statement. Recall that analytic continuations are well-
defined (i.e. unique) in domains with only isolated singularities (see Theo-
rem 11.22).

Proposition 12.11. i) The functions (z—1){(z) and (z—1){'(z) + 28 (2)
have well-defined analytic continuations on Rez > 0.
ii) (The analytic continuation of) (z— 1){(z) evaluated at z =1 equals 1.

Remark: The factor (z — 1) precisely cancels the simple pole in § at z = 1.

n+l

Figure 76. Integration over the shaded triangle of area 1/2 in equation (12.11).

Proof. We have that " x *dx=1/(z— 1) and f,:’“ n~*dx =n"%. Using
the definition of the zeta function (Definition 2.19), we define in Rez > 1
1 [l oo L n+1
h(z) =8(z) — —— = anz—/ xtdx=Y] / (nf—x7%) dx.
1 n=14J"1
(12.10)
Next, since n™ ¢ —x % fx —zu~*"!du, we also have

had n+l  rx
= Z/ / —zu ¥ dudx. (12.11)
n=1“" n

Each term of the sum is an integral over a triangular domain of area 1/2
(Figure 76). The maximum of the integrand is

’znﬂ*l’ =veo2+12 n o,
where z = 6 + it (with o, 7T real). So, each summand has absolute value less

than half that. Thus (12.11) converges uniformly on compact disks in ¢ > 0
(see also exercise 11.4) and so 4 has an analytic continuation to Rez > 0.
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To prove (i), note that, by the above, (z— 1)h(z) +1 = (z—1){(z) is
analytic. Therefore so is its derivative — by Corollary 11.12. The second
function of part (i) is the sum of these two. Finally, evaluating (z—1){(z) =
(z—1)h(z) + 1 at z = 1 establishes part (ii). [ |

Now follows a lemma that is brilliant and an essential step in proving
the prime number theorem. It will make its appearance in Proposition 12.13.

Lemma 12.12. {(z) has no zeroes on the line Rez > 1.

Proof. By remark 12.9, { has no zeroes in Rez > 1. So we only need to
prove that { has no zeroes on Rez = 1.

Let z = 0 +it with o > 1 and 7 # 0 real. We start by computing the
admittedly strange expression E := In ({(0)*¢ (0 +it)*{ (0 +2i1)). By
Proposition 12.11, ¢ has a simple pole at 1 and no poles in Rez > 1. Thus
if { has a zero at 1+ i7, it cannot be compensated by a pole at 1+ 4i7 and
the pole of order 1 at z = 1. Thus in this case, the expression ef evaluated
at 0 + it where o is slightly greater than 1, would yield a number that is
very close to zero. We now show that this cannot happen.

Combining the fact that In(ab) = Ina + Inb and Lemma 12.10, we get
E = 3In{(o)+4Ing(c+it)+1Inf(oc+2it)

= LY

p n>1

—Gnlnp

(3+4e—i‘cn1np+e—2i1nlnp) )

Now consider the real part of this expression:

3+4cos(tnlnp)+cos(2tn lnp)
ReE=Y ¥

p n>1
Noting that 1 + cos 2x = 2cos® x (exercise 11.9), we obtain

2 +4cos(tnlnp) +2cos?(tnln p)
ry e

ReE =

p n>1

B ZZ 2 (1 +cos( ’L’nlnp)) 50.

p n>1

But Re E > 0 yields |e£| > 1, which implies the lemma. [ |
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12.4. The Function ®(z7)

The proof we will give of the prime number theorem (Theorem 12.15) really
consists of inserting an analyticity property of the function ® into Theorem
11.18 to prove the convergence of an improper integral. Here is the analyt-
icity property we need.

Proposition 12.13. % — z%l has an analytic continuation in the closed
half plane Rez > 1.

Proof. Taking a derivative with respect to z on both sides of the first equal-
ity of Lemma 12.10, we obtain

—8'(2) :Z Inp e 2lnp :Z Inp
RN R M

To express this in terms of the function ®, we use %1 =

L) _y hop I
) 5 P
The first term on the right, of course, is dD(z) (Definition 12.1). Subtracting
the second term on the right, we see that

P 1 =l 1 1 Inp

z z—1 28(z)  z—1 245 p(p*—1)

+ pr )toget

1
X

P’ pzfl

_ @E=18R)+28() 712111717
2(z=1)8() cep(p—1)

We tackle the first term on the right-hand side. From Proposition 12.11
(i), we obtain that both the numerator and the denominator are analytic on
Rez > 0. We only need to make sure the denominator does not have zeros
in Rez > 1. By Proposition 12.11 (ii), we know that it does not have a zero
atz=1. Lemma 12.12 says that it has no zeroes if Rez > 1.

Next we look at the second term on the right-hand side. Since Inp is
smaller than any positive power of p, the last term on the right-hand side is
comparable to p . Since ] p- Z’ < p’2 whenever Rez > 1, it converges
uniformly in that region and is thus analytic in the desired region (Proposi-
tion 11.14 (ii)). [
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12.5. The Prime Number Theorem

Here we first prove that the prime number theorem is equivalent to the exis-
tence of a certain improper integral. Then we use the Tauberian theorem to
prove that that integral exists. That will finally establish the prime number
theorem.

Lemma 12.14. We have
> 0(y) — 0
i) / Mdy exists = lim 5 =1.
1

yZ X—o0 X
0
ii) im 8% g 29
xX—o X X—ro0 )C/ lnx

Proof. We first prove (i). Suppose that the conclusion of the lemma does
not hold. Then for some € > 0 either there is a sequence of x; such that
lim; 0 x; = oo with 8(x;) > (1 + €)x; or the same holds with 0(x;) < (1—
8))6,‘.

Let us assume the former. Since 0 is monotone, we have for all i

(I+€)x;i 9(y) — (I+e)xi (14 €)x; — (14€)x;
O e [T S = (e -y
Xi Xi X;

The latter can easily be worked out and yields € —In(1+€) for each i. Since
this is strictly greater than 0 by exercise 10.9, I(s) = [ %dy cannot
converge to a fixed value as s tends to infinity.

The proof of non-convergence if 6(x;) < (1 — €)x; is almost identical
(exercise 12.17).

To prove (ii), we use Lemma 12.2 to establish that

6 (x) *6()
7(x) - /2 T

©Inx
Next we use (12.6) to get rid of the 6(x) in the integrand, and subsequently
(12.8) to estimate the remaining integral. For large x, this gives

‘n(x) - %’2 <In4 (1n);)2

for any € > 0. Now we multiply both sides by Inx/x to obtain the result. B

(1+¢),
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So this lemma implies that to prove the prime number theorem at this
point, we need to show that [} 9();)2% dx= [y (6(e')e™" —1) dt exists. We
restate Theorem 2.21 in its full glory.

Theorem 12.15 (Prime Number Theorem). We have

and 2) lim ()

. w(x) . B
D) lim O Fnrdr

xeo (x/Inx)

Proof. The equivalence of parts (1) and (2) is due to the fact that L’Hopital’s
1
rule implies that lim,_,c fx((lnix))]dt = 1. Thus, for example,
lim m(x) . mx) x/Inx
im-———-— = .
x—e [Yntdt  x—- x/Inx [5 Inrdt

The same reasoning works vice versa (exercise 12.10).

So we only need to prove part (1). Lemma 12.3 gives
P+l 7/ —1)e¥dt.
Tzl
Proposition 12.13 says that the left-hand side has an analytic continuation
in Rez > 0 while equation (12.6) says that 6(¢')e”" — 1 is bounded. But
then, by Theorem 11.18, [;” (6(e')e™" — 1) dr exists. Finally, Lemma 12.14
implies that then (1) holds. |

12.6. Exercises

Exercise 12.1. Write out in full the computations referred to in the proofs
of Lemmas 12.2 and 12.3.

Proposition 12.16 (Abel Summation). For the sequence {a,}>_,, denote

n=1’
A(x) = Y<xan. Then for any differentiable f, we have

Y auf(n) =AWS) - [ A0 (1)

n<x
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Exercise 12.2. a) Show that for any small € > 0,

X
Y anf)= [ f0)da().
nox 1—¢

b) Apply integration by parts to (a), to get
X

Y, anf(n) =AQ)f(x)— [ A@)f'(r)dr.

n<x I-¢

(Hint: you need that A(1 —€) =0.)
¢) Prove Proposition 12.16. (Hint: you need that A(t)f'(t) is finite and
continuous att = 1.)

Exercise 12.3. Recall the notation | x| (floor) and {x} (fractional part) from
Definition 2.1.
a) Use Abel summation to show that

1 — X r—{r
y - == {x}+/ 2{}dt.
a=n X 1 t
(Hint: set a, =1 and f(x) = %.)
b) Use (a) to show that
1 X
Y - flflnx:f@f/ {Lz}dt.
a=en X 1t
¢) Use (a) to show that

X
Zl flflner/ @dt
n 1t

n<x

=0.

lim
X—$oo

d) Show that the Euler-Mascheroni constant ¥ := 1 — limy_sc |; lx {;—2} dt sat-

. 2 R —n— . .
isfies 1 — 15 <y < 1. (Hint: show that Jas tntizl/zdl is negative. Then

use exercise 2.24 (c) and the fact that £ (2) = %2, Note: in fact y~0.577- -
. At the time of this writing (2021), it is unknown whether 7 is irrational.)

Exercise 12.4. a) Follow exercise 12.3 to show that

Z Inn = |x| lnxf(xfl)Jr/lx {%}dt.

n<x
b) Show that (a) implies that
1 n" n"
- —<n!<n—.
n e e

(Hint: use that the absolute value of the integral in (a) is less than Inx.)

Exercise 12.4 proves part of what is known as Stirling’s formula , namely:

" 1
m=v2mn s (14—t ).
n" 12n
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Exercise 12.5. a) Use Proposition 12.16 to show that for Rez > 1

_ [
L) =z /] L,
(Hint: write a, = 1 and f(x) =x"%.)
b) Use that [#| =t — {¢} to show that

z = {1} 1 = {r}
- di=—— 11—z [ g
C(Z) z—1 2 1 tZ+l z—1 + z 1 tZ+l

¢) Use (b) to reprove Proposition 12.11. (Hint: you need to prove analyt-
icity of hinRez > 1.)

Exercise 12.6. a) How many trailing zeros does 400! (in decimal notation)
have? (Hint: use the proof of Lemma 12.4 with p =5 and p =2.)
b) How about (ggg) ?

Exercise 12.77. Consider E (x1,x3) := | x] +x2 | — [x1 | — [x2] as in the proof
of Lemma 12.4 and show that E € {0,1}.

Exercise 12.8. a) In Theorem 12.7, show that we can take
1
a=In2— §1n3 ~0.14,

for all x > 2.
b) Establish numerically that

X
Inx A (Int)2dr < 1.
(Note: an analytic estimate of this expression is tricky and the reward
is modest. But enthusiastic students can try the following. Show that
J3 (Int)~2dt — 1"7’“ has a maximum at x = €2. Then give a rough estimate
of the expression in (b) for that value of x. You will likely get a much worse
estimate than 1.)
¢) Use (b) and equation 12.7 to show that b = 5In2 works for all x > 2.

Exercise 12.9. Suppose we had an “perfect” estimate for Lemma 12.5
of the form (,7,) = ¢ % for some ¢ > 0. Can you improve Theorem

12.7? (Hint: no. Conclusion: we need a different method to make further
progress.)

In the next exercise, we prove the equivalence of Theorem 12.15 (a) and

(b).
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Exercise 12.10. a) Compute the derivative of x(Inx) ™" for r > 0.
b) Use (a) and L’Hopital to prove that for r > 0
X -r
lim JLURO L
x—eo  x(Inx)~"
c¢) Use (b) to show that parts (a) and (b) of Theorem 12.15 are equivalent.

d) Compare (b) to (12.8).

In the next two problems we prove the following result.

Proposition 12.17. Let p, denote the nth prime. The prime number theorem

is equivalent to
Pn 1

lim =
n—e plnn

Exercise 12.11. For this exercise, assume that limy . X/)m =1 and that

x — oo if and only if y — eo. (In fact, y stands for 7(x), and we know that
x — oo if and only if 7(x) — oo, see Theorem 2.17.)

a) Suppose limy_e f;(x) = o0 and limy_se 2 8 = 1. Show that

In f1 (x)
x5 1 f3(x)

(Hint: for x large, (1 —¢€) < 28 < (1+¢), multiply by f>(x), and take
logarithms.)
b) Show that limy e l'}é'lx = 0. (Hint: substitute x = ¢°.)

c¢) Use the hypotheses and (a) to show that

X X y Iny 1

ylny - ylny x/Inx Inx—Inlnx 1 % ’

d) Use (b) to show that the limit in (c) as x — o tends to 1. Use the
hypotheses to change to the limit as y — co.
e) Show that (d) implies one way of Proposition 12.17.

Exercise 12.12. For this exercise, assume that limy_,c =1 and that
x — oo if and only if y — co. See exercise 12.11.
a) Follow exercise 12.11 in reverse to show that

. y Iny

lim

x> x/Inx x5e ylny x/Inx Inx—Inlnx  x5e | Ighx

_x
ylny

b) Show that (b) implies the other direction of Proposition 12.17.
¢) Whereabouts is the nth prime located?
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Exercise 12.13. In this exercise, we fix any K > 1 and {x;}7* | is a sequence
such that lim;_,., x; = 0. We also set X’ = Kx for notational ease.

a) Show that if 7(x}) = 7(x;) and lim; e, xﬂ/(% exists, then
@) 1 )

; / T K ; o
ieo X /Inx} K imeo x;/Inx;

b) Show that (a) and the prime number theorem imply that for large enough
x, there are primes in (x,%']. (Hint: if (a) holds, then there are no primes in
[xi, Kx;].)

¢) Show that in fact, the prime number theorem implies

w(x
tim 200 _

i—eo TT(X;)
d) Show that (c) implies that for large enough x, there are approximately

(K — 1)z (x) primes in (x,x'].

In fact, the following holds for all n. We omit the proof, which involves
some careful computations. It can be found in [1].

Proposition 12.18 (Bertrand’s Postulate). For all n > 2 there is a prime
in the interval [n,2n).

The same reference [1] also mentions an open (in 2018) problem in this
direction: Is there always a prime between n*> and (n+1)?

Exercise 12.14. a) Show for every m € N, the set {m! +2,--- ,m! +m}
contains no primes. (Hint: for 2 < j < mwe have j | (m!+ j).)

b) Show that from Proposition 12.17, we might reasonably expect the “ex-
pected” prime gap p,,+1 — pn to be equal to

Gy:=(n+1)In(n+1)—nlnn~In((n+1)e),

if n large.
¢) Use the prime number theorem to show that

Gp~Inpy —Inlnp,+1~Inp, ;.

d) Assume the twin prime conjecture to show that w does not con-
verge to a limit. See also Figure 77.

d) Use lemma 12.14 to show that the prime number theorem is equivalent
to saying that the sum of the first n “expected” prime gaps equals p, 1.

Exercise 12.15. a) Show for every m € N, the set {m! +2,--- ,m! +m}
contains no primes. (Hint: for 2 < j <mwe have j | (m!+ j).)

b) Compare that prime gap at p,, ~ m! with the gap you expect from exer-
cise 12.14. (Hint: use exercise 12.4 (b).) (
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—

100 200 300 400 500 600 700 800 900 1000
n

Figure 77. The prime gaps p,.1 — pn divided by Inp, 1 for nin {1,---,1000}.

Exercise 12.16. We give a different proof of Lemma 12.14 (ii) (following
[75D).
a) Show that 0 (x) < m(x)Inx.
b) Show that
(I-e)lnx Y 1< Y IWp<o().

xl=€<p<x xl-e<p<x

c) Show that for all € >0
m(x)—x'" < Z 1.
x1me<p<x

d) Use (a), (b), and (c) to show that for all € >0
(1—¢) ((x) —x' 7€) Inx < 0(x) < 7(x)Inx '
X X X
e) Use (d) to prove Lemma 12.14 (ii). (Hint: show thatlimy_.x €Inx=0
by substituting x = ¢'.)

Exercise 12.17. a) Suppose that in the proof of Lemma 12.14 there is a
sequence of x; such that lim;_,ex; = oo with 0(x;) < (1 — €)x; for some
€ > 0. Show that the integral in the lemma cannot converge.

b) How about if both occur and alternate?

We define two new functions. This definition usually accompanies Defini-
tion 12.1.

Definition 12.19. The von Mangoldt function is given by

Inp if n=p* where p is prime and k > 1
A(n) =

0 otherwise
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The second Chebyshev function is given by

w(x) =) An).

n<x

Just like the first Chebyshev function 6(x), the second Chebyshev function
y(x) is often used as a more tractable version of the prime counting function
7(x). In particular, in exercises 12.18 and 12.19, we will prove a lemma
similar to Lemma 12.14, namely

Lemma 12.20. We have

fim Y™ _ s i PO
x—o0 X x—oo x/Inx

Exercise 12.18. a) Show that y(x) = ¥ i<, Inp. (Hint: from Definition
12.19. Note that this means that Y counts all prime powers no greater than
X.)

b) Show that y(x) =Y. ,<, Inp UE—;J . (Hint: this expression only increases
at x a power of a prime.)

c) Show that y(x) < ¥ ,<, Inx. (Hint: |a] < a.)

d) Show that (c) implies that y(x) < m(x)Inx.

Exercise 12.19. a) Show that Definitions 12.1 and 12.19 imply that 6 (x) <

Wy (x).
b) Use (a) and exercises 12.16 (d) and 12.18 (d) to show that

(I‘E)MSESMgM,

X X X
¢) Use (b) and Lemma 12.14 (ii) to prove Lemma 12.20.

Exercise 12.20. Plot 0(x)/x, y(x)/x, and 7(x)Inx/x in one figure. (See
for example, Figure 78). Compare with exercise 12.18. b) Show that all
three tend to 1 as x tends to infinity.
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Figure 78. The functions 6(x)/x (green), y(x)/x (red), and 7(x) Inx/x
(blue) for x € [1,1000]. All converge to 1 as x tends to infinity. The
x-axis is horizontal.

Exercise 12.21. The analysis of this exercise should be compared to the
proof of Proposition 12.13.
a) Use Lemma 12.10 and Corollary 11.12 to show that

> Inp

P n=1 P
is analytic for Rez > 1.
b) Use Definition 12.19 to show that for Rez > 1

—{'(z) & Aln)
() 7,,;1 n

c¢) Use Abel summation (Proposition 12.16) and Definition 12.19 to show

that for Rez > 1 ) _
75(2()2) :Z/l w(x)x“ ldx.

(Hint: in the proposition, set f(x) = x~* and A(x) = y(x). Then use that
in the boundary term, y(x)/x converges to 1.)
d) Subtract z/(z—1) from (c) and divide by z to conclude that for Rez > 1

—{'(z w(x
Zg( zfl / xz+1

Exercise 12.22. Show that limy_o, a(x)/x = 1 is equivalent to the follow-
ing. For all € > 0, we have |a(x) — x| < &x for x large enough.
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Exercise 12.23. For this problem, we assume that there is a 6 € (1/2,1)
so that |y(x) — x| < Kx®.
a) Note (exercise 12.22) that this is stronger than limy_,e Y(x)/x=1.
b) Use exercise 12.21 to show that
!
o1y vy,
2(z) =1 & X7l

¢) Show that our hypothesis for this exercise implies that

n+1 _
/ y)—x

xz+l

< 2Kn® Re-1

d) Use Proposition 11.14 to show that the right hand side of (b) is analytic
for Rez > 0.
e) Show that (d) implies that {(z) has no zeros in Rez > 6.

In the next two problems, we prove a second version of the Tauberian theorem
in Chapter 11. This is essentially just a reformulation of Theorem 12.15 (2),
but with 6(n) replaced by an arbitrary sequence a, satisfying certain condi-
tions. The proof is also essentially the same.

Theorem 12.21. Suppose a, > 0 so that there is a K > 0 with A(x) :=
Y <x an < Kx. Define
G(z) = —.
(2) Loy
G is analytic on Rez > 1. Assume also that G admits an analytic continua-
tion to Rez > 1 except for a simple pole at 1 with residue 1. Then

A
tim A _ .
X—oo X

Exercise 12.24. a) Show that G is analytic on Rez > 1. (Hint: use the
condition on A(x) and Proposition 11.14 (ii).)
b) Use (a) and Abel summation to show that

G(z) =1 / Ax)xdx.
1
¢) Show that
< < Alx) —x _ ~ ' £\ -zt
G(Z)*z_il—z/] e dx-z/o (A(e) =€) e P dr.

d) In (c), set 7 + 1 = z and then drop the prime to show that

G(1 1 <A — o
H(z) = G113 77:/ Ally) —x xdx:/ (A(e)e " —1)e @ dt.

0 0

z+1 z x2+z
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2.6
24
22

1.6
1.4

Exercise 12.25. a) Show that the function H(z) of exercise 12.24 (d) has
an analytic continuation to Rez > 0. (Hint: the pole at 7 = 0 has been
canceled by the subtraction of 1/z.)

b) Use Theorem 11.18 to show that [;° A<);)[x dx converges.

¢) Use Lemma 12.14 (i) to show that limy_co ‘%") =1.

Exercise 12.26. a) Show that

1
fm, (H P) =
p<n

if and only the prime number theorem holds. (Hint: see Lemma 12.14 (ii).)
b) See Figure 79). Show that
. 1
nll_I)Igo (lcm(laza' o 7n))n =e

if and only the prime number theorem holds. (Hint: see Lemma 12.20.)

2.724
2722
2.720
2.718
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2.714
2.712
2.710

2.708

10 20 30 40 50 60 70 80 90 100 10000 30000 50000 70000 100000

Figure 79. Plot of the function f(n) := (Iem(1,2,--- ,n))"l for n in
{1,---,100} (left) and in {10*,--- 107} (right). The function converges
to e indicated in the plots by a line.






Chapter 13

Primes in Arithmetic
Progressions

Overview. An arithmetic progression is a set S of the form S := {a+kq |
k € N}. If ged(a,q) = d > 1, then any two distinct numbers in S are not co-
prime. Thus, in that case, S can contain at most one prime. We will see that
asymptotically the primes are distributed equally over the remaining arith-
metic progressions, namely the sets {a+kq | k € N} such that gcd(a,q) = 1.
One of the more accessible introductions to the material in this chapter is
[4]. For section 13.6, we used [65] and [25].

13.1. Finite Abelian Groups

Definition 13.1. Two groups g and H are isomorphic if there exists a bijec-
tive homomorphism f : G — H (see also exercise 13.3).

Definition 13.2. A cyclic group is a group generated by a single element.

The proof of the following proposition is loosely based on the analo-
gous proof in [30][appendix 3C]. It uses the simple observation that every
element g of a finite Abelian group generates a cyclic group. This is evi-
dent, because the sequence {g'} can have finitely many distinct elements,
and so the smallest value of i > 0 where a repeated value occurs must be the
order o of the element g.

281
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Proposition 13.3 (Fundamental Theorem of Finite Abelian Groups).
Any finite Abelian group G of order n is isomorphic to a cartesian prod-
uct of finite cyclic groups L x --- X Z . Furthermore, [][_; 0; = n.

Proof. There are finitely many ways of choosing a non-empty subset S of
elements of G. Since each element has order at most 7, for each of these
subsets, we can find out whether it generates G. Let r be the minimal car-
dinality of the subsets that generate G and denote by ., the (non-empty)
collection of all such sets of generators of cardinality r.

Pick S in ., denote its elements by g;, and the order of g; € S by
0i(S). By construction, there is a map o (S) from []_, {0,1,---,0i(S) —
1} =2} x---xZ] onto G given by

c: (a,,a —>Hg

Now let us assume that there is a non-empty set .7, C .7, so that for S in
<1, (8) is not a bijection. We will show that this leads to a contradiction.

For S in .7, there are i and 0 < ai,d; < oi(S) such that
r ro, r
H g?" _ I—I g?i —s H gga,- a;) mod 0;(S H ng _
i=1 i=1 i=1
where we have set ¢; equal to the least residue of (a; — a}) modulo 0;(S).

Note that in this expression at least two of the coefficients c; are greater
than 0. Now let

5(8) = {Z ng: }

c;€{0, ,ol
Finally, minimize s(S) over .7,

s_:= min s(S) > 2. (13.1)
N7
Let {gi}/_, be the collection of generators at which this minimum is
assumed. At least two of the ¢;’s are greater than 0, say, ¢; > ¢; > 0. Define
f1 =g182 and f; = g; for all i > 1. This change of variables is invertible, so
{hi}[_, still generate G. A simple calculation gives

.

— Ci __ () —C] C

I—Hgi’ 2 3 S
pl
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Thus s_ has decreased, which contradicts (13.1). This shows that .7, is
empty and thus for all S in .%,, 6(S) is a bijection.

It is also a homomorphism, because for a and @’ in Z;}, x --- X Z,,

r r ’
ola+d)= Hg?i -Hg?’ .
i=1 i=1

Thus o is an isomorphism (see exercise 13.3). Clearly, the number of ele-
ments in G equals []_; 0;(S) which must therefore be equal to n. [

13.2. The Hermitian Inner Product

Later on, we will briefly need to consider V = C" as an inner product space.
The Hermitian inner product generalizes the dot product of R”.

Definition 13.4. The (standard) Hermitian inner product on C" is given by
(x,y) =X1y1 4+ +XnYn,

where y indicates the complex conjugate of y.

One easily checks that this binary operation satisfies the requirements
that for all x, y, and zin V and & in C

1) (x,x) >0 positivity

2) (x,x))=0<=x=0 definiteness

3) (x,ou+tv)=a(xu)+(x,v) linearity

4) (x,¥) = (y,x) conjugate symmetry

More generally, any function V x V that satisfies these requirements is
called an inner product, but we will not be needing that generality here.

Definition 13.5. A set {e;}!_, of vectors in V is an orthonormal basis if for
alli# jand all x inV

1) (ei,ei) =1
2) (ei,ej) =0 orthogonality
3) Jo; suchthat x=Y" | oye; basis

unit vectors
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The property that is crucial for us is that the ¢; in item (3) of this defi-
nition can be computed easily, namely

n

x= Z(e,pc)e,-. (13.2)

i=1

For more details and a good general introduction, see [7][Chapter 6].

13.3. Characters of Finite Abelian Groups

Definition 13.6. A character of a group G is a complex-valued homomor-
phism f: G — C*.

For example, the identity e of a group G satisfies > = ¢ and since f is a
multiplicative homomorphism, we have that f(e)? = f(e) and so f(e) =0
or f(e) = 1. The former is excluded because O is not in the domain of C*.
Thus f(e) =1 for any character. An example of a character of G is the
constant function, f(g) = 1, also called the principal character. We indicate
it by fo.

Remark 13.7. From now on, we will denote the field of units in Z; by Z; .
Sometimes we will consider it as multiplicative groups (as directly below),
and other times we may consider them a field. See Section 5.4.

Before continuing, let us look at a few examples of characters, namely
G=1Z5 and G =1Zg.

mod 5| fo fi 2 f3 mod 8 | foo) fo1) Sfao fa
1 1 1 1 1 1 1 1 1 1
2 1 i -1 - 3 1 1 -1 -1
3 1 -1 -1 i 5 1 -1 1 -1
4 1 -1 1 -1 7 1 -1 -1 1
(13.3)

The table on the left lists the characters of ZZ . Each column corresponds to
a different character. The table on the right lists the characters of Zg . Note
that each of these groups has four characters, but they are not the same.

How do we determine these characters? The short answer is: exploit
multiplicativity. First look at ZZ . We note it is a cyclic group generated by
the element 2, namely 2¥ mod 5 cycles through the values 2, 4, 3, and 1 for
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k€ {1,2,3,4}. Thus f(2*) = (f(2))* = 1, and so for any character f, the
value of f(2) must be a 4th root of unity. So choose (as in the left table of
(13.3))
f;n (2) _ eZn’i% .
For any choice of m, we can obtain a multiplicative function as follows
eZm’(k—}—é)% _ eZﬂik%EZEié% — fm(2k+[) _ fm(zk)fm(zz) ) (13.4)

This example is wonderful, because it turned out that Z is isomorphic to
Zj{ which simplifies things: we get something very reminiscent of a discrete
Fourier transform (see Definition 13.27).

The group Zg also has 4 elements, namely {1,3,5,7}. But none of
these elements has order 4, for 32 =g 5% =g 7> =g 1. Thus for any character
f>eachof £(3), f(5), and f(7) must be square roots of unity. This group is
therefore not isomorphic to Zj{. However, consider

(ar,a2) J(O,O) 0,1) (1,0) (1,1)
3“1-5“2m0d8| 1 5 3 7

This gives a bijection h: Zg — Z; X Z; But in Z; x 73,
h(31592)n(3015%2) = (ay,ay)(b1,by) = (ay +b1,az +b)
h(31115t12,3b15b2) — (al _|_b]’a2_|_b2) .

It also shows that / is a homomorphism, and thus Zg is isomorphic to Z; X
Z5 . So let m = (my,my) where m; € {0,1} and set

fm(3) = 2T and fm(5)= ATE
So that (as illustrated in the right table of (13.3))

f(3915%2) = 2yt amity2 | ami( U4 252)) (13.5)
fm 1s multiplicative by the same calculation as done in (13.4), but now sep-
arated out in ‘components’ to prove that

F(3725070) = £, (3115%) £,(325%).. (13.6)
The student is asked to provide a few more details in exercise 13.1.

These computations tell us what is going on. We first simplify the
notation, and then formulate the relevant theorem.
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Definition 13.8. For the remainder of this chapter, we abbreviate:

+ . gt +.
Ly = Ly X XLy
r
no= [Jos
i=1
i 7+ (M m
and for a and m in Z;, we set m/o := (7L, -+, 5r) and

r
ga = Hg‘;/;
j=1

" a;m; mod o;
a-(mfoy = Yy HULTOC O

i=1 0j

Theorem 13.9. Let G be an n element Abelian group. With the notation of
Definition 13.8, we have:
i) The characters f,, of G are given by

fm(ga) _ eQnia-(m/o) )

ii) The characters f,, are all orthogonal to one another in the sense that:

Ym b ezt + Y Ful@filg)=4" ¥m=t
m,l €L, anZ,If(g)fz(g) 0 ifmtt

(see Figure 80). Thus the n characters are all distinct.

(€]

-1

Figure 80. The two characters modulo 3 illustrate the orthogonality of
the Dirichlet characters.

Proof. By complete multiplicativity (because f is a homomorphism), any
character f is completely determined by its value f(g;) on the r generators
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of G. So
r r
((1167) - fer
Jj=1 Jj=1
f(g;) must be an o;th root of unity, and is thus equal to exp(27im;/o;).
The second statement follows using Definition 13.8.
Z fe(g“)fm (ga) _ Z eZm’a-((m—Z)/o) ) (13.7)
acZ$ acZf
If m = £, the exponent is zero and so Zuezj 1 = n. The above sum is really
a sum of products (Definition 13.8) which can be converted into a product
of sums (exercise 4.3) of the form

r <

ajGZ,',*'j

cai(mi—0:)k;
i J ]0. J77)

So if m # ¢, then there is an j such that m; — £; # 0. The above sum then

has the form
-0K

o—1 2mi >
ak eMo —1
Z 627“ o — ﬁ — 0,
a=0 e Ty — 1
and so the product of the sums also reduces to zero. |

Theorem 13.9 implies that there is an injection from Z7 to the char-
acters given by F : m — f,,. It is actually a bijection, because an injection
between sets of the same size — namely {m} and {f,,} — must be a bijec-
tion. A slight variation on equation (13.7) allows us to go a little further,
namely

Smse(8%) = fin(8) fu(8") -
Thus the bijection becomes a group homomorphism. Using Proposition
13.3, we obtain the following corollary.

Corollary 13.10. The characters of a finite Abelian group G together with

the multiplication (fu f)(g%) = fn(g%)fn(g?) form a group that is isomor-
phic to G which in turn is isomorphic to 7.} .

There is another interesting way to look at these characters. Order
the elements of Z; by defining some bijection, or counter, ¢ from Z7 to
{1,-++,n}. We can then think of f,(g”) as the ¢(a)th component of the
vector f,,, in C". This is what we did in the tables (13.3). Theorem 13.9
implies that the vectors f,, now form an orthogonal basis of C" equipped
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with the Hermitian inner product (Definition 13.4). Reformulating the theo-
rem gives yet another corollary. See Definition 13.27 and the exercises that
follow it for more details.

Corollary 13.11. If we define the vectors ey, as n='/2 f,, then the set
{em} ez is an orthonormal basis (Definition 13.5) of C".

13.4. Dirichlet Characters and L-functions

The Dirichlet characters are essentially the characters of qu, the multiplica-
tive group of the reduced residues of Z, (Z modulo ¢) with identity element
1. Since we will use Dirichlet characters as the coefficients in Dirichlet
series, we need to convert them into arithmetic functions.

Definition 13.12. Corresponding to each character f : Z; — C*, we define
a g-periodic arithmetic function )y, the Dirichlet character modulo g, as
follows:

xr(n) = f(Resq(n)) if ged(n,q) =1

xr(n) =0 if ged(n,q) > 1
By Corollary 13.10, these characters form a multiplicative subgroup of C
that we will denote by X,,.

Recall that the principal Dirichlet character evaluates to 1 on numbers
relatively prime to ¢ and equals O elsewhere. It will be denoted by x, or
X1

More generally, it is easy to see that the Dirichlet characters are com-
pletely multiplicative (Definition 4.2) arithmetic (Definition 4.1) functions.
For if ged(ab,q) > 1, then ged(a,q) > 1 or ged(b,q) > 1 (or both). And
so from Definition 13.12, we see that then y (ab) = x(a)x(b) = 0. On the
other hand, if both ged(a,q) = 1 and ged(b, ¢) = 1, then since f is a homo-
morphism, ¥ (ab) = x(a)x(b). That means that for any Dirichlet character
X, we get x(1)=1.

Remark 13.13. Since from now on, we will only deal with Dirichlet char-
acters modulo g € N, we will, in the interest of brevity, refer to these simply
as characters from now on.
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Definition 13.14. The Dirichlet L-series associated to a Dirichlet character
X is defined as

_ i x(n)

n=1

The Dirichlet L-function associated to a Dirichlet character ) is the func-
tion defined by the analytic continuation of the Dirichlet L-series.

Often these are abbreviated to L-series and L-function , though some authors
reserve those names for generalizations of those notions.

These L-function have the “feel” of a zeta function as the next result
indicates. We will use a complicated combination of L-functions as a “new”
zeta function to prove our main theorem. In the remainder of this chapter,
we abbreviate the function f has a well-defined analytic continuation in the
region S by f is analytic in S.

Proposition 13.15. If v is bounded and completely multiplicative, then
L(y,z) is analytic in Rez > 1 and

1n<ilw<n) >_1an, —= Y (1-w(p)p™) =Yy ¥

p prime p n=1

8

npnz ’
If v is periodic and has average zero, then L(Y,z) is analytic in Rez > 0.

Proof. The first equality follows from the definition of L. We paraphrase
the second proof of Proposition 2.20. Using the complete multiplicativity
of v, we obtain

V(2)27°L(y,2) i Tnt = i

Thus

(1-w(227) L(y,2) = ) y(n)n*

2tn
Subsequently we multiply this expression by (1 — y(3)37%). This has the
effect of removing multiples of 3 from the remaining terms. Continuing
like this, it follows that eventually1

( IT - ll/(p)pz)) L(y,z) =

p prime

INote that we use factorization in terms of primes here
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Upon taking the logarithm, we arrive at the second equality. The third one
— and analyticity — follows from Lemma 12.10.

To prove the last part, we use Proposition 12.16 and compute

X
L(y,2) = Y w(n)n~ =W(xx+z / W) dr,
= J1
where W(x) = Y, <, ¥(n). Since y has period, say, ¢ with average 0, we
have W(x+ ¢) = W(x), and so ¥ is bounded. Thus both terms in the above
equation converge for Rez > 0. |

13.5. Preliminary Steps

The way we want to prove the prime number theorem for arithmetic pro-
gressions is by defining an arithmetic function 4, , : N — C — the so-called
indicator function — that equals 1 when 7 is equal to a modulo g and 0 else-
where. With that function in hand, we then define Y, /1 ,(n) = and use the
machinery in chapter 12 to compute the density of the primes in the arith-
metic progression (a,a+ ¢,a +2gq,---). But there is a problem here. The
function  is not multiplicative: A, ,(a?) is not generally equal to (h,4(a))?
— by way of example, /135(2) = 1 while 73,(2%) = 0. So we have to be
more careful.

Lemma 13.16. Let ged(a,q) = 1. We have

XEXy 0 else

Thus the indicator function hy , equals (¢(q))~" Yyex, x(aHx(n).

Proof. Since x(a) has unit modulus, we have that x(a)yx(a) = 1. Because
there are ¢(g) characters, the first equality follows.

The second equality is automatic if either a or n is not co-prime to
q. If a and n are distinct co-primes, then recall that the characters form
an orthogonal basis. Thus there must be another character x* € X, so that
x*(a"'n) # 1. Since the reduced residues mod ¢ form a field, from the
above we must have that x(a) = x(a~'). Using multiplicativity, we obtain
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that ):xeX,, x(a)x(n) equals
Y xa'n=Y (oa'n)=x"@"'n) Y xa'n)=0.

XXy XXy 21Xy
The first equality holds because x*x runs through the entire group (es-
sentially the same argument as Lemma 5.3). The second by multiplica-
tivity. |

We will define quantities that allow us to mimic the proof of the prime
number theorem. To facilitate this, we use uppercase letters of the cor-
responding notation we used earlier. So { becomes Z, @ becomes II, 0
becomes O, and P stays the same. We will then proceed to give a proof
of the prime number theorem for arithmetic progressions that follows the
proof of Theorem 12.15 as closely as possible. As in Chapter 12, }', and
[, mean sum or product over the (positive) primes.

The following definition should be compared with the definition of the
Riemann zeta function (Definition 2.19), of the prime counting function (in
Theorem 2.21), and Definition 12.1.

Definition 13.17. We introduce a new zeta function Z, ., a function 11, ,
that counts the primes congruent to a mod q, and two auxiliary functions.

Zya(2) = [] L, 2*“ =exp ( )y x(a)ln(L(x,Z))) :

XE€Xq XEXy
Mya(x):= Y 1.
p<x
P=qa
Inp
Opa(x) = 9(q) ¥ Inp and  ®yu(2):=lg) ¥, L.
psx p=qa P

pP=qa
From now on, we restrict a to qu, the reduced residues modulo a.

Remark 13.18. Recall that there is at most 1 prime in each congruence
class that is not co-prime with q.

Note that @, ,(x) < ¢(g)0(x). Our first inequality follows from (12.6).
3C >0 suchthat ©,,(x) < Cx. (13.8)

The factor 1/¢(g) that figures so prominently in our main result, The-
orem 13.26, shows up in the following lemma.
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Lemma 13.19. We have for x > 2

BOy.4(x) 1 ¥ 0y4(t)
s 9@ L i

ga (x) =

Proof. First note that since 2 is the smallest prime, equation (12.2) gives

1 X dOu(t)
M) = gty o e

The rest follows as in Lemma 12.2 [ |

Lemma 13.20. For Rez > 1, we have

Dy q = a _
q, (Z) _ 1 _ / <®q; (x) _ 1>x de
Z z—1 1 X

= / (©gale)e™" —1) e dr.
0

Proof. Using (12.2), we can write ®, 4(z) as [;” x *d®, 4(x). Then apply
(12.3) (partial integration). The proof follows that of Lemma 12.3, except
that (12.6) is replaced by (13.8) |

13.6. Primes in Arithmetic Progressions

Now we follow the reasoning of Sections 12.3 to 12.5 as closely as possible.

Lemma 13.21. For Rez > 1, we have that

nZyo() =~ L Lx@m(1-20)e ) =0l L L

XEXy P P)W
P

a

and is analytic in that region.

Proof. The first equality follows from Proposition 13.15. Then we follow
the reasoning of Lemma 12.10 to get

—ln(l—x ﬁmp) ;X o

where we used complete multiplicativity of ). Since || = 1, this is analytic
on Rez > 1. Substitute this back into the lemma. Analyticity then allows
us to perform the finite sum over yx first. By Lemma 13.16, this gives a
contribution ¢(g) if both p" =, a and ged(p”,q) = 1, and else zero. This
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proves the second equality of the lemma. Now the proof follows verbatim
the second paragraph of the proof of Lemma 12.10. |

Proposition 13.22. i) The functions (z—1)Z,4(z) and (z—1)Z; ,(z) +
274 4(z) have well-defined analytic continuations on Rez > 0.

ii) (The analytic continuation of) (z—1)Z, 4(z) evaluated at z =1 does not
equal 0.

Proof. Since x;(a) = 1, Definition 13.17 gives

(2= 1)Zga(z) = (2= 1)L(x1,2)-exp [ ), x(a)In(L(x,2))
XEXq
X7
We need to show that (z —1)L(x1,z) and L(x,z), X # X1, are analytic in
Rez > 0, and therefore so is (z —1)Z,4(z). Adding this function to its
derivative gives (z —1)Z; ,(z) +2Z.4(2).
Since y;(n) equals 0 or 1, we can define
1
h(z) :==L(%1,2) — 1
The same argument presented in Proposition 12.11, shows that also here, &
is analytic in Rez > 0. Therefore, the same holds for

(z—1)L(x1,2) = (z— 1h(z) +1. (13.9)
Recall that any non-principal J is orthogonal to the principal character ;.
Since y; is always 1 (on co-primes), ¥ must have average zero. All charac-
ters are periodic by construction, so Proposition 13.15 implies that InL(}, z)
is analytic in Rez > 0. This proves part (i).
Part (ii) is implied by the fact that (13.9) implies that (z — 1)L(1,z)
evaluated at z = 1 gives 1 and that the exponential in the above expression
for (z—1)Z, 4(z) cannot give zero. [ |

Lemma 13.23. Z, ,(z) has no zeroes on the line Rez > 1.

Proof. By Lemma 13.21, we only need to check at z =1+ it for 7 real.
Define E :=1n(Z, 4(0)*Z, 4(0 +it)*Z, (0 +2i7)). By Proposition 13.22,
Z4.q has a simple pole at 1 and no poles in Rez > 1. Thus if Z, , has a zero at
1 +it, then the expression e evaluated at o + iT where o is slightly greater
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than 1, would yield a number that is very close to zero. The rest of the proof
follows that of Lemma 12.12 verbatim. |

Proposition 13.24. cb"%@ —

half plane Rez > 1.

%1 has an analytic continuation in the closed

Proof. By Lemma 13.21,

~Z4 4 p? lnp lnp
an(Z) x;{ ; _ngqz pZ_ (p)
To express this in terms of the function &, ,, we use = + ( ) to get
*Z' p)ln a 2In
ZZ p i Z %( )X(p) p .
Zq, 2) ~ P (p*—x(p))

Now we note that by Lemma 13.21, in the region z > 1, we may do the
summation over X first. We then see that by Lemma 13.16, the first term
on the right hand side equals @, ,(z). The rest of the proof follows that of
Lemma 12.13 |

Lemma 13.25. For all ¢ > 2 and a such that ged(a,q) = 1:

Q) — Q)
i) / 7%&(})) ydy exists = lim ga(*) =1.
1

y2 X—>00 X
I1
i) 1im&L()_1<:>1 q“()—i.
e x = 3/ 9(q)

(If gcd(a,q) > 1, the density of primes is 0.)

Proof. The proof of (i) is entirely parallel to that of Lemma 12.14. For the
proof of (ii), we use Lemma 13.19 and (13.8) instead of Lemma 12.2 and
(12.6). So,

® 1 * Qg qlt 1
Myae) — ot | L ["Onall) gy O 1y,
¢(g)Inx|  @(q) J2 1(In1) ¢(q) (Inx)
for any € > 0. Multiply both sides by Inx/x to obtain the result. |

Theorem 13.26 (Prime Number Theorem for Arithmetic Progressions).
We have

IT,.4(x) 1

1) lim Hq"()—i and 2) lim = )
x—=e (x/Inx)  @(q) e [Yintdt  @(q)
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Proof. The equivalence of (1) and (2) is the same as in Theorem 12.15.
So we only need to prove part (1). Lemma 13.20 gives

Lzﬁ D_ % = /O (Ogale)e —1)e ¥ dt.

Proposition 13.24 says that the left-hand side has an analytic continuation
in Rez > 0 while equation (13.8) says that ®, ,(e~*)e™" — 1 is bounded. But
then, by Theorem 11.18, [;” (6(e')e™" — 1) dr exists. Finally, Lemma 13.25

implies that then (1) holds. |

13.7. Exercises

Exercise 13.1. a) Finish the computation of (13.6) to show that f;, is mul-
tiplicative. (Hint: see equation (13.4).)
b) Check that the entries table on the right in (13.3) correspond to (13.5).

Exercise 13.2. a) Show that ZSX as a group is isomorphic to Zj{. In other
words, find a bijection f : ZZ — ZI such that for all a, b in Z.Z', f(ab) =
f(@)+£(b).

b) Show that Z;' is isomorphic to Z .

c¢) Show that Z; is isomorphic to Z; X Z;.

Exercise 13.3. Let f : G — H a bijective homomorphism between groups.
Use multiplicative notation.
a) Show that for every a and b in H, there are unique x and y in G such that

x=f"a) and y=f"'(b),
where f~! is the inverse of f.
b) Show that (a) implies that

w=f"a) ' (b).

¢) Show that (b) implies that f(xy) = ab and thus xy = f~!(ab).
d) Conclude that f~! is also a homomorphism.

Exercise 13.4. a) Show that Z is isomorphic to Z3 x Z; .

b) Show that Zj is not isomorphic to Z;{. (Hint: find the elements of order
8)

c) Consider the residues modulo 16 with addition and multiplication and
verify that it is a ring.

d) Find the units (Definition 5.25) of this ring.

e) Show that the units of a (commutative) ring form a multiplicative
Abelian group.
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Exercise 13.5. a) Find a primitive root a modulo 26 (see Definition 5.5).
b) Find a primitive root b modulo 13.

c¢) Show that szé is isomorphic to Z{5. (Hint: let h map a' to b’ and show
that h is a bijective homomorphism.)

d) Use Theorem 5.7 to prove that for odd primes, Z;k is isomorphic to

75 ..
2pk

Definition 13.27. Given x = (xo,x1,--+ ,x,1)! € C". The discrete Fourier
transform is defined as

n—1 kom
)/C\m _ Z xk672n’z7 ,

k=0
form € {0, ,n— 1}. The inverse discrete Fourier transform is given by
1 n—1 R o
Xp=— Y Xpew
n =
m=0

Exercise 13.6. a) What are the characters of the group Z;?

b) Show that the composition of the discrete Fourier transform and the
inverse discrete Fourier transform of Definition 13.27 is the identity (i.e.
they are inverses of one another). (Hint: use Theorem 13.9 and equation
(13.2).)

¢) Set o := ¢*™x. Let F be the n by n matrix whose (m,k) entry is
o~ (k=D(m=1) "Show that the discrete Fourier transform is:

x=Fx.

d) From Definition 13.27, deduce the inverse F ! of the matrix F.

Exercise 13.7. a) What are the characters of the group Z, x Z,}?

b) What are the formulas in this case for the discrete Fourier transform and
its inverse? (Hint, think of this as a two-dimensional version of the Fourier
transform.)

Exercise 13.8. a) Use Theorem 13.9 and exercise 13.5 to construct the
characters of Z5 and ZJ.

b) Show that these characters basically correspond to the Fourier transform
of Definition 13.27, except that the x; are re-ordered (see also exercise
13.10).

Exercise 13.9. Proposition 2.20 is very similar to Proposition 13.15, but
the former was proved in two different ways. Give the “other” proof of
Proposition 13.15.

b) Is it sufficient for ) to be multiplicative (i.e. not completely multiplica-
tive)?
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Exercise 13.10. a) For any odd prime p denote by g its smallest primitive
root. Show that there is a bijection ind  : Z; — Z; | given by

ind,(g%) =a.

The value ind ,(x) is called the index of x relative top p. The prime root g
is called the base.

b) For every odd prime less than 20, choose the smallest primitive root as
base, and determine the indices of {1,2,---,p— 1}. Hint: as an example,
for p =17 with base 3, we obtain the following table

1 2 3 4 5 6 7 8 9 10 11 12 13 14 15 16

16 14 1 12 5 15 11 10 2 3 7 13 4 9 6 8
c) Prove that the indices behave like logarithms, that is:

indp(ab) =y ,) ind p(a) + ind »(b) and ind ,(a*) =g(p) kind p(a).

Exercise 13.11. In this exercise, we use indices (exercise 13.10) to solve
9% =17 8.
a) Use exercise 13.10 (c) to show that the equation above is equivalent to
ind17(9) +8ind 17(x) =16 ind 17(8).
b) Use exercise 13.10 (b) to show that (a) is equivalent to
8ind7(x) =16 8.
¢) Use Corollary 3.8 to find the solutions to this equation. (Hint: there are

8 solutions.)

Exercise 13.12. Show that for any k > 0 there are infinitely many primes
ending in k consecutive 9’s.

There are useful relations between the newly minted functions in this chap-
ter and their counterparts in Chapter 12. We prove the following lemma in
exercise 13.13

Lemma 13.28. Let g =[]_, pf" . We have the following equalities:

i) L(%],Z) = C(Z) Hp\q (1 _p;Z) )
i) Tluezy Zga(2) =E(&)*@ Iy (1—p7 DA
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Exercise 13.13. a) Using the Euler product of Proposition 13.15, show that
InL(x1,z) ==Y In(1—p %) +) In(1—p7%),
p pla

b) Show that (a) implies item (i) of Lemma 13.28.
¢) Show that

I_I Zq,a(z) = L(Xlaz)(p(q) H L(X7Z)Z(IX(‘1> .
a XF X

d) Show that (c) implies item (ii).

Many special cases of Dirichlet’s theorem can be proved without using the
machinery we have developed chapters 11 and 12 and applied in the current
chapter. We discuss these cases in the next three problems.

Exercise 13.14. Define S := {3+ 4k | k € N}. Assume there are finitely
many primes in S, namely {p1,-- -, px } and derive a contradiction. Denote

k
P=4]]pi and D=P—1.
i=1

a) Show that D is not prime. (Hint: D =4 3.)

b) Use (a) to show that D must have a prime divisor p; in S. (Hint: xy =4 3
iff one of x or y is congruent to 3.)

¢) Use (a) and (b) to show that there is a k such that

k
D=kpi=—1+4p;[]p;-
J#
d) Use (c) to derive that p; | 1, a contradiction.

Exercise 13.15. Define S := {1+ 3k | k € N}. Assume there are finitely
many primes in S, namely {py,---, px} and derive a contradiction. Denote

P=3[]pi and D=P*+P+1.

a) Show that D must have a non-trivial prime divisor » # 3 and r € S. (Hint:
D=31land D=, 1.)

b) Show that P3 =, 1. (Hint: P2 —1=(P—1)D.)

c) Show that Ord* (P) = 3. (Hint: if P> =, 1, then P =, 1 by (b) and so
D =, 3; the latter is impossible, because by (a), D =, 0 and r # 3.)

d) Use (a) to show that gcd(P,r) = 1 and so Pl =, 1. (Hint: Fermat’s
little theorem.)

e) Use (c) and (d) to show that 3 | (r—1).

f) Point out the contradiction. (Hint: if r € S, then r #3 1.)
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Exercise 13.16. For any g > 1, define S := {1 + ¢k | k € N}. Assume
there are finitely many primes in S, namely {p;,---,py} and derive a
contradiction. Denote

k gq—1
P=q[]pi and D=Y P.
i=1 i=0

a) Show that D must have a prime divisor r{ g and r ¢ S. (Hint: for any
divisor e > 1 of q, D =, 1 and similarly D =p, 1. Recall Bézout.)
b) For r as in (a), show that PY =, 1. (Hint: P1—1=(P—1)D and D = xr.)
¢) For r as in (), show that Ord* (P) = g. (Hint: by (b), d := Ord) (P) | q
if g=de withd,e > 1, then D = (Zd ! P’> ():f;ol Pi‘l) and so D =, 0;
the latter is impossible by (a).)
d) Use (a) to show that gcd(P,r) = 1 and so P'~! =, 1. (Hint: unique
factorization and Fermat'’s little theorem.)
e) Use (c) and (d) to show that g | (r—1).
f) Point out the contradiction.

Dirichlet proved a weaker version of Theorem 13.26 that does not use the
Tauberian convergence argument of Theorem 11.18. We discuss the proof
in exercise 13.17 below.

Theorem 13.29 (Dirichlet’s Theorem). Define S := {n € N : n =, a}.
Then

Exercise 13. 17 a) Use Proposition 13.15 to show that for real z > 1 and

X # X1, Xp p is bounded.
b) Use Lemma 13.16 to show that for Rez > 1

1

TP (TP O

p=q4a pZ ( EX P (P(q) x;&xl

¢) Use Proposition 12.11 (ii) and (13.9) to show that lim_;+ (X‘Z’Z) =1.
d) Show that (a), (b), and (c) imply Dirichlet’s theorem.

Definition 13.30. The natural density of a set S C T relative to T is

im Sx)
e ()
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where S(x) = card (SN [1,x]) and T(x) = card(T N[1,x]). The Dirichlet
density of a set S C T relative to T is

lim ZnES n¢

ANIF Yper 1°
Usually, the set T is understood to be the set of primes in N or N itself. The
Junction'y., p~* is sometimes called the prime zeta function.

Exercise 13.18. a) Show that forn > 2
1 1 r= 1
Z P <7/ xinzdxzil.
P npw nJi n(nZ - )
b) Use (a) and Lemma 12.10 to show that as z \, 17

In{(z) =) p~*+bounded.
Z

¢) Use (12.10) to show that as z \, 17
In{(z) = —In(z— 1) 4 bounded.

(Hint: h is analytic near z =1 and from (12.10), one easily sees that it is
negative for z near 1 and real.)
d) Use (b) and (c) to show thatas z \, 17

Z p “=—In(z— 1) +bounded.
P

e) Therefore

i Y, flpp™ . X, flp)p
im = lim

N\ 1T ZI’ p° N\ 1T —ln(z— 1)

The relation between natural density and Dirichlet density (Definition 13.30)
is somewhat subtle. If the natural density exists then so does the Dirichlet
density, but not vice versa. To establish the former, we prove Lemma 13.31
below in exercise 13.19. The other direction of this statement is not so easy;
it is established by way of a counter-example in exercises 13.20 and 13.21.

Lemma 13.31. Let A and B be non-empty subsets of N and a,, and b, are
their indicator functions. That is: a, equals 1 if n € A and 0 elsewhere, and
similar for b,. Furthermore, A(x) = ¥.,<, a, and similar for B(x). Now we
have for Rez > 1:

A = | aun
im AW g et G
x—o B(x) NIt Yo bpnt
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Exercise 13.19. a) Use Abel summation to show that for Rez > 1
Y amn® :z/ A dr.
n=1 1

(Hint: also use that A(x) < x.)
b) Show that the hypothesis of Lemma 13.31 implies that for all € > 0, we

have |A(x) — uB(x)| < €B.
c) Show that under the hypothesis of that lemma, we have that for all € >0,
[CA@ e ar

IZB@eTar * ' =

(Hint: write L as % and use (b).)

Definition 13.32. The logarithmic density of a set S C T relative to T is

—1
lim Yiesk<x k
¥ Yherher k!
Usually, the set T is understood to be the set of primes in N or N itself.
2@ 8 ® 32 ®

0 4 16

)
2 4 8 16 32 64 128 256

Figure 81. The set S consists of the natural numbers contained in in-
tervals shaded in the top figure of the form [22*~! 2%2"). The bottom
picture is the same but with a logarithmic horizontal scale.
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Exercise 13.20. We show that the set S depicted in top of Figure 81 does
not have a natural density (relative to N), but that it does have a logarithmic
density.

a) Show that the limsup of the natural density is at least 5/8 while the
liminf of the density is at most 3/8. (Hint: first, take the average up to the
green points in the figure, and then up to the blue points)

b) Use Figure 82 to show that

2"—1 1 2"m—1 o—m
5= L
j:O 2m+] j:O 1+j27m

|
:/O 1+xdx+rm:1n2+rm,

where r,, € [0,27""F1]. (Note: for Riemann sum, see [53]chapter 6.)
c) Use (a) to show that

k= % logyn In2+R(n) = %mn—i—R(n),
keSk<n
where |R(n)| < 2(1+1n2).
d) Use (b) and exercise 12.3 (c) to show that the logarithmic density of §
is 1/2. (Note: a much simpler heuristic argument gives that according to
exercise 12.3 the logarithmic density corresponds to redrawing S with the
horizontal coordinate logarithmic as in the bottom picture of Figure 81,
and then computing the density.)

£(0) |

f(1) e

Figure 82. Proof that jol f(x)dx is between ):’j‘-:l f(jdx)dx and
ZI;';(]) f(jdx)dx if f is strictly decreasing.
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Exercise 13.21. We show that if the logarithmic density of a set S (Defini-
tion 13.32) exists, then its Dirichlet density equals the logarithmic density.
a) Denote the elements of S by {ny,n;,---} and show that for Rez > 1

Yoot (Tkesaan k1) (0 2= (n+1)17%) =
nfl (n}fzf(nl+1)]_z+”'+(”2*l)l_z*"éiz)
() (P = G 1) e (= 1)1 )

+ (n;l +n51 +n§1> (néfz_ (341"t (g — 1)1%_”};1)

= ZnES n-c.

(Hint: nl_1 gets multiplied by (n'=% — (n+ 1)'72) for n > ny, nz_l by
(n'"2— (n+1)'7%) for n > no, and so on. The sums as given telescope
ton;! (11}7Z —ny ), (nfl +ny ) (ny 7 - néfz), and so forth.)

b) Show that if the logarithmic density of S (with respect to N) equals p,
then, by (a), we have

=

£t - (2 ) (o)

nes n=1

y <u Y k‘) (=)' ) =

n=1 k<n
= u Z n <.
neN
¢) Use (b) to demonstrate the statement heading this exercise.

To emphasize once again the similarity between our generalized zeta func-
tions and § of Chapter 12, we show that Z, , has no zeroes in Rez > 1. The
proof can be copied from exercise 4.24, provided you make the requisite
substitutions.

Definition 13.33. The function My, : N — Z is given by:

1 if n=1

Mya(n) = 0 if Jpprime with p#,aandp|n
’ 0 if  3Ipprime with p?|n
(=1)" if n=pi--p,and pi=4a

This the counterpart of the Mobius function of Definition 4.6.
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Exercise 13.22. a) Show that M, , is a multiplicative function. (Hint: com-
pare with the Mobius function in Chapter 4.)
b) Use Euler’s product formula and Definition 13.33 to show that in
Rez>1

1

Zoat ~ AL =)= 11 (Z Mq,a<p">pfz>.

p=qa p prime \i>0

c) Without using equation (4.7), prove that the expression in (b) equals
Yo>1 My a(n)n™. (Hint: since My is multiplicative, you can write a
proof re-arranging terms as in the first proof of Euler’s product formula.)

Exercise 13.23. Show that for g > 1 in N:

1/n
i — (19
'9( Il P) —

p<n,p=qa
if and only the prime number theorem for arithmetic progressions holds.
(Hint: see Lemma 13.25 (ii). See also exercise 12.26.)

In exercises 13.24 and 13.25, we prove partial versions of some remarkable
results knowns as Mertens’ theorems. These were proved 22 years before
the prime number theorem [47]. More details can be found in [32] [Section
22]. The version we give summarizes the statements given in [46].

Theorem 13.34 (Mertens’ Theorems).
D) limese (ngx tnp flnx) — _ By~ —1.3326.
i) 1imw (Epe 5 Inlnx) = By ~0.2615.

i) limy e (X<, In(1—p~') —Inlnx) = —7.

B and B3 are sometimes called Mertens constants , but also go by other

names. Y is the Euler-Mascheroni constant (see exercise 12.3).
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Exercise 13.24. a) Deduce from (12.4) and unique factorization that

1 1
S = Y - H{J Inp.
" pn T LP

(Note: we sum over both the relevant integers k and primes p.)

b) Show that
1 FJ <L
nlpk| = pk

¢) Show that (a) and (b) imply that for some K; > 0

1 Inp
Z 1) — -
‘n In(n!) 2

p<n

<Kj.

(Hint: Yiz0 p ¥ =1/(p(p—1)).)
d) Use exercise 12.4 (a) to show that there is a K, so that

1
— In(n!) -1
. n(n!)—Inn

<K;.
e) Conclude that R(x) is bounded where

R(x) := Z Inp —Inn.
p<n p

4.52
4.51
4.50
4.49
4.48
4.47
4.46
4.45
4.44
4.43

0 2.x10% 6.x10” 1.x 10%

x

Figure 83. The function In(In(x)) for x € [1,10%).
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Exercise 13.25. a) Leta, = 1“7" is n = p a prime and 0 else and set f(¢) =
1/1nz. Now use Abel summation (Proposition 12.16) to show that
Inp Inp
Ce Y s [ dr.
ng;c lnx e P 2 (lnt)2 ,;t p
b) Use exercise 13.24 (d) applied to the previous item to show that
x o1 *  R(t
Z, +—)+/ —dz+/ ()zdz
=P Inx 2 tlnt 2 (Inr)

¢) Conclude that

1
Z — =Inlnx+o(Inlnx).

p<x P
d) Compare (a) with exercise 13.18(d).
e) To appreciate how agonizingly slow the approach of Inlnx to infinity is,
approximate Inln 1010, (Hint: about 25).
f) To write that number — 1019 __ in full decimal notation in a series
of books, how many books would you fill? Assume that you write 2000
characters on a page and that 500 pages make one book.



Chapter 14

The Birkhoff Ergodic
Theorem

Overview. To fully understand and appreciate the proof of the Birkhoff
ergodic theorem, we have to dig a little deeper in analysis. We give the
necessary background in this chapter and then prove the theorem. It is rec-
ommended that you carefully read Sections 9.1 and 9.2 again before starting
Sections 14.1, 14.2, and 14.3 below.

14.1. Measurable Sets

We recall from Section 9.2 that if we have a space X and a collection X of
measurable sets, then the pair (X,X) is called a measurable space.

Definition 14.1. A function F : X — Y is called measurable function if the
inverse image under F of any measurable set in Y is measurable in X.

A measure U is a non-negative function from X to [0,e0] that is count-
ably additive on disjoint measurable sets (Definition 9.5). A triple (X, X, 1)
is called a measure space. A probability measure is a measure that assigns a
measure 1 to the entire space. It is time to refine our understanding of those
concepts.

Definition 14.2. A sigma algebra or G-algebra is a collection X of sets with

the following properties:

307
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0 € X and ¥ is closed under complementation and under countable union.
In any topological space, the smallest G-algebra that contains the open sets
is called the Borel sets (Definition 9.1).

Remark 14.3. Since (UjenA;)" = Nien A (exercise 9.1), we see that a 0-
algebra is also closed under countable intersection.

We are now in a position to give a more formal definition of a measure
(see Definition 9.5).

Definition 14.4. Let (X,X) be a measure space. A measure is a function [l :
Y. — [0,00] such that (@) = 0 and for every countable sequence of disjoint
(measurable) sets S;:

H(UZ, S1) =) u(Si).
i=1
If ¥ contains the open sets, then L is called a Borel measure .

Definition 14.5. Let X be a set and |1 : ¥ — [0,00] a measure. A set S C X
is measurable or, more accurately, [Ll-measurable if S € X. A function f :
X — R is measurable if for everyy € R, f~1((y,)) is in £. (Here, f~'(S)
means the inverse image of the set S)

Why is this so complicated? Recall from Section 9.1 that if we try to
assign a measure U on the real line consistent with our intuitive notion of
length, that is: intervals (a,b) must have “measure” b — a and the measure is
translation invariantl, we may run into trouble. In that section we showed,
using the axiom of choice, that we can construct sets (Vitali sets) that cannot
be assigned a measure. Thus we cannot assume that any arbitrary set is
measurable. So if we define certain abstract sets and want to talk about
their measure, we have to always be very careful that we didn’t leave the
sigma algebra of measurable sets.

In fact, the determination that certain combinations of measurable func-
tions are still measurable plays a significant role in the proof of Birkhoff’s
theorem. So let us have a closer look at this.

lThis is the Lebesgue measure.
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14.2. Measurable Functions

Not all functions are measurable. For instance, the function from R to itself
that is 1 on the Vitali set V (see Section 9.1) and zero elsewhere, is not
Lebesgue measurable. For a more interesting example, see exercise 14.3.

Suppose f is measurable. Recall that the collection of measurable sets
must be closed under complementation, countable intersection, and count-
able union. Since f~!((—eo,y]) is the complement of the measurable set
FH((,%0)), it is also measurable. f~!([y,)) can be written as the (count-
able) intersection Nyen £~ ((y — %,oo)), it, too, is measurable. Again, by
complementation, f~!((—oo,y)) is measurable.

Figure 84. Illustration of the fact that if Ay (x) = sup{f(x),g(x)},
then 15! ((y,0)) = (%)) Ug~ 1 ((3,%0)). Similarly, if h_(x) =
inf{f(x),g(x)}, then h~" ((z,0)) = £ ((z.)) Ng ™" ((z,%0)).

Itis easy to see that if f and g are measurable, then i(x) = sup{f(x),g(x)}
is measurable because 4! ((y,%0)) = f~1((y,00)) Ug~!((y,0)) (see Figure
84). Similar for inf{f(x),g(x)}. Almost as easy is the fact that also f+ g
and f - g are measurable. For the set

Ar i ={x | fx)>ri}n{x | gx) >r}
is measurable for all rationals r;, and therefore so is the (countable) union

of A,, , over those rationals such that r; +r, > y or such that r{r, > y.

Lemma 14.6. Let {f,} be a sequence of measurable functions. Then sup,, f(x),
inf, f,,(x), limsup,, f,(x), and liminf, f,(x) are measurable.

Proof. Set iy equal to sup, f,(x) and inf, f, (x), respectively. Then
R (0000) = Uny o (002)
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which proves the first case. The proof for /_ is same, except that the union
must be replaced by an intersection.

Set g equal to limsup,, f,(x) and liminf, f,(x), respectively. Since
g+ (x) = lim sup ()
n=3e0 ;s

and sup;-,, fi(x) is non-increasing (in n), we can replace the above limit by
the infimum, and use the above results for supremum and infimum to get

87 ((1,%0)) = Nzt Uiz £ ((3,20)).

And so g is measurable. A similar reasoning works for g_. |

Remark 14.7. As a result, the pointwise limit (if it exists) of a sequence of
measurable functions is also measurable.

14.3. Dominated Convergence

In this section, we prove — largely inspired by [8] — Lebesgue’s dominated
convergence theorem. This is a result of fundamental importance in its
own right. It is widely used not only in analysis but also in applications of
analysis to the study of partial differential equations and probability theory
among others. Here, we will need it to prove the ergodic theorem.

The following theorem says that almost everywhere pointwise” conver-
gence implies nearly’ uniform convergence, that is: convergence is uniform,
except on a set of small measure. See Figure 85.

Theorem 14.8 (Egorov’s Theorem). Let (X, X, 1) a finite measure* space.
Suppose that {f;} is a sequence of measurable functions on X, so that |
almost everywhere, f;(x) converges pointwise to f(x). Then for every € >0,
there is a set U € ¥ on which the convergence of f; — f is uniform, and so
that the exceptional set L(X\U) < €.

Proof. Let

App = {xeX:Vi>m, Ifi(x) = f(x)] <1}.

n

2pointwise convergence means that for x fixed, lim;_.. f;(x) = f(x).
3For the usage of the word ‘nearly’ here, see Section 14.4.
4A space with f1(X) < oo
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Figure 85. A sequence of functions f,(x) = x'/" that converge almost
everywhere pointwise to f(x) = 1 on [0, 1]. The convergence is uniform
onU = [g,1] for any € € (0,1).

We have A, € Apt1,n and Uy, Ay, covers all of X, except for a measure
zero set Z, (see Figure 85). Thus we can choose m,, such that
. €
#(X\Amm”) = I'L(A;nn.n) < ? )
where the superscript indicates the complement in X. For any x in the inter-

(14.1)

section of all A,,, ,, we have that for i > m,,,

[fi(x) = f(x)| < 1/n.
And thus on U := Ny>1 A, »,» We have uniform convergence. Within X, we
have -
X\U = (ngIAmn,n)c = UnZIA;L,,,na

And so, by equation (14.1) and subadditivity (9.1), u(X\U) < €. [

Next we prove first that integrable functions nearly live on sets of finite
measure and that integrals of measurable functions over small sets are small.

Lemma 14.9. Suppose g: X — [0,0| is measurable and integrable. Then:
i) for every € > 0, there is a set F of finite measure such fX\F gdu < e.

ii) for every € > 0, there is a & > 0 such that for all small sets S with
W(S) < 8, we have [¢gdu < €.

Proof. Let {y;} be a countable partition of the range of an integrable func-
tion g. Denote A; = g ' ({y : y>y;11}) and A; = y;1| —y;. From the
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definition of the Lebesgue integral (Section 9.2 and Figure 86), we see that
for every € > 0 we can choose a partition so that

(==} 8 (==}
Y uaa < [ gdu <5+ Y uiaa.
i=1 i=1
Since the sum must converge, we can truncate at some n to get
n n
Y w4 < [ gdu<e+ ) pana:. (142)
i=1 i=1

We may assume A; > 0 in this sum (the A; = 0 terms do not contribute).
The union F := U} A; must have finite measure (otherwise Y/ ; W(A)A;
would diverge). Now we compute

d :/ d —/ du<|e ADA; | — A)A = €.
./X\pg“ | gdu— | gdu <+,Ziu( )) ,;“()

We used both inequalities in (14.2) to derive the last inequality.

Figure 86. The definition of the Lebesgue integral. Let {y;} be a count-
able partition of the range of g. We approximate [ gdu from below by
Yiu (g’l ({y 1 y > yi+1})) Gi+1 —yi)- Then g is integrable if the limit
converges as the mesh of the partition goes to zero. The function y in the
proof of Lemma 14.9 (ii) is indicated in red. (Here u is the Lebesgue
measure.)

To prove (ii), denote by y the function whose value equals y; on A; (see
Figure 86). Let y, be the maximum of the y; (in the definition of A;) for
which the A; are positive. Then for any measurable set B with y(B) < &

/Bgdu:/B(g*y)du+/Bydu</X(gfy)du+/3ydu.
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Since [y ydu is simply Y7 | u(A;)A;, the first integral is less than € by
(14.2). The same holds for the second integral if we choose 6 so that y, § <
€. n

Theorem 14.10 (Lebesgue’s Dominated Convergence Theorem). Let { f; }
be a sequence of real valued measurable functions on (X,X,11). Suppose
that the sequence converges |l almost everywhere to f and that it is domi-
nated by an integrable function g so that for all k, | f(x)| < g(x). Then

lim/fkdu _ / lim f,du :/fdu.
k—soo k—yo0
Proof. For any set U € X, we have (using linearity of the integral)

‘/kad.u—/xfd.u‘ ‘/X\Ufkd.ll—/x\ufkdu+/ljfkdy—/ljfdy‘
/X\Ugdu +’/U(fk—f)dﬂ‘~

We consider the finite measure case (where U (X) < o) and the infinite mea-
sure case separately.

IN

2

When 1(X) < oo, we use Egorov’s theorem to choose the set U on
which we have uniform convergence so that u(X\U) < 8, where 8 is as in
Lemma 14.9 (ii). So for any 11 > 0, we can choose k large enough so that
the above inequality becomes

‘/kadu—/xfdu

Upon choosing 71 small enough, the result follows because p(U) < oo.

<2e+nuU)

In the case where u(U) is infinite, we need to do one step extra. Use
Lemma 14.9 (i) to find a set F C U of finite measure so that fU\F gdu <e.
The first inequality is now followed by

’/U(fk—f)du ‘/U\F(fk—f)du+/F(fk_f)du‘

IN

2A\ngu+‘/F(fk—f>du

The second integral can now be estimated in the same way as before.
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Remark 14.11. While we proved the theorem here for real valued func-
tions, it also holds for complex valued functions. One simply proves the
result for the real and imaginary parts separately.

14.4. Littlewood’s Three Principles

The subject of real analysis, and measure theory, and Lebesgue integration
in particular, overtook the older, more informal notions of length and Rie-
mann integration in part because extremely useful theorems like the domi-
nated convergence theorem simply do not hold in the older setting. Here is
a simple example to illustrate that.

Let f, : [0,1] — R be given by f,(x) = 1 if x € S, where
S, ::{]’{ :0<k<n and ogigk},

and f,(x) = 0 elsewhere. Clearly, each f, is Riemann integrable (having
only finitely many discontinuities). Also the f,, are dominated by g(x) = 1.
See Figure 87. However, lim, o [ f,dx = 0 while [ lim,_. f,dx is not

1

0 1413 12 2334 1

Figure 87. The non-zero values of the function f in red.

defined since lim, .« f;, is not Riemann integrable (as it has a dense set of
discontinuities). In exercises 14.5-14.8, we give other interesting “counter-
examples”. For now, note that if we switch to Lebesgue integration, there is
no problem because then lim,_,. f;, is integrable, and non-zero only on the
rationals (measure zero) and and so its integral is zero.

Nonetheless, this more powerful mode of reasoning seems very ab-
stract and for that reason it is difficult to develop an intuition in the subject.
It is perhaps comforting to know that at least some of the masters of the sub-
ject themselves recognized this. The most famous instance of this is formed
by Littlewood’s three principles [42].
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Each of these principles describes a desirable behavior that indeed
holds if only one excludes sets of arbitrarily small measure. This is ex-
pressed by the word “nearly”, which we encountered a few times in Section
14.3: we say that in these cases the behavior nearly holds.

e Every measurable set is nearly a finite union of disjoint open in-
tervals.

e Every measurable function is nearly continuous.

e Every pointwise convergent sequence of functions is nearly uni-
formly convergent.

The first principle is in fact Proposition 9.4 (ii). The third principle is
of course Egorov’s theorem (Theorem 14.8). For the second principle is vir-
tually all texts refer to Luzin’s Theorem (see below). However, Littlewood
himself mentions a slightly different theorem in this context, [42] [Section
4.1]. For completeness, we state Luzin’s theorem with only a sketch of the
proof.

Theorem 14.12 (Luzin’s Theorem). Ler f be measurable in (R,X, 1)
where X are the Borel sets and | is the Lebesgue measure. For every € > 0,
there is a small open set O of (Lebesgue) measure less than € so that f is
continuous when restricted to R\ O.

Sketch of proof. We approximate f by stepfunctions f;as in Figure 86, so
that almost everywhere f,, — f. The f,, are constant except on a exceptional
set E,, of measure zero where the discontinuities are located. By Egorov,
we now have that f,, — f is uniform except on a arbitrarily small set F'. So
we set
SZ:R—F—U/'E,,E".

Now on S, the continuous f;, converge uniformly to f and therefore f is
continuous® on S. Now all we need to do, is to approximate S with a closed
set C as in Proposition 9.4 (i) and let O be the complement of C. |

One must be careful in the interpretation of this last result: it does not
mean that the points of the R\S are points of continuity of f. As an exam-
ple, consider the function that is 1 on the rational numbers and 0 everywhere
else. As a function R — R, it is nowhere continuous, but it’s restriction to

5 This is proved in any introductory analysis course.
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the irrational numbers is continuous. Luzin’s theorem still goes a little fur-
ther, and asserts that we can contain the rationals in an open sets of arbitrary
small measure (exercise 9.3).

14.5. Weyl’s Criterion

To get us in the mood for the ergodic theorem, we first look at another
which is very often used in number theory. First, we need a basic result
from analysis.

Theorem 14.13 (Fejér’s Theorem, informal version). Let S be the unit cir-
cle parametrized by z = €™ in the complex plane. Let f : S — R be contin-
uous. Then for any € > 0 there is py(e*™) := Y™/ a,,e*™™ such that

|f(z) —pm(z)| < e

The full version of this theorem explicitly constructs the approximating
polynomials, see [41] [Chapter 12] or [3] [Chapter 11]. We will not prove
this result here, as that would take us too far afield.

In what follows, we let 1(,)(x) denote the function that is 1 if x is in
[a,D] and O elsewhere.

Theorem 14.14 (Weyl’s Criterion). The following are equivalent.
i) The real sequence {x,} is equidistributed modulo 1, i. e. for all a and b

K
lim X () = (0-a).
ii) For every continuous function f :R/Z — C,
1 & !
Jim e X ()= | .
iii) Forallm#0inZ
1 f eZm’mxk —0.

Proof. We first prove the equivalence of (i) and (ii). Since real and imagi-
nary of f can be dealt with in the same way, it is sufficient to consider only
the real case.
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Since f is continuous on a compact domain, it is uniformly continuous
(see [53]). So let {x;}", is a partition of the circle R/Z and ¢; € [x;,xi11],
then for any € > 0, we can choose a fine enough partition so that

m—1

fm(X) = Z f(ci)l[x,-?x,ur]](x)
i=0
and
|f(x) = fu(x)] < €. (14.3)
Now (i) implies that
1 K m—1
lim k; fla) = ig(,) flei)(xiv1 —xi) :/fmdx~

With (14.3), this implies that

N
lim E};}fm(xk)f/fdx < 2¢,

and (ii) follows. The reverse follows by approximating 1ja,b|] by the con-
tinuous function g, as indicated Figure 88. It is easy to see that (ii) implies

1{-

12+ 5 5

Figure 88. The functions l[a,b] in black and g¢ in red. € is the width
(indicated by two-sided arrows) of the regions where g, and the step
function do not agree.

.
I}E&E kg'l ge () :/ggdx:b—a.
Taking the limit as € tends zero establishes (i).

It is clear that (ii) immediately implies (iii). Thus we only need to prove
that (iii) implies (ii). Let f : S — R be continuous. Theorem 14.13 implies
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that for any € > 0 there is a py (™) := YM__,/ a,,e*™™ 5o that

1 . 1 .
/ f(627nx) dx _/ pM(eanx)dx _
0 0

If we also appeal to item (iii), we see that

(ezmx) dx—ap| <€

: 1 d 2TTiX; 2TTix; 2mx
,;g}jl;[f(e ©) — pu (e7™%) ,;lgg;Zf “)—ap| <e.
Comparison of the last two inequalities yields the implication. |

If T is ergodic with respect to Lebesgue, and if we set x; = T?(xo) and
f(x) := €2™™* Now, of course, item (ii) is exactly Corollary 9.13, which
says that time averages equal space averages. The standard example of
this is T (x;41) = x¢ + p where p is irrational, as we discussed at length in
Chapter 10. However, it is still amusing to give a very simple and direct
proof of this, based on Weyl’s criterion.

Indeed, it requires no more than than summing a geometric series to
see that

2mmx0 n—1

1 o 2mimkp _ €
- Timx _ mimkp __
Ly Y

=0

Since p is irrational and m # 0, we have that ¢*¥"P — 1 #£ 0, and so the
factor 1/n drives the limit to zero. (If m = O the left hand side immediately
yields one).

2TTimxg eZm'mnp -1

n g2mimp _ | °

A final remark is that in the proof of Weyl’s criterion, it might seem
more reasonable to prove (iii) implies (i). But there is a subtle obstruction
to an easy proof. Such a proof would express 1, ;) as a trigonometric sum
that converges uniformly. However, this is not possible. It turns out that if
we try that the trigonometric sum s(x) approximating functions with a jump
discontinuity always “overshoots” by almost 9%. This is called the Gibbs
phenomenon [3,26], and also goes by the name of ringing .

14.6. Proof of Birkhoff’s Ergodic Theorem

Our proof is based on [48] [section 9]. As before, we will denote iterates
under T by subscripts.

T(X()) =Xx1, T(T(X())) = Tz(xo) = T(xl) =Xx2,
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and so on. We also define the sums

S}(xo) =} f(T"(x0)).

1

=

Il
=

Remark 14.15. In this section, we work in a measure space (X,X,u). We
stipulate that 7 : X — X is a measurable transformation that preserves a
probability measure p and that f : X — R (or C) is an arbitrary p-integrable
function.

Proposition 14.16 (Maximal Ergodic Theorem). If for u-almost every x,
there is an n(x) such that S;(x) (x) >0(<0), then [ fdu >0(<0).

20y >

A g )
AUV R A=A

Figure 89. A plot of S;Z»(xg) for some fixed x forn € {0, ,N}.

Proof. Note that this statement holds for f with “>” if and only if it holds
for g = —f with “<”. So it is sufficient to prove only the > version.

First assume that n(x) is bounded (for almost all x) by some k > 0.
Then no matter how large we take N, there is some p(x) in {N —k,--- ,N}
such that S?m (x) > 0 (see Figure 89). We then have for p-almost all xp

Sy(x0> - S?(xo)(xO) —I—S;\-Fp(x())(xp) > _SC’C‘*P(xo)(xP) > _S‘l}‘ (Xn—k) -
Therefore, for -almost all x,
N

;f(Ti(x))z— Y (7).

i=N—k+1
Bearing in mind that y is invariant, we integrate this inequality. So by
Lemma 10.1, [ f(T'(x))du = [ f(x)du(x) and similarly for |f|. In this
way we obtain, after integrating, that N [ fdu > —k [ |f|du. But since
we may take N arbitrarily large, it follows that [ fdu > 0.
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Now, let k be arbitrary positive integers and define

flx) if n(x) <k
0 else

fi(x) =

We have |f;| < |f| and so the f; are dominated by |f| and since f is u-
integrable, so are the fj. Since the fj converge pointwise to f, we have

[ ran=1im [ fian>o.
k—yoo

by dominated convergence (Theorem 14.10). |

We will need the contra-positive of this result. Here it is explicitly.

Corollary 14.17. Suppose [ fdu <0 (> 0), then there is a set P of positive
p-measure such that for all x in P, S(x) <0 (> 0) for all n.

Under the hypotheses of remark 14.15, the statement of Theorem 9.10
is as follows.

Theorem 14.18 (Birkhoff or Pointwise Ergodic Theorem). The limit of
the time average

] 1 n—1 .
HICESIES W)
is defined on a set of full measure. It is an integrable function and satisfies
(wherever defined)

[ nwan= [ rodu.

Proof. We want to compute the limit of the time average of f. So let

{f)*(x) = limsup 1S;‘c(x) and (f) (x) = liminflS?-(x).

n—o N n—e n

By Lemma 14.6 and the comments immediately prior to it, (f)* are mea-
surable functions. First suppose they are bounded. Then they are also inte-
grable, because 1 (X) = 1.

Suppose that the following statement is false:

[ du= [ rau.
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Then, since (f)* and p(X) are bounded, there must be an € > 0 so that

[ nau< [r-eyan — [ () -rre)au<o.
X X X

By the contrapositive of the maximal ergodic theorem, this gives that there
are (a positive measure of) x so that S?f)*—f%(x) < 0 for all n. Now, it is
easy to see that S, = S+ S; and that (f) " is invariant along orbits. Thus

for any such x, we obtain that
1
n(f)” (x) = St(x)+ne <0 or (f) (x)< ZS’}(X) —€.

If we take the liminf as n — o on both sides, we arrive at a contradiction.
This establishes that

[du= [ ran. (14.4)
In a similar way (exercise 14.12), one derives that

[ fau= [ (. (14.5)

X X

Putting (14.4) and (14.5) together shows that if (f)* are bounded, then
[raus< [ fau< [ (.
X X X

and thus all three are equal. Since ()™ (x) > (f)~(x), we also have that
these two quantities must be equal except on a set of measure zero. This
proves that for almost all x, the limit of %S? (x) exists.

Now we drop the assumption that { f)* are finite. So let
Xo={xeX : —n<(f)"(x) <{f)"(x) <n}.

T maps X, to itself and so all hypotheses hold for X;, and therefore the above
conclusion holds for X, instead of X, and thus for X., = U, X,,. We are done
if X\ X, has p-measure zero. Now, X,, is measurable because (f)* are, and
so X.. and its complement are also measurable. Suppose the complement
has positive measure, then since f is integrable, there must be a ¢ > 0 so

that
/ —cdu </ fdu </ cdu.
X\Xeo X\ Xoo X \Xeo

We apply again the contrapositive of the maximal ergodic theorem, to get
that then there must be a (positive measure of) x in X\ X so that for all n
5

o)) >0 and S7;_\(x) <0 = —nc <Sj(x) <nc.
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But this contradicts the definition of X\ X. |

As mentioned in Chapter 9, it is frequently the following Corollary
which one has in mind when referring to Birkhoff’s ergodic theorem.

Corollary 14.19. A transformation T : X — X that preserves a probability
measure W has the property that every T -invariant set has measure 0 or 1 if
and only if for every integrable function f

n—1
im Y (0 = [ @) an

i=0
for all x except possibly on a set of measure 0.

O0-----9

(@)
|
Op-----20
+

Figure 90. The functions (X ) and p(X.").

Proof. By Theorem 14.18, (f)(x) is defined on a set of full measure. So let
X i={xeX :(fHilx)<c} and X':={xeX :(fHx)>c}.

Replacing x by an inverse image (under 7') of x does not change the value
of (f)(x), and so X are invariant sets. By the ergodic assumption, u(X,")
(as a function of ¢) must have measure O or 1, and is therefore an increasing
step function with the step of height 1 occurring, say, at ¢ = c_. Similarly,
W1(X") is a step function, with an decreasing step of height 1 occurring at
¢ = c4. See Figure 90.

If c_ < c4, then for any interval [cy,¢2] € (c—,cs+), we obtain that

p(X;,) = p(X;) = 1, which is impossible, since these sets do not inter-

sect. In the same way, if ¢4 < c_, then for any interval [c1,c2] € (c4,c-)
p(X;) = u(X;) = 0, which contradicts the fact that the union of X and
X, is the entire space and so must have measure 1. So ¢ = ¢4 = ¢o. Thus

(f)(x) = co on a set of full measure. And therefore Theorem 14.18 implies
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that [y f(x)du = [y (f)(x)du = co, which implies that time average equals
space average.

Vice versa, if T is not ergodic, then there are invariant sets X; and its
complement X, both of positive measure. Let 1y, be the function that is
1 on X; and O elsewhere. The time average (1x,)(x) is 1 or 0, depending
on where the starting point x is. In either case, it is not equal to the spatial
average [y 1y, (x)du € (0,1). [ |

In Section 9.3, we observed that ergodic measures are the building
blocks of chaotic dynamics. Thus transformations where there is a unique
ergodic measure are especially interesting.

Definition 14.20. A transformation T of a measure space is uniquely ergodic
if there is a unique Borel probability measure with respect to which T is er-
godic.

14.7. Exercises

Exercise 14.1. a) Show that g,(X) = sup;-,, fi(x) is non-increasing (in n).
b) Let f,(x) = sinnx. Determine limsup,, _fn(l). (Hint: use Lemma 10.6).
c¢) Show that the twin prime conjecture (Conjecture 1.29) is equivalent to
liminf, p,4+1 — pn = 2 (py, is the nth prime).

Exercise 14.2. a) Give a definition of a measurable function f from a topo-
logical space to C. (Hint: split up the real and imaginary parts and use the
Borel sigma algebra as measurable sets, then follow Section 14.1.)

b) Show that if ¢ is a constant and a real function f measurable, then cf is
measurable.

c¢) Consider the set V in Section 9.1 and show that it is not measurable.

d) Consider the function 1y which is 1 on points in V and O elsewhere.
Show that 1y is not measurable.
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Figure 91. Left: an impression of the function g(x) = ¢(x) 4+ x where

c(x) is taken from figure 54. Left: its inverse h:= g

—1is well-defined

but not Lebesgue measurable. Linear interpolated segments are colored

red.

Exercise 14.3. In this exercise, we exhibit a non-trivial function g that is
not Lebesgue measurable. The student should review exercises 9.8-9.13
for the properties of the Cantor function ¢(x). Define g(x) = c(x) +x so
that g : [0,1] — [0,2]. Its inverse is denoted by & (see Figure91). The

Lebesgue measure is denoted by .

a) Show that g is invertible and call its inverse h. (Hint: c is strictly in-
creasing on the Cantor set C, so g is strictly increasing on [0,1]).

b) Show that the complement O of g(C) is Lebesgue measurable, and that
w(0) = 1. (Hint: O is a countable collection of open intervals whose

lengths sum to 1.)

c) Use (b) to show that u(g(C)) = 1. (Hint: Corollary 9.6.)

d) Show that there is a non-measurable set W C g(C). (Hint: recall that
V C[0,1]; insert the pieces corresponding to O into [0, 1]. Bits of V will be
translated, but this does not affect their measure. When finished, you have
a non-measurable set W C g(C) C [0,2].)

e) Show that u(h(W)) =0, and so h(W) is measurable. (Hint: h(W) is

contained in C. Use Lemma 9.20.)

f) Use (a) and (e) to show that there is a Lebesgue measurable set Z such
that A~1(Z) = W and W is not measurable.
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Exercise 14.4. Explain why Henri Lebesgue wrote the following about his
method of integration (as cited by [29][ page 796]):

“I have to pay a certain sum, which I have collected in my pocket. I take
the bills and coins out of my pocket and give them to the creditor in the
order I find them until I have reached the total sum. This is the Riemann
integral. But I can proceed differently. After I have taken all the money
out of my pocket I order the bills and coins according to identical values
and then I pay the several heaps one after the other to the creditor. This is
my integral.”

Exercise 14.5. In this exercise, we show that the dominated convergence
with Riemann integration cannot be saved even by restricting to continuous
functions f : [0,1] — [0, 1]. Let f, be given as follows, see Figure 92. For
every pair (j,k) with ged(j,k) =1 and so that j/k € [0,1], define

} and fn(x) = Z h(j7k7x) :
i/l ]
ged(jk)=1
k<n

x_d
k

R (j,k,x) = max {07 1-n°

a) Show that f, is continuous and dominated by g(x) = 1. (Hint: show that
the minimal distance between the centers of any two “triangles” hy,(j,k,x)
defined in (a) is at least 1/n?.)

b) Show that lim,—ye. [ fdx = 0. (Hint: first give a rough estimate how
many rationals with denominator less than n+ 1 there are in the unit inter-
val.)

c) Let r € [0, 1] be an algebraic number of degree at least two. Show that
Roth’s theorem (Theorem 1.21) implies that for all € > 0

c(r,s)kl*8
n3 ’

J
)

k

d) Show that (c) implies that for every algebraic number r of degree at least
two, lim, f,(r) =0.

e) Use exercise 7.14 (e) to show that for this example dominated conver-
gence does not hold for Riemann integration. (Hint: show that the Rie-
mann integral of lim,, f, is not defined.)

f) Explain that if you use Lebesgue integration, there is no problem.

J¢(r,€) > 0 such that Vi cQ:

Exercise 14.6. Let fy(x) =nforx € [0,1/n] and 0 elsewhere and set g(x) =
1/x.
a) Show that g dominates the f;. See Figure 93.

b) Show that limy_,e. [ frdpt # [limy_e0 frdUt.
¢) Why do (a) and (b) not contradict Theorem 14.10?

Exercises 14.7 and 14.8 provide a more interesting illustration of the dom-
inated convergence theorem. Generalizing exercise 11.19, for fixed r >
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0 ik —

Figure 92. The function f, (in red) in exercise 14.5 is a sum of very
thin triangles with height 1. Each triangle is given by h,(j,k,x) (in

black).

1/4 13 1/2 1

Figure 93. The functions f, in exercise 14.6 and the function g (in red)
that dominates them.

1, consider the functions gi(x) = k"x*(1 —x) on [0,1]. Define Gy(x) =
sup;<x &i(x) and G(x) = sup; &(x)-
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Exercise 14.7. a) Show that g (x) is increasing on [0, ¢ +1] and decreasing
on [k%, 1].
- T L -
b) Show that g; has maximum &k (W) ~ ke, (Hint
limy_,o. (14+a/k)k = e%.)
¢) Show that g;_1(x) = gi(x) iffx € { , (kT) } and that
k

()2 (2

d) Show that gy (x) = ges 1 (x) iff x € {o (L) , }andthat

gk((HLl)r):(k+l)’<k+l) ( (k+1) )z(k—i—l)”lre*’.

e) Show that (k-H )r - ("*le ~ rk=2. (Hint: compute the first non-zero
term in the expansion of (14+x)~"— (1 —x)".)

f) Show that [ G(x)dx is “sandwiched” between the sum S of the areas of
the rectangles like the one shaded red in Figure 94 and the sum S, of the
red ones plus the green ones.

g) Use (c) through (f) to show that that there are functions ¢; and ¢; such
that

Si=c(Y & %2 and S =cr(n) Y (k+1)" k2.
h) Conclude that G is integrable iff r < 2.

2(k+1) &2 B NS
2k 2 -
N =
-1
0 y
1
0 (k=12 (ki(ks1)2 1

Figure 94. In this figure r = 2. We show the function gi(x) (red) on
[0,1] and its intersections. The sum of the rectangles like the one shaded
in red give a lower bound for | Gy dx while the sum of the red and green
rectangles give an upper bound.
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Exercise 14.8. a) Use exercise 14.7 (f) to show that the dominated conver-
gence theorem implies that for » < 2, we have

1 1
li dx = li / dx.
/O k;ﬂgﬂgk(x) w=lim gk (x)dx

b) What goes wrong for r > 27
¢) Show that

1 1
/ lim gg(x)dx =0 and / gr(x)dx =
0 0

k—>oo

kr
(k+1)(k+2)"
d) Why is (c) consistent with (a) and (b)?

Exercise 14.9. Let A be a compact collection of irrational numbers and
and {n;} a sequence of natural numbers whose partial sums satisfy

k
.S
Sy = ;  Where lim — =oo.
k i;”z k—oo k

Create a sequence {x;} of real numbers as follows. Choose an x( and
set ng =0. Forie€ {1,---,n}, let x; = x;—1 + &) where o € A; for i €
{S1+1,---,8}, letx; = x;_1 + 0p where o € A; and so on.

a) Show that for any fixed m # 0 in Z, there is a &, > 0 so that

min ‘ezmma - 1‘ > Ey.
acA
(Hint: the compactness of the set of irrational numbers is crucial.)

b) Show that

1 Skfl 1 n —1 . nkfl
- eZn’imx,, _ eZn'imxo Z eZm’mnal 4 +emexSki] Z eZm'mnak .
Sk n=0 Sk n=0 n=0

¢) Use the geometric series as in Section 14.5 to show that for each sum in

(b), we obtain
ny—1 eZﬂ.’[mn;(xk -1

Z eZﬂimnak _ _ .
= e2mimoy. 1
d) Use (a) and (c) to show that

np—

1
Z emen(xk

n=0

<2¢,!.

e) Use (d) and the condition on the partial sums to show that

1 Si—1

lim — 2T — ()
k—oo Sj ;O

f) Show that (e) and Weyl’s criterion imply that the sequence {x;} is

equidistributed modulo 1.(Hint: you need to pass from limy_,., Sik Zi";ol

to limg_,., % 25:0" so vary the value of the last ny.)
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Many number theory textbooks (correctly) state that the fractional parts of
f(n) =1np,, where p, denotes the nth prime, are not equidistributed. This
is slightly misleading because an unsuspecting student could be tempted
into wondering to what mysterious distribution the numbers the fractional
parts of In p,, would deign to converge to? The answer — perhaps somewhat
disappointingly — is that the logarithm increases so slowly that in fact those
numbers do not converge at all as we show in exercises 14.10 and 14.11.
We denote the fractional part of x by {x}. For a slowly increasing function
f:N— R and an interval J of the unit circle [0,1]/{0 = 1}, we define the
“hitting frequency” as follows:
Fy(0,n) = #{{f()}eJ for ie{l,--- ,n}} .

n

Note that if the fractional parts of { f(n)} converge to any distribution what-
soever, then there is a ¢ € [0, 1] so that lim,, . Fy(0,n) = c.

Exercise 14.10. In this exercise, we set f(n) :=Inn and let J = [0, + J)
be an arbitrary interval of length & in the unit circle. For K € N and ng,
choose n so that

fng) <K+a< fing+1) and f() <K+a+8< f(ng+1).
a) Show that

b) Assuming that lim,,_, Fy(0,n) = ¢, show that (see Figure 95)
nk Fr(0,n%) ~ng -c+ (nf —ng) - 1.
¢) Show that (b) implies that
0= lim Fy(0,n)—c=(1—c)(1—¢%).
K—o0
d) Conclude that the fractional parts of f(n) = Inn do not converge to any

distribution. (Hint: we can only get convergence if the the hitting frequency
converges to 1 for every interval J.)
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f(x)

Figure 95. A schematic illustration of the quantities defined in exer-
cises 14.10 and 14.11.

Exercise 14.11. In this exercise, we set f(n) := Inpy,, where p, are the
primes. The definitions of J, ng, and n’K are as in exercise 14.10.
a) Recall the prime counting function (defined in Theorem 2.21) and show
that

ng=7m (eK“") and ny=nm <eK+‘”5) .
b) Use Chebyshev’s theorem (Theorem 12.7) to show that there are positive
a and b (with a < 1 < b) so that for large enough K,

n a _sb _
_ feafeﬂ.

qK ‘=

ng

¢) Assuming that lim,_,.. F (0,n) = c, use the reasoning of exercise 14.10
to show that

b "a

0= lim Fy(0,nk)—c= lim (1—-c¢)(1—gg).
K—o0 K—o

d) Show that ¢ = 1 leads to a contradiction.

e) Show that a and b and J can be chosen so that limsupg_.., gk < 1.

f) Show that for any interval with the choices as in (e), we must have ¢ = 1.
2) Let {/;} be a finite set of intervals as in (f). Show that the hitting fre-
quency in J := N/; must be be 1.

h) Show that the intervals in (f) can be chosen so that they have empty
intersection.

Exercise 14.12. See the proof of Theorem 14.18.

a) Show that S]”c+g = S;’c + 8%

b) Show that (f)~ is invariant along orbits.

¢) Use (a) and (b) to show that S?f)*ff% (x) =n{f)~(x) = SH(x) + ne.
d) Use (a), (b), and (c) to deduce a contradiction from € > 0 and

liminf(f)™ (x) < linrgior‘}f (%S}(x) - 8) .

n—o0
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Exercise 14.13. See the proof of Theorem 14.18.

a) Show that 7 maps X, to itself.

b) Use the results in Section 14.2 to show that X\ X., is measurable.

c) Show that under the hypotheses of the proof, there must be a ¢ > 0 so

that [y\y_(f—c)dp>0.

0 13 1/2 1

Figure 96. A few branches of the Liiroth map T of exercise 14.14. The
names of the branches are as indicated in the figure. The Liiroth expan-
sion of x €)0, 1] is [ay,az, - -], where the ith digit a; equals k if 7! (x)
falls in the domain of the kth branch.

Exercise 14.14. The Liiroth map T : [0,1) — [0, 1) is defined by

) = n(n+1)x—n, ifxE[#,%)
0 if x=0
where n > 1. See Figure 96.
a) Show that T preserves the Lebesgue measure and is ergodic. (Hint: see
Theorem 10.9.)
b) Show that for almost all x, the digit k defined in Figure 96 has a fre-
quency of m in the expansion of x for k > 1.
¢) Show that almost all x have Lyapunov exponent (Definition 10.19)
> Ink(k+1)
Ax)=) ——2 ~2.05.
®= L T

(Hint: see exercise 10.23.)



332 14. The Birkhoff Ergodic Theorem

Exercise 14.15. This exercise relies on exercise 14.14 and Section 6.6.
Let bi(x) : I — [0,1) be the branch of T*~! such that x € Iy, then the
kth convergent [ay,--- ,a;] of x is the (unique) endpoint of I that maps to
zero under T¥ (see Proposition 6.16). The branches of T are labeled as
indicated in Figure 96. For simplicity, we note (without proof) that the kth
convergent is always a rational number also denoted by py/qx. The Liiroth
expansion of a number x € [0, 1) is the list [ay,a, - - -] where q; is the label
of the branch in whose domain T~ !(x) is located. For more details, see
[9].

a) Show that

where |I;| is the length of ;.
b) Show that 7% : [ — [0, 1) is an affine bijection.
¢) Show that

| < o= 2%

< Il

(Hint: by maps I affinely onto [0,1) (see Figure 97) and so the sub-
intervals of I, have the same proportions as the sub-intervals of the unit
interval in the Liiroth map of Figure 96.)

d) Use (b) to show that
k=1 .
n—— =Y 1n]aT(TJ(x))‘ .
‘Ik‘ j=0

(Hint: see exercise 10.21; here we use the same notation.)
e) Use (c) and (d) to show that

Pk
x— 25

9k
where A (x) is the Lyapunov exponent (Definition 10.19) of T at x.

1
lim — In
k—yoo

= 72’()6)7

Exercise 14.16. This exercise is based on exercises 14.14 and 14.15.

a) Compare the almost everywhere convergence of the continued fraction
convergents with the Luroth convergents. (Hint: one is alternating and
converges faster.)

b) Can you venture an intuitive explanation for the faster convergence?
(Hint: look at T? in both cases.)
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1
X

0
POy 1,
Ik

Figure 97. A few branches of the k + Ist iterate of the Liiroth map 7’
restricted to the interval I;. In red a branch of 7% and in black a few
branches of T¥+1,

Exercise 14.17. Two measures v and p are said to be in the same mea-
sure class if they have the same sets measure zero sets. Suppose we fix a
measure class and are given that T is ergodic with respect to an (unknown)
ergodic measure in this class.

a) Given a set S and its characteristic function {1}g. Show that u(S) =
[{L)sdu.

b) Use (a) and Corollary 14.19 to show that

] 1 n—1 ;
= Jim L),
¢) Show that this determines the measure L.
d) Show that if there was another ergodic measure p, then it would live
entirely in the sets of y-measure zero. (Hint: see Corollary 9.15.)

u(s)

As noted before, in the more common definition of ergodicity (Definition
9.12) “weak invariance” is replaced by the “strict invariance”. In exercise
14.18, we show that these notions are in fact equivalent. We assume that T
is ergodic with respect to the (invariant) measure U.
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Exercise 14.18. a) Show that ergodicity with weak invariance implies er-
godicity with strict invariance. (Hint: this is trivial.)

b) Now assume that T is “strict invariance” ergodic with respect to the
measure U, and let Sy be a weakly invariant set of positive measure. Show

that .
S=UT7(S0),
k=0i>k
is strictly invariant. (Hint: x € S if and only if x € T*(So) for infinitely
many distinct k.)
¢) Denote the symmetric difference by A (see Figure 98). Show that for

k>0 : w(T*1(So)AT*(Sp)) =0.

(Hint: for k = 0, this follows from the definition of Sy, then use the fact
that T preserves [L.)
d) Use (c) and Figure 98) to show that for

k>0 : (T *(Sp)ASy) =0.
e) Show that
SASy € | T7(S0) 8o
k>0
f) Use (c) and (d) to show that 1 (So) = p(S). (Hint: T preserves measure.)
g) Use ergodicity to show that (t(Sp) has full measure.

Figure 98. Left: the symmetric difference of two sets A; and A, is
A1 AA; = (A] UA2)\(A1 NAz). On the right side, we illustrate that
A3A\A] is contained in (A3AAz) U (A2AA}) (green).

Exercise 14.19. Suppose T : X — X where X is a compact, metric space.
If T has a periodic orbit O, exhibit a (discrete) invariant measure { which
is ergodic. (Hint: for any set A not intersecting O, U(A) = 0. See also
Section 9.4.)
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Exercise 14.20. For this exercise, assume that the linear combinations of
the functions > are dense in the set L!(R/Z) of integrable function
on the circle. (Let f be integrable, then for every € > 0, there is a finite
combination f of multiples of > so that [ |f — f|dx < €.)

a) Show that the Lebesgue measure is ergodic and measure preserving if
and only if forallm #0in Z

1l
lim — Z emeT (x) 0.
n—oon =0
(Hint: use the proof of Theorem 14.14.)
b) Show that T in (a) is ergodic if and only if {7%(x)} is equidistributed.

We saw in Section 9.4 that a given transformation 7 may have uncountably
many coexisting invariant measures. The Krylov-Bogoliubov theorem (see
[38]) states that a continuous map 7 from a compact metric space to itself
has an (at least one) invariant Borel probability measure. Exercise 14.21
gives a counterexample if we drop continuity.

Exercise 14.21. T :[0,1] — [0,1] is given by T'(x) = x/2 if x > 0 and
T(0) = 1. Assume that there exists an invariant probability measure (i sat-
isfies u(T~1(A)) = u(A) and such that u is defined on all open sets.

a) Show that if u((1/2,1)) = p > 0, then p((0,1)) is unbounded, a con-
tradiction. (Hint: use Definition 14.4.)

b) Show that (a) implies that all measure must be concentrated on the points
{277}z and {0},

¢) Show that if any of the points in (b) carry positive measure, then we also
get a contradiction. (Hint: similar to (a).)

d) Conclude that it is impossible to consistently assign an invariant mea-
sure to open sets.

e) Show that there does exist an invariant measure on the trivial sigma alge-
bra. (Hint: what is the smallest 6-algebra possible under Definition 14.2?)

Exercise 14.22. T :[0,1] — [0,1] is given by T'(x) = x/2.

a) Show that 7' has a unique invariant Borel probability measure, namely
w({0}) = 1. (Hint: use the strategy of exercise 14.21.)

b) Show that with respect to the measure in (a), 7 is ergodic.

¢) Show that T is uniquely ergodic (Definition 14.20).

Proposition 14.21. Suppose T : X — X where X is a compact, metric space.
If T has a unique invariant Borel probability measure |, then that measure
is the unique ergodic measure for T.
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Exercise 14.23. We prove Proposition 14.21 as in [38] [Section 4.1]. For
any measurable set A, define the conditional measure py as

K(ANB)
Assume that there is an invariant measurable set S with 0 < u(S) < 1.
a) Show that ug is an invariant measure.
b) Show that fiy\ s is an invariant measure.
¢) Show that the measures in (a) and (b) are distinct. (Hint: what is the
measure of S?)
d) Show that (c) contradicts the hypothesis of Proposition 14.21.




Chapter 15

The Unsolvability of the
Quintic

Overview. In 1963, V. 1. Arnold proposed a proof with a topological flavor
of the insolvability by radicals of the quintic that was (supposed to be) ac-
cessible for high school students. The proof is notable in that it uses much
less algebra than the traditional proof based on Galois theory. It also has the
advantage that it is conceptually much clearer.

To our knowledge this proof made the (English language) press only in
2004 in [2]. It was the subject of a paper [59] in the Monthly as recently as
2022. We will give a proof loosely based on these recent publications.

15.1. Solvable Groups

We start by defining the permutation group on n symbols. Recall that a
permutation

Definition 15.1. The group of permutations of {1,--- ,n} is denoted by S,.
These groups are called symmetric groups.

The reason for that name is as profound — in this context — as it is
obvious. Given a polynomial f of degree n, it has n roots counting multi-
plicity. Typically these roots are distinct. They do not come in any specified

337
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order, so if we permute them, they still are the roots of that exact same poly-
nomial f. Thus the group of permutations on n (generally) distinct roots are
a groups of symmetries of the polynomial f.

The identity element {e} of a group G is a normal subgroup. Thus if G is
Abelian, then the ‘quotient’ G/{e} is obviously also Abelian. In this sense,
the following definition can be seen as a generalization of Abelian.

Definition 15.2. A group G is solvable if it has subgroups G; with
{e}:GmgGmfl"' CGyo=aG,

such that G; is normal in Giyy and, furthermore, Gi11/G; is Abelian for
ic{0, - ,m—1).

The denomination solvable is, again, no coincidence. As we shall see,
the polynomials of degree 4 and less can be solved by radicals (defined
below) precisely because the group of permutations of the 4 (or less) roots
has the above property of being solvable. This is not true for the group of
permutations of 5 (or more)elements, and hence, the general quintic is not
solvable by such elementary means.

In an alternative definition of a solvable group, the requirement that
Gi+1/G; is Abelian is replaced by the requirement that G;;1/G; must be
cyclic. However, by the fundamental theorem for finite Abelian groups
(Proposition 13.3), this is the same thing.

We recall that a subgroup H of G gives rise to a quotient group G/H if
and only the subgroup is normal (Definition 7.30). In this case, the cosets
Hx partition the original group G. It follows that the order of H is a divisor
of the order of G. Among other things, it also means that cosets can be
multiplied and left and right cosets are the same. So for x and y in G:

HxHy=Hxy and Hx=xH. (15.1)

Now G/H is Abelian if and only if for all x and y, HxHy = HyHx, or,
equivalently, HxHy(Hx)~'(Hy)~! = H. This always holds if and only if
elements of the form xyx~!y~! are in the subgroup H. See exercise 15.5

and, for more details, Chapter 15 of [54].

Definition 15.3. Elements of a group G of the form aba='b~" are called
commutators of G. The subgroup generated by the commutators is called
the commutator subgroup or the derived subgroup and indicated by [G,G].
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Lemma 15.4. The commutator subgroup is normal.

Proof. We use Definition 7.30. It is easy to see that
xaba b7 x7 = (xax_l) (xbx_l) (xa_lx_l) (xb_lx_l) ,

which is again a commutator and is thus in the commutator subgroup. The
same works for a product of commutators (exercise 15.1). |

Two important remarks are in order here. The first is that the com-
mutator subgroup contains the commutators, of course, but may contain
other elements as well (exercises 15.2 and 15.3). The second is that group
G/[G,G] is, in a sense, the ‘Abelian part’ of G. So the smaller the derived
group is, the ‘more’ Abelian G is.

If a finite group G “lacks” solvability, it must be because at some point,
the commutator subgroup Giy; of G; stopped becoming smaller than G;
itself. In other words, the commutator subgroup of G; is equal to itself.
Thus a natural way to test if a group G := Gy is solvable, is by considering
the sequence of commutator subgroup Gi; := [G;,G;]. If we start with
a finite group, this sequence of subgroups of decreasing must eventually
end with G,,+1 = G, for some m. If G,, consists of the identity, then G is
solvable. If G, is a non-trivial group, then G is not solvable.

Definition 15.5. The descending series of normal subgroups,
G =Gy>GI>-Gy>--,

where each group is the commutator subgroup of the previous entry, is
called the derived series. Here we used the standard notation G1> H for
H a proper normal subgroup of G.

Definition 15.6. A simple group is a group with no non-trivial normal sub-
group. A perfect group is a group that is generated by its commutators.

Thus the commutator subgroup of a simple group must be equal to the
identity or to itself. In other words: that group is perfect. The reverse,
however, is false as be seen in exercise 15.4, where we show that SL,(R)
has a non-trivial normal subgroup, even though its commutator subgroup
equals the whole group.
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At this point, the reader could be excused for fearing that a (finite)
group G might admit several very different and non-unique descending se-
ries of proper subgroups. But it turns out that if at every stage you quotient
by the maximal proper subgroup, the sequence is essentially unique. This
general statement is called the Jordan-Holder theorem , see [10]. Applied to
cyclical groups Z,, this yields the unique factorization theorem (Theorem
2.11). The Jordan-Holder theorem can, in fact, be seen as a generalization
of the unique factorization theorem.

15.2. The Derived Series of S,,

Recall that a permutation on n symbols can be written as a product of a
number of transpositions. The parity of the permutation indicates whether
that number is even or odd and is well-defined (see exercise 15.7). In
what follows, we assume the reader knows cycle notation for permuta-
tions; details can be found [54]. To avoid ambiguities, we only remark
that o = (bdce)(abc) is read as follows: ¢ maps b first to ¢ and then to e,
so o(b) = e, and so forth. See Figure 99.

Figure 99. The permutation ¢ = ro g consist of first applying the green
cycles g and then the red cycle r.

Definition 15.7. A alternating group of degree n is the group of even per-
mutations on n symbols. It is denoted by A,,.

Proposition 15.8. A, consists of products of 3-cycles. Furthermore, the
commutator subgroup of Sy, forn > 2 is Ay: [Sy,Sn] = A
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Proof. Given a permutation in A,. Since it is even, we can write it as a
composition of pairs of transpositions. There are three possibilities for each

pair:
(ab)(ab) = 1T
(ab)(bc) = (abc)
(ab)(cd) = (abc)(bcd).

Thus every even permutation can be written as a product of 3-cycles.

On the other hand, every 3-cycle can be written as a commutator. This
can be most easily seen by realizing that a transposition is its own inverse,
and so

(ab)(ac) = (ach) = (ab)(ac)(ab)(ac) = (abc). (15.2)

Thus every element of A, can be written as a product of 3-cycles and there-
fore of commutators. Furthermore, the number of transpositions in a com-
mutator must be a multiple of four and so their product must be in A,,. W

Proposition 15.9. Forn > 5, A, is perfect: [Ay,A,] = A,

Figure 100. Denote the red 3-cycle by r and the green by r. The com-
mutator »~'g~rg equals the 3-cycle (123).

Proof. The crux here is that if we have at least five symbols at our disposal,
we can write every 3-cycle as a commutator of even permutations. From
(15.2), we see that every 3-cycle is a commutator. So it is sufficient to
write an arbitrary 3-cycle as a commutator of 3-cycles. From Figure 100
we conclude that the cycle (1,2,3) can be written as

(235)(421)(532)(124) = (532) 7' (124)71(532)(124) = (123).

We need to use two ‘extra’ symbols (4 and 5) to do this. |
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This gives us the derived series for S,, with n > 5, that leaves the cases
n € {2,3,4} open. Now S, has only two permutations, namely the identity
and (12). Its derived series is S» > {e}. S3 has 3! = 6 permutations. By
Proposition 15.8, Az is generated by the 3-cycles and so it must consist of
(123) plus its iterates. This group has three elements. The order of any
normal subgroup must be a divisor of 3, and therefore can only be Az or
the identity I = {e}. A trivial check shows that the latter is the case. That
leaves only Sy to be analyzed.

Lemma 15.10. Let V = {1, (12)(34), (13)(24), (14)(23)}. We have [A4,A4) =
Vand [V,V] = {e}.

®2 conjugate by s

Figure 101. The effect of conjugating a permutation p by the reflection
s in the dotted line.

Proof. We start by noting that the commutator subgroup V is invariant un-
der conjugation by Lemma 15.4. Thus if p € V then for any s € A4, we have
that p, := sps~! is in V. It follows that (see Figure 101)

if p:i— j then p;:s(i) — s(j).

Next, we use that A4 is generated by 3-cycles to compute one element

of [A4,A4] .
(123)(234)(321)(432) = (14)(23).

But by the previous paragraph, relabeling will give another element of
[A4,A4]. All relabelings plus the identity give the elements in the state-
ment of the proposition. Since we the order of [A4,A4] must be a non-trivial
divisor of 12 (the order of A4), we can have at most two more elements in
[A4,A4].

If [A4,A4] had any other element, it could not be a single 2-cycle or
a 4-cycle (they have the wrong parity). So it would have to be a 3-cycle.
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In view of the first paragraph, this gives more than two elements (see also
exercise 15.9), which completes the proof. |

The main result of this section now follows.
Theorem 15.11. We have the following derived series:
Sy {e}
S3>Az > {e}
S4>As>V > {e}
Vn>4:8,>A,.

Proof. This follows immediately from putting all results in this section to-
gether. |

Remark 15.12. We can naturally associate a sequence of Abelian groups
to each derived series, namely

Sy /{e} =7,
S3/A3 =7, , As/{e} 2 Zs
Sa/As =T, Ay)V 275, V/{e} 2 Ty x Ty
Yn>4:8,/A,=7,.

15.3. Solving Cubic and Quartic Equations

We all know how to solve for the roots of linear and quadratic polynomial
equations in C and are probably aware of the fact that there are general
formulas for the roots of cubic and quartic polynomials. However, these
general formulas are sufficiently complicated (see [55, 56]) that they have
little or no practical use. What is interesting, though, is that at n = 4 it stops:
there exist no general formulas for n > 5 that beside continuous functions
involve finitely many radicals!

To understand this better, we first look at the formulas for the roots of
cubic and quartic polynomials. We consider polynomials with coefficients
in a field. In fact, we will assume the field to be C. The field operations
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are, of course, addition, subtraction, multiplication, and division. To these
operations we add taking an nth root (specifying which one).

Definition 15.13. An equation is solvable via radicals' if its roots are func-
tions of the coefficients that use only the field operations and (specified) nth
roots.

We now consider a general degree n polynomial ¢(z) :== Y1, ciz'. We
start by simplifying the problem.

Lemma 15.14. [fwe can find the roots of the general depressed polynomial

p(z) ="+ ):;Z;OZ a;7, then we can find the roots of the general polynomial
q(z) = Yigci.

Proof. Since the coefficients are in C, solving ¢(z) = 0 is equivalent to

solving z" 4 Z:‘:_Ol %zi = 0. Next, eliminate z in this polynomial in favor of
X, where?
Cn—
r=x— 2t (15.3)
ney

It is a straightforward computation to check that the term of order n — 1
cancels and the polynomial now becomes

a1 noo . en1 n—1
()C ney ) cn (x ney ) +

(x"—c'énlxnl _’_(g):%éxnz_,_...) 4 Gnzt (x"fl _ (”’1)0"*1)5’1*24'_...) 4.

Cn ncy

MY da,

upon suitably defining the a; in terms of the ¢;. So arootx* = F(ay,--- ,a,-2)
of p(x) corresponds to a solution
Cn—1 Cpn—1
Z*:-x*_ u :F(a17"'7an—2)_ z 9
ney ney
where the a; are defined in terms of the c;. [ |

Lemma 15.15 (Viete’s Formula). Two numbers x4 in C satisfy

X_+xy=-b and x_xy=-—c,

1A radical is an nth root; radix being the Latin word for root.

2tis important to note that this might not work if the coefficient are in some other field, such as as a
degree p polynomial with coefficients in I, (see Chapter 5). The number p satisfies p- 1 = 0 in this field.
Such a number the characteristic of the field, or ring. It is zero if there is no natural number p satisfying that
equation, as in the case of Z or C.
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if and only if
b b?
— :l: _
TR EN e
Proof. Both x_ and x can be seen to satisfy x(—b —x) = —c. This has
precisely the two indicated solutions. Vice versa, it is easy that the two
relations hold. u

Now we turn to the cubic equation and set p3(x) = x> +ajx +ay. First,
substitute x = x_ +x. After a slight rearrangement of the terms, we get
the following equation for the roots

pa(x- +xy) =2 410 4 (a1 +3x_xp ) (x_ +x;) +ag=0.

We can solve this if

I
X 4+ = —ag and XXy =-= and so
3,3 3.3 aj
X +xi1 =—ag and R

2 3
@:—%i %+%. (15.4)
So x4 are third roots of this expression, and the roots x* of p3 are
X=x_0_+x; 04, (15.5)
where @, are third roots of unity and must chosen so that also x_x; = — %‘

is satisfied. There are exactly three such third roots, so if we choose w_,
then @, is uniquely determined. Thus this gives three solutions of the cubic
equation p3(x) = 0.

Moving along to the quartic equation, after reducing the equation as
before, we set py(x) = x* + arx® +ajx +ap. If a; = 0, then we apply the
usual quadratic formula to get two solutions for x> and hence four solutions
for x. So assume that a; # 0. To solve for the roots, we try to equate p4(x)
to a product of quadratic equations, as follows.

pa(x) = (P —yx+b) (P +yx+c) =x* + (= +b+c)x> + (b—c)yx+be.
(15.6)
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For this to hold, we need that
b+c:y2+a2 and b—c= il and bc=aqyg.
y
Note that we may assume that y # 0 (because a; # 0). The first two of these
three equations can be used to deduce that

1 1
b—<y2+a2+al) and c—<y2+a2al) (15.7)
2 y 2 y
Substitute these into bc = ag to get

2

a a a
<y2+a2+ yl) (y2+a2 — y1> —dag =y*+2ayy* + (a3 —4ag) — y—é =0.
(15.8)

This is a cubic equation in y>. We can use the cubic formula to solve and get
6 possible values for y. Pick any non-zero value for y and compute b and ¢
from (15.7) (and check that bc = ag). Finally, substitute these values into
(15.6) and solve the quadratic equations. Notice the somewhat mysterious
fact that any non-zero value for y must give the same four solutions, as there
are only four solutions by the fundamental theorem of algebra (Theorem
11.21).

We will see in exercises 15.10 and 15.11 that the practical implementa-
tion of these schemes is far from trivial. In practice one either ‘guesses’ one
or more roots of such equations or uses a numerical scheme to approximate
solutions to arbitrary precision, such as Newton’s method.

15.4. Monodromy

One more piece of information is needed to finalize the proof of the non-
solvability of the quintic. This goes by the name of monodromy. This is
a rather technical and very important concept. Luckily we only need the
basic material as it relates to taking nth roots in the complex plane.

For concreteness, we let p : z — 7" for n some integer greater than 1. A
loop in C is a continuous path « : [0, 1] — C whose endpoints are the same
(dqoted as the base-point). Choose a (non-zero) base-point in C, say 1.
Consider loops with 1 as its endpoints. Furthermore since under p, every
point has exactly n inverses, except 0, we want our loops to avoid 0. So we
consider loops in C\{0} based at, say, 1. To every loop o avoiding zero,
there is a well-defined integer k we can assign to it that counts the number of



15.4. Monodromy 347

Figure 102. Two loops in C\{0} based at 1 that wind around 0 exactly
once. The red arrows indicate how the outer curve can be continuously
deformed in C\{0} to the inner curve.

times it circles around the origin in the counter-clockwise direction. This is
called the winding number of the loop. It turns out that any two curves with

the same k can be continuously deformed into one another. We illustrate
this in Figure 102; details can be found in [50], Chapters 9 and 10. This
continuous deformation defines an equivalence relation on loops in C\{0}
based at 1. This is called homotopy equivalence .

Definition 15.16. The set of loops in C\{0} based at 1 and up to homotopy
equivalence is called the fundamental group of C\{0} relative to the point
1. It is denoted by m (C\{0},1).

Since in this example all loops with the same winding number are (homo-
topy) equivalent, the fundamental group 7; (C\{0}, 1) is just Z.

It is clear how loops map under p, as p is a well-defined continuous
function. The problem is when we try to define the image of a loop «
around O under its multi-valued ‘inverse’, {/z. Informally, here is how we
do it. We refer to Figure 103. The complete inverse image of the base-point
under p, or p~'(1), is called the fiber of 1 under p. In this case, the fiber of
1 consists of the n points a; := 2™/, ¢ € {0,--- ,n—1}. Suppose the loop
a has base-point 1 and runs around zero exactly once. Choose one of the
points in the fiber of 1, say a,. Take some small neighborhood of 1 so that
its inverse images under p around the a; are disjoint. Then locally in each
of these inverse images, the map is invertible. In particular, we can draw the
inverse image & for some small 7 € [0, €] such that &(0) = a,. By chopping
up all of ¢ into small pieces, this process can be continued until we have an
inverse image & of o with &(0) = ay. This is called a lift of & and has the
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Figure 103. The curious behavior of lifts loops based at 1 through a
4th root. The fiber of 1 is {1,i,—1,—i}. The green loop on the left
has winding number 1 and lifts to curves whose endpoints are not the
same. We exhibit one lift based at 1 and one based at -1. The red loop
on the left has winding number 0 and lifts to loops: we exhibit the ones
based at 1 and -1. The blue neighborhood on the left lifts to disjoint blue
neighborhoods on the right. Restricted to these local neighborhoods, p
is invertible.

property that p(é&) = o. What is important — and should be clear — is that
in a lifted path &, the endpoints do not necessarily coincide anymore.

What happened here is that the loop o induces a permutation on the
fiber of its base-point. In the case of nth roots, it is easy to see> that if
a has winding number £, then its lift & based at a; is a curve from a; to
A(i+k) modn- We can think of this as the action of the winding number on
the points of the fiber p~!(1). In this case, we see that this action is a cyclic
permutation of those points and they form a group. Thus the lifts of a curve
give rise to a cyclic permutation of the points of the fiber.

Definition 15.17. Let p(z) = 7". The action of the winding number on
the roots gives rise to a homomorphism m;(C\{0},1) — S,. The image
of that homomorphism in this case is isomorphic to Z, and is called the
monodromy group®.

Before we state the central result of this section, we need one more
definition. The commutator of two loops o and 8 with the same base-point

3Morn: general formal proofs tend to get very technical.

4We note here that there is no immediate connection with the similarly named ‘monodromy operator’
for differential equations with periodic coefficients, see [S], Section 26
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is given by concatenating first a(¢), then B(¢), then a(1 —¢), and finally
B(1 —1) and finally rescaling the parameter ¢ so that its domain is [0, 1].
The commutator is denoted by [a, B] .

Lemma 15.18. Let a(t) and B(t) be continuous loops in C with the same
base-point. Then y:= /|, ] is a loop. (In other words: their endpoints
coincide.)

Proof. Suppose o(¢) and B () loop around the origin a and b times respec-
tively, the their commutator loops around a + b —a — b = 0 times, and so its
lift is a loop. The underlying reason, of course, is that Z,, is Abelian. |

The astounding simplicity of this lemma notwithstanding, it represents
the essence of the proof of the non-solvability of the quintic by radicals.

15.5. The General Quintic is Not Soluble via Radicals

We now address the central question of this chapter: when can we solve for
the roots of polynomials by radicals? Here is the definition.

Definition 15.19. We say that a polynomial p(x) over a field F admits
solution by radicals if its roots can be obtained from the the coefficients
of the pc@nomial p using the usual field operations (addition, subtrac-
tion, multiplication, and division) and application of radicals (nth roots
forn=2,3,4,---).

Consider the reverse situation where we know the roots s; and want to
compute the coefficients of the above polynomial. This is easy, because

p(2)=(z—51)(z=50) =" — (s1+45)2"  +- 4+ (=1) 5152 5.

From this, the coefficients follow as continuous functions of the roots. From
now on, we will denote this function by F(sy,---,s,). The ith coefficient c;
is given by the ith component of F : C* — C".

There is one overwhelmingly important observation that will dominate
this conversation. It is this: The polynomial p is unchanged by permuta-
tions of its roots! Note that this is very much not true for its coefficients.
The way we are going to take advantage of this is as follows. We are go-
ing to look at continuous paths for the roots of polynomials with the prop-
erty that at + = 0 we start at roots (sy,s2, -+ ,8,) and at r = 1, we end at
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(m(s1),m(s2), -~ ,7(syn)), where 7 is some permutation of the n roots. The
point of this is that it gives us a continuous way to effect a permutation.
This enables us to use topological arguments to analyze what expressions
can be used for the zeros of polynomials.

RYalaA
DR

Figure 104. Left, the coefficients ¢; (f) = 0 and co(r) = €*™ of a qua-
dratic polynomial. Right, its solutions s;(¢) and s(¢). Betweent =0
and 7 = 1, the solutions are permuted.

To make this more concrete, we look at a quadratic case. Consider the
polynomial z> + 2¢** where ¢ € [0, 1], see Figure 104. On the left, we have
the coefficient space. The coefficients describe a loop in C2.

c(t) = (co(t),c1(r)) = (2¢*™,0).
The corresponding lifts (¢) in the solution space on the right give
,V(t) = (sl (t),Sz(t)) = (i\/ieml’ _i\/iem‘() .

Note that this is not a loop, for y(0) = (iv/2, —iv/2) and y(1) = (—i\/2,iV/2).
This gives us one way of verifying that Q must be multi-valued, because un-
der F both these points map to (0,2). See also exercise 15.13. Below we
will give a different proof.

The seemingly rather trivial observation that the roots are exchangeable
immediately leads to a remarkable result.

Proposition 15.20. For n > 2, let p(z) = " + Y= ¢iz have roots {s;}.
There is no general solution in the form of a continuous function. That is:
the solution must be in the form of an n-valued function q : C* — C.

Proof. Suppose there exists a continuous function Q : C" — C" with com-
ponents g; that takes the coefficients {c;} to the roots {s;}.

si=gqi(ci,c2,-+ ,cn).
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This solution is general and therefore must remain the same if we arbi-

trarily permute the s;. It follows that all g; are the same: ¢;(cy,---,c,) =
g(ci,--+,c,). But we still have n distinct solutions, so ¢ must be n-valued
and therefore is not a function. |

Remark 15.21. This result says that there is no general single-valued for-
mula that gives the roots. However, in special cases, there may very well be
such a formula. A case in pointis p(z) = (z— 1)°. The roots are x = 1 (with
multiplicity 5).

We will from now on concentrate on describing g. It is a multi-valued
‘function’ C" — C and so, according to Definition 15.19, it must contain at
least one radical. But roots act on complex numbers, not vectors. So at some
point in the evaluation of ¢ (see Figure 105), we must take a multi-valued
nth root /- : C — C. Then further continuous, single-valued operations
may follow to eventually yield the zeros of p. The final form of ¢ may
be a sum, product, et cetera of such expressions. However, the interesting
‘action’ is where we take the nth roots, everything consists of continuous
and single-valued functions. Accordingly, we will visualize Q only in terms
of the nth root operation.

function nth root
Coe _— /A
C, (.\L 0
.

Figure 105. At some point in the evaluation of g, we must take a multi-
valued nth radical y/-: C — C.

Before stating our main results, we recall from the proof of Lemma
15.14 that it is sufficient to study the zeros of monic polynomials p(z) =
'+ Zl'.';ol c;7'. The reader should compare these results with Theorem 15.11
and the remark following it.

Theorem 15.22. Let p(z) = 2> + Y7 (ciz' have roots {s;}3_,. The general
solution by radicals Q must at least contain nested radicals (i.e. \/..\/-).
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Q

ya (N

_/.

) e f s>/\:$\ N

Figure 106. Right, paths s; (¢) and s, () that swap the first two roots in
green. This results in a green loop g(r) on the left, upon taking the 3rd
power; Similarly, in red, paths that swap the second and third loop and
their 3rd power.

Proof. Suppose that the general solution is an expression that contains rad-
icals but does not contain nested radicals. The radical in the description of
Q is depicted in Figure 106. If we swap two of the three roots as depicted in
green, then the image under z — z° is a green loop g. Take a different pair
and swap those in red. This will give a red loop r.

Now consider the commutator ' g~ !rg. If we just compute that com-
mutator on the right directly, we obtain

(23)(12)(23)(12) = (123).

However, according to Lemma 15.18, the action of a commutator on the
permutation is trivial, a direct contradiction. [ |

Theorem 15.23. Let p(z) = z* + Y3 ociz' have roots {s;}}_,. The gen-
eral solution by radicals Q must at least contain triply nested radicals (i.e.

NN

Proof. Suppose that the general solution is an expression that contains
nested radicals but nothing ‘worse’ than that. Consider 4 loops numbered
from 1 to 4, as in Figure 107. Apply Lemma 15.18. Under the first root, the
commutator [1,2] goes to a loop, say ¢. Similarly the [3,4] goes to . The
commutator of these commutators, [[1,2],[3,4]] is mapped under the root
to a commutator. Upon taking the second root, the same lemma ensures
that the final image is a loop again. This is in direct contradiction with
Lemma 15.10 which says that the commutator subgroup of the commutator
subgroup is, in fact, a non-trivial group. |
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Cc

T3

Figure 107. Four loops numbered from 1 to 4 make a commutator of
commutators, namely [[1,2],[3,4]].

Theorem 15.24. Let n > 5 and p(z) = 2" + Y= iz’ have roots {s;}_,.
There is no general solution by containing only finite nests of radicals.

Proof. Now we consider paths that are commutators of commutators of - - -
of commutators, as long as the number is finite, say M. These are con-
structed in a similar way as illustrated in Figure 107, but with 2M loops
instead of just 2. After taking the M nested roots, though, this commutator
must be trivial by Lemma 15.18 (again). However, this contradicts Propo-
sition 15.9. |

Remark 15.25. This theorem says that there is no general single-valued
formula that gives the roots. However, in special cases, there may very well
be such a formula. A case in point is p(z) = (z— 1)°. The roots are x = 1
(with multiplicity 5).

Remark 15.26. There are important differences with the more traditional
treatment of this topic, which uses Galois theory to address the question
of solvability by radicals [54, 68]. In the Galois theory approach, solubil-
ity of individual polynomials is considered, not just ‘general’ solubility. In
that sense, the Galois theory approach is stronger than the theory described
here. However, in Galois theory, we are only allowed to apply the field oper-
ations to the coefficients— addition and multiplication and their inverses —
whereas here, any continuous function — such In¢; or |¢;| — is fair game.
So in that sense the theory described here is stronger.
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15.6. Exercises

Exercise 15.1. Complete the proof of Lemma 15.4, that is:

a) Check that (xax™1)~! =xa~'x~!, and

b) Check the formula in the proof for a product of commutators.
The commutator subgroup [G, G| of a group G is generated by and therefore
contains, of course, its commutators. What is less clear is that it may contain
more. Examples of this are surprisingly hard to exhibit. In the next few
exercises, we show that the commutator subgroup of SL(2,R), the 2 x 2
real matrices with determinant 1 with matrix multiplication as its operation,
has this property. To do so, we will show that —/ is not a commutator itself,
but is a product of commutators.

Exercise 15.2. Consider the group G := SL(2,R) and assume that —1 is a

commutator.

a) Let A; € G and show that AjA,A; 'A; ! = —T implies that

AAAT =4 and  AAAS = AL

b) Conclude that TrA| = TrA, = 0. (Hint: the trace is invariant under

conjugation.)

¢) Show that

ai b;
Ai= 1+a?
b 4
d) Compute that
—alaz—%(l+a%) arby —arby

‘\1‘ ‘2 /
(1 a ) ! (1 a ) ajaz (1 a )
b, b, by

e) Now set AjAy; = —A2A; and conclude from equating the 12 and 22
entries that

b b

2a1ap = —1(1+a%)+—2(1+a%)
by by
a a

0 = Z2(+d)+2(1+a).
by by

) Multiply the first equation by b1 b; to show that ajay b1 by > 0 and rework
the second equation to get that % <O0.

g) Show that the assumption that —/ is a commutator, is false.
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Exercise 15.3. a) For 2 # 1, compute

w0 1 ﬁ !t oo 1 0y _[1 2
o u'/\o 1 ou—ﬁ01 0 1
and use that to show that is a commutator.
0 1
1
b) Similarly, show that is a commutator.
A1
¢) Compute that
1 a! 1 0\ (1 b 0 a!
0 1 —a 1 0 1 —a l—ab
0 .
d) Choose a and b so that you can conclude that is product of
-1 0
commutators.

e) Conclude that —/ is a product of commutators. (Hint: the matrix in (d)
represents a rotation by 1t /2. Apply that rotation twice.)

Remark: In fact, with a little more patience, one can show that the matri-
1 A 1

ces and with 4 and x in R, generate the entire group
0 1 Kk 1

SL(2,R). Thus this group is a perfect group (Definition 15.6).

Remark: For finite groups, it is known that the smallest group whose com-
mutator subgroup contains more elements than just its commutators has 96
elements.
Exercise 15.4. a) Show that the commutator subgroup of a finite group G
is not necessarily the largest normal subgroup. (Hint: for primes p and q,
consider the cyclic group of order pq.)
b) Use the above remarks to show SL; (R) is perfect but not simple. (Hint:
consider the set {I,—I}.)

Exercise 15.5. Let G be a group and H a normal subgroup.

a) Use (15.1) to show that (Hx)~! = Hx~ 1.

b) Use (a) and (15.1) to show that H)cHy(Hx)*1 (Hy)~! = H if and only if
xyx_1 y_I €H.

c) Conclude that G/H is Abelian iff H contains all commutators.
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Exercise 15.6. In this exercise, we prove that if you write the identity of
the permutation group S, in terms of transpositions, the number of trans-
positions is always even. To do so, suppose that / = 7 - - - 7, Where the 7;
are transpositions. Fix any x € {1,---,n}, and let 7, be the rightmost
transposition that contains the symbol x.
a) Suppose 7; does not contain the same two symbols as Ty . Show that /
can be written as a product of m — 2 transpositions.
b) Suppose 7; contains at most one symbol that also occurs in T 1. Show
that / can be written as the following product of transpositions

I=71 T 10k Opt1 T+2 "+ T,
where now oy, is the rightmost transposition containing x. (Hint: use that
(xa)(xb) = (xa)(ab), et cetera.)
c) Show that if the symbol x never gets cancelled as in (a), then I ends up
being written as a product of transposition where only the leftmost trans-
position contains x.
d) Show that (c) is impossible.
e) Conclude that every x must get cancelled, and thus / must have had an
even number of transpositions.

Exercise 15.7. a) Use exercise 15.6 to show that there is a well-defined
surjective homomorphism P : S, — {#1}. The image under P of a permu-
tation o is called the parity of ©.

b) Use Corollary 7.31 to show that A, is a normal subgroup of Sj,.

1 2

3 4

3 4

Figure 108. A permutation on n symbols can be decomposed into
transpositions graphically, and thus its parity can be determined.
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Exercise 15.8. A convenient way to decompose a permutation into trans-
positions, and indeed to find the parity defined in exercise 15.7, is to count
the number of crossings of the diagram of the permutation ¢ as depicted
in Figure 108. In this drawing only two lines can cross at the same point.
Such a figure in also called a matching diagram .

a) Use Figure 108 to show that o(1) =4, 0(2) = 3, and so on.

b) Show that ¢ = | 1234
4312
c¢) Use Figure 108 to show that ¢ can be decomposed into transpositions

as follows

o =(13)(14)(34)(24)(23).
d) Verify in this example that deforming the lines may lead to a different
decomposition into transpositions, but does not affect the parity.

Exercise 15.9. a) Show that the group V in Lemma 15.10 is isomorphic to
Lo X 1.

b) Show that the parity of a single 2-cycle or a 4-cycle is odd (and so they
are notin A,).

c) Show that there are four distinct 3-cycles in A4, each of which has two
distinct non-identity iterates.

The group V in exercise 15.9 and Lemma 15.10 is called the Klein four-group
or simply the Klein group . It is usually denoted by V or Kj. It is the small-
est non-cyclic group. It is not isomorphic to Z4 (which is cyclic).

In the following two exercises, we follow the method of Section 15.3
to solve for the roots of of a cubic and a quartic polynomial. To get a feel
for the considerable subtleties in this process, the reader is encouraged to
do all the steps by hand, except where otherwise indicated. Allow ample
time for these exercises!
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Exercise 15.10. We solve for the roots of p3(z) = z° — 34z% + 313z — 400
(see Figure 109).

a) Show that it is sufficient to solve g(x) = x> — %x—i— 63—30 =0. (Hint:
setz=x-+ 3—34.)

b) Use (15.4) and 31852 — 2173 = —74088, to show that

B =373 <73185i V31852 72173) =373 (418&%) ,

c¢) Take x_ and x4 to be (standard) third roots in the right half plane, and
show that
/3 217
xxy =32 (31852 +74088> =5 = —“34.
(Hint: 31852 + 74088 = 2173)
d) So let @ := ¢2™/3 and use (15.5) to show that the roots of g are given by
1

X_+xy, x_0O+x 0 x o} +x10.
e) Deduce that the roots of g are equal to {%, —% +2+/14}. (Hint: approx-

imate numerically or divide q by (x —14/3).) f) Conclude that the roots of
p3 are equal to

{16,9+2V14} ~ {1.52,16,16.48} .

400
200
0
5 10 15 20
-200 X
-400

Figure 109. The graph of p3(z) of exercise 15.10 showing its three
roots at approximately {1.52,16,16.48}.
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Exercise 15.11. We solve for the roots of py(z) = z* — 1722 +20z — 6 (see
Figure 110).
a) Show that the associated ‘cubic’ polynomial (15.8) is

q(y) = y® —34y? +313x — 400.

b) Conclude from exercise 15.10 that this polynomial has 4 as a root.
¢) Use (15.6) and (15.7) to show that py satisfies

pa(x) = ( Z—m—%) (x2—2x—%)

d) Conclude that the roots of p4 are equal to
{—24V2,24£V7} ~ {—3.41,-0.59,—0.65,4.65} .

e) Take another root of the ‘cubic’ and check that you get the same roots
for py.

Figure 110. The graph of p4(z) of exercise 15.11 showing its roots are
approximately {—3.41,—0.59,—0.65,4.65}.

Exercise 15.12. Let p(z) = 2.

a) What is the fiber of 16 under p?

b) Let a(t) = 16*™. Define 4 different lifts of o.

¢) For each of the four lifts & in (b), give the start and end point of &.



360 15. The Unsolvability of the Quintic

Exercise 15.13. Let p(z) = (z—s1)(z—s2)(z— 53).
a) Show that F' in Section 15.5 is given by
F(s1,52,53) = (—515253,5152 + 5153 +5253,51 +52+53).
b) Compute p(z) if the solutions s; lie on a curve ¥ in C" given by
¥(t) = ( 3 ze%ﬂi(2t+1)7 3 ze%m’(thl)’ 3 2e§m‘(2t+3))_
¢) Draw a picture of the coefficient space and the solution space similar to
Figure 104.

d) Show that y(0) # (1), but Foy(0) = Foy(1).
e) Conclude from (d) that Q, the ‘reverse’ of F, is not single-valued.

Exercise 15.14. Newton’s method if another problem is needed.

There are various techniques that address roots of equations that are insolu-
ble via radicals. In exercise 15.15, we briefly discuss an example of one of
these.

Definition 15.27. The Bring radical of a real number a is the unique real
root of f(x) := x> +x— a. It is denoted by Br(a). See Figure 111.

-10 -5

Figure 111. The graph of the Bring radical as function of (real) a.

Exercise 15.15. a) Show that Br(a) is a uniquely determined real if a is
real.

b) Show that d,Br(a) > 0.

¢) Show that Br: R — R has a well-defined, differentiable inverse.

d) Show that a root of x> 4 px + ¢ is given by p1/4Br (p’5/4q). (Note:
once we have one root, formulas for the other roots can be derived via the
standard formulas for a quartic polynomial.)
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We remark here that to actually bring an arbitrary quintic into the form
x> + px +q of exercise 15.15 so that it can be solved using the Bring radical
is very complicated and requires a lot of computation (see [23]).
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algebraic number theory, 129
aliquot sequence, 75
alternating group, 340
amicable numbers, 74, 75
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analytic continuation, 251
angle multiplications, 211
arithmetic function, 61
arithmetic progression, 281
ascending chain of ideals, 173
aspiring numbers, 75
associative, 77, 92

axiom of choice, 189
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Baker-Heegner-Stark theorem, 177
base, 297

base-point, 346

Benford’s law, 230

Bertrand’s Postulate, 274

binomial theorem, 99

Birkhoff Ergodic Theorem, 194, 320
Borel measure, 308

Borel sets, 190

branch cut, 237, 253
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Bring radical, 360

can of worms, 95

Cancellation Theorem, 26, 162
Cantor function, 204

cardinality, 14

cardinality of a finite set, 14
Carmichael number, 87
Casorati-Weierstrass Theorem, 254
Catalan number, 101
Catalan-Dickson conjecture, 75
Cauchy’s Integral Formula, 240

Cauchy’s Theorem, 238

Cauchy-Riemann equations, 253

ceiling function, 24

Champernowne number, 207

character of a group, 284

characteristic of ring or field, 344

Chebyshev function, 276

Chebyshev’s Theorem, 264

Chinese Remainder Theorem, 52

Chinese remainder theorem, generalized,
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closed, 92

closed set, 190

closest return, 116

cluster points, 237

Collatz conjecture, 17

commutative, 77, 92

commutative ring, 93

commutator, 338, 348

commutator subgroup, 338

companion matrix, 144

complete affine interval map, 215

complete set of least residues, 96

complete set of residues, 82

completely additive function, 64

completely multiplicative function, 61

composite, 4, 5

conditional measure, 336

conformal, 253

congruent, 5

conjugate, 147, 149

continued fraction approximants, 108

continued fraction coefficients, 108

continued fraction convergents, 108

continued fraction expansion, 108

contrapositive, 84

cool, 69

countable, 11

countably infinite, 10

cyclic group, 281

De Morgan laws, 202
degree, 8

degree of an extension, 142
dense, 6

density, 299, 301

density of a measure, 200
density of a set, 213
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derived series, 339

derived subgroup, 338

Devil’s staircase, 204

diagonal argument, 11
dimension, 142

Diophantine equation, 43
Dirichlet L-function, 289
Dirichlet L-series, 289

Dirichlet character modulo ¢, 288
Dirichlet convolution, 68
Dirichlet density, 300

Dirichlet inverse, 102

Dirichlet ring, 77

Dirichlet series, 69

Dirichlet’s Theorem, 299

discrete Fourier transform, 296
discrete Fourier Transform, inverse, 296
discrete measure, 201

distortion, 219

distributive, 77, 93

division algorithm, 25

divisor, 4, 94

domain, 162, 235

dominated convergence theorem, 313
dynamical system, 107

Egorov’s theorem, 310
eigenpair, 143

Eisenstein integers, 171
Eisenstein Mersenne primes, 181
Eisenstein’s criterion, 134
elementary, 36

emphasis, 48

empty product, 165
encryption, 98

entire function, 236
equidistribution, 207
equivalence relation, 14
Eratosthenes’ sieve, 5
ergodic transformation, 195
essential singularity, 237
Euclid numbers, 38
Euclid’s division lemma, 25
Euclid’s Lemma, 26
Euclidean algorithm, 44
Euclidean domain, 164
Euclidean function, 164

Euclidean ring, 164

Euler’s phi function, 66

Euler’s Product Formula, 32
Euler’s Theorem, 89
Euler-Mascheroni constant, 271
evaluation map, 140

extension field, 139

fat Cantor set, 204

Fejér’s theorem, 316

Fermat number, 88

Fermat prime, 88

Fermat’s little theorem, 85

fiber, 347

Fibonacci numbers, 56-58, 108

field, 94

field extension, 139

field norm, 147

field of fractions, 178

field of quotients, 178

finite, 10

finite extension, 139

first Chebyshev function, 260

floor function, 24

formal expression, 107

Fourier transform, 296

Fourier transform, inverse, 296

fractional part, 24

fundamental domain, 168

fundamental group, 347

fundamental homomorphism theorem,
137

fundamental homomorphism theorem for
groups, 149

fundamental theorem of algebra, 60, 248,
249

fundamental theorem of arithmetic, 27

fundamental theorem of finite Abelian
groups, 281

Gauss map, 105

Gauss’ lemma, 133

Gauss’ Theorem, 66

Gaussian integers, 166

Gaussian Mersenne primes, 181
Gaussian Primes, 179

general solution, 48

generalized continued fraction, 128
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Gibbs phenomenon, 318
Goldbach conjecture, 15
golden mean, 56, 108
golden spiral, 57

greatest common divisor, 4, 39, 51, 160,

169

greatest common divisor, polynomial,
53,130

greedy algorithm, 54

group, 92

Hermitian inner product, 283
holomorphic, 236
homogeneous, 48

homotopy equivalence, 347
hush-hush, 77

ideal, 135

ideals, addition, 135
ideals, multiplication, 136
identity, 92
inclusion-exclusion, 76
index, 297

indicator function, 290
Infinitude of Primes, 30
inhomogeneous, 48
inner product, 283
integer, 4, 6

integers of Q(y), 145
integrable function, 193
integral domain, 162
integration by parts, 261
invariant measure, 194
invariant set, 195
inverse, 92

invertible element, 94
irrational number, 6
irreducible, 5, 159
irreducible polynomial, 52, 130
isolated singularity, 236
iterates, 318

Jordan-Holder theorem, 340

kernel of a ring homomorphism, 136
key, 98

Khinchin’s constant, 221

Klein four-group, 357

Klein group, 357

Kronecker product, 143
Krylov-Bogoliubov theorem, 335

Liiroth expansion, 332

Liiroth map, 331

Lévy’s constant, 223

Lagrange’s Theorem, 184

Lamé’s theorem, 56

Lambert series, 69

laplace transform, 245

Laurent series, 135

least common multiple, 4, 39, 51, 160,
169

least common multiple, polynomial, 53,
130

least residue, 96

Lebesgue Decomposition, 200

Lebesgue density theorem, 214

Lebesgue integral, 193

Lebesgue measurable sets, 189, 191

Lebesgue’s dominated convergence
theorem, 313

left module, 146

Liouville A-function, 78

Liouville number, 9

Liouville’s theorem, 9, 254

Little Picard, 254

logarithm, useful properties of, 226

loop, 346

Luzin’s theorem, 315

Lyapunov exponent, 229

Mbobius inversion, 65

Mobius function, 63

matching diagram, 357
Maximal Ergodic Theorem, 319
maximal ideal, 135

measurable function, 308
measurable sets, 189
measurable space, 193
measurable transformation, 193
measure, 192, 308

measure preserving, 194
measure space, 193
Meissel-Mertens constant, 304
meromorphic, 237

Mersenne number, 88
Mersenne prime, 88
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Mertens constant, 304

Mertens’ Theorems, 304
middle third Cantor set, 16, 203
minimal polynomial, 8, 52, 130
mixing, 230

modular arithmetic, 5, 81
modular exponentiation, 86
module, 146

modulo, 5

monodromy group, 348
Morera’s Theorem, 243
multiple, 4

multiplicative cipher, 98
multiplicative function, 61
multiplicative order, 82
multiplicative unit, 5
multivalued, 253

mutually singular measures, 196

name-calling, 129

natural boundaries, 237

natural density, 299, 301

nearly, Littlewood’s principles, 315
non-unit, 5

norm, 147

normal in base b, 206

normal subgroup, 149

number theoretic function, 61

open set, 190

order, 81

order of @ modulo b, 82
orthonormal basis, 283
outer measure, 190

parity, 356

partial integration, 261
particular solution, 48

Pell’s equation, 183

perfect group, 339

perfect number, 74, 88
Perron-Frobenius operator, 210
Picard Theorem, 254

PID, 173

plain text, 98

pointwise convergence, 310
Pointwise Ergodic Theorem, 194, 320
pole of order k, 237

power set, 18

prime, 4, 5, 159

prime counting function, 33

prime gap, 274

Prime Number Theorem, 33, 270

Prime Number Theorem for Arithmetic
Progressions, 126

Prime Number Theorem for arithmetic
progressions, 294

prime omega functions, 64

prime polynomial, 130

prime zeta function, 300

primitive element, 141

primitive element theorem, 141

primitive root, 83

principal character, 284

principal ideal, 135

principal ideal domain, 173

probabilistic number theory, 187

probability measure, 193

pseudoprime (to the base b), 87

punctured neighborhood, 236

pushforward of a measure, 194

quadratic congruences, 100

radical, 344, 349
Radon-Nikodym, 200
rational number, 6
reduced set of residues, 82
reducible, 4, 5, 159
region, 235

relatively prime, 5
removable singularity, 236
residue, 5, 257

Riemann Hypothesis, 34
Riemann zeta function, 32
Riemann-Stieltjes integral, 260
right module, 146

ring, 93

ring homomorphism, 136
ring isomorphism, 136
ring of polynomials, 130
ringing, 318

g, 94

Roth’s Theorem, 10

second Chebyshev function, 276
sequences, 61
sigma algebra, 307
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simple closed curve, 238 weakly invariant set, 195
simple group, 339 Weierstrass M test, 237
simple pole, 237 well-ordering principle, 6
singular continuous measure, 201 Weyl’s criterion, 316
Skewes number, 34 Wilson’s theorem, 95
sociable numbers, 75 winding number, 347
soluble group, 338 word, 12

solution by radicals, 349
solvable group, 338
solvable via radicals, 344
sophistry, 29

square free, 38, 63
square full, 38

Stirling’s formula, 271
Stokes’ theorem, 239
strictly invariant set, 195
sub-additivity, 192

sum of divisors, 62
symmetric group, 337

zeta function, 32

Tauberian theorem, first version, 245
Tauberian theorem, second version, 278
Taylor series, 244

Taylor’s Theorem, 244

time average equals spatial average, 195
Titchmarsh’s convolution theorem, 153
totient function, 66

tower of fields, 157

trace, 147

transcendental extension, 139
transcendental number, 8

twin prime conjecture, 15

twin primes, 14

UFD, 163

uncountable, 11

underlined, 3

uniform absolute convergence, 237
unique factorization domain, 163
unique factorization theorem, 28
uniquely ergodic, 323

unit, 5, 94

untouchable numbers, 75

vector space, 141

Veerman, 3

Viete’s formula, 344

Vitali set, 189

von Mangoldt function, 275



